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Message du Président
de IPASSOCIATION AERONAUTIQUE ET ASTRONAUTIQUE
DE FRANCE

En 1785, il y a exactement deux cents ans, le plus illustre Américain de I'époque, Benjamin FRANKLIN, quittait la France pour
regagner définitivement les Etats-Unis, au terme d'une mission diplomatique qui jetait les bases de deux siécles 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 I'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-8tre aujourd‘hui dans la mesure
ou le phénomene naturel apparaft comme perturbateur de l'application que son étude est vigoureusement reprise.

C'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 colere des dieux.

P. CONTENSOU

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

Exactly two hundred years ago, in 1785, the most famous American of the period, denjamin 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, incdustrial applications of electricity have enjoyed a tremendous development, without, however, the
urderstanding 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
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CONFERENCE D'OUVERTURE

PROTECTION A LA FOUDRE DES AVIONS MODERNES
Le point de vue de I'Avionneur

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

INTRODUCTION

A linstar 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 l'utilisation d'une
électronique omniprésente, appelée a traiter toutes les fonctions de l'avion.

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

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

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

2 - La vulnérabilité accrue des composants micro-électroniques aux transitoires de rension ou d'énergie.
3 - Le r8le critique de I"électronique pour assurer les fonctions vitales c¢.e 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 reférences (les Spécifications ne sant plus adaptées, les
conditions applicables aux équipements ne sont pas encore fixees), ses efforts se sont déja concentrés a ia résolution ponctuelle
des problemes apparus lors d'essais aux effets directs ou indirects de la foudre :

- sur Jes matériaux composites 3
. pour assurer une meilleure tenue mécanique des éléments 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 'a redondance
d'un systeme peut &tre mise en défaut si la perturbatior: affecte simultanément les circuits concernes.

Il est certain que I'étude de la protection d'un avion doit &ire conduite selon une méthodologie rigoureuse et que les
principes de protection doivent &tre correctement établis des les premieres €tapes de la conception d'un nouvel avion : les
éléments structuraux ou revétements composites se prétent mal aux modifications ; de méme, les modifications d'une
€lectronique 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 phénomene naturel,
notamment en vol, et de ses conséquences sur les matériaux et les systemes de l'avion.

Pour Ja mise en ceuvre d'une méthode globale ce protection, I’Avionneur souhaite que l‘action‘entreprise se poursuive, et
méme que lui soient fournis rapidement les moyens d'action et de décision, dans les domalnes qui refletent ses besoins immédiats
et qui sont :




vil

- 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 naturel

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 (TRANSALLO4)
ou encore le spectre électromagnétique émis (C-580 et TRANSALLO%4).

Il paraft nécessaire de poursuivrs 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 s¢ -ait utile de soumettre des électroniques de techniques récentes aux conditions
réelles de foudroiement et comparer ensuite les réponses obtenues i celles issues de la simulation au sol, qui
laisse subsister un doute quant a sa représentativité. Une expérience de ce iype conduirait a réaliser une
installation capable de mettre en évidence les divers modes de couplage qui apparaftront sur l'avion pour lequel le
systeme est congu.

- Les programmes de calcul électromagnétique 3D

Les formes géomeétriques 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 Jans le double but :

1) de pouvoir évaluer, des les premieres 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 I'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 systeme est répartie entre :
. I'avion
« les circuits
. les équipements.

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

Les documents existants fixant les conditions applicables et décrivant les meéthodes d'essais (DOI60/EDIY,
SAC 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 contr8le 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'aglsse du contr8le des métallisations de surface ou des liaisons entre éléments voisins, les méthodes de
contrdle sous courant continu appliquées aux structures métalliques s'averent inutilisables.

Les techniques qui seront proposées devront permettre de juger de I'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
électromagnetique géneérale de l'avion.

CONCLUSION

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

- la caractérisation de la menace

< la vulnérabilité de l'avion et de ses systemes
- le choix des protectlons

- les méthodes et moyens d'essais.

L'Avionneur ne peut attendre que tout soit finalisé. Actuellement, 3 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 constructlon. En J'absence
de criteres plus preécis, ces protections sont souvent surdimensionnées, avec l'inconvenient de réduire les avantages Issus des
techniques nouvelles.

Dans ces conditions, i) paraft urgent de définir les nouvelles regles de conception ou de réglementation s'appliquant aux
avions Incorporant des technologies ou techniques modernes ; ce travail devrait largement tenir compte des optlons ou
orientations qui auront été retenues au cours de la pérlode de transition.
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KEYNOTE ADDRESS

PROTECTION OF MODERN AIRCRAFT AGAINST LIGHTNING
A manufacturer's point of view

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

INTRODUCTION

2> Like many other industrial fields, the aeraspace 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.
q
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 j
'2 - The increased vulnerability of microelectronic components to voltage or energy pulses, ot
3% The critical role of electronics to insure the aircraft vital functions (fly by wire, enginie 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. _ e
= PR IV T
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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 fue) tanks :
. to eliminate important risks of internal sparking capable of inducing an explosion.

- on electronic equipment ard associated circuits :
. 10 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 quick!y supplled, 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 rone, electronic compartment, wings, engine
compartment).

- Analysis of the behaviour of complex electronic systems tc natural hghtning

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 TRANSALL04).

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 {irst 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
(DOI60/EDI4, SAE AE4L, MIL STD 1757, STANAG...).

Present experience shows that the aircrait 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 he 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 possibllity 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 worx is still to be performed vefore giving a satisfactory answer to yet unsolved questions covering :

- threat characteristics

- vulnerability of the sircraft and 1is systems
- selectlon of protections

- test methods and test equipments.

The aircraft manufacturer cannot afford to wait until everytning 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
protection: are often overdimensioned, thereby loosing some of the advantages coming from new techniques.

Under these cuaditions, it seems urgent to define new recommendations or instruction rules specific to aircraft
incorporating the latest teciiioicgies or techniques 3 this work should, as much as possible, take into account choices already
made or trends adopted by the manuiucturer during the transition period.
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Abstract - High Altitude EMP, (HEMP) and Lightning are both electromagnetic environments which threaten
aircraft, 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-like 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 us) pulse of large
amglitude (~ 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 KEMP
and that associated with natural 1ightning,
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 Seztion 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 Sz:tion 5, operational considerations for the two
threats are presented. Lightning is improbable but
damaging to aircraft., Exposure to HEMP is 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
1ightning,

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 referznces which present actual measure-
ments of lightning electrical characteristics. In
this paper the mechanism of HEMP and the various
arguments used for determining a 1ightning 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 racdial current. This radial current wouvld
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 fiela 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
codas 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
factorcs 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 is
used. A waveform presented in reference 1 is:

E

i 0
E(t) (0 O (= 7 VA (1)

where
E 60 kvV/m (saturation field)

0
T = 250 ns is the fall time

T
r

2 ns is the rise time constant

and u(t) is unit step function.

In this comparison of HEMP and lightning, 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:

(1) Tower measurements
(2) Measurements on aircraft in flight
(3) Radiated field inference of current

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

Tower Measurements.

Tower measurements of lightning currents are made
using current sensors installed on metal towers
located where there is normally a great deal of
lightning 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 coasidered,

llkefyl 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 datﬂ. The maximum rate of
rise reported is less than 10 1 afs. 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
10t /s, as well.

At this time, tower measurements constitute the only
low altitude, cloud to ground lightning 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 rata on the
effects of lightning direct strikes on &.rcraft,

The peak rate of rise measured on the boom in front
of the F-1068 [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
graphicgl derivative of the current records was 1.3
X 10°* A/s. Significantly, the maximum value
closely approximate the 10!! A/s maximum rate of
rise seen in the tower measurements,

Currents Inferred from Field Measurements.

Another method of determining the rcurrent 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 1ightning is not a trivial task
since no quantitative model exists for the early
Jart 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 qground rather than 2t 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 light rather than the veloc-
ity of propagation for return strokes, Near the

pouy
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roun i.e., at early times the appropriate
v oc?fy for the® Unan model is that of ?ight.

Corrections for the data reported in reference 9,
which shows the distribution of the derived rates of
rise from the fields, brings the data from the
fields into much closer agreement with the data
reported from tower measurements,

During the initial stages of a return stroke, the
return stroke channel radius is small; consequently
the channel is simultaneously resistive and induc-
tive [Ref. 2]. Detailed numerical simulation of the
evolution of the channel indicates that the channel
diameter is less than about 2 mm, The impedance of
the initial channel for high frequency does allow
current waveforms with high rates of rise to propa-
gate without distortion along the channel, thus vio-
lating the assumptions of the Umin model [Ref. 2].
A model consistent with this small channel at early
time is that of a local current source tather than a
propagating wave,

A final item to consider in deriving currents from
electromagnetic fields of lightning is the possible
branched configuration near the ground. A conceptu-
al picture is shown in Fig, 1 which is supported by
photographic evidence [Ref. 2]. The effect of this
branched configuration is that currents derived from
the fields of lightning, at early times, are poten-
tially a factor of two to three too high.

21, ABOUT 20 us
AFTER CLOSURE

CURRENT 1
4

\ /J { N\
WA/
( ~ 106{1n \l_

Fig. 1. Possible branched configuration
showing closure region where the
transition from leader to return
strokes occurs.

Summary of the Lightning Threat.

A review of the available data on lightning suggests
a particular waveform for the lightning return
stroke current, The waveform is similar to Equation
(1) for the HEMP fields but has different parameter
values, We conclude the lightning current should be
represented by:

1

. ok (2)
B (= 9T N (=9 £

where k is 1.025 and xpk = 100 kA

tpr is the rise time constant = 2.5 10-’
chosen to give a maximum rate of rise 10!!

A/s at t = tg
1f = 50 us is the fall time constant
T0 is an offset time

DERIVATIVE (A/m*s)

CURRENT (A/Hz)

Figure 2 is a plot of the current described by Equa-
tion 2. Fig. 3 shows the corresponding frequency
spectrum for the waveform described in Equation 2.
Based on an examination of available data, there is
a severe threat described by Equation 2 with a maxi-
mum rate of rise of 10!! A/s and a maximum current
of 100 kA. Also an expected threat should be repre-
sented by the same rate of rise but a maximum cur-
rent of 10 kA. It should be noted that the lower
current results in a larger frequency content above
a few MHz,

16 I I ! 1

12 —

0 | | | |
=20 0 20 40 60 80

TIME (us)

Fig. 2. Time derivative of current
described by Equation 2.
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Fig. 3. Frequency spectrum of current from
a Fourier transform of Equation 2.
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11T, INTERACTION

In addition to the differences in the electromag-
netic environments produced by lightning and HEMP,
these two threats differ in the way they interact
with an aircraft. This section describes both quali-
tatively and quantitatively, using simple analytical
models, the interaction of lightning and HEMP with
aircraft,

Physics Of Interaction of Lightning and HEMP With
Aircraft

Direct Strike Lightning.

Direct strike l1ightning and incident electromagnetic
waves like HEMP and waves from nearby 1lightning
strikes interact with aircraft in physically differ-
ent ways.

While understanding of the physics of interaction of
direct strike lightning with daircraft is still in
its early stages, a qualitative description of the
interaction may be given, When an aircraft enters a
thunderstorm, it is under the influence of an elec-
tric field which by polarizing the aircraft induces
image changes and causes currents to flow on the
aircraft's skir, If a leader streamer approaches
the aircraft, those fields become much larger, par-
ticularly around sharp corner$s and edges near the
streamer. As the local fields approach a level of
about 3 MV/m the air begins to break down in the
field enhanced region or forms a corora. This cor-
ona exhibits non-linear characteristics which com-
plicate the electromagnetic behavior of the aircraft
under the influence of the nearby streamer. A very
qualitative description of the macroscopic coronal
behavior is that it exhibits the conductivity of
wood until the fields begin tc exceed approximately
3 MV/m. At this point, the conductivity of the air
is 1increased substantially by electrons produced
through avalanching on a time scale that is short
when compared to lightning’s. The increased conduc-
tivity tends to ~lamp the field at the 3 MV/m value.

As the leadar attaches to the aircraft, coronal
activity increases and a channel forms. As current
flows through the channel, the air gets hotter and
the number of active physical processes increases
dramatically, Hydrodynamic expansior, radiative
transfer, thermal conduction, joule heating, and
field emission from the metal surfaces all play a
part in develcping the channel that in turn forms
the current carrier of the lightning direct strike,

The system of clouds, channel, and aircraft should
by viewed as an electrical circuit. Initially,
because the channel is cool and narrow, it is both
resistive and inductive; consequently it limits both
the current and its rate of rise. As the lightning
channel forms and as the return stroke current
flows, the channel becomes hotter and larger in dia-
meter, These increases, in turn, diminish the resis-
tance and inductance of the channel, allowing more
current ‘'to flow more rapidly. The channel expansion
obeys a complex set of simultaneous differential
equations that determine channel growth that is con-
trolled by phenomena like radiative heat transfer
and complex air chemistry., Since the aircraft,
itself, is part of the electrical circuit under
examination, it must be considered when developing
an understanding of the entire interaction problem,

Consequently, researchers must include both the

effect of the aircraft on the formation of the
lightning charnel as well as the effects of the
channel formation and the corona surrounding the
aircraft when they analyze the current flow's effect
on the aircraft, itself. In other words, the com-
plete interaction of direct strike lightning with an
aircraft is a nonlinear interaction of a large cur-
rent with the air, the aircraft and the region of
the thunderstorm local to the aircraft. Many of the
details of the physical processes, however, are not
completely understood because of the range of length
scales in the problem and the large variation in the
physical variables. The problem is not susceptible
to either brute force numerical or to empirical
techniques.

One way the surrounding corona and the attached
channels manifest themselves is by altering the
resonant frequencies of the aircraft, These reso-
nant {(or natural) frequencies of a structure are
useful in describing the electromagnetic response of
a conducting or partially conducting body. In a
normal electromagnetic scattering problem, such as
HEMP, the natural frequencies are functions solely
of the geometry and the material of the scatterer
from those of the exciting field which, of course,
results in a linear problem. Since the corona and
channel sheft (which in some approximation may be
treated as conductors loading the aircraft) the
resonant frequencies, (as will be Shown later in the
section), in a way that depends on the current in
the channel, that separation is no longer valid and
the problem becomes nonlinear. Because the natural
frequencies (the geometry of the conducting body in
question) now lightning, the analysis techniques
used for the direct strike problem must be used with
care,

The difficulty caused by the large range of length
scales deserves further comment. The interaction of
electrical conductivity produced by the charged par-
ticle densities and the local electric field, that
produces the collisional ionization dominating the
production of the electrical conductivity, occurs on
length scales of the order of 0.0001 m. The macro-
scopic interaction problem determiing those local
electric fields is of the order of tens of meters
and includes the aircraft and the lightning channel,
as well as the charge stored in the surrounding
clouds. This combination gives a range of length
scale of at least 10° per dimension, Electromag-
netics codes designed to solve less difficult linear
electromagnetics problems can handle length scale
variation rat' os on the order of 100 per dimension.

However, even with subgridding techniques, the prob-
lem requires more zones for its solution than are
now availabie in the state-of-the-art finite differ-
ence codes. Additionally, the problem would also
require simple analytical or semi-empirical rethods
to circumvent the remaining numerical problem,,

In a comparison of HEMP and 1ightning, high fre-
quency signals affecting system electronics should
also be considered. It must be noted, however, that
the total energy content delivered to an aircraft by
a lightning direct strike is much ldrger than that
delivere¢ by HEMP. Lightning's energy is mostly in
the sub-WHz frequency band and conSequently does not
couple to system electronics as efficiently as
higher frequency signals, Although low frequency
energy can significantly damage an aircraft, that
damage is likely to be structurzl or direct, rather
than 1{ndirect effects on electroaics. However,
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indirect effects, usually associated with super-MHz
frequencies, can cause far more subtle difficulties
such as upset and damage to individual electronic
components, Direct damage from 1ightning, of
course, may be quite severe; there are, in fact,
documented cases of fuel tank explosion and complete
loss of flight control systems, Since the inter-
action of HEMP seldom directly affects the aircraft,
the subject of direct effects does not need to be
explored further for a complete comparison of HEMP
and lightning.

Free Field Interaction,

HEMP and nearby lightning both interact with air-
craft as a superposition of plane waves. When the
electromagnetic wave inter acts with the aircraft,
it induces currents and charges on the aircraft as
if the aircraft were an antenna, While non-linear
behavior near sharp points and edges may occur in
free field interaction, the effects are not as domi-
nant as they are in the direct strike case since the
coupling is not as efficient and there is not the
direct charge transfer that exists in the direct
strike case,

The incident fields penetrate in the air craft
through apertures and along system cables entering
the electrical enclosures of the fuselage.

Internal system cables may be excited by several
apertures, For HEMP excitation, the cable drive
from these various apertures will in general be
in-phase, such that the various drives from the
apertures reinforce. This "in phase" drive is in
contrast to the aperture drive from direct strike
lighting where the phase of the aperture excitation
depends of the velocity of propagation of the direct
strike along the aircraft, In this complicated sit-
uation either environment may dominate.

Basis For The Comparison.

Comparison of the effects of HEMP and lightning on
aircraft requires that a point in the interaction
process be chosen such that like quantities may be
compared, That is, incident fields compared with
incident fields and surface currents compared with
surface currents. In addition, the comparison
should take place as close to the outside of the
aircraft as possible to make the comparison as
simple as possible. When comparing electromagnetic
threats to aircraft is is necessary to compare those
fields which are important in determining the pene-
tration of the fields into the aircraft, Those
fields are the normal electric field or equivalently
the surface charge density and the tangential mag-
netic field or equivalently the surface current den-
sity. Certainly, it is desirable to choose only the
dominant threat for the comparison {f one exists,
The relative effectiveness of the two types of
threats at penetrating the aircraft is indicated by
the wave impedance Z = E/H at the surface of the
aircraft and the surface charge and current are of
equal importance when Z=377 Ohms, the impedance of
free space, For an incident plane wave, like HEMP
or nearby lightning, the wave impedance is always
377 Ohms. For direct strike 1ightning the impedance
may vary and must be estimated for the particular
problem,

In the upper limits of the parameters describing
direct strike lightning the impedance may be calcu-

lated directly by dividing the largest expected
value of E by the largest expected value of H. The

upper limit of E is the breakdown value for air, E =
3 x 10% V/m. For the largest expected value of H we
are forced to use the reasonable worst case current,
100 kA described above and assume it is propagating
along 2 1 m radius cylinder. The resulting imped-
ance is about 200 Ohms, indicating a dominance of
the surface current density. A review of the nat-
ural lightning data gathered on the surface of an
aircraft indicates that the impedance is as much as
2000 Ohms, indicating a dominance of the surface
charge,

Since both surface charge and current are important
to the process of coupling energy into the aircraft
both must be considered when ccmparing electromag-
netic fields or when simulating the effects of
lightning on systems,

There are a number of simple interaction models that
may be used for the comparison for simple geometric
shapes that may be used to represent some of the
important features of aircra®t, The ones used here
are shown in Table 1 and described in more detail in
[Ref. 2].

TABLE 1, INTERACTION MODELS

Model

Frequency Domain

Effect |Variable Low Medium | High
HEMP/ [Current Slab Sassman |Slab,
Nearby GTD

Direct |Current |Continuity | T-Line
Strike |Charge |Ellipsoid T-Line

In this table, low frequency means subresonant or
below about 1 MHz, Medium frequency means in the
resonant or 1-10 MHz region, Finally, high frequen-
cies are those for which aircraft structural details
become important, or above 10 MHz.

1v. COMPARISON

In this section the actual comparisons will be pre-
sented along with the effect of the corona on the
natura) frequencies of the aircraft by the surround-
ing corona and attached streamer.

Natural frequencies and Evidence for Corona.

In investigations of the F-106B data [Ref. 10] Trost
and Turner have extracted the natural frequencies of
the currents on the F-106 and models of it in confi-
gurations representative of both nearby and direct
strikes, Attachment of wires and the direct strike
data show natural frequencies with much higher loss
components than those of the bare aircraft described
in more detail in [Ref. 2.].

The importance of this shift in natural frequencies
may be seen by examining the curves in Fig. 4. This
figure shows a hypothetical transfer function. Two
possible exterior environments are superimposed on
the transfer function. The threat to the system is
found by multiplying the transfer function by the
threat environment. For example, suppose environ-
ment A is HEMP and environment B is lightning.
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Because environment f . as peaks at the same frequen-
cies as the transfer ..nction, and environment B has
peak at the minima of the transfer function, envi-
ronment A results in far higher currents at the
interior system.

For the choice of environments given above, HEMP
would be the dominant threat. The opposite conclus-
ion, however, would be drawn if environment A were
lightning and environment B, HEMP. Since the a pri-
ori knowledge of the identity of the environment is
not available the result is a region of uncertainty
in the 1-10 MHz region when the two threats are com-
pared.

— TRANSFER FUNCTION FROM
EXTERIOR TO INTERIOR CIRCUIT

-------- EXTERIOR ENVIRONMENT A
——— EXTERIOR ENVIRONMENT B

— 1

RELATIVE UNITS

— 1
1 MH:z 10 MH:z

FREQUENCY

TRANSFER FUNCTION PRODUCTS

Fig. 4. Transfer function products.

Comparison of Simple Models.,

The first comparison of HEMP and 1ightning to be
presented uses the slab model for HEMP and the con-
tinuity of current model for 1ightning., In Fig. §,
the two models are used to compare the surface mag-
netic field, on a 1 m radius cylinder, generated by
HEMP and by direct st.:ike 1ightning. HEMP is calcu-
lated from the incident waveform in Equation (2)
with a peak field of 60 kV/m, as the saturation
field. The surface magnetic field is then doubled to
account for reflection. Both reasonable worst case
and moderate threat 1ightning waveforms are used in

R.L. Gardner et al.

AMPLITUDE

H (A/m/it2)

the comparison. In Fig. 5, it is clear that light-
ning dominates at low frequencies and HEMP dominates
at high frequencies. At intermediate frequencies
there is a region of uncertainty.
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Fig. 5. Spectrum of H for two waveforms for
direct strike lightning and for
HEMP. The uncertainty envelopes
show the effect of the resonant
region.

For more complex models, such as transmission line
models (see Ref, 2 for details) the conclusions are

the same for both magnetic field and normal electric
fields as shown in Figs. 6 and 7.
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Fig. 6. Comparison of magnetic field intensity H
for HEMP and 1ightning using the more
sophisticated models.
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V. OPERATIONAL ENVIRONMENTS

A comparison of HEMP and lightning is not complete
without considering differences in the operational
environments for aircraft exposed to these two
threats.

Aircraft must be protected from 1ighting during the
peacetime operational environment, that is, for
training flights and normal cargo and passenger
runs. During peacetime the schedules for these mis-
sions are not usually critical; therefore delays due
to thunderstorm avoidance are regularly permitted
and in most cases required, Such avoidance proce-
dures help keep the incidence of reported lightning
strikes down to one in approximately one million
flight hours. Commercial aircraft have about an
order of magnitude higher incidence of lightning
strikes because of a stricter adherence to schedule;
consequently, a somewhat higher incidence of light-
ning strikes to military aircraft might be expected
during wartime.

If a strike occurs, there is a relatively high prob-
ability of an effect on mission accomplishment. The
summary of the Air Force data base on lightning
strikes given by Corbin [Ref. 11j, shows that 37
percent of the reported lightning strikes resulted
in at least a precautionary landing that became a
mission abort. In less than 1 percent of the re-
ported mishaps, there was a forced landing; addi-
tionally, in less than 1 percent of the mishaps, the
aircraft was lost. As these data indicate, for each
reported lightning strike mishap there was: a 37
percent chance of a precautionary landing; less than
1 percent (0.8 percent chance from Ref. 12) chance
of a forced landing; and less than 1 percent chance
(0.8 percent from Ref. 12) of an aircraft loss. In
addition, there is about an 8 percent probability of
damage to System electronics. Experience for elec-
trical outages for civilian aircraft is similar with
11 percent of 783 strike reports requiring ground
crew maintenance of particular electronic components
[Ref. 12]. Coupled with the small probability of a
mishap, approximately 10-% per flight hour, these
various degrees of mishap are rarely observed in
peacetime,

A HEMP environment is experienced by an aircraft
during wartime. In all probability an aircraft will
experience HEMP environment at least once during
each mission. In fact, some scenarios indicate that
there may be multiple high altitude bursts. Signi-
ficantly, unlike the relatively complete data base
for lightning, no statistics on the probability of a
certain type of failure per HEMP exposure are pre-
sently available. However, the data base for 1ight-
ing does provide some guidance for estimating the
probability of failure per HEMP event.

While the 37 percent precautionary landing rate for
military aircraft does not directly indicate that
there would be a 37 percent abort rate in wartime it
does indicate a non-trivial atort rate. Assume, for
the moment, that the abort rate is equal to the
electronics damage rate for civilian aircraft, 8
percent, 1f that same abort rate per exposure held
for HEMP then 8 percent of our aircraft fleet would
be out of action for each HEMP exposure, Of course,
the HEMP abort rate is not known, but a rate as high
as eight percent would be very damaging.

<
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Fig. 7. Comparison of the surface charge
density for HEMP and 1lightning.

VI. CONCLUSIONS

For several methods of comparison of HEMP and light-
ning the conclusion is the same. Lightning dominates
at frequencies below about 1 MHz. HEMP dominates
above 10 MHz, Finally, in the region between 1 and
10 MHz the inter action between the two threats and
aircraft is so complex that either threat may domi-
nate,

In addition, the two threats of direct strike light-
ning and HEMP interact with air craft in fundamen-
tally different ways requiring different hardening
techniques.,

Finally, the operational impact of particular wul-
nerability levels for lightning and HEMP have very
different effects on aircraft operations. In parti-
cular, only very low levels of failure probability
may be tolerated for HEMP since the entire fleet may
be exposed to the threat simultaneously.
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MILITARY STANDARD FOR LIGHTNING PROTECTION OF AEROSPACE VEHICLES

J.C. Corbin

Air Force Aeronautical Systems Division, Directorate of Avionics Imgineering,

Wright-Patterson AFB, Ohio 45433, U.5.A.

Abstract - The U.S. Air Force, in conjunction with SAE Committee AE4L which is comprised of lightning
expercs from Government, industry, and test laboratories, is presently developing a new military
standard which establishes requirements and verification criteria for lightning protection of aero-
space vehicles (fixed/variable wing aircraft, heliccpters, missiles, and spacecraft). The standard,
when approved, will be applicable to aerospace vehicles including all associated subsystems, equip-
ments, components and stores. The standard is to be used in conjunction with Department of Defense
(DoD)-approved MIL-STD-1757A which establishes required lightning qualification test techniques for
aerospace vehicles and associated hardware. These standards will supersede lightning protection
requirements and tests specified in MIL-B-5087B which will continue to be used to specify electrical

bonding requirements,

I = INTRODUCTION

For over tweu® vears, specification MIL-B-5087B,
dated 15 Octouor 1964 and amended 6 February 1968,
has been the principal document used in the Depart-
ment of Defense (DoD) to specify the requirements for
lightning protection of aerospace vehicles and sys-
tems. The document presumes that all lightning pro-
tection (except for antenna systems) can be achieved
if certain electrical bonding requirements are met.
These requirements are specified under paragraph
3.3.4, Class L Bonding (Lightning Protection). The
bonding requirements are designed to achieve protec-
tion against lightning discharge current carried be-
tween vehicle extremities without risk of damaging
flight controls or producing sparking or voltages
within the vehicle in excess of 500 volts. The
bonding requiremeunts are based upon a lightning cur-
rent waveform of 200,000 amperes peak with a width of
5 to 10 microseconds at the 90-percent point, not
less than 20 microseconds at the 50-percent point,
and a rate-of-rise of at least 100,000 amperes per
nicrosecond. The requirements may be reduced when
flight safety is not a factor. Under this paragraph,
laboratory tests of lightning protection provisions
for external sections, such as radomes and canopies,
are required using the test waveform specified above,
The paragraph also states that lightning protection
shall be provided at all possible points of lightning
entry into the aircraft and shall be proven by test
(presumably the test mentioned above).

Although many people recognized the shortcomings of
MIL-B-50878 in terms of lightning protection require-
ments and verifications, it was 1972 before an organ-
ized effort was undertaken to better define and
establish generally accepted lightning simulation
test measures, In 1972, a committee comprised of
individuals from lightning simulation laboratories,
Covernment agencies, and aircraft manufacturers with
experience in lightning phenomenology, simulation,
and testing was organized under the auspices of the
Society of Automotive Engineers (SAE) Committee AE4L
on Electromagnetic Compatibility to define, establish,
and document test measures that would be widely ac-
cepted and put into practice. Beginning with a sur-
vey of extensive lightning-related literature, the

committee proceeded to define the possible lightning
strike rones to aircraft, the lightning environment
to be experienced in each zone, and the techniques
for simulating this environment in the laboratory.

In 1976, the committee published its recommendations
in a report entitled, "Lightning Test Waveforms and
Techniques for Aerospace Vehicles and Hardware" [1].
The report, referred to as the "red book," was quick-
ly adopted by lightning test latoratories and put
into practice.

In 1978, the committee (now designated SAE Committec
AE4L) revised its "red book" and published a "blue
book" with the same title [2]. It incorporated sug-
gestions from British lightning test laboratories
that modified some of the test procedures and wording
in the document. The principal change in the report
was the establishment of two categories of tests:

(1) Qualification Testing and (2) Engineering Testing
and inclusion of all the protection verification
tests within the qualification test categorv. Qual-
ification tests included (a) full-size hardware at-
tachment point test (zone 1), (b) direct effects
(structural), (c) direct effects (combustible vapor
ignition via skin or component puncture, hot spots,
or arcing), (d) direct effects (streamers), (e) dir-
ect effects (external electrical hardware) and (f)
indirect effects (external electrical hardware).
Engineering tests included (a) mocdel aircraft light-
ning attachment point test, (b) full-size hardware
attachment point test (zone 2), and (c) indirect ef-
fects (complete vehicle). Engineering tests were
designed to provide data useful in achieving a gquali-
fication design, but were not considered necessary
for protection verification.

