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lQthlCOLSE-XVtleCIAe 

La lOeme Conference Internationale sur la Foudre et l'Electricite Statique (1COLSE), jumelee avec le XVIIeme Congres 
International Aeronautique, est organisee par l'Association Aeronautique et Astronautique de France (A.A.A.F.) sous le Haut 
Patronage i 

- de la delegation Generale pour l'Armement (DGA) 
- de la  Direction Generale de I'Aviation Civile (DGAC) 
- du      Centre National d'Etudes Spatiales (CNES) 

le parrainage 

■ du National Interagency Coordination Group (NICG) 
• de 1'Agence Spatiale Europeenne (ASE) 
• de International Association of Meteorology and Atmospheric Physics (IAMAP) 
■ de l'Union Radio Scientifique Internationale (URSI) 
de la Civil Aviation Authority (CAA) G.B. 
du Royal Aircraft Establishment (RAE) G.B. 
de la Bundesamt für Wehrtechnik ur.d Beschaffung (BWB) R.F.A. 

• de l'Academie Natior-iie de l'Air et de l'Espace (ANAE) 
■ de i'Aero-Club d«: France (Ae.CF) 
■ d« la Societe de» Eüctriciens, des Electroniciens et des Radioelectriciens (SEE) 
■ de la Soriet^ Franchise de Physique (SFP) 
■ de la Scjiete Metp'urologique de France (SMf) 

et avec le soutien 

- de la Direction des Recherche« Et>id<-s et Techniques (DRET) 
- de      I'European Office jf Aercipar.e Research and Development (EOARD) U.S.A. 
- du      Groups de Reche' civ, Developpement et Standardisation - U.K. de I'U.S. Army 

f\ 
•qui compl*ndiles repre»ei'.tAiits des Organismes suivants \ U.S. Air Force, U.S. Army, U.S. Navy, NASA, NOAA et FAA. 
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10th ICOLSE - XVIIe CIAe 

The 10th International Aerospace and Ground Conference on Lightning and Static Electricity (ICOLSE) joined to the XVIIe 
Congres International Aeronautique (CIAe) is organized by the Association Aeronautique et Astronautique de France (A.A.A.F.) 
under the Patronage of 

. 
- Delegation Generale pour l'Armement (DGA) 
- Direction Generale de 1'Aviation Civile (DGAC) 
- Centre National d'Etudes Spatiales (CNES) 

the sponsorship of 

- National Interagency Coordination Group (NICG) 
- European Space Agency (ESA) 
- International Association of Meteorology and Atmospheric Physics (IAMAP) 
- Union Radio Scientifique Internationale (URSI) 
- Civil Aviation Authority (CAA) U.K. 
- Royal Aircraft Establishment (RAE) U.K. 
- Bundesamt für Wehrtechnik und Beschaffung (BWB) F.R.G. 
- Academie Nationale de l'Air et de l'Espace (ANAE) 
- Aero-Club de France (Ae.CF) 
- Societe des Electriciens, des Electroniciens et des Radioelectriciens (SEE) 
- Societe Francaise de Physique ISFP) 
- Societe Meteorologique de France (SMF) 

and with the support of 

- Direction des Recherches Etudes et Techniques (DRET) 
- European Office of Aerospace Research and Development (EOARD) U.S.A. 
- U.S. Army Research, Development and Standardization Group - U.K. 

•composed of representatives of the U.S. Air Force, U.S. Army, U.S. Navy, NASA, NOAA and FAA. 
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Message du President 
de l'ASSOCIATION AERONAUTIQUE ET ASTRONAUTIQUE 

DE FRANCE 

En 1785, il y a exactement deux cents ans, le plus illustre Americain de 1'epoque, Benjamin FRANKLIN, quittait la France pour 
regagner definitivement les Etats-Unis, au terme d'une mission diplomatique qui jetait les bases de deux siecles d'amitie et 
d'alliance entre les deux peuples. Ce m6me homme avait ecrit, trente ans plus tot, un ouvrage scientifique remarquable dans 
lequel il attribuait ä l'electricite l'origine de la foudre. 

Depuis cette epoque, les applications industrielles de l'electricite ont connu un developpement prodigieux, sans cependant que la 
connaissance de ses manifestations naturelles progresse tout ä fait au m£me rythme, et c'est peut-§tre aujourd'hui dans la mesure 
ou le phenomene naturel apparait comme perturbateur de l'application que son etude est vigoureusement reprise. 

C'est un honneur pour la France d'accueillir les lointains disciples de Benjamin FRANKLIN venus des Etats-Unis et du restc du 
monde pour s'entretenir des moyens de proteger l'Humanite, exposee ä tant de nouveaux perils, contre celui qui lui apparut 
longtemps comme la manifestation privilegiee de la colere des dieux. 

P. CONTENSOU 

Message from the President 
of the ASSOCIATION AERONAUTIQUE ET ASTRONAUTIQUE 

DE FRANCE 

Exactly two hundred years ago, in 1785, the most famous American of the period, 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, industrial applications of electricity have enjoyed a tremendous development, without, however, the 
understanding of its natural manifestations having kept up the same pace. But, today, in the measure that this natural 
phenomenon appears as a perturbing element in these applications, its study is being vigorously pursued. 

It is an honor for France to welcome the present-day disciples of Benjamin FRANKLIN from the United States and from the rest 
of the world, to discuss together the means of protecting Humanity - which is exposed to so many new dangers - from this 
particular one which was for so long considered as the special manifestation of the anger of the gods. 

P. CONTENSOU 
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CONFERENCE D'OUVERTURE 

PROTECTION A LA FOUDRE DES AVION5 MODERNES 

Le point de vue de l'Avionneur 

D. LEROUGE 
Directeur Technique Adjoint, AVIONS MARCEL DASSAULT - BREGUET AVIATION, 78, Quai Carnot, 922U Saint-Cloud, France 

INTRODUCTION 

A l'instar d'autres secteurs industries, I'industrie aerospatiale accomplit une profonde mutation technologique et 
technique. Celle-ci est principalement axee sur l'emploi ä grande echelle de materiaux composites et 1'utilisation d'une 
electronique omnipresente, appelee ä traiter toutes les fonctions de l'avion. 

Cette evolution, qui permet d'accrolTe les performances de l'avion et d'etendre son domaine operationnel, ne peut fitre 
acceptee qu'au prix d'une parfaite mattrise de la securite des vols pour toutes les conditions d'environnement rencontrees. 

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

1 - La faible conductivity, voire l'absence de conductivity des materiaux composites (carbone, kevlar). 
2 - La vulnerability accrue des composants micro-electroniques aux transitoires de tension ou d'energie. 
3 - Le role critique de 1'electronique pour assurer les fonctions vitales c,e l'avion. 

Ainsi, l'Avionneur se trouve-t-il confronte ä des problemes nouveaux en matiere de protection qui reclament des solutions 
aptes a restaurer un equilibre qui semblait momentanement compromis. 

SITUATION ACTUELLE 

Dans cette penode de transition oü l'Avionneur manque de references (les Specifications ne sont plus adaptees, les 
conditions applicables aux equipements ne sont pas encore fixees), ses efforts se sont dejä concentres ä >a resolution ponctuelle 
des problemes apparus lors d'essais a JX effets directs ou indirects de la foudre : 

- sur les materiaux composites : 
. pour assurer une meilleure tenue mecanique des elements situes en zones exposees (bords de fuite d'empennages 

ou de voilure) ou mini miser les endommagements de surface. 
. pour rentorcer la protection aux basses frequences. 
. pour ameliorer les liausons elect riques des assemblages structuraux pseudo-isoles. 

- sur les reservoirs de carburaiit non metalliques : 
. afin d'eliminer les risques important* d'etincelages interne» capables de provoquer une explosion. 

- sur les equipements electron! ques et les circuits associes : 
. en vue de mini miser les; perturbations et eviter la deterioration de? circuits d'interface, sad ant que )a redondance 

d"un Systeme peut §tre mise en defaut si la perturbation affecte simultanement les circuits concern«. 

II est certain que l'etude de la protection d'un avion doit ttre conduitr selon une methodologie rigoureuse et que les 
principes de protection doivent etre correctement etablis des les premieres etapes de la conception d'un nouvcl avion : les 
elements structuraux ou revttements composites se prttent mal aux modifications ; de mCme, les modifications d'une 
electronique de plus en plus complexe et integree sont coOteuses et peuvent compromettre les delais de realisation. 

POUR LE FUTUR 

L'effort de recherche de ces dernier« annees s'est deja concretise par une meilleure connaissance du phenomene nature), 
notamment en vol, et de ses consequences sur les materiaux et les systemes de l'avion. 

Pour la mise en ceuvre d'une methode globale de protection, l'Avionneur souhaite que faction entreprise se poursuive, et 
m#me que lui soient fournis rapidement les moyens d'action et de decision, dans les domaines qui refletent ses besoms immediats 
et qui sont : 



VIII 

I 

- L'etude des mecanismes de couplage direct ou par diffusion 

Cette etude a la fois theorique et experimentale doit tenir cornpte de la geometrie et de la repartition des 
nouveaux materiaux qui recouvrent des zones important« d'un avion moderne (pointe avant, compartiment 
electronique, voilure, compartiment moteurs). 

- L'analyse du comportement d'ensembles electroniques complexes au foudroiement naturel 

L'etude du foudroiement en vol a dejä fourni des resultats tres positifs tels : la trajectographie de la foudre en 
balayage (F-106B), les premieres mesures de couplage electromagnetique ä travers des ouvertures (TRANSALLtM) 
ou encore le spectre electromagnetique emis (C-580 et TRANSALLO*). 
II paraft necessaire de poursuivr»- ces essais afin de completer les informations de caracterisation de la foudre 
et de son interaction avec 1'avion. 
En complement de ces essais, il ss  ait utile de soumettre des electroniques de techniques recentes aux conditions 
reelles de foudroiement et comparer ensuite les reponses obtenues ä celles issues de la simulation au sol, qui 
laisse subsister  un doute quant a sa representativite.  Une experience de ce type conduirait  ä realiser une 
installation capable de mettre en evidence les divers modes de couplage qui apparaftront sur 1'avion pour lequel le 
Systeme est concu. 

- Les programmes de calcul electromagnetique 3D 

Les  formes geometriques d'un avion, I'assemblage de ses elements constitutifs, les materiaux utilises et les 
cheminements de ses circuits elect riques sont d'ores et dejä informatises. 
La prochaine etape devrait conduire ä y associer un programme de couplage electromagnetique dans le double but : 

1) de pouvoir evaluer, des les premieres etapes de conception d'un nouveau projet d'avion, les niveaux induits 
sur les circuits reliant les equipements de 1'avion. 

2) de proceder ensuite a l'etude d'optirnisation des protections, en considerant l'ensemble des exigences de 
protection liees aux conditions d'environnement applicables. 

- La definition des niveaux de protection applicables aux equipements et des methodes d'essais correspondantes 

La protection electromagnetique globale d'un Systeme est repartie entre : 
. 1'avion 
. les circuits 
. les equipements. 

Pour  fixer la part qui incombe aux deux premiers, 1'Avionneur doit connaitre les niveaux que peut si   jorter 
I'equipement, niveaux auxquels il sera soumis lors des essais de qualification. 
Les  documents  existants  fixant  les conditions applicables et  decrivant  les  methodes  d'essais  (DO160/EDW, 
SAE AE*L, MIL STD 1757, STAN AC.) doivent «tre mis ä jour ou completes. 
L'experience actuelle montre que 1'Avionneur est amene ä multiplier les essais et renforcer la protection au niveau 
de 1'avion en attendant qu'une normalisation apparaissc. 

- Les moyens de contrOle initial et de maintenance 

De nouveaux besoms sont apparus pour le contrOle des protections applicables aux materiaux composites associes 
ou non a des elements classiques tres conducteurs. 
Qu'il s'agisse du contrOle des metallisations de surface ou des liaisons entre elements voisins, les methodes de 
contrOle sous courant continu appliquees aux structures metalliques s'averent inutilisables. 
Les techniques qui seront proposees devront permettre de juger de I'etat initial et de la tenue dans le temps des 
solutions   appliquees   pour   la   protection   aux   effets   directs   et   indirects   de   la   foudre   et   la   protection 
electromagnetique generate de 1'avion. 

CONCLUSION 

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

- la caracterisation de la menace 
• la vulnerability de 1'avion et de ses systemes 
• le choix des protections 
- les methodes et moyens dSnsais. 

L'Avionneur ne peut attendre que tout soit finalise. Actuellement, ä la lumiere des plus recents travaux, il s'elforce de 
choisir les solutions les plus aptes a assurer la securite des avions de formule nouvelle out sont dejä en construction. En I'absence 
de enteret, plus precis, ces protections sont souvent surdimensionnees, avec l'inconvenient de reduire les avantages issus des 
techniques nouveiles. 

Dans ces conditions, il paratt urgent de deiinir les nouveiles regies de conception ou de reglementation s*appliquant aux 
avions incorporant des technologies ou techniques modernes ; ce travail devrait largement tenir compte des options ou 
orientations qui auront ete retenues au cours de la periode de transition. 
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PROTECTION OF MODERN AIRCRAFT AGAINST LIGHTNING 

A manufacturer's point of view 

D. LEROUGE 
Deputy Technical Director, AVIONS MARCEL DASSAULT - BREGUET AVIATION, 78, Quai Carnot, 9221« Saint-Cloud, France 

INTRODUCTION 

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

c 
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 : 

i 11. The low or even the absence of conductivity of composite materials (carbon, kevlarl , 
2 - The increased vulnerability of microelectronic components to voltage or energy pulses«   —   ' 
3 - The critical role of electronics to insure the aircraft vital functions (fly by wire, engine control, etc.). 

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

PRESENT SITUATION 

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

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

minimize surface damages. 

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

- on electronic equipment and associated circuits : 
. to minimize upset of electronic systems and avoid failure of interface circuits, taking into account the fact that 

redundancy of a system can be lost, should the disturbance simultaneously affect the concerned circuits. 

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

THE FUTURE 

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

In order to develop a global protection method, the aircraft manufacturer wishes that the action in the fields which 
reflects its immediate needs be continued and means of action and of decision quickly supplied, amongst said needs are : 
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- Study of coupling mechanisms, through apertures or by diffusion 

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

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

Study of lightning in flight has already supplied very positive results such as : swept stroke trajectography (F-106B), 
measurements   of   electromagnetic   coupling   through   openings   (TRANSALLO<0,   or   data   on   the   radiated 
electromagnetic spectrum (C-580 and TRANSALLO«»). 
It seems necessary to continue these trials in order to complete the characterization of lightning and its interaction 
with the aircraft. 
In addition, it would be useful to evaluate new electronic systems under real lightning conditions in order to 
compare the results to those gathered from ground simulations, which remain questionable. Installation of new 
systems would lead to reproduce all coupling modes found in modern aircraft. 

- 3D electromagnetic computing codes 

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

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

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

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

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

In order to determine the protection covering the two first items, the aircraft manufacturer must know the threat 
level the equipment can stand. 
Documents  listing applicable conditions and describing test  methods  must  be either  updated  or completed 
(DO160/ED1*, SAE AE«L, MIL STD 1757, STANAC...). 
Present experience shows that the aircraft manufacturer is led to multiply tests and reinforce protections at the 
aircraft level, pending issue of a standardization. 

- Initial check and maintenance equipment 

New requirements came up to check protections applied to composite materials which can be associated or not to 
highly conductive structural elements. 
Previous test procedures using D.C. methods on metal structures are unusable in tests made on composite aircraft. 
Techniques to come should provide for the possibility to measure both the initial state and the changes due to aging 
for any solution selected to protect the aircraft against direct and indirect effects of lightning as well as other 
electromagnetic threats. 

CONCLUSION 

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

- threat characteristics 
- vulnerability of the aircraft and iti systems 
- selection of protections 
- test methods and test equipment». 

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

Under these conditions, it seems urgent to define new recommendations or instruction rules specific to aircraft 
incorporating the latest tectoojejjies or technique» ; this work sliould, as much as. possible, take into account choices already 
mad* or trends adopted by «he manui^rturer 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 lightning 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 
amplitude (~ 50 kV/m) arrives at aircraft essenti- 
ally as a plane wave. Although this pulse generally 
contains no oscillations (zero crossings), It's 
Fourier transform shows frequency content over a 
wide band, with significant content up to 100 MHz. 
For present purposes we use a well-known public 
domain HEMP waveform. 

Lightning, another potential threat, can interact 
with an aircraft in two essentially different ways. 
First, for a nearby strike, the electromagnetic 
fields generated in and near the stroke channel 
impinge on the aircraft. Second, for a direct 
strike on the aircraft, the stroke current actually 
flows on the conducting structure of the aircraft. 
The first of these effects may be called field 
Interaction and the second, current Injection. It 
1s reasonable to expect that the latter may have 
larger effects than the former because the strike 
current path is along the aircraft. 

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

In Sr .tion 5, operational considerations for the two 
threats are presented. Lightning Is Improbable but 
damaging to aircraft. Exposure to HENP 1s essen- 
tially certain for military aircraft In war but Is 
more likely to cause Indirect damage to electronic 
systems than the direct damage often caused by 
lightning. 

Section 6 presents the conclusions of the study, 
that below about 1 MHz lightning 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. 

II. ENVIRONMENTS 

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

HEMP Environment 

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

HEMP Is generated by the interaction of weapon gamma 
rays with the atmosphere. Weapon gammas scatter 
electrons from molecules In the atmosphere and pro- 
duce a radial current. This radial current would 
not radiate If the weapon 1s Immersed in a uniform 
atmosphere. Since the weapon 1s above the earth's 
atmosphere the symmetry Is broken and the EMP radi- 
ated field Is produced. These forward scattered 
electrons are bent in the earth's magnetic field and 
produce a transverse current which radiates effi- 
ciently. The primary electrons produce a number of 
secondary electron-ion pairs which form a background 
conductivity. The air conductivity limits the elec- 
tric field to a saturation value. For this study, 
the saturation field Is about 60 kV/m. Sophisticated 
codes are used to calculate the field levels for 
HENP and these calculations agree well with experi- 
mental data. 

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

E(t) 
,-lt-tJ/T,. + e^V^f 

(1) 

where 
60 kV/m (saturation field) 

250 ns is the fall time 

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. 4j. 

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, 
1t was necessary to use empirical techniques to 
determine the figures of merit listed above. All 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 fro« each of these sources were used to esti- 
mate the current In the lightning channel. This 
current within the channel 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 1s part of the lightning discharge cir- 
cuit, the effect of the tower itself on the measure- 
ments must be considered. 

useful summaries of lightning currents and rates of 
rise of the current are given in Uman [Ref. 3], 
Golde [Ref. 4], and Garbagnati [Ref. 5]. Of those 
summaries, only the data presented by Garbagnati is 
fast enough to see characteristic times of 100 ns or 
less, so that data will be shown here. The longer 
version of this paper [Ref. 2] contains a more com- 
plete presentation of the data. The maximum rate of 
rise reported is less than 10u A/s. Other sets of 
tower measurements confirm this data. When cor- 
rected for ground reflection even the maximum rate 
of rise observed by Ericsson [Ref. 6] is very near 
1011 A/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 r'dta on the 
effects of lightning direct strikes on f.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 
graphical derivative of the current records was 1.3 
x 10* A/s. Significantly, the maximum value 
closely approximate the 10ir A/s maximum rate of 
rise seen in the tower measurements. 

Currents Inferred from Field Measurements. 

Another method of determining the current in a dis- 
charge is to derive the current from distant field 
measurements. The difficulty with this method is 
that the current derived from the fields 1s not 
unique and unfolding the very complicated early time 
current evolution of lightning is not a trivial task 
since no quantitative model exists for the early 
part of the return stroke. 

Since the recently published research using this 
method suggests very fast rates of rise 1n 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 1n 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 1s also assumed 
that the fields are entirely 1n the radiation zone. 

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

For subsequent strokes there is no Initiation region 
as described here. However, for subsequent strokes 
there Is a memory of the location of the channel. 
The breakdown wave 1s limited in propagation veloc- 
ity by the velocity of light rather than the veloc- 
ity of propagation for return strokes.  Near the 
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ground, i.e., at early times the appropriate 
velocity for the Uman model is that of light. 
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 lather 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 ft» 
AFTER CLOSURE 

CURRENT I 

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 1s similar to Equation 
(1) for the HEMP fields but has different parameter 
values. We conclude the lightning current should be 
represented by: 

IM pk 
e-(t-t0,/v    ♦  e<t-V/,f 

(2) 

where k 1s 1.025 and 1 Pk 100 kA 

V Is the rise time constant ■ 2.5 a 10" 
chosen to give a maximum rate of rise 10u 

A/s at t ■ to 
if ■ 50 Ps Is the fall time constant 
?0 1s an offset time 

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 10u 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. 

20 40 

TIME M 

Fig. 2.   Time derivative of current 
described by Equation 2. 

80 

FREQUENCY (Hi) 

Tig. 3.   Frequency spectrum of current from 
a Fourier transform of Equation 2. 



R.L. Gardner et al. 

III. 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 
Ai rcraft 

Direct Strike Lightning. 

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

While understanding of the physics of interaction of 
direct strike lightning with aircraft 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 skin. If a leader streamer approaches 
the aircraft, those fields become much larger, par- 
ticularly around sharp corners 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 coror.a. This cor- 
ona exhibits non-Hnear 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 1t exhibits the conductivity of 
wood until the fields begin tc exceed approximately 
3 MV/m. At this point, the conductivity of the air 
is increased substantially by electrons produced 
through avalanchlng 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, Hydrodynamlc expansion, radiative 
transfer, thermal conduction, joule heating, and 
field emission from the metal surfaces all play a 
part in developing 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 1s 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 channel 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 o* the range of length 
scales in the problem and the large variation in the 
physical variables. The problem 1s not susceptible 
to either brute force numerical or to empirical 
techniques. 

One way the surrounding corona and the attached 
channels manifest themselves 1s 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 colHsional 1onizat1on dominating the 
production of the electrical conductivity, occurs on 
length scales of the order of 0.0001 m. The macro- 
scopic Interaction problem determling 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 10b 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 subgriddlng techniques, the prob- 
lem requires more zones for Its solution than are 
now avallab'ie in the state-of-the-art finite differ- 
ence codes. Additionally, the problem would also 
require simple analytical or semi-empirical methods 
to circumvent the remaining numerical problem.. 

In a comparison of HEMP and lightning, 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 1s much larger than that 
delivered by HEMP. Lightning's energy 1s mostly 1n 
the sub-NHz 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 structural or direct, rather 
than indirect effects on electronics.  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 lightning, 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 "1n 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 Hke 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 1n 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, 1t is desirable to choose only the 
dominant threat for the comparison 1f one exists. 
The relative effectiveness of the two types of 
threats at penetrating the aircraft 1s 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 lightning 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 106 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 aim 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 comparing 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 aircraft. 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 Medi urn High 

HEMP/ 
Nearby 

D1 rect 
Strike 

Current 

Current 
Charge 

Slab 

Continuity 
Ellipsoid 

Sassman 

T-Line 
T-Line 

Slab, 
GTD 

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. 

IV. COMPARISON 

In this section the actual comparisons will be pre- 
sented along with the effect of the corona on the 
natural 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 1t 1n 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 F1g. 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 / 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 MHz 10 MHz 
FREQUENCY 

TRANSFER FUNCTION PRODUCTS 

Fig. 4.    Transfer function products. 

Comparison of Simple Models. 

The first comparison of HEMP and lightning to be 
presented uses the slab model for HEMP and the con- 
tinuity of current model for lightning. In Flg. 5, 
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.-lke lightning. 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 1s then doubled to 
account for reflection. Both reasonable worst case 
and moderate threat lightning waveforms are used in 

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. 

ioO I   I i nili| 1   l l liill| IM! mi|      I   I I l H9 

100 kA LIGHTNING 

10 kA LIGHTNINGE 

FREQUENCY (Hz) 

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. 

100 e ! TT 

10-2 =- 

io-4 r 

a 
v. 
< 

10-10 

10-" 

111iinj—i i mill]—i i iiiiiij—11 min 

FREQUENCY 

Fig. 6.    Comparison of magnetic field intensity H 
for HEMP and lightning using the more 
sophisticated models. 
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V. OPERATIONAL ENVIRONMENTS 

A comparison of HEMP and lightning 1s not complete 
without considering differences in the operational 
envi ronments for ai rcraft exposed to these two 
threats. 

Aircraft must be protected from lighting 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 1s a relatively high prob- 
ability of an effect on mission accomplishment. The 
summary of the Air Force data base on lightning 
strikes given by Corbln [Ref. 11], 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 
I 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 
II percent of 783 strike reports requiring ground 
crew maintenance of particular electronic components 
[Ref. 12]. Coupled with the small probability of a 
mishap, approximately 10-6 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 light- 
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 abort rate. Assume, for 
the moment, that the abort rate Is equal to the 
electronics damage rate for civilian aircraft, 8 
percent. If 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 danaging. 
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Comparison of the surface charge 
density for HEMP and lightning. 

VI. CONCLUSIONS 

For several methods of comparison of HEMP and light- 
ning the conclusion 1s 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 1s 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 vul- 
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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Abstract - The U.S. Air Force, in conjunction with SAE Committee AE4L which is comprised of lightning 
cxpeics 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, helicopters, 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 tweir  years, specification MIL-B-5087B, 

dated 15 October 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 requirements are based upon a lightning cur- 

rent waveform of 200,000 amperes peak vith a width of 
5 to 10 microseconds at tue 90-percent point, not 
less than 20 microseconds at the 50-percent point, 
and a rate-of-rtse of at least 100,000 amperes per 
microsecond. 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-5087B 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 commit tue 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 AE4 
on Electromagnetic Compatibility to define, establish, 

and document test measures that would be wlJely 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 ?ones 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 laboratories and put 
into practice. 

In 1978, the committee (now designated SAE Committee 
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 category. 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) model 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 quali- 
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 
(A) 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 MTL-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 
I1*].    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 requirements and verifica- 
tion criteria for lightning protection 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 .ind 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 es- 
tablishes a lightning protection program. Under the 
program, the standard requires contractors to pre- 
pare a comprehensive lightning protection plan (LPP). 
If program documentation calls for an Electroi ,■««_>t lc 
Compatibility (EMC) Control Plan under MIL-E-60.. D, 
"Systems Electromagnetic Compatibility Requiremeu s," 
the LPP becomes part of the EMC Control Plan. Th 
LPP will Include, but not be limited to, the follow- 
ing I tens: 

a) Management control 
b) Lightning zone identification 

c) Lightning coirpo.ient 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 
i) Other effects 
j) 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 upoi» 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 be based upon the impact of light- 
ning on the overall performance of the vehicle. 
Three categories are identified: 

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

b) Category II - system safety and mission essen- 
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 II.  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 requirement«. 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 LFS and the test/analysis data 
and methods to be employed as well as the success 
criteria for each subsystem/component. Qualification 
testing will be in accordance with MII.-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-STB-XXXX. 
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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 TNuclear 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 hydra  Lc 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 applied [3-?1* 

- Integral equation method (EFIE and MFIE) 
- Finite difference solution 
- Singularity expansion method 
- Impulse propagation calculation (trans- 
mission line theory, lumped-parameter 
network model). 

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

Starting point is the boundary condition 

tan tan 
0, (1) 

where E^an denotes the impressed electric 

field, E?  the tangential component of the 

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 
segments, shown in Fig. 1. 

UKi'lls 

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

U 

= jom 

wt. 

&1_ 

/  I(Z'). *(r)- Az'.t.t-Ll 
&1. n m  m 

J  dl(z') ,_ / dl(z') 
Al   dz'   *trm+)dz A1 dz, 

■ i|((r )dz' m- 
<2) 

-jkr 
with *(r) - ^ •  L. 

k = V«zu0e0 ' 

I(z') = In- f<z'). 

The elements of the right hand side of the 
equation system (5) can be caused by genera- 
tors with known source 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. 

With the vector Eff; of the incident electric 
field at segment m,[U] is 

[U] w 

■}•*,- Al, 

Bi • em • Al m   .m    m 
(6) 

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. Wax  the dj~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 ana 
more segments for high frequencies. 

From eqn. (2) 
shorter form: 

n mn 

we get for the voltage U in a 

(3) 

with the coupling impedance Zmn between the 
two elements Aim and Aln. Regarding all the 
N source elements Aln, the resulting voltage 
over segment Alm becomes 

N 
■ *  2— • I». I«) 
n«1 

u n mn ln' 

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

[Z] • [I]  « Iff], (5) 

The solution of this equation system delivers 
the current amplitudes In 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. 

with E 
m 

E. S .-** 

p is the polarization unit vector of the 
incident electric field; the wave vector k* 
shows the direction of the incident wave 
(Poynting vector). The vector rm 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 developed [7,8]. This 
method is based on the continuity equation, 
which can be written as 

K 
I 

<«1 

K 
•JU'I /  X(l')dl' 

tc-1 Al 
(7) 

with K as the number of conductors which art- 
connected at the nodal point, and the line 
charge density X  of these wire conductors. 
For u - 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). 

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(u) up to a 
limiting frequency uc. All the complex system 
responses are multiplied by the corresponding 
values of the spectrum of the exciting volt- 
age H(u). Subsequently, an inverse Fourier 
transform is performed by means of the fol- 
lowing equations 

1 ^c f(t) = £ jQ (RU)cosut X(u) -sinut)du;(8) 

All the following results refer to E0 = 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. 

/ 

F(to) = H(io) • GU) = R(ui)+ jXU) (9) 

The evaluation of the integral of eqn. (8) 
has to be performed numerically, so that G(m) 
at fixed support frequencies ujn must be cal- 
culated. Investigations of the transfer func- 
tions G(con) have shown that it is not neces- 
sary to compute the complete series of G(wn). 
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 wn» 
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(wn) of every 
second or third (or more) support frequency 
without any evident loss of accuracy. The 
missing values G(un) can be added subsequent- 
ly to a good approximation. A cubic spline 
function was used for this purpose. 

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 4 3 segments 
was applied; taking advantage of the sym- 
metry between field and stick model only 35 
segments were needed. The radii were ri = 
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 mfl , in another case 100 Q in order to 
approximate roughly reinforced fiber com- 
posites like CFRP. 

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

E(t) E0.(e •t/»1 _--t/T2 ). 

For the NEMP the values T^ ■ 500 ns, T2*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 Ti - 15000 ns and T2 * 100 ns 
or Ty   ■ 1000 ns and T2 ■ 100 ns. 

.\dz  ! 

Fig. 3: Stick model of the calculated air- 
craft (d.c. resistance 10 mfi and 100P. resp.l 



16 H.D. Brüns et al. 

Fig. 4a: Real part (R) and imaginary part 
(I) of the current distribution over the 
frequency at the points  Q) to  (?)  of 
Fig. 3 for a d.c. resistance of 10 mfi of 
the aircraft model 

The lightning field with Ti = 15Ü00 ns and 
T2 ■ 100 ns  (10%-90%-rise time = 200 ns) 
was simulated in the frequency domain by 
frequencies from 6 kHz to 60 MHz with in- 
tervals of 192 kHz, that means S000 harmon- 
ics. The integration was started at 6 kHz 
in order to take into account the relative 
long tail of 15 us. The NEMP field was de- 
scribed by the pai^meters Ti ■ 500 ns and 
T2 ■ 5 ns (10%-90%-rise time ■ 9,7 ns) and 
simulated by frequencies from 100 kHz to 100 
KHz with intervals of 0.2 MHz in the lower 
and 0.4 MHz in the upper frequency domain. 

1600 R © 
A ]/A 

800 

too- 

0 

- 400 
0.1 ' 16.7 J vliL 50 66.7 HTHBP 

- 800 
** * 

100 

1200 

Fig. 4b; Real part (R) and imaginary part 
(I) of the current distribution over the 
frequency at the point (T) and  @  of 
Fig. 3 for a d.c. resistance of 100 fi 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 (T) 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 mfi (metal skin), Fig. 4b shows 
the current distribution of points (T) and 
(D in the frequency domain for a d.c. re- 

sistance of 100 Q (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. 
5a refers to 10 mQ d.c. res.stance, Fig. 
5b to 100 n. All the curves show oscilla- 
tions in cycles of 70...105 ns, corre- 
sponding to length extensions of 21...32 m. 
The oscillation times at the wing, point 
(2) , 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 Etan ■ 0 at the 
conductor surfaces, the current polarity 
must agree with the direction of Ejan. The 
maximum current peaks (m 291 A) occur at 
point (5) . In Fig. 5b strong attenuation 
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Fig. 5a: Time-dependent current distribu- 
tion due to a fast lightning field at 
points © to © of Fig. 3 for a d.c. re- 
sistance of 10 nO of the aircraft model 

Fig. 5b: Time-dependent current distribu- 
tion due to a fast lightning field at 
points © to © of Fig. 3 for a d.c. re- 
sistance of 100 0 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. 

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 
due to a NEMP field at points © to 0 of 
Fig. 3 for a d.c. resistance of 10 mfi of the 
aircraft model 
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Fig. 6b: Time-dependent current distribution 
due to a NEMP field at points © , © of 
Fig. 3 for a d.c. resistance of 100 fi of the 
aircraft model 

4. WIRE-JUNCTION MODEL 

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 n.odel. A variable 
segmentation was applied again, with 7B con- 
ductors and a maximum number of 161 seg- 
ments, utilizing fully the symmetry of the 
field arrangement. The conductivity of the 
wires was chosen so that again a value of 
10 nil  resulted for the d.c. resistance of 
the total model from nose to tail. 

Fig. 7: Wire-junction model of the calcu- 
lated circraft (d.c. resistance 10 mQ) 

The lightning field component was regarded 
by the parameters Ti = 1000 ns and T2 = 100 
ns, the EMP field by T1 = 500 ns and T2 = 
5 ns. In both cases frequencies from 0.1 
MHz to 102 MHz were taken into account with 
intervals of 0.2 MHz near the resonances, 
to 0.8 MHz in not critical parts of the fre- 
quency spectrum. 
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Fig. 8; Real part (R) and imaginary part (I) 
of the current distribution over 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 ©,©,©, marked in Fig. 7. 

flow on account of the magnetic flux d<t>/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. 
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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 
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Time-dependent current distribution 

a fast lightning field component 
1000 ns, T2 « 100 ns) at points © , 
© of Fig. 7 
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Time-dependent current distribution 
due to a_NEMP JT-i = 500 ns, T2 = 5 ns) at 
P°' 

e to a NEMP (T-| = 500 ns, T2 = 
ints (T) , (2) , 0 of Fig. 7 

5. SUMMARY 

The integral equation method has proved to 
be an efficient 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 following 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 Q 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 E0 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 (* 13 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. 
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INDUCED SURFACE CURRENTS AND FIELDS ON A CONDUCTING BODY BY A LIGHTNING STRIKE (FREQUENCY 

DOMAIN) 
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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.I.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 geome- 
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.I.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. 

II -  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 of the 
filament. When one considers a conducting body struck 
by i straight return stroke channel, the segmentation of 
the channel itself into elronentary 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 pointB, where the strike is most likely 
to occur. 

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

Typical values of 

X0= tok.fi *- yo4s- f 3joC4- 

The frequency range of 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.1 - Frequency range of a lightning pulse 

With such a low frequency range, the current wavefor-. 
injected onto   body surface is not affected and it 
will be transmitted fror the entry point to the exit 
point without ir.uch charge in its shape. The time depen- 
dence of the exit current is then assumed to be given 
by eq. (1 ) . 

Ill - PRQ3LEM. FORMULATION 

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

X»>. *(€"*-«-'*) fO 

-here   ,-fcr.fl «■ * and r e *    . £'"' 

is the Incoming impressed electric field.    \*-J 

The E.F.I.E. is solved by the moment method applied to 
surfaces and wires. The set of expansion and test func- 
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tions used for the surface currents are due to GLISSON 
[l]  (fig.2). The surface is modeled by triangular 

pat.-b'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 l/r decrease in amplitude. A set of junction type 
basis functionsJ2\insures the continuity of the current 
flow from the wire to the surface (fig.4). 

' - Krta K 

fig.2 - Expansion function for triangular patches 
.1 ih 

f^^ 

f iq. 3 - Wire attachment to surface modeled by triangular 
patches 

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 of the triangular patches of 
the surface,   tfj    junction-type triangles and Uw 

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 : 

Na Ms+ U, fWv (*) •>3  i- ■•* 

The current injection scheme consists of computing the 
impedance matrix over tft*-rfr *• ^W elements 
with only    fJA» MV unknown to be found. 
The following linear system is then solved : 

.z*rx 
Z"X, +z 3T 

X 

^r,ZJ*.2*aw' **\ r .3-W 
where * i *■ ;*•/*" I ß are the 
self and mutual impedance matrices between surface, 
junction part and wires. 
This system can also be written as : 

2« z«* Z
M T* 

f0] 
O         O        £0     . 

XT U.. 00 

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 betn 
modeled into a triangular patch surface including 80 
nodes, 262 edges and 188 patches. The two attachment 
points (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 1 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. 

m.l     _ 
i 

fig.4 - Expansion function for 'junction-type" triangles 

fig.5 - Surface currents distribution on an aircraft 
patch modeJ at SO kHz 
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High values of current occur mainly near the nose and 
by the tailplane. The current flow from the entry point 

to the exit is quite visible. 

Since the frequency spectrum of the current pulse is 
two decades below its maximum value at 50 kHz (see fig.l) 
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. 

the time domain result shown on fig.8 which corresponds 
to the sun or  all the junction currents at the entry 
point. 

fig. 6 - Time domain surface currents induced on 

an aircraft (10 kA injected current). 

~1 

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 corren- 
pond to a maximum amplitude of 9.25 kA at 4.7ujthe in- 

jection technique works reasonably well when one s«*>s 

10 *0 ]K ISO    (f»|   870 

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

The normal component of the total electric field at the 

surfact of the scatterer can be written as : 

£.7.-2- <JU**H).-1 %,1  (<•) 

It is then straightforward to obtain this quantity all 
over the surface. The time domain normal component of 
E is 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. 

fig.9 - Time r'omain normal E field component on the 

aircraft 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 injection onto 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 
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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. 
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INDUCED CURRENT SURFACE DENSITY AFTER A DIRECT LIGHTNING STP;KE ON AN AIRCRAFT 
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Abstract - This paper describes a method to calculate the current after a direct 
lightning strike on an aircraft.  To solve this problem we have developped a time 
dorn ain algorithm which compute the current surface density on a structure of 
arbitrary shape.We examine in this paper its mathematical and numerical aspects. 
The lightning strike is represented by a source current in one point of the aircraft, an 
exit at another point and we calculate the effects of this current travelling along 
the structure. 

1 - INTRODUCTION 

In the past years LCT has developped 
computer  codes to solve electromagnetic 
problems in the field of NEMP interactions. 
Two families of codes are available, one in 
the time domain and the other in the 
frequency domain. These codes allows to 
study interaction of NEMP signals with 
targets of arbitrary shape (wircrafta, 
ships, wire antennas, including more 
complicated configurations as mixed wires 
and surfaces (U.S. TACAMO for exemple)). 
The time domain may vary from some ns to 
some /*s or correlatively the frequency 
domain may vary from 0 to about 100 MHz. 

The purpose of this study is to use such a 
code to study the effects of a direct 
lightning strike on an aircraft. 

2 - TECHNIQUE FOR OBTAINING TIME-DOMAIN 
RESULTS  

The frequency domain algor 
in  a companion paper [1] 
algorithm is presented her 
Maxwell equations are used 
integral formulation prefe 
finite difference one. Thi 
suface approximation cloae 
shape of the aircraft and 
estimate of the results. I 
formulation the current ia 
local coordinate» ao that 
account the local properti 
structure i.e. the curvatu 
point on this one. 

ithm is presented 
. The time domain 
eafter. The 
on their 
rably to the 
a allows to uae a 
to the true 

obtain a better 
n the integral 
computed in 

we take into 
es of the 
re radius at each 

In the case of the direct lightning atrike, 
we take the a priori hypothesis that the 
source current ia impinging on the aircraft 
at one point and flows out by another 
point. More generally we could imagine 
these two points (entry and exit) be 
located aa a discrete fonction of time. In 
this hypothesis, consequently, we suppose 
no reaction from the aircraft on the 
lightning channel. Ti.la ia a first approach 
on a simplified physical model, using a 
rigorous formulation. 

We distinguish two kinds of surfaces on 
the sircraft (a TRANSALL C160 in this study) : 

- the fuselage which is a closed surface, 
- the wings snd the tail. These parts of 
the sircraft have been approximated by 
planes. 
Two equations have been solved snd two 
algorithms developped corresponding to the 
two kinds of surfaces indicated above. The 
use of one or the other of these equations 
in an electromsgnetic scattering problem 
depends on the geometry of the target, these 
two equations being not equivalent from a 
numerical point of view. 

1. Current density on the fuselage 

On such s closed surface we use the magne- 
tic field integral equation (M.F.I.E.) who- 
se expreaaion is : 

1W - i A « H* (t) ♦ A «J|4 ♦ £ ^) JW*«* W 
The current at time t at a point u on the 
surface can be computed using the magnetic 
incident field st the same time and the 
valuee of current denaitiea on the aurface 
at retarded times C where C a t-R/c and 
R ia the distance from the point u to any 
other point i on the aurface. 

The firat term ' «»H l()u the phyaical 
optic approximation term. 

The aecond term repreeenta the radiation 
of currenta at the different patches of 
the structure at retarded times. 

In particular, if i=u,t*0 and the delay 
ia zero. The value of the aelf patch inte- 
gral can be computed if we know the princi- 
pal curvature radiua P»  and f*.  at the center 
of this patch. We obtai ■ the result s 

where Via the radiua of the patch approxi- 
mated by a circle. 
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The preceeding equation is then : 

I*) 
's-s. 

with — |lf-fj 

15) 

The fuselage of the aircraft is modeled by 
three surfaces : 
- half a sphere at the nose, 
- a cylinder in place of the cabin, 
- a cone at the aft. 

On each of these particular surfaces we use 
a proper system of coordinates (spherical, 
cylindrical). The patches on each of these 
surfaces are approximately square in the 
corresponding coordinates. 

This is a first approach to solve the 
problem. It can be improved using at each 
discretization point on the surface the 
values of its right curvature radius at 
this point. 

In the case of the sphere, the two 
curvature radius being equal e is zero. In 
the caae of the cylinder and the cone one 
of the principal curvature radius is zero 
and the value of e ia : 

•- fy 
The integral over the other patches 
requires to compute the values of the 
current and its time derivative. Both have 
been computed using Lagrangian polynomial 
interpolation. 

Moreover we need to add the contribution of 
current densities of parts of the aircraft 
other than fuselage (winga, tail) to 
compute the right value of the potential 
vector. The other values are computed 
aimultaneoualy. 

Convergence and stability of the closed 
curfaces algorithm. 

The algorithm ia atable if the patches have 
approximately equal areas. The time 
increment corraaponda to the shortest 
distance between any two points. 
The area of the patches ia 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 a plane surface we usi the Electric 
Field Integral Equation (E.F.I.E.) which 
permits to take into account special 
conditions in caae of curvature radiua 
discontinuities (the edgea of planea for 
example). Thia special cat* will be 
documented later on. 

The equation we solve ia the following t 

A, 2iJw = - -ij «: * TV.X.W) ♦ A.|£.vt)   (tJ 

As in the preceeding case (M.F.I.E. equa- 
tion), the surface is divided in patches 
which are approximately square and of equal 
areas. The current density is computed at 
the center u of each one_from the value 
of the vector potential ÄÄ(t) at this point. 
AA(t) is computed in fonction of vslues 
of current density at delayed times X  with 
S =£ -fti«/«, and Ru  •» the distance between 
u and the center i of any other patch on 
the surface. 

w 
with : 

R s |R»-Ri| W 

In the case where the points i and u are 
identical (self patch contribution to"A",»(t)) 
the integral is not singular snd is found 
to be equal to : 

Conaequently the vector potential Au(t) is 
a fonction of the current density st ths 
point u and time t and t"ie other point* at 
retarded times. 

If we choose a coordinate system such that 
x = 0 on the plsne we have : 

The time derivative of the current ia com- 
puted from the following formula t 

07Lm      M,Hi) - iÄ,lfc) »Mr..)      ^t) 

Equation (f) gives two equations for each 
one of the vector potentiel components. 

A 
a/ On y 

b/ On z 
A 

For the mixed derivative we use :  w 
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The equations (13) and (1*-) allows us to 
compute the current at the center of each 
patch. The equation ia explicit for each 
component of the current density due to the 
fact that the time derivative on Ä" makes 
appear Au(t+1) and consequently !Ju(t+l), 
all other terms being evaluated at t. 

Special treatment on edges of planes 

The ending conditions we use are Meixner 
conditions at the vicinity of an edge which 
states that the two current density 
components perpendicular and parallel to 
the edge behave as the square root of the 
distance from the observation point to the 
edge or the inverse depending on the case. 

To take into account these special 
conditions, we set discretization points on 
the edge. Doing this, we calculate an 
equivalent current and the potential vector 
on these patches. It has been shown [2] 
that these integrals can be evaluated in 
spite of their apparent singularity for the 
parallel component case. 

Several cases have to be considered : 

- the edges of the wings, 
- the intersection between the horizontal 
and vertical atabilizers. 
At each case corresponds a particular 
solution. 

Convergence and stability of the plane 
surface algorithm. 

Convergence conditions require that the 
distance between discretisation points be a 
fraction of the rise time of the  signal. 
On the wings which are 40 meters long and 
about 160 «2 of surface we use patches of 
O.B m2 each. 

The current at the entry point creates a 
field whose value is : 

which depends on the current and not of 
the dipole radius. 

The solution is explicit, the current den- 
sity st one point on the aircraft being 
calculated from those obtained at all other 
points at retarded times. This is a major 
difference with a frequency domain method 
which is necessarily implicit. 

4 - RESULTS 

A computer program was obtained which solves 
the proceeding equations. Simulations 
conducted with this program show that the 
current density at any point on the aircraft 
tiav« the same time dependence than the source 
current. The value obtained at one 
particular point depends on the location of 
this point on the aircraft. 

Shown on figure 1 is the value of the 
current  density near the nose of the 
aircraft and about 6 m from the nose. High 
values of the current density are obtained 
near the attachment point. 

This method gives precise values of the 
current density at the beginning of the 
phenomena. In return it costs a lot of 
computer time to obtain the far time 
response for which a frequency method is 
best suited. 

Source current 

We want to impose the current at one entry 
point and at one exit point on the 
aircraft. To do this, we add to the 
structure two short wire antennas (two 
dipoles). The current at the entry point 
(middle of the dipole) is : 

!(*) = **H{i 
«.* 

t   ) (") 

with i  «, SB i.«V and : <XX ~ %.5«.40 A !•* 

The current at the exit point ia the same 
than that of entry point with a delay which 
correaponda to the propagation of the 
current along the structure. 

In (he computer simulations the current enters 
the aircraft at the nose and leaves at the 
aft. 

Current 
(kAl/m) 

Figure 1 . Time domain surface current 
densities induced on an aircraft 
(10 kA injected current). 
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5 - SUMMARY have to 
experime 

The computer simulations executed with our of view, 
code show that the current density at any account 
point on the aircraft  have the same time aircraft 
dependence than the source current. The lightnin 
aircraft's resonant frequencies are far too ignored 
high to be excited so that no oscillations comments 
appear in the response. The level of the linearit 
current at one point depends on its method i 
location on the aircraft. it. 

be pursued under collaboration with 
ntators. From a theoritical point 
our code permits to take into 
the field diffracted by the 
on antennas which can model the 

g channel. This effect has been 
in the present study. Moreover no 
have been made on the non 

y of the source current. In such a 
t is not a problem to introduce 

We comment this result saying that this 
problem is a quasi-static problem and the 
results may be obtained using such a less 
complicated method. However it was 
necessary to use an electrocinetic method 
as ours to justify this result. 

One other question we can ask and one other 
developpement which eould be conducted in 
the future concerns the problem of the 
reaction of the aircraft on the lightning 
channel and the modifications resulting on 
this channel. Studies on this subject 
require to have access to precise data and 
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A STUDY OF THE  PHYSICAL MECHANISMS AND THE  PERTURBATIONS CREATED BY THE  ATTACHMENT OF  AN 
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Abstract - The typical phenomena related to voltage shock excitation of a suspended cylinder are 
analyzed in comparison with previous interpretations. The respective role, on the external electric 
field and on the internal voltage transients, of capacitive currents, streamers, leaders and arc 
transitions are emphasized. 
The rationale for voltage shock excitation aircraft testing is deduced from the conclusion of the 
study. Use of a medium-voltage fast rise-time Marx generator (300 kV, 50 ns) rather than a high voltage 
slow rise-time one (1.4 MV, 1 'js) is recommended. 

I - INTRODUCTION 

Indirect effects of lightning 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 
negligible at high frequency); this has been for a 
long tim.- recognized as an Important source of 
interference and standard methods are currently 
applied for predicting and simulating the internal 
disturbances associated with this mode of coupling; 

b) apei*ure injection of displacement 
currents generated sy the changes of the quasi-static 
electric field norma' to the aircraft skin; these 
changes occur when a l.'qhtning leader approaches the 
aircraft, and when the associated streamers reach its 
skin, or when streamers ferging from the structure 
connect to the lightning streamers.  This is the 

voltage shock excitation is intended 
This type of coupling has been 
recently as a possible threat, and 

the related phenomenology as well as the rationale 
for testing are still open to discussion; 

:) injection of extra currents associated 
with breakdown phenomena at the apertures; this it 
typically a non linear effect and its evaluation 
requires a full scale test; this case is not 
considered in this paper. 

The aim of the present 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 simulation Is performed with a 
hlgh-voitage Marx generator of a given polarity, 
voltage and rise time; the fuselage is approximated 
by a cylinder having a given capacitance to giuuuu, 
this cylinder Is excited by the generator through a 
first «park gap (upper gap); a second spark gap 
(lower gap)  Is located between cylinder and ground. 

situation that 
to  simulate, 
recognized more 

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 shock 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 1B used at the cylinder side of the lower gap. 
According to K.Feser [l] , if the gap is more that 5 
cm long, and if 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 firsr. phase and before the arc transition. 
This phenomenology resembles the most the 
phenomenology expected from the real lightning. This 

described here, gap lengths 
positive polarity, and a fast 
kV Marx generator have been 

attention is devoted to the 
the physical mechanisms related 

is why,  in the work 
between 5 and 35 cm, a 
rise-time (<50 ns) 300 
used.  Particular 
characterization of 
to the behaviour of the system, and a comparison is 
trade with an earlier experiment. 

II TOR  CLIFFORD-ZEISEL  EXPERIMENT AND ITS 
INTERPRETATION 

A pioneering work in high-voltage shock excitation 
was published in 1979 by Clifford and Zeisel [2] . In 
this experiment, the gap length varies from 2.5 to 63 
cm. The cylinder to ground capacitance is 140 pF. The 
Marx generator voltage Is 1.4 MV but a reduced 
voltage r-f 600 kV is typically used; the 
corresponding rise time is 400 ns. The recordings of 
the external electric field E, as measured by a 
cer.sar placed In a sfand in front of the cylinder, of 
the current and of an internal voltage disturbance, 
rre shown in Fig. I. 
The different steps of the discharge process are 



30 P. Levesque et al. 

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 is equivalent to say that the 
capacitance Cl between streamers connected to the 
high voltage and the cylinder decreases steadily as 
the effective gap length decreases; 

c) 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 02 of this gap 
increases and E decreases slightly; 

at time T3, the streamers reach the ground 
arc  transition occurs, analog to the 
return  stroke;  the electric field E 

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 is observed in the 
current waveshape. 
It is Important to point out that the internal 
disturbance only appears at times Tl, T2, and 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 in the upper gap 
travels during 8 us an unspecified distance having an 
upper bound of 62 cm; the corresponding velocity is 
therefore smaller than 8.10* ■■"', an excedingly low 
value for a streamer velocity. 

e) 
and the 
lightning 
vanishes 

III -  EXPERIMENTAL SET-UP . 

Fig. 2 shows the experimental arrangement. The 
aircraft fuselage is simulated by a AG3 cylinder 2.6 
m long and 26 cm in diameter, suspended at about 3 m 
from ground. A square 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 capacitance Cl between 
cylinder is about 2 pF. The positive side of each gap 
is fitted with a point. A 530 Q resistor is Inserted 
between generator and high-voltage point in order to 
limit the current during the arc phase. 

The following diagnostics have been Implemented: 
a) a high voltage divider bridge, for the 

measurement of the generator output voltage; 
b) s Pearson probe around the generator gound 

connexion, for the measurement for the current (type 
110 A, bandwidth 1 Ht - 30 MHz); 

field sensor, located on the external 
cylinder, in front of the ground 

130 MHE); 
voltage amplifier connected to an 

internal wire line (bandwidth 500 Hz - 130 MHz); 
e)  an  Imacon  image converter, used to 

e) an E 
skin  of  the 
(bandwidth 50 Hz 

d)  a 

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 Pevelopment 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; 

EXPERIMENTAL  RESULTS: BEHAVIOUR OF THE IV 
DISCHARGE THROUGH A GAP 

When the excitation is applied, it is expected that 
the ratio of the cylinder voltage to the excitation 
voltage reaches Is a very short time a value 
determined by the ratio C1/(C1+C2) or approximately 
0.05. Actually, the measured value is close to 0.3; 
it has been verified that at low excitation voltage, 
i.e. without discharge formation, this ratio is 0.05 
as expected: this means that at the operating voltage 
the discharge is 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 
capacitlve current. To verify this hypothesis, it was 
decided to study the discharge generated In the upper 
gap when the cylinder is grounded. 

A typical streak camera recording correlated with a 
current recording is shown in Fig. 3. The gap length 
is 15 cm and the applied voltage V Is 168 kV. 

A first current peak is observed at the application 
of the voltage, and, at the same time, a brush 
discharge constituted by a great number of streamers 
Is seen across the gap; at the time scale of the 
recording (about 1 ps full scale) it is difficult to 
evaluate precisely the delay after the application of 
the voltage which is necessary for the streamers to 
bridge the gap; their speed is of the order of 3.1Ü6 

ma'1 ; the first peak of current is approximately 120 
A; dV/dt is about 5.1012Vs-'; 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 luminous tip, leaves the high-voltage electrode 
with a velocity of 4.10s ms~ '; in the same time, the 
average current increases slightly. When the leader 
reaches the cylinder, the arc transition is 
triggered, chsracterized 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 limits of the regime described above can be 
measured; the streamers appear when the field is 
sufficient to provoke the breakdown; their velocity 
varies between 10* and 107 ms -l , and the total 
current carried Is of the order of few hundred 
Amperes (this Is probably due to the short rise-time; 
with  long  rise-time generators, the current is 
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generally weaker). The average value 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 101* and 10 
ms~ appears only for intermediate values of the 
field: if 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 cm- for a 
voltage of 168 kV and 0.6 J cm"1 for 300 kV. 

V - EXPERIMENTAL RESULTS: 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 sane 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 Tl 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 is 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 resistance per unit length is smaller than that 
of the streamer, the gap conductivity increases 
during its propagation. This is not observed for the 
lower values of the field since in this case the 
leader conductivity Is low, and the arc transition 
does not appear when the leader bridges the gap (Fig. 
6). 

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

4 - Time T2 to time T3: as soon as this 
transition occurs, the energy deposited in the upper 
gap increases and a process similar to the one 
described above appears also in this 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-T1. 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 is 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 is only 40 pF in this 
experiment instead 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 induced transients have been measured on a 50 
resistor, in the short circuit case and also with a 
10 kfi 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 is 10 us and the times of 
interest in this work are shorter than 1 ys [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 
magnetic dipoles equivalent to the electro-magnetic 
configuration at the aperture [5) ). 
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 is Induced in 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 produce any E-dot effect; for this 
reason, the fact that in our experiment the lower gap 
leader is propagated before the upper gap leader is 
irrelevant; 

b) the pattern obtained for the 
short-clrcilted line, which is sensitive only to the 
internal magnetic field changes, show that the 
electric dlpole at Tl and T2 gives shock excited 
magnetic disturbances at the line location; the 
current rise at T3 gives a magnetic disturbance 

the reproducing 
excitation; 

c)  the 
impedance line, 
capacitive  pick-up, 
derivative  of  the 

current  slope plus some shock 

pattern  obtained  for the high 
which is essentially sensitive to 

reproduce at Tl and T2 the 
voltage  waveform, I.e.  the 

displacement currents Injected into the Interior 
volume by the electric dlpole; the magnetic 
excitation at T3 gives also a small signal associated 
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 ; 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 line); the input 
functions are, for both cases, the electric and 
magnetic dipoles associated with an unit excitation 
(1 V m-'and 1 A nr1). 

VII - CONCLUSION 

This experiment shows that the voltage shock 
excitation is 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 aircraft 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 must 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 is 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 IS to 30 cm long air 
gaps. 

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-Zeisel experiment:  time 
history of the transient events (fron ref.2). 

la    Schematic representation of the various phases 
of the experiment 
lb   E-fleld recording 
lc   Induced transients 
.d   Current recording 

«4-® 

Conducting cylinder 
High-voltage point 
Grounded conducting plate 
Current senpor 
E-fleld sensor 

250 ns/div 

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 
3c   Current recording 
Total duration of breakdown phase from application of 
the voltage to arc transition is 1 us 

200 

150 

<100- 

E0(KV/cm) 

Figure 2. Experimental set-up. 

Figure 4. Variation of the streamers average current 
I a« a function of the average longitudinal electric 
field in the gap Eg and the Marx generator voltage V 
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Figure 6.  Streak camera recordings of arc 
transitions. 

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 
junction and arc transition. The type of situation 
obtained depends on the gap overvoltage. 

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

5a   E-field recording 
5b   Lower gap current 
5c   Streak camera recording (visible light); the 
two gaps have been simultaneously recorded. 
Sd 
of 
5e 

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

Streak camera recording (UV and visible light) 
of the upper gap. 
In the streak earner.- recordings, note that UV light 
is emitted by the streamers and visible light by the 
leader tip and the arc phases. 
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Figure 7.  Disturbance obtained on an Internal 
short-circuited line 

7a   External E-field signal 
7b   Lower gap current 
7c   Voltage induced across a 50 JL resistor inserted 
in an axial short-circuited line. 

Figure 8.  Disturbance obtained on an internal 
high-impedance line 

8a   External E-field signal 
8b   Lower gfip current 
8c   Voltage induced across a 50 0 resistor inserted 
in an axial t.igh-iopedance line. 
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Figure 9. Transfer function relative to the interior 
problem in the linear regime; the output is the 
voltage Induced across a 50 0 resistor Inserted in an 

axial short-circuited line. 

9a   Magnetic dlpole contribution 

9b   Electric dlpole contribution 

Figure 10. Transfer function relative to the interior 

problem In the linear regime; the output is the 
voltage Induced across a SOfi resistor Inserted in an 
axial line having a 10 kfl termination. 

10a Magnetic dlpole contribution 
10b Electric dlpole 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,  Phoenix, Arizona 8&027,  U.S.A. 

ABSTRACT 

When an aerospace vehicle/lightning interaction occurs, electrical power transients can be produced 
throughout the wiring within the vehicle. The 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. This paper presents the results of an analysis that considered the effects of varying only 
the linear properties of the transfer functions (break frequencies) of the devices used as part of the 
arrangements for cable injection tests. The distinct possibility of a significant effect on the results of tests 
that involved applying the double exponential or damped sinusoid pulse waveform is demonstrated by 
varying specific characteristics of such transfer functions. 

I - INTRODUCTION 

When an aerospace vehicle/lightning 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 "flight critical." 

II - 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 lightning 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- 
ment, and care must be exercised to preserve the 
fidelity of the particular waveform that appears at 
the equipment Interface under test. 

All devices that are physically realizable have 
finite limitations. This paper reviews only linear 
(transfer function) aspects that result from the 
arrangement of test apparatus. By arrangement, I 
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 following 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 device) 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 generator to the measurement 
instrumentation (e.g. oscilloscope, digitizing 
equipment). Ideally, the injection transformer would 
have a 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, ft; Is proportional to 
it and v0 1s equal to dfcj/dt (If output feeds into an 
open circuit). Thus, y0 will be proportional to 
/v0dt. Consequently, in terms of <ro/01« tne 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 (fR$--resonant frequency of a relatively 
high Q circuit), and has a slope of -40 dB as 
frequencies increase beyond fR$. 

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 significant 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 sinusoia input. 

The magnetic field pulse $i--double exponential or 
damped sinusoid--is developed 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 developed in 
the primary 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 function of where break frequencies in the 
transformer 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 F1g. 8 through 17 
(where the computer plot v0 is labeled as VOUT and if 
is labeled as I). 

It 1s evident from Fig. 8 through 10 that the 
relationship 

p| • Mo/dtl « H|dit/dt| - 
i/Li) |d$j/dt|(time domain representation) 

achieved with an Ideal Injection transformer is 
closely approximated in the physically realizable 
device (1n regards to general waveshape) when fL/fr 
or VfRS 1s 10 or greater. That is, when the lower 
break frequency of the transfer function (fi) 1$ 
greater than the upper break frequency of the Input 
spectrum (fr or fR$) by a factor of 10 or more, the 
waveform of the Injection 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: 

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

• fj_ should be 20 MHz or greater for the double 
exponential pulse. 

From the classical first derivative response 
perspective, as f[_/fr 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, v0 would be proportional to lp0 rather than the 
d$0/dt relationship required for the injection 
transformer (Fig. 7). 

The responses illustrated in Fig. 14 and 15 show that 
the v0 waveform induced by 1-j (the current flowing 
through the monitoring probe input) will be a 
reasonably good reproduction of the 1^ waveform when 
fL/f{j<.01 and fn/fr>10 (double exponential) or 
fi/fRc<.l and fi/fRs>10 (damped sinusoid). That is, 
when the lower Break frequency of the transfer 
function (f|_) is less than the lower break frequency 
of the input spectrum (fg- or f^j,) by a factor of 10 
or more, and the upper break frequency of the trans- 
fer function (fM) is greater than the upper break 
frequency of the input spectrum (fr or fR$) 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: 

• The flat portion of the transfer function (the 
portion between ft and f«) will probably have 
to extend over a frequency range of 10* or 
greate . 

• 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 1j waveform 1s evident In the v0 
waveform when fy/fr^ or ^H^RSiA* *• previously 
observed, when considering Injection transformer 
characteristics, a derivative distortion departure 
from the 1} waveform (from a current monitoring 
perspective) 1s evident in the vp waveform when 
fi/fr>l or f|./fRS

>l0. If or,ly the 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. 

Ill - 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 effects 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 characteristics 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 
specific application to individual inputs that 
possess relatively high impedances (greater than IK). 
The proposed current level should not be interpreted 
as appropriate for Individual Inputs, except possibly 
in an extreme case where only one Input (loop) 
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 achieve a reasonable balance between 
the design measures that can be taken at the 
equipment level (larger input Impedances, larger 
output devices, Input 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 Involving 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 1s 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. 11njection and measurement transfer functions comprising an arrangement 
for cable injection tests. 
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Fig. 3 Frequency domain response of a current probe 'injection transformer or 
current monitor) in terms of V0 and I j 

Fig. 4 Frequency domain response of a current probe in terms of 4>0 and *j 
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Fig. 5 Frequency spectrum of a double exponential pulse in terms of $j. 

Fig. 6 Frequency spectrum of a damped cosine sinusoid pulse in terms of ♦;. 

*7 

Fig. 7 Frequency domain response of a current monitor that has an ideal 
transfer function. 
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• CHARACTER - B 
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1.200+01 
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1   U0*01 i 4 
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i.l.o-ei 8 t 
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i <*>a*E)i B 1 
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...      0 
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1       1 
0        t 

i. ne*oi 0        * 
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1   1*0*11 10 
1 111*11 10 
1   til*81 «0 
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Fig. 8 Computer plot of tranaf ar function input and output waveform» for a 
double exponential withfL/fr ■ 10andfH/fr = 100. and damped 

ainuaold with tL/tR8 - 100and fH/fRS - 1000. (Sh. 1 of 2) 
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-4.000-01 

-3.000-03 
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Fig 8 Computer plot of transfer function input and output waveform» for a 
double exponential withfL/fr - 10andfn/fr " 100, and a damped 
sinusoid with fL/fRS * 100andfH/fRS - 1000. |Sh.2of 2) 
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UNITS-SECONDS 

VOUT 
CHARACTER - A 
CHARACTER - B 
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Fig. 9 Computer plot of tramfer iunction input and output waveforms for a 
double exponential with »L/fr = 10andfp/if = 1u. 
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Fig. 10 Computer plot of transfer function Input and output waveforms for a 
damped sinusoid with V*RS * WandfH/TRS ■ 10° 

oft. 
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8.000-01 
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Fig. 11 Computer plot of transfer function input and output waveform« for a 
double exponential with f\_lfr = 1 andfH/fr ■ 10. 
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1. «10*01 .6                  i 
i.oio*oi ■ B                    A 

1. 0*0.0! 
l.ori.QL ■             * 
2.100+01 
i.no-oi .B                  A 
I.1»0*0I .1             * 
1   1*1*11 I          1 
(.110*11 .•           1 
1.110*01 .B               1 
1.110*01 

1,110*01 
1. )<.•)•*! 
1.»10*01 
2.400+01 
1.«10*01 
1**0*01 .   B       * 
l.«»0*01 .    B          i 
1.110*01 .  ■      * 
1.110*01 .  1     1 
1.100*01 ■  1    * 
1.010*01 .   B      1 
1. 0*0*01 . 1    1 
1.070*01 .  ■    * 
2.700+01 
1.710*01 i   B     I 
1   1*0*01 .   B     * 
1.1*1*0)1 
1   010*01 ,t 

1 

1.«10.01 
1.«00*01 
1*10.31 • 
I *««*«1 
1   «10*01 
3.000+01 

Fig. 12 Co.nputer plot of transfer function input and output waveforms for a 
double exponential with Vfd - 1andfH/fr = 10 and a damped sinusoid 
with fL/fRS - 1 and fH/fRS = 10. ISh. 1 of 2) 
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PLOT - 1 

UNITS-SECONDS 

VOUT 
CHARACTER - A 
CHARACTER - ß 

-8.000-01 

-8.000-01 

1.000-01 

4.000-01 

0.000 

0.000 

4.000-01 

4.000-01 

8.000-01 

8.000-01 

1200+00 

1.200+00 

0.000 
2 00002 
*.oco-o? 
6.000-01 
6.000-01 
1-690-01 
1.190-01 
1 »00 -01 
1 .100-01 
i.eoo-oi 
2.000-01 
1.100-01 
t. »00-01 
:.ooo-oi 
: 890-91 
1.990-91 
1 100-01 
J.»00-01 
l.iOC-01 
J.«90-01 

4.000-01 
4.106-01 
« .»00-01 
«-800-01 
».»00-01 
I.090-01 
1.109-01 
«.»00-01 
$ »90-01 
\   101-01 

6.000-01 
4.100-9I 
■ , »00-01 
I .469-91 
I   090-01 
T. 001-01 
T . 190-01 
7. -.00-01 
r.«90-01 
T  (00-91 
8.000-01 
1.190-01 
a .»90-6 1 
• .400-01 
• .190-01 
«.ree-ei 
1.109-01 
».»00-01 
• . 190-01 
• 800-61 
1.000*00 
i ,oie*oo 
1    0»0*09 
l   Ml >co 
1 . 999.00 
1    1 09 • 90 
i. i r o * o o 
1 lsg.90 
1 119*99 
1 UO'Of 
1200*00 
1 UOOO 
1   1»9.09 
i r* o»3 o 
I ttj.u 
1 . 190.0! 
I »15*65 
I 1'. 6*09 
) )*,9*!S 
1 109•Off 
1400+00 
1 *IC■09 
1 »»I 10 
1   »49.*t 
i »»e-o? 
]    109.99 

B        * 
B * 

B ft 

I    11 '«• 
I    I'-OifO 
1    S4.DH9 
1    1»9*09 
1600+00 

1 • II 
1   »*:■;: 
1. r*i*ii 
l 'ro.ee 
i   Mt.ee 
i •»:.;■ 
i no.it 

1800+00 
1 1*9.U 
1 f.9.09 
1 1*1.00 
1 »10*09 
I *IO*lf 
I 410.19 
1 »»1.91 
1 '4 »'99 
I    '»LI» 

2.000+00 

Fig. 12 Computer plot of transfer function input and output waveforms for a 
double exponential with fL/fd = 1andfH/fr - 10 and a damped sinusoid 
with fL/fRS = 1 and 1^**$ = 10. (Sh. 2 of 2) 
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PLOT -1 

UNITS SECONDS 

VOUT 
CHARACTER - A 
CHARACTER - B 

0.000 4.00O01                       8.000-01 1.200+00 1.600+00 2.000+00 

0.000 400001                         8.00001 1.200+00 1.600+00 2.000+00 

0.000 
3.000-01 ■      * 
*.»00-0i B     > 

4 .090*01 Si- ' 
1,100*10 ft   > ft * ft» 

ft   4 

1.100)00 
I.IOOiOO 
f ,100*00 
t.400*00 
1.700*00 
3.0O0+0O 
1.100*00 •* 
l.«00*»0 ft» 
».100*00 ft* 
4.100*00 

14 4.»00»00 
4.100*00 ■  1 * 

1.100*00 .8   * ' 
1.400*00 ■ * 
1.700*00 ft» 
6.000+00 
».»00*00 1 * ■ 

0.000*00 8  1 

ft.»00*00 ft » 
r.tootoo ft » 
7.100*00 ft     A 
1.000*00 «   » 
0. IOOIOO ft       A 

0.400*00 B      4 

l.7io*eo 
9.000+00 
0.100*00 

B     4 

•      4 
0.401*00 1         4 
0.400*00 B        4 

I.»11*01 B      4 

1.010*01 B     4 ■ 

I   OH-01 ft   » 
1. 1131 Jl ft         4 
i    I*0>BI I,        4 
1    '.-<•>■ 01 

1.200+01 
1.111*11 

B      1 

e . 4 
1, 140'01 1 ' ■ 

1   I'O'tl 1 
■ 
1 

4 

1.110*01 ». 
1.140*01 • 
l-MI'll 4 4    . 
1 .04|»f| 0        * 
1.4Tt*01 4          * 

1.500*01 
1.1)0*01 B          0 
1.111*01 ■          4 
1 1*1*11 «      * 
i tri'ii 4         I 
1.010*01 0          » 
1  »00»OI 0         4 . 
1.MO>01 0          • 
|.7*».»l •             4 
I.»»0*01 •     1 
vno+oi 
I   010*01 •             4 
1010*01 •     1 
1  1*0*01 1     1 , . 
1   410*01 •       4 
I   4H.01 0        4 
t   400.01 «      1 
1.010.11 •            4 
r  i"i-ii ft     t 
t   071.11 . 4 
2.100*01 
1.110*01 •       1 
t   ltl'01 0 • 
7.1*0*01 0 I 
1.000*01 1 1 
f   110*01 0 1 
titt'il 1 1 

t   410.11 0 • 
t »M*0l 0 I 

1   »70*01 * 1 
2.400*01 .ft 

0 1   »10-01 
1   «40.01 0 
l.«H«ll -0 
1»(»  01 .* 
1 "IM • 
1   1*0*01 • * 
1   010*01 * 1 
1.»40*11 0 * 
1   *>••»! 0 1 
2 700*01 • 4 (IIO*tl 
I.H»*0! 0 i 
1     '4|.0l • 
1   010*01 • 
1   010*01 0 
I   0*0*01 * 
1.110*01 0 
1440.01 0 
1.4*0*0» 0 
3.000*01 

Fig. 13 Computer plot of tranfer function input and output waveforms for a 
doubl« exponential with f L/fd » .1 end f H "r - 10 «nd • damped sinusoid 
with f|./fRS * -1 and fH/fRS = »0. IS"-1 °* 2> 
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PLOT - 1 

UNITS^ECONDS 

! 
VOUT 

CHARACTER     A 
CHARACTER    B 

I 

VOUT 

-8.000-01 

-1.000+00 

-4.000-01 

-6.000-01 

0.000 

-2.000-01 

4.000-01 

2.000-01 

BOOO01 

6.000-01 

1.2004-00 

1.000+00 
. 

0.000 
2.00002 
4.099-41 
6 . 000-9( 
B.oeo-e* 
1.900-01 
1 . 2 DO-Q1 
1 .'•03-01 
1 .109-01 
1.B90-DI 
2.000-01 
( .III-«! 
i * c e - 3 L 
! .909-91 
(.800-91 
i.oee-91 

4.000-01 
t.ioa-Bi 
'■    s- 3 0 - t 1 
1 .tos-oi 
4 .890-01 
1 .900-01 
5 (CO-01 
J 409-01 
1.906-B1 
5. 800-01 
6000-01 
t.(00-01 
* '.:o- 3i 
8,400-81 
9890-01 
t, 099-01 
r.109-01 
7*90-01 
r.too-oi 
J. 800-91 
8 00001 
8.(50-01 
8 449-01 
8   409-01 

» Mf-ai 
1 ^00-91 
9 490-01 
9 909-91 
1000+00 
1 .9(8*08 
1 8*.8»80 
1     S*tK! 
i .egotft 
I . 100*90 
1   110*99 
t   i*e*gg 
1. 190*99 
1. 189*08 
1.200+00 
I   ((9*99 
i e-o-oo 
1   (9 0*09 

it 8 
i   . e 

.1 B 

1      • 

' B 
A        B 

i B 
1        .   B 

A fl    , 
 I B  

» 6 

A B 
• B 

9 B 
A a 

» B 

A * 
A 6 

A 6 

A R 
I f 

AB 
A 8 

A B 
A I    . 

A B 

I 6. 
A B 

A. B 
.   A B 

1 189*00 
1400*00 
1 ■-((■!) 

l.*V4>t*BI 
1   *Hjl|l 
i *»o*eo 
i T*g>ot 
i irf'ii 
l »-8*98 
I   199*91 
I    199-9? 
160000 

4(9*90 
I   %*• • :; 
I    444-84 
1   4M«84 
i '::•)• 
I   '(8*99 
i ce*99 
1    (48*80 
1   r»t*9i 
i too* 00 
t 1(9*99 
I OM'II 
I in-et 
1 «89*9t 
t 988*81 
I %(8*t8 
it:-:; 
1 9*0.88 
1 98*.i: 
2.000*00 

Fig 13 Computer plot of transfer function input and output waveforms for a 
double exponential with f L/fd - .1 and f H/f r - 10 and a damped sinusoid 
withfL/fRS - .1 andfH/fRs - 10. <Srt.2of2) 
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PLOT - 1 

UNITS-SECONDS 

. CHARACTER     A 
' CHARACTER - B 

I 

VOUT 

0.000 

0.000 

4.000 01 

4.000-01 

8.000-01 

8.00041 

1.200+00 

1.200+00 

1.600+00 

1.600+00 

2.000+00 

2.000+00 

0.000 ■  
3.000-01     ■ l        < 
I.«00-01 
«.000-01 
1.100-00     . 
1,000*00 
1.100*00 
t.100'00 
t.«00*00 
1.710*00 

3.000+00     
1.100*00 
1.«00*00 
I,«00*00 
«.100*00 
«.100*00 
«.100*00 
0.100*00 
!,400*00 
1.700*00 
6.000+00      
0.100*00 
«.«00*00 
fc.«00*00 
T.100*00 
7.000*00 
7.000*00 
1.100*00 
t.«00*00 
1.700*00 
9.000+00      
0.100*00 
«. 100*00 
«.«00*00 
1.010*01 
1.0SO«01 
1.000*01 
1.110*01 
:.i«o*oi 
1.170*01 0 
1.200+01 " 
1.110.01 ■ 
I.1*0*01 e 
l.MO'Ol • 
1   110*01 o 
)    110*01 0«. 
1.100*01 o 
1.«10*01 0« 
i.««o*ei « 
I.»70*01 I« 
1.6OO+01     »..     . 
;  «10*01 oi 
I   («0*01 ! 
1.110*01 [1 
I.«10*01 s 
I.«10*01 !• 
1.000*01 B 
1.710*01 0 
l.i.cei o« 
1.770*01 B 
1 «00+01       1  
1.010*01 71 
1.000*01 B 
1.100*01 II 
1.«10*01 «I 
1.«10*01 0 
1.000*01 B 
I,010*01 0« 
l.o«o*ei t 
I   070*01 I 
2.10IKO1     «•  
M)0*01 «I 
1 1*1*11 
1.100*0] 
1.110*01 
1.101*01 
I 110*01 
t.110*01 ' 
I 1*0*01 
1170*«1 
2.400+01 
1 «H*01 
1   »«0*01 
I «««.«1 
1110*11 
l 110*11 
111101 
1.111*11 
l.l*l*01 
I   070*01 
2700+01 
I.  71I.IL 
I   710*01 
».»«nil 
I.IIOKI 
1011*11 

1 111*01 
I    «10.01 
»«♦0*11 
I     «70*11 
3 000+01 

Fig. 14 Computer plot of transfer function input and output waveform» for a 
double exponential with f |_/fd = .01 and f H/fr = 10. 



UNITS-SECONDS 
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PLOT - 1 

53 

. CHARACTER - A 
• CHARACTER - B 

f 

1 0.000 4.000-01 8.000-01 1.200+00 1.600+00 2.000+00 

VOUT 0 000                            4.000-01 8.000-01 1.20O'O0 1.600+00 2.000+00 

0.000 
3.000-01 B» 
t .000*01 S 

«. 000-01 I 

1 .100*00 .   0 
■ 

8 
1 ,SC0*00 
1.»00*00 
1.1 OB* Dt B* 

1 
' 

t.400(00 
1.700*00 B 

3.0OO+00 
1,10000 B 

1 .»oo*oo 1 

1.100*00 6 

* .100*00 B 

«.100*00 B 

••.800*00 9 

I. 10 0*00 B 

S.«.00*00 . Bi 
I,700*00 
6.000+00 
i.ioo*oe 

6 

I   . 
*.*00*oo B 

* .«90*00 a 
7.100*00 B 

T.SCO » 00 B * 
7.100*00 B 
1.100*00 B 
i,t.oc*eo B 
0.700*00 
9.000+00 
1. 100*00 

B ■ 

B 
«   tOO'OO || 
1,100*00 It 
1.020*01 B 
1.010*01 1 
1   000*01 9 
1    110*01 •* 
1. 1*0*01 B 

1.170*01 

1.200+01 
1.131*11 

8 

B 
1  iftOOi t 
1 .1*0*01 I » . 
1    110*01 1. 
I.Ilt*ll B* 
i  i*o • e i e 
1    *I0*01 »4    ■ 
1 .««0*01 1 
I.* 70•»1 ei 
1.500+01 
1   110*01 B* 
1   111*01 » 
i f*o<ai It . 
1   170*01 1 . 
1   1)0*91 B* , 
1 .100*01 B , 
I. 7 10*01 B , 
1 .7*0*01 B» 
1 . 7 70*01 0 
l.SOO+01 
1   019*01 II 
1.119*01 1 
1   |«0<0l 11 
I   i:)i)i 0» 
I    UO'01 B 
1    «10*01 B* 
r.010*01 01 
r e*8*oi B 
1   078*01 0 
2.100+01 
1.119*01 1* 
1.1*9*01 1 
(.101*1) ■ 
( lie*«) II 
1   110*11 1» 
1     I»- .61 1 
1   111*91 • 
1. 1-9.11 Si 
1   1'0.01 II 
2.400+01 ' 
I   «19*11 1 
1   »10-01 1 
1   »»1*91 II 
1.110*01 M 
1.110*11 II 
1.10**91 ■ 
1   110*01 1 
1,0*0*1] 1 
1   »70*11 . » 
2700+01 
1.710*01 » 
1.710*11 . i ' 
I.7*0*11 . 1 
1 111*11 . 1 
f.■*••• 1 . 1 
1   0*1*11 0 
1 »It'll 1 
».«»1*11 1 
1    «71*11 ■ 
3000+01 * ... 

Fig. 15 Computer plot of transfer function input and output waveforms for a 
double exponential with fL/f,j -  01 and t^'r = 100 and a damped tinnsoid 

fL/fRS * .01 and fH/tRS ■ 100. **•»<1 of * 
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PLOT - 1 

UNIT&5ECONDS 

CHARACTER - A 
CHARACTER -B 

VOUT 

-8.000-01 

-8.000-01 

-4.000-01 

-4.000-01 

0.000 

0.000 

4.00001 

4.000-01 

8.000-01 

8.00O01 

1.200+00 

1.200+00 

0.000 
2.00002 
«.«oo-ei 
t    060-3? 
a.e:o oi 
L . cee-si 
i.nt-il 
i. 61 
1.400-01 
1 .»00-01 
2.000-01 
i. r»e-oi 
I.«00-01 
i.*90-ai 
i.ieo-oi 
) .0*0-0 1 
1- 190-01 
1.«01-01 
».400-01 
1. »10-01 
4.000-01 
«. f01-01 
4.«00-01 
«.»00-01 
«.100-01 
1.000*01 
».100-01 
».«00-01 
».»00-01 
».»00-01 
6.000-01 
1.100-01 
«.«00-11 
4. »00-01 
».000-01 
». 000-01 
r, teo-oi 
7. «53-31 
»400-01 
T.006-01 
8.00001 
*.too-ei 
• «00-01 
I »«(■:I 

».001-01 
«.000-41 
»too-Ol 
•«OO-Bl 
*.**0*»l 
* »00-01 
1.000*00 
III**** 
I -»«0*00 
I. »40*00 
I.OIO'OO 
I.IOO'OO 
I.IU'OO 
1.1«0>II 
I .1*0*00 
1   !•*•** 
1200+00 
1 tlO'OI 
I !«»<•» 
l.|4»*00 
1 .100*00 
I >*••»* 
1 »1***0 
1.1***01 
I. 140*01 
1     111-50 
1.400+00 
I «10**0 
) .«•»•00 !.*»»*»» 
I *»»•»• 
I, »00*00 
lit***» 
I   *»•••• 
I too*»* 
I   (»0*0* 
1600+00 
i *r**»» 
I .»+»•*! 
I   ••*••* 
1    »ft*** 
I 100*0* 
1.110*0* 
I   MO.10 
1 '»•*»• 
1 . »00'00 
1J0O+O0 
!    »(I'll 
1   0*0*00 
I. »»•*•• 
I.••••»» 
).*•»*»» 
I »I1*11 
I.*«•••• 
1 •*»•»» 
I.•»•••• 
II" 

I« 

* 

Fig. 16 Computer plot of tran«fei function input and output waveform > for« 
cioubie exponential wiThi^/i^ » .01 and i*H/fr = ICC and a dam;. 3d sinus double exponential with »V'd 

VfRS *  °1endfH/fRs * 100 ($h.2of2> 
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UNITS-SECONDS 
I     CHARACTER-A 
VOUT   CHARACTER-13 

0000 

0.000 

4.000-01 

2.000-01 

B 00001 

4.000-01 

1.20OHM 

6.000-01 

1.600+00 

8.000-01 

2.000+00 

1.000+00 

0.000 i 
3.00001 
•.eoo-oi 
o.ooo-ci 
1.1C5-05 
i Hi'» 
1.000*00 
!   1?0'3? 
j. *. c o ■ a a 

l.TOO'PO 
3.000+00 
1.100*00 
l.*oo*oo 
3. «oc - c: 
«.100*00 
•.ioo*oo 
«.196*0« 
i1ee-53 
1.»00*00 
l.T0P-*OO 
6.000+00 
» .10500 
t.tCD'3) 
4  r.t-ts 
7. I30.C5 
T .»00*00 
T «00>00 
I 100>00 
«.■00*00 
«.100*00 
9.000+00 
1.100*00 
*.«og*to 
•   IDS   00 
i.o:o*oi 
1.010*01 
i c e 3 • 3 1 
i, 1 10 • 01 
1.1.0*01 
I 1*0*91 
1.200+01 
I   1)0*01 

i.:»t*ot 
1   110*0» i 

1   »I«-01 
i **B*ei 
l   *)'O<01 
1.500*01 
1.111*11 
i lot«;) 
i »*i*n 
1 0M>0l 
I 119*01 
I 090*01 
1 Hltf. 
:.»*o*ei 
1 »'9*91 
1.600+01 
1 010*91 
1   110*01 
1.0*9*01 
i.ffo-ot 
1 "■*■■:, 
I.011*11 
1019*0) 
I.949*») 
I I'e-ii 
2.100+01 
I 1)0*01 
I 199*91 
t 1*1*01 
t oto*01 
t t10*01 
I 090*91 
I 111*11 
I 1<*9*9. 
I i-i-r: 
2**00+01 
t 09*91 
t »»I'll 
I »90*01 
I »10*99 
I »19*01 
1 910*91 
I .010*01 
V.011*01 
* .010*01 
2700+01 
t Ml-»I 
I »90*01 
|ttt*lt 
(   <tt*ll 
: O»I*II 
t   010*0) 
I   »10*91 
I '.I'll 
I   «10*01 
1000+01 

■ i 

■ 9 
■ 0 

l 0. . 
I 0 

Fig. 16 Computer plot of transfer function input and output waveform» for ■ 
double exponential with f|./fd - .01 end f^/f, » 1 end ■ damped 
alnusoid with fL/fRS ■ -3and fH/»RJ, - 3- ISh. 1 of 2) 
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UNITS SECONDS 

vour 
, CHARACTER -A 
■ CHARACriR -B 

-8 000-01 

-1.0004-00 

400001 

6.00001 

0.000 

-2.00*01 

4.000-01 

2.000-01 

8.000-01 

6.000-01 

1.200+00 

1.000+00 

0.000 
2.000-02 

l.OOO-Ol 
1(95-31 
1.40Q-D1 
1.400-01 
I.«40-01 
k 000-01 
i. .**-•: 
I.«00-91 
t.bOi-ti 
1.100-01 
1.000-01 
1.100-01 
1.400-01 
1.000-01 
1.»00-01 
4.000-01 
4.1O0-01 
1 .«135-01 
«.«00-01 

a      A 
B A    . 

B .A 
B,         A 

,   8           * 
 8 A. 

e     i 
i      * 
8        A 
8   A 

8   A 
B   A 

1 .»33-01 
6.000-01 
t.Iflf'Ol 
«.••90-01 
0.OO0-O1 

.100-01 

.000-01 
i.: -11 
T..B6-0I 
J.6JJ-0I 
r.aoo-01 

8.000-01 
0.100-01 
8.»00-01 
■.»09-01 
■    »89 ■ 91 
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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, microphysical, thermody- 
namical and dynamical studies of convective clouds. This paper describes the in-flight experiments. 

I - INTRODUCTION 

In-flight measurements on direct and nearby light- 
ning had began in France few years ago, on board a 
Transall C160 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, 
microphyslc, 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 DRET1, DCA2 and 
INAC and many laboratories were involved in it: 
Abidjan University, 

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

Centre National d'Etudes des Telecommunications 
(CNET) 

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

Etablissement d'Etude et de Recherche Meteorologlque 
(EERM) 

Institut National d'Astronomie et de Geophysique 
(INAG) 

Institut et Observatolre de Physique du Globe (IOPG) 
Laboratoire d'Aerologie (LA) 

Laboratoire Assocle de Meteorologie Physique (LAMP) 
Laboratoire de Physique de 1'Atmosphere (LPA) 
Laboratoire  de  Sondages  Electromagnetlques  de 
l'Environnement Terrestre (LSEET) 

Office National d'Etudea et de Recherchet Aerospa- 
tiale« (ONERA). 

^Direction del Recherche«, Etudes et Technique« 

(Ministry of Defense) 
^Direction des Construction« Aeronautlque* (Minis- 
try of Defense) 

The aim of this paper is to describe shortly the 
overall experiment but to give more details 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 about direct 
lightning on aircraft. Those previously obtained on 

the Transall, on the C130 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 star.dart 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 
on 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 trlpolar c'.iarge, 
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 cart and few coulombs positive charge at 
the cloud base. In fact the charge content and 
repartition in the cloud I» 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 fla«he« 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 
levels on the precipitation genesis. 

different 

2.2 FRONTS 84 network [7] 
The dynamical and thennodynamical 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 liquid) and on the 
deformation of hydrometeores (crystal of ice or 
liquid water drop). 
A 8 sis 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 measurements (rain, 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 ana weak convective clouds were 
explored by a Piper Aztec aircraft equipped with 
thermodynamical and microphysical 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 shows the arrangement of the overall 
network. 

2.3 Transall aircraft implementation 
Basic modification» 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) C130. 
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 Hz, 
- 40 kVA In US V/400 Hz, 
- 4 kW in 28 V-DC; 

- a general protection and distribution box for 
electrical equipment; 

- 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-C0M 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 C130 
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 absolute aircraft position regarding ground net- 
work is determined by use of an inertlal 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 mJL. 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 coupling 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 tttn recorded on transient digitizers 
(Tektronix 7612 and 7912) and on wide-band analog 
recorders (10 and 2 MHz bandwidth). A synchroniz- 
ation between the two recording process allows to 
determine In what period of a flash a transient 
signal happens. 
Atmospheric electricity - Local elecrlcal parameters 
measured on the aircraft are gazeous ions character- 
istics, drop charges (10) and trlboelectric 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 deviated 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 
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on the profiled pod under the extremity of the wings 

(Figs. 4 and 5); it is 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 ice 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 is similar to this used for 

microphysical data, so the results of the two 
measurements may be easily compared. Fifteen class 
of values of both sign are linearly extended from 

about 10"12 to 10"10C. 

The triboelectric current is 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 isolated 
sheet, connected to a current amplifier. The front 
section of the two sheets is about 8.10-2 m2, and 
the measuring range is + 50 uA. 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 jiA). 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 
partlcules. The three measurements cannot be easily 

related 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 magnitude and direction are compared to storm 
c.'ll location deduced from the various 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. 
Microphy£ical  probes.  This  Instrumentation  and 
mounting location are as follow: 

- three PMS* ID probet which measure the particle 
spectra with dlaaeter ranges: 3-45 ua (FSSP), 
80300 um (1D-C), 300-4500 um (1D-P), 

- Two PHS 2D probes which give the Images of par- 
ticles with dimension ranging from 25 to 800 um 
(2D-C) and from 200 to 6400 um (2D-P), 

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

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

- a total water content probe and a second Johnson- 

Williams probes mounted or the airplane flank in 

front of the wing. 
Themodynamical probes. This instrumentation 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). 
JDynamical and localiza_tlpn_devices. A doppler radar, 
an inertial plateform and three accelerometers pro- 
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 PPI 
"radar Ts video recorded to obtained the position of 

the aircraft regarding the storm eel]. 

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 c?rgo without special 

shielding precaution. 
Unprotected axg^ulsltlon 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 BPi magnetic 
tape, recorders run "Flip Flop") and give a real 

time visualization of measurements 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 105 bytes/s. 

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

analog recorder. 
Medium bandwidth electromagnet leal and electrical 

signals are recorded on a 0-2 MHz, 28 channels 
analog recorder. 

£rotected_ acquisition system. A double skin HF 
shelter (Faraday cage) was especially designed, 
manufactured and equipped for these types of tests. 

The "box" was made of walls comprising a balsa core 
Included between two aluminium alloy sheets. 
The double skins were really Isolated, 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 
power was introduced through a "broken circuit" 

transformer (400 Hz, 10 kVA). Inside the shelter, 
rectifiers and 50 Hz inverters produced the adequate 

electricity, in conjunction with dry batteries. 
All the parameters or remote central transmission 
lines were fiber optics and went through the walls 

via special HF "organ pipe" tubes. 

Inside the shelter were six magnetoscopes used as 
single parameter analog recorders (3 and 10 MHz 
bandwidth), two 14 channels data recordets, two 

digital analyzers (Tektronix 7612 and 7912) and a 

basic clock. 

*PMS: Particle Measuring System, Boulder, Co, USA 
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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 consisted 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 
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 [6J. 

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 [9J. 

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 Its trajectory the 
longitudinal component 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 syaetry Is 
indicated by its dynamical structure. 

Aircraft electrical potential la closely related to 
Impact current and cloud particles concentrations as 
can be seen on figure 11. 

CONCLUSIONS 
For the first time in France, a sophisticated ground 

and in-flight experiments about thunderstorm en- 
vironmental studies, was held in 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 
the Transall aircraft, with its measuring equip- 
ments, is 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 small (inferior to 

30 Km). 

ACKNOWLEDGEMENTS 
This work has bten carried out with the support of 

the Direction des Recherches Etudes et Techniques 
and of the Direction des Construction Aeronautiques 

of the Defense Ministry. 

REFERENCES 

[1] - CEAT, "Mesure des caracteristiques de la fou- 
dre en altitude", C.R. d'Essais n° 76/65 0000 
P, Juillet 1979. 

[2] - P.L. Rustan, B. Kuhlman, J. Showalter, J. 

Reazer, 'Electromagnetic measurements of 
lightning attachment to aircraft", Int. Aero- 
space and Ground Conference on Lightning and 

Static Electricity, Fort Worth (Texas, USA), 
June 21-23, 1983. 

/3] - T.F. Trost and F.L. Pitts, "Analysis of elec- 
tromagnetic fields of an F 106 B aircraft 
during lightning strikes", Int. Aerospace and 
Cround Conference on Lightning and Static 

Electricity, Oxford (England), March 1982. 
[4] - I.M. Imianitov, B.F. Evteer, I.R. Kamaldina, 

"Planetary electrodynamics", London, Gordon 
and Breack, p. 401, 1969. 

[5] - P. Laroche, "Airborne measurements of elec- 

trical atmospheric fields produce by convec- 
tive clouds", In this conference. 

[6] - J.F. Gayet, C. Duroure, R.G. Soulage, P. 
Laroche, "Location of lightning strokes on 

aircraft in storm field with measured elec- 
trical, microphysical and dynamical proper- 

ties", In this conference. 
[7] - J.P. Chalon, "Projet d'experience LANDES- 

FRONTS 84", EERM Note, November 1983. 
[8] - P. Richard, F. Broutet, A. Bondiou, "Spatial 

characterization of the VHF-UHF lightning 
radiation", In this conference. 

[9] - J.P. Moreau, J.C. Alliot, "E and H fields 

measurements on the Transall C 160 aircraft 
during lightning flashes", In this confer- 
ence. 

[10]- P. Gondot, A. Delannoy, "In-flight electrical 
conductivity measurements", In this confer- 
ence. 



ICOLSE - Paris 1985 63 

t 

•    .litiilojicil tounding 

Q     if! i;m «cither tldtl 

•Jr Sen» flONSAHO lyiitm 

/\   i;«ti:iln«ni,i(nwMi 
■    8 IWI *»Mlht* r «rjii 

45'N i»     l ® 

/'           i 
/         • 1 

p 
* 

*    / 

fo 

*       / <       / 
Rl7 

Ffl2                                            \ 

/                                   TOULOUSE Äj) /• 

V-, 
1 

1   '— 
1 

*VJ1- 

W\ r^~. 
Fig.   1    - FRONTS 84 network. 

EandH 

sensors inside 

the fuselagr 

H sensor» 

outside the fuselage 

800 MHz 

narrow band 

VHF rtceivcrs      ( 30° MHl 

120 MHz 

Faraday cage 

OT> 
computer 

Field mill 

Fig. 2 - Coupling by dielectric aperture exper- 
iment. 



60 P. Laroche et al. 

colfectint«lK1rgd« 

3B 

'r Er E'    «ffXMphtfic "**d eomporwntt 
•ircfaft poiantül 

Ej Eg      HtkJ fTvlhmpknuniiiion 
on ih» «trcrafl 

li - Elvctrie ldW m«»ur«m«nt. 

t>i«Md tdctfodt 

HT : highi iiniion voltap 

3b - cortductwii v mMcurtmtnt 

I 

coldcttng f laciroda 
I 

Fig.  5    - Left side instrumented pod. 
1.Conductivity cell 
2.Faraday cylinder 
3.Microphysical sensors 

3c-   Hydromatao'clurii mwiurtnwil 

Fig. 3 - Electrostatic measurement. 

I 

PMS PS»   100 

n*s ID c 
PH| ID   r 

PUS 10  c 

pin JO p 

la 

Cruvifl 

PtlW &OWMI 

Ofoptii «pacira    P < 0 < «» »ml 

Pwikftutcira    M<D< 300 i»m) 

Piriidt «KM    l3Q0<D<4S00ni*il 

Pwiicb Ima*      l»<D<«0«ml 

fwtidt iwip      tW0< D< ft <00»rm) 

Liquid W»W Cffittnt 

LtquU ■**!•* CMIMI 

TOI*I WM«* C«nwm 

0«    Fu«nl T■mpMiiun 

TtMtlll 

Ttmlu 

Tot»l t«mw>Mwt 

Sin-cp 

DVMfMC »f M • 

AttMfe I 

PU*» 

Tnwta 

14 

•4 

I« 

■ 

Fig. 4    - Right side instrumented pod. 
1«Impact current sensor 
2.Conductivity cells 
3.Hicrophysical sensors 

Pig. 6 - List of the cloud physic probes and par- 
ameters of the Transall-04 aircraft and 
acquisition rates. 



ICOLSE - Paris 1985 65 

K» 

//i>r>ri»/r7//tr>f//>7////>r/>//>>//>>>/r>//rrrtf?rr// 

Fig. 7 - Aircraft pattern in cumulonimbus. 

Flash on the front rad Wing to wing flash 

Fig. 8 - Direct strikes on the Transall. 



66 P. Laroche et al. ,i 

, 

-40-20      0 
1 1 T 

20      40      60      80     100     120 
Ims) 

^^\f^' 

mpact current 

lOdBKrcttdBi  

0 dB* < r < 10 dB*  

lemperaiuta : - I4"C 
attitude :6 500 m 
preuurt : MO mt> 

i 

, 

Fig. 9 - Direct  lightning:  time  correspondance 
between slow E field and H field pulses. 

Fig. 11 - Flight n" 27: trajectory A-B. 

I 

\^ —< < 10 dti 

H  ioa»i< <3040i 

1   20tMi< < M«t#i 

.                  i   10 hM 

-••    »tritt <f%Ktory 
wiwMwr« - ire 
•totuM   i 500 m 

Fig. 10 - Flight n* 27: 10 en radar reflectivity. 



10th International Aerospace and Ground Conference on Lightning and Static Electricity       67 

LOCATION OF LIGHTNING STROKES ON AIRCRAFT IN STORM FIELD WITH MEASURED ELECTRICAL, 

M1CR0PHYSICAL AND DYNAMICAL PROPERTIES 

I 

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

LAMP,  University of Clevmont II,  France 
*0NERA, France 

Abstract - This paper «ill 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 um, 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. 

One objective of the Landes-Fronts experiment 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 periods, -ad regions. 

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 only 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 flight 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 roil 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 Z  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, lD-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 different 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 these 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 cloud system, at a large scale : 
- the field of reflectivity of the cloud system given 
by radars at the ground (Melodi 10 cm ladar, Ronsard 
5 cm doppler radats, 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 measurements ; 

- 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 system 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 - I0"C (Fi<?. 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 from the plane. They correspond, 

at 3 stages of evolution of cumulonimbus previously 
described by Cayet (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 agglomerates (Fig. 3), the 
concentration of which reaches 3 1"' and the size 

3 ma. 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 5ms  bordered 

by 2 downdrafts), small droplets (about 500 cm--') 
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 diar.eter of about 10 mm) . 

The 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 
small droplets (500 cm-3) bearing a liquid water 

content of 2.0 g m~3 without or with only a few ice 
crystals in a small region, no electric potential of 
plane. 

In 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 
(F>s 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"'), small droplets (200 cm ) 
bearing a liquid water content of 0.2 to I g m~3 and 
ice crystals (columns of 500 pm) with a concentration 
of "00 I"' 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.  In 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 crystal» (graupels, agglomerates), 

- discontinuities between p ts of clouds with different 

microphysical, electrical and dynamical properties. 

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

These results are in good agreement with the idea 
of Moore and Vonnegut (1977), Lherraitte (1978). 
Their merit is to bring qualitative and sometimes 

quantitative simultaneous measurements of electrical, 
microphysical und dynamical parameters to support 

them, but th?y 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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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), fl symbol indicates 
the location of aircraft lightning strike. 
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the horizontal lines is 6400 Urn  and the resolution is 
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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 microptiysical, dynamical and electrical parameters 
during the cloud penetration at - IO°C/3500 m MSL 

level. From the top to the bottom : 
. C1D-P : concentration (1"') of particles ranging 

from 300 to 4500 um size ; 

. CID-C : concentration (l" ) of particles ranging 

from 60 to 300 Ho size ; 

. CC : concentration (cm-3) of supercooled cloud 
droplets ranging from 3 to 45 um diameter ; 

. LWC : liquid water content (g m ) ; 

. UA • vertical air velocity (m s  ) ; 

. VA  : electrical potential of the aircraft (kV) ; 

. Ex, Ey, Ez • components of the electrical field 

(kV la"1). 



70 3.F. Gayet et al. 

•iHiiwrutmüLTm 
NhNHirmfLHU 

niiinrrn-LiLiiii-Liii 
inni-Hifmi-KuriL 
TT7HirmrtinTrFU 
MLHIüHIIUMUn 
mnrimumirinfi. 
ibriNknn iULI i 

28.06.84 (FligW 36)       -15'C/5400m MSL 

N                                 J 19^32 

R~~^~>L/   Radarecho 
\X)      contocr 

Aircraft        Nf 1^29 
trajectory         J 

*                     0         10km 

Figure 5 : Same caption as Fig. 1 for the second 
example of lightning strike on the aircraft. 

Figure 4-g : Example of ice columns measured by the 
2D-C probe in the cell B. The distance between the 
Horizontal lines is 800 ym and the resolution is 
25 ura. 
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Figure  4-b   :  Typical   large  graupels  sampled  by  the 
2D-P probe  in the  cell  B. 

R 
fc 

u 
f 3 
i 

0 
_     10 

fUJ 

a 

~T~ 

_Ctl B  j .C«U A _ 

1D-P  dola   not   ovoitoblt 

/LA 

I IN CLÖÜET- 

/V; 

JAVA 

 ^^^Kyf-» 75v 

^/y^V 

-jil_i 
Stan j       Arerofl 

—  LigHtning »ink» 

Figui-e fe : Same caption as Fig. 2. Cloud penetration 
performed at -15*C/5400 m MSL level. 



10th International Aerospace and Ground Conference on Lightning and Static Electricity       71 

IN-FLIGHT ELECTRICAL CONDUCTIVITY MEASUREMENTS 
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Abstract - The electrical behaviour of a convectlve 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 ionic 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 Gerdlen type were designed, to be Installed on a Xransall 
aircraft involved in a measuring campaign concerning thundercloud and lightning 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, ionic density and 

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

transition zones, 
c - an adjustable bipolar high voltage bias. 
We present in this paper typical sequences obtained during the experimental 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 is a therefore 
important parameter in electrification. 
The difference of values between clear air 
conductivity and conductivity along the surface of a 
thundercloud is at the origlne of screening layers 
and is responsible for their growth. 
The presence of screening layers has not yet been 
clearly 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 In the laboratory and in flight. 

II - INSTRUMENTATION AND RESULTS OBTAINED 

The sensor basic diagram« are given in figure 1. The 
operating principle Is the Gerdlen principle; the 
measuring chamber contains two coaxial cylindrical 
electrodes. 
Air penetrates the capacitor and the Ion path« are 
governed by their inlet speed and the a'r flow 
speed. Their drift speed is defined by the differ- 
ence In potential applied to the electrodes 2 and 3. 
The Ions are collected on an Internal electrode 2. 
The sensor la Installed on the airplane and operates 
by direct Intake, i.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 ptnetration into the 
measuring chamber. 
A clear air conductivity measurement was made with a 
prototype sensor 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 
Glsh and Wait curve (1950; broken line), the 
positive conductivity measurements obtained by 
Grlngel (dotted line) and our results (plured line); 
it is noticed that the three types of indications 
are equivalent. This preliminary experiment was 
instrumental In validating the cell operation in 
flight. 
A second series of measurements was made during 
1984. The measurements were performed in a cloudy 
flow In the Puy de D8me wind tunnel at an altitude 
of 1465 m. This series of experiments enabled 
testing of the device in clear air, in cloudy and In 
icing conditions. Several distributions of ion 
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 Z in 
electrical conductivity with respect to clear air 
for a liquid water content of 0.3 gm~3. We also 
observed that the mean ion mobility was reduced by 
40 Z Inside the cloud. This reduction is attributed 
to Ion hydrjtion. However, the most important 
feature of this series was the confirmation of the 
sensor satisfactory operation In a non electrified 
cloud environment. 
Three conductivity sensors were installed on the 
Transall aircraft for the LANDES-FRONTS 84 exper- 
iment«. 
- The first conductivity senior was extended by 

using an annular Venturl 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  parameter« 
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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 is less standard; it 
contains a measuring electrode divided into four 
sections. The simultaneous measurement of ionic 
currents from each section 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: 

E 
- conductivity : X  • 

_o dl_ 
C dV 

I 
ion total density 

mobility 

e 

distribution : f(k) = ~~ 
E Q 
o e 

d2I w 
with C 

Is 
Q 
e 

e 

capacitor capacitance, 
saturation current, 
flow rate, 
elementary charge, 
air permittivity. 

The clear air operation of the divided electrode is 
shown in figure 4, on which we plotted an equivalent 
global characteristic I(V) from the current values 
acquired simultaneously by the 4 electrodes. For 
this sequence the mean results over 4 s are: posi- 
tive conductivity: 1.10 "'* Ü '•', positive Ion 
density: 600 cm-3, and mean ion mobility: 
10"* «7.\T' .a"1 . 
During the Landes 86 experiment, the Transall 
aircraft made several active cumulonimbus 
explorations. In most of the cuuuliform cloud 
penetration sequences we observed a characteristic 
development of the conductivity signal. The 
mlcrophyslcal parameters, the electric potential of 
the aircraft and the current signals acquired by all 
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 figure 5. All the conductivity sensors 
delivered current pulses A with a width of 200 ma, 
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-alr transitions, the 4 
measuring channels on the divided electrode sensor 
provided coherent measurement of type A pulses and 
an ionic current density gradient (B) of 2 pAm ' 

over 70 m, which corresponds to an increase in 
positive ion density of 50 cm 3 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 
penetration 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. 

Ill - 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 thn clear 
air-cloud interface. In this case, an additional 
Increase in positive ion density may result from the 
elimination of recombination of ions of opposite 
polarity hence the formation of zones A and 3. 
Unfortunately, we were not able to take a 
simultaneous measurement of negative ion density to 
collaborate our hypothesis. 
Considering all of these measuring sequences, the 
location of zones A and B with respect to the clear 
all—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-FR0NTS 84 experiment to 
provide an Irrefutable 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 convectlve 
clouds has been validated by two techniques of 
measurement of the electric conductivity: 
simultaneous measurement of two ionic polarities .id 
rapid measurement of the divided cell type. 
Furthermore, measurement of electric conductivity on 
the basis of this principle proved to be difficult 
inside the cloud mainly due to Interference from 
droplets or Ice crystals. Ue 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 
number 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 
ueasurements. 
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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. 6 - Crossing of two thunderclouds at an alti- 
tude of 6000 m. 
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ELECTRIC CHARGE TRANSFER DURING RIMING 

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

Department of Pure and Applied Physios,  UMIST, Manchester M60 1QD,  U.K. 

CiLucc - electric charge transfer to an ice covered target aue to ce crystal 
interactions has been studied in the laboratory and the charge transfer has been 
iound to be a function of the impact speed, ice crystal size, environment 
temperature, impurity content of the ice and the presence of liquid water in the 
cloud. These studies simulate the fall of a hailstone through a thunderstorm cloud 
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, 
1980). 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 zones 
above the freezing level. The implication 
is clear that one of the principal thunder- 
storm charge transfer mechanisms involves 
collisions between soft-hail pellets (graw- 
pel) and ice crystals in the presence of 
supercooled water droplets, Airborne 
^Measurements 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 shewn that a significant charge 
is separated when ice crystals bounce off a 
hailstone leaving it charged. If this mech- 
anism may be extended to natural thunder- 
storms, subsequent gravitational separation 
of the oppositely charged particles would 
set-up an electric field which is augmented 
by large numbers of similar collisions and 
charge separation events. Some discrepan- 
cies between reports 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 terns of the requirement 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 lightning strokes in 
which tens of coulombs of charge arc- 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 tr ough a cloud on a 
rotating frame or of dra ing a cloud past a 
stationary target. Figv.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 8um. 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 is 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 
lOOum. The liquid water content of the 
cloud also changes throughout a run, start- 
ing with a maximum value of 2gm~ 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 light. 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 the 
liquid water content was less than lgm 
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 be used with 
velocities up to about 10ms" 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- 
ducted 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_yoltage 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. - Resuit8 

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 vhe target externally or internally, 
or by cooling the target before the experi- 
ment, or by passing the crystals through a 
heated tube or 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- 
tude- typically below 0.25fC where lfC = 
107 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 between 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 occurs 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 
decreases. 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 liquid water content. The 
tendency for positive charging to be pro- 
moted in the presence of liquid water is 
evidently iwamped at -25*C where the cold 
temperature 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 -ll'C with positive 
rime charging showed a rapid increase of 
charge transfer per crystal separation event 
with velocity. (Figure 5). 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 
liquid 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 
relevance of the results of other workers 
who used velocities of -10ms~ 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 
content 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 is 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 local 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, Illingworth and 
Hallett and are only tentative suggestions 
at present. 
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Figure 1. The experimental cold charter 
a, amplifiers;  8, tarnet rod;  C, control 
rod;  0, thermistor;  E, shielding cups; 
f, slip rings;  G, motor;  H, revolution 
counter;  J, thermocouples;  K, steam 
kettle;  L, crystal collector plate: 
M, stationery target;  N, formvar replicator. 