MIL-STD=1757

In June 1978, the qualification test criteria in the
"blue book" were incorporated in a draft of a pro-
posed new military standard entitled, "Lightning
Qualification Test Techniques for Aerospace Vehicles
and Hardware" [3] at the request of the Department of
Defense, It was not until 17 June 1980 that the doc-
ument was finally approved and issued for use by all
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departments and agencies of the DoD as MIL-STD-1757.

MIL-STD-1757 defines the lightning strike zones,
lightning voltages and currents applicable to each
zone, and the methods to be used to test components
located in each zone, However, it does not specify
(1) the location of the lightning strike zones on a
particular vehicle, (2) the systems or components
that must be tested, (3) protection techniques, and
(4) pass-fail criteria, Tuese items depend upon the
mission and characteristics of the particular aero-
space vehicle (fixed/variable wing aircraft, helicop-
ter, missile, or spacecraft), The Government pro-
curing agency, vehicle manufacturer/integrator, and/
or equipment supplier must establish and agree upon
the above items for each particular procurement.

In order to provide guidance in the application of
MIL~STD-1757 and the rationale for establishing the
various test techniques, a handbook was added to the
standard as Appendix A, minor additions and correc-
tions were made, and a revised document with the
same title was approved and issued on 20 July 1983
by the DoD as MIL-STD-1757A,

MIL~STD-XXXX

In 1983, the U.S. Air Force proposed to the SAE Com-
mittee AE4L that it undertake, as its next major
task, the preparation of a new military lightning
protection standard for aerospace vehicles that
would provide a much more comprehensive document in
terms of lightning protection requirements and veri-
fication criteria than that contained in MIL-B-5087B
[4]. The committee accepted the challenge. In 1984,
a draft standard prepared by the committee was re-
viewed by the Air Force and, with minor corrections
and additions, approved by an Ad Hoc Technical Re-
view Committee established by the Aeronautical Sys-
tems Division,

Principle features of the new standard are reviewed
in the following paragraphs:

Scope and Application

The standard establishes recuiremer.ts and verifica-
tion criteria for lightning protcction of aerospace
vehicles which includes fixed/variable wing aircraft,
helicopters, missiles, and spacecraft and all assoc-
iated subsystems, equipments, components, and stores,
It is to be used in conjunction with MIL-STD=1757A
which established lightning qualification test tech-
nieques for aerospace vehicles and hardware as pre-
viously described. Lightning protection requirements
and tests specified in MIL-B-5087B are superseded by
this standard and MIL-STD-1757A.

Requirements

Lightning protection program. The standard cs-
tablishes a lightning protection program. Under the
program, the standard requires contractors to pre-
pare a cpmprehensive lightning protection plan (LPP),
If program documentation calls for an Electror gnet ic
Compatibility (EMC) Control Plan under MIL-E-60-°D,
“Systems Electromagnetic Compatibility Requiremen s,'
the LPP becomes part of the EMC Control Plan. The
LPP will include, but not be limited to, the follow-
ing items:

a) Management control
b) Lightning zone identification
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c) Lightning corpoaient identification

d) Criticality of structures and subsystems to
flight safety and mission success

e) Hazards assessment

f) Direct effects protection approach

g) Indirect effects protection approach

h) Electrical bonding and corrosion control

1} Other effects

}) Design analysis/developmental testing

k) Verification criteria

1) Life cycle aspects

m) Configuration/documentation control

n) Initial lightning protection survey (LPS)

Lightning protection survey (LPS). A lightning
protection survey (LPS) of the aerospace vehicle, its
subsystems and components will be made to determine
lightning damage susceptibility., The survey will be
initiated early in the program to identify the poten-
tial lightning effects to the vehicle and to cate-
gorize them based upon the criticality of the light-
ning hazard and the zone or zones within which the
subsystem is located. The potential effects of
lightning (direct effects such as pitting, melting,
puncture, internal arcs and welding, and indirect
effects such as transient pulses coupling into wires
and cables) will be a part of the survey. The sur-
vey will specify portions of the vehicle, its sub-
systems and components requiring protection consider-
ation, The survey will be initially included in the
LPP, It will be updated as necessary and the updated
versions will be presented during appropriate design
reviews, The final results of the survey will be
documented in the Lightning Protection Verification
Plan (LPVP).

Lightning protection categories for the vehicle and
its subsystems will te based upon the impact of light-
nianpg on the overall performance of the vehicle.

Three categories are identified:

a) Category I - flipght safety. Lightning effects
that would result in loss of life or loss of vehicle.

b) Category Il - system safety and mission ¢ssen-
tial, Lightning effects that would result in person-
nel injury and/or would endanger mission success.

c) Category III - minor effects, Lightning ef-
fects that would not significantly reduce system ef-
fectiveness,

The contractor will identify all systems, subsystems,
and/or components which are designated lightning
Category I or 11, Systems or subsystems to be con-
sidered for Categories I and II will include, but not
be limited to, structural/mechanical, fuel/hydraulic,
electrical/electronic, personnel, ordnance, and ex-
ternal stores.

Lightning protection design requirements. The
aerospace vehicle, subsystem, or component will be
protected against Category I effects and, unless
otherwise specified, Category II effects when sub-
jected to the lightning environment described in
MIL-STD-1757A. In addition, design considerations
will include redundant subsystems, electrical bonding,
corrosion control, life cycle aspects (maintenance,
repair, cumulative strike effects), compatibility
with other requirements, and configuration control.
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Verification

Lightning protection verification program. The
contractor will be responsible for verifying the
adequacy of the vehicle, subsystem, or component
lightning protection design measures used to satisfy
the requirements of the standard, Verification will
be accomplished by qualification tests, analyses
based on development test data, basic principles, or
previously verified designs, or a combination of
these methods,

The contractor will prepare a lightning protection
verification plan (LPVP), The LPVP will include the
final results of the LPS and the test/analysis data
and methods to be employed as well as the success
criteria for each subsystem/component. Qualificatiorn
testing will be in accordance with MIL-STD-1757A.

The plan will describe the methods to be used for
verifying lightning protection design measures for
those items identified in the LPS.

Lightning protection verification report. The
contractor will prepare a lightning protection veri-
fication report (LPVR) describing the analyses and
tests used to verify the adequacy of Category I and
Category II lightning protection designs,

Handbook

Guidance, rationale, and lessons learned. An
appendix (yet to be prepared and approved) will pro-
vide guidance, rationale, and lessons learned for
the benefit of Government procuring agencies and
prospective contractors in the application of
MIL-STD-XXXX.
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ELECTROMAGNETIC INTERACTION OF EXTERNAL IMPULSE FIELDS WITH AIRCRAFT

H.D. Briins and H. Singer

Hochschule der Bundeswehr Hamburg, Holstenhofweg 85, 2000 Hamburg 70, F.R.G.

Abstract - The paper deals with the coupling of LEMP and NEMP type fields into aircraft.
The theory is based on the method of moments, with a special technique for the treatment
of wire junctions. The aircraft is simulated by a stick model or a wire junction model.
The calculations are performed in the frequency domain with a spectrum of 0.006...60 MHz
and 0.1,..100 MHz respectively, using a Fourier transformation for the transition to the
time domain. By means of these calculations resonance frequencies along the structure
and the time-dependent behaviour of the currents are determined, comparing the results
for LEMP and NEMP type fields. It is also investigated how the results are changed by
using composite materials (CFRP) instead of metals for the aircraft.

1. INTRODUCTION

The electromagnetic phenomena occuring by ex-
citation of complicated electrical systems
such as aircraft by means of transient im-
pulse fields produce a variety of individual
problems. Considerable effort is spent in
predicting how a system will respond on the
fields of LEMP (Lightning Electromagnetic
Pulse) and NEMP (Nuclear Electromagnetic
Pulse) . Both types of pulses show the charac-
teristics of plane waves in a great distance
from their source.

The total interaction process can be subdi-
vided into three parts [1]: First, on metal-
lic surfaces transient currents, charges, and
fields are generated (external interaction).
Second, it has to be expected that some por-
tions of the field energy penetrate into the
interior of the external structure by windows,
antennas or sicnal cables (internal interac-
tion). Then, this penetrated energy can spread
over data lines or hydrau'ic leads et cetera
and can excite elements of the electric sys-
tems and damage them (internal propagation).
As the mutual coupling between these proces-
ses is weak, they can be viewed as being in-
dependent, in a good approximation, and solv-
ed separately {2]. This paper deals with the
calculation of the external interaction prob-
lem and compares the respective effects of
LEMP and NEMP,

2. METHOD OF CALCULATION

In order to calculate the interaction of air-
craft with transient impulse fields or cur-
rents, several methods can be applicd [2-71.

- Integral equation method (EFIE and MFIE)

- Finite difference sclution

- Singularity expansion method

- Impulse propagation calculation (trans=-
mission line theory, lumped-parameter
network model).

In this paper we use an integral equation ap-
proach (EF1E), the method of moments, which
is able to regard transient effects on linear
systems.

Starting point is the boundary condition

25 v\ 0 (1)
Etan * Eean '

3
where Etan denotes the impressed electric
-

field, Egan
field, caused by all charges and currents of
the considered system. All conductors are as-
sumed to be wirelike with a circular cross-
section, which is very small compared to the
wave length of the highest frequency applied
by the exciting system. Each conductor of the
system is subdivided into a certain number of
seyments, shown in Fig. 1.

the tangential component of the

1.
-

Fig. 1: Geometric relations of field point
segment Alp and source segment Alp in car-
tesian coordinates
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The expression for the voltage over the field
point segment Aly due to the current in the
source segment Alp is

" -i -
m ¥ Ep 8l - e =

= Juug -A{ Iz') . ¥lr )" dz'-gn-gm-A1m+
n

coc [ BEYL - vegaae-{ S

ar(z')
we Aln dz’ Aln dz
-w(rm_)dz'] (2)
-jkr
with (r) = 7= « &2—,
k = Vuzuoeo 4
I(z') = In- f(z').

The current distribution I(z') is approxi-
mated by a linear combination of elementary
expansion functions with unknown amplitudes.
Each expansion function exists only over one
segment of the structure. For the di~tribu-
tion f(z') triangular functions are assumed,
because they give more accurate results with
fewer segments per wave length than pulse
functions; in the case of triangular func-
tions 8 segments per wave length are suffi-
cient in general, which is a good standard
value for high frequencies. For low frequen-
cies it has been experienced that at least

3 segments at a conductor are necessary in
order to get a realistic, convergent current
distribution. The developed computer program
is based on these principles and uses an au-
tomatic, variable segmentation, in general
with less segments for low frequencies and
more segments for high frequencies.

From eqn. (2) we get for the voltage U in a
shorter form:

u I (3)

n = %mn c In
with the coupling impedance Zpn between the

two elements Aly and Al,. Regarding all the

N source elements Alp, the resulting voltage
over segment Alp, becomes

N
U =1 2 o Y 4
m ,sq mn n 4

Finally, all mutual couplings are taken into
account and give a set of N equations, which
can be written in matrix form:

(z] .- (1) = {u). (5)

The solution of this equation system delivers
the current amplitudes I, and in consequence
the current distribution, which is the basis
for further calculations such as electromag-
netic fields in fixed points or voltages at
lumped loads.

The elements of the right hand side of the
equation system (5) can be caused by genera-
tors with known socurce voltages and have
nonzero values only at such source elements.
In the case of an incident field, however, a
voltage over each segment has to be regarded,
dependent on the spatial orientation of the
conductors and on the direction of the field.
Only if the field is directed perpendicular
to a segment, then the line integral along
the conductor and therefore the correspond-
ing element of the right hand side is zero.

s
With the vector Ep of the incident electric
field at segment m, [U] is

-3 p
L= S < g
-§ =5

[U] ~ B 4 ey v Al (6)
-01 -
EN ey * AlN
5 e . -
with E; - £. p -e 2 1 Ty

B is the polarization unit vector of the
incident electric field; the wave vector X
shows the direction of the incident wave
(Poynting vector). The vector ?m is directed
from the coordinate origin to the center of
segment m,

The investigated structure of aircraft is
simulated by arbitrarily oriented and inter-
connected conductors. It is possible to re-
gard the resistance of the conductors and
also the skin effect., In order to treat con-
ductor connections a special wire-junction
technique has been Jeveloped (7,8]. This
method is based on the continuity eguation,
which can be written as

K K
I I, = -jul [ x(1r)are (7)
K= k=1 Al'<

with K as the number of conductors which are
connected at the nodal point, and the line
charge density A of these wire conductors.
For w = 0 tne Kirchhoff current law results
from this equation. The triangular functions,
which are used in this paper, have to be lo-
cated in the proximity of a junction as de-
picted in Fig. 2, which shows a joint of
three wires (K=3).

A%
JX A A

Fig. 2: Junction geometry of connected wires
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Every current portion, which contacts the
junction, is split on the other wires in the
shown manner. An advantage of treating the
junction problem in this way is that no as-
sumptions on the amplitudes of the involved
currents or other additional constraints are
needed. Thus the method is ideal for pro-
gramming purposes.

Up to the present all the considerations were
made with regard to the frequency domain. In
order to get the desired transient responses
in the time domain, it is necessary to com-
pute all currents, voltages and fields for a
sequence of increasing discrete frequency
values of the transfer function G(w) up to a
limiting frequency we. All the complex system
respcnses are multiplied by the corresponding
values of the spectrum of the exciting volt-
age H(w). Subsequently, an inverse Fourier
transform is performed by means of the fol-
lowing equations

w
f(t) = % fg (R{w) coswt = X({w) -sinwt)dw;(8)
Flw) = H{w) -+ G(w) = R{w)+ jX(w). (9)

The evaluation of the integral of egn. (8)
has to be performed numerically, so that G(w)
at fixed support frequencies wp must be cal-
culated. Investigations of the transfer func-
tions G(wp) have shown that it is not neces-
sary to compute the complete series of Gluwp) .
Indeed, many transfer functions have extreme
variations with pronounced resonances, but in
general a significant change of the function
occurs only after some frequency values wp.
Therefore, an interpolation procedure is ad-
visable in order to save computer time. De-
pendent on the arrangement it has proved to
be sufficient to regard only G(wp) of every
second or third (or more) support frequency
without any evident loss of accuracy. The
missing values G{wp) can be added subsequent-
ly to a good approximation. A cubic spline
function was used for this purpose.

LEMP and NEMP are commonly described by the
double exponential time function

E(t) = Ed(e-t/T1 -e-t/Tz).

For the NEMP the values Ty = 500 ns, T =5ns
are used in this paper in order to simulate
an EXO-NEMP. Concerning the LEMP, previously
interaction with aircraft has been investi-
gated only by means of low frequency models
without any dynamic current distributions or
airframe resonances [2]; during the last
years attention has been drawn upon the fast
transient field components, having signifi-
cant spectral content in the aircraft region,
because it has become known that LEMP fields
have fast time components in the order of
100 ns (9-13). In this paper LEMP fields are
simulated by Ty = 15000 ns and T7 = 100 ns
or Ty = 1000 ns and T2 = 100 ns.
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All the following results refer to E5 = 50
kv/m, in order to make comparable the cur-
rents due to LEMP and NEMP fields. In reali-
ty this value of 50 kV/m will occur in the
case of lightning field only at small dis-
tances from the lightning channel where a
circular field exists. So in general this
value has to be reduced according to the in-
verse value of the distance. This can be done
because all the here described computations
are based on the principle of linearity.

The aircraft exposed to these fields is
simulated either by a simple stick model or
by a mesh of thin wires using the technique
for wire-junction modelling described above.
Both models can be used to calculate rough-
ly aircraft resonances and the order of mag-
nitude of currents which flow on the real
structure during a lightning event for ex-
ample. It can be expected that the simul-
ation of the actual surface by a greater
number of rods will give more detailed re-
sults.

3. STICK MODEL

Details of the stick model used for the
calculation are shown in Fig. 3. The length
of the aircraft is 10.5 m and the wing-span
8 m. In this paper the incident field was
propagating parallel to the x-z-plane (Fig.
3) with the E-field 30° inclined with re-
ference to the x-axis. A variable segment-
ation with a maximum number of 43 segments
was applied; taking advantage of the sym-
metry between field and stick model only 35
segments were needed. The radii were ry =
20 cm, r2 = 15 cm, r3 = 10 cm. The conduct-
ivity was chosen so that the d.c. value of
the resistance over the total length was

10 m2, in another case 100 9 in order to
approximate roughly reinforced fiber com-
posites like CFRP.

Z B

K

55m
h Ty

Fig. 3: Stick model of the calculated air-
craft (d.c. resistance 10 m and 100Q resp.)
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Fig. d4a: Real part (R) and imaginary part
(I) of the current distribution o%f; the

frequency at the points C) to of
Fig. 3 for a d.c. resistance of 10 mQ of
the aircraft model

The lightning field with Tq1 = 15000 ns and
Tz = 100 ns (10%-90t-rise time = 200 ns)
was simulated in the frequency domain by
frequencies from 6 kiiz to 60 MHz with in-
tervals of 192 kHz, that means 5000 harmon
ics. The integration was started at 6 kHz
in order to take into account the relative
long tail of 15 ps. The NEMP field was de-
scribed by the parcmeters Ty = 500 ns and
T2 = 5 ns (108-20%-rise time = 9,7 ns) and
simulated by frequencies from 100 kHz to 100
MHz with intervals of 0.2 MHz in the lower
and 0.4 MHz in the upper frequency domain.

1600 R @

i

A 1
1 800

400

0 v — o

01 | 1677 \333. S0 667 833 100

- 400
- 800 |
1200
Iy @

1 400
0

- 400

- 800

Fig. 4b: Real part (R) and imaginary part
(I) of the current distribution over the
frequency at the point @ and @ of
Fig. 3 for a d.c. resistance of 100 @ of
the aircraft model

Fig. 4a shows the real part (R) and the
imaginary part (I) of the current distri-
bution in the frequency domain for the
points to marked in Fig. 3. Ap-
parently conspicuous resonances occur at
frequencies of around 10, 15, and 30...35
MHz, associated with the longitudinal ex-
tension of the aircraft and its parts.
Whereas Fig. 4a refers to a d.c. resist-
ance of 10 mQ (metal skin), Fig. 4b shows
the current districution of points C) and

in the frequency domain for a d.c. re-
sistance of 100 ? (related to fiber compo-
sites like CFRP). The comparison between
Fig. 4a and Fig. 4b illustrates that the
resonances occur at the same frequencies,
but the amplitudes of Fig. 4b are evident-
ly lower.

The results of the lightning field are
sketched in Fig. 5, which demonstrates the
time-dependent current distribution at
points () tc of the stick model. Fig.
Sa refers to 10 m d.c. res‘’stance, Fig.
Sb to 100 2. All the curves show oscilla-
tions in cyc.es of 70...105 ns, corre-
sponding to length extensions of 21...32 m.
The oscillation times at the wing, point

, are exceptionally uniform. All the
currents get positive values at the first
moment, which is necessary in the case of
the given field direction; in order to ful-
fil the boundary condition Eyan = 0 at the
conductor surfaces, the current polarity
must agree with the direction of E},. . The
maximum current peaks (m~ 291 A) occur at
point (3) . In Fig. 5b strong attenuation
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Fig. 5a: Time-dependent current distribu-
tion due_to a fast lightning field at
points C) to of Fig. 3 for a d.c. re-
sistance of 10 mi of the aircraft model

over the time appears, in comparison with
Fig. 5a. On the other hand the amplitudes
of the first oscillations of corresponding
points of both figures do not differ very
much, although the resistances have the
ratio 1:10000, that means that obviously
the characteristic impedance of the air-
craft mainly determines this first ampli-
tude and its slope.
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— t

Fig. Sb: Time-dependent current distribu-
tion due_to a fast lightning field at
points (1) to (&) of Fig. 3 for a d.c. re-
sistance of 100 Q of the aircraft model

Corresponding results of the NEMP field ef-
fects are given in Fig. 6a/b, which shows
the time-dependent current distribution at
the same points of the stick model. The
curves are similar to those of Fig. 5a/b,
the corresponding amplitudes appear at the
same moments, but the NEMP field yields
higher amplitude values (factor 3..,6).
The comparison between Fig. 6a and Fig. 6b
shows a stronger attenuation in the case
of higher resistance again.
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Fig, 6a: Time-dependent current distribution L5m
ue to a NEMP field at points (D to (@) of ="
Fig. 3 for a d.c. resistance of 10 m of the
aircraft model
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i Fig. 7: Wire-junction model of the calcu-
ate

4 BERRSJUNCTRON NODEL ¢ircraft (d.c. resistance 10 m?)

Using the developed wire-junction technique

[7,8] a wire-junction model of the same air-
craft was composed, as it is shown in Fig, 7.
The incident field has the same direction as

in the case of the stick model. A variable The lightning field component was regarded
segmentation was applied again, with 78 con- by the parameters Ty = 1000 ns and T2 = 100
ductors and a maximum number of 161 seg- ns, the EMP field by Ty = 500 ns and T2 =
ments, utilizing fully the symmetry of the 5 ns. In both cases frequencies from 0.1
field arrangement. The conductivity of the MHz to 102 MHz were taken into account with
wires was chosen so that again a value of intervals of 0.2 MHz near the resonances,

10 mQ resulted for the d.c. resistance of to 0.8 MHz in not critical parts of the fre-

the total model from nose to tail. quency spectrum.
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Fig. 8: Real part (R) and imaginary part (I)
of the current distribution gver the fre-
quency at the points ’ @ ’ @ of
Fig. 7

In Fig. 8 the current distribution in the
frequency domain with real part (R) and im-
aginary part (I) has been drawn, for the
points 7 . , marked in Fig. 7.

The rough structure of Fig. 8 is similar to
that for the corresponding points of Fig.
4a, with resonances at nearly the same fre-
quency values: ~ 12, 17, 34 MHz. The most
important resonances, for instance near the
cockpit (point ), are already detected
by the stick model. Additional resonances
are produced by the here occuring loops

with smaller lengths than those of the

stick model; so the fine structure of the
current distribution over the frequency is
more evident in the case of the wire-junc-
tion model. The current amplitudes are high-
er in the stick model, because in the wire-
junction model the current is distributed
over several, parallel conductors. At low
frequencies (< 1 MHz) the wire-junction mo-
del exhibits comparatively high current val-
ues, because in this model loop currents can

flow on account of the magnetic flux d¢/dt in
any loop; the stick model yields almost zero
values for these frequencies, as in this
model an inductive effect appears only by
means of the electric field E.

The time-~dependent currents have been drawn
in Fig. 9 (LEMP) and Fig, 10 (NEMP). Similar
to the case of the stick model the ampli-
tudes of the NEMP produced currents are
higher (factor 3...8). The LEMP induced cur-
rents show less oscillations., However, the
individual oscillations have nearly the same
rise times (~ 15 ns) in the cases of LEMP
and NEMP, corresponding to a quarter of the
double propagation time along the aircraft;
that means that these rise times are strong-
ly determined by the aircraft dimensions.

1 60 60
A ®

120 %0 360 480 600 ns

_.'

o

0 120 0 360 480 600 ns

50 ——t

0 D
[A o\\ 120 20 360 &80 600 ns

—

-8 -53

Fig. 9: Time-dependent current distribution

due to a fast lightning field component

(T1+ = 1000 ns, T2 = 100 ns) at points @ ;
B of Fig. 7
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5. SUMMARY

The integral equaticn method has proved to
be an efficicnt procedure in determining
fields and current distributions at aircraft.
Especially the wire-junction technique has
been successful, and also the interpolation
procedure in order to calculate very fast
transient phenomena with reasonable computer
times. The followiny essential results can
be summarized:

The stick model describes the rough struc-
ture of the curve shapes relatively well;
by means of the wire-junction models a
better resolution of the fine structure
(ripples) can be seen.

Transition to higher resistances (for in-
stance 100 ¢ at CFRP) leads to a stronger
attenuation of the currents, but the first
amplitudes are scarcely influenced. Appar=-
ently the characteristic impedance of the
aircraft determines this first amplitude
and its slope.

LEMP fields yield lower current ampli-
tudes and often fewer oscillations than
faster field pulses, even if in both cases
the same value E; for the exciting field
pulse is assumed, which is only realistic
for the near field of the lightning. The
rise times of the individual oscillation
components, however, are similar for both
field types (~ 15 ns), they are mainly in-
fluenced by the aircraft dimensions., It
could be seen that also by the LEMP very
fast processes with very steep slopes are
excited.

{10]

(11)

(12]

(13)
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INDUCED SURFACE CURRENTS AND FIELDS ON A CONDUCTING BODY BY A LIGHTNING STRIKE (FREQUENCY

DOMAIN)

E. Grorud and M. Soiron

Laboratoire Central de T¢élécommmications, 18=20, rue Grange-Dame=Rose, 78140 Véliazy-Villacoublay, France

Abstract - A method is presented for simulating the electromagnetic excitation of a conducting body of
arbitrary shape by a direct lightning strike. The Electric Field Integral Equation (E.F.1.E.) is solved

in the frequency domain by the method of moments.

The modeling of the conducting body uses planar triangular patches and is done automatically by a mesh
generation procedure from a given set of data points.
For direct strike simulation, the lightning attachment points are modelized by “"wire-surface" junction

type triangles.

Some time domain results are obtained on an aircraft using an inverse Fourier Transform (FFT).

I - INTRODUCTION

The effects of lightning arise through either a direct
or nearby strike. In the first case the total current
flow is known and goes through the body. In the second
case, an electromagnetic pulse of radiation is scattered
by the body, the excitation being an impressed E Field.
Both direct and indirect discharges can be analysed by
numerical methods developed for the problem of the
nuclear EMP-scattering.

A computer program bas been developed at the Laboratoi-
re Central des Telecommunications for the NEMP problem.
This code computes the induced currents, surface cur-
rents and fields on composite wire and surface geocme-
tries by an impressed incident E Field. The arbitrari-
ly shaped surfaces are assumed to be perfectly conduc-
ting. The Electrical Field Integral Equation (E.F.I1.E.)
is expressed in the frequency domain.

This program can also compute the surface current dis-
tribution from any type of excitation : voltage, injec-
ted current.

The effects of a direct lightning strike on a perfec-
tly conducting body can then be analysed by such a code.

I1 - LIGHTNING CHANNEL AND CURRENT WAVEFORM

The return stroke channel is usually modelized by a
succession of radiating dipoles carrying a travelling
current pulse. When one wants to obtain fields close to
the channel, it is necessary to perform an integral
summing radiation from elements along the whole length.
For a straight channel, a travelling current pulse ra-
diates as if the fields emanated from the end «f the
filament. When one considers a conducting body struck
by a straight return stroke channel, the segmentation of
the charnel itself into elementary radiating dipoles is
superfluous since the excitation level created by the
injection of the current pulse onto the body is far more
important than the excitation created by the channel
radiated E Field.

It is then sufficient to modelize the channel by two
short dipoles connected to the body at some predefined
entry and exit points, where the strike is most likely
to occur,

One of the most widely used empirical approximation of
the return stroke current waveform is :

T4)as L (-"’-e“") O

Typical values of L, , &, g are :
T, - lokA ~a Jot gt p= 3107 4-1

The frequency range cf a lightning pulse is then much
narrower than the NEMP one.

In particular, the NEMP frequency range extends over
the body resonances when one considers an average size
air-craft for example (2 MHz to 10 MHz) (fig.l)
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fig.l - Frequency range of a lightning pulse

With such a low frequency range, the current waveform
injected onto body surface is not affected and it
will be transmitted from the entry point to the exit
point without much charge in its shape. The time depen-
dence of the exit current is then assumed to be given

by eq. (1).

111 - PROBLEM FORMULATION

The E.F.I.E.for a perfectly conducting body of surface §
can be written as :

— 4
A = . - ] ] % ]
n<E%) . -.‘\[xup_. Jirrgqds -‘_@“Lv;.ru,qu;]
where .-}.7.?14' and reS . £
nciyn - ()
is the incoming impressed electric field.
AvEYNr) 2. A&

The E.F.I.E. is solved by the moment method applied to
surfaces and wires. The set of expansion and test func-




s E. Grorud et al.

tions used for the surface currents are due to GLISSON

[l] (£ig.2). The surface is modeled by trisngular
patch=s. The current on the dipoles is expanded into
standard pulse functions. The connection between wires
and surfaces is done by “"junction type" triangle pat-
ches whose common vertex is a node of the triangular
patch modeling and the attachment point of the wire to
the surface (fig.3). The current flowing from the wire
onto the surface is assumed to have a radial behaviour
and a 1/r decrease in amplitude. A set of junction type
basis functions[ﬂinsures the continuity of the current
flow from the wire to the surface (fig.4).
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fig.3 - Wire attachment to surface modeled by triangular
patches
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fig.4 - Expansion function for “junction-typa" triangles

The equation (2) is transformed into a linear system of
equations. The number N of unknown currents is the sum
of Ns non-aperture edges cf the triangular patches of
the surface, Ny junction-type triangles and N,
thin dipoles.

In the lightning strike configuration, there are two
dipoles attached at the entry and exit point of the sur-
face. As stated earlier, these currents are assumed to
be known.

The actual number of unknown currents is then :

N= Ns+ NJ ‘-NN (5)

The current injection scheme consists of computing the
impedance matrix over Ns+ Nz v+ Nw elements
with only Ns+ Nz unknown to be found.
The following linear system is then solved :

Z”I’ ..ZSI'I: --stIw
ZJ’I; 5 i =-2"Tw (4)

sT ors 5 Jf sW W
where Z“,Z ,Z ,z IZ /Z are the
self and mutual impedance matrices between surface,
junction part and wires.
This system can also be written as :

zss Zs:r zsw T o
Z:‘s zss Zaw Isr|= o (5)
o o [ Tw L.