Figure 2.  Particle concentrations and 
sizes observed on the formvar replicator. 
Temperature -6 C;  rod speed ?.9 ns" ; 
initial liquid water content 2nm~ . 
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Figure 5.  The charge per event aa a function 
of rod speed at the reference stage of experi- 
ments conducted at -11 C and liquid water 
content 1gm 
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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 Physios, 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 mills in order to detect atmospheric electrical hazards 
to ground operations, launches, and landings of spacecraft. Over the past 10 years, the University of 
Arizona has utilized data provided by this network, and other instrumentation, to investigate the elec- 
trical structure of thunderstorms and lightning in Florida. Recent analyses have included estimates of 
the Maxwell current density that thunderstorms produce at the ground and computations of the locations 
and magnitudes of lightning-caused changes in the cloud charge distribution. In this paper, we will 
review this work and will show an example of how thunderstorm current patterns and lightning charges 
develop in both space and time. 

1 - INTRODUCTION 

Over the years, many authors have assumed 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, t>»ii concept must be modified because, when- 
ever a discharge occurs, the cloud electric field 
undergoes a large change, end between flashes this 
field usually recovers bacli 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 ouch better approximation is to assume that the 
cloud is a steady current source [4-t], and, In this 
case, the observational quantity that is of primary 
Interest betveen discharges Is the Maxwell current 
density, Jn [7]. Note that 

3 + 30/31 (1) 

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

v . 5 - (*♦£)-' (2) 

therefore, the lines of JB will form closed loops 
within and outside the clout':. Below c thunderstorm, 
many of the lines of J„ will close In the ground and 
will be vertical Just above the ground. 

Simultaneous measurements of Ja and I under active 
thunderstorms [8,9] «how Ja to be closely approxi- 
mated by 3D/3t when E is close to zero,  a.,d the 

Present address: NASA Marshall Space Flight Center, 
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relative contributions of convection and conduction 
currents to Jm at these times to be usually small. 
This result was predicted by Krider and Musser [7] 
and can be expressed mathematically as 

3D/3t 
E»0 

eo3E/3t 
%0 

(3) 

The significance of Equation (3) is that a measure- 
ment of just E as a function of time can often be 
used to estimate Jm. We note that Equation (3) will 
not usually be valid within regions of heavy preci- 
pitation because of the contributions to Jm 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 characteristics 
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 assumed 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 this assumption, the field change, AEj, at a 
given horizontal distance, Dj, Is given by 

AEj 
2QH 

«weoCH2 + D^)3'2 ' 
(*) 

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

»i - [(*- xoi)2 ♦(* - voi)*Jl/Z . (5) 

where X, Y are the coordinates of the cloud charge 
in the plane of the earth, and XQI, YQI aT"  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 lntracloud field change 
can be described by a point dlpole model, i.e., the 
field change, AE , at site i is given by 

AE 
1  2n£0R,3 

SHCP.fti) 
Pz (6) 

where 

$ - P St + ?J  + Pi 
«   y   « 

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

t -  (X - Xo^x + (Y - Yoi)y + Hz 

is the three-dimensional position vector pointing 
from the measuring site to the dlpole. If this model 
produces i better agreement with the measurements 
than the point-charge model, then we assume the 
lightning was an lntracloud 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, Krehblel et al. [11] 
have reported that individual return strokes in New 
Mexico neutralize charge that is centered it  alti- 
tudes of -10 to -20*C, values that «re 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 
changes 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. 

!I - DATA 

The NASA Kennedy Space Center and the Cape Canaveral 
Air Force Station have been operating the network 
of field mills for about 10 years to ld^atlfy atmo- 
spheric electrical hazards to ground operations, 
launches, and landings. These sensors measure the 
vertical electric field at 25 or more sites, and 
the network covers a total area of about 1S«25 km2. 
The Instruments, the data acquisition system, and 
various scientific applications of the data have 
been described previously [7,10,12-14). 

Figure 1 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 (TRIP) experiments [IS). Basic- 
ally, the field at eech site was digitised at a rate 
of 10 samples per second and stored on magnetic tape 
together with an accurate time code. The digitisation 
accuracy waa 30 V/n, and the dynamic range of the 

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

To provide both accuracy and rapid data processing, 
a computer algorithm very similar to that devised by 
Piepgrass et al. [14] was used to Identify lightning. 
First, there was a coarse search for a field discon- 
tinuity in successive 1-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, JB, at each field-mill site. 

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

Ill - RESULTS 

Maps of the average Maxwell current density and the 
locations and magnitudes of lightning-caused changes 
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 
Isolated thunderstorm on July 11, 1978. Here, the 
thin solid lines show lsocurrent densities in Incre- 
ments of 0.5 nA/m2, and the thin dashed contour is 
0.25 nA/nf.  The Qa i how the locations of cloud-to- 
ground lightning charges (point-charge model) and the 
Pa show lntracloud discharges (polnt-dlrole 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 
pattern« of Ja  are consistent with the locations of 
the lightning charges and the radar echoes. Note also 
how these patterna develop and change shape slowly 
with time. 

An area-integration of a map of Ja 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 [B,9J. 
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Pig. 2. A sequence of maps of J„ derived from field-mill data for a »torn on July 11, 1978. 
The ending tlaea (UT) of ehe averaging Interval are shown In the upper right corner 
of each plot, and_ the locations of the active field-sill altea are shown aa dota. 
Contours of lso-JB are shown as thin solid lines In Increments of 0.5 nA/a? , and 
the dashed contour la 0.25 nA/a2. The locations of lightning chargea are marked 
with Qs and Ps, and the heavy dashed.and solid lines show the locations of radar 
echoes at 7.5 ka and 10 ka, respectively, at 5-aln intervals. 
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Curve I 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 peiks at about 0.45A. 

Most P solutions in Fig. 4 tend to be located above 
the Q altitudes, as would be expected for lntracloud 
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. 

3 —I 1'    -| 1 1 1 1  

Ü           1-l'M.dS 
.'V          2 - Cohulaled L 

4 i \          3-L=1km 
~ M         4-L=2km 
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.o 3 1     VJ  , /     v\ I r f 4   \M 
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//.*>/ CZT>Z?£>y. 
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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 shown. The lightning rate is aver- 
aged over 2.5-mln intervals, and the rain- 
fall is averaged over 5-min Interval?. 
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The altitudes of lightning-cmised changes in 
the cloud charge distribution that could be 
described by the point-charge model (Q) and 
the point-dipole (arrow). The polarities of 
all Q solutions are In the sense of negative 
charge being neutralized 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 discherge. Horizontal arrows show 
those P solutions that had a horizontal ex- 
ponent of P that was 9031 of the total dipole 
moment or larger. 

The remaining curves In Fig. 3 show preliminary esti- 
mates of the total lightning current to (or from) the 
negative charge region. These curves have been 
derived by summing the charges for optimum Q and P 
solutions in successive 2.5-mln 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> In cases where L 
could be computed ualng a constrained 2-charge model, 
the mean length was 1.3 km, and It Is this current 
that Is shown in Curve 2. Curves 3, -, and 5 show 
lightning currents where the L for each P solution 
have been assumed to be 1, 2, and 4 km, respectively. 

Although the data In Figure 3 are preliminary, It 
should be noted that the average lightning curren| 
Is substantially higher than the area-Integrated JB 
at the ground. Clearly, the overall charge budget 
of a thunderstorm Is an Important problem that needs 
further study. 

As a final Illustration, Figs. 4 and 5 show the alti- 
tudes and magnitude* of the changes In cloud charges 
and In the dipole moments for the Q and P solution* 
that were plotted In Fig. 2. Not* In Fig. 4 that moat 
Q* fall in a rather narrow range of altitudes, where 
the ambient air temperature 1* In the rang* from -IS* 
to -30'C. These altitude* also tend to be constant 
throughout the development of the storm. 

Fig. 5. The magnitudes of the charges and total di- 
pole mouente of Q and P solution* plotted In 
Figure* 2 and 4. 

During the early part of the storm, from 19:10 to 
19:25 UT, the average altitude of the P solutions 
increased from about 8 km to 9.5 km. This increase 
ceased after there was a maximum in the lightning 



ICOLSE-Paris 1985 S7 

rate and then gradually Subsided to approximately 
8 km at about 19:40 UT. 

In Fig. 5, tbe charge values associated with cloud- 
to-ground 11 htnJng (Q) average 9.5 C with a large 
standard dev ition. The magnitudes of the total di- 
pole moments in cloud discharges (PJ start at rather 
low values near 10 C/kin 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/ViSES DUE TO LIGHTNING 

M.  Bala, K.C. Mathpal* and J.  5Ui 

Department of Physics,  University of Roorkee, Roorkee 247667,  India 

Abstract -    In computing the electrostatic field and field changes due to lightning 
discharges,  earlier , orkers have assumed thundercloud as the  dipole model  of point 
charges.    In this paper the  authors have improved the point charge model by consider- 
ing a thundercloud of finite dimensions with spatially inhomogeneous charge distri- 
bution with positive end negative charges at the upper and lower regions respectively. 
Further, the  finite width of the cloud was also taken into account.    Such considera- 
tions provided more realistic computations  of the electric field and field changes. 
The  calculations are in good agreement, with the experimental observations an<? theore- 
tical predictions made by different workers so far. 

I  - INTRODUCTION 

For calculating electric fields, dipole model 
of lightning is generally taken into account 
where it is assumed that the point of obser- 
vation is at  the  same distance from every 
point of the discharge channel.    This assum- 
ption is valid only for distances greater 
than about 10 km.    Comparatively very little 
attention has been paid to the field changes 
very close to a lightning ohannel.    Vilaon 
A ,2/ considered a point charge which moves 
within the cloud or from cloud to the ground 
and then determined the electrostatic field 
changes.    Pierce  /3/ sugrested the variation 
in the ground electric field in the intra- 
cloud discharges to be due to the vertical 
movement of charges within the  cloud.  Based 
on this argument, elementary theoretical 
calculations of »»leotroetatic field changes, 
using simple bipolar point charges with upper 
positive and lower negative within a thunder* 
cloud were made by several workers A,5,6,7/, 
Tiller et.  al.  /of measured the electro- 
static field changes due to return strokes of 
lightning at distances fron 1 to 15 km.    Lin 
et. al. 79/ also reported the observations 
at 9 km.    Ershbisl set si. Ac/ measured 
electrostatic field changes doe  to overhead 
lightning discharges.    The dipole model of 
point charges a« used by earlier workers Is 
Fn over simplified approach and far from 
rsality.    Thus, Mathpal end Vsxshneya Al/ 
havs Improved the point charge model by con- 
sidering a thundercloud of finite dimension 
with spatially inhomogeneous charge distri- 
bution with a net positive oharge at the 
upper region and negative oharge at the 
lower region.    Further, the finite width of 
the   cloud was also taken Into ac -ount. 3uoh 
considerations provided more realletlo com- 
putations of the eleotrio field o'aangee. In 
this paper theoretical computations for the 
electrostatic field ohanges at a point on 
the ground surface am produced by an upward 
propagating streamer within the  cloud  (K- 

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

II  - THEORY 

The theory considers a finite oloud dimen- 
sion.    The cloud is idealized of having a 
cylindrical shape  with radius V Al,12,lV. 
The positive and negative charge regions, 
both have a width H.    The origin of the co- 
ordinate is assumed to lie at the centre of 
the  cloud (Fig. 1).    The length of the charg- 
ing zone is ?L.    The radius of the streamer 
has been designated by R8 and the cloud base 
has been assumed to be at an altitude h from 
the ground. Calculations have been made for 
K-changes and return strokes. 

Fig. 1 - Cloud struoturs and oharge 
aiRtribulon 

'Present address - Sahu Jain College Najibabad (U.P.), India. 
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Ill  - ELECTROSTATIC FIELD_DUB TO  K-CHANGES 

Smith A4/ waa  first to have a detailed 
atudy of the intracloud discharges.    He 
measured the  electric field changes at two 
stations 13.5 km apart.    From the measure- 
ments he concluded that the intracloud dis- 
charges raised negative charge from N-region 
to the P-region of the  cloud.    However, 
Takagi A5/ from his statistical studies of 
the  intracloud discharges gave a contrary 
view.    The situation was clarified hy Ogawa 
and Brook /5,16/ who showed that the K- 
changes are preceded by downward positive 
streamers.    Thus the K-changes are the coun- 
terpart of a return stroke in cloud to 
ground lightning.    In this case the negative 
charge moves upward.    The  R-charges  are known 
to be predominantly vertically oriented/17/. 

The propagating streamer draws its charge 
from the N-region.    The thickness  of this 
region decreases with increase in the length 
of the  streamer.    Let at  any time t,  Z.   be 
the vertical position of the tip of the 
streamer from the origin and the correspond- 
ing thickness of the N-region be Z2  (Fig. 1). 
Initially,  when t = 0,  Z^ - L and     Z2 = H. 
Thus,  following Mathpal and Varshney Al/, 
the vertical charge distribution P(Z')=P(r') 
at point p'   within the cloud at an instant t, 
can be written as - 

(i)    For region of cloud having streamer 
(the cloud width lying in between 
-Rn and +R9) 

P(r .)=-P(Z',t)=P0,  for L < Z'   < fc+H 

=PO Z'/L, for a, « a' < i 

=  -P0  ,  for -(Z2+I.)  < Z'   < ^       ..(!«) 

(ii)    For region of cloud other than 
streamer region (the cloud width lying 
in between R    and V on one side and in 
between -R    and -■* on the other side) 

Htp>)'Hl' ,*)'<>Q.  for L < Z*  < L+H 

»e    i*A*» for -ti<Z* <t. 

harmonica,  Y^m(e,(T),  one may gat AT/ 

' 'I? -r  ,|=4n I I    -& fe T-—-E  
' P    P  ' ? i (2M)   (r/+1 

..(3) 

Substituting Eq.   (3) in Eq.   (2),   one gets 

W*'0)> -?-(a,'*,,p(fPi) 

KV-£ I * 
(v)fdX- 
(?p)/+1(2M) 

..(4) 

» «P0,for -(L+Z2)<Z,< -h 

..(lb) 

where r , is the position vaotor of point p' 
and P is the maximum charge density of each 
polarity. Consider a volume elenent d' r ', 
et p*.    The potential function d$  (r  ) at 
point, p on the ground surface, whoa« position 
vector la r  , du« to tola oharge element la 
g' ven by - 

d{(?p)«P(rp.) d\p,    (4«e0|rp^p,|)    ..(?) 

Expending l/lr -r  ,|ln teraa of the spherical 

0    /    m 

Thua the potential function,  |(r ), at point 
on the ground can be    ritte.-, as- 

fcfJ.J   11   rfff_ \ ..(5) 
P      6o   X m    (2fn)(rn)«+l 

"he  factor 2 is due to the effect of the 
electrical image of the charged region of the 
oloud.    The multipole moments  (q*_T are 
;iven by 

Q/-"J"JJ'Tf»(*,^,,(ä?p,)'P(5P,)d^ P 
..(6) 

where the parameter ( must be zero or a 
positive integer and that the integer m can 
take  only the values  -(, -(/-l), 1, 
0,1,  —(/♦!), /. 

Thua 

and 

for / ■ 0, m ■ 0 

for / ■ 1, m m -i, 0, 1 

The values of apherioal harmonica,  Y*  ,  for 
/■ 0 and / - 1 ere given by (Jaokaon,  A7/. 

If one oonaiders only upto the dipole terms, 
the Eq.  (5) reduces to 

|(?p). -S[Ioo3oo, Vi ^3fi2a3^3 

..(7) 
"I 

and 

'AB 

V (L+H)      2« 

oJ jw,)i p      *' 
..(8) 

One  may find 

A«!) " "a" % * h * ? ..(9) 
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Thus   q      ■ 0 and 

B? -2 

and     z1== fodfc -L 

ql.-l=JIlYl►-l(e''q')?P,P(?P')p,dp,<iZ,dflr, 

..(10) 

We  know that 

J    exp(-i0«) d#« = 0 ..(n) 
o 

hence 

ql,-l=0 

and 

..(12) 

qll=JjrJ'Y*I(e',gf,)rp, P(rp,)P'   iP'dZ'dtf« 

..(13) 

Further 

J    exp(i<*') d«T  = 0 
o 

hence 

qu-o 

and 

..(14) 

..(15) 

qT-0"JIl Y10(e,^,)5p'   P<V>   P'dP'  dZ'  d*' 
..(16) 

or 

, 1/2 RV       Z?      Z?      T2      W2PQ 

«io-2"<n>   [-¥<-*- VK 

or 

*10 

..(17) 

■«(3/4«)l/2 Pofl^*^2] ..(18) 

where 
3      .2 

H-t-jS-V*] 
and 

♦H)2      L2 .  IW I, „ riilML _ L. ♦ 
2      I    2 j 

..(19) 

..(20) 

Now, 

j(S )» p ^j(3/4»)l/2 COB© n(3/4n)l/2 

'o 3r 
P 

'AsJ*Va ] 
or 

l<y c   0 

Coaö 

'1 
From c oordinate system 

Coa6 -  */'p 

and 

rp - (Z2*!)2)1'2 

hence 

Jo,)- nfvSVl JJ^W 

.(21) 

..(22) 

..(2^) 

..(24) 

where D is the distance between the cloud 
base to the point of observation and Z is 
the vertical position of the origin of co- 
ordinate 8/8ten from the ground.    Thus 

Z - h ♦ H ♦ L ..(25) 

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

-8 t» 
..(26) 

According tr  the convention used in the for- 
•ulntion of qiv  ), the electric field is 

positive when it is directed upward. However, 
in most  works in atxospherio electricity, 
downward fields are  taken as positive. 
Therefore,  following the later convention, 
Sq.  (26) reduces to 

y 
3Z 

..(27) 

where  tue  electric  field h is positive  v\en 
it is directed downward. 

or 

,2^r «2i Dl-lz: 
2t°    ^ (ZV)5/2 

If Q' is the total negative charge in the 
lower half region of the cloud, then 

V -(L*H) ** 
Q1«   r     T      f p'dP'PCrp.JdZ'd*'    ..(?q) 

0     0" 0 
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! 

or 

ft«   = -K W2  P0  (H+ S) 

For  calculating electric field  and  the field 
change,  the  current  density and length of 
the  channel for the K-change have been 
obtained using current  and velocity exprec- 
8ion8 given by 

It=I0(exp(-at)-exp(-ßt)),  Vt=VQ(exp(-at) 

-exp(-bt)) 

where  I   ,  VQ,  a,   3,   a and b are the  Cons- 
tanta  and  their values are taken from 
Wadehra and Tantry /l8/. 

IQ=2l  £ Amp.,  V0=3xl07ms~1,  <x=5xl04 a-1 

3  =2xl05s~1,  a=lxl04s~1  and b=1.2x105  s"1 

HO 

or 

R    -Z,   2w 

O      -Z      0 
\0l*',1') P0(rp,)P'dP'dZ' W 

R 
r8 

1       = 
^00 

«^vR -j t2i - *1 
-Z.   2 it n 

..(32) 

i00te',Öf') P(r JP'dP'dZ'dtf' 

Wf2"^   Po(-^+H) 

and 

I'D £ T   2 _ J 

..(33) 

IV - ELECTROSTATIC FIELD CHANGES DUE TO 
RETURN STROKES 

Return stroke is a ground to cloud discharge. 
In this case we consider the positive charge 
from the ground moving upward and  obtain an 
expression for electrostatic field at a dis- 
tance D on the ground surface.    The effect 
of static charge  of thundercloud has also 
been taken into  account.    The  total electric 
field E is given by 

jr 

E1  +B2 ..(30) 

where E.  is the electric field due to the 
static charge  on the cloud and E2 is the 
electric field due  to the propagation of up- 
ward positive streamer.    The expression for 

'    as obtained by Mathpal /\2/, is given as- 

(L+H)?- 5-        ,r? 2Z2X 

HL/2 Z^D*)5'2 h" 2« 

where   Q is the total charge  on the  cloud. 

For calculating electrostatio field due to 
the return stroke we used double exponential 
current and velocity expressions 

It*I0(exp(-ot)-exp(-3t)), Vt»Vo(exp(-at) 
(-exp(-bt)) 

The values of constants for return stroks 
ars given by- 

I0-22xlO,A,  V0-9xl07 m*"1,  a=»l.6xl04 s"1 

ß -5xl05 ■**, a«3xl04 s"1 and  b-7xl05 a."1 

Hers further sa in the previous section, 

I    P      2e       o s   "I (Z
2

+D2)V<' 

Now, 

E2  = 

♦ r poRs<-Vz) 

as 

(zW)1'2 
...(34) 

2 3Z4-3Z2Z?      Z2 

v-?hpoE.[;;r+;2^2\^ 
•3Z' 

(#+&F"   (Z2
+D

2)V2 
■] 

2 2rZZl+Z 

:) 
(Z2*D?)1/2 

..(?5) 

where    ^ * Z-f Vt dt 

V  - RESULTS AND DISCUSSIONS 

In the  present work the electrostatic field 
and field changes  for K-changes and return- 
strokej have been calculated in time domain. 
He  found that the total electrostatic field 
during an lntraoloud lightning discharge 
(negative charge moving up) decreases  with 
the Increase of either charge or distance or 
both.    Though, the present calculations  are 
in  .ne domain,  the results can be  compared 
with those of Ehastgir end Sana /*/. 
Ihaetglr and Saha ßl reported the field 
about  -25 KV a-1 and about -6 KV m_1 at a 
distanoe of 2 km and 5 km respectively. In 
the present case, the field at 1 km Is 
-15.4 KVm~l and at 5 km It is -6.3 KVm~l for 
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a cloud charge  of 400.    Thus the present 
values are in accordance with those given by 
Khestgir and Saha /4/. 

10 

20     40    60     80   100   120   140  160   180 
T!ME,t  {JU sec) 

Fig.? - Variation of total elsotrostatio 
field change AS? with time at D-l kn 
and  0=>40C,  for various values of 
current  Ia,  for a K-ohange 

Figure 2 «how« the variation of total elec- 
troatatio field change &B. due  to a K-ohange 
above ambient level with time for different 
values of IQ(10-?0 Kamp). The field change 
increases with increasing current. The in- 
atantaneous elsotrostatio field changea(for 
different values of I. and a) with time for o 
K-ohange have been shown in Fig. 3.    The 
calculations for dietanoea greater than 7 km 
have not been made because beyond the above 
distance the induction field may also con- 
tribute to the field ohanges.    Our values 
are in good agreement with the results of 
Ogawa and Brook hi and Khestgir and 3aha 
/ 4/. 

The instantaneous electrostatic field ohange 
has a so been calculated with time for dif- 
ferent valuss of the streamer radius Ba< 

The field is found to be insensitive to the 

>  10v 

UJ 

< 

10' 

Q = 40C Rs= 20m 
H =1km 

20      40       60      80     100     120 
TIME.t  (JU sec) 

140    160 

Fig.3 - Variation of instantaneous electro- 
static field change &E with time at 
Q=*40C,  for various values of dis- 
tance  D,  for a K-change 

radius upto about  20 u sec and beyond this 
limit it is highly dependent on B .    For 
larger radii the field change decreases 
slowly in comparison to that for smaller 
radii.    The radius of K-change is not pre- 
cisely known.    But it is argued that the 
K-change radius may be equal to or more than 
the radius of a stepped leader,    Henoe cal- 
culations have been done for radii ranging 
from 10-100 metres. 

Another important paramster is the charge  Q 
on the cloud.    He have used the value  of U 
ranging from 20 to 60 coulombs.    The nega- 
tive  charge as estimated by various  workers 
lies between 20 to 60C.    Mathpel and 
Varahneya Al/ mads calculations  for 40C of 
ohtrge which gave a value of field close to 
the experimental observations. 

The eleotrostatio field during a return 
stroke on the ground surface increases with 
time and attains a maximum value at the end 
of the discharge for any amount of oharge Q. 
After entering into the cloud the discharge 
struoture becomes  oomplioated and the return 
stroke probably becomes horizontal.    Such a 
case has not been taken into consideration. 
The  eleetrio   fisld decreases with decreas- 
ing amount of oharge on the cloud.    It aleo 
deoreasee with increasing distance. 

The variation of total eleotrostatio field 
ohange aB with time for return stroke for 
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Q: 
i—i—i—p 

= 40C 
 1         i    i^* 

D = 1km 
30 /N. -""io« 22KAmp 

28 Rs=1cm 
H = 1km 

- 

26 
L  =2km 
h =4-5 km 

- 

CM 

2   24 
X 

- 
Vo=9x107mi' 

* =1.6x104s1 - 

1   22 
> 

t- 20 
UJ 
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a =3x104s' 
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< 
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16 - 
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 i         i         i— 
12 1 

20      40      60      80      100    120 
TIME.t (>ü sec) 

140     160 

Fig.4 - Variation of total electrostatic 
field change &ET with time at 
Q=40C    and J>1 ka for various 
values of current I0, for a return 
stroke 

various values of IQ is shown in Pig. 4 
Calculations have been mad« for maximum 
currants ranging fron 10 to 22 K Amp. How- 
ever, at nuggested by various workers  I 
varies froa 10 to 50 E Amp. A value of 22 
K Amp. was suggested by Srivastava and 
Tantry /23/ which has been extensively used 
by various workers /2l,2?,24/.    The maximum 
field change at 170 useo at a distance  of 
1 ka is 3.2 KVn-1.    Tiller et al. /8/ fro« 
their records of the return stroke eleotrio 
fields at various dlstanoes neer Gainesville, 
Florida found the total eleotrio field change 
to be 10 KV«"1 at a distance of 1 ka and at 
170 usso after the initiation of the return 
stroke.    The  field ohange was observed to be 
6 KV a-1 at the ease distance and for the 
saae tiae by Serhan st al. /20/.    Erehbiel 
et al. AO/ found that for overhead lightn- 
ing dischargee thetotal    eleotrio field 
change ranges froa 1.37 to 22.1 KV a'1. Thus 
ths aaziaua eleotric field of 3.26 KV a"1 in 
the present  oaei is la good agreement with 
ths experiment el  observations of different 
investigators. 

Ths variation of instantaneous electric 
field ohange AB with tiae for a return 
stroke is shown in Fig. 5.    Ths field change 
is negative for all distanoea.    Ths total 
field ohange for ths returnstroke is about 
10 tiass that for a K-ohangs.    The field 

40 ..            Q=40C 
—i            I r 1 1— 

v""          -\D=1 km   - 

30 
/   y              -\3km^ 

20 - 1                              / 

- |                          // 
cum 

10 

0 . 

V10 
> 
W.-20 

Rs=1cm 
H =1km 
L = 2km 
h =4-5km 

UJ 

< 
-3 0 

I0 = 22KAmp 
V =9x107mi' 

<  =1.6x10   s1 

-40 %  - 5x105i' 
a  = 3x104s' 

-50 \ v/ / b =7x105s1 

-60-           \ ■ 

-70 
20      40      60      8'      100    1/0 

TIME    t  (Jj sec) 
140     160 

Fig. 5 - Variation of instantaneous electro- 
static field ohange AE with tine at 
0=400 for various values  of distance 
D,  for a return stroke 

changes in both the oases are  similar in 
nature.    Ral and Varshnsya /2l/ observed that 
the radiation field due to a return stroke 
is  about 10 times  that  of a K-change.  Similar 
results were obtained by Nadehra and Tantry 
/19/ also. 
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ELECTRIC FIELDS PRODUCED BY WINTER THUNDERSTORMS 
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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 is well known that many winter thunderstorms 

occur over the Japan 3ea coastal regions. A", the 
winter lightning discharges are very anomalous [l] 
[2], its characteristics must be made clear for the 

design of lightning protection of power system and 
tall structures. 

The winter lightning currents which flowed 
through an isolated tower for meteorological 

observation have been measured by magnetic links, a 
magnetic tape recording device and an oscilloscope 

with a recording camera since the winter of 1976 [3], 
and by a digital recording system using Rogowsky coil 
set at. the tower top as a current sensor at Maki of 
Japan since the winter of 1982 [It]. 

To clarify the characteristics of winter 
thunderstorms which attack Maki area, 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 u;. 
to takt the images of lightning discharges struck the 

tower. It is 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 patli 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 that wave length relates to the horizontal 

distance between the charge centers In the cloud and 
it may mean the size of convection cells. 

From the results of analysis, it has been made 

clear that the cell 3ize is about l*-20 km and in 
proportion to the heat and water vapour supplied from 
the sea surface to the atmosphere [6] [7]. 

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 
Kaaochi) 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 

deformation of thunderclouds in the period of 1*5 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 aoove 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 for the reference. 

The second observing point "Hamochi" is located 
at about 1*5 km W(28l 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 1981*, 
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 1981* is located at 
about 20 km E inland area from Maki in the Niigata 
i'lain. There are the radar site of Mt.Yahiko(EL 

638 m) at about 1 km S from Maki point and the Fukul 
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 u:;ed in discussion. 

The field mills used at each point have a 
response time of about O.ll* sec. and its output 

signals have been recorded on a per recorder only in 
the early stage. To simplify the data analysis and to 
avoid the data lacks caused by troubles on recorder, 
a digital recording system has been developed and 

used together at each observation point. 
The systeir consists of ■. field mill, opto- 

electronic transmission systei, fe-D converter, a 

digital cassette recorder and simple micro-computer 
with a timer. The dynamic range of the system covers 
from *60 kV/n to -60 kV/m of th; electric field 
strength. To record the field data automatically for 
long period, the field signals are sampled at 1 sec. 

intervals. They have been registered on memory of the 
computer with time index when the difference 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 
sec.) interval only. 

Y. Goto et al. 

about 9 hours(32385 

3.  RESULTS OF 
POINTS 

ELECTRIC FIELD MEASUREMENTS AT TWO 

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 .^served inside of the polar air 

bounded by the cold dome boundary layer. 
When a storm moves 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 
Kamochi. The difference between oscillating 
amplitudes at the two points is considered by the 
following reasons: 

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

(b) Space charge effects of charged particles 

generated 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. Several thunderstorms 
develop and uttack to the regions of the observing 
poiiits periodically over a long period of time during 

one day or over. If there is more than 1/2 hour 
interval of zero field between such storms, they are 
regarded as each another one. In the period there are 
large amplitude and abrupt changing polarity 
alternations before and after the lightning flashes 

to the tower. So these abrupt changes may represent 

the rapid electrical processes whicn occur during 
intracloud or ground discharges and precipitations. 
But slow changes of the field are considered due to 

the thundercloud charges moving with wind speed. 
The time length of continuous field variation, 

which means the duration of a thunderstorm or u 

fluctuation of meteorological conditions, and the 
period of slow field oscillation, which means the 

duration of convection cells, depend on wind speed. 
When the wind directions at the two points art- 

same and western, the storm which moves over Hamochi 

attacks to Maki area. Then the durations of 

continuous field variation at the two points are 
roughly equal but the periods and patterns of 
oscillatory variation are different. The differences 
of field variations are thought due to the 

deformation of convection cells and the change cf 
charge distribution in the cloud . 

The period can be obtained in dividi.ig the 
distance of the two points with the wind speed at 

tower top. It nearly coincides with the time lag of 
the field change start at the leeward point Maki. 
Therefore it is seemingly adequate that the 
travelling velocity of thunderclouds are the same of 

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 sane one 
as in Fig.2. The wind speeds are used the average 
values in every ten minutes which are calculated by 

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

S.Matsumoto et al. ha/e emphasized in their 
paper as following: The fluctuations of weather 

conditions such as wind, pressure and precipitation 
for a 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 hours 
respectively can je analyzed during the process in 

which cold air outbreak is accomplished. The phase 
velocity of the mesoscale disturbance is 55 km/hour 

[8]. 
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 field changes at the two points 

do not correspond to each other in this case. 

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

To clarify the form and scale of thundercloud, 
weather radar echo figures made by Japan Meteoro- 
logical Agency are used. In weather radar, echoes are 

received from precipitation elements whose in thus 
located. 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 seldor 

serious. It is important to reiterate that weather 
radar detects precipitation elements not lightning. 
It does not therefore distinguish between a shower 

and a thundercloud. 
In spite of the above mention, most clouds 

formed by strong cumulus convections are observed as 
radar echoes, when cyclor.es have passed away from 

Southwest to northeast over the Japan Sea in winter. 
They arc estimated as thunderclouds. Because air- 
temperatures over EL 1 km are below the freezing 
point and below -?0°C at EL It km. It should b<- 

thought that vigorous charge separations occur at the 
altitude in the clouds and thunderclouds are formed. 

The radar echo figures in the period from L'L) 

Dec. 198t to 2lt Dee. I98J4 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. 1981* and the 
field variation in ttie 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.lt. In the figure, the 

wind directions measured at the tower top of Maki 
with arrow heads, the heights of cloud top observed 

by radar echoes with ranked number (1: under 2 km, 2: 

2-lt km, 3: lt-6 km, and so on, 9: unknown) and 
precipitation level with symbol are shown. 

The time variations of electric field correspon- 
ding to Fig.lt is shown in Fig.5. 

The field variations which were converted from 
the time dependence to distance dependence are shown 
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in Fig.6. 
From Fig.lt 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 patterns of 
field variation have shown that the shape of thunder- 
cloud deforms with time and the growth and extinction 
of convection cell in the cloud or the change of 

electric charge distribution in the cloud 
successively occur. 

Sometimes field change is measured although 
there is 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 thunderstorms, the changes of electric field 
have been measured 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 
each other. The time lag of the field variation at 
the leeward point can be explained the distance 
between two observation points. It depends on the 
wind speed measured at the tower top of Maki. 

Moreover, the scale and deformation of thunder- 
cloud have been discussed with the field varie.tion 
observed at Maki and the radar echo figures. 

The scale of the cloud In the wind direction at 
Maki ubtained with the echo is nearly equal to the 

-eale estimated from the field variation. Sometime:; 
field change is observed in spite of no cloud on the 

radar echo. This can be estimated that there are the 
transparent charged elements for the radar pulse. 

To clarify the winter thunderstorms, further 

accumulation of data in a various conditions is 
needed. We observed the lightning flashes struck the 
tower at Maki In 31 Jan., 1 Feb. and 21 Feb. 1Q85. 
So wt- will discuss the characteristics ot thunder- 

3torms for the period Involved the lightning flash 
days. 

Moreover, as the field variations have been 
measured at Shirone since the end of 19814, the 

relations of field variations at three points must be 

analyzed. 
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Fig.  1».  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 Kuinar and J.  Rai 

Department of Physios,  University of Roorkee, Roorkee 247667,  India 

Abstract -    Using a plate antenna the electrostatic field changes due to overhead 
lightning discharges were carried out for the  summer thunderstorms of 1983-84 at 
Roorkee.    Simultaneous measurements of thunder was also carried out to find the 
distance 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 oeen known regarding 
the mechanism of these discharges«    More 
than Tb-/. of the discharges in the tropics 
are  intracloud discharges /l/ and very few 
observational data are available from this 
region /2,  3,  4, 5/.     To  test the existing 
theories of intracloud discharges simultan- 
eous measurements of electrostatic field 
changes,  thunder and VLF radiations are 
being made at Roorkee (29«52°N, 77«53°E). 
Statistical analysis 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. 

II  - EXPERIMENTAL SETUP 

A field change recorder IFCR)  was construc- 
ted for the 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 between the 
antenna and the ground,    this potential 
difference was measured using a RC network. 
The value of C was so selected that it was 
much 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 tine constant RC 
was large enough to measure individual 
events /b/.    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.l, 

*V =  £0Ael AE/C (1) 

where &V is the voltage    change at the 
amplifier input, A«f  is the effective area 
of the plate antenna, AE is the electric 
field change,  C is the capacitance of the 
RC network and £    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. 

Ill - RESULTS AND DISCUSSIONS 

Frequency of Lightning discharges s-    The 
interflash time interval (in seconds)   for 
the  total number of discharges observed 
during 1983-84 is plotted as a histogram 
in Fig.2.    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    lightning 
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 /!/ is 
3 flashes per minute,  in /8/ 50 flashes 
perminute (maximum value),  from satellite 
observations over 30°+ of equator /9/ a 
value of 5 flashes per minute was reDorted- 
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 observing 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  that 
most of the flashes produced a field change 
ranging from 0-1 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 L5-2 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 exhlbt posi- 
tive field change at all distances from 
the point of 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 obser-ved positive field 
changes with values greater than 1 KV/a 
when the storm was overhead were  quite 
small«    It can then be very correctly said 
that more than 75?» of the lightning dis- 
charges in the  tropics are intracloud dis- 
charges. 
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discharge  for tropical  thunderstorms an 
average inclination of lightning discharge 
was reported in /ll/ 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.4    Electric  field change  (positive)  for 
the observed discharges. 

Fig-5    Electric field change versus 
distance  to  the discharge. 

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 

Our 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 
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E = 2p 

\/(h+x)2+D2 

JL (H-h-x) h 

/(h2+D2)3 

(H-h) h 

/(H2+D2): 

>(2) 

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 observation to 
just 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. 

From the geometry of the figure one can 
write 

H-h = L 

D2+h2 = r2 

D2+H2 = r2 

pL = Q 

Substituting equations 3-6 in Fig2 we have 
_ 1 (L-x)h 

/(h+x)2+D2 

• • (3) 

••(4) 

••(5) 

••(6) 

we have 

L H 
■•( (7) 

FIG.6 

Fig«6    Geometry of the model for vertical 
discharge. 

Substituting the values of E, L, rH and rh 

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. 

I 

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 
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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 oeen found out that the error due to the 
persistence of the thunder is negligibly 
small. As the velocity of the lightning dis- 
charge ("*10    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 readily write that 

lH 
2 L 

/l/    Prentice S.A«  and mackerras D«,  'The 
ratio of cloud-ground lightaing flash- 
es in thunderstorms', J.  Appl« Meteor., 
545-550, 1977. 

Ill    Alya S.V.C.  and Sonde  B.C.,  'Spring 
thunderstorms over Bangalore' , Proc 
IEE, 1493-1501, 1963. 

/3/    Aiya S.V.C»,  'Lightning and power 
systems' ,    Electrotechnology 
(Bangalore), 1-12,  1968. 

/4/    Harris    D-J. and Salaman Y.E«,  'The 
measurement of lightning characteris- 
tics in northern Nigeria' , J« Atmos« 
Phys.,  775-786,  1972. 

hi Wang C.P., 'Lightning discharges in the 
tropics', J. Geophys. Res-, 1943-1949, 
1963. 

16/   Uman M.A«,  'Lightning', 1969. 

/7/    cianos N«  and Pierce E.T«, 'A ground 
lightning environment for engineering 
usage, Stanford research institute*, 
Project, 1834, 1972- 

/8/    Dennis A-A«, 'Final report of Stanford 
research Institute1 , Project, 4877, 
1964. 

(9) /9/    Sparrow J.G. and Ney E-P«, 'Lightning 
observations by satellite*, Nature, 
540-541, 1971. 



m 

1C0LSE - Paris 1985 
109 

/10/ Ogavia T.   and Brook M-,  ' The mechanism 
of intracloud lightning discharges1 , 
J.  Geophys.  Res-, 5141-5150, 1964. 

/ll/ Wong C.M.   and Lim K.K-,  'The  inclina- 
tion oi  intracloud lightning dischar- 
ges' , J.  Geophys.  Res., 1905-1912, 
1978. 

/12/ Brantley  R.D«,  Tiller J.A«  and 
Uman M.A«,   'Lightning properties in 
Florida    thunderstorms from video tape 
reci;-ds', J.  Geophys.   Res.,  3402-3406, 
1975. 

/13/ Teer T.L. and Few A«A-, 'Horizontal 
Lightning', J. Geophys« Res., 3436- 
3441,  1974. 

/14/ Khastagir S.R.  and Saha S.K.,  'On 
intracloud discharges and their 
accompanying electric field changes', 
J.  Atmos- Phys- 115-126, 1972. 

/15/ Ogawa T.,  'Lightning    current',  CRC 
Handbook of Atmos-   23-63,  1982. 

c 

I 



10th International Aerospace and Ground Conference on Lightning and Static Electricity       111 

UNITED STATES ARMY MISSILE COMMAND LIGHTNING SIMULATION TEST FACILITY 

L.H. Riley 

U.S. Army Missile Cormand, Redstone Arsenal, Alabama ZS898-5240,  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 Tent 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.  Electromagnetic fields radiating from the electrode illuminates test specimens 
located nearby and outside the peaking capacitor.  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.  A unique two (2) 
fiber link is normally used.  One fiber transmits data and the other is for remote 
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:  The pur- 
pose of this paper is to describe the 
lightning simulation test facility at the US 
Army Missile Command (HICOM).  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 19&1 
Conference Proctdures (1). One noticeable 
difference in this arrangement and that pre- 
viously reported on is the rectangular shape 

of the Marx generator and its physical loca- 
tion and attachment point.  The Marx genera- 
tors - ther^ are two (2) generators now 
availat   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 U3ed 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 k  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 (RFI), 
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 LINK:  Most present 
fiber optic telemetry data links utilze a 
time based modulation scheme to eliminate 
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 frequency Modulation 
(FM) techniques are available in sufficiently 
small sizes and have bf.en  utilized by the US 
Army Missile Command (ISA 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 limitations. 

Ai amplitude modulated (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 currently being used 
by USA MICOM.  These lini<s can be used for 
simulated or directed ligatning tests.  The 
two fibers are necessary ',o provide compen- 
sation for inadvertent variation in the light 
data transmissions and to pre.vide adjustments 
in system sensitivity as required for the 
dynamic range.  One fiber (f.rst fiber) is 
Ui»ed for data transmission for the telemetry 
transmitter located in the EUT to the remote 
receiver/controller located in the data 
recording and processing aroa.  The other 
fiber (second fiber) i3 ustd for system 
control between the telemetry 
receiver/controller and the telemetry 
transmitter.  The telemetry 
receiver/controller can sen ie in&Overtent 
variations in the data transmission through 
the fii«»t fiber and can provide compensation 
for this 'ariation utilizing the second 
fiber.  This can be done automatically and 
provide automatic optical gain control. 
Dynamic range changes can be made by changing 
control 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 188, 
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 introduction 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 systea 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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"The Use of a Distributed Peaking Capacitor 
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Abstract 

Tt 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 lightning 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 newly revealed threat. 
The addition of NEMP type 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 (LTR1) and Electro Magnetic 
Applications, Inc. (EMA) (3). The actual design of 
the final peaking capacitor was developed by the Air 
Force AEH Group. 

I.TK! 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 
risetime« over existing lightning simulators. 

Wich this confidence, the AEH Croup performed a 
parametric study of the generator using a three 
branch lumped parameter RLC representation of: the 
generator with resonant charging inductance, L , and 

resistance R : the peaking capacitor; and the loid 
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 inductance of 6 U H to 12 v H and a 
characteristic surge impedance of 75 f! to 130 fi 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 - f> uH. 12 wH and Z - 7 5 fl, 130 Q are presented 
in Table I 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 consideration is required not to 
overvciltage the peaking capacitor. In the ideal 
case, no rrs'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. In 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 its 
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, 10% to 90%, of 165 
nanoseconds. Comparing the two waveforms, the 
effects of adding the NEMP type distributive peaking 
capacitor is dramatically illustrated. 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 
the final design of 
The first was the req 
volts. The second wa 
operate in the AEH 
ceilings as low as 
of the peaking capaci 

constraints strongly influenced 
the fast risetime generator, 

uirement to stand-off 4 million 
s the need for the generator to 
Group's test facilities with 

2 feet high. The final design 
tor is shown in Figure 8. 

The peaking capacitor is a 4 million volt 
distributive capacitor comprised of four parallel 
legs of forty 100 KV, .01MFD 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 
capacitor. 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 peaking 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 >*an 
be lowered for transportation of the peaking capaci- 
tor or mating the peaking capacitor to other test 
objects. 

The 10 uH resonant charging inductor Is 
comprised of soft copper tubing rolled around a 
varnished cardboard  concrete column 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 Air 
Force AEH Group to develop a crowbar switch that is 
capable of being used w5th 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 NF"P 
type peaking caoacitor to provide an order of magni- 
tude improvement in current risetimea 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 capacitor. 
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SYSTEM 
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Electro Magnetic Applications, Inc., P.O. Box 26262, Denver,  Colorado 80226,  U.S.A. 
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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 
peaking capacitor output has been shown to provide sufficiently large values of 
I, 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 in 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 an increasing 
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. 

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 permit 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. First, the 
approach is applied to a uniform cylindrical 
test object, in order to study responses 
which are not confused by the presence of 
variations in a real aircraft geometry. Next, 
the approach is applied to a three dimension- 
al (30) model of an F-16 aircraft. 

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 
current.with a rate of rise exceeding 
2  x 10" A/s into a full scale fighter size 
aircraft, and with a peak current level on 
the order of 4o nA. 

One of the problems of the above approach Is 
that the late time waveform is a damped 

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 UNIFORM CYLINDRICAL TEST 
OBJECT 

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 Figures 2.2 and 2.3. 

In Figure 2.2, the responses with and with- 
out a crowbar are indicated for a short 
circuited termination (RT ■ 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 oscillation 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 1s 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 limited to approximately 4 kA (300 kV 
divided by 71.4n). An alternate approach is 
to put a shunt termination inductance L. in 
parallel with the resistance Ry. The object- 
ive in doing this 1s that at high 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 for LT * 1 and 10 yH are shown 
Figure 2.3. A 1 uH inductance allows the 

highest frequency resonances to be damped 
fairly well, but the lower frequency resonan- 
ces are not. A 10 yH inductance will signif- 
icantly damp even the lower frequencies. The 
price that is paid for damping the oscillat- 
ions is reduction of the injected current 
amplitude. However, even with 10 yH, 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. Although 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 yH 
inductance, but only about 6 kA for the 10 
yH 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 -wer 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 ttrmination 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 uie other end. This is roughly a 
quarter wave resonance. 
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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 Jescribed Section 2.   Figure 3.4 
shows the injected current for different 
values of Ly and with Ry = 78ß . Figure 3.5 
shows the same thing for Rj = 150n. The 
78fl 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 78s? seems to be the best. The damping 
is not nearly as good as was possible with 
the cylindrical geometry previously 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 the 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 Jbject with the simulator. An 
approach was studied to minimize these 
resonances. It was found that for a uniform 
transmission line, they could be damped by 
terminating the line in its characteristic 
impedance, and shunting this with an inductor 
which still allows a rather large late time 
current. When applied to an actual aircraft, 
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this approach does reduce these resonances, 
but not to the same degree as was possible 
with a uniform line. This is because the 
aircraft geometry cannot really be represent- 
ed by a uniform transmission line. However, 
it is believed that these spurious resonances 
might be reduced with more judicious choices 
for termination impedances and a more 
detailed test fixture design. 
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THE OBSERVATION OF HIGH  FREQUENCY B AND D TRANSIENTS  EXCITED ON A  FUSELAGE 

BY AN   IMPULSE GENERATOR 

C.J.  Hardwick and V.P.  Dunkley 

UKAEA Culham Laboratory, Abingdon,  Oxon 0X14 SDB,  U.K. 

Abstract 

High frequency transients in the MHz range of both B and 6 on a Hawker Hunter fuselage subjected to a 
simulated lightning strike have been observed. The magnitude and frequency content of the waveforms and 
their variation with position on the ftiselape have been measured and a comparison Is made with various models 
of the fuselage-lightning simulator system.  Both distributed and lumped models of the transmission line 
formed by t), • fuselage and the conductors eonnerHrt" ft tr, t-hp lightning generator give a reasonable 
description cc the transients. The D transients occuring were quite large and can Induce large voltages on 
exposed, high impedance circuits. 

i 

INTRODUCTION 

Investigations of Induced voltages on aircraft 
wiring during whole aircraft simulated lightning 
tests, for example on the Fly-by-Wlre Jaguar 
(Ref. I), the Saab Viggen (Ref. 2), on the 
Hawker Hunter fuselage at Culham (Ref. 3), and 
in tests done in the USA (Ref. 4) have shown the 
existence of bursts of HF oscillations in the 
MHz range at the beginning of the waveform. 
These high frequency transients are due to both 
capaclttve coupling (proportional to rate of 
change of electric field 6) and inductive 
coupling (proportional to the rate of change of 
magnetic field B). In order to predict what 
values of Induced voltage might be expected it 
is Important to have a knowledge of the values 
of B and t> on the aircraft. 

Essentially a aiaulated lightning strike to an 
aircraft is obtained by discharging a capacitor 
bank into a circuit consisting of the aircraft 
and its return conductors. The resulting 
aircraft current waveform contains low frequency 
oscillations, in the 10-200 kHz range, arising 
from the resonant circuit of the bank 
capacitance and the total circuit inductance, 
and high frequency oscillations in the 10-50 MHz 
range during the first few microseconds, arising 
frost the shock excitation of the natural 
resonances of the aircraft. 

Recent work by Burrow (Ref. S) and Evans (RAE 
Farnborough, Private Communication) has 
attempted to calculate in some detail the 
magnitude and shape of these high frequency 
current transients in an Idealized aircraft 
structure and the resultant I, b  waveforms. 
This present paper describes measurements of I 
and b  at various positions along the Hawker 
Hunter fuselage and compares the result* with 
the predictions. 

Until recently assessment of lightning Induced 
effect* ha* concentrated mainly on the effects 
of magnetic field*. It 1* now thought that 
during a natural lightning strike, there are 

large values of D during the leader attachment 
to the aircraft and a significant proportion of 
Induced effects can be due to this process 
especially in circuits of high Impedance. 

Therefore, measurements of the Induced voltage 
on an open circuit wire on the Hunter fuselage 
have been made and we compare these measurements 
with predictions calculated from the measured D 
values. 

THE HAWKER HUNTER TEST ASSEMBLY 

The test assembly at Culham consists of a Marx 
generator connected to the Hawker Hunter 
fuselage with a quasi coaxial system of return 
conductors shown schematically in Figure la. 

Impulse 
generator 

IP 
Terminol, 

r Ouifr conductor   3ilm wid» 
Al strips mounted 
symmetrically  about fuselage 

Experimental 
earth 

A ■ rcrall 
fuseloge 

Inner conductor 
front 8m long 
section of hunter 
tutelage 

Pig. la 

The wing* and tall fin had been removed from the 
fuselage and the cockpit canopy had been 
replaced by an aluminium sheet cover. The 
fuselage and return conductor system 1* 
electrically similar to a transmission line with 
a short circuit at the remote end, and an 
equivalent circuit la shown in Figure lb. 



128 C.3. Hardwick et al. 

Equivalent length-9m 

L$ sl.BUH 

C=.375uF 

C0 9 78 pF(m. L0 ■ .UllH/m 

Fig. lb 

r, = .6m 

r, = 1.3m 
Fig. 2 

8m 

As we are interested In comparing the effect of 
applying a theoretical step Impulse of voltage 
to the fuselage with experimental behaviour, 
only a single stage of the Marx generator was 
used in order to simplify the actual shape of 
the impulse applied. The high voltage switch 
was a triggered spark gap. The parameters of 
the system were as follows:- 

Capacitance - .375 uF 
Voltage - 50-150 kV 
Total inductance, L      - 3.1 uH 
Series damping resistance ■ 150 m& at 147 kHz 

The inductance, L. and capacitance C per unit 
length of a concentric pair of cylinders are 
given by: 

L - 0.2 In "2 uH/m 

\ 
C ■ 2*eo   F/m 

With our geometry R - 1.3 m and R ■ 0.64 

giving L • .14 aH/m 

C - 79pF/m 

and a characteristics Impedance, 

The fuselage is 8 a long, however, the 
protruding wing stub* and finite diameter uf 
the coaxial assembly will effectively Increase 
the length of the transmission line. Therefore 
we have approximated our system by a 9 m length 
of line of the above characteristic Impedance. 
Hence, we estimate a source Inductance Ls of 
about 1.8 uH and a "bothway travel time" of SO- 
SO na. 

Measurements of B and D were made with 
diagnostic probes attached to the underside of 
the fuselage along the bottom centre line. A 
aide «lev of the fuselage with a distance 
scale ls shown In Figure 2. 

DIAGNOSTIC PROBES AND DATA ACQUISITION 
D Probe 

The D probe used was an EG&G conforming flat 
dipolfl CFD-1B. Manufacturers paramters for the 
probe are: rise time 1.1 ns; frequency response 
300 MHz; an effective area of 10"3 m2; and it 
requires a load Impedance of 50 Q  giving an 
output of 1 V for a ß of 20 A/m2. The ground 
plane of the dlpole was attached to the 
underside of the fuselage. Signa's from the 
probe were conveyed to a FOL 200 i'ibre optic 
transmitter located inside the fuselage via 50 Q 
coaxial cable. 

J Probe 
s   

The J probe was a small 6 turn coil of cross- 
sectional area 0.7 x 10" ^ m2. The axis of the 
coil was aligned at 90° to the axis of the 
fuselage, parallel to the lines of magnetic 
field around the fuselage. The signals from the 
coil were conveyed to a FOL 100 transmitter 
located Inside the fuselage with an 8 m length 
of 80 Q screened, twisted pair cable with 
appropriate termination and 2 x 0-31 dB variable 
attenuators. The 8 ■ length of cable waa 
attached close to the fuselage surface. The 
3 dB point on the frequency response curve for 
the probe-cable assembly was 30 MHz. The probe 
gives about 1 V output for a B of 2300 T/s. 

B Probe 

During the later stagea of the program an EG4C 
multi gap loop ground plane MCL-2A I p.-obe was 
obtained. This was connected to the FOL 200 in 
a similar way to the D probe. The probe was 
used as a check OP the frequency content and 
magnitude of the waveforms obtained with the Js 
probe. The probe has a frequency response 
> 2 GHz, an equivalent ai\.a of 10-1* a2 and gives 
1 V output for a I of 10s T/s. The waveforms 
obtained from t'.e  jg and I probes were similar 
except for the better frequency response of the 
i coll. 

The FOL 100 and 200 transmitters of bandwldths 
100 and 200 MHz respectively, wer« connected via 
fibre optic cables to their corresponding 
receiver/control units In the screened room. 
Signals fro» thea were connected to a Tektronix 
7612 D dltlglser via appropriate plug-in units. 
The dlgltlser has a maximum of 2048 samples per 
channel and a alolaua tlae between saaples of 
5 ns. 
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EXPERIMENTAL RESULTS AND COMPARISON WITH "LUMPED 
ELEMENT" AND "LUMPED SOURCE" MODELS 

Typical 6 and § waveforms at 10 cm along the 
fuselage, essentially at the Input end, are 
shown In Figure 3a and b. Waveforms were also 
recorded at other positions along the fuselage. 
The basic shape remained the same but the 
magnitude of the different frequency components 
varied. The magnitudes were repeatable to 
better than 10% and also scaled lineerly with 
the generator voltages to within 15%  over the 
range of 50-150 kV. 

The msin features of the I waveforms are a low 
frequency cosine wave oscillation at 147 KHz and 
a large high frequency component at 9.A MHz. 
The D waveform shows no low frequency component. 
The high frequencies decay after about 5 
microseconds. The time constant for the decay 
is 2.0 us giving a HF resistance of about 2 Q. 
This Is consistent with the increase In 
resistance in going from 147 kHz to 9.A MHz due 
to the decrease of skin depth. 

A fast Fourier transform of both B and D 
waveforms shows a second high frequency at 
25 MHz generally less then one tenth the 9.A MHz 
component. Also some waveforms show 
enhancements In the range 10-12 MHz. 

The simplest model of a simulated lightning rig 
is a "lumped element" model where a capacitor C 
at potential V Is discharged through a load 
Inductor L, and series resistor R as discussed 
by Burrows in Ref. 5. This results in a damped 
low frequency oscillation, the frequency given 
by 1/2 n-/LC". The peak value of I Is given by 
V /L. Clearly this model cannot predict the 
high frequency behaviour or the variation of I 
at positions down the fuselage. 

An alternative approach proposed by Burrows is 

the "lumped source model".  Provided the impulse 
generator and its connecting plates to the 
aircraft/return conductor assembly are kept 
small, compared to the length of the aircraft/ 
return conductor transmission line (TL), then 
the circuit can be considered as shown In Fig. 
lb. The generator is composed of a lumped 
source inductance, Ls, representing the 
generator and connecting plate inductance and a 
voltage source producing a voltage st;p, VQ when 
the switch is closed. The generator capacitance 
is not represented as for times short compared 
to the lumped element model low frequency period 
of oscillation, the capacitance will not 
discharge appreciably. The load ls the 
transmission line and the voltage step will 
travel down the line towards the short circuit 
end. The impedance ls essentially purely 
resistive and equal to Zo, the characteristic 
Impedance of the TL, until the arrival of the 
reflected voltage step from the short circuit 
end at the source modifies the apparent 
Impedance of the line. Using this model the 
initial HF transient value can be calculated and 
ls given by: 

i-vo •"'/« 

where xs - il 

Hence the peak I value ls greater than the 
lumped element model by the ratio L/Ls.  In our 
particular example we have a ratio of 3.1/1.8 - 
1.7. 

The initial peak D and B values can be 
calculated from the formulae: 

>v T/s 
2 n R, 

TABLE 1 

CALCULATED VALUES OF j.  D AND fr F30H LF LUMPED ELEMENT AND LUMPED SOURCE MODELS  AND OBSERVED VALUES OF D AND 
B AT  INPUT END OF LINE FOR DIFFERENT BANK VOLTAGES 

Bank 
voltage 

LF Lumped element model 
predictions L ■  3.1 pH 

Lumped  source n.odel 
predictions L,"   1.8pH 

Observed values 
at  input end 

kV I  kA/ps D A/*2 B  T/s I  kA/us D A/m2 B T/s D A/m2 B T/s 

50 16.1 13.2 5031 27.8 22.8 86 8S 31.0 8300 

100 32. J 26.5 1009A 55.7 45.7 17A06 63.6 19000 

150 48.A 39.7 15125 83.3 68.3 26031 102.4 27800 
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£oV 

in «2 
A/m-* 

and V • I Zo for the initial peak values. 

The low frequency component of V across the 
transmission line will be given by V - T.uL where 
L is the aircraft/return conductor inductance. 
In our case, with a frequency of 147 kHz and L - 
1.3 uH we have an impedance of 1.2 Q which is 35 
times less than Z . Hence the low frequency 
content of the D waveform will be much smaller 
than the KF content. 

• •    • 
Table 1 summarises the peak, I, D and B values 
calculated with lumped element and lumped source 
models for different bank voltages and, for 
comparison, the observed peak values of 5 and B 
at the input end of the fuselage are also 
shown« 

We see from the experimental data that the peak 
values are greater than the LF values and are 
more in agreement with the predictions of the 
lumped source model. The observed values of D 
at the input end are 3 dB greater than the 
predicted values of the model but this is 
probably due to distortion of the electric field 
at the feed-in end. The I values agree to 
within t 1 dB. 

Variation of peak values of B and b  with 
position along fuselage 

The variation of the peak values for D and B 
along the tutelage is illustrated in Figures 4 
and 5 respectively for data taken at 50 kV bank 
voltage. Also 1.4icated in the graphs by 
horizontal lines a.« the values of B and 6 at 
the Input end, calcu.'sted from the lumped 
element (total inducts, -.e, L - 3.1 uH) and 
lumped source (L "1.8 t-H) models as discussed 
above. 
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Fig. 4 Variation of peak D with position along 
fuselage. The experimental data points 
are the absolute values of the first 
and second peaks of the waveform. The 
curves are the first and second peak 
values calculated from the NAP2 
computer code (see key). 

We note that 6 Is a maximum at the high voltage 
end and minimum at the short circuit end as 
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Fig. 5 Variation of peak B with position along 
fuselage. The experimental data points are 
the absolute value of the maximum peak of 
the waveform and the maximum value of the 
9.4 MHz component. The 9.4 MHz component 
Is the difference between successive maxima 
and minima and hence can be greater than 
the maximum peak if the following minimum 
has a different sign. 

indeed it has to be as the voltage here Is zero. 
Similarly B is a maximum at the short circuit 
end as the current is maximum here. There is a 
minimum of the peak B at 2 m and at 1 m for the 
9.4 MHz component. 

We will now discuss more complex models required 
to calculate the variation of B and b  along the 
fuselage. 

The Distributed Tl Model 

To evaluate possible resonant frequencies we may 
get in the fuselage tie can consider the rig as a 
resonant circuit formed by the TL and the source 
inductance, Ls. In the case of a loss-less TL 
with a short circuited load the Impedance is 

2u" Z0 tan 
Ui. where £ ls the length given by Z < 

of line, Z Its characteristic impedance and X 
the wavelength, and ls entirely reactive. If 
(n + IP > I ">—,  for n odd then the reactance 

4     4 
is capacitlve. In addition there will be some 
stray capacitance, C, in connecting plates from 
the Marx generator giving a total capacitlve 

reactance of 1 
uC + 1 

and this 

Z0 tan 2iU/\ 

will be resonant with the source lndutance. 
Figure 6 shows the variation of the total 
capacitlve reactance and the source reactance, 
uLs with frequency. Using 22pF for C, 9 m for £ 
and 1.8 (iH for Ls we see that a reasonable fit 
to the observed resonances of 9.4 MHz (n ■ I) 
and 25.4 MHz (n - 3) ls obtained. For 9.4 MHz, 
X/4 ■ 8 m, hence there will be a node about 1 ■ 
in from the feed-in end of the fuselage. That 
Is, at this point there will be a minimum in the 
HF component of current and a maximum in the HF 
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component of voltage. This is indeed observed 
with B which is proportional to I and hence peak 
I. 

400 r 

0 10 20 

Frequency MHz 

Fig. 6 The variation of source impedance (al ) 
and the transmission line capacitive 
reactance for the first and third 
harmonics (Zl and Z3 respectively) with 
frequency. The observed resonant 
frequencies at 9.4 and 25.4 MHz are 
marked on the tuL line by dots. 

D does not show a maximum here probably Hue to 
the fact that, near the high voltage feed-in, 
the fuselage cylinder ends abruptly in an end 
plate, hence the electric field can be distorted 
at the edge and made larger. 

The shape of the waveforms can be calculated by 
summing successive reflections from either end 
of the TL and Is discussed further below. 

The discrete element transmission line model 

In this model the generator/fuselage system is 
represented by a circuit as shown in Figure 7. 
The fuselage is approximated by 9 equal "L" 
sections of L - .14 uH and C - 78pF which are 
the estimated Inductance and capacitance per 
metre of the fuselage. The generator is 
approximated by an L section with an L ■ 1.8 uH 
and C ■ 22pF. The result of applying a step 
Impulse to this circuit was analysed by a 
network analysis computer code (NAP2, Ref. 6) 
discussed In Ref. S. 

.-v— Li LI L2 
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c: |   Cl] 

» 

; C2; 

1            I —— 

C9" 

1 •— 

Short 
circuit 

LUL2it.ni .UuH 

C1xC2.Cn. 78pF 

Fig. 7 Representation of fuselage-generator 
system by a 10 section discrete element 
LC network. 

The 1st peak and 2nd peak 6 values obtained are 
shown by the curves In Figure 4. The first peak 

value Is always greater than the second peak 
value, unlike the observed values shown In the 
same figure, which have a maximum value at the 
second peak. However, the variation of the 
values is fairly well reproduced. The second 
peak shows a maximum at about 1 m as expected 
from the TL model but the first peak is maximum 
at the input end of the fuselage, due the 
sharpness of the impulse applied and the small 
value of stray capacitance used for the feed-In 
plates. 

The model has no resistive damping and the 
closure time of the spark gap is assumed to be 
zero, hence the rise to the first peak at the 
input end occurs almost Instantaneously whereas 
in practice ß takes 40 ns to reach its first 
maximum, presumably due the closure time of the 
gap and perhaps, more stray capacity in the 
generator-fuselage connection than estimated. A 
finite closure time will decrease the calculated 
values. 

The peak and HF values of B obtained from the 
model are shown by the curves in Figure 5. The 
curves fit reasonably well to the experimental 
data, also shown In the figure. In particular 
the minimum in the HF value Is well reproduced. 
The measured values are greater than the 
calculated values towards the nose end of the 
fuselage as no allowance for the decrease in 
radius of the fuselage has been made. 

Comparison of distributed and lumped models of 
the transmission line 

Another approach to calculate the shape of the 
waveforms is due to Evans. (RAE Farnborough, 
Private Communication). Here the fuselage Is 
represented by an Idealized transmission line as 
discussed above. The waveforms are calculated 
by adding successive reflections from either end 
of the line. Again the model does not take 
account of resistive effects or the switch 
closure time. 

As the line Is loss-less all frequencies are 
equally well transmitted, hence the initial 
sharp rises of D and B are maintained after any 
number of reflections, and the resulting 
waveforms are fairly spiky, especially the D 
waveform, unlike those actually observed and 
those calculated by the NAP2 computer program. 

In fact the Impulse applied has about a 40 ns 
rise to maximum u and B, hence the 
discontinuities In the waveforms due to 
summation of the reflected waves will be 
smoothed out. Moreover, the fuselage return 
conductor assembly has protruding wing stubs, a 
protruding cockpit and a tapered section of the 
return conductors near the nose of the fuselage 
where the short circuit Is made. All these 
features will produce changes In the Impedance 
of the line In a distance much less than 1 
wavelength, hence reflections will occur at 
these features smoothing out even more the 
waveforms. Therefore the uneven nature of the 
fuselage Is better represented by the discrete 
element model in which the dominant high 
frequency component Is the fundamental X/4 
resonance and the higher harmonics are 
suppressed. 

■ 
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Figure 8 shows a comparison of the observed 
waveforms of D at the input end together with 
the predicted waveforms from the two models. 
Figure 9 shows similar waveforms for 8. 

(a) 

200   300 
Time 

500 

5 COUPLING TEST 

In real aircraft, unlike the Hunter fuselage 
which was completely closed, D fields can 

200  300 
Time 

500 

(b) 6 o 

100   200   300  400  500 
Time 

100 200   300 
Time 

400 500 

(O   6 o 

2T 4T   6T   8T 
Time 

Fig. 8 Comparison of observed and calculated D 
waveforms at the Input end of fuselage. 
The amplitude scale is abltrary. 

(a) The observed waveform, 
reserved compared to b. 
Instrumentation. 

The phase is 
and c. due to 

(b) Waveform calculated from NAP2 computer 
code. 

(c) Waveform takei. from Evans. For this 
plot the tlaeacale la in multiple« of T 
(- 53ns), the bothway travel time of 
signals on the fuselage. The waveform 
is for L/Le " 1. In our case L/Ls ■ 
1.7. This will Increase even more the 
sharpness of the waveform. 

Fig. 9 As figure 8 but for B waveforms. 

penetrate apertures which are not covered by 
conducting sheets, for example the cockpit and 
bays which are covered by CFRP of Kevlar. 
Wiring circuits which are un-termlnated, for 
example wires ending in the cockpit at open 
switches, are especially susceptible to D. 

A test on Induced voltages on open circuit wires 
was made by auapendlng 70 cm long wires of two 
different diameters and hence capacitance about 
4 cm from the underside of the fuselage. One 
end of the wire was connected to the FOL 200 and 
terminated Into 440 Q, a typical avlonlc system 
Impedance; the other end was left open :lrcult. 
The arrangement is shown schematically In Figure 
10. Very large voltages, up to 1 kV, were 
Induced on the wire when a pulse from the Marx 
generator was applied to the fuselage. 
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I Fuselage 

50Q , Fol 200 

Coaxial cable outer 
conductor 

Diameter 7? of wire = S-^ 

d = 4cm 

5 
t = 70cm 

Fig. 10   Schematic diagram of fuselage with 
suspended open circuit test wire. 

The voltage induced on the wire can be 
calculated as follows: 

The charge Q, stored per unit length of wire is 
related to the voltage between it and the 
fuselage by: 

Q - CV 
.\ I - CV f or I  <? X 

where C is the capacitance per unit length 
between the wire and the fuselage. 

As the dlmater of the fuselage ^> diameter of 
wire, the capacitance C per unit length is given 
by: 

r ~  2ne„ 

where d is the distance between the wire and the 
fuselage and s is the diameter of the wire (see 
Figure 10). 

C ~ 20pF/m for s - 12mm 
~ llpF/m for s • 1 mm 

Rrrid 
o 

Voltage measured « RCV ■ 

2nRd lb 
In 4d 

-T 

where I  Is the length of wire and R 1« the 
impedance. 

The measured f> at the position of the wire was 
.46A/m2/kV. 

A comparison of observed and calculated values 
la made In Table 2. The values agree to within 
2 dB. The shape of the waveform also follows 
the 5 waveform as would be expected. The 
predominant frequency Is the 9.4 MHt resonance 
with a smaller peek at 25 MHs. 

TABLE 2 

COMPARISON OBSERVED AMD CALCULATED INDUCED VOLTAGE 
ON TEST WIRE 

Diameter of wire 

lmn   j   12mm 

Bank voltage kV 

50 100 50 100 

Observed voltage -.22 813 554 1390 
volts 

Calculated voltage 351 702 687 1374 
volts 

SUMMARY 

Extensive measurements of B and 6 on the Hunter 
Fuselage excited by 50 to 150 kV impulses from a 
single stage Marx generator have been made. 

The peak values of B and ß at the input end of 
the fuselage are in approximate agreement with 
the lumped source model of Ref. 5. 

The resonant frequencies and the variation of 
the transient magnitudes with fuselage position 
cen be understood in terms of a TL model of the 
fuselage and return conductors. 

The detailed shapes of the waveforms observed at 
different positions along the fuselage are more 
similar to those predicted by the discrete 
element TL model using ten L-sectlon filters 
than a more idealized distributed model of the 
fuselage. Remaining discrepancies are probably 
due to the non-uniform shape of the fuselage, 
resistive damping and switch closure time 
effects. 

The voltage Induced on an open circuit wire near 
the fuselage agreed well in both magnitude and 
time structure with that calculated from the 
measured D values. In view of the large values 
of voltage Induced (~ 1000 V) it is Important to 
agree on an international standard for D values 
and to measure D values on the airframe during 
whole aircraft tests. 
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LIGHTNING  SIMULATION TESTS ON  FAA CV-580  LIGHTNING  RESEARCH AIRCRAFT 

L.C.  Walko and Lt J.L. Hebert 

U.S. Air Force Wright Aeronautical Laboratories, AFWAL/FIESL,  Wright Patterson AFB, 
Ohic 45423,   U.S.A. 

Abstract 

Lightning simulation tests were performed by the United Stat».s Air Force Wright Aeronautical 
Laboratories Atmospheric Electricity Hazards Group on a specially instrumented Federal Aviation 
Administration Convair CV-580 aircraft. The mission of this aircraft is to obtain information on 
the characteristics of airborne lightning attachment to the aircraft. In June 1984, the aircraft 
was subjected to high current pulses such as would be encountered from lightning return strokes 
during lightning attachment. During these tests current pulses of up to 115 kA were applied to 
the aircraft. In October 1984, after the summer CV-580 in-flight program , additional simulation 
tests were performed. A fast risetime lightning generator was used to apply current pulses of up 
to 46 kA, with risetimes of under 200 nanoseconds. This paper describes the tests performed, the 
test setups and a comparison of the results from each of the tests. 

Introduction 

In June 1984, the CV-580 aircraft was flown to 
Wright-Patterson AFB for installation of the data 
acquisition equipment needed for the in-flight 
lightning measurements program that was to begin in 
Summer of 1984. The aircraft was Instrumented for 
the in-flight program to measure the lightning 
current flow on the wing tips, the normal and 
horizontal component of current density on the 
fuselage and on the wings, the electrostatic field, 
and the VHF radiation during direct lightning 
attachment. More details on these sensors and data 
acquisition equipment can be found in Reference 1. 

The objectives of the lightning simulation tests 
that were performed in June 1984 were: 

a. To verify shielding integrity of tensor 
signal cables, data acquisition equipment and 
instrumentation power sources and lines. 

b. To record electromagnetic signals resulting 
on the aircraft from a medium level current pulse to 
gain operational experience and to provide baseline 
data for comparison with succeeding lightning 
measurement*. 

c. To verify effectiveness of hardening 
measures used to protect the CV-580. 

In October 1984, after the in-flight 
measurements program In Florida, the aircraft was 
returned to Wright-Patterson for removal of the data 
acquisition equipment. Before this waa accomplished, 
another series of lightning simulation tests was 
performed on the aircraft. A major difference in 
this test effort waa the use of a current impulse 
generator capable of applying a •ub-sicroaecond 
risetime current waveform to the aircraft. This 
generator waa developed by the Atmospheric 
Electricity Hazards Croup to investigate the 
electromagnetic Indirect effects of a very fast 

changing current pulse on aircraft electrical 
circuits (2,3). In addition to the use of tha fast 
risetime generator, a coaxlally-configured current 
return path was fabricated around the aircraft. This 
was used to aid in keeping total test circuit 
inductance 'ow and rate of rise of the applied 
waveform very fast. The signal outputs of the 
electromagnetic sensors on the aircraft were again 
measured. A number of representative lightning 
current paths were used. In a few cases, the method 
of generator attachment to the aircraft was varied 
from direct to arc attachment. 

The following is a more detailed account of the 
test efforts. 

June 1984 Tests 

Figure 1 shows the June 1984 test setup. The 
Impulse current generator used was a four stage 
capacitor bank equivalent to 4 uF, 200 kV. A heavy 
wire mesh screening was placed under the fuselage and 
wings. The aircraft was Isolated from ground by 
Lexan sheets. The aircraft fuel tanks were topped up 
with JET-A fiel at Dayton International Airport and 
the aircraft til flown to Wright-Patterson AFB, where 
the ullage In the fuel tanka was lnerted by injecting 
nitrogen Into the tanka to replace fuel/air vapors. 
This Insured a non-explosive atmosphere In the tanks 
during the test. Table 1 Hats the simulation tests 
performed ov>r a three day period. 

The teat* began with Instrumentation noise tests 
at applied current pulae* of 11 kA to 16 kA. Power 
was generated by the aircraft API) for the on-board 
Instrumentation. These nolae measurements were made 
with the sensors disconnected from their cablet. The 
cables were either terminated In open circuit for the 
E-field sensors, or short circuit for the magnetic 
field and current aenaors. A shielded cap waa placed 
over the cable end in both caaea to Insure all 
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extraneous noise pickup would be characteristic of 
the cable itself. Risetime on the unidirectional 
waveform was 14 us. Current paths chosen for the 
noise tests were nose-to-tail and nose-to-right wing. 

All sensors were reconnected and the aircraft 
was then subjected to higher current levels by 
applying oscillatory current pulses of from 50 kA to 
115 kA peak. This was done to test the basic 
protection integrity of the aircraft and, therefore, 
was performed without nitrogen injected into the fuel 
tanks. The left engine was operated to provide power 
to the on-board measurement systems for a more 
realistic test. All measurement systems were 
unaffected by the high current safety tests. 

The operation of the on-board measurement 
systems was then observed with various current flow 
paths on the aircraft. A number of current path 
configurations were used to provide sensor data, 
given any combination of major lightning attachment 
points. An example of the applied current pulse 
waveform and the signals from the magnetic field 
sensors located on the fuselage and wings of the 
aircraft are shown in Figure 2. The current rises to 
a peak of 20 kA in approximately 14 us. The current 
was applied wing-to-wing. The magnetic field 

measured on the wings is observed to be proportional 
to the applied current in waveshape and magnitude. 
The risetime of the magnetic field waveform appears 
to be slightly faster than the applied. This is due 

to a limitation in the response of the magnetic field 
sensor, which actually measures the rate of rise of 
the magnetic field and is then integrated. Magnetic 
field for a uniform current distribution is 1/21 

where I is the applied current and 21 or 8.3 meters 
is the wing cross section at the loration of the wing 

magnetic field sensors. Assuming uniform 

disbribution, the magnetic field for a 20 kA peak 
current should theoretically be 2410 amps/meter. 
From Figure 2 the magnetic fields measured of 3674 
amps/meter and 4310 amps/meter on the wings are 
within a factor of 2 of the theoretical value. 

At the end of the June ground tests, the 
ai-craft left Wright-Patterson with the major ground 
test objectives accomplished. The shielding 

integrity of the sensor signal cables, 
instrumentation and power sources were observed and 

recorded. Any inherent pickup was noted and 
compensated for during in-flight data acquisition. 
The protection hardening measures applied to the 
aircraft were given a final teat and no problems were 

observed. Host Important, the operation of the data 
acquisition system and the sensors was monitored. 
The teats were most helpful for system setup, 
choosing trigger levels and tines, and establishing 

•n operating procedure for the actual in-flight 
measurement program. 

October 1984 Teats 

After the conclusion of the Summer in-flight 
lightning measurement program the CV-580 aircraft was 

again flown to Wright-Patteraon APB In October 1984 
for removal of the on-board data acquisition 
equipment. By this time the Atmospheric Electricity 
Haiards Croup had constructed and operationally 
tested the fast risetime lightning currant generator. 
This generator achieves the sub-microsecond risetimes 
by using a 4 megavolt 1 nanofarad peaking capacitor 
coupled with a 6 megavolt 10 nanofarad Marx 
generator. 

The fast risetime generator was used, along with 
the 4 uF, 200 kV, generator, for additional tests on 
the aircraft. These tests were performed to recheck 
the operation of the aircraft sensors and the data 

acquisition equipment. The response of the aircraft 
sensors to the various applied waveforms was of 
primary interest. Table 2 lists the variations in 
test set up for the October Tests. Figure 3a and 3b 

show some detail of the test setup. 

Figure 4 shows the fast risetime generator 
applied nose-to-tail. The risetime on this waveform 
is 200 nanoseconds with a peak current of 39 kA. 
Assuming H=I/2nr, where r is the radius of the 

fuselage, the calculated H field measured at a 
location on the fuselage of 10 meters circumference 
is 3800 amps/meters. The magnetic fields measured on 
the forward fuselage and aft fuselage are 
respectively 2225 amps/meter and 2943 amps/meter, 
within a factor of 2 of the calculated value. The 
wing sensors detected much lower fields proportional 
to the smaller value currents that flow on the wings 

during a nose-to-tail attachment. 

Another nose-to-tail attachment is shown in 
Figure 5. The faster risetime waveform was produced 

by discharging the high voltage Marx generator with 
the peaking capacitor shorted. In this case, the 
comparison of theoretical to measured magnetic fields 
is very good. The theoretical value assuming uniform 
current distribution is 2000 amps/meter. The 
measured magnetic fields on the forward and aft 

fuselage are 2125 amps/meter and 1859 amps/meter, 
respectively. 

Figure 6 shows an oscillatory current, supplied 
by the 4 uF, 200 kV, capacitor bank, applied 

nose-to-tail. The calculated magnetic field at the 
location of the magnetic field sensors on the 
fuselage is 7000 amps/meter for a peak current of 70 
kA. The magnetic fields measured on the forward and 
aft fuselage are 3340 amps/meter and 3840 amps/meter, 
respectively. Again using our simple uniform current 
distribution the calculated and measured results are 

about a factor of 2 apart. 

The fast risetime generator with a 16 kA peak 
current was applied to the aircraft in a wing-to-wing 
configuration as shown in Figure 7. The calculated 
magnetic field for the wing sensors was 1928 
amps/meter. The measured values were 1788 amps/meter 

for the left wing and 1881 amps/meter for the right 
wing, a very good correspondence. A substantial 

amount of currant was observed to flow on the aft 
fuselage, when? 1288 amps/meter was measured. This 

could be due to the Influence of the current return 
path for the test setup, which was in close proximity 

to the fuselage. 

Test Analysis 

In cor function with these ground tests an 
Electromagnetic Analysis was performed for the CV-580 

aircraft using a three-dimensional finite difference 
code (4,5). The aircraft and the lightning channel 
were modelled In Cartesian 3-D space as Illustrated 

in Figure 8. The electromagnetic analysis was 
performed for nose-to-tall lightning strike which was 
modelled as a double exponential as shown In Figure 

9. This waveform has a peak value of 5.3 kA and a 
risetime of 1 microsecond and propagated onto and off 
of the aircraft at the speed of light. The waveforms 
for the resulting fields on the aircraft shown in 
Figure 10 is the waveform for the integrated magnetic 

field at the location of the JSFUF sensor on the top 

■ 
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of the forward fuselage and shown in Figure 11 is the 
electric field on top of the forward fuselage. The 
time step in the analysis was 1 nanosecond and the 
program was run for the first 2 microseconds of the 
pulse. 

One reassuring observation from these plots is 
that, after some initial oscillations, the H fields 
which correspond to the skin current densities, 
basically follow the shape of the input wave. This- 
was also shown in the waveforms of the simulated 
ground tests presented in this paper. Analysis of 
the CV-580 simulation test data and inflight data 
shall continue. 

Conclusions 

The lightning simulation tests performed on the 
CV-580 aircraft were very useful for providing 
baseline information on the operational 
characteristics of the data acquisition systems 
installed on the aircraft. The tests provided the 
personnel responsible for the data acquisition with 
experience in operating the multi-channel recording 
systems under simulated in-flight conditions. In 
addition, a final safety check of the aircraft was 
made by applying very high current pulses. This 
final check, along with the safety inspection and 
recommendations made by Lightning Technologies Inc. 
insured no problems would occur during flight. 

The ground tests performed after the in-flight 
program came at an opportune time for not only 
reassessing the aircraft data instrumention but also 
assessing the operation of the newly configured fast 
risetime generator. The opportunity to apply a 
number of different current waveforms to the aircraft 
added to the knowledge of the sensor characteristics. 

We have shown a comparison between the measured 
mcgnetic field values on the fuselage and on the 
wings  and  the  calculated magnetic  field values 

assuming a uniform current distribution on the 
aircraft. For a wing-to-wing configuration with the 
wire mesh return path the measured fields exceeded 
the calculated field by 52% to 78%. However, when a 
coaxial return pnth was used the measured values were 
between 92% and 98% of the calculated values. These 
data show the type of approximation made when the 
current in the lightning discharge is estimated based 
on the measured magnetic field values in the 
aircraft. 
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Figure 1 - Simulated Lightning Test Setup on the CV-580 Aircraft, June 1984. 

Table 1 - Variations In Setup for June 1984, CV-580 Ground Tests 

Current Path 

NoBe-to-tail 

Nose-to-Right Wing 

Nose-to-tall 

Impulse 
Generator 

4 VF, 200 kV 
Unidirectional 

4 uF, 200 kV 
oscillatory 

Peak 
Current 
Klloamperes      Notes 

11 kA to 16 kA  System noise 
measurements 

14 kA 

50 kA to 70 kA  Safety test 
Engine running 

Nose-to-rlght 
aileron 

II    H 75 kA 

Nose-to-horizontal 
stabilizer 

n   ii 55 kA 

Nose-to-rudder it   ti 50 kA to 70 kA 

Nose-to-rlght 
aensor boos 

II   ■■ 115 t 

Nose-to-tall 4 uF, 200 kV 
unidirectional 

11 kA to 16 kA 

Left Wlng-to-Noae n  II II   II 

Left Wlng-to-Rlght Wing •■  it ■•   II 

Nose-to-Rlght Wing II  ii n   II 

Left Wlng-to-tall II  II II   II 

Safety test 
Engine off 

II    •■ 

M H 
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Figure 3 -    Simulated Lightning Test  Setup on the CV-580 Aircraft,  Oct  1984. 

Table 2 - Variations  in Setup  for October  1984,  CV-580 Ground Tests 

Note Current Path 
Impulse 
Generator 

Peak 
Current 

Kiloamperes 

Nose-to-tail Fast Rise 
Generator 

20 kA to 40 kA 

Upper Radome-to- 
slngle point tail 
exit 

11   11 11     11 

Gap at Radome-to-tail n   11 20 kA 

Gap at Radone-to-gap 
at tall 

11   n 

Nose-to-tall 

Nose-to-tail 

Top of fuaelage-to 
-vertical stabilizer 

Top of fuselage-to 
-vertical stabilizer 

Noae-to-tall 

Left Wlng-to-tall 

Left Wlng-to-tall 

Wlng-to-wlng 

Ulng-to-wing 

Ulng-to-wlng 

4 u F. 200 kV 
unidirectional 

4 uF, 200 kV 
oscillatory 

4 uF, 200 kV 
unidirectional 

Fast Rise 
generator 

Marx generator 
peaking capacitor 
ahorted out 

Fast Rise 
generator 

4 UF. 200 kV 
unidirectional 

* HP, 200 kV 
oscillatory 

20 kA 

70 kA 

16 kA 

30 kA 

20 kA 

20 kA 

30 kA 

20 kA 

20 kA 

70 kA 

All Onboard 
Data Acquisition 
systems functioning 

Unsuccessful due to 
arcing to return patl 

Regular connections 
for return path 

Change in current 
distribution 

Unidirectional pulse 

Current measured at 
left wing 
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Figure 11 - Electric Field, Top Forward Fuselage CV 580 Aircraft. 



10th International Aerospace and Ground Conference on Lightning and Static Electricity       1*9 

MULTIPATH LIGHTNING PROTECTION FOR COMPOSITE STRUCTURE INTEGRAL FUEL TANK DESIGN 

R.O. Brick 

Boeing Commercial Airplane Co., Advanced Composites Development Program, P.O.  Box 370?, M/S 6C-16, 
Seattle,  Washington 98124, U.S.A. 

ABSTRACT 

This paper presents a design development approach to identify failure modes and incorporate a minimum dual path 
lightning protection system for composite structure integral fuel tanks. 

Lightning protection for integral fuel tank structure against the potential ignition hazards of direct lightning 
attachment has been relatively straightforward for metal structure. Due to the homogeneity and excellent electrical conductivity of 
metal skin surfaces, single path protection systems can be employed. For example, aluminum skins can be protected by sizing the 
skin thickness to prevent skin puncture. In this case, skin puncture is the potential ignition mechanism. Since the material 
properties of aluminum are uniform and predictable, reliable, safe, single path protection designs can be easily developed. These 
designs are essentially maintenance free for the life of the a'rplane. 

Composite structure is nonhomogeneous and the potential ignition producing failure modes are more complex. For 
example, there is a greater possibility of undetected damage such as fiber breakout and ply delamination during the installation of 
fasteners. Design factors that may be structurally inconsequential are critical in the case of lightning induced failure. Fiberglow, 
for instance, may ignite fuel vapor. The structure may not have aluminum structure's inherent "lightning protection." A design 
development process is required to identify the more complex lightning induced failure modes. 

A multipath lightning protection system can provide a lightweight, low cost design. This design approach has the 
advantage of using protection methods that were previously considered impractical in a single path protection system. The use of a 
minimum dual path protection system allows protection methods to be used that are more compatible with inspection and 
maintenance practices. 

The advantages and disadvantages of the multipath lightning protection concept are detailed for a graphite-epoxy 
kin-spar joint located in a lightning Zone 2 swept stroke area. 

INTRODUCTION 

The use of composite materials in primary aircraft structure 
has increased over the past decade. With the recent advancements in 
fiber technology and improved resin systems, the application of 
composite* to the primary wing structure of large commercial transport 
airplanes is now being considered. 

The need for lightning protection for primary structure must 
be evaluated eat ly in the preliminary design phase so that cost effective, 
reliable designs can be developed. Since the structural wingbox is also 
an integral fuel tank, design details relating to lightning induced fuel 
ignition are of primary importance. 

For design purposes it is asaumed that a combustible mixture 
is present in the fuel tank at all times, and the main effort in the 
development of lightning protection systems is to produce designs that 
eliminate all lightning induced ignition sources in the tank area 11). 
Potential ignition sources such as hot spots, skin punctures, and 
electrical arcing and sparking between conductive components are of 
particular concern for graphite composite structure. The elimination of 
ignition sources is accomplished by a detailed study of the structural 
design followed by test and analysis to determine the sensitivity of the 

primary structure to direct lightning attachment. Critical design factors 
are then identified and candidate lightning protection techniques are 
developed and incorporated into the final design. 

DISCUSSION 

The location of the wingbox primary structure and the fuel 
tank for a typical two-engine airplane configuration lone of many 
configurations l-eing considered) is shown in Figure 1. The primary 
structural wingbox extends out to the tip. However, the fuel tank 
portion of the wingbox ends considerably inboard of the Zone 1 lightning 
strike attachment area where the most severe lightning attachments 
can occur [2]. Lightning strikes in this area are not a major fuel ignition 
concern because no fuel system components are located in this area. The 
current from wingtip lightning strikes will flow inboard along the wing 
and distribute throughout the cross section of the conductive structure. 
The normal structural design will be capable of carrying these lower 
currents safely in the fuel tank area, and lightning strikes to the 
wingtip do not present a critical structural design problem. 



150 R.O. Brick 

ZONE1 m 
ZONE 2 I        I 

ZONE 1- 

Figure 1. Wing and Engine Nacelle Lightning Strike Zones 

Lightning Attachment to Integral Tank Structure 

The must critical situation occurs when rSe lightning channel 
can attach to the fuel tank skin surfaces. One such area is located aft of 
the engine nacelle. The forwp.rd area of the engine nacelle is also a Zone 
1 area. However, in this case, lightning attachments can be swept aft 
over the primary wingbox structure and reattach to the fuel tank skin 
surfaces. This area, as shown in Figure 1, is defined as a Zone 2A area 
per AC20-53A [2]. This is the most critical area of the wing in that both 
fuel vapor and the possibility of lightning attachment are present. It is 
assumed that the lightning channel can attach at any point in the Zone 
2A area. The time that the attachments ren.ain at any one point is 
referred to as the dwell time [31. The times vary from less than 1 ms to 
20 ms for typical conductive surfaces [1]. The shortest times occur for 
unpainted surfaces and the longer times occur for painted surfaces. The 
insulative properties of the paint can impede the reattachment process, 
and skin surface preparation can be a very important design factor in 
developing lightning protection systems. On surfaces where the 
aerodynamic boundary layer is thick, longer dwell times can occur [41. 
Normally the boundary layer is thin in this area of the wing, and the 
lightning channel will lay close to the skin surface during the sweeping 
and reattachment process [31. 

The amount of damage produced at any one attachment in 
the swept-stroke Zone 2A area is highly dependent upon the type of 
material, surface preparation, dwell time, and current flow during the 
attachment. Lightning attachments in Zone 2A areas are less severe 
than Zone 1 areas. Lightning strike test waveforms to simulate the 
worst case lightning conditions for the various lightning strike zones 
are specified in several documents (1,2,51. The test waveforms, shown in 
Figure 2, for Zone 2A have half the peak current and one-eighth of the 
high current action integral of the Zone 1 test waveform. The minimum 
skin thickness of 0.61 cm used in the Zone 2A area is more than 
adequate to resist puncture and hot spot ignition hazards. Basic skin 
thickness is not a critical design factor, but the use of fasteners in joints 
presents a potential ignition hazard. The most critical situation for the 
designs studied is the possibility of lightning attachment to fasteners 
located in the skin surface of the Zone 2A integral tank area, as shown 
in Figure 3. 

CURRENT 
(NOT TO SCALE) 

Zone 1 

-COMPONENT A (INITIAL STROKE) 
PEAK AMPLITUDE = 200 M 
ACTION INTEGRAL > 2 X IO'A' 1 

COMPONENT B 
(INTERMEDIATE CURRENT) 
MAXIMUM CHARGE 
TRANSFER • 10 COULOMOS 
AVERAGE AMPLITUDE - 2 k A 

COMPONENT C (CONTINUING CURRENT) 
CHARGE TRANSFER > 200 COULOMOS 
AMPLITUDE • 20OA TO KMA 

COMPONENT D (RESTRIKE) 
PEAK AMPLITUDE = 100 kA 

ACTION INTEGRAL = 0.25X10* A'• 

TIME (NOT TO SCALE) 
T< SOO-t   I 

Zone 2A Maximum Dwell 

- COMPONENT D (RESTRIKE) 
PEAK AMPLITUDE ■ 100 kA 

ACTION INTEGRAL • 0.25 X 10* As i 

r - COMPONENT B (INTERMEDIATE CURRENT) 
MAXIMUM CHARGE TRANSFER • 10 COULOMBS 
AVERAGE AMPLITUDE • 2 U 

CURRENT 
(NOT TO SCALE) COMPONENT C (CONTINUING CURRENT) 

CHARGE TRANSFER • 20 COULOMBS 
AMPLITUDE • 2O0ATO0O0A 

Zone 2A Minimum Dwell 

- COMPONENT D (RESTRKE) 
PEAK AMPLITUDE ■ 100 kA 

CURRENT 
(NOT TO SCALE) 

ACTION INTEGRAL . 0.25 X IO*A'l 

COMPONENT B (INTERMEDIATE CURRENT) 
MAXIMUM CHARGE TRANSFER > 10 COULOMBS 
AVERAGE AMPLITUDE . 2 kA 

Figure 2. Lightning Current Test Waveforms 

FASTENER 
SKIN 

Figure 3 Lightning Attachment to Engine Nacelle and Wing Integral Tank 
Sktn-Spar Joint 
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Lightning Attachment to Fasteners 

When the lightning channel attaches to a fastener head, 
extremely high current densities are produced at the 
fastener-to-structure interface. Aluminum structure used in transport 
airplane integral fuel tank design has an inherent lightning protection 
with regard to "spark free" fastener installations. This is due to the 
excellent low electrical resistance at the fastener and aluminum skin 
interface, which allows very high current transfer to occur with 
minimal heating. 

However, for graphite composite integral fuel tank structure, 
the type of fastener normally used will fail the lightning tests. The 
failure is attributed to the more than 1000X increase in resistance at 
the fastener composite interface and the requirement to install the 
fasteners in clearance-fit holes to prevent fiber delamination. Lightning 
tests of typical skin to spar, rib shear tie, and stringer runout 
configurations made of graphite composite structure produced ignition 
of fuel vapor and or profuse spark displays when the simulated 
lightning was directed to the fastener head. 

Since the original composite structure design concept did not 
have the inherent lightning protection that is typical of aluminum 
structure, a lightning protection design development program was 
implemented to identify the failure modes and develop lightning 
protection that is reliable and cost effective for large commercial 
aircraft. 

Examination of failed test parts indicated that the basic 
ignition mechanism was hot arc plasma blowby from under the fastener 
collar and between the skin and spar mating surfaces. Black soot 
residue from the arc plasma blowby is shown in Figure 4 for a skin spar 
test part. 

Figure 4. Arc Plasma Blowby for Skin-Spar Joint 

Removal and inspection of fasteners showed that the arc 
plasma was generated at the interface between the graphite and the 
fastener countersink-shank area. There was no indication of arcing at 
the washer-to-graphite interface surface or the skin-spar mating 
surfaces on the graphite. The bare titanium faste ner was slightly pitted 
and blackened due to the arcing at the interface. However, no significant 
structural degradation of the fastener occurred. Exam'nation of the test 
parts also indicated that structural damage of the graphite was not 
critical, and only fasteners that showed severe direct attachment would 
require replacement. An oversized fastener and cosmetic repairs of t'\e 
outer plies and paint finishes may be required for seven strikes. Since 
structural damage was not considered to be critical foi the thick skins 
tested, only the design aspects that related to potential fuel ignition 
hazards were addressed during these early phases of the design 
development program. 

DESIGN DEVELOPMENT APPROACH 

The design development program consisted of the following: 

1. Select a joint configuration for detailed study 

2. Produce design drawings for baseline configuration and 
variations of the baseline as required to investigate single 
path lightning protection techniques. 

3. Fabricate and assemble test panels per the drawings using 
production manufacturing methods and shops. 

4. Test the various designs for worst case simulated lightning 
strike inputs for Zone 2A using simulated lightning test 
waveforms. 

5. Analyze test results and select candidate single path 
protection systems for additional development and or 
incorporation into design standards. 

6. Select multipath protection system(s) for additional analysis 
and trade studies. 

7. Select final multipath protection system(s). 

JOINT CONFIGURATION SELECTION 

The configuration selected for detailed study was a skin-spar 
joint. This joint consists of a double row of fasteners that attach the skin 
to the spar. Table 1 shows the approximate skin fastener counts for the 
various types of joints in the lightning Zone 2A of the wingbox. A series 
of skin-spar joint test panels with design variations were fabricated to 
make a detailed study of the critical design factors. The skin-spar joint 
configuration was selected because it represented the joint with the 
greatest number of fasteners located in a lightning Zone 2A where the 
lightning channel could attach directly to a fastener head. It also 
provided a configuration that could be assessed for qualities of inherent 
lightning protection capability due to current sharing by adjacent 
fasteners. The panels were fabricated with skin thicknesses that 
represented structure aft of a wing-mounted engine. 

JOINT TYPE FASTENERS 

DIAMETER 
cm    (in) 

NUMBER TOTALS 

SKIN-SPAR 0.953 O) 712           712 

SHEAR TIE RIBS 

INTERMEDIATE RIBS 

ENGINE SUPPORTS 

0.635 i» 
0.794 (Via) 
0.953 I» 
1.111 P/1») 

0.635 (</<) 
0.953 f» 

0.794 PM 
0.953 {'k) 

168 
224 

32 
16 

104 
32 

20 
92 

68& 

GRAND TOTAL   1 400 

table 1. Sam Fablner Count for Joints Used in Zone 2A 
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SKIN-SPAR PANEL DESIGN 

The basic skin-spar panel design is shown in Figure 5. 
Graphite AS* fiber preimpregnated with Epoxy 3501-6 resin was used 
to fabricate the panels. The unidirectional tape is about .0185 cm per 
ply. The plies were oriented in a 0/±45/90 layup with 0 deg parallel to 
the spar. The outer two plies were oriented at ±45 deg. Titanium 
fasteners were used to assemble the panel. 

-40.04(19)- 

EXTERNAL SKIN 
SURFACE - INTERNALSKIN 

SURFACE 

— 0.790(0.311) 

-   |-—0.979(0.395) 

2.370(0.933) 

FASTENERS 
/-SPAR 
J    WEB 

X •45dtg 
-Odtg 

v4Sd*g 
90 «Kg 

o   e   o    eoo 
e   o   e   e   o 

—1.392 
(0.549) 

DIMENSIONS IN CEMMETERS (INCHES) 

Figure 5. Skin-Spar Joint Design 

SINGLE PATH PROTECTION POTENTIAL IMPROVEMENT 

1. 

2. 

3. 

INSTALL FASTENER WET WITH 
SEALANT 

INSTALL IGNITION BARRIER 
OVER COLLAR AND AT 
SKIN-SPAR JOINT EDQE 
INSTALL SWAGE COLLAR 
LOCKBOLT 

PREVENT ARC PLASMA 
BLOWBY 

4. 

s. 

6. 

7. 

(. 

INSTALL FASTENER WET WITH 
SILVER CONDUCTIVE SEALANT 

INSTALL FASTENER WET WITH 
CARBON LOADED SEALANT 

INSTALL TENSION HEAD 
FASTENER 

INSTALL SILVER CONDUCTIVE 
SEALANT IN COUNTER SINK 

INSTALL SLEEVED LOCKBOLT 
WITH SWAGED COLLAR 
(EQUIVALENT TO 
INTERFERENCE FIT FASTENER) 

IMPROVE ELECTRICAL 
CONTACT BETWEEN FASTENER 
AND GRAPHITE TO ELIMINATE 
OR MINIMIZE ARC PLASMA 

* 

9. ADO METALLIC OUTER PLY TO 
EXTERIOR SKIN (PLY DOES NOT 
COVER FASTENER HEAD) 

IMPROVE CURRENT SHARING 
BY ADJACENT FASTENERS 

Table 2. Lightning Protection Techniques 

Baseline Panel Design 

A baseline configuration of the basic design used the 
maximum skin thickness of 0.79 cm. The stackup thickness of the skin 
plus padup plus the spar flange in the fastener ares was 2.37 cm. 
Oversized 1.11 cm dia bare titanium 100 deg shear head fasteners are 
dry-installed in clearance-fit holes. A minimum of one corrosion 
resistant steel washer is used under a corrosion resistant steel preload 
self-locking collar. The graphite parts were painted with primer prior to 
assembly. Sealant was applied to the spar angle ends and other locations 
to suppress sparking in areas that do not represent the tank interior. 
The exterior skin surface was painted after assembly with a second coat 
of primer and a poVyurethane enamel decorative finish coat. Tank 
r«alants, which would normally be applied over the fastener collars and 
at :he spar edge skm surface area, were not used feince these materials 
can be considered as lightning protection techniques and would mask 
the effectiveness of other single path protection techniques being 
investigated. 

FABRICATION AND ASSEMBLY 

The skin panels were fabricated and assembled from design 
drawings using production planning shops and quality control methods. 
In some cases, where special fasteners were used and äpücial tools were 
required, the panels were assembled by the materials technology 
laboratories and then returned to the production shops. 

LIGHTNING TESTS 

The skin-spar panels were tested with lightning strike inputs 
simulating the worst case lightning strike peak current level (100.000A I 
for a Zone 2A area [51. The dwell times were varied to represent a 
minimum dwell time of 5 ma and a maximum of 50 ms (fig. 2). The test 
pulses were directed to a single fastener in one continuous pulse by 
locating the input probe close (0.97cm) to the fastener head. A mylar 
mask was also used to prevent the arc input from wandering to another 
fastener. 

Design Variations 

Variations of the baseline panel were made (*> incorporate 
single path lightning protection techniques. Only one protection 
technique was used at a time so that the individual merits of each could 
be determined. 

Table 2 lists som»< of the protection techniques used and the 
potential improvement expected. 

Panel Grounding 

The skin paneiS were grounded to a metal test box on three 
sides to simulate the continuation of the skin structure. The grounds 
were made to the fiber ends along the edges of the panel. In addition, the 
spar was also grounded to allow current flow to substructure as shown 
in Figure 6. The 1 mrth aide representing the leading edge or trailing 
edge of the wingbox was not grounded, thereby simulating »he current 
discontinuity that occurs in this area where nonconductive materials 
are used for leading edge and trailing edge structure. 
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4-LENS 
CAMERA 

r THIS SIDE NOT 
GROUNDED 

SKIN-SPAR 
PANEL 

LIGHTNING 
INPUT PROBE 

TO LIGHTNING 
GENERATORS 

PANEL GROUNDED 
TO BOX ON 
3SIOES 

CURRENT MEASURING 
COIL 

Figure 6. Skin-Spar Panel Lightning Test Setup 

The above grounding technique is particularly important for 
this configuration to properly assess the current carrying capability of 
the fastener for direct arc attachment when other fasteners are adjacent 
or very close. This should be a better simulation of a natural lightning 
strike attachment to a single fastener on actual wing structure than a 
single side ground. The multiple side grounding also allows all of the 
conductive graphite fibers in the countersink and hole to carry their 
proper share of current. Since the test pulse is so severe to begin with, 
the proper grounding of the panel during test can be critically important 
for nonhomogeneous structure. Graphite composites typically have a 
highet resistance when measured transverse to the fibers than when 
measured along the fibers [6]. The RF impedance variations are 
probably greater when one considers the high frequency content of 
lightning. 

Pass Fall Criteria 

For the design development tests, photographic techniques [5] 
were used to determine the acceptability of a protection technique as a 
candidate for additional study. A protection technique was considered to 
be an acceptable candidate if no visual display was detected on the 
tankside by a camera using high speed ASA 3000 film. Polaroid film 
was used and film defect problems were eliminated by a special split 
lens that could provide four identical views of the panel in the same 
picture. Two of the lenses used filters and two were clear. Film defects 
were determined by noting if a suspected false exposure spot was 
observed in both frames. If the spot occurred in only one frame, it was 
considered to be a film defect. 

Dwell Time 

Each protection technique was tested for two dwell times. The 
actual dwell time is not known for the skin surfaces tested. However, the 
need for developing surfaces that minimize the dwell time becomes more 
evident if the selection of protection techniques that pass the severe 
maximum dwell tests becomes too limited or are not practical for 
production. 

Normally a dwell time of 50 irs is used for testing if the dwell 
time is not known [5] for the particular surface studied. However, the 
longer dwell times are considered to be severe. Other investigators have 
shown dwell times of less than 20 ms for painted graphite composite 
surfaces. By including the short dwell tine of 5 ms in the test program, 
protection techniques that failed the maximum dwell tests could be 
assessed. 

TEST RESULTS 

Clearance Fit Fasteners 

Tests of the baseline panel with the oversize shear head 
fasteners to increase the electrical contact area failed the minimum 
dwell tests. Profuse arc plasma showers were photographed and visual 
signs of sooting were evident. This failure becomes more 
understandable if the area of the countersink is considered to be the 
only good current transfer area for clearance-fit fasteners. The 
maximum current carrying capability of graphite laminates is reported 
to be approximately 55 kA/cm2 [81. The current density for the 
1.111-cnvdia shear head fastener with a countersink area of 1.21 cm2 

and peak current of 100 kA is 83 kA/cm2. This exceeds the current 
carrying capability of the composite material by 150%. subsequent 
tests, using tension head fasteners to increase the countersink area, 
passed the minimum dwell tests. The smallest tension fastener tested 
that would pass the minimum dwell tests was a 0.953-cm-dia fastener 
with a countersink area of 2.53 cm2. The peak current density would be 
40 kA/cm2 which is approximately 27% below the current carrying 
capability of graphite composite material. 

If a perfect electrical connection could be made fron, the 
fastener countersink area to the graphite, an area of approximately 1.8 
cm2 would be required. The next smaller size tension head fastener of 
0.794-cm dia has a countersink area of 1.7 cm2 and would not be 
expected to pass the minimum dwell tests. The 0.953-cm-dia tension 
head fastener with a countersink area of 2.53 cm2 tends to set a lower 
limit for the electrical contact area required to pass the minimum dwell 
Zone 2A tests. 

A special fastener, which upon installation expands a metal 
sleeve in a clearance hole to give the electrical equivalent of an 
interference-fit fastener installation, was tested in skin-spar panels that 
represented the minimum skin thickness for the Zone 2A area. The 
panels passed the worst case maximum dwell tests. The total electrical 
contact area between the 0.953-cm-dia fastener and the graphite 
composite material is (i.44 cm2. 

Due to the limited number of test panel variations, the lower 
limit for the fastener contact area required to pass maximum dwell 
conditions has not been established at this date. 

'i 
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Single Path Protection Techniques 

The most promising single path protection techniques of 
those studied for the skin-spar joint are shown in Table 3. They fall into 
three general categories. 

1 

PROTECTION TECHNIQUE PASS CONDITION 
1. PREVENTION OF ARC PLASMA 

BLOWBY 
(!) INSTALL IGNITION BARRIER OVER 

COLLAR AND AT SKIN-SPAR JOINT 
EDGE 

(b) INSTALL SWAGE 
COLLAR-LOCKBOLT (NO WASHER) 
TO PROVIDE BETTER SEAL AT 
COLLAR-GRAPHITE INTERFACE 

MAXIMUM DWELL 

MAXIMUM DWELL 

2. IMPROVE ELECTRICAL CONTACT 
BETWEEN FASTENER AND GRAPHITE 
FIBER ENDS 
(*) INSTALL FASTENER WET WITH 

SILVER CONDUCTIVE SEALANT 
(b) INSTALL TENSION HEAD 

FASTENERS TO INCREASE 
COUNTER SINK AREA 

(c) INSTALL SLEEVED LOCKBOLT 
WITH SWAGED COLLAR 
(EQUIVALENT TO INTERFERENCE 
FIT FASTENER) 

MINIMUM DWELL 

MINIMUM DWELL 

MAXIMUM DWELL 

1. IMPROVED CURRENT SHARING OF 
ADJACENT AND NEAR BV 
FASTENERS 
(■) ADD METALLIC OUTER PLY MINIMUM DWELL 

Table 3. Single Path Protection for Graphite Composite Skin-Spar Configuration 

1. Prevention of arc plasma blowby. 
2. Improvement of electrical contact between fastener and 

graphite to minimize or prevent arc plasma. 
3. Improvement of current sharing by other fasteners to 

minimize or prevent arc plasma. 

Categories 2 and 3 could probably be combined since the 
intent is to prevent or minimize the generation of the arc plasma. 
However, it is desirable to keep them separate because of the marked 
difference in the techniques to accomplish minimization or elimination 
of the arc plasma. 

In category 2, the critical design factors relate to the fastener 
installation, while in category 3 the critical design parameter is the 
conductivity of the outer ply, which is independent of the fastener 
installation process. 

There are other protection techniques that were not 
examined during the early phases of this program but should be 
considered, particularly in areas where there may be only one adjacent 
fastener in the immediate vicinity. These other techniques include: 

1. Insulative treatments to prevent lightning attachment 
directly to the fastener head. 

2. Multiattach surface preparations that would cause the 
channel to split or easily reattach downstream of the original 
attachment point. 

3. Current dispersion surface coatings that will ensure current 
sharing by more than one fastener. 

Some of the above concept« will be investigated in future 
studies and should offer other single path protection techniques for 
incorporation into multipath lightning protection systems. 

MULTIPATH PROTECTION SYSTEMS 

The concept of a multipath lightning protection system is 
similar to the concept used in structures design where structural load 
carrying members are redundant. If failure occurs for a particular item, 
such ad a spar, the remaining members can carry the load. The structure 
must be designed with the failure modes in mind to arrive at the 
optimum design. No single member failure will cause catastrophic 
failure of the system. The same concept can be applied to lightning 
protection. 