The excitation term can be seen as the voltage across
each element of the surface and junction part created
by the entry and exit currents on the two dipoles.

IV - RESULTS

An aircraft 30 m long with 40 m wing span bas bee&n
modeled into a triangular patch surface including 80
nodes, 282 edges and 188 patches. The two attachment
poeints (entry and exit) were respectively put at the
nose and tail of the aircraft. The code was run at
several frequencies ranging from 50 kHz to 5 MHz. The
two first aircraft resonances appear at 3.8 MHz and
4.5 MHz. From 50 kHz to | MHz, the induced surface cur-
rents are essentially real and relatively unsensitive
to the frequency. Above this range, the resonance ef-
fect starts to be noticeable and the imaginary part of
the currents start growing.

The surface current distribution taken at 50 kHz is
shown on fig.5. Arrows show the direction of current.

fig.5 - Surface currents distribution on an aircraft
patch model at 50 kHz
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High values of current occur mainly near the nose and
by the tailplane. The current flow from the entrypoint
to the exit is quite visible.

Since the frequency spectrum of the current pulse is
two decades belowits maximum value at 50 kHz (see fig.1)
the frequency sweep necessary to obtain time domain
results was limited to this value. Six points were
chosen on the aircraft surface (point A to F) in order
to obtain time domain results, by a FFT procedure. The
induced surface currents (fig. 6,7) have the same time
dependence as the injected current pulse since no air-
craft resonance is excited.
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fig. 6 - Time domain surface currents induced on
an aircraft (10 kA injected current).
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fig. 7 - Time domain surface currents induced on
an aircraft (10 kA injected current).

A good checkof the validity of the injection technique
adopted here, is to sum over the number of junction
triangles at the entry or exit points, the junction
currents obtained after inversion of the impedance
matrix.

Recalling that 10 kA have been injected which corres-
pond to a maximum amplitude of 9.25 kA at 4.7gthe in-
jection technique works reasonably well when'ane sees
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the time domain result shown on fig.8 which corresponds
to the sum of all the junction currents at the entry
point.

12

(kA)

nunom

-10 © 1% 00 ”l” are

fig. 8 - Time domain junction current at the entry point

The normal component of the total electric field at the
surface of the scatterer can be written as :

mEe-L T.(nx¥)=-LU.T (¢)
'ug dw%

It is then straightforward to obtain this quantity all
over the surface. The time domain normal component of
E ig plotted on fig.9 at point A and B. The E field at
the nose of the plane, near the attachment point is far
more important than elsewhere on the surface, which is
to be expected.
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fig.9 - Time Aomain normal E field component on the
ajircraft surface

v - CoNCLUSION

The triangular patch modeling of surfaces associated
with special wire-surface junction techniques is quite
suitable for solving the E.F.I.E. in the frequency
domain. Direct current injectiononto the surface works
quite well.

The resul:s obtained so far are promising and the versati-

lity of the numerical code allows to modelize a large

prarpeey
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number of configurations.
The next step will be to apprehend the penetration of

fields into aperture (cockpit for example) which is of
primary interest.

REFERENCES

1 AW. GLISSON 2 S.M. RAO

On the development of numerical techniques fc.- Electromagnetic scattering and radiation of

treating arbitrarily shaped surfaces. Ph.D. arbitrarily shaped suraces by triangular
Dissertation. Univ.of Mississipt, 1978. pateh modeling.

Univ. of Mississipi, Ph. D. Thests.




10th International Aerospace and Ground Conference on Lightning and Static Electricity 25

INDUCED CURRENT SURFACE DENSITY AFTER A DIRECT LIGHTNING STR:KE ON AN AIRCRAFT

Y. Beniguel

Laboratorre Central de Télécommunications (L.C.T.), B.P. 40, 78141 véliay=Villacoublay, France

Abatract - This papsr describea s method to cslculate the current sfter s diract
Tightning strike on sn sircrsft. To solva this problem wa have developped s tima

dom sin algorithm which compute the current surfacs density on s structure of

arbitrsry shsps.We sxamine in thia paper its msthematicsl snd numerical sapects.

The lightning strika ia represented by s source current in one point of the sircrsft, an
exit at another point and we cslculste the effscta of thia current trsvelling along

the structure.

1 - INTRODUCTION

In the paat yeara LCT hss developped
computer codea to solve electromsgnetic
problems in the field of NEMP intersctiona.
Two families of codea are svsilsble, ona in
the time domsin snd the other in the
frequency domain. Theae codea sllowa to
atudy intersction of NEMP signals with
targeta of arbitrsry shape (uircrsfta,
ahips, wire antennss, including more
complicsted configurationa ae mixed wires
and aurfsces (U.S. TACAMO for exemple)).
The time domain may vary from aome na to
eome pa or correlatively the frequency
domsin may vary from 0 to ebout 100 MHz.

The purpose of thia etudy ia to uae auch s
code to etudy the effecte of a direct
lightning strike on an eircraft.

The frequency domain algorithm ia preeented
in a companion paper [1] . The time domein
algorithm ia preeented hereefter. The
Maxwell equatione ere ueed on their
integral formuletion prefersbly to the
finite difference one. Thie allowa to uee a
eufece epproximation cloae to the true
ahape of the aircreft and obtain s better
eatimate of the reaulte. In the integrel
formulation the current ie computed in
local coordinates eo thet we take into
account the local propertiee of the
etructure i.e. the curvature radiue at each
point on thia one.

In the caae of the direct lightning etrike,
we take the a priori hypoiheeie that the
source current ie impinging on the aircraft
at one point and flowa out by another
point. More generally we could imagine
these two pointa (entry and exit) be
located aa s diecrete fonction of time. In
thie hypotheaia, conaequently, we auppoee
no reaction from the aircraft on the
lightning channel. Ti.ie ie a firet approach
on a eimplified phy2ical model, ueing a
rigoroue formulation.

2 - TECHNIQUE FOR ORTAIMING TIME-DOMAIN
RESULTS

We distinguiah two kinds of surfsces on
the sircrsft (a TRANSALL C160 in this study)

- the fuselsge which is s closed surfsce,
- the winas snd the tsil. These psrts of
the sircrsft hsve been spproximsted by
plsnes.

Two equations hsve been aolved snd two
slgorithma developped corresponding to the
two kinds of surfsces indicsted sbove. The
uae of one or the other of these equationa
in sn electromagnetic scettering problem
depends on the geometry of the target, these
two equstiona being not equivalent from a
numericsl point of view.

1. Current deneity on the fuaelsge

On auch s cloaed surfsce we uee the magne-
tic field integrel equetion (M.F.I1.E.) who-
ae expreeaion ia :

Ttz 2a W e oo ) ke

The current et time t .t . point u on the
surface can be computed ueing the magnetic
incident field at the eame time end the
veluee of current denaitiee on the eurface
at retarded timee & where ¥ = t-R/c and

R ie the dietence from the point u to any
other point i on the surfece.

The firet term ¢ A x H'(§1e the phyaical
optic approximation term.

The aecond term repregcente the radiation
of currenta at the different patchee of
the atructure et retarded timea.

In particular, if izu, % =0 and the delay

ie zero. The velue of the eelf patch inte-
gral can be computed if we know the princi-
pal curvature radiue p. and at the center
of thie patch. We obtais the reeult :

(v i ) T0Rdo= L fpepd [ 209- 2000 )

where Yie the radiua of the patch approxi-
mated by a circle.
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The preceeding equstion is thsn :

Tl o T = 23 Ham R ]s ;;,*i',z )_?c.) J;u).it
S ¢ = X(fa-ps) )

The fuselsge of the aircraft is modeled by
three surfaces :

- hslf s sphere at the nose,

- 8 cylinder in plsce of the csbin,

- 8 cone st tha aft.

On esch of these particular surfsces we use
a proper systam of coordinstes (spherical,
cylindriecsl). The patches on each of these
surfsces are approximately squsre in the
corresponding coordinstes.,

This is a first approach to solve the
problem. It can be improved using at each
discretization point on the surface the
vslues of its right curvsture rsdius st
this point.

In the csse of the sphere, the two
curvsture rsdius being equsl e is zero. In
the case of the cylinder snd the cone one
of the principsl curvsture radius is zero
and the vslue of e is :

e= J%P& (s)
The integrsl over the other pstches
requires to compute the velues of the
current snd its time derivstive. Both hsve
been computed using Legrengien polynomial
interpoletion.

Moreover we need to sdd the contribution of
current densities of perts of the eircraft
other then fuselege (winge, tail) to
compute the right vealue of the potentiel
vector. The other valuee are computed
simultaneously.

Convergence and stsbility of the cloeed
surfeces elgorithm.

The algorithm is etable if the petches heve
approximetely equal areas. The time
increment correaponds to the shortest
dietance between any two points.

The area of the patches is not a critical
factor to obtain the convergence of the
results.

2.2. Current density on the wings and the
tail on the aircraft.

On e plane aurface we uae the Electric
Field Integral Equation (E.f.1.E.) which
permits to take into asccount epecial
conditione in caae of curvature radiua
discontinuities (the edgee of planea for
example). Thias specisl case will be
documented later on.

The equation we solve isa the following @

AEW — _ & A, v A ) edTRW
QBN — 7 A A.()u..;%‘ (6)

Ad) = ﬁH‘L‘M o)

with:

As in the preceeding csse (M.F.I.E. equs-
tion), the surface is divided in pstches
which sre spproximstely squsre snd of equsl
sress. Tha current density is computed st
the center u of esch one_from tha vslue

of the vector potantisl A.(t) at this point.
A,(t) is computed in fonction of values

of currant density st delsyed times ¥ with
T=%-Riu/z and Ri is the distance between

u snd tha center i of any other patch on
the surfsce.

A.u)_—_ﬁ{.Lla_“)dA (x)
with : )

R = lR..-Ril (5)

In the csse where the points i snd u sre
identicsl (self pstch contribution to A.(t))
the integrsl is not singulsr snd is found

to be equal to :

fs.l_'?“‘ = (aly(ae®) L @

Consequently the vector potential Au(t) ie
a fonction of the current density et the
point u and time t end the other points st
retsrded times.

If we choose 8 coordinste system such thet
x = 0 on the plane we have :

Ax VA = -S(;’%?-;g%‘%?) + 'A)(%o %g—g) (M)

The time derivetive of the current is com-
puted from the following formula :

3‘ - t — zu(’.l) - txt&) 9K-('u) @'.)
T T

Equetion (¢) gives two equetione for esch
one of the vector potentiel componente.

a/ On ;
Tt
Au,gtvo) = S |3 Ay, T agel o 1AM
) ,-g;[s;s;l M ‘t‘lﬁE‘ ™ (ay
_A..}(.‘-o)t ‘n;q(*)

b/ On 2
A-.‘ (’ﬂ\ = -t ._'):.A\‘o’ - .%‘g.l’(’)] +2 Au, -‘(l')

P "
= A."(’...) IS S‘K‘-.,W )

for the mixed derivative we uee : %

TAR( o t) = 4 [A Llasyyond)- Antiyagen §)
T-r— 3Pt == e | A L Y4y, wtiyyyey

‘ 7 “‘A} bs)
+Ally-308) - Actlyvy 3-0.*)]
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The equstions (13) snd (14) allows us to The current at the entry point crastes a
compute tha current st tha cantar of each field whoae vslue ia :
patch. The equation ia explicit for aach — n = A @’ @ ) 1
component of the current density due to ths B N I{Lt)xR 3
fact that tha tima derivative on_R mskes Heb) n . R\ Re 7T (£7)

appear Au(t+l) and conaequently Ju(t+l),

all other terma being evsluated at t. which dependa on the current and not of
the dipole radius.,

Specisl treatment on edgea of planes

Tha aolution ia explicit, the current dsn-

Tha ending conditiona wa uae are Meixnar aity at one point on the sircraft baing

conditions st the vicinity of an edge which calculated from those obtained at all other q
atates that the two current denaity points at retarded times. Thia is s major

cumponents perpendicular and parallel to difference with s frequency domain method

the edge behave as the aquare root of the which ia neceasarily implicit.

diatance from the observation point to the
edge or the inverae depending on the caae.

-

4 - RESULTS

it

To tske into account theae apecisl :
conditiona, we ast discretization pointa on A computer program wss obtained which solvea i
the edge. Doing thia, we calculate an the praceading equations, Simulstions

equivalent current and the potential vector conducted with thia program show that the

on these pstches. It has been ahown [2] current density at sny point on the aircraft 1
that these inteqrala can be evsluated in lave the asme time dependsnce than the source

spite of their spparent aingularity for the current. The vslue obtained st one

parallel component caae. particular point depends on the location of F

thia point on the aircraft.

Sevsrsl cases have to be conaidered : )
Shown on figure 1 is the value of the

-~ the edges of the wings, current density near the nose of the
- the interaection between the horizontal aircrsft and about 6 m from the noae. High
snd vertical stsbilizera. valuea of the current density are obtained {
At esch case corresponds a particular nasr the sttschment point.
aolution.
Thia method gives preciae valuea of the
Convergenca and stability of the plane current denaity at the beginning of the
surfsce slgorithm. phenomena. In return it coata a lot of
computer time to obtain the far time
Convergence conditions require thst the response for which a frequency method is
distsnce tetween discretisation points be a best suited.
frsction of the rise time of the signal.
On the wings which sre 40 meters long and ‘

about 160 m2 of surface we use pstches of
0.8 m2 each.

Source current

Cur e?l
We want to impose the current st one entry (kA /m)

point and at one exit point on the 288
sircraft. To do this, we sdd to the
structure two short wire antennss (two c.00

dipoles). The current at the entry point
(middle of the dinole) is :

= @Y - (4¢)

0.60

0.40

4
.’/ ,-/__/_—

The current at the exit point is the same /C; j:

than that of entry point with s delay which Es o1 t- [
correaponds to the propegetion of the
current ealoing the structure.

q
1
I
I
*I
I
. ¢
with : «, = 1.40'A™ and : oy = 9.52.40 4" o0 |
|

In the computer simulations the current enters

the aircraft at the nose and leaves at the . .
aft. Figure } . Time domzin surface current

densities induced on an aircraft
(10 kA injected current).




28 Y. Beniguel

5 - SUMMARY

The computer simulationa erecuted with our
code show that the current density at any
point on the aircraft have the aame time
dependance than the aource current. The
aircraft's reaonant frequenciea are far too
high to be excited so that no oacillationa
appear in the reaponse. The level of the
current at one point dependa on ita
location on the aircraft.

We comment thia reault saying that thia
problem ia a quasi-atatic problem and the
results muay be obtained uaing auch a lees
complicated method. However it was
necesaary to uae an electrocinetic method
aa oura to justify thia reault.

One other question we can ask and one other
developpement which gould be conducted in
the future concerns the problem of the
reaction of the aircraft on the lightning
channel and the modificationa reaulting on
thia channel. Studiea on thia aubject
require to have acceaa to preciae data and

have to be pursued under collaboration with
experimentatora. From a theoritical point
of view, our code permita to take into
account the field diffracted by the
aircraft on antennas which can model the
lightning channel. Thie effect haa been
ignored in the preaent atudy. Moreover no
commenta have been made on the non
linearity of the aource current. In auch a
method it ia not a problem to introduce
it.

Referencea:

[l} E. Grorud and M. Soiron

Induced surface current and field on a
conducting body by a lightning atrike.
Frequency domain. See thia conference.

(2] C.L. Bennet et H.Mieraa

ime domain acattering from open thin
conducting surfaces.
R.S. Vol 16, N6, Nov-Dec. 1981
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A STUDY OF THE PHYSICAL MECHANISMS AND THE PERTURBATIONS CREATED BY THE ATTACHMENT OF AN

ARC TO A CONDUCTING CYLINDER

P. Levesque, J. Taillet, G. Labaune, S. Larigaldie and J.C. Alliot

Office National d'Etudes et de Recherches Aérospatiales, B.P. 72, 92322 Chitillon Cedex, France

Abstract - The typical phenomena related
analyzed in comparison with previous
field and on the 1internal voltage
transitions are emphasized.
The rationale for voltage

study.

I - INTRODUCTION

Indirect effects of 1lightning are characterized by
fast transients internal to the structure and
affecting the electronic circuits. The coupling of

these circuits with the external source of
electro-magnetic radiation proceeds by the following
ways:

a) aperture coupling of the extern-l magnetic
field associated with the aircraft skin currents

(diffusion coupling through the metallic skin is
negligi.'e at high frequency); this has been for a
long tim~ recognized as an important source of
interference and standard wmethods are currently
applied for ~redicting and simulating the internal
disturbances assyciated with this mode of coupling;

b) aperture injection of displacement
currents generated “y the changes of the quasi-static

electric field norma' to the aircraft skin; these
changes occur when a l.ghtning leader approaches the
aircraft, and vhen the as:ociated streamers reach its

skin, or when streamers e~erging from the structure
connect to the 1lightning streamers. This is the
situation that voltage shock excitation is intended
to simulate. This type of coupling has been
recognized more recently as a possible threat, and
the related phenomenology as well as the rationale
for testing are still open to discussion;

2) 1injection of extra currents associated
with breakdown phenomena at the apertures; this ie
typically a non 1linear effect and i{ts evaluation
requires a full scale test; this case is not
considered in this paper.

The aim of the preaent study is to analyze, in
relation with the choice of the selected parameters,
the relevance of the laboratory simulation of voltage
shock excitation. As the final objective is to
protect the internal <circuits against indirect
effects of lightning, any external excitation not
related to an internal disturbance will be discarded
as irrelevant.

This type of eimulation 1is performed with a
high-voltage Marx generator of a given polarity,
voltage and rise time; the fuselage is approximated
Oy a cylinder having a given capacitance to ground;
this cylinder 1is excited by the generator through a
first spark gap (upper gap); a second spark gap
is located between cylinder and ground.

(lower gap)

to voltage

interpretations. The respective role, on the external electric
transients,
shock excitation aircraft
Use of a medium-voltage fast rise-time Marx generator (300 kV, S0 ns) rathar than a high voltage
slow rise-time one (l.4 MV, 1 us) is recommended.

shock excitation of a suspended cylinder are
of capacitive currents, streamers, leaders and arc

testing is deduced from the conclusion of the

The following questions will be examined: choice of
the polarity; choice of the gap length; role of the
cylinder dimensions and of its capacitance to ground;
best compromise between voltage and rise-time.
Although the majority of the cloud-to-ground strokes
is of the negative polarity, if we assume that the
interior problem is essentially linear, the sign of
the excitation is irrelevant; the same is true if non
linear phenomena are produced by the currents
circulating at the junction of metallic skin and
composite panels: if these currents are driven by
voltage shouck excitation, the response is generally a
slightly damped oscillation of the same type for both
polarities. Note that a positive excitation has the
advantage of making easier the simulation of an
incoming leader if a point is used at the generator
side of the upper gap, and of a departing leader if a
point 1is used at the cylinder side of the lower gap.
According to K.Feser fl]. if the gap is more that 5
cm long, and {f the rise time of the generator is
short enough ( <50 ns ) , high current streamers
(I > 100 A ) are first generated; a leader is produced
after this first phase and before the arc transition.
This phenomenology resembles the most the
phenomenology expected from the real lightning. This
is why, 1in the work described here, gap lengths
between S and 35 cm, a positive polarity, and a {ast
rise-time (<50 ns) 300 kV Marx generator have been
used. Particular attention is devoted to the
characterization of the physical mechanisms related
to the behaviour of the system, and a comparison is
rsde with an earlier experiment.

EXPERIMENT AND 1TS

1 - THF.  CLIFFORD-ZEISEL

INTERPRETATION

A pioneering work in high-voltage shock excitation
was published in 1979 by Clifford and Zeisel [2] « In
this experiment, the gsp length varies from 2.5 to 63
ca. The cylinder to ground capacitance is 140 pF. The
Marx generator voltage is 1.4 MV but a reduced
voltage of 600 kv is typically used; the
corrcsponding rise time is 400 ne. The recordings of
the external electric field E, as measured by a
sensor placed in 3 stand in front of the cylinder, of
the current and of an internal voltage disturbance,
rre shown in Fig. 1.

The different steps of the discharge process are
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explained as follows by Clifford and Zeisel:

a) a pulse of typically 600 kV is delivered
at time Tl by the Marx generator; the cylinder
acquires a voltage due to charging by displacement
currents the electrode-to-cylinder (Cl) and the
cylinder-to-ground (C2) capacitances; the related
event is designated as the E-dot event;

b) from time Tl to time T2, streamers
emerging from the high-voltage electrode approach the
cylinder, increasing steadily its electric charge and
the field E; this 1is equivalent to say that the
cspacitance Cl between streamers connected to the
high voltage and the cylinder decreases steadily as
the effective gap length decreases;

¢) at time T2, the streamers connect to the
cylinder, producing a sudden increase of E; the
corresponding event is designated as the V-dot event;

d) from time T2 to time T3, as a consequence
of the increase of voltage, streamers are produced
at the other gap; the capacitance <2 of this gap
increases and E decreases slightly;

e) at time T3, the streamers reach the ground
and the arc transition occurs, analog to the
lightning return  stroke; the electric field E
vanishes as the generator is short~circuited by a
very low impedance; a large current flows through the
loop formed by the generator, the upper gap, the
cylinder, the lower gap, and the ground return path;
the related resonant frequency 1is observed in the
current waveshape.

It is important to point out that the internal
disturbance only appears at times Tl, T2, snd T3 and
not during the intermediate phases.

This interpretation can be questioned for the
following reasons:

a) the field value measured at Tl is about
one third the value obtained at the attachment of the
streamer, which corresponds to a direct connexion
with the generator; this is not consistent with the
value of Cl and C2;

b) the streamers produced 1in the upper gap
travels during 8 ps an unspecified distance having an
upper bound of 62 cm; the corresponding velocity is
therefore smaller than 8.10° ms™}, an excedingly low
value for a streamer velocity.

111 = EXPERIMENTAL SET-UP .

Fig. 2 shows the experimental arrangement. The
aircraft fuselage 1is simulated by a AGS cylinder 2.6
m long and 26 cm {n diameter, suapended at about 3 m
from ground. A aquare aperture 20 x 20 cm is cut in
its side wall. Two gaps having a length variable
between 5 and 35 cm are located between the high
voltage terminal and one end of the cylinder, and the
ground and the other end. The cspacitance Cl between
cylinder 1is about 2 pF. The positive aide of each gap
is fitted with a point. A 530 Q resistor ia inserted
between generator and high-voltage point in order to
limit the current during the arc phase.

The following diagnoatics have been implemented:

a) a high voltage divider bridge, for the
measurement of the generator output voltage;

b) a Pearaon probe around the generator gound
connexion, for the measurement for the current (type
110 A, bandwidth 1 Hz - 30 MHz);

¢) an E field sensor, located on the external
skin of the cylinder, in front of the ground
(bandwidth 50 Hz ~ 130 MHz);

d) a voltage amplifier connected to an
internal wire line (bandwidth 500 Hz - 130 MHz);

e) an Imacon image converter, used to

visualize (single shot or streak mode) the discharges
obtained in the two gaps.
Note that the E field is proportional to the voltage
applied to the cylinder only if the geometry is
unchanged: this is not the case when different
configurations are compared or when a discharge
develops in the cylinder environment.
All the signals are transmitted by opto-electronic
links (Electro Optic DNevelopment FOL 100, bandwidth
1.5 MHz - 100 MHz and ONERA, bandwidth 1 kHz - 150
MHz) and digitalized by fast analysers (Tektronix
7612); the data are then reduced and stored with a
Tektronix 4052 mini-computer.

The shock excitations have been applied with
three values of the positive voltage: 168, 240 and
300 kv,

v - EXPERIMENTAL  RESULTS: BEHAV1OUR OF THE

DISCHARGE THROUGH A GAP .

When the excitation 1is applied, it is expected that
the ratio of the cylinder voltage to the excitation
voltage reaches 1. a very short time a value
determined by the ratio Cl1/(C1+C2) or approximately
0.05. Actually, the measured value is close to 0.3;
it has been verified that at low excitation voltage,
{.e. without discharge formaticn, this ratio is 0.05
as expected: this means that at the opersting voltage
the discharge 1is formed and is in contact with the
cylinder at very early times. This suggests that t'=
so-called E-dot event of Clifford and Zeisel is more
properly a V-dot event, the E field change being
obtained by conduction charging and not by a
capacitive current. To verify this hypothesis, it was
decided to study the discharge generated in the upper
gap when the cylinder is grounded.

A typical stresk camera recording correlated with a
current recording 1is shown in Fig. 3. The gap length
is 15 cm and the applied voltage V is 168 ¥V,

A first current peak is observed at the application
of the wvoltage, and, at the same time, a brush
discharge constitutsd by a great number of streamers
is seen across the gap; at the time scale of the
recording (about 1 us full scale) it is difficult to
evaluate preciaely the delay after the applicstion of
the voltage which 18 necessary for the streamers to
bridge the gap; their speed is of the order of 3.10°
ms ! ; the firat peak of current is approximately 120
A; dv/dt is about 5.,10'2vs-!; with a gap
capacitance of 2 pF, the displacement current Cdv/dt
cannot account for this peak which is consequently
due to conduction by the streamers ; a resonance is
observed in the current, which average value, always
positive, decreases first for 300 ns; during this
time a conduction current flows through the gap along
the streamers; at 300 ns, a leader, characterized by
its 1luminous tip, leaves the high-voltage electrode
with a velocity of 4,108 ms“; in the same time, the
average current increases slightly. When the leader
reaches the cylinder, the arc transition {s
triggered, characterized by an intense luminosity and
by a steep increase of the current to the value of
300 A determined by V/R.

By varying the gap length and the applied voltage,
the limita of the regime described above can be
meaaured; the streamers appear when the field is
sufficient to provoke the breakdown; their velocity
varies between 10° and 107 wma-!, and the total
current carried is of the order of few hundred
Amperea (thia ia probably due to the ahort rise~time;
with long rise~time generators, the current is

-
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generally weaker). The average vslue of this current
has been plotted in Fig. 4 as a function of the
electric field across the gap and of the applied
voltage.

The leader, which has a velocity between 10“ and 10
ms—? appears only for {intermediate values of the
field: 1f the field is higher than a critical value,
the arc transition occurs rapidly without leader
propagation; it can also be observed that for the
lower values of the field, the arc appears only a
certain time after the leader has reach the cylinder:
in this case, the conductivity of the leader is to
low for triggering the transition. In accordance with
an observation by Sigmund and Goldman [3] » it has
been verified that, for a given generator voltage,
the arc transition occurs when a given energy density
per unit length has been deposited in the gap; the
measured values of this density is 0.2 J cw- for a
voltage of 168 k7 and 0.6 J cm™ for 300 kv,

6

V - EXPERIMENTAL RESIULTS: CASE OF THE FLOATING
CYLINDER .

In a typical experiment, the upper gap is 15 cm long
and the lower gap 7 cm long.

Fig. 5 shows the evolution of the electric field at
the wall of the cylinder, which permits to appreciate
the cylinder voltage, and of the ground return
current (lower gap current); the upper gap current is
not measured and can only be estimated from the other
parameters. The streak camera recordings associated
with these curves show the upper and lower gap
discharges.

The succession of the different events can be
described as follows:

1 - Time Tl: when the Marx generator is
triggered, the streamer phase appears in the upper
gap; the corresponding current charges up the
cylinder; it has been verified that, during this
phase, the relation mentioned above between the
streamer current and the field applied to the gap is
still valid. The cylinder acquires a voltage superior
to the value corresponding to the case where the two
gaps have the same resistance per unit length: this
is due to the fact that the voltage increases during
the delay necessary for the streamers to bridge the
lower gap.

2 - Time TI to time T2: the corresponding
phase is a slow decrease of the cylinder voltage;
this is due to the fact that the current in the lower
gap 1is greater than the current of the upper gap; the
difference is only about 10 A. This difference could
be due to the larger overvoltage obtained in the
lower gap as a consequence of the delay mentioned
above; a leader can be observed in this gap, and if
its reaistance per unit length is smaller than that
of the streamer, the gap conductivity increases
during {ts propagation. This is not observed for the
lower values of the field since 1in this case the
leader conductivity is 1low, and the arc transition
doea not appear when the leader bridges the gap (Fig.
6).

3 - Tise T2: the lower gap experiences the
arc tranaition, and the cylinder voltage vanishes;
the transition being aaaociated with a given energy
density per unit length, and the corresponding value
being larger for the lower gap, it is not surprising
to obtain the transition first in this gap.

4 - Time T2 to time T3: as soon as this
transition occura, the energy depoaited in the upper
gap increases ond a proceaa similar to the one
described above appears alao in thia gsp.

5 = Time T3: the arc transition is obtained
in the upper gap and the generator delivers the full
arc current to the circuit.

An experiment performed with an upper gap length of
only 7 cm and a lower gap length of 15 cm displays
the same phenomenology with a larger delay T2-Ti. In
all cases, the streak camera recordings show clearly
that at time Tl the jump in voltage is due to the
streamers and not to a capacitive current.

A surprising result is the observation that the lower
gap 1s activated, in our experiment, before the upper
gap, contrary to the case of the Clifford-Zeisel
experiment. This is due to the fact that the cylinder
to ground capacitance 1is only 40 pF in this
experiment 1instead of 140 pF in the Clifford-Zeisel
experiment. Adding an extra cylinder-to-ground
capacitance restitute the positive slope of the field
curve between Tl and T2. If the capacitance is large
enough, the lower gap cannot be energized with a
sufficient overvoltage to trigger a leader in this
gap before the formation of the leader in the upper
gap. It seems therefore that a good simulation should
use a cylinder more representative of the actual
dimensions and capacitance of an aircraft. This point
will be discussed later.

VI - TRANSIENTS INDUCED ON THE INTERNAL LINE .