Multipath lightning protection can be achieved by combining 
two or more known single path protection techniques to achieve a 
redundant protection system, 'or example, in the case of a fastener 
installation for the skin-spar joint discussed in this paper, two single 
path protection techniques can be combined: (1) the use of an 
interference fit fastener as one protection technique and (2) the use of an 
ignition barrier over the collar (e.g. tank sealant) as the second 
protection technique. Each of these protection techniques will pass the 
worst case Zone 2A maximum dwell time lightning strike test. Another 
combination of a dual path protection system would be to use: (1) a 
dielectric barrier over the fastener head to prevent direct attachment to 
the fastener and (2) the ignition barrier over the collar. In the two cases 
above, the use of tank sealant over the fastener collar and the dielectric 
overlay would probably not be considered as an adequate single path 
protection system. Both of these protection techniques would be difficult 
to inspect to verify the integrity of the system. It would not be desirable 
to require mandatory periodic draining and opening of fuel tanks to 
inspect the integrity of the lightning protection aspects of the sealant. 
However, if sealant or sealant caps are a part of a multipath protection 
system, it is highly unlikely that both protection systems would fail at 
the same fastener. Only the normal inspection to verify the integrity of 
the sealant as a fuel sealant would be required. 

The dielectric overlay would be easier to inspect because it 
would be on the exterior surface. Small punctures would probably not be 
detected and special inspection procedures would be required if it were 
used as the only protection system. 

If a second protection system is combined with the dielectric 
overlay, then one only needs to inspect for severe damage such as cracks, 
peeling, or scratches, since it would be unlikely than an undetected pin 
hole would be over a fastener that also had a failure of the other 
component of the dual protection system. 

Other combinations could also be made to achieve a 
multipath protection (system. For example, a technique that passes a 
minimum dwell test could be combined with a technique that passes a 
maximum dwell test. 

If this is done, more must be known about the dwell 
characteristic of the skin surface. One can either measure the dwell 
time of the surface coatings and use that time for testing if it exceeds 5 
ms, or use surfaces that will give dwell times of approximately 5 ms or 
lesa. 

The .nain advantage of the multipath lightning protection 
concept is that it allows the use of single path protection techniques that 
have been considered unacceptable by the designer for use in critical 
integral fuel tank areas. The reluctance to use a single path protection 
system that may require special inspection and or maintenance 
procedure« to keep the system 100% is understandable. Extensive 
qualificatior and certification program« may be required for «ingle path 
systems that do not have a long historical record of acceptability. 

«. 
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The concerns relating to inspectability, maintenance, and 
environmental aging factors would not be critical for well designed 
multipath protection systems. Multipath protection concepts would be 
more compatible with the qualification, certification, and operational 
aspects of advanced composite primary structure. 

CONCLUSIONS 

A design development program to eliminate potential 
lightning induced ignition sources for a graphite composite integral fuel 
tank skin-spar joint has been described. 

The lightning protection techniques developed are capable of 
withstanding the severe direct lightning attachment to a skin-spar 
fastener. 

The proposed combination of two or more protection 
techniques into a multipath protection system offers a greater range 
and flexibility of designs to provide safe, reliable, cost effective 
lightning protection for transport aircraft composite structure. 
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Abstract - A theoretical and experimental investigation has been undertaken to 
evaluate briefly the optical methods currently in use or considered for detecting 
sparking and hot spots in fuel tanks. The methods investigated have included a) 
photography, b) photomultipliers, c) image intensifiers, d) photomultipliers 
with optical light pipe, e) photomultipliers with spherical mirrors for spark 
detection, as compared with the human eye, and f) infrared photo detectors and 
heat sensitive paints for hot spot detection. 

The investigations have focused on a theoretical spark with a 10 nanosecond 
duration and a 200 microjoule energy which could occur but which have never been 
observed in many years of testing graphite composite and metal fuel tanks to the 
best of our knowledge. The spark showers, when they occur, are usually bright and 
easily photographed. 

The investigations confirm that the present photographic methods with polaroid 
film are adequate but marginal for fuel tank component testing at distances of 
less than one meter for the 10 nanosecond spark referred to above. Therefore, the 
faster 35 mm photography is preferred because of the reduced film blemishes and 
the easy availability of faster lenses. A combination of both conventional cameras 
using negative film and polaroid cameras is optimum for obtaining immediate 
results but with assurance that the 10 nanosecond spark could be detected if it 
occurred. 

For transluscent fuel tanks, optical methods will probably be impractical and 
the use of flammable fuel vapors will be required. Qualification methods using 
flammable vapors for some composite aircraft fuel tanks will therefore be 
required, as discussed in a separate paper. Further development of some of the 
above optical methods will be required for testing of full size fuel tanks which 
have extensive internal plumbing and wiring. 

INTRODUCTION 

This paper presents the results of 
experimental and theoretical investigations 
on optical methods of spark detection, 
which are presented in more detail in 
Reference 1. 

Optical methods of spark detection were 
studi ed:photographic;photomulti piiers, as 
used alone, with optical cable, or with 
spherical mirrors; and image intensifiers. 
Electromagnetic detection with magneto- 
optical rotational crystals was considered, 
but not studied at this time (Johnson, Ref. 
2). The uses of infra-red detectors and 
heat sensitive paints to detect hot spots 
and hot particle showers were investigated. 
The detection methods are presented in the 
following sections in terms of the margins 
between the light emission of the spark and 
the sensitivity of the detection method 
being used. 

The principal conclusions drawn from 
the investigations are that photographic 
detection of incendiary sparks can be used 
out  to distances of 9 feet with 35 mm 

cameras (and possibly to greater distances 
with new faster films and lenses) and that 
electronic detection systems such as 
photomultipliers can be used in larger fuel 
tanks with mirrors and possibly optic fiber 
out to distances of 24 feet or greater with 
some additional development work. Polaroid 
cameras can be used ouL to distances of 
three feet with lenses faster than F 4.7 
and/or films faster than ASA 3000. 

SPARK SOURCE 

A standardized spark source was used 
for the tests of the various detection 
systems. A 10 picofarad capacitor, charged 
to 6500 volts was used to generate the 
minimum ignition energy spark of about 200 
microjoules. These sparks are similar to 
those studied by Barreto (Ref. 3). The 
spark had a current peak of 12 amperes and 
a time duration of about 10 nanoseconds. A 
sketch of the spark source used in the 
experiments and a typical current-time 
trace of the spark are shown in Figures la 
and lb. 
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An important question remains as to 
whether these short duration sparks could 
be generated inside a metal or graphite 
fuel tank because the fuel tank acts as a 
low pass filter in which diffusion effects 
lengthen the typical lightning current 
waveform rather than shortening it. This 
may also be demonstrated by simple linear 
circuit theory as illustrated in Figure 2. 
With a two microsecond rise time for the 
lightning current, the internal short 
circuit current has a rise time determined 
by the ratio of the inductance and 
resistance of the internal wire. For the 
short circuit current which is of interest 
for sparking, this rise time is of the 
order of milliseconds rather than 
microseconds. Thus, the nanosecond low 
energy spark, if a mechanism could be 
determined for generating it, would in 
effect be limited by the slow rise time of 
the short circuit current. 

Also, it has been observed in the LTRI 
laboratories where observers are used along 
with the cameras that sparking, when it 
occurs, is quite energetic and easily 
observed by the polaroid camera. 

However, the assumption was made in 
these studies that such a spark could exist 
as a worst possible case and therefore it 
was used as the "Standard Spark" in the 
evaluations of the various test met.iods. 

INDIVIDUAL OPTICAL DETECTION METHODS 

PHOTOGRAPHY 

DESCRIPTION OF THE TECHNIQUE - The test 
arrangement for the photographic detection 
of sparking from a fuel tank component is 
illustrated in Figure 3.,as reproduced 
from MIL-STD-1757. The procedure is as 
follows. The item to be tested is mounted 
in one wall of the fuel tank mockup, a high 
current discharge is fired to the component 
and a camera is used to record any 
internal sparking. The camera can be 
either of the Polaroid type or of the 
conventional type with negative film. 
Currently, an aperture of F 4.7 and a film 
speed of ASA 3000 is specified in Mil-STD- 
1757. Special care is required when using 
polaroid cameras because of the much 
greater tendency for flaws to be found on 
the print and these flaws make accurate 
identification of sparking more difficult. 
An observer can also be located inside the 
cabinet to observe the sparking and this is 
a standard practice for some organizations. 
The dark adapted eye has a light 
sensitivity exceeding that of a polaroid 
camera with an F 4.7 lens opening and ASA 
3000 film by a factor of about 20 as 
determined both theoretically and 
experimentally. 

THEORETICAL ANALYSIS - The calculations 
of G. Freier and F. Anderson (Ref. 1) have 
shown that the photographic method is 
theoretically marginal with the Polaroid 
film sensitivity of 3000 ASA and a lens 
opening of F 4.7.   The "Standard" 200 

microjoule spark with a 10 ns time duration 
produces a total of 4.1 x 108 photons 
and 1.8 x 10* photons reach the lens 
opening of 0.00057 square meters in area 
for a typical lens used in fuel tank 
testing (focal length of 127 mm) and a test 
object distance of one meter. These 
photons are focused by the lens to a spot 
of 1.6 x 10*a square meters. Assuming a 
loss through the glass of about 15 percent, 
the photon density on the film would be 
increased to 9.8 x 10" photons per 
square meter. Anderson found a film 
sensitivity of 1.05 of 10,x photons per 
square meter for a margin of -0.3 dB and 
Freier about one dB. Experiments 
approximately confirm this calculation and 
show that the sparks can be detected on the 
photographs only with careful examination 
as illustrated in Figure 4. For routine 
test use, thisis a marginal test method for 
the short 10 nanosecond, 200 microjoule 
sparks. 

The sensitivities and margins may also 
be presented in terms of the required 
photographic ASA number and lens 
aperture for detection of the spark. The 
following equation permits calculations of 
the required ASA film number as a function 
of the camera F stop and the charge 
transfer in microcoulombs for the detection 
threshold (assuming a 15% transmission loss 
in the lens). 

ASA - 9.60 (F Stop No.)* A X 10* /Q 

where A = current in amperes 
Q = charge transfer in uCoulombs 

Thus, with a ten nanosecond spark, 
spark photography is marginal for ASA 3000 
film and F4.7. For an aperture of F2.0 or a 
film speed of ASA 10,000, the spark can be 
detected with a margin of about five dB at 
a distance of one meter. 

EXPERIMENTAL TESTS - Shown in Figure 5 
are test discharges with the 200 microjoule 
"standard spark". The discharge has a ten 
nanosecond duration and a peak current of 
12 amperes. Shown on 35 mm film, ASA 3000 
equivalent, are discharges at 3 feet at F 
2.0, 3 feet at F 4.7, and 9 feet at F. 2.0. 
All are visible on the photographs except 
at 9 feet, in which case the image is 
probably too faint for routine test use. 
The tests showed that the Polaroid ASA 3000 
film with a lens opening of F 4.7 is 
marginal but that the technique can provide 
a reasonable margin, if a faster lens 
opening or faster film is used. 

SUMMARY - The theoretical and 
experimental investigations have shown that 
the photographic method does provide a 
method of evaluating all fuel tank 
component sparking, even if of ten 
nanosecond duration, if a), used at 
distances of one meter or less, b) if 
proper measures are taken to insure that 
the film development is standard, and c) if 
an ASA 10,000 speed film is used with an F 
4.7  lens opening or if a 35 an film is 

m 
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used with an equivalent speed, (F 2.0 with 
ASA 1000 speed film pushed three stops in 
the development.) 

PHOTOMULTIPLIERS 

DESCRIPTION OF THE TECHNIQUE - A 
photomultiplier can be used to view a fuel 
tank interior or to view components mounted 
in a fuel tank mock up, either by itself or 
in combination with a camera. As shown in 
Figure 6, the required equipment includes 
the photomultiplier and its power supply 
and the oscilloscope for recording the 
output. This is all located in a shielded 
chamber with extra shielding for the 
photomultiplier assembly and its isolated 
power supply. The major application is for 
complete fuel tanks where the dimensions 
are too great for minimum spark detection 
with the photographic technique. Since the 
photomultiplier tube alone doesn't see the 
entire fuel tank, nor does it specify the 
location of a spark, it is necessary to 
augment the photomultiplier tube with an 
optic fiber cable or spherical mirrors. 

THEORETICAL ANALYSIS - The photomulti- 
plier (PM tube) is different from a camera 
in that it records the rate of photon 
impingement rather than total quantity of 
photons. When the photons fall on the 
photocathode in a very short time, the rate 
of impingement is very high and the 
sensitivity is also accordingly very high. 
PM tubes have current gains of the order of 
2,000,000 and thus are extremely sensitive. 
Freier and Anderson show that they provide 
a margin above the light output from the 
standardized spark of at least 40 dB. 

The theoretical analysis of the light 
coupling into the optical cable presents 
considerable difficulties. It requires 
further work. 

EXPERIMENTAL TESTS - Some experimental 
measurements were made with a 
photomultiplier to confirm the above data 
as shown in Figure 6. The measurements with 
the photomultiplier confirm the Freier and 
Anderson calculations of great sensitivity 
and the ability to measure faint sparks at 
great distances. 

Experiments were performed using only 
one type of optical cabin, and were not 
very successful. However, they have been 
used successfully to monitor sparking in 
aircraft fuel tanks by the staff at Culham 
Laboratories in England. 

Tests were also carried out by locating 
a 5" sphere at a distance of 24 feet from 
the photomultiplier and providing the 
"Standard" 200 microjoule spark source 
shielded from the photomultiplier but not 
from the sphere. For a spark one foot from 
the sphere, the test results showed a 
signal 10 times the minimum signal 
detectable corresponding to a 10 dB signal 
to noise ratio. The experiments were 
conservative because the spherical mirror 
was surrounded with black cloth in order to 

kill reflections. In an actual fuel tank 
the plumbing and wall of the tank are 
usually covered with semi-::eflective 
coatings which greatly increase the total 
light collected by the photodetector. 

SUMMARY - Photomultipliers offer a 
means of testing full size fuel tanks with 
plumbing and conduit, but only in 
conjunction with spherical mirror3 and 
possibly optical cable to provide coverage 
of the entire tank. Its use in conjunction 
with a camera permits location of most 
sparking if it does occur. 

IMAGE INTENSIFIERS 

DESCRIPTION OF THE METHOD - The image 
intensifier is used to increase the 
sensitivity of cameras. The basic test 
arrangement, includes a camera and an image 
intensifier to, in effect, increase the 
film speed and permit the photographing of 
weaker sparks and sparks at greater 
distances. Image intensifiers are used 
in astronomy to photograph weak stars, and 
have sensitivities equal or greater than 
photomultipliers. They can be used in 
series to further increase the system 
sensitivity. 

THEORETICAL ANALYSIS - Image intensi- 
fiers are inherently at least as sensitive 
as photomultiplier systems. By cascading 
the units they can be made more sensitive. 
However, the photocathode must be selected 
so that it is sensitive in the ultra-violet 
region. 

EXPERIMENTAL TESTS - The experimental 
measurements, with the available image 
intensifier, disclosed that it was not 
capable of resolving sparks at even six 
feet away because of the incorrect spectral 
sensitivity. The emphasis in the program 
was on economical and available devices 
which are of primary interest in fuel 
hazards testing. The image intensifiers 
used for astronomy cost tens of thousands 
of dollars and for this reason were not 
evaluated. Low cost and ready availability 
were major parameters in evaluating the 
various approaches. The requirement is 
therefore for higher resolution and greater 
spectral sensitivity in a reasonably priced 
device. 

SUMMARY - The image intensifier pro- 
vides great promise in conjunction with 
cameras and spherical mirrors for 
qualification of aircraft fuel tanks 
because of its sensitivity. The basic 
drawback with all of the electromagnetic 
detectors is the complexity in comparison 
with a camera. There is considerable work 
required to develop this method in terms of 
developing a specific test method and 
hardware. 

HOT SPOT DETECTION 

INFRARED DETECTORS 

For hot spot detection,  the work of 
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Demetri (Ref. 4) has shown that a 
temperature of 1650 degrees F. is required 
for ignition of flammable fuel vapors by 
even a large hot spot (approximately 1 cm 
by 2 cm). Most of the infrared cameras for 
measurement of temperature are complex and 
expensive. For fuel tank applications, 
where the hot spot minimum ignition 
temperatures have, as noted, been found to 
be very high, simple infrared 
photodetectors can be used as they easily 
detect typical lightning hot spots with 
diameters of one centimeter and 
temperatures of 450 degrees F which is well 
below the minimum ignition temperature of 
1650 degrees F shown by Demetri. 

HEAT SENSITIVE PAINTS 

Heat sensitive paints have been 
successfully used for many years for 
qualification of fuel tanks and components. 
The tests have been carried out by using 
relatively low temperature paints, 450 
degrees F. If the temperature exceeds the 
sensing temperature, the paints indicate 
that the 450 degree temperature has been 
exceeded. This approach continues to be a 
satisfactory but conservative method of 
testing fuel tanks for hot spot ignition. 
Data as indicated in Ref. 4 on hot spot 
ignition indicate; as noted in previous 
section that extremely high temperatures of 
1650 degrees F are required to ignite 
flammable fuel vapors for the time duration 
of lightning events of seconds. Therefore, 
the use of the temperature sensing paint of 
450 degrees F sensitivity level does 
provide considerable margin for fuel 
systems testing. Its principal fault is 
that it is too sensitive and that higher 
temperature paints could be used, if more 
data were available. 

Thus the present state of the art 
technique of using temperature sensing 
paints for hot spot detection is 
satisfactory but over conservative. 

HOT SPOT CALCULATIONS 

It is useful to be able to calculate 
approximate hot spot temperatures. A 
very early LTRI report (Ref. 5) presented 
solutions for calculating the hot spot time 
temperature profiles. In this new program, 
a simpler form of solution was developed 
for this investigation. An energy input may 
be expressed roughly as the product of the 
cathode drop voltage of 10 vol:s, the 
current and the time. For a current of 
30,000 amperes for a period of 50 
microseconds and 10 volts (15 joules), this 
gives a temperature peak in aluminum of 300 
degrees C as shown in Appendix 

CONCLUSIONS 

The relative sensitivity of the various 
detection techniques are given in Table 1. 

The investigations confirmed that a 200 
microjoule spark is detectable only 
marginally by present photographic methods. 

The tests showed that the film speed or the 
lens opening need to be increased over the 
present standard of a F 4.7 lens aperture 
and a film speed of ASA 3000 and that, most 
important, 35 mm film with its greater 
resolution should preferably be used for 
fuel tank qualification testing. A number 
of other methods were shown to provide more 
than sufficient sensitivity for sensing 
fuel tank sparking such as the use of 
photomultipliers and image intensifiers, 
although they have technical problems which 
should be addressed. 

The most commonly used hot spot 
detection technique at the present time, is 
temperature sensitive paint and it works 
satisfactorily. In some cases, fuel tanks 
may fail the test but would present no 
threat of flammable fuel vapor ignition. 
Therefore, some further work is needed that 
would provide more detailed time 
temperature data for minimum ignition. 

What remains in question is the 
probability of generating these shorter 
duration sparks inside a fuel tank during a 
lightning strike. Generally diffusion 
effects and simple circuit effects tend to 
lengthen the current waveform from the 
typical 50 microseconds duration rather 
than shorten it. And it has been observed 
over many years of fuel tank testing by 
LTRI that sparking, when it occurs, is 
energetic and easily detected as verified 
by the use of visual observers in all fuel 
tank testing. 
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TABLE 1 

Sensitivity of the Various Detection Techniques 
for the Standard Spark 

The standard spark emits 4.06 x 10° photons, the number of 
photons/square meter-second entering the detector is 
3.25x10^  , corresponding to 1170 microwatts per square meter. 

Detection 
Technique 

Sensitivity 
in photons per 
sq. meter-sec 

Sensitivity 
in microwatts 
per sq. meter 

S/N 
dB 

eye 1.60x10* 62.4 13.1 

film, ASA 3000 
f/4.7 3.5xl0,s 1260 -0.3 

f/2 6.34x10'* 228 6.3 

photomultiplier tube 2.41x10" .09 41.3 

image intensifier 1.43x10'° .005 53.5 
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Figure  la     Sketch of  Screened Switch  for  10  Nanosecond  Standard 
Spark Generator. 

Figure lb    Oscillogram of Discharge from 10 Picofarad Capacitor 
Charged to 6,500 Volts.    The Ordinate  is the Current 
in Units of  6 Amperes/Division and the Abscissa  is 
Time in Units of  10 Nanoseconds/Division. 
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Figure 3 Test Arrangement for Sparking Tests using Cameras from 
Nil. Std. 1757A (Page A-43). 
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Figure 4 Photographs of Standard Spark using 
Polaroid Film (above) and 35mm Film 
(below). 

Figure 5 Photographic T^sts of Standard Spark, 
The Photographs are enlarged by a 
Factor of 23 from thy 35mm Negatives, 
The Conditions for the Photographs 
are from Top to Bottom, a) f/2.0 at 
3 Feet, b) f/4.7 at 3 Feet, and 
c) f/2.0 at 9 Feet. 
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Figure 6 Test Arrangement for Measurement of Light Output from 
Sparks - Direct and Reflected from Spherical Mirror. 
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HORIZONTAL ELECTRIC  FIELDS  FROM LIGHTNING  RETURN STROKES 

E.M.   Thomson,   P.  Medelius,  M.   Rubinstein,  H.A.   Uman,  J.  Johnson and J.W.   Stone 

Department of Electrical Engineering,  University of Florida, Gainesville, FL 32611,  U.S.A. 

r 

Abstract - Measurements are presented of simultaneous horizontal and vertical electric fields from both 
close and distant lightning return strokes. The data were obtained curing summer 1984 at the Kennedy 
Space Center, Florida using an electrically isolated spherical antenna having a system bandwidth of 3 Hz 
ti 5 MHz. Lightning signals were obtained from flashes at distances from a few to 100 kilometers. Since 
tne horizontal electric field is in part determined by the local grounc conductivity, that parameter was 
measured as a function of depth. The horizontal fields from lightning return strokes had typically 1/50 
tue peak amplitude of the vertical fields and waveshapes which were corsistent with available theory, as 
expressed by the "wavetilt" formula. 

I - Introduction 

The horizontal electric field from lightning has 
not been previously measured with a wideband system. 
In contrast, the vertical component of the electric 
field from lightning has been thoroughly investigated, 
starting with the work of C.T.R. Wilson in the early 
part of this century, and, of particular interest to 
the present study, return stroke vertical electric 
fields have been very well characterized of late [1- 
4]. According to Master and coworkers [5-6] the 
horizontal electric field in many circumstances Is 
more important than the vertical in coupling to 
overhead power lines and to horizontal cables on and 
beneath the earth's surface. It follows that an 
understanding of the horizontal field is essential for 
the proper modeling of lightning induced voltages on 
horizontal lines and cables. Over a homogeneous lossy 
ground it is possible to calculate the horizontal 
electric field from the vertical using a wave-tilt 
transfer function [7] which assumes a relatively 
simple analytical form if the electric field 
approximates that of a vertically polarized plane wave 
at grazing incidence to the earth, an assumption that 
we might expect to be reasonably valid for fields from 
distant lightning. 

In this paper we describe our experiment to 
measure wideband horizontal and vertical fields 
simultaneously, present waveshapes of the horizontal 
and vertical fields of return strokes, and compare the 
measured horizontal return stroke fields with 
calculated horizontal fields found by applying the 
wavetilt formula to the vertical field. 

Experiment 

Data were obtained from lightning at distances 
from 3 to 100 km at Kennedy Space Center, Florida, 
during July and August 1984. The electric field 
measurement system (Fig. 1) consisted of a spherical 
metallic sensor connected via fiber optics signal 
cables to three recording devices - Biomation 
transient waveform recorders Interfaced with an IBM 
personal computer, a Honeywell 101 Instrumentation 
tape recorder, and Biomation recorders displayed on a 
Tektronix 555 oscilloscope screen and recorded with a 
moving film camera. We also measured the ground 
conductivity as a function of depth. 

The 46 cm diameter spherical sensor (Fig. 2) was 
suspended from a plastic support with the sphere 
center 145 cm above a flat area of earth approximately 
150 m x 200 m In extent. At this height the effect of 
the conducting sphere on the ground surface charge 
density was about one percent. Since the sphere was 
effectively isolated electrically from ground, the 
electric field on the surface of the sphere was simply 
related to tne incident field, the enhancement factor 
being a factor of three. We measured the electric 
field components in three orthogonal directions by 
electronically integrating the displacanent current 
through three disks centered on the vertically down, 
northerly, and easterly axes. The bandwidth of the 
sensor was 3 Hz to 5 MHz. A calibration signal and 
the gain of each integrator in the sphere was 
controlled via a VHF FM radio link. The alignment of 
the sensor was particularly important since the 
horizontal fields we measured were much smaller than 
the vertical and any tilt caused a component of the 
vertical to appear 1n the horizontal field signals. 
We oriented the sphere vertically initially with 
respect to a gravitational 1y-based vertical axis and 
then, with reference to th« signals from distance 
lightning, further adjusted the tilt so that the 
horizontal field component« had essentially similar 
waveshapes and that no component of the vertical field 
was obviously evident in the horizontal fields. 

All data shown In the figures were digitized and 
stored using the system consisting of a Biomation 
transient waveform recorder for each flild component 
(Biomation 8100's for the vertical and North 
components, Biomation 1010 for the East component) 
Interfaced to an IBM PC. Each data event was 
triggered fron the vertical field and digitized at 100 
ns per sample for a duration of 200 us per trigger. 
The digitized data were transferred to the PC RAM 
within 50 ms. Thus it was possible to record several 
strokes within a flash. The data were ultimately 
stored on both a 20 mb hard disk and a magnetic tape 
cassette. 

Since the horizontal electric field theoretically 
depends on the ground conductivity, we measured this 
parameter using a Bison 2350 B conductivity meter. 
The depth dependence of conductivity was obtained by 
considering the earth as being horizontally stratified 
1n three layers and modeling the effective ground 
conductivity as a function of the horizontal 
separation of the conductivity probes. The layer 
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Fig. 2 Electric field sensor and PVC support 

Fig. 1 Block diagram of experimental system 

conductivities and depths found this way were 8.2 x 
10"3 mho/m between ground level and 2.2 m, 3.1 x 10"2 

mho/m between 2.2 m and 8.5 m, and 0.19 mho/m below 
8.5 m. 

II - Results 

Figures 3 and 4 show the three components - 
vertical \EV), northerly (EN) and easterly (EE) - of 
the electric fields from the first and second strokes 
in ground flashes at distances of 7 km and 38 km, 
respectively. Each stroke field is plotted against 
time on two different time scales. The polarity 
convention for these fields is consistent with that 
generally used for lightning: for a positive field 
(an upward deflection In the figures) the field lines 
point vertically down, towards the North, or towards 
the East, respectively. The distances and compass 
bearings for the flashes were found from the location 
given by the Lightning Location System at Kennedy 
Space Center. The wave forms in Figures 3 and 4 were 
obtained from the raw data by first compensating for 
the AC coupling in the Biomations and then removing 
any remaining component of the vertical field that was 
detected along a horizontal-sensor axis as a result of 
previously uncorrected sensor tilt. This component, 
as a fraction of the vertical field, was found from 
the slope of a plot of the horizontal field versus the 
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Fig. 3 Electric fields (EV, EN and EE) from strokes occurring at a distance of 7 km on Julian day 224, 1984 at 
(a) 18 hr. 52 min. 43,HI sec, and (b) 18 hr. 52 min. 43.340 sec. 
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Fig. 5 Calculated (EH-CALC) and measured (EH-MIAS) horizontal electric field magnitudes for strokes occurring 
on Julian day 224, 1984 at (a) 18 hr. 52 min. 43.281 sec, and (b) 18 hr. 52 min. 43.340 sec. 
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Fig. 6    Calculated (EH-CACL) and measured (EH-MEAS)  horizontal  electric field magnitudes for strokes occurring 
on Julian day 223, 1984 at (a) 23 hr.  3 min.  32.166 sec, and (b) 23 hr,  3 min.  32.519 sec. 

vertical field for frequencies sufficiently low that 
theory predicts the horizontal field to be 
negligible. To find the tilt for the particular data 
runs in question we plotted northerly and easterly 
fields versus vertical field averaged over several 
strokes at distances of 15 to 30 km. 

The two strokes In Figure 3 were separated by a 
time Interval of 59 ms, not unduly long for an 
interstroke Interval. Even so, the subsequent stroke 
(Figure 3(b) appears to be preceded by a dart-stepped 
leader. Each stroke produced a field change of 
roughly the same magnitude from the start of the 
return stroke (t » 50 ^s) jntll t * 200 us, 150 us 
later. However, the peak vertical field for the 
subsequent  stroke  is  roughly  twice  the  size of that 

for the first stroke, and the horizontal peak fields 
for the subsequent stroke are about four times the 
size of those for the first stroke, apparently because 
the subsequent stroke vertical-field has a faster 
rate-of-r1se to peak than the first stroke. 

A common feature of both Figure 3 and 4 1s the 
more highly structured character of the first stroke 
electric fields (Figures 3(a) and 4(a)) compared with 
the subsequent stroke fields (Figures 3(b) and 4(b)) 
for times between the start of the return stroke and 
100 its following. This structure Is more evident on 
the horizontal field waveshapes than on the vertical 
waveshapes and probably arises from the branches on 
the f1 "st stroke channel. 
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III - Discussion 

the    theoretical     horizontal     field We     found 
magnitude,  EH,   from the vertical   electric  field,  Ey 
by  applying  a wave  tilt  transfer  function  valid 
vertically polarized fields at grazing incidence 

for 

1 

/E/EQ 
+ a/jtoeo 

to the measured vertical field. In this formula a is 
the conductivity and E the permittivity of the ground, 

E is the permittivity of free space, and u the 
angular frequency. Agreement between theoretical and 
measured horizontal fields was good if we assumed a 
uniform earth with a = 8 x 10"3 mho/m, the value found 
for the top layer of ground (between the surface and a 
depth of 2.2 m). For the range of observed conductiv- 
ities and a ground permittivity of 40 E or less, the 
wave shape of the computed horizontal field was 
insensitive to either the magnitude of the ground 
conductivity or the permittivity while the magnitude 
of the computed horizontal field varied inversely as 
the square root of the conductivity. This is the case 
because the second term under the square root in the 
wave tilt expression dominates the first for 
frequencies oelow the upper frequency limit of the 
experiment, about 5 MHz. 

Figures 5 and 6 give the calculated horizontal 
fields (EH - CALC) found from the vertical using the 
wavetilt expression assuming 0 ■ 8 x 10"3 mho/m and 
E * 40 £0, along with measured horizontal field (EH - 
MEAS). The close agreeoient between the theoretical 
and measured horizontal fields show that this theory 
is applicable, at least for frequencies represented in 
the waveforms studied here, even for close return 
strokes. 
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LIGHTNING VHF AND UHF EMISSIONS AND FAST TIME RESOLVED MEASUREMENTS OF THE ASSOCIATED ELECTRIC 

FIELD VARIATIONS 

C. Weidman, J. Hamelin and M. Le Boulch 

Centre National d'Etudes des Telecommunications,  B.P.  40,  2£SCi Lannion,  France 

ABSTRACT : Measurements of 60, 175, 300 and 500 MHz radiation emitted by close, naturally occurring, light- 
ning discharges are presented and compared with simultaneous recordings of electric and magnetic fields and 
photoelectric data. Cloud-to-ground and intracloud discharge RF emissions begin abruptly and shape parame- 
ters such as amplitude, pulse width and interval time vary considerably. Large amplitude E and B field 
variations below 1 MHz often accompany important RF emissions, and, thus, stepped leaders, return strokes 
and certain intracloud discharge processes are shown to radiate strongly at VHF and UHF. These signals are 
generally similar to previously published data except that we do not observe a cessation of RF radiation 
immediately after first return strokes. 

350 kHz RF receiver bandwidths, temporal resolutions of about 3 p.s, prevented direct study of RF submicro- 
second time scale structures. Additional, precisely time synchronized, measurements were therefore made 
using a wideband, 10 MHz-1 GHz, E field antenna connected to a fast transient recorder. This system was 
triggered externally by either large dE/dt or VHF signals. In the first case, wideband antenna signals 
consisted of 3, 4 or 5 impulses spaced 0.2 to 1 u.s apart which may have been radiated during intracloud 
leader discharges. Single 3 us wide impulses were observed at 60 and 175 MHz ; no emissions were visible at 
500 MHz. In the second case, triggers occurred during longer, Ü.5 to 1 ms, duration bursts of RF radiation 
emitted ?f *>0, 175 and 500 MH? during first return stroke and perhaps "K change" discharges. The associated 
wideband antenna signals were complex and difficult to intepret, partly because the antenna receiving 
transfer function has not yet been determined accurately and the incident F. fields have not been calcu- 
lated. 

1 - INTRODUCTION 

Much of what we have learned about lightning 
is based on measurements of electric (E) and magnetic 
(B) fields at frequencies between zero and a few or a 
few tens of megahertz /1,2/. There is currently a lot 
of interest in the strong emissions which lightning 
produces at VHF and UHF frequencies. This is partly 
because we still do not understand very well what 
kinds of discharges or physical processes generate 
these signals. Also, several researchers are using 
lightning RF fields, and time of arrival or interfe- 
rometry techniques, to locate discharge sources and 
follow channel development in time within the cloud 
and to relate this to thunderstorm dynamics and struc- 
ture /3-11/. 

Lightning RF emissions are impulsive and 
their large amplitudes represent a potential hazard to 
any system which is sensitive to transient fields. RF 
signals generated during lightning discharge night 
perturb radio or microwave telecommunications links, 
for example. Past measurements have often been made 
with narrow bandwidth receivers, which do not resolve 
the fastest variations, and are thus not suitable for 
a proper evaluation of this risk. 

With these two different objectives 1n mind, 
that is to better understand the lightning processes 
which radiate at VHF and UHF and to characterize the 
lightning electromagnetic environment between a few 
tens of megahertz and a few gigahertz, the Electro- 
magnetic Environment Group at the French National 
Telecommunications Research Center (CNET) has recorded 
natural and triggered lightning RF emissions at 60, 
100, 175, 300, 500 and 900 MHz during summer field 
experiments in New Mexico (1982) and at the St Privat 
d'Al Her station in south central France (1983). 
Recordings of natural lightning RF radiation were made 

in 1984 in south west France as part of the FRONTS 84 
experiment. 350 kHz bandwidth receivers were used and 
RF signals were recorded in precise time correlation 
with E field, B field and optical data. A ^tailed 
discussion of 1982 and some of the initial 1983 
results has been given by /12/. 

In this report, we will discuss the conti- 
nuation and extension of this work, in particular ,y 
measurements made 1n lor(4 using a specially desg'> 
10 MHz - 1 GHz conical antenna connected to a 
fast transient digitizer. These measurements .-..- e 
motivated by /12/ who observed that, when viewed • a 
microsecond time scale, the lightning RF recc en 
consisted of either single 3 |ts wide impulse or 
superpositions of these Impulses. The 3 fkt wide pulse 
Is, of course, the impulsive response of a 350 kHz 
bandwidth RF receiver. Frequently, these impulses 
could be identified at each of the six frequencies 
studied and, in these cases, /12/ measured peak ampli- 
tudes and plotted relative amplitude spectra ; an 
example 1s shown in Figure 1. These spectra are inte- 
resting because they do not vary monotonically ulth 
frequency but have fairly well defined maxima and 
minima which may tell us something about the submicro- 
second structure of the lightning fields. /12/ has 
suggested, for example, that these spectra could be 
produced by either : 

(a) a single current Impulse in a source volume 
with dimensions approximately equal to the wave- 
length of the RF radiation. In this way construc- 
tive and destructive interference would occur at 
the different frequencies studied between signals 
originating at different parts of the source vo- 
lume. A cylindrical volume would need to be a few 
meters in diameter to produce the observed spec- 
tra. 
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(b) a sequence of impulses whose durations and 
interval times were less than the receiver res- 
ponse time. A sequence containing more than just 
a few impulses would need to be spaced very uni- 
formly <n time for peaks to appear in the fre- 
quency spectrum. 

We hope eventually, by making fast time resolved mea- 
surements of wideband E fields, to be able to investi- 
gate directly these different hy.otheses. This paper 
reports on our initial experiments and results. 

ö3fCMHz)104 

rig. 1 An example of a lightning relative amplitude 
spectrum which does not decrease monotonically 

with frequency (adapted from/12/). Attitudes have 
been normalized to 11 km and 1kHz bandwidth using 
l/(distance) and l/fBW)^ dependencies, respectively. 
The dotted line shows the l/(freq.) fit to other data 
given by /32/. 

2 - EXPERIMENT 

A schematic diagram of the measuring equip- 
ment is shown in Figure 2. Lightning RF emissions at 
60, 100. 175, 300, 500 and 900 MHz were measured using 
six tuned, vertically polarized, dipole antennas moun- 
ted on a grounded 9 m metal rast. For simplicity, only 
one of these antennas is shown in Fi<c,. 2. Antenna spa- 
cing was such that effects due to mutual coupling 
between adjacent antennas and due to reflections from 
the ground were minimized /12/. Antennas were connec- 
ted to teceivers, located 10 m away in a metal trai- 
ter, using semi-rigid coaxial cables. Receiver charac- 
teristics at each of the six frequencies are summa- 
rized in Table 1. Logarithmic amplifiers were used to 
amplify and detect the intermediate frequency signal 
giving a receiver dynamic range of about 80 dB. 

TABLE 1 
RF Receiver Characteristics 

Sensitivity* 
(liV/m) 
r30 
90 
30 
5U 
90 

600 

* Sensitivities indicate the minimum field necessary 
at each center frequency to produce an observable 
signal at the receiver output. 

Horizontal magnetic fields were measured 
using two orthogonally mounted, wideband (150Hz-20MHz) 
anteonas /13/. A "fast E" field antenna system like 

Frequency Bandwidth 
(MHz) (kHz) 

60 330 
100 337 
175 348 
300 360 
500 350 
900 305 

that described by /14/ was used to measure lightning 
electric fields. System risetime and decay time cons- 
tant were 0.2 and 200 /AS, respectively. Luminous emis- 
sions at elevation angles of 1° and 10° were made 
using two photoelectric detectors similar to those 
described by /15/. Each detector had an angular reso- 
lution of about 1", a risetime of less than one micro- 
second and a nearly 360° horizontal field of view. 

Continuous recordings of thi RF signals, E 
and B fields, the two optical signals, a time code 
signal and a pulse indicating a F00 MHz waveform 
recorder trigger were made using a 400 kHz bandwidth 
instrumentation tape recorder (FM mode). Time mark 
signals were superimposed on all channels at the 
recorder input to permit precise correlation in time. 

The fast time resolution recording system 
occupies most of the right half of Fig. 2 and consists 
of a specially designed 10 MHz - 1 GHz conical antenna 
connected through 1 or 1.5 j*s of RG-8 SOSi. coaxial 
cable delay line to a 500 MHz transient recorder. This 
recorder was triggered externally by an oscilloscopt 
in the following manner : Either a dE/dt or a 60, 175 
or 500 MHz signal was connected to the oscilloscope 
input and time base A (TB A) was set to trigger inter- 
nally on that signal. TB B was operated in the. 
"trigger after delay" mode. That is, when TB A was 
triggered and after a prechosen delay, which ranged 
from 10 to 200 ms, TB B was armed. If the signal again 
crossed trigger threshold before the end of the TB A 
sweep (the TB A sweep wai typically 200 to 500 ms 
long) a TB B gate pulse was generated and triggered 
the 500 MHz recorder. If nut, TB B was disenabled, TB 
A reenabled and the whole procedure began again, in 
this way we hoped, by choosing among the different 
triggering signals and by varying the delay before the 
TB B enable, to be able to record conical antenna 
signals fro;., a wide variety of discharge processes. 
Note also t.iat, by using one of the RF signals, the 
oscilloscope trigger did not depend on polarity. 

When the 500 MHz recorder was triggered, 1t 
generated a gate pulse which then triggered a four 
channel 2 MHz recorder, operating in pretrigger mode, 
thus giving precisely time synchronized records of 
simultaneous E field and 60, 175 and 500 MHz radia- 
tion. The 500 MHz recorder gate pulse also stopped a 
clock, which was subsequently read by the computer, 
and was written onto the magnetic tape. 

The 500 MHz recorder was in reality a 
Tektronix 7912AD programmable digitizer. The 7912 ope- 
rates in many respects like a storage oscilloscope. 
The essential difference is the target which, in the 
case of the 7912, is an array of diodes. The recorded 
signal is subsequently read in a 512 by 512 point 
(horizontal by vertical) format. A very high velocity 
writing beam can be used because the target size is 
small and because very few electrons need to strike 
the target to record a warefcrm ; an effective sam- 
pling frequency of 100 GHz is possible. \n our appli- 
cation, the 7912 was equipped with a 500 MHz input 
amplifier and the time base sweep speed was either 200 
or 500 ns/div, effective sampling frequencies of about 
250 and 100 MHz. respectively (250 «Hz = 512 points / 
10 divs x 200 ns/div). The uppermost curves in Figures 
9, 12, 13 and 15 show 7912 records. These data were 
recorded in mode "edge", that is, plotted data show 
the upper and lower edges of the sign;1 which was read 
off the 7912 diode matrix target. 

The 4 channel waveform recorder sampling 
frequency wac 2 MHz and each record contained 256 

. 
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points. The delay line shown in Fig. 2 was necessary 
because of the 500 MHz recorder could not operate in a 
"pretrigger" mode and because of the external trigge- 
ring m?thod „:,ed. The delay line attenuated, signifi- 
cantly, higher frequency conical antenna signals. With 
a 1.5 /A s delay line, for example, 10 and 100 MHz 
signals were attenuated by 6 and 20 dB, respectively. 

2.1 - Conical Antenna Design and Calibration 

The 10 MHz - 1 GHz antenna developed for 
this study his a conical form, a geometry commonly 
used in measurements of fast, impulsive fields where 
wideband response is necessary. The antenna is shown 
schematically in Figwre 3. Basically, the lower 0.27 m 
consists of a solid cone which provides the high fre- 
quency response. A 43° cone angle fixes the antenna 
impedance at 50n.. Extension of the solid cone to the 
dimensions necessa-y for low frequency response was 
inechanically unrealistic so this structure was appro- 
ximated by six "wire" elements. These elements were 
actually constructed out of 12 mm diameter copper 
tubing to insure that corona discharge would not occur 
off the surfaces of the antenna in thunderstorm E 
fields. Careful placement of 250 A. resistancts damped 
certain antenna resonances and effectively extended 
low frequency respoi.se to 10 MHz while minimizing 
overall antenna height. The antenna vas mounted on a 
12 m by 12 m wire mesh ground plane. 

This design represents a choice of several 
variants which were studied in order to best satisfy 
the following requirements between 10 MHz and 1 GHz : 

(a) constant 50.fi. impedance 
(b) a lineaire phase response. 
(c) minimal variation of the radiation diagram 

with frequency. 
A detailed theoretical discussion is given by /16/. 

250 ohm 

43 deg 

A 7777777777777777777777 

Fig. 3 A schematic, side view of the conical, elec- 
tric field antenna. 

When a linear antenna is used for receiving, 
the receiving transfer function, which relates the 
received voltage V(f) measured across a load impedance 
Z„ and the incident, electric field E(f), is 

s(f) 
V(f) 
ETTT 

h(f) Z. nur + z„ (1) 

where h(f) is the effective height of the antenna, 
Za(f) the antenna impedance and f frequency /17/. 
Since we are interested in determining incident fields 
from measured antenna load voltages, we will define 
K(f) - l/(S(f)) then 

E(f) = K(f) V(f) (2! 

E(t) can be determined by calculating the inverse 
Fourier transform of Egn. 2. 

B FIELD DIPOLE 
ANTENNAS 0 MHz- 

GHz 
ANTENNA 

TIME 

* f • 

•J-IRIS- 

. CLOCK 

400 kHz 
MAGNETIC 
TAPE RECORDER 

COMPUTER 

Fig. 2    A blxk diagran of the measuring system. The dotted lines 
indicate triggering signals. 
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/16/ has determined, experimentally, the 
magnitude of the complex function K(f) using the "two 
identical antenna method" /18/. K(f) was also deter- 
mined independantly by us using a large EMP simulator. 
The incident test field, a square 100 ns wide pulse, 
was measured with a separate antenna standard and is 
shown in Figure 4(a). The conical antenna output 
signal is given in Fig. 4(b). The data aquisition sys- 
tem used in this test had a bandwidth of 128 MHz. K(f) 
was then determined by dividing the Fourier transform 
of the reference field by the transform of the antenna 
output voltage. The magnitude functions of K(f) deter- 
mined in these two  ways are plotted in Figure 5. 

III! 

(a)   INCIDENT ELECTRIC FIELD <U/n> 

688    NANOSECONDS    19)8 

Fig.  4    Coiicdl  antenna response  (curve  (b))  to a  100 
nanosecond wide "squar« pulse" vertical  elec- 

tric  field  (curve  (a)). 

38 

48 

(1/N> 

USING FIG 
MT« 

TUO IDENTICAL 
ANTENNA HETKOD 

1 IS FREQUENCY (HMD 

Fig. 5 Plots of two different determinations of the 
magnitude of the complex antenna receiving 

transfer function, K(f). 'lote that increasing antenna 
sensitivity is in a downward direction. 

We note first in Fig. 5, that there is about 
a 10 dB difference between these two determinations of 
K(f) , which we cannot yet explain. Also, because of 
the superimposed high frequency variations, the Fig. 
4(a) square wave E field has not permitted a good 
estimate of K(f) above about 45 MHz. 

Even with this unsatisfactory antenna cali- 
bration we would like to have inverted conical antenna 
signals to determine approximate incident E field 
shapes. A second difficulty has kept us from doing 
this. This second problem is concerned with extracting 
higher frequency information from the 7912 "storage 
oscilloscope-like" records. Consider what happens if 
we try to record a sinusoidal signal on a storage 
oscilloscope.We obtain an accurate representation if 
one period of the sinusoid is longer than t', the time 
it takes to oscilloscope to sweep across one electron 
beam "spot width". If, however, one or more cycles 
occur in a time less than t', successive signal oscil- 
lations overlap and we obtain a thick trace which 
gives a good indication only of peak amplitude. In our 
application, the 7912 was operated at a relatively 
slow sweep speed with a high beam intensity and t' is 
longer than many of the conical antenna signal varia- 
tions. The antenna signals were not simple sinusoids 
and spot width is not constant, but depends on the 
two-dimensional beam velocity. Recovery of the higher 
frequency information thus seems a complex problem and 
has not yet been attempted. 

DATA 

3.1 - Millisecond Time Scale Structures 

Examoles of 175 MHz radiation and simulta- 
neous "fast E" fields produced during four lightning 
discharges are shown in Figure 6. These records repro- 
duce signal variations as fast as 100kHz, and were 
obtained by replaying analog data tapes at reduced 
speed and rerecording the data on a second recorder. 
These rerecordings were then displayed , again after 
reducing the playback speed, on a strip chart recor- 
der. The RF signals produced by these discharges at 
the other frequencies had similar overall appearances 
and are not shown. Distances were determined by timing 
the first arrival of thunder. In Fig. 6 and throughout 
this report, movement of negative charge from cloud to 
ground produces a positive polarity E field change. 

The "fast E" signals, which are shewn on a 
fairly sensitive scale in Fig. 6, indicate only one or 
a few large amplitude field producing discharges per 
flash. At 175 Mhz, some of the strongest emissions 
also occur at these times, but appreciable radiation 
also precedes, occurs between, and follows the large 
"fast E" impulses. An interesting feature is the 
abrupt onset of the RF emissions. This is true of 
essentially «11 events we have studied, and large 
amplitude E and B fields often occur simultaneously 
(see event 022415, for example). The initial few 
hundred milliseconds of activity in each discharge 
then appears, on this time scale, to consist of impul- 
ses closely spaced in time. The rate of occurrence can 
be quite rapid. Especially high occurrence rates (pul- 
ses which occur at interval times too short to be 
individually resolved by the RF receiver) appear in 
Fig. 6 as a 175 MHz signal which is offset from zero. 
This occurs near 50 ms in events 021729 and 022017, 
for example, and is accompanied by a slow E field 
variation. Late in the discharges, emissions occur in 
more isolated, often intense bursts. Some of these are 
probably the "Q noise" the "solitary pulses" and the 
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Fig. 6 "rast E" fields and 175 MHz radiation produced during four different lightning 
discharges. Some of the numbered events are discussed in detail In the text (a 

star indicates a 500 MHz recorder trigger). The amplitude calibrations shown apply to all 
four discharges; note that a positive E field change Is 1n a downward direction. The 175 
MHz noise level is about 0.C5 mV/m. Horizontal dotted lines show saturation levels, and 
"TM" indicates a time mark signal superimposed on all records at Intervals of 100 ms. 
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"fast bursts" described by 111,   16/   and /8/, respec- 
tively. 

We note finally, that with our experience, 
it is not possible to identify with certainty diffe- 
rent types of discharge processes using these slow 
time scale E field and 175MHz signatures. The strong 
emissions at points 1, 7 and 8 in Fig. 6 were produced 
by first return strokes (determination made using fas- 
ter time scale E and 8 field shapes). There are no 
large amplitude E field changes in event 022415 and 
those in event 021729 do not have characteristic 
return stroke forms, and, therefore, these two events 
appear to have been intracloud discharges. 

3.2 - Microsecond and Submicrosecond Time Scale 
Structure? 

In Figures 7 and 8 we show, with faster time 
resolution, the simultaneous ( — 10 us) E and B 
fields, luminous emissions and 60, 175, 300 and 500MHz 
RF radiation which occurred at points 1 and 8, respec- 
tively, in Fig. 6. These E and B fields begin with an 
abrupt positive transition and have shapes and ampli- 

250-1 

588MHz 
1        TCmV/ro) 

• 24 

■•:1 i-!füJWTTWW 
hiftln 

B-I8T8 
'50 J(ub/«2) 

Fig. 7 Faster time resolved records if the (top to 
bottom) "fast E" fields, the 1° optical and 

the 60, 175, 300 and 500 MHz emissions and one com- 
ponent of the horizontal magnetic field produced 
during a first return stroke discharge (point 1 in 
Fig. 6). Horizontal dotted lines indicate saturation. 

tudes which are char -ristic of fairly close first 
return stroke discharges /19/. The initial radiation 
field peak is visible in all cases and is followed, on 
E field records, by a strong electrostatic field 
component which saturated the recorder. Fig. 7 illus- 
trates particularly well, the magnetic field "hump" 
described by /19/ which follows the B radiation field 
peak on close discharges. 

Significant RF activity precedes the return 
stroke E and B field changes at 60 and 175 MHz in 
Figures 7 and 8 and is probably associated with the 
stepped leader process which initiates first return 
stroke discharges. The 100 kHz bandwidth of the system 
used to reproduce these oata was probably not adequate 
to reproduce stepped leader E and B fields, which 
typically have widths of only 1 or 2/us /14/ . Large 
"bursts" of RF radiation occur at all frequencies in 
association witn the return stroke. Close inspection 
reveals that peak RF emissions generally follow the E 
and B radiation field peaks by a few tens of micro- 
seconds in agreement with /20.21.22/. Also, RF peaks 
do not always coincide at the different frequencies 
(see Fig. 8). Note that at 60 and 175 MHz, first 
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-200^ 

Fig. 8 Fast time resolved records of electromagnetic 
radiation produced by a first return stroke 

discharge (point 8 in Fig. 6). Fig. 7 comments apply 
here also. The downwardly pointing arrow indicates 
the moment at which the 500 MHz recorder was triggered. 
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return stroke RF bursts last well over 1 ms. Durations 
at 300 and 500MHz are shorter, about 500yus. 

The 500 MHz recorder was triggered by a 
large 60 MHz impulse that occurred during the return 
stroke discharge in Fig. 8. That reco-d is shown in 
Figure 9 (upper most curve) together with recordings 
of the simultaneous "fast E" and 60, 175 and 500 MHz 
signals made with the 2 MHz recorder. Horizontal and 
vertical scale calibrations and zero levels are indi- 
cated. The upwardly pointing arrow indicates the 
moment at which the 500 MHz recorder was triggered by 
the oscilloscope TB B gate pulse. A dotted vertical 
line drawn through the lower four curves in Fig. 9 
shows the time of the 2 MHz recorder trigger. We 
should repeat that the upper curve in Fig. 9 is the 
conical antenna output and not the incident E field. 
The incident field was not calculated, for' reasons 
discussed in Section 2.1, and probably has a very 
different overall appearance. Discussion of this and 
other fast time resolved recordings is given in Sec- 
tion 4. 
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Fig. 9 The conical antenna ngnal (thick,upper curve) 

and simultaneous E field and 60, 175 and 500 
MHz radiation (lower four curves; E field is offscale) 
produced during the return stroke discharge shown in 
Fig. 8. 

Bipolar E field impulses, which occurred at 
the beginning of discharge 022419 (point 9 in Fig. 6), 
and the simultaneous RF emissions are shown in Figure 
10. Bipolar E field waveforms like these, whose ini- 
tial polarity is negative, are typical of the larger 
radiation field pulses produced by intracloud light- 
ning and are discussed in detail by /23,24/. The lar- 
gest RF signals have widths of a few tens of micro- 
seconds and occur in time coincidence with the E field 
pulses. In agreement with /25/ there is a tendency for 
the RF signals to peak during the initial half cycle. 

Figure 11 illustrates the "fast E" and 
175 MHz signals that were enitted at point 10 in 
Fig. 6. While appreciable 175 MHz radiation is pre- 
sent, simultaneous E fields were either too weak or 
too rapid to be recorded. The 500 MHz recorder was 
also triggered during this sequence, in this case by a 
positive dE/dt signal. That record and those obtained 
with the 2 MHz recorder are shown in Figure 12. This 
example is considerably simpler than Fig. 10. Three, 
perhaps four, impulses are clearly distinguishable. 
Here, a downward conical antenna signal deflection 
indicates a positive incident E field transition. 
Also, judging from the conical antenna response to a 
square wave incident field, Fig. 4(b), we suspect that 
the incident E field impulses, here, may have been 
nearly unipolar. Thus, we would suggest that this was 
a sequence of 3 or 4 nearly unipolar, positive pola- 
rity, E field impulses. Note that a positive E field 
pulse is also visible on the 2 MHz recorder E field 
trace. 

A second fast conical antenna signal, 
obtained during very similar activity in another dis- 
charge is shown in Figure 13. 
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Fig. 10 The negative polarity bipolar E field impulses 
and simultaneous 60, 175, 300 and 500 MHz 

radiation which occurred at the beginning of event 
022415, an Intracloud discharge (point 9 in Fig. 6). 
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Fig. 11 Fast E field and simultaneous 175 MHz acti- 
vity occurring at point 10 in Fig. 6. The 

downwardly pointing arrow indicates the moment at 
which the 500 MHz recorded was triggered. 
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Fig. 12 The conical antenna signal (thick, upper 
curve) and simultaneous E field and 60, 175 

and 500 MHz radiation (lower four traces) produced 
during the intracloud discharge activity shown In 
Fig. 11. 

Returning now to Fig- 6, we note that a 
short duration, but very strong, 175 MHz impulse 
occurred at point 2 in event 021419. Figure 14 shows 
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Fig. 13 The conical antenna signal  (thick, upper 
curve) and simultaneous E field and 60, 175 

and 500 MHz radiation (lower four traces) produced 
during lightning discharge activity very similar to 
that shown in F<g. 11. 

the associated E field and RF emissions on a faster 
time scale. We do not believe this was a return stroke 
discharge. The E field change is negative and has a 
shape not at all typical of a close return stroke dis- 
charge. The durations of the RF bursts are consider- 
ably less than for the first return stroke examples 
given In Figs. 7 and 8. If this had been a subsequent 
return stroke we would have expected the peak RF ra- 
diation to have preceded the E radiation field peak 
/21/. which 1s not the case here. This may have been 
a "K change" /26,27/. /28/ has indicated that K chan- 
ges may produce very strong RF radiation. 

The 500 MHz recorder was triggered by a 
large amplitude 60 MHz impulse during this discharge ; 
those data are shown in Figure 15. A second fast 
trace, labelled "noise", has been added for compa- 
rison, and shows the conical antenna noise level mea- 
sured during a time when there was no thunderstorm 
activity. 

< 
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Fig.  14    Faster time resolved recordings of the E 
fields and simultaneous 60,  175, 300 and 500 

MHz  radiation at point 2  in Fig.  6, perhaps a  "K 
change".    The downwardly pointing arrow indicates the 
moment at which the 500 MHz recorder was triggered. 

4 - DISCUSSION 

In general, the lightning RF signals discus- 
sed in this report agree with previously published 
data. We have found no mention of the abrupt way in 
which the RF emissions start, but see what seem to be 
similar beginnings on 34 MHz data in /5/, /8/ and 
IZ'cl. A sequence of negative polarity bipolar E field 
impulses coincided with the initial RF radiation in 
event 022415, an intracloud discharge. Bipolar E 
fields, usually of positive polarity, have also been 
observed tens cf milliseconds before the first return 
stroke in cloud-to-ground discharges /24, 29/ and 
sometimes these fields also coincide with the initial 
RF radiation. These cases and events like 022415 are 
interesting because the large bipolar field amplitudes 
imply large channel currents which occur without any 
evidence at VHF and UHF of earlier, "preparatory", 
activity. Is this true or were the vertical RF fields 
which arrived at our site just too weak to be mea- 
sured ? 

Several authors have noted that very little 
or no RF radiation occurs during a period of a few 
nilliseconds duration immediately following return 
strokes /6, 22, 30, 31/. These "quiet periods" were 
not observed following the three first return strokes 
examples presented here (points 1, 7 and 8 in Fig. 6). 
It is difficult to explain why this is so ; we do not 
beiieve it is an effect introduced by the instrumen- 
tation. It is possible that intracloud activity was 
occurring before and continued to occur during and 
after the return stroke discharge. In one case (point 
8) it seems almost as if RF emissions we restarted 
after the occurrence of the return stroke. 
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15    The conical  antenna  signal   (thick,    upper 
curve) and simultaneous E field and 60,  175 

500 MHz radiation  (four lowermost traces)  pro- 
ed during the intracloud discharge shown  in  Fig. 

A recording of the conical  antenna noise level 
also shown (trace labelled "noise") and is corn- 
ed, predominantly, of shortwave and FM radio trans- 
sions. 

Our results show, in agreement with other 
authors, that intracloud discharge processes are a 
source of strong RF emissions. Point 2 in Fig. 6 was 
examined in Section 3. Points 4 and 6 in event 021729 
also produced strong 175 MHz signals and were, to the 
best of our knowledge, intracloud discharge proces- 
ses. 

Let's consider briefly the conical antenna 
measurements. Two very different kinds of signals have 
been obtained depending on the triggering method used. 
The complex examples in Figs. 9 and 15 were obtained 
by triggering the 7912 recorder externally on a large 
amplitude 60 MHz signal (in the manner dereribed in 
Sect. 2). Examining the 60 MHz fields in Figs. 9 and 
15 near the trigger time, we see that it wasn't a 
single, large 60 MHz pulse which triggered the 7912, 
but, rather, a high pulse occurrence rate which meant 
that the  receiver effectively  integrated or summed a 
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sequence of several impulses. These separate impulses, 
may have come from multiple, even widely separated 
sources. We note, in addition, in Figs. 9 and 15 that 
the RF signals were not necessarily similar at the 
different frequencies and that appreciable radiation 
was present at 500 MHz. Considering the decreasing 
conical antenna sensitivity with increasing frequency, 
the delay line attenuation and the high noise levels, 
it is clear that the E field variations which produced 
these 500 MHz and perhaps even the 175 MHz emissions 
may not be visible on the 7912 records in Figs. 9 and 
15. 

The records in Figs. 12 and 13 were obtained 
after the 7912 digitizer had been triggered by a dE/dt 
signal crossing a threshold of about + 400 V/m//us. 
Single, 3 AIS wide, pulses of 60 and 175 MHz radiation 
occurred simultaneously. Here, we note that the time 
sequences of 60 and 175 MHz radiation are often very 
similar (between 50 and 100/us in Fig. 13, for exam- 
ple). We would suggest, therefore, that both the 60 
and 175 MHz emissions were produced by the same dis- 
charge process. Perhaps, because these signals occur- 
red relatively early in their respective discharges 
and because the RF activity resembles stepped leader 
activity, this was an intracloud leader process. The 
7912 recordings might correspond, then, to one step of 
that discharge. If this were true, the conical antenna 
signals would indicate that a leader step was in rea- 
lity not just a single discharge but perhaps 3, 4 or 5 
separate discharges which occur in a period of 1 to 3 
jUs. Note also in Figs. 12 and 13 that there is very 
little radiation at 500 MHz. In this respect, the dis- 
charge process which produced the signals in Figs. 12 
and 13 is different from that (those) responsible for 
the Figs. 9 and 15 records. 

Finally, it was with single impulses of RF 
radiation like in Figs. 12 and 13 and the associated 
conical antenna signals that we wished to test the two 
hypotheses discussed in Sect. 1. An equipment malfunc- 
tion has prevented us from determining relative ampli- 
tude spectra for these two events. We cannot, there- 
fore, say whether they resemble Fig. 1 and thus 
whether such a test is appropriate. 
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SUBMICROSECOND STRUCTURE OF THE RADIATION FIELDS PRODUCED BY LIGHTNING 
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Abstract. - An experiment to measure the electric field, E, dE/dt, and HF signatures that are produced 
by lightning return strokes, leader steps, and intracloud discharge processes was conducted at the 
NASA Kennedy Space Center, Florida, under conditions where the lightning locations were known and where 
there was minimal distortion in the signals due to ground-wave propagation or the recording equipment. 
Values of the maximum dE/dt during the initial, fast-rising portion of first return strokes have a mean 
and standard deviation of 45.4 ± 13.4 V/m/usec when range-normalized to 100 km and a full width at half 
maximum of 97 ± 18 nsec. If the initial return stroke velocity is 108 m/sec, these dE/dt results imply 
that the mean maximum dl/dt at the lightning source Is about 230 kA/ysec, a value that is substantially 
larger than most tower measurements a... current test standards. The Fourier amplitude spectrum of the 
fast field transition in first strokes Is in good agreement with previous estimates in the interval 
from 1-4 MHz, but then decreases more rapidly with frequency above 4 MHz. 

INTRODUCTION II - EXPERIMENT 

Recent measurements have shown that the electric and 
magnetic fields that are radiated by leader steps and 
return strokes in cloud-to-ground lightning and by 
various Intracloud discharge processes all contain 
large submicrosecond variations when there is minimal 
distortion in these fields due to ground wave propa- 
gation or the recording equipment [1-10]. Because 
submicrosecond fields have Important implications 
for the design of lightning protection systems, a 
new experiment was conducted during the summer of 
1984 to determine better the submicrosecond struc- 
ture of E and dE/dt fields with particular emphasis 
on those lightning discharge processes that might 
represent the greatest hazard to aircraft and the 
strongest source of Interference in HF communica- 
tions systems. In this paper, we will describe the 
design of the experiment, and we will give some 
ln'.tlal results for one Florida thunderstorm. 

Lightning electric field, E, and dE/dt waveforms were 
recorded, together with the output of a wideband HF 
receiver, at an experiment site that was located on 
the eastern tip of Cape Canaveral, Florida. A block 
diagram of the antennas and recording equipment is 
shown in Fig. 1, and a map showing the location of 
the site is given in Fig. 2. The antennas were 
mounted on the roof of a grounded metal truck and 
trailer [maximum dimensions 14.3m L x 4.4m W x 
3.6m H] that were part of a U.S. Air Force lightning 
experiment [11]. The antennas and signal processing 
electronics were designed to provide a time-resolu- 
tion of about 10 nsec on a dE/dt signal and 125 nsec 
on E. The HF receiver could be tuned to any frequency 
between 3 and 18 MHz, and the bandwidth was 1 MHz. 
Great care was taken to maintain a precise time-syn- 
chronization of all records. 
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Fig.   1. A block schematic diagram of the antennas 
and waveform recording systems. 

Fig. 2. The locations of the experiment site at 
Cape Canaveral, Florida; the lightning 
direction-finder sites (DF); and cloud- 
to-ground discharges on Sept. 5, 1984. 
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The dE/dt signals were recorded on a Tektronix 7834 
storage oscilloscope and a Biomation 8100 waveform 
recorder. E and HF signals were digitized on Bio- 
mation 805 and 1010 waveform recorders, and the 
analog outputs were photographed on oscilloscopes 
using both fast and slow time scales. 

The recording system could be triggered either on the 
dE/dt signal (as shown in Fig. 1), E, or the output 
of the HF receiver. The type of lightning process 
that produced a particular field impulse (e.g. leader 
step, return stroke, or cloud discharge) was deter- 
mined from the overall shape of the E signature, and 
the HF triggers were used to Investigate which light- 
ning process produced the strongest source of Inter- 
ference at HF frequencies. 

The experiment trailer was located as close as pos- 
sible to the Atlantic Ocean so that the field from 
any lightning discharge that occurred over the ocean 
could be measured with minimum distortion due to 
ground-wave propagation. The locations of the strike 
points of cloud-to-ground discharges were provided in 
real-time by a network of wideband magnetic direction 
finders* that was operated by the U. S. Air Force and 
the NASA Kennedy Space Center. The locations of the 
direction-finder (DF) sites are shown in Fig. 2. The 
principles of operation of the DFs and the lightning 
locating system have been described by 112-14], and 
the location accuracy has been verified using rocket- 
triggered lightning at KSC [15J. 

111 - DATA 

During the summer of 1984, records were obtained from 
about 4 thunderstorms that occurred over rhe ocean 
within 100 km of the experiment site. One of these, 
a large storm on September 5, contained a cell that 
was centered about 35 km to the east, a region of 
optimum accuracy for the lightning locating system. 
During the interval from 20:46 to 21:18 UT, about 
112 correlated records were obtained using an HF 
trigger at 5 MHz, and 64 of these were from first 
return strokes. The locations of these discharges 
sre shown in Figure 2. 

Figure 3 shows an example of the dE/dt, E, and HF 
waveforms that were produced by the first return 
stroke in a cloud-to-ground discharge at a range of 
36.2 km. Note that the dE/dt signal has a maximum of 
about 125 V/m/usec and that the full-width at half- 
maximum (FVHM) of this signal Is about 90 nsec. The 
E signal has a peak of about 22 V/m, and the arrow 
below the peak shows the time of the dE/dt trigger. 
The HF record has a large peak at the same time as 
the dF/dt record, and there is a second peak in the 
HF signal about 35 usec after the first peak. 

IV - RESULTS 

Return Strokes 

In general, the shape of the electric field that is 
radiated by a return stroke depends on whether It 
Is the first return stroke in • flash, a subsequent 
return stroke, or a subsequent return stroke that is 
preceded by a dart-stepped leader (1). First stroke 
fields begin with a relatively slow "front" that 
rises for 2 to 8 usec to about half the peak field 

* Manufactured by Lightning Location and Protection, 
Inc., Tucson, Arizona 85719. 

Sept. 5,1984 
20>56'4&7BUT 
Ronot = 56.2 km 

Fig. 3. Examples of the dE/dt signature (top). E 
waveform (middle), and HF emission produced 
by a first return stroke at 36.2 km. 

amplitude. This front is followed by a fast transi- 
tion to peak, and it is this fast transition that 
Is of primary Interest in this report. Subsequent 
strokes produce fields that have fast transitions 
very similar to first strokes, but fronts that last 
only 0.5 to 1 psec and that rise to only about 20% 
of the peak field amplitude. 

The values of the maximum 4E/dt during the fast field 
transition, the FWHM of dE/dt, and the electric field 
peak, Ep, are summarized In T,-

- le 1 for first return 
strokes, normal subsequent return strokes, and sub- 
sequent strokes that were preceded by a dart-stepped 
leader. In each entry, N is the total number of 
records that were analyzed, and o is the standard 
deviation. All values of dE/dt and E have been nor- 
malized to a range of 100 km, assuming that the mea- 
sured amplitudes have an inverse distance dependence 
on range, and a histogram of the first-stroke values 
Is shown in Figure 4. It should be noted In Table 1 

20- 

15- 

ho- 

Normolind to KX)km 
lit Rtturn tlrofcw 

N =62 
Mton'4&4V/m4a 

<r = 13.4VAn/M» 

■ ,    i   I   i -L. 
10    20    30    40     50    60    70 

Mn dE/dt (V/m/ai) 
80 90 100 

Fig. 4. Histogram of the peak dE/dt values produced 
by 62 first return strokes after they are 
range-normalized to a distance of 100 km. 
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that the largest values of dE/dt are produced by 
subsequent return strokes that are preceded by dart- 
stepped leaders. 

TABLE 1 

Summary of the Maximum dE/dt, FWHM, and Peak E Values 
for Return Strokes with Range-Normalization of 100 km 

Type of 
Stroke 

Max dE/dt 
(V/m/psec) 

FWHM    Peak E" 
(nsec)    (V/m) 

First N - 62 N - 64 N - 48 

Return       dE/dt - 45.4  FWHM - 97.2  E - 11.1 
P 

Strokes 

Normal 

Subsequent 

Strokes 

13.4 18.4 

N - 7 

dE/dt - 40.6  FWHM - 81.4 

o - 18.0 10.7 

Dart-Stepped      N - 7      N - 7     N 

Subsequent    dE/dt - 51.7  FWHM - 98.6  E~ 

Strokes 11.5 16.8 

a - 3.7 

N - 5 

F - 4.5 
P 

o - 1.9 

6 

8.7 

2.2 

Some E fields exceeded the dynamic range of_ the 
recording system; therefore, the values of E. should 
be regarded as lower limits. 

TABLE 2 

Summary of the Maximum dE/dt Values of Leader Steps 
and Cloud Pulses with a Range-Normalization of 100 kn 

Max dE/dt FWHM 
(V/m/usec) (nsec) 

Leader Steps N - 17 N • 8 

dE/dt - 15.2 FWHM - 68.8 

o - 6.0 0 ' 6.4 

Cloud Pulses N - 22 

dE/dt - 9.2 

o - 5.4 

Leader Steps 

The overall shapes of tn. fields that are radiated 
by Individual steps of the stepped-leader have been 
discussed In (3) .and (4j. As the leader nears the 
ground, the amplitude of an Individual step Impulse 
Increases, and occasionally such a step triggered 

the recording system just before there was a return 
strike. The maximum dE/dt occurs during the initial 
rise of the step waveform, and values of this quan- 
tity, range-normalized to 100 km, and the FWHM are 
summarized in Table 2. Although the values of the 
maximum dE/dt and FWHM for leader steps are smaller 
than those for return strokes, the shapes of the 
dE/dt signatures are very similar. 
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The mean amplitude spectrum of 59 first 
return strokes during the initial, fast- 
field transition. The standard devia- 
tions are about 3 db at 1 MHz and increase 
uniformly to about 6 dB at 10 MHz. The 
data of Weldman and Krlder [23] are shown 
for comparison. 

Cloud Pulses 

The overall shapes of the radiation fields that are 
produced by lntracloud discharge processes have been 
discussed by [7) and [8].  In general, the shapes of 
the larger pulses tend to be bipolar with several 
fast, unipolar Impulses superimposed on the Initial 
half-cycle. The unipolar structures have fast rise- 
times, and the shapes of the dE/dt signatures during 
these transitions are very similar to the shapes of 
the signatures produced by return strokes and leader 
steps. Values of the maximum dE/dt, range-normalized 
to 100 km, of 22 cloud pulses that preceded the first 
return stroke in a ground discharge are also summar- 
ized In Table 2. 

Amplitude Spectrum of First Return Stroke» 

The Interactions of lightning fields with aircraft, 
space vehicles, and many other systems depend on the 
amplitudes of these fields at frequencies that corre- 
spond to the structure resonances (16-19]. Since the 
physical dimensions of many objects of Interest are 
in the range from 10 to 1C0 m, frequencies In the 
range from about 1.5 to 15 MHz (I.e., frequencies 
for which half the associated wavelength equals the 
structure dimension) are of primary Importance.  In 
order to determine the amplitude spectrum In this 
frequency Interval, we have Fourier analyzed the 
time-domain dE/dt waveforms that were recorded on 
the Bloutlon 8100. First, each waveform was range- 
normalized to a distance of 50 km, assuming an 
inverse distance dependence on range, and then a 
5.12 usec Interval (51? points at 10 nsec per point) 
that waa ren.ere4 on i.ne peak of the dE/dt signal was 
selected for analysis. The waveform was multiplied 
by a Hannlng (cosine) windowing function to eliminate 
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truncation errors and then analyzed using a fast 
Fourier transform (FFT). We assume that the spectral 
amplitude of E at a particular frequency, £(f), is 
related to the amplitude of the transform of dE/dt 
through the relation 

|£(f>| - |f I/2.X . 

Figure 5 shows the average amplitude spectrum of the 
Initial, fast transition in 59 first return strokes. 
Here the amplitudes are shown in dB from a reference 
level of 1 V/m/Hz, i.e., 20 times the logarithm 
(base 10) of £(f). By plotting the data in this way, 
we obtain a graphic representation of the spectral 
energy density vs. frequency that can be compared 
directly with previous work [20-23]. Note in Fig. 5 
how the average spectrum is in good agreement with 
Weidman and Krider [23] below about 4 MHz, but that 
at higher frequencies the decrease with frequency is 
substantially more rapid. 

V - DISCUSSION 

The mean maximum dE/dt that we have given for first 
return strokes is 45.4 V/m/usec at 100 km. This value 
is about 33Z larger than the 33 V/m/usec previously 
reported by Weidman and Krider [9,101 and clearly 
confirms the presence of large, submlcrosecond varia- 
tions in the fields produced by return strokes. Our 
value is larger than [9,10] possibly because the 
results of [9,10] were derived almost entirely from 
E measurements, rather than dE/dt, and the measure- 
ments oi ehe initial slopes of E may have underesti- 
mated the true peak values. Another reason might be 
that our data were obtained using a trigger signal 
that was derived from an HF receiver, and this may 
have biased our data toward higher values of dE/dt. 
In any case, it seems clear that a large fraction of 
all types of return strokes, leader steps, and cloud 
pulses produce large dE/dt signals with a FWHH on 
the order of 90 nsec. We will now examine the Impli- 
cations of these results for the current at the 
lightning source. 

The implications that lightning fields have for 
lightning curients have been discussed previously 
by [24] and others. If we assume that the initial, 
fast-field components that are produced by leader 
steps, return strokes, and cloud pulses can all be 
described by a transalsslon-llne model, then the max- 
imum rate of change of the channel current la related 
to the maximum field derivative through the relation: 

dl(t)  fcu^c2  dE(t ♦ D/c) 

dt dt 

where D la the distance to the discharge, v Is the 
velocity of the current pulse, and where the channel 
has been assumed to be perpendicular to a flat, per- 
fectly conducting ground [24!. This relation also 
aaaumes that the measured field Is produced by a 
single current pulse that propagates without distor- 
tion up a single channel at a conatant velocity. 

If we assume that v for first return strokes near the 
ground Is about 10* m/sec (25], then a mean dE/dt of 
45.4 1 13.4 V/m/usec at 100 km (Figure 4) Implies 
that the associated mean maximum dl/dt la 227 x 67 
kA/usec, a value that Is considerably larger than 
moat measurements during strikes to instrumented 
towers (26-28). The reason for this might be due 
to limitations In the tower data recording systems 
or reading these data, or perhaps because the towers, 

which are located on mountains of rock, or the upward 
connective leaders which originate from the towers, 
limit the maximum rate of rise of current that can be 
measured with this technique. Another reason, again, 
might be that our dE/dt recording system may not have 
recorded all of the smaller retu/n s'.rokes. Finally, 
if the fast-field transitions are produced by more 
than one current pulse radiating at the same time, 
then our inferred values of dl/dt will overestimate 
the true value for one pulse. Since a mean dl/dt of 
about 230 kA/usec is larger than the dl/dt used in 
most lightning test standards, we think that these 
problems warrant further study. 
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I 

Abstract - It is recognized that the physical processes of the lightning stroke and of the laboratory 
long spark present similarities, but a complete simulation is not conceivable. However the laboratory 
spark can be used to simulate some features of lightning and to study their consequences on aircrafts 
and structures. On the basis of the physics of the phenomena, the possibilities and limitations of the 
simulation are discussed. 

1 - INTRODUCTION 

Is it possible to learn something about lightning and 
its effects, through laboratory tests ? It is a plati- 
tude to say that the study of lightning is difficult 
because it occurs at time and location which are not 
controlled. On the contrary, in a high voltage labora- 
tory, the long spark can be studied in details because 
its occurence Is controlled, because it can be repea- 
ted and because sophisticated measuring techniques can 
be used. As a consequence, the level of knowledge is 
different and direct comparison may not be convincing. 
Furthermore, the scale is obviously different and, as 
most of the processes are not linear, it is rather 
difficult to identify identical phenomena in both 
discharges. 

However, even if a complete simulation of lightning is 
not conceivable, it is recognized for years /!/ that 
the physical mechanisms of the lightning stroke and of 
the laboratory long spark present similarities. Some 
features can be reproduced and used to evaluate some 
consequences of natural lightning, namely on aircrafts 
or grounded structures. 

After a brief review of the laboratory test facilities 
and measuring techniques, the main features of the 
long spark will be presented together with the influ- 
ence of experimental conditions. Then, the final stage 
of the discharge will be described in connection with 
the striking of earthed structures. Finally, some cha- 
racteristics of the discharge, when it interacts with 
a free potential electrode inside the gap, will be 
given. 

2 - THE HIGH VOLTAGE LABQWORIES FACILITIES 

This is not the aim of this paper of describing high 
voltage laboratory facilities. However, it is necessa- 
ry to introduce the tools available for the long spark 
study. 

The voltage supply is usually a multistage Marx gene- 
rator which delivers biexponential voltage impulses. 
The impulse shape is characterized by two paiameters ! 
Tcr and Tj. Tcr is the duration of the impulse front, 
Tp is the time at which the voltage reaches half of 
the Impulse amplitude (on the impulse tail). 

The shape of these Impulses can be varied in a large 
range by changing the front and tail resistors of the 
generator or by adding a front capacitor. Their ampli- 

tude are directly proportional to the charging voltage 
which can reach 6 MV. The energy stored in the capaci- 
tors can reach 300 to 500 kJ. 

The shape and amplitude of the generated impulses are 
measured thanks to voltage dividers and the associated 
recording devices. An example of experimental arrange- 
ment is given by Figure 1. 

Figure 1 : U.H.V. Laboratory at Les Renardieres (France) 
View of the experimental test circuit used 
fo" the physical study of a 17 m rod plane gap. 
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Provided that the laboratory can be darkened, optical 
measuring devices such as cameras, photomultipliers, 
image converters, strioscopic and spectroscopic appa- 
ratuses can be used. This allows, for instance, to 
build a four dimensional picture of the discharge (x, 
y,z,t), to measure the thermal diameter of the channel 
and to analyse the spectrum of the radiated light. 

Furthermore, the experimental study of the spark can 
be completed by the use of field probes and current or 
charge measurements. By using optical fiber transmis- 
sions, these measurements can be performed at the ener- 
gized electrode but also at a free potential electrode. 
They can be used to evaluate the position and the 
quantity of space charge present in the gap. 

These techniques have been widely used by the "Les 
Renardieres Group" /2-5/ and will not be anymore de- 
tailed here. 

3 - PHYSICAL FEATURES OF THE LABORATORY SPARK 

3.1 The Positive Spark 

Conventionally, the positive spark is a discharge which 
develops in the field direction. This is the discharge 
which develops from the rod toward the plane when a 
positive impulse is applied to the rod of a rod plane 
gap. Its structure is illustrated by Figure 2. A nar- 
row channel, called leader, elongates from the rod 
thanks to a corona, composed of streamers and located at 
its tip. The leader channel is a medium where therma- 
lization is in progress. It radiates in the red /3/. 
On the contrary, the streamer zone where energetic 
electrons are moving in a cold gas, is characterized 
by a U.V. spectrum. The discharge characteristics (lea- 
der velocity, current, streamer length) depend on the 
gap length and on the shape and amplitude of the vol- 
tage impulse. 

250 soo 7*0 KM«) 

Figure 2 Five different stages of the positive 
discharge recorded by an Image converter 
camera operating in the frame mode. 

For a given gap length, it exists a value of Tcr, said 
as critical, for which the breakdown voltage Is mini- 
mum. This critical time-to-crest Is generally taken as 
reference and can be roughly characterized by /6/ : 

Tcr.crit = 40 (d ♦ 1)  us. m (1) 

For gap length of several meters, this critical time- 
to-crest is of the order of several hundreds of us. 
corresponding to rather long front impulses, usually 
called switching impulses in network terminology. 

In these conditions, the leader elongates continuously 
and the breakdown voltage of the rod-plane configura- 
tion is given by HI : 

U = 
3 400 

1 + 8/d 
kV, m 

This means that in order to create a 15 m spark, a vol- 
tage impulse of at least 2.5 MV is needed. Taking into 
account the generator possibilities, much longer sparks 
can be easily obtained. However, due to limited clea- 
rances to the walls in the existing indoor laborato- 
ries, this is the order of magnitude of the longest 
positive spark which can be created. 

As far as the physical characteristics are concerned, 
the following orders of magnitude can be given /3,4/ 
according to the experimental conditions : 

leader diameter : 
electric field along the leader 
streamer zone length : 
current : 
leader velocity : 
mean electric field along 
the streamer path : 

1 to 10 mm 
500 to 1000 V/cm 

0.5 to 3 m 
0.5 to 1 A 

1.2 to 2 cm/us 

4 to 5 kV/cm 

If the rate of rise of the applied voltage is decrea- 
sed (Tcr > TJJ. crit)» tne leader propagation becomes 
discontinuous. Äs far as the authors know, the light- 
ning discharge never exhibits such a behaviour. Conse- 
quently, this propagation mode will not be detailed. 

On the contrary, if the rate of rise of the applied 
voltage is higher than critical, the leader elongation 
remains continuous with a higher velocity and a higher 
current. As velocity and current are linked with a re- 
lationship like : 

I" with n < 1 

at a given increase of current corresponds a much smal- 
ler relative Increase of the velocity. The streamer 
length is also significantly increased so that it is 
quite easy to make them bridge the whole gap. At this 
stage, the cathode starts to play a role in the proces- 
ses and the leader propagation is no more "free". This 
neans that, in laboratory conditions, it is not possi- 
ble to increase the leader velocity beyond values of 
about 2 cm/us without the cathode intervening in the 
nechanism. 

3.2 The Negative Spark : A Stepped Discharge 

Using the same convention as for the positive spark, 
the negative spark is observed in a negative rod plane 
gap. It propagates against the electric field. Depen- 
ding on the gap length, the breakdown voltage under 
negative polarity is 2 to 3 times higher than that in 
positive polarity /5/. Consequently, for a given labo- 
ratory size, the longest possible negative spark will 
be shorter than the longest positive one. Further- 
more, some precautions have to be taken. As a matter 
of fact, in such a case the earthed structures act as 
anode and can be the origin of positive sparks. As a 
result, for a negative rod-earthed rod gap, in most 
cases, the spark will be a positive one elongating from 
the earthed rod toward the negative rod, rather than a 
negative spark elongating in the other direction. 

Nevertheless, as the positive spark, the negative 
spark is characterized by a critical value of Tcr for 
which the breakdown voltage Is minimum. This value is 
smaller than that of the positive spark for a given 
distance. For Tcr values higher than the critical va- 
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lue, the leader elongation proceeds clearly by steps 
(Figure 3). Between successive steps, no luminous event 
can be detected in the gap. The time between succes- 
sive steps is of some tens of microseconds. Each step 
elongates the leader of some tens of centimeters so 
that the negative leader elongates at an average velo- 
city of about 1 cm/ps. The current impulse associated 
to each step reaches some tens of amperes. The rise 
time of these current pulses is very short, some tens 
of nanoseconds, so that the dl/dt value reaches proba- 
bly 1 kA/ps or more. The limitation of the bandwidth 
of the measuring devices generally used does not allow 
to give a more precise value. These fast developing 
ionization phenomena are presumably the source of an 
Intense electromagnetic radiation. However, as far as 
the authors know, no specific work was done In order 
to correlate these processes to the RF signals genera- 
ted by the spark. 

Figure 3 : Negative discharge corres p o n ding to 
Tcr > Tcr<crit recorded by an image conver- 
ter camera operating in the streak mode. 
D ■ 4 m. 

If the time-to-crest of the applied impulse is equal to 
or lower than the critical value, the structure of the 
discharge is much more complicated (Fig. 4). Basically, 
the discharge keeps its stepped nature. However, a com- 
plex sequence of negative streamers, spatial stem, 
spatial leader and positive streamers exists between 
successive steps /5/. When a spatial leader meets 
the negative leader, the whole channel reilluminates 
violently and the leader is lengthened by the spatial 
leader length. These rellluminations have characteris- 
tics similar to those existing for long Tcr. However, 
between steps, the current is formed of sharp pulses 
with an average value of about 1 A, the negative 
leader continues to elongate so that the overall velo- 
city of propagation Is higher than for long Tcr. As the 
large current pulses associated to the steps, these 
smaller pulses participate probably 1n the emission of 
3F signals. 

From a physical point of view, it can be concluded 
that positive and negative leader channels have iden- 
tical properties. The difference between the positive 
and the negative discharge is In the structure of the 
leader corona. As a consequence, the electric field in 
the corona region 1s also different. For the negative 
streamers, values of 11 to 16 kV/cm have been proposed 
/5/. 

Figure 4 : I.C. streak cameragram of a negative dis- 
charge corresponding to Tcr < Tcr Crit- 
D = 7 m. 

cr * 'cr.crit- 

3.3 Similarities with the lightning stroke 

The lightning stroke exhibits different features depen- 
ding upon the cloud charge and on the shape of the 
earthed structures. A classification has been proposed 
by K. BERGER /8/. Basically, two different types of 
discharge are clearly identified. 

. The more common is the well known stepped leader 
/8, 9/, which propagates downward from negatively char- 
?ed clouds, by steps of some tens of meters each 50 us. 
he average velocity reaches 15 to 20 cm/us. It is 

clear that these orders of magnitude are different 
from those measured in a laboratory. In fact, these 
difference m*y be due to the fact that in laboratory, 
there is not enough space to allow the development of 
a strong corona. Furthermore, due to the lackof detai- 
led knowledge of the lightning stepped leader, it is 
not possible to select the laboratory mechanism (with 
or without the mechanism of spatial leader described 
above) which better fits the lightning processes. As 
corona radiates essentially in the U.V. range, which 
is strongly absorbed by air, it will be difficult to 
solve this problem. As far as the RF signals generated 
by lightning are concerned, a lot of work has been 
done/10/. Unfortunately, in this case, the data rele- 
vant to the long spark are not available. Nevertheless, 
the similarities are so obvious that it is highly pro- 
bable that the basic mechanisms are comparable. 

. The second type of lightning discharge is the 
downward leader propagating from positively charged 
clouds. This typt- is also observed for negatively char- 
ged clouds, either during the final stage of lightning 
when an upward leader, starting from a grounded struc- 
ture, goes to meet a downward negative leader, or, when 
lightning is tre consequence of an upward leader star- 
ting from a ve-y high tower /8/ or a rocket in case of 
triggered lightning /ll/. In all these cases, this is 
a continuous discharge which develops in the field di- 
rection at a velocity of 5 to 10 cm/ps with an associa- 
ted current of some tens or hundreds of amperes. Again, 
the orders of magnitude for lightning are significant- 
ly higher than the corresponding figures which relate 
to the long spark. This has been already ascribed to 
the small extension of the laboratory corona. Theother 
difference 1s In the brightness of the leader corona, 
which is much lower for lightning than for the spar*, 
and this may be due to air absorption of the U.V. 
light. Globally, as the discharge structure looks the 
same, It can be concluded that the laboratory positive 
spark Is a good Image of the lightning discharge which 
propagates in the field direction. 
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4 - TRANSITION TO ARC 
ELECTRODE 

THE ROLE OF THE GROUNDED 

As the protection of earthed structures is one of the 
main objectives of lightning studies, It is of inte- 
rest to describe the mechanisms which occur in the vi- 
cinity of grounded electrodes in laboratory and which 
determine the choice of the stricken structure. 

In fact, the previously described discharges are pure 
or "free discharges". They start from an electrode and 
propagate through the gas toward the opposite electro- 
de. At a given instant, the most advanced part of the 
discharge starts to interact either with the opposite 
electrode or with a counter discharge which originales 
from it. The discharge is no more free. The physical 
processes are modified and the discharge enters a 
"forced regime", generally called final jump in the 
long spark terminology. It can take several forms, de- 
pending on the electrode shape and polarity. 

For the positive discharge, the cathode has a passive 
role if it is a plane (Fig. 5a). If a rod is installed 
on the plane, a negative leader is able to develop to- 
ward the positive leader, but only after the arrival 
of the positive streamers at the cathode (Fig. 5b). As 
rather long gaps (15 m) can be studied in this case, 
a positive leader propagating freely - i.e. without 
the intervention of the cathode - over 10 metres can 
be easily analysed. It is important to note that, as 
the cathode plays only a passive role, the stricken 
point is choosen by the positive streamers of the lea- 
der corona. This point may not correspond to the part 
of the earthed structure where the electric field is 
maximum. 

For the negative discharge, even if the anode is a 
plane, a positive leader develops toward the negative 
leader as soon as the negative streamers reach the pla- 
ne (Fig. 5c). If a rod is installed on the plane, po- 
sitive streamers are able to develop from the rod, 
toward the negative discharge, before the arrival of 
the negative streamers at the rod (Fig. 5d) /5/. In 
fact, the positive streamers develop from the points 
of the earthed structure where the field reaches a cri- 
tical level. As this field is due both to the applied 
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Figure 5 : Different patterns of the discharge at the 
final jump according to the polarity and 
the configuration of the earthed-electrode. 

voltage and to the negative leader, the starting point 
of the streamers may be out of the rod if the negative 
leader is too far from it (Fig. 6). The region of the 
space where the positive and the negative discharges 
meet together is characterized by a "loop" formed by 
the branches of the two leaders (Fig. 6). Due to the 
axistance of a positive counter aischarge which is ra- 
ther developed and also due to the fact that shorter 
gap length c?.n only be studied, the maximum length of 
a negative leader propagating freely is only 2 to 3 m 
in a laboratory. 

(•) (b) 

Figure 6 : Still protographs of a series of discharges 
in a 5 m gap, with 18 cm earthed rod (a) 
and without rod (b). 

Whatever the polarity is, as soon as the leader channel 
reaches the opposite electrode, or alternatively the 
counter channel, a highly luminous front propagates at 
about 50 m/us from the meeting point of the leaders 
toward the electrodes /12/. This is the return stroke 
which initiates a phase where the characteristics of 
the discharge are completely ruled by the external cir- 
:uit. This is the discharge of the generator capaci- 
tances in the low impedance leader channel. The diame- 
ter of the discharge channel is suddenly increased from 
some millimeters up to 1 to 2 cm. The current pulse 
corresponding to this phase has typically a 2/10 us 
shape and an amplitude of 5 to 10 kA. 

The preceding description recalls some features of the 
lightning channel. In particular. Figure 6 illustrates 
the protective action of a lightning rod. However, a 
general observation can be made. In a laboratory, two 
free leaders, a positive one and a nejetive one, elon- 
gating toward each other, were never observed if we 
except the case where both electrodes are energized. 
In case of lightning, this situation is quite common 
■is it is the case of a negative lightning leader ap- 
proaching the ground where prominent structures (chim- 
neys, towers, mountains) exist. This difference can be 
ascribed to the fact that in a laboratory, there is not 
enough space for the discharge to develop and to become 
strong enough to create an electric field sufficient 
for initiating a counter leader at the opposite elec- 
trode before its own arrival. In fact, the laboratory 
case illustrated by Figure 5d justifies clearly this 
assumption : the positive discharge (streamers) is ini- 
tiated before the arrival of the negative streamers at 
the earthen rod but there is not enough time (and spa- 
ce) before their arrival to allow the evolution of 
streamers into leader. In spite of this difference, the 
laboratory spark can be used to study the striking dis- 
tance, wrich is an essential parameter of the electro- 
geometrical model of impact provided that care is taken 
of the aforementioned scale effect. 
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5 - INTERACTION OF A DISCHARGE WITH A FREE POTENTIAL 
ELECTRODE 

One of the major problem posed by lightning is its in- 
teraction with aircrafts. Consequently, it is interes- 
ting to examine Nhat can be simulated in a laboratory. 

From a physical point of view, it is interesting to 
note that the mech; ism of interaction is very much 
dependent on the si ?e of the free potential electro- 
de. An example is presented by Figure 7 which corres- 
ponds to a 1.68 m rod plane gap where a sphere (8 cm 
in diameter) is suspended in the gap axis with nylon 
ropes /13/. The shape of the sphere is modified with 
one or two nails sticked on the sphere. Let us define 
a cathodic nail as a nail sticked on the sphere side 
which faces the anode of the main gap. This nail acts 
as a cathode. A similar definition holds for the ano- 
dic nail. 

sphere * Bern 

nail: 17mm 

U50(kV) 

o 

& 

U50(KV)  1413 

•9 

to the fact that an upward positive discharge is able 
to elongate from the sphere toward the cathode. In both 
cases, an anodic nail increases the percentage of dis- 
charges which pass through the isolated object : the 
breakdown voltage is lowered or not, depending on the 
polarity. A cathodic nail does not change anything. 

du 
1.7 168 

'////////. 

Figure 8 : I.C. streak cameragram of the positive dis- 
charge, when a free potential object equip- 
ped with an anodic nail is placed in the gap. 

For aerospace applications, it is clear that the shape 
of the objects has not to be discussed. Generally 
speaking, the object must be considered as including 
protrusions. In such a case, the interaction between 
the discharge and the objects can be analyzed as shown 
by Figures 8 and 9 according to the polarity. 

In both cases, it can be seen that the object begins 
to be the origin of a positive discharge (elongating 
downward if the main discharge is positive (Fig. 8) 
and upward for a negative discharge (Fig.9)) as soon 
as it is stricken by the streamers associated to the 
main discharge. This positive discharge is accompanied 
by a rather continuous corona in case of positive po- 
larity and by a succession of bursts in case of nega- 
tive polarity. When the object is connected to the main 
leader, a large corona is observed. The associated 
current pulse is steeper and higher in the case of ne- 
gative polarity. Then, the discharge continues to pro- 
pagate, as before it interacts with the object, till 
it meets either the ground for a positive discharge or 
a positive upward leader for a negative one. At that 
time, and as it would be the case without any object, 
the return stroke is triggered. 

Figure 7 : Influence of a free potential object placed 
in a 1.68 m rod plane gaD. 

In positive polarity, the presence of the sphere, with 
or without nail, does not change the breakdown voltage 
of the gap. However, it is clear that if an anodic nail 
is added on the sphere, nearly all the discharges pass 
through the sphere (Fig. 7b). On the contrary, acatho- 
dic nail does not have any influence on the discharge 
path (Fig. 7c). This phenomenon has been ascribed /13, 
14/ to the fact that without anodic nail, the free po- 
tential object is not able to eliminate (or neutralize) 
the positive charges that it collects (Fig. 7a). 

In negative polarity, the breakdown voltage and the per- 
centage of discharges which pass through the object are 
not modified (Fig. 7f) by a cathodic nail. However, If 
an anodic nail is sticked on the sphere, all the dis- 
charges pass through the sphere (Fig. 7g) and the break- 
down voltage is lowered by more than 30 I. This is due 

X. 
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-igu re 9 I.C. streak cameragram of the negative dis- 
charge when a free potential object equip- 
ped with an anodic nail isplaced in the gap. 
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As far as the object is concerned, the main conclusion 
is that large dl/dt are expected before the occurence 
of the return stroke, specially in the case of the ne- 
gative discharge which is the most common type of na- 
tural lightning discharge. 

Docs this description represent satisfactorily what 
happens when an aircraft is stricken by lightning ? 
Strictly speaking, probably not. It has been previous- 
ly mentioned that due to the fact that the available 
space in a laboratory is limited, the main discharge 
can not grow enough to create» at a distance, an elec- 
tric field sufficient for initiating a discharge with- 
out a direct interaction between discharge and object. 
This is probably possible in case of natural lightning, 
as already explained for the final stage of lightning. 
Consequently, it can be anticipated that in the case 
of the aircraft-lightning interaction, the aircraft 
will be the origin of discharges and the seat of cur- 
rents even before the instant at which it is stricken 
by the streamers associated to the lightning channel 
elongation. 

6 - CONCLUSION 

The laboratory spark presents a lot of similarities 
with lightning. 

. From a physical point of view, it is quite sure 
that the basic processes are identical. However, some 
orders of magnitude, especially for current and leader 
velocity, differ significantly. This is ascribed to the 
space limitation of a laboratory. The discharges have 
not enough time (or space) to develop as strongly as 
for natural lightning. Nevertheless, the laboratory 
discharge can be used to study the physics of the light- 
ning channel in better conditions than in nature. 

. As a consequence of these similarities, the study 
of the RF signals radiated by a spark could improve the 
understanding of the causes of the RF signals emitted 
by lightning. 

. Taking into account the scale effect, the striking 
of earthed structures is satisfactorily reproduced by 
laboratory tests. 

. As far as the interaction of lightning with air- 
crafts is concerned, no direct comparison is available. 
However, the laboratory spark seems to be a good tool 
for a better understanding of these phenomena. 

Generally speaking, if the laboratory facilities do not 
allow to solve all the questions raised by lightning, 
there is no doubt that it could help the comprehen- 
sion the basic phenomena and the research of practical 
solutions. 
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HI6H CURRENT SURFACE DISCHARGE PROPAGATION ANALYSIS - APPLICATION TO THE LIGHTNING LEADER 

S. Larigaldie 
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Abstract - The fast propagation (v ~ 106 ms"1) of a ionized and thermalized channel (n * 10' cm 3 , 
T * 2.8x10'' K) is studied in virgin air at atmospheric pressure, using a device comprising a gliding dis- 
charge produced at the upper surface of a dielectric slab electrically charged by corona effect. For a 
corona voltage of about 100 kV, and without any pre-ionization of the gas, the gliding spark travels over 
one meter along a predetermined straight line. This allows to investigate experimentally the discharge 
with a full set of diagnostics, including measurements of the current and of the propagation speed, re- 
cording of the light emlssio' (electronic image converter, spectroscopy, Lichtenberg figures), optical 
study of the width of the arc channel by interferometric holography, and detection of transient electric 
fields by capacitlve probes. The various measurements are synchronized from optical fiber devices located 
close to the spark. 
The study concerns mainly the negative spark, and shows that the thermalized arc channel is produced by 
the following three stages: 
1) a preliminary discharge stage, similar to a positive glow, where the electronic temperature - about 

2 eV - is much greater than the gas temperature, which increases continuously from 300 to 1500 K; 
2) a transient arc stage, with a constant duration of about 10 ns, where the major part of the energy of 

the electric field is transformed into ionization energy of the gas; the spark velocity is directly 
proportional to the voltage drop along this zone; 

3) a heating stage, with a duration Included between 25 and 60 ns, where the electric field has been 
largely reduced, and where the ionization energy Is partially restituted in form of heat to the neu- 
trals. 

I - INTRODUCTION 

From the eighteenth century, physicists have ques- 
tioned the similarities between lightning and sparks 
propagating along the surface of an insulating ma- 
terial [1-3]. This is why 0NERA has pursued, since 
1978, an Investigation of the mechanisms related to 
the propagation of gliding discharges, with the 
help, in spectroscopy, of the Laboratolre de Physi- 
que des Decharges of CNRS. 
The scope of this paper is to present the main re- 
sults obtained, with emphasis both on the prevailing 
role of the region of the discharge where the ion- 
ized medium transits from glow to arc, and on the 
similarities of such a discharge with the lightning 
stroke. 

TI - EXPERIMENTAL ARRANGEMENT 

The possibility of producing • spark having, without 
any pre-Ionization, m well determined path Is a 
major advance of the typ« of experimental arrange- 
ment selected. A number of optical or electrical 
sensors can be placed along this path with full 
probability of having the spark channel Into their 
field of view. The experimental arrangement haa been 
described In detail! In former publications IA-91. 
The principle of the experiment la summarized 
shortly aa follows (fig. 1): corona dischargee, pro- 
duced at the points of a metallic comb (1) connected 
to a high voltage power supply adjustable from 0 to 
+ 180 kV, apread unipolar Ions over the surfsee of a 
plexiglass slab (2) and over the floating electrode 
(3) traveralng thla aleb. The potential of the 
charged aurface and of the electrode reaches a 
steady value VQ - Vch - VJC, where V,e la the 
threahold of the corona produced on the teeth of the 
metallic comb. 

Fig. 1 - Experimental arrangement 
1 - Metallic comb connected 

voltage Vch. 
2 - Dielectric alab 
3 - Floating electrode 
4 - Grounded metallic strip 
5 - Triggered spark gap. 
6 - Current aenaor 
7 - Fiber optics pulser 
8 - Electronic Image converter 
9 - Photographic film 
10 - Capacitlve probe 
11 - Speetroacope 
12 - Q switched YAG laser 
13 - Holographic bench. 

to the high 
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In contact with the back of the dielectric slab, a 
grounded metallic strip 1050 mm long and 15 mm wide 
(4) parallel to the comb, is used for guiding the 
discharge. 
This discharge is triggered when the floating elec- 
trode (3) is suddenly connected to ground by a con- 

trolled spark gap (5). At this precise time the 
electric field close to the electrode is much higher 
than the breakdown field in air; the resulting ion- 

ization generates around the electrode a conducting 
medium which pushes further the elf' 'ic field and 
the related ionization zone, etc. ", this way, a 
spark channel is formed and the dischtige propagates 

in air, over all the length of the strip guide, in 
close contact with the charged face of the dielec- 
tric slab. 

This configuration has permitted to place, in close 
proximity of the channel, the following diagnos- 

tics: 
- the current I(t) of the spark is measure.: with a 

Rogowski loop (6), located around the spark gap 
return wire; 

- an optical fiber (7), with cue end located adjac- 

ent to the spark patli, at a distance X from the 

electrode, is used to generate, through an 
electro-optic converter, a pulse when the spark 
reaches the length X; this pulse is used to cali- 
brate I as a function of X [5j; 

- using two identical fibers located at X + A X, the 
local propagation velocity v(X) ■ A X/A t can be 
inferred from the difference At of the arrival 

time of the spark at the two fibers ends; 
- the light emitted by the spark is recorded by a 

IMACON 790 electronic image converter (exposure 

time 10 ns) (8); 

- the luminous track of the spark are photographed 
with high space resolution by placing a film on 
the face of the dielectric slab in such a way that 
the spark is in direct contact with the sensitive 
emulsion (photographic Lichtenberg figures); 

- a capacitive probe (10) is located inside a 0.5 mm 

wide slit cut in the strip guide perpendicularly to 
the discharge path; it is sensitive to the fast 
variations of electrical potential induced by the 
advancing tip of the spark; 

- spectroscopic analysis of the spark plasma is ob- 
tained by focusing on a monochrooator the light 
emitted through a virtual slit located ut a fixed 

distance from the electrode; this is equivalent to 
analyse the spark plasma, going backward from the 

head at a velocity v; 

- illuminating the spark channel with a pulse of 
coherent light of duration 15 ns, produced by the 
YAG laser (12), through the holography bench (13) 

the cross-section of the channel can be measured 
at different times A t after the passage of the 
head. The fiber optics device (7) permits to sel- 
ect At by triggering the laser jmls> when the 

spark head reaches a given distance X. 

Ill - STRUCTURE OF THE DISCHARGES 

The photographic patterns (Fig. 2) show, for 

V < V , a luminous track surrounding the electrode 
(polar pre-discharge), radially divided by dark 

lines; Its radius Is proportional to the voltage V 
and Independent from the slab thickness. For 

v ■ V , bright spark channels (2) branch out from 
tne electrode, topped by gliding pre-dlscharges (3) 
characterized by a track differing to the case of 
the polar pre-dlscharge by the ear shaped configur- 

ation of the dark line«. 

Fig. 2 - Photographic electric figure of a gliding 
spark of negative polarity 
1 - Polar pre-discharge 
2 - Spark channel 
3 - Gliding pre-discharge 

The following laws, expressed by H. Töepler, de- 

scribe the behaviour of these discharges [11-12]. 

Negative spark: r 

Positive spark: r 

(cm) 

(cm) 

* Vv)/11-3 

' %(kU)
/5-5 

(1) 

(2) 

The threshold voltage Vs , quite independent from the 
spark polarity, is a function of the surface capaci- 
tance of the dielectric; for plexiglass (relative 
permittivity Er s 3): 

Us(k«) ■ 69(e(cn)) 
(3) 

where e is the thickness of the dielectric slab. 
Recorded with the image converter (exposure time 10 
ns), at the advancing tip of the spark, a shimmering 
gliding pre-discharge car. be observed (Fig. 3). For 

negative sparks, it will be shown that the head of 
the spark, located before the channel, is actually 
constituted by two different parts; the first is the 
properly so called pre-discharge; the second, in- 

serted between the pre-discharge and the spark chan- 
nel is comparable to the transient arc phase of the 
breakdown of a short nonodlDensional gap [13-14], 

"8- 3 - Electronic image converter anapahot (ex- 
posure time: 10 ns) of the advancing head 

of a gliding apark. 

Let us note that, according [5], the voltage drop 
v!t along the apark channel can be evaluated in all 
conflguntlona by the mean of a simple electrical 
■odel and by measuring the currents I(X). This 
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method is verified by comparing the experimental 
results with the numerical prediction of I(t) as a 
function of V0 (Fig. 4). The instantaneous propa- 

gation velocity of the spark as a function of 

V) " Vlt (voltage drop available in front of the 
channel) and of the slab thickness e is plotted in 
Fig. 5. 

The relationship between velocity and voltage can 
therefore be written: 

Fig. 

Fig. 

I (Ampere) 

 Numerical simulation 

  Direct recording 

t!ns) 

200   600   1000  1400   1800 

4 - Numerical simulation of the negative glid- 
ing spark current.  Comparison with the 

direct recording. 
Dielectric slab thickness: 2 mm 
Charging voltage : 100, 110, 120, 130 kV. 
(The simulation does not take into account 
the phenomena occuring after the arrival of 
the spark at  the end of  the metallic 
strip). 

i 

v I m I u s I 

V|((kVl 

V5(0 5mml , »SO 100 150 
V,l 1 mmi 

Vs ( 4 mml 

5 - Propagation velocity of the negative glid- 
ing spark aa a function of the voltage 

Vc " vlt ond "f tne dielectric slab thick- 
ness e. 

The Important reault* shown in this figure are: 

a) the linearity and the parallelism of the curves 

vOfc - Vlt); 
b) the identity of the threshold voltages V, (e) de- 

fined by (3) with the abscissae of the points of 

intersection of the lines v(V„ - Vu) with the V 
axis; this shows that, no matter the voltagt V. , 
the Information cftucernlitg Vs Is included In the 

behaviour of the negative spark. 

(«o - .,(.) - wlt(x.i)) (*) 

with a = 35 in u ls 

The photographic electric patterns show, on the 
other hand, that the geometrical width of the glid- 
ing pre-discharges is independent from the voltage 
V , but noticeably increases with e. It can be con- 
cluded, by sifting the above mentioned experimental 
facts, and by assuming that the relation (1) holds 
for both the polar and gliding pre-discharges, that 
the voltage drop in the gliding pre-dlscharge is 
always equal to Vs(e). 

The electric patterns obtained on thin sheets 
(e i 100 um) reveal that extra radial discharges 
show up along the channel for the highest values of 

V(, (Fig. 6a and 6b). The enlargment presented Fig. 
6c shows that these extra tracks do not disturb the 
arrangement of the symmetrical network of ears due 
to the gliding pre-discharge, and, consequently, 

that they appear after the passage of this pre- 
discharge. They have therefore been generated- when 

V0 > Vs- by a voltage drop attached to a zone located 
behind the gliding pre-discharge; this zone can be 

located between the pre-discharge and the tip of the 
conducting spark channel, and it can be character- 
ized by other diagnostic means. 

Fig. 6a - Photographic electric figure of an un- 
guided negative gliding spark, over a thin 
dielectric sheet (e ■ 100 urn) and with a 
low charging voltage (V 15 kV). 

Fig. 6b - Photographic elec- 

tric figure of an 

ungulded negative 
gliding spark, over 
a thin dielectric 

sheet (e- 100 u»), 
Vcr,-30kV. 
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' 

Fig. 6c - Details of Fig. 6b. 

IV - OUTLINE OF THE EXPERIMENTAL RESULTS 

Fig. 7 displays a typical recording of the current 
at the onset of a negative spark. If it is assumed 
that the transient arc region controls the gliding 
spark propagation, it can be inferred that the rise 
time of the current shown in Fig. 7 corresponds to 
the formation time of this region. This time, of the 
order of 10 ns, is independent from V0 and e. 

80 90 tins I 

Fig. 7 - Recording of the current rise at the onset 
of a negative gliding spark 
kV, e ■ 2 mm. 

"ch 120 

When the head of the discharge passes over the ea- 
pacltlve probe Inserted in the strip guide, the sig- 
nal recorded, due to the decrease of the local volt- 
age of the spark, has also a duration of approxi- 
mately 10 ns (Fig. 8). This time is therefore 
characteristic of the transient «re region; It la 
broadly the sane as the duration of the transition 
In voltage drop associated with the breakdown of a 
spark gap in ambient air, aa measured by Andreev and 
Vanyukov (15). 

Embedded cspacJth» ptobt 

Gliding diichargt 

.Coaxial lint 

Fig. 8a- Experimental device 

® 

® 
Fig. 8b - Probe signal. 

It can be deduced from (4) that the average longi- 
tudinal electric field in the transient arc region 
is about 26 kV cm'1, of the order of the breakdown 
field in air at normal temperature and pressure. 
The voltage along the direction of propagation of 
the discharge is plotted schematically in Fig. 9, 
where the main experimental data have also been 
specified. 
If AB, BC, CD and DE are respectively the pre- 
breakdown, transient arc, thermalization and ther- 
malized arc regions, the main characteristics of 
these zones are as follows: 

2.6.10   Vm 

Acttv« hMd X 
46 50      cm 

Fig. 9 Voltage distribution and value of the main 
parameters along the various zones of a 
typical negative spark in the moving refer- 
ence frame. 

AB (Pre-dlscharge): 
Te = 2 eV. 
T0 increasing from ambient to 1500 K, 
Lenght of AB Independent of V0. 

BC (transient arc): 
The spectroscoplc investigation shows that the ratio 
N*/N displays a peak in this zone, which reveals the 
beginning of a dissociation of the gaa and a strong 
Ionisation [7]. 
Ita duration iHL S 10 ns is Invariant. The velocity 
of propagation of the discharge la proportional to 
the voltage drop between 8 and C (see relation 4). 

CD (thermilizatlon): 
This region la characterized by the large Increase 
of the continuum background radiated by the dis- 
charge In the visible range. 
The corresponding time T la comprised between 25 
and 60 aa. 4 

The radlua R0 of the channel la 100 ia for v ■ 2.10 
ma'Sind • ■ 2 ami. 
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DE (thermallzed channel): 
The desorption of hydrogen from the plexiglass per- 
mits the measurement In this ref;i:-n of the elec- 
tronic density by using the Stark effect. 
The density ne varies from 7.1017 to 2.1016 cm 

during  800 ns. In the same time, TB is approxi- 

mately equal to T0 and decreases from 28000 to 16000 
K [7-8]. 
It should be pointed out that the transition time 
lBC is smaller than the thermallzation time T CD- 

V - MODELLING 

AB 
LHIBJ 

0.1 E E 
o t 

(9) 

As Vs i V.. , the expression (9) is identical tc the 

experimental law (3) if the thickness h is assumed 
to be constant and of the order of 1 ra. 

In these conditions, one can also evaluate, as a 
function of the mobility ue of the electrons in air, 
[17] the electronic density averaged over the sec- 

tion h dy at point B; from (6), by writing 

a) Pre-discharge region AB. 
When the pre-discharge is passing, let dW(t) be the 
energy spent by Joule heating in the volume element 
h dx dy attached to the insulating surface (labora- 

tory frame of reference); h is the thickness of the 
ionized gas and dx dy an elementary area of the 
charged surface (fig. 10). E^gj is the longitudi- 
nal field assumed to be constant. 

dW<C) - Ex(flB) dX|o
J(t)dt <5> 

where J(t) is the contribution, at the time t after 
the arrival of A over the volume element h dx dy, of 
all the current elements dj generated by the dis- 

charge of the elementary capacitances 1/e £0Er dx dy 
located above this volume element. We have: 

3v 
.dx dy.j- dJ = - t  E 

■  OI 37' U-E, (AB) 

and: 

J(t) = 

dld(t) 

x = ut 

dJ - -E E 

n<E, (AB)' 
:  ^(AB)^-1 

■t)2 dx dy 

(6) 

(7) 

and, when the zone AB has entirely passed across the 
volume element h dx dy: 

2 
dU 

1 

(AB) 
E
O
£
AB dx dy (8) 

Ue will assume, with I. Calllmberti [16], that at 
the end of the pre-discharge region (point B), the 
sudden change of the properties of the ionized me- 

dium Is due to the thermal detachment of the elec- 
trons from the negative molecular Ion 0: • 

z»V 

u.t   = X   = V  /E 
AB    AB    AB  xAB 

one gets: 
E E 
0 r AB 

eB 
xAB   - e (10) 

where e is the electronic charge. 

The density varies therefore as v and 
mm and v - 2.106 ms"1 , one gets- - 

. e"'; for e « 2 
n   2 1017 c„-3. 
eB 

The major problem of this model is to imply an in- 

crease of n in AB, which is not consistent with the 
value of E , . given by (1). One possibility is 
that the increase of tie lonlzation in this zone is 
due to the presence of local transverse fields; the 
presence of these fields is revealed by the inhom- 
ogeneity of the light emission pattern in the pre- 
discharge region. 

b) Transient arc BC. 

The formula (10) shows that the electronic density 
at the beginning of BC is high enough for making the 
de-excltatlon of the gas dependent quite exclusively 
from the electronic fluid. In these condition, In 
BC, the electronic energy stays quite totally un- 

changed and the power acquired from the electric 
f.eld is essentially used to increase the lonlzation 
[18]. The local balance of power in the BC plasma 
can therefore be written with a formalism close to 
the one used by Rompe and Weisel [191 

j       t   ., dt = dn (e 
de  xBC       e  - 

KT ) (ID 

If it is assumed that -he drift velocity of the 
electrons v Is partlcally invariant In SC, and 
that the thermal energy per electron 3/2 KTe is 
smaller than the lonlzation ent-rgy • $1 ( ~ 15 eV 
in air), integration of (11) along BC gives, with 
dt - dx/v, 

J  xBC V" 
eC 

•Ln—   (12) 
eB 

Fig. 10 - Modelling of the gliding pre-discharge 
tone (AB). 

In reference [16], one can also find the relative 
value of the transfer rate of electronic energy to 
the gas translation«! and rotational energy via 
electronic excitation by the effect of the super- 

elastic quenching collisions; for the field E,(«uj 
of our experiment, this value Is /.'OX; the rest of 

the energy It stored In the vlbratlonal levels of 

N . With Cy, specific heat of air at constant vol- 
ume, equal to 928 JK , the energetic balance of AB 
gives, as a function of h and of the translation and 
rotation temperature T0(B) • 1S00 K, the value of 

the voltage drop V„B > 

If the preceedlng assumption» hold, the relationship 

(12) Is similar to the experimental law (4) (where 
Vg - V - V - V ) with a weak dependence on the 
boundary conditions n .. and n g. 

Conversely, If we assume Te ; 2 eV and n,.r /i\,H > 10- 
(see § VI) the measurement of tht slope a " v/VBC 
gives the electronic drift velocity v ,e, that is to 
say numerically: 

2.9«10'ms csl . (KWV 

» 2.6x10'«is *« U E 
xBC 

a 1.2x10* ms"1 

(Jfc : Ion mass; cat : Ionic sound velocity). 

The orders of magnitude above suggest that an anom- 
alous resistivity phenomenon, due to the development 

' 
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of an acoustic Ion wave instability, reduces the 

drift velocity of the electrons inside the transient 
arc region. The region BC meets indeed the con- 
ditions for the development of this type of insta- 

bility: 

T  > T  and V  > V 
e   o     pe   eo 

«here v is the. electron plasma frequency v = 
l/2iT(n e2/^ me)- where m is the electron mass, and 
veo ~ 4.10

12s~ is the electron-neutral collision 
frequency. Acoustic ion waves, with a characteristic 
frequency of the order of the ionic plasma frequency 
vpi ,(me/Mi)i ~10 GHz have actually been 
experimentally detected during the passage of BC 
over the sensing electrode of the capacitive probe 
connected to a microwave detection bench [6]. 

c) The heating region CD 

The above-mentioned model implies that the electric 
field energy is essentially transformed into ion- 
lzation energy after the passage of the transient 
arc region BC. The subsequent gas heating taking 
place in a region of weak field (E , a 4.102 V 

cm"1) [5), the electronic density drop in CD 
provides, via the thr*e body recombination: 

e_+ e_+ M ■♦ e-+ M, 
the energy required for heating the gas; the energy 
transfer proceeds through electron-neutral, 
electron-ion and ion-neutral elastic collisions. The 

numerical model presented below permits the 
simulation of the evolution of the parameters ne, 
Te, TQ in the laboratory frame of reference after 
the passage of the head of the negative spark. 

VI - EVOLUTION OF THE PLASMA AFTER THE PASSAGE OF 
THE HEAD OF THE SPARK. 

The coupled hydrodynamic equations of the plasma in 

fast evolution, used by Tholl to study the heating 
of a transient hydrogen plasma [20], have been ap- 
plied here to the above-mentioned models. The re- 

lationships written as follows express the evolution 

of the electronic density (13), of the electronic 
temperature (14) and of the gas temperature (15): 

dn 
 I 
dt 

n (V, 

2   dt 

v ) 
re 

2m 

0»* 

c dT 

N .|.—° 
o ? dt 

with : 
air density: 

t-(y -v  )(0 <-T ) 
1  cc   1 I   e 

o o 

2m  n 
 e  

rrv> N   eo 
o 

t<\ r ) 

(13) 

. '„> 
(14) 

(15) 

and T  e'.pressed in e V 
o 

2.7x10" 

21 
lonlzatlon frequency: 

v. = I.SxIO11 t' (1 ♦ -r--)   B 
i e     9 1 

three body recombination frequency [21): 

8.75x10 27 V* 

electron-ion collision frequency 

V , = 1 .5x10 
el 

Tih   InA. 

where I.".', express the Coulomb interaction cut-off 
beyond the Debye radius. 
In agreement with Che estimations of §V, the fol- 
lowing conditions are obtained; 

eB 
lodern"', T_„ = 1.« eV, T „ = 0.13 eV(1SüO K) 

eB 
Eßc = 26 kV cm"1 

deBC 

oB 
(KTe/n1) 

I 

n - = 101 cm" (this condition comes from the en- 

ergy balance of the spark and from the value of the 
channel radius obtained by the holographic measure- 
ments [6-7]). 

ECD " *-10' 
\l  cm ' \l = E„ Lv(vBl * so —l deCD    CD 

which assumes that the normal transfer coefficients 
apply to region CD. 

The computational results, marked on Fig. 11, show 
the fair agreement of the theoretical predictions of 

the times T gc an<^ tCDwitn the ey-Perioental results 
(Fig. 9). The computed electronic density neD, is 

very sensitive to the initial conditions; it is 
found only slightly superior to the value measured 

by spectroscopy. Equations (13) to (15) account 
therefore In a satisfactory way for the evolution of 
the discharge plasma, which strengthen the 
credibility of this model characterized by the fact 
that the heating phase follows a fast phase of 

intense ionization. 

10 _ T(eV) 

tlnsl 

■si* 

10 20  30  40 50  60  70  80  90 100 

Fig. 11 - Computation of the temporal evolution of 
the parameters n , T , T during the glld- 
j      i      e  e  o 
ing spark passage. 

VII - CONCLUSION 

The systematic study of the surface spark helps to 
understand the physical mechanisms common to high 
current precursors. The studied discharges and the 

lightning precursors (stepped and dart leaders) are 
similar as far as the values of the transported cur- 

rents, of the propagation velocities and of the 
channel temperatures are concerned (see for example 
123]). 
The Invariante of the time THr - 10 ns for the for- 

mation of the transient arc, which Is of same dur- 
ation th, t the electromagnetic pulses emitted by the 
lightnx | precursors [24), suggests that the two 
phenomena -re connected, the lightning pulses coming 
from the formation of transient arcs associated with 
branching or discontinuities In the pre-breakdown 

and leader phases of lightning. 
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LIGHTNING MAGNETIC FIELD CALCULATION USING FINITE ELEMENT METHOD 

P.R.P. Hoole and J.E. Allen 

Department of Engineering Saienae,  University of Oxford,  Oxford,  U.K. 

Abstract - The ideal solution technique of magnetic fields from lightning should be characterised by a 
good leader/return stroke model and a versatile, efficient and user friendly field solution method. The 
finite element method is suitable for accurate magnetic field solution ;  it also permits study of the 
effects of lightning channel tortuosity, branches, the presence of a scatterer ; magnetic fields very 
near to the channel could be determined, whatever the radius of the channel and wavelength of the source 
signals. In this paper, the solution of magnetic fields from a straight, vertical lightning channel using 
the finite element method is described. The finite element mesh may be generated manually, semi-automati- 
cally or automatically. Minimum effort is required from the user for the latter two modes of mesh gene- 
ration. Using empirical approximations for the lightning leader and return strokes, magnetic fields are 
computed. Numerical errors are discussed. The studies presently being carried out are briefly described. 

INTRODUCTION 

The work reported in thia paper is part of a 
program to study the physics of lightning and therby 
test and further the work done by the past two 
generations of lightning scientists on lightning 
modeling, and then compute lightning currents and 
related electromagnetic fields radiated from the 
channel. This work nay be classified into six 
distinct steps as shown in Pigurel. Return stroke 
modeling involved the investigation of the streamer 
theory!l] and shock wave theoriea[2] propounded for 
leader strokes, the transmission-line model[3] and 
the return stroke velocity and the application of 
Braginskli's theory of spark discharge(4] to 
lightning modeling. While gathering the experimental 
data currently available on lightning, the 
possibility of calculating lightning current 
magnitudes and rate of rise of current from electric 
field measurements!5] has been considered. However 
the immediate focus of this paper la on steps 4 and 
5, dealing with the computation of radiated magnetic 
fields. 

All computations presented In this paper make 
uae of the empirical model Cor the return stroke» the 
3km channel is divided Into 25 section». The earth Is 

to be a perfect conductor, with the mirror 
of lightning channel replacing the earth. The 

currents in the mirror Image flow in the sams 
direction as the source current. The current decays 
with the channel height and travels at constant 
velocity. 

Of the two finite element methods available, the 
differential formulation is preferred here in view of 
our desiring a solution everywhere over a large 
region of space» for Integral formulations result in 
full matrices, as npptiMd to sparse ones with 
differential methods. ThereCcre integral method* are 
suitable only when a problem require« a solution at a 
few limited number of field points and prove 
unwelldly when several nodes are 
involved, rutheraore, an integral solution may only 
be formulated for c-.ae of a straight, vertical 
conductor; the differential formulation Is easily 
extended for more complex geometries which 
characterise a cloud to ground lightning flash. 

OUTLINE OP COMPUTER PACKAGE 

we intend solving for magnetic fields, radiated 
by the leader and return strokes, by Maxwell's 
equations for the magnetic flux density B governed by 

Curl ^E, * I * §4 CO 

where y- ia the permeability, J is the current 
density, t is time and D is the electric flux 
density. Now since 

b'\\J   B = O u-) 
we lntoduce the vector potential A so as to 

satisfy (2) 

Curl A   -.   & CO 

Curlt'D--^ 

Now comparing (4) with the Maxwell equation 

CO 

where fc is permittivity, we obtain 

where   V   is an electric potential.Putting these 
into (1). we get 

bw 6r>dA-   r>£%,---   r»3b   CO 
^ 

where J     is the lightning current inside the 

channel and ser© outside the channel. This is the 
equation that ia commonly solved for the vector 
potential from which, using (j), the magnetic flux 
density Is obtained. For the cylindrical modal of the 
lightning flash with axi-aymmstry. the finite 
fousulatlon of (6) is(*] 
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t+At 

+ c^t)   en A 

•.at 
lit 

(.V) 
Where A and J  are scalar values of vector 

0 
potential and current density in the z direction) [T] 
is a metric tensor and [S] is the Dirchlet matrix. 

The time stepping algorithm above may be started 
employing the fact that A is zero at t£o.o. strictly 
speaking the initial conditions depend on the leader 
stroke currents. Leader stroke vector potential and 
magnetic fields are also calculated. Expressions of 
the type (7) may be built up for all the triangles 
making up the region of solution and summed to 
correspond to the minimization of the full global 
funtional. The resulting set of linear, symmetric 
positive definite equations may then be solved at 
each time step by the preconditioned conjugate 
gradient method[7] or frontal solvers[8]. 

Any numerical method will necessarily involve 
the division of lightning channel into finite number 
of sections. Since no experimental data to date give 
the rate of decay of current along a lightning or 
spark channel, it is difficult to dogmatically set a 
maximum on the length of each section. In order to 
have some indication of the decay of current as it 
travels up the lightning channel, consider a current 
wave as it travels along a transmission-line. 
Considering the R,L,C elements only, the rate of 
decay of current for high frequencies (when Wbjfk} R), 
is given by[9] 

I -- Ii exp I- &* /l."iO  C O 

L*> 

For an initial current I  ■ 40kA, with R - 

lohm/m, L i zmicroH/m and c =- lopicor/m [3] the decay 
of current for a 3.5km long channel is given in 
Plgure2. Approximate rates of decay axe 40A/m for o - 
1000a, lSA/m for 1000 - isoom and 4.3A/m for isoo - 
isoom. These values are pessimistic values in that 
for lower frequency modes ( less than 1MU ), which 
are most significant in lightning discharges, the 
rates of decay will be much lower. Using the above 
three values, the percentage error in assuming 
constant current in each segment for different number 
of channel sections is given in Teblel. 

where the linear triangular mesh is to be wholly 
automatically generated, the Input specilicucions 
required are the number of segments the lightning 
channel Is to be dlvt *d into, the time step t and 
the time limit. The mesh generated In this manner 
proves to be fine and the accuracy is enhanced, but 
is very expensive in terms of the matrix sis* to be 
handled by the solver. Alternatively if fewer nodes 
are to be specified at distances away from the 
channel in a graded mssh, the horizontal distances 
from the channel and the number of nodes in mach 
vertical line ought to be specified. The number of 
nodes above the channel are specified separately, and 
may be few In number. 

MMI 

due to charging of an 
constant voltage source, 
empirical models 

RC circuit triggered by a 
is given by the following 

itt) = Xocxp (.-CVa tty-cV) 
Where 

3xio' 5s l. 

is    the   height, ^ -    1500m and    c 

computed magnetic fields  ,for I    - O.SkA, 

are given in Figures. The fields are plotted from the 
instant at Which they arrive at the respective 
points; the travel times are not shown. 

mis paper does not address itself to the task 
of return stroke modeling. Two widely used empirical 
models were tried out; namely, the Bruce-Golde type 
model ( Modell )[10] 

XCt) - lo texp C-* 10 - «-*P l~ ** U 

with velocity 

vet) =Vo **P L-TJb^ 0^) 

where 

?> 

V0 - \o*m^ 

6, vo*£v 

7j -.JxlQ   £> 

( The current does not decay with height). The 
most recent empirical model 
(  ModeU )[ll] is where the current surge is 
prescribed to be composed of three components. The 
first  is  composed  of  four  linearly varying 
componentst (1) t <imicro*ec, skA/mlcrosec (2) K t 
faalcrosec, 20kA/micros*c (3) 2<t( 4microsec, 
-2.UcA/microsac, (4) 4 <,t< «Onlcrosec. 
~0.25kA/microsec. The second component is a 3.lkA 
uniform current and the third component, called 
corona component,is identical to the second term in 
(11), with 
i  = 31& i, < and ^aa before; as is the length of 

each section the lightning channel is divided into. 
Both the first and third components decay as exp(-z/ 
X)- (the numbers quoted above differ from those used 
in the original work). Space does not permit 
discussion of return stroke modeling[12]. 

tot the straight, vertical lightning channel a 
•ami-analytical solution for the vector potential at 
earth point p, due both to source and image elements, 
could be obtained from OS] 

cm u^ 

where 
* permsability of free 

■. tue distant of the nth channel element 

The leader stroke pulse which resembles current from p 
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[I 1 - retarded current in the nth element; 
n 

i.e. at instant (t-R /c), where c is the velocity of 

light. 
N ■ total number of elements 

The error in calculating vector potentials due 
to the division or the channel into finite elements 
is calculated from (14) and plotted in Figured. For 
good accuracy, the minimum number of channel sections 
should be greater than 25 (see Tablei). if 25 
sections is assumed to give 100 percent accuracy, 
then an error of 12 percent for Dan and 8 percent for 
25km will exist if the channel is divided into 10 
sections. Magnetic fields for Modell and Model2 near 
the lightning channel are given in Figure5(a) and 
5(b) respectively. Magnetic fields at larger 
distances were calculated with a sparse grid system 
to keep the number of nodes below aoo; retardation 
effects were not included, calculated fields for 
Mode 12 are given in Figure6(a) and 6(b). 

A compromise must always be reached between 
accuracy and cost of computation;14]. Further 
comparisons were made between the solution of A at 
ground level, from (7) and (14). The accuracy of the 
finite element method was found to be very good[6]. 
But for distances greater than 25km acceptable 
accuracies could not be reached for a mesh size which 
could be solved for A in 2 hours on a main-frame 
ICL298B machine. A feature which was observed for 
Model2 when two few a sections are assigned for 
channel is fluctuations of the field, which are fine 
in structure. As such the distributed LCR model of 
the return stroke[3], which has only been solved for 
currents with 10 sections, needs further study. 

Measured magnetic fields[15] for leader strokes 
agree with the computed fields in structure. Magnetic 
fields radiated from return stroke, peak at time 
instants greater than 3microsec, and this peak is on 
a slowly varyiing hump of the waveform. At distances 
far removed from the flash, the peak is dominated by 
the rapidly increasing component of the current. It 
is of interest to note that the magnetic fields 
calculated from Modell ( FigureRa) ) for near fields 
also agree with the measured pattern of the magnetic 
fields. Futhermore the magnetic field wavefront for 
Modell is concave, a notable feature of fields on 
submicrosecond time scale. More discussion, with 
magnetic fields calculated with submicrceecond time 
step, is required before the old empirical modelt 16) 
is done away with, for more complex models. 

For studies on the effects of branch currents 
and tortuosity of lightning channel, is it necessary 
to 90 for three dimensional computation? It ie 
sufficient to carry out studies on a two dimensional 
cartesian problem to determine the possible high 
frequency effects of branch currents of the first 
stroke) but if accurate results are required a three 
dimensional simulation is necessary, it should be 
pointed out that an interactive graphics syatem(l7] 
will greatly ease the burden on the user and permit 
mesh refinement techniques to increase accuracies 
when required. The J x B force could also be computed 
using the finite element method[it]. Force inside the 
channel could also be determined since fields inside 
the channel is calculated« the channel radius becomes 
an important parameter.This also makes the finite 
element method attractive as a multi-purpose computer 
package. 

CONCLUSIONS 

• 

The finite element hats been successfully used in 
civil engineering problems;19] and steady state 
electrical problems[20]. It proves to be a good tool 
in solving lightning associated problems. The 
application of the method for such transient and 
spatially large problems has much scope for 
improvement and application. All results reported 
here were limeted to a 2 hour computer run, which 
particularly limited the number of nodes assigned 
above the ground plane.Currents induced in a large 
scattering body near to the lightning flash and the 
contribution of branch currents to the magnetic 
fields are at present being considered using the 
program developed in FORTRAN77 language. Efficient 
and user friendly grid generating routines[2l] will 
be necessary if expensive three dimesional simulation 
is required. 
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Fig. 6 Magnetic Field from Return Stroke Model 1 
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A NEW MODEL OF LIGHTNING SUBSEQUENT STROKE - CONFRONTATION WITH TRIGGERED LIGHTNING 

OBSERVATIONS 

. 

P.  Hubert 

Service d'As trophysique,  Centre d'Etudes Nucliaires de Saolay,  91191 Gif-sur-Yvette Cedex,  France 

Abstract - The electric current, the electric field and the magnetic field signals produced by a triggered lightning 
subsequent stroke are compared with the predictions of a model which assumes that the return stroke can be explained by 
the sole transportation to the earth of the negative charge carried by the leader. While the current and the magnetic 
field signals are satisfactorily explained, the model predicts, at a distance of 100m, an electric field jump, &E, 3.7 
times larger than the observed value. The deficit in E seems to be common in big subsequent strokes, since the ratio of 
ftE to the peak current, I , decreases with I_a„. However, in first strokes the same ratio is appreciably larger. A 

more sophisticated model is Weeded to take care of tfrese observations. 

I - INTRODUCTION 

This work is an attemot to establish theoretically and to 
justify experimentally, a model describing as a function of 
space and time the displacement of electric charge and the 
flow of electric current along the channel during a lightning 
subsequent stroke. This model considers the descent of the 
dart leader and the upward progression of 'he return stroke. 
It has much in common with the model proposed by Lin et al 
/!/ and improved by Master et al 111, but it differs in several 
respects. On the one hand it has the advantage to predict the 
electric field and the magnetic field variation during the 
descent of the dart leader and to avoid the seldom justified 
assumption of a straight vertical channel. On the other hand, 
it is drastically simplified at the present stage and will need 
further refinement before being fully acceptable. 

Since it has been observed that the triggered lightning 
subsequent strokes are, as far as we know, exactly similar to 
natural lightning subsequent strokes /3,<t/, triggered lightning 
offers an unprecedented occasion to check any theoretical 
prediction on the subject. This is the object of the present: 
contribution. 

A physicist's dream is a "typical" stroke observed with a full 
set of measuring equipment, cleverly adjusted and working 
perfectly. In spite of some obvious imperfections, the stroke 
considered below was initially considered as the best 
approximation to an ideal case among all the events observed 
up to now. As a first step it has been decided to limit the 
discussion to this sole event. 

2. DATA COLLECTION 

2.1 The observation was made in August 1981 during a 
triggered lightning campaign at LANGMUIR Laboratory 
(USA-New Mexico) /*/. The stroke considered below occured 
823 ms after the beginning of the flash n* 8116. Information 
on this flash can be found in /<*, 5, 6 and 7/. 

2.2 The lightning current was measured with a coaxial shunt 
and the magnetic signal with a ferrite antenna. The technique 
is the same as described in HI. 

The electric signal measurement used a horizontal flat plate 
antenna 19/ facing upwards with an arrangement permitting a 
theoretical computation of the geometrical field 
enhancement factor. This factor is 1.63, a value small enough 
to avoid any excessive corona effet. 

The distance from the lightning struck point to the magnetic 
sensor was 191m. The distance to the electric sensor was 
102m. 

2.3 The three dimensional geometry of the channel has been 
obtained with a pair of pictures interpreted following a 
stereographic method described in /10/. One picture of the 
pair (photo A) was kindly supplied by R.Orville, it appears on 
the left of fig 2 in ref /?/. The other picture (photo B) was 
obtained by the author's wife from a place such that an angle 
of 51.9 deg. exists between the two lines of sight. The field of 
photo A is limited to the lower part of the channel, from zero 
up to 620m above ground (channel length: 821m). Above this 
point, the photo B has been interpreted by assuming that on 
photo A the channel picture proceeds in the direction defined 
by the last visible segment. Using this procedure, the last 
visible point on photo B is 1023m above ground, the channel 
length being 1635m. Thereafter it has been assumed that the 
channel is a straight line in the same direction as the last 
computed segment. 

2.4 The velocity, VL, of the dart leader and, VRS of the 
return stroke has been measured with an optoelectronic 
device developed at St Privat /l 1/. The results are : 

VL = 3.0 (+0.3) 107m/s 

VRS= 1.0 U 0.4,-0.26) 108m/s 

On the same flash, with a streak camera technique, velocity 
measurements have been performed simultaneously by 
R.Orville's team PI. However their camera included a 
shutter which was open during a time too short for the late 
stroke considered here. For the earlier strokes, the 
agreement between the results obtained with both techniques 
is sufficient to give confidence in the figures given above. 

An important fact quoted in /7/ is that in all ttfi strokes 
observed with the streak camera an upward connecting 
streamer met the downward leader at the height of 
approximately 20m above ground. An observation made by 
A.Eybert-Berard and L.Barret with a slower streak camera 
/6/ seems to indicate that the same is probably true for the 
stroke considered here but the image of the leader is so faint 
that the interpretation is ambiguous. 

3 - THEORY AND METHOD 

The diameter of the channel is supposed small enough to 
consider it as a filament on which any point is defined by its 
curvilinear abscissa, s. At the ground s-0, above ground it is 
positive. 

The model is expected to give the current, I (s,t) and the 
linear charge density, \(s,t), where t is the time. 
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In the case of a filament, the classical Maxwell equations 
/l 2,13/, can be written: 

t-  -V4>   - ^/öb (2) 

B  =  VxA » 

E and B are the electric and the magnetic field. 

q) and A are the retarded scalar and vector potentials. 

At any place of observation: 

T      " Wto J R 
w 

A(t) = XL lih±££Li* w 

ds is a vector of length ds parallel to the channel at the point 
of abscissa, s, R is the distance between the same point and 
the observer, c is the speed of light. 

Taking into account I and A given by the model and the shape 
obtained as explained in § 2.3, a computing program has been 
developed which performs the integration of the equations 
(4), (5) and the derivations implied by (2) and (3) in order to 
obtain t and B at the position of their respective sensor. The 
computation takes care of the image principle, assuming that 
the ground is a flat, horizontal, perfectly conducting plane. 

The altitude of the observer can be chosen at will in order to 
simulate a measurement on the ground or close to a flying 
aircraft. In the ground observation reported here, the vertical 
component E* and the tangential component Be are 
considered only. For the sake of simplicity the subscripts Z 
and 0 are omitted below. 

Since the equations are quite general the method is valid for 
observation at any distance. The only approximations are 
related to the properties of the ground and to the imperfect 
knowledge of the shape of the channel. 

4 - THE MODEL 

4.1 The model described here has been developed completely 
with analytical expressions which are simple but too lengthy 
to be printed in this report where the basic ideas are more 
important for the reader's information. 

At each step, use has been made of the charge conservation 
equation (1) in order to deduce )^ when I is known and vice 
versa. 

4.2.1 Concerning the dart leader the assumptions 
follows. 

are as 

by Golde /14/, the density has an exDonential distribution: 

A =0 exp (-s/L)/(t (exp(-st /L)-exp (-sT ID))       (6) 

L is a characteristic length, s^ is for the lower end of the 
leader 

A = 0   if   s < Sl 

Taking into account the remark at the end of § 2.4 and 
adopting the point of view of Lin et al /l/, in what concerns 
subsequent strokes, the influence of the upward going 
connecting streamer is neglected. 

4.2.2 After the time, tt , when the leader reaches the ground 
and before the instant when the point under consideration has 
been reached by the return stroke (RS.) the current goes on 
flowing but it decays exponentially with a time constant 
which respects the continuity of I and of ^>J / ot when t = tu . 

4.3.1 Concerning the return stroke, in conformity with the 
idea expressed in /l/, it is assumed that the arrival of the 
R.S. turns on distributed current sources which send a 
negative current downwards with the speed of light. For an 
element ds situated in s, the contribution to the current is: 

dl= (A«/T)exp(-6t/t)ds (7) 

Initially, the negative charge Q is concentrated on a single 
point at the top of the channel where s=sT . During the 
descent this charge expands in such a way that, as proposed 

Aois the density of charge which exists when the R.S. arrives 
in s. This charge represents the charge deposited by the 
leader and modified by the process occurring before the 
arrival of the R.S. as described in § 4.2.2. 

Z is an adjustable time constant. 

A t is the time elapsed between the passage of the R.S. and 
the instant when the point s is considered. 

4.3.2 Another contribution to the current in the R.S. is the 
current which crosses the boundary at the top of the R.S. This 
current is evaluated in the same way as it is in S 4.2.2. After 
crossing the boundary it travels downwards with the speed of 
light. 

5 - OBSERVATION VERSUS COMPUTATION 

5.1. Figures 1,3,5 represent respectively the current, the 
magnetic and the electric signals recorded as explained 
above. Figures 2, 4, 6 are the same signals computed with the 
parameters L=l5000 m and Z =10^. On the computed curves, 
the vertical scale is normalized so that the maximum current 
I max ■ 20 kA is the same, on fig 1 and fig 2. 

5.2. On the current curves (fig 1 and 2) the time to half value 
is approximately the same t{ = 65 f*. s. This agreement is the 
result of the choice of L. The rise time is shorter on the 
computed curve, the main reason being that r has been 
chosen too small. No attempt has been made for a better 
choice because this would be a vain effort a» long as the 
model does not take the connecting streamer into account. 

5.3. The observed and the computed magnetic signal (fig 3 
and 4) are in rather good agreement in what concerns their 
shape. On both curves, it is interesting to remark the slow 
rise which precedes the steep part of the signal. This slow 
rise does not exist on the current curve: it is due to the 
current in the dart leader before it reaches the ground. This 
observation which validates the dart leader model has been 
made frequently on triggered lightning strokes. 

The amplitude of the observed magnetic signal is 0.16 Gauss, 
versus 0.26 Gauss for the computed one, the ifterence is 
larger than trie expected accuracy. An explanation can be 
found,  probably  in  the  non uniform conductivity of the 
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ground: the probe being only 2m above ground, it can be 
expected to be rather sensitive to this effect. 

It is gratifying to note that the "rule of thumb" expression 
W: 

max fl, /21JD 

where the distance D = 191m, gives B = 0.21 Gauss which 
is just midway between the observed ana the computed value. 

5.4.1 The observed and the computed electric field signal 
shown on fig 5 and 6 have an overall shape which is roughly 
the same. First trie negative charge lowered by the dart 
leader produces an increase in the absolute value of the 
negative field. When the leader reaches the ground the charge 
is drained to the earth and the field recovers its initial value. 
Normally one would expect that after the stroke the curve 
should be higher than before because of the disappearance of 
the charge. This has been observed in many instances but in 
the present case the difference is unnoticeable because the 
charge is at a large distance initially. 

The comparison between fig 5 and 6 reveals that on the 
computed curve the recovery is slower and, worse of all, that 
the amplitude of the computed signal is 3.7 times larger than 
the amplitude of the measured value. 

5.<>.2 In order to resolve this major discrepancy several simple 
hypothesis have been put forward; all but one can be rejected 
after examination. 

A strong corona current occurring near the sensor or on the 
sensor itself would produce a screening effect but, in that 
case the positive charge deposited in the air would produce an 
overshoot on the signal because this kind of charge needs a 
relatively long time to dissipate. 

The short connecting streamer and the tripod mentioned in 
$2.<t and in /<»/, respectively are certainly responsible for 
some amount of electric field reduction. It is unlikely that 
the reduction factor would be so large at a distance of 102m 
with objects about 20m in height. However, as explained in S 
2A the hypothesis of a longer connecting streamer cannot be 
excluded. 

greater for powerful strokes. This is in contradiction with the 
currently held . view that the connecting discharge is 
unimportant in subsequent strokes /l/. 

In the flash 8116, the stroke considered above, for a check of 
the model, has a value R = 0.5 which is one of the lowest in 
the list. This circumstance explains the failure of the model 
to predict A E correctly. 

6.3. In first strokes, the ratio R is larger than it would be in 
subsequent strokes with the same J . In fact, in the 1981 
observations, the first stroke of most anomalous flashes 
saturated the E probe electronics. The probable explanation is 
that the launching of the upward propagating connecting 
streamer requires, an electric field higher in virgin air, than 
in the preionised conditions which prevail when the 
subsequent strokes occur. 

7 - DISCUSSION AND CONCLUSION 

The mod.il of Lin et al /1,2/ includes three ingredients which 
they call: corona current, uniform current and break down 
pulse current. The model above uses only an equivalent to the 
first ingredient but, with a mixture of L's it incorporates also 
the second one if one of theL's is infinite. Then the only 
missing ingredient is an upward going current pulse which 
transfers a positive charge from the earth to the sky. A 
preliminary attempt to incorporate such a pulse in the 
computation indicates that it is not sufficient alone but that 
the trend is in the good direction. At the time of this writing 
it seems that a solution may exist by incorporating the effect 
of a connecting streamer combined with an upward pulse 
which carries a fraction of the total charge larger than the 
fraction estimated in IV. 

If one considers the number of measured parameters which 
have to be explained simultaneously, it is the first time that a 
lightning stroke model is subjected to a test so severe. In 
consequence it is not surprising if the first attempt to give a 
global explanation is only a step in that direction. 
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Changing the value of Tdoes not solve the problem because 
the maximum value of E occurs before the launching of the 
return stroke. 

Changing L or using a linear mixture with several different 
L's has been attempted also without succes. 

6 - ELECTRIC FIELD JUMP IN DIFFERENT STROKES 

6.1. Considering all the strokes pertaining to four flashes 
which fell at nearly the same distance from the electric field 
sensor, an evaluation has been made of the ratio 
R ■ A E/ Imax where A E is the field jump due to the return 
stroke  and  r is  the  peak  current.  The results are 
summarized on table 1 where Ray is the average value and 
c.c. is the coefficient of correlation between J        and R. 

Following the nomenclature in /*/, the flash 8123 is 
"anomalous" and the other three are "pseudo-classical". 
Consequently, the four flashes present a genuine "first 
stroke" but only the flash 8123 has  a powerful one. 

Two important facts emerge from table I: 

6.2. In subsequent strokes there is a strong negative 
correlation between I and R. In other words, in big 
subsequent strokes, £ t is lower than predicted by mere 
proportionality. This non linearity is probably due to the 
existence of a connecting discharge, the length of which is 
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TABLE 1 

FIRST STROKE ALL SUBSEQUENT STROKES 
SUBSEQUENT STROKES 

Wl™   Im„> 5 kA. 

FLASH 

kA. 
R TV RAV C.C. Tt R*v CC. 

8116 3 1.8 27 0,9 -0,74 14 0,67 -0,91 

8120 2,2 2,6 23 1,0 -0,71 18 0,95 -0.60 

8123 35 >1.6 20 1,5 -0,78 9 1.2 -0.79 

8124 17 2.8 31 1,1 -0,74 21 0,95 -0,69 

' Electric field sensor saturated 

Imax   !   Pe»k current 

R :   ratio AE/lmax where ß E is the electric field jump 

Rav       :   average R 

ex.        :   correlation coefficient between R and \ max 
number of strokes 
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Fig.l. Measured current 

6A kA/division 

20 ps/division 2  »«/division 

Fig.2. Computed current 

5.8 kA/division 

20 ps/division 2 ps/division 

1 ! 

20  us/division 

Fig.3. Measured magnetic signal 

3.3. 10    Gauss/division 

2    us/division 

Fig.*. Computed magnetic signal 

5.6   10    Gauss/division 

'0 ps/division 2  ps/divisio- 

B B 

,/    .   . 

Fig.5. Measured electric signal 

1.9 kV/m/division 

20 jis/division 2 ps/division 

Fig.6. Computed electric signal 

7.7 kV/m/division 

20 ps/division 2  ||*MMsion 

1 
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I 

Abstract 

The corona produced at aircraft surfaces requires an energy input before the 
corona can develop into a high current discharge and, thus, a possible lightning 
stroke. This energy must be drawn from the space charge field of the thundercloud 
and, since this is of low density, the unique propagation characteristics of positive 
corona streamers may be important. Estimates of the energy made available by the 
propagation are compared with laboratory measurements of the minimum energy input 
required to trigger a breakdown. The comparison indicates a minimum streamer range 
for breakdown of several tens of metres. Also estimated is the energy released as a 
consequence of streamer-hydn meteor interactions; this is shown to be significant so 
that breakdown could depend upon the precipitation rate within the cloud. Inhibiting 
streamer production may therefore provide an aircraft with a degree of corona prot- 
ection. 

INTRODUCTION 

It is axiomatic that the lightning dis- 
charge draws energy from the electric field 
of the host thundercloud but the mechanism 
whereby this energy, which is of low density 
and large volume, is funnelled into a relat- 
ively small discharge channel, is not at all 
clear. A somewhat similar situation prevails 
in the consideration of charge movement and 
distribution as evidenced by the charged and 
uncharged leader controversy (Kasemir 1984). 
It is common to suppose that the breakdown of 
long non-uniform gaps provides a good analogy 
with that of the lightning discharge and 
certainly detailed studies such as those 
conducted by the Les Renardieres Group (1972, 
1974) have revealed a marked similarity in 
the behaviour of the respective leader-return 
stroke phase. However we are here only con- 
cerned with the triggering of the discharge 
and, in this case, a comparison of the two 
reveals a number of discrepancies 
particularly with regard to the magnitude of 
the energies and energy densities. 

Except for possibly plane-plane elect- 
rode geometry the first stage of a breakdown 
in a gap of laboratory dimensions involves 
the development of some form of corona and 
there is no reason to suppose this pattern 
will not be repeated in a lightning dis- 
charge. Suitable natural corona sites in a 
thundercloud include single hydrometeors 
(ice, water etc) and colliding water drops 
(Crabbe 1974) whilst aircraft and rockets 
provide artificial alternatives. Of course, 
the appearance of corona is not the sole 
requirement to ensure a breakdown; corona is 
a low current phenomena which requires an 
additional energy input sufficient to promote 
a transition to arc-like conditions charact- 
erised by a sharp increase in electron con- 

centration. According to Barreto (1984) gas 
heating follows the formation of the weakly 
ionised plasma of a corona streamer channel. 
The increase in ionisation required may then 
be achieved in several different ways depend- 
ing upon the size of the gap. In long gaps 
highly luminous ionisation waves are thought 
to be responsible. Marode (1979) *nd 
others have presented breakdown models based 
upon the joule heating of the streamer chann- 
el whilst Sigmond (1982) and Bicknell (1983) 
have estimated the energy input required to 
achieve the transition in small gaps of a few 
cm. 

It is the availability of this energy 
which distinguishes the laboratory gap from 
the thundercloud. If the long gap is app- 
roximated by a concentric sphere arrangement 
(inner radius a, outer radius b) with the 
inner sphere raised to a potential V then for 
b>>a, one half of the capacitative energy is 
contained within a sphere of radius 2a. For 
this region the energy 6 and average energy 
density £ are 

€ -Xt^aV € - 3«,V2/28a2 

For the Les Renardieres impulse generator 
with a = 0.3m, b - 10m the breakdown voltage 
is "2MV or: 

34J 42J m 

In practice, a is the radius of a hemispher- 
ically capped rod so that the approximation 
underestimates the average energy density in 
the vicinity of the rod. with such large 
energy densities, the corona originating at 
the electrode achieves the required increase 
in channel ionisation and the transformation 
to a corona leader which completes the in- 
itiation or triggering phase. Gibert (1984), 
usii<g a Schlieren technique has captured the 
phenomena beautifully in long gaps.  From 
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studies of surface breakdown Boulay (1984) 
has shown that the corona leader, consisting 
of a conducting stem with corona at the head, 
can propagate as a single entity once formed. 

By contrast, in a thundercloud the 
energy densities available for corona growth 
are significantly lower. The ambient space 
charge field energy density is only 0.4Jm~ 
for a field of 3kVcm . The enhanced fields 
near charged or uncharged hydrometeors pro- 
vide larger densities but only in extremely 
small volumes. Charged aircraft may serve as 
rather large energy sources but to approach 
the values cited.above would require an air- 
craft of, say 10 pf capacitance to be raised 
to a potential well in excess of IMV if the 
space charge field is ignored. Clearly, 
corona from static wicks would prevent the 
necessary charge accumulation. In any case 
the mechanism which causes natural lightning 
would be equally applicable to any discharge 
triggered by aircraft. In the absence of 
large energy densities some means of tapping 
the energy stored in large volumes must be 
considered. Corona propagation provides an 
obvious possibility with dissipation incr- 
easing with range. We summarize briefly 
below the more relevant properties of corona 
together with the proposed energy require- 
ments for breakdown. These are then used to 
estimate the necessary range of the corona. 

Corona 

Any conductor in a sufficient electric 
field displays ambipolar corona with the 
onset field generally inversely dependent 
upon the conductor length in the direction of 
the field. Both corona polarities can ex- 
hibit optical and current modulation; the 
positive frequency (l-10kHZ) is lower than 
the negative frequency (50kHZ-lMHZ) Humood 
(1984). There exists a minimum field E in 
which corona can propagate indefinitely -°the 
critical or stability field. The value of 
this field is however significantly lower for 
positive corona streamers than for negative 
streamers (Tang 1982). At atmospheric press- 
ure we have 

EQ
+
 -  4.5 kV/cm 18kV/cn. 

with somewhat lower values at lower press- 
ures. Since measured large scale electric 
fields in a thundercloud do not exceed 
"4kV/cm (Winn 1971) then only positive strea- 
mer propagation is initially possible with 
some allowance being made for altitude. The 
negative corona remains essentially local- 
ised. The streamers branch as they travel 
away from Lhe aircraft or hydrometer a: a 
velocity >10 ms~ (Tang 1982)» each active 
streamer consisting of a dense positive pace 
charge t>10_i C) at the head of a trail of 
quasi-neutral plasma having a diameter 'um 
(Marode 1975). Prom Lichtenberg figures taken 
in small gaps the streamer number density at 
the front of the propagating system has been 
estimated to be 2 x 10 m and approximately 
constant (Bicknell 1980). 

Energy to Initiate a Breakdown 

The corona propagation is dissipative, 
the energy being used for ionisation, re- 
quired to extend the channel; excitation, 
with subsequent radiation; and channel heat- 
ing. The newly created channel has an ^ect- 
ron density of "10 m ; most of the energy 
released by the displacement being used in 
the creation of this plasma with the field at 
or near the stability level. Indeed a good 
estimate of the value of the stability field 
can be obtained from this proposition. For 
breakdown the electron density must be in- 
creased to "10 m~ and this requires a fur- 
ther energy input. Marode (1979) and others 
have put forward the idea, supported by model 
calculations, that joule heating of the 
channel gas, which leads to an enhanced ion- 
isation coefficient, may be the possible 
mechanism. The joule heating results from 
the channel current which grows as the field 
increasingly exceeds the stability level. 
Sigmond (1982), using the current profile 
from corona onset to breakdown in small 
point-plane gaps has estimated this 
additional energy input. Bicknell (1983) has 
used the same procedure but with an elect- 
rode geometry which allows the streamers to 
propagate in a quasi-uniform field. In this 
case the energy input per unit length of 
channel required for a breakdown field En is 
just B 

E^idt. 

and.appears to saturate at a value of 10l 
Jm for distances greater than 5 x 10 m. 
The integration is terminated when the curr- 
ent begins to increase again after the decay 
of the first corona current pulse. For this 
reason J is not comparable with the much 
larger values quoted by Israelsson (1984), 
Uman (1968) and others which refer to the 
completed arc phase. 

Energy and Range Estimates 

The propagating streamer system effect- 
ively introduces a dipole into the charged 
region of a thundercloud thus releasing a 
quantity of energy which increases with 
streamer range. Most of this energy is con- 
sumed in creating the increasing number of 
streamer channels but if it can be argued 
that some small fraction is available as an 
input to a given length of channel, probably 
located near the origin of the system (eg the 
aircraft) then at a given range the value of 
the energy input per unit length will exceed 
J and a breakdown may be triggered. Neither 
tfie fraction available nor the breakdown 
length are precisely known so that estimates 
made are necessarily only crude such as those 
at (i) below. An alternative approach is to 
consider energy inputs which arise as a re- 
sult of streamer-droplet interactions. Al- 
though the amounts involved are much smaller 
than the dipole energy, the energy is not 
only more directly available to the channel 
but is also an input which would not normally 
occur in the absence of the interaction. For 
example, if ionising waves are important in 
long gap breakdown it is difficult to see how 
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they might arise in a thundercloud in the 
absence of a cathode unless one regards the 
hydrometeors as essentially representing an 
extended cathode. At (ii) the interactions 
are assumed to reduce the space charge 
density in the region of the thundercloud 
occupied by the streamer system and at (iii) 
the dissipation of the streamer tip electro- 
static energy is considered. 

(i ) Dipole Energy 

The negative region of the thundercloud 
is represented by a spherical volume of 
radius R and a space charge density^; the 
positive charge centre is ignored throughout. 
A streamer system initiated from an aircraft 
or hydrometeor at the perimeter of the char- 
ged volume where the field is greatest prop- 
agates radially into the cloud. If we assume 
that this deposits a charge +Q at r = RQ

-R 
and -Q at r = R where R is the streamer 
range then the change in electrostatic energy 
is 

€ = Qj>R0R/3€0    for R<<R 

ignoring the small energy due to the dipole 
QR itself.  For propagation to occur then the 
perimeter field must be > E   so o 

€ = QEQR U? 

propagation continues until the field is < 
E . If the system is roughly conical of 
half angle K, a streamer density B and a xean 
charge per streamer tip of q then 

Q = R qXfi tan^X = aR  where a = j[qßtan1x. 

or £,■ aE +R3 o (2) 

If a fraction f of this energy is made avail- 
able to a channel of length kR then the unit 
energy input J is 

J ■ faE +R2/k } J for a breakdown o o 

or R >  LkJo/faEo+J ^  * 2.75(jc/f]h) 

for J - 10_1 Jm"1 E + - 3 x iO5 Vm"1 A = 2 x 
10* S. q - 10 1 8 - 15*. So if only 0.1% 
of the energy is available for a channel 
which is 10%,of the streamer range then f ■ 
10 , k « 10~ and the required minimum range 
is 27.5m. 

(ii) Reduction of the Space Charge Density 

Streamer-hydrometeor interactions will 
lead to the deposition on the larger hydro- 
meteors of the tip charge and a reduction of 
the local negative space charge density. 
Although the energy involved is considerably 
less than that considered at (i) the direct 
interaction could provide a more efficient 
mechanism for the transfer of energy to a 
potential breakdown channel, all the inter- 
actions being linked by the weakly ionised 
trails of each streamer. To simplify the 
calculation we assume that the streamer, 
originating from an aircraft or hydrometeor 
near the surface of the spherical thunder- 
cloud of radius R , reduces the space density 

in a spherical volume of radius R near the 
cloud surface. The electrostatic energy of 
this volume before the passage of the str- 
eamer system is 

=Cp 2R'
5
. where C = 4X/15£0 for a sphere 

so that a reduction of A 
releases energy of 

„'5 

l/ ln 

^e =   8X EoR
5dj>/5Ro 

where we have put, since R<<R . 

the density 

(4) 

/ 
= 36oVRo 

Making the pessimistic assumption that this 
energy is dissipated in a channel length of 
2R* then to trigger a breakdown 

J = 4e/2R'= 4 A EQR'*^)/5RO > Jo 

or R*44f * 5J0RQ/4jt EQ « 4 x IO
-4 

for the values already quoted in (i). 

(5) 

The change in space charge density will 
clearly depend on the number of interactions 
per unit volume and therefore on the size 
distribution of the hydrometeors N(d) and the 
streamer number density B as well as the tip 
charge q.  From mean free path considerations 

Af  -      0.25JC8q/(ds  + d)
2 N(d)dd      (6) 

Where only hydrometeors greater than the 
diameter d of the streamer channel are cons- 
idered significant (Phelps 1971). N(d) may 
be represented by a Marshall-Palmer distrib- 
ution (Pruppacher 1980) which expresses the 
rain droplet spectrum in terms of the prec- 
ipitation rateÄ. 

N(d) nQ exp (-Ad) 

4.1&~  '    mm      and n    is 
stant,  8 x IO3  m"*    mm"1   . 
where A 

(7) 

con- 

Thus substituting for N(d) we have 

'7*inef V <ds + d)* exp(-j(,d)dd &f=     2.5x10 

which  can  be  integrated to give (8) 

&m- 5 K 10"7Xflqno exp  (--A4S   >   for dg  «A 

A3 

Substituting    for^fin    condition     (5)     the 
value  of  R is ■* 

R'i 56.2fc~°'16 exp  (O.lftT0'21) <9> 

where the precipitation rate & is expressed 
in units of mm hr . R'. is shown as a fun- 
ction of A in Fig. 1. Here R'. is not the 
streamer range but the radius or the assumed 
spherical region which suffers a space charge 
density reduction; the two lengths are how- 
ever clearly related so that a similar depen- 
dence of  the  range on A is  to be expected. 
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Figure 1. 

(iii)  Streamer Tip Energy 

The dense blob of positive charge at the 
extremity of each propagating streamer has an 
electrostatic energy £. which is released 
when the tip strikes a fiydrometeor. We shall 
assume that this energy is made available to 
a section of the streamer system near the 
origin as in (ii). Tang (1982) has certainly 
observed luminous waves travelling back along 
a streamer channel following an interaction 
with a large simulated hailstone but the 
microphysics of the process is not well 
understood. Taking a conical streamer system 
as in (i) of range R then the energy avail- 
able is: 

XR3tan2äC N(Ä.)«t (10) 

Where N(A) is the number of streamer-droplet 
interactions per unit volume. If here R is 
the streamer range required to trigger a 
breakdown in unit channel length assuming 
that all of the available energy is diss- 
ipated in this channel then 1.13       UUrtMUCi        kllCIl j, 

I    [JO/ x tanVnUDeJ 

where 

6t  -  SqVlOB^d, a nd 
-7 N(A )  - 5xl0"*Bn.exp(-2Xd.) <H> 

The lower integration limit for N(A) is here 
2d . Taking the average tip charge to_4 be 
5xfo C in a sphere of radius d - 6x10 mm 
and with other values as before then typical 
minimum values for the streamer range are 
shown in Table 1. 

m hr."1 
N(A) 

-3 m. 

Rnun 

». 

Heavy Rain 

Torrential Rain 

Rain Gush 

10 

50 

100 

11.5 

34.7 

54.8 

32 

22 

19 

Pi cussion and Conclusion 

1. Because of the unique propagation char- 
acteristics of positive streamers the growth 
of such a system, we suggest, is a pre- 
requisite for a breakdown triggered by an 
isolated conductor such as an aircraft. The 
propagation is essential for the provision of 
the necessary breakdown energy whilst the 
relatively low density of the available el- 
ectrostatic energy implies oat the streamer 
range may be substantial (i.... tens or hun- 
dreds of meters). Although the estimates 
made of the minimum range are subject to 
large errors based as they are on crude 
assumptions, extrapolation of small gap data 
and an imprecise knowledge of the physical 
processes involved, the concept of a minimum 
range remains, nonetheless, plausible. 
2. It seems unlikely that thundercloud 
electric fields achieve magnitudes much in 
excess of the streamer stability field; the 
much favoured concept of the existence of 
pockets of high field must be ruled out on 
fundamental grounds. In these circumstances 
the energy input which results from streamer- 
droplet interactions may well be crucial in 
triggering a breakdown. Thus a dependence of 
the breakdown on the precipitation rate with- 
in a cloud may exist where, generally, the 
larger precipitation rates require smaller 
cloud volumes in which the ambient field 
exceeds the streamer stability field. 

3. The largest ambient fields will be lo- 
cated at the periphery of the negative (or 
positive) space charge volume and it is here 
that the streamers are most likely to orig- 
inate. If the field falls below the 
stability level before the minimum range is 
achieved, the breakdown would not materialise 
but a number of droplets or hydrometeors 
would be left carrying the positive streamer 
tip charge. This may explain the measure- 
ments of Christian (1983) who found a small 
number of graupel.oarticles with an average 
charge of 2.9x10 C in the negative region 
of a thundercloud where particle charge was 
an average -3.7x10 C. The positive charge 
is typical of a streamer tip charge values. 

4. The energy estimates have been based on 
a single positive streamer system. In pract- 
ice the systems are repetitive at a frequency 
of ~IkHz so that, provided the ambient field 
is not reduced below the stability level, 
several systems may contribute to the total 
energy available with a corresponding red- 
uction in the range. At a speed of SOOmph an 
aircraft moves only "25cm in the time in- 
terval between each system so that the pos- 
ition of the potential breakdown channel, 
which is most probably located adjacent to 
the aircraft at the base of the streamer 
system, is little changed allowing the energy 
input to be cumulative. 

5. If positive streamers are indeed a pre- 
requisite for a triggered breakdown, as sugg- 
ested here, then inhibiting their production 
should prevent the breakdown and thus offer 
the aircraft some form of corona protection. 
Stabilising the positive glow corona mode 
(Bicknell 1984) may be a means of achieving 

: 

mmm 
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this desirable result. 
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ELECTROMAGNETIC RADIATION ASSOCIATED WITH THE BREAKDOWN OF AIR AT ATMOSH-.cRIC PRESSURE 

\ 

A. Bondiou, G. Labaune and J.F. Marque 

Office National d'Etudes et de Rechevches ASroepatiales,  B.P.   72,  92322 Chätillon Cedex, France 

Abstract - Previous calculations have shown that the VHF-UHF radiation of lightning would be associated 
to the transient arc phase of breakdown of the air at atmospheric pressure. Current evolution can be 
described through the classical laws of the air conductivity variation during the transient arc, with the 
electric field in the breakdown zone as principal parameter. A first calculation of the radiated field 
based on a constant electric field during the breakdown and a constant length of the radiating zone re- 
vealed to be in good agreement with the experiment. 
A more complete calculation is presented here: it is based on the resolution of the discharge propagation 
equation and thus allows a point by point representation of the conductivity evolutior of the plasma. The 
results are in the form of the temporal and spatial variation of the current in the breakdown zone and 
lead to the calculation of the electromagnetic field. 
Comparisons between this model, laboratory discharge and lightning will be discussed. 

I - INTRODUCTION 

Research or. electromagnetic interference due to 
lightning is based on a large quantity of ln-situ 
measurements of the level, spectral content and 
time history of the emitted radiation and on a fair 
knowledge of the physical processes leading to 
lightning propagation. 
Since 1978, ONERA has undertaken a series of exper- 
iments to analyse the triggering and propagation 
mechanisms of discharges along a dielectric surface. 
These discharges present numerous analogies with the 
precursors of natural lightning (current, propa- 
gation velocity, plasma properties). 
The study of these discharges has shown up 
triggering mechanisms followed by sharp current 
vjriations which may be the main source of VHF-UHF 
radiation. 
In comparison, wideband measurements of natural 
lightning have shown the pulse nature of this radi- 
ation. The basic assumption of our analysis 
associates these pulses to the fast rising front (a 
few ns) of the lonlzatlon process brought into play 
by the streamer-leader transition. 
A simplified calculation of the radiated field 
during discharge triggering can be made by studying 
the case of static breakdown; this assumes a con- 
stant emissive component length, conservation 
current on the interval and a constant electric 
field. The model, based on the laws governing the 
development the medium's conductivity at transition, 
has enabled a first approach to the problem and 
produces values of the maximum radiated field that 
are compatible with experiment. 
A study carried out in a dynamic configuration 
(creation and propagation of the transient arc zone 
producing the radiation) requires calculation of a 
space-time profile of the current during transition 
to the arc. A model was developed for the surface 
discharge experiments. 
We shall detail the assumptions and the calculation 
method along with its application to modellzation of 
the radiated field In this paper. 

II - SHOWING UP THE ROLE OF THE TRANSIENT ARC - 
CALCULATION UfINC STATIC APPROXIMATION 

11.1 Experimental results 
The TRIP 82 and TRIP 83 (Thunderstorm Research 
International Program) experiments carried out in 
the United States included study of lightning re- 
lated electromagnetic radiation using wideband 
systems (600 MHz). The measurements made showed up 
very short rising front pulses (2 to 5 ns) for peak 
values included between 30 and 350 mV/m (see Fig. 1) 
[1J. These pulses are detected at the very beginning 
of storm activity and follow in succession at a rate 
of 1 to 20 per microsecond. 
The pulse-like characteristic of the radiation 
observed in wideband has been reported by Several 
authors [2-4] and Proctor [4] has stated that radio 
noise of this type detected during the various 
phases of the flash are probably related to the 
lonlzatlon processes of virgin air. 

11.2 Basic Assumption - The Function of the Transi- 
ent Arc 

Experiments carried out at ONERA on sparks along a 
dielectric surface (S, 6] showed up a phase of dis- 
charge development forming the transition between a 
prelonization zone (streamer) and the conducting 
channel. This phase of strong lonlzatlon, called the 
transient arc, Involves very fast current variations 
(on the order .fa 10 ns rising front) which can be 
associated with the pulse-like VHF-UHF radiation 
studied here [1]. 

11.3 Current Calculation In the Transient Arc Phase 
The simplified model we shall present first consists 
of the evolution of the current l(t) and calculating 
of the electromagnetic field radiated during static 
breakdown, i.e. by assuming current conservation 
over the entire breakdown zone and a constant value 
for the electric field. 
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A theoretical calculation made by Rompe and Weizel 
[7] enables an approach to the development over time 
of the conductivity of a plasma created in air at 
atmospheric pressure, assuming that all the electric 
energy produced goes into ionization. This assump- 

tion is expressed by the following energy equation: 

_d_ (P [i k Ts 
dt  e 

*!>) j.E 

V Te electronic density and temperature, 
ionization potential of the atom 

sidered, 
current density, 

Boltzman constant. 

With u   the  electronic  mobility,  conductivity 

F » n U eobeys the following differential equation: 

(j- k Te ♦ e <t>.) 
1   dr 

yee    dt 

and 

r(t) = 2A t      j
2 (u) du 

o' 

 U o e   
with A • p , ,  .      ; 

o I4- k "s + e fc) 

p : atmospheric pressure in atmospheres. 
At atmospheric pressure, for $ ^ » 15 V and i> e " 
4.10-2 m1?-1»-1. The theoretical value of coef- 
ficient A is 2.5xl0-3 atm.m2 .s-1 V-2. Experimental 
verification of this law [8] by interelectrode 

breakdowns showed that the conductivity of the 
medium followed this law provided an ionization 
coefficient A - 5.10 - 5m2s-l V'2atm. is introduced. 
We shall use A in the rest of the calculation as a 

phenomenological coefficient, without trying to 
deduce its physical meaning. 
The evolution of the resistance as a function of 
time of a channel of length & through which a 
current i(t) flows is written as: 

HU.t) 

2A   i2(.j) du 

I 

Furthermore, in the static case (typically the case 
of Interelectrode breakdown with a field E0 Imposed 
by an outside circuit), current deveiopoer.t 1« at 

follows: 

I». E [-It j' 
>» 

I2 (u) du 

io represents the current produced by corona predlt- 
charge mechanisms which we shall not describe here. 

For i(t) » i«: 

l(t)Zl e«P (  &i— t 
0      »     m 

The transient arc formation time, Tmax, is expressed 
as: 

Tmax ■ 
AE 

Log 
imax 

For a peak current of 1000 A and a current i0 in- 
cluded between 10 and 1 A, the value of Tmax 
varies from 10 to 30 ns (taking EQ - 25 kV/cm, 

breakdown field in atmospheric air). The general 
expression of the electromagnetic field Erad radi- 
ated at a distance R by the current component of 
length 5 orientated along axis Ox is: 

sin 9 
Etad = 

(t)  471 Z    RC. 

di 

dt 

dx 

Given the previous assumptions and assuming the 
current conservation i(t) along length 6: 

AE2 

Er(\V   »'„«' 
  l  e x p I t) 
P.   °     P- 

The value of length 6 is given as a first approxi- 

mation by the relation 6 ■ vTmax, where v is the 
spark propagation velocity (typically for a flash 
precursor: v » 5.105 m/s hence 6 is around a cm). 
For t > Tmax, the transient arc zone Is formed and 

the characteristic current imax of the propagation 
is reached. We shall assume that in propagation, a 

zone exists before discharge, whose geometry remains 
constant and which follows the same laws as the arc 
channel. Since this ionization front is 
nondeformable, current l(x,t) during propagation 
does not depend explicitly on time. Equation (7) 
becomes: 

f* 

Erad (t) 

«ii e RC' 

»1 
Jx 

Etad (t) « 
471 E. RC 

St 

Ai 

where Al ■ imax - lo represents the total variation 
of current on the gradient zone. The assumption of a 
quasi nondefornable front In propagation would Indi- 

cate that the spectral content of Erad is of low 
frequency 4 

The peak value of the radiated field during the 
transient arc phase la around 40 mV/m, for a current 
imax ■ 1000 A and an observation range R - 10 km. 
The pulte r te tlae described by equation (8) Is 4 
ns, this value is compatible with the measurements. 

The spectral densities calculated by this aethod are 
coherent with the Pierce synthetic curve (Fig. 2). 

The description of the transient «re triggered here 
corresponds to a static breakdown, the current is 
assumed to be conservative over the full gradient 
zone whoue length 1« set at Its terminal value 

ö - vTmax without prejudicing the dynamic aspect of 
front formation. 
Implementation of a more accurate calculation would 

assume knowledge of profiles l(x,t) In the transient 
arc cone and calculation of field E development. 
Develonaent of a dynamic model will be based on a 

theoretical approach of transition to arc fro« a 
spark along a dielectric surface. 

I 
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III - THEORETICAL STUDY OF THE TRANSIENT ARC 

111.1 Surface Discharge 

Experiments carried out at ONERA, since 1978, in- 
volve experimental and theoretical study of dis- 
charges propagated through the air along a dielec- 

tric surface under the effect of a voltage pulse of 

around 100 kv [5]. The corresponding experimental 
device diagram is given in figure 3. 

Analysis of the current at a point of discharge and 
high performance optical 'nstrumentation (time re- 
solved spectroscopy, holographic interferometer) 
have shown up the various phases of discharge devel- 

opment (Figs 4 and 5). 
It should be emphasized that the peak current 
characteristic values (around one hundred amperes), 

propagation speed (105 to 10$ m/s) and plasma de- 
scriptive parameters (T ■ 25000 K in the discharge 
channel [9]) provide the ground for significant 
analogies between surface discharge and the precur- 
sor of natural lightning. 

Modelling of the transient arc zone which exists 
between the leader predischarge and the conducting 
channel (see Fig. 5) Is of twofold interest: it 
enables interpretation of the experimental laws of 

velocity and current, and provides the necessary 
source terms for calculation of the radiated 
electromagnetic field under the hypothesis developed 
in Part 1. 

111.2 Transient Arc Zone Modelling [10] 
Experimental study of discharges provides an esti- 

mate of potential distribution v(x) along the propa- 
gation axis (see Fig. 4). The calculation described 
herein enab.et to predict the evolution of the 
potential at all points up to the stationary profile 
given in figure 4. The model Is based on the 

following assumptions. 
I ) The entire profile Is nondeformable during 

propagation as shown by the photographs, figure 

5. 
II ) The initial state of the system before the 

transient arc phase can be described as a pre- 
lonizatlon phase characterized by a constant 
field E0 - 11.2 kV/cm and producing a weak 

capacitlve current lo such that: 

Moreover, the condition of non deformabllity of the 

wavefront implies the following condition: 

V(x,t) . V(t 
v(t) 

! 

CE 1 

Resolution of the equation system (11) to (14) re- 

sults in the current and potential profiles during 
transient arc formation (Fig. 6). Since the field in 
the conducting channel is very weak (E i 200 V/cm) 
it can be assumed that the transition zone is fully 

formed when the total potential available (V0 - Vs: 
figure 4) is equal to the drop in voltage at the 
transient arc terminals. 
Figure 7 allows comparison of the experimental and 
theoretical current profiles in X ■ 0. In accordance 
with the experiment, the current rise time value 
10 X-90 % is a constant of around 8 ns, independent 
of the voltage or the capacity of the line. This 
value Tmax only depends on the law of conductivity 

applied to the plasma's development over time. 
This model, which provides predicted values of peak 

current and propagation speeds consistent with the 
experimental results, also permits the prediction of 
the time history of the electric field In the 

transition area. According to these results, E 
establishes Itself very rapidly (in 1 to 2 ns) at a 
mean value of 25 kV/cm, or approximately at the 
breakdown field in air at atmospheric pressure. It 
would also appear that the current rise time Is 
Independent of the local capacitance Introduced Into 

the linear equation. Hence, the temporal width of 
the transient arc phase only depends on the coef- 
ficient appearing in the Rompe and Welzel law 
(equation 2). 
tie have, therefore, shown that the Rompe and Welzel 
law provides an adequate description of the tran- 
sition phase common to both lnterelectrode breakdown 
and discharge along a dielectric surface. The appli- 
cation of the model developed for surface discharge 

to the calculation of a field radiated by an anal- 
ogous discharge propagating In the air seems poss- 
ible to the extent that the space-time development 
of the emissive zone does not depend on the local 

capacitance of the system. 

IV - APPLICATION OF THE RADIATED FIELD CALCULATION 

MODEL 

C : linear capacity of the dielectric plate, 
v : spark propagation velocity, 
lo: leader zone length, 

ill) The transient arc can be described using the 
Rompe and Welzel law giving the resistance per 
unit length R(x,t): 

R(*.t) 
?A [V (u) du 

J 

The single dimensional description of the spark 

along the propagation axis Ox allows the application 
of the classic propagation equation: 

1       32v 1       3v      3R 3v 

R      "o »' Rl       3«       3x 3t 

The  exact   shape  of   the   field   radiated   by   a   current 
component of  length 3(t)  Is given by equation (15): 

Ersrt   » 
(t) «n c RC 

.31      31    3»   ,   . 
(-ST ' "37 IT ' d" 

The formal structure developed In Part 3 allows 
calculation of ehe component (31,'3x) (3x/3t), which 
does not appear in the static model, and the real 

developeaent of length 6 (t) of the emissive 

element. 
Figure 8a shows the time history of current l(t) at 

a point In the transient arc tone; the propagation 
current was assumed to be constant and equal to the 
value of l»ax defined previously for the first 

approximation. 
Figure 8b reproduces the associated radiated field 
shape for an observation range K • 10 km and a cur- 

rent lux - 100 A. 
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The dynamic model confirms that the VHF-UHF radi- 
ation corresponds, under our assumption, to the 
transient arc formation phase and not to the later 
stationary propagation. The rise time 10 %-90 % of 
the pulse (T " 4.5 ns) and the peak value of the 
radiated field for R • 10 km (for imax - 1000 A, 
Epeak - 50 mV/m) are compatible with experimental 
data. 
The radiated field calculated using the dynamic 
model does not differ significantly from the field 
calculated in static approximation until propagation 
current is well over 1000 A (Fig. 9). 
A comparison of interest is that of the normalized 
spectral densities (frequency band: 0-400 MHz) 
obtained from the two models (Fig. 10). The 
correction made by the dynamic model is relatively 
insignificant in the spectral range considered here, 
which is suggested by the relatively good match of 
the static model with the Pierce synthetic curve 
(Fig. 2). 

V - CONCLUSION 
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Fig. 3 - Experiment device. 

The insulating support consists of an 

approximately 1 mm thick plexiglass plate, 
a narrow (width 1.5 cm) metal strip is 
located behind the plate. The plate is 
brought up to high voltage by a ion gener- 
ator comb. The floating electrode is then 
brought down sharply to zero potential by a 

pressurized burster. Since an intense elec- 
tric field occurs near the electrode, the 
sliding spark propagates from the top to 

the bottom of the plate guided by metal 
strip. 

Transient Arc 

10'*     io'J       to *       10 ' 

MEQUENCV IMHjl 
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Fig. 2 - Comparison of the calculated spectral den- 
sities with the Pierce synthetic curve. 

Fig. 4 - Current measured on the electrode by 
Rogowski coll, response time i - 4 ns. 
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Streamer 

Fig. 5 - Distribution of potential along the propa 
gat ion axis and photography of the dis 
charge leader (exposition time: 3 ns). 

120 140 160  180 200 

110 , 

100 

180  700 

Fig- 6 - Developaent over tl>e of current and volt- 
age potential during transient arc. The 
propagation equation it «rived numerically 
using a tlae interval AT • 2.5x10"*°« and 
apace Interval of AX » 10-'ca. 
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Fig. 7 - Comparison of theoretical and experimental 
profiles associated with the transient arc 
(current measured and calculated in 

X - 0). 
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Fig. 9 - Comparison of the radiated field peak value 
(R ■ 10 km) calculated using both methods. 
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Fig.10 Ratio of spectral densities normalized at 
continuum for both models (sampling fre- 
quency: 2 CHc; Imax • 100 A). 
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Abstract - Two triggered lightning experiments were performed in 1983 and 1984 in Florida, USA. The trig- 
gering system, rocket and wire, used a new technical arrangement which distinguishes it from systems used 
by French researchers since 1973. The flashes triggered with this new technique have properties which are 
somewhat different from those of flashes obtained with the former systems; in this paper, we will discuss 
the  respective influence of triggering site and  triggering system on  the behavior of  flashes. 

■ 

1 - INTRODUCTION 

Cloud-to-ground lightning flashes may be triggered 
by the fast ascent of a wire in a high electric 
field between a storm cloud and the ground. This 
method suggested by Brook et al. (1961) was first 
applied above sea by Newman (1965). The technique 
was greatly improved by French experimentalists who 
have studied triggered lightning above ground since 
1973. 
Since 1973, triggering experiments had been carried 
out with different technical devices and In various 
places by Japanese (Horil,1982), American (Stueberg, 
1983) and French (Sparg, 1982; Hubert, 1964) 
experimentalists, the latest experiment, as far as 
we know, having taken place at Kennedy Space Center, 
Florida (Eybert et al., 198S). 
Triggered flash behaviour may be vary greatly from 
one case to another, but the results of the 83 and 
84 experiments indicate typical flash 
characteristics. Significant modifications in the 
properties of the triggering devices had been made 
two years ago and their influei.ee on flash behaviour 
Is open to question. Obviously, the most determining 
factor in the occurrence of a triggered flash Is the 
storm Itself and the alms of this paper Is to 
discuss the respective Influence of those two 
parameters. 
After a short presentation of general results of 83 
and 84 Florida experiments, we will describe the 
technical features of the two principal triggering 
devices used from 1973 to 1984. 
Ue will then provide data on the measurements made 
at various sites In France and In New Mexico and 
describe the basic phenomena of triggered flashes. 
Finally, we will discuss differences in phenomena In 
terms of the effects of the triggering site and 
triggering device properties. 

2 - GENERAL BEHAVIOUR OF A TRICCERED FUSH 
Positive upward leader devalopmenT 

Host of the flashes triggered In France and USA are 
Initiated by the upward propagation of a positive 
leader. A few flashes with positive polarity had 
been obtained (Kerebel, Hubert, 1979) and In some 
cases the current became positive during the flash 

(Hubert et al., 1984, Walteufel et al., 1980). 
During the ascent of the wire (figure 1), isolated 
pulses of less than 1A and width less than 1 ns, are 
observed. These correspond to positive streamers 
propagating from the wire tip. The velocity of the 
positive streamer may be between a few 105 m.s"1 to 
a few I06m.s-1 (Bicknell, 1984, Golde, 1977). The 
time interval between pulses may range between 10 ms 
and 100 ms; in the case of figure 5 it is about 25 
ms and corresponds to a wire displacement of 5 m. 
Frequently, the pulse size increases over time. 
The current from the last pulse does not go back to 
zero and we observed the onset of an upward leader 
corresponding to a continuous negative current. The 
velocity of the leader may range from a few 10*m.s"1 

to a few \& m.s"1 (SPARG, 1980, P. Hubert, 1978). 
This occurs when the wire tip has reached an 
altitude of 100 m to 600 m AGL; the current 
collected at the flash foot when the wire melts is a 
few tens of amperes. 

Continuous current process 
A continuous current ranging from a few hundreds to 
a few thousands of rmperes, and correspondng to a 
continuous illumination of the channel, occurs in 
most triggered flashes. This process may follow the 
upward leader or may appear after the occurence of 
downward leader-return stroke processes. The 
negative charge lowered to the ground by the 
continuous current process is large (few tens of 
Coulombs) and, In most cases, much greater than the 
charge lowered by the return strokes of the same 
flash. 

Downward leader-return stroke process 
This process is similar to those observed in 
downwsrd cloud-to-ground natural flashes. It 
consists of the downward propagation of a stepped 
leader or of a dart leader, the short ascent of a 
Junction leader and the propagation in the channel 
of ground-to-cloud current wave. Properties of 
subsequent return strokes In natural and triggered 
lightning are quite similar (P. Hubert et al., 
1984). 
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Different kinds of triggered flashes 

Depending on the overall triggering conditions, we 
may  obtain  the  following  kinds  of  events 
corresponding to different succession of the above 
processes. 

Type A: The flash begins with a continuous current 
process corresponding to the development of a 
positive discharge; the process may last a few 
hundreds of milliseconds. The melting of the wire is 

visible through a typical fluctuation of the current 
(figure 2). It should be noted that regarding the 
low frequency current at the foot of the flash there 

is no distinction between the upward leader process 
and the continuous process. The electrical charge 

lowered to ground does not directly neutralize the 
charge of storm clouds; as pointed out by Vonnegut 
(1981), it corresponds to the charge displaced by 
the breakdown of an air medium where a high electric 

field exists. 
During the continuous process or afterwards, the 
leader return stroke process may be observed. 
Type B: (figure 9). After the onset of the 
propagation of a positive leader, the melting cause 
the current to go to zero and we have to wait few 

tens of milliseconds to observe a downward leader 
(stepped or dart) which the lower part generally 
follows the branches of the upward leader; when it 
approaches the ground a return stroke occurs. The 

flash carries on with several return strokes and 
often with a continuous current process. 

In the case of an unsuccessfull triggering attempt, 
we may only observe an incomplete development of 
upward leader; the corresponding current signal Is s 

pulse lasting a few tens of milliseconds with an 
Intensity of a few tens of Amperes (figure 2). 

3 - CENER/L RESULTS OF THE 83 AND 84 FLORIDA 

EXPERIMENTS 
A Joint experiment on triggered lightning was made 
during the summer of 83, 20 km south of Melbourne, 

Florida (Bnrret, Eybert, 1984). The objectives of 
the experiment were to characterize natural and 
triggered lightning and measure electromagnetic 
interactions between triggered flashes and an 
instrumented cylinder simulating an aircraft 

fuselage (Richmond, 1984). Twenty flasl • were 

triggered in seven different storms. The keraunlc 
level of Florida Is very high but storms occur 
preferentlaly ln-land and seldom reach the coast 
(the triggering site was 10 km west of the coast 
line). Nevertheless, the events were numerous enough 
to obtain successful experiments with a high ratio 

of efficiency (66Z). 

Different measurements on the electrical properties 
of flashes were made but the most relevant, for our 
purpose, Is the measurement of the current at the 
foot of the triggered flash. This was done with a 
coaxial resistive shunt with a resistance of one 
■llllohn of 80 ns time constant, Installed on the 

top of a double Faraday rage containing an 
electronic conditioner. Current signal was processed 
by fiber optic links and recorded In a shielded 
command shelter, some SO ■ away fron the launching 

pad. The main characteristics of current 
measurements are: 

bandwidth: DC to 30 M;;Z. 

Range: + 60 KA over 80 dB dynamic range obtained by 
a log amplifier. 

All the flashes began by a continuous current 
component; one of them exhibited a current 
Inversion: it became positive after 3S0 ms of 
negative continuing current. The laat flash was 
triggered In altitude by unspoollng a conductive 
wire 100 m above ground. The table, figure 3, gives 

general data on the triggered flashes. 
The Florida 84 experiment was made at the Kennedy 
Space Center (50 km north of the 83 experimental 

site). NASA, USAF and several laboratories of US 
universities were involved in the experiment; CEA 
and 0NERA were Involved, respectively, with 
triggered lightning and in flight lightning 
measurements (Eybert et al., 1985; Rustan, Moreau, 
1985). An unusual low occurence of storms was 
observed In summer 84 and consequently we only 
obtained eight triggered flashes in three different 
storms. 
The current measuring device was similar to the one 
used in 83, but its performance was significantly 

increased: 
Range: + 100 kA 

Threshold level: < 1A 
Bandwidth: DC to 20 MHz 

Coaxial shunt: 10_3n(+ \X) with a 50 ns time 
constant. 
Fast components of the signal were displayed on a 

100 MHz bandwidth oscilloscope whose screen was 
filmed with a 35 mm streak camera (30 Hz - 20 MHz 
channel). An intermediate frequency linear channel 
(DC to 1 MHz) was displayed on the same kind of 
device but with a lower sensitivity to record the 
highest pulses. High frequency linear and 

logarlthmical frequency channels were recorded on a 
magnetic analog recorder, with a DC - 60 kHz 
bandwidth. 
The general behaviour of the flashes recorded in 84 

is quite similar to those triggered in 83. They are 

all negative and begin by a continuous current. 
Table on figure 4 gives the general characteristics 

of the flashes. 
Main characteristics of the 83 and 84 results 
The general characteristics of 83 and 84 triggered 
flashes are rather similar to those of flashes ob- 

tained previously. Nevertheless, we have evidence of 
rystematic differences regarding current due to the 
upward leader and type of the flash. 

The Initial current rate, corresponding to the pro- 

pagation of the upward leader Is slgnlflcanlty 
higher for 83 and 8« flashes t*-*n for others a;. 

Illustrated by figure 5. 
Almost all the triggered flashes are type A. They 
begin with a continuous process and end with one or 
several return strokes. The 83 and 84 experiments 
were conducted on new sites with a new triggering 
system (LRS). We will now examln the respective 
Influences of the triggering site and of the trig- 

gering system on flash behavior. 

4 - TRIGGERING SYSTEM INFLUENCE 

Description of the triggering device 
. Classical device (figure 6) 
This tyi M basically consists of a spool of wire 
installed at ground; lta lower and Is connected to 
the current measuring system. The upper end is 

mechanically connected to the rocket with a two- 
meter long Insulating and elastic cap. This system 
was used by French experimentalists everywhere, with 
■ lnor changes until the 83 and 84 Florida exper- 
iments. The wire la made of steel and Is 0.18 ma In 
diameter; It la protected by cotton. The not to« of 
the apool Is made of a dielectric material and a 

aluminium bond cylinder covers the spool to enable 
correct unspooollng of the wire which passes through 
a collecting ring about 30 cu above. A full spool 
has a total length at about 3 ka and an Inductance 
at 1000 Hz of about 3 H; the linear resistance of 

the wire Is 8SVa. 
The weight of the rocket and attachment system Is 

2.7 kg. 
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. Lightning Rocket System (LRS - Barret - Eybert 83) 
The spool of wire is attached to the fin of the 
rocket (figure 7). The lower part of the wire is 
connected to the measuring system. The wire is made 
of copper; it is 0.2 mm in diameter and is coated 
with K?vlar. For ground triggering experiment, the 

spool contains 700 m of wire. For "altitude" 

triggering equipment, the first part of the spool is 
dielectric (adjustable from 0 to 300 m). The linear 
resistance of the wire is 0.45 fi/m; the overall 
inductance of the spool is 350 m H at 1000 Hz. 

The weight of the LRS is 2.5 kg including the spool 
(200 g). 

. Main differences between the two systems 

The electrical properties of the LRS and the 
standard system are different, see figures 6 and 7. 
The arrangement of the standard system allows elec- 
trical breakdown between the wire and the steel 
parts connected to the current measuring system. For 
instance, It can be deduced from electrical diagram, 
figure 6, that a current pulse of 1A with a 10 us 
rise time applied at the lower part of the wire, 
produces a transient voltage of 330 kV at the col- 
lecting ring level. It is obvious that, neither the 
wire running through the collecting ring, nor the 
short air gap (few millimeters) between the spool 
box and ground can withstand a voltage this high. So 
when current pulses due to streamer development are 

emitted from the wire, we can infer that the lower 
part of the unspooled wire is connected to ground 
(via the current measuring system) by an arc. Traces 
of these breakdowns were, in many cases, actually 

found in the box after a triggering attempt. 
Another major difference in the electrical charac- 
teristics of the two systems is that the wire re- 

sistance of the LRS is about twenty times lower than 
that of the standard system. 
The fundamental mechanical difference between LRS 
and standard system is that, since the mobile part 

of the LRS Is lighter, the velocity of the wire is 
201 to 30Z greater than the velocity obtained with 

the standard system. The typical maximum speed of 
the wire is 250 m/s with the LRS and 200 m/s with 
the standard system. 
Discussion 
Upward triggered lightning is similar to natural up- 
ward lightning occurring on top of a high lower or 

on the summit of a mountain. The action of the trig- 

gering system Increases the electrostatic field pro- 
duced by the storm cloud above the corona onset and 

enables the development of streamer from the wire 
tip by preventing the shielding effect from ions 

accumulation. Moore et al 1982, pointed out that the 
velocity required by a thin wire to obtain trig- 
gering must be greater than 150 M ' (this is 

approximately the drift velocity of ions in a 1U 
kV/cm electric field). The typical velocities of the 
two triggering systems satisfy this condition. 

The initial low frequency dl/dt signal Is dependent 
on upward leader velocity (P. Hubert, 197'J). In the 
following, we use this parameter to characterize the 
onset of the leader. The values of dl/dt are deter- 

mined either by the slope of the current curve or by 
the Initial neun slope of the curve after the last 
streamer pulse hau occurred (see exeaple, figure 

5). 
. dl/dt variations during tl<e same series of exper- 

iments 
It Is clear that flashes triggered in the same storm 
at an Interval of a few minutes, In general, behave 
similarly. The type of the flashes, the duration and 
waveform of their continuous processes, and even the 
time lapse to observation of the first downward 

leader-return stroke process, are nearly identical. 

The question is to verify if these similarities 
correspond to initial lee der development simi- 
larities. We have collected data, figures 8 and 9 on 

the initial dl/dt of ground flashes triggered during 
the 81 experiments in New Mexico where the standard 

triggering system was used. If there is a strong 

influence of the storms properties on leader be- 
haviour, two flashes triggered at an interval of a 

few minutes, would have almost the same dl/dt 
values. We have plotted, figure 8, the ratio of 
these values versus time between the two flashes and 

we see no evidence of correlation: the ratio ranges 
from 0.05 to 1 randomly for time Intervals from 0 to 

92 minutes. 
A local storm parameter which may influence the up- 
ward leader is the electrostatic field at ground 
when the rocket is fired. Figure 9 shows a tendency 

for the initial dl/dt to increase with field but the 
scattering around the best fitting curve is very 
high. 
We think that as field strenght Increases so does 
dl/dt, but that this point is no the most relevant. 
The velocity of the wire is higher but close to 
that required to trigger, and a statistical va- 
riation of this parameter may influence the develop- 
ment of streamers and the initial propagation of the 
leader. 

. Melting of the wire 
The melting of the wire is always visible on the 

current curve for the standard system but it Is 
never visible on an observation at a similar band- 

width for the LRS. The energy required to heat and 
melt the wire is 190 J/m for the standard system and 

166 J/m for the LRS. Taking into account the elec- 
trical resistance of the wire we estimated that the 
melting current Is three to four times greater for 
LRS than for the standard system. Hubert (1978), 
found that with the standard system the leader had 
reached an altitude greater than 1000 m AGL at the 
time of melting, hence, with the LRS, melting would 
occur at a higher altitude. The behaviour of the 

propagating positive discharge is dependent on the 
electric field conditions In the neighbourhood of 
the tip; it may not be directly affected by a rise 

in the resistance of a small portion of its channel 
more than one klloaeter away. This point Is 
Illustrated by two flashes, figure 10, for which the 

current has ceased to flow In the shunt, after the 
melting of the wire, for about 10 as. The continuous 
current time history, before and after melting, does 
not seem to be affected at all by this event. 
The effect ot the impedance of the standard system 

Is limited to the unspooled part of the wire as 
pointed out above. At the triggering altitude - 

typically 200 m AGL - resistance is respectively 
1600 Q and 90 ü for the standard system and the LRS; 
lr Is obvious that the corresponding voltage drop 
for current of less than 1A is negligible with 

respect to electrostatic field strength whose 
typical value above the thick space charge layer 
near ground may range from 20 kV/m to 50 kV/u. 

From the data available at this dace, we do nut see 
any evidence of any electrical effects on the 

behaviour of flashes due to the differences In the 
two triggering devices. We infer that the dis- 

crepancy in the dl/dt values may be due, among 
others causes, to rocket speed variation from one 

firing to another. 

5 - TRICCERINC SITE INFLUENCE 
Since the early seventies we have used five dif- 
ferent triggering sites. A distinction can be made 

between aountalnous sites like Saint Privat d'Al Her 
(1100 ■ ASL) in the center of France and Langmuir 



FTF 

23* P. Laroche et al. 

Laboratory (3300 m ASL) in New Mexico, and flat 
plain sites like Le Barp in the southwest of France 
and the two Florida sites, which are all at sea 
level. We triggered 55 flashes in New Mexico, 98 at 
Saint Privat, 28 in Florida and we have data on 5 
flashes triggered at Le Barp (more data have pro- 
bably been acquired by others experimentalists at Le 
Barp). 
The curves of figure 11 on the histograms of dl/dt 
values, determined as previously described, for four 
different series of experiments the following 
remarks may be made: 
- there is a wide discrepancy in the dl/dt values 
obtained during the same series of experiments as 
already illustrated by results in figures 8 and 9, 
- the curves on the New Mexico 81, Saint Privat 77 
and 78 experiments are virtually identical, 
- the curves plotted from Le Barp 79 and Florida 84 
experiments are almost identical and correspond to 
values of more than one order of magnitude greater 
than in the three other cases. 
We have found that initial low frequency dl/dt 
values are greater for flat plain sites than for 
mountainous sites. This is true regardless the type 
of triggering device used (standard for Le Barp, 
Saint Privat, New Mexico and LRS for Florida). This 
result holds for 85% to 90% of flashes obtained in 
1977 and 1978 at Saint Privat, the other flashes 
exhibit dl/dt values identical with the highest 
values obtained in FLORIDA. 
The onset conditions for the upward leader are pre- 
pared by the streamers occurring during wire ascent. 
A determining factor is the vertical electrostatic 
field strength between cloud and ground, which 
depends on storms cells. 
Figure 12 is the table of the distribution of types 
of triggered flashes per site for six different 
series of experiments. We have considered that the 
melting of the wire simply happened (an upward 
leader has begun its ascent) and the event can be 
considered as a type B flash because had it been 
successful the only possibility is that it would 
have had a carry on due to a downward leader-return 
stroke process. For the Saint Privat and New Mexico 
experiments, a little more than 50% were type B 
flashes. For the Florida and Le Barp experiments 89% 
to 100% of flashes were of type A. These results 
clearly indicate that storms above flat sea level 
sites have different characteristics from those 
observed above mountainous sites. 
Storms studied in New Mexico were always of 
horographic type. They form on top of the mountain 
and often the cloud baee is at ground. Most of the 
flashes exhibit an upward branching at low altitude 
due to the proximity of the electrical charges. 

Storms at Saint Privat are mostly horographic but a 
few of them are associated with a front; storm geo- 
metry varies with respect to altitude and value of 
charges separated in the clouds. 
Florida storms are, in general, formed above land 
and are blown toward coast by a westerly wind. Due 
to low latitude, the cloud base is high and the 
electrostatic field at ground is weak (typical maxi- 
mum value 8 kV/m in Florida and 12 kV/m in New 
Mexico). Triggered flashes do not exhibit low al- 
titude branching. All storms concerned by Le Barp 
1979 data are associated with a front; in most of 
the case the upward branching is not visible. 

6 - CONCLUSION 
We have found that the flashes triggered at two 
Florida sites with a new device present systematic 
differences from those obtained on montainous sites 
with a standard triggering device: the initial low 
frequency dl/dt corresponding to upward leader 
ascent, and strongly dependent of its velocity, is 
one or two orders of magnitude greater. It has been 
shown that the differences in the standard and LRS 
triggering devices may not induce any significant 
electical effect on the behavior of the leader of 
the flash. The overall characteristics of flashes 
are determined by the storm: Florida flashes are 
only of type A (continuous current process followed 
by return stroke processes). 
Data concerning five different series of experiments 
clearly show that initial dl/dt depends of the 
nature of the site: ttus parameter is greater for 
sea level sites. 
The onset of the leader, characterized by dl/dt, is 
influenced by streamer development for which the 
wire velocity and vertical electric field strength 
are determinant. 
These results Indicate that the field conditions 
between cloud and ground are more favorable at sea 
level sites and that the higher wire speed of the 
LRS may favor the occurrence of streamers. 
The influence of the triggering system will be 
studied in more derail during the next Florida 85 
experiments, for which both the standard system and 
LRS will be used under same storms conditions. 
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Flash 
duration 

Triggering 
height 

Continuous 
charge 

1 max Field at 
ground 

ms m C kA kV/m 

1 650 540 80 -   55 -    7 1 

2 480 340 70 -   22 -    7 7 

3 370 300 100 »    10 -   77 

4 270 210 20 -      1 -   81 

i 600 230 40 -    10 -   64 

e 535 280 50 -      5 -   64 

7 1055 330 60 12 -   6 

8 100 440 1 4 -      03 -   26 

11 855 380 40 -    16 -   61 

12 50 420 .2 -     01 -   57 

14 870 390 70 -   22 -   63 

17 •40 600 60 -   35 -   48 

20 i oon 740 75 -     2 -   56 

22 1000 260 85 -    10 -    76 

23 1280 265 100 -   16 -   7.1 

24 1 160 240 60 -    18 -    78 

27 1230 260 120 -   20 -   38 

n 700 140 40 -     6 -    35 

a no 600 25 -   25 -    78 

30 -  550 290 
  

-   73 

200A 

Launch # Duration 1 max Field at 
ground 

1 500 -   2.2 -   5.2 

5 490 -   1.2 -   5.8 

9 1 143 -   2.7 -   5.6 

10 1310 > -30 -   6.5 

It 1 188 -   26 -   5.9 

12 828 -21.6 -   6.7 

13 1034 -21 -   5. 

14 274 -   1 -   3.9 

Fig. 4 - 84 Florida campaign general results 

Fig. 3-83 Florida campaign general results 
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GROUP VELOCITY OF LIGHTNING RETURN  STROKE CURRENTS 

Z.I.  Kawasaki, M.  Nakano, T.  Takeuti and T.  Nakai 

The Research Institute of Atmospherics, Nagoya University, 3-13 Honohara, Toyokawa, Aichi 442, Japan 
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Abstract - We have used a measuring system of luminous components during triggered 
lightning experiments at Hokuriku Coast of Japan. This system consists of two 
photodiodes and a two-channels broadband data recorder. With this system the luminous 
signals through a objective lense(f=50mm) from two different heights of return stroke 
channels have been recorded on magnetic tapes and we were able to observe 45 strokes 
during these experiments. The recorded luminous components were rather impulsive and 
much similar to the current shape of Lin-Uman-Standler's model. To obtain the two- 
dimensional return stroke velocities we defined "tip velocities" and "group 
velocities". About the former we decided the velocity with an arrival time difference 
of two luminous signals. About the latter we decided the velocity with a dispersion 
relation based on Fourier analysis. The mean of "tip return stroke velocity" was found 
to be 0.9 x 10* m/sic. and this value was aimost same of the results of Idone and 
Orvilie's work. On the other hand the mean of "group return stroke velocity" was found 
to be 0.5x10* m/sec. and was in excellent agreement with the results of Schonland and 
McEachron. It should be noted, however, that the variation of the former was large in 
comparison with that of the latter. From this fact we assumed that Idone et al. was 
able to measure the "tip velocities", in spite of Schonland measured only "group 
velocities", owing to the progress of the sensitivity of measuring systems during these 
50 years. To prove our hypothesis we executed a one-dimensional computer simulation 
with an electromagnetic fluid model based on plasma physics and got 1.3xl08 m/sec. tip 
velocity and 0.7 x 10° m/sec. group velocity. Our computer simulation was able to 
explain the difference between recent results and previous results. 

Introduct ion 

The velocity of lightning return stroke 
currents is cosidered to be one of most impo- 
rtant parameterslBoyle and Orvi1le.1975;Hu- 
bert and Mouget.1980: Idone and Orvil- 
le.l982:Nakano et al..19831. not only from 
the view point of lightning physics but also 
from the view point of technical sense, such 
as protections of facilities from lightnings. 
In recent years, there has been a renewal of 
interest in the velocity measurements to be 
attributed to the need of use the accurate 
values for the return stroke velocity in the 
various new modelsCUman and McLain.1969:Uman 
et al..1975;LeVine and Meneghini.1973:Lin et 
al..19801. Historically, the measurements of 
the velocity of return stroke currents are 
never new topics and more than fifty years 
ago Schonland et al. reproted the velocities 
measured with Boys earnera[Schonland and Col- 
lens. 1934; McEachron. 19391 . Recent obtained 
velocities with streak camera by Idone et al. 
are compaired with those by Schonland in 
detail and Idone concluded that the mean 
value of the former («1.OXIfT m/sec) is about 
twice larger than that of the latter(«0.5 XIO* 
m/sec). The results of Hubert show the simi- 
lar tendency and of course same to Nakano's 
results. On the other hand Jordan et a 1.1 Jor- 
dan and Uman.19831 reprorted the relative 
light intensity as a function of height and 
time. According to their results return 
stroke current pulses are rather deformed as 
they are propagated along the channel perhaps 
bexause of its dispersive characteristics and 

we can consider that these phenomena are 
quite similar to the behaviour of an electro- 
mag netic pulse in a dispersive mediumCStrat- 
ton.19411. About the electromagnetic pulses 
In some dismersive medium, we know that va- 
rious velocities are able to define, such as 
the phase velocity, the group velocity and 
the front velocity etc.,and we get to have a 
next question. "What kind of velocities has 
been mesured about lightning stroke currents 
unti1 now 7" 

Under above discussions,in this paper 
we present the two precise definitions on 
lightning return stroke current pulses accor- 
ding to the electromagnetic theory and try to 
explain the difference of previous Schon- 
land's results and recent ldone's results. 
Moreover we excecute a computer simulation of 
return strokes with an electromagnetic fluid 
model baser, on plasma physics and estimate 
the return Jtroke velocity theoretically. 

Experiment 

We have already suggested and reported 
a measuring system of luminous signals from 
lightning channels. In this paper we will 
briefly describe it. As shown in Figure I, 
luminous signals emitted from two different 
portions of a return stroke channel are obse- 
rved with two photodiodes through an objec- 
tive lense (f=50mm). These luminous signals 
are transformed into electric signals and 
recorded on magnetic tapes with a two chan- 
nels data recorder. The bandwidth of this 
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Figure 1.  A schematic of the measuring sustem of luminous 
signals from lightning return stroke channels. 

whole system is about 1 MHz. Of course, we 
slmultaniously carry out the observations of 
electric field changes and magnetic flux 
densities to identify the type of discharge 
processes. The typical examples of these 
observed quantities, that is. an electric 
field change, magnetic flux density and lumi- 
nous signals from two different height of a 
return stroke channel are shown in Figure 2. 
If we have some informations about the dista- 
nce between the lightning striking point and 
the observation site, we are able to estimate 
the two dimensional velocity of return stroke 
current with the arrival time difference of 
two luminous signals. 

Detail presentations of methods to 
estimate the velocities with measured data 
and discussions will he given in the follo- 
wing sections and here we show another exam- 
ple of luminous signals measured during trig- 
gered lightning experiments at Hokuriku Coast 
of Japan which were held in December. 1982. 
The distance between rocket launchers and 
our observation site is about 1.6 km and the 
altitude difference of two portions where two 
luminous signals were **"itted each other Is 
about 250 m. In Figure 3 o pair of traces of 
luminous signals measured by the lower and 
upper photodiodes are shown with the nota- 
tions of (a) and (b) . We have observed 45 
triggered lightning strokes during these 
experiments and all of them are negative 
ground flashes. From these examples we can 
find that the current pulse is deformed as 
it is propagated along the channel. Moreover 
the shapes of these signals are very similar 
to the shapes of currents based on Lln-Uman- 
Standler's new model. 

Analysis 

In this section we define what is 
called "the tip velocity" and "the group 
velocity" about return stroke currents and 
estimate two different velocities with two 
different procedure. The former should be 
estimated by the arrival time differnce of 
two luminous signals and this is a quite 
usual procedure. On the other hand the latter 
should be estimated with dispersion relations 
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Figure 2.  One of typical data 
measured during triggered lightning 
experiments in Japan, 

based on Fourier Analysis. 
In all previous works, not only Hubert 

et al. but also Idone et al. of course Schon- 
land, they measured the velocities with the 
arrival time difference. However as mentioned 
above, the shape of luminous signals is defo- 
rmed very much with current's propagations 
along the channel, which means the deforma- 
tions of current shape itself. So we can 

_ 
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Fiqure 3.  Measured luminous sianals from 
different two heights. 

arrival time difference is a so 
called "the tip velocity" or " the 
front velocity'. Here after we use 
the term of the tip velocity. After 
Stratton the wave front velocity Is 
always equal to the velocity of 
light in free space, c(=3.0XlOe 

m/sec), no matter what the medium. 
He named this a precusor wave and 
the more sensitive measuring sys- 
tems become, the faster velocities 
estimated with the arrival time 
differnce become. That is, recent 
results by Hubert, Idone and Nakano 
seem to be very different from 
previous results by Schonland and 
we would like to insist that these 
are due to progress of measuring 
systems, never due to the differen- 
ce of phenomena. Moreover we insist 
we should difine another velocity 
for the velocity of return strokes 
which has physical significance 
because it is quite trivial that 
the front velocity is equal to c. 
In other word the time difference 
is not always equal about deformed 
wave train dpending on what level 
we can measure. 

If a state of the medium is 
presented    by   the   function 

V(z.t),where 

then the surfaces of constant 
state or phase are propagated with 
the veloci ty 

VT=    <v/k (2) 

A wave train of  finite length 
cannot be represented in the simple 
harmonic form (1).  and a single 
group or pulse of any desired shape 
may be constructed upon the Theory 
of Fourier Integral 

/CD 

consider that it is not sufficient to use 
only "the tip velocity" for the return stroke 
velocity. We think that it is necessary to 
define another velocity which maintain phy- 
sical menings. 

Return strokes are considered to be 
nonlinear break down phenonena which ate   In case 
propagated in an ionized leader channel  to  ncides w 
the opposite direction of  leader strokes.  wise it 
These phenonena are understood to be a motion       So 
of Ionizing potential waves been dominated by  magnetic 
Poisson's equation for the electric field and  cussion 
by the equation of energy conservationlAl-  stroke c 
bright  and Tidnan.19721.  So we are able to  velocity 
suppose that the velocity of return stroke  obtain 
current is concerned with the velocity of the  signals, 
potential wave.  As mentioned above the beha-  luminous 
viour of the ionizing potential wave is pret-  sfor») 
ty similar to that of an electromagnetit  diagram 
pulse in a dispersive medium and we can con- 
clude that  the velocity estimated with the 

•oo 
After a little mathematical 

can find that the wave packet 
with the group velocity 

treatments we 
is propagated 

the medium is nondispersive. Vj coi- 
Ith the phase velocity V^ .but other- 
is a function of the wave number, 
far we have discussed about electro- 
pulses In so«e medium and samt; dis- 
is able to adapted for the return 

urrent pulses. To estimate the group 
of return stroke currents we raust 

a u>-k diagram of a pair of  luminous 
For this purpose we analyze measured 
signals with FFTtFast Fourier Tran- 

and with next equation U> a <o -k 
is given as shown in Figure 4. 

fti-kU.-ld-mltr-tO   c5) 

—•■ ! 
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Figure 4.  -k diagram coresponding 
to the measured data shown in Figure 3. 

where 0«t ,z,-Za. and t(-ti are phase differe- 
nce,altitude difference and time difference 
respectively. 

A typical example of lO-k diagram shown 
in Figure 4 coresponds to the luminous sig- 
nals shown in figure 3. With this diagram we 
can estimate the group velocity by means of 
numerical derivative and in this paper we use 
a linear approxmatton and estimate the group 
velocity with the gradient of dotted straigt 
line which is given with the least square 
method. About this example estimated group 
velocity is 0.6*1 o'm/sec and the tip velocity 
is 1.8 x,108m/sec. All measured 45 pairs of 
luminous signals are analyzed respectively 
and decided the tip velocities and the group 
velocities. In Figure 5 the distributions of 
these quantities are presented. We can find 
that about the tip velocities the variation 
is rather wide. Moreover the mean value of 
tip velocities is very close to that of Idone 
and the mean value of group velocities is 
almost equal to that of Schonland. 

Computer Simulations 

After Albright et al.. return strokes 
are able to be represented with electromagne- 
tic fluid model based on plasma physics 

(7) 

^--*JSF--V.(1UVV) 
-i-^iE-vruv ci) 

RVTIP-   90.BMETER/MICROSEC 
OVGRP-  S0.0METER/MICROSEC. 

o 
c 
a> 
3 
tr 
0) u 

> 
•H 
*J 

H 

« 

_l_ 

GRP.VEL 
TIP.VEL 

X -i_ 
30.0        60.0        90.0      120.0      150.0      180.0 

(m/ju.sec) 

Figure 5.  Velocity distributions of 
tip and group velocities for 45 negative 
flashes. 

To simulate return strokes we must solve 
these equations numerically. The two-step 
Lax-Wendroff method is known to be the mest 
conventional. We are now carrying out this 
simulation and will be able to present anot- 
her paper at next chance. In this paper we 
derive the simplyfied one dimensional equa- 
tions on the electric field and the electron 
density under a proper assumption, auch as 
the temperature of the channel is constant 
etc. 

Cll) 
In Figure 6 we show the simulation results 
about the case of the channel's temperature 
of 20000*K and the channels be consisted of 
only Na for which the ionizatlon threshold is 
about 17 eV. For the initial condition the 
electric field intensity at the tip of poten- 
tial wave is assumed to be 5X10*" Wmeter. 
The arrow in Figure 6 indicates the direction 
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Figure 6. Simulation results for the 
potential wave as return strokes. 
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to which the potential wave is propagated. 
From this simulation result we can find the 
potential waves are propagated with deforma- 
tion. For this case the tip velocity becomes 
1.3X10* m/sec and the group velocity becomes 
O.^xlO6 m/sec. Both of them are very close to 
the values obtained with measured luminous 
signals in the previous sections. 

Conclusions 

In this paper ws 
tion,  "What kind of vel 
sured on lightning ret 
and defined two kinds of 
velocity and the group v 
out the estimations of 
the group velocity for 
signals measured during 
lightning experiments in 

started from a ques- 
ocities has been mea- 
urn stroke currens?" 
velocities, the tip 

elocity. We carried 
the tip velocity and 
45 pairs of luminous 
the rocket triggered 
Japan.   The mean 

value of tip velocity was 0.9X10* m/sec and 
the mean value of group velocities was 0.5X108 

m/sec. The former are almost equal to the 
results of ldone and the latter are almost 
equal to the results of Schonland. To explain 
this difference we executed a one-dimensional 
computer simulation with an electromagnetic 
fluid model based on plasma physics. Experi- 
mental results were in excellent agreement 
with theoretical results. Our computer simu- 
lation was able to explain the difference 
between recent results and previous results. 
After Electromagnetic Theory in the disper- 
sive medium the velocity which maintains the 
pystcal significance is " the group velocity" 
and we concluded that we should use same 
concept for the return stroke velocity. We 
found that the mean of group velocities about 
rocket triggered lightnings was 0.5X10* 
m/sec. 
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SURVEY OF LIGHTNING HAZARD AND LOW ALTITUDE DIRECT LIGHTNING STRIKE PROGRAM 

N.O. Rasch and M.S. Glynn 

FAA Technical Center, Aircraft ana Airport Systems Technology Division, Atlantic City Airport, 
New Jersey 0840b,  U.S.A. 

Abstract - Modern aircraft designs are employing increasing amounts of poorly-conducting composite 

airframe materials and sensitive digital microelectronics to achieve greater performance levels. 
Unfortunately, these designs make aircraft potentially more susceptible to damage or impairment 
resulting from electrical interference. This interference can arise from static electricity, 

lightning discharges, and nuclear EMF, among others. Composite materials do not provide the high 
level of shielding that was achieved by metal skinned aircraft. Microelectronics can be damaged or 
destroyed at far lower levels than previously used vacuum tubes.  Thus, optimum protection levels must 
be provided to ensure safety of flight. 

This paper provides a program to obtain quantitative and qualitative data on the electromagnetic 
characteristics of the lightning environment encountered by attachment to an aircraft in flight at 
altitudes from 2,000 to 70,000 feet.  Specific characteristics of cloud-to-ground lightning, 
simulated nuclear elrc.tromagent ic pulse (NFMP), and the interaction with the aircraft will be defined. 

Data acquisition flights are scheduled to be made in and near areas of active thunderstorms (not to 

exceed '.0 dBZ of radar reflectivity) and will last approximately 2 or 3 hours.  When weather allows, 
the aircraft will be flown over an instrumented ground station to record associated ground based 
electromagnetic field data.  Approximately 100 flight nours are anticipated each year in support 

of this project. The flights are planned to occur over the Florida peninsula in the the vicinity of 
the Kennedy Space Center, Florida. An FAA Convair CV-580 aircraft instrumented with wide-bandwidth 
electromagnetic sensors and recorders will be based at ratrick Air Force Base, Florida. 

A two-year experimental phase will be conducted in 1984 and 1985 to measure electromagnetic parame- 
ters produced by a direct lightning strike to an aircraft in flight. Approximately one year will 
be required after completion of the data acquisition flights for analysis and publication of the 
data. 

Introduction 

Dr. Richard C. Fcwler states that: It seems 
apparent, as one views that panorama of organized 
satisfaction of human curiosity we call science, 
that one might reasonably cite the terror which 

lightning has inspired in all ages to explain the 
singular fact that with very little exaggeration 

it can be said that this oldest and most majestic 

of terrestrial electrical phenomena is still less 
completely understood than the structure of the 
nucleus. ' 

The electromagnetic transients associated with 
a lightning strike pose a threat to the electrical 
systems of aircraft in the immediate vicinity. 
Because of the complex geometries involved, it is 

difficult to calculate the voltages and currents 
induced in aircraft internal wiring, but it is clear 

that both electric and magnetic fields are important 
in the coupling mechanism. The high current associ- 
ated with a lightning strike gives rise to an intense, 
rapidly changing magnetic field, and the high voltage 
gives rite to an intense rapidly changing electric 

field. However, the electromagnetic field really 
needs to be treated as a whole in the overall coupling 
phenomenon. 