The test line is placed axially inside the cylinder;
the 1induced transients have been measured on a 50
resistor, in the short circuit case and also with a
10 kQ termination. The cylinder wall is thick enough
(1.5 mm of AG5) to eliminate any diffusion coupling
for the considered frequency range: the rise time of
the diffused field i1is 10 yus and the times of
interest in this work are shorter than 1 s [4] .

The analysis of the transients obtained on the line
will be performed with reference to the external
problem (structure of the electromagnetic field in
front of the aperture) and to the internal problem
(coupling between the test line and the electric and
wagnetic dipoles equivalent to the electro-magnetic
configuration at the aperture [5) )e

Fig. 7 and 8 display the transients obtained with the
floating cylinder. The following remarks can be made:

a) as in the case of the Clifford-Zeisel
experiment, no transient {8 induced 1in the phases
between the times Tl, T2 and T3; this means that, in
the exterior electro-magnetic configuration, the
changes associated with the motion of the leaders are
too slow to produre any E-dot effect; for this
reason, the fact that in our experiment the lower gap
leader 1is propagated before the upper gap leader is
irrelevant;

b) the pattern obtained for the
short-circiited 1line, which is sensitive only to the
internal magnetic field <changes, show that the
electric dipole at Tl and T2 gives shock excited
magnetic disturlances at the 1line 1location; the
current rise at T3 gives a magnetic disturbance
reproducing the current slope plus aome shock
excitation;

c¢) the pattern obtained for the high
impedance 1line, which {is essentially sensitive to
capacitive pick-up, reproduce at Tl and T2 the
derivative of the voltage waveform, i.e. the
diaplacement currents injected into the interior
volume by the electric dipole; the magnetic
excitation at T3 gives also a small aignal aasociated
with the voltage induced in the interior between wire
and wall.
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d) if we analyze in Fig. 8 the magnitude of
the transients, it appears that a V-dot excitation
corresponding to an electric field of 180 kv m gives
approximately the same amplitude that a I-dot
excitation corresponding to a current step of 300 A;
if the current distibution is symmetrical, the latter
corresponds to 367 A m—'; interpretation of these
values requires an understanding of the transfer
functions from the external sources to the internal
circuit. These transfer functions are plotted versus
frequency in Fig. 9 (for the short-circuited line)
and 11 (for the high-impedance 1line); the input
functions are, for both cases, the electric and
magnetic dipoles associated with an unit excitation
(1Vaoland 1l A o).

VII - CONCLUSION

This experiment shows that the voltage shock
excitation 1is a possible threat for indirect effects
of lightning; in particular, such effects could be
important at the time of attachment of a streamer to
the afrcraft structure (or of the junction of an
aircraft streamer with the streamers associated with
the step leader);

Discussing the possibility of predicting the
amplitude and spectrum of the corresponding
excitation is out of the scope of the present paper,
but, if this evaluation can be performed, the
resulting internal transient depends only on the
solution of the internal problem; if this problem is

-linear, it can be solved by computational methods or

by measuring the small signal harmonic transfer
function between excitation and internal induced
voltage, but it is likely that non-linear effects are
generated at the junctions between panels. The
sensitivity of an internal wiring to voltage shock
excitation mnust therefore be checked with full
excitation; this can be made on a suspended aircraft
with a Marx generator.

The result of this study shows that E-dot transients
or leader propagation are not generating any internal
disturbance and that only V-dot transients have to be
simulated. On the one hand, the condition stated by
Clifford and Zeisel that V-dot and I-dot temporal
responses shall be separated {s also met with
voltages as low as 300 kV and gap lengths of 15 cm.
On the other hand the excitation obtained, which is
proportional to dV/dt, can be stronger with a short
rise-time medium-voltage Marx generator than with a
long rise-time high-voltage one: for this reason, we
recommend the use the former and 15 to 30 cm long air

gips.

Clifford and Zeisel, at the end of their paper,
suggest the use of charging the test vehicle like a
capacitor and then letting it discharge to ground for
having a large I-dot transient. In the same way, the
superposition of an initial charge and of a pulse
delivered by a fast rise-time medium-voltage Marx
generator can, with the proper arrangement, produce a
very large and very fast V-dot transient. This
suggestion has still to be verified by future
experiments.
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Figure 1. The Clifford-Zeiael experiment: time
history of the transient events (from ref.2).

la Schematic representation of the varicus phases
of the experiment
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Figure 2. Experimental set-up.
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Figure 3. Brush discharge, leader and arc
transition.

3a Discharge geometry

3b Streak camera recording

The streamers forming a brush discharge are visible
at the left end; the arc phase is characterized by
the strong illumination seen at the right side; the
curved line in the middle shows the leader
progression

3¢ Current recording

Total duration of breakdown phase from application of
the voltage to arc transition is 1 ps

200 T T
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300kV
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Figure 4. Variation of the streamera average current
1 as a function of the average longitudinal electric
field in the gap Eg and the Marx generaor voltage V
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66KU/N/DIV 5a

60R-D1V ' 5b

Figure 5. Time history of transient events with the
floating cylinder.

Sa E-field recording

5b Lower gap current

5¢ Streak camera recording (visible light); the
two gaps have been simultaneously recorded.

5d Streak camera recording (UV and visible light)
of the lower gap.

Se Streak camera recording (UV and visible light)
of the upper gap.

In the streak camer~ recordings, note that UV light
is emitted by the streamera and visible light by the
leader tip and thce arc phases.

Figure 6. Streak camera recordings of arc
trensitions.

In the first recording (6a), the transition occurs
before the junction of the leader and the electrode;
in the second case (6b), the transition is triggered
by the junction of the leader; in the third case
(6c), the plasma suffers an extinction between leader
Jjunction and arc transition. The type of situation
obtained depends on the gap overvoltage.
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Figure 7. Disturbance obtained on an internal
short-circuited line
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Figure 8. Disturbance obtained on an internal
high-impedance line
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External E-field signal
Lower gap current
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Voltage induced across a 50 ) resistor inserted
in an axial hLigh~-impedance line.
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VOLTAGE MAGNITUDE AT THE END OF TNE LINE.

MAGNETIC DIPOLE CONTRIBUTION. 9a
UsCR-m)

21sR14JX1  (R1=8 , X1eQ)
228R24 X2 (RZ'SO Ohns, X209)

llnlud s iannd s

1.€3 1.E4 1,E3 1.E6 1.E? 1.E8 Nz

UOLTRGE MAGNITUDE WT THE END OF THE LINE. 9b

E .
- LECTRIC DIPOLE COWTRIBUT1ON

ZisR14 X1 {R1sQ , X1=@)
22oR24 %2 (RZ'SO Ohﬂs.XZDl)

T T rrrrn
L1111

1

14
1

1.6-4

T T 1T l'
11t Illl

l.(-SLLJJHI‘—J—IM—I—LUH‘_J_Lu.u‘_.I.uM_LLLM

1.€3 1.E4 1,83 1,86 1.€7 1.£0 Nz

Figure 9. Transfer function relative to the interior
problem in the linear regime; the output is the
voltage induced across a 50 resistor inserted in an
axial short-circuited line.

9a Magnetic dipole contribution
9b Electric dipole contribution
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Figure 10. Transfer function relative to the interior
problem in the linear regime; the output is the
voltage inducad across a 500 resistor inserted in an
axial line having a 10 k{l termination.

10a Magnetic dipole contribution
10b Electric dipole contribution.
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THE EFFECTS OF FINITE LINEAR CHARACTERISTICS INHERENT IN THE PHYSICALLY REALIZABLE DEVICES

ASSOCIATED WITH CABLE INJECTION TESTS

R. Hess

Principal Engineer, Sperry Corporation, Aerospace & Marine Group, Phoeniz, Arizona 85027, U.S.A.

ABSTRACY

When an eerospace vehicle/lightning interection occurs, electrical power trensients cen be produced
throughout the wiring within the vehicle. The transients cen be substentiel, and thorough design end
verificatlon measures must be teken to ensure the immunity of vehicle electricel/electronic equipment to
such transients. This paper presants the results of an anelysis that considered the effects of varying only

the lineer properties of the transfer functions (break frequencies) of the devices used es pert of the
errangements for cable injection tests. The distinct possibility of e signiflcant effect on the resuits of tests
that Involved applying the double exponentlal or demped sinusold pulse weveform is demonstrated by

varying specific characteristics of such transfer functions.

| — INTRODUCTION

When an aerospace vehicle/1ightning interaction
occurs, electrical power transients can be produced
throughout the wiring within the vehicle. These
transients can be substantial, and thorough design
and verification measures must be taken to ensure the
immunity of vehicle electrical/electronic equipment
to such transients, (Ref. 1, 2, 3). This is partic-
ularly the case because the technological trends
relative to aerospace vehicle design are toward
increasing vulnerability to the effects of lightning
{Ref. 4). One such trend, which is currently the
subject of intensive investigation/evaluation {Ref.
5, 6, 7, 8, 9), is the increasing reliance on digital
data processing to provide functions that are
considered “fl ght critical."

il — DISCUSSION

Design and verification measures include analysis and
test activity. For electrical/electronic equipment,
analyses may be performed and testing may be con-
ducted at the system, subsystem, equipment, circuit
or device level. The waveforms of the transients
induced in vehicle wiring by 1ightning are relatively
complex and, for tests involving the injection of
transients into cable wiring (laboratory tests), this
complex waveform would be decomposed into represent-
ative components {Ref. 10). A waveform component
would be developed using a particular test arrange-
went, and care must be exercised to preserve the
fidelity of the particular waveform that appears at
the equipment interface under test.

A1l devices that are physically realizatle have
finite 1imitations. This paper reviews only linear
(transfer function) aspects that result from the
arrangement of test apparatus. By arrangement, |
mean the pulse generator or source of the transient,
the coupling device that transfers energy from the
generator to the cable through the medium of electric
or magnetic fields, and any other elements that con-
tribute to the overall transfer function of the test

arrangement. In addition to the process producing
the transient, the high-fidelity measurement of the
transient that actually occurs is also an essential
element in conducting cable injection tests.

Even though the followin? concepts are illustrated by
considering magnetic field devices for coupling the
cable injection and for injected waveform monitoring,
they are general in nature and apply to any coupling
technique. The first identified issue is the
preservation of pulse fidelity through the magnetic
coupling portion of the test arrangement. In
practice, the element that has the largest impact on
the cable injection transfer function is the injec-
tion transformer. The second issue that has been
identified is the high-fidelity measurement of the
transient. In practice, the monitoring probe (if it
is a magnetic field deviceg will have the largest
impact on the measurement transfer function. The
overall transfer function would include the transfer
functions of all elements in the test arrangement
(Fig. 1), from the pulse gcnerator to the measurement
instrumentation (e.g. oscilloscope, digitizing
equipment). Ideally, the injection transformer would
have 2 transfer function that is independent of
frequency; in other words, a straight line over the
entire frequency spectrum (Fig. 2).

If the hysteresis of magnetic materials is ignored,
in realizable injection transformers the linear
electromagnetic characteristics of the transformer,
such as inductance, capacitance, resistance which are
a function of material electromagnetic properties and
the geometries of material arrangements, will result
in a trensfer function through the device that is not
ideal and which exhibits at least two break points
(Fig. 3).

For the injection transformer !1 is proportional to
ij and v, 1s equal to do/dt {1¥ output feeds into an
open circuit). Thus, §, will be proportional to
Svgdt. Consequently, ?n terms of Q?/?i. the general
shape of the frequency domain plot will be flat at
lower frequencies and exhibit at least two breaks as
frequency increases (Fig. 4).
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For cable injection tests, two types of broadband
pulses are identified in the AE4L committee report -
AE4L-81-2: 1) double exponential, and 2) damped
sinusoid, as illustrated in Fig. 5 and 6.

The frequency spectrum for the double exponential
pulse is flat at lower frequencies and exhibits two
breaks as frequency increases. The frequency
spectrum for the damped sinusoid pulse is flat at
lower frequencies, exhibits a peak at the fundamental
frequency (fpg--resonant frequency of a relatively
high Q circuit), and has a slope of -40 dB as
frequencies increase beyond fps.

The frequency spectrum of the transient that appears
at the output of the magnetic coupling portion of the
test arrangement transfer function and at the input
to the equipment interface under test is obtained by
multiplying the value of the transfer function times
the value of the input spectrum at each frequency
line over the range of sicnificant frequencies. The
corresponding time domain response is obtained by a
numeric Fourier inversion (classical Fourier
transform method).

An alternate method, and the one used to obtain the
results reported in this paper and shown in the
various figures containing time domain plots, con-
verts the frequency domain transfer function into its
corresponding time domain differential equation.
Using the SCEPTRE computer program, the differential
equation is then evaluated for both a double
exponential input and a damped sinusoid input.

The magnetic field pulse Qj--double exponential or
damped sinusoid--is develoEed in the input of the
injection transformer by the current flowing in its
primary windings due to the energy stored in a capa-
citor being discharged through a path that includes
the primary windings. The double exponential and the
damped sinusoid waveform of the current develnped in
the ﬁrimary windings are the natural result when the
discharge circuit consists of a simple series
connection of capacitive, inductive, and resistive
elements. The particular waveform, and thus the
corresponding vrequency spectrum that develops, is
determined by the values of those elements. The
fidelity of the magnetic field pulse developed in the
output of the injection transformer can be assessed
as a furction of where break frequencies in the
transfomer transfer function are in relation to the
break frequencies in the frequency spectrum of the
input pulse. The effect of the injection transformer
break frequencies is illustrated from the perspective
of open-circuit output voltage in Fig. 8 tarough 17
(where the computer plot v, is labeled as VOUT and i
is labeled as I).

It is evident from Fig. 8 through 10 that the
relationship

}v | = [dg/dt| = M|dij/dt| =
H7L1)|d017dt| time domain representation)

achieved with an ideal injection transformer is
closely approximated in the ?hysically realizable
device (in regards to general waveshape) when fL/fe
or fk/fks is 10 or greater. That is, when the lower
break frequency of the transfer function (fy) is
greater than the upper break frequency of the input
spectrum (f. or fpe) by a factor of 10 or more, the
waveform of the 1n§ection transformer's open-circuit
output voltage closely approximates the “classical®
first derivative response to the magnetic field

produced by lightning. The implication for injection
transformers is that they will have to be relatively
high frequency devices:

o f| should be 100 MHz or greater for the 10 MHz
damped sinusoid pulse

o f should be 20 Miz or greater for the double
exponential pulse.

From the classical first derivative response
perspective, as f/fp decreases below 10, waveform
deterioration (distortion) is evident in Fig. 11
through 17 (the amplitudes of the output waveforms
are a result of normalizing the input waveform's peak
amplitude and the transfer functions' "ideal" midband
gain to unity).

Basically, both the injection transformer and the
monitoring probe for current are the same type of
magnetic field device, commonly referred to as a
current probe. Traditionally, the characteristics
(transfer function) of a current probe are provided
in the form of the frequency domain plot of Fig. 3.
However, the probe for monitoring current needs to
provide a significantly different function than that
provided by the injection transformer. As a result,
the relationship desired between the transfer func-
tion break frequencies and the break frequencies of
the waveform spectrum being applied to the monitoring
probe input will be different from those determined
for the injection transformer.

Specifically, the monitoring probe monitors the
waveform of the current actually injected into the
cable. The ideal monitoring probe would have a
transfer function that is independent of frequency.
Also, v, would be proportional to §, rather than the
d§y/dt relationship required for the injection
transformer (Fig. 7).

The responses illustrated in Fig. 14 and 15 show that
the vo waveform induced by i (the current flowing
through the monitoring probe input) will be a
reasonably good reproduction of the ij waveform when
fL/fq<.01 and fy/f->10 (double exponential) or
f1/frs<.1 and f)/fps>10 (damped sinusoid). That is,
when he lower kreaE frequency of the transfer
function (fL) is less than the lower break frequency
of the input spectrum (fq or fgg) by a factor of 10
or more, and the upper break frequency of the trans-
fer function (fy) is greater than the upper break
frequency of the input spectrum (f. or fgg) by a
factor of 10 or more, the waveform of the monitoring
probe‘'s output voltage closely approximates the
monitoring probe‘s input current. The implications
for the monitoring probe are:

e The flat portion of the transfer function (the
portion between f| and fy) will probably have
to extend over a *requency range of 104 or
greate. .

o The lower break frequency will be in the less
than 500 Hz range.

As shown in Fig. 16 and 17, a lag distortion
departure from the ij waveform is evident in the v,
waveform when fH/fr<1 or fy/fps<l. As previously
observed, when considering injection transformer
characteristics, a derivative distortion departure
from the ij waveform (from 2 current monitoring
perspective) is evident in the v, waveform when
fh/fr)l or fi/fps>10. [f only tge preservation of
the general shape of the damped sinusoid waveform is
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desired, any of the transfer function responses would
be acceptable since the reproduction of the general
features (fundamental frequency, exponential decay)
of the damped sinusoid is relatively insensitive to
the effects of the current monitor's transfer
function.

11l — CONCLUSIONS

When physically realizable devices are used in a
cable injection test arrangement, especially where
classical results are expected (the test arrangement
is considered electrically short), care must be taken
that the influence of device characteristics on the
test results will be insignificant. An analysis that
considered the cffects of varying only the linear
properties of the transfer functions (break frequen-
cies) of devices used as part of arrangements for
cable injection tests, demonstrated the distinct
possibility of a significant effect on the resulting
waveforms produced and measured during a test by the
specific chararteristics of the transfer function
when the application of the double exponential or
damped sinusoid pulse waveform was involved. It was
also shown that to preserve test integrity, injection
devices using field-coupling isolation require the
use of relatively high frequency devices. Also,
waveform monitoring devices that use field-coupling
isolation need to be relatively broadband devices
where the associated lower break frequency occurs at
a relatively low frequency.

When considering cable injection using field
coupling, an additional observation relative to
testing that specifically involves magnetic field
injection seems appropriate. In the AE4L-81-2
report, the voltage and current amplitudes associated
with the various levels defined in the document are
those that occur if the equipment interface cable is
opened or shorted. As such, they are general quan-
tities that relate to a system's response to a
lightning/vehicle interaction. They should not be
interpreted as appropriate for individual inputs per
se. However, because of the electromagnetic
mechanisms that produce cable voltages {magnetic
field induction/cable resonance), the voltage level
is appropriate, and represents a maximum level for
spe:ific application to individual inputs that
possess relatively hi?h impedances (greater than 1K).
The proposed current ievel should not be interpreted
as appropriate for individual inputs, except possibly
in an extreme case where only one input (loopgo
impedance is virtually zero and all others are
virtually open.

Thus, cable current amplitudes will have to be
translated into wire currents, using analysis
guidelines that achicve a reasonable balance between
the design measures that can be taken at the
equipment level (larger input impedances, larger
output devices, ingut protection devices) and design
measures that can be taken at the system/subsystem
level (cable routing/shielding, shielded equipment
bays, surge protection devices). To literally apply
the amplitudes of current specified for the cable to
each equipment input would result in excessive
equipment penalties involvin? price, size, weight,
power dissipation, functional performance, and
reliability. In the case of the equipment input
circuits that interface with long and/or exposed
wiring, it may be necessary to specify levels higher
than those that would be considered appropriate for a
baseline. When this is the case, it would be cost
effective if the choices for the upper levels could

be from standardized levels {levels 4 and 5 in
AE4L-81-2, for instance).

Design objectives should be the result of tradeoffs
that optimize shielding versus equipment hardening
for a particular subsystem. The proposed waveform
amplitude levels can then be used to translate design
objectives into equipment hardening requirements.

The amplitude levels cannot be used as a substitute
for the basic analysis effort necessary for the
subsystem hardening decisions that result in a
balanced hardening approach.
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Fig. 1 Injection and measurement transfer functions comprising an arrangement
for cable injection tests.
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#, = INPUT FLUX (FREQUENCY DOMAIN)
$, = OUTFUTFLUX (FREOUENCY DOMAIN)
@, = INPUT FLUX TIME DOMAIN)
$, = OUTPUT FLUX (TIME DOMAIN)
§ = INPUTCURRENT
o = OUTPUT SHORT-CIRCUIT CURRENT
= OUTPUT OPEN-CIRCUIT VOLTAGE
L; = SELF-INDUCTANCE OF INJECTION TRANSFORMER INPUT WINDING
Ly = SELF-INDUCTANCE OF INJECTION TRANSFORMER OUTPUT WINDING
NOTE:
M - IS MUTUAL INDUCTANCE SETWEEN INPUT AND OUTPUT WINDINGS OF INJECTION TRANSFORMER

Fig. 2 Frequency domain response of an injection transformer that has an ideal
transfer function for |V /ij} and |ig/ij.
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Fig. 3 Frequency domain response of a current probe linjection transformer or
current monitor) in terms ot Vg and ;.
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Fig. 4 Frequency domaein response of @ current probe in terms of &, end ;.
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IN-FLIGHT THUNDERSTORM ENVIRONMENTAL MEASUREMENTS DURING THE LANDES 84 CAMPAIGN
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Abstract = A campaign devoted to lightning and convective clouds properties studies was held in spring 84
in South West of France. Ground experiments consisted in meteorological radar observations associated
with classical meteorological measurements. Airborne measurements on a Transall aircraft consisted in
electrostatic and electromagnetic experiences on direct and nearby lightning, wicrophysical, thermody-
namical and dynamical studies of convective clouds. This paper describes the in-flight experiments.

1 = INTRCDUCTION

ln-flight measurements on direct and nearby light-
ning had began in France few years ago, on board a
Transall Cl60 aircraft belonging to the French Air
Force and flown by the French Flight Test Center
(CEV). In 1984, the aircraft instrumentation was
improved to allow a wider range of investigations
related to thunderstorm environmental parameters.
This campaign (LANDES 84) was the first of this kind
in France; it gathered in a joined experiment,
measurements on lightning, atmospheric electricity,
microphysic, thermodynamic and dynamic. The LANDES
84 campaign was hold at the same time that the
FRONTS 84 experiment whose main objectives were
about dynamic and thermodynamic of cold fronts
hapenning in the South West part of France during
spring. LANDES and FRONTS 84 gathered the operation
concerning the deep convection phenomena associated
with fronts.

The experiment was supported by DRETI, pca? and
1NAG and many laboratories were involved in it:
Abidjan University,

Centre d'Essais Aéronautique de Toulouse (CEAT)
Centre d'Essais en vol (CEV)

Centre National d'Etudes des Té&lécommunications
(CNET)

Centre de Recherche en Physique de 1'Environnement
(CRPE)

Etablissement d'Etude et de Recherche M&t&orologique
(EERM)

lnstitut National d'Astronomie et de GEophysique
(1NAG)

Institut et Observatoire de Physique du Globe (10PG)
Laboratoire d'Aérologie (LA)

Laboratoire Associé de M&t€orologie Physique (LAMP)
Laboratoire de Physique de 1'Atmosph2re (LPA)
Laboratoire de Sondages Electromagnétiques de
1'Environnement Terrestre (LSEET)

Office National d'Etudes et de Recherches Aérospa-
tiales (ONERA).

‘Direction des Recherches, Etudes et Techniques
SHlnlltry of Defense)

Direction des Constructions A&ronautiques (Minis-
try of Defense)

The aim of this paper 1s to describe shortly the
overall experiment but to give more detalils on the
measurements made on board the Transall aircraft.
Other papers in this conference are specifically
devoted to results about particular experiments. We
describe here the method of operations and simply
expose and comment the general results of the exper-
iment.

2. DESCRIPTION OF THE EXPERIMENT

2.1 Technical and scientific objectives

There is a lack of in-flight data abont dlrect
lightning on aircraft. Those previously cbtained on
the Transall, on the Cl30 experienced by USAF and on
the F106 from NASA (1-3} confirm that intracloud
flashes triggered or intercepted by an aircraft,
have electrical properties quite different from
those of cloud-to-ground flashes which were used to
elaborate stardart regulations. The french program
for in-flight studies of lightning aims on the one
hand to obtain statistical informations about cur-
rent magnitude and waveform of direct lightning and
cn the other hand to study the lightning~aircraft
interaction whose indirect effects like coupling by
dielectric apertures or currents pattern on the
fuselage are of the most significative importance.
The overall electrical structure of a convective
cloud like cumulus-congestus or cumulo-nimbus may be
equivalent to a vertical dipolar or tripolar charge,
as far as we observe the phenomena from the outside;
the typical equivalent charge for a mid latitude
storm cloud is + 40°C in the upper part, =40°C in
the lower part and few coulombs positive charge at
the cloud base. 1n fact the charge content and
repartition in the cloud is much more complicated
[4). The aim of the on board experiment on atmos-
pheric electricity [5) is to describe more precisely
in relation with microphysical and dynamical analy-
sis, the electrical structure of the cloud, the
mechanisms of cloud electrification, and the Influ-
ence of these parameteis on lightning flashes behav-
iour and occurence.
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We try also, to look for an eventual relationship
between location of striking of plane and thermo-
dynamical, dynamical and microphysical structure of
cloud systems [6]. The other objectives of micro-
physical measurements are:

- intercalibration of airborne and radar measur-
ements at ground in order to use the last one to
study the temporal and spatial evolution of the
cloud microstructure;

- check in high ice crystal concentration at low
levels (-5°, -10°) in some cumulus clouds;

- investigation of the efficiency of the feeder
seeder mechanisms between clouds at different
levels on the precipitation genesis.

2.2 FRONTS 84 network [7]
The dynamical and thermodynamical characteristics of
cold fronts and associated convective clouds were
basically studied with a ground network of meteoro-
logical radars. A set of two doppler radars, the
RONSARD system, separated by a distance of 30 km,
performed simultaneous coplan exploration
(wavelength 5 cm). Data processing delivers
reflectivity and the three dimensional field of wind
velocity. A 10 cm radar performed exploration of the
clouds with a cross polarization system; with data
delivered by this device one's may calculate the
absolute and differential reflectivity. This last
parameter contains informations on the phase of
precipitations (solid or 1liquid) and on the
deformation of hydrometeores (crystal of ice or
liquid water drop).
A 8 =z wavelength doppler radar detects smaller
cloud particles. A 60 m stratospheric radar, per-
forming vertical soundings of clear air, gives
informations on vertical wind profil, up to the
tropopause.
Several 10 cm radars, belonging to official survey
systems, for aeronautical and general forcast were
available at the time of the experiment.
Those radar experiments were supported by ground
meteorological mweagurements (raipo, temperature,
wind, humidity and thermal flux) and classical
aerological soundings performed at several points at
high rate during storms occurence (one each two
hours). Stratiform ano weak convective clouds were
explored by a Piper Aztec aircraft equipped with
thermodynamical and wmicrophysical sensors.
Electrostatic and electromagnetic measurements at
ground were installed near the middle of the aera
observed by radars. The VHF radiation sources due to
natural lightning are localized and analysed on a
time scale less or egal to one microsecond [8].
Figure 1 showe the arrangement of the overall
network.

2.3 Transall aircraft implementation

Basic modifications of the aircraft - The aircraft
has been modified for different purposes, including
lightning or atmospheric study so it became a poly-
valent test bed, like the LOCKHEED HTTB (High Tech-
nology Test Bed) Cl130.
To achieve this, an important hardware modification
program necessitated several months groundings, in
order to install:
- an electrical power station providing

= 6 kVA in 220 V/50 Hez,

= 40 kvA in 115 V/400 Hz,

- &4 kW in 28 v-DC;
- a general protection and distribution bex for

electrical equipament;

- 500 different electrical wires and cables all over
the aircraft for sensors connection, power and
parameters distributions;

- two polyvalent pods equipped with all types of
electrical distribution and connection circuits;

- different sensor mountings or housings along the
skin of the aircraft and the wings;

- extra antennas;

- extra NAV-COM facilities;

- safety devices.

Performances of the aircraft - The C160 is a german—

french cargo aircraft whose span and length are

approx. 40 m (which are about the Hercules Cl130
dimensions). The aircraft is propulsed by two Rolls

Royce Tyne turbo props. Its speed with no flap in

turbulence may varies from 70 to 120 m/s. Its range

is between four and eight hours, depending on the
cargo. The Transall is certificated for high levels
of turbulence.

All classical measurements are performed, on board,

to determine the flight conditions: velocity, static

and dynamic pressure, incidence, side slip, three
axis accelerometer, total temperature.

The absclute aircraft position regarding ground net-

work is determined by use of an inertial navigation

plateform, classical radionavigation system and a

ground air location system which has a precision of

ten meters. Ground speed and horizontal wind
component are also delivered by an on board doppler
radar.

Two video screen of a 3 cm weather-radar are avail-

able: one is recorded during the flight and the

other is in the cockpit.

Measurements on direct and nearby lightning - High

level electromagnetic signals due to direct or near-
by lightning are measured in several places of the
aircraft and transmitted by wide bandwidth optic
fiber links (typical up to 100 MHz) to on acqui-
sition unit which is a high performance Faraday
cage.

A lightning rod is installed under the nose and at
the tail of the aircraft. Rods are equipped with
coaxial resistive shunt with a 100 MHz bandwidth and
a resistance of 1 mfl. Skin currents are measured on
several points of the fuselage to study current
pattern during direct lightning strike.

Electric and magnetic sensors are installed inside
or along the wing and in the fuselage to determine
the electromagnetic field produce by the strikes.

A specific experiment (see Fig. 2) about coupiing by
dielectric aperture is installed near the right side
fuselage window [9]; it is made of E and H sensors
with respective full range of 300 kV/m and 840 A/m.
Signals ure recorded on transient digitizers
(Tektronix 7612 and 7912) and on wide-band analog
recorders (10 and 2 MHz bandwidth). A synchroniz-
ation betwesen the two recording process allows to
determine in what period of a flash a transient
signel happens.

Atmospheric electricity - Local elecrical parameters
measured on the aircraft are gazeous ions character-
istics, drop charges [10] and triboelectric cur-
rent.

Ions conductivity is measured by three gerdien type
sensors; they consist in a cylindrical capacitor in
which an unperturbated air flow is organized.