In order to predict the nature and magnitude of 
this threat, it is necessary to achieve an understand- 
ing of the lightning phenomenon, particulary the 
currents and charges along a tortuous discharge 
path. 

A number of models have been proposed for 
the distribution of the lightning current and charges 
along the channel and their relationship to the 

radiated fields (far-field zone), but little has been 
published about the very near-fields of interest in a 

nearby strike, and the effects of channel tortuosity 

on these induced fields. - 

Purpose 

This paper will discuss a procedure conducted 

to implement research in the technology area that 
will provide "lightning characterization and threat 

definition" information and data in support of 
spec'ficat ions and criteria related to protection of 

current and new generation aircraft against atmo- 
spheric electricity hazards. The emphasis of the 

effort will be directed towards obtaining data on the 
effects of electromagnetic transients and the elec- 

tromagnetic compatibility (EMC) of systems as influ- 
enced by atmospheric electricity hazards such M 

lightning (direct and indirect), static discharge, 
and other external factors causiiig electromagnetic 
interference (EMI) effects to an aircraft in flight. 
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Background 

The FAA has an interest in the study of atmo- 
spheric electricity effects to systems and structures 
of current and new generation aircraft. This interest 
is reflectd in the "FAA Engineering and Development 
Technical Program Plan - Atmospheric and Aircraft 

Electrical Hazards" dated October 1983. 3 The FAA 
is also conducting joint projects with the National 
Aeronautics and Space Administration (NASA) and 
the United States Air Force in lightning and static 

electricity research. 

Atmospheric electricity interaction with an air- 
craft can result in numerous problems.  For the case 
of lightning, physical damage can result from direct 
strikes on the aircraft.  Such damage is characterized 
by burning, eroding, blasting, and is the consequence 
of either the extreme heat loading and accompanying 
acoustic shock wave or deforming by magnetic forces 

from the high current component of lightning. A 
further effect results from the fast changing electric 
and magnetic fields produced by the high currents of a 
direct or near strike.  In both cases, these fields 
can couple voltage transients into the internal 
aircraft wiring and subequently to the electronic 

flight critical and flight essential control and 
avionics systems. 

The emphasis of this activity is directed 
towards lightning characterization, hazard defini- 

tion, and the areas of research that deals with 
EMI/EMC/electromagnetic pulse (EMP) type problems 
in generic and new technology avionic systems. 

Concern for vulnerability of aircraft flight 
critical and flight essential systems to atmospheric 
electricity hazards has increased substantially over 

the past 15 years. Two primary factors have 
contributed extensively to this increased threat: (1) 
Increasing widespread use of sensitive microelectronic 

low voltage/low current/ high density solid-state 
devices in digital flight essential systems; and (2) 
the reduced physical protection and electromagnetic 
shielding afforded aircraft systems and crew by 
advanced technology air frame materials. 

In order to provide a level of safety and to 
ensure that the full advantage of the rapidly expand- 
ing fields of microelectronics, digital systems, 
.nd composite structures, etc., is realizeu, the 
needed data and information must be acquired that will 
ensure full, unimpeded utilization of the advanced 
technologies while simultaneously providing validated 
hardening information and procedures. 

This well-designed experiment was needed to 
enable a better understanding of low-altitude light- 
ning strikes to aircraft. This experiment includes 
measurements of current flow (both current transients 
and continuing current), electric fields (both 

transient electric field changes and static electric 
fields), and current distribution on the aircraft. 
Other data, such as aircraft turbulence, airborne and 
ground-based radar information, etc., also have been 
incorporated into the program. 

Scope 

This program has been developed to obtain 

quantitative data on the  electromagnetic character- 
istics of the lightning environment encountered by an 
aircraft in flight from 2,000 feet to 20,000 feet. 
Specific characteristics of lightning and nuclear EMP 
(NEMP) and interaction with the aircraft to be 
investigated include the following: 

a. Incident magnetic fields from nearby lightning 
flashes. 

b. Surface currents, displacement currents, and 
current distributions on an aircraft resulting from 
a direct strike. 

c. Total current flow on an aircraft resulting 
from a direct strike including low level continuing 
current. 

d. Quasi-stati- electric field conditions existing 
near the aircraft for direct and nearby strikes. 

e. Electric and magnetic field characteristics 
preceding aircraft lightning attachments. 

f. Electromagnetic fields associated with NEMP. 

g. In lmed voltages and currents on actual air- 
craft wiring and instrumentation. 

Other supplementary data such as radar 
patterns, turbulence, etc., will be gathered where 
possible to aid in the analysis and interpretation 

of the electromagnetic information. 

The program consists of eight major phases: 

a. Instrumentation design and  procurement. 

b. Aircraft  modification,   equipment   installation, 
checkout,   and  calibration. 

Historically,   the majority of   lightning measure- 
ments  have been made  at  ground   level,   and have 
provided most  of  the existing data on  lightning. 
Recent  cloud-to-cloud  and   intracloud  airborne 
measurements  above 20,000  feet  have been made to 
obtain data typical of  lightning experienced by 
aircraft   in flight.    Analysis  indicates  a different 
overall  pattern  in  aircraft   lightning data compared  to 
ground strikes.     It   is  not  yet   fully understood what 
type of  lightning  phenomena  is   interacting with  the 
aircraft durng these strikes. 

c. Data acquisition  flights   in  a thunderstorm 
area. 

d. Data acquisition  flights   in  a simulated 
nuclear  (NEMP)  environment. 

e. Cround-based  lightning simulation  (LtMP) 
tests. 

f. Data Analysis. 

g. Renove and  replace  instrumentation system 
(between seasons). 

h.     Aircraft   restoration. 
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A 2-year experimental phase will be conducted 
with phases b through f. being repeated as necessary 

the second year.  Approximately 1 year will be 
required after completion of the data acquisition 
flights for analysis of the data. 

Data acquisition flights will be made in and 
near active thunderstorms and will last approxi- 
mately 3 hours.  When weather permits, the aircraft 
will be flown over an instrumented ground station to 
record associated ground based electromagnetic field 
data.  Flights at altitudes between 2,000 and 20,000 
feet will be made into areas of radar reflectivity not 
to exceed 40 dbz. Approximately 100 flight hours are 

anticipated each year in support of this project. 

Ground based lightning electromagnetic pulse 
(LEMP) tests will be conducted at the Air Force 
Wright-Aeronautical Laoratory and nuclear electro- 
magnetic pulse (NEMP) testing will be conducted at 
Kirkland Air Force Base. The data will be analyzed 
to determine if a common protection criteria can be 

established. 

Anticipated Results 

This comprehensive experimental program will 

yield information on: 

a. Characterization of lightning. 

b. Aircraft-Lightning hazards definition. 

c. Initiation of lightning discharge to aircraft. 

d. Possible triggering of lightning by the 

aircraft. 

e. Electrostatic field thresholds for lightning 
attachment to aircraft. 

f. Continuing current levels and charge transfer 
during aircraft attachments. 

g. Transient current and field amplitudes and 
rates of change for direct and nearby strikes. 

h. Current distribution over aircraft surfaces. 

i.  Current pulse repetition rates and durations. 

j.  Induced voltages and currents on actual air- 
craft wiring and instrumentation. 

k.  Associated ground based field levels and 
characteristics. 

1. Define meteorological conditions conducive to 
lightning aircraft attachment. 

m. Develop improved ground test techniques to 
better simulate lightning conditions. 

The program is complex, it requires consolida- 
tion of resources (both monetary and expertise) 

and cooperation between the U.S. Air Force (Flight 
Dynamics Lab, Weapona Lab, Patrick Air Force Base), 

NASA (Kennedy Space Center), U.S. Navy (Naval Research 
Lab.), and ONERA (Office of National D"Etudes et de 
Recherches Aerospat i tltl). 

A block diagram of the organizations involved 
is shown in figure 1. Also shown are the means by 
which they are administratively coupled. 

A breakdown of the major components required 

for the airborne research are as follows: 

o Research Aircraft - The selection of the aircraft 

has critical to the success of the entire program. 
The aircraft was required to be large enough to 
contain the entire instrumentation system including 

the data retrieval system and operators. Have the 
capability of remaining on station for periods of 3 to 
4 hours at altitudes between 2,000 and 20,000 feet, 

yet have adequate speeds to be vectored to thunder- 
storms at distances up to 100 miles from the base 
station. The aircraft had to exhibit a history of 
extreme safety in the thunderstorm environment. The 
FAA Technical Center's Convair C-580 aircraft (N-49) 
(figure 2) exhibited all the aforementioned pro- 
perties and most important was availble. 

The aircraft was modified by having the special 

deiigned sensors installed to measure the effects 
of both direct- and near-lightniag strike effects 
(figure 3). The addition of the wing booms (figure 4) 

required that the aircraft be placed into an experi- 
mental status, which precluded the transportation of 
passengers. 

Note:  I" must be emphasized that an in-depth safety 

evaluation was conducted to ensure that the aircraft 
operations would be conducted safely. Lightning 
Technologies, Incorporated, was contracted (this 
company is under contract for the safety evaluation of 
the NASA F-106B aircraft) to conduct this evaluation. 

o Research Instrumentation System - The instrumen- 
tation concept consists of a number of electro- 

magnetic sensors which measure the electromagnetic 
fields during the lightning strike to the aircraft 
(figure 3).  The instrumentation will be simulta- 
r.eourly triggered from either an I, I, B, or D 

signal.  The Tektronic 7612 digitizer tice window 
uses 2048 available samples with a basic 5 ns samplir.? 
rate. 

This instrumentation system will be contained in cne 
passenger compartment of the aircraft. 

The following instrumentation systems will be 
installed on the aircraft: 

- Lightning Characterization System - This will 
involve transient measurement sensors 
specifically designed for this project 
coupled to Tektronic 7612 digitizers and a 

28-channel HP analog recorder (figure S). 

Time correlation will be utilized. 

- Static Field Mill Measurements - A total of 
four field mills will be installed on the 
aircraft. The field mill output will be fed 
into an analog computer which calculates 

Ex, Ey Esand Q. These result* will 
be stored on a 9-track digital recorder and 
presented in analog form in real-time on a 

strip-chart recorder (figure 6). 
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- VHF Radiation Field - ONERA conducted VHF 
radiation field measurements utilizing a 63 
MHZ and 120 MHZ aircraft antenna (figure 3). 

- E & H Field Measurements - ONERA has utilized 
"E" and "H" field sensors located on the 
wings inboard of the engines to measure the 
rate of change of the field in this area 
(figure 3). 

- Thunderstorm Detection Measurement - Storm 
detection equipment has been installed on the 
aircraft, primarily to aid in vectoring the 
aircraft towards thunderstorms.  The data has 
been recorded on a digital recorder. 

- Television Monitor System - A television 
video system will be installed to continu- 
ously monitor both wing tips and the top of 
the aircraft. 

- Turbulence Measurements - A turbulence 
measurement system will be installed on 
the aircraft to record the actual turbulence 
experienced by the aircraft. 

Research Measurements 

D-Dot, B-Dot, and 1-Dot are the measurements 
of choice as determined by a group of technical 
experts representing industry, academe, and 
government.  D-Dot is related to rate of change of 
electric field.  I-Dot is rate of change of strike 
current to the boom; and B-Dot is rate of change 
of magnetic flux density. The amplitude ranges 
are based on a nominal strike with 10,000 amperes 
and 500,000 volts per meter change in 0.1 micro- 
second. Thv B-Dot range corresponds to the D-Dot 
generated by the above current at 1-meter radius 
(table 1). 

o Turbulence Measurements - A turbulence measure- 
ment system was installed on the aircraft to 
record in real-time the actual turbulence the 
aircraft is subjected to during the thunderstorm 
penetrations. The system will ultilize a time 
reference system and output from the Inertial 
Navigation System for data analysis purposes 
(figure 7). * 

Electromagnetic Sensors 

The sensors used in the lightning instrumentation 
system are derived from designs developed for 
nuclear electromagnetic pulse measurements. The 

sensor response to rates of change of the light- 
ning electromagnetic characteristics (as opposed 
to the current and fields, directly) accentuates 
the recording of the higher frequency components 
of the lightning process. Since the magnitudes of 
induced voltages (and currents) are proportional 
to rates of change of the lightning electro- 
magnetic characteristics, enhanced definition of 
the more interesting (from an induced effects 
viewpoint) portion of: the spectrum is obtained. 
The sensor sensitivity is calculated based on 
sensor geometry and then checked using a parallel- 
plate transmission line or Simula- type 
calibrator. 

Measurement Locations 

The electromagnetic sensors are located on 
the aircraft in regions where the field strengths 
are the greatest. Lightning currents contain 
frequency components high enough to excite the 
electromagnetic resonances of the aircraft; thus; 
the strongest fields occur at the antinode points 
of the resonances.  For the lowest frequency 
resonances, the charge, and therefore the electric 
field antinodes occur at the extremities of the 
aircraft and the current and magnetic field 
antinodes occur at ehe center.  Thus, the D-Dot 
sensors are located near the ends of the nose, 
tail, and wings, and the B-Dot sensors are located 
near the center of the fuselage.  Practical 
considerations, such as the location of access 
panels, dictate the exact sensor locations 
(figure 3). 

Summary 

In summary, this program is expected to pro- 
vide both qualitative and quantitative infromation 
to expani the understanding of lightning phenomena 
and to provide a data base for establishing aircraft 
lightning protection criteria. The data will be in- 
valuable for the validation of the lightning charac- 
terization models previously developed. 

The entire aircraft community will be provided 
with the data and information needed to ensure that 
the full advantages of the rapid expanding fields of 
microelectronics and advance technology structural 
materials are realized. 

TABLE 1.  RESEARCH MEASUREMENTS 

MEASUREMENT 

Rate of Change of Electric 
Flux Density 

Rate of Change of 
Magnetic Flux Density 

Rate of Change of 
Current 

SYMBOL 
AMPLITUDE 

RANGE SENSOR TYPE 

50 A/«2 
Flush Plate 
Dipole 

2 X 104 Tesla/sec 
Multigap 
Loop 

1011 A/sec 
Inductive 
Current Probe 
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, Abstract 

A CV-580 aircraft, instrumented with electromagnetic field and current sensors, was flown in 
central Florida during the summer of 1984. A ground test site located at the eastern tip of Cape 
Canaveral Air Force Station was also instrumented with electromagnetic field sensors. The ground 
sensors were mounted on the beach about 80 ft from the ocean. A ground plane was extended from 
the water to the sensors so that the fields, radiated by lightning discharges over the ocean, 
would propagate to the sensors without being affected by ground conductivity. Time code between 
the aircraft and the ground site was synchronized with an accuracy of one millisecond. 

Twenty one lightning discharges attached to the aircraft. The electric and magnetic fields 
for one of these flashes were recorded simultaneously at the aircraft during the direct strike 
and at the ground site 68 km away. The airborne data show that the aircraft triggered an 
intracloud lightning discharge that lasted 1.2 s and consisted of an initial active phase for 
about 40 ms and 12 large isolated pulses during the remainder of the flash. Some of the pulses 
during the initial active discharge and two of the isolated pulses in the aircraft were 
correlated with the radiated fields measured at the ground site. 

INTRODUCTION 

During 1984 a Federal Aviation Administration 
(FAA) Convair 580 (CV-580) aircraft was instrumented 
to measure the electromagnetic fields and currents 
produced by lightning attachment to the aircraft. 
The aircraft was flown in central Florida near and 
inside active thunderstorms at altitudes between 
2,000 and 18,000 ft and regions of precipitation 
radar returns less than 40 dBz, The aircraft was 
instrumented externally with five magnetic field 
sensors, five electric field sensors, two current 
shunts, and two VHF antennas. Internally, three 
clip-on current probes were used to determine induced 
transients on aircraft wires and ■ wire loop was 
monitored to measure induced voltages due to aperture 
coupling. Twenty eight channels of continuous analog 
data with a 2 MHz bandwidth in the direct channels 
and 500 kHz bandwidth in the FM channels were 
recorded in the aircraft. Six Tektronix 7612 
wavefora digitizers with a sample rate of 5 ns and 
two channels of 2048 samples were also used in the 
aircraft. 

A ground station was placed at the eastern most 
tip of the Cape Canaveral Air Force Station, Florida 
to record the electric and magnetic fields produced 
by the lightning discharges that attached to the 
aircraft. Four flush plate dipole electric field 
antennas and two magnetic field loop antennas were 
used to detect the electric and magnetic fields 
produced by distant lightning flashes which might 
attach tu the aircraft. The electric and magnetic 
field signals were recorded continuously in an analog 
recorder with a 2 MHz frequency response. The 
derivatives of the electric and magnetic fields were 

also recorded by using two 7612 waveform digitizers. 
In this paper we analyze the simultaneous electric 
and magnetic field records from the aircraft and the 
ground station during a lightning strike to the 
aircraft on 5 Sept 84 at 23:30:36. 

AIRCRAFT INSTRUMENTATION 

Figure 1 shows the location of the external 
sensors mounted on the skin of the ai.craft. Five 
surface current rate of change sensors designated as 
J were mounted on the aircraft at the forward upper 
fuselage USFlJF). aft upper fuselage (JgAUF)» bottom 
left wing (Js»,j,). bottom right wing (->SRRV,). and t°P 
left wing ' !■!(._,„)• Five displacement current 
sensors designated as J were mounted on the left 
wing tip (J ), right wing tip (JNRUT). Cop right 
wing (JNTRVJ. forward upp*r fuselage (^pnp1 • and 

vertical stabilizer UNVS)• One current shunt was 
mounted on eajh wing tip UB„ and I,y)> 

All the surface current rate of change sensors 
except the one mounted on the top left wing (JST,M) 
were designed by EG&C (1). The EC&C J sensors were 
a modified version of the radial Multi-Cap Loop (MGL) 
ground plane B-dot Model 5 (MCL-5). This type of 
sensor has an equivalent area of 0.001 m2, a 
frequency response In excess of 700 MHz and a 
risetime of 0.5 ns. The J sensor was designed in 
France and provided by the TJffice National d'Edudes 
et de Recherches Aerospatlales (ONERA). The physical 
dimensions and shape of the French sensor were 
comparable to the MCL-5 sensor. 

- 
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Fig. 1. CV-580 Transient electromagnetic sensor 
locations (Arrows indicate direction of 
positive current flow). 

All the displacement current rate of change 
sensors except the one mounted on the top right wing 

theeJ#pWoVeJWi 
(JNTRU) were designed by .EG&G (1). The J 
and T were the EG&G Flush Pia 
sensors with an equivalent area of .01 m2. The JNFIIC 
was the same design but with an equivalent area of 
.005 m2. These EG&G sensors have a frequency 
response in excess of 350 MHz and a risetime of 1 ns. 
The JNTJ1U sensor was designed in France and provided 
by ONERS for this project. The French sensor was a 
Hollow Spherical Dipole (HSD) capable of detecting 
fields between 100 V/ra and 316 kV/m with a frequency 
response from 100 KJ to 130 MHz, and a risetime of 
3.5 ns. 

The outputs of the surface and displacement 
current rate of change sensors were integrated and 
recorded in a 28 channel Honeywell 101 analog 
recorder. With the exception of the -lur,,,; sensor, 
the J and J sensors were integrated using a 3.13 ins 
time constant and recorded on direct channels of the 
analog recorder (400 Hz to 2 MHz response) with a 40 
dB dynamic range. The '«pur sensor output was 
Integrated using a 220 ms time constant and recorded 
on three different channels. Two outputs with 
different ranges were recorded on FM modules of the 
analog recorder with a frequency response from DC to 
500 kHz and the third output was monitored en a strip 
chart recorder. The electric field measurement range 
for the J . J , and J was from 4 kV/m to 1 
MV/m and Tor theNU!A was from 22.5 kV/m to 2.25 
MV/m. These electric Yield ranges were obtained from 
the integrated data in the analog recorder assuming 
the permittivity of free space. Similarly, the 
magnetic field measurement range for the JS£E» 

J
SAF> 

Jo.-.,, and J„„,„ was from 48 A/m to VS00    R7n, SRRW,' "'11    "SBLW . , , ,, assuming the permeability of free space. 

A solid shield semi-rigid 0.25 inch diameter 
heliax cable FSJ1-50 was used to carry the signals 
from the external J_, J,., and I sensors to the signal 
conditioner panels. The corrugated solid copper 
outer conductor of the heliax cables was grounded at 

intervals of no more than two feet throughout the 
aircraft to reduce coupling from electromagnetic 
fields. The splitters, attenuators, amplifiers, 
buffers, and integrators were located inside the 
signal conditioner panel. 

A six channel Gould ES1000 electrostatic strip 
chart recorder was operated continuously during 
flight. The integrated channel of the JNFUF. 

the two 

wing tip currents the aircraft time code, and a 
trigger signal were monitored in the six channels. 
The JNFPF integrated signals monitored on the strip 
chart were sensitive to transient electric fields at 
the aircraft produced by lightning flashes within a 
few kilometers of the aircraft. 

GROUND STATION INSTRUMENTATION 

A US Air Force instrumentation trailer, 12 ft 
high and 36 ft long, was located at Cape Canaveral 
Air Force station about 100 ft from the ocean. Four 
flush plate dipole electric field antennas and two 
magnetic field loop antennas were used to detect the 
electric and magnetic fields produced by distant 
lightning. These antennas were located on the beach 
about 70 ft from the trailer. The signals from the 
antennas were transmitted through conduit to the 
instrumentation trailer. An 80x20 ft2 aluminum wire 
mesh extending into the ocean for 20 ft was built to 
provide a highly conductive path from the ocean to 
the sensors. 

The signals from the electric and magnetic field 
antennas were integrated and recorded in a Bell & 
Howell 3700B analog recorder using channels with 
different gains to increase the dynamic range. The 
overall dynamic range of the system was from 2 V/m to 
100 kV/m for the electric field and 0.02 to 5 A/m for 
the magnetic field. All the ground field data 
presented in this paper was recorded in direct 
channels with a frequency response from 400 Hz to 2 
MHz. IRIG B timing data available at the Cape 
Canaveral AFS/Kennedy Space Center complex was made 
available at the ground site, recorded on the analog 
recorder and the strip chart and transmitted to the 
aircraft during the first few minutes of flight. The 
aircraft was synchronized to the 1 kHz carrier in the 
IRIG B signal and time correlation better than one 
millisecond was maintained during the duration of the 
flight. 

CORRELATED AIRBORNE AND GROUND DATA 

On 5 Sept 84 at 23:30:36 Z, the CV-580 aircraft 
was struck by lightning while flying about 68 km 
south of the ground site. The aircraft was flying in 
clouds in an area of slight turbulence. Figure 2 
shows a mapping of the precipitation returns as 
measured by the Daytona Beach, Florida weather radar 
station. Thi_ black areas indicate regions of 
precipitation returns in excess of about 30 dBz. The 
inner circle corresponds to a radius of 25 nautical 
miles. The location of the aircraft and the ground 
site are shown as A and G, respectively, on the 
weather radar picture. At the time of the strike the 
aircraft was flying at an altitude of 18,000 ft with 
an outside air temperature of -3*C. 

Figure 3 shows some of the analog data recorded 
in the aircraft and on the ground site during the 
beginning of the discharge. The top six traces were 
played back from the analog recorder on the aircraft, 
whereas the bottom four traces show some of the 
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Fig. 2. Mapping of precipitation returns for 
the thunderstorm as measured by the 
Daytona Beach, Fl weather radar station. 
A is the location of the aircraft and G 
is the location of the ground site. The 
circular lines are 25 NM apart. 

simultaneous far field data on the ground station 68 
km away. The top trace i3 the integrated JNnlF 
signal recorded on an FM channel. The second trace 
shows the time of the trigger signal for the digital 
data. The threshold level was set to 1500 Teslas/sec 
for any of the J sensors. The first pulse that 
exceeded the threshold level for digital signal 
acquisition occurred 4 ms after the initial 
attachment. The next three signals correspond to the 
integrated J_, J„Lwr and J recorded in direct 
analog recorder channels. The sixth signal from the 
top is the reference time code recorded in the 
aircraft. The bottom four signals are, from top to 
bottom, the vertical electric field, the north and 
east component of the magnetic field, and IRIG B time 
code signal from the ground site. The small sinewave 
in the time signal has a period of 1 ms. 

The first indication of the discharge is seen as 
a slow rise of the electric field on the forward 
upper fuselage (E_UF) on the top trace of Figure 3. 
The E rises to 320 kV/m in about 1.5 ms then 
decays slightly to 270 kV/m in the next 0.5 ms before 
undergoing a field change from 270 kV/m to -550 kV/m 
In 0.1 ms. This large field change corresponds to 
the time of the lightning attachment to the aircraft. 
The slow positive electric field change In the E 
prior to the discharge indicates a variation in the 
charge near the aircraft. Assuming an average leader 
velocity of 1.5x10 m/s (2), the initial 1.5 ms field 
change will correspond to a leader propagation of 300 
meters. It appears that the aircraft triggered the 
discharge by flying about 300 m from a charge center. 
If a faster propagation velocity of 10 m/s is 
assumed, the leader would have to propagate 1.5 km 
before aircraft attachment. In that case the 
aircraft would have Intercepted the discharge. On 
the contrary, for slower leader velocity the radius 
of aircraft Influence might be only 100 or 200 m. 
For the first 40 ms after the Initial attachment, 
there are a large number of pulses flowing throughout 
the aircraft as shown in Figure 3.  The pulse 

repetition rate reaches a maximum of about 103 

pulses/sec. This variable pulse repetition rate 
probably occurs due to the discharging of many 
pockets of charges during the initial active phase 
(3) of the intracloud discharge. The first pulse of 
the flash in the electric field record at the ground 
site corresponds to the 270 kV/m to -550 kV/m 
transient in the forward fuselage of the aircraft. 
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Fig 3.  Simultaneous displays of the analog records 

during the beginning of the lightning 
flash. The top six traces were recorded 
in the aircraft and the bottom four traces 
were recorded at the ground site. 
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There are three other significant pulses on the 
ground site with a magnitude of at least twice the 
noise level of the recorder during the first few 
milliseconds. The largest of these pulses occurs 
about 2 ms after the initial lightning attachment. 

Figures 4(a)-(d) show simultaneous electric 
field data iv. a one millisecond window recorded in 
the aircraft analog recorder at the time of the 
initial attachment. Figure 4(a) shows the 270 kV/m 
to -550 kV/m transient on the forward fuselage 
electric field record at the time of the initial 
attachment. Figures 4(b), (c), and (d) show the 
electric field on the vertical stabilizer, right 
wingtip, and left wingtip during the same period. 
The first large transient in the electric field 
record is about 100 kV/m and occurs about 245 us from 
the beginning of the window of the vertical 
stabilizer data on Figure 4(b). The vertical 
stabilizer sensor measures the horizontal component 
of the electric field and, during this transient, the 
right wingtip electric field record shows a field 
change of about 65 kV/^i with no correlated data on 
the left wingtip. These data show that there may 
have been a primarily horizontal discharge from the 
vertical stabilizer to the right hand side of the 
aircraft before the larger electric field change on 
the forward fuselage. 

Figure 5 shows a one millisecond expansion of 
the left wingtip electric field analog data starting 
1.2 ms after the large electric field transient in 
Figure 4(d). This figure is shown to illustrate the 
variable structure of the pulse trains during the 
initial lightning attachment. During the 1984 
program, pulses with 30 ns risetime and a few hundred 
nanoseconds pulse width were recorded in the digital 
system (4). However, many of the pulses have a much 
slower risetime and wider pulse width. The first 
pulse at the beginning of Figure 5 has a risetime of 
15 us and a pulse width of 30 us. However, the first 
pulse risetime is not shown in the picture. The 
second wide pulse has a risetime of 50 us and a pulse 
width of 200 us. The third pulse has a risetime and 
pulse width of 40 us. Finally at the end of the one 
millisecond window there is another pulse with a 
risetime of 20 us and pulse width of about 40 us. 
The pulse width of the last pulse is not fully shown 
in the figure. None of these wider pulses appear to 
be bandllmited by the 2 MHz frequency response of the 
analog recorder channel. During this one millisecond 
expansion the pulse repetition rate Is 4x10s 

pulses/sec; however, over a wider window In the 
•ctive region the pulse rate is closer to 10s 

pulses/sec. The measured pulse width is related to 
the length of the channel and the velocity of the 
wave attaching to the aircraft. Assuming a leader 
velocity of 10 m/s the channel lengths neutralized 
by these four pulses were 300, 2,000, 400, and 400 
meters, respectively. However, the channel length 
could have been auch smaller if we assume a faster 
leader velocity. 

Figures 6(a)-(d) show a 102 us window of a fast 
transient pulse that occurred 438 as after the 
beginning of the Initial lightning attachment. The 
pulse is bandllmited by th« analog recorder syatea. 
Figure 6(a) shows a 260 kV/a electric field transient 
at the forward fuselage which is band limited by the 
500 kHz bandwidth of the FM channel. Figures 
6(b),(c), and (d) show simultaneous electric field 
transients of -100 kV/a. -140 kV/a, and -70 kV/a on 
the vertical stabilizer, right wingtip, and left 
wingtip, respectively. Figures 6(b),(c), and (d) are 

it J vn t-tr <*o  M-MV-44 m  IM) i t-t  BKF CA 

Fig 4.  Simultaneous analog data recorded In the 
aircraft uver a one millisecond window at 
the beginning of the lightning discharge, 
(a) Electric field on forward upper fuse- 
lage,(b) Electric field on the vertical 
stabilizer,(c) Electric field on the right 
wlng,(d) Electric field on left wing. 

bandliaited to the 2 MHz frequency response of the 
direct record channels. Theae isolated pulses during 
the junction phase of the tntracloud discharge are 
often larger and faster than the pulses during the 
initial aircraft lightning attachment. 

Figure 7 shows soae of the analog records for 
the 1.2 sec duration of the flash. After the initial 
leader and aircraft lightning attachment, there was 
an active discharge phase that lasted about 40 as 
with at least 42 pulses larger than twice the noise 

•Tr-rTj- 
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Fig 5. One millisecond time window of the elec- 
tric field on the left wing starting 1.2 
ms after the lightning attachment. 
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Fig 6. Simultaneous analog data recorded in the 

aircraft over a 102 us window about 438 
ms after the beginning of the discharge, 
(a) Electric field on forward upper fuse- 
lage, (b) Electric field on the vertical 
stabilizer,(c) Electric field on the right 
wing,(d) Electric field on left wing. 

level. After completion of the initial active 
period, there were about 20 other pulses distributed 
over the entire duration of the flash. The pulse 
during the beginning of the aircraft attachment, some 
of the pulses during the active discharge phase and 
one of the isolated pulses in the junction phase of 
the discharge have been presented. Some of the 
pulses produced by the radiated fields on the ground 
site will now be discussed. 

Figure 8 shows a 204 ys time window of the 
largest pulse measured at the ground site at the time 
of the lightning attachment. It is impossible to 
show simultaneous pulses with a microsecond 
resolution between the aircraft and the ground site 
because the IRIG B reference is only one millisecond. 

Figures 8(a),(b), and (c) show the simultaneous 
vertical electric field and the two directions of the 
magnetic field records for the largest electric field 
pulse of the intracloud discharge. This pulse 
occurred about 3 ms after the initiation of the 
discharge and is the largest pulse on the seventh 
trace from the top in Figure 3. The electric field 
transient was 13 V/m and the correlated magnetic 
field transients were 0.459 A/m and 1.095 A/m in the 
North-South and East-West directions, respectively. 
Since the aircraft lightning attachment occurred over 
lard about 68 km south of the ground site, most of 
the radiated fields produced by the discharge were 
attenuated by the ground propagation. The pulse 
shape of the electric and magnetic fields measured 
for this flash has similar characteristics to those 
reported by Weidman and Krider (1979), and Krider et 
al (1975), (4) and (5). However, their typical 
electric field magnitude for flashes between 15 and 
30 km was 20 to 25 V/m (4). The reported (5) 
magnitudes of the magnetic flux density for 
intracloud flashes within 50 km were 5 to 10x10 
Teslas. The puLae in Figure 8 has magnetic fields of 
14x10 and 6x10 Teolas. This intracloud discharge 
had a much larger electric field level than would be 
obtained by extrapolating Weidman and Krider's and 
Krider et al's results for this distance. Some 
simultaneous radiated fields were also measured on 
the ground site during the isolated pulses of the 
junction phase of the intracloud discharge. 
Therefore, it is very clear that the lightning 
discharge that attached to the aircraft was a large, 
intracloud discharge. 

CONCLUSION 

We have presented simultaneous analog data on an 
aircraft and at a ground site 68 km away for an 
intracloud lightning discharge that attached to the 
aircraft. It is shown that this discharge is larger 
than the typical intracloud discharge data presented 
in the literature. This is an Important point 
because there have been some claims reported at 
previous conferences thtt the lightning attachment to 
the aircraft might be produced by a "baby lightning", 
which Implies a small discharge around the aircraft. 
This is not the case for this flash and our analysis 
indicates that this does not appear to be the case 
for any of the lightning discharges that attached to 
the CV-580 aircraft during the 1984 summer program. 

It is also evident from the analog records that 
there are two different phases during the Intracloud 
discharge as measured In the aircraft during 
lightning attachment: the initial and very active 
discharge phase with a pulse repetition rate of about 
10s pulses/sec and duration near 40 ms and the 
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Fig 7, Simultaneous displays pf six of the analog records in the aircraft during the lightning discharge. 
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Fig 8. Simultaneous records of the vertical elec- 

tric field (a) and the two magnetic fields 
(h) and (c) measured at the ground site 68 
km away from the intracloud discharge. 

junction phase which is characterized by isolated 
pulses. The largest pulses In the intracloud 
discharge are usually found in this junction phase. 
The risetime of the pulses in the discharge can be 
faster than the 350 ns step response of the analog 
recorder or as slow as 100 us. The pulse width of 
the pulses in the discharge can also be quite 
variable and narrower than recorder bandwidth or as 
wide as several hundreds microseconds. We hava 
related the width of the pulse to the length of the 
lightning channel. 

We also analyzed the Initiation of the discharge 
by examining the electric field data obtained with a 
220 ms Integration constant and recorded in a channel 
with a DC frequency response. From this data it 
appears that the aircraft triggered the discharge by 
flying within 300 m from an active,charge center. If 
the leader velocity is near 1.5x10 m/s, it is highly 
likely that an intracloud discharge was about to 
happen in the next few seconds and the aircraft just 
happened to be the triggering source by enhancing the 
field in the proximity of the charge center. 
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Abstract - 

This paper presents a characterization of lightning attachment to aircraft on the basis of a 
large amount of data collected during the C-130 1981 program (2 strikes), the CV-580 1984 program 
(21 strikes), and the C-160 Landes program (18 strikes). These data were collected in Florida 
(C-130 and CV-580) and in France (C-160) at altitudes ranging from 2000 to 18000 ft. The 
parameters being characterized are the variations of the currents and the electric and magnetic 
fields on the aircraft surface during aircraft lightning attachment. 

The analog data for the electric and magnetic fields during lightning attachment are similar 
for all the flashes. Lightning attachment to the aircraft appears to be initiated by a leader 
process which lasts about one or two milliseconds. This process is usually followed by a fast 
pulse similar to those of ground return strokes. After this initial pulse, there is a very 
active period of 20 to 60 milliseconds which is characterized by a pulse repetition rate of 1000 
pulses per second. The remainder of the flash contains isolated pulses similar to those obtained 
during the final or junction phase of intracloud discharges. 

Typical pulse structures and the pulse repetition rates are described including the fine 
structure of some large pulses obtained with a 5 ns sampling rate for some flashes. These pulses 
show evidence of resonances due to the aircraft geometry. 

INTRODUCTION 

In May 1982 the IEEE Transactions on 
Electromagnetic Compatibility published a special 
issue on lightning and its Interaction with 
Aircraft. The articles in this volume contain a 
discussion of the lightning phenomenon, its 
interaction with the aircraft and the various 
aspects of lightning protection. These articles 
constitute a survey of the body of knowledge In this 
area of research. The paper "Triggered Lightning" 
(1) published in this issue contains an excellent 
discussion of the aircraft lightning interaction and 
summarizes the data collected during the various 
lightning research programs through 1981. 

Since 1981 a significant amount of lightning 
attachment data has been collected and analyzed In 
four research programs In the WC-130. CV-580, C-160, 
and the F-106 aircraft. This paper summarizes some 
of the data collected in the first three programs. 
These aircraft were flown at altitudes between 2,000 
and 20,000 ft near and on the edges of active 
thunderstorms. There are many similarities among 
the data collected in different flashes for the same 
aircraft and among the three types of aircraft to 
derive some conclusions about the overall 
characteristics of the aircraft lightning attachment 
process. Specifically, we have analyzed r.he analog 
data collected during the Initial attachment of 
lightning to the aircraft and the digital pulse 
structure during the flaah. 

LIGHTNING INITIATION 

Overall Characteristics. 
During  1984  the  CV-580  aircraft  was 

Instrumented with five surface current rate of 

change sensors, five displacement current rate of 
change sensors and two current sensors(2). The 
aircraft was flown in central Florida between 11 
July and 5 Sept 84. The surface current and 
displacement current sensor readings were 
proportional to the rate of change of the magnetic 
and electric field, respectively. The outputs of 
all the electromagnetic field .sensors were 
integrated and recorded In a wideband analog 
recorder. Whenever the derivative output of the 
electromagnetic field sensors exceeded a preset 
threshold level, a window of 10.24 us was ac ,ulred 
with a sample every 5 ns. The combination of the 
high resolution digital data for specified Intervals 
and the lower frequency resolution analog data 
provided Information on the processes during 
lightning attachment to the aircraft. 

We studied the forward fuselage electric field 
records during the beginning of all the lightning 
attachments to the CV-580 aircraft for which analog 
data was recorded. This sensor Instrumentation was 
designed to record electric field between 22.5 kv/m 
and 2.25 MV/m. Figure 1 shows a block diagram of 
the sensor instrumentation. The input signal to the 
0.005 m1 area sensor was Integrated with a 220 ms 
time constant, split Into two channels to increase 
the dynamic range and recorded in two FM channels of 
the Honeywell 101 analog recorder with a frequency 
response from DC to 500 kHz. This sensor does not 
detect electrostatic fields, but with this long time 
constant it can measure a very slowly varying field. 
A positive field change on the recorder corresponds 
to the lowering of negative charge for an Identical 
field Instrumentation on a ground site. 

Figures 2, 3, and 4 show the electric field 
measured on the forward fuselage and recorded on the 
analog  recorder  during  the beginning of  the 
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Fig 1. Block diagram of the forward upper 
fuselage electric field sensor used 
in the CV-580 aircraft. 

lightning discharge. Figure 2 shows the electric 
field during the initiation of 10 different 
lightning discharges. The horizontal scale for all 
flashes is 3 ms per division and the vertical scale 
is 320 kV/m per division. Figures 2(a) and (b) 
occurred 11 July 84 at an altitude of about 14,000 
ft prior to the beginning of the discharge, the 
electric field is saturated in the positive 
direction indicating negative charge on the 
aircraft. All the lightning strikes in Figure 2 
were obtained with the aircraft flying at either 
14,000 or 18,000 ft with an outside air temperature 
between 5°C and -70C. Figures 2(c)-(j) start from 
zero electric field. During the beginning of all 
ten flashes there is a slow negative electric field 
change lasting about 2 ms followed by a positive, 
faster field change. The attachment to the aircraft 
occurs during the positive, faster field change. 
Figures 2(c)-(j) were obtained at the beginning of 
eight different lightning attachments on 13 July, 
7 Aug, and 5 Sep 84. For flashes 2(c)-(j) there was 
no indication in any of the sensors being recorded 

I 

Fig 2. Forward fuselage electric field measurements during the initiation of 10 different lightning 
discharges. The horizontal 3cale is 3 ms per division. The vertical scale is 320 kV/m. 
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that a flash was going to occur prior to the 
negative-going field change. The slow negative 
field change in the 10 flashes represents a 
variation of the charge near the aircraft produced 
by a leader propagation. Even though the leader 
velocity is not known, the short duration of the 
negative leader prior to the discharge probably 
indicates that the distance over which the leader 
propagated did not exceed 300 m. The presence of 
the aircraft in a highly electrified field is 
sufficient to enhance the ambient electrostatic 
field to a level where breakdown occurs. All the 
ten aircraft lightning attachments in Figure 2 
appear to be triggered by the presence of the 
aircraft. All these flashes show about the same 
leader duration indicating about the same distance 
from a high electric field region within the cloud. 

Figure 3 shows the same type of data with three 
other lightning strikes on the aircraft while flying 
at 18,000 ft. Figure 3(a) corresponds to a strike 
on 7 Aug 84 and Figures 3(b) and (c) were recorded 
on 5 Sept 84. Figure 3(a) shows a variation of the 
electric field on the aircraft surface for over 30 
ms prior to the lightning attachment. Figure 3(b) 
shows a variation of the rate of change of the field 
for about 15 ms prior to the discharge. Finally, 
Figure 3(c) shows a leader change for at least 3 ms 
prior to attachment. The traces shown in Figures 
3(a) and 3(b) are substantially different than those 
in Figure 2. The fact that there is a substantial 
field change between 3 and 30 ms prior to the 
attachment appears to indicate that the aircraft did 
not trigger these discharges. Probably the aircraft 
intercepted a branch of a propagating lightning 
discharge instead of initiating the discharge as it 
appears to have done in the cases in Figure 2. 

Figure 4 shows the forward fuselage field 
change during an aircraft lightning attachment at 
4,000 ft. The aircraft was just above the bottom of 
the cloud, which was estimated at 3,500 ft. This 
discharge has different characteristics than the 13 
flashes shown in Figures 2 and 3. First, a negative 
electric field change is detected for at least 5 ms, 
showing a leader propagation, then the attachment 
occurs. The only three fast pulses in the flash are 
shwn in Figure 4. unlike the other flashes where 
significant field changes are detected for hundreds 
of milliseconds after the initial attachment, most 
of the charge transfer in this flash occurred in the 
first tens of milliseconds. Ue could not confirm 
that this flash hit the ground. If the flash was a 
cloud-to-ground discharge, it probably consisted of 
only one return stroke. If the discharge did not 
make ground contact, it was a natural intracloud 
discharge In the lower levels of the clouds and 
transferred a small amount of charge. In any case, 
the long leader indicates that the aircraft did not 
trigger the lightning discharge. 

Figure 5 shows the current flow on the left 
wing tip and the electric field on the right wing 
and the vertical stabilizer during the first 100 ms 
of a flash 7 Aug A4 at 18,000 ft In the CV-580 
aircraft. The forward fuselage electric field for 
the first few Billiseconds of this flash is shown In 
Figure 2(e). According to our interpretation of the 
data, this flash was probably triggered by the 
aircraft. The flash lasted 460 ms and transferred a 
charge of about 10C coulombs through the aircraft. 
The continuing current flow drring Che Initial phase 
of the discharge shown in Figure 5(a) was about 250 
A and the charge transferred was 30 C.  There were 

(•) 

Fig 3. 

Fig 4. 

(W 

(e) 

Forward  fuselage electric  field measure- 
ments during the  initiation of  3 different 
lightning discharges.    The horizontal  scale 
is 3 ms per division.    The vertical  scale 
is 320 kV/ra. 
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Forward fuselage electric   field measure- 
ment during an aircraft  lightning 
attachment at  40,000 ft.    The horizontal 
scale  Is 3 ms per division.     The vertical 
scale is 80 kV/m. 
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(a) 

I-'it, S. Current flow on Che left wingtip(a), and 
electric field on the right wing (b), and 
vertical stabilizer (c) during the first 
100 ms of a lightning attachment to the 
CV-SbC aircraft. 

many current pulses superimposed on the continuing 
current and the largest current pulse measured was 
i.S kA. However, after completion of the summer 
experiment, burn spots were noted near the current 
shunt due to arcing of the current in the channel. 
Our laboratory expe lment showed that the inductance 
in the current shunt circuit wae too large to 
measure rate of rise larger than 10 A/a. The 
current shunt measured correctly the continuing 
current levels but was limited to 10 A/s in the 
discrete current pulses before arcing occurred. 
Figures 5(b) and 5(c) show the simultaneous records 
of the electric field on the right wing and the 
vertical stabiliser for this flash. There are 
simultaneous electric field pulses on the right wing 

and the vertical stabilizer for all the discrete 
current pulses detected on the left wing, but there 
are many other field pulses which do not have large 
correlated current pulses. The largest electric 
field change pulse dur'" the first 100 ms was 171 
kV/m at the vertical staßilizer during the beginning 
of the discharge. However, the largest field 
changes in the flash occur during the Isolated 
pulses near the end of the discharge where about 250 
kV/m transients were measured on both wingtips and 
on the vertical stabilizer. Also there is a 
reversal of the polarity of all the electric field 
transients after the first 200 ms of the discharge. 
The junction phase (3) of the intracloud discharge 
has been characterized as containing large, isolated 
transients of opposite polarity as compared to 
earlier stages of the flash. 

Figure 6 shows the overall characteristics of 
one of the direct strike lightning attachments on 
the WC-130 aircraft at 17,000 ft in southern Florida 
on 17 July 1981 (4). Figures 6(a) and (b) show the 
traces of the analog electric field field on the 
forward and aft fuselage. Figures 6(c) and (d) show 
the magnetic field analog records which are 
proportional to current flow in the nose to tail and 
wing to wing direction. The traces on Figures 
6(a)-(c) are saturated because the aircraft 
instrumentation was designed primarily to measure 
the far fields produced by lightning. The flash 
lasted 295 ms and consisted of two phases. The 
first phase lasted 76 ms and had a pulse repetition 
rate greater than 10s pulses/sec. The second phase 
consisted of a few large, isolated pulses. The 
lightning strike swept across nine fastening screws 
spread along the upper fuselage from a spot outside 
the copilot's window to a spot near the wing. Also, 
one of the two HF antenna wires mounted between the 
upper fuselage and the stabilizer was burned in 
half. The magnetic field data on Figures 6(c) and 
(d) confirm the fact that most of the current 
propagated in the nose-to-tsil direction. 
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Fig 6.    Electric  (a),   (b) and magnetic  (c),   (d) 
fields measured at four aircraft locations 
during a lightning attachment  to the UC-130 
aircraft. 
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The overall characteristics of the discharge on 
the analog records for the two lightning strikes 
recorded in the WC-130 aircraft in 1981 were similar 
to those recorded in the CV-580 aircraft in 1984. 
Both aircraft flashes last about the same amount of 
time as natural lightning discharges and have 
similar pulse repetition rate and overall 
characteristics. 

The analog records of the Transall data (4) 
shown in Figure 7 are comparable to the data 
collected in the other programs and shows the large 
variability of the current pulses that propagate 
throughout the aircraft during lightning attachment. 

The variations in the pulse width between about 100 
ns and tens of microseconds indicate that the 
channel length may range between about 100 m and 
several kilometers. The Transall data does not 
appear to show current pulses larger than about 10 
kA flowing on the aircraft. This result is also 
consistent with the C-130 and CV-580. Regardless 
whether we measure the current directly or we infer 
its magnitude from the electromagnetic field values, 
no large peak current levels comparable to 
cloud-to-ground discharges are determined. 

Figures 7(a)-(e) show magnetic pulses detected 
in the Transall C-160 aircraft during some of the 
lightning attachment at altitudes between 14,000 and 
18,000 ft Mean Sea Level (MSI). The magnitude of 
the current pulses on the aircraft that produced 
these magnetic fields were between 3 and 7 kA. 
These pulses vary in risetlme, pulsewidth and pulse 
repetition rite. Figure 7(a) and (b) show pulses 
with riset.mes of about one microsecond and 
pulsewidthj of about 15 us. Figure 7(c) shows a 
double pulse with a pulse width of about 30 vs. 
Figure 7(d) shows the more complex structure of a 
slow negative pulse superimposed with faster 
positive pulses. Finally, Figure 7(e) illustrates 
the pulse repetition rate often encountered in all 
the alrbor.ie measurements of lightning attachment to 
aircraft. In Figure 7(e) the pulse repetition rate 
Is greater than 10 pulses/sec. 

Detailed Pulse Structure. 
So far we have discussed the lightning 

attachment characteristics derived from analyzing 
the wideband analog data with an upper frequency 
response of 2 MHz. All these lightning research 
aircraft were also Instrumented to record higher 
frequency currents and electromagnetic fields during 
lightning attachment by selecting a threshold level 
and capturing the first interval In the flash that 
exceeded the threshold level. 

Figure 8 shows four simultaneous digital data 
traces acquired by using Tektronix 7612 digitizers 
with 2048 data samples per channel and 5 na between 
samples. This data was obtained during one of the 
isolated pulses about 100 ms after the beginning of 
the flash. This was the first pulse that exceeded 
the preset threshold level of 1500 T/s. Figures 
8(a)-(d) show the displacement current density in 
A/ma recorded on the right and left wing and the 
surface current density on the right wing and aft 
fuselage, respectively. The largest field values of 
-21.7 A/ma and 2,065 T/a were measured on the right 
wing sensors. We subtracted the cable propagation 
delays from the data to determine the difference of 
the tine of arrival of the pulse st the various 
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Fig 7. Typical magnetic field pulses measured 
on the surface of the Transall C-160 
aircraft during lightning attachment. 
The horizontal scale is time in microseconds. 

sensors. The attachment occurred on the right wing 
and the right wing signals arrived first and had the 
largest magnitude. The time delay of the 
displacement current density pulse between the right 
wlngtlp and the left wlngtlp was 100 ns which 
corresponds to the speed of light propagation over a 
distance of 100 ft. The difference in the time of 
arrival of the displacement and surfacj current 
density first peak pulse between the right wlngtlp 
and all the sensors In the aircraft was roughly 
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equal to the time required for a pulse propagating 
at tla speed of light of 1 ft/ns. After the initial 
first peak pulse on the displacement and surface 
current density in Figure 8, there is a decaying 
exponential pattern. The subsequent peaks on the 
waveforms are obtained from the reflection of the 
current waveform when It strikes an aircraft 
boundary with a different impedance. The subsequent 
peaks on the damped sinusoidal waveform in Figure 
8(a) are obtained from the reflection of the initial 
current pulse as it propagates across and through 
the wings and fuselage and reflects from the 
opposite wingtip, the tail and the nose. The 
difference in the amplitude of the reflected pulse 
is due to the reflection coefficient of the 
boundaries. From this analysis and that of the 
digital data acquired in the summer 84 experiment, 
we concluded that the aircraft lightning channel 
propagated throughout the entire aircraft. Even 
though there may be a single entry and exit point in 
the aircraft, the electromagnetic fields propagate 
throughout the aircraft and reflect from all the 
boundaries. Additionally, there has to be a 
lightning channel at all the aircraft boundaries, 
otherwise the first peak of the field waveform in 
Figure 8(a) and others will be fully reflected when 
it reaches the wingtips, nose and tail of the 
aircraft. This type of analysis presents a new 
challenge to the standard lightning attachment 
patterns discussed on the SAE-4L Standards (5). 

Figure 9 shows one of the lightning pulses 
recorded with the Transall digital acquisition 
system. The pulse has a risetime of about 80 ns, a 
pulsewidth of 150 ns and roughly corresponds to a 
current pulse of 3 kA. The reflections of these 
pulse as it propagated to the aircraft boundaries 
are smaller than those obtained in the CV-580 
aircraft. These differences may be due to the 
differences of the aircraft impedances and the 
length of the lightning channel. 

CONCLUSION 

We have presented an analysis of the data 
collected in the C-130, CV-580 and TransaU C-160 
aircraft. Some of these data have been shown in 
time scales ranging from tens of nanoseconds to 
hundreds of mi 111seconds. To understand the 
mechanism of the lightning attachment to the 
aircraft, we have shown data r.bout the overall 
structure of the flash and the individual pulses in 
the discharge. We show that continuous wideband 
analog recording of the lightning discharge Is as 
important in this type of research as the high 
frequency resolution windows of the individual 
pulses. From the continuous analog data we can 
determine the role of the aircraft In the initiation 
of the discharge, and the overall structure of the 
flash. The latter provides some key parameters on 
aircraft lightning protection auch as pulae 
repetition rate and total charge and energy 
transferred through the aircraft, Fron the 
Individual high frequency pulses we can determine 
the peak magnitude and rate of rise of the currents 
and electromagnetic fields on the aircraft. The 
latter Information Is critical for protecting 
aircraft against Indirect effects while the early 
Information la needed to protect the aircraft 
against direct effects. 

(a)    SIGHT JUG 

T/s (xl03) 

Fig 8.  Displacement current density on the right 
wing (a) and left wing (b), and surface 
current density on the right wing (:), and 
aft fuselage (d) during the first pulse that 
exceeded the threshold level of 1500 T/s set 
for this flight. The total horizontal scale 
is 1.2 microseconds. 

Our discussion of triggered lightning based on 
the data in Figur** 2-3 indicates that the aircraft 
Is highly likely to trigger the lightning discharge 
when flying In close proximity to a charged region. 
Our limited data from between 14,000 and 18,000 ft 
show that aircraft mfght trigger about 75X of all 
aircraft lightning attachments. However, this 
percentage probably becomes much less at lover 
altitudes where there Is a smaller amount of charge 
and might become much larger at about 30,000 ft. 
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Fig 9.  Magnetic field pulse measured with a sample 
of 2 ns on the C-160 aircraft during a 
lightning attachment.  The total horizontal 
scale is 2 microseconds. 
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Abstract - Liqhtninq swept flash attachment oatterns and associated flight conditions recorded from 1980 to 
1984 during 1154 thunderstorm Denetrations and 637 direct strikes with a NASA F-106B research airplane in 
Oklahoma and Virqinia have been studied with an emphasis on lightning avoidance by aircraft and on aircraft 
protection design.    The individual lightning attachment spots, along with crew comments and photographic 
data from a cockpit-mounted video camera and an aft-facing, fuselage-mounted 16-mm movie camera have been 
used to identify lightning swept-flash attachment patterns.    The altitudes, ambient temperatures, 
turbulence and precipitation at which the strikes occurred are summarized and discussed.    It was found that 
the peak strike rate (2.1 strikes/min) occurred at altitudes between 38 000 and 40 000 ft, corresponding to 
ambient temperatures colder than -40°C.    Whereas only 34 strikes were experienced at altitudes below 20 000 
ft (ambient temperatures warmer than -20°C), 603 strikes were experienced above 20 000 ft altitude. 
Finally, although the swept-flash attachment patterns fall into four general categories, it has been found 
that any exterior surface of this airplane may be susceptible to direct lightning attachment. 

I - INTRODUCTION 

The NASA Langley Research Center Storm Hazards Program 
[1-5] is being conducted to improve the state of the 
art of severe storm hazards detection and avoidance, 
as well  as protection of aircraft against those 
hazards which cannot reasonably be avoided.    The 
primary emphasis of the program is being placed on 
lightning hazard research, although research into such 
areas as wind shear and turbulence [6] also is being 
conducted.    From 1980 to 1984,  1154 thunderstorm 
penetrations were made with an instrumented and 
lightning-hardened NASA F-106B airplane in Oklahoma 
and Virginia in conjunction with ground-based weather 
radar measurements by NOAA-National Severe Storms 
Laboratory (NSSL) and the NASA Wallops Flight Facility 
(WFF), resDectively.    During these penetrations, 637 
direct llqhtnlng strikes were experienced; in 
addition, llqhtnlng transient data were recorded from 
177 nearby lightning flashes.    Since 1982, the UHF- 
band radar at NASA WFF has been used to guide the 
airplane through the unner electrically-active regions 
of thunderstorms [7],    In 1984, the UHF-band radar 
also was used to provide guidance to electrically- 
active regions in thunderstorms at altitudes below 20 
000 ft. 

Two purposes of the Storm Hazards Program, other than 
the detailed measurement of the electromagnetic 
characteristics of airplane lightning strikes, are to 
quantify those conditions which are conducive to 
Ughtnlnq strikes to aircraft and to clarify some of 
the more questionable aspects of establishing 
lightning strike zones on aircraft.    Since some new 
aircraft designs in Incorporating larqe areas of skin 
and structure of composite materials, Improved 
knowledge of the susceptibility of various parts of 
the aircraft surface to lightning strikes is 
essential.    The present definitions of probable 

lightning strike zones [8 and 9] are based on past 
experience and tests in which scale models are 
subjected to simulated lightning strikes.    Initial 
results from the present program verified the need for 
further clarification of probable lightning strike 
zones.    To facilitate the determination of the 
liqhtninq swept-flash patterns on the F-106B airplane, 
an extensive onboard photographic system is used [10 
and 11].    The purpose of this paper 1s to update the 
lightning attachment point analysis and lightning 
strike condition data presented to this forum in 1983 
[4] by summarizing the data from 1980-1984 [11]. 

II    -      TEST EQUIPMENT AND TEST PROCEDURES 
11.1       Test Equipment 
11.1.1 F-106B research airplane 

A thoroughly Instrumented and lightning-hardened F- 
106B "Delta Dart'' airplane (figure 1) is used to make 
thunderstorm penetrations [2 and 3],    Based on the 
lightning experiences of this program, the lightning 
hardening procedures [2] now include removing paint 
from most most exterior surfaces of the airplane to 
reduce swept-stroke lightning dwell time, hence 
minimizing the chance of a lightning melt-through 
anywhere on the airplane.    Prior to each thunderstorm 
season, the llqhtnlng hardening Integrity 1s verified 
during ground tests 1n which simulated lightning 
currents and voltages of greater than average 
intensity are conducted through the airplane with the 
airplane manned and all  systems operating [2]. 

11.1.2 Airborne cameras and optics 

The lightning attachments to the airplane have been 
filmed by combinations of five onboard cameras [10, 
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11, and 12]. The characteristics of these cameras are 
qiven in table I, and the locations of the airborne 
camera system if    aw    chnidn    in    fir 

Since 1980, aft attachments have been viewed by a 16- 
mm movie camera mounted under a fairing on the left 
side of the fuselaqe (fiaures Kb) and 2), looking aft 
with a field of view including the left wing tip and 
vertical   tail.    From 1980-1983, this camera utilized a 
pin-hole instead of a lens, and was run continuously 
from cloud entry to cloud exit on each penetration 
[10].    Several   improvements were made to the camera in 
1984:    a wide-angle lens (table I) replaced the pin- 
hole for the reasons qiven in [11];    a heated window 
was installed to reduce the number of instances of 
fogging and icing previously experienced [10]; and, 
later during the 1984 season, this movie camera was 
modified further so as to trigger automatically via 
inputs from two liqht-sensitive diodes mounted behind 
the oilot's rear-view mirror (see figure 2 and [11]), 
facinq the nose boom.    In the automatic mode,  the 
movie camera could be preset prior to each flight to 
run at nominal   frame rates of either 200 or 400 
frames/sec, with a one second duration for each 
actuation.    At the nominal  400 frames/sec rate,  there 
were 126 exposed frames for each actuation, primarily 
due to the lag associated with camera motor start and 
motor acceleration/deceleration characteristics. 

Also in 1984, a black and white video camera (table I) 
was selected and installed in the cockpit between the 
pilot's ejection seat and the flight test engineer's 
forward instrument panel   (see figures Kb)  and 2). 
The only candidate camera acceptable,  for the reasons 
given in [11],  used a Charqe Induction Device (CIO) 
sensor.    The camera faced aft with a field of view 
encomoassinq both wing tips.    However,  the vertical 
tail was not visible because of the blockage caused by 
the aft bulkhead in the cockpit and bv the overhead 
canopy rail.    The video recorder was located in the 
forward section of the weapons bay  (see figure 2). 
The recorder and camera were operated continuously 
throughout the fliaht.    The camera recorded 30 
frames/sec, with each frame composed of alternating, 
interleaved rastor lines from the last 1/60 sec of the 
previous frame and the f\rst 1/60 sec of the current 
frame. 

11.1.3    Other airborne data systems 

The direct-strike lightning instrumentation system 
(DLite)  [S,  13-15] records electromagnetic waveforms 
from direct lightning strikes and nearby lightning 
flashes in flight by usinq electromagnetic sensors 
(figure 1) and a shielded recording system with 5 
nanosecond time resolution located in the weapons 
bay.    Outputs from several of the DLite sensors also 
were recorded on a Boeing Data Logqer System [16] 
which was mounted in the weapons bay through the 1983 
season.    The airplane attitude, Mach number, 
altitudes, ambient temperatures, and other flight 
conditions were measured by the Aircraft 
Instrumentation System (A1S) and the Inertial 
Navigation System (INS) [4 and 6]. 

11.1.4 Ground-based systems at NASA Wallops Flight 
Facility 

For the research fliqhts in Oklahoma in 1980 and 1981, 
the NSSL Doopler radar at Norman was used to measure 
the precipitation reflectivity data [17] and wind 
velocity data [6].    Additionally,  an incoherent 10-cm- 
wavelength surveillance radar [17] was used to provide 
air traffic control  guidance to the airplane. 

Instrumentation from the Atmospheric Sciences Research 
Facility at NASA WFF [12 and 18] was used to provide 
quidance to the F-106B during storm penetrations in 
Virginia.    The facility Includes a UHF- and an S-band 
(SPANDAR) radar with the capability of airplane 
tracking via inputs from a third radar which tracks a 
C-band transponder mounted on the airplane.    These 
three radars are shown in figure 3.    In 1981 and 1982, 
the SPANDAR was used to provide Doppler radar 
measurements showing mean radial wind velocity and 
spectrum width (a measure of turbulence) as well  as 
precipitation reflectivity [19]. 

Since 1982, the NASA WFF UHF-band radar has been used 
to obtain the range, azimuth,  and elevation angle of 
echoes from lightning channels in real  time [7].    The 
lightning flash rate was estimated by use of an echo 
transient counter which counts the number of lightning 
echoes in a selectable range interval  along the radar 
beam of the UHF-band radar. 

11.1.5 NASA Langley Flight Service Station 

The primary responsibility to launch and recall  the 
airplane,  select the storms and altitudes of interest, 
and provide real-time flight support and guidance to 
the aircrew was assigned to the Storm Hazards project 
personnel  located in a dedicated area of the NASA 
Langley Flight Service Station.    The equipment 
installed in this station to support the mission [11] 
included communications systems, lightning detection 
systems, time displays, satellite cloud Imagery, 
airplane status displays, and an integrated video 
display which tied much of these data together. 

The primary system was the integrated video display 
[11] which displayed color-coded precipitation 
reflectivity factor and geopolitical  maps from 
National Weather Service weather radar sites.    The 
manufacturer expanded the capabilities of the basic 
system to permit NASA-generated graphics overlays of 
cloud-to-ground lightning locations from the N'.SA 
rloud-to-ground lightning mapping system [18] and data 
telemetered to the ground from the AIS and INS onboard 
the F-106B airplane.    The airplane overlay data 
included the airplane ground track and discrete 
digital  readouts of several key flight parameters. 
Using the Integrated video display system, it was 
possible for the NASA Langley personnel  in Metro to 
better utilize the NASA WFF data in recommending safe 
headings to targets of interest.    In fact, the display 
allowed the Metro staff to independently support 
flights when NASA WFF support was not available. 
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lit2       Test Procedures 
11.2.1 Flight procedures 

In the Storm Hazards Program, it has been assumed that 
storm regions containing the qreatest natural 
lightning activity were the most likely regions in 
which to experience a direct strike.    During 1980 and 
1981, most thunderstorm penetrations were made by the 
F-106B airplane at altitudes corresponding to ambient 
temperatures between ±10°C, based upon data such as 
that shown in figure 4 (from [20] with more recent 
data from [21]) in which the altitudes at which 
commercial aircraft were struck during routine 
operations are plotted.    The five basic thunderstorm 
penetration procedures established in 1980 [4 and 5] 
were supplemented in 1982, when real-time guidance to 
the lightning flash density centers in thunderstorms 
[22 and 23] became available from the NASA-UFF UHF- 
band radar.    Since 1982, the lightning echo location 
data from the UHF-band radar and the storm's 
precipitation reflectivity data from SPANDAR have been 
used to select the storm of interest and the desired 
altitude for each penetration. 

11.2.2 Data reduction 

Static temperature and pressure altitude were 
determined from parameters measured and recorded by 
the AIS.    The pressure altitude was determined from 
static pressure values which were corrected for 
position error.    The ambient temperature was 
determined from the total  temperature measurement. 
The relative intensities of turbulence and 
precipitation at the times of the lightninq events 
were based on pilot observations as extracted from the 
cockpit voice transcripts. 

The lightning events experienced by the F-106B 
airplane are categorized as direct strikes or as 
nearby flashes [11].    Following each flight in which 
there were direct lightning strikes, the lightning 
attachment points were located by careful  inspection 
of the airplane surface.    Using the procedure given in 
[4], an attempt was made to postulate, based on the 
various data types, the initial orientation of the 
lightning channel with respect to the airplai.e, the 
initial  and final  attachment points,  swept-flash 
path(s), and dirsctionls) from which the flash exited 
the airplane (see [101 for definitions of swept-flash 
attachment terms).    The motion picture sequences of 
lightning from the 16-irni movie cameras and the still 
photographs from the Hasselblad 70-mm camera (table I) 
were time-correlated with the other data via the AIS 
using the techniques given in [10 and 11]. 

Ill    -    DISCUSSION OF RESULTS 
III.l     Flight Conditions Conducive to Lightning 

Strikes 

The number of direct strikes and nearby flashes for 
the Storm Hazards '80-'84 Programs are summarized by 
year in table II, in which the numbers &f ->enetrat1ons 
and missions also are Included along with the state(s) 
in which the F-106B airplane was based.    As shown 1n 

table II, five years of thunderstorm research in 
Virginia (VA) and Oklahoma (OK) have resulted in 637 
direct lightning strikes and 177 nearby flashes during 
1154 penetrations in 156 research missions. 

Histograms showing the number of penetrations, 
duration of each penetration and the number of strikes 
and nearby flashes experienced from 1980-1984 are 
shown for altitude intervals of 2000 ft in figure 5, 
and for ambient temperature intervals of 5°C in figure 
6. Penetrations were made at pressure altitudes 
ranging from 4000 ft to 40 000 ft with a mean 
penetration altitude of 24 300 ft (figure 5). 
Temperature data (mean value durinr, the penetration) 
were available for 1046 penetrations, with values 
ranging from 20°C to -Sö^C, with an overall mean value 
of -22.5°C (figure 6).    The distributions of 
penetration time with altitude and temperature are 
very similar to the corresponding penetration 
distributions. 

Direct strikes were experienced at pressure altitudes 
ranging from 14 000 ft to 40 000 ft with a mean value 
of 30 800 ft (figure 5).    The corresponding ambient 
temperatures ranged from 5°C to -55°C, with a mean 
value of -31°C (figure 6).    The nearby flash data are 
very similar to the direct strike data. 

The lightning strike statistics shown in this paper 
differ significantly from the published strike data 
from commercial  aircraft [20 and 21],  in which most 
lightning strikes were found to occur between ambient 
temperatures of +10°C (figure 4).    Most of the direct 
strikes to the F-106B airplane occurred at pressure 
altitudes above 24 000 ft, corresponding to ambient 
temperatures colder than -25°C.    Based on data such as 
that in figure 4, most penetrations in 1980 and 1981 
were made at altitudes corresponding to +10°C with 
little success in experiencing lightning strikes (see 
table II).    Since 1982, the F-106B airplane has been 
making high altitude penetrations using the UHF-band 
radar at NASA WFF to provide quidance to the upper 
flash density center in thunderstorms [22 and 23], 
resulting in hundreds of direct lightning strikes [4, 
7, 10, and 12].    Finally, in the last half of the 1984 
thunderstorm season,  the UHF-band radar was used to 
direct the airplane towards the lower lightning flash 
density center at altitudes below 20 000 ft.    The low 
altitude research effort of 1980-81 and 1984 is shown 
in the low altitude/warm temperature peaks In the 
penetration and duration data in figures 5 and 6. 
Despite spending 760 minutes of penetration time at 
pressure altitudes below 20 000 ft (23 percent), only 
34 direct strikes were experienced (5 percent).    In 
fact, the peak strike rates of 12.3 
strikes/penetration and 2.1 str1kes/m1n occurred at 
pressure altitudes between 38 000 ft and 40 000 ft, 
corresponding to ambient temperatures colder than 
-40">C.    On the other hand, the peak strike rate near 
the freezing level  (0"C) was only 0.13 str1ke/m1n (1n 
the Interval between   18 000 ft to 20 000 ft).    The 
NASA Storm Hazards data and the commercial data differ 
because the NASA data came from Intentional 
thunderstorm penetrations, while the commercial data 
were derived from a variety of meteorological 
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conditions, mostly in nonstormy clouds. Commercial 
aircraft will normally deviate from course to avoid 
thunderstorms which reach to cruise altitudes, and 
only penetrate when required to do so in the terminal 
area, where typical assigned altitudes are near the 
freezing level. Thus, the distribution of direct 
lightning strikes with ambient temperature found in 
the Storm Hazards Program is different from that in 
nonstormy clouds because of the higher percentage of 
time spent by the F-106B research airplane in the 
upper flash density center, compared with the low 
percentage of time spent in storms at those altitudes 
by commercial aircraft in routine operations. 
However, lightning strikes have been encountered at 
nearly all temperatures and altitudes, indicating that 
there is no altitude at which aircraft are immune from 
the possibility of lightning strikes. 

In figure 7, the percentage of direct strikes to the 
F-106B airplane are  plotted as a function of the 
flight crew's opinion of turbulence and precipitation 
intensities at the time of the strikes. The data are 
plotted for strikes at all altitudes and for those 
strikes below 20 000 ft altitude. In the majority of 
cases, direct strikes occurred in the regions of 
thunderstorms in which the crew characterized the 
turbulence and precipitation as negligible to light. 
However, for the 34 strikes which occurred at alti- 
tudes below 20 000 ft altitude, the crew called a 
higher percentage of the strikes in light to moderate 
precipitation and turbulence than shown by the data 
for all altitudes. In both cases, though, the Storm 
Hazards Proqram data have shown that the number of 
direct strikes in thunderstorms do not show a positive 
correlation to turbulence and precipitation 
intensities. This finding is in agreement with 
commercial aircraft data [21]. 

In addition, some strikes and nearby flashes to the F- 
106B airplane occurred on the edges of the 
thunderstorm cloud mass. The distribution of 
lightning events with respect to airplane position 
relative to time of do;id entry and cloud exit 1s 
shown 1n figure 8. Althouqh 98 percent of the 
lightning events occurred while the airplane was 
within the cloud, as shown for commercial aircraft 
[21], 10 percent of the event« occurred at the cloud 
edges (+10 sec of cloud entry or cloud exit), and 2 
percent actually occurred with the airplane outside 
the cloud mass. 

Precipitation and turbulence also are not necessarily 
related. For example, the Ooppler radar data recorded 
by the NASA-WFF SPANDAR during 1981 [19] showed that 
heavy turbulence was often found not only within high 
reflectivity cores of storm cells, but also between 
cells, near storm boundaries, and in Innocuous- 
appearing low reflectivity factor regions. Finally, 
it has been found [7] that the average probability for 
the airplane to be struck was greater in storm regions 
with a flash rate of 0 to 10 flashes per minute than 
for regions with flash rates higher than 10 
flashes/mln. 

The lower altitude flash density center 1n 

thunderstorms is closely associated with high 
reflectivity cores [22 and 23]. In order to minimize 
the chances of encountering hail, the F-106B airplane 
was not flown into the reflectivity cores of storms 
where the reflectivity values exceeded 50 dBZ. 
Therefore, no comments can as yet be made on the 
probability of direct lightning strikes occurring 1n 
such areas. The data obtained during the Storm 
Hazards Program show that the greatest probability of 
experiencing a direct lightning strike In the upper 
portions of a thunderstorm occurred in regions where 
the ambient temperature was colder than -40°C, where 
the relative turbulence and precipitation intensities 
were characterized as negligible to light, and where 
the lightning flash rate was less than 10 
flashes/min. These data also indicate that the 
presence and location of lightning do not necessarily 
coincide with the presence and location of hazardous 
precipitation and turbulence. 

III.2 Lightning Attachment Patterns 

Four general strike scenarios have been found in the 
swept-flash attachment patterns on the F-106B airplane 
[4, 10, and 12]. The terms used in describing 
lightning attachment scenarios (i.e., entry and exit 
points) are defined in [10]. The four general strike 
scenarios are: 

1. Flashes which Initially attach to the nose of 
the aircraft and subsequently "sweep" alongside it, 
reattachlng at a succession of spots along the 
fuselage. In these cases, the Initial and final exit 
point is usually the trailing edge of an extremity 
such as a wing or vertical fin tip. The final entry 
point is a trailing edge of the fuselage, because the 
flash 1s usually still alive by the time the aircraft 
has flown completely through it. 

2. Similar to (1) except that the entry channel 
sweeps aft across the top or bottom wing surface 
instead of the fuselage. 

3. Strikes 1n which the initial entry and exit 
points occur at the nose. In this case, the lightning 
flash appears to "touch" the aircraft nose but 
continues on from this point to another destination. 
The aircraft then flies through the flash, resulting 
in successive entry points along one side of the 
fuselage or wing and exit points along the other. 
Again, because the flash usually exists for a longer 
time than it takes the aircraft to fly its length, the 
final entry and exit points are located along trailing 
edges. 

4. Strikes in which the initial and final entry 
and exit points are confined to the aft extremities. 

With most of these general scenarios, swept-flash 
channels frequently have been found which rejoin 
behind tne airplane after the airplane has flown 
through the channel [4]. Prior to the Storm Hazards 
Program, It had been believed that once a strike 
occurred, the channel would remain attached to the 
aircraft until the flash died out naturally (see [20], 
for example). 
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The onboard photographic systems used in 1984 have 
been able to document general strike scenarios 1, 2, 
and 4 and examples of scenarios 1 and 2 will be 
discussed in this paper. For example, strike 210 of 
1984 (figures 9-11) represents general strike scenario 
1. This strike, discussed in detail in [11], resulted 
In an unusual positioning of the lightning channel 
alongside the airplane fuselage and canopy and over 
the wing, followed by a detachment of the channel from 
the airplane and a small restrlke (or second strike) 
to the left wing tip. Selected frames from the aft- 
facing, fuselaqe-mounted movie camera, which was 
automatically triggered by light-sensing diodes at a 
nominal frame rate of 400 frames/sec (see table I) are 
shown 1n figure 9, while selected frames from the 
cockpit-mounted video camera (30 frames/sec) for the 
same strike are presented In figure 10. The lightning 
channel was visible in the first 58 of the 126 frames 
exposed In the 1 sec movie film interval and In 13 
frames on the videotape. The lightning strike 
scenario for strike 210 Is given in figure 11, with 
the chronological sequence shown schematically In 
figure 1Kb). 

Referring to figuro 1Kb), the strike scenario may be 
summarized in nine phases: 

1. Strike initiation (movie frames 1 and 2, 
video frames 1-3): lightning channel oriented as 
shown 1n fiqure 11(a), with entry channel located 
above the airplane and to the left of the airplane 
centerllne; initial entry point at nose boom; initial 
exit at left wing tip (see video frame 1, figure 
10(a)). 

2. Swept flash (movie frame 3, video frame 4): 
as the airplane flew forward through the lightning 
channel, the entry portion of the channel swept back 
down the left side of the fuselage across the overhead 
canopy rail (video fnme 4, figure 10(b)) to the 
trailing edge of the rudder; the exit channel trailed 
aft from the left wing tip. 

3. Entry and exit channel convergence (movie 
frames 4-8, video frames 5-8): as the airplane 
continued to fly forward, the entry channel hung onto 
the rudder and the exit channel hung onto the left 
wlnq tip; the entry and exit channels were converging 
on the left wing tip (see movie frame 4, figure 9(a) 
and video frame 5, figure 10(c), for example). 

4. Entry and exit channel converge (movie and 
video frame 9): when the airplane reached the point 
where the entry channel was below Its flight path 
(figure 11(a)), the entry channel came 1n contact with 
(or very close to) the left wing tip; the entry 
channel can be seen brushing the left wing tip and 
making contact with the exit channel In movie frame 9 
(figure 9(b)) and video frame 9 (figure 10(d)). 

5. Rejoined channel behind the airplane (movie 
frame 10): at the Instant the entry channel crushed 
against the left wing tip, charge transferred directly 
to the entry channel, thereby omitting the airplane 

from the electric circuit (see figure 9(c)); the 
initial and final lightning channel entry and exit 
points thus established for strike 210 of 1984 are 
shown 1n figure 11(c). 

6. Detached lightning channel recedes behind the 
airplane (movie frames 11-22 and video frames 10 and 
11). 

7. Restrlke to left wing tip (omitted from 
figure 11 for clarity) (movie frames 23 and 24 and 
video frames 12 and 13): entry channel of restrlke 
(or new strike) at left wing tip; the exit channel was 
not in the field of view of either camera; remnants of 
the first strike channel were still visible in the 
movie frames, but were blocked by the fuselage 1n the 
video frames (see movie frame 24, figure 9(d) and 
video frame 13, figure 10(e)). 

8. Decay of both strike channels (movie frames 
25-27, no video frames): both channels faded away 
behind airplane. 

9. Decay of original channel (movie frames 28- 
58, no video frames): remnants of original channel 
remained visible as two unusually bright spots which 
were either channel segments viewed "end on," or 
detached segments or "balls" of channel plasma which 
remained luminous after the rest of the channel had 
decayed - "ball lightnlnq." 

As early as the 1980 research program [3], strikes 
were found which swept back over the midspan areas of 
the delta wing (general strike scenario 2), and such 
strikes have been found 1n each research season. 
Strikes 1n this area of the wing were not expected 
since attachments across swept wings on airplanes 
without upstream attachment points such as enqlne 
nacelles or drop tanks are extremely rare. Their 
discovery led to the removal of all paint from the top 
and bottom wing surfaces prior to the 1981 season to 
minimize the chance of a melt through or hot spot in 
the wing fuel tanks from lightning attachment. Strike 
80 of 1984 1s the only strike to date In which the 
lightning channel has been photographed sweeping back 
over the wing. In figure 12, the entry channel, which 
1s sweeping aft from the nose boom, can be seen on the 
top surface of the left wing and the exit channel can 
be seen trailing back from the left wing tip. Figure 
12 1s the second frame of two taken by the aft-fadng, 
fuselage-mounted movie camera, which was running 
continuously at 14 frames/sec (see table 1). The 
cockpit video camera was not Installed on this flight. 

The significance of strikes 80 and 210 1s that by 
flying Into or through the lightning channel, the 
channel may become positioned or attached to the 
aircraft at locations that would be deemed highly 
Improbable by electric field theory alone. 
Heretofore, lightning attachment patterns or "zones" 
[8 and 9] have been thought of as originating at 
extremities of the aircraft where electric field 
gradients are sufficient to form junction leaders. 
The present case Illustrates that, whereas attachment 
patterns do Indeed originate at high field locations, 
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the subsequent patterns are dependent solely on 
relative positions of the entry and exit channels with 
respect to the moving aircraft. It is, therefore, 
possible to imagine other scenarios in which the 
channel can reattach to almost any surface of the 
aircraft. This leads to the conclusion that 
protection designs which depend upon the existence of 
"Zone III" areas (defined in airworthiness regulations 
as aircraft surfaces where lightning attachments are 
very improbable) must now be considered at risk, 
especially if such surfaces or structures would suffer 
significant damage if subjected to a strike. 

These two encounters also show that an aircraft may be 
subject to radiated effects from lightning channels 
uncommonly close alongside its surface, as well as to 
the effects of direct attachment. Although no adverse 
effects were noticed or reported by the F-106B crew in 
this case (the intensity of currents in this 
particular flash are known to have been relatively 
minor and the airplane has been provided with 
unusually thorough protection measures), a similar 
encounter of a conventional aircraft with a severe 
flash might have more frightening consequences. 
Protection designers must, therefore, deal with the 
effects of close-in nearby flashes as well as direct 
attachments, both of which apparently may occur at 
almost any spot or region of the aircraft. 

Unfortunately, no photographic evidence exists of 
strike scenario 3, although there is other evidence 
from pilot descriptions and lightning attachment 
points for several such strikes to have occurred on 
the F-106B airplane [3 and 10]. Even though such 
strikes are rare, they are significant, as they 
probably verify the lightning incident hypothesis 
shown in figure 13 from [24]. In [24], a lightning 
strike incident to a twin-engine business jet is 
described in which both of its engines flamed out at 
an  altitude of 31 500 ft, and in spite of repeated 
attempts, the engines would not restart until the 
airplane had descended to an altitude of 13 000 ft. 
Nc mechanical or electrical damage was found. It was 
hypothesized In [24] that the engine flameouts were 
caused by the disruption of inlet air which results 
when the lightning channel and its attendant shock 
wave are swept In front of the engine inlet. For both 
engines to fail, the lightning channel would have to 
have swept down both sides of the fuselage, as shown 
in fiqure 13. The Undings of the Storm Hazards 
Program now indicate that such a strike pattern is 
possible. In the case of the F-106B airplane, 
however, no engine roll-backs or flame-outs from 
lightning have been experienced, probably because of 
the robustness of the J-75 turbojet engine, even 
though there is an Inlet on each side of the fuselage 
feeding the single engine. 

A high percentage of the strikes experienced in the 
Storm Hazards Program are confined to the aft 
extremities of the airplane [3, 10, and 11] (strike 
scenario 4). In fact, the cockpit-mounted video 
camera has detected a number of strikes which were not 
seen in the cockpit or were not within the field of 
view of the aft-facing, fuselage-mounted movie 

camera. Strikes have been found to any combination of 
aft extremities. 

The lightning attachment point data have provided 
further insights into the validity of the assumptions 
used in establishing lightning strike zones on 
aircraft [8] by showing the manner in which an 
airplane interacts with a lightning strike channel, 
especially the manner in which flashes sweep aft from 
initial lightning attachment points. The data from 
1984 confirm the previous findings [12] that initial 
entry and exit points most frequently occur at 
airplane extremities, in this case the nose boom, the 
wing tips (individually and simultaneously), the 
vertical fin cap, and the afterburner. It also has 
been confirmed that swept-flash attachment points can 
occur along the full length of the fuselage, as is 
common in other airplanes of this general size, 
following initial strike attachments at the nose. The 
1984 data also have confirmed the three unexpected 
results found earlier [12]: lightning attachments in 
the afterburner [4]; swept flashes across the midspan 
surface of the delta wing [3, 4, 11, and 12]; and, the 
existence of lightning channels which rejoin and 
persist after passage of the airplane through them. 
Finally, the 1984 data have provided new evidence that 
the entire surface of the airplane may be susceptible 
to lightning attachment [11]. 

Preliminary DLite data indicate that there has been at 
least one strike with a peak current amplitude of 54 
kA. Even with strikes of this magnitude, the adverse 
physical effects of the lightning on the F-106B 
airplane have been confined to minor surface cosmetic 
damage to the metal exterior of the airplane [12] and 
to the three research composite fin caps [25] erosion 
of metal from both wing tips [12]; three small holes 
melted completely through the 1-mm (0.05-in.) thick 
aluminum skin near the trailing edge of the vertical 
tail beneath the composite fin cap [11]; and several 
small punctures in the fiberglass radome [12]. 
Adverse electrical effects have been confined to a few 
momentary outages on the airborne x-band weather radar 
[12], two failures of a Distance Measuring Equipment 
(DME) unit [12], and several false commands to the 
DL1te recording system. These electrical problems 
have been remedied by installing improved shielding on 
the wiring and circuits and by use of a properly- 
grounded DME antenna. It should be emphasized that 
these relatively benign results are for a metal 
airplane using a hydraulic control system. The same 
results will be more difficult to achieve on a 
composite-structure airplane using digital avionics. 

IV SUMMARY Or RESULTS 

During the NASA Lanqley Reseach Center Storm Hazards 
Program, 637 direct lightning strikes were experienced 
by an F-106B research airplane from 1980-1984. This 
study produced the following results: 

1. The peak strike rates (2.1 strikes/mln and 13 
strikes/penetration) occurred at altitudes between 38 
000 ft and 40 000 ft, corresponding to ambient 
temperatures colder than -40"C. The peak strike rate 
near the freezing level, where most previously 



ICOLSE- Paris 1985 273 

reported strikes have occurred, was only 0.1 
strike/min. 

2. Although lightning strikes have been 
encountered at nearly all temperatures and altitudes, 
the regions of highest risk for an airplane to experi- 
ence a direct lightning strike were those areas of 
thunderstorms where the ambient temperature was colder 
than -40°C and where the relative turbulence and 
precipitation intensities were characterized as 
negligible to light. Therefore, the presence and 
location of lightning do not necessarily indicate the 
presence and location of hazardous precipitation and 
turbulence. 

3. The onboard data confirm that the lightning 
attachment patterns on this airplane fall into four 
general categories and that flashes can rejoin after 
passage of the airplane. However, the 1984 data have 
shown that the entire surface of this airplane may be 
susceptible to lightning attachment. 
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TABLE I.- CHARACTERISTICS OF AIRBORNE PHOTOGRAPHIC SYSTEMS 

f 
Location 

Camera 

Type Orientation Type 
Film or 

Imaqer Size 
Lens 

Make/Type Description 

Forward 
Cockpit 

of Movie Forward- 
facing 

Milliken 
DBM-54 

16 mm Dallmeyer Triple anastigmat, 
f/2.9, 15 mm 

Cockpit Movie Forward- 
facing 

Milliken 
DBM-54 

16 mm Kinoptik Tega. F/1.8, 5.7 mm 

Aft of 
Cockpit: I 

II 
II] 
IV 

Movie Aft-facing Milliken 
DBM-54 

16 mm Pinhole f/67, 5.1 mm 

Century f/1.8, 5.7 mm 

L_  ' i >' 
Cockpit Video Aft-facing GE4TN2505 0.67 in. Century f/1.8, 5.7 mm 

Cockpit Still Aft-facing Hasselblad 
500 EL/M 

70 mm Zeiss Distagon, f/4,40 mm 

Camera 
Location 

Film/S ansor Mode of 
Operation 

Neutral density Frame rate, 
frame/sec (c) Type Sensitivity f Stop_ filter 

Forward 
Cockpit 

of Kodak 
Ektachrome 
7256 

ASA64 Manual f/11 0.6 14 

Cockpit Kodak 
Ektachrome 
7256 

ASA64 Manual f/11 

" 
16 

Aft of 
Cockpit: I 

II 
ill! 
IV 

Kodak 
Ektachrome 
7256 

ASA64 Manual f/67 - 14 

] Manual f/11 1.5 16 
Automatic (b 200 

J/ ' Automatic(b' V 400 
Cockpit CID(a) Full output 

at face 
plate. 
Illumination 
of 0.8 f.c. 

Manual f/11 1.5 30 

Cockpit Vericolor 
II or III 

ASA125 or 
160 

Automatic(b f/8 or 
f/11 . 

- (f) 

Camera 
Location 

Shutter 

Years Type 

Rotary 
shutter 
ang., deg. 

Speed, 
msec 

Forward of 
Cockpit 

Rotary 72 14 1980 - 1982 

Cockpit Rotary 195 34 1983 

Aft of Cockpit: I 
II 
III 
IV 

Rotary 200 39 1980 - 1983 
195 34 1984 
180 2.5 1984 
180 1.25 1984 

Cockpit (d) Unshuttered. 
See note (d) 

(d) 1984 

Cockpit Electro- 
mechanical 

(e) 

1«) 30 1983 

Notes:  (a) General Electric Charge Injection Device (CID).  Silicon 248 x 388 pixel array. 
(b) Automatic mode uses photographic diode for lightning-tripped camera actuation. 
(c) Movie camera frame rates are for steady-state operation.  Acceleration/ 

deceleration characteristics results in 126 frames in 1 sec at 400 frames/sec. 
(d) 1:1 field interlace for video frame; frame integration time of 33 msec. 
(e) Electromechanical between-the-lnns shutter with 5 msec response time. 
(f) Not applicable. 
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TABLE II - STORM HAZARDS MISSION SUMMARY 

Year Strikes Nearby Flashes Penetrations Missions States 

1980 10 6 69 19 VA t OK 

1981 10 22 111 24 YA 1 OK 

1982 156 26 241 35 VA 

1983 214 112 324 40 YA 

1984 247 11 409 38 YA 

TOTALS 637 177 1154 156 

Cockpit still 
camera 11983) 

Cockpit video 
recorder (1984) 

Aft external movie 
camera 11980-1984) 

Forward external movie camera 
11980-19821 

Diodes 11983-1984) 

Cockpit movie camera 119831 

Cockpit video camera 119841 

Figure 2.- Location of airborne camera systems. 

(a) Location of electromagnetic sensors 
on the F-106B. Figure 3.- Storm Hazards radar support at 

NASA Wallops. 

(b) Location of additional research sensors 
and equipment on the F-106B. 

Flqure 1.- NASA Langley Research Center Storm 
Hazards 84 research vehicle. 

Thunderclouds may 
rise to 600001t 

Aircraft 'lying 
above the 0° 
altitude art 
likely tobe in- 
volved in intra- 
cloud flashes of 
either polarity 

Aircraft flying to 
the 0° altitude 
(4.5km) are likely 
tobe involved with 
negative polarity 
cloud-ground 
flashes 

ttx 10 3    * of strikes 
20 20 20 20 20 

Figure 4. 

1. USA 
IPIumer 1971-841 

2. Europe/SA (Al 
lAnderson 1966-74) 

3. USSR 
(Turnov 1969-741 

4. UK/Europe 
(Perry 1959-751 

5. USA 
i Newman 1950-61) 

Aircraft lightning strike Incidents 
as a function of altitude.   From 
reference 24 with updated data from 
reference 2'i. 
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Figure 5.- Thunderstorm penetrations and 
lightning statistics as a function 
of pressure altitude for Storm 
Hazards '80 - '84. 

166 nearby flashes 
Mean = -27»C 

Strikes/penetration 

0    .3    .6    .f 
Strikes/min 

Figure 6.- Thunderstorm penetrations and 
liqhtning statistics as a function 
of ambient temperatures for Storm 
Hazards '80 - '84. 

All altitudes    1       I   636 strikes 

Strikes below 

6km (20000 Fit E3    * s,rik" 

Relative turbulence intensity 

I 1   630 strikes 

E3     * s,rik" 
Relative precipitation Intensity 

SOOr- 

75 

Percent 
of    Mr- 

strikes 

n 
o 

26       24 

HP IT 
JA 

Negligible light Moderate Heavy    Negligible light Moderate Heavy 

Figure 7.- Relationship of lightning strikes to 
relative turbulence and precipitation 
intensities fur Storm Hazards '80 - 
'84. 

Percent 
of 

events 

Figure 8.- 

Time before and after cloud 
entry or cloud exit, sec 

Lightning strikes and nearby flashes 
in relation to airplane location In 
the cloud mass. 

Frame 4 of 58. 

Figure 9.- Photographs of direct strikes to 
vertical tall t left wing tip of 
F-106B airplane from aft-facing, 
fuselage-mounted movie camera. 
Strike 210 of 1984; flight 84-047; 
Aug.  13, 1984; 19:50:05.5 GOT; 
17 900 ft altitude near Sunbury, 
NC    Nominal  frame rate of 400 
frames/sec. 
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■ 

(b) Frane 9 of 5fl. Entrv and exit 
channels brush the wing tin. 

(dl Frane 24 of 5fi. Exit channel of 
second channel not 1n field of 
view of onboard cameras. 

Figure 9.- Continued. 
(e) Frame 34 of 58. 
Figure 9.- Concluded. 
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1 
(b)   Frame 4 of 13. 

(d)    Frane 9 of 13.   Final frane with 
lightning channel attached to 
Mrnlane. 

Fran» 5 of 13. 

Floure 10.- Photographs fron cockpit- 
mounted video camera of 
strike 210 of 1994. 

(e) Frame 13 of 13. Exit channel of 
second strike not v/lthln field of 
view of onboard cameras. 

Flnure 10.- Concluded. 

(a) Inferred channel orientation with 
respect to airplane. 

Floure 11.» Llohtnlnn strike scenario for 
strike ?10 of 1984: fUnht 
84:047; Auo. 13, 1W1. 
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Initial entry 

Initial entry at nose boom; initial exit at left wingtip 
Movie frames: land 2 
Video frames: 2and 3(fig. 10(a)) 

Entry swept back over canopy and attaches to trailing 
edge of rudder 

Movie frames: 3 and 41 fig. 9(a)) 
Video frames: 4 and 5 (figs. 10(b) and (c)) 

Entry hanging onto rudder-, exit hanging onto wingtip 
Movie frames: 5-7 
Video frames: 6-8 

(b) Sequence showing F-106B airplane flying 
through lightning channel. Restrike to 
left wing tip omitted for clarity. 

Figure 11.- Continued. 

Entry reattaches at left wingtip 
Movie frames: 8(fig. 9(b)) 
Video frames: 9 (fig. 10(d)) 

Final entry (  Final exit 

Entry combines with exit; final entry and final exit 
Movie frames: 9(fig. 10(c)) 
Viuo frames: 10 and 11 

Entry and exit detach from aircraft 

Movie frames: 10 - 58 
Video frames: None 

(b)    Concluded. 

Figure 11.- Continued. 
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hnal swept entry 
nomt at rudder 

■-'1 This portion ol entry 
channel moves outboard 
and downward lo wm*jlip: 

decays wtien channel 
touches wingiip 

Final exit 

Detached,  reformed 
channel 

hnal entry-channel 
brushes wjnqtip 

\ote  »(strike' second strike channel seen ai "ell winijtip 
■)ter first channel detarhes 

(c)    Lightning attachment point summary. 

Figure 11.- Concluded. 

Figure 13.- Possible scenario for a dual flame-out 
from a lightning strike. 

Figure 12.- Photograph of direct strike to left wing 
tip and wing upper surface of F-106B air- 
plane from aft-facing, fuselage-mounted 
movie camera.    Strike 80 of 1984;  flight 
84-031; July 7,  1984;  16:28:57 GMT; 
25 700 ft altitude over Atlantic City, NJ. 
Frame rate of 16 frames/sec.   Frame 2 of 2. 
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E AND H FIELDS MEASUREMENTS ON THE TRANSALL C160 AIRCRAFT DURING LIGHTNING FLASHES 

J.P. Moreau and J.C. Alliot 

Office National d'Etudes et de Recherches Airospatiales, B.P.   72,  92S22 Chätillon Cedex, France 

Abstract - An experimental campaign was carried out in the South West of France during Spring 1984; two 
main objectives were pursued: 
- a best understanding of the microphysic, dynamic and thermodynamic properties of frontal systems, 
- a characterization of the main parameters of electric and electromagnetic phenomena associated with 

cloud discharges. 
The present paper is essentially devoted to the analysis of measurements obtained with the Transall air- 
craft which was set up during the campaign. 
Electromagnetic fields due to direct lightning flashes on the aircraft arc presented in details: 
a - typical E and H waveforms obtained during the whole duration of the flashes and recorded by analog 

device with a 2 MHz bandwidth, 
h - typic&l E and H waveforms obtained on transient digitizers with a large bandwidth (100 MHz); the E 

and H pulses are ranged either with their spectral content or with their amplitude characteristic, 
c - electromagnetic transfer function of a well-defined aperture installed on the aircraft fuselage; ex- 

perimental results are compared with numerical calculations. 
In conclusion the moderate AEHP threat value is compared to experimental results and the importance of 
VHF measurements for understanding the physical process is emphasized. 

I - INTRODUCTION 

Lightning is one of the most severe and most unknown 
electromagnetic hazards to which aircraft may be ex- 
posed. For many years specialized laboratories have 
tried to find a characterization of the lightning 
processes with increasing Interest since the ad- 
vanced technology aircraft give, if no special 
ireatement is applied, less protection to electronic 
devices than the previous entirely metallic ones. 
ONERA has conducted an airborne experiment on a 
Transall C160 for indirect effects characterization 
of lightning. This has been carried out during 
spring 1984 In the South of France. Previous studies 
specially in the NEMP field have shown that Indirect 
effects could be evaluated If the repartition of the 
electric and magnetic fields on the aircraft skin Is 
known [1J. The C160 was Instrumented with magnetic 
and electric field sensors and also with VHF and UHF 
receivers. The output of these sensors were simul- 
taneously recorded with a "fieldmlll" signal which 
gives the electrostatic situation of the aircraft 
and the evolution of the external atmospheric 
field. 
In this paper, electromagnetic fields due to direct 
lightning flashes on the aircraft are presented In 
details: typical E and H field waveforms obtained 
during the whole duration of the flashes and re- 
corded by analog device with a 2 MHz bandwidth, 
typical E and H waveforms obtained on transient 
digitizers ulth a 100 MHz bandwidth, electromagnetic 
transfert function of a well de'lned aperture In- 
stalled on the aircraft fuselage and a comparlacn 
between experimental results and calculation. We 
have analyzed 18 flashes and we give for the 
measured paractters the jean value and the standard 
deviation. The characteristics derived Include rise- 
times, peak amplitude and frequency content. 

II - SENSORS AND INSTRUMENTATION 

The results presented hereby correspond to the fol- 
lowing setups of the instrumentation. E and H sen- 
sors designed for the measurement of the fast elec- 
tromagnetic field variations are installed under a 
radome. The electric field sensor measures the nor- 
mal to the surface component of the field located on 
the right side of the aircraft at three meters from 
the nose and the magnetic field sensor measures the 
tangential component of the magnetic field. The E 
sensor is a hollow spherical type dlpole which In- 
cludes an active Integrator device such that the 
output signal Is directly proportional to E. The 
total measuring range of this sensor spreads from 30 
mV/m to 316 kV/m in selectable attenuations with a 
dynamic range of 70 dB and a bandwidth of 100 Hz to 
130 MHz (+ 1 dB). 
The H sensor is a loop Including an active Inte- 
grator device such that the output signal Is di- 
rectly proportional to H. The total measuring range 
of this sensot spreads from 0.8 mA/m up to 839 A/m 
in 8 selectable attenuations with a dynamic range of 
50 dB and a bandwidth of 6 kHz to 130 MHz (+ 1 dB). 
Inside the alicraft, located at a distance of SO cm 
from the outside skin on the axis of a 38 cm diam- 
eter circular window Is a free field K sensur. 
The characteristics of this sensor are the follow- 
ing: measuring range 1 to 100 A/m In 3 selectable 
attenuations of SO dB dynamic range and a bandwidth 
of 30 kHz to 100 MHz (+ 1 dB). In addition, the 
measurement of the aircraft potential Js made by 
mean« of S "field-mills"; we only used the output of 
one of them to follow the evolution of the discharge 
proceraes. The main characteristics of this sensor 
is an operating range of + 100 kV/m and a bandwidth 
from DC to 20 Hz. 
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Fig. 1 - Block diagram of the instrumentation. 

The VHF and UHF antennas tuned at frequencies of 
120, 300 and 800 MHz are connected directly by means 
of solid coax to the receivers which basically con- 
tain one filter with a 4 MHz bandwidth and a log- 
amplifier. 
Th? whole instrumentation follows the blork diagram 
on figure 1. Signals from the two magnetic sensors 
and the electric field sensor are transmitted over 
fiber optic cables to the shelter Instrumentation 
Inside the aircraft. These links have a bandwidth of 
200 MHz and a dynamic range of 40 dB. 
Analog records are carried out by a H101 analog re- 
corder on direct and FM channels set on a WBII stan- 
dard. 
Digital records are Bade on Tektronix 7612 and 7912 
transient digitizers with a 10 /us window for the 
7612 and 2 us window for the 7912 and an equivalent 
bandwidth of 100 MHz. These digitizers are under 
control of a Tektonlx 4041 system controller. The 
operating program allows a train of 4 acquisitions 
of 10 (is window every 50 ms, then a deadline of 4 
minutes is necessary to transfer the digital data 
from the computer memory to the mass storage device 
(DC 100 Tape). 

Ill - RESULTS 

The measurement a were carried out during the period 
of time spreading from the 16th of June to the 28th 
June 1984 and concern 18 lightning flashes. The air- 
craft has been flown over the South of France at an 
altitude ranging from 3200 to 6400 ■ most of the 
time between 0*C and -8*C. There have been 7 light- 
ning impacts on the front boom, 4 lightning Impacts 
on the wings and 7 non-localized lightning impact«. 

III.1 - Flash characteristics 

A flash which consists of one or more sequential 
discharges lasts several hundreds of milliseconds; 
the mean value is 300 ms with a standard deviation 
of 251 ms, the extreme value» are 80 and 800 ms. 
These durations are approximatively evaluated by 
looking at the relatively fast variations of the 
electrostatic field. These fast variations cannot be 
confused with the slow variations due to the charge 
cloud distribution because of the aircraft speed 
which implies that during 100 ms the aircraft has 
only moved by 10 m. The mean value of these vari- 
ations Is 70 kV/m with a standard deviation of 37 
kV/m; the slope of the first electrostatic field 
variation Is 0.8 kV/m/ms with a standard deviation 
of 270 V/a/ms. During the process, every change of 
slope In whe electrostatic field record Is associ- 
ated with a series of electromagnetic pulses. This 
situation Is shown on figure 2; the two analyzed 
events correspond to front boom Impacts; figures 2a 
and 2c are "field-mill" measurements, figures 2b and 
2d are the simultaneous records of the external 
magnetic field. It can be seen that the first pulses 
are gathered In a train form lasting some milli- 
seconds (points Ti, T2). This situation has oc- 
curred In 75Z of the analyzed cases; in the 25Z 
other cases Isolated pulses start the process. The 
typical succession of pulses during the first period 
of the attachment process la shown on figure 3. On 
that picture, the first train T lasts 2 ms and is 
followed by sharp Isolated pulses P occurring sev- 
eral milliseconds after and during the whole pro- 
cess. This situation has already been described by 
Fitzgerald In December 1968 (2), by NASA |3| and by 
USAF/FDDL In 1981 (4]. 
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Fig. 2 - Electrostatic and magnetic fields. 
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Fig. 3 - Typical succession of electronagnetic 
pulset. 

This shows that the first contact of the discharge 
with the aircraft is different from the following 

ones and suggests soae kind of triggering process. 
Flashes not preceeded by this phenomena may be natu- 
ral flashes. 

A detailed analysis of these trains can be observed 
on figure 4 where four of then are shown. As an hy- 

pothesis, these records suggest the growth of a 
leader »erging fron the aircraft by steps separated 
by soae 100 us up to s point where a connexion oc- 
curs between this leader and the cloud leader. The 

first pulses are unipolar and are Immediately fol- 
lowed by bipolar pulses as soon as the contact has 
been realized. These first pulses are number 1 to 4 

on figure 4a, 1 and 2 on figure 4b, I to 4 on figure 
4c and 1 and 2 on figure 4d. The following pulses in 
these trains may be oscillatory like back and foith 

travel of the current wave between the aircraft and 
the cloud, assuming a velocity of the wave front of 

10' m/s (velocity usually assumed for a 10 kA 
arc). The distance between the aircraft and the end 
of the arc in the cloud would be 1 km. The rise time 
of these pulses is several microseconds or several 
tens of microseconds with a repetition rate of LI)*1 

pulses/s. 
The following isolated pulses are probably due to 
sequential attachments of the arc or swept strokes. 
These Isolated pulses are separated by several 
milliseconds which correspond to attachment points 
separated by some 10 cm which is seen looking at the 
pits that the strikes left on the booms and on the 
skin of the aircraft. The rise times of these pulses 

are much taster, about 100 ns. 

III.2 - V.UHF records 

The record' on figure 5 show the Interest of VHF 
measurements from two different viewpoints: 
- from a designer point of view, the measurement of 
VHF field magnitude is useful for the evaluation 
of the disturbances induced on radlocomaunication 
systems and on automatic radlonavlgatlon devices. 

On figure 5b which shows • record of the 120 MHz 
radiation with s 2 Hriz bandwidth, the peak value 

of the field is evaluated at 2.2 V/m which corre- 
sponds to a value of 50 mV/m/kHz. On figure 5c, 

for 300 MHz the peak value of the field is evalu- 
ated at 5 mV/m which correspond to a value of 100 
uV/m/kHz. Thtse values, much higher than the usual 
radlocomaunication levels, should not destroy the 
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hardware, but disturb the operating node,' 
from a characterization point of view and for 
physical understanding of the process, VHF records 

show two important points: there is significant 
VHF radiation before the attachment process de- 
fined by point 0; this can be seen if a comparison 
between figure 5a (H field) and figure 5b or c Is 

made. This point is not only due to the fact that 
VHF records have typically 40 dB dynamic range 
instead of 40 dB for the H field but also to the 
fact that the radiation coming from a preliminary 
process has a high frequency content that field 

measurements cannot show. Besides, during the 
attachment itself, H field shows rise times equal 
to 100 ns (cf. 3.3) but VH? records shows signifi- 
cant values at 300 MHz meaning that some very fast 

physical processes are involved with 3 ns or less 
rise times; figure 5d which monitors 800 MHz radi- 
ation shows that the frequency content of the pro- 
cess does not go up to that value. 

III.3 Wide band field measurements with 2 /is win- 

dows 

This type of measurement concerns thi fields which 
exist on the skin of the aircraft duriig the attach- 
ment process. The acquisition device is designed for 
the study of single pulses and figure 6 shows the 
results of two acquisitions. Figures 6a and 6b are 
electric field measurements; figures 6c and 6d are 
magnetic field measurements. The mean vaiue of the 
peak amplitude of the electric field variation is 18 
kV/m with a standard deviation of 13 kV/m. The mean 
rise time is 160 ns with a standard deviation of 200 

ns. For the magnetic field, the mean value is 150 
A/m with a standard deviation of 250 A/m, the mean 
rise time is also equal to 180 ns. These Important 
values of the standard deviation on rise'lmes Is due 
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to the fact that some pulses have rise times less 
than 10 ns, and some 600 ns, depending on the time 
when the acquisition has been completed during the 

whole process. The highest value encountered for the 
peak magnetic field is evaluated at 400 A/m. This 
would correspond to an estimated current of 5 kA if 

the current had been uniformly distributed around 
the fuselage. This relatively low value in regards 
to what is found in the literature is due to two 
main reasons. The first and the most important one 
is that the digitizers are working from a trigger 
level and did not capture the highest pulse but the 

first one above the trigger level. 
Looking at analog records, the first pulses above 

the trigger level are about three times smaller than 
the most Important ones. This will lead to maximum 
values of the current between 10 and 20 kA. The 
second reason is that the current does not flow uni- 
formly along the fuselage, the path of the current 
depending on the points of entry and exit. The ratio 

between the peak value of the electric field and the 

peak value of the magnetic field has a mean value of 
360 r; with a standard deviation of 200 ß which shows 

that the field is not in a TEM mode at the position 

of the sensors. The frequency content of the acqui- 
sition is shown on figure 7. Figures 7a and b con- 
cern the FFT of figures 6a and b waveforms which are 
rather slow pulses (100 ns rise time) and the fre- 
quency content has no significant value beyond 20 
MHz. Figures 7c and d give the FFT of one of the 

fastest pulses, with a 5 ns rise time non shown 
here. The FFT shows that energy exists up to 60 MHz 
and a periodicity of pulses Is seen. Looking closer 

on figure 7b it Is possible to see a spike between 4 
and 5 MHz merging 3 dB above the mean spectrum; this 
may be representative of a longitudinal mode of 
resonance of the C160 aircraft. 
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Fig. 6 - Magnetic and electric field pulses (wide band). 
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III.4 - Penetration through the aperture. 

The C160 aircraft has six 38 cm diameter circular 
windows; behind one of them, at 1 m from the ex- 
ternal magnetic and electric field sensors and at a 
distance of 50 cm inside the aircraft, is set a free 

magnetic field sensor. Unfortunately this sensor is 
not exactly in a free field situation because of 
others experiments. The response of this sensor can 

be seen on figures 8 (a to d) which show different 
acquisitions. These pictures are the superposition 

of the external magnetic external field, Hext, and 
the internal magnetic field, Hint. The amplitude of 
the internal field has been multiplied by a factor 
of 20 for all these pictures in order to obtain the 
two curves on the same graph. It is easy to see a 
good correspondence between Hint x 20 and Hext at 
least at the beginning of the waveform for about the 
first 400 nsj after this period, and if the fre- 
quency content of the excitation has got enough 
energy in high frequency, some internal resonances 

of the C160 may be excited. That is the case on 
figure 8a for instance where the 5 MHz resonance 
lasts longer on the Hint than on Hext. The mean peak 

value of the internal fi?ld is 6 A/m with a standard 
deviation of 4 A/m. Such a field has a significant 

magnitude since it can produce a voltage of some 
volts on a rectangular loop of 10 x 20 cm which may 
be the ground line of a printed circuit board. It 
may be of some interest to compare these exper- 
imental values to the calculations found in the 
literature based on the dipole equivalence of an 
aperture. Starting from Maxwell's equations and 
writing: 

e Jkr 

4nr 

Hint = - Vx <mxfc) - jwp *^        (5) 

with G: Green's function such as G » 

m: magnetic dipole moment, 
p": electric dipole moment. 

—-*■ 

with the assumptions u/c <<c 1/R and calculating Hint 
on the axis of the aperture, p is colinear to vG. 