The ions are deviaved towards a collecting electrode
by the electric field produced by a biased electrode
(Fig. 3). The biased voltage is manually adjustable
for one sensor, automatically applied by steps for
an other one, and adjustable with plus and minus
polarity for the last one. The sensors are installed

L —
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on the profiled pod under the extremity of the wings
(Figs. 4 and 5); it 1s expected that at this place,
there are no perturbations due to propellers. The
minimum ionic current detected is about 1 pA, the
measuring range being + 1 nA.
Charge of drops or 1ice crystals are sampled by a
Faraday cylinder; corresponding bipolar current
pulses are individually and automatically analyzed
to obtain histograms of charge versus time. Data
acquisition method 1s similar to this used for
microphysical data, 8o the results of the two
measurements may be easily compared. Fifteen class
of values of both sign are linearly extended from
about 10712 to 10~ 10¢c,
The triboelectric current 1is detected on three
points on the aircraft. Two identical sensors (Fig.
4) are installed on the leading edge of each instru-
mented pod: they consist in a metallic 1isolated
sheet, connected to a current amplifier. The front
section of the two sheets is about 8.1072 mz, and
the measuring range is + 50 « The third sensor is
made of a frontal windscreen panel, coated with a
transparent conducting material, and connected to a
current amplifier (measuring range + 50 pA). None of
the three sensors are supposed to be influence by
the propellers. The current they collect is due to
triboelectric effects and to impact of charged
particules. The three measurements cannot be easily
relateé to the actual total input current on the
aircraft but they can be qualitatively associated
with other electrical or microphysical parameters.

Global electrical activity is characterized by the

atmospheric electrostatic field. This parameter is

produced by the electrical charges separated in the
clouds.

The horizontal and vertical components of the field,

as well as the aircraft potential, are determined by

calculations from five independent electrostatic
field measurements made on the aircraft fuselage.

The relation between the field at a measuring point

and the potential and outside field, is initially

determined by electrostatic measurements on a

conductive mock up of the aircraft. Each sensor is

of the field mill type, with a bandwidth of 0 to 20

Hz and a measuring range of + 100 kV/m (see Fig.

3).

Field mwagnitude and direction are compared to storm

ca2ll location deduced from the wvarious radar

measurements which give reflectivity and wind vel-
ocity pattern and to local microphysical and elec-
trical measurements.

Potential value is compared to local events and

parameters, as direct l.ghtning or triboelectric

current.

The low frequency current emitted by passive dis-

charges installed on w.ng trailing edges and in

other high electrostatic field places of the air-
craft are recorded.

Cloud physics instrumentation - The available cloud

physics instrumentation is summarized in figure 6.

Microphysical probes. This {instrumentation and

mounting location ave as follow:

~ three PMS* 1D probes which measure the particle
spectra with diameter ranges: 3-45 pa (FSSP),
80300 gm (1D-C), 300-4500 pm (1D-P),

- Two PMS 2D probes which give the images of par-
ticles with dimension ranging from 25 to 800 um
(20~C) and from 200 to 6400 pm (2D-P),

- two hot-wire 1liquid water content
(Johnson-Williams and King probe),

These probes were mounted on the two pods located
under the wings (see Figs. 4 and 5);

devices

APMS: Particle Measuring System, Boulder, Co, USA

- a total water content probe and a second Johnson-—
Williaws probes mounted or the airplane flank in
front of the wing.

Thermodynamical probes. This 1instrumentation pro-

vides three total temperature measurements (de-iced

Rosemount, non de~iced Rosemount and Reverse Flow),

a dew-point temperature (Cambridge) and static and

dynamic pressures.

The total temperature probes are located on the left

pod (Fig. 5).

vide the dynamical and navigational parameters (Fig.
6). The navigational parameters are complemented by
a localization system working from ground based
radio—beacons.

Cells location.

The screen of the on board 3 cm PPl

the aircraft regarding the storm cell.

Recording systems. The Transall was equipped with
various and sophisticated acquisition systems. We
have on the one hand systems protected during
flashes by the Faraday cage and on the other hand
those simply installed in the cergo without special
shielding precaution.

Unprotected acquisition system. All the micro-
physical, thermodynamical, dynamical, and low fre-
quency electrical parameters are processed by an on
board computer (HP-A 900) which continously dumps
the data on magnetic tape (two 1600 BP1 magnetic
tape, recorders run “Flip Flop"”) and give a real
time visualization of wmeasurements on two console
devices. The maximum sample rate used is 128 words/s
for one parameter and a total of 70 parameters are
recorded. A third 1600 Bpi mag-tape recorder |is
devoted to the acquisition of the 2D microphysical
parameters which run as fast as 103 bytes/s.

A serial PCM signal including electrical and general
information parameters is recorded on a 14 channels
analog recorder.

Medium bandwidth electromagnetical

and electrical

signala are recorded on a 0-2 MHz, 28 channela
analog recorder.

Protected acquiaition aystem. A double skin HF
shelter (Faraday cage) was especialiy designed,

manufactured and equipped for these types of tests.
The "box" was made of walls comprising a balss core
included between two aluminium alloy sheets.

The double skins were really isolasted, but connected
in a unique point. One door and one gridded window
allowed communication between outside and inside,
and all seals were of the HF type. The electrical
powver was introduced through a “broken circuit”
tranaformer (400 lz, 10 kVA). Inside the shelter,
rectifiera and 50 Hz inverters produced the adequate
electricity, in conjunction with dry batteries.

All the parameters or remote central transmiasion
linea were fiber optics and went through the walls
via special HF “organ pipe” tubea.

Inside the shelter were six magnetoscopes used as
single parame*er analog rtecorders (3 and 10 MHz
bandwidth), two 14 channels data rvecorders, two
digital analyzers (Tektronix 7612 and 7912) and a
basic clock.
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3. GENERAL RESULTS

3.1 - Survey on the Transall activities during
the campaign

The meteorological situations in which, basically,
we were expected to fly were deep convections as-
sociated or not with cold fronts. From may to begin-
ning of July we have had twenty four situations to
study and eleven of them happened near the ground
radar system. Flight objectives were devoted either
to lightning studies in storm either to micro-
physical studies ir low convective or stratiform
clouds or to both objectives in coordinate flights.
The basic crew for this campaign was 2 pilots, 2
mechanical engineers, 2 system engineers and 3
scientists.
The lightning strike studies flight consicted in
cells penetration from - 10°C to 0°C, the trajectory
of the aircraft beeing chosen by the pilots, regard-
ing on board radar informations, to avoid the most
dangerous hail regions.
The microphysical and dynamical studies flight

CONCLUSIONS

For the first time in France, a sophisticated ground
and in-flight experiments about thunderstorm en-
vironmental studies, was held iIn South West of
France during spring and beginning of summer 1984.
All the data about lightning, static electricity,
microphysic, thermodynamic and dynamic are still
under analysis. But, at that time, we can say that
ti.e Transall aircraft, with its measuring equip-
ments, 1s well adapted to elecrical and micro-
physical experiments into deep convective clouds;
this is mainly due to its range, volume, safety and
typical speed of 100 m/s.

The results of the 84 campaign indicate also that a
successfull experiment on lightning may be conducted
in France even if the occurence of storms Is poor,
in spite of the fact that simultaneous events in
flight and at ground have a small probability to
occur when the measuring range is smail (inferior to
30 Km).
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consisted in trajectories adapted to each type of
clouds.
The coordinated flights consisted in organized
patterns in cumulonimbus, typically beginning by a
tail wind penetration at low temperature (-20° to -
10°C) and horizontal explorations each 5°C (Fig. 7).
A medium scale cell, about 10 km wide was explored,
that way, within less than 20 minutes.

3.2 - Occurence of lightning
The explorations of clouds were limited by the
flight range of the aircraft. Attempts of pen-
etration were made at several levels, depending of
the clouds characteristics, at temperature between -
20° and 0°C. Direct and close nearby lightnings were
observed during the campaign. More than 20 direct
flashes were obtained inside 7 different storms.
Figure 8 is video picture of flashes sweeping on the
front rod and from one wing to the other. Micro-
physical properties of the medium where flashes were
observed are described in an other paper {6].

3.3 - Example of availabled data
Electromagnetic measurements ~ Fast pulses produced
by a direct lightning are represented on figure 9
together with the slow electric field indicated by a
field mill; those signals are analyzed in {9].
Electrical and atmospherical measurements - We pre-
sent on figures 10 and 11 an example of a measuring
sequence, in order to emphasize the kind of investi-
gations permitted by those experiments. Figure 10 is
the cell reflectivity in dBZ, in a plane containing
the two radars of the RONSARD system and the air-
craft trajectory indicated by the curve A-B and
corresponding to 2 minutes of flight (about 12 km).
During that sequence, the aircraft leaves a high
reflectivity core underneath, and has a medium
reflectivity cell on {its right. The atmospheric
field values are somewhat relevant with radar infor-
mations (Fig. 11): when the aircraft enters the
higher reflectivity portion of 1its trajectory the
longitudinal compcnent became lower and the trans-
versal one higher pointing toward the core of the
cell. The radar reflectivity give a representation
of the geometry of the cell, which actual symetry is
indicated by its dynamical structure.
Alrcraft electrical potential is closely related to
impact current and cloud particles concentrations as
can be seen on figure l1.

This work has becen carried out with the support of
the Direction des Recherches Etudes et Techniques
and of the Direction des Construction Aéronautiques
of the Defense Ministry.
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Fig. 7 = Alrcraft pattern in cumulonimbus. 3
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Fig. 8 - Direct strikes on the Transall.
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LOCATION OF LIGHTNING STROKES ON AIRCRAFT IN STORM FIELD WITH MEASURED ELECTRICAL.

MICROPHYSICAL AND DYNAMICAL PROPERTIES

J.F. Gayet, C. Duroure, R.G. Soulage and P. Laroche®

LAMP, University of Clermont II, France
*ONERA, France

Abstract - This paper will show the results of microphysical, dynamical and electrical measurements of the
characteristics of clouds when the Transall 04 plane was struck by lightnings during the Landes-Fronts
1984 experiment above described by P. Laroche et al. The measurements were carried out during cloud
penetrations between + 3 and - 20°C. They concern the size spectrum of cloud droplets and drops between

3 um and 4500 um, the size spectrum and feature of ice crystals between 50 um and 6500 pm, the liquid
water content of cloud, its vertical velocity. The results show that the striking of the plane occured

in preferential regions and stage of growth of the clouds.

Only a few studies have been carried out on the loca-
tion of lightning strokes on an aircraft in storms
(Mazur et al., 1984 ; Kuhlman et al., 1984).

Tnis location depends upon the space and time distri-
bution of natural lightnings in a cumulonimbus and the
part played by the plane by triggering special strokes.

Une objective of the Landes-Fronts a2xperiment above
described by Laroche et al. (1985) was to investigate
the preferential period and regions in the life of a
thundercloud for lightning strokes on an aircraft and
to determine the electrical, microphysical and dyna-
mical cloud properties in these period: .ad regionms.

The process that we intended to use consisted in :

- drawing the flight path of the Transall plan given
by an inertial platform and/or a tracking radar
(Mistral radar) ;

- marking the location of the lightning strokes,
taking into account only the strokes on the boom or
the wings of the plane seen by video cameras in order
to consider unly lightning strokes on the plane and
not lightning at variable distances of the plane ;

- drawing the echoes of the clcud field given by the
onboard 3 cm radar ;

- comparing tiiese echoes to the pictures of clouds
taken from the aircraft or from the ground ;

- displaying the time variation of the following
parameters along the tlight path of the aircraft
before and after the lightning stroke :

. thermodynamical and dynamical parameters (tempera-
ture, pressure, vertical velocity of the air, the
last one giving the activity of the cloud and
being evaluated by integrating the vertical
acceleration with a correction of roll and pitch
angles) ;

. electrical parameters (potential of the plane,
horizontal and vertical components of the electric
field which can give the direction of the charged
regions ; the accuracy can be about 20 I for the
vertical component, much less for the horizontal
components) ;

. microphysical parameters (size spectrum of cloud
droplets and ice crystals, feature of ice crystals
given by PMS probes (FSSP, 1D-C, 1D-P, 2D-C, 2D-P),
liquid water content given by Johnson-Williams
probe. These last parameters are usable to explain
the lightning strokes only if the electric field
and the lightning is horizontal and parallel to

the flight path. In the case of a vertical field and
lightning, they have to be extrapolated to have an
idea of the microphysical properties of the below and
above regions containing the electrical charge respon-
sible for the electric field and the lightning. In the
case of a cloud system stationary during several hours,
with the same kind of cumulonimbus repeating, measure-
ments carried out in different times, levels and loca-
tions at diiferent stages of the evolution of the
clouds, permit to qualitatively reconstruct the micro-
physical field. In the other cases, the microphysical
measurements on the plane are not easily usable,

Besides thesa onboard measurements, we have at our
disposal in some cases and intend to use in the future
in order to situate the lightning stroke on the plane,
in the ecloud system, at a large scale :

- the field of reflectivity of the cloud system given
by radars at the ground (Melodi 10 cm radar, Ronsard

5 cm doppler radars, Kodin 5 cm radars, Rabelais 0.8 cm
radar). These dat: are specially important to follow
the time evolution of the clouds and to extrapolate

or interpolate the aircraft imeasurements ;

- the field of rain at the ground.

The campaign of measurements was carried out in June
1984, All data are not yet processed., So we describe
hereafter only two cases of aircraft cloud penetrations
to show the difficulty of the problem and to give a
partial and preliminary answer for it.

The first case concerns a small cloud systcm formed

by 3 adjacent cells labelled A, B, C that Transall
plane has penetrated along 19 km at 3500 m (MSL) with
an air temperature of = 10°C (Fig. 1). These 3 cells
(the boundary of which are not perfectly defined and

a little arbitrary) and their microphysical, dynamical
and electrical properties are revealed by the Figure 2
which displays the time variation of a part of the
parameters measured frem the plane. They correspond,
at 3 stages of evolution of cumulonimbus previously
described by Gayet (1979). The cell A is in a dissipa-
ting stage with a vertical velocity of air very waak,
no small droplets, except in the zone of mixing with
the cell B, ice crystal agslomerates (Fig. 3), the
concentration of which reaches 3 1% and the size

3 mm. An electrical field vertical and downward is
observed along 5 km due to a vertical dipole with
positive charges upward in agreement with microphysical
observations.

The cell B is in a mature stage with not negligible
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vertical motions (updraft of about 5 m s ! bordered
by 2 downdrafts), small droplets (about 500 em™3
bearing a liquid water content of about 2.0 g m ~,
ice crystals (columns (Fig. 4-a) and graupels (Fig.
4=b) with a maximum diameter of about 10 mm).

Tne electric potential of the plane is high. The
vertical component of the electric field is weaker
than in the cell A, Its fluctuations are in agreement
with a mature cell. The horizontal components along
the flight path oscillates and increases on the
boundary between the cells B and C.

The cell C is a young cell with and updraft of 10 ms-l,

small droplets (500 cm~3) bearing a liquid water
content of 2.0 g ™3 without or with only a few ice
crystals in a small region, no electric potential of
plane.

1n this first case, we observe that the plane was
stroken by lightning on the boundary between the cells
B and A that is to say between two active cells on

of them containing ice crystals and with an horizontal
electric field between the two cells. We note that

the electric potential decreases and becomes equal to
zero just before the lightning,when the plane passes
from a cell with many ice crystals to a cell with
mainly cloud droplets.

The second case is the one of a more isolated cell B
growing beside the skeleton of an older cloud. The
Transall plane penetrates at - 15°C/3500 m MSL level
(Pig. 5) firstly the precipitation of this old cloud
characterized (Fig. 6) by big particles, then the
growing cell A characterized by upward vertical
velocity (5 to 10 m s~1), small droplets (200 cm'3)
bearing a liquid water content of 0.2 to | g m~3 and
ice crystals (columns of 500 um) with a concentration
of 500 1=! and agglomerates (maximum diameter of 5 mm),
a potential of the plane of=1000 kV which becomes
positive during the lightning stroke, an electrical
field variable but rather vertical. 1n this second
case the plane was stroken by lightning almost in the
middle of the cell.

CONCLUSION

From the study of the two above cases and a very fast
review of the other cases that we have observed, with
or without lightning stroke on the aircraft, we cannot
evidently conclude for the moment.

The cases of lightning on the aircraft seem various.

However, it appears that one find in the most part of

the cases some identical characteristics :

- an activity of the cloud (that is to say vertical
velocity),

- large ice crystals (graupels, agglomerates),

- discontinuities between p s of clouds with different
microphysical, electrical and dynamical properties.

The plane seems to have been stroken by lightning,
neither in very yourg cells, nor in very old dying
cells, but in, near or between mature and yet active
cells,

These results are in good agreement with the idea

of Moore and Vonnegut (1977), Lhermitte (19278).

Their merit is to bring qualitative and sometimes
quantitative simultaneous measurements of electrical,
microphysical uand dynamical parameters to support
them, but they must be completed by additional inves-
tigations. These investigations are going on ; they
concern mainly the relationship between the microphy-
sical and dynamical phenomena and the electrical phe-
nomena. We hope to be able to present their results
for the conference.
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Figure | : Field of cloud echoes detected by the
onboard meteorological radar and aircraft flight path
given by the inertial platform. The trajectory portion
represented by a thick line corresponds to the cloud
limits detected by the microphysical probes. Dotted,
hatched and darked portion represent the cells A, B
and C respectively (see text). [@ symbol indicates

the location of aircraft lightning strike.
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Figure 3 : Typical ice crystal agglomerats recorded
by the 2D-P probe in the ce!l A. The distance between
the horizoatal lines is 6400 um and the resolution is
200 um. The vertical lines between images are time
bars which give in a binary code the time during
which the probe was not recording because no image
was present,
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Figure 2 : Time variation along the flight track of
the microphysical, dynamical and electrical parameters
during the cloud penetration at - 10°C/3500 m MSL
level. From the top to the bottom :
, CID-P : cuncentration (1™!) of particles ranging
from 300 to 4500 um size ;

CiD-C : concentration (l-l) of particles ranging
from 60 to 300 ym size ;

. CC : concentration (cm'3) of supercooled cloud
droplets ranging from 3 to 45 pm diameter

. LWC : liquid water conten. (g o3 R
. WA * vertical air velocirty (m s h
. YA : electrical poteniial of the aircraft (kV) ;

. Ex, Ey, Ez * components of the electrical field
(kv by,
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Abstract - The electrical behaviour of a convective cloud is related to global parameters as the atmos-
pheric electric field and to local phenomena as the electrical charge of drops and droplets and the elec—
tric {onic conductivity. Conductivity around and inside clouds is not for the moment a well-known par-
ameter but it plays an important role specially in the screening layers arrangment.
At the ONERA, sensors of conductivity of the Gerdien type were designed, to be installed on a Transall
atrcraft involved in a measuring campaign concerning thundercloud and 1lightning flashes studies. This
campaign was held in South West of France during spring 84.

Three different sensors were used for the in-flight experiment:

a - a first cell of conductivity with an automatic bias devic: for conductivity,

mobility measurements,

fonic density and

b - a high voltage bias cell with a multi{ receiving electrode for the fast analysis of the cloud

transition zones,
¢ - an adjustable bipolar high voltage bias.

We present in this paper typical sequences obtained during the experinental campaign, and we discuss the
main results corresponding to electrical conductivity measurements.

I - INTRODUCTION

Electrical conductivity still remains one of the
least understood factors in storm activity. The only
experimental results available date from 1972 (Rust
and Moore, 1974). The role of electrical
conductivity in storm clouds is still a subject of
controversy. Inside a cumulonimbus, electrical
conductivity characterizes the capacity of the
atmosphere to sustend an increase in electrical
charge; electrical conductivity s a thecefore
important parameter in elcctrification.

The difference of values between cleer air
conductivity and conductivity along the surface of a
thundercloud {s at the origine of screening layers
und is responsible for their growth.

The presence of screening lsyers has not yet been
clesrly established experimentally but is indicated
by certain F field measurements as those by
Marshall et al (1974).

For the LANDES-FRONTS 84 experiment, ONERA developed
new types of sensors at ONERA to measure electrical
conductivity in thunderclouds. We present here a
brief description of the measuring principle of the
devices developed, and a commentary on results
obtained {n the lsboratory and in flight.

I1 - INSTRUMENTATION AND RESULTS OBTAINED

The sensor basic diagrams are given in figure 1. The
operating principle is the Gerdien principle; the
measuring chamber contaius two coaxial cylindrical
electrodes.

Alr penetrates the capacitor and the ion paths are
governed by their inlet speed and the alr flow
speed. Their drift speed is defined by the differ-
ence in potential applied to the electrodes 2 and 3.
The {ons are collected on an internal electrode 2.
The sensor is installed on the airplane and operates
by direct intake, {.e. without a suction device, the
air flow being governed by the aircraft speed.

The conic air inlet 4 operates as an inertial filter

by limiting hydrometeors penetration into the

measuring chamber.

A clear air conductivity measurement was made with a

prototype sensnr on board the Transall 04 aircraft

in the fall of 1984. The measurement results are
given in figure 2. Comparison can be made of the

Gish and Wait curve (1950; broken 1line), the

positive conductivity measurements obtained by

Gringel (dotted line) and our results (plured line);

it 1s noticed that the three typea of indicationa

are equivalent. This preliminary experiment was
instrumental in validating the cell operation in
flighe.

A second series of measurements was made during

1984. The measurements were performed in a cloudy

flow in the Puy de DOme wind tunnel at an altitude

of 1465 m. This aeries of experiments enabled
testing of the device in clear air, {n cloudy and in
icing conditions. Several distributions of {on

mobility were obtained in clear sky (Gondot, 1985).

Several measuring sequences were run in a flow

originating from clouds covering the top of the

mountain; they showed a reduction of 60 2 {n

electrical conductivity with respect to clear air

for a liquid water content of 0.3 gn~3. We also
observed that the mean ion mobility was reduced by

40 X inside the cloud. This reduction is attributed

to ion hvdrution. However, the most {mportant

feature of this series was the confirmation of the
sensor satisfactory cperation in a non electrified
cloud environment.

Three conductivity sensors were installed on the

Transal: aircraft for the LANDES-FRONTS 84 exper-

iments.

- The first conductivity sensor was extended by
using an ananular Venturi device to measure the
flow rate; the sensor was provided with an
automatic cyclic variation of the high voltage
bias to perform a detailed analysis of the
environment by measuring three parameters
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(conductivity, density and average mobility) at a

mean spatial resolution of 100 m.

- The second sensor can operate alternatively at
positive or negative polarity with a constant
voltage. The voltage level can be set in flight.

- The third sensor's design 1is less standard; it
contains a measuring electrode divided into four
sections. The simultaneous measurement of ionic
currents from each sectlion enables reconstruction
of characteristic I = f(V) using 4 points; the
voltage difference between the electrodes is held
constant.

The sensors are supported on bases fixed to the pods

under each wing of the Transall (Fig. 3). The pre-

amplifier stage is housed in the sensor bare and the
preconditioning packages containing the high voltage
modules are installed in the pods. The signals are
output from the packages under low impedance and
flow through the wings to the interior of the fusel-
age where they are acquired and digitized by an HP-

A900 computer at a rate of 128 words/s. They are

also acquired, in parallel, by an analog wideband

system (0-500 kHz).

Signal analysis from the divided electrode sensor is

identical with that of the characteristic I = f(V)

sensor obtained by polarization drift. The following

relations are used for:

- eondieeifiy e oS O
conductivity : A = 7 oy
Is
= {ion total density : n = T
e
cv? d?1
mobility distribution : £(k) = —— | 557
£ Q dv
o'e
with C : capacitor capacitance,
Is : saturation current,
Q : flow rate,
e : elementary charge,
Co : air permittivity.

The clear air operation of the divided electrode is
shown in figure 4, on which we plotted an equivalent
globsl characteristic I(V) from the current values
acquired simulraneously by the &4 electrodes. For
this sequence the mean results over 4 s are: posi-
tive conductivity: 1.10 7'* Q7 'a', positive ion
density: 600 cm™’, and mean {on mobility:
100 of Vgt

During the Landes B84 experiment, the Transall
aircraft made several active cumulonimbus
explorations. In most of the cumuliform cloud
penetration sequences we observed s characteristic
development of the conductivity signal. The
microphysical parameters, the electric potential of
the aircraft and the current signals acquired by sll
the conductivity sensors are plotted as a function
of time and distance covered by the aircraft (Fig.
5).

The aircraft penetrated a cumulonimbus at an
altitude of 5400 m (-15°C) under the conditions
given in figuve 5. All the conductivity sensors
delivered current pulses A with a width of 200 ms,
at a distance of 20 m before effective cloud
penetration. Inside the cloud, measurements are
disturbed by the impact of fine cloud droplets on
the sensitive electrode to be of use. Figure 5
shows the effect of a clear air layer at an altitude
of 6000 m separating two storm cells belonging to
the same storm system.

During the cloud/clear-air transitions, the &
measuring channels on the divided electrode sensor
provided coherent measurement of type A pulses and
an ionic current density pgradient (B) of 2 pAm

over 70 m, which corresponds to an increase in
positive ion density of 50 cm 2 per meter and to an
ionic space charge of about 0.3 nCm % in the close
vicinity of the cloud. The pulse associated with the
change in the physical nature of the aircraft
environment is visible during the cloud/clear-air
transition as well as during the clear-air/cloud
transition. This removes the doubt on an artifact
due to degradation of sensor operation following
cenetration of «cloud air {into the measuring
chamber.

Figure 7 emphasizes the systematic character of this
observation. This experiment concerned very active
cloud explored at an altitude of 3000 m (-2°C). The
250 ms wide type A pulse is practically synchronized
with the clear air-cloud transition. Analysis of
these same signals recorded simultaneously by an
analog system, 500 kHz passband, confirms the
presence of zone A and its isolation from the rest
of the cloud (Fig. 9).

Finally, note that these pulses are independent of
the electric potential of the aircraft cannot be
attributed to an artifact generated by the
electrostatic field at the outer surface of the
probe.

IIT - DISCUSSION

Figure 6 illustrates an observed phenomenon associ-
ated with an increase in positive ion density. We
may assume that the positive ions are drawn to the
cloud, the negative ions repelled and an electri-
cally monopolar air layer is created near the clear
air-cloud interface. In this case, an addltional
increase in positive ion density may result from the
elimination of recombination of ions of opposite
polarity hence the formation of 2ones A and 3.
Unfortunately, we were not able to take a
simultaneous measurement of negative ion denaity to
collaborate our hypothesis.

Considering ull of these measuring sequences, the
location of zones A and B with respect to the clear
air-cloud boundary seems to be related to altitude
and perhaps more directly to the variation with
altitude of clear air conductivity. The invariable
width of the pulse (between 200 and 300 ms) should
also be borne in mind.

Although we have not fully analyzed all the flight
sequences of the LANDES-FRONTS 84 experiment to
provide an {rrefutable argument in favor of our
assumption, we can state at the present time that
out electrical characterization of the peripheral
structure of the charge distribution of convective
clouds has been validated by two techniques of
measurement of the electric conductivity:
simultaneous measurement of two fonic polarities ad
rapid measurerent of the divided cell type.
Furthermore, seasurement of electric .onductivity on
the basis of this principle proved to be difficult
inside the cloud msinly due to interference from
droplets or ice crystals. We are not yet in a
position to attribute the cause of this interference
to charged droplets or ice particles, to contact
electrification due to solid particles, or to
fragmentation of liquid droplets.

Nevertheless, we have observed that over a large
nuaber of cloud penetration sequences, the signal
reliability has been maintained over a few meters as
long as the droplet water content does not exceed a
critical threshold, whilst the presence of
precipitation had only a slight influence on the
weasurements.
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IV ~ CONCLUSION

The major result of these experiments is that two
monopolar ionic density zones A and B located in
clear air at the perimeter of convective clouds have
been shown up by conductivity measurements. The
presence of the clouds was also detected by
hydrometeor density measurements.

In addition, electric field measurements performed
on the perimeter of convective clouds in other
experiments (Marshall, T.C. et al, 1984) tends to
confirm the existence of a screening layer formed by
cloud droplets charged by a ion flow drained by the
cloud. This flow would hence condition the existence
of zones A and B mentioned above; conversely, the
screening layers most probably control the transfer
of electrical charges to the cloud and largely
condition its electrical activity.

The modelization of charge transfer between the
cloud and its environment requires an accurate
knowledge of the medium: peripheral dynamic
structure, detailed hydrometeor population, electric
conductivity values, cloud state of maturity, etc.
This is why it is anticipated that improving this
type of measurements is a worthwhile effort for
collecting the basic data necessary for model
development.
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Fig. 3 - Microphysical and electric sensors lo-
cations on the aircraft.

I. Ionic conductivity sensor
2. Ionic conductivity sensor
3., Microphysical sensors
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ELECTRIC CHARGE TRANSFER DURING RIMING

C.P.R. Saunders and E.R. Jayaratne

Department of Pure and Applied Physics, UMIST, Manchester M60 1QD, U.KX.

il3tract = clectric charye

transfer to an ice covered target uue to ce crystal

interactions has been studied in the laboratory and the charge transfer has been

jound to be a function of the
temperature,

cloud.

impact
impurity content of the ice and the presence of liquid water in the
These studies simulate the fall of a hailstone through a thunderstorm cloud

speed, ice crystal size, environment

but also are applicable to charge transfer to ice coated metal targets which collide

with ice crystals.

1. - Introduction

This work was prompted by reports of
field based observations of thunderstorms in
which the location of lightning charge cen-
tres has been determined. (Lhermitte and
Krehbiel, 1979; Krehbiel et al, 1979,
1580), These authors provided radar, elec-
tric field and radiation data that indicates
that the negative charge centres within
thunderclouds are co-located with precipita-
tion within well-defined temperature 2zones
abocve the freezing level, The implication
is clear that one of the principal thunder-
storm charge transfer mechanisms involves
collisions between soft-hail pellets (grav-
pel) and ice crystals in the presense of
supercocled water droplets. airborne
neasurements have shown that precipitation
sized particles in thunderclouds carry sub-
stantial charge, Christian et al (1980),
Gardiner et al, (1984) and Vali et al
(1984), adding credibility to the concept of
particle charge giving rise to the major
centres in thunderstorms.

Several laboratory studies of thunder-
storms have shcwn that a significant charge
is separated when ice crystals bounce off a
hailstone leaving it charged. If this mech-
anism may be extended ¢o natural thunder-
storms, subsequent gravitational separation
of Lihe oppositely charged particles would
set-up an electric field which is augmented
by large numberz of similar collisions and
charge separation events. Some discrepan-
cies between :eports of the early laboratory
experiments, for example, those of Reynold
et al (1957) and Latham and Mason (1961, a,
b) were resolved by Jayaratne et al (1983)
in terms of the r2quirement for the presence
of liquid@ water in the cloud in order to
obtain substantial charge transfer. Theor-
etical work by Illingworth and Latham (1977)
and Rawlins (1982) has shown that the lab-
oratory measured charge transfers are ade-
quate when integrated over the whole active
cloud volume to account for the magnitude of
the charge values observed in thunderclouds
which give rise to 1lightning strokes in
which tens of coulombs of charge arx trans-
ferred.

The present work is an extension of the
studies by Jayaratne et al and has as its
long term intent the isolation of the speci-
fic conditions under which charge is trans-
ferred between ice crystals and ice targets
representing hailstones,

2, - The Experiments

Experiments have been conducted in a
large, walk-in, cold chamber with tempera-
ture control down to -30°C and also in a
deep-freeze. The experiments consist either
of moving a target tF ough a cloud on a
rotating frame or of drz ing a cloud past a
stationary target. Figi.e 1 shows the rota-
ting frame in the cold chamber., The target
rod is gold-plated stainless steel and is
connected to a high input impedance ampli-
fier, The output passes via slip-rings out
of the chamber to a data recorder. A cloud
is produced in the chamber by introducing
water vapour from a steam generator. . Drop-
lets form on cloud condensation nuclei and
analysis has shown them to have sizes up to
about 30pm with a median value at the start
of an experiment of about 8pm, By briefly
inserting a wire which has been dipped in
liquid nitrogen, ice crystals are produced
and they grow directly from the water vapour
made available by the water droplets which
evaporate, (The equilibrium vapour pressure
over water is greater than that over ice at
the same temperature.) Hence the conditions
in the cloud change continuously throughout
an experiment. As the ice crystals grow, so
the water droplet sizes decrease until the
concentration of crystals is sufficiently
depleted by fall-out that the incoming water
vapour 1is able to deposit on the droplets
once more and increase their sizes back to
the original values. Figure 2 shows a time
sequence of droplet concentration, ice crys-
tal concentration and mean size throughout
an experiment. The ice crystals are nuclea-
ted at time t=0 and continuously fall out of
the cloud attaining a maximum size of about
100um, The 1liquid water content of the
cloud also changes throughout a Iyn, start-
ing with a maximum value of 2 and fall-
ing to a fraction of a gm during the
experiment before rising again to  its
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initial value. The cloud particle concentr-
ations and sizes are determined by means of
a formvar replicator: a tube protrudes into
the cloud chamber carrying within it a 16mm
wide plastic film onto which is coated wet
formvar solution (polyvinal formal dissolved
in chloroform). At the end of the tube, a
slot cut into the tube wall exposes the wet
film to the cloud. The film is moved past
the slot on rollers and air is drawn through
the slot from an air pump. Cloud particles
impinge on the film and their shapes are
replicated in the plastic film which dries
to make a permanent impression for later
analysis.,

Throughout a run the cloud was illum-
inated and visual observations of the cloud
were maintained through a window in the
chamber. When water droplets were present,
the visibility was low; when the droplets
were depleted by the growing crystals, the
visibility improved and the crystals could
be seen as isolated points of 1light. A
stage was reached during each experiment
when the droplets re-appeared in the cloud,
this situation was readily observable and
analysis of the replicator showed that gge
ligquid water content was less than 1lgm ~,
This stage has been called the reference
stage of the experiment and its use permits
comparison of data, at different tempera-
tures for example, because it provides a
fixed set of experimental parameters that
occur at one moment in all the experiments
conducted.

Figure 1 also shows the stationary
target past which the cloud could be drawn.
The stationary target could gg used with
velocities up to about 1l0ms while, the
rotating target was limited to 3.5ms in
order to prevent possible spurious effects
due to high rotational forces. When oper-
ated at the same speed, both stationary and
rotating targets gave the same result. An-
other experiment in a deep freeze was con-
ductgg with high speed revolutions up to
20ms in order to compare with other
worker's results. The charge that was
transferred to the targets was converted to
a measurable_ygltage such that a charging
current of 10 A produced an output of lmV,
From a knowledge of the crystal concentra-
tion, and with an assumption of the target
collection efficiency for colliding crys-
tals, a value of the charge removed per
separating crystal could be determined;
this value is called the charge per event.

3. - Results

Having been used to provide vapour for
crystal growth, the steam generator was
turned off which permitted some experiments
to be performed with no liquid water pre-
sent. In these experiments the surface
state of the ice-covered stationary target
and the crystals could be controlled by
heating the target externally or internally,
or by cooling the targzt before the experi-
ment, or by passing the crystals through a
heated tube c¢r through a heated tube lined
with moist blotting paper. The results
showed that the target charged negatively
when the target ice was evaporating and the

crystals were also evaporating. The target
charged positively when its surface was
growing by vapour deposition for both
growing and evaporating ice crystals. Thus
it was concluded that a growing surface
charges positively while an evaporating
surface charges negatively. This result
produced charge transfers of very low magni-
tugi5 typically below 0.25fC where 1fC =
10,7°C and required high velocities of ~10m
s to obtain a detectable signal. Such
high velocities and small charge transfers
are not relevant to thunderstorms where the
relative velocities betweep small hail and
ice crystals is around 3ms ~. Other workers
have also noted this charge-sign dependence
on the evaporation or growth of the ice
target and have suggested that a contact
potential mechanism is active. (Buser and
Aufdermaur, 1977; Marshall et al 1978).
However, Caranti and Illingworth (1980) did
not observe a change in the contact poten-
tial of ice when it changed from a growing
to an evaporating state.

The major part of the studies was per-
formed in the presence of supercooled water
droplets. Figure 3 shows the current mea-
sured to the riming target at three tempera-
tures. The results have distinct charac-
teristics and were quite reproduceable. The
initial positive peak occnrs shortly after
the cloud is seeded and is associated with a
high concentration of very small ice crys-
tals ("10um) together with a high value of
liquid water content. After this peak the
cloud is rapidly depleted of water droplets
and vapour which results in a low liquid
water content; then the charging current
@ecreaaes. When the liquid water content
increases again, the charging current in-
creases positively at warm temperatures
(above ~20°C) and negatively at colder tem-
peratures. When the crystal cloud is ex-
hausted due to fall out, the current returns
to zero. At -20°C, the charging current
reverses sign again at about 2.5mins after
seeding. These data and results of other
similar experiments over a range of tempera-
tures have been used to generate Figure 4
which indicates the charge gained by the
target for each separating crystal as a
function of temperature at the reference
stage of the experiment. The velocity used
was a realistic value of around 3ms .
Figure 3 indicates that the presence of a
water cloud is important; the second posi-
tive peak at -20°C is associated with the
re-established 1liquid water content. The
tendencg for positive charging to be pro-
moted in the presence of ligquid water is
evidently 3wamped at -25°C where the cold
tgmpgrature is dominant even though the
liquid water increases again at the end of a
run. In other experiments, the water vapour
supply was reduced during a run and in gen-~
eral tnis caused charge transfer to the
target to change in the negative sense,
becoming negligible once all the vapour in
the cloud was exhausted. Experiments over a
range of velocities at -11°C with positive
rime charging showed a rapid increase of
cparge transfer per crystal separation event
with velocity. (Figure S). The average
slope was 3,2 and is due to at least two
effects; namely, the effect of the velocity
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itself and the increased collection of
ligquid water at higher velocities due both
to increased collision efficiency and to
higher sweep-out rate. The higher rime
accretion rate with higher velocity has the
same effect as increasing the liquid water
content which has been shown to promote
positive charge transfer. This powerful
dependence on velocity throws doubt on the
irelevance of the results of_gthet workers
who used velocities of _l10ms ~ and obtained
significantly higher charge transfers than
those reported here.

Figure 6 shows the charge per event as
a function of the crystal size during two
typical runs. It is clear that the slope
for positive rime charging at warmer temper-
atures is greater than that for negative
rime charging at colder temperatures. The
difference may be attributable to the rime
accretion rate which is higher when the
crystal size is larger due to the increase
of the liquid water content during the run
after its initial decline. However, the
very large dependence of charge transfer on
crystal size indicates that in real clouds
with crystals of several hundred microns in
size, the charges transferred will exceed
those measured here even though the relative
velocity between the hail particle and
crystal will be reduced.

Some experiments with a high rotation
rate produced some surprising results.
(Figure 7.) These results have since been
verified with a stationary target and high
crystal and cloud velocity. As the liquid
water content becomes re-established in the
cloud, the rimer charge reverses to
negative, So, despite the expected effect
of an increased rime accretion rate which
usually favours positive charging, the high
velocity leads to negative charging. The
enhanced positive charging within the first
two minutes of the experiment are not
consistent with Figure 3, These experiments
may indicate that high speed interactions do
not provide results representative of
thunderstorm conditions.

Experiments with cloud droplets
carrying impurities were performed by
spraying droplets from an ultrasonic
atomiser. Firstly, it was confirmed that
pure spray droplets gave similar results to
the steam generated cloud. Figure 8 shows
that ammonium sulphate promotes positive
rime charging and sodium chloride leads to
negative charging with an increased effect
at lower temperatures. The solution
strengths used are typical of those found in
real clouds.

4. - Discussion

These results have shown that the sign
and magnitude of the charge transferred to
an ice target by interacting ice crystals is
dependent on the temperature, the water
ccntent of the environmental cloud, the
velocity of impact and the impurity content
of the droplets; the magnitude of the
charge transfer is highly dependent on the
ice crystal size.

Experiments with ice crystals alone
hitting an evaporating or growing target
showed that the surface state of the target
ice controls the sign of the charge trans-
fer. The experimental result that the con-
tact potential is not affected by whether
the surface 1is growing or evaporating im-
plies that this mechanism cannot explain the
sign of the charge transfer. The present
experiments also showed that the temperature
difference between the interacting surfaces
played no role in the charge transfer. When
liquid water droplets are present in the
cloud, the charge transfer is typically two
orders of magnitude larger than with ice
crystals alone. Here.  the liquid water must
be playing an important part in controlling
the way in which the crystals interact on
the rime surface. The water droplets them-
selves will collide with the target (if
above a certain size for a given airstream
velocity) and will freeze on impact with the
riming surface. At cold temperatures, the
droplets freeze very rapidly and Caranti and
Illingworth (1980) have shown that there is
a contact potential difference between a
rimed ice surface and an unrimed surface.
Such a potential difference may explain the
negative charge transfer to riming surfaces
at cold temperatures. At warmer tempera-
tures, or at higher rime accretion rates,
the droplets take longer to freeze on the
rime surface and while freezing with their
surface temperature close to 0°C, they may
provide a 1local super-saturation (Nix,
Fukuta 1974) that causes growth of the re-
gions of the surface being bombarded by ice
crystals. Here the positive charging of a
growing surface may be the dominant effect
which swamps the contact potential effect.
Further analysis of these two competing
mechanisms is required - they follow from
discussions with Caranti, 1Illingworth and
Hallett and are only tentative suggestions
at present.
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THUNDERSTORM CURRENTS AND LIGHTNING CHARGES AT THE NASA KENNEDY SPACE CENTER

E.P. Krider, R.J. Blakeslee™ and L.M. Maier

Institute of Atmospheric Physics, The University of Arizona, Tucson, Arizona 85721, U.S.A.

Abstract = The NASA Kennedy Space Center (KSC) and the U. S. Air Force are currently operating an ex-
tensive network of ground-based electric field milla in order to detect atmospheric electrical hazards
to ground operations, launches, and landings of spacecraft. Over the past 10 years, the University of
Arizona haa utilized data provided by this network, and other instrumentation, to investigate the elec-
trical atructure of thunderstorma and lightning in Florida. Recent analyses ltave included estimates of
the Maxwell current density that thunderstorms produce at the ground and computations of the locations
and magnitudes of lightning-caused changea in the cloud charge distribution. In thia paper, we will
review this work and will ahow an example of how thunderatorm current patterns and lightning charges

develop in both space and time.

I - INTRODUCTION

Over the years, many authors have aasumed that thun-
derclouds are relatively stationary distributions of
electric charge with a region of diffuse positive
charge above a more concentrated volume of negative
charge [1-3]. When the cloud is producing lightning,
however, thi. concept must be modified because, when-
ever a discharge occurs, the cloud electric field
undergoes a large change, cnd between flashes this
field usually recovers bacik to a value close to that
before the discharge occurred. Clearly, if the cloud
field is not steady, either when there is lightning
or between flashes, then the cloud charges that pro-
duce this field cannot be steady.

A much better approximation is to asaume that the
cloud is a steady current source [4-€], and, in this
case, the observational quantity that is of primarcy
interest between discharges is the Maxwell current
density, Jp [7]. Note that

3 = 3 +absae (1}

where 3 is the current density produced by the motion
of free charges, i.e., all field-dependent currengs
plus precipitation and convection currents, and 3D/ t
is the displacement curfent density. In order to con-
serve electric charge, J. must be a solenocidal vector
field, i.e.,

3-3-3-(3+§%)-0; (2)

.

therefore, the lines of 3- will form closed loopa
within and outside thg clouc. Below 2 thunderstorm,
many of the lines of Jg will close in the ground and
will be vertical just atove the ground.

Similtaneous measurements of 3- and ; under active
thunderttngu. (8,9} {hou Ja to be closely approxi-~
mated by 9D/3t when E is close to zero, aud the

* Present address: NASA Marshall Space Flight Center,
Buntsville, Alabama 35812

relative confributions of convection and conduction
currents to J, at these times to be usually small.
This result was predicted by Krider and Musser [7]
and can be expressed mathematically as

> > +>
J = an/a:, = cgaE/at . (3
m T LY S )

The significagce of Equation (3) is that a measure-
ment of just as a function of time can often be

used to estimate J,. We note that Equation (3) will
not usually be valid within regions of hegvy preci-
pitation because of the contributions to J, due to

precipitation currents.

The changes in the cloud electric field that are
caused by lightning have been studied by many inves-
tigators who have used them to infer characteriatics
of both the discharges themselves and the associated
changes in the cloud charge distribution [1,10-12],
In the most recenc work [10,11), field changes were
measured simultaneously at a number of different
sites on the ground, and the results were interpreted
in terms of an 2ssumed model of the cloud charge dis-
tribution that was altered by the flash. The model
that is usually assumed for cloud-to-ground lightning
is that the change in the cloud charge is spherically
symmetric or, equivalently, that the change can be
described by the well-known point-charge relation.
With thia assumption, the field ckange, AEj, at a
given horizontal distance, Dy, is given by

- 204 (4)
8L " oG + 2P

where Q is tne net change in the total cloud charge,
and H is the height of the center of this charge.
The horizontal distance Dy is given by

b, = [(x - xg)? + (- voi)"]”z : 5)

where X, Y are the coordinates of the cloud charge
in the plane of the earth, and X4, Yy are the
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coordinates of the measuring site. This model is cer-
tainly not unique, but it does contain just 4 unknown
parameters, Q, H, X, and Y. If the number of measure-
ments exceeds the number of unknowns, then the values
of the unknowns can be found using a standard least-
squares optimization procedure [10].

Following [11], we assume an intracloud field change
can be described by a point dipole model, i.e., the
field change, AEi' at site { is given by

1 mc.k
AE [ ) Pz] . (6)

1 mggr3 | 2

where

?- Pxx +Py+ Pz

y

is the change in the three-dimensional dipole moment
vector and

Ro= (X = X% + (Y - Ypq)§ + HZ

is the three-dimensional position vector pointing
from the measuring site to the dipole. If this model
produces a better agreement with the measurements
than the point-charge model, then we assume the
lightning was an intracloud discharge.

Initial applications of the least-squares method

by Jacobson and Krider [10] indicate that cloud-to-
ground lightning in Florida effectively neutralizes
tens of Coulombs of negative cloud charge, and that
these charges are centered at altitudes where the
ambient air temperature is -10° to -34°C. In a more
detailed study of 4 flashes, Krehbiel et al. [l1]
have reported that individual return strokes in New
Mexico neutralize charge that is centered zt alti-
tudes of =10 to -20°C, values that are consistent
with but somewhat lower than the results of Jacobson
and Krider.

In this paper, we will illustrate some attempts to
use Eq, (3) to estimate Maxwell current densities
under thunderstorms and Eqs. (4) and (6) to describe
charges in the cloud charge that are caused by light-
ning., Our example will be a relatively small thunder-
storm that occurred at the NASA Kennedy Space Center,
Florida, on July 11, 1978,

11 - DATA

The NASA Kennedy Space Center and the Cape Canaveral
Afr Force Station have bec¢n operating the network

of field mills for about 10 years to id.atify atmo-
spheric electrical hazards to ground operations,
launches, and landings. Thes: sensors measure the
vertical electric field at 25 or more sites, and
the network covers a total area of about 15x25 kef.
The fnstruments, the data acquisition system, and
various scientific applications of the data have
been described previously (7,10,12-14].

Figure | shows a map of the field-mill sites that
were used during the summers of 1976, 1977, and

1978, the years of the Florida Thunderstorm Research
International Program (TR1P) experiments [15). Basic-
ally, the field at ezch site was digitized at a rate
of 10 samples per second and stored on magnetic tape
together with an accurats time code. The digitization
accurucy was 30 V/m, and the dynamic range of the

instruments covered field values from -15 kV/m to
+15 kV/m with an accuracy of about 10Z or better.

To provide both accuracy and rapid data processing,

a computer algorithm very similar to that devised by
Piepgrass et al. [l14] was used to identify lightning.
First, there was a coarse search for a field discon—
tinuity in successive l-second intervals; then when a
discharge was detected, there was a careful determi-
nation of the flash time and the field-change value
at each site.

Between flashes, the values of the displacement cur-
rent when the field was close to zero [i.e., Eq. (3)]
were accumulated and then averaged over consecutive
2.5-minute intervals to estimate the average Maxwell
current density, Jp, at each field-mill site.

3

¥ (k)

Fig. 1. The locations of electric field-mill sites
at the NASA Kennedy Space Center.

111 - RESULTS

Maps of the average Maxwell current density and the
locations and magnitudes of lightning-caused changea
in the cloud charges have been derived for several
storms at KSC using the field-mill data. Figure 2
shows a sequence of Maxwell current maps for a small
{solated thunderstorm on July 11, 1978, Here, the
thin solid lines show {isocurrent densities in incre-
ments of 0.5 nA/u?, and the thin dashed contour {is
0.25 nA/n?. The Qs chow the locations of cloud-to-
ground lightning charges (point-charge model) and the
Ps show intracloud discharges (point-dipole model).
The heavy dashed and solid contours show plan views
of the radar echoes at altitudes of 7.5 km and 10 km,
respectively, Note in each panel of Figure 2 how the
patterns of J, are consistent with the locations of
the lightning charges and the radar echoes. Note also
how these patterns develop and change shape slowly
with time.

An area-integration of a map of 3; provides an esti-

mate of at least a lower limit for the total current

produced by the cloud aloft and an upper limit to the
total rate of charge transport to the earth [8,9].
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Fig. 2. A sequence of maps of :l-. derived from field—mill data for a storm on July 11, 1978,
The ending times (UT) of the averaging interval are shown in the upper right corner
of each plot, and the locations of the active field—mill sites are shown as dots.
Contours of llo-:f- are shown as thin solid lines in increments of 0.5 nA/sf, and
the dashed contour is 0.25 nA/s. The locations of lightning charges are marked
wvith Qs and Ps, snd the heavy dashed .and solid lines shovw the locations of radar
echoes at 7.5 km and 10 km, respectively, at S-min intervals.

&
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Curve ! in Figure 3 shows the total current that

has been derived for the storm on July 11, 1978. Note
that there are two peaks in this current that are due
to separate storm cells (see Figure 2) and that the
larger of these cells peaks at about 0.45A.

Total Current {amps)

Flashing

Surface

Rainfallimm) Rate(min™")
o

1940 19:20 13;0 1940 19:50

Fig. 3. The area-integrated Maxwell current density
(curve 1) and estimates of lightning current
(curves 2-5) as a function of time. The
lightning rate and area-integrated rainfall
are also ahown. The lightning rate is aver—
aged over 2.5-min intervsls, and the rain-
fall is averaged over 5-min intervals.

The remaining curves in Fig. 3 show prellhinury esti-
mates of the total lightning current to (or from) the
negative charge region. These curves have becen
derived by summing the charges for optimum Q and P
solutfons in successive 2.5-min intervals and then
dividing by the duration of the interval (150 sec).
In the case of P solutions, the charges were esti-
mated by dividing each dipole moment by an estimate
of the length of the dipole, L. Ia cases where L
could be computed using a constrained 2-charge model,
the mean length was 1.3 km, and it {s thia current
that s shown in Curve 2. Curves 3, &, and 5 show
lightning currents where the L for each P solution
have been aasumed to be 1, 2, and 4 km, respectively.

Although the data in Figure ] are preliminary, it
ahould be noted thst the average lightning currenj
is substantially higher than the area-integrated J,
at the ground. Clearly, the overall charge budget

of a thunderstorm ia an important problem that needs
further study.

As a final illustration, Figa. 4 and 5 show the alti-
tudes and magnitudes of the changes in cloud charges
and in the dipole moments for the Q and P solutiona
that were plotted in Fig. 2. Note in Fig. 4 that moat
Qa fall in a rather narrow range of altitudes, where
the ambient air temperature {a in the range from ~15°
to -30°C. These altitudes also tend to be constant
throughout the development of the storm.

Most P solutions in Fig. 4 tend to be located above
the Q altitudes, as would be expected for intracloud
discharges between the negative charge level and an
upper positive region. Some P solutions are below the
Q level, and these tend to be reversed in polarity.

7.1
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19:10 13:20 19:30 19:40 13:50
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Fig. 4. The altitudes of lightning-caused changes in
the cloud charge distribution that couid be
described by the point-charge model (Q) and
the point-dipole (arrow). The polarities of
all Q solutiona are in the sense of negative
charge bteing neutrzlized by the discharge,
and an upward-directed arrow is in the sense
of a P solution that had a positive charge
above a negative charge being neutralized
by the diacherge. Horizontal arrows show
those P so}utions that had a horizontal com-—
ponent of P that was 901 of the total dipole
moment or larger.

Dspole moment (C-am)

Fig., 5. The magnitudes of the chargea and total di-
pole moments of Q and P solutiona plotted in
Figures 2 and 4.

During the early part of the atorm, from 19:10 to
19:25 T, the average altitude of the P solutions
incrcaaed from about 8 km to 9.5 km. This increaae
ceaaed after there was a maximum in the lightning
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rate and then gradually subsided to approximately
8 km at about 19:40 UT.

In Fig. 5, the charge values associated with cloud-
to-greund 1i htning (Q) sverage 9.5 C with a large
standard dev-ation. The magnitudes of the total di-
pole moments in cloud discharges (P) start at rather
low values near 10 C/km and then increase to an aver-
age of about 30 C/km at about 19:25 UT. After this
time, there may even be a future increase, but the
number of discharges is limited.

IV - SUMMARY

Our studies to date show that Maxwell current
patterns provide a good indication of the location
and relative intensity of electrical storms and that
there is good agreement between these patterns and
the locations of lightning and radar echoes. There
are also some new questions about how the average
lightning current is related to the area-integrated
Maxwell current and what is the electrical budget of
a thunderstorm.
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GROUND ELECTROSTATIC FIELD CH/niSES DUE TO LIGHTNING

M. Bala, K.C. Mathpal' and J. Rai

Department of Physics, University of Rocrkee, Roorkee 247867, India

Abstraot - In compuiing the electrostatic field and field changes due to lightning
discharges, earlier iorkers have assumed thundercloud as the dipole model of point
charges, In this puper the authors have improved the point charge model by consider-
ing a thundercloud of finite dimensions with spatially inhomogeneous oharge distri-
bution with positive end negative oharges at the upper snd lower regions respectively,
Further, the finite width of the cloud was also taken into acoount, Such considera-
tions provided more realistic computations of the electric field and field changes,
The calculations are in good agreement with the experimental observations ané theore-
tioal predictions mads by different workers so fear,

I - INTRODUCTION

For calculating electrio fields, dipole model
of lightning is generally taken into aocount
where it is assumed that the point of obser-
vation is at the same distance from every
point of the discharge ohannel, This assum-
ption is velid only for distances greater
than about 10 km, Compsratively very little
attention has been peid to the field changes
verg close t0 a lightning ohannel, Wilson
/1,2/ conaidered a point charge which moves
within the oloud or from cloud to the ground
and then determined the eleotrostatio field
changes, Pierce /3/ sugrested the variation
in the ground electrio field im the intra-
cloud discharges to be dve to the vertical
movement of oherges within the clovd, Based
on this argument, elementary theoretioal
calculations of ¢leotrostatic field chernges,
using eimple binolar point charges with upper
posiiive and lover negative within a thunder-
oloud were made by several workers /4,5,6,7/,
Tiller et, al, /8/ measured the eleotro-
static field ohanges due to return strokes of
1ightning at distances from 1 to 15 km, ULin
et, al, 59/ also reported the observationms
at 9 koo, Krehbiel aet al, /10/ measured
electrostatic field changes dce to overhead
lightning discharges, The dipole model of
foint oharges as used by earlier workers is
fn over gimplified approach and far from
reality., Thus, Mathpal end Varshneya /11/
have improved the point charge model by ocon-
sidering a thundercloud of finite dimension
with epatially inhomogéeneous charge dietri-
bution with a net positive charge at the
upper region and negative charge ot the
lowver region, Further, the firite width of
the ocloud wag also taken into account, Such
considerations provided more reallstic com-
putaticns of the slectric field ocianges, In
this peper theoretioal computations for the
electrostatic field changes at a point on
the ground gurface as produced by an upward
propagating streamer within the ocloud (K-

change) and an upward propagating positive
streamer from ground to the cloud (return
stroke) have been made for finite dimensions
of the oloud,

IT - THEORY

The theory considers a finite oloud dimen-
sion, The cloud is idealized of having a
oylindrical shape with radius ¥ /11,12,13/,
The positive snd negative oharge regions,
both heve a width H, The origin of the co-
ordinate is assumed to lie at the centre of
the ocloud (Fig, 1), The length of the charg-
ing zone is 2L, The radius of the streamer
has been designated by R, and the cloud base

has been assumed to be at an altitule h from
the ground, Caloulations have been made for
K-changes and return strokes,

\
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Fig. 1 = Clowd structure and cherge
aietridbuton
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III - ELECTROSTATIC FIELD DUE_TO_K-CHANGES

Smith /14/ wea first to heve a detailed
study of the intracloud discharges, He
measured the electric field chenges at two
stations 13.5 km apart, From the measure-
ments hs concluded that the intracloud dis-
charges raised negstive charge from N-region
to the P-region of the cloud, However,
Tekazi /15/ from his statistical studiss of
the intracloud discharges gave a contrary
view, The situation waas clarified by Ogawa
end Brook /5,16/ who showed taat the K-
changes sre preceded by downward positive
streamers, Thus the K-changes are the coun-
terpert of a return stroke in cioud to
ground lightning., In this case the negative
charge moves upward, The K-cherges are known
to be prsdominently vertically oriented/i7/.

The propagating streamer draws its charge
from the N-region, The thicknsss of this
region decreeses with inecrease in the length
of the strsamer, Let at any time t, Z1 be

ths vertical position of the tip of ths
streamsr from the origin and the oorreapond-
ing thickness of the N-region be 2, (Fig, 1),
Initially, when t = O, Zl =L end "7, =H,

Thus, following Mathpal and Varshney /il/,
the vertioal oharge distribution D(Z')=D(r£)

et point p' within the oloud at an instent t,
cen be written as -

ti) For region of cloud having streamer
(the cloud width lying in between
-R, and +R°)

p(?p.)an(i',t)-po, for L < 2' < L+H
] 1
=p, 2'/L, for 3 <32' <L
= —p, , for =(2,*L) < 2' < 3 .o(1a)

(i1) For region of oloud othsr thsan
streamer region (the oloud width lying
in betwesn R. and ¥ on one side ard in

betwesn -R. and -¥ on the other side)

p(Ep.)an(i'.t)-Do. for [ < 2' < L¥
o, 3°/u, for ~L<Z'<L

= wp,,for —(L+2,)<8'< 1
.. (1D)

vhers ip; is the positiom veotor of point p'
and P, is the maximum oharge density of each
polnrfty. . Consider e volume slemsnt dJ r_',
2t p'. The potential funotion df (i-p) at

poin¢ p on the ground surfaoe, whoss position
veotor is r_, dve to this oharge element ic
g'ven by -

- - 5 ’ - -
af(F,)=p(F,.) a’r, (neg [FF 0 ]) L.(2)

Sxpending 1/|§p-§p.|1n terms of the spheriocal

hermonics, Y‘m(e.ﬁ'). one may cet /17/

Y (O,W)l ﬂE',a.)(r |)
- = ‘m (m P
I =T ,|=4n
, Sk ' %zm (2“1) (IF)! 1

«o(3)
Substituting Eq, (3) in Eq. (2), one gets
» ] ] 1

Yxm(el¢)' —(m(g |d )p(rpl)

(Ep.)’ a°F

F)=t 33 e o)
L&, s 7 & (;p)‘*l(zm)

Thus the potential function, 1(Ep), at point
on the ground oen be ritte: as-

Y, (= &)
§(5.) = 2 ;2 An* 0% Ym = (2)
m

S (2f+1)(F,

"he factor 2 is due to the effect of the
eleotrical image of ths oharged region of the
oloud, The multipole moments (q( are
Ziven by- 2

1y * [} ] = l & 3"
Ufm -!II Yyn(®':¢ )(rp') p(rp')d rP'( |
LN ) 6

where the parameter [ must bs gzero or a
positive integsr and that the integer m oan
teke only the valusas =f, ={f-1),--- -1,
0.1, "'(("l)r ‘o

Thue o fe0, a0

&nd for {=1,m=~-1,0,1

The values of sphsrioal harmonics, Y o’ for
[ =0 end [ =1 are given by {(Jaokson, /17/.