So Hit^t - - Vx(m x^VG) 
with m  » - 2 cun.Hg,- 

am » magnetic polarisabllity 
(cc0 « d^/6 for a d-diameter aperture) 

Öse » Hext - H short circuit. 

It can be shown that Hint is equal to: 

l iT"*. I   d 3 |Hsc| 
I Hlnt I -T27¥^ 

with the data corresponding to the experiment this 
gives an attenuation factor of 100 between the ex- 

ternal and the internal fields; the experiment gives 
a factor of twenty. This difference may be probably 
explained by the fact that the sensor is not actu- 
ally in a free field environment. 

IV - CONCLUSION 

This airborne experiment has given a good set of 
data for characterization and analysis of the In- 

direct effects of a lightning strike and gives some 
confirmation on process already seen by previous 
experiments. 
The most Important results are the followings: from 

an electromagnetic viewpoint a flash lasts several 
hundred of milliseconds, there are two kinds of 

flashes: those which begin by a train of pulses 

lasting some milliseconds and followed by solitary 
pulses (753! of the cases) and those which begin by 
solitary pulses. 
The magnitude of the fast field variation on the 
skin of the aircraft does not exceed 600 A/m for the 
H field and 50 kV/m for the E field. The rise time 
for the majority of the pulses is about 100 ns. 

These value may lead to reconsider the moderate 
threat value given in the AEHP program [6] (50 kA/us 
and 20 kA peak) since the values found there are 15 
kA peak and 150 kA/us). 

Digitizers and VHF experiments have shown pulses of 
a few nanoseconds rise ti le occurring along the 
whole process. The penetration of the measured 
fields through the aperture is 5 times greater than 

predicted, which means that one has to be cautious 
while applying this type of model to actual situ- 
ations; nevertheless calculations are not going too 
far and give an idea of what could be expected. 

The experiment has shown the great interest of 
studying VHF radiations for by this mean it is poss- 
ible to analyse the high frequency content of the 

radiation during the whole process [7). 
Although the characterization of the field on the 

skin of the aircraft is well known by the C580 and 
the C160 experiments, the relationship between the 

arc current and the fields Is still unknown. The 
little number of sensors disposed on the C160 does 
not allow to study the current path. Future exper- 
iments will be necessary to work on that point in 
order to determine how much of the current flows 
directly through the aircraft and what is the im- 

portance of the impedance mismatch between the 
aircraft and the arc. 
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ABSTRACT 

Much of the extensive capability associated with military and commercial aerospace vehicles is provided 
by avionic equipment that electronically processes relatively large amounts of data. Although such capa- 
bility exists in vehicles now in service, future vehicles will require substantially more extensive data-pro- 
cessing capability. The two methodologies used for electronic data processing ere: 1) analog, and 2) digital, 
but two processing faults (disruptions of data flow and undesired operations on data) significantly compromise 
the integrity of processed data. This paper identifies fundamental differences between the two method- 
ologies, and discusses the implications relative to the immunity of the electronic equipment within an aero- 
space vehicle to any detrimental effects produced by lightning. 

I - INTRODUCTION 

Much of the extensive capability associated with 
military and commercial aerospace vehicles is 
provided by avionic equipment that electronically 
processes relatively large amounts of data. Although 
such capability exists in vehicles now in service, 
substantially more extensive data processing 
capability will t>e required in future vehicles. 

The two methodologies used fur electronically 
processing data are 1) analog, and 2) digital, but 
two processing faults (disruptions of data flow and 
undesired operations on data) significantly 
compromise the integrity of processed data. 

II - DISCUSSION 

Analog Computers 

When data is processed by analog computers, the data 
is simultaneously applied to many dedicated computing 
elements. The data flow is then confined to 
specific, well-defined paths when these element are 
connected in the configuration to meet the design 
objectives for the specified operation of a particu- 
lar analog computer. The computing elements within 
an analog computer are individual circuits along a 
computing path. 

Undesired operations on data occur in analog 
computers when data paths are merged 1n an 
unspecified manner or when an electronic circuit 
malfunctions. Disruptions in data flow are the 
result of disruptions in the normal operation of some 
electronic circuit, and the circuit disruptions can 
be permanent due to the failure of a circuit element, 
or they can be transient because of Interference by 
illegitimate signals. Since data paths In an analog 
computer a-e United to specific, well-defined con- 
nections of dedicated electronic circuits, virtually 
all possible data paths are Identifiable. Therefore, 
circuit malfunctions/failures can be Identified with 

relatively high confidence by applying test methodol- 
ogies that have been proven by extensive experience 
with such equipment. In other words, because of the 
very structured control of data flow Inherent in 
analog computers, such special-purpose equipment can 
be predicted to fall in a special or specifically 
predictable manner. As a result, verification tests 
nave proven effective In establishing proper 
equipment operation and revealing any significant 
malfunctions attributable to exposure to external 
environments. 

Analog computation for aerospace vehicle feedback 
control Is generally unsusceptible to external 
Interference signals of relatively short duration 
(less than I ms transients) because the feedback 
control signals of such vehicles (feedback control of 
the mechanical/hydraulic systems within them) change 
relatively slowly (as compared to lightning-induced 
transients), and because of the special-purpose 
nature of their computing elements (specific 
dedicated electronic circuits). 

Within an analog computer, only the data whose 
construction requires significant time to be produced 
(state variables) can be irreversibly compromised by 
transients (the term transient 1s Intended to mean 
that class of short duration illegitimate signals 
which possess the agency to Interfere/disrupt). In 
addition, within an analog computer a state variable 
will be unique to a dedicated computing element. 
Data associated w<th other variables may be scrambled 
momentarily by transients, but will return to normal 
after the transients die out. The information 
provided by state variables derived In computing 
elements used for feedback control (control state 
variables) Is usually stored In circuit elements that 
require relatively large amounts of energy, or orders 
of magnitudes greater than that encountered in 
Interfering transients, to cause significant changes 
in the Information (outputs change slowly for 
electronic integrators and the lag/filter circuits 
that have large time constants). So even though 
control state variables apnear to drastically change 
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when transients penetrate complex active devices 
(operational amplifiers, etc), they will immediately 
return to the value that existed before the transient 
after the transient has passed. 

The state variables in analog computers that are most 
susceptible to transients are logic states that are 
latched. Latches provided by high-speed, integrated 
circuits (flip-flops, counters, etc.) can be toggled 
(change state) by relatively small amounts of energy. 

In an analog computer designed to provide feedback 
control within aerospace vehicle, there should be no 
fundamental requirement for high-speed control of 
logic states. Susceptibility of latch circuits to 
transients could be virtually eliminated by adopting 
storage elements, which require energy that is orders 
of magnitude greater than that encountered by inter- 
fering transients to be changed (lags with relatively 
large time constants), as part of the latch feedback 
path or memory. Thus, because of the Inherent nature 
of the computing elements within this kind of 
special-purpose computer, it is possible, to design 
an analog computer that is unsusceptible to Inter- 
fering transients if a moderate degree of design 
emphasis is placed on susceptibility immunity. 

Digital Computer« 

When data is processed by digital computers, the data 
is applied to one general-purpose computing element 
known as an arithmetic logic unit (ALU). Eventually, 
data to be processed must be directed along the 
common paths or data buses that transmit it to/from 
the ALU. Data either waiting to be processed or data 
that is already processed 1s held in the computer's 
memory. Data processing is directed by a set of 
general-purpose instructions (instruction set), and 
this general method of data processing Is tailored to 
a specific application by a collection of individual 
instructions from the instruction set. In state-of- 
the-art digital avionlc computers, this list of 
instructions or program can contain more than 100,000 
instructions that are to be executed in many differ- 
ent sequences and, like data, this program must also 
be stored in memory. The subelements of the ALU and 
memory are electronic circuits. However, unlike 
analog computers. It 1s not possible to restrict data 
flow to the specific paths associated with dedicated 
computing elements since, when executed, virtually 
all instructions, control data flow and, in this 
respect, the ALU, memory and data buses, should be 
considered part of the total data path. 

Integrated circuit technology provides the inter- 
connection of many of the various logic circuits 
"cells" that compose the ALU and memory as a single 
electronic device. Within representative digital 
computers, the actual ALU and memory area result when 
the appropriate devices from various types of digital 
Integrated circuits are connected together. The 
degree of circuit Integration can range from hundreds 
of individual solid-state active - pn junction, 
FET - and passive circuit elements (LSI) to thousands 
o' such elements (VLSI). Even larger-scale Integra- 
tion is anticipated for the electronic devices within 
future digital avionlc computers. 

Obviously, a digital computer Intended for avionlc 
application has a complex program with a larger 
number of Instructions. It Is therefore virtually 
impossible to Identify all possible data paths, and 
extreme care must be taken to avoid any undesirable 
operations on data or the merging of data in an 

unspecified manner because of software faults. Also, 
while failures of the electronic circuits (hardware) 
within the computer will often be obvious because of 
the resulting wholesale disruption of data process- 
ing, device/circuit complexity defies conventional 
failure-mode analysis. It is virtually impossible to 
predict the effects of all possible circuit disrup- 
tions, whether they are permanent and caused by 
circuit element failure, or transient and caused by 
illegitimate signal interference. Therefore, disrup- 
tions in data flow can either be permanent due to the 
destruction of a software instruction or the failure 
of a circuit element, or transient due to illegiti- 
mate signal interference. 

Because of the relative newness of digital tech- 
nology, the corresponding inexperience with digital 
data processing, and the hardware and software 
complexities of digital avionics, test methodologies 
that establish an acceptable confidence level of 
proper equipment operation are still evolving. As a 
result of the generalized nature of the data-flow 
control inherent 1n digital computers, such general- 
purpose equipment can fail in a general manner 
(failure manifestation can range from wholesale and 
obvious to subtle, unpredictable, and insidious). 
Because of this, the effectiveness of verification 
tests to reveal significant equipment malfunctions 
attributable to external exposure are limited. 

Since all data to be processed In a digital computer 
passes through the ALU, high-speed data transmission 
is fundamental to the operation of digital avionlc 
equipment that executes large numbers of Instructions 
in a computation cycle. The need for high-speed data 
handling translates Into high-speed electronic 
devices that by nature respond to rapidly changing 
signals, whether the signals are legitimate or not. 
As a result, because very fast. Intense transients 
can penetrate past the Input interface into interior 
circuits, both memory and data control within a 
digital computer are susceptible to transient disrup- 
tion. To eliminate the threat of destroying or 
permanently scrambling program Instructions stored 
within digital avionlc equipment memories, software 
resides 1n read-only memory (ROM) so that even 1f the 
logic states of ROH elements are momentarily changed 
by transients, they will return to normal after the 
transients die out. 

In addition to momentary logic state changes, device 
damage may also be of concern relative to both memory 
and the ALU because, as the degree of integration 
Increases in that devices contain more and more 
circuit components, the geometries of Individual 
circuit elements decrease. Smaller geometries mean 
lower damage energies as well as lower switching 
energies (faster switching times). 

In addition ro the ROM elements associated with 
digital avionlc equipment, all digital computers must 
provide random access memory (RAM-write/read) 
elements to store data that Is always being updated. 
Unlike ROM, RAM (logic latches) states can be 
permanently changed by transients and, as observed 
during the discussion of analog computers, loss of 
state variable information Is a key Issue associated 
with the Inherent upset susceptibility of RAM since 
state variables represent the class of processed data 
that can be Irreversibly compromised when changed In 
an unorthodox manner. 

The preceding discussion has bem centered around the 
characteristics of digital avionlc equipment as they 

f 
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relate to the impact of transients (upset suscepti- 
bility, hardware complexity, software complexity). 
To attempt to anticipate/neutralize all possible or 
specific ways this general-purpose approach to com- 
puting can be upset by transients would be an 
exercise in futility. Because of the general nature 
of digital computer susceptibility to transients, the 
solutions to this problem must also be general, as in 
the example of ROM usage in digital avionic 
equipment. 

Lightning is an external environment producing 
transients that are sufficently fast and intense to 
both damage and upset electronic equipment. Since 
lightning can induce transients on wiring throughout 
an aerospace vehicle, it can also be a threat to 
functions based on the use of redundant electronic 
equipment. The interaction of lightning with aero- 
space vehicles and the subsystem equipment within is 
a situation that is extraordinarily complex. There- 
fore, a complementary cycle of testing and analysis 
will play a critical role in programs involving the 
development of such equipment when the eletromagnetic 
environment produced by lightning 1s a significant 
issue. 

If the electronic equipment being considered uses an 
analog computation approach, the testing and analysis 
methods to demonstrate that equipment will not be 
damaged or that the duration of any interference will 
not be significant already exist and are relatively 
straightforward. These methods have been applied to 
a broad spectrum of aerospace vehicle electronic 
equipment. This spectrum ranges from government- 
furnished equipment that has been part of government 
inventory for an extended period of time, and which 
was not specifically designed to be compatible with a 
lightning environment, to state-of-the-art equipment 
whose design included requirements for lightning/EMP 
compatibility. Essentially, these established 
methods use the direct or specific approach to verify 
that lightning or EMP requirements have been 
satisfied. The direct approach entails a detailed 
investigation of every computing element and data 
path. This approach can even be used in assessing 
digital equipment to verify that lightning-induced 
transients will not reach levels sufficient to cause 
device damage. When circumstances are amenable to 
such an approach, verification testing can be used 
with a relatively high level of confidence that such 
tests will establish conformance to requirements. 

Unfortunately, It Is not clear that the direct 
approach will be effective when Immunity to 
lightning-Induced transient Interference of digital 
computations Is the requirement to be resolved. The 
issues associated with this situation »re  so general 
and so complex that verification of this requirement 
will critically rely upon Interpretation of develop- 
ment test and analysis data. The analysis should not 
only Include a detailed explanation of the candidate 
design but, more importantly, the rationale that 
underlies and justifies the design concepts. 

For example, if the design 1s based on the general 
position that transient penetration can be suppressed 
to the point where Interference/damage levels of the 
critical Internal circuitry will never be approached, 
then the analysis would have to clearly establish i 
high level of confidence that this objective has been 
achieved. Immunity to the effects of internal 
transients is another general position upon which a 
design could be based. In that instance, the 
analysis should contain component safety-margin 

information and a description of computation recovery 
(reset, initialization, and restart of the computa- 
tion cycle). When assessing digital computer 
susceptibility to interference, another key analysis 
contribution would be the identification of any 
critical windows in the computation cycle. 

When lightning is an environmental consideration, 
analysis will be the fundamental means by which 
verification of the conformance of digital avionic 
equipment to lightning requirements is achieved. Any 
apparent discrepancies in verification conformance 
that cannot be resolved with confidence could be 
included as part of the justification for the perform- 
ance of verification tests. Conditions that produce 
such discrepancies should be closely monitored during 
verification testing to show that equipment does 
indeed conform to lightning requirements. 

But even if there are no apparent discrepancies, 
intelligently performed verification tests will play 
an effective and important corroborative role in 
establishing an additional margin of confidence in 
the analysis conclusion that shows conformance. 

Ill - CONCLUSIONS 

Several technology trends associated with aerospace 
vehicle design in the direction that impact lightning 
vulnerability in a negative manner are listed below 
(Ref.l): 

• Dramatically increase the use of carbon-fiber 
reinforced plastics (CFRP) for the vehicle skin 
and primary structures. 

• Steadily lower susceptibility/vulnerability 
(S/V)  vels of electronic devices. 

• Substantially increase the volume of data 
processed by digital electronics. 

The inherent conductivity of CFRP is significantly 
lower than aluminum. As a result, shielding afforded 
by vehicle surfaces and Internal structural members 
will be significantly reduced. Thus, more of the 
burden for the attenuation of tho electromagnetic 
(EM) environment, both external and Internal, will 
have to be assumed by subsystem elements and 
structures, such as shielded bays, shielded wiring, 
equipment enclosures, and fiber optics. In addition, 
the immunity of electronic equipment to the substan- 
tial transients caused by lightning will have to be 
enhanced through appropriate design techniques. For 
analog computers, this may include judicial applica- 
tion of high-speed logic devices and, when they are 
used, careful treatment of latch circuits. For 
digital computers, the measures used to achieve 
designs that provide immunity to such transients will 
be substantially more complex, involving appropriate 
architectural elements and proper application of 
design techniques associated with high-speed date 
processing. 

It is Interesting to note that original work to 
characterize digital computer upset is being pursued 
by the sector of the technical community concerned 
with the effects of lightning on aerospace vehicles 
(Ref. 2, 3, 4, 5). The Investigation of monitors to 
detect upset Is Included. The potential threat to 
high-speed data processing posed by EM environments 
is Illustrated by the following qualitativ« assess- 
ment which anticipates that transients induced into 
subsystem Interface cables will be controlled to 
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values that are consistent with those defined as 
Level 3 (300/600 volts) 1n document AE4L-81-2. The 
energy in an Interface cable associated with the 
double exponential pulse 1s on the order of 10 
mil 11 joules (mj); 1t would be on the order of 1 mJ 
for the damped sinusoid pulse. Such broadband 
waveforms represent the type of signals that can be 
induced on cables by lightning or other EM 
enviroments (which can also penetrate into buried 
electronic computing and storage elements). 

Extensive testing of electronic devices has revealed 
that damage thresholds of LSI devices are on the 
order of 100 nanojoules when they are exposed to 
short duration pulses of 1 microsecond or less (Ref. 
7, 8). Device upset occurs for energies an order of 
magnitude lower or more. The damage energy corre- 
sponding to VLSI devices is projected to be on the 
order of 1 nanojoule. This is consistent with the 
order of magnitude or more reduction in device 
geometries. Thus, inception of VLSI device upset 
would occur for energies less than 1 nanojoule. This 
wide disparity between threat levels and upset levels 
(107 or greater) clearly highlights the potential for 
the wholesale disruption of data processing and the 
corruption of stored data. Obviously, device damage 
is also an issue of concern. 

The ability to automatically detect significant 
disruption of data processing, Initialize the 
processing cycle, recover all critical variables and 
reinstate processing would result in a digital data 
processor that is as Immune to significant disruption 
of computed functions as an analog data processor. 
In addition, this high degree of computing Integrity 
could be further enhanced by the application of 
fiber-optic data transmission between electronic 
computers. 
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Abstract - A new tubular extrusion form of transient suppressor nade fron metal-oxide-varistor (NCV) 
material could improve the effectiveness of transient suppression systems. The new component was 
designed for installation directly on the pins of system wiring connector' minimizing added hulk and 
weicht. The physical construction lends itself to relatively large conducting areas and inherent l.eat- 
absorbing mass, thereby aiding the ability to divert transient peak current and to sustain deposited 
energy. The electrical characteristics of the new connector pin varistors have been shown to be 
generally similar to commercial disc varistors of comparable voltage and active physical volume. 
Electrical ratings were first estimated by projection frcm other forms and then empirically verified by 
evaluation testing. It was concluded that these devices, which also exhibit resistance to the stress of 
radiation, have a manifest potential to improve transient voltage protection of both aerospace and ground 
electronic systems. 

I - IUTR0DUCTI0I1 

The advance of microelectronics has braucht powerful 
nev.' capabilities to aerospace and ground electronic 
systems. An obvious effect is miniaturization which 
has greatly increased functional density within a 
given volume or mass. Reliability is potentially 
better because of fewer and shorter interface connect- 
ions, and the reduction of size and conductor lengtii 
also csn improve response speed or extend bandwidth, 
however, the sophisticated semiconductor chips which 
lie at the heart of new-generation electronics require 
more elaborate protection against oanage or upset by 
voltage transients. Hence, the need for transient 
irotection has been multiplied. 

The installation of transient suppression within 
system cable connectors is a relatively new approach 
to the implementation of transient voltage protection, 
and one which imposes new requirements on the Suppress- 
or components themselves. Host existino forms of 
transient suppressors have limitations of one kind or 
another. These drawbacks might relate tc their 
physical size and shape, to their electrical 
performance, or to their resistance to possible 
environmental stresses when used in some applications. 
And because. In general, some compromise or balance of 
performance characteristics will be necessary certain 
design features might be weighted more heavily than 
others. This paper uescribes the results of a program 
to develop a new form of transient suppressor intended 
to best fill a particular set of requirements. 

II - DEVICE MODEL 

Extruaed tubular form capacitors have been widely used 
for some time as high frequency r.F filterinn elements 
within multi-pin connectors.    The advantage of this 
hollow cylindrical shape is that the component can be 
slipped over connector pins without requlrino major 
redesign or size Increases in the connector bodies. 
Experimental transient suppressors of this form also 
were made sone years ago by cuchinjng then from blocks 
of metal-oxide-varistor material.[f] Since that time 
materials have been significantly improved in 
electrical performance and extended in ranne of 

available voltages.    But extensive effort was still 
required to develop MOV materials suitable for the 
production of extrusion shaped Pa^cri a h1r>h volune 
scale.    The wire sizes used in medium and hioh density 
connectors, American wire guage numbers 20 and 22, 
presented the greater challenge because of smaller 
diameters and narrower wall thicknesses.    The part 
dinensions used are shown in Figure 1. 

silver- 
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0.75 max h 
'rf 
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"67mnin* 
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3 r T 
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20 Al.'G 
22 Al.'G 

2.03 
1.73 

2.18 
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1.09           1.52 
0.Lir.           1.32 

Figure 1 Outline Dimensions - Millimeters 

The material composition of WV's consists of over 90~ 
zinc oxide, bismuth oxide, and other metal oxides. 
These materials can be prepared and processed into 
specific forms by techniques parallel to those used to 
■sake ceramic capacitorsof similar form such as disc;, 
chips and extruded tubes, however, despke a 
■mechanical similarity to some passive devices WV'r 
are active semiconductor devices. Zinc oxide is 
widely reconnized as a semiconductor material [2] . 
The properties of single junction zinc oxide-bismuth 
oxide semiconductor diodes have been studied and 
reported [3- Tn*t stud" revealed a breakdown voltage 
different from silicon diodes, as expected, and 
demonstrated a shari transition from the non conducting 
to the   conductinn renion with a highly non linear 
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I-V characteristic typical of a good semiconductor 
material. These characteristics tend to carry over 
into large MOV forms which typically contain many 
thousands of semiconductinn junctions. 

As is well known zinc-oxide metal-oxide-varistor 
material consists of many individual orains of Zno 
separated by a thin intergranular layer containing 
oxides of bismuth and other elements. This structure 
usually is irregular in actual configuration but for 
didactic purposes it is conventional to represent it 
as a more uniform layout. t4l Figure 2 represents the 
idealized microstructure of a senment of the cross- 
section of a tubular varistor form. Effectively, each 
ZnO nrain is a resistor and each grain boundary is a 
miniature varistor. Hence, MOV's internally are 
complex series parallel networks of semiconducting 
diodes and resistors. In turn, each diode will have 
an associated capacitance and leakage resistance 
element. The reduction of this network leads to the 
varistor equivalent circuit model of Figure 3. 

Ag electrode, exterior 

ZnO qrains 
Semiconducting 
Interfaces 

■Ag electrode, interior 

Figure 2. Idealized tBV Microstructure 

(LEAD 
INDUCTANCE) 

'OFF 

figure 3. Varistor Equivalent Circuit 

For many practical applications, perhaps most, it is 
possible to further reduce the equivalent circuit of a 
varistor. Device capacitance and parallel leakage 
resistance have negligible effect on transients except 
those of very low energy- Provided that connectinn 
leads are short, preferably less 1 en in lenoth, the 
lead inductance also has negligible effect under 
typical 3/20 and 10/1000 «s transient current wave- 
shapes. Lil In such cases the varlstcr model reduces 
to a simple fixed resistance in series with a current 
dependent resistance. 

It has been shown empirically that the voltage 
response to current stimuli of typical MOV's can be 
closely approximated by a behavioral equation of two 
terns. CoJ This equation usefully is founded on the 
simple, but meaningful, electrical and physical model 
of the device and its variable design parameters, as 
follows: 

Vc = a I1 + R.I (i! 
where Vc is the varistor clamping voltage, a is a 
device constant, b is the exponent of nonlinearity, 1 
is the operating current, and Rs the fixed series bulk 
resistance of the device. Since estimated values of 
Rs typically are a small fraction of one ohm the 
second term of equation (1) can be ignored when 
operating current is below one ampere. Specifically, 
if current is expressed in units of nillianperes, and 
the nominal varistor voltage Vfj  is defined as the 
voltage at a test current of one millianpere, then it 
is apparent that VJJ has the same numerical value as 
the device constant, a. 

VN - al
b = lal, if I = 1.      (2) 

EFFECTS OF PHYSICAL lEOIETRY 

The physical dimensions of the varistor can be related 
to the electrical model. First, let p represent the 
voltage gradient characteristic of varistor material 
as described in units of V/mm at a test current of 
1 nA, where numerical values of p in the range of 
about 10 to 500 are practical, (tinensionally, the 
material nraoient would be correctly measured as 
kilohr.is/mm. but the usane of V/mn is common and 
intuitively meaningful.) B» definition the device 
constant, a, of any varistor then can be riven by; 
v.'here t is the thickness of the varistor section in 
ram: 

a - pt (3) 

Also, by the conventional formula for resistance in 
terns of material resistivit", Q  , and conductor areas 

A:     Rs = et/A (4) 

Substitution of (3) and (4)  into (1) gives: 

Vc = t (plb + $I/A) (5) 

To find the effect of material and desion variables on 
voltage clanping performance it is useful to define a 
characteristic called clanging ratio C.H., as below. 

C R. ■ VC/VN (6) 

For varistors of a given nominal voltaoe the ratio 
CT.. derends only on the values of b, p,£ of the 
iiaterial used and the conducting area A as the sole 
design variable. This nav be demonstrated by 
substitution of (5) for Vf and (2) for V|j in equation 
(6). The resulting form can be reduced as below. 

C. R. - Ib =9I/rA (7) 

As would be expected the clamping ratio depends, first 
of all, on the nonlinear exponent, b. The effect of 
material variables on this exponent can be grasped 
intuitively by considerino the relation of the 
varistor microstructure to its terminal behavior, 
lach semiconducting nrain boundary tends to act as an 
ideal miniature varistor in series with a fixed 
resistance of the adjacent ZnO grain. A complete 
structural nodel of a netal-oxide-varistor would 
represent the device as the series-parallel combination 
of a very  laroe number of these individual elements. 
Equations (1) and (7) effectively are reduced forms of 
a complex system, in which exponent b may be regarded 
as a proxy measure of the homogeneity of the material. 
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The voltaqe drop across the series fixed resistance, 
as represented by the second term of (5) and (7), can 
be minimized first by advanced materials with a low 
value of resistivity. Secondly, it can be minimized 
by selecting a material »nth a high voltage gradient 
p; but this choice is limited by the fragility of a 
thin section. Thirdly, it can be minimized by a 
larger size part with greater area. This is the most 
common variable used to design or choose Varistors for 
the best clamping performance. Practical considerat- 
ions of space and cost limit the range of options. 

OTHER DESIGN COIiSIDERATIOiiS 

Like other devices, varistors have finite limits of 
electrical stress which they can withstand. The 
limits of a given class of materials are proven by 
evaluation testing. Once established these can be 
used to design devices to .neet some rating goals by 
varying section thickness and conductino area over 
some range. 

At first Qlance it might appear that the surge with- 
stand capability could be increased simply by using a 
material with a low value of voltage oradient, p, 
thereby allowing a thicker part. However, because the 
resistance of the material itself adds to the power 
dissipated at high current this design approach is of 
limited value in practice. Also, any added resistance 
tends to degrade the clamp ratio, lience, the goals of 
better clamping voltage and greater energy capability 
tend to be mutually exclusive. A well-desinned 
varistor is a judicious compromise of these goals as 
well as other technical and cost factors. 

The preceding proposition can be demonstrated by 
oerivinr an expression for peak power density. Let PP 
represent peak power, and let PPD be peak power 
density. By substitution of equation (5) into the 
definition of peak power: 

PP - VI - t (Pi 1+b + eI2/A)      W 
Recalling that the volume is given by At the peak 
power density is: 

PPD ■ PI 1+U/A + $I2/A* (0) 

If values representative of commercial radial disc 
varistors are assigned to all variables except p then 
clamping ratio and power density can be compared in 
their dependence on the voltage oradient usinn 
equations (7) and (9). As illustrated by Figure 4 
these characteristics change oppositely with variation 
of p. Also, there may be side-effects in the material 
electrical properties resulting from changes in the 
material formulation which are needed to vary p. The 
best compromise will depend on the specific needs of 
the application. 
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Conditions: 

20 

10 

ou 

C.R.                    I = 4000A 

I         A = 1  cm* 

\        b = 0.05 

\      0 = 0.2 Ohm-cm 

6.0 \ 

5.0 
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10 30 100 300 
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Figure 4.    Variation of C.R., PPD with p. 

Generally, it is desirable to minimize and control the 
varistor standby current Iß, which is defined as the 
current measured with the maximum rated continuous dc 
voltage \!H (dc) applied.    In metal-oxide-varistors the 
region of highly nonlinear conduction extends down to 
currents on the order of 20äA.    Below this the V-I 
characteristic becomes increasing«/ affected by the 
value of the parallel leakaoe resistance rV)FF in 

Figure 3.    This characteristic is also affected by 
temperature.    Both the nonlinear characteristic and 
the resistivity of the parallel path tend to be 
inherent properties of a varistor material.    Changes 
to the material formulation might help to reduce 
starT-'hv current somewhat but would tend to compromise 
clanpinn voltage and peak current capability. 

The parallel resistance can be modeled as dependent on 
device neometry.    Let r be the resistivity of the 
varistor naterlal in the off state with other terms as 
defined previously.    Then simply: 

r<>FF • rt/A 

If the values of r anc. t are fixed by the material and 
the application voltage then RQFF can be increased by 
using the smallest feasible varistor area.   This nay 
somewhat reduce typical values of IQ.   however, the 
affect on maxinuei In. is less because Its value is 
determined mainly bw tiie nonlinear region of conductior. 

3oth typical and maximum standby currents can be 
reduceo by using a higher voltage varistor if a hicher 
protective level is acceptable to the application. 
Alternatively, a narrower tolerance could be specified 
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for the varistor voltage but this would raise the 
cost. Special testing to select only varistors with 
better values is another approach, anain affecting 
cost. 

Capacitance may be the most difficult to adjust of I10V 
characteristics. Firstly, because t!ie principal role 
of varistors is to suppress transients they are 
designed to be cost-effective in providing the best 
protective level ?nd required surge withstand capabil- 
ity. Capacitance therefore tends to be a residual 
after other objectives have been satisfied. In many 
applications varistors are connected across ac or dc 
power lines, where the magnitude of capacitance or its 
device to device variation are not important. In fact, 
the varistor capacitance may be helpful in suppression 
transients and filtering noise. Data transmission 
lines, however, are an important exception, and control 
of capacitance values is of concern. 

If the applied voltage is zero, or well below the 
threshold of nonlinear conduction, a varistor can be 
regarded simply as a ceramic capacitor whose value is 
given by the familiar formula for a parallel-pi ate 
capacitor. If C represents capacitance and £ is the 
dielectric constant of the particular material used: 

C -fA/t 

It should be noted that the measured value of 
capacitance is somewhat dependent on the frequency of 
the test sianal, and could be 25-50* higher at 1 KH2 
than at 1 Nhy, 

From the expression above it is evident that a thicker 
section of a given material will reduce capacitance, 
but also will raise the varistor voltage. For the 
same voltage capacitance perhaps could be reduced by 
chanoinp the material but this may compromise other 
properties such as peak current ratinn. The one sure 
way to minimize capacitance is to use the smallest 
oisc size feasible for the application. 

TU8LUP. P.EOIIETRY CQiiSIDCSATIOiiS 

The preceding discussions were intended to be general 
ones applicable to iOV's of common shape such as rouna 
discs or rectangular chips. The new tubular form can 
be approachea with the same analysis, excepting that 
the effective conducting area and volume are a special 
case which might require some interpretation. Unlike 
typical disc varistors the new tubular form, nade as 
oescribed In this paper, had different electrode 
configurations on its conducting faces. As shown in 
Figure 1 the interior wall was completely coated with a 
fired silver paste electrode, and this electrode was 
permitted also to lap slightly over onto the exterior 
ends of the tube. However, the actual exterior 
electrode was isolated from the tube ends by a 
distance of roughly twice the wall thickness. Hence, 
the expected path of conduction was through the thin 
wall of the tube with current flowing betv/een the 
exterior electrode and the segment of Interior 
electrode directly opposite. This fact leads to a 
model of effective electrode area A which uses the 
circumference of the interior electrode of diameter 
01 times the length 1 of the exterior electrode; I.e. 

A >TT0i 1 

The effective volume for dissipation of deposited 
transient energy in the form of heat also might 
require some Interpretation. Tlii' volume can be 
calculated precisely as the «ol^ie of the hollow 
cylinoer of length 1; i.e., as the volume of tie 
exterior cylinoer minus the -nterior one. However, It 
cinht be intuitively satisfying to be able also to 

approximate the volume directly in terms of the wall 
thickness t. Let 0o represent the outside diameter of 
the tube, with 61 and 1 as the inside diameter and 
length, so that the volume L of the tube then will be 
described by the expression: 

L = IT 1(06 - Pi2)/4        (13) 

lute that: 

0o = 0i + 2t (14) 

If the typical wall thickness for a given tubular part 
is some multiple of the inner diameter, then 
equation (13) can be solved in terms of t; and it can 
be shown that, if: 

0! = 2.5t 

L = 8.6t2 

and if: 

(15) 

01 3t 

io.; (ie) 

Equations (15) and (15) rrovide approximations for the 
typical active volume of parts made for wire nuane 
sizes 22 and 20 respectively. 

CONSTRIXTIOH OF SAMPLES 

Experimental tubular varistors had been made some 
years ago, not from extruded forms, but by machining 
of pieces from blocks of sintered MOV material. Also, 
with the limited choice of materials then available a 
wide range of voltage types could not be attained. 
Although a greater variety of materials has since been 
developed these have been intended for disc varistors 
which typically are thicker in cross-section. Some 
new formulations had to be developed to achieve 
voltage gradients compatible with the thin walls of the 
tubular form. This made it possible to produce sample 
groups with nominal varistor voltages of 8, 33, 220 
and other values. Furthermore, these pieces now were 
made by methods suitable for expansion to hinh volume 
production. 

In the manufacture of IIOV's raw materials are process- 
ed into sintered forms by methods parallel to passive 
ceramic components. However, IIOV's are active semi- 
conductor devices, as indicated by evidence of deplet- 
ion layers in varistors with the same type of behavior 
observed for silicon semiconductor abroup p-n junction 
diodes. (7) The semiconducting characteristics of 
varistors in any form are sensitive to processing 
conditions; and the new tujular shape, with a surface- 
to-mass proportion very different from a disc, requir- 
ed development of new processing conditions. The 
bodies were fired at peak sintering temperatures of 
about 1200°C or higher. Electrodlng was by means of 
thick film silver paste fired onto the interior and 
exterior walls of the tube In the pattern of Figure 1. 

TEST METHODS 

With the use of design knowledge as described in the 
preceding sections the electrical behavior of a new 
form or size can be largely predicted. Still, the 
actual performance needs verification by tests using 
industry standard methods. For electrical character- 
istics the key parameters are nominal voltage Vjj; 
clamping voltage Vr, and dc standby current In,. For 
some applications capacitance also Is Important. In 
electrical rating assurance tests the vit»l maximum 
ratinos are continuous voltage Vm(ac) or Vm(dc). Peak 
current Itm and energy Wtm- To compare characteristics 
before and after a stress the nominal voltage VN often 
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is sufficient as the single end-of-life criterion; 
because, if the V^ values initially were within 
specification, and if the values were not shifted more 
than 10* by the stress, then there is indication that 
V-I characteristics were not shifted beyond usefulness. 
In the development of the new tubular form varistors 
all the above tests reported in this paper were 
conducted in accordance with IEEE Standard C62.33- 
19<J2. A description of most of the definitions and 
terms of that standard also is available in the 
commercial literature. [8) 

In addition to electrical performance the resistance 
of the new component to mechanical and environmental 
stresses was tested also. The most interesting of 
these was the exposure of the metal-oxide-varistor 
material to gamma radiation, with results as report 3d 
in a later section. 

EMPIRICAL TEST RESULTS 

The typical electrical characteristics measured on 
groups of test samples with nominal varistor voltages 
of 8, 33 and 220 volts are listed in Table 1. These 
electrical values are generally similar to those which 
might be observed on disc varistors of comparable 
conducting area. 

Table 1 - 

Typ> 

V&CP22 

V33CP22 

V220CP20 

V,; (a 1 mA 
(Volts) 

Typical Characteristics Observed 0 20-25 C 

Vc PI  In 0 Vmjdc)  C 
Volts) (A) (<JK) (Volts) (pf) 

a 20  5  50     6 10,000 
33      63  10   5    2C  3,500 

220     363  20   2   1<10    240 

The new varistor form shows reduced voltage overshoot 
in response to very fast rising transients. This stems 
from its desiyn as a leadless, direct-connected 
component. The inductance of leaded components on the 
other hand, in combination with high values of current 
rate-of-rise can cause an inductive voltage drop across 
the device leads which adds momentarily to the clamp- 
ing voltage. The overshoot phenomenon and its reduct- 
ion ty leadless connection is illustrated by the 
sequence of waveform photos of figures 5, 6 and 7. 
Figure 5 shows the open circuit voltage waveform of a 
fast rising transient and Figure 6 shows the clamping 
voltage response when a leaded disc varistor type 
V12ZA1 is inserted in the circuit. The leading edge 
of this clamping voltage waveform gives evidence of 
the effect of lead inductance causing a short-lived 
overshoot followed by a damped undershoot. Still, 
leaded varistors have been shown to adequately protect 
typical integrated circuits. [$} Tigure 7, which is 
the response of a typical tubular varistor type 
VuCP22 in the same circuit, shows how the new leadless 
form has virtually eliminated lead inductance overshoot 

The results of operating life testing are shown in 
Figure 8. This graph displays power dissipation 
average readings observed on two groups of different 
type samples. One group was tested under dc power 
line conditions, the other with ac voltaqe applied. 
These power dissipation values were observed by insitu 
measurements; i.e., with the test pieces in a chamber 
at elevated temperature and with the continuous 
voltage applied. Both groups demonstrated relatively 
low power dissipation and stable behavior over the 
test leriod. 

Vert: 200V/div. Hor: 50 ns/div. 

Figure 5. Open Circuit Transient Voltage 

Vert: 5V/div. Hor: 50 ns/div. 

Figure 6. Suppressor Lead Inductance Overshoot 

Vert: 5V/d1v. Hor: 50 ns/d1v. 

Figure 7. Transient Suppressed by V8CP22 
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Figure 8. Typical Life Test Stability 

The results of pulse testing are shown in Table 2. 
This lists the test stresses and the typical effect 
on nominal varistor voltage. It should be noted that 
these stress levels were intended to reflect rating 
conditions producing a \/ery  low rate of failure. The 
levels required to reach the threshold of catastophic 
failure might be several times higher. 

Table 2. Pulse "est Typical Results 

Type Tested: V220CP20, TA ■ 20-25°C 
* Pulses  Wave Current (A) Energy (J) VlmA Shift 

2    8/20 us   180    1.5     -3.0 % 

1    10/1000 us   7    3.2     +1.1 % 

Commercial MOV material, similar to that used in the 
new form varistors, showed a most interesting result 
when exposed to gamma radiation. The current voltage 
characteristics and admittance spectroscopy measure- 
ments, at 1 KHz to 10 KHz from 10 K to 300 K, showed 
no significant change after Irradiation with 10" rads 
Co60 gamma radiation. (10) These findings are 
consistent with earlier tests on experimental tubular 
form varistors. ( 1) 

SUMMARY AHO CONCLUSIONS 

The new tubular form of transient suppressor utilizes 
metal-oxide-varistor technology, which combines the 
electrical advantages of active semiconductor devices 
with mechanical properties often associated with 
passive components. The physical construction of 
NOV's lends Itself to relatively large conducting 
areas with inherent heat-absorbing mass. In turn this 
leads to relatively greater capability to carry 
transient peak current and to ebsorb the deposited 
energy. The semiconducting characteristic of the 
material also helps clamping voltage performance. To 
permit transient suppression to take place on the 
outside enclosing shield of the equipment module, 
rather than on Internal circuit lines, the new 
component was designed for installation directly on 
the pins- of electrical connectors. Hence, the new 
tubular fom helps greatly to reduce the added bulk 
and weight previously associated with transient 
protection hardware, and the leadless construction 
reduces voltage overshoot due to lead Inductance. 

Special ceramic processing techniques were adapted for 
application to MOV materials in order to make the new 
tubular form a practical reality suitable for 
production in potentially high quantities. In addit- 
ion, the formulation and processing of existing 
commercial MOV materials were adapted for use with the 

new form. The electrical characteristics of the 
connector pin varistors were shown to be similar to 
commercial disc varistor products of comparable 
voltage and physical active volume. 

It was concluded that these connector pin varistors 
are a viable new form of transient supporessor with 
a manifest potential to fill an open need for better 
transient protection of both aerospace and ground 
electronic equipment. 
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Abstract - The Dissipation Array System (DAS) was designed by Roy B. Carpenter, Jr. to 
prevent lightning strikes to the objects protected by DAS.  During the last 12 years, 
hundreds of DAS have been installed within the USA and many other parts of the world. 
The statistical study of their performance gave the following results:  90% of the in- 
stalled systems did not have a single lightning strike; 9% showed about 90% reduction 
in the number of the strikes; less than 1% reported little or no changes.  The study 
continued to analyze the successes and failures, comparing site and array characteris- 
tics with the histories of performance, i.e. before and after data.  The results of the 
study were conclusive:  (1) They vindicate the premise that lightning strikes to a giv- 
en facility can be prevented, regardless of the apparent difficulty; (2) They demon- 
strate the need for careful attention to the site and facility character, as well as 
the array configuration itself; (3) They reveal some design weaknesses that require 
further clarification to permit achievement of almost 200 percent successful system 
design. 

BACKGROUND 

In June 1971, the author introduced a new 
form of lightning protection called tha Dis- 
sipation Array system (DAS).  On December 25, 
1979, U.S. Patent No. 4180698 was awarded 
covering this system design in its final con- 
cept.  Since that time, over 550 DA Systems 
have been installed in many parts of the 
world. Additionally, some copies of the con- 
cept have been created by others with varying 
degrees of success. The author has recently 
surveyed all of the installations still in 
use to date, to determine their status and 
effectivity.  This paper represents our un- 
derstanding of the DAS operational concept; 
and a summary of the data derived from the 
survey of past customers. The results vindi- 
cate the premise that in contrast to light- 
ning rods, lightning can be prevented from 
striking the areas of concern, and the pro- 
tector itself.  In summary, the DAS dissi- 
pates a little energy throughout the storm 
as opposed to the rod system that is subject 
to a deluge of current in a matter of a few 
microseconds. Note that the average light- 
ning strike is only 300 milliamperes for one 
minute; or, 180,000 amperes for 100 micro- 
seconds . 

Summary of Operational Concept 

Dissipation Array System (DAS) consisting of 
thousandi of sharpened points enhanced by the 
electrostatic field always presented in any 
weather condition. Figure 1 presents a con- 
ceptual example. When fair weather condi- 
tions, DAS, as well as the ground, is charged 
negatively with respect to the ionesphere 
and produces very small (tens nanoamperes) 
negative charges flow into surrounding DAS 
air, particularly from tall structures. 

Under the influence of the thunder cloud's 
dipole, which in most cases, has a negative 
charge near the base of the cloud and a pos- 
tive charge in the upper part of the cloud, 
DAS becomes positive charged system as does 
the surrounding earth.  The charge is accum- 
ulated in DAS by means of the ground collec- 
tor system.  This buildup of the positive 
charge on DAS creates local corona when ioni- 
zation of ais: by collision starts around ev- 
eryone of the thousands of sharpened points 
of DAS; commonly referred to as point dis- 
charge.  As a result, the positive charges, 
stream from the DAS into the surrounding air 
creating a space positive charge.  This space 
chare ■> that is carried away from the DAS by 
thundercloud field and wind, changes the re- 
sulting electrostatic field so that the po- 
tential gradient at ground level (DAS has the 

Ground   Current Collector   Function 

<,(, ;.,. * 

Figure 1, Dissipation Array System Concept 

1 
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same potential as ground) decreases substan- 
tially, thus preventing any further develop- 
ment of ionization by collision which would 
develop into the stepped streamer, etc. 
Thus, the likelihood of the direct lightning 
stroke to DAS and the protected facility is 
in fact eliminated because the conditions 
conducive to the stroke are eliminated. 

A detailed analysis of the operational con- 
cept and its theoretical derivation are pre- 
sented within the appendix to this paper. 
Factors wuch as ionizaer shape, size, height, 
point separation and environment must all be 
considered in concert to assure a successful 
system. 

Performance Assessment Criteria 

Assessing the performance of any form of 
lightning strike protectors is not an exact- 
ing science for the DAS. There are only two 
parameters that can be evaluated. These are: 
The dissipation current and the site statis- 
tical history. We have collected data from 
both of these sources. 

Figures 2 and 3 are copies of segments of 
dissipating current recordings made for two 
separate sites.  Figure 2 is a slow speed 
recording, about 1.0 cm per minute. Figure 
3 is a high speed recording of about 1.0 cm 
per second on a fast reacting chart recorder. 
In both cases, the displacement from the 
baseline is proportional to the dissipation 
current. Full scale is 2 milliamperes. 
These data present a histogram of the storm 
motivated dissipation current; they prove 
the Dissipator dissipates energy, but not 
much more.  One fact is obvious, the integral 
of the total dissipation current throughout 
the life of a storm, equals more than the 
charge contained in an average stroke. 

Figure 4 presents a TV photograph of the 
corona plasma, taken from a 366 meter tower 
under an intense storm. 

Figure 2, Slow speed recording 

Figure 4, Corona Plasma from a large 
array system. 

Typical Installation History 

Of the over 550 installations of DA Systems 
installed to date, some typical examples were 
selected to demonstrate the DAS effective- 
ness. History is important as it contributes 
to the statistical evidence; but also contri- 
butes contrasting information with respect to 
the before and after status. The following 
are of particular interest: 

1. AM Radio Station CKLW Windsor, Ontario, 
Canada, (Figure 5). The antenna system 
is composed of five well grounded towers 
92 meters high. For over 20 years the 
station log recorded an average of 25 
outages per year due to direct lightning 
strikes.  In 1972, a disk type DAS was 
installed. There have been no strikes 
recorded in over 11 years. 

Figure 3, High speed recording Figure 5. CKLW Array Installation 
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WBBH-TV, Ft. Myers, Florida {Figure 6)in 
a keraunic level of 100, the antenna is 
mounted on a tower over 300 meters in 
height. The records indicated over 48 
nutages per year due to direct strikes 
:o the antenna.  In 1975 a Trapazoidal 
shaped DAS was installed. No strikes 
have been recorded in 9 years. 

* 

Figure 6, WBBH-TV Array, Ft. Myers, FL 

3. Philadelphia Electric has a Nuclear Gen- 
erating plant at Peachbottom, Pennsylvan- 
ia. The plant occupies over 100 hectors 
along the banks of the Susquehanna River. 
The "off gas" stack rises to 720 feet 
above the plant (Figure 7). Plant his- 
tory records between 2 and 5 lightning 
related incidents per year. In 1976, the 
Hemispheric shaped dissipator illustrated 
was installed. In the 8 years, no fur- 
ther outages were recorded. 

4. In Memphis, Tennessee, a company known as 
Federal Express (FEC) occupies over a 
square kilometer of the airport facility. 
Each night between 11 P.M. and 3 A.M., up 
to 100 aircraft come into the hub to dis- 
charge and pick up packages. Time is 
critical and lightning was a problem to 
the whole operation. No records of the 
number of strikes were available. The 
Keraunic number is 65. The results of 
the DAS installation (Figure 8) were dra- 
matic. No further lightning activity was 
noted in or near the area - at first the 
corona disturbed the personnel. Subse- 
quently, the FAA control tower people 
noted that there was no lightning at the 
FEC end of the field and much less even 
at the far end of the field. An unsoli- 
cited report was filed with Hq. in 
Washington, D.C. They now intend to buy 
systems. 

Figure 7, Peachbottom Nuclear Station 

Figure 8, Part of Federal Express 
Array system, Memphis, TN 

5. PPG Chemical occupies several hundred 
hectors of land on the southern coast of 
Louisiana, Keraunic No. 70. Lightning 
was creating a problem in the chlorine 
generating cells. A DAS was installed 
over two cells; several years later, over 
two more. Later much more of the plant 
was protected, not so much because of 
direct lightning; but, because they ob- 
served that the Hydrogen flare slacks un- 
der the arrays wei-e not set on fire by 
nearby strikes, but the ones outside the 
DAS were. The DAS had reduced the elec- 
trostatic field to below the secondary 
arcing level, as well as preventing the 
direct strike. 

Statistics 

There are many other outstanding success stor- 
ies. All may be verified by personal calls. 
There have been very few "failures". Fail- 
ures are herein defined as not preventing the 
strike to the protected area. The moat con- 
vincing data is the cumulative records of 
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successes.  There are now over 550 DAS in- 
stallations scattered in many parts of the 
world, plus some are unauthorized copies. 
In late 1984, a survey of all known DAS in- 
stallations was made, as to their state and 
performance.  The results were as follows: 

1. Over 90% reported complete success, i.e. 
no strikes. 

2. 9% reported at least a 90% reduction; in 
the recorded strikes. 

3. Less than 1% reported little to no per- 
ceptible change. 

An assessment of those sites having problems 
indicated the following problems: 

1. Constraints established by the customer 
prevented a proper or optimum system de- 
sign or installation. 

2. Poor design (older systems only). 
3. Losses caused by power main surges, not 

strikes to the tower. 
4. Poor installation technique. 

In summary, from the past 12 years, there is 
an abundance of evidence available to the 
intellectually honest inquirer that substan- 
tiates the premise that lightning can be 
eliminated from area of concern.  As in all 
R & D programs, failures do happen.  However, 
tho preponderance of date is overwhelming in 
favor of the Dissipation Array system for 
lightning prevention.  The study results were 
conclusive: 

1. Lightning strikes can be prevented. 

2. It did demonstrate the need for careful 
attention to the site and facility char- 
acter, as well as the array configura- 
tion itself. 

3. It did reveal some design weaknesses 
that require further clarification to 
permit achievement of a 100 percent suc- 
cessful system design every time. 

Appendix 

The Operational Concept of the DAS 

The Dissipation Array System is composed of 
three basic elements: the array of sharpened 
thin conductors (the dissipator), the ground 
current collector and the service wires con- 
necting the dissipator to the ground current 

It iB a well proven fact that an electrostat- 
ic field near a pointed conductor tends to 
concentrate at the point, enhancing the elec- 
tric field.  An electric field exists over 
the entire fine weather areas of the earth. 
At an altitude above 50 km, the air has such 
a high conductivity that it may be consid- 
ered to be the equivalent to a good conductor 
and any electrical charge reaching c point at 
this altitude will soon become uniformly dis- 
tributed around the whole earth.  So the at- 
mosphere above 50 km and the surface of the 
earth, which is also a good conductor, in 
effect, constitute the plates of a concentric 
spherical capacitor, having at fair weather 

conditions the negatively charged earth and 
the positively charged ionosphere.  Because 
of its ionization, the air is not a perfect 
dielectric, so that the plates of the capa- 
citor are not completely insulated from each 
other and electric currents will flow between 
them when they are charged to different po- 
tentials.  The average value of the fair 
weather positive field at ground level is 
about 130 v/m. 

The 'Ines of the electric field cloud-earth 
will  i deflected from their generally verti- 
cal d .rection near any elevated pointed con- 
ductor.  And, if the electric field enhanced 
by the concentration of its lines of force 
ending on the conductor's point is suffi- 
ciently strong, there is a possibility of 
ionization by collision confined to the very 
small volume near the poxnt.  An electric 
current starts to flow from the tip of thp 
conductor to the air.  Electricity flow from 
the point is normally a quiet, invisible pro- 
cess, but if the electric field becomes suf- 
ficiently great, ions collisions yield enough 
energy to excite particles of the air and 
make them luminous and sound.  This visible 
ionization is termed corona (also known as 
St. Elmo's fire) and can be seen in darkness 
as a bluish glow.  The likelihood of produc- 
ing corona on the tip of a conductor depends 
upon three major factors:  the height of the 
conductor, the radius of curvature or the 
sharpness of the point and the electric 
field. When the conductor is connected to 
the ground, it has the same potential as the 
earth; but the air is at different potentials 
at different heights.  So the tip of the con- 
ductor and the air around have the potential 
difference.  This difference is increased as 
the conductor is made taller and the lower 
initial electric field is required to ini- 
tiate corona. 

At disturbed weather conditions, when thun- 
der clouds are formed, the base of a thunder- 
cloud has in most cases the negative charges 
concentration and the upper part of the thun- 
dercloud is charged positively.  The nega- 
tively charged base of the thundercloud at- 
tracts positive charges from the under cloud 
earth surface, thus negatively charged at 
fair weather elevated pointed conductor or 
array of such conductors will change the sign 
of charge and become positively charged as 
the results of the presence of the thunder- 
cloud.  The point-discharge current from the 
array of the pointed conductor will carry 
awcy positively charged ions.  Moved away 
from the array, these ions will form a 
space charge which reduces the electric 
field near the points, since lines of force 
will end on these ions instead of on the 
points. This process will progress until 
electric field will be so much reduced that 
it prevents further ionization and corona 
ceases.  Then, as the space charge is car- 
ried away by wind, the electric field near 
the points aga.n is increasing and the new 
corona discharge starts. Thus the point- 
discharge currents have the pulsed nature 
which has been proved by measurements of 
point-discharge currents both in natural and 
laboratory conditions.  It was found that 
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wind velocity has a great influence on the 
current flow, increasing the interval between 
pulses and the charge per pulse. 

Figure A-l shows a simplified model of thun- 
dercloud and the positive space charge situ- 
at i as some horizontal distance from the 
thundercloud dipole.  The electrostatic field 
at ground level, at the given moment, can be 
calculated from the following equation: 

Eg = 2Q 
H H2 2P 

(H12 +D2)3/2
_(H22 +D2)3/2 

+ "H^ 

the total point-discharge current about 100 
yHA, it will take about 17 min to constitute 

auch,  charge.  Curve shown on Figure A-2 rep- 
resents the calculated electric field at 
ground level as function of the heights of 
the positive space charge of 0.1c situated at 
2 km from thundercloud dipole. As may be 
seen from this figure, the electric field de- 
creases with increase of the height of the 
space charge, becomes zero at about 330 m and 
changes sign from positive to negative with 
progressing increase of the space charge's 
height. 

f 

Where: H. and H, - heights of the centers of 
the positive and negative charges Q 
in the thundercloud. 

H, - heights of the positive space 

charge P situated horizontally D from 
the thundercloud dipole. 

E 4 

■   ■ 1 .L'.i.l I  I l I II  
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Figure A-l 

Although it is known, in fact, that the 
charge distribution is not strictly uniform- 
ly but the actual distribution is so variable 
that it is difficult to justify more precise 
calculations. 

Figure A-2 presents the calculated size of 
the positive space charge required to zero, 
the electric field at ground level when D=0. 
Based on such calculation, the only 0.1c at 
height about 300 m above the earth will be 
sufficient to neutralize the negative field 
of thundercloud at ground level.  Assuming 

,0-HV 

»A 
it 

a i 
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Figure A-2 

The lightning discharge initiated by upward 
leaders goes through the states of point 
discharge to streamer, due to glow to arc 
transition when the current exceed some crit- 
ical value. 

To reduce the likelihood of the transition 
from a glow to arc discharge, which would in- 
itiate an upward directed leader, a multitude 
of the points have to be arranged and placed 
on the large electrode which shape is de- 
signed as a uniform electric field electrode 
used in high voltage apparatus to suppress 
corona.  It is conceivable that no single 
point of such array will discharge current 
enough for the transition to the arc regime. 
As a re&'lt, the initiation of an upward 
leaders would not take place under the condi- 
tions found during normal storm situations. 
In such circumstances the lightning strikes 
to the PAS and object protected by 
would be in practice, eliminated. 
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A NUMERICAL CALCULATION OF SPACE CHARGE LAYER CREATED BY CORONA DUE TO / 
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ABSTRACT - Using a two-dimensional, time-dependent, axisymmetrical model, we have calculated numerical- 

ly the time and space distribution of the electric field and space charge density within 300m height 
above ground under the thunderstorm. A 60m high artificial point was introduced to calculate the corona 

current and field close to a point frum the time-dependent formula. The model contains various transfers 
between ions and the ion transfer of conduction and turbulence but neglects adv.t'lve transfer. The 
calculation shows that when the initial field is 9kv/m and neutral particle conci.it rat ion is 10"Vcm* , 
the corona current will reduce to 1/70 in 10 secords, and will reach its final value-1/130 of its init- 

ial value in about 34 seconds. At that time, the s .ace charge density close to a point is 2.1nc/m , 
while the density of O^nc/m* will reach 200m high, its horizontal extent will be more than 80m. The 
density radio of large and small ions will increase to 1/10. The space charge density near or under the 
point is quite high and is about lnc/m , this will weaken the electric field, make it n.uch lower than 

its initial value to about 80m away or even make it reverse when very close to the surface. The electric 
field will be higher than its initial value above the point. The higher the concentration of neutral 
particles, the thinner the space charge layer and consequently, the higher the space charge density will 
be. Kor example, when the neutral particle concentration is lO'/cm* the concentration radio of large and 
small ions will reach 10. 

1. INTRODUCTION 

The electric charges released by point discharges 
at ground level, under the influence of high thunder- 
storm electric fields, play an important part on the 
electric current that flows between cloud and ground. 

This process forms a positive charge acüuiulacion 

zone above ground level. It has the screening effect 
forming space charge. Ständler and '.»inn (1-2) showed 
the fact of evident reduction of electric field at 

ground level due to tnis effect. Klectric field inte- 
nsion at ground level is four or five times lower 

than that at a few hundred meters above it. 
Chauzy et al (3-4) numerically calculated the dis- 

tribution of space charge due to point corona at gro- 

jnd level. The model they used was one-dimension. 
This paper discusses space and time distribution of 
electric field and charge under the effect of corona 
created by a Isolated artificial point at ground. 

2.1  The basic characteristics and the parameters 

A two-dimensional, tine-dependent, axlsymmetric 
model has been applied to compute space charge and 
electric field profiles under the effect of isolated 
artificial point discharges beneath a thunderstorm. 

The Model has following characteristics: 
2.1.1 The model mainly discusses discharge process 
of a Isolated artificial point, and the effect of na- 

ture points Is neglected. A metallic needle connected 

to ground Is putted at 60 meters height along central 
axis. The needle length Ir m.J meters. It produces 
corona discharges due to negativ« electric field ben- 
eath a thunderstorm. Average effect area A* of corona 

can be approximately represented by a semlspherlcal 
area about 11.6m with diameter equal to needle 

length. 

2.1.2 Let n, and n. be the positive and negative 

wh 100v, 

small ions concentration, N+ and N- the corresponding 
of large ions respectively. The mobilities of small 
and large ions of each sign, /*+, /*.., /t^ and /*L, are 
the function of height and have following values 

separately: 
. ,.,.« 0.14z   2. , 

/"A* -4.2*10 e     cm /s/esu 

I   0   litz       ' >-=5.7*10    U-1MZ  cnT/s/esuV 

/*., =4. 2  e cm  /s/esuV 

<      0.14z   2 
^-»5.7 e     cm'/i/esuV 

ere z Is height in km and lesuV is equal to 

2.1.3 The model h.'1s only considered ions transportat- 

ion by electrical conduction and eddy diffusion, and 
It assumes that the eddy diffusion coeficient Kv is 
constant, uniform and equal to 50 m /s for all 

particles. 

2.1.4 The transportation of advectlon is neglected 
In the model. 

2.1.5 The mod«1 takes into account the small Ions ca- 
pture by neutral aerosol particles, Its attachment by 

opposite sign large Ion and recombination between the 
opposite sign small ions. The different attachment 

coefficients are difined as follows: 

•> is the small Ions recombination coefficient, equal 
to 1.6*10* cm It,  ft,, and (• , are the small tors attac- 
hment coefficients by the opposite sign large ions and 
equal to 10* em'/s, rV»and f., are the small ions atta- 
chment coefficientsby the neutral aerosol particles, 
and equal to 2.0*10* em'/s. 

2.1.6 Recombination of large ions and attachment by 
the neutral aerosol particles are neglected compared 

to the other coefficients. 

2.1.7 The Initial neutral aerosol particle concentre- 
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4  3 
tion N0 is uniform end equal to 10 /cm for clean air 
or 10r/cms for polluting air. 

2.2 The expression of corona current density 

Observation shows that electric field Intension is 
commonly less than 10kv/m (5) on the land, while it 
can be more than 50kv/m (6) on the ocean. The former 
is in consequence of corona discharge of points at 
ground level. The expression of corona current density 
induced by the electric field Eb close to a point when 
it exceeds the onset value Ec has been chosen: 

Ic ■ a(Eb EC2) (1) 

with Ec»0.78kv/m. Where a is constant of corona,  depe- 
nding on property of  the point, and approximately 
equates  to fc/Sh/A1, where   £   is dielectric constent of 
air,  h is   the height of  the point and  equal   to 60m. 
Therefore a-1.2*10*'f A/v'. 

The formula (1)  is commonly obtained in steady sta- 
te. As a matter of fact, when ions produced by corona 
transport outwards,  the electric field close to a poi- 
nt also changes.  Therefore,   Ic varies with time.  The 
space charge density close  tc   the point, fT ,  obeys 
following equation of continuity: 

and Polsson"s equation    ^£k = 4TifT 

It can be obtained  from above  two equations: 
~» 

where I* is  the conduction current density due to  the 
downward motion of  the negative ions  in electric  fie- 
ld and obeys  the Ohm's  law,   I»«->.Eb, where \ is aver- 
age conductivity of air beneath a  thunderstorm and 
equal  to 6*10      /m//i.   Kb and Ic have same direction 
in  the  region close  to  the  point.   Therefore,   the 
scalar equation can  be obtained: 

at 
+ 4HIc ftltAXw (2) 

According to relations (1) and (2), let E[,"EbO *or 

t=0, Fb and Ic are calculated as follows: 

P _ Ptm-A) - (,i8-\) e'^Bt ,,. 
Ew ■ " J..a. (3; 

2.( P ♦ QV"1"* ) 

,   XF     HQB
2.-^Bt 

a(P-K}e •)' 
(4) 

where B«J\'+ 4a'Ec  ,  P-B+2aEb0-\ , q-B-2aEb0+*. Ebo 
is  the »blast eleetrl?  ?l»!d intension at  t-0,and 
assumed  to be uniform and equal  to 9kv/n  in  the 
calculation of  the model. 

2.3    The equations of  the calculation 

All parameters make use of CCSE unity system in the 
calculation. From the equation of continuity we can 
deduce the temporal and spatial evolution of  the four 
types of ions concentrations as well as  the neutral 
aerosol particles concentration. The  temporal and 
spatial evolutions of the electric field can be dedu- 
ced from Polsson's equation. The following six equat- 
ions in axlsynactrlc coordinate system with two dime- 
nsions can be written! 

|l-«+^frn.^rv)+^A^}+*-"%».-cU^'"^',/*+B't 

Er— df 
Ez- 

9f 
ii 

where r.z is  the vertical electric field intension, 
and  the sign convention adopted in the model  is  that 
the upward direction is positive. Er is  the radial 
electric field intension, f the potential,  e the ele- 
mentary charge,  G the rate of formation by cosmic rays 
and equal  to 15.4/cmVs, fT the space charge density. 
°ni»  D^» «nd D,* ,  the eddy transportation term of each 
kind of particles can be written: 

Adding equations (3) and (4) to above-mention equa- 
tion leads to a eight equation system. This system was 
numerically solved using finite-difference and iterat- 
ive method. 

3.   THE  RESULTS 

Fig.l displays the evolution of corona current 
density close to a point for Eb0»9kv/m and Nn«10V*V. 

•.-*.« 

-<i) 

Klg.l: Corona current density variation 
close to a point (Ic), for 
N0-10*/cm* and Kb0-<»kv/m. 

It clearly shows  that corona cur-ent density lc 
decays  rapidly with time,   the initial value Is 
77.4*10'* A/m',  it is  10"» A/m'  after two seconds.  Ic 
varies slowly with time afterwards,  its value is 
0.b4*lO*A/rf   after 34 seconds and tends  to be steady. 
The distribution of space charge density during 34 
seconds  is shown on fig.2. 
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Flg.2: Distribution of space 

charge density (fT) at 34 
seconds for Ng»10*/cm . 

The charge density In the region arround the point 
is maximal and equal to 4.5*10~*C/mi. The local space 
charge screening layer is formed with the transporta- 

tion of charge. The charge density graüull* deceases 

with the increase of height. The charge layer, In 
which the charge density is more than or equal to 

0.2*10"9C/mJ, can vertically extends to the height of 
190 meters, while its radial extent will be more than 

80 meters. Below the height of the point(60 meters), 
the charge density is larger and equal to 10 C/m . 
Afterward, the space charge layer continuously extends 

outwards with the Increase of time. At this time the 
transportation of space charge mainly depends on eddy 
diffusion due to the decrease of electric field, so 
that the charge layer extends very slowly. For example 

, after one mlnlte, It only reaches to 210 meters. 
Though the advection was neglected In the model, 

the radial transportation of the space charge is stro- 
ng still (see fig.2). This is in consequence of the 
effect of radial electric field. Calculation shows 
that the radial electric field Is 10kv/m close to a 
point during 34 seconds. The space charge are transpo- 
rted by the radial electric field. Afterward, the rad- 

ial electric field Intension decreases due to the opp- 
osite effect of transported space charge. For example, 
after one mlnlte, the electric field Intension It 
equal to ikv/m. The transportation of charge mainly 

depend on eddy diffusion with the Increase of time. 
Therefore the ridlal extension of the apace charge 
layer is weakened. 

Fig.3 displays the evolutions of space charge 

density fT , the concentration of »all positive Ions 
n., and of large positive ions/»'« at the height of 

60« and 30» above ground level respectively. It clear- 
ly shows that C,  and n, decay rapidly with the Increa- 
se of time close to a point, and reach to a steady 
value of 4.5*10"' Q/m*  and 27*10'/«* respectively at 
34 seconds. However the concentration of large positi- 
ve Ions Increases with time, and the ratio N,/n. 

Increases from zero to 1/10. Thus it can be seen that 
small positive ions produced by corona are rapidly 
captured by neutral aerosol particles and transform 
into large positive ions with lower mobility. Below 
the height of the point (see fig.3-b) ?c  and Tit rapi- 
dly increase with time at the beginning, then gradua- 

lly decrease tend to a steady value after 10 seconds. 
The ratio N+/nt obviously increases with time, being 
1/2 at 34 seconds and 1 at 90 seconds. More small 
positive ions are captured by the neutral aerosol 
particles. The larg» positive ions are dominant grad- 
ually in the space charge layer. 

tli) 

Fig.3-a Evolution of space charge density 

fc, the concentration of small positive 
ions n,, and of large positive ions N + 
close to a point. 

n-Ml 

, N. M/ „' 

n-flu 

Fig.3-b The same as flg.3-a, but at 30m 

above ground level and radial distance 
20m. 

The distribution of vertical c" ctric field Is 

shown on fig.4. It clearly shows that the area In 

which the value of the electric field Is less than 
that of Initial external electric field Is limited 
to the height below 100m. Below the height of the 

polnt(bOm), the electric field Intension is very low 
and appears to be opposite sign in the local area 
below 30m. The naximia electric field of opposite 
sign Is -500v/a at th« beginning and Increases to 
-1000v/o after one mlnite. The area extends radially 
to Bore than 80 meters. 
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Fig.A: Distribution of vertical 
electric field at 34 
seconds for No-lOVcm3 

and t»34s. 

The vertical electric field evolutions at three 
levels are shown on fig.5. The area of decreasing 
electric field, induced by space charge, Is limited 
to below the height of the point. The sign of electric 
field changes from positive to negative at ground 
after 9 seconds and at the height of 30m after 30 iec- 
onds. However the electric field is always positive 
above the height of the point and can exceed ambient 
electric field intension. 

It 
Vtim 

Fig.6: Vertical profiles of charge 
density g.   and small as well as 
large positive ions concentrations 
"nt,  rft at radial distance r«20m 
for Nn-lOVcm1   and  t»34s. 

Fig.6 displays  the vertical profiles of charge den- 
sity ft ,  small and  large positive ions  concentration 
n,,  N+  for N0«10Vcm*   and  t-3-.s.   It  clearly  shows   that 
the charge density  increases obviously,  but  soon decr- 
eases  repidly with  the increase of height. More small 
positive  ions are captured  by  the neutral  aerosol  par- 
ticles and  transform  into  the  large positive  ions with 
lower mobility. The ratio N,/n«  is 3 close to a point, 
and increases  rapidly to 10 with the increase    of hei- 
ght.  So that the thickness of  the space charge layer 
decrease*  remarkablely.  The charge layer in which  the 
charge density is more than or equal  to 0.2*10"' C/tn3 

is  limited to below the height of 100 meters. 

W*>) 

-  >V- «»f,l «U »■■»it ,-' *r   po.tt 

io«n Wie»* or %^M ** «4r pe«t 

Y'icm . 

T  % tr- -*• 
US) 

rit.it  Evolution of the vortical electric field 
•t thro« level» for Kn-aO*/en1. 

Fig.7: Distribution of vortical 
electric field for " -«•*—■ N0-10»/c- and t-35s. 
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Fig.7 is corresponding distribution of vertical 
electric field. As compared with fig.4, we can see 
that the area of lower electric field is very small, 
and the negative sign electric field disappears below 
the height of the point. Therefore, the screening 
effect, produced by corona discharge of the isolated 
metallic point, is more effective in clean air than 
in pollutive air. 

The results also show that when the corona current 
density produced by a artificial point increases, the 
area of lower electric field will be extended. The 
electric field becomes negative below the height of 
the point, and can reach to a maximum value of 
-3000v/m at steady state. 
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INVESTIGATION OF THE LIGHTNING VULNERABILITY OF NUCLEAR EXPLOSIVE TEST SYSTEMS AT THE NEVADA 

TEST SITE* 

R.T. Hasbrouck 

Laurence Livermore National Laboratory, Livermore,  California 94550,  U.S.A. 

Abstract—At the U.S. Department of Energy's Nevada Test Site, the Lawrence Livernore National 
Laborartory (LLNL) conducts operations involving the underground detonation of nuclear explosive 
test devices. Nuclear explosive safety is a very important consideration during these operations. 
To assure safety, all components, systems and procedures are analyzed by LLNL and are subjected to 
an inter-agency Nuclear Explosive Safety Study. These studies consider all sources and paths of en- 
ergy that could conceivably initiate an unwanted detonation.  One of the energy sources considered 
is lightning.  Over the years, several lightning hazard studies have been carried out.  They each 
concluded that the magnitude of lightning energy reaching the high explosive or the detonators was 
small compared to that required to produce a detonation.  In i983, an LLNL task force was estab- 
lished to reexamine the lightning vulnerability of the nuclear explosive test systems, taking into 
account the previous studies and current knowledge.  As a resulc of this investigation several im- 
provements are being implemented.  Also, simulated lightning tests will be used to provide verifica- 
tion of the safety claims.  Although underground nuclear testing is unique, the overall method and 
results of this investigation should be of use to those faced with a lightning threat in a large, 
cable-inter-connected system. 

INTRODUCTION 

The purpose of this paper is to present the results 
of recent studies to evaluate the vulnerability of a 
nuclear explosive test device system to a direct or 
nearby lightning strike. 

In 1973, F. A. Fisher, General Electric Co., con- 
ducted an extensive analytical study (Ref. 1) of the 
effects of lightning on nuclear explosive systems 
located at the bottom of an emplacement hole.  Cal- 
culations were made to determine the downhole volt- 
age and current waveforms resulting from lightning 
strikes directly to oi nearby the interconnecting 
cables.  The calculations were done in the time do- 
main, using, a general network-analysis computer 
program, ECAP (Electronic circuit Analysis Program). 
A significant facet of this study was the develop- 
ment of a statistical assessment of the probable ex- 
posure of the systems to lightning effects. 

In 197«, J. P. Luette, Sandia National Laboratories, 
used an electromagnetic analysis program to study 
tne response to a direct lightning strike of several 
different distributed models of the system (net. 2). 

both of these studies conclude that the magnitude of 
lightning energy produced by a direct or nearby 
strike to the device system cables, and reaching the 
high explosive, or its detonators, was small com- 
pared to the energy required to produce a detona- 
tion. These studies served as the principal refer- 
ences for a 1975 Nuclear Explosive Safety Study 
(NESS) committee (Ref. 1), which concluded that the 
proposed nuclear explosive operations (which were 
the subject of that MISS) 'provided adequate nuclear 
explosive safety" where lightning was a threat. 

In 1912, a MISS committee requested (Ret. «) that 
LLNL reevaluate, using current information, the ef- 

fects of lightning energy on the test system.  Their 
contention was that the "predicted rewponse of a 
test device system to lightning is predicated on an- 
alytical studies that evaluate the transient re- 
sponse of the downhole cables to the postulated 
lightning model."  It was also noted that the ear- 
lier studies presented calculations and a grounding 
scheme that had not been substantiated 
experimentally. 

In response to this request, LLNL established a 
three-person task force to investigate the lightning 
vulnerability of nuclear explosive test device sys- 
tems at the test site.  Because of the complex na- 
ture of the nuclear test environment and the fact 
that the members of the task force possessed only 
limited knowledge about lightning, services were se- 
cured of two acknowledged lightning experts:  S. R. 
Crawford, Ford Aerospace and Communications Corp. 
and 3.  D. Robb, Lightning and Transient Research 
Institute (LTRI). 

Prior to mieting with Crawford and Robb, the task 
force prepared the following list of objectives that 
served as their charter: 

e Immediately identify any serious deficiencies. 

• Determine if the 1973 and 197« studies were still 
valid in tight of present-day knowledge. 

e identity the most vulnerable phase of the nuclear 
test operation. 

• Recommend improvements to enhance system safety 
(specifically from a nuclear explosive safety 
standpoint). 

• Recommend a method for verifying the effective- 
ness of those improvements. 

Nork performed under the auspices of the U.S. Department of Energy by the Lawrence Livermore National Lab- 
oratory under contract No. M-7«0S-IMG-«8. 
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Crawford and Robb conducted an investigation and 
prepared a report containing the details considered, 
conclusions, and recommendations (Ref. 5). 

It should be emphasized that the sole issue of this 
investigation was nuclear explosive safety.  Re- 
quired personnel safety practices were already im- 
plemented.  It was agreed that if a decision had to 
be made between the extremely remote possibility of 
a lightning-initiated detonation and the possibility 
of the system becoming inoperative because of light- 
ning, the latter was the only acceptable choice. 

Before presenting the results of the investigation, 
I will, for background information, describe the 
test site and the nuclear explosive test device sys- 
tem, including some procedures.  Following that, I 
will present the method employed to achieve the ful- 
fillment of the objectives, as well as pertinent 
system details.  I intend to present an organized 
process for dealing with the problem of evaluating 
the lightning vulnerability of, and implementing im- 
provements in, a large and complex system. 

DESCRIPTION OF TEST ENVIRONMENT 

The Natural Environment 

Within an area of approximately 3000 km2 of remote 
high desert country 180 km north of Las Vegas, 
Nevada, the United States Department of Energy con- 
ducts its underground nuclear test program.  Desig- 
nated as the Nevada Test Site (NTS), this area con- 
sists of wide flat valleys, flat top mesas, and 
mountains.  Specific tests are conducted at loca- 
tions whose elevations vary from 1.2 km, for the 
valleys, to 2.2 km on the mesas. 

Although the NTS experiences most lightning activity 
from May through September, it is not unusual to ob- 
serve occasional lightning throughout the balance of 
the year.  During summer the mountainous terrain and 
hot desert produce strong updrafts of heated air 
that contribute to the formation of cumulonimbus 
clouds.  Summer's frontal storms generally move up 
the Colorado River Valley, bringing moisture from 
the Gulf of California.  The large cyclonic storms 
of winter typically approach from the mountains that 
lie to the northwest.  Referring to the isokeraunic 
chart for this region, one observes that the NTS 
should, on the average, experience 20 thunderstorm 
days per year.  During the summers of 1971 and 1972, 
a study was carried out to characterize lightning 
activity at the NTS (Ref. 6).  The overall results 
indicated the same order of magnitude of thunder- 
storm days as presented by the isokeraunic chart. 
However, lightning flash densities to ground for the 
mesas were found to bo 50 to 100 times greater than 
for the valleys. Actual observations at McCarran 
International Ariport, Las Vegas, Nevada, reported 
23 thunderstorms days in 1971 and 23 in 19(0. 

The Test Environment 

The University of California, Lawrence Liveraore Na- 
tional Laboratory (LLNL) is one of two national lab- 
oratories responsible for the Department of Energy's 
test operations at the NTS. Each test operation 
(commonly referred to as an "event") takes place on 
either a valley or Beta, at a site containing an 
area known as ground tero (GI) which is approxi- 
mately centered around the point of test detonation 
(see Fig. 1). 

The nuclear explosi 
special facility lo 
ered to the appropr 
stalled—along with 
strumentation, and 
structure, which is 
this operation take 
tion building whose 
The completed test 
length of 30 m—is 
building, suspended 
lowered to the bott 

ve test device is assembled at a 
cated on the NTS and then deliv- 
iate GZ.  At GZ the device is in- 
related arming and firing, in- 
control systems—into a 
designated the "test assembly"; 

s place within a metal installa- 
height can vary from 6 to 30 m. 
assembly—which may reach a 
then lifted from the installation 
by a string of drill pipe and 
om of an emplacement hole. 

Lowering is accomplished by crane, whose height may 
reach 37 m. (The combined weight of the test assem- 
bly and pipe string may be as much as 3.6 x 10s kg.) 
Emplacement holes range from 1.5 to 3.0 m in diame- 
ter and from 180 to 1,100 m in depth. They incorpo- 
rate a steel casing that extends from the surface to 
a depth of 37 m and is grouted in place. 

Following completion of the lowering operation, the 
emplacement hole is backfilled with a combination of 
gravel, grout, and epoxy plugs.  This procedure, re- 
ferred to as "stemming," prevents dispersal of ra- 
dioactive debris produced by the detonation by con- 
taining it underground. 

The uphole (ground-level) portions of the arming and 
firing, instrumentation, and control systems are 
housed in large metal-bodied trailers located in the 
recording trailer park (RTP), approximately 300 m 
from GZ.  These trailers are connected to the 
downhole experiment by a large number (25 to 100) of 
coaxial and multiconductor cables, which are laid 
out on the surface of tht ground. 

Nuclear Explosive Safety 

To satisfy the important requirement for nuclear ex- 
plosive safety, a rigorous review process is carried 
out for every event. The objective is to ensure that 
the nuclear explosive cannot be unintentionally det- 
onated.  First, LLNL conducts a safety analysis of 
all components, procedures, and operations that 
could conceivably lead to the application of energy 
(electrical, mechanical, thermal, etc.) tc the high 
explosives, detonators, or their associated electri- 
cal circuits.  Then, prior to receiving authoriza- 
tion to assemble the nuclear explosive, a Department 
of Energy interagency NESS is conducted.  Lightning 
is one credible energy source that is considered. 
While the probability of a lightning-initiated det- 
onation is believed to be exceedingly small, the 
consequences of such an occurrence are considered to 
be totally unacceptable.  It was this ongoing empha- 
sis on nuclear explosive safety that led to the for- 
mation of the task force. 

Ground tero 

Over the several months required to prepare for an 
event, the GZ area undergoes many changes. At the 
time of device delivery, approximately two weeks 
prior to the scheduled «hot *av. one or two tall in- 
stallatior. buildings and crane« are present 
(Fig. 2).  A multitude of cables, having an end-to- 
end length of up to I.I km, are laid out on the 
ground.  A trailer (referred to as the "Red Shack"), 
through which all downhole cables must pass, is ini- 
tially located in the vicinity of the •■placement 
hole.  Figure 3 depicts GI at the 'tart of a 
downhole operation, while Fig. * shows a test assem- 
bly suspended from the crane.  The device system is 

i 
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rigvra 1. Aarlal vi«« of typical «v«nt lit». 

contained within tba «hit« painted steel caniater at 
tha bottom of tba taat asseably. 

Tba araa in proximity to tba eaplaceaent hoi« ia 
gradually claarad until, on abot day, only a abort 
langtb of drill pip« aticka out of tha steamed aa- 
placaaant bola. Tba unburlad aurfaca run of cablaa 
taralnataa 300 a away at tba RTF. Tba Rad Stack baa 
baan sxoved to tba BTP. Tba varying configuration of 

tb« avant aita during tba final two weeks vaa takan 
into account during tba invaatlgaion to ldantlfy tb« 
aoat vulnerable pbaa« of tb« QI operation. 

Grounding Syataa 

A «all d«aign«d, car«fully iapl«a«nt«d, lo«- 
raaiatanca grounding syataa ia installed at «vary 
GI. Typical ataady-atata values of s obaa or laas 
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Figur« 2. Ground-level view of 01, «bowing installation building, «aplte«a«nt cr«n«, and cabl« run«. 

Diagnostics 
canister 

Diagnostics 
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Plgur« 3. Simplified «l«v«tion «k«tcb of 61 facllitl«« at «tart of down-hole operation. 
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Figur« I. Test assembly ready for emplacement. 

are measured between th« casing ar.d surrounding 
•arth, using th« thr««-point fall-of-potential 
■•thod.  Thia system must provide personnel safety, 
lightning protection, and low electrical noita.  Th* 
emplacement hoi« casing is us«d for "earthing* th« 
GI single-point grounding system.  Building and 
equipment int«rconn«ctlons to th« casing ar« via 
bar« AWG No.-2/0 copp«r wir«.  At th« RTF, several 
salt pits provid« local low r«sistanc« grounds. 

Th« D«vic« Caniat«r 

In th« d«vic« installation building, th« nuclear ex- 
plosiv« t«st device is mounted within an open cylin- 
drical atructur« known as th« "device pedestal." 

Also containrd within th« pedestal ar« th« arming 
and firing (AUF) and ancillary components.  During 
execution of the event, the AiP components take re- 
motely controlled electrical power from the Red 
Shack and produce the signals required to fire the 
exploding brldgewire detonators that initiate the 
detonation. 

Th« device system cables (typically nine) enter the 
pedestal through its steel lid and ar« terminated 
with terminal strips snd connectors. Smaller gauge 
conductors then carry signals and power to their 
final destination.  An insulated AWG-No.-2/O solid- 
copper-conductor safety grounding cable is bolted to 
the pedestal in th« vicinity of th« other cables. 
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The Intended Firing Pith 

While an actual AiF system i* much more complex, 
Fig. 5 provides a simplified but accurate represen- 
tation. All cables that enter the device canister 
must originate, or pass through, the Red Shack. 
Positive control is maintained through security and 
administrative procedures. The AIF cables are dis- 
connected and their connectors locked-up until the 
last few hours prior to shot time, while discon- 
nected, the ends -ire not terminated, so that in the 
•vent of a lightning strike, the resulting voltage 
peak will occur in the Red Shack rather than in the 
device canister. 

ASF signals that are generated at the remote Control 
Point (and transmitted to the event site by the Com- 
mand Microwave system) actuate relays in the Red 
Shack at specific times during the automatic count- 
down sequence.  These relays control a dc voltage 
that is used to charge, and subsequently trigger, 
the capacitive discharge unit, which then fires the 
bridgewire detonators.  A major portion of each 
nuclear explosive safety study is devoted to ensur- 
ing that the AtF system can only be powered 
intentionally. 

PRELIMINARY FINDINGS 

to as the "fortress concept." Overhead diverters 
were also discussed, with the conclusion that they 
would not be cost effective since Gl sites are not 
permanent, and the nuclear explosive residence time 
is only approximately two weeks. This two-day meet- 
ing allowed Crawford and Robb to finalize their in- 
formation gathering prior to preparing their final 
report. 

The key points, as well as the LLNL plan to imple- 
ment their recommendations are presented in the next 
section. 

As a separate but related item, Crawford and Robb 
were asked to evaluate a proposal to eliminate the 
air terminal down-conductors from the multi-deck in- 
stallation buildings.  The rationale was that cur- 
rent from a strike to the building would preferen- 
tially flow through the metal exterior walls of the 
building and into the building's grounding system. 
The experts agreed that this would be an acceptable 
practice, while bonding between the vertical mod- 
ules of the building was considered to be inh« ent 
because of their great weight, the proposal called 
for copper jumpers at each corner to enhance the 
inter-module bonding.  Proper bonding of metallic 
objects adjacent to the interior side of the walls 
is a standard pract js>. 

Approximately six weeks after an orientation meet- 
ing, Crawford and Robb met with the task force and 
others to discuss their preliminary findings.  They 
reported that they found no serious deficiencies 
that would require immediate attention.  There was a 
considerable amount of discussion regarding radiai 
counterpoise grounding systems and what LTRI refers 

RESULTS OF THE INVESTIGATION 

Validity of the Earlier Reporti 

While new data exist regarding lightning channel 
mechanisms and structure and faster current rates of 
rise, the basic conclusions of the Fisher and motte 
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Figure S. Simplified diagram of the lntendwd device-firing pathway. 
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reports ware considered to be esentially correct. 
The exception was the slower lightning current 
risetimes used in their calculations.  As mentioned 
earlier, those conclusions were based on models that 
considered lightning effects on a device system lo- 
cated at the bottom of the emplacement hole. 

Crawford and Robb concurred with the NESS suggestion 
that testing of the system was important. 

The Most Vulnerable Operational Phase 

The greatest hazard was considered to exist when the 
test assembly was suspended by the crane and just 
entering the emplacement hole.  A direct strike to 
the crane or test assembly could result in puncture 
of one or more of the device system's cables, very 
near the point where they enter the canister.  The 
system would not benefit from the high surge imped- 
ance provided by the long cables when the system is 
emplaced downhole.  Current division remote from the 
device canister, resulting from multiple-path arcing 
through the cable insulation to ground, could not 
take place. 

Care is taken to avoid carrying out the emplacement 
operation when a threat of lightning exists.  The 
probability of a lightning strike during this opera- 
tion is considered to be exceedingly small.  Again, 
the consequences of an accidental detonation are ab- 
solutely unacceptable. 

Inter/Intracloud Lightning Threat 

Inter/intracloud lightning oftens induces large 
transient voltages in power lines and long cables 
that can damage unprotected electrical and electron- 
ics components.  Also, a person working on the 
unterminated end of a long cable may receive a 
shock.  A conservative analysis was carried out in 
which the effects of a 10-kA discharge, 1-km high 
and 1-km long, were considered.  It was concluded 
that the magnitude of induced voltage reaching the 
device systom was small compared to that required to 
caure a detonation. 

RECOMMENDATIONS 

Several recosaaendatlons were made relating to both 
nuclear explosive safety and uphole electronic sys- 
tems protection.  Since the sole purpose of this in- 
vestigation was nuclear explosive safety, only those 
recommendations pertaining to that topic were con- 
sidered for implementation at this time.  Once the 
safety recomaendatio-« have been incorporated, addi- 
tional protection for »nhanced operational survival 
can be considered. 

Radial Counterpoise Grounding System 

During the initial period of a strike to • 
"biounded" system, the lightning current encounters 
a surge impedance that can exceed the steady-state 
value by 10 times or more.  This causes the ground 
system potential to be significantly higher than the 
surrounding earth.  A 20-kA stroke (50 percentlle 
amplitude) passing through an to-ohm surge impedance 
produces a 1.6-Nv transient.  Electrical insulation 
becomes virtually nonexistent, large transient cur- 
rents flow unpredictably, and significant damage can 
occur. 

A major reduction in the surge impedance is required 
in order to reduce transient voltages to a control- 
lable range.  By incorporating a radial counterpoise 

grounding system, ground resistance and therefore 
surge impedance, can be greatly reduced. 

Crawford and Robb proposed a system consisting of 
eight bare-copper AWG-No.-2/O conductors, 60-m long, 
which would be bonded to the well casing.  Equally 
spaced, at 15-degrees, they would extend radially 
and be buried 0.3-m deep.  The net surge impedance 
of this radial counterpoise ground was calculated to 
be 11 ohms.  Using the same parameters, the steady- 
state resistance of the casing alone was calculated 
to be 8 ohms. Assuming a 10-times increase, the cas- 
ing surge impedance would be at least 80 ohms. 
While the method used to arrive at this value is not 
considered by Crawford and Robb to be "exact sci- 
ence," it does demonstrate the benefit derived from 
this type of grounding technique.  The radials also 
allow the system surge impendance to decay rapidly 
to the steady-state value.  Thus, the peak amplitude 
of the transient voltage is greatly attenuated, and 
it exists for a much shorter period of time. 

While this system represents an ideal approach, it 
introduces cost and construction problems. The ex- 
isting GZ system has evolved over the years and sat- 
isfies a variety of independent and sometimes con- 
flicting requirements. 

Following a closer look at the existing system, it 
was determined that it closely approximates the rec- 
ommended counterpoise system.  The Red Shack, in- 
stallation buildings, crane and several other GZ fa- 
cilities are grounded to the casing via individual, 
burled AWG-Ho.-2/O bare-copper conductors.  The 
length, quantity, distribution and depth of burial 
of the radials are not the same as indicated for the 
ideal system,  in the opinion of Crawford and Robb, 
the present GZ design does provide a surge impedance 
lower than that of the casing alone.  This is sup- 
ported by actual GZ resistance measurements, men- 
tioned earlier, which indicate a typical steady- 
state value of 5 ohms. 

Difficult-to-verify protection techniques, such as 
overhead diverters, radial counterpoise grounding, 
and "the cone of protection" could not be relied 
upon to ensure nucleer explosive safety in a light- 
ning environment.  Thus, it was decided not to mod- 
ify the existing GZ grounding system.  Rather, the 
decision was made that the device canister should 
provide all of the necessary protection. 

fortress Design 

while a topologically closed surface, i.e., a Fara- 
day cage provides perfect protection, practical sys- 
tems require penetration of the cage by electrical 
signal and power conductors.  This penetration rep- 
resents the worLt compromise of an otherwise imper- 
vious barrier (Refs. 7, 8). with the LTRI -fortress 
approach," sensitive components are contained within 
a volume enclosed by a metallic skin.  Cables con- 
taining penetrating conductors possess overall 
shields that are bonded to the outer surface of the 
fortress by moans of 360-degree backshell connec- 
tors, within the fortress, and close to the feed- 
through connectors, each conductor passes through a 
hybrid transient limiting network prior to being 
routed to its final destination. 

Hybrid Transient Limiters 

The input portion of the hybrid Halter network con- 
sists of either a metal oxide varistor (MOV) or a 
gas filled spark gap tube, shunt-connected from the 
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conductor to a low impedance ground (Fig. 6).  Where 
balanced pairs are involved, a line-to-line tran- 
sient limiting component is also employed.  Next is 
a series component (inductor or resistor) followed 
by a shunt-connected, bipolar avalanche diode 
(TranZorb).  Under normal operating conditions, the 
shunt components present extremely high impedances 
to ground, and the series component offers a very 
low impedance. 

When a lightning stroke attaches itself to one or 
more of the cables, the current divides.  The path 
from an outer shield to the outer skin of the for- 
tress represents a significantly lower surge imped- 
ance than that provided by the conductors and their 
transient limiter networks.  A major portion of the 
current will flow from the shield to the outer skin 
and from there find its way to earth.  Even if the 
canister rises momentarily to a very high potential 
with respect to earth the interior will remain in an 
essentially equipotential state. 

The remaining currant (an estimated 10%) present on 
the inner conductors will see the impedance of the 
limiter series element plus the surge impedance of 
the conductors beyond the limiter. Once the voltage 
appearing across the TranZorb exceeds the breakdown 
value, the series impedance element is essentially 
grounded.  The TranZorb responds in nanoseconds, 
long before the lightning current reaches its peak, 
and is capable of carrying a sizeable amount of 
transient current.  As the current continues to 
rise, the voltage caps across the series impedance 
quickly reach the gas tube or HOV breakdown value. 
Essentially all of the remaining current is then 
conducted to ground.  Whi\» slower to act, the HOV 
and gas v-jbe are capable of accommodating very large 
amounts cf transient eusrgy. 

Modified Device Canister 

A modified device canister, referred to as the 
Lightning Invulnerable Device System (LIDS), has 
boen designed and fabricated.  It incorporates the 
fortress concept as described above.  Figure 7 shows 
a simplified comparison of the LIDS to the present 
design.  The coaxial and multiconductor cables have 
their outer shields bonded to the lid of the canis- 
ter via 360-degree backshell connectors.  The safety 
ground cable is bolted to the outside of the lid.  A 
thru-bolt is not permitted, and to ensure this, the 
ground cable inside the canister is bolted to a dif- 

ferent portion of the lid's inner surface. Special 
trai.sient limiter modules (for the multiconductor 
cables) and coaxial transient limiters (for the co- 
axial cables) are being developed by several manu- 
facturers.  Gas tube and MOV input limiters, and re- 
sistor and inductor series impedances will be 
evaluated. 

A Comment on Fiber-Optic Cables 

From the isolation standpoint, fiber-optic cables 
represent an ideal way to penetrate the fortress. 
However, until the problem of transmitting suffi- 
cient power optically has been solved, copper cables 
will continue to penetrate the fortress.  Ironi- 
cally, reducing the number of copper cables, without 
eliminating them altogether, does not make matters 
any better.  Fewer copper cables means there are 
fewer parallel paths to ground for arcing currents. 
Thus, a greater magnitude of current will appear at 
the lid penetration point.  If a metallic jacket is 
used to provide mechanical protection for the fiber- 
optic cable, it should be bonded to the outside of 
the lid.  The metallic jacket also provides a paral- 
lel arcing path to ground. 

Simulated Lightning Tests 

Objectives of these tests will be to evaluate the 
several hybrid transient limiter designs, determine 
the most vulnerable lightning attachment point, and 
obtain data tc substantiate the "lightning invulner- 
able" claim.  Subsequent tests may be performed at 
the Sandia National Laboratories' lightning simu- 
lator facility in order to observe the lightning in- 
vulnerable device system performance using a double- 
exponential current pulse, combining high current 
with a fast current risetime. 

The LIDS will be subjected to a series of simulated 
lightning tests, conducted by LTRI.  The limiter de- 
signs will first be tested to verify their perfor- 
mance at the specified Uniting levels.  Several 
will then be tested at increasing levels, up to 
50 kA, to determine failure levels and modes. 

The final tests will be made on the complete LIDS, 
with the limiters being terminated by typical load 
impedances.  Low-level coupling tests (20 kA and 20 
kA//Jsec) will permit determination of mutual induc- 
tance and resistance parameters for the system.  In- 
creasing peak currents and rates of rise, up to max- 
imums of 200 kA and 200 kA/psec, will be separately 
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applied.  A damped oscillatory currant puls« will ba 
used in ordar to avoid the damaging affacts of the 
mora lightning-like double-exponential currant 
pulsa.  Lightning attachments will ba made, approxi- 
mately 1 m from tba lid, to various configurations 
of cable shields and conductors. 

SUMMARY 

The task of evaluating the lightning vulnerability 
of a large and complex operation and making recom- 
mendations tor improvements has been successfully 
carried out.  Because of the absolutely unacceptable 
consequences of a lightning-induced detonation of a 
nuclear test device, several commonly used protec- 
tion techniques were determined to be of little use. 
From what the taak force learned, the decision was 
made to concentrate primarily on designing a light- 
ning invulnerable environment for the test device 
system.  The effectiveness of this design will be 
tested later this year, using full-threat-level sim- 
ulated lightning. As time and funda permit, the 
portions of the event system that are not nuclear- 
aafety-crltlcal will alao receive improved 
protection. 
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i 
Abstract - In this paper is pointed out of that movement of the stepped leader may have influence of 
Die estimation of the str-iking distance lenght.This estimation being founded on the photos of the li- 
ghting channel.  The influence is as much greater as the final jump(starting movement of the return 
streamer) takes place at the begining last step movement of the stepped leader along the channel al- 
ready prepared by the pilot streamer. 

1. INTRODUCTION 

In Intention to protect from the lighting stroke, the 
phenomenon of the lighting discharge is subject of ma- 
ny investigations. The spectrum of this investigations 
is large, from measuring many characteristics of ligh- 
ting, recording, taking of photographs to the statis- 
tical elaboration of all collected data. 

The lighting research includs a large number of chara- 
cteristic quantities which depends from nany parame- 
ters and whose magnitudes are in a very broad measur- 
ing volume. For example, the lighting current measur- 
ing equipment should have the frequency range from 1 
to 10e Hz and current range from 1 t^ 5"105 A |l|. 

Collecting and comparing all of this data, got on any 
way, acouires every day more complete picture about 
this casual process. 

In this paper would be given a sugesWon for a discu- 
ssion or a consideration which bounds stepped leader 
and striking distance meaning on the possible influe- 
nce the velocities of the stepped leader motion on the 
(estimate) evaluating of the striking distance from 
the pliotographs of lighting stroke channels. 

2. STEPPED LEADER 

Most og the lighting discharges are toward earth with 
the negative charge. According to the photographs 
from the Boys cammera and measuring the electrical 
field on the earth, the cloud - ground discharge is 
initiated by a streamer that develops downwards in a 
series of steps. Each of this steps is observed as a 
sudden increase in luminosity of the channel of the 
ionized air at the tip of the streamer. This streamer 
is called stepped leader. The spark in its moving to- 
ward ground get over some distance, stops and after 
short time interval continue to move. The lenght of 
each step is about 50 m. After completing a step the 
tip of the streamer appears to pause for a time of 
the order SO us, and the new step being much brighter 
then the rest of the streamer |2,3j. Vtien stepped le- 
ader, in it* moving, approaches the ground, starts 
the positive conecting leader from the earth to the 
stepped leader. This conectir j  leader, which is ini- 
tiated by the critical electrical field from the ele- 
ctrical field from the electrical charge in the chan- 
nal of the downmoving stepped leader, conects strik- 
ing point with leader channel. Trough the ionized 
channel moves upward positive charge (return stroke ) 

with velocity of 5-107 m/s. The dcwnmoving stepped le- 
ader has two velocities. First, the stepped leader ap- 
proaches the ground at an average velocity at about 
1.5' 105 m/s. The second one is velocity of the indi- 
vidual step motion value of 5-107 m/s |2,3,4| . 

Fig.l shows shematic diagram for ilustration cf the 
first discharge (stepped leader ) recorded by a moving 
cammera. 

Cne of the first theory of the stepped leader are due 
to Schonland (1938 ). Schonland's model of the stepped 
leader has a channel of uniform cross-section with ra- 
dius of the order of the meter. Tne fact that the ave- 
rage velocity of the stepped leader agrees fairly clo- 
sely with the calculated minimum velocity of an elec- 
tron cloud that is abble to perpertuate itself by ion- 
izatlor., led Schonland Lo suyyest that the insulation 
of the air is broken down by apilot leader, that adv- 
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Fig.l. Ilustrating diagram of the stepped leader with 
step and pilot leader. 

ances continuously. Schonland defined the pilot leader 
as "a true negative virgin air streamer that travels 
continuously downward in front of the step streamer 
processes with a ve'-cir/ equal to the effective ve- 
locity of these". 9» ~llot leader progressing some 
tens of metres, causes he current in the lihgtning 
channel to increase and reduce a luminous step. Sup- 
port for exiatance of pi^ t leader come from the la- 
boratory examinations. 

The pilot leader, which continualy progn-jses, prepa- 
res the way for the step process by ionizing the air. 
Upon the ionizing channel moves the speedy step. When 
this speedy process reaches the tip of the pilot lea- 
der one step of stepped leader is completed. The pilot 
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leader continue to move during the pause between st- 
eps. 

Bruce (1941) explained the stepped leader like Schon- 
land. According Bruce the stepped leader has a arc 
channel at the center of leader on high potential. 
Becouse of large potential difference, the radial co- 
rona current flow to the core of channel. The current 
increases with increasing of the channel. When the co- 
rona current excels a value of the order of 1A a sud- 
den transition from glow to arc discharge occurs. This 
is the step in the stepped leader. 

It could be concluded that all theories of the stepped 
leader includes that the average velocity for a nega- 
tively charged downmoving stepped leader is about 
1.5-105 m/s, like the velocity of the pilot leader. 
The pilot leader, which prepares the way for the step 
process by ionizing the air, moves continualy. The 
mean velocity of individual steps is 5-107 m/s, much 
higher than average velocity of the stepped leader. 
Time intervals between individual steps is about 50ys. 
The velocity of the return stroke is much greater than 
average velocity of the stepped leader. 

Some characteristics of lihgtning discharge (mean va- 
lue) |2,3,4| : 

velocity of: 

stepped leader 1.5-105 m/s 
individual steps 5'107 m/s 
collecting leader 5-107 m/s 
return stroke 5-107 m/s 

duration of: 

stepped leader 10-30 ms 
individul steps l ys 
interval between steps 50 ps 
return stroke 100 ps 

current of: 

stepped leader 100  A 
individual steps    500 - 2500  A 
return, stroke        10"- 105  A 

length of individual steps    50  m 

3. STRIKING DISTANCE 

The distance between the tip of the downmoving leader 
and the point on the earth or structure when, undrr 
elektrical charge deposited in leader channel, ?. elec- 
rical field on the earth or structure reaches a criti- 
cal value. From point on earth or structure where ele- 
ctrical field exceeds critical value, starts positive 
Tonecting leader ( return stroke ), which conects st- 
riking point and the tip of the downmoving negative 
leader. This is the length of the last seep in the li- 
ghtning channel development. This length depends, ge- 
neraly of the electrical charge In the reader channel. 
The striking point is not by anything determined in 
advance, but only by critical electrical field inten- 
sity due to downmoving leader. The electrical field 
straight above ground, due to the charge along the le- 
ader channel, initiate the positive conecting leader 
from the striking point. The charges in the leader 
channel are neutralized during the return stroke pro- 
cess. The crest of the lightning depends on this char- 
ge. Fran the integration of current oscilograms it is 
concluded that an average lightning current of 20 kA 
»responds to a charge of 1C |S| . ITom the foregoing 
considerations it follows that the striking distance 
could be introduced like function on crest lihgtning 

current. The detrmination of striking distance in fun- 
ction of lightning current was given by Golde (1945) 
as a numerical solution and as many others authors.For 
example, relationship suggested by Love is 

r = 21 + 30 |l - exp(I/6.25)| (m) 

where r - striking distance in m and I lightning crest 
current in kA. This relation like relations from other 
autors, can be presented in the simplified form 

r = klp . 

Constans k and p have different values, what depends 
on the autors, and start from 3.3 to 10.6 for k and 
from 0.51 to 0.85 for p. 

In Fig.2 are given curvs of the striking distance ver- 
sus the crest current of the lihgtning stroke from 
named authors. The different values of the striking 
distance results from the different consideration of 
critical value of electrical field, distribution of 
the electrical charge in the leader channel and so on. 
More about striking distance in |5| . 

The point where the leader channel and the upward str- 
eamer meet, could be seen in same photographs accor- 
ding the sharp bend in the lightning channel. From 
such a photographs taken from two directions and si- 
multaneous measurements current or estimated from the 
lightning current ei*f«?ct, the striking distance could 
be determinated - estin^.ted. 

4. SOWE CCNSIEE3ATICN 

They are two velocities in the stepped leader : Vj - 
velocity of the pilot leader propagation also average 
velocity of the stepped leader and vz - the velocity 
of the individual step trough the already prepared 
channel by the pilot leader. The mean values are: 
v, * 1.5-105 m/s and v, = 5-107 m/s. 

400 

300 

E 
Ui 

200- 

100 

20 40   60   80 
CURRENTkA 

Fig.2. Striking distance versus the negative crest 
lightning current|5| , 1 - Golde, 2 - Wagner, 
3 - Love, 4 - Ruehling. 
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Striking distance is distance the tip_ of downmoving 
leader from the striking point, when the charge in 
the leader channel due critical electrical field on 
the striking point to initiate the conecting leader. 

Now we have to distinguish two tipes: tip of the pilot 
leader moving with the velocity Vj and tip of the in- 
dividual step in the stepped leader moving with velo- 
city v . It is possible that position of both tipes 
may initiate the conecting streamer from striking po- 
int because the both of them bears the charge. It is 
not the same which tip and from which position due 
the critical field on the striking point. If it is a 
tip of the individual step we have to take in consi- 
deration that it has the velocity like the conecting 
streamer and it has already prepared way for its mo- 
tion. 

Fig.3b. shows position of individual step tip inici- 
ating conecting streamer, when the tip is in «-he be- 
gining of its motion. The both step and conecting 
streamer moves with equal velocity ( vs The 
way of downmoving leader is determinated, meeting po- 
int of two leaders "2", which is seen on the photog- 
raph like bend of channel, is nearer to the striking 
point and the striking distance on the photograph is 
D instead D'. 

Fig.3a. shows position of individual step neer to the 
end of prepared way by pilot leader, when is conected 
streamer iniciated. Bending of channel could be much 
sooner. 

a 

m/////////////m/////////////////////, 
Fig. 3. 

5. CONCLUSION 

The negative downmoving stepped leader has two velo- 
cities. The a\>erage velocity of stepped leader is 
agual to velocity or the pilot leader mean value of 
1.5-10s m/s. The second one is velocity of the indivi- 
dual step into the stepped leader value of 5-107 m/s. 
According to this velocities in the paper are introdu- 
ced two tipes. Tip of the pilot leader and tip of the 
individual step. It is pointed out that on the photo- 
graphs of the lightning channel the distance from cha- 
nnel bend to the striking point, should not to be str- 
king distance. This length depends from which tip and 
from which position in the channel due electrical fi- 
eld of critical value on the striking point. The dif- 
ference tlie real and seen distance which could appear 
ceres from speeds of stepped leader, conected strea- 
mer and prepared way for Individual step by pilot 
leader. 
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Abstract  - In the paper is given the method of estimating, namely,  the determinating the maximum value 
of lightning current an object or equipment could be exposed to,  when placed to the lightning rod or any 
other object having the function of the lightning rod.  This estimation of possible maximum value of lig- 
htning current a lover object is exposed to,  is based on the evolution of the more protected spaces of 
the lightning rod.  The maximum value of the  lightning current an equipment or an object could be exposed 
to,  is the function of the height of the lightning rod,  the dimensions of the object and their reciprocal 
distance. 

T 

1. INTRODUCTION 

The lightnig rod, which should protect a spe- 
cified ground ares from lightning strokes by 
causing all strokes to    hit the rod, was 
introduced by Benjamin Franklin in 1753. Du- 
ring the more than 200 years since its intro- 
duction, many theories and hundreds of papers: 
were presented to define the zone protected 
by the lightning rod. This large number of 
theories was occasioned doubtlessly by the 
fact that the principal processes associated 
with lightning were not well known. But each 
of these theories,coupled with experience ob- 
tained from observation ana experimental evi- 
dence, contributed to the fund of collected 
knowlege. The conformation and extent of the 
zone protected by the lightning rod was de- 
termined principally from experience. But 
this evidence differed from place to place as 
evidenced by the variability in national ele- 
ctrical codes relative to lightning protec- 
tors. 

New and new lightning strokes on the 
objects already protected, aspecialy at high 
structure, makes conviction, that there is 
no absolutely sure lightning protection. The 
better knowlege, of atmospheric electrical 
discharge, in the recent time, lead to the 
new vision and new theories. The developpment 
of new theories, which include numerous pro- 
tected spaces around one lightning rod, allo- 
ws better evalution of the protected spaces 
of the lightning rod. 

2. PROTECTIVE ZONE OF THE LIGHTNING ROD 

In lightning protection, a very impor- 
tant matter war what was the nature of the 
space protected by the lightning rod. It has 
been assumed that the protected space is eit- 
her conical or cylindrical. The base of the 
cone or cylindar is a circle having a radius 
which depends on the hight of the lightning 
rod and experience of the observer. The appro- 
priate was often changed. The conformation of 
the protected zone included cones and cylin- 

ders with considerable variations in the ra- 
dius. Current practice in many countries in- 
dicates that the protective zone is defined 
either by an angle from the vertical or by a 
radius which depends on rod heighth. For ex- 
ample, in electrical codes of some contries 
the single mast protective angle is specified 
as 45 while with two masts the protective an- 
gle between them is 60°. In the other codes, 
the base-to-heighth ratio is 1 for important 
cases of protection and 2 for less important 
cases. 