If one oonsiders only upto the dipole ternms,
the Bq, (5) reduces to

Q(f_p)_ c__i’.[_?ooqoo . Y]. -1 4 .1+!qu+!uqu]
o r

b )
«o{T)
and
¥ (L+H) 2= -
U * Yoo(o‘.d')n(?p-)D'dp'fz'
6 1+3,)% ag
.+(8)

2
. 1/2
Uo0=*78) Dotvz(n-zsz(& +3 + 3]
One may find

2
vi(R-3,) = 22 (;% v2 + ¥ .. {9)

e

-
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Thus Qg = 0 and
2 2
R
%5 = B - =8 + L4 El
2 vl (% 2 21.)

and 21=ngdt-L

ql,_fff‘[fz ,-1(@",0)T P (F 1 )ptantaztag!

..(10)
We know thet
2n
f exp(-16') a¢' = 0 «o(11)
)
hence
g, =0 .. (12)
and

q11=jJr y;(e',d')i’-p. p(i’-p.)n' 1p'daz'ag"

.l(13)
Further
T
f exp(id') dd' = 0 11(14)
0
hence
qll = o 00(15)
and
qw.jjjyro(e',d')?p. D(f-p.) p'dp' az' ag¢g"
«s(16)
or
2 3 2 P 2
1/2 R°p Z 2 ¢ wp
oot (- g - 3ol
2
2 2 (L+2,)
+4) 2
(UL - e i)
..(17)
or
a g s (3407 5 [1)32e1,47 ] . (18)
vhere
32 o,
11 a [-%-32+SL] 01(19)
and

2
2 2
T (1) N e 1 (20}
2 2 3 2

Now,

[(7))= 2 Ly(3/4m1 /2 coso n(3/4m)1/2
o Jr

P 2 2
PolI Ry *+IoW" ]
or
J(F.) = =22 [1,R2+1,v?] Co8@ (21)
p 2¢, ~1's 2 2 g
Tp

From coordinate system

Cog® = z/rp --(22)
and

r, = (Pd)/? .o(2%)
hence

= e e e 0 z
Q(rp)- ?E;rIIRaHZw ] m ..(24)

vhere D ie the dietance between the cloud
base to the point of observation and 2 ie
the vertioal position of the origin of oo-
ordinate agastem from the ground, Tuus

Z2=h +H +1L .o (25)

The vertical electric field, E at a point
at the groud is given by

E = - 01(26)

¥

Aocoording tc _the convention used in the for-
walation of §(r ), the electric field is
~oeltive when i¥ ie direoted upwvard, However,
in most works in atmoepherio electrioity,
downvard fielde ere taken as positive,
Therefore, followving the later oonvention,
Bq., (26) reduces to

Ly @ 00(27)

dZ

vhere the eleotrio field b ie positive wien
it is direoted downward,

or
[ 2 .,2
2 2 D - ‘-z
E= -L[Ill +1,¥ ] S——mte— .+(28)
2¢, s (zzmg)s/z

If Q' 18 the total negative oharge in the
lower helf region of the cloud, then

v -(}+H) or
Q's= T rn'do'o(Fp.)dZ'dd' «.(29)

o o~ %
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or

2
r
Q = ¥ Py

<
He 2
( 2)
For calculeting electric field snd the field

change, the current density amd length of
the ohannel for the K-chenge have been
obtained using current end velocity exprec-
sions given by

I‘=Io(exp(-at)-exp(-5t) )y Vy=Vo(exp(-at)
-exp(-bt))

where I, Vor @, 8, 2 end b are the cons-

tants and their values are taken from
Wadehra and Tantry /18/.

-1

I =21 K Amp., V,=3x10"ms™}, o=5x10% o

B =2x10°s7L, a=1x10%L end b=1,2x10° &L

IV - ELECTROSTATIC FIELD CHANGES DUE TO
RETURN STROKES

Return stroke is a ground to cloud discharge,
In this case we oonsider the positive oharge
from the ground moving upwerd and obtein en
expression for electrostatic field at a dis-
tence D on the ground surface, The effect
of static charge of thundercloud has =also
been taken into aooount, The total electrio
field E is given by

E = El + E2
where Bl is the eleotrio field due to the

static charge on the cloud and E, is the

elsotric field duve to the propagation of up-
wayrd positive streamer, The expreseion for
j #e obtained by Mathpal 12/, 18 given me-

2
2
(L+H) -
B =m ghe }[
1 2':0 }ftllz

.+(30)

0’27’
22+p2)

s~]Q ..(%1)

vhere Q ie the total obarge on the oloud,

For oalculating eleotrostatio field due to
the return stroke we used doubls exponential
ourrent and velocity sxpressions

1‘=I°(exp( -at)-exp(=3t)), Vt-vo(exp(—at)
(-exp(=bt))

The valuee of oonstants for return stroke
are given by-
, a=1,6x10" s~1

3
1,%22x10°4, V =9x10 f

B =5210° #~!, a=3210% o~! and b=7x10° o~!

T -l 4

Here further as in the previous esction,

-Z 2n
40 J. }{ \[ 1o(e' g')e (r V)ptdptaz! agh
or
3 RS g B
= 2 =2
qlo—DOZRL: 4 [Zl -2 ] 00(32)
Rs —Z1 2n
* -
Q0" \[ [ J‘ ¥,,18'.¢") p(rp.)p'dp'dz'dd'
6 -H ©
r
2
= §§. en 1o o (-2, +H) (33)
Q%0 "2 T {Tw O - gee
and
QoY a(0.9) a .Y, (0,0)
I{;p)= EZ[ 10 1g + 00 00 ]
() 3rp rp
or
- 1
(T )= == ( w )-----375
& PTo2¢, zl (2%+02)
2 2 1
+ =5 p RE(=2, +3) ~———tmmmmmme, . (34)
os 1 (ZZ+D2)1/2
Now,
)
E2 S = 5%
3Z _32 _3z
L 2
B2 = 5= "By l-=377375h
° (32+D%) 5}' (224p2)3/2
ZZ1+Z
2 1
ey’ *e SRty | (e 2
s4'((38)
where 21 = J= Vt dt

V - RESULTS AND DISCUSSIONS

In the present work the eleotrostatio field
and field ohanges for K-ohangee and return-
etrokey have been oaloulatsd in time domain,
¥We found that the total slesotrostatio field
during en intraoloud lightning disoharge
(nsgative ohargs moving up) deoreases with
the inoreace of either ohargs or distance or
both, Though, the preesnt oaloulations are
in vime domain, the rssultis oan bde oompared
with those of Khast ir and Saha /4/,
lhutglr and S‘P / reported the fisld
adbout -25 KV m~l and about -6 KV m~% at s
distanoe of 2 km and 5 km respeotively, In
the present oass, the field at 1 km ie

=15.4 IVa~! and at 5 km it is =63 el for
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a cloud charge of 40C, Thus the present
values are in sccordance with those given by
Khastgir and Saha /4/.

150 ——————
Q=40C 1o =30K Amp

140

130F
120
110+
100F 21K Amp
901
80f

701

AET, (Vi)

60

501

40

30

0 ik L I i L A A L o
0 20 40 60 80 100 120 140 160 180
TIME, t (L sec)

Fig,2 - Variation of totel elsctrcetatic
field change 4By vith time at D=l knm

and Q=40C, for varicus values of
current Io' fer a K-change

Figure 2 ghows the variation of total elec-
troetatic field change ABt dve tc a K-change

above ambient level with time for different
velues of I,(10-30 Kamp), The field change

increases with inoreasing current, The in-
stantaneoue electroetatic field changes(for
different values of I, and a) with time for

K-change have been shown in Fig, 3, The
caloulations for distances greater than 7 ka
have not been made because beyond the above
distance the induction field mey alsc con-
tribute to the field changes, Our values
are in gecod egreement with the results of
(}g:l/va end Brock /5/ and Khastgir and Saha

The instantanecus elsctrcatatic field chenge
hae a ec been calculated witk time for dif-
ferent valuee cf the streamer radius R..

The field is found tc be insensitive tc the

AE , (V@D
60

102_ v J Y T T T T T
- Q=40C Re= 20
H =1km
L =2km
h =45km
101 Io =21K Amp i
; Vo=3x10’ m§' ]
« =5x10%¢!
B =2x10%¢
a =1x10*¢'

b =12x10° &
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TIME ,t (u sec)

Fig,3 = Variation of instantaneous electro-
static field change AE with time at
Q=40C, for various veluea of dia-
tance D, for a K-change

radius uptc about 20 u sec and beyond this
limit it is highly dependent on R.. For

lerger radil the field change decreaeee
slovwly in compariecn tc that for emaller
radii, The radius c¢f K-change is not pre-
cisely kmown, BPut it is argued that the
K-change radius msy be equal tc or more then
the radius of a etepped leader, Hence cal-
culations have been dons for radiil renging
from 10-100 metres,

Ancther important parsmeter i1s the cherge Q
on the clcud, We have used the value of Q
reanging from 20 tc 80 coculcmbe, The nega-
tive cherge ae estimated by veriocus workers
liee between 20 tc 60C, Mathpsl and
Vershneya /11/ mede calculations for 40C of
cherge which gave a value of field cloee to
the experimental cbservations,

The electrcstatic field during a return
strcks on the ground surface increaees with
time end attains a meximum value at the end
of the diecharge for any amount of ckarge Q.
After sntering intc the cloud the discharge
structure beacmes complicated and the return
stroke probably becomes horizontal, Such a
case ha3s not been taken intc ccnsideration,
The electric field decreases vwith decrecs-
ing amount of charge onm the clocud, It also
decresess with inoreasing distance,

The variation of toctal electrostatic field
change AE with time for return etrcke for




Fig.4 = Variation of total elecotrostatic
field ohange aEp with time at

Q=40C and D=1 km for various
values of ourrent Io' for a return
stroke

various values of I, is showm in Fig, 4

Calculations have been mad® for maximum
currents ranging from 10 to 22 K Amp, Hov-
ever, as miggested by various workers Io

varies from 10 to 50 K Amp, A valuve of 22

K Amp, vas suggested by Srivastava and
Tantry /23/ whioh has been extensively used
by various vorkers /21,22,24/, The meximum
field ch at po useo et a distance of

1 kn is 3,2 Xva~!, Tiller et al, /8/ from
their reoords of the return stroke eleotrio
fields at various dietences neer Gainesville,
Florida found_the total eleotrio field ohange
to be 10 ZVa~l at a distance of 1 km end at
170 useo after the initiation of the return
atroke, The field ohange wes observed to be
6 KV n~l at the seme distance and for the
same time Serhan ot al, /20/, Krehbiel
et al, /10/ found that for overhesd lightn-
ing disoharges thetotal elsotrio fie
ohange ranges from 1,37 to 22,1 KV a~i, Ihu-
the maximum sleotrio field of 3,26 KV a=% in
the present oaes ie in good agresment vith
the experimentel observations of different
investigatare,

The variation of instantaneous eleotrio
field ohange oF with time for a return
stroke is shown in Mg, 5. The field ohmage
is negative for all distancees, The total
field ohange for the returnstroke is about
10 times that for a K-change, The field

9% M. Bala et al.
= Q=40C 1 40F Q@=40C
D=1km
30t Io= 22KAMp | ol
28 R.;:‘lcm -4 20%
H =1km
L =2km ’
< h=45km ) 10f
o Vo =9%10’ ms
= 24} & =1 . o}
* « =1.6x10"s
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‘e 22h 4zl — _10l
35, 2 a ‘3”05',;.; AR
- b=7%x10"s 3
b 20 i .-20}
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12 . 1 L 1 i A L " ] -60+ 7
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Fig. 5 = Variation of instantaneous eleotro-
statio field ohange AE with time at
Q=40C for various values of distance
D, for a return stroke

changes in both the oasea are similar in
nature, Rai and Vershneya /21/ obeerved that
the radiation field due t0 a return stroke
is about 10 times that of a K-ohange, Similar
resulte were obtained by Wadehra and Tantry
/19/ eleo,
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ELECTRIC FIELDS PRODUCED BY WINTER THUNDERSTORMS

Y. Goto, K. Narita, M. Naito end R. Funayama®

Department of Electrical Engineering, Tohoku University, Sendai 980, Jcpan
* General Research Center, Tohoku Electric Power Co., Inc., Sendai 980, Japan

Abstract - The electric field changes produced by winter thunderstorms have been measured at two points
Maki and Hamochi. The field strength observed at Hamochi of Sado Island in the Japan Sea were very large
and frequently more than +50 kV/m. When the western winds blow, the field changes measured at two points
compares with each other, and the moving mean velocity of thundercloud has been nearly equal to the wind
speed obtained at the tower top of Maki. Moreover the deformations of thunderclouds are discussed with
the radar echo figures and the field variations measured at Maki. The scale of clouds in the wind
direction coincides to the scale estimated from the electric field change.

1. INTRODUCTION

It 1is well known that many winter thunderstorms
occur over the Japan Sea coastal regions. A5 the
winter lightning discharges are very anomalous [1]
[2], its characteristics must be made clear for the
design of 1lightning protection of power system and
tall structures.

The winter 1lightning currents which flowed
through an isolated tower for meteorological
observaticn have been measured by magnetic links, =&
magnetic tape recording device and an oscilloscope
with a recording camera since the winter of 1976 [3],
end by a digital recording system using Rogowsky coil
set abt the tower top as a current sensor at Maki of
Japan since the winter of 1982 [L].

To clarify the characteristics of winter
thunderstorms which attack Maki arca, surface
electric field changes have been measured by a field
mill near the tower since the winter of 1982.

Moreover a video camera system has been set uL
to take the images of lightning discharges struck the
tower. It 1is operated automatically when thunder-
storms attack the area since the winter of 1983 [5].

The data of slow electric field changes were
processed with a low path filter and analyzed tc
spectral distributions by Maximum Entropy Method
considering that the meteorological conditions.

Assuming that thunderclouds move across over
Maki at the wind speed measured at the tower top, the
periodical time variation of field strength can be
converted to horizontal wave length. It can be
thought tlrat wave length relates to the horizontal
distance between the charge centers in the cloud and
it may mean the gsize of convection cells.

From the results of analysis, it has been made
clear that the cell size is about 4=20 km and in
proportion to the heat and water vapour supplied from
the sea surface to the atmosphere [6] [T].

In order to study more fully the winter thunder-
storms, the measurements of the electric field
changes have been continued at two points(Maki and
Hamochi) since the winter of 1983.

In this paper, we describe the results of the
electric fields produced by winter thunderstorms at
the two points and discuss the movement and
deformaticn of thunderclouds in the period of LS km
travelling.

2. OBSERVING POINTS AND ELECTRIC FIELD MEASURING
SYSTEM

The main lightning observing point "Maki" is
located at about 28 km SW from Niigata city facing
the Japan Sea as shown on a map in Fig.l.

The meteorological observation tower at Maki is
150 m in height and constructed on a hill at an
altitude of 125 m apove sea level. The meteorological
data at Maki have been measured at the point of EL
270 m on the tower where lightning currents have been
measured too. Moreover the aerological data at Wajima
about 180 km WSW(256 deg. directional angle of Maki)
from Maki have been used tor the reference.

The second observing point "Hamochi" is located
at about 45 km W(281 deg. directional angle of Maki)
in Sado Island from Maki. There is the point in the
middle of paddy field.

Electric field have been measured since the
winter of 1983 at Hamochi. Since the winter of 1984,
wind parameters have been measured by an anemometer
installed on the top of a power prle at 8.6 m in
height.

The third measuring point of electric field

"Shirone" started since the end of 1984 is located at
about 20 km E inland area from Maki in the Niigata
plain. There are the radar site of Mt.Yahiko(EL
638 m) at about 1 km S from Maki point and the Fukui
radar site at about 290 km SW from Maki. The radar
echo figures obtained at muiti rudar sites{mainly
Yahiko radar and Fukui radar) are used in discussion.

The field mills used at each point have a
response time of about 0.l14 sec. and 1its output
signals have teen recorded on a per recorder only in
the eariy stage. To simplify the data analysis and to
avoid the data lacks caused by troutles on reccrder,
a digital recording system has becn developed and
used together at each observation puint.

The system consists of . fleld mill, opto-
electronic transmission systei, h-D converter, a
digital cassette recorder and simple micro-computer
with a timer. The dynamic range uf the system covers
from +60 kV/m to =60 kV/m of th: electric field
strength. To reccerd the field data automatically for
long period, the field signals are¢ sampled at 1 sec.
intervals. They have been register:d on memory of the
computer with time index when the iirference between
one sampled value and next exceeds a certain
threshold. When the field do not change, the field
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data are registered once for about 9 hours(32385
sec.) interval only.

3. KESULTS OF ELECTRIC FIELD MEASUREMENTS AT TWO
POINTS

When a cyclone is located on the northeastern
Japan Sea, severe phenomena such as thunderstorm or
gust are observed towards south of the cyclone
center. It is a notable feature that the surface
disturbances are .userved inside of the polar air
bounded by the cold dome boundary layer.

When a storm noves through the our observation
areas, the electric field rises to over 2 kV/m,
sometimes exceeds mc.e th~n 20 kV/m varying highly in
both magnitude and polarity then subsides to a zero
value again at Maki. The other hand, the field
strength exceeds frequently more than 50 kV/m at
Hamochni . The difference  between oscillating
amplitudes at the two points is considered by the
following reasons:

{a) Thunderclouds occur on the adjacent seas of
Hamochi, so charge centers in the thundercloud are
very lower at Hamochi than at Maki.

(b) Space charge effects of charged particles
gencrated by thundercloud field or shielding effects
are much at Maki than at Hamochi, because there are
the high tower and many trees from which intense
corona discharges are induced around the field mill
at  Maki, but there is little hill or tall structure
around the mill at Hamochi.

One result of the field measurements at the two
points is shown in Fig.2. GSeveral thunderstorms
develop and attack to the regions of the observing
poiats periodically over a long period of time during
one day or over. If there is more than 1/2 hour
interval of zero [{ield between such storms, they are
regarded as each another one., In the period there are
large amplitude and abrupt changing polarity
nlternations before ana after the lightning flashes
to the tower. 5o these abrupt changes may represent
the rapid electrical processes whicn cecur during
intracloud or ground discharges and precipitatione,
But slow chunges of' the field are considered due to
the thundercloud charges moving with wind speed.

The time length of coutinuous field variation,
which mewns  the duration of a  thunderstorm or a
fluctuation of meteorological conditions, and the
period of slow field oscillation, which means the
duration of convection ceils, depend on wind speed.

when the wind directions at the two polnts are
eume and western, the storm which moves over Hamochi
attacks to Maki area. Then the durations of
continuous field variation ut the two points are
roughly equal but the pericds and patterns of
oscillatory variation are dirferent. The differences
of field varistions are thought due to the
deformution of convection cells und the change c¢f
charge distribution in the cloud .

The period can be obtained in dividiag the
distunce of the two points with the wind speed at
tower top, It neariy coincides with the time lag of
the fleld change start at the leeward point Maki.
Therefore it iz seemingly adequate that the
travelling velocity of thunderclouds are the aame or
wind speed measured at the tower top.

The scale of thunderclouds and inner cells have
been deduced on the assumption that the cloud
velocity is equal to the wind speed observed at Maki.
The time variations of field converted to the distant
variations are snown in Fig.3. They are the same one
as in Fig.2. The wind speeds are used the average
values 1in every ten minutes which are calculated Ly

the supplemental method with the average values in
ten minutes measured on the hour.

S.Matsumoto et al. have emphasized in their
paper as following: The fluctuations of weather
conditions such as wind, pressure and precipitation
for o period of 2-3 hours occur with the passage of
mesoscale disturbances which develop in the vicinity
of the cold dome center one after aother. A series of
mesoscale disturbances whose horizontal scale and
life time are 100-200 km and several  Thours
respectively can ue analyzed during the process in
which cold air outbreak is accomplished. The phase
velocity of the mesoscale disturbance is 55 km/hour
[87.

The measured periods of  continuous field
variation and scales of thundercloud correspond to
them of mesoscale disturbances described by
S.Matsumoto et al..

Most winter thunderstorms develop at and behind
the frontal surface of trough moving across the Japan
Sea. As troughs pass over the observatory, wind
direction and its speed change with time in a wide
range.

When the wind direction is not west, sometimes

violent changes of electric field have been observed
at one point only. But they have not observed at

another point. So the ficld changes at the two points

do not correspond to each other in this case.

4. THE SCALE OF THUNDERCLOUDS DEDUCED FROM THE FIELD
VARIATIONS AND RADAR ECHO FIGURES

To clarity the form and scale of thundercloud,
weather radar echo figures made by Japan Meteoro-
logical Agency are used. In weather radar, echoes uare
received from preciplitation elements whose in  thus
1hcated., Weather radar, especially when a PPI
presentation is used, is excellent for tracing
precipitation areas over a range of perhaps 15 to 200
km. Sometimes distant returns can be masked by echoes
from close precipitation but this case is seldom
serious. It is Iimportant to reiterate that weather
radur detects precipitation elements not lightning.
It does not therefore distinguish between a shower
und a thundercloud.

In spite of the above mention, most clouds
formed by strong cumulus convections are observed as
radar echoes, when cyclones have passel away from
southwest to northeast over the Japan Sea in  winter.
They are estimated as  thunderclouds. Because air
temperatures  over EL 1 km are below the freczing
point and below =20°C ut EL b km. It should be
thought that vigorous charge separations occur at the
altitude in the clouds and thunderclouds are formed.

The radar echo figures in the period from 20
Dec. 1984 to 24 Dee. 198k have been compared with the
data of the field variation for the same period. In
the period a lightning flash struck the tower at Maki
was observed at 23:50 LST in 20 Dec. 1984 and the
r'ield variation in the period were violent and
maintained periodically over a long period during
five days.

A series of the radar echo figures at intervals
of three hours is shown Fig.k. In the figure, the
wind directions measured at the tower top of Maki
with arrow heads, the heights of cloud top observed
by radar :choes with ranked number (1: under 2 km, 2:
2-k km, 3: k-6 km, and so on, 9: unknown) and
precipitation level with symbol are shown.

The time variations of electric field correspon-
ding to Fig.k is shown in Fig.s5.

The field variations which were converted from
the time dependence to distance dependence are shown
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in Fig.6.

From Fig.k and Fig.6, it is clear that the scale
of clouds in the wind direction coincides to the
scale estimated from the electric field change.

Although they are not shown here, the radar echo
figures at intervals of one hour and the petterns of
field variaticn have shown that the shape of thunder-
cloud deforms with time and the growth and extinction
of convection cell 1in the cloud or the change of
electric charge distribution in the cloud
successively occur.

Sometimes field change is measured although
there 1is no cloud on the radar echo. This can be
estimated that there are the transparent charged
elements for radar pulse wave around the clouds
observed radar.

5. CONCLUDING REMARKS

In order to make clear the characteristics of
winter thundersterms, the changes of electric field
have been measurea at the two points since the winter
of 1983. The field strength observed at Hamochi (Sado
Island) in the Japan Sea were very largeer in
comparison with one at Maki and exceeded frequently
more than #50 kV/m in the period of the winter
thunderstorms.

When the westerly wind blows, the field
variations observed at the two points correspond to
eacnt other. The time lag of the field variation at
the leeward point can te explained the distance
between two  observation points. It depends on the
wind speed measured at the tower top of Maki.

HMoreover, the scale and detormation of thunder-
cloud have been discussed with the field varistion
observed at Maki and the radar echo figures.

The  scale of the cloud in the wind direction at
el obtained with the ecno  is nearly equual to the
ccule  estimated from the Uield variation. Sometimes
tield change is observed in spite of no cloud on the
radar echo. This can bte estimated that there are the
transyarent charged elements for the radar pulse,

To elarify the winter thunderstorms, further
ucounulation of data in a various conditions is
needed.  We observed the lightning flashes struck the
tower at Magi in 31 Jan., 1 Feb. and 21 Feb. 1985.
So  we will discuss the characteristics of thunder-
sLore for the period involved the lightning flash
AT

Moreover, u: the fleld variations have been
measyred a4t Shirone since the end of 1984, the
relations of field variations at three points must be
unalyced.
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Fig. 2. One example of electric field variations measured at two points,
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field slov variations processed with a low pass filter(rc'0.01 Hz).
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Fig. 4. A series of the radar echo figures at intervals of three hours.
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ELECTRIC FIELD CHANGES DUE TO LIGHTNING IN TROPICAL THUNDERSTORMS

P. Pradeep Kuwar and J. Rai

Department of Physics, University of Roorkee, Hoorkee 247687, India

%bstract - Using a plate antenna the electrostatic field changes due to overhead

g g discharges were carried out for the summer thunderstorms of 1983-84 at
Roorkee. Simultaneous measurements of thunder was also carried out to find the
distarice to the discharge. Statical analysis of electric field changes, interflash
time interval, charge destroyed and distance to the discharge are presented in this

paper.

I - INTRODUCTION

Most of the measurements on lightning have
been carried out in the higher and middle
latitudes, comparatively little work has
been done at low latitudes. The work on
intracloud discharges has lagged behind
because of the fact that, it is the cloud to
ground discharges that is harmful for the
electrical installations, buildings and
human life. Moreover, the intracloud dis-
charges are hidden behind the clouds making
their photographic studies difficult and
therefore not much has peen known regarding
the mechanism of these discharges. More
than 754 of the discharges in the tropics
are intracloud discharges /1/ and very few
observational data are available from this
region /2, 3, 4, 5/. To test the existing
theories of intraclcud discharges simultan-
eous measurements of electrostatic field
changes, thunder and VLF radiations are
being made at Roorkee (29.520N, 77.53°F).
Statistical aralysis of the electrostatic
field changes, interflash time interval,
charge destroyed and distance to the dis-
charge for the observations made during the
summer thunderstorms of 1983-84 has been
presented in this paper.

II1 - EXPERIMENTAL SETUP

A field change recordir (FCR) was construc-
ted for thec purpose of recording the elec-
trostatic field changes due to lightning
discharges. A plate antenna was Kept at a
height of lm. above the ground, a potential
difference is thus developed petween the
antenna and the ground, this potential
difference was Deasured using a RC network.
The value of C was so selected that it was
mich than the capacitance (Cg) formed betw-
een the antenna and the ground. The value
of R was kept much larger than the value of
C, so that the whole potential difference is
developed across C, and the time constant RC
was large enough to measure individual
events /6/. The output from the RC network
was given to a multistage amplifier system,
the output of which was recorded on a pen-
chart recorder. Fig.l gives the schematic
representation of the whole setup.
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Fig.l Plate antenna with associated
electronics.

The change in voltage due to the change in
the induced charge on the plate antenna
during a lightning discharge was recorded
and the electric field change was calcula-
ted using Eq-1,

AV = € Agy AE/C -+ (1)

where AV is the voltage change at the
amplifier input, Aeg is the effective area
of the plate antenna, AE is the electric
field change, C is the capacitance of the
RC network and Eo is the permittivity of
free space.

To estimate the distance to the lightning
discharge and length of the channel, thunder
accompanying the electrostatic field change
was recorded on a tape recorder using a
condeser microphone. The onset of thunder
after the electrostatic field change provi-
ded information regarding the distance of
lightning from the point of observation.

The duration of thunder gave information
regarding the channel length.

Observations were made during the summer
months of 1983-84 for overhead thunderstorms
only. Twenty one thunderstorms consisting
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of approximately 5700 discharges w -e used
in the study.

IIT - RESULTS AND DISCUSSIONS

Frequency of Lightning discharges :- The
interflash time interval (in seconds) for
the total number of discharges observed
during 1983-84 is plotted as a histogram

in Fige2. It is seen that maximum number
of flashes occured in the interflash time
interval of 1 to 2 seconds. The flash rate
in the initial and final stages of a thunde-
rstorm is low and in the active stage very
high. The duration for which the 1lightning
activity was recorded for each thunderstorm
varied from 12 minutes for a storm on

April 17, 1983 to 81 minutes for a storm on
June 18, 1984. Total number of observed
discharges varied from 32 discharges in 24
minutes for a storm on June 18, 1984 to 1644
discharges in 81 minutes for the storm on
June 18, 1984 and a maximum flashing rate
of 49 discharges perminute was also observed
in this storm. The average flash rate per
minute for each storm was calculated and it
was found to vary from 1.3 flashes per
minute to 20.3 flashes per minute. The
average of the averages comes out %to be 8
flashes per minute.
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Fig.2 Interflash time interval versus
Number of discharges.

Global values of flash rate given in /7/ is
3 flashes per minute, in /8/ 50 flashes
perminute (maximum value), from satellite
observations over 300+ of equator /9/ a
value of 5 flashes per minute was revorted.
From the tropical zone the only available
values are in /2/ 3 flashes per minute and
in /3/ 8 flashes per minute ?median value).
Our average value of 8 flashes per minute
agrees very well with the value reported in
/3/ for thunderstorms over Banglore.

Electric field changes :~ In all the storms
recorded the reversal of the sign of the
electric field took place as the storms
approached the otserving station and the

field again reversed its sign as the storm
receded from the station. It was seen that
in all the overhead discharges the electric
field observed was negative and this is in
good agreement with the observations repor-
ted in /10/. Fig.3 gives the histogram of
the negative field changes observed to the
total number of flashes. It is seen thsat
most of the flashes produced a field change
ranging from O-1 KV/m and the maximum obse-
rved field change was in the range 6.5 to
7 KV/m. Fig.4 shows a histogram of the
observed positive field changes to the
total number of flashes. Most of the fla-
shes produced field changes ranging from
0-500 V/m and the maximum observed field
change ranged from 1.5-2 KV/m.
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Fig.3 Electric field change (negative) for
the observed discharges.

From the theortical calculations given in
/6/ cloud to ground discharges lowering
negative charge to the ground exhibt posi-
tive field change at all distances from
the point o0f observation. The works of
numerous other workers in the middle and
higher latitudes show that negative charge
is lowered in a cloud to ground discharge.
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For cloud to ground discharges very near
to the observing point the value of field
change should be much larger than 1 KV/m.
The value decreases with increasing dista-
nce. The number of obseived positive field
changes with values greater than 1 KV/a
vhen the storm was overhead were quite
smalle It can then be very correctly said
that more than 754X of the lightning dis-
charges in the tropics are intracloud dis-
charges.
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Fig.4 Electric field change (positive) for
the observed discharges.

Field reversal distance :- Distance to the
discharges were obtained from the simulta-
neous records of electrostatic fields and
thunder. In Fig.5 the negative field
changes have been plotted as a function of
distance. The straight line represents the
least square fit to the observed data.

This straight line cuts the X axis at 11.2Km,
which is field reversal distance. For
tropical thunderstorms a value of 11.2 Km,
has been reported in /5/.

Charge destroyed :- From the measurements
of magnetic fields produced by intracloud

discharge for tropical thunderstorms an
average inclination of lightning discharge
was reported in /11/ to be 20° from the
vertical with a median value of 13°. In
our observations we have obtained the maxi-
mum length of the channel to be 14 Km. Such
channel lengths are unusual and they can be
attributed to horizontal lightning. Such
horizontal channels have actually been ob-
served and have been reported /12, 13/. For
the calculation or the charge destroyed in
intracloud discharges we have assumed that
the channel is vertically oriented and
therefore have neglected those discharges
for which the observed channel length was
greater than 5 Km.
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Fig-5 Electric field change versus
distance to the discharge.

OQur records show that for overhead intra-
cloud discharges the field change produced
was predominantly negative. This could only
be possible if the negative charge was being
transported from the lower negative charge
centre to the upper positive charge centre
of the cloud /10, 14/. To estimate the value
of charge destroyed in an intracloud dis-
charge we have used the model given in /14/
for a discharge propagating from the lower
negative charge centre to the upper positive
charge centre. The net electrostatic field
can be written as




1 l _(H-h=x) h

J(h+x)2+D2 Vh2+D2 V(h2+D2)3
+ M ,.(2)
(H2+D?)

where H and h are the distances of the
upper positive and lower negative charge
centres from the ground, D the horizontal
distance from the point of observatiou to
Jjust below the charge centre, and x the
distance of a channel segment from the
lower negative charge centre. The maximum
value of x can be L. The geometry of such
a model is shown in Fig.6.

5= 2

From the geometry of the figure one can
write

H-h = L )]
D2+h2 = rﬁ -+(4)
p%H? = r3 «e(5)
gL = @ «s(6)

Substituting equations 3-6 in Fig2 we have

=§9__1_-§_h-ﬂ;§m+%ﬂ]..(v)
I‘h I‘H

(n+x) 2402

The net electrostatic field change is ob-
tained from the difference in the field at
x=0 and x=L and comes out to be

£ 1 1__hl
AE = 2 aQlL [%— - —5—.1
h H r,

«.(8)

If the time difference between the onset of
electrostatic field change and the first
arrival of thunder is T} and that of the
arrival of the last pulse is T2 then one can
write

Ty, =V Tl

v T2

Ty
L=v (T2-Tl)

where v is the speed of sound. The emission
of thunder from a given segment of the
channel is assumed to be instantaneous. It
has been found out that the error due to the
persistence of the thunder is negligibly
small. As the velocity of the lightning dis-

charge (w106 m/sec) being much larger than
the velocity of sound (330 m/sec), thunder
from the first segment near the lower nega-
tive charge centre is received earlier than
from the last segment of the channel. From
equations 3-5 one can ieadily write that

a. 9 _.3
gy = Th L

2L

«e(9)

hs=s
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FiG.6

Fig.6 Geometry of the model for vertical
discharge.

Substituting the values of E, L, Ty and Ty

for each lightning discharge, the value of
the charge destroyed were calculated. The
values of the charge destroyed varied from
0.14 C to 26.03 C with an average value of

6 C. After reviewing the available litera-
ture the average value was reported in /15/
to vary from 6 C to 60 C for intracloud
discharges.
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UNITED STATES ARMY MISSILE COMMAND LIGHTNING SIMULATION TEST FACILITY

L.H. Riley

U.8. Army Missile Command, Redstone Arsenal, Alabama 35838~5240, U.S.A.

Abstract - This paper describes the United States Army Missile Command Lightning simu-

lation Test Facility located at Redstone Arsenal, Alabama.

The Lightning Test Facility

is used to qualify missile systems to their design specifications.

The facility can simulate a high rate of rise near strike by providing 200
Kiloampere/microsecond through a vertical column near the system under test.

The facility can provide a high rate of rise direct strike by providing 200
Kiloampere/microsecond through a plasma arc directed on to the system under test.

The facility can provide for direct strike high current testing by injecting up to 200
Kiloamperes of peak current into the system.

The facility can provide for direct strike attachment point studies utilizing

electrical arcs up to 12 feet in length.

The high rate of rise (200 Kiloampere/mirosecond) forms the leading edge of a pulse

that extends beyond a peak current of 30 kiloamperes.

There is no other known

lightning simulation test facility capable of providing these current characteristics.

These currents and amplitudes are made possible by a large peaking capacitor. The
capacitor is formed by a square wire mesh 50 meters long on each side suspended 10

meters above a metal ground sheet.

A high voltage (up to 3 million volts) capacitor
bank is located within the peaking capacitor.

A large electrode provides a discharge

current path from the elevated mesh through a plasma arc to the metal ground sheet.
During near strixe tests the electrode is mounted at the edge of the peaking capaci-

tors.

located nearby and outside the peaking capacitor.

Electromagnetic fields radiating from the electrode {lluminates test specimens

During direct strike tests the test

specimens are located beneath the electrode such that currents pass from the mesh
through the electrode, through a plasma arc, through the test specimen and into the

metal ground sheet.

Glass fiber optic data links provides for remotely monitoring the characteristics of

the simulated lightning and its imoact on the equipment under test.
transmits data and the other is for remote

fiber link is normally used. One fiber

A unique two (2)

control of the instrumentation within the equipment under test.

All data is normally acquired in a digital format by transient waveform digitizers.

The data is stored on computer disks.

Computer analysis is available immediately after each simulated lightning strike.
Plots and tables of measured voltage and current wave forms in report quality final

form may be reviewed and testing redirected if necessary.

Extrapolations, inter-

polations and other data analysis techniques common to computers can be utilized
interactively during the testing to provide maximum test results during minimum test

times.

LIGHTNING SIMULATION TEST FACILITY:
pose of this paper is to describe the
lightning simulation test facility at the US
Army Missile Command (MICOM), This facility
consists of a unique lightning simulator and
the unique instrumnetation for data collec-
tion and analysis. The lightning simulator
(Figure 1) is essentially the same as that
previously used as reported in the 1984
Conference Proc :dures (1), One noticeable
difference in this arrangement and that pre-
viously reported on is the rectangular shape

The pur-

of the Marx generator and its physical loca-
tion and attachment point. The Marx genera-
tors - thern are two (2) generators now
availab = a¢ MICOM - will be mounted in a
horizonta. position at the side of the
complex an then erected and attached to the
side of the upper plate when in use. The
parallel plate screen is identical in size
(i.e. 50m x 50m) and it remains ten (10)
meters above the ground plane., The tapered
feed (Figure 2) remains the same.
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The Marx generator, previously made
available through Lightning and Transients
Research Institute of St. Paul, Minnesota,
has been replaced by two (2) Marx generators
built by MICOM (see Figure 3). The larger of
these two generators is capable of high
voltage (3.6 MV) and high rate of rise and
will be used for destructive testing. The
smaller generator is capable of 1.5 MV
and twice the current and can be used for
non-destructive testing. Figure 4 shows the
test facility with one pad partially
completed for accommodating the larger Marx
generator. The smaller generator will be
located on a pad parallel to the one seen
here.

UNIQUE INSTRUMENTATION REQUIREMENTS: The
instrumentation used for simulated lightning
testing must be capable of making precise
measurements during an electrical energy
discharge of millions of volts potential and
hundreds of thousands of amperes of current.
The ranges of these measurements include
volts to megavolts, amperes to hundreds of
kiloamperes and time intervals from nanose-
conds to seconds for multiple strokes. High
levels of electrical interference, commonly
called radio frequency interference (RFl),
are generated. This RFI makes packaging of
the instrumentation difficult. The package
must provide sensor sensitivities in the volt
and ampere region and at the same time pro-
vide isolation of instrumentation electronics
from the simulated lightning discharges of
megavolts and hundreds of kiloamperes.
Telemetering data from the equipment under
test (EUT) to remote data recording and pro-
cessing devices is necessary. High speed
recording equipment capable of recording
large quantities of data to nanosecond reso-
lution cannot normally be located within the
EUT. The electrical character of the
lightning simulation precludes the use of
hard wired or standard electrical telemetry.
Acoustic or pneumatic telemetry links do not
provide the necessary frequency response.
Telemetry utilizing modulated light conducted
through glass fiber optics appears ‘o be the
best technique presently available for tele-
metering data.

GLASS FIBER OPTIC DATA LINX: Most present
Tiber optic telemetry data links utilze &
time based modulation scheme to eliminata
errors introduced by variations in the light
conducted through the fiber optic path due to
such things as connectors, fibers, ambient
conditions, and etc. Also they are used to
provide for transmission of steady state or
direct current voltage (DC) values without
being effected by DC drift of the data link.
Fiber optic links utilizing Pulse Code
Modulation (PCM) techniques are the most
popular because of their large dynamic range.
Unfortunately, at this time PCM analog to
digital (A/D) encoders fast enough to provide
the required time resolution oannot be made
small enough to be located within the EUT.
However, the state of the art is changing
rapidly such that these encoders may be
available in the very near future. Fiber

optic links utilizing "requency Modulation
(FM) techniques are available in sufficiently
small sizes and have been utilized by the US
Army Missile Command (USA MICOM) for twenty
(20) years in the measurement of missile RFI
as the result of adjacent radio and radar
operations. Presently, these links cannot
provide the necessary frequency response and
have dynamic range limizations.

Ah amplitude modulzted (AM) fiber optic
data link utilizing two fibers appears to be
the best telemetry link presently available
for lightning testing. Such a system is pre-
sently available and is zurrently being used
by USA MICOM. These links can be used for
simulated or directed ligntning tests. The
two fibers are necessary tLo provide compen-
sation for inadvertent variation in the light
data transmissions and to pruvide adjustments
in system sensitivity as required for the
dynamic range. One fiber (f.rst fiber) is
used for data transmission for the telemetry
transmitter located in the EUT to the remote
receiver/controller located in the data
recording and processing arca. The other
fiber (second fiber) 1s used for system
control between the telemetry .
receiver/vontroller and the telemetry
transmitter. The telemetry
receiver/coutroller can senie inadivertent
variations in the data trarsmissi:n through
the fii<t fiber and can provide zompensation
for this rariation utilizing the second
fiber. This can be done automatically and
provide automatic optical gain control.
Dynamic range changes can be made by changing
controi setting at the telemetry
receiver/controller. The second fiber can
transmit sensitivity change commands from the
telemetry receiver/controller to the tele-
metry transmitter where attenuators are
inserted or removed. These control settings
can be entered manually or by computers uti-
lizing a variety of techniques (IEE 488,
etc.). A special low frequency version of
the data link is available with a low fre-
quency limit of 0.1 Hz. The upper bandwidth
limit is approximately 150 MHz. The
transmitter reportedly has been tested by
electrostatically discharging two-inch to
three-inch arcs without intraduction of
interference into the telemetry data. Unique
differential or single ended voltage probes
are available from fiber optic telemetry
manufacturers. Current probes are available
from a variety of manufacturers.

DATA RECORDING/ANALYSIS: Analog data from
the fiber optic data links can be digitized
by high speed A/D converters in the data
recording and processing areas. The combined
fiber optic A/D converter system can provide
data with a frequency response exceeding 150
MHz. The digitized data can be stored in
computer memory. A computer utilizing spe-
cialized programs provides processing and
presentation of data in report quality.

PRESENT SYSTEM DESCRIPTION: A block diagram
of the present USA MICOM lightning instru-
mentation system is shown in Figure 5. A
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picture of a complete fiber optic data link
(current probe, fiber optic transmitter,
optional fibers, and receiver/controller) is
shown in Figure 6. A picture of a complete
fiber optic data link with the current probe
and transmitter located in a break out box
for testing is shown in Figure 7. A picture
of a fiber optic receiver/controller
installation with A/D system is shown in
Figure 8. The computer installation for data
recording, processing, and analysis is shown
in Figure 9.
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DESIGN OF A FAST RISETIME LIGHTNING GENERATOR
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Abstract

It has been verified through analytical and smaller scale experimental studies that a NEMP-
type peaking capacitor could be coupled with a high voltage EMP simulator to provide the fast
current risetimes that have been observed during recent ground and in-flight lightuing research
programs. The Atmospheric Electricity Hazards (AEH) Group of the Air Force's Wright Aeronautical
Laboratories has built and demonstrated a fast risetime generator, using a peaking capacitor which
is capable of applying currents of 20 kA to 40 kA with risetimes of 100 nsec to 200 nsec onto an

operational aircraft.

The generator was used during 1984 for lightning simulation tests on the

specially instrumented FAA CV-580 lightning research aircraft, a GF-16 prototype aircraft and a
specially instrumented lightning strike object (LSO} in a coaxial geometry return path.

Introduction

Recent lightning characterization programs by
the Flight Dynamics Laboratory of the Air Force
Wright Aeronautical Laboratories and NASA have
revealed that the risetimes of lightning return
stroke components can be on the order of 100 nano
seconds (1,2), a full order of magnitude faster than
the previously accepted risetime of one microsecond.
The faster risetimes can excite natural aircraft
resonant frequencies resulting in more energy at
these frequencies coupling into the aircraft via
aperture penetration of electric and magnetic
fields. Most impulse generators for lightning
simulation are designed for risetimes of 1 to 2
microseconds and because of inherent generator
resistances and inductances cannot readily achieve
the faster risetimes of the newlv revealed threat.
The addition of NEMP tvpe distributive peaking
capacitors provides an economical approach to
modifying the generators to produce the faster
risetimes,

Design Approach

The basic design of the fast risetime generator
was provided under contract by Lightning and Trans-
ients Research Institute (LTRI) and Electro Magnetic
Applications, Inc. (FMA) (3). The actual design of
the final peaking capacitor was developed by the Air
Force AEN Group.

LTRI and EMA conducted analytical and smaller
scale experimental studies on the full scale NEMP
type lightning simulator for aerospace vehicles,
These studies verified that the NEMP type capacitor
approach could be used for lightning simulators and
provide an order of magnitude improvement in current
risetimes over existing lightning simulators.

With this confidence, the AFH Croup performed a
parametric study of the generator using a three
branch lumped parameter RLC representation of: the
generator with resonant charging inductance, Ls. and

resistance R_; the peaking capacitor; and the load
as shown in Figure 1.

Although the approach neglects the coaxial
transmission line characteristics of a typical
aircraft and return paths, it does provide a first
order parametric analysis of the effects of changing
various circuit values.

A bulk 1inductance of 6 WH to 12 v H and a
characteristic surge impedance of 750 to 130 Q are
common in many simulator set-ups involving a
complete aircraft as the test object. The RLC
parameters of the high voltage Marx generator were
set by the generator's design. The value of the
distributive peaking capacitor, 1 nanofarad, was
suggested by the LTRI and EMA study. The value of
10 uH for the resonant charging inductor between the
Marx and peaking capacitor was chosen based on the
results of the overall parametric study. The
results of the study for the load representations of
L, = 6 uH, 12 uH and Zo =759, 130 2 are presented
in Table | through 4, The predicted waveforms for
these values are presented in Figures 2 through 5.

From these tables one can see that, due to
resonant charging, the peaking capacitor charges to
a voltage 1.6 times the original voltage on the
Marx. Careful conaideration is required not to
overvcltage the peaking capacitor. In the ideal
case, no res!stances, the peaking capacitor voltage
can approach 2 times the Marx voltage, if Cp<< Cm.

The typical computed waveforms for two cases
are compared with actual test waveforms from the
CV-580 lightning simulation tests in Figures 6 and
7. 1In the first case, Figure 2, the output gap of
the peaking capacitor is shorted such that the
peaking capacitor has little effect on the output of
the generator. Without the peaking capacitor, the
Marx produces a current pulse of 23.4 kA with a
risetime, 10% to 90X, of 500 nanoseconds. In the
second case, Figure 7, an output gap of 45 inches is
inserted at the output of the peaking capacitor.
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The output peaking capacitor gap of 45 {inches
results in gap breakdown at a little over 2 million
volts, about the same as the original voltage on the
Marx. Had the peaking capacitor charged to 1{ts
maximum voltage, it would have charged to 3.2
million volts. With the peaking capacitor charged to
2 million volts the generator produces an output of
34 kA with a risetime, 102 to 90%, of 165
nanoseconds, Comparing the two waveforms, the
effects of adding the NEMP type distributive peaking
capacitor {is dramatically {llustrated. Once the
Marx has erected the peaking capacitor charges,
while the shorted signal has already begun to rise.
After approximately 600 nsec the peaking capacitor
is charged and self-breakdown of the output gap
occurs, providing an impulse with a much faster
risetime.

Construction of the Peaking Capacitor

Two engineering constraints strongly influenced
the final design of the fast risetime generator.
The first was the requirement to stand-off 4 million
volts. The second was the need for the generator to
operate in the AEH Group's test facilities with
ceilings as low as 22 feet high. The final design
of the peaking capacitor is showm in Figure 8.

The peaking capacitor is a 4 million volt
distributive capacitor comprised of four parallel
legs of forty 100 KV, .0IMFD capacitors arranged in
series (4 million volts). The 160 capacitors have
an equivalent capacitance of 1 nanofarad. The
capacitors are mounted in a zig-zag fashion for
space economy, between fiberglass channels which are
compressed together using permali rods as bolts. A
copper sleeve couples the high energy ends of the
fcur series arrays at the Marx input to the peaking
capacitcr. The series legs first are oriented
towards the Marx and then expand outward surrounding
the final output spark gap to points on a concentric
circle from the output of the gap, where they meet
the return paths of the simulator set-up.

The final output spark gap that ultimately
determines the final charge of the peakirg capacitor
uses 18 inch diameter spherical brass electrodes
enclosed in a 500 gallon fiberglass storage tank.
The tank rests on scissor jack-like stands that can
be lowered for transportation of the peaking capaci-
tor or mating the peaking capacitor to other test
objects.

The 10 pyH resonant charging 1inducter |is
comprised of soft copper tubing rolled around a
varnished cardboard concrete colusn mold. The

peaking capacitor also incorporates a current shunt
in the pipe which forms the final output connection
from the output spark gap to the aircraft being
tested. This shunt uses a pneumatically operated
fiber optics transmitter to bring the output
waveform from the peaking capacitor. For shielding,
the transmitter itself is mounted inside the output

pipe.

Future Development

LTRI is presently under contract to the Ailr
Force AEH Group to develop a crowbar switch that is
capable of being used with the peaking capacitor.
The inclusion of this crowbar switch will result in
a waveform that will have a fast risetime, but have
a slower decay time that would more closely approxi-
mate the classic double exponential lightning threat
waveform used in lightning simulation testing. (4).

Conclusion

The AEH Group of the Air Force Wright Aeronau-
tical Laboratories has built and demonstrated a NP
type peaking capacitor to provide an order of magni-
tude improvement in current risetimes over existing
lightning simulators. The peaking capacitor has
been coupled with a high voltage Marx bank to form a

fast risetime generator. Risetimes on the order of
100 to 200 nanoseconds have been achieved with
magnitudes between 20 and 40 kA. Future development
of the fast risetime generator includes the addition
of a crowbar switch to the peaking capaci“or.
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ABSTRACT - There is a growing interest in the development of simulators which can
properly excite an aircraft with a lightning-like current and voltage pulse. In
previous investigations [1-5], the use of a high voltage Marx generator with a
?eaking capacitor output has been shown to provide sufficiently large values of

» H, and E. There are two problems which exist, however, with that approach.
First, there are some spurious resonances introduced by the interaction of the
test object with the simulator, and, second, the late time waveform is a damped
sinusoid with a frequency too high to investigate low frequency coupling effects
in composite aircraft. In the work reported ir this present paper, these two
problems are addressed. A method for terminating the test object to minimize the
spurious resonances is presented, and a crowbar switch is implemented to provide

a long late time damped exponential current.

1 - INTRODUCTION

The electromagnetic interaction of light-
ning with aircraft has received anincreasing
amount of interest in recent years for
several reasons. The first reason has to do
with the knowledge of the environment.
Recent studies have shown that the frequency
content of lightning waveforms has sig-
nificant amplitude in the aircraft reson-
ance region, which is in sharp contrast to
previous understanding of the lightning
environment.

A second set of reasons has to do with air-
craft technology. New and existing aircraft
are being made out of advanced composite
materials because of their advantageous
strength to weight ratios when compared

with metals. A third reason is that modern
aircraft are being equipped with low-level
semiconductor circuitry which have critical
roles in functions such as stores management
and fly-by-wire systems. Therefore, a

great concern arises for preventing upset
of these critical digital systems,

Because of these reasons, it is necessary
to develop techniques which can be used to
test aircraft with an appropriate lightning
environment.

An approach based on the use of a Marx
generator with a peaking capacitor has
previously been reported [1-5]. This
approach makes it possible to inject a
currenf]with a rate of rise exceeding

2 x 10" Afs into a full scale fighter size
aircraft, and with a peak current level on
the order of 4y xA.

One of the problems of the above approach is
that the late time waveform is a damped

sinusoid whose ringing frequency is deter-
mined by the Marx generator capacitance and
the combined inductance of the Marx plus the
aircraft under test. The frequency of
oscillations is too high to pernit experi-
mental investigations into redistribution
times of current on mixed metal composite
aircraft, and other late time effects.

This limitation can be overcome by shorting
out the Marx generator when the energy in

the aircraft is close to the maximum. The
decay will then be exponential, because the
Marx capacitance is no longer part of the.
circuit. This shorting of the Marx is accom-
plished by a “crowbar" switch, which
physically consists of a triggered gap which
turns on at a predetermined time. The late
time currents are therefore sufficiently long
to investigate coupling effects regarding
carbon fiber composite (CFC) aircraft.

In this paper, numerical modeling results

are presented which indicate the usefulness

of the crowbar switch approach. Ffirst, the
approach is applied to a uniform cylindrical
test object, in order to study responses

which are ot confused by the presence of
variations in a real aircraft geometry. Next,
the approach is applied to a three dimension-
al (3D) model of an F-16 aircraft.

The analysis shows that the crowbar switch
can be used to accomplish the desired
objectives. The test approach does intro-
duce spurious resonances from the test
fixture/aircraft interaction. An approach
is also given for terminating the aircraft
such that these resonances are minimized.
It is found that the approach works quite
well for a uniform cylinder, but is not as
effective for a real aircraft geometry.
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Experiments are planned by Lightning and
Transients Research Institute of
Minneapolis, Minnesota, to verify the
analytical results. Unfortunately, they
were not yet available at the time of
publication.

2 - RESPONSE OF A UNTFORM CYLINDRICAL TEST
0BJECT

A right circular cylinder test bed is used
to provide basic information for the res-
ponse of an object in a candidate simulator
design configuration. The basic cylinder
configuration is shown in Figure 2.1, which
includes the Marx generator, geometrical
information, spark gaps, and terminations.
This response is obtained by treating the
configuration as a uniform transmission
line.

The model combines the solutions for the
telegrapher's equations in the test fixture
itself with the solutions for the circuit
which represents the Marx generator. The
solution is accomplished in the time domain
using finite difference techniques [6].

The results for the injected current, I, are
shown in Flgures 2.2 and 2.3.

In Figure 2.2, the responses with and with-
out a crowbar are indicated for a short
circuited termination (Rr = 0). When there
is no crowbar, 3 re.onances are indicated:

1. The 1.45 kHz oscillation due to the
resonance of the Marx generator with the
test object.

2. The 1.5 MHz oscillation due to the
resonance of the peaking capacitor with the
test object.

3. The 6.7 MHz onscillation of the test
object shorted on one end and loaded in a
2.5 nf capacitor on the other.

The crowbar is switched on at the time of
the largest peak current. It is clear that
the crowbar eliminates the lowest frequency
oscillation.

The other oscillations are troublesome
because they, too, are caused by simulator/
test object interactions. One approach to
minimize these resonances is to provide a
matched termination impedance (71.4n) on the
transmission line. The disadvantage of this
approach is that the peak current level will
be 1imited to approximately 4 kA (300 kv
divided by 71.4ng. An alternate approach is
to put a shunt termination inductance L, in
parallel with the resistance R,. The oEject-
ive in doing this is that at thh frequencies,
the line is nearly perfectly matched, but at
low frequencies, the termination is inductive.
Thus the high frequency oscillations are
heavily damped, and the low frequency current
discharge of the Marx generator is limited

by the termination inductance and not the
termination resistance.

Results forLt = 1 and 10 pH are shown
Figure 2.3. A 1 uH inductance allows the

R.A. Perala et al.

highest frequency resonances to be damped
fairly well, but the lower frequency resonan-
ces are not. A 10 yH inductance will signif-
jcantly damp even the lower frequencies. The
price that is paid for damping the oscillat-
jons is reduction of the injected current
amplitude. However, even with 10 uH, the
peak current is nearly 11 kA, significantly
higher than the 4 kA one could obtain with a
matched resistive termination.

One other approach which could be done would be
to switch the crowbar on at the earliest main
peak. Alihough no analysis of this case was
done, it is clear from Figure 2.3 that the
peak current would be about 9 kA for 1 uH
inductance, but only about 6 kA for the 10

uH inductance. The late time response would
be a damped exponential with superimposed

high frequencies of about the same amplitude
as indicated in Figure 2.3

The results show that the crowbar switch can
be used to provide the desired late time
response.

3 - THREE DIMENSIONAL AIRCRAFT RESPONSE IN A
FULL SCALE SIMULATOR

The modeling approach is the same as in the
previous study [1,2], but is repeated here
for convenience.

The three dimensional finite difference
technique [6] is used to model the response

of a full size aircraft in a full scale sim-
ulator. The configuration is shown in

Figure 3.1. The large clearances are required
to provide sufficient voltage stand off such
that arcing of the aircraft to the fixture
does not occur. Voltages exceeding 6 MV are
expected on the aircraft.

The aircraft is an F-16, and the shape of the
computer model is shown in Figure 3.2. The
cell size is 1 meter in the longitudinal
direction, and is 1/2 meter in the other
directions. The time step is 1 ns. Because
approximately 5 cells are required to re-
solve a wavelength, the upper frequency limit
of the computation is 60 MHz. The erected
Marx voltage is 4 MV, and the output spark
gap is adjusted to arc ~ver when the gap
voltage exceeds 6 MV. The measurement

point®. is the injected current I.

The results are shown in Figures 3.3 - 3.5.

Figure 3.3 shows the injected current for a
shorted termination with and without a
crowbar. The effect of the crowbar is
clearly seen and extends the current out in
time. There is a resonant structure on the
waveform due to the natural resonances of
the aircraft in the test fixture and the
interaction of the aircraft with the test
configuration, They may be summarized as
follows:

1. The 4 MHz resonance is the resonance of
the aircraft shorted to the fixture on one
end and terminated in the peaking capacit-
ance on wne other end. This is roughly a
quarter wave resonance.

e
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2. The roughly 250 kHz resonance of the
Marx capacitor discharging into the aircraft
and Marx inductances.

3. Higher frequency resonances on the order
of 10 MHz which are related to aircraft
structure dimensions.

It is desirable to damp out the aircraft/
test fixture resonances, in the same manner
as was Jescribad Section 2. Figure 3.4
shows the injected current for different
values of Ly and with Ry = 782 . Figure 3.5
shows the same thing for RT = 1509. The
780 case seems to be a better march, but

the match is not very good in any case. The
spurious oscillations are not greatly damped
in any case, although the 30 uH inductance
with 780 seems to be the best. The damping
is not nearly as good as was possible with
the cylindrical geometry previousiy discuss-
ed. This is because the aircraft is not a
uniform transmission line, and the aircraft
impedance seen at the termination is a
frequency dependent complex number, and
cannot be completely damped with a resistor,
as is possible with a uniform transmission
line.

4 - SUMMARY AND CONCLUSIONS

The intent of the work reported here has
chiefly been to demonstrate the applicabil-
ity of a crowbar switch to a fast risetime
simulator configuration. The results indic-
ate that the approach can be successfully
used to increase tke pulse width beyond the
time constants of interest for testing
composite aircraft.

A separate but related issue concerns the
presence of resonances in the injected
current which are caused by interaction of
the test ubject with the simulator. An
approach was studied to minimize these
resonances. It was found that for a uniform
transmission 1ine, they could be damped by
terminating the line in its characteristic
impedance, and s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>