One the first theoretical determinations 
of the protected zone was based on the "prin- 
ciple of the shortest distance". At this time, 
it was assumed vhat the lightning stroke se- 
eks out the point of the earth's surface whi- 
ch is nearest to the place at which it exits 
the cloud. It was assumed that the exit points 

 E 

Fig.l. One of the first derivation of the 
radius of protection zone of the 
lightning rod 

for all earth-bound lightning discharges lie 
in a place (a" on Fig.l) which is parallel 
to the surface of the earth (EE) [1]. In Fig. 
1 it is easy to see that the protected range 
PP' of the lightning rod LR is obtained by fi- 
nding the points S and S'. All strokes lea- 
ving the cloud at points in a circle with the 
diameter SS' tinder this assumption seek out 
the point L. All those strokes leaving the 
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cloud outside the circle of diameter SS' will 
strike points outside of the protected surfa- 
ce (circle with diameter PP'). This radius of 
the protected zone according to this conside- 
ration was 

r = (2H h) 1/2 (1) 

To exam the values of this radius Walter [l: 
used the findings of the Hamburg Fire Insura- 
nce Office on buildings damaged by lightning 
strokes over a period of 20 years. Signific- 
antly he found out that the protected zone is 
much smaller than the radius in Eq.l. He con- 
cluded that the basic assumption that when 
the lightning leaves the cloud it is directed 
to the nearest point on the earth's surface, 
must be false. From other observations he con- 
cluded that the altitude at which the light- 
ning definitely seeks the tower is very near 
the top of the tower. Also many direct obser- 
vations and photographs show that the point 
from which the lightning seeks the stroke po- 
int, is not in the cloud but is much nearer 
to the stroken point C23. 

The optimum solution approach and physi- 
cal model to the last steps of the leader 
(which are very important in protected zones) 
were developed by Golde C3,4,5], using the 
results of breakdown experiments of long sp- 
ark gaps excited by an impulse generator. Us- 
ing the supposition that the last step of le- 
ader moving toward the ground could be compa- 
red with long sparks, he defined the last 
dischargin distance. In the initial discharge 
the negative leader moves from the cloud to- 
ward earth in steps. The main stroke, which 
builds up from the earth toward the cloud, is 
initiated by the electrical field from the 
downcoming leader. The main stroke, which 
propagates with much greater velocity than 
the leader originates at the stroke point.The 
electrical field strenght above ground, due 
to the charge along the leader channel. The 
critical field strength which can initiate 
the main stroke from the earth is larger for 
negative impulses chen for positive. The cha- 
rges in the leader channel are neutralized 
during the return stroke process. The magni- 
tude of the lightning current depends on this 
charge. From the integration of current osci- 
lograms it is concluded that an avarage ligh- 
tning current of 20 kA corespondens to a cha- 
rge of 1 C. The point where the leader chan- 
nel and the upward streamer meet can be seen 
in some photographs which thereby support 
this theory [2,4]. From foregoing considera- 
tions it follows that the striking distance 
to a lightning rod cannot be described by 
just one value. Golde introduced a new con- 
cept of the attractive effect and protected 
zone of a vertical lightning rod. The protec- 
tive zone of a freestanding vertical light- 
ning rod he described by a cylinder about the 
rod C4]. 

Protected spaces of the lightning rod 
two methods, based on "electrogeometric" the- 
ories will be heir mention. The "lightning 
sphere" method [6,7] deals with propability 
of lightning strokes in the object which is 
in protected space. Protected space is deter- 
mined with sphere of radius which depends on 

propability. For a given propability the sph- 
ere must not tuch the protected object, as is 
showen in Fig.2. Another method for evaluati- 
on of the protected spaces of the lightning 
rod C8] showes more protected spaces of the 
lightning rod depending of the crest current 
of lightning stroke. The second one will be 
described more. 

Fig.2. Protected space according "lightning 
sphere" method. 

3. STRIKING DISTANCE 

The distance between the tip of the do- 
wnmoving leader and the point on the earth or 
structure when, under electrical charge depo- 
sited in leader channel,reaches a critical 
field value on the earth or structure. From 
point on earth or structure, where electrical 
field reach critical value, starts positiv co- 
necting leader (return stroke), which conects 
striking point and the tip of the downmoving 
negative leader. This is the length of the 
last step in the lightning development. It 
depends, generaly of the electrical charge in 
the leader channel. The striking point is not 
by anything determined in advance, but only 
by critical electrical field intensity due to 
downmoving leader. There is possible to start 
two or three positive leaders from the earth, 
what brings to the branching the lightning 
channel near to the earth. 

250- 

J200 u 
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Fig.3. 

20 40 GO 80 100       120 
current, kA 

Striking distance versus the negativ 
orest lightning current  [4,53 a-Golde, 
b-Wagner,  c-Love,  d-RQhling,   e-Horväth. 
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The critical distance depends from the 
channel charge in relation to the crest cur- 
rent of the first stroke in the flache. For 
the practical calculation, the generally form 
of this dependance is given by 

R = kl1 (2) 

where R is in meter and I crest value in kA. 
Constants k and p have different values, what 
depends on the authors, and start from 3.3 to 
10.6 for k and from 0.51 to 0.85 for p. 

In Fig.3 are given striking distances 
versus the crest current of lightning stroke 
from named authors. The different values of 
striking distance results from the different 
consideration of critical value of electrical 
field, distribution of the electrical charge 
in the leader channel and so on. More about 
striking distance in C5D. After some photo- 
graphs of lightning discharge and current me- 
asuring, it seems that the best conformation 
has the curve a in the Fig.3. 

4. EVALUTION OF THE PROTECTING SPACE OF 
THE LIGHTNING ROD 

If we accept the "striking distance", 
one from Fig.3, for example developed by Gol- 
de C5], it is possible to evaluate the prote- 
cted space of high lightning rods and also 
explain the lateral strokes in the proximity 
of tall structures. According to Fig.4, if 
the leader approaches a long vertical rod or 
a tall structure, it will be struck at a po- 
int on the structure or earth and that the 
shortest distance from the leader tip will be 
equal to the striking distance. The striking 
distance depends on the charge in the leader 
channel namelly lightning crest current R= 
f(I). The radius of the protection zone for 
each current is equal to the striking distance. 

Fig.4. Negative leader approaching to the toll 
structure seek the striking point 

Fig. 5. shows the protected spaces of hi- 
gh vertical lightning rod (or high structure) 
for a five different values of the crest lig- 
htning currents. On the lefthand side are gi- 
ven the protected spaces for lightning cur- 
rents of lower crest value and on the right- 
hand side for the currents of higher values. 
Case on the righthsrui side cann deseribe also 
lower objects with average lightning currents. 
According to the principle of the "chortest 
distance", protected space is inside the cone, 

which has circle shaped envelope radius ap- 
proximate equal to the striking distance. 

*1-f{Il) R<TfU5 

Fig.5. Protective spaces in function of 
lightning current magnitude 
(I1<I2<I3<I4<I5). 

5. EXPOSITION TO THE LIGHTNING CURRENT 

According to the more protected spaces 
treatman of the lightning rod which depend- 
ens on the lightning current crest value, it 
is passible with electrogeometrical method, 
to evaluate the lightning current to which 
is exposed some object near to the vertical 
lightning rod. 

Fig.6. Object 0 near the lightning rod is 
not protected from lightning crest 
current less than I-« 

Fig.6. shows the vertical lightning rod 
of hight h with three protected spaces ac- 
cording to the three currents like in the 
Fig.3. O is the object which should be pro- 
tected. This object is, according Fig,6, in- 
side the protected spaces the currents grea- 
ter than Ij. It means that the object O is 
protected from lightning current magnitude 
greater then value I?. For all other light- 
ning crest currents less then 12 I say i3 in 
Fig.6) the object 0 is not protected. 

For the object of hight h on distance r 
the lightning rod the high of H, determining 
the radius of the circle which form the cone 

. 
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of the protected space, which is approximate- 
ly equal to the striking distance, it is pos- 
sible to determine the currents the object is 
exposed to. 

In analysis of the determining of the 
striking distance in the first approximation 
the highst influence of the object or light- 
ning rod would not be taken into considera- 
tion. 

Fig.7. Derivation the striking distance of 
the maximum crest lightning current 
the object is exposed to. Case lower 
lightning rod (H<R). 

According to the Fig.7. in the case for 
the lightning rod height H less then striking 
distance R (case of lower lightning rods), 
the striking distance is 

(3) 

In case of hight and very hight light- 
ning rod and object near to them (Fig.8.) the 
striking distance for the maximale crest lig- 
htning current is 

H  -t 

2(H- 

h                   2 
-V(H-h' , r2) + 

Hr 
1 U-r ^-2 + 

(H-h) h 

(r+h) t /2rh. (4) 

I 
1 

' 

/ 

H R/ 

hi 

The striking distance obtained by geome- 
trical way give opportunity to determine-esti- 
mate the maximum crest current toward curves 
in Fig.3, the object may be exposed. 

6. CONCLUSION 

The protected space of a lightning rod 
or a tall structure depends on the magnitude 
of the lightning current. A single lightning 
rod has many different protected spaces each 
one determined largely by the current magni- 
tude. The protected space is approximately 
conical with a circularly shaped envelope as 
shown in Fig.5, the radius of the envelope 
being nearly equal to the striking distance. 

For a object (or equpment) of the hight 
h on the distance r from the lightning rod 
the hight H (or other hight structure having 
the function of the lightning rod) it is pos- 
sible to determine the maximale striking dis- 
tance by the geometric methode. According to 
the maximale striking distance, got in this 
way, it may be determined maximale lightning 
current the object could be exposed to. The 
object is now exposed to all lightning cur- 
rent less and equal to the this maximale cur- 
rent. This boundary value is the function of 
the hights of the lightning rod and object 
and their reciprocal distance. 

7.   REFERENCES 

in  Walter,B.,  Ueber Blitzschutz durch  "Fernblitzable- 
iter",   Z.für  techn.Physik,   14_,   No 3,   1933,   s.118- 
-126. 

121  Walter,B.,   Von wo ab steuert der Blitz auf seine 
Einschlagstelle zu?,   Z.für  techn.  Physik,   18, 
1937,   s.   105-109. 

[J] Golde,R.H., Teoretische Betrachtungen über den 
Schutz von Blitzableitern, ETZ-A, 82_, 1961, s. 
273-277. 

141 Golde,R.H.,  Lightning Protection,   Edward Arnold, 
London,   1973. 

[5]  Golde,R.H.,   Ihe Lightning conductor,   in Golde R. 
If.   (Ed):   Lightning,   Academic Press,   i,ondon,   1977. 

[63 Hcrvdth.T., Praktische Methode für Standardizirung 
der Schutzwirkungen von Fangvorichtungen, 14. Int. 
Blitzschutikonferenz,   Gdansk,   1978,   R-4.06. 

[7] Hasse,P.,   Wiesinger J.,   "Blizkugel" - Verfahren 
zur Ermittlung des Schutzbereich von Fanganord- 
nungen,   14.   Int.   Blitzschutzkonferenz,   Gdansk, 
1978,   R-4.38. 

181 Vorgucic A.,  Condition for Evalution of  the Pro- 
tective Zone of   the Lightning Rod,   FAA/Georgia 
Institute of Technology Workshop on Grounding and 
Lightning protection,   FAA-RD-78-83,  Atlanta,  May 
1978,  pp.   115-129. 

■ 

- 

Fig.8. Derivation the striking distance of 
the maximum crest lightning current 
the object is exposed to. Case higher 
lightning rod (H-R). 



10th International Aerospace and Ground Conference on Lightning and Static Electricity       329 

LIGHTNING AND LOGISTICS 

CAPE CANAVERAL - A PROVING GROUND FOR LIGHTNING RESEARCH 

C.N. Golub 

USAF Eastern Spaae and Missile Center,  Patrick Ait  Force Base, Florida 22925,  U.S.A. 

Abstract - One of the problems encountered in lightning, research is finding a suitable location where both 
lightning and logistics are accessible and affordable. One of the most favorable sites in these respects 

is the Cape Canaveral area of the Eastern Test Range in Florida, USA.  In the summer of 1984 a number of 
organizations engaged in lightning research took advantage of this situation and acquired one of the 
largest amounts and greatest variety of data ever gathered during one season at one location.  This 
paper describes what facilities were available and how they were utilized by the research organizations. 
The experiments performed ranged from conventional electric and magnetic field measurements to rocket- 
trigoered lightning and coordinated measurements of lightning phenomena made simultaneously from ground 

stations and from an instrumented aircraft. 

I.  INTRODUCTION 

■i 

A large number of lightning research projects are 
taking place in various locations around the world, 
especially where lightning activity is high.  This 
situation is evident from even a casual perusal of 
the subject [1]*. 

However, what is not so evident in the literature are 
the difficulties of performing such research, in 
particular in the area of logistic support.  The 
moment a research project goes beyond simple obser- 
vations and starts involving availability of 

electrical power, synchronized timing, landline or 
radii conaiun'cat ions, and weather forecasts, the com- 

plexity of obtaining such support increases rapidly. 
If one goes one step further and starts flying 

instrumented aircraft or launching lightning trigger- 
ing rockets, the business of obtaining air space 

clearance and providing liability coverage Insurance 
is enough to discourage the hardiest soul and deplete 
the best stocked pocketbook. 

As an example, a joint ONERA-l'.S, Air Force project 
to do triggered lightning research in a public area 
of Florida for two months involved among other 
expenses a $30,000 premium for liability Insurance 
to Indemnity personal or property damage thai might 
have been caused by a triggering rocket. 

On the other hand, interest in lightning research is 
such that if an organization is planning a unique 

approach to obtain original data, it is very likely 
that once this plan becomes known, other organiza- 

tions will volunteer support in the form of instru- 
mentation, aircraft, or test sites as their share of 
the research effort. When 1 say "volunteer", it may 
be that there is some cost involved, but even then it 
will be much less than if the lead organization were 
to provide such facilities by itself. 

A case in point, and the select of this paper, are 
the test facilities available in the Cape Canaveral 
area in Florida.  They have been used to develop 
uesocale weather prediction capabilities and for the 

second year they are also being used for lightning 

«Numbers in brackets designate references at end of 

paper. 

research.  There are indications that this kind of 
work will continue for years to come and I am here 
to encourage you to join us and make use of these 
facilities.  Let me make it clear that we are not a 
research facility—we are operations.  But we 
encourage activities from which we hope to derive 
benefits. 

What I want to describe for you in this presentation 
is the environment in which you can perform a 

variety of research projects. 

II. LOCALE 

Around Cape Canaveral people often refer to "This 

side of the river or the other side of the river." 

Well, the river in question Is the Banana Kivcr 
(Fig 1) and one side belongs to the U.S. Air Force 
and the other side to NASA.  The Air Force side 
(east of the Banana River) is the Cape Canaveral Air 
Force Station and includes Cape Canaveral proper and 
Port Canaveral.  Cape Canaveral Is the headwaters, so 
to speak, of the 10,000 mile Eastern Test Range.  The 
NASA side is the J.F. Kennedy Space Center or KSC. 
All launch pads, botli NASA and Air Force, are on 

Cape Canaveral exeeiH for the Space Shuttle launch 
pads (complexes 39 A & B) which are on KSC. The NASA 
launch pads on Cape Canaveral are used for satellite 
launches (using Atlas Centaur and Delta vehicles) 
and are leased from the Air Force.  Other users of 

Air Force launch pads are the Army, the Navy and 
whoever else has a legitimate need. The overall 
area of both sides of the Banana River covers about 

417 square kilometers.  The air space above is 
restricted to space launch and allieu operations. In 
effect we have our own three-dimensional world extend- 
ing 20 km from the Indian River to the Atlantic Ocean, 

29 km from Port Canaveral to the north bounds of the 
Kennedy Space Center and 100 km high.  And last but 
not least, we are in one of the highest isokeraunic 

areas of the world. 

III. THE SUPPORT FACILITIES 

1. There are two Industrial areas, one for KSC and 
one for the Cape. Each one has shop and laboratory 

facilities and all the support you might want ranging 
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from cafeterias to physical standards laboratories. 

We have tracking radars, tracking optics (with video 
recording capabilities), telemetry, and our own air 
traffic controllers working in conjunction with the 
Federal Aviation Administration (FAA) controllers. 
But more to the point for weather and lightning re- 

searchers we have the following to offer: 

2. The "piece de resistance" is the McIDAS-lineage 
MIDDS.  Let me explain this mumbo-jumbo.  McIDAS 

stands for "Man-computer Interactive Data Access 
System." It is the brain child of the Space Science 
and Engineering Center of the University of Wisconsin 

for integrating a variety of meteorological data sets 
into one display. MIDDS stands for "Meteorological 
Interactive Data Display System" which is a local 
adaptation of the McIDAS for Space Center activities. 

Eventually there will be a network of such systems, 
at the Cape, at the NASA Johnson Space Center in 
Houston, Texas, and the Marshall Space Flight Center 
in Huntsville, Alabama, at the Western Test Range, 
at the Air Force Consolidated Space Operations Center, 
at the University of Wisconsin, and elsewhere. 

c. An upper air data acquisition system consist- 
ing of rocketsondes, rawinsondes, jimspheres, and wind- 
sondes, both at the Cape and at downrange stations, 
and two ground-based telemetry and tracking systems. 

d. A local 5cm weather radar with backup from 
other weather radars located 130 kilometers to the 
north, 220 kilometers to the west and 300 kilometers 
to the south. Next fall we shall have the added cap- 

ability of a volumetric display of weather radar data; 
in this mode we shall be storing conventional data 
scanned in azimuth and elevation for the whole 
three-dimensional space and then display it along any 
desired cross section of the atmosphere, such as, for 
instance, the Shuttle landing approach. 

e. An extensive network of field mills (a total 
of 34 scattered over the Cape/KSC area). 

f. A dual array lightning location system which 
in conjunction with the field mill network supplies 

a very complete picture of lightning activity in an 
area of about 300 kilometers around the Cape. 

Most of these systems will have access to one 

another's data sets as well as to global meteorologi- 
cal data systems such as GOES, Meteosat,  and other 
such remote sensors. 

The MIDDS at Cape Canaveral (also known as MIDDS I) 
is a particularly well honed system for "nowcasting"; 
it is designed to give accurate weather conditions 
lor time intervals of up to two hours from the time 
the forecast is issued in a cross-section of atmo- 

sphere a few kilometers wide, about 300 kilometers 
long and 100 kilometers high. These are the dimen- 
sions of the Orbitcr's landing approach during which 
it is very sensitive to the presence of the slightest 
amount of moisture in condensed form in the surround- 

ing atmosphere.  It the conditions are not right for 
an immediate landing, the Orbiter is waived off for 
another orbit.  If adverse conditions are expected 
to persist for a longer period of time, the Orbiter 
is rerouted to Edwards Air Force Base in California, 
it is then brought back piggyback on a 747 aircraft 
to the Kennedy Space Center, an expensive proposition. 

in addition to the demanding requirements for shuttle 
landing, there are numerous needs for accurate "now- 
casting" in the various phases of preparation for a 
space launch, such as transfers of payloada from 
preparation site to launch site, various weather 
sensitive tasks on-site, threats of direct and induced 

effect! of lightning, etc. 

i.     Available Meteorological Data 

In its sophisticated task of precision nowcasting In 

addition to its capability for more conventional but 
still high accuracy forecasting, the MIDDS is support- 
ed by the following data sets: 

a. Two GOES local earth stations (for CUES East 

and a GOES yet to be launched) indicating cloud cover 
in the visible and infrared. 

b. An extensive mesonetwork of sixteen stations 
in the Cape/KSC area for surface observation (between 

ground and the 150 meter level) supplying wind speed 
and direction, »esptrature, and dew point. Additional 
Station! are being installed on the mainland to the 

west. 

g.  In addition to the above local "r near-local 
data sources, we receive the conventional worldwide 
weather services from the National Weather Service, 
the National Oceanic and Atmospheric Administration, 
the Federal Aviation Administration, etc. 

4.  Available Displays 

All of the above are ingested in the MIDDS and can 
be displayed with or without preprocessing and with 

the proper navigation and scaling applied to the 
data for correct overlaying; these data can he dis- 
played in a variety of presentations such as: 

a. Cloud cover in two or three dimensions. In 
visible or infrared or computer enhanced combination 

with a resolution of up to one km.  The three dimen- 

sional presentation gives you a feeling of depth 
as you observe the cloud configuration from above. 

b. The cloud Imagery can be color enhanced or 
color coded to provide precipitation (fron the 
weather radar), lightning and other Information. 

c. Several such images taken at different times 

can be looped to give you the actual motion and 
evolution of weather conditions over a given period 
of time. 

d. Streamlines of wind direction and velocity 
can he overlayed jn this imagery. 

e. Isotherms and isobars and other contours can 

also be overlayei' or displayed separately. 

f. Other information available includes atmos- 

p. trie temperature profiles, Skew-T and Stuve 

t  nodyuamlc diagrams, etc. 

IV.  THE PROVING GROUND AND ITS OPERATIONS 

Now that 1 have described some of the technical 
resouices to be found at Cape Canaveral, let me tell 
you some of the uses researchers have made of them. 

a. This is the second season that an FAA instru- 
mented aircraft will be flying in the area, being 
vectored in and out of thunderstorms by Cape Canaveral 
ground instrumentation.  Some of the video cameras and 
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timing units used on board to recrod lightning strik- 
ing the aircraft and the time of the events are on 

loan from the Cape.  It has also flown over lightning 
triggering rockets and their launch by a French crew 
was synchronized with the aircraft position overhead. 

b. Ground instrumentation for lightning research 
from the Wright Flight Dynamics Laboratory was used 
to make observations synchronized with those made by 

the FAA aircraft.  It was also used to make other 
observations, including electromagnetic propagation 
over the ocean. 

c. Other lightning research was conducted 

either independently or in coordination with the 
above projects by various research organizations, 
including the Universities of Florida and Arizona 

and by the State University of New York at Albany. 

d. Currently the NASA Marshall Space Flight 
Center has a wind profiler doppler radar being 
tested at the Cape with weather data and logistics 
support being supplied by the Air Force. 

If you personally have an interest in taking advant- 
age of our resources, describe your needs in a letter 
to me and I shall be able to teil you how we can 
support you and supply you with additional details 

that would be of interest to your specific needs. 

CONCLUSION 

The meteorological community in general and the 
lightning community in particular are often looking 
for hard to find resources to perform their research 
under better controlled conditions and at less cost. 

The Cape Canaveral area constitutes a proving ground 
with almost limitless capabilities for this type 
of research. Although not engaged in research 
itself, the Eastern Test Range encourages such 
research from which it hopes to glean practical 

results needed in its operations. 
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Figure 1. Cape Canaveral Air Force Station and NASA Kennedy Space Center. 
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CHARACTERISTICS OF CLOUD-TO-GROUND  LIGHTNING FLASHES ALONG THE  EAST COAST OF  THE  UNITED STATES 
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Department of Atmospheric Science, State University of New York at Albany, Albany, New York 12,222, U.S.A. 

Abstract - A magnetic direction-finding network for the detection of lightning cloud-to- 
ground strikes has been installed along the east coast of the United States. Most of the 
lightning occurring from Maine to Florida and as far west as Ohio is detected. Time, 
location, flash polarity, stroke count, and peak signal amplitude are recorded in real 
time. Flash locations, time, and polarity are displayed routinely for research and 
operational purposes. Flash density maps have been generated for the summers of 1983 and 
1984, when the network only extended to North Carolina, and show density maxima in 
northern Virginia and Maryland. 

I.- INTRODUCTION 

The detection and location of light- 
ning by a new magnetic direction-finding 
technique (1) must be considered one of the 
more interesting instrumental developments 
in recent years. Extensive networks of 
lightning direction-finders (DF) have been 
established for forest fire detection in 
the western United States, Canada, and 
Alaska, and research systems have been used 
in Florida and Oklahoma. 

Principles of the direction-finding 
system 

The lightning direction-finding system has 
been described previously (1). The basic 
system consists of an orthogonal magnetic- 
loop antenna, a flat plate antenna, and 
associated electronics to process the 
incoming signals. The bandwidths of the 
antenna systems are wide (approximately 1 
kHz-lMHz) so that the shapes and polarities 
of the lightning field waveforms are pre- 
served. The orthogonal magnetic-loop 
antenna senses the magnetic field from 
lightning and a voltage is induced in each 
loop that is proportional to the magnetic 
field derivative multiplied by the cosine 
of the angle between the plane of the loop 
and the direction of propagation of the 
incoming field. The ratio of the inte- 
grated voltages in the orthogonal loops 
provide the direction to the lightning 
flash. A 180° ambiguity in direction is 
removed by an electric field antenna thut 
senses the polarity of the charge lowered 
to the ground. The processing electronics 
are designed to respond only to those field 
shapes that are characteristic of return 
strokes in cloud-to-ground flashes. 

EAST COAST NETWORK 

Nine high gain direction finders have been 
installed along  the east coast   to  record 

lightning ground strikes,  Fig.   1 

Fig. 1 The location of nine high gain 
lightning direction finders are 
shown in the east coast lightning 
detection network for the summers of 
1983  and   19»4. 
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The nine direction finders are located in 
New York (at Little Falls, Cambridge, and 
Newburgh) three in Virginia (at Dahlgren, 
Wallops Island, and Langley), one in 
Pennsylvania (at State College), one in 
Delaware (at the Greater Wilmington 
Airport), and one in Massachusetts (at the 
Worcester Airport). Each direction finder 
has a nominal range of 400 km and where two 
or more direction finders overlap in their 
coverage, we have sketched a line to en- 
close the area covered by the network. 
Within this region, we estimate that 70 to 
80 percent of the ground strikes are 
detected. Outside this region, a smaller 
percentage of lightning ground strikes are 
detected. 

All 9 DF's are controlled by a position 
analyzer microcomputer that is located in 
the operations room at the State University 
of New York at Albany. This is labeled as 
PA in Fig. 1. Communications between the 
position analyzer and the DF's are over a 
full duplex, 2400 baud, synchronous-leased 
circuit that operates continuously through- 
out the year. The position analyzer 
monitors the status of each remote DF and 
the data link by polling the DF's at a rate 
of   five   stations  per   second. 

When a DF senses a lightning ground flash, 
the signals for up to 14 return strokes are 
processed by the DF microcomputer. The 
time, angle, signal amplitude, and polarity 
of the first return stroke, and the stroke 
count (multiplicity), then are stored in 
memory until it is polled by the position 
analyzer. When two or more DF's record a 
flash within a programmed time interval 
(typically 6 msec) the location of the 
flash is computed and plotted. The data 
associated with the flash are displayed on 
video graphic terminals, and recorded on 
nine-track tape. The results can then be 
analyzed for flash characteristics such as 
flash density as a function of location and 
time. 

Plash density  results 

At the request of the Electric Power 
Research Institute (EPRI), the ground 
strike flash density has been monitored 
since June of 1983. Two summers of 
observations have been completed. Figure 2 
shows a flash density map that is produced 
by combining the ground flash data for June 
1983 and June 1984. The contour interval is 
500 ground flashes over an area of SO x SO 
km. Thus the first contour represents a 
flash density of 500 flashes per 2 500 km2 

or 0.2 flashes per km2. The first dark 
contour is the fifth one and corresponds to 
2 500 flashes or a flash density of 1 per 
km2. The origin of the plot is at the lower 
left   corner   and   is   at   35   degrees   north 
latitude and 85 degrees west longitude. The 
size of the plot is 1 500 by 1 500 km. 
Significant maxima appear where the Potomac 
River enters the Chesapeake Bay along the 
Virginia -Maryland border and near the 
Pennsylvania, New Jersey, New York border. 
Lesser    maxima    occur     in    southwestern 
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Fig. 2 Contours are shown for the 

composite flash density for the 
months   of  June  1983 and  1984. 

Pennsylvania and southeastern Connecticut. 
The decrease of the flash density along the 
periphery of the network, see Fig. 1, is the 
result of the decreasing sensitivity of the 
network. The local maxima over the Atlantic 
Ocean to the southeast of Delaware is the 
result of a site error and will be removed 
in future plots as soon as the corrections 
are   evaluated. 

The flash density for the combined months 
of July 1983 and July 1984 is shown in Fig. 
3. The parameters of the plot are the same 
as for Fig. 2. Note that the maximum flash 
density occurs near the Virginia - Maryland 
border where the Potomac River enters the 
Chesapeake Bay. The highest flash density 
is 1.8 flashes per km2 for this composite 
plot. The maximum along the Pennsylvania - 
New Jersey border in June (Fig. 2) has now 
shifted to northern New Jersey. Other less 
prominent maxima occur  along  the  east  coast. 

The flash density plot for the "inal month 
of summer is shown in Fig. 4 where we have 
combined the ground flash density values 
for August of 1983 nnd 1984. The maximum 
flash density has shifted to central 
Virginia where values exceeding 5 000 
ground flashes per 50 by 50 km are shown. 
This corresponds to ground flash densities 
exceeding 2 per km2 for the two combined 
months. A maximum appears in the eastern 
New York area with values reaching 1.8 
flashes per km2. A smaller maximum occurs 
in West Virginia and indicates the 
influence of  the Applachian Mountains. 

The total number of flashes recorded in the 
summer months of 1983 and 1984 exceeds 
1  000 000.    The detection efficiency of  the 
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Fig. 3 Lightning ground flash density for 
the months of July in 1983 and 
1984. 

Pig. 4 Lightning ground flash density for 
the months of August in 1983 and 
1984. 

network as a function of -:pHce is unknown 
at this time, but studies in parts of the 
network suggest that it ranges from 50 to 
70 percent in 1983 to much higher values in 
1984 because of the installation of im- 
proved software in the position analyzer 
microcomputer. We believe that the 
relative values  of   the   flash densities  show 

significant variations that are real. 
Flash density maps for smaller areas to 
meet the needs of utilities can be 
generated from our data base over a grid 
size as small as a few kilometers. 

Peak current  estimates and polarity 

The network records the peak amplitude of 
the magnetic field and the polarity of the 
charge lowered to ground in each lightning 
flash. We have summarized these data for 
the summers of 1983 for both negative and 
positive   lightning  ground   flashes. 

Figure 5 shows a histogram of the normalized 
radiation values to a distance of 100 km for 
all negative flashes detected in the summer 
of 1983. Nearly 500 000 cloud-to-ground 
flashes lowering negative charge were 
recorded. The abscissa has a median value 
of 162 and this can be related to the median 
value of the peak current reported by Berger 
(2) for negative flashes to the instrumented 
towers of the Mt. San Salvatore. Berger's 
median vulue was 30 kA and is assumed to 
match the median value for the ground flash- 
es recorded by the East Coast Network. 
Since the peak magnetic field is linearly 
related to the peak current, a value of 500 
on the abscissa corresponds to approximately 
100 kA and a value of 1 000 corresponds to 
approximately 200 kA. We note that few 
flashes lowering negative charge exceeded a 
peak   current   of   100  000  amps. 
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Fig. 5 Distribution of the peak magnetic 
field values for first strokes in 
negative flashes to ground. The 
units are high gain values from 
the direction finders normalized 
to 100 km. 

A similar histogram plot for 16 000 ground 
flashes for the summer of 1983 lowering 
positive charge is shown in Fig. 6. Note 
that the width of the histogram is 
significantly broader than the histogram 
for negative flashes shewn in Fig 5. Also, 
note that the median magnetic field value 
is approximately 50 per cent higher imply- 
ing a median peak current of 45 kA for 
positive flashes. It appears that light- 
ning lowering positive charge has 
significantly higher peak currents. Per- 
haps it is these flashes that are the most 
damaging. 



336 R.E. Orville et al. 

SUMMER  tut lumMv 
ALL POSITIVE FLASHCS 
NO. OF STORMS I al 
TOTM. FLUIKII 
«MM  STMNSTHI 
STANOIWO  OCVi 
MODUL   ■-VALUE I 

111« 
HI    I 
1(1.1 
l»T .9 

MEDIAN «-VALUE-t17.5 

-l-l I I I I I I I I I I I I I I I I I I I 

0    500   1000   1500 
NORMALIZED RBDIOTION VALUES 

2000   Z500   3000 

Fig. 6 Distribution of the peak magnetic 
field values for first strokes in 
positive flashes :c ground. The 
units are high gain values from 
the direction finders normalized 
to 100 km. 

Network expansion 

During the fall of 1984 and the spring of 
1985, the east coast network is doubling 
its size as lightning direction finders are 
installed along the east coast to Florida. 
Figure  7  shows   the  extent  of   the  network. 

It will be possible to monitor the develop- 
ment of thunderstorms throughout the network 
from one location at the State University of 
New York at Albany and to provide these 
data to any user within the network area. 
Data will be available in real time or from 
a file to aid in the operation use or the 
research   use  of   the   lightning data. 

II-CONCLUSION 
The   results   of   this   study   show   that   the 

installation  of   a  ground   strike   lightning 
detection   network   along   the   East   Coast 
provides   the   first   opportunity   to monitor 
the   flash  density  as  a  function  of   space  and 
time.     Flash density plots  have been shown 
for  combined months.     It   is  also possible  to 
plot   the  seasonal   and annual  distribution of 
lightning  ground   flashes.   Peak  normalized 
radiation   values   for   first   return   strokes 
have been plotted for the summer of 1983 for 
flashes   lowering   negative   charge   and   for 
flashes    lowering   positive   charge.      The 
median   peak  magnetic   field   for   negative 
flashes    indicates    that    the   median   peak 
current   is   30 kA.    The median peak magnetic 
field  for  positive strokes   is  SO per cent 
higher   implying a median peak  current  of  45 
kA  for   positive   flashes. 
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ABSTRACT   -   Five   rocket   triggered   cloud-to-ground 

by   the   operational   lightning   locating   eyetea   at 

August    17,    1984.       The    locating    eyetea,    union 

lightning,   datactad  at   laaat  2   and  aa  aany   aa   6 
auggaatl   g    that    aoaa    of    tha    strokes    in    tha 

aaplltuda   and  •eveehape   charactariat1ca   alailar 
not    all     triggered     atrokaa    »ere     datactad     1nd1 

atypical   1n   nature.     Since   tha   ground   strike   po1 
known   quite   praelaaly,    tha   accuracy   of    tha    Llg 

evaluated.      Tha   3   direction    finders   aara   found 

of   +   0.5-0.6   .       Tha   distance    error   of    tha    real 

locating   ayataa   on   tha   triggered   flaahaa   «era   1 

aaan   of  460  a. 

lightning flaahaa «are detected 

tha NASA Kennedy Space Canter on 

aaa designed to detect natural 

atrokaa In tha triggered flaahaa 

triggered    lightning    had    aignal 

to natural lightning. Hoaever, 
eating that aoaa atrokaa aare 

nt of tha triggered fleahaa «ere 
htnlng locating ayataa aaa alao 

to have a aaen bearing accurecy 
-tlaa position solutions of tha 

n   the   range   of   1S5-770   i»   «1th   a 

INTRODUCTION 

During tha euaaer of 1984 a taaa of scientists 

froa tha Centra d'Etudee Nucelatraa (CEN), Grenoble, 
Frince triggered 8 lightning flaahaa during 3 
aaparata thundiretoraa at tha NASA Kennedy Space 
Center (K8C1 In Florida. Tha flaahaa aare triggered 
ualng •■•11 ground launched hall- suppression rockata 

ahteh      trail      a     grounded     conducting     eire. Tha 
triggering technique and aerlter raaulta »ra 
described eleeahero (Flau» at el., 19751 Hubert and 

Nangaa,   1883) . 

During ona thunder atera on Auguat 17, 8 rockata 

aara launched bttaan 2003 and 2041 UT triggering 6 

cloud-to-ground     lightning    flaahaa. Five    of    the    8 

lightning flaahaa aare datactad by tha LLP Lightning 
Locating Syataa ahleh 1a operated for NASA by tha 

U.S. Air Force at tha Capa Conavaral Air Force 
Station (CCAF8). Of tha 5 triggered flaehee datactad 

by tha LLP Lightning Locating Syataa, 4 flaehee aara 

loeatad in reel-lias by trienguletl on froa 2 or aora 
of the responding direction finding stations. In tha 

reaatntng eaaa, only a single direction finding 

stellen raapsndad to tha triggered lightning aa that 
na   paatttan   could  to   ceiculeted. 

Tha detection af 8 of tha 8 triggered lightning 

fleenee by tha LLP Lightning Loeotlng Syataa is 

signiflceni for at laaat 2 raaaena - (1) el nee the 
LLP Llghtntnj Locating lyataa la designed to driect 
only natural lightning return atrokaa, detection of 

tha     triggered     lightning    Indicates    that    at    laaat    1 

atroke in the triggered flaahaa had aeveahape end 

intensity ehe rac t er1 e tl ce alaller to neturel 

lightning return atrokea (11) since the locetlcn of 
the ground strike point of the triggered lightning is 

knoan quite precisely, coapaHeon of tha real-tiaa 

positions daterainad by the LLP Lightning Loeotlng 
Syeteae aith tha location of the trigger sits 

provides e unique opportunity to Bake en undieputeble 

eveLuetion of the operotlonal eccuracy of this 

lightning   loeotlng   ayataa. 

In tins paper, aa esealne In detell the 

reel-tiae data generated by the LLP Lightning 

Loeotlng Syatoa to better define the aorphology or 

the atora during ahlch tha lightning riaahae aero 
triggered and to atudy the aaaaurad character!et ice 

of the rocket triggered lightning flaehee theaeelvee. 
Special attention alll be given to oet1nat1ng the 
accuracy of the operational lightning loeotlng eyetaa 

uatng the rocket triggered lightning. Tha aaeeured 
eccuracy data are then wood ea Input to o alnplo 
aodel ahlch graphically deplete the loeotlng eccurecy 

of the lightning eyetea throughout its full 

op-.rationel   range. 

2.     LOCATING  SYSTEM 

Tha Lightning locating ayetea IneteUed et the 

NASA Kennedy Space Center is e coaaorctet eyetea 

developed   end  aenufeeturad   by   Lightning  Location   and 

1ALI     tiaee     given    here     ere 

Eeetern    daylight    Tlaa    (EOT) 

Untvareel     Tlaa     (UT). 

te    UT    alnua    4    hours. 



338 M.W. Maier et al. 

Protection,      Inc.      [LLP)     o?     Tucson,     Arizona. The 
eyetea »es first installed on i trial bail» during 

tha stunner of 1979 as part of tha Federal Evaluation 

of Lightning Tracking Syeteae [FELTS] conducted for 
tha U.S. Navy by Southeast Raaaarch Institute 

[Johnaon, 1980). Based on tha cuccaaaful performance 

of this systea during tha FELTS test, a coaplate 

locating aystaa aaa subsequently purchased and 

paraanantly Installed to support tha detection and 

■arntng or thundaratora hazards at tha Spaca Center. 
Tha LLP Lightning Locating Syataa and a nataork of 34 
electric field «ills serve as tha priaary lightning 

hazard Input» to the Meteorological Interactive Dete 
Display System [MIDDS) noa being Implemented to 

eupport the »aether ssnsitivs launch, lending, and 

ground operations of tha Space Shuttle et KSC 
[Errlkson   et   el.   1985). 

The LLP Lightning Locating Systea et KSC is 
coapossd of 3 aediua gain lightning direction finding 
stations inatalled in e roughly triangular' errey aa 

ehoan       in      Figure      1. Eech       direction      finder 
automatically detects the radio impulse generated by 

any lightning return strokes «ithir, e nominal renge 

of 200 ka end aessurss the bearing engle to the 

lightning ground etrike pol;.t. Radio iapulses froa 

non-lightning bsckground noise eources (e.g. redio, 

radar, ignition noise, etc.] end Intro-cloud 

lightning ere rejected by the direction finder 
»lectroni cs. Baaed an previous ■•■■uriiintl, it is 

thought thet the enguler eccurecy of the direction 
finder   1s   approximately   +1      [Kridor   et   el.,   1976). 

Map    of    tha    Kennedy    Bpscs    Center    area 

poiition     of     tha    3     direction     finding 

stations   (DF)   and   the  Rocket  Trigger   Site. 

Figure    1 

«hoeing     the 

°nc« e llghtninr iimfi haa bean detected by the 

direetio. finder tha aztauth, first stroke eignet 

Intensity, signal palerlty, and tha atroke 
multiplicity of the detected fleeh are .rensaittsd to 

a central poaltlan analy. ar using dadleoted dete 
Itnse. The position enelyzer coaputee tha location 

of aaeh lightning fleeh In rael-tlae by a 

trlenguletlon of tha tlaa tolncidont inputo froa 2 or 

■era     direction     rindere. The     computed     lightning 
location and raa direction finder data art 
transferred to a conventional hardcapy printer and 

■agnatlc tape recording aystaa for archival and later 

analyala. The proceaaed lightning data era alae 
disseminated   ta   hi gh- raaol ut I on   color   displays   ehtch 

graphically ehoa t'-e location end evolution of 

lightning stuns near the Space Center to aid tha 
foracaating and naming of lightning and thundaratora 

hazerde. Tha     mexiaua     deley     froa     the     tlaa     or 
occurrence or e lightning flesh to display, using 

this systea, 1s 2 seconde. The overell lightning 

locetlng eyetea configuration and operation 1s 

deecribed by Krider et el. [19B0) end Meier at al. 

(1984). 

3.STORM  MORPHOLOGY 

Magnetic    tope    recorde    for    the    storm    of   August 

17,     1984     bogen    et    1882. A     plot     of     ell     2083 

cloud-to-ground lightning fleahea detected end 
Loceted by the LLP Lightning Locetlng Syataa betaeen 

1822 end 2100 (»hen the atora ended) ere ehoan in 
Figure   2.      The   bulk   or   the   lightning   occurred   in   e 

* o        \     ••          \ . 
si   ' J ;.   -vc. 
P      r*3Lr*c- - \V . 
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Figure 2. - Mep or ell cloud-to-grounii lightning 

etrike locations bstaeen 1822 end 2059 on August 17, 

1984.     2083   'leshst   er*   plotted. 

roughi» north-nouth line extending doan the Indian 

River froa Juat north of tha Spece Center to over 

Melbourne. Surface wind dete from '.he KSC Bind to.er 

netaork (not ehoan) indicatae e strong seehreete 
convergence zone aoved Intend from tha Atlantic Ocean 
starttng ebout 1B40. The »asbrsszs convergence zone 
reeched the Indian River ebout 1820 end probebly 
initiated ths developaent or thr aejor north-eouth 
atora coaplei over end Juet aest or the Spece Center 
during   the   sftornoon   or   August   17. 

A histogram or the rete of occurrence or 

cloud-to-ground rieshee althln 56 ka (30 NM] of trie 

Range Control Center (RCCI et the Cepe Ceneveral Air 
Force Station la given in Figure 3. The etora aaa 

alreedy producing ctoud-to-ground lightning ahan tha 

tape racorde begen et 1822. The lightning rete 

quickly tncraaaad to a auetelned level exceeding 10 

rioehee/atn by 1840. The lightning rate reaetnad 

above 10 fleehee/ein until 1950. The 10 flaah/aln 

etera ctoud-to-ground lightning rate thraaheld i« 
generally regarded aa a reliable indtcetor of the 

transition from e moderate to severe thundaratora. 

Tha avarege store cloud-to-gruund lightning rete In 

Florida is generally 1-2 Ueehee/aln (Pokhee.ot at.. 
1984; and Malar and Krider, 1982). Tha 8-aln average 
peak Ughtnlig rate of 28 rieehee/ain occurred 

bataaen 1905-1910. This la one or tha hlghaet peak 
atora el oud-u-ground lightning ratea yet detected 
uelng the LLP Lightning Locating Systea (Pockhen at 

at.,   1884   and  Malar  and  Krider, 1882) . 
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Figure 3. - Hletogrea of the cloud-to-ground 
lightning ritt 1n the Kennedy Spece Center eree on 
Auguit   17,   1984. 

Alt 6 of tho rookit launch«! end oubeequent 
triggered lightning evonta oecumd neer tho and of 
tha ito'« (Figur« 3). Tha «tor« cloud-to-ground 
lightning rata aaa about S Ueehee/e1n ehan tha fl rat 
rocket aaa launchad dacraaalng to baloa 2 riaahaa/ailn 
Tor tha laat 5 launchaa. Tha taat eloud-to-ground 
flaah   rroa   tha   «tor«  occurrad  about  2055. 

Tha apatlal avolutlon of tha atoraa on tha 
aftarnoon of Auguet 17 ara daplctad in a aarlaa of 
eloud-to-ground lightning ««pi aach eovarlng 
aueeaaalva 30 alnuta intarvala (Flgura 4). Tha aajor 
eluatara or lightning (preeuaably tha Individual 
atoraa) heve baan Idantlflad and labalad on Flgura 4. 
Tha aajor atora eluatar (Idantlflad «a C ) la alraady 
oettvo at tha tlaa of tha flrat panal (Flgura 4a) 
over tha north and of tha Indian River. In tha 
aubaaquant aapa (Figuraa 4b-4a) tha atora althar 
aovee or developo to tha aouthaaat and paaaaa ovar 
tha north part ef tha Spece Cantar and dlaatpataa 
Juat cff tha aaat tip af Capa Canavaral. The atora 
raaehaa peak tntenelty bataaan 1800 and 1888 (Figure 
4c) ahtla the etora la centered Juet aeet of the 
Shuttle  Lending  Facility   (8LF). 

The eecend aajor atora (C ) ferae ovar tha 
Indian River eeuthaeat ef the Spece Center prior to 
1830. Initially thla etora atrongthane end devalepa 
eaetaerd (Figure 4b) end then ehlfte eouthaard doan 
the ceeet. Vary fea af tha lightning fleehe* froa 
thla atora etrlke aaat or tha eoaetllna ovar the 
Atlantic Oeaan. Tha atora dlaatpataa near Nalbaurna 
after 2000 
etera 

C     reechee   peak 

A  eoitnd   etera   (C   )    rora«  Juat   aaet   or 
C      and    cave    aaataard    ever    Lake    Veahlngten. 

tataaal ty. 

A aaaker of other atoraa are alee detected 
during thla perl ad. Storao C . C , C., «ad C, rare 
pragreealvely rerthar aaataard fraa the Atlantic 
eeeattlne. «cere« C? aa« c. rare Inland rraa tha 
eaaat «all  aaath of  atora e 

Tha avarall avolutlon af ataraa an thla 
erterneea eahthlt a high degree of argaaliatlan. The 
Initial activity aeeara aarthaaat of tha tpaea Ceatar 
a1th tha aajer ataraa (C,, Cf. ead C.| devalaplng or 
»ragreeatng »euthaerd «long tha eaaat praauaably In 
tha taaa af etreag aaahraaia ladaaad eenvergenee. 
•taraa C , C-, C . aad c a«,«top mum la a aaat ta 
eeutbeoot direction. Tie 7 ataraa ahtch fara aall 
inland fraa tha eaaat aa thla «rtar neon have ahartar 
duraileae   aaa   prsdaaa   Tar   fmr    flaah««    thaa   tha   I 

4.      THI6GERED   LIGHTNING   EVENTS 

Tha 6 triggered lightning event« occurred during 
the dissipating atagaa of etora C bataaan 2003 and 
2042. The only neturel cloud-to-ground lightning 
froa atora c during th1e t1ae occurred Juat 
eoutheoot or the RCC epproxlaataly 10-12 ka eoutheeat 
or     the     trigger     alte. Approxlaately     4     neturel 
cloud-to-ground riaahee ere detected on the Spece 
Canter  rolloalng  the   leet   triggered  rteeh. 

The triggered lightning «ere Identiried using 
tha lightning locating eyetea record« by their cloee 
pro*1a1ty to the rocket leunoh alte end t1ae or 
launch. Since      the      beckground      (non-triggered] 
lightning rete aea quite low et thle tlae, aa don't 
beUova there 1e any aigniricant anbigulty 1n 
1dentiry1ng the triggered rieehee uelng the loceting 
eyatea   recorde. 

A Hat or tha tine« or the flrat triggered 
lightning etroke ee eeen en KSC video tepe recorde 
and tha tlae of the riret etroke recorded by the 
loceting eyetea ere given In Teble 1. The riret 
etroke loceting eyetea tlaca are betaeen 487 end 850 
aillleecondt leter then the riret etroke tlaee rroa 
the video tepe. A aaan deley or thla aagnltude can 
be eceounted Tor by e dirrerence 1n the reletive tlae 
eyncronizetion betaaen tha locating ayatea and video 
eyetea     clocke. No     epeclel     «rfort     ■«>     aid«     to 
eyneronlie theae 2 clock« very precleely and e 
conetent dirrerence or rroa 487 to 850 ailliieconde 
1« not unexpected. Hoeever, alnca both clocka ara 
knoan to ba cepeble or aalntelnlng tlae to en 
accuracy or rroa 2-8 allllaaconde over duretlone 
coapereble to the period during ahlch tha rieehee 
«ere triggered, the lerge renne In tlaa dirrerencee 
betaeen the tao ayateaa 1« en indlcetton thet the 
loceting eyetea aey not heve detected 1 or aore or 
the riret etrokee In the triggered lightning evente. 
IT the reletive tlae dirrerence betaeen the 2 clocke 
aero in tha range of 487-473 at 111aeeonde, then the 
riret etroke In rieehee 3 end 8 aeuld have been 
deteoted by the loceting eyetea end the riret etrokee 
detected by the loceting eyateae In riaahee 1, 2, end 
4 aeuld heve occurred 295, 285, and 380 al111aeeonde, 
reepecttvely, erter the Mrgt triggered etroke 
eppeertng      on      the      video      tepe      recerde. Theee 
tnteratroka Intervele are auch longer then the noraal 
tnteratroka Intervele In neturel lightning (Uaen, 
18881. Moaever,      return     etrokee     alth     atypteel 
aeveehapae or thaee producing very eaall eignet 
tntenettlee aey heve occurred during theee long 
tntaretroke Intervale ahlch aera not dataetable by 
tha  direction  flndere  In  the  loeetlng  eyetaa. 

4.1     Direction  Finder  Neaaureaente 

Tha arlgtnal *eel-tlae dlraetton finder data far 
all datacttd triggered lightning fleahaa ara 
rapreduead in Tebli 8. Tha data canal ate or tha tlaa 
af tha firat dateeted etroke, the hearing angle of 
tha flrat etrake (In dagraee fraa true north), the 
paak elgnal tntenelty af tha flrat atroka (la 
relative unite), and tha aaahar af atrakaa detected 
la    tha    entire    flaah. Thle     Inroraetlen     le    the 
eteadard data raeardad aa aagnatte tape far aeeh 
flaah deteetad by tha LIP Lightning Locating 8yataa. 
All • direction rindere reepaadad ta triggered flaah 
1 aad I, ahlle only direction rindere 1 end 8 
raapended ta trigger«* flaah 4 aad 8. Only direction 
finder 3 raapended ta flaah 3. Maae af tha diractlen 
ftadera raapanded ta rineh 8 (therafara, aa data ara 
eheen far  uii  event). 
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Table  1.  -   T1»BB   of   the   first   detected   stroke   fro»   both   the   KSC  video   tape 

records   and   the   lightning   locating   lyit», 

FLASH CEN   EVENT KSC  VIDEO L0CATIN6   SYSTEM 

1 64-09 2003:41.87 2003142.635 

e 84-10 2010157,07 2010157.805 

3 84-11 2017144.20 2017(44.667 

4 84-12 2023158.85 2023:59.654 

5 84-13 2028140.62 2029:48.083 

8 84-14 2041102.99 - 

The direction flndere oil detected different 
coabl notion! of return strokes In each of ths 

triggered flashss. In flssh 1, direction Mnder 3 

only datseted ons stroks 204 as prior to ths first 
«troks dstsctsd by direction finder 1. Direction 

finder 1 end 3 both dstsctsd thrss strokss Istsr In 

this      flssh. Altogether,      ths      direction     finders 

dstsctsd s ilnliua of 4 strokss In flssh 1. In flssh 

2. direction finders 1 snd 2 both rsspondsd nssrly 

slsjultsnsously to ths first dstsctsbls stroke 
slthough direction finder 2 only dstsctsd 1 stroks. 

Direction finder 3 did not detect Its first stroks 

until 40 al It 1ssconds sftsr direction finders 1 snd 
2. It    oppssrs    thst    s    totsl     of    4     strokss    »ere 
dstsctsd In this flssh. Only direction finder 3 

rsspondsd to flssh 3 snd dstsotsd 4 return strokss. 
In rissh 4, direction finder 3 dstsctsd 2 strokss 

starting   165   as   prior   to   ths   only   stroks   dstsctsd   by 

direction finder 1. In flssh 5, direction finder 1 

rsspondsd first snd dstsctsd 6 strokss «hits 
direction finder 3 first raapondsd 72 as Istsr snd 

only  dstsctsd  5  strokaa. 

4.2    Direction   Finder  Bssrlng Accurscy 

Ths bssrtng snglss fro« ssch direction finder 

sits to ths trlggersa lightning flsshss shoe 

■xcsllsnt     consistency     fro«     flssh     to    flash, Ths 
dlffsrsncee betaaan the actual and »enured bearlnga 

fro» the direction finder altaa to the triggered 

lightning al ta 1a given In Table 3. The eccuraey of 
the actuel [ground truth) bearing la Halted only by 

our knowledge of the geogrephlc poeltlone of 

direction finder altae snd the rocket trigger elte, e 
velua «hlch at eetlaete to be +.1 or leaa given the 

«••11    uneartel ntlaa    in    the    eurvayad    coordinate!    of 

Teble 2,  -  Real-tlaa   direction   finder   data  for   the   triggered   fleehee. 

SITE PARAMETER FLASH  1 FLA8H  2 FLASH 3 FLASH  4 FLASH  8 

DF   1 T1ae 2003:42.831 2010:67.808 - 2024:58.818 2028:48.083 

Ailauth 358.6° 368.0° - 388.4° 388.8° 

Big *»P 50.8 iss.a - 42.4 67.0 

Strokes 3 4 - 1 8 

OF   2 Tlee 2004:43.030 2010:67.810 - - - 

Atlauth 7B.6° 78.8° - - - 

Big  Aap 40 ,1 148. ■ - - ■! 

1 1 - - - 

OF   I Tlae 2003148.935 2010:57.641 2017:44.887 1011:88.884 8018(48.188 

Ailaata 136.6° 138.8° 141.1° 1*1.1° 188.0° 

Big  Aaa ■S.I 137.0 11« .4 881.1 2 82.2 

1 S 4 t 8 
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Tabla 3. - DIrictlon flndar bearing arror (in dagraaa] for tin triggered flaahsa. 

I 

Direction    Flndar Flaah 
1 

Flaah 
2 

Flaah 
3 

Flaah 
4 

Flaah 
5 

Nun 
Error 

OF   1 0 .4 -o.a - 0 .2 0 .3 0 .SB 
(0.10) 

OF   2 -o.a -0 .2 - - - 0 .20 
(01 

OF    3 0.7 0.7 1 .9 -1 .0 -0 .2 0 .90 
(0.B3) 

tha altaa. Tha aeon baarlng arror [deteralnod ualng 
tha abaoluta valua of tha aeooured beorl'iga) for tha 
11 direction flndar aooeureaonte la 0.55 dagraaa «Ith 
a atandard devietion of 0.53 dagraaa. Thaaa error« 
era aubatantl ally laaa than tha 1 atandard deviation 
arror of 1.9 oaeeured by KHdar at al, (1976), 
although Krider did report that tha ground truth 
technique Included        an eettaated        arror of 
approximately _+ 1 «° that tha direction rindere 
could have actually performed eoaaahet better In thet 
teat. 

It 1* 1ntaraat1ng to not* that tha seen baarlng 
arror of direction flndar 3 la opproxlaetely talce 
thet obaaryad froa either direction rindere 1 or 2. 
«e believe thla direction finder exhibit« aUghtly 
l*rg*r baarlng error» then tha other direction 
rindere beceuaa It It located only 12.S ka froi tha 
trigger alte coopered to tha 55.4 and 59.1 ka rangaa 
or tha other 2 altae. Aa ahoan by Uaen at el. 
(1990), aagnatlc direction rinden or tha type uaad 
at KSC are likely to exhibit lergar baarlng arrora on 
cloaa lightning due to polerliatlon errecta fro« 
lightning channale ahtch are not exactly vartleel. 
In f«ct, Uaan'a eatlaata or tha polorlzetton 
coaponent or tha direction finder baarlng arrora are 
In elaoet exact egreeaent atth the obaarved bearing 
arrora on tha triggered lightning rieahae. Not only 
doee thla tend to confira Uaan'a celcuetton», but It 
la atrong evidence that polerliatlon «ffect» rroa 
non-vortleal channel eourcoe era tha dominant aeurca 
or rondoa error In aagnatlc direction rindere or the 
type  uaad hare. 

4.3     Triangulated Lightning  Strike   lection« 

Tha paaltlont or tha 4 triggered riaehee ahlch 
aara dateotad etaulteneeuely by > or sere direction 
rinding atetlone «era eelueletod by trttngulatlen et 
tha poeition enolytor In reel-tlae. Thaaa location» 
art »hoen relative to tha triggering alte In Figure 
t. Since Ueohaa 1 and I aara detected by all 3 
direction rindert, 3 paaltlon eolutlone are pataltla 
end each are ahoan. Fleeha» 4 and 5 aara only 
detected by t direction rirdere to only e alnglo 
paaltlon  solution   la  dl.pt.,.«. 

la coee» «here 9 or aara direction finder« 
respond to any lightning flaah. »av.rel »lightly 
different poeilion eclutlane are po»»lble .inc. »ech 
ooablnatlan of t direction flnd.r« »(»id« a unique 
Intereection, Tha pceltlon rnalyier «a progroBBed to 
«a« the pair of dt'setlon rindiri «hier, yield the 
Intaraaetlaa heving t' a hlghaot probebHity ef bain« 
n.ereet     to     tha    aatiiOl     lightning     «tribe     location» 

(Meier      et      el.,      1994). Other     more      eleborete 
procedure« ror deteralntng the optlaua locetton or e 
lightning fluh uelng aultlple direction finder 
bearlnga hove been developed but hove not been 
laplOBonted In the rnel-tlao eyetea aa yat [Hlacox et 
• I.,   1994) . 

Thi horizontal dlatence between the rocket 
trigger aite end the reel-tlae loootlon deteralnad by 
the poeition analyzer baeed on 1te aeleetlon or the 
beet 2 direction rinder 1 ntereecti one renged rroa 195 
to   770   a alth   a  aeon  495   a. 

The 3 poeition eolutlone ahoan Tor both rieehee 
1 end 2 ere calculated uelng the 3 eete of 2 
direction finder bearlnga avellobla for aaeh flaah, 
Accuroey trlongloo ere drean ror eech fleoh alth the 
3 poaltlon eolutlone eorvlng el vertlcee. The tin 
or theee eccurecy trlenglee ere e uaarul aeoture or 
tha proboblo eccurecy or the lightning poeition 
eolutlon     off.r.d     b*     the     poiition    enelyzor. For 
oxeaple,    In   flanh   1      the   poeition   onolyzor   oolutton 
aoe      beaad      on      the      direction      rind«r     1      end      3 

-I 1 1 1 T—■ r 

lUMiiluM HP 

Figaro B. - Trlangalatad loeatlaaa of the 4 trtggored 
lightning rieehe». Accuracy trlanglaa ore droan Tar 
all three lataroaetlaaa In riaaha« 1 aad I alnoa all 
I dlraetlei rindere raapaadad la thaaa I oaaaa. Only 
•Ingle M«00 available far rieehee 4 aad B. 
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Table   4.    -    Estimated    Pa ak    Currant    |tn    k1 I 01■para a]    for    the 

triggered    fleshes.       Asterisks    denote    flrat    detected    atrokaa. 

DIRECTION FINDER FLASH 1 FLASH 2 FLASH 3 FLASH 4 FLASH 5 

DF 1 18.7 73 .7« - 15.7 84. 8 

DF 2 1 8.7 87 .3» - - - 

DF 3 7 .0» 11 .5 18 .7 30 .4* 24.8* 

intersection «hlch la approi.1 aata ly 770 ■ frnn the 
triggered Lightning strike Location. In flaah 2, the 
position analyzer aolution »as baaed on the direction 

finder 2 and 3 Intaraactlon about 480 * fron tha 
triggered lightning strike location. In both cnaee, 
the size [length of the sides) of the accuracy 

trianglea la appro») aata ly tha aaaa ee tha position 
error of the reel-tlae solutions. Thus, the ilia of 
tha accuracy trianglea appaera to provide a good 

first-order satirist« of tha uncertainty of tha 

reel-ties position solutions determined by the 

lightning   locating   oyetaa. 

4.4     Peak   Current   Estimates 

Aa aantlonad eerller, the direction findare alao 

aaaaurad the peak aagnetlc field of tha flrat 
detected return atroke of each flaah. Since the 

abaoluta calibration of tha signal eaplltude 

aaaauraaent circuit« in the direction finders are 
knoan ■ 1 th aoaa certainty, the peak current of the 

flrat detected atroka can be aatlaeted uaing an 

epprcpriete aodel ahich reletee peak aaeaurad 
aagnetlc field Intensity to peek current. Here ae 

uea tha tranaaiaalon Una eodrl of Lin et al, (1880] 

t.nd a return atroka velocity of 1 « 10 a/a. The 

aodel is incorporated Into the position enalyiar end 

prints the aatlaeted peek current in kiloaaparaa for 

etOh   flash. 
The accuracy of tnia peek current eatiaation 

technique In not ml knoan. Errore can raeult froa 
uncartai ntlea In tha ebeolute ceUbretlon of the 
diraction finder, direction finder d1g1t1<et1on 

errorr, data tranaaiaalon errora, uncartaintiea of 
tha tranaaiaalon Una aodel itself and arrora in the 
aetlaata of tha lightning return etroke velocity. To 

judo» the possible elie of thaaa errora In e 

collective aanae, ae neve tabulated the eetiaeted 
peak current for all natural lightning flaahaa 

detected by all three direction findare during atora 

C althln 18 ka of tha rocket triggering aita (Figure 
SI. Tha aaapla Includes 888 aaaaureaanta of ahich 

all (or aoat) are praauaed ta be flrat etrokee of the 

flaah. Tha aadlan eatlaatad peak currant la fount: to 
be 38 kA ahich la althln _♦ 80S or the generally 

accepted aadlan flrat atroka peak current for natural 

cloud-tc-ground lightning flaahaa (Andaraon and 
Erlkaaan,  1110). 

rha eetiaeted peak eurranta rar tha rocket 

triggered lightning flesh«» am given In Table 4. Aa 
aantlonad earlier, tha flrat atrokaa detected by all 

direction rindere rar tha five triggered flaahaa aara 

different atrokaa eith tha ««caption ef flaeh 8 rar 
ahleh bath direction finder 1 and 8 dataetad tha aaaa 

stroke (8010167.808-810), far thla atroka, direction 

rindar 1 reported aa eetiaeted peak current of 73.7 

kA and direction rindar 8 an aatlaatad paak current 

of 17.8 kA. Thaaa tao aeeeureaente agraa althln 10* 

et ich la abaat hair af tha aatlaatad arrar of ear 
paak  eurranta aeeeureaente. 

With tha exception of the direction finder 1 end 
2 aae8uraaan".e on fleah 2, all of tha other eatiaated 
peek currente are leee then tha aadlan peak currant 

for natural lightning in atora C of 35 KA. In fact, 
aoaa of tha peek currente ere rether eaell (7-15 kA) 
■ hlch is In general agreeaent «1th tha eerller direct 

aeeeureaenta of the peek current of rocket triggered 

lightnlng  fleahaa. 

N    2??FLASHES 

MEDIAN    35 KA 

tS'lMATEO PEAK CURRENT (KA> 

Figure 8. - Eetiaeted peek currente for ell neturel 

lightning flret etrokee detected atthin 12 ka of the 

rocket   trigger   elte   during   etora   C 

5.        OVERALL   LIGHTNING   LOCATING   SYSTEM  ACCURACY 

The poaitlon accuracy of tha lightning locating 

ayetea throughout It« entire operating area can be 

eatlaatad knoaing that tha diraction rindere aihtblt 
e aaan bearing error on lightning or «0.5-0.6 ualng 

a   technique  alatlar  to   tha'.  or  StoneMoltf   (1947). 
Figure 7 ahaaa an array or alllpaaa ahleh 

eneloaa tha aatlaatad ono atandard davletlon location 

arrar for lightning flaehes dataetad by tha Kennedy 
Space Canter lightning locating ayataa throughout 

central Florida (an area ahich la abaut talca tha 

noai nal oparatlng range of thle particular ayataa). 

Thaaa    alllpaaa   aara   generated   aeeualng   tha   atandard 
deviation et the bearing error rraa each direction 

rindar  aara 0.8     and aara   eanatant  aith   range. 

arrar   alllpaaa   ehaan   In   Figure   7   la   slightly   larger 

triggerud lightning. Tha larger atandard devtatlen 
aaa uaad ta oaapaaaata rar tha «lightly larger 

baarlnp    arrara    eaaarved    on    lightning    eloaa    to    th« 



3W M.W. Maier et al. 

■+*.**, "t 
I / ILL//J/, 

i § i 77;y x 
/ / / ^ ^ I 

MI vT./ H )Li ■~J^l 

Figur« 7. - On« «tindard deviation «rror ellipse« for 

th« K«nn*dy Spaca Cantar Locating Sy«t«a aaau*1ng a 
normally distributed diractlon findar «rror having • 

atandard   deviation   of   □.9   . 

Flgura    8.    -    Iaoplatha    of    th«    long«»t    ««1«    of 

■rror   alllpaaa   ahoan   In   Flgura   7   In   klloaatero. 

diractlon findar station« and uncartal nt 1 aa In th« 
long-tera stability of th« allgnaant of th« diractlon 

finding «ntannaa. Thu«, tha arror illlpm praaantad 
In Flgura 7 ar« conaarvatlva in tha ««naa that they 

■r« targtr than aould be ««pacted glvan tha actual 

parforaanco of tha diractlon findar* on tha s 
triggered   Lightning   «vents   reported   above. 

Inelda th« trlangl* foraed by tha 3 diractlon 

findar« ahlch fora tha Kannady Spaca Cantar Hataork, 

tha lightning locating ayataa arrora ar« quit« «aall 

and basically circular In «hep« (Flgura 7). Outalda 

tha triangia, tha arrora gradually changa froa 
circular to elliptical end Incr**** In alia. Tha 
eiilptlclty of tha locating ayataa position arror« 

incriim «1th rang* particularly «long tha thr»» 
beseltnes foraari by th* diractlon finder pair*. This 

• ffact I« du* to Mill rindaa direction findar arrora 

ahlch produce largir position arrore ahan tha 
diractlon  findar  bearing*   intersect   at   a   aaall   angla. 

Ve heve quantlflad tha locating syatea error* by 

ganaretlng * plot of th* an* standard davletlon 

position «rror taoplaths throughout central Florid» 

(Figur* I). B«c«us« of th* (llpttol natur* of tha 
locating eyeteo error«, th* position «rror tieplatht 

«r« h*lf th* ungth of th* «ajor eil« of th* error 

■ lllpn, Thu*a «hi« 1* th* lirgut position arror 

eipoetod let th* en* «tenderd deviation l*val) at any 

glvan     location      throughout     th*     noteerk. Typical 
•rror* »III ee «aaiiar tha* thos» ahoan in »oat 
eaaaa. 

■ I thin     40-10     »a     of     th*     center     of      the     (SC 
Lt( 
Space      Cantar      itself),      th«      poaltlon     arrara     ar* 

of 1.0 k« *r la**. A* aapectad, thee, «rror* ar« In 

good «gr««a«nt «1th th* direct »*»«ur«a«nt« «a the 

trigger««   lightning   a*   reported   earlier.      In   fact.    If 

:■' ef  0.8-0 .J     aere   u««d  1n*t**d  af   tha O.t     v«iu«,   tha 

*y*t*a position error« over end neer the Spece Center 

aould be in the 500 a rang*, • value ahlch agreee 
very cloooly »1th tha »aeeured aeen horizontal error 

obaarved on the 4 triggered floihas detected 1n 

reel-tlae   by   th*  Lightning  Locating   Syete». 

Tha aanlau* locating syst«« «rror* 1ncr**(* »1th 
rang* prlaarlly du* to th* 1ncr***1ng «lllptldty of 
the     Lightning    location    fi»*e. Within    2    b***Hn* 

lingth*    (roughly    120    ka)    tha    largest    arror*    ere    no 

• or** than 18 ka , and ar* 8 ka or lee« »h«r« th* 

lightning fltihti occur roughly perpendlcuter to eny 

of the 3 direction finder baselines. Better locetlng 

eccurecy et longer renge* can be obtelned by 
increasing the direction finder beeeilnes et th* 

eipanae   of   looatlng  aecurecy   Inelde   the   netaork. 

6.        SUMMARY 

Tha racket triggered lightning flash** during 
the auaaar af 1SS4 aere eueeeeerully detected by the 

eperetlonel lightning locating ayetea at the Kennedy 
Spece Center. Thte lightning locetlng eyetea le 
noraally used to help detect, locate, end «ern of 

lightning    heisrde    ahleh    eight     lapict     Spece     Center 

• paratlana. The Lightning Locating Syatea dete 

provide« e unique opportunity ta batter undaretend 
eoaie af the characteristics ef th* triggered 

lightning flnhii and at the aaae tlaa eveluete the 

overall parforaanco er the lightning Locating ayetea 
1t**lf. Saa* ef th* «ignlflcant finding* baaed an 

th* analysis af tha S trigs*'** lightning avante 
1«elude■ 

1. Tha direction finder*, ahleh aere daelgned 

te detect natural lightning ratura «troha«, detected 

at laaat I and ■• aany ea S return atraka* la S af 

the S triggered lightning fleehee. Ma atrakee aara 
detected   free   th«   alitk   rieeh.      Thu«,   at   laaat  I   and 

riaehee       he*        «lgn«i        eapHtuda        end       aavaahapa 
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character!stic»   typical   nf     natural   lightning. 

2. Four    of    tha   6    triggered    lightning    flashes 

■ ara datactad by 2 or aore of tha direction finding 

stations and aere aubaaquantly locatad by 
tr1 anguLatl on for a syataa datactlon efficiency of 

0.67. This 1a slightly less than tha 0.64 datactlon 

efficiency aeeaured aarliar for tha aaaa lightning 
locating eyetea on natural lightning [ Johnson,19B0). 

Alao, tha first strokes datactad by tha locating 

eyetea for at laaat 3 of tha fleshes folloaad tha 
first   stroke   aaan   on   tha   video   recorda   by  265   to  380 

■ a. Thus, not all of tha strokes produced by the 

triggered lightning had eignet amplitude and 

aeveahapa cheracterl sti ce typical of neturel 

lightning end »ore not detected by the looeting 

eyetea. There 1a aoae 1ndicet1on thet theaa etyplcel 
strokes   occur   earlier   in  the   fleeh   rether   then   letar. 

3. Ma aetiaete that the peek current« produced 
by the first detected etrokee of the triggered 
fleahee hed e renge of froa 25-71 kA. The leter 

etrokee hed en eetiaeted peek current renga or froa 
7-24 kA. Tha aadien first etroke peek currente for 
neturel lightning during this etora aee 35 kA, The 

peek currente ere eetiaeted to be eccurete to within 
10-201. 

4. The ovaralL evolution of the etoraa on 

Auguet 17, 1964 user the Spec« Center aere aell 

depicted by the operettonel lightning locating 

eyetea. The triggered lightning flashes occurred 
lete In the Mfecycle of one of the longeet lived, 

etrongeet etorae detected thet dey. This end enother 
etrong etora foraed end grea in e nerro* north-eouth 

bend elong the Atlantic coeet in en eree of preeuaad 
etrong aeebreeze convergence. The consistent pettern 

of noa etora (or cell) davelopaent or aotlon 

aouthaard elong the coeet end eouthaoeteard inlend 

during the course of the efternoon is further 

evidence of the utility of reel-tlaa lightning 
locating eyeteae aa an eld to the laproved ehort tera 

aernlng   of   lightning  end   thundereeara   haierde. 

6. The     direction     findere    exhibited    e    aaen 
bearing error of 0.55 (etenderd deviation of 0.53 

on 11 aaeeureaenta) on the triggered lightning 

fleehee. The beering errora aara allghtly larger 

ehen the direction finder aee closer to the 

lightning, p'eeuaeblo due to polarization effecte 
froa   non-vertlcel   channel   aagaente. 

6. Tha loesttona of the triggered lightning 

flashes coaputed In reel-tlaa by t r1 angule tl on froa 2 
or aora of the direction finding stations aere In the 

range of 185 to 770 a froa the rocket launch alte. 
The aeen error aee 460 a. These position errore are 
in escellent egreaaant alth the eipected errore for e 

direction finding nataork having a aeneor 

configuration like thet ueed et the Space Canter alth 
direction finder beering eceurecy in the renge of 

3.6-0.6  degreee. 

Becsuee of the relatively eaell nuabar of rocket 
triggered lightning flashes upon ehl ch theee reeulte 

ere beaed, ao edvlee eautien ahen draalng any fire 

concluiiona fro« the above obeo rve tl one. Hoaevar, 

additional reekat triggered lightning esperlaanto at 
the Space Center ere deelrable in arder to Increeea 

tha nuabar of aaeeureaenta ao that theee inltlel 

reeulte can be sanflraed. It aauld slao be deelrable 

to leunch tha triggering roekete et aaveral other 

locetions etthin the operating renge of the locating 

ayatsa to leern aara about the affeete af range on 

direction finder accuracy and to comf1 r» the overall 

•yatea accuracy plate given In Flgurae 7 end 6. 
Finally, tha lightning triggering capability appears 

is affsr en excellent opportunity to teet the 

eeeuracy and reliability of naa lightning locating 

eyetaae  end   techniques «Men  aay   be   developed. 

REFERENCES 

Anderson,   R.B.,   end  A.J.   Erikeeon,   A  Suaaary   of 

Lightning   Pereaetara   for   Engineering   AppH cetl one, 

Electro.  fig,   65-102,   1980. 
Errtkson,   J.E.,   8.F.   Boyd   end   J.W.   Oliver, 

Meteorological   Interactive  Dete  Diepley   Syetea 

[HIDDS]   Dete  Beaa,   Preprints,   Interne t1 one I 

Conference   on   Interactive   I n'ornt 1 on   and 
Processing   Syeteaa   fo-   Meteorology,   Oceanography, 

end  Hydrology,   Aaar.   Meteor.   Soc,   Boston,   MA, 

1965. 
Fisux,   R,,   C.   Gery   end   P.   Hubert,   Artificially 

Triggering   Lightning  Above  Ground,   Neture.   No.   257, 

212-214,   1975. 
Hubert,   P.   end   P.   Houget,   Return  Stroke  Velocity 

Maeeureaante   In  Too  Triggered   Lightning  FLeshee,   J_, 

Gsoohve.   Rse..   BJg,   5253-5261,   1981. 

Johnacn,   R.L.,   Faderel   Eveluetlon  of   Lightning 

Trecklng   Syeteae   (FELTS),   Final   Report,   Prepered 

for   Office   or  Novel   Reeearch   under   contrect 

N00014-79-C-0223   with   Southeast   Research   Institute, 

San  Antonio,   TX,   1980. 

Krlder,    E.P.,    R.C.   Noggle   end   H.A.   Uaan,   A   Geted, 
Wideband   Magnetic   Direction   Finder   for   Lightning 

Return   Strokee,   J.   Aool.   Meteor..   JjJ,   301-308, 

1976. 
Krlder,   E.P.,   II.C.   Noggle,   A.E.   Pifor,   end  D.L. 

Vence,   Lightning  Direction-Finding   Systsas   for 

Foreet   Fire   Detection,   Bull.   Aa.   Meteor.   Soc.   6J, 

980-986,   1980. 
Lin,   Y.T.,   M.A.   Uaen,   end   R.6.   Stsndlsr,   Lightning 

Return  Stroke   Modele,   J.   Geoohve.   Res..   8j, 

1571-1583,   1980. 
Meier,   N.M.,   and   E.P.   Krlder,   A   Coaparative   Study   or 

tha   Cloud-to-Ground   Lightning   Chsrscterlstics   In 

Florlds   snd  Oklshoas  Thundaratorae,   Preprints,   12th 

Conference   on  Severe  Locel   Stores,   An,   Mataor. 

Soc,   Boeton,   MA,   18B2. 
Meier,   M.W.,   L.G.   Byerley,   R.C.   Blnford,   D.L.   Hleco«, 

E.P.   Krlder,   A.E.   Pifor,   end   M.A.   Uaen,   Getad, 
wideband   Magnatlc   01ract!on-F1ndera   for   Locating 

Cloud-to-Ground   Lightning,   Preprints,   VII 

Interne11 one I   Conference   on   Ataospharlc 

Electricity,   Aa.   Meteor,   Soc,   Boeton,   MA,   1984. 

Peckhea,   D.M.,   M.A.   Uaen,   end   C.E.   Wllco»,   Jr., 

Lightning   Phenoaenology    In   the   Teape   Bey   Aree,    J. 

Eeoohve.   Hoc.   6J,   11788-11805,  1984. 
Stsnefield,    R.G.,    Statistical   Theory   or   O.F.   Filing, 

J.   IEEE..   Perl   IIA,   762-770,   1647. 
Uaen, M.A., Y.T. Lin, end E.P. Krlder, Errore In 

Magnetic Direction Finding Due to Non-Vertlcel 

Lightning   Chennele,   Radio   Sc 1 ..   ]£,   35-38,   1880. 



r 

10th International Aerospace and Ground Conference on Lightning and Static Electricity       3*7 

OPERATIONAL USES OF DATA FROM SEVERAL LIGHTNING POSITION AND TRACKING SYSTEMS (LPATS) 

W.A. Lyons, R.B. Bent* and W.H. Highlands* 

R&SCAN Corporation,  511 Eleventh Avenue South, Minneapolis, MS 55415,  U.S.A. 
* Atlantic Saientifio Corporation,  2711 S.  Harbor City Blvd., Melbourne, FL Z2901,  U.S.A. 

Abstract - LPATS - the Lightning Position and Tracking System - is an operationally deployed lightning 
ground strike detection network that utilizes a time-of-arrival (TOA) technioue. Atmospheric convective 
phenomena can be monitored in real-time from the mesoscale (10 km or less) to the subsynoptic scale 
(over 1000 km across). Theoretical estimates of locational accuracy suggest mean errors on the order of 
100 m near the network center, slowly degrading to several thousand meters at distances beyond 800 km 
range. Numerous indirect indications suggest a slow fall-off of detection efficiency with range. The 
first LPATS network became operational over the Florida peninsula in July, 1982. Two additional civi- 
lian subscription-funded networks have been added in the ensuing two years. In addition to the mili- 
tary, LPATS data are employed by utilities, private meteorological firms, industrial organizations, and 
commercial broadcasting stations. LPATS data have undergone intensive meteorological analysis. It has 
become apparent that lightning occurs in highly organized patterns more often than as randomized events 
embedded within storms. A series of case studies will be presented showing the patterns documented to 
date. At times, lightning ground strokes appear to be concentrated within relatively small "generating 
cells", most likely associated with active updraft cores. At the other extreme of convective systems, 
lightning associated with a mesoscale convective complex (MCC) appeared to be highly organized, 
advancing almost as a solid "wall" associated with the gust front that characterizes the leading edge of 
such systems. Observations of Hurricane Diana revealed a well defined banded structure. More 
interestingly, a lightning generating cell was observed to rotate about the eye wall. Observations of 
winter lightning associated with snow storms in the Upper Midwest are detailed. Thunderstorms forming 
along a stationary front extending from Nebraska to Wisconsin produced over 31,500 strokes in 4 hours in 
a narrow corridor. 

I - INTRODUCTION 

Lightning and atmospheric electrical phenomena have 
been investigated using a wide variety of sensors and 
platforms. In addition to acoustic and optical stu- 
dies, storm electricity has been monitored using devi- 
ces ranging from relatively simple flash counters 
(Anderson, et al, 1979) to spherics monitors (Kohl, 
'980), to VHF Interferometric techniques (Proctor, 
1980; Hayenga and Warwick, 1981). Lightning has been 
observed via conventional radar (Ligda, 1956; Mazur 
and Rust, 1983). Even before the possible deployment 
of a lightning mapping satellite (Christensen, et al, 
1980), lightning has been studied from above using 
aircraft (Christian, et al. 1983), the OMSP polar 
orbiting satellite (Orvllle, 1983), and the Space 
Shuttle (Vonnegut, et al, 1985). 

For the operational location of lightning cloud-to- 
ground (CG) strokes, however, there are essentially 
two accceptable approaches: 1) magnetic direction 
finding (MOF) (Krider, et al, 1976), and 2) time-of- 
arrival (TOA) (Bent, et al, 1983). The MDF technique 
has been in widespread operational use since the late 
1970s (Orvllle, et «1, 1983). While it certainly 
represents a majur advance over the highly limited 
lightning detection capabilities of past systems, MOF 
systems are subject to problems of site errors due to 
1) maintaining exact antenna orientation, ar.d 2) the 
presence of metal in buildings, buried cables, and 
other simlliar obstacles (Homer, 1954; Darver iza and 
Uaan, 1983; Nach, 1984; Hiscox, et al, 198*). As 
noted by Pierce (1982). a time-of-arrival (TOA) tech- 
nique is by far the most accurate way of fixing the 
source of an Individual spheric, if an interstation 
timing of at least 10 Microseconds can be attained. 

The dramatic revolution in microelectronics has 
resulted in the availability of low cost receivers for 
easily available timing signals (such as LORAN-C), 
obviating the need for such expensive timing sources 
as atomic clocks. A four station prototype TOA net- 
work was designed by Atlantic Scientific Corporation 
and established over the Florida peninsula in the 
spring of 1982. Earlier papers by Bent, et al (1983; 
1984), and Lyons and Bent (1983) have described the 
basic system operations and presented initial examples 
of data collected by the network. At this writing, 
there are either operating or under installation three 

Fig. 1. Coverage area for the three civilian LPATS 
networks operating In the United States: the Florida, 
Upper N-dwest, and West Gulf. 
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civilian networks covering portions of over 20 states 
in the eastern U.S. (Fig. 1). This paper will sum- 
marize the techniques that are currently being employed 
to display and interact with this newly available data 
base, as well as present representative case studies 
obtained from operational networks. At this time, 
there are approximately two dozen on-line users for 
LPATS data including television and radio stations, 
utilities, military bases, and industrial facilities. 

II - PRINCIPLE OF OPERATION 

A TOA Lightning Position and Tracking System network 
consists of three to six antennas, each connected by a 
dedicated full duplex data link to a central analyzer 
(CA) (Fig. 2). At each antenna site, there are two 
simple whip antennas (1.2 to 5.0 meters in height). 
One antenna receives LORAN-C signals, while the second 
monitors the electric field. These have no special 
siting requirements and can be placed in the vicinity 
of metal objects, other conductors, or atop conven- 
tional buildings. No alignment checks or frequent 
periodic maintenance are necessary. The electronics 
at each site include a lightning strike detector and a 
timing signal generator sychronized to within a few 
hundred nanoseconds of the output of the timing signal 
generator at each of the other respective locations. 
Electric field measurements in the 2 to 500 KHz (3 dB) 
range are sampled continuously. The timing of the 
peak of the CG wave form Is ascertained within a few 
hundred nanoseconds. A minimum of three stations must 
detect the CG strike in order for a location to be 
calculated. For a three station solution, the central 
analyzer solves the complex spherical hyperbolic 
explicit non-interative equations necessary for stroke 
location. The data are output in latitude and longi- 
tude coordinates. Custom built hardware allows for 
extremely fast hardware trigonometric calculations. 
LPATS can monitor individual return strokes In a 
multiple lightning flash only 15 milliseconds apart, 
discriminating more than 50 strokes per second (a rate 
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Fig. 2. The LPATS system consists of three or four 
remote receivers that monitor lighting stroke charac- 
teristics over « wideband frequency range. Each 
receiver obtains the data from a small vertical 
antenna. Waveform analysis Is performed 1n the 
receivers and pertinent Information Is passed over 
telephone or microwave links to a central analyzer. 
The central analyzer then computes the strike loca- 
tion. This Information Is time tagged and made 
available to several output ports for communication to 
a monitor. 

unlikely to be approached in nature). When all four 
stations detect the CG stroke, the algorithm for 
determining the location of the ground strike is 
reduced to a set of linear equations. The nominal 
time for locating a strike and displaying it on the 
video monitor is 0.3 seconds. 

The precise timing requirements for TOA systems can be 
met by using the LORAN-C navigation signal which is 
available over much of North America and indeed, over 
large portions of the globe. Only the ground wave 
portion from a single station of the LORAN-C signal is 
utilized.   The sky wave signal rejection is 
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Fig. 3. (left) Computed mean locational error for 
three station LPATS configuration (black dots) with a 
80 nm (150 km) east west baseline; (right) for a 180 
nm (333 km) east west baseline. Calculations assume 
40 strokes per cell, with random errors of +/- 1000 
nanoseconds. Error code: 0 = less than 925 m, 1 = 
926 to 1850 m, 2 = 1851 to 2775 m, 3 = 2776 m or more. 
Domain size Is 370 km on a side, or 136,900 km?. 
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Fig. 4. Mean CG strike location error under worst 
case conditions, for a four station LPATS network, 
using the three station solution, and a square form 
network with 180 km baseline. The inner isopleth is 
the 750 m mean error, with outer isopleths being about 
1500, 3000, and 4500 m respectively. 
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accomplished within the receiver electronics. While 
the LORAN-C signals may not always be reliable for 
navigation in many areas, it must be emphasized that 
LPATS does not use LORAN-C for navigation. Only the 
signal from one station in a chain need be acquired. 
Over water reception can be at ranges up to 2600 km 
and over land about 2200 km. The availability of the 
LORAN-C signal is in fact inconsequential. In those 
cases where a timing signal is unavailable from a 
single LORAN-C station, additional LPATS equipment is 
offered which will generate or receive timing from 
other sources, as is done for the Electricity Supply 
Commission (ESCOM) of the Republic of South Africa. 

A typical LPATS network might have a 150 to 350 km 
baseline. Experience has shown that the thunderstorm 
detection capability of an LPATS network covers an 
area with a radius four or more times the baseline. 
Short baseline systems are essentially as accurate as 
long baseline networks near their center, but have a 
diminished operative range. The impact of increasing 
the baseline from about 150 km to 333 km is shown in 
Fig. 3. The area of high locational accuracy (better 
than 925 m average error) greatly expands as the base- 
line increases, rather contrary to what might be ini- 
tially expected. Naturally, base lines cannot be 
increased ad infinitum due to diminishing network 
detection efficiency. Tt should be noted that if com- 
munication to the CA via land lines is not practical, 
a short baseline system, on the order of 10-40 km, can 
be installed and operated using radio or other com- 
munication channels. 

Ill - THE VIDEO INFORMATION SYSTEM (VIS) 

LPATS users in the U.S. do not need to purchase, main- 
tain, or operate a lightning detection network. At 
this time, the most commonly used device to acquire 
LPATS data is the Video Information System (VIS). The 
VIS consists of a color monitor, keyboard, and special 
purpose microcomputer. The VIS contains pre- 
programmed geographical maps of the network and has 
the capacity to store a minimum of 3000 lightning 
strokes (time, latitude, longitude, stroke polarity) 
in addition to the map features. All pre-programmed 
software is retained in non-volatile memory so that 
when a power outage occurs, no software reloading is 
required. Typically, a seven color RGB-TTL monitor 
(512 x 480) Is used to depict both lightning stroke 
and base map features. 

Users may access LPATS data in several ways: 1) dedi- 
cated full duplex telephone lines (3002 conditioning) 
to either the network central analyzer or to an 
antenna site which is equipped with a communications 
multiplexer, 2) on a dial-up basis into the central 
analyzer, using either a dedicated or contended port, 
or 3) by satellite communications to the user's own 
low cost earth station. 

Data can be acquired in much the same manner as from 
color remote dial-up radar systems. There Is an 
important difference, however. When interrogating a 
radar, only current Information may be acquired. The 
LPATS CA stores at least the last 3000 lightning stro- 
kes (augmentable to 50,000) so that the user nay 
obtain a history of the recent network lightning 
strokes. 

The VIS display has many useful characteristics. 
Included among these are: 1) kjybnard selectabillty 
of the shape and color of the lightning stroke pixel 
and line width of the geographical map background, 2) 
a cursor which allows the determination of the exact 

latitude and longitude of each strike, the time (to 
the nearest minute) of the strike, and the azimuth and 
range of that strike from any arbitrarily selected 
point in the network's domain, 3) the ability to per- 
form a dynamic zoom to any point on the base map by 
simple keyboard control, 4) a base map using up to 7 
individual colors to specify such features as coastli- 
nes, highways, city boundaries, weather stations, etc. 

each of which are selectably removable or 
displayable, 5) a recall of data within a given time 
period (the last 20 minutes, from six to four hours 
ago, etc.), 6) a time-lapse animation of storm 
lighting strokes over any arbitrary time period. 

Oirect interfacing into the customer's own computer 
requires a simple RS-232 connection. Among the most 
important attributes of LPATS data are the relatively 
low data rates involved. While storm stroke rates en 
the order of several thousand per hour are not uncom- 
mon, this represents a miniscule amount of data com- 
pared to many other meteorological remote sensing 
systems. Lightning has the interesting characteristic 
of having a very high information value and a low data 
rate, as opposed to the very high data rates and low 
information value of such systems as satellites and 
radar. Thus, it becomes a simple, straight forward 
matter to integrate lightning data onto satellite 
image displays, conventional and Doppler radar 
systems, and onto McIdas-based interactive displays. 

IV - SYSTEM EVALUATION 

There has been a very limited number of studies eva- 
luating the accuracy of the several available 
lightning detection systems available (Johnson, et al, 
1982). Naturally, the lack of any routinely available 
primary data base for lightning ground strokes is at 
the root of the difficulty in evaluating the perfor- 
mance of an LPATS TOA system. The two parameters of 
primary concern are CG stroke detection efficiency, 
and locational accuracy. Many of the factors contri- 
buting to these are described in great detail in Bent, 
Highlands, and Lyons (1984). It has been estimated 
that near the center of an LPATS network, the CG 
stroke detection efficiency is approximately 85X, as 
determined by actual visual observations during 
storms. It is felt that the detection efficiency of 
an LPATS network falls off very slowly with range. At 
the current time, analyses of internal data coherence 
and consistency are one of the main tools for LPATS 
evaluation. It can be easily noted through ongoing 
Inspections of the VIS display that there is little 
difference in the coheslveness of lightning clusters 
plotted near the center of the network compared to 
those at the fa* fringes of the display (beyond 800 km 
range). In an experiment conducted on 3 February 
1984, a cell located over the Gulf of Mexico (26aN, 
85*W) was moritored from the U.S. Navy's East Gulf 
network (680 km distant) and simultaneously from the 
peninsular Florida network (385 km distant). All 
strokes over a 2.5 minute period were noted. Fully 
6l< of the s rokes noted by the Florida network were 
detected by the more distant East Gulf network. In 
another case an isolated thunderstorm In the Kansas 
City area was tracked by the Florida, East Gulf, and 
Upper Midwest networks simultaneously, with all stro- 
kes falling in clusters within 20 km of each other. 
These and atny other comparisons suggest a significant 
degree of itroke detection efficiency at long ranges 
(Bent, et al, 1984). 

With regards to locational accuracy, a theoretical 
simulation of the system performance has been used to 
determine accuracy statistics for a typical LPATS net- 
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work (Bent, et al, 1984). In order to investigate the 
accuracy of the system on a theoretical basis, it is 
hypothesized that the total system timing errors will 
not exceed 2 microseconds as a worst case situation. 
A computer program was written to simulate a TOA 
network's performance on a 40 x 40 matrix centered 
over any predetermined array of four antennas. At 
each of the 1600 grid points, the timing from a 
theoretical flash to each receiver was distorted by a 
random number less than 100X of the anticipated worst 
case error. The positional error for each theoretical 
lightning stroke was calculated for 50 iterations in 
each grid point. For the Florida network, which is 
quite typical, the predicted errors in locating 
lightning strokes in the center of the state about 
140 km from each of the receiving stations are as 
follows: mean error 97 m, maximum error 411 m, and 
standard deviation 76 m. At a distance of 560 km from 
the center of the network, the predicted values are as 
follows: mean error 2300 m, maximum 6800 m, and stan- 
dard deviation 1800 m. Figure 4 is a map typical of a 
network's locational accuracy isopleths. 

The internal consistency of the stroke data attests to 
the probable reliability of these estimates. In one 
particular study, fourteen strokes were observed 
within one flash at a distance of over 200 km from the 
network centroid. The variation in successive stroke 
locations was less than 1100 meters. It can also be 
observed on the VIS display that lightning clusters do 
not tend to "smear" or become dispersive at ranges in 
excess of 500 or 600 km. These results have been con- 
firmed by field tests rnnriurtpd by the U.S. Naval 
Oceanographic Command [1]. Other theoretical eva- 
luations have strongly suggested that LPATS will not 
be perturbed by the impact of mountains. A 2000 meter 
mountain range traversing a network would introduce 
fixed (and therefore removable) locational errors en 
the order of 30 to 300 meters at the worst. The 
impact of a 60 km long power line within 100 m of an 
antenna would introduce errors no greater than 7 m, 
which are essentially inconsequential (Olsen, et al, 
1982; Bent, et al, 1984). 

V - CASE STUDIES 

of God" type of event, but show distinct patterns and 
morphologies in some cases similar to those from radar 
studies. Just as the typical radar echo is smaller 
than the cloud in which it is embedded, more often 
than not LPATS lightning clusters are significantly 
smaller than the overall radar echo with which they 
are associated. A series of case studies follow which 
reveal some of the patterns observed. 

Air Mass Thundershowers 

The term "air mass" thundershower connotes a random- 
ness and lack of organization to atmospheric convec- 
tion. While there is clearly a broad spectrum in the 
degree of organization of mesoscale convective preci- 
pitation events, the more any given series of convec- 
tive events is examined, the more at least some degree 
of patterning will emerge. The original study of "air 
mass" storms, The Thunderstorm Project (Byers and 
Braham, 1949), concentrated on small non-severe storms 

Fig. 6. Lightning "lineaments" associated with small 
air-mass thundershowers over Iowa and Illinois, 
2000-2100 GMT, 4 September 1984. The curvilinear path 
directly reflects the strong relative cyclonic vor- 
tlclty within the circulation of a storm centered well 
north of the area.     

Fig. 5. Lightning clusters associated with sea breeze 
thunderstorms over peninsular Florida late on the 
afternoon of 5 Nay 1984. 

Fig. 7.Lightning "lineaments" associated with small 
thundershowers embedded within the strong 
southwesterly flow In advance of a cold front moving 
through the Great Plains during an early spring 
storm, afternoon and early evening, 20 February 1985. 
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/ in Ohio and Florida. In subsequent years it has 
become apparent that afternoon summer showers in 
Florida are strongly influenced by the sea breeze 
(Byers and Rodebush, 1949; Pielke, 1974). 
Thunderstorms will routinely form along the sea breeze 
convergence zone as it propagates inland during the 
day. Satellite imagery has presented vivid illustra- 
tions of the high degree of organization of sea breeze 
storm events. Figure 5 displays a very typical 
display from the Florida LPATS network. A strong sea 
breeze convergence zone along the eastern shore of 
Florida triggered a chain of contiguous storm centers. 
Lightning activity was moderate, exceeding 6000-7000 
strokes per hour during the late afternoon. 

Figure 6 represents the LPATS display from a totally 
different convective regime, which could still be 
loosely categorized as an "air mass" shower system. 
On 4 September 1984, unseasonably cool air was being 
swept into the Upper Midwest by the strong cyclonic 
flow associated with a deep cyclone north of the Great 
Lakes. Afternoon instability showers developed over 
Iowa, Wisconsin, and Illinois. GOES satellite imagery 
revealed charasteric well-defined cyclonically curved 
cloud streets. Small (less than 20-30 km) cumulonim- 
bus clouds formed within these cloud streets and moved 
southeastward, steered by the strong low level flow. 
The LPATS display shows the lightning "lineaments" 
associated with these storms. Individual "lightning 
generating cells", smaller than their parent cumulo- 
nimbus, maintained themselves often for 100 to 200 km, 
yet with widths on the order of 10 km. This tendency 
for lightning "lineaments", long-lasting narrow 
lightning corfdors associated with the electrically 
active point of a larger convective cloud, has been 
noticed on many occasions. 

Figure 7 shows another set of lightning "lineaments" 
monitored during synoptic conditions quite dissimilar 
to the case described above. On the afternoon of 20 
February 1985, an early spring cyclone was advecting 
unseasonably warm air over large portions of the 
Midwest, much of which was still snow covered. 
Scattered thunderstorms developed in the broad south- 
westerly flow ahead of a slowly advancing cold front. 
While the GOES satellite Imagery did not reveal any 
obvious patterning 1n the dappled cloud field moving 
northeastward over Kansas, Iowa, Missouri, and Into 
Minnesota. LPATS (Fig. 7) showed otherwise. Distinct 
lightning "Hnwments" with aspect ratios on the order 
of 20 to 1 indicated discrete lightning generating 
cells moving northeastward at over 20 m/sec, some 
lasting up to several hours. 

Cold Frontal Thunderstorms 

The classic "Polar Front Cyclone" model of the Bergen 
School assigns the synoptic cold front ts perhaps the 
principal thunderstorm generating factor at mid- 
latitudes. Several LPATS displays of cold frontal 
storms follow below. 

On the afternoon of 15 August 1984, a weak cold front 
extended from Minnesota Into northern Nebraska. As 
indicated in the GOES imagery, this cloud band was 
quite narrow, less than «bout 100-150 km across (Fig. 
8). In a one hour time span, approximately 2500 stro- 
kes were recorded (n a very narrow (25-50 km) band 
directly beneath this cloud line and Its associated 
radar echoes (Fig. 9). A close up of this lightning 
cluster is shown in Fig. 10. It should be noted that 
the western edge of this cluster was more than 900 km 
southwest of the centrold of the Upper Midwest net- 
work.   There appears to be relatively little 

Fig. 8. GOES KB8 images (visible), at 1730 GMT, 15 
August 1984, showing narrow band of cold frontal thun- 
derstorms along the South Dakota-Nebraska border. 

I 

Fig. 9. VIS display. 1630-1730 GMT, 15 August 1984, 
with about 2500 strokes. 

Fig. 10. Detail of lightning cluster shown in Fig. 9, 
showing 2200 strokes from 1545 to 1645 GMT, 15 August 
1984. 

"smearing" of the lightning stroke patterns as a 
result of decreased locational accuracy or detection 
efficiency with range. It Is common to find such den- 
sely packed lightning clusters even at the edge of the 
Upper Midwest and other networks. 

Figures 11-13 reveal a "classic" pre-cold frontal 
squall line event. On 20 November 1983, a cold front 
was sweeping across the east Gulf of Mexico, 
generating a typical squall line ahead of the surface 
position of the front. In Fig. 11, about 700 strokes 
are plotted over a 20 minute period, displaying a 
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Fig. 11. About 700 CG strokes, 1702-1722 GMT, 20 
November 1984, as a well defined pre-cold frontal 
squall line approaches the west coast of Florida. 

Fig. 12. Squall line lightning activity continues 
with about 3000 strokes between 1705 and 1905 GMT. 

Fig. 13. The squall line, after crossing Florida, 
gradually weakened, with about 3000 strokes between 
2300 and 0400 GMT. Discrete lightning cells could 
still be discerned within the overall thunderstorm 
line. 

clear, well-defined squall line approaching the west 
coast of Florida. As the front pushed southward and 
more moisture became available, a high level of 
lightning activity was maintained, with Fig. 12 
showing 3000 strokes occurring over a two hour period. 
In Fig. 13, the same squall line about 10 hours later 
had traversed the Florida peninsula.  Thunderstorm 

activity had decreased and the attendant lightning had 
diminished considerably. The original picture, color 
coded in one hour increments, showed about 3000 
lightning strokes over a 6 hour period. Particularly 
in the original photograph, the organized progressive 
motion of the squall line and of its constituent 
lightning cells is immediately apparent. 

Stationary Frontal Storms 

During the spring and summer in the eastern U.S., the 
stationary front is a most vigorous thunderstorm 
generating mechanism. Cells often form in broad east- 
west belts with activity persisting for days. As 
shown in Fig. 14, an intense temperature gradient was 
present over Iowa and surrounding states late on the 
afternoon of 1 September 1984. Surface maximum tem- 
peratures ranged from over 100'F (38°C) in southeast 
Iowa to 70°F (21°C) in southwest Minnesota. A line of 
thunderstorms erupted along this quasi-stationary 
front after about 2200 GMT (Fig. 15). The line 
itself showed very little motion over the ensuing 
several hours, while individual cells were noted 
tracking rapidly northeast and then eastward along the 
frontal boundary. In the period between 2300 GMT and 
0000 GMT, 1 September 1984, a total of 9500 strokes 
were plotted on the VIS within this very narrow band. 
In the four hours between 2300 GMT and 0300 GMT, a 
total of 31,500 strokes were concentrated in a band 
about 75-150 km wide and 1300 km long (Fig. 16). It 
Should be noted that 'n order to monitor this event 
using radar, a minimum of four WSR-57 radar systems 
(Neenah, Minneapolls, Des Moines, Grand Island) had to 
be accessed via dial-up displays to provide a complete 

> 

F1g. 14. High temperature map CF) over the upper 
Midwest, 1 September 1984. Temperatures range from 
12*C to 38#C over region. 

Fig. 15. GOES KB8 Infrared Image (MB curve) at 0000 
GMT, 2 September 1984, showing thunderstorm clusters 
forming along the quasi-stationary frontal boundary. 
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Fig. 16. Accumulated CG strokes between 2300 GMT and 
0300 GMT, 1-2 September 1984.  Approximately 31,500 
individual strokes were plotted. 
Mesoscale Convective Complexes 

Over the years, researchers (Maddox, 1980) have disco- 
vered a new form of highly organized mid-latitude con- 
vection, the mesoscale convective complex (MCC). 
Covering hundreds of thousands of square kilometers 
and lasting 12 to 72+ hours, the MCC is a prodigious 
producer of severe weather, including flash flooding 
and tornadoes. Two case studies suggest lightning is 
another notable characteristic of the MCC. 

Late on the afternoon of 24 May 1984, a rapidly moving 
cold front was sweeping through Minnesota and 
Wisconsin. GOES satellite imagery detected a cluster 
of thunderstorms forming in Minnesota. These moved 
rapidly east-southeastward into eastern Wisconsin, 
where they coalesced into an MCC-like cloud mass. 
Figure 17 shows the GOES infrared image (MB curve) at 
0100Z, 25 May 1984. While clearly linked to a cold 
front and somewhat smaller than a typical MCC, this 
cloud cluster did appear to have many of the charac- 
teristics of an MACC. Note the broad V-shaped pattern 
of the cold cloud tops In the GOES Imagery over 
Wisconsin and Lake Michigan. Compare this with Fig. 
18, which shows the regional view of lightning 1n a 
one hour period from 2352 to 0052 GMT. A close-up 
view of the storm cell (Fig. 19) shows a 31 minute 
summation of the lightning strokes associated with 
this cloud cluster. Figure 20 reveals it In greater 
detail. Both in the original color coded displays and 
on the VIS screen animation it was apparent that the 
CG strokes associated with this storm were advancing 
almost as a solid "wall" of lightning, most likely In 
conjunction with the gust front. At the peak of acti- 
vity, this cluster generated 5000 strokes per hour as 
It moved through central Wisconsin. 

Fig. 17. GOES KB8 Infrared Image (MB curve), 0100 
GMT, 2-' M*.y 1985, showing MCC-like thunderstorm 
cluster over the Milwaukee area. 

Fig. 18. Upper Midwest network VIS display showing 
one hour of CG strokes, ending 0100 GMT, 25 May 1984. 

Fig. 19. Detail of the storm shown In F1g. 18, with 
1575 strikes between 0013 and 0034 GMT, 25 May 1984. 

F1g. 20. Close-up view of Milwaukee metropolitan 
area. All displays generated 1n real-time using the 
LPATS VIS system. 

On 14 June 1984, a broad upper atmospheric ridge 
stretched across the upper Midwest. Highly unstable 
air was present 1n the maritime tropical air mass to 
Its south. These are highly favorable conditions for 
MCC formation and In fact a series did develop 1n 
North and South Dakota and propagated eastward over a 
several day period. Figure 21 shows a portion of a 
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Fig. 21. GOES 4 km resolution Infrared Image, 160? 
GMT, 14 June 1984, showing large convectlve cloud 
system in eastern South Dakota. 

Fig. 22.  LPATS display showing 2500 CG lightning 
strokes frtw 1545 GMT to 1712 GMT, 14 June 1984. The 
bulk of the cluster 1s found over southeastern South 
Dakota. 

GOES Infrared Image showing the classic MCC cloud 
signature revealed by the enhancement employed In the 
Image processing. Even In Us declining stage, this 
KCC was continuing to produce a rather Intense and 
highly organized lightning CG display (Fig. 22). 
Again, the new CG strokes were found at the eastern 
and southern edge of the cluster, advancing with the 
probable gust front. Note that the slight discrepancy 
between the LPATS CG locations and the cloud pattern 
Is due to a grlddlng error on the satellite Image 
which displays the South Dakota border about 30 km to 
the north. 

Winter Lightning 

It Is a developing realization that lightning is not 
an exclusively summertime phenomenon. It has been 
noted during every week of the year along the eastern 
seaboard of the U.S. (Orvllle, et al, 1983). Winter 
lightning is often found within Intense occluded 
winter cyclones. These are frequently associated with 
intense snowfalls in the central and eastern U.S. On 
several occasions during the winter of 1984, the Upper 
Midwest network used lightning to track apparent con- 
vectlve snowbursts producing snowfall accumulations in 
excess of 4* (10 cm) per hour. These played a most 
useful role in local snowfall forecasting in Minnesota 
during the record setting snowfall season of 1983-84. 

Fig. 23.  GOES KB8 image (MB curve), 0230 GMT; 
February 1984, showing cloud pattern associated w':s 

major upper Midwest snowstorm. 

4f 

19 

Fig. 24. Radar suirmary, 0235 GMT, 19 February 1984. 
Light rain and/or snow showers, with maximum echo tops 
to 18,000 ft (5600 m) are noted from Nebraska into 
Iowa and northern Illinois. 

Fig. 25. LPATS VIS, for 6 hours, ending 0300 GMT, 19 
February 1984, showing scattered CG strokes, Including 
one on IL-WI border northeast of Rockford, IL (RFO). 
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On 19 February 1984, a large occluded low was centered 
in northeastern Iowa wi.h its associated high cloud 
tops stretching from South Dakota into Minnesota, 
Wisconsin and Michigan (Fig. 23). As shown in Fig. 
24, widespread snow covered the Upper Midwest, with 
rain showers reported from Iowa into northeastern 
Illinois. Maximum echo tops as observed by radar were 
under 18,000 feet (5600 m). Certainly, there is 
nothing in the satellite radar imagery to suggest 
lightning in Nebraska, Iowa, or Illinois. Yet as 
shown in Fig. 25, there was scattered lightning acti- 
vity reported throughout the region. Interestingly 
enough, a log of the hourly observations at the 
Rockford, 1L airport revealed C6 lightning northeast 
at 0300 GMT (Fig. 26). These satellite images and 
radar observations would normally be interpreted to 
suggest only the presence of moderate rainshowers in 
Illinois and Iowa, with the nearest thunderstorms 
being in southern Indiana. LPATS, however, has fre- 
quently noted that lightning can occasionally occur 
from DVIP Level 1 or 2 radar echoes during both winter 
and summer. Thus, the use of radar as a direct indi- 
cator of thunderstorms can upon occasion be quite 
misleading. 

Hurricane Lightning 

Hurricanes, while essentially comprised of spiral 
bands of convective clouds, are generally not thought 
to be associated with significant lightning. Studies 
have found, however, that intense convection, suf- 
ficient to produce embedded tornadoes, especially 
within the outer convective rainbands, is not uncommon 
(Gentry, 1983). This makes the paucity of lightning 
observations within tropical cyclones all the more 
intriguing. Johnson, et al (1984) do report a signi- 
ficant amount of electricital activity emanating from 
the vicinity of Hurricane Alicia, using a 2 MHz inter- 
ferometer located at the Marshall Space Flight Center, 
Alabama. More recently, however, the Florida LPATS 
network has documented lightning CG strokes associated 
with tropical cyclones. During the formative stages 
of Tropical Storm Barry in late August, 1983 off the 
east coast of Florida, significant lightning activity 
was noted. Even more interesting are the observations 
made on 9-10 September 1984 prior to the rapid inten- 
sification phase of soon-to-be Hurricane Diana. 
Figure 27 shows the LPATS dislay along the Florida 
east coast between Cape Kennedy and Palm Beach on the 
afternoon of 9 September 1984. Tropical Storm Diana 
was gaining strength at this time, with its cir- 
culation center near 80*W, 29.5QN. The spiral convec- 
tive bands were clearly visible on the GOES satellite 
Imagery. The LPATS data, representing about 2 hours 
of activity, were directly aligned with these outer 
convective rainbands. By mid-day on 10 September 
1984, Diana was Intensifying east of Jacksonville, FL. 
Figure 28 shows the accumulated lightning strokes over 
about a 15 hour period. In addition to the outer 
spiral bands, a definite corr.entration of CG strokes 
was found in and near the cjC wall. Figure 29 shows a 
close-up of the eye wall lightning events. CG strokes 
began In the western part of the eye wall and slowly 
(at speeds far less than the presumed ambient low 
level winds) rotated 1n a counterclockwise manner more 
than 180° around the eye. This pattern was In fact 
repeated several times, resulting In a cycloldal- 
shaped trail of CG strokes on the VIS display over a 
many hour period. This case Is under detailed study 
at this time. It would appear that the CG strokes 
rotating about the eye »re associated with a 
"convective hot spot" that has beet, noted by hurricane 
researchers on several occasions prior to rapid hurri- 
cane intensification [2]. Satellite studies of hurri- 

canes have also noted massive cumulonimbus build-ups 
developing above the general eye wall clouds, which 
similarly rotate slowly about the circulation center 
(Gentry, et al, 1970). With the ability of LPATS to 
detect lightning activity for almost 1000 km offshore, 
perhaps a new tool in tropical storm diagnosis could 
be emerging. 

Fig. 27. Close up of the east coast of Florida, 
afternoon of 9 September 1984, showing spiral banding 
in the lightning data, here summarized for a two hour 
period. The center of Tropical Storm Diana's cir- 
culation was located well to the northeast of Cape 
Kennedy (top of picture). 

Fig. 28. LPATS CG data summarized over a 15 hour 
period ending late on 10 September 1984. This was 
lust before the major intensification of the storm. 

Fig. 29. Close-up of lightning strokes associated 
with convection embedded within the eye wall of the 
hurricane. The lightning began in the western portion 
of the eye wall and slowly rotated counterclockwise 
into the northeast quadrant. 

mm 
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VI - SUMMARY AND CONCLUSIONS 

The display of instantaneous CG lightning stroke data 
has found applications in local forecasting as well as 
various aspects of meteorological research. 
Individual four station networks can serve as a 
reliable real-time detector and tracker of thun- 
derstorms over an area some 1800 km on a side. Since 
LPATS is a unique discriminator of lightning and 
therefore thunderstorms, its use avoids the necessity 
of inferring thunderstorm occurrences from either 
satellite or from radar reports. The ability to ani- 
mate and recall historical data (over a period of 
several hours) allows an easy determination of storm 
motion and morphology, thus greatly assisting short- 
range nowcasting. LPATS provides an instantaneous 
sub-synoptic view of atmospheric convective events on 
a single display, whereas perhaps as many as ten 
radars would necessarily need to be composited to pro- 
vide the same thunderstorm tracking capability. 
Lightning data are devoid of ground clutter and anoma- 
lous propagation problems that plague radar. Needless 
to say, LPATS Is not seen as a replacement for radar, 
but as a highly valuable augmentation. Furthermore, 
the relatively low data rates associated with light- 
ning detection systems and its t1me/lat1tude/1ong1tude 
data format make it extremely straight forward to 
integrate lightning into already existing digital and 
satellite data bases. The documented coherence of 
lightning in time and space has important implications 
both for mesoscale nowcasting and lighting climatolo- 
gical studies. 

[1] Geitz, W.C., 1983:  Evaluation of the Lightning Position and 
Tracking System.   Prepared by Naval Oceanographies Command 
Detachment,  Pensacola,  for Commander,  Nival  Air Systems 
Washington, D.C. ' 

[2] P.G. Blick, NOAA, personal communication. 
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Abstract - Data from recent flight tests, useful for assessing the lightning-location capability of a 
commercial airborne crossed loop mounted on a C-130 aircraft, are analyzed under a novel interpretation. 
The new interpretation identifies data from individual flashes. These and associated airborne radar 
cloud data lead to an improved assessment of the instrument's range and azimuth errors. The value of 
Identifying individual discharges lies in the fact that the multiple return strokes of the same flash 
may be assured tc originate in the same location. Therefore, if each dot on the display 1s associated 
uniquely with one return stroke, the radial distance and azimuth are the same for all return-stroke dots 
caused by the same lightning. The radial and azimuthal spreads can then be determined. The results 
obtained show (a) large radial spreads that severely deteriorate the instrument's ranging capability, 
(b) reasonably good azimuth capability for distant lightnings, and (c) deterioration of azimuth capa- 
bility for nearby lightnings, but also for all single-stroke flashes. A novel method is also suggested 
as a hopeful possibility for overcoming the ranging difficulty. It should be investigated in future 
work. 

1.0 INTRODUCTION 

In our recent survey [1], ue analyzed many lightning 
warning systems suitable for airborne use. The present 
paper is concerned with the accuracy of one of these 
systems, a single-station crossed loop used as an 
on-board lightning locator [1,2]. The data were ob- 
tained with Stormscope, a commercially-available 
instrument (operating in the 50-kHz region) that re- 
presents this type of detector. In flight tests 
performed by the Air Force in 1981 [3,4), the instru- 
ment was installed on a WC-130 Lockheed Hercules 
transport aircraft, operated by NOAA. The primary mis- 
sion of the joint NOAA-Air Force program was to 
characterize the radiation emitted by lightning and its 
coupling to the aircraft. The aircraft was suitably 
instrumented with electric and magnetic field sensors 
for this purpose [5], and Stormscope was "piggy-backed" 
thereon. 

To our knowledge, these data constitute the first 
available of their kind suitable for assessment of an 
instrument mounted on a large aircraft. Data obtained 
prior to 1981, including the Air Force's own tests[6] 
and experiences of operators of small private aircraft 
[7), have involved small or mid-sized aircraft. (New 
data involving a Convair 580 is anticipated from 1984 
tests.) 

The Stormscope data in conjunction with airborne radar 
data were acquired along a flight path toward and 
around an isolated storm located by the airborne radar. 
(An additional valuable feature is that the Stormscope 
display screen was manually cleared frequently during 
the flight.) These data, and our own analysis associ- 
ating Stormscope dots with return strokes of individual 
lightning flashes, allowed an assessment to be made of 
the instrument's azimuth and ranging, and therefore al- 
so lightning-location, capabilities (3|. This 
association (suggested also in the preliminary study by 
J. Reazer (4)) represents an advance in that the analy- 
sis and statistical procedures are thus applicable to 
individual lightning discharges where the Stormscope 
dots are correlated in time, as opposed to the usual 
Stormscope display where clusters of dots are accumu- 

lated over many lightning discharges. The value of 
identifying individual discharges lies in the fact that 
the multiple return strokes of the sane flash may be re- 
garded as originating in the same place. Therefore, 
the radial distance and the azimuth should be the same 
for all return-stroke dots caused by the same 
lightning, and the radial or azimuthal spread can be 
determined. 

In order to make clear why we can relate the individual 
Stormscope dots to lightning strokes, it will be help- 
ful to review here the temporal phenomenology of a 
cloud-to-ground discharge. (This information may be 
found for example in Ret. 8.) The average lightning 
discharge (or flash) to ground is multiple, i.e., in- 
cludes a series of several individual component 
strokes, i.e., return strokes. (The terms "flash" and 
"stroke" are attributable to Schonland.) During a mod- 
erate storm the average interval between flashes is 20 
seconds. The overall duration of a flash is of the or- 
der of one second, and the duration of an individual 
component stroke is of the order of one millisecond. 
The multiplicity of a flash (number of strokes) has an 
average value between 3 and 4, but can vary '.on one to 
more than 20. The probability of any given number oc- 
curring decreases as the number increases. Each stroke 
consists of a high-current pulse, and is preceded by a 
low-current leader process. The mean time interval be- 
tween strokes is about 30 ms or longer, and tends to 
increase with ths number of strokes. Positive flashes, 
as opposed to negative ones, usually are single-stroke 
flashes. 

Hence, the multiple strokes of a flash can easily be re- 
solved in time if the resolution capability of the in- 
strument is under a millisecond. We believe that the 
Stormscope instrument resolves the component return 
strokes of a single flash, and displays these ttrokes 
as individual dots, occurring within a time interval of 
one second. This interpretation leads to new types of 
results. The results to be presented are based on our 
recant report (3]. 
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2.0 STORMSCOPE DATA ANALYSIS 

The types of data obtained in the 1981 measurements 
that are relevant here are s follows: 

a. Airborne video tape record of Stormscope dis- 
plays, which provided the Stormscope data used 
here. 

b. Timing data from an on-board time code genera- 
tor (synchronized to the ground station time 
base). 

c. Digitized airborne weather radar data, stored 
on flexible disk or magnetic tape. This radar 
data was valuable for the present purposes. 

No independent "ground-truth" lightning location data 
were available. It should be mentioned that the data 
from the other on-board sensors with which the aircraft 
was heavily instrumented (B-dot, D-iot, I-dot) to meas- 
ure submicrosecond-time-scale lightning-induced tran- 
sients were tailored to a different investigation and 
were generally not suitable for the problem of interest 
here. 

It should also be noted that the data-reduction effort, 
by Reazer and ourselves [3,4], was considerable, re- 
quiring manual timing, hand measurements, and copying 
of individual Stormscope dots from the video monitor 
screen onto drawings, from the video tape, frame by 
frame. (This laborious procedure can be avoided in the 
future by automatically digitizing the Stormscope 
data.) Using the same video tape and radar data as 
Reazer [4], we have extracted additional valuable data 
and reorganized all of the data to obtain new types of 
results, to be described below. 

Figures 1 and 2 summarize the principal results ob- 
tained with respect to azimuth and ranging capability, 
as follows. 

We organized the Stormscope dot data into about 50 in- 
dividual cloud-to-ground flashes, with an average of 
about 4 dots (strokes) per flash, corresponding to a 
particular tine period on 25 August 1981. During this 
time period, there was essentially a single storm cloud 
indicated by the radar. Combining radar data (digi- 
tized) with aircraft position and heading data at 
several positions allowed us to locate the ground posi- 
tion of the cloud and to reconstruct the aircraft 
flight path. Figure 1 shows the inferred cloud posi- 
tion and the flight path toward and around the cloud. 
The cloud is defined to have a circular shape with a 
typical diameter of 2.5 nmi. The flight path and the 
instantaneous Stormscope dot displays at various posi- 
tions along the path allowed a test of how well 
Stormscope could track a well-defined lightr.ing source. 
The numbers at positions along the path (from 1 to 41) 
not only label the positions, but also denote the 
"Flash Indices" [3] of the individual flashes occurring 
when the airplane was at those positions. The encir- 
cled indices (Flashes 1, 5, 7, 16, 20, 22) designate the 
flashes giving rise to the selected Stormscope displays 
that will be discussed below, together with the "rays" 
(azimuth lines) eaanating trom various points along the 
path. Figure 2 presents range data for the 41 flashes 
and shows how the range data compare with the true cloud 
position. We will discuss Fig. 2 in detail later. 

2.1 Combined Cloud-Dot Displays 

Figures 3-8 are diagraas of simulated coapass-rose dis- 
plays of Stormscope dot data with superimposed radar 
cloud dato for the six selected individual flashes men- 

tioned above. The cloud is represented diagrammat- 
ically by quadrilaterals whose vertices lie on ovals 
drawn by us around the densest portions of the radar 
clouds (not shown). The diagonals of the quadrilater- 
als correspond roughly to the major and minor axes of 
the ovetls. Greater detail in defining the cloud shape 
is not warranted for the present purposes. The infer- 
ence of the cloud position was not a trivial task in 
view of shortcomings in the available data (see Ref. 
3). All six displays to be discussed have a maximum 
range of 50 nmi and a 360-degree azimuthal view. The 
cloud range and radial spreads of the dots can be esti- 
mated from the figures, but can also be read off 
directly from Figure 2. 

Figure 3 (Flash 1, at 14:14:03) shows a single dot on 
the 264-degree radial, at a range of 43 nmi. The cloud 
(lightning source) on the other hand is near the 
0-degree radial, at a range of about 30 nmi. This re- 
presents a poor azimuth detection which appears to be 
typical of single-dot (single-stroke) flashes. 

Figure 4 (Flash 5, at 14:15:48) shows 7 dots on the 
0-degree radial, with ranges distributed from 10 to 30 
nmi. The cloud is near the 0-degree radial (straight 
ahead of the airplane) and at a range of 22 nmi. In 
this case, the azimuth detection is good. The radial 
spread is not good (as also indicated in Figure 2) and 
is mostly inward. 

Figure 5 (Flash 7, at 14:16:24) shows 5 dots on the 
0-degree radial, aligned with the cloud. The ranges 
are distributed from 18 to 45 nmi, with the cloud at 18 
r.mi. Thus, the azimuth detection is good, while the ra- 
dial spread is poor and entirely outward. 

As Figure 1 indicates, Flashes 1, 5, and 7 all occur 
while the airplane is heading directly toward the 
cloud. 

Figure 6 (Flash 16, at 14:18:08) shows 3 dots, one on 
the 0-degree radial and two on the 12-degree radial, 
aligned with the cloud. The radial spread is from 21 to 
50 nmi, with the cloud at 11 nmi. The azimuthal de- 
tection is still quite good, while the radial spread is 
poor, and entirely outward. At this time the airplane 
has begun its turn to circle around the cloud (Figure 
1). The good azimuth defined by the two inner dots is 
also shown by the ray emanating from Point 16 in Figure 
1. 

Figure 7 (Flash 20, at 14:18:56) shows 6 dots, the out- 
ermost 4 of which are well aligned with the cloud (8 
nmi) on the 25-degree radial. The rad'al spread is from 
3 to 26 nmi, that is, inward and outward but predomi- 
nantly outward. The azimuthal detection is still good. 

Figure 8 (Flash 22, at 14:20:34) shows 13 dots, spread 
over 90 degrees in azimuth and over 3 to 26 nmi in 
range. The cloud is at 3 nmi, that is, nearby on the 
75-degree radial. This occurs at the position of clos- 
est approach (Figure 1). This striking degradation in 
azimuth detection is associated with the closeness of 
the lightning, as will be discussed. 

3.0 SITE ERRORS 

Reference 3 [App. C; see also Rofs. 1 and 2] presents an 
original 3-D computer model and numerical computations 
of the site error at the Stormscope location und at oth- 
er locations on the C-130 aircraft. (These correction 
factors have to be deterained only once, since they de- 
pend only on aircraft geometry. The azimuth errors due 
to real lightning sources cannot be calculated precise- 
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Circle ■ cloud of diameter 2.5 nmi. 
Encircled numbers denote selected flashes discussed in text and in Figs. 3-8. 
Arrows denote mean azimuths (see text). 

FIGURE 1.  FLIGHT PATH AND STORMSCOPE AZIMUTHS AT VARIOUS POSITIONS WHERE INDIVIDUAL 
FLASHES OCCUR (25 August 1981). 
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Vertical bars represent radial spread of dots caused by individual flashes. 

FIGURE 2.  STORMSCOPE RANGE SPREADS versus FLASH INDEX and CLOUD POSITION ALONG 
FLIGHT PATH (25 August 1981). 
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FIGURE 3. FLASH 1. 1 DOT. 25 August 1981. 14:14:03. 
Airplane at origin of coordinates. 
Cloud quadrilateral:  azimuth =  0°, 

range = 30 nmi. 
Stormscope single dot: azimuth = 264°, 

range = 43 nmi. 

FIGURE 6. FLASH 16. 3 DOTS. 25 August 1981. 14:18:08. 
Airplane at origin of coordinates. 
Cloud quadrilateral 

Stormscope dots: 

azimuth ■ 15 
range = 

azimuth = 
11 nmi, 
0°-12ö, 

average range - 36 nmi, 
range spread = 29 nmi. 

FIGURE 4. FLASH 5. 7 DOTS. 25 August 1981. 14:15:48. 
Airplane at origin of coordinates, 

azimuth ■ 0 , 
range ■ 22 nmi. 

azimuth * 0 , 
average range ■ 20 nmi. 
range spread ■ 20 nmi. 

FIGURE 7. 

Cloud quadrilateral: 

Stormscope dots: 

FLASH 20. 6 DOTS. 25 August 1981. 14:18:56. 
Airplane at origin of coordinates. 
Cloud quadrilateral: azimuth ■ 25°, 

range ■ 8Qnmi. 
Stormscope dots:    azimuth ■ 10 -25 , 

average range ■ 15 nmi, 
range spread ■ 23 nmi. 

FIGURE 5. FLASH 7. 5 DOTS. 25 August 1981. 14:16:24. 
Airplane at origin of coordinates. 

FIGURE 8. 

Cloud quadrilateral: azimuth 

Stormscope dots: 
range 

azimuth 
average range 

0°. 
18 nm1. 
0°. 
32 nmi, 

range spread ■ 27 nmi 

FLASH 22. 13 DOTS. 25 August 1981 
Airplane at origin of coordinates. 
Cloud quadrilateral: azimuth - :' 

range 
Stormscope dots:    azimuth 

average range 
range spread 

14:20:34. 

75u 

3 nmi. 
6°-125°, 
15 nmi, 
23 nmi. 
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ly, but can be determined by measurement.) An 
interesting result is that for the location chosen, un- 
der the "platypus" or "beaver tail," the site error is 
essentially identical to that of a crossed loop cen- 
tered on a long cylinder. This problem has a known 
analytic solution. Hence, the site error calibration 
function for a crossed loop at the Stormscope location 
can be represented analytically, by 

A = arc tan (2 tan A), 
o 

where A denotes the apparent azimuth angle 
and A denotes the true azimuth angle, 

o 

This site-error formula predicts that there is no error 
in the forward and bickward directions (zero and 180 
degrees), and at 90 degrees. Also, the observed azi- 
muth is more nearly in the forward (or backward) direc- 
tion than the true azimuth. In the first four example 
flashes (Flashes 1, 5, 7, 16,) shown in Figs. 3-6 all 
azimuths are in the forward direction. Hence, there is 
no site error. There is also no significant site error 
in Flash 20, which occurs near the forward direction. 
In Flash 22, however, the extreme azimuthal scatter do- 
minates the site errors. In other cases [3] the large 
errors in azimuth (greater than 20 degrees) when they 
occur cannot be explained as site errors. 

4.0 DISCUSSION 

In this section the Stormscope ("SS") data are analyzed 
to assess the capability of a crossed loop to track 
lightning activity, in particular cloud-to-ground 
flashes. First we consider the ranging capability, and 
next the azimuth capability. Then we will discuss the 
significance of the results. 

4.2 Stormscope Azimuths 

Stormscope (SS) sensing of lightning flash azimuths 
should be reasonably good, in view of the 
well-established technology of magnetic crossed loops, 
in the absence of site errors, and when the radiator 
(lightning channel) is vertical and the magnetic vector 
of the electromagnetic field is perpendicular to the 
crossed-loop axis (that is, lies in the horizontal 
plane and is perpendicular to the line joining the ra- 
diator position and the sensor position)[2] . The 
following SS characteristics are evident: 

a. In most cases, particularly at large distances, 
say 20-30 nmi, from the cloud (lightning 
source), with the aircraft headed generally to- 
ward the cloud, the TS dot azimuths track the 
cloud azimuth reasonably well. There should be 
no site error when the source is in the forward 
direction. 

b. When the aircraft is near the cloud, say within 
3-4 r.mi, the SS dot azimuth sensing capability 
deteriorates. Th« azimuths either are wrong or 
fan out to the extent that they become indeter- 
minate (e.g. Fig. 8). For example, at the air- 
craft flight path positions nearest to the 
cloud, the azimuths are fanned out over 90 de- 
grees. Moreover, the multiplicity of dots 
increases, to as many as 17 per flash. The 
spread in azimuths cannot be explained as site 
errors. 

c. Of the 10 single-dot flashes, 7 give erroneous 
azimuths. These are not explainable as site 
errors. 

4.1 Stormscope Ranging 4.3 Continuous Triangulation on Aircraft Trajectory 

Most of the data reveals severe radial spreading of the 
dots. To quantify this spreading effect, we consider 
the minimum and maximum ranges of the dots in the 41 
flashes [3] associated with the aircraft trajectory in 
Fig. 1. (These minimum and maximum values can be ob- 
tained from the data given in Ref. 3.) Figure 2 shows a 
set of vertical "range-spread" bars defining the spread 
for each f ■ °sh. Ten flashes consisting of only one 
dot/stroke (i e., Flashes 1, 3, 12, 17, 28, 30, 32, 36, 
39, 41) have no vertical range-spread bars, only a 
short horizontal "tick" mark representing the range of 
the single dot. Also included is the range of the radar 
cloud in each flash, denoted by the heavy curve. 

For Flashes 1-18, the SS display range was 50 nmi. Af- 
ter Flash 18 the SS display range was switched to 25 
nmi, which is the display range for the remaining 
Flashes 19-41. It is evident that in none of the flash- 
es does the SS range reasonably approximate the cloud 
distance. Also, the maximum SS range in most cases ov- 
erestimates greatly the cloud range. This could lead a 
pilot to infer that the electrical discharges are con- 
siderably further than they actually are. On the other 
hand, the inward spread may alarm the pilot unnecessar- 
ily. The inward spread could also account for the high 
"false alarm" rates experienced in the 
mining-operations warning tests of Ref. 9. It should 
be notdd that there is a tendency for the radial spread 
to occupy the available display range. Thus, for 
Flashes 1-18, the maximum range tends to cluster around 
the 50 nmi limit of the display, while for Flashes 
19-34, it tends to cluster around the 25 nmi limit. It 
is interesting that some improvement in ranging seems 
to occur in Flashes 35-41. 

Figure 1 shows the cloud and the aircraft flight path, 
with Stormscope (SS) azimuth lines emanating from vari- 
ous "flash positions" along the flight path. Each azi- 
muth line represents an average of dot azimuths taken 
from the appropriate figure of Ref. 3. A single azimuth 
line has been selected here to represent each flash, 
whereas there are in many cases fans of azimuths. 

The collection of azimuth lines generally and clearly 
point toward the cloud region. As the aircraft circles 
around the cloud, the SS azimuth lines generally point 
to the interior of the region. However, the distance to 
the source is still unknown due to the large radial 
spread. This figure suggests that an improved method 
of locating a lightning source using an airborne 
crossed loop is to accumulate successive azimuths (by 
an onboard computer) and compute their points of inter- 
section continuously. The spread of ranges thus 
obtained by this "continuous triangulation" method 
should be much reduced, even though some remaining 
scatter is to be expected. 

5.0 CONCLUSIONS 

The principal results and conclusions, that should be 
valid for any crossed-loop lightning direction finder, 
are as follows. 

Crossed-loop azimuths are reasonably good for distant 
lightnings, but deteriorate for nearby lightnings. The 
large errors in azimuth when they occur cannot be ex- 
plained as site errors. The t -imuthal spread is of the 
ordur of ± 3 degrees (for distant lightnings, beyond 
about 20 nmi) , while the radial spread is of the order 
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of 20 nmi. Thus, the radial spread of dots is 
excessive, and the ranges indicated by the dots are 
therefore fair at best, but generally poor to nonexist- 
ent. This is one of the main problems for 
single-station crossed-loop lightning locators. 

The presence of site errors is suggested in relatively 
few cases. In most cases there was either no site 
error, or the azimuthal errors were excessive and not 
systematic (nearby lightning or single-stroke flashes). 

A possible method is suggested for processing the azi- 
muth data (of Stormscope or any other airborne azimuth 
detector) in such a way as to infer range while reducing 
the effective radial spread. This involves a technique 
of "continuous triangulstion", whereby (using an 
on-board computer) one accumulates successive azimuths 
along the flight path and computes their points of in- 
tersection continuously. The system thus operates 
effectively as a two-station system, and the spread of 
ranges thereby obtained should be much reduced even 
though some remaining scatter is to be expected. 

The outstanding feature of this research is as follows: 

One can be sure that all the Stormscope dots that are 
generated by one lightning flash originate at the same 
location. This is always questionable if one tries to 
evaluate clusters. 

5.1 Unanswered Questions 

Several questions remain unanswered, but tentative ex- 
planations are offered, as follows: 

a. Why does the azimuth capability deteriorate 
when the aircraft is near the lightning? Per- 
haps we are no longer in the "radiation zone" 
of the radiator. At 50 kHz the wavelength is 6 

km or 3.2 nmi. Within this range we are in the 
induction zone of a point-dipole radiator. 
Moreover, since the length of a lightning chan- 
nel is of the order of 6 km, the channel no lon- 
ger appears as a point dipole at a range of 6 
km. Also, the lightning channels may have hor- 
izontal components that can make significant 
contributions at close ranges. This effect 
(nonvertical lightning) would degrade the azi- 
muth-detection capability of a crossed loop[2]. 

b. Why does the multiplicity of dots increase 
greatly near the lightning source? Ther^ may 
be, in addition to the strong pulse of a return 
stroke, many weak pulses radiated by the light- 
ning channel, for instance, K-changes or elec- 
tromagnetic reflections at the branch points of 
the channel. These weak pulses may be picked 
up at close range. Another possibility is the 
contribution of intracloud discharges to SS da- 
ta; this cannot be clearly ruled out, 
particularly at close ranges. The 
manufacturer, however, appears to hava designed 
the instrument to detect only cloud-to-ground 
discharges. 

c. Why do single-dot flashes tend to give errone- 
ous azimuths? We have no obvious explanation 
for this. There may be other storms not seen by 
the radar that could account for odd azimuths. 
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SPECIAL PROTECTION CIRCUITS AGAINST TRANSIENT CURRENTS FOR AIRCRAFT SYSTEMS 

J.L. ter Haseborg and H. Trinks 

Technical University Hamburg-Harburg, Harburger Sahlossstrasse 20,  2100 Hamburg 90, F.R.G. 

Abstract - Concerning the time domain of the response of protection circuits, containing non-linear 
electrical components, it is necessary to distinguish between the "early-time-response" and the "late- 
time-response". For example in case of multistage circuits with arresters as coarse and suppressor 
diodes as fine protection the early-time-response, caused by the responding arresters, may show extreme 
residual pulses independent of the breakdown voltage of the diodes. Responsible for the response 
particularly for the early-time-response are the electrical dimensions, shieldings, and mainly the 
arrangement of the components inside of the protection circuit. Particularly circuits with small 
mechanical dimensions show a typical early-time-response because all circuit components are narrow 
neighbouring. This may be a problem for electronic aircraft systems to be protected since here a 
minimum weight and minimum size for protection circuits is required. 

I - INTRODUCTION 

It is difficult to realize non-linear protection cir- 
cuits for signal and control lines which show com- 
paratively low residual pulses at the output termi- 
nals, e.g. voltages less than loV. The reason for 
this behaviour are the comparatively steep edges 
which are produced by responding non-linear compo- 
nents, especially arresters. 
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loo ns after response of the arresters) shows extreme 
residual pulses and oscillations with amplitudes 
which are largely independent of the breakdown vol- 
tage of the suppressor diodes. These pulses or os- 
cillations respectively show rise times down to 
approx. 3 ns or frequencies of So ... loo MHz re- 
spectively. Only the late-time-response subsequent to 
the early-time-response shows values identical with 
the breakdown voltage of the components. Concerning 
the development and realization of protection de- 
vices with residual pulses which are bound by the 
breakdown voltages - e.g. of suppressor diodes - for 
the early-time-response as well as for the late-time- 
response, a special test facility is required for 
measuring the response. 

II - TEST FACILITY 

The registration - particularly of the early-time- 
response - requires sensors and recording instruments 
which allow a reproducible detection of edge steep- 
ness up to several kV/ns. 

Fig. 1: Response of a gas prrester dependent on the 
edge steepness of the applying surge 

Fig. 1 represents the response of a gas arrester 
applied by a surge with 2 kv/us or with 1 kV/ns re- 
spectively, s. [1] Fig. 9, [2], [3]. The value 2 kV/ 
(is is typical for LEMP-induced surges. In this case 
even the falling edge, caused by the responding gas 
arrester, is steeper than the rise. Changes in cur- 
rent are proportional to changes in magnetic field 
and therefore a high edge steepness may cause extreme 
induced voltages in loops (wiring) of protection cir- 
cuits particularly in the low-voltage parts. The 
amplitudes of these interfering, induced voltages 
(early-time-response) show values, dependent on the 
circuit design and the edge of the pulse, of the 
order of several hundred volts at the output termi- 
nals of the protection circuit. 

Multistage protection circuits with arresters 
e.g. as coarse protection and suppressor diodes e.g. 
as fine protection are of special interest. In this 
case the early-time-response (approx the first 5o ... 
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Fig. 2: Test facility for measuring the 
protection circuits 
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Fig. 2 shows the test facility consisting of a pulse- 
generator, a device containing the test object (pro- 
tection circuit) to be tested, and the measuring cir- 
cuit. The pulse-generator, coaxially constructed, as 
well as the test object are arranged in two separate 
shielding boxes to prevent field coupling from the 
generator to the test object and the measuring cir- 
cuit. This is important particularly for test objects 
with comparatively low residual pulses < lo V. In 
principle there exist two possibilities for measuring 
the response: 

- frequency-compensated HV-probe 
- current sensor 

whereby both types of probes can be used in connec- 
tion with a storage oscilloscope or a transient re- 
corder (transient digitizer) respectively. In order 
to detect the pulses and oscillations of the early- 
time-response, mentioned above, a measuring circuit 
with a high 3 dB-frequency cutoff of 15o MHz is de- 
veloped. Special current sensors are used for mea- 
suring the response i-(t) which are considerably 
smaller compared with typical HV-probes. Concerning 
protection circuits of small size, e.g. for aircraft 
systems, a small size of the sensors is absolutely 
required. The test pulse u.(t) is measured by means 
of a frequency-compensated HV-probe. 

about 8o MHz show values cf 6oo V. In Fig. 4d and 5d 
the late-time-response for t,. > loo ns*) is repre- 
sented. Fig. 4d evidently shows the limitation of the 
output current to i- = llo mA or u_ = 33 V respec- 
tively, this is exactly within the range of the break- 
down voltage of the suppressor diode according to the 
data sheet mentioned above. The differences between 
the curves showing the late-time-response in Fig. 4d 
and 5d are due to the different series impedances R 
and L in the protection circuits. The two curves in 
Fig. 5d belong to two different terminations Ry,  The 
shapes of these curves are dependent on the time con- 
stant L/R?. 

A special protection circuit has been developed. 
The following parameters for this with 3oo Q ter- 
minated circuit were given: starting from an applying 
surge with an edge steepness up to 1 kV/ns a limi- 
tation of the output voltage - for both the early- 
time- and late-time-response - to u_ = 9 V (i?= 3omA) 
was required. According to Fig. 6 the maximum "ampli- 
tude of the early-time-response is even considerably 
less than 9 V. The differences between the protec- 
tion circuits shown in Fig. 5 and 6 besides different 
breakdown voltages of the suppressor diodes and dif- 
ferent values for L, essentially consist in a parti- 
cular arrangement of the arrester, the suppressor 
diode, and the wiring. 
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Fig. 3: Fraquency response and pulse response of the 
current sensors 

Fig. 3 shows the typical frequency response and the 
typical pulse response of the current sensors. 

In order to measure the output current in a 
coaxially terminated protection circuit (e.g. 5ofi) a 
special current sensor is used in order to minimize 
pertubation of the current to be measured. 

Ill - MEASUREMENT RESULTS 

Fig. 4 and 5 show the early-time-response and the 
late-time-response of two different protection cir- 
cuits - terminated with 3oo Ü - consisting of two 
stages (gas arrester and suppressor diode) decoupled 
by an ohmic resistor or inductance respectively. The 
edge steepness of the applying surge u.(t) has a 
value of about 3oo kV/us causing a dynamic threshold 
voltage of about 2 kV as shown in Fig. 4a and 5a. 
The Fig. 4b - c and 5b - c represent the early-time- 
response (in this case t   i loo ns)). Although the 
breakdown voltage of the Suppressor diodes amounts 
to 31,4 ... 34,7 V according to the data sheet the 
amplitudes of the oscillations with a frequency of 

IV - CONCLUSIONS 

This presentation has shown that the arrangement of 
the components and the wiring in protection circuits 
may influence the output voltage (residual pulse) 
considerably. This is particularly a problem in the 
case of protection circuits with small dimensions as 
required for electronic aircraft systems to be pro- 
tected. For low frequency systems or transmission 
linas respectively to be protected which are not ca- 
pable to transmit the oscillations and pulses of the 
early-time-response only the limitation in the late- 
time-response is of interest arid the early-time-res- 
ponse may be neglected. 
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Fig. 4/5: Response of two different protection circuits 
a) Applying surge (response of gas arrester) 
b), c) Early-tiiie-response 
d) Late-time-response 
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Fig. 6: Response of a special protection circuit - 
terminated with 3oo Q  - with a voltage limi- 
tation to 9 V for early- and late-tiine-res- 
ponse 
a) early-time-response 
b) late-time-response 
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LIGHTNING-INDUCED TRANSIENT TEST ON A TRANSPORT AIRCRAFT 

C. King 

Boeing Commercial Airplane Company, Systems Technology Engineering,  P.O. 
Seattle,   Washington 98124,  U.S.A. 

Box 3707, M/S 9E-52, 

Abstract — Modern transport aircraft use advanced technology which incorporates multiple digital systems and makes extensive 
use of composite materials for secondary structure. Aircraft power, signal, and control wiring are routed through structures covered 
by composite materials. Shielding afforded by composite materials is often not sufficient to reduce the lightning-induced transients 
on aircraft wiring to acceptable levels. Wire shielding and structural shielding using foil applied to composite panels can be used to 
reduce the transient voltage levels on the wiring to below the damage threshold level of the equipment. The induced transient 
voltage levels may be assessed using analytical and/or measurement techniques. 

The lightning protection design of a modern jetliner is discussed, along with details of an airplane ground test used to validate the 
lightning protection design. Measured engine control wiring voltage and current responses are compared with calculated values 
obtained using an analytical/empirical computer model. 

1.0   PROTECTION OF ELECTRONIC SYSTEMS 

The design of lightning-induced voltage transient protection for avion- 
ics and electrical equipment is a multi-step process. First, the light- 
ning current threat waveform (amplitude and time history) that might 
strike the aircraft must be defined. There are currently two documents 
that detail test levels for aircraft lightning tests. These documents are 
the FAA Advisory Circular 20-53 and the SAE Committee AE1L re- 
port. The SAE AE4L report was released in 1978 and is accepted inter- 
nationally as a valid lightning test document. The work reported in 
this article is based upon a lightning stroke with a peak current of 200 
kA and a probable maximum rate of current rise of 2 x 10" A/sec (air- 
plane threat), as defined in Table II of FA A Advisory Circular 20-53. 

Note: The Advisory Circular is presently being revised (AC 20-53A) to 
use a peak rate of current rise of 1 x 10" A/sec and is consistent with 
the SAE AE4L document. 

Second, the airplane design is surveyed to identify airframe apertures 
where electromagnetic fields can be created by the lightning current 
flow. At the completion of the aperture survey, the voltages induced by 
a specified lightning strike in wires located in an idealized aperture 
are calculated. We say that the aperture is idealized because its geome- 
try, material properties, joint impedances, etc. are simplified to make 
the problem tractable. The voltages calculated, using the idealized 
model, are later modified by revising the model capacitances, induc- 
tances, and resistances to fit the measured data. Once this has been 
done for one wire across an aperture, there is enough assurance of the 
models' effect!vity that voltages induced in other wires across the aper- 
ture can be calculated. Apertuid analysis invol.es calculating the 
open-circuit voltage !V„) for a representative unshielded "ire crossing 
the aperture. Shielding effects due to aircraft and .oil *e considered 
before a final open-circuit voltage value is derived. Measured result« of 
aircraft with similar geometry and apertures are also used to help de- 
termine if the initial model provide* data that is in the right rangt. 
The contributions of all apertures along a wire run are added to give a 
total open-circuit voltage value. 

Third, the level* to which the internal wiring i* exposed are estab- 
lished. The actual voltage induced in wiring is controlled by one or 
more design techniques. The simplest is to route wiring away from the 
aperture. Also, the use of metallic material such a* aluminum foil or 
appropriately spaced bonding strap* can be used to electromagnet! 
cally close the aperture. The moat often used technique is to shield the 
wiring with conductive braid. 

Even though at this stage of development there have been no measure- 
ments taken to validate or update the model, comparative assessments 
of various protection schemes can be conducted at this time. Thus, a ba- 
seline design can be developed prior to the availability of an aircraft, 
but the system designers and wiring engineers must be made aware 
that changes may be required as a result of the model update. Because 
the baseline may be either overdesigned (overly complex, costly, or 
heavy) or underdesigned, the model update phase, using actual air- 
plane measured data, is very important (details of modeling methods 
are given in the reference). 

It is almost inevitable that there will be changes to the design as a 
result of the initial airplane test and resulting model update, espe- 
cially if critical control systems are involved. Wiring separation and 
system isolation are important considerations, and their specifications 
must be available to the protection system developer. The developer 
must also know the upset and damage voltage qualification levels of 
the electronic units; he or she may even influence the development of 
new specifications if systems trade studies (cost, weight, maintainabil- 
ity, etc.) show that this could be desirable. 

The final step is to verify the analytical model and the protection de- 
sign by testing the production airplane. When test time is limited and 
the aircraft is large, it may not be practical to locate the test item in a 
coaxial configuration to produce uniform current flow over the struc- 
ture. Also, the large sine of the airplane makes it difficult to test to the 
full threat level with respect to the peak current and maximum rate of 
rise. 

The approach is to configure the model with a ground plane and ana- 
lytically excite it with high current test pulse». This model is thus used 
to determine the responses that would be expected on the teat airpkne 
and the voltages expected on the wiring to the electronic units. 

For the airplane discussed, the teat current waveform* were chosen to 
be consistent with the 1978 SAE AF.4L report for oscillatory wave- 
form* Gl and G2. The Gl waveform is used to investigate resistive or 
diffusion flux effect*, and was conducted at 2.5 kHz with a peak cur- 
rant of 20,000 A. The G2 waveform is used to investigate aperture 
coupling. An oscillatory discharge of 160 kHz, with a peak current of 
20,000 A. has a maximum rate of current rise of 2 x 1010 A/*ec. 

The peak currents of the Gl and G2 waveform and the maximum rate 
of current rise of the G2 waveform are 1/10 full scale threat. The just i 
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fication for using these two waveforms to validate the lightning protec- 
tion is shown in Figure 1, where the spectrum of the test currents is 
compared with the spectrum of 1/10 the design threat; i.e., the Gl 
waveform simulates the lower frequencies of lightning and the G2 
waveform simulates the higher frequencies. 

separated locations on the engine; one to the bottom of the fan cowl, 
one to the engine core, and one to the electronics engine control (upper 
fan cowl). The fourth circuit monitored was the electrical throttle link 
between the cockpit and the electronic engine control. In the case of the 
throttle link, both primary and secondary (fifth circuit) wiring of the 
dual redundant system was measured for induced transients. 
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Figure 1. Gl G2 and 1/10 Severe Threat Frequency spectrum Comparison 

1.1   High Current Lightning Test 

Figure 2 shows the test setup. Current is driven into one wing of the 
aircraft by the current generators. The nacelle on the opposite wing is 
connected to the ground plane. This setup simulates the worst-case cur- 
rent path through the aircraft with respect to induced transients on 
the wiring of the struck engine. 

The voltage and current responses on selected wiring are monitored 
through a fiberoptic link. Both the response current and the drive cur- 
rent are recorded on the programmable digitizer. 

Five circuits between the fuselage and engine nacelle were selected to 
be monitored during the high current discharges. For convenience, it 
was desirable that at least one wire in each circuit be grounded in the 
nacelle. This allows measurement of open-circuit voltage or short- 
circuit current by proper termination at the fuselage end of the wire. 
Three circuits ran from the electronics bay in the fuselage to widely 

r 

w r^£ 

1.2   Comparison of High Current Test Results and Model 
Calculations 

The measured responses are shown on Tables 1 and 2 for the Gl and G2 
generators respectively. The responses on Table 1 were measured with 
a peak current very near 23 kA for all tests. The G2 peak current var- 
ied from 8.8 to 19.7 kA during the testing. All responses on Table 2 
have been linearly extrapolated to a peak current level of 19.25 kA for 
ease of comparison with the calculated data. On both tables, the maxi- 
mum response of all circuits is listed next to the calculated values. 
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Table 2 Circuit Responses to G2 (19.25 kA) aircraft Excitation 

Examples of the test date are compared with analytically derived 
waveforms from the computer model in Figures 3 through 6. 

Figures 3a and 3b show the voltage and current response waveforms 
respectively measured on the engine rpm wiring circuit, as a result of 
the test waveform 3c produced by the G2 Marx generator. Figures 4a 
and 4b show the voltage and current response waveforms predicted 
from the model for the threat waveform shown in Figure 4c. A similar 
set of measured and model waveforms for the Gl test waveform are 
shown in Figures 5 and 6. 

I 
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The measured response waveforms have a shape similar to the calcu- 
lated waveform, but of lower amplitude. 

1.3   Updated Model 

It is a goal to eliminate the expensive, time consuming pulse tests for 
protection design validation and to use the analytical/empirical model 
instead. The calculated responses are expected to be larger than the 
measured results because worst-case connector and bonding strap con- 
tact resistances are used in the model to account for production varia- 
tions and aging effects. Thus, this approach may be more realistic than 
pulse testing because it is not economically feasible to test a statisti- 
cally sufficient number of airplanes to account for the production and 
aging variations. 

Swept-CW tests were conducted concurrently with the pulse tests on 
the production aircraft. The swept-CW measurements were used to up- 
date the analytical model of the production airplane. Figure 7 shows 
the open-circuit voltage response for both the post-test model and the 
pretest model us the result of a lightning attachment of a severe 
stroke to the engine nacelle. The severe threat waveform is also shown 
for reference. 
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This waveform was derived by changing the ground test structure pa- 
rameters (L, C, radiation resistance) to the inflight parameters (analyt- 
ically derived) and loading the attachment points with the assumed 
threat impedance of 500 ohms. The approximately 2-MHz core wire 
resonance is close to the resonant frequency of the 600 V 1-MHz test 
waveform used to qualify the electrical equipment. 

2.0   CONCLUSIONS 

Extensive use of composite materials in structure and increased reli- 
ance on critical electrical/electronic controls reqvire a comprehensive 
effort to protect aircraft wiring and systems from the effects of 
lightning-induced transient voltages and currents. 

Lightning apertures on the aircraft were identified. Detailed analysis 
at each aperture calculated the voltages to be induced on signal wiring. 
Shielding, cable overbraid, bonding jumpers, and aluminum foil were 

used to provide the necessary levels of protection. Line replaceable 
units (electronic units) wsre designed and proof-tested to a specified 
voltage waveform. 

For the design described herein, the analytical model updated by swept 
CW measurements indicates a maximum lightning-induced transient 
of 220 V open circuit: Linear extrapolation of the pulse test measure- 
ments results in an open-circuit voltage of 78 V on a typical engine 
wire. The results of both methods show the transient voltages to be 
well below the 600-V equipment qualification requirement. 
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TIME-CONVOLUTED H0TSP0T TEMPERATURE FIELD ON A METAL SKIN DUE TO SUSTAINED ARC STROKE 

HEATING 

T.S. Lee  and W.Y. Su 

Institute of Technology,  University of Minnesota, Minneapolis, Minnesota SS455,  U.S.A. 

Abstract - For the heat-conduction problem of frontal arc strike on a metal skin, 
the response of hotspot temperature field to impulse heating was recently analyzed 
(Proc. 1984 International Aerospace & Ground Conference on Lightning & Static 
Electricity, p. 27-1). The results as developed apply whenever the arc dwell time 
is insignificant compared against relevant heat diffusion times. This last re- 
quirement is not met in many field and/or laboratory conditions. In this work, we 
extend the theory to the more general time-dependent source prescription by taking 
advantage of the system linearity and introducing a formulation based on time 
convolution. Integral formulas are formally derived and their utilization in 
practical arc-heating work is examined. The results have been applied to experi- 
ments on Titanium and Aluminum plates subjected to sustained heating due to step 
switch-on DC arc sources with reasonable agreements. 

INTRODUCTION 

By way of an initial-value problem, the 
diffusion in a finite plate of spark- 
stroke or pulsed-laser heating away from 
the surface strike region was analytically 
treated in a previous work [1], Formulated 
in the natural cylindrical geometry as 
shown in Fig. 1., the results apply to 
experimental situations in which the char- 
acteristic time of thermal conduction 
through the plate far exceeds that of the 
heat release. In essence, we regard the 
predicted temperature rise in the plate as 
a response to a total impulse excita- 
tion power of 6(t) calories/sec. This 
causal relationship, based on inherent 
system linearity, is illustrated in Fig. 2, 
with the corresponding unit impulse 
response given by 

h(r.B.t) - (f c*a2 )"1F(r,t)G(z,t) deg.c/cal.,U) 

where 

C(»,tM«^(.l)B.iac(aÄA)eo.(ft*S_)«p[-(aM_)2t) 

and 

alncx a airut/x 

In the particular case of hotspot  (r - 0, 
i  - 0), the result simplifies to 

r(r,t)-l -wp(. —f^)       (2a) 

In addition, if a "thin-disk" model (ß-»0) 
for the heating cell is used, we further 
have       __ 

G(«,t) - H2> (-l)nexp( -(SJ!J-_)2t] (2b) 

TIME-CONVOLUTED RESPONSE 

In many situations involving arc spot 
heating, the energy input is not instantan- 
eous. Rather, it may prolong over a scale 
of time on the same order of, or greater 
than, the characteristic heat conduction 
time through the plate. Under those circum- 
stances, the initial-value-problem approach 
is inadequate. In its place, an approach 
based on time convolution for prediction of 
temperature response to a time-dependent 
continuous heating is required. 

Consider in Fig. 3 the overall input- 
output relationship. If we denote by p(t), 
in cal./sec, the instantaneous input 
heating power starting at an initial t = 0 
instant,then the temperature response at a 
general field point in the plate is 

T(r,«,t) - p(t) • h(r,z,t) (3) 

where the symbol * stands for convolution 
integration [2]. Expressed explicitly, 
this is 

ft 
T(r,s,t) -   p(r)h(r,B,t-t)dt .    <«> 

'o 

An alternate form of this response is 

Vr.t.t) -  p(t-r)h(r,«,t )dC      (5) 
In 

'Consultant, Lightning & Transients Research Institute, St Paul, Minnesota 55113, U.S.A. 
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ARC HEATING 

The instantaneous input power p(t) 
arc heating may be written as 

P(t) 
v(t) i(t) 

for 

(6) 

In equation (6), i(t) is the instantaneous 
arc current. J is a constant linking 
heat unit to mechanical unit. For 
example, J = 4.17 Joule/Calorie. In stable 
operations of an electric arc, the voltage 
supply is typically insensitive to changes 
in current i(t). In the case of a cathode 
electrode heating, it is often practicable 
to regard the "cathode drop" voltage 
(typically 10 to 30 volts) as a quantity 
indicative of the level of power being 
introduced. However, in most high-current 
arc work situations, it is the metal 
evaporation on the front surface which 
accounts for most of the heating power 
available. Thus, being associated with heat 
conduction in the plate, the nominal 
voltage v(t) in equation (6) can 
conceivably be taken as a moderate fraction 
of the total cathode-drop voltage. 

CONSTANT ARC-CURRENT HEATING 

In applications where a constant- 
current I is turned on at an initial time, 
the nominal voltage v(t) may be regarded a 
constant, V. Consequently, 

p(t)=Fu(t)     , <">> 

where u(t) = unit step function 

P = VI/J , 

as illustrated in Fig. 4. 

By inserting equation (7) into equation 
(5>i  we have 

T(r,z,t) - P I  u(t-T)h(r,z,t )dt 
J  0 

- P (  h(r,z,T )dt 
J  n 

(8) 

Typical predictions using equation (1) or 
equation (2) and equation (8) are of a form 
illustrated in Fig. 5, in which the 
temperature T at any field point, is shown 
to approach its long-term asymptotic value 

T (r.z) - P   h(r,z,t )dt 
■       J  n 

(9) 

corresponding to an ultimate steady-state 
■tabilitation. 

COMPARISION WITH EXPERIMENTS 

Tc for 
shown in Fig. 
the  stroke 
observation. 

High-current DC power sources have been 
routinely used to provide sustained arc 
heating to metal plates (principally Al) at 
the Lightning and Transients Research 
Institute. Tne results obtained here have 
been found to predict the overall heating 
characteristics well. 

For a more systematic comparison, we 
use test data measured by Kofoid [3].In his 
experiments, the temperature attained at 
the backside of the test metal sheet was 
determined by the use of "Tempilaq" 
temperature-indicating coatings. (For 
details of the tests performed, the reader 
is referred to Reference 3.) The discharge 
currents ranged from 20 to 2900 A. For Ti 
and Al test sheets of selected thickness, 
the time it takes to reach a melting 
temperature of respectively 1320 degrees C 
and 620 degrees C is called critical 
temperature time and is denoted by Tc .In 
Table I, parameters pertinent to Ti and Al 
sheets, ona each, are listed. The current 
levels in successive tests are 160, '-'-0, 
800, 900, 1800, and 2800 Amperes for the 
0.225 cm Ti plate and 420, 480, 600, 710, 
900, 1100, 1450, 1900, and 2300 Amperes, 
respectively. The critical-temperate time 

each test is duely recorded and 
6. Reference 4 also discussed 
sizes based on  empirical 

It was recommended that for 
most arc work an average invariant current 
density Jo = I/Jta* of 50,000 A/cm* and 
17,000 - 36,000 A/cm* for Ti and Al 
respectively. In our use, we choose the 
value of 36,000 A/cm* for the Al plate. 

For theoretical prediction we have 
used equations (1-2) and (8) or the hot 
spot temperature based on a "thin-disk" 
source model. For each plate a suitable 
nominal voltage V is chosen to match the 
experimental results. In Figure 6, the 
prediction curves have been drawn, 
corresponding to V » 23 volts for Ti plate 
and V "  3.5 volts for Al plate used. 

It can be seen that the experimental 
and theoretical variations of T& with I are 
generally in reasonable agreement. The 
apparent disagreement for the lower current 
case (I - 160 A,Ti) can be attributed to 
the fixed choice of J, = 50000 A/cmx . This 
value is quite reliable for high currents. 
For a low arc current, it tends to 
underestimate the stroke size a. For the 
Aluminum plate, a rather small 3.5 volts 
for V appears to be necessary for 
simulation. This aspect may be attributed 
to the fact that the boiling temperature 
for Al is not too high. Before the backside 
temperature reaches melting at the hotspot, 
considerable heat may have gone into evapo- 
rating the surface metal in a total energy 
balance. Thus, the nominal power left for 
heat conduction P is accordingly reduced. 

CONCLUSION 

A time-convoluted heat-conduction 
theory has been presented for use when the 
source power for heating a metal plate is 
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sustained in time. Limited comparison with 
experimental data shows that, used 
judiciously, it can lead to reasonable 
agreement. 

Glossary of Symbols 

F 
G 
I 
J 
Jo 
K 

«S 
P 
T(r,z 
Tt 
T*<r, 
V 
a 
b 
c 
h(r ,z 
i(t) 
k 
p(t) 
r 
z 

fi 
f 

(1) 
(1) 

defined in eq. 
defined in eq. 
current level 
work-heat equivalence constant 
arc current density 
square root of thermal diffusity 

(k/pc)"* 
defined in eq. (1) 
power level 

,t)  temperature at field point 
critical-temperature time 

z)   asymptotic temperature, eq. (9) 
voltage level 
radial dimension of heating cell 
plate thickness 
specific heat 

,t)  impulse response 
current 
heat conductivity 
heating power 
radial coordinate 
axial coordinate 
heating cell depth 
mass density 
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Table I Parameters Related to Titanium and Aluminum 
Sheets Used in Tests 

Parameters 

mass 
(g/cm 

densi 
*) 

ty 

specific heat c 
(cal./g/ • C) 

heat conductivity k 
(cgs) 

Critical temperature T6 

Arc current density Jc 
(A/cm*) 

Thickness b 
(cm) 

Ti 

4.4 

0.16 

0.04 

1320 

50,000 

0.225 

Al 

2.7 

0.217 

0.504 

620 

36,000 

0.203 
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Fig. 3 - Input-output relationship governing 
the sustained heating of a finite plate. 
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Fig. k  - Heating power input for a. constant- 
current arc. 
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Fig. 5 - Temperature responce at a field point 
to constant-current arc heating. 
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RING DISCHARGE ON THE BACKSURFACE OF A COMPOSITE SKIN WITH OHMIC ANISOTROPY IN RESPONSE TO 

FRONTAL HIGH CURRENT INJECTION 

T.S. Lee and J.D. Robb* 

Institute of Technology,  University of Minnesota, Minneapolis,  Minnesota 55455,  U.S.A. 
*Lightning and Transients Research Institute, St.  Paul, Minnesota 55113,  U.S.A. 

Abstract - Backsurface discharge on a composite fuel tank skin under lightning 
strike conditions has been previously identified [Proc. 1984 Intern. Aerosp. and 
Ground Conf. on Lightning and Static Electricity, p. 32-1] as a potential hazard 
to aircraft independent of those investigated in the past. Whenever the stroke 
current exceeds a fixed level in amplitude, surface breakdown in the shape of a 
ring centered around the hotspot at a radial dimension on the order of that of the 
stroke becomes possible. 

Conventional composite skins contain impregnated fiberous layers, resulting in 
anisotropic electrical properties. In the present work we have investigated the 
influence of this anisotropy through a simplifying model using a longitudinal 
conductivity OJ (perpendicular to skin) and a separate transverse conductivity«^ 
(parallel to skin). It is demonstrated that the axially symmetric field can be 
dealt with by methods of the conventional potential theory (Laplace equation in 
governance) through a transformation of cylindrical coordinates in which the 
longitudinal length scale is expanded by a factor of («J/flfJ) . By centering 
attention on the region near the backsurface, we have reached two important 
conclusions: 

2. 

The current flow pattern contains a stagnation-dominated near-field 
region and a geometry-dominated far-field decaying region. Further 
more, such a pattern is unaltered by anisotropy in conductivity. The 
accompanying non-colinear electrical field pattern is markedly 
distorted, however. 

All conclusions concerning ignition hazard derived from the model of 
a uniform scalar conductivity for the skin previously examined remain 
intact. 

INTRODUCTION 

Carbon Reinforced Composites (CRC) are 
extensively employed in advanced aircraft 
structures. Their susceptibility to 
lightning strikes when used in fuel tank 
skins is of major concern. It has long been 
intimated that a lightning attachment to an 
unprotected CRC tank skin may cause 
internal sparking at fasteners and hot 
spots inside the tank with a peak 
temperature in excess of the autoignition 
temperature of the fuel vapor. In a recent 
work [1], hazard mechanisms based 
on combined mechanical - electrical 
considerations were suggested to account 
for observations in actual pulsed-arc tests 
of CRC skins. 

Actually, in the same work [1], quite 
apart from thermal and/or mechanical 
sources, a potential ignition hazard of a 
purely electric origin was identified, 
'tccording to this model mechanism, 
lightning current injection introduces 
electric field in the skin. With highly 
-esistive materials like graphite, current 
relaxation time is far smaller than the 
characteristic  time  of  the   current 

variation. In consequence, the electric 
field is largely ohmic and a quasistatic 
picture suffices. The f. aid on the exposed 
inner surface near the .-enter of symmetry 
is small at small radii due to current 
stagnation and small again at large radii 
due to radial current dispersion. Near an 
intermediate radius on the order of the 
lightning arc- dimension, this surface field 
peaks. With the inner surface exposed to a 
fuel-vapor mixture, a potential hazard 
exists when the local potential gradient on 
the surface exceeds its breakdown value. 
This corresponds to a situation in which 
the total lightning current rises above a 
certain minimum level with the result that 
the pattern of radial surface breakdown 
will be in the shape of a finite ring with 
a mean radius comparable to the stroke 
channel dimension. Figure 1 illustrates the 
topology of such a "ring discharge". 

Modern CRC skins utilize layers of 
impregnated fibers for strength 
reinforcement. As a result, material 
properties are significantly anisotropic, 
both mechanically and electrically. In Ref. 
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1, the hazard due to ring discharge on the 
back surface was treated on the assumption 
of uniform isotropic conductivity, g~ , 
throughout the skin. The degree of 
reasonableness of that assumption was not 
investigated. In this work, we shall 
reexamine the ring hazard problem by 
adopting a model of anisotropy in electric 
conductivity. Specifically, if we designate 
the direction in which current is injected 
as the longitudinal direction ( z ) and 
with it a conductivity value of 0^ . 
Concurrently, we allow a separate 
conductivity value of Cj , for transverse 
directions. Hence, a Cartesian 
conductivity matrix [ (T ] may be defined 
through 

where 

J =[<Tj- E (1) 

<r„ o o 
0  «J  0 

oo«l 

£ is the electric field and J, is the 
current density. The lightning current 
field has solenoidal symmetry. Thus, we 
readily relate the radial and the axial 
components of both J, and £ through (1) as 

%    °lfE 
, o °lJIE 

(2) 

in a cylindrical coordinate system. 
Implicit are a field structure and a 
current structure in the form 

E - E E z z 

r     2 

(3) 

(4) 

As vector  fields,  they are not  locally 
colinear. 

3v 

3v 
37 

Equation (9) transforms (7) into 

(9) 

J j*  r »>■  • 
1 2v 
Sr T„ -) j?-o (10) 

COORDINATE TRANSFORMATION 

Equation (10) is a linear, homogenious, 
second-order, partial differential equation 
governing V. Its solution may be 
facilitated by replacing the system of 
cylindrical coordinates i r, $ , z) with 
a new system of cylindrical coordinates 
( R,$ , Z). Specifically, we use 

R = r 

$ * f 
Z i *ii/  °2 >'/az 

(11) 

in effect contracting the  longitudinal 
length scale. At the same time, if we write 

V(r,z) 3 V(R,Z), 

equation (10) becomes 

f\  = 0 (12) 

where V*is a Laplacian operator in the new 
coordinate  system.  solutions to  this 
Laplace equation are better documented and 
known than those to (10). 

EQUATIONS 

The charge conservation law as applied 
to a quasistatic field is 

7- J -0 (5) 

which imposes the divergence-free 
constraint on J, . In view of (4), this 
equation is equivalent to 

By (2), we have 

(6) 

<7> 

At this point, let us introduce a scalar 
electric potential v (r,i) such that 

-TV 

SOLUTION  DESCRIBING CURRENT  FIELD  NEAR 
BACKSURFACE 

1.  Nearfield:  - Field in the current- 
stagnation region (r << a). 
Equation (12) has the special solution 

TKa.Z) -s[(irV2)-z2]+p (13) 

(8) 

where S aid P are constants.  By (11), this 
is 

V(r.*) -s[(r2/2)-(<T7,/<ri)*2] +P     (14) 

In correspondence, (2) and (9) help yield 

E - - SP 

E - 2S(«n/«l)B 
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*- (15) 
Jr - - S«^r 

Jz - 2S <3J z 

In Fig. 2(a), constant v" curves are 
hyperbolas in the new (R,Z) coordinates. 
The corresponding constant V curves are 
also hyperbolas, when plotted in the 
physical coordinates (r,z). These are now 
shown in Fig. 2(b), in which we have also 
shown the £ fluxlines as dotted curves and 
the I fluxlines as solid curves. The non- 
colinearity between E, and £ fluxes are 
readily apparent. 

In Ref. 1, we constructed the current 
field for the case of an isotropic 
conductivity, out of an analogy with the 
fluid velocity field for an axially 
symmetric steady incompressible stagnation 
flow. In the present case, no convenient 
analogy is apparent. Nevertheless, an 
examination of (15) reveals that 

Jr( 0, z )  - 0 

V r, 0 ) - 0 

satisfying precisely the kinds of boundary 
conditions required of a stagnation flow. 
Hence, the choice of the particular 
solution (13) or (14) for representation is 
justified. 

The constant S used in (13)-(15) may be 
judiciously estimated by the following 
scheme: The current injection takes place 
over an effective area of Tta* on the 
outer surface at an elevation of z = b. We 
identify Jt(o,b) with the mean injection 
density, i.e., 

Jz( 0, b ) - - 1/n.a2 

which, by (15), determines 

I/Sria^b 17, 

resulting in 

Er - Ir/2 7ia2b<JTi 
\ - - Iz/»i»2b«I 
J   - Ir/2a»2b 
Jz - - Iz/aa'b 

z 

V - - 2 Jib«« 

where q  is  a constant. 

lnr + n 

The field strength on the backsurface 
is given by Er (r,o). Its characterizations 
in the near field and the far field are now 
in hand, in (16) and (17), respectively. To 
appreciate the overall distribution, we 
have sketched these in Figure 3. Peaking of 
the field strength occurs near r = a at a 
magnitude on the order of I/2Tt.abC|i . If 
the breakdown strength of the contiguous 
fuel vapor is Ej, , then there is a critical 
current level 

2n.a.b<J^ S (18) 

(16) 

above which a hazard by way of ring-shaped 
surface discharge must definitely be 
reckoned with. To obtain a nominal value 
for It under operating conditions, let us 
assume that the aircraft is at an altitude 
of 30,000 ft., for which we use Ee 
approximately equal to 6 KV/cm. For a 
painted skin of thickness b ^i 1mm, the 
typical stroke size is on the order of 
a=l mm. Equation (18), thereupon, gives 
It*80 kamps, a value within the experiences 
of natural lightning phenomena. 

Discussions 

1. The model is based on the assumption 
that the lightning current I(t) is 
specified a priori, as, for example, 
may be provided by an idealized 
current source. 

2. As seen in (16) and (17), the current 
field distribution is unaffected by 
anisotropy in resistivity. The 
corresponding electric field is 
markedly distorted, however. 

3. The constants P in (13) and qin(17) 
are immaterial to immediate 
discussions. However, they are meant 
to be chosen in such a way as to lead 
to mutual compatibility in global 
mapping. 

Conclusions 

2. Far field in the skin (r >> a). 

In this limit, the physical expectation 
is that the injected current will be 
conducted radially away. The cross-skin 
flow will cease and the radial conduction 
will be uniform. Thus, at larger r, we have 

Jr - l/2x.te 
j . o 

sr - iAnbflJr (17) 

The backside discharge hazard to a CRC 
fuel tank skin under lightning strike 
conditions has been investigated for a 
model utilizing anisotropy in resistivity. 
Whenever the instantaneous current exceeds 
a fixed amplitude, surface discharge in the 
form of a ring centered around the hot spot 
with a dimension on the order of that of 
the stroke is expected to occur. The skin 
curent distribution is independent of 
resistive anisotropy. 

Conclusions on global backsurface field 
strength drawn from previous work on an 
isotropic  model are unchanged by  the 
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introduction of anisotropic resistivity. 
The surface field pattern depends for 
quantitative evaluation on the strike 
current, the skin thickness, the stroke 
size and the transverse conductivity only. 

The new hazard mechanism of backsurface 
ring discharge is totally separated from 
hazard mechanisms based on thermal- 
conductions, mechanical, fastener-sparking, 
or, ohmic-heating concepts which have been 
advanced and investigated in the past. It 
may exist in combination with one or more 
of those named in a realistic lightning 
strike situation. Depending on the stroke 
characteristics, the electrical, mechanic- 
al, and thermal properties as well as the 
thickness of the skin, its relative effect 
could well prove significant in specific 
hazard situations. 
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Figure 1. Ring Discharge. 

(a) Lightning-Arc Current Injection, b is the skin thickness 
and a is an effective radius of the frontal stroke. 

(b) Hazard Band on Backside of Skin in Which the Surface Is 
Vulnerable to Local Gaseous Breakdown. 
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Figure 2. Axlally Symmetric Stagnation Current Flow Field. 

(a) Constant Potential f n rfaces Displayed in the Plane 
with Contracted Vertical Coordinate. 

(b) Potential Current Flow In the Physical Coordinate 
Plane( 4f/Q>J}:  - - - - constant V surfacesi 
• electric flux llnesi    current 
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i 

Figure 3. Radial Variation of Back Surface Field Strength. Indicated 
Hazard Band Corresponds to the Range of Radii over Which 
this Field Strength Exceeds Local Breakdown Threshold. 
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ABSTRACT 

The paper gives the results of a programm performed under contract to the German 

Ministry of Defence by German Aerospace Companies. (Messerschmitt-Bölkow-Blohm GmbH, 

Cornier GmbH, Industrieanlagen - Betriebsgesellschaft mbH and the Institute of Plasma- 

physik, UNI-Hannover). 

It covers surface lightning protection systems and electrical bonding measures for 

carbonfiber - reinforced composites (CFC) structures. 

Furthermore, the influence of humidity on CFC (solid- and sandwichplates) by lightning 

strike has been investigated. Only direct effects, that means influences on the struc- 

ture itself, have been considered. 

As protective materials aluminum mesh and aluminum mesh with a dielectric material 

(Kevlar-fabric) have been regarded. In the test rig at the Institute of Plasmaphysik 

(University of Hannover) specimens with the above mentioned protective materials were 

tested. The different types of specimens were loaded with simulated lightning dis- 

charges : 

- Solid CFC-plates (1 mm) protected with aluminum mesh/ Kevlar-fabric 

- Electrical  bonding test specimens composed of a solid CFC-plate with/without metal 

protection system and CFC-substructure 

- Solid CFC-plates and sandwich-plates with different >;ore materials (aluminum and 

Nomex) with a height of 10 mm and 50 mm and the effects of the influences of humid- 

ity in these specimens have been investigated, tested and evaluated. 

In a further step electrical bonding test specimens composed of a solid CFC-plate with 

different structure parameters have been investigated, tested and evaluated. 

Lightning discharges applied to the specimens were: 

100 kA (0.25 . 106 A2s), 200 kA (0.6 . 106 A2s), 

200 kA (2.0  . 106 AZs). 

Test results will  be presented with the aid of damage diagrams, showing specimens 

type, applied actual electrical discharge, residual strength, test number and damaged 

area on protection system, electrical bonding measures on composite strjcture. 
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1 " ÜIROIWCTION 

CFC structures for secondary and primary air- 

craft components will be increasingly used 

at present and in future. These parts are 

mainly located on the surface of the air- 

craft and, therefore, may possibly be struck 

by lightning, depending on where they are 

located on the aircraft. 

Basically, such a lightning strike can have 

two different influences on the aircraft: 

Il§£!li£il_k°Hllin2_i£ii_i£i£im.e.n._*!i.tJ! 
CFC-substructure 

The aim of the investigation was to 

find a difference between titanium- 

screws and blind-rivets as well as wet 

or dry assembled to divert the current 

from the protection into the CFC-sub- 

structure. For the electrical bonding 

several designs were selected, of 

which the following types shall be 

demonstrated (see Fig. 2 and 3) 

i 

indirect effect caused by electromagnetic 

fields introduced in cables and electronic 

equipment and direct effects on the struc- 

tural component itself. In the following 

paper discussions will be limited to direct 

effects. 

bonding type ° titanium screws 

(Fig.   2) 

°  bl ind-ri vets (Stainless 

(Fig.   3) Steel) 

- assembly type  ° wet 
0 dry 

11 " SPECiMEN_GEOMETRY_AND_MANUFACTyRI_NG 

(*) " Sol|d_CFC-2lates_Xl_mm) 

The dimensions of the solid plai.es 

(Fig. 1) are 400 x 400 x 1,3 mm. These 

plates are composed of a CFC-structure 

coated with protection system aluminum 

mesh (100 g/m ) and Kevlar-fahric 

(Interglas No. 98 605). 

The aluminum mesh and Kevlar-fabric 

were laid up on wet CFC-prepreg and 

cured in one-shot at 175 °C. 

-JOICIRCuiARI 

.^r THIS ARE* 
WITHOUT 
PANT 

7T 

- protection     ° aluminum-mesh 

° no protection 

The dimensions of the electrical bond- 

ing test specimens are 402 x 200 x 

3,1 mm and it is composed of a CFC- 

structure either coated with aluminum- 

mesh or not. The CFC-structures 

(plates) were drilled, countersunk, 

screwed and riveted with the CFC-sub- 

structure (overlap-joint, C-profile). 

NONCONDUCTlvE PAINT 
ALUMINUM MESH /   KEtfiAR- FABRIC 

Fig. 1 Dimension of solid C'C specimen Fig. 2 Bonding type titanium screws 
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\ 

r 1*1® 

2 
/ y 

S3 r—n \ 

Fig. 3 Bonding type blind-rivets 

00 " §2JJ.d_CFC::£l.ates_and_sandwj.chj:£].ates 

The aim was to investigate the effects 

of the influences of humidity of the 

damage area in the CFC-structure after 

simulated lightning strike. The dimen- 

sions of the solid plates are 400 x 

400 x 1 and 3 mm. The plates are com- 

posed of a CFC-structure coated with 

the protection systems aluminum mesh 

and aluminum me^li with Kevlar-fabric 

(similar Fig. 1). 

The dimensions of the sandwich-plates 

are 400 x 400 mm with a cort thickness 

of 10 mm and 50 mm. The different core 

materials (aluminum and Nomex) were 

cut and bonded with CFC-facings (thick- 

ness 1,0 mm) by a high temperature 

adhesive film cured at 175 °C 

(Fig. 4). 

All sandwich-plates were coated with 

the protection systems aluminum mesh 

and aluminum mesh with Kevlar fabric 

on both facings. 

THIS AREA 
WITHOUT 
PAINT 

SPLICE FM41 
ALUMINUM MESH / KEVLAR -FABRIC 

Fig. 4 Dimension of CFC sandwich 
specimen 

00 ' Electrical bonding test specimen with 

<li!f§I£Hi_£iIMc..tHIe._£iIi!!!£ie.Ii 

The aim was to find a solution to 

divert the current through the overlap 

joints. The following 4 types shall be 

demonstrated (see fig. 5, 6, 7, 8). 

bonding type 

bonding type 

bonding type 

bonding type 

0 CFC-CFC without 

intermediate insu- 

lating layer 

0 CFC-A1 with inter- 

mediate insulating 

layer GFRP + Seal- 

ing 

0 CFC-A1 with inter- 

mediate insulating 

layer GFRP, Seal- 

ing + liquid shim 

0 CFC-CFC with 

intermediate insu- 

lating layer Seal- 

ing PR 1403G 
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■p—i' ••'<cr~Ki' < #*' << ((rf'< ■ v<?*—* 

7 CONDUCTIVE   SEALING 
8 NONCONDUCTIVE  SEALING 

Fig. 5 CFC-CFC without intermediate 
insulating layer 

12 SEALING PR1403G 
13 GFRP  -   LAYER 
U      ALUMINUM 

7 CONDUCTIVE   SEALING 
8 NONCONDUCTIVE  SEALING 

Fig. 6 CFC-A1  with  intermediate insu- 
lating layer GFRP + sealing 

The dimensionsof the electrical bond- 

ing specimen are 403 x 200 x 3 mm and 

it is composed of ? CFC-structure 

coated either with aluminum mesh and 

Kevlar fabric or not. The CFC-plates 

were drilled and countersunk and 

screwed with titanium-bolts 

(0 5 mm). For the gapsealing conduc- 

tive as well as nonconductive sealing 

were used. At these electrical bonding 

specimens the residual strength after 

lightning strike were investigated. 

All specimens were painted with a non- 

conductive polyurethane paint. 

The peripheries of all solid plates 

and sandwich-plates were freed from 

paint and adhesive (electrically con- 

ductive area to the testframe). 

For the manufacturing of the CFC-struc- 

ture prepreg, Fibredux 914C/T300 Ciba- 

Geigy was used. The CFC-structure was 

the same for all specimens 

(0/9C/+45/-45)s.n. 

If1-- 
¥■   .i >.V .it ■ >Jt 

12 IIAIIIC  PI140JC 

I] crir ■ LATH 
I« ALUHIIVM 
IS LIQUID SUM 

7 COIDUCTI«! SIALIIC 

■ nOBCOIDSCTI*! MALIK 

Fig. 7 CFC-A1 with  intermediate  insu- 
lating layer GFRP, Sealing + 
liquid shim 

<—i'■>' "TT""P rf''">i* — 

t crc 

II   IUIIM   PilAOlC 

I   COBMCT1II   3IAL1IC 

■   ■OICDItUCTKI   IU11K 

Fig. 8 CFC-CFC with intermediate insu- 
lating layer Sealing PR 1403G 

111 - IISI_FACRiTY_AT_THE_yNlVERSnY 

HANNOVER 

The current facility (Fig. 9) enables 

simulation of the components of the 

stroke current of a natural lightning 

discharge. The source 1s set up to 

generate pulses from 10 to 200 kA at a 

imum  action  Integral  jl  . dt ■ max 
,6,2 bank 2.5 x i0 A s. The capacitor 

consists of 96 capacitors (4.6 pF 

each) arranged In couples connected in 

series. There are 4 sections which can 

be electrically separated from one 

another, each section consisting of 12 

groups. One of the sections can be sub- 

divided into any number of groups from 

1 to 12. The peak current is switched 

by means of an encapsulated central 

spark gap,  the operating voltage of 
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which is controlled over a wide range 

of variation of the gas pressure. More- 

over, the damping of the shock circuit 

can be influenced by changing the num- 

ber of coaxial conductor cables (a 

maximum of 15) between the capacitor 

bank and the work table. Thus the set 

up can be used for a large field of 

parameters. 

■ £oniiHäiHä_£är_i£i!i_f icj.i.iiy_ 

As soon as the discharge initiated by 

the current pulse impinges upon the 

test specimen, a second circuit is 

closed which provides a current of 100 

to 500 A drawn from 120 car batteries 

at a total voltage of 1440 V. The cur- 

rent and its duration, i.e. the amount 

of charge, can be predetermined by 

using appropriate series resistors 

(24 x 6.05 Q) and a timer (25 ms to 

6 s). A current of 500 A is still 

obtained with extended  test samples 

having a higher resistance (maximum 

1 0). 

In order to definitely avoid interrup- 

tion of the current during this phase 

of the discharge - usually the arc 

lengths are 50 mm - a low resistance 

air coil of 20,5 mH has been inserted 

in the circuit. The inductive voltage 

will sustain the arc. Since there may 

be 50 kV between the test specimen and 

the electrode opposite to it, the car 

battery assembly has to be protected 

against the high voltage pulse. The 

protective device is a two-stage LC 

filtering network which acts as a volt- 

age divider at the frequency of the 

shock discharge. Additional protection 

is provided by the low pressure protec- 

tion gap having a triggering voltage 

200 V above the battery voltage. 

00*4 S*'Stmt—t* 

tr ■■14 s4 In 

Fig. 9 Circuit of the lightning simulation 

faci1ity 

■ £i££iI2de^_aJjen^j^ns_of_test 
specimen 

The electrode can be pointed toward 

any region of the test specimen, thus 

permitting several loads for a given 

specimen. 

The electrode is a tungsten rod (10 mm 

diameter) held in a brass receptacle. 

The bottom end of the electrode is 

tipped by an insulating sphere made of 

Araldite. Thus the current will flow 

from an electrode surface perpendicu- 

lar to the surface of the specimen, 

and the plasma jet emanating from the 

electrode (containing electrode mate- 

rial) will not hit the specimen and 

affect the visual appearance of 

damage. In order to facilitate break- 

down, a carbon fiber protruding from 

the electrode is used which ends about 

10 mm above the sample. 

The maximum dimension of the specimen 

is limited by the size of the test 

room nd its doors. The entrance has a 

height of 1.95 m and a width of 

2.35 m. The test room will accommodate 

lengths up to 9 a. Objects up to 

2.65 m x 2.55 m x 6 m may be tested on 

an adjacent platform which can be 

locked up. For still larger objects, 

outdoors tests can be arranged. 
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" Measuring technique 

In the experiments the peak current is 

measured as a function of time using a 

calibrated Rogowski coil including a 

calibrated integrating unit. In addi- 

tion, the continuing current is meas- 

ured using a insulated amplifier and a 

digital recorder. The data are then 

fed into a desk computer for calcula- 

tion of the action integral, the peak 

current, the rate of rise of current 

from 0 % to 90 % of the pulse ampli- 

tude, the amount of charge and the 

average of the continuing current. The 

curve can be displayed on an oscillo- 

scope screen. 

Iv " PERFORMANCE TEST 

The tests were carried in following 

phases: 

Test 

specimen type 

Phase 1: 

200 kA peak oj"-ent, (7) (?) (C) (Ö) 
2 . loV 
integral 

i     .  106A2S  :> fifiP 

Phase 2: 

200 kA peak current, (A) (B) 

0,6 . 106A2s 

action integral 

Phase 4: 

100 kA peak current, 

0.25 . 106AZs 

action integral 

© 

The solid plates and the sandwich 

plates were loaded several times per 

specimen. The electrical bonding speci- 

men was loaded in the center of the 

specimen. 

The specimen was stretched in a rectan- 

gular frame, so that a good electrical 

contact about the four edges from the 

solid plates and sandwich plates was 

guaranteed. For the connecticn of the 

electrical bonding specimen at the 

test frame, brass frames were used. 

Because of the large number of tests, 

a small selection of test results is 

presented. 

v " RESULTS OF LIGHTNING TESTS 

- Genera^ 

Test results are shown in damage dia- 

grams. In the top of these diagrams 

the intended actual loading of the 

specimen is given. On the left-hand 

side of the diagrams the information 

about the damage area classification 

(in width and depth) with respect to 

protection system and CFC-structure is 

shown. From the right-hand side of 

these diagrams remarks on the abbrevia- 

tions used and information about used 

materials can be taken. On the bottom 

of the diagrams the relationship 

between test number and specimen type 

can be seen. 

(*) " Solid.CFC.-platesJl mm) 

The test results (Fig. 10) with the 

solid CFC-plates of 1 mm protected 

with aluminum mesh and Kevlar-fabric 

shows that the CFC-structure could be 

effectively protected by the insula- 

t.ng layer Kevlar-fabric between CFC- 

structure and aluminum mesh. 

Furthermore, the Kevlar-fabric-layer 

prevents the contact corrosion between 

CFC and aluminum mesh. 
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DAMAGE 

DAMAGS IN 

SIRUCTURF. 

KEVLAR-FABRIC 

DAMAGQ) 

PROTOTtON- 

SKSTBI 

CFC   -   STRUOTURK 

PROTECTION 

2.1 0.27 

O 

n 
© © © © 

PEAK CURRENT 

ACT.INT. IO'A'S 

© 

Fig. 10 Lightning test results of solid plates (1 mm) protected with 
aluminum mesh and Kevlar-fabric compared with aluminum mesh 
protected and non-protected CFC-structure 

Electrical bonding test specimen 

with CFC-substructure 

Electrical resistance measurements 

The test results (Fig. 11) show that 

the protection system aluminum mesh 

has only a little influence on the 

electrical resistance measurements 

and that the dry assembled rivets 

are better then wet assembled. The 

measurement results of the specimen 

types Ti-screws are the same, 

whether dry or wet assembled. 

The electrical resistances R have 

been determined by the measurement 

of voltage drop at a constant cur- 

rent of- 10 A. 

o lightning strike test results 

A lot of electrical bonding speci- 

mens consisting of 3 mm thick CFC 

solid plates covered/noncovered with 

protection system and bonded via 

bolts to the CFC substructure were 

tested. 
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Fig. 11 Electrical resistance R in mö 

The design of the specimen type with 

titanium screws (wet or dry assem- 

bled) successfully passed all tests 

ZOO kA, 2 . 106A2s; 200 kA, 

0.6 . 106A2s (see Fig. 12 

and 13). 

The design of the specimen type with 

blind rivets (wet or dry assembled) 
was not satisfying (see Fig.  14 

and 15). 
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All specimen types with blind 

rivets, which were loaded with 

200 kA, 2 . 106A2s, were 

damaged. Only the specimen type with 

9 blind rivets in row passed success- 

fully     the     test     200 kA, 
c   o 

The     lightning 0.6 . 106A2s. 

strike test results were given in 

Fig. 16. 

Fig. 12 Specimen type with titanium 
screws. 9 bolts In row 

Fig. 13 Specimen type with titanium 
screws, 4 bolts in row 

Fig. 15 Specimen type with blind 
rivets, 4 rivets in row 

Fig. 16 Lightning test results of 

electrical bonding specimens 

\CJ  - Solid^FC;£lates_and_sandvdch-£2»tes 

0 Moisture pick-up of CFC-plates 

The ag ing was carried out to 

ACOTEG-proposal chap. 5.1 (pre- 

drying) The CFC-plate moisture 

pick-up is shown in Fig. 17 

and 18. 
I 

Fig. 14 Specimen type with blind 
rivets, 9 rivets in row 

5 10 
TIME VT — 

Hg. 17 Moisture pick-up of CFC-piate 
1 mm 
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TIME  VT —■- 

Fig. 18 Moisture pick-up of CFC-plate 
3 mm 

Moisture pick-up of sandwich-plates 

The ag ing was carried out to 

ACOTEG-proposal chap. 5.1 (pre- 

drying) . The sandwich-plate 

moisture pick-up is shown in 

Fig. 19 and 20. 

TIME VT —. 

Fig. 19 Moisture pick-up of sandwich- 
plates with 10 mm core 

TIME VT" — 

Fig. 20 Moisture pick-up of sandwich- 
plates with 50 mm core 

The ag ing procedure was 70 °C/95 X 
RH. One of the specimens included 

normal humidity (laboratory) 

° Lightning strike test results 

Solid CFC-plates 

Test results with the solid CFC- 

plates demonstrated that there is no 

significant increase in damage area 

of the CFC-structure when the speci- 

mens have been aged (Fig. 21 

and 22). 

Hence it follows that it is not 

necessary for lightning strike test 

to use aged specimens. 

Fig. 21 CFC-solId plate protected with 
CFC/Kev1 ar-fabrie/aluminum 

mesh 208 kA, 1.9 . 106A2s 

.us tmsan- 
_a_ 

jat-n: UBL! 

_ffl_ JL. 

im. '«* i 

Is 

Fig. 22 Lightning test results of solid 

CFC-plates 

1 
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Lightning strike test results 

Sandwich-plates 

The test results of sandwich speci- 

men with CFC-facings and aluminum or 

Nomex core material (10 mm + 50 mm) 

can be obtained in detail from 

Fig. 25. The diagram shows the 

results for sandwich plates in dry 

and wet conditions. 

In summary the conditioned sandwich- 

plates show less or same damages 

after lightning strike than noncondi- 

tioned plates. 

The aluminum honeycomb were in both 

cases damaged (crashed). The Nomex 

honeycomb (10 mm) in dry conditions 

have been heavily damaged. The rea- 

son is that the Nomex honeycomb in 

wet conditions are likely more flexi- 

ble. The damage at protected sand- 

wich plates with 50 mm core height 

were smaller after lightning strike 

than sandwich plates without protec- 

tion (Fig. 23 and 24). 

Fig. 23 Sandwich plate with 50 mm 

aluminum core, protected 

Fig. 24 Sandwich plate with 50 mm 

aluminum core, unprotected 

00 " £l££tii£il_k2n^infl_i£ii_ifii£i!!!ii!_!*ii!i 
different structure parameters 

0 Lightning strike test results 

A lot of electrical bonding specimen 

consisting of 3 mm thick CFC solid 

plates covered/noncovered with pro- 

tection system and providedwith dif- 

ferent structure parameters 

- conductive sealing in  the  gap 

(current transfer improvement via 

conductive sealing in opposite to 

nonconductive sealing) 

- insulating materials between Alu- 

mirum-CFC- and CFC-CFC-connections 
(influence of current transfer pro- 
perties) 

• liquid shim and sealing between 

Aluminum-CFC connections 

(influence of current transfer pro- 

perties) 

were tested. 
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1 

CONDITIONS NON AGED NON AGED NON AGED NON AGED 

PEAK CURRENT  KA 203 200 200 201 203 200 205 200 

ACT.INT. 106 A2s 1.8 ' .» ' .8 ' .» 1 .8 1 .» 1.8 1 J 

DAMAGE IN 

CFC-STRUCTURE 

FAILURE 

DAMAGE IN 

HONEYCOMB 

NO DAMAGE 

\ 

I 
■ 

Z 7/ 
V,   v,. 
2   '/, i i i ¥, 

HONEYCOMB NOHF.X 10», ALU 10«» NONEX 50M ALU S0M 

PROTECTION © © © © © ® © © ©® © © © © © © 
© ALU-MESH NITH KEVLAR FABRIC 

©ALU.MESH KITHOUT KEVLAH-FABRIC 

BY 100«A ;  0,3 10* A2» 

THE DAMAGES ARE SMALLER 

Fig. 25 Lightning test results of sandwich plates 

In all cases the CFC-skin (1.5 mm) was not damaged. 

In addition to the lightning strike 

test  the specimen residual tensile 

strength of the specimens was deter- 

mined. 

The test results of electrical bonding 

specimens were given in Fig. 28. 

By using insulating material in the 

connection area vhe influence of the 

current transfer was insignificant. 

An Influence by using liquid shim in 

the connection area was not detectable 

(Fig. 26 and 27). 

All specimen types wera loaded with 

200 kA, 2 loVs. 

In summary the protection system 

(aluminum mesh and Kevlar) protected 

the CFC-structure effectively against 

lightning strike. 

By using conductive sealings In the 

gap the damage In the connection area 

of protected specimen wa* Insigni- 

ficant. 

A current transfer Improvement by 

using conductive sealings In unpro- 

tected specimens were not detected. 
Fig. 26 Electrical bonding specimen, 

protected 
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, 

Fig. 27 Electrical bonding specimen, 

unprotected 

.1       I-ONIIIK'TIVK   SKAUNC lMi   .,„„„,.        mk« }   .   NO  VM.I1K 

b       NONC'UNMKTIVIS   .SKAl.lNti fl'dl   «pprt», 1,1   lO6   »'» 

Fig. 28 Lightning test results and residual strength of electrical bonding 

specimens 

VI - SUMMARY 

These tests have demonstrated 

" that the CFC-structures by using aluminum 

mesh jnd Kevlar-fabric (insulating layer 

between CFC and aluminum mesh) could be 

effectively protected against lightning 

strike (200 kA, 2 loVs), 

0 that conditioned CFC-plates and sandwich- 

plates show less or same damages after 

lightning strike than nonconditioned 

plates. 

that the design of the specimen type with 

titanium screws (wet or dry assembled) 

successfully  passed all  tests  (200 kA, 

loVs and 

106A2«), 

200 kA, 0.6 

that by using insulating material in the 

connection area the influence of the cur- 

rent transfer was insignificant and an 

influence by using liquid shim In the con- 

nection area was not detectable. 

° that all specimen types with few blind 

rivets in row (<4), which were loaded with 

200 kA, 2 . 106A*s    were    heavily 

damaged. 
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LIGHTNING STROKE TESTS AT THE CFRP HORIZONTAL STABILIZER OF ALPHA JET 

Th. Thiele and G. Boes* 

Dorrder GmbH, Postfach 14 20, D-7990 Friedrichshafen, F.B.G. 
Institut für Plasmaphysik der Universität Hannover, Callinstr.  38, D-S0O0 Hannover, F.R.G. 

Abstract - The horizontal stabilizer of the Alpha Jet is the first gentian horizontal 
stabilizer made of CFRP. 

A special lightning protection system was developed because of the difference in elec- 
trical behaviour of CFRP and metal. This system and the compliance test are described 
in this paper. 

I - INTRODUCTION 

Between 1974 and 1981, a horizontal stabili- 
zer, made of CFRP, was developed and built 
for the weapon system Alpha Jet. The project 
was promoted by the German Federal Ministry 
of Defense (BMVg). See fig. 1. 

In addition to the static and dynamic tests 
destined to prove the sufficiency of the 
structural design BWB-ML (the flight appro- 
val authority of the BMVg) required the 
proof of a sufficient protection against 
lightning stroke of the horizontal stabili- 
zer. 

't had to be demonstrated that the aircraft 
can terminate its flight safely on the 
nearest airport after having been struck by 
lightning. Apart from the compliance test 
for the flight approval, further tests were 
carried out to gain knowledge of the light- 
ning stroke behaviour of the various compo- 
nents and material types. 

The tests were performed in cooperation with 
the Institute for Plasma Physics of the Uni- 
versity in Hanover. 

II - CASE HISTORY 

The left half of the CFRP horizontal stabi- 
lizer, which had already undergone the com- 
pliance tests, was available for the light- 
ning tests. Fig. 2 gives a general view of 
the performed compliance tests. 

As opposed to the protective system des- 
cribed in chapter 4, the horizontal stabi- 
lizer, used to perform the compliance tests, 
was not equipped with the lightning protec- 
tion system on the spar box. The reason was 
to avoid that the strain gauge recording 
was influenced by the Al-mesh during compli- 
ance tests. 

For the ligthning tests the Al-mesh protec- 
tive system was added to the upper and lower 
sides of the spar box. Cr.mperative microcuts 
showed that there was no decisive difference 
between the protective system fixed with co- 
curing process and the sutsequently fixed 
protective system with respect to the elec- 
tric contact between carbon fibres and alu- 
minium wire. The fracture of the spar box 
was covered with the later attached protec- 
tive system so as to obtain original condi- 
tions with regard to the protective system. 
The broken leading edge section with the 
available protection system was covered with 
Al-mesh over a large area. A non-conductive 
resin system curing at room temperature was 
used for bonding. To simulate the fuselage 
rear section an Al-plate of the same thick- 
ness was attached to the horizontal stabi- 
lizer at the original distance. 

Ill - DESCRIPTION OF THE COMPONENT 

The CFRP hor.zontal stabilizer is identical 
with the series horizontal stabilizer made 
of metal with regard to geometry, profile 
and bearing points. 

Main components of the horizontal stabilizer 
are (fig. 3) : 

o  1  spar box 
o  2 leading edge sections with 

integrated ribs 
o  2 trailing edge sections with 

integrated ribs 
o  2 stabilizer tips 

The spar box consists of 2 U-shells and 11 
ribs. The }_oad transfer ribs are made of ti- 
tanium, the two end ribs of aluminum. The 
U-shells and the other ribs are manufactured 
from CFRP-UD material. 
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For the panelling of the leading edge sec- 
tions a hybrid of GFRP and CFRP fabrics was 
selected as a stone impact protection. The 
integrated ribs consists of CFRP fabric ex- 
cept for the end rib which is made from alu- 
minum. The trailing edge section with the 
integrated ribs is made of CFRP fabric ex- 
cept for the aluminum end rib and trailing 
edge. 

The stabilizer tips correspond to the series 
stabilizer tips and consists of GFRP fabrics 
with 2 aluminum ribs. 

IV - LIGHTNING PROTECTIQ? SYSTEM OF THE 
CFRP HORIZONTAL STALILIZER 

The lightning protection system of the CFRP 
horizontal stabilizer (fig. 4) comprises: 

a. surface protection for the leading edge 
section and the spar box and 

b. frame protection for the spar box, the 
leading edge and trailing edge sections 

The surface protection of the leading edge 
section and the spar box consists of Al-mesh 
which was applied by means of the co-curing 
process. The Al-mesh of the leading edge 
section and the spar box neither have a 
direct electric contact with each other nor 
with the airframe. 

The frame protection is composed of the alu- 
minum end ribs of the leading and trailing 
edge sections and of the sparbox as well as 
of the trailing edge. This system is elec- 
trically connected with the airframe. 

The design of the lightning protection 
system was based on the following philo- 
sophy: 

o  Lightnings hitting the outer zone of 
the horizontal stabilizer shall be con- 
ducted to the fuselage, distributed over 
large areas, via the spar box, the 
leading edge section and the frame pro- 
tection. This large-area discharge of 
the lightnings shall prevent these load- 
carrying and aerodynamically important 
assemblies rom being severely damaged. 

o  Lightnings hitting the trailing edge 
section shall b« conducted into the 
fuselage via the frame protection or ex- 
it via the metal part of the trailing 
edge section. 

A severely damaged trailing edge section 
represents no direct risk for the hori- 
zontal stabilizer. 

The horizontal stabilizer is suspended in 
the same bearings as the metal version. 
It is, however, connected with copper brai- 
ded strips of 10 mm2 each from every rib to 
tie fuselage. 

V - TEST PROGRAM 

A test program was established in coordina- 
tion with the flight approval authority 
BWB-ML. 

In total, 27 lightning strokes of varying 
intensity were planned, based on the STANAG 
standard lightning curve. Fig. 5 shows the 
striking points on the horizontal stabilizer. 
The roman numeral denotes the load value 
(fig. 6), the arabic numeral the order. 

The actual compliance test was the lightning 
stroke 1/1. The remaining tests served the 
purpose to gain a general impression and 
knowledge of the efficiency of the system 
applied and the lightning stroke behaviour 
of the materials used. 

VI - TEST PERFORMANCE AND RESULTS 

The tests were carried out in the laboratory 
of the Institute for Plasma Physics of the 
University in Hanover. 

Fig. 7 shows the compliance test set-up with 
the electrode directed to the load point. The 
switching-on of the direct voltage for the 
charge transfer caused a direct ignition 
which slightly damaged the protection system. 
In the course of the second test the follow- 
ing values were measured: 

Peak amplitude: 

Action integral: 

Charge transfer: 

197 kA 

1.93-106A2s 

161 C 

The striking point can be seen from fig. 8. 
This figure shows that the charge transfer 
took place from the hitting point to the 
corner of the protective system. The current 
was transferred partly from the upper and 
the lower side of the leading edge section 
to the fuselage simulation (fig.  9, 10). 
Further transfer points were not discovered. 
At the striking point the material was da- 
maged up to the third layer, the diameter 
was 60 mir.. 

For the further performance of the test 
program the order of the test steps was 
changed so as to avoid frequent modification 
of the test set-up. 

First, the low loads were applied and after- 
wards the next higher ones. It was agreed 
with the flight approval authority BWB-ML 
to continue the tests for the load values 
II and III without charge transfer, since 
this currer.t causes no damage which adver- 
sely affects the stability of the component. 

The figure 11 show a typical damage in the 
trailing edge section in the case of load 
value I. 

After the performance of all program items. 

i 

> 
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the outer area of the leading edge section 
was tested applying the highest possible 
lightning value that could be realized at 
that time by the test installation. 

This final test resulted in the following 
values: 

Peak amplitude: 

Action integral: 

Charge transfer: 

227 kA 

2.4-106A2s 

184.7 C 

Figure 12 gives an impression on the stri- 
king point. The colour of the resin in the 
area had slightly changed. 

VII RESULT 

The result of the lightning tests and the 
subsequent non-destructive tests proved that 
the lightning protection system selected for 
the CFRP horizontal stabilizer fulfils its 
task. None of the lightning strokes applied 
to the component caused any damage which 
could have reduced the flight safety to a 
great extent. 

The figures 13 and 14 show an overall view 
of the upper and the lower side of the ho- 
rizontal stabilizer after the performance 
of all tests. 

ft 

Fig. 1 : Alpha Jet with CFRP Horizontal Stabilizer 
in Flight 

Nr. Teat Mode 
Load 
[XL.L.] 

T«st- 
temperaturel C] 

Moisture 
Consent 

1 ■tatlc 1.25 OT
0 

normal 
2 static 1,15 -55°C normal 
3 static 1,15 +70 *.  11 
4 dynamic, test program per flight, 

20.000 simulated flight hours 
RT 

5 static 1,0 RT 
6 static 1.0 -55 
7 static 1,0 ♦70 
8 static, Interrupted fracture test 1.0 ♦ 70 
9 static, fracture test right side 1,18* ♦ 70 
10 static, fracture test left side 1,41* ♦50 % 11 

• proved 

rig. Test Program CFRP Horizontal Stabilizer 
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CFRP 
ESSE)   CFRP/QFRP 
i^   GFRP 

MiUl 

Fig.   3   :   Composite horizontal  stabilizer  for Alpha Jet 

TITANIUM RIB 

ENUR1BS  AND 
LINK   IN AL 

A  Ä20 nm 

AL-MESH 

TRAILING EDGE 
IN AL 

Ac«0 »' 

Fig.   4   :   Lightning protection  system CFRP Horizontal  Stabilizer Alpha Jet 
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-*■ Einschlag horizontal 
0 Emsehlcg out Obtrttil» 

® Einschlag out UnUrsrU 

Fig.   5   :   Lightning  stroke  test program 

5Sj  Amplitude     I   [IcA]         

i> SSrH gät HO A s) . Action  
IrK.rif« Tr«n»fer  jidt  [Cl 

200 

»1.1 
200 

II 
100 

200 

III 
50 

50 

Fig.   6  I Test values 
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Fig.   7   :  Test  set-up Fig.   10  :  Current transport to fuselage 

Fig.   8  :  Damage compliance test Fig.   11   :   Strikino point T.  E. 

Fin.   9  > Current transport to fuselage Fig. 12 : Striking point L.r. high lightning value 
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Fig. 13 : Overall view, upper side 

Fig. 14 : Overall view, lower side 
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SIMULA.ED LIGHTNING TESTS ON BAYMETEX C PROTECTED GRAPHITE-EPOXY LAMINATES 

H. Ebneth 

Bayer AG Leverkusen, Central Research Department Application of Neu Products,  S090 Leverkusen, 
Bayeruerk, F.R.G. 

Abstract - Highly  nickel-coated graphite  fabrics will provide  adequate composite struc- 
ture protection  from Zone  1 A and  2 A  lightning  strikes,   as  simulated  lightning  tests 
showed.   The coating  level used will depend on  the damage  tolerance and structural make-up 
of  the part to be protected.  Mechanical  tests  show  that the nickel-coated graphite  fabric 
has an positive effect  in compression of  the panels.   The compressive  strength  is  about 
25  %  better  than the panel with a non-metallized fabric ply. 

INTRODUCTION 

This report summarizes work of Bayer AG and its subsi- 
diary Mobay Chemical Corporation  in 1984.   The scope 
of the work included fabrication of eight graphite/ 
epoxy composite laminates;  four panels for Zone 1 A 
liqhtning  strike  and  four panels  for  Zone 2 A  light- 
ning strike.  Physical damage assessment and mechani- 
cal testing of the lightning struck panels was per- 
formed.   The first section of this report describes 
panel fabrication and mechanical testinq.   The second 
section covers  lightning strike testing and physical 
damage assessment. 

A previous paper was published at the  International 
Aerospace and Ground  Conference on tightning and 
Static Electricity   (June 26 -  28,   1984),  Orlando, 
F lorida,  USA [\J■ 

SUMMARY 

Test results confirm the value of Baymetex C metal- 
li'ed fabric for structural composite lightning 
;stnke protection. Baymetex is the trademark used by 
Bayer AG and Mobay Chemical Corporation to denote its 
unique line of metallized fabric materials. When in- 
corporated as the outer ply in a laminate, the Bay- 
metex C protected underlying tape plies from severe 
damage resultinq from Zone 1 A, 200,000 ampere liqht- 
ninq current attachment, this protection capability 
was shown in that no punctures were sustained on the 
protected halves of the test panels while all of the 
unprotected samples were punctured. 

Struck panels protected with Baymetex C exhibited 
approximately B5 percent retention of tension and 
compression strenqth when compared to the normalized 
strength of unprotected control specimens. Results of 
these Zone 1 A tests indicate that the nickel-coated 
fdbric outer ply will probably suffer damaqe over a 
larger area than an unprotected fabric, but the da- 
maqe depth, area and volume in underlying plies is 
substantially reduced. 

Die Zone 2 A test results provide a more quantitative 
damaqe comparison between protected and unprotected 
panel halves. One prominent trend in the data is that 
the protected halves sustained a more shallow damaqe 
depth and a smaller damaqe volume than the unprotected 
laminate. A second trend shown in the data is that the 
surface area damaqe was qreater for the protected pa- 

nel. This would seem to indicate that Baymetex C me- 
tallized fabric allows the attachment current to 
spread over a larger area. This results in a lower 
current density at the attachment point resulting in 
less damage to underlying plies in the laminate. As 
was also the case in Zone 1 A lightning strikes, me- 
chanical test results agreed with the physical damage 
assessment after Zone 2 A, 100,000 ampere simulated 
lightning strikes. The half of the panels protected 
with the metallized fabric retained a much higher per- 
centage of strength, both in tensi ,i  and m compres- 
sion, than the half of the panels containing a normal 
fabric ply. In fact, when compared to the unprotected 
control specimens, laminates containing Baymetex C re- 
tained virtually 100 percent strength retention in 
tension and compression after a Zone 2 A simulated 
liqhtninq strike. 

A final ^'Qnclusirn üf the test proqram was that m- 
r rnorstion of Baymetex C does not seem to adversely 
impi.rt laminate mechanical properties. Amonq the con- 
trol specimens, both nickel-coated and normal lamina- 
tes had similar tensile strenqth. In compression, the 
Baymetex C samples exhibited 25 percent qreater 
strength than the normal panels. 

PANEL fABRICA110N AND MECHANICAL TESTING 

MATERIALS 

Bayer AG via Mobay Chemical Corporation supplied a 
nickel-coated qraphite fabric to the test-lab exhi- 
biting the following properties: 

BAYMETEX C STYLE 100 

3000 filament Thornef* T-300 qraphite 

J000 filament ThomeF* T-300 qraphite 

Plain 

12.5 x 12.5 ends/inch 

Warp Yarn 

Fill Yarn 

Weave 

Yarn Count 

fabric Weight 190 qm/sq meter 

Metal Weight 115 qm/sq meter 

Total Weight 305 qm/sq meter 

Metal Nickel 



40* H. Ebneth 

(R) 
The metallized fabric was impregnated with Fibente^ 
934 epoxy resin. Resin content of the impregnated fa- 
bric was 33.0 percent. 

The control fabric prepreg had the following proper- 
ties: 

Warp Yarn 3000 filament Thorner* T-300 graphite 

fill Yarn 3000 filament Thorne™ T-300 o-aphite 

Yarn Count 12.5 x 12.5 ends/inch 

fabric Weight 196 gm/sq meter 

Resin Fibente-' 934 epoxy resin 

Resin Content 41.0 percent 

The tape material employed in the underlying plies had 
the following properties: 

Fiber Thorner^ T-300 graphite 

Scyle Unidirectional Tape 

Weight 145 gm/sq meter 

Resin F iberite''934 epoxy resin 

Resin Content 37 percent 

FABRICATION 

Eight composite panels, each measuring 20 inches x 
24 inches, were fabricated using the above mentioned 
materials. Each panel was layed up with 24 plies of 
unidirectional tape in the following orientation: 

/T+45/0/-45/0) (+45/90/ -45/0)Js 

One half of each side of the panel was covered with 
the Baymetex C lightning strike protection fabric 
while the other half was covered with the control fa- 
brics as shown in Figure 1. All eight panels were 
cured in one autoclave for two huurs at 350°F (177°C). 
The panels were cured with the fabric side against 
the tool resulting in a smooth surface for painting. 
After cure, the panels were painted on the fabric 
side with the conventional paint system used in com- 
mercial aircraft (*^-l mil of an epoxy primer and 
3-5 mils of a polyurethane topcoat), air dried 
overnight and subsequently cured at 160°f (71°C) for 
two hours. 

After the panels were scanned for internal flaws and 
delammat ions usinq the Throuqh Transmission Ultra- 
sonic scanner, they were cut to give 16 inch x16 inch 
panels for lightning strike testing and test speci- 
mens as controls for mechanical testinq. The scheme 
for cutting is üiown in Figure 2 and the configura- 
tion of the test specimen is shown in f igure ■■. All 
eight 16 inch x 16 inch panels were submitted for 
lightning strike testing, four for Zone 1 A and four 
for Zone 2 A lightning strike. The second section of 
this report details the particulars of the lightning 
strike tests and damage assessment. 

HECHAMCA! TESTING 

After lightning strike, thn test specimens were cut 
from each half of the panel as shown in figure 4. The 
specimens were tested »n tension and compression for 

residual mechanical integrity. The test matrix is 
shown in Table I. The control specimens were also 
tested under the same test matrix. Compression spe- 
cimens were supported in a test fixture as shown in 
Figure 5 during compression. Both the tension and com- 
pression specimens were tested with a MTS hydraulic 
machine with a loading rate of .05 in./min. 

RESULT5 AND DISCUSSION 

The physical appearance of the panels after cure was 
good. Although the resin content of the nickel-coated 
fabric was significantly lower than that of the nor- 
mal fabric, no resin starvation nor surface defects 
were detected. Through Transmission Ultrasonic scans 
also showed no internal defects in the panels. 

Mechanical test results are shown in Tables II to VI, 
and graphically depicted in Figures 6 and 7. Specimen 
identification is coded as follows: 

X X X X XX; XX 

u ^ 
B C   D 

Where A = 

B^ 

CÜ 

oä 

Panel Number 

C i Control Specimen 

1,2,3, -  Specimen Nos. 

T = Tension 
C : Compression 

NF = Nonmetallized Fabric s nickel free 

NIC = Baymetex C Style 100 = nickel coated 

For comparison purposes, test specimens and controls 
with the normal fabric ply were compared in one group 
while those with the nickel-coated fabric ply were 
compared in another group. 

Since after the lightning strike test, the top fabric 
ply may be totally or partially detached and the lami- 
nate may be severely damaged, the thickness of the 
liqhtning strike tested specimens may vary a great 
deal from that of the control specimens. To get a fair 
comparison of the residual mechanical property of the 
lightning strike tested specimens with the control 
specimens, an averaqe thickness of the corresponding 
control specimens were used to calculate the ultimate 
strength. The value? ore listed under the normalized 
Ultimate Strerrjth column, for example, panels 7990, 
7991, 7992, aid 7993 were tested in tension. The 
thickness of the half of the panel with a normal fa- 
bric ply (NP has a slightly different thickness than 
the half of the panel with a nickel fabric ply (NO. 
So the average thickness of 7900-CT; NC, 7991-H; NC, 
7992-CT; NC and 7993-CT; NC was used to calculate the 
strength of the specimens with the same panel number 
and NC fabric. The average thickness of 7990-CT; Nf, 
7991-CT; NF, 7992-CT; Nf , and 7993-CT; NF was used 
to calculate the strength of the specimens with the 
same panel number and Nf fabric. 

The compression panels 7974 and 7986 were layed up 
with an extra ply of prepreg tape by mistake. These 
two panels Mere, therefore, slightly thicker and they 
«ere distinguished fro» the compression panels 7995 
and 7989 when averaqe thicknesses were calculated . 
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A seperate column showing the Actual Ultimate Strength 
which was calculated from actual measured thickness is 
glso included. 

Where damage is severe resulting in a non-uniform 
thickness is also included. Where damage is severe re- 
sulting in a non-uniform thickness across the specimen 
a median thickness was used. Based on 100 %  retention 
of strength for the control, the percent of strength 
retention were calculated for the corresponding light- 
ning strike tested specimens. The last two columns in- 
dicate whether the top fabric ply is intact or de- 
tached and the location where the specimen failed as 
measured from one end of the specimen. 

As noted in the lightning strike testing and damage 
assessment section of this report, the half of the pa- 
nels with a normal fabric ply was damaged severely af- 
ter the Zone 1 A lightning strike. No mechanical te- 
sting was performed for the Zone 1 A NF specimens as 
shown in Tables II and IV. 

It was indicated in the Fabrication Section that the 
layup orientation was /(+45/0/-45/0)(+45/90/-45/027s. 
This layup orientation would have been quasi-isotro- 
pic if the second ply from the top and bottom of the 
panel had been 90°. The reason for substituting a 0° 
ply for a 90° ply near the outer suifaces of the pa- 
nel is to increase the sensitivity of the mechanical 
test for lightning strike damage. Since the fiber is 
the primary load carrying component, especially in 
tensile tests, any damage to the outer 0° plies due 
to lightning strike would reduce the mechanical per- 
formance more drastically. 

In general, mechanical test results show tnat the pa- 
nels with nickel- lated fabric have better strength 
retention than the panels with normal fabric. The re- 
sults agree with the physical and visual assessment nf 
the lightning struck panels. It should be noted that 
among the control specimens, both the nickel-coated 
panel and the normal panel have similar tensile 
strength while the nickel-coated panel has a compres- 
sive strength of about 25 %  higher than the normal 
panel. It shows that nickel does not seem to affect 
the composite strength adversely. In fact, the obser- 
ved increase in compressive strength could be due to 
the increased stability of the nickel-coated fiber un- 
der compression loading. It should be noted that the 
-2 specimen, which was cut from the area with the 
worst damage, has the lowest residual strength. 

The average mechanical test results of two panels 
tested under the same conditions are shown in Figures 
6 and 7. In tension, the strength retention of the NC 
panels was much better than that of the NF panels. In 
compression, the strength retention of the NC panels 
was much better than that of the NF panels after Zone 
1 A lightning strike, but was about the same for both 
the NC and NF panels after Zone 2 A lightning strike. 
By visual inspection, the NF panels were damaged much 
more than the NC panels. This discrepancy was probab- 
ly due to the much higher strength of the NC control 
over the NF control. 

After lightning strike, the top fabric ply was de- 
stroyed in both the NC and NT panels. The res id« til 
strength measured «as from the basic panel, so the ef- 
fect of the possible added stability from the nickel- 
coated fiber mas removed. It may be «ore enlightening 
to compare the normalized strength retention. In that 
case, a strength of 79.9 ksi for the tf  panel «as com- 
pared to a strength of 90.9 ksi for the NC panel. This 

is equivalent to 14 ?i higher strength for the NC panel 
over the NF panel. 

CONCLUSIONS 

The following points may be concluded based on this 
portion of the study: 

1. Mechanical test results agree with the physical da- 
mage assessment of panels after lightning strike. 

2. The half of the panels with a nickel-coated fabric 
ply retained a much higher percentage of strength 
both in tension and in compression over the half of 
the panels with a normal fabric ply. 

3. For pre-lightning strike testing, nickel has no ef- 
fect on the tensile performance of the panels, 
while in compression the half of the panels with a 
nickel-coated fabric ply performed 25 %  better than 
the half of the panels with a normal fabric ply. 

LIGHTNING STRIKE TESTING AND DAMAGE ASSESSMENT 

INTRODUCTION 

A lightning laboratory in the US was utilized for ge- 
nerating the simulated lightning discharges required 
for these tests. Figure 8 summarizes the lightning 
strike waveform components as set forth in "Lightning 
Qualification Test Techniques for Aerospace Vehicles 
and Hardware", MIL-STD-1757. The laboratory is capable 
of reproducing lightning current discharges which con- 
tain the amplitude levels, time durations, and energy 
transfers, called out as recommended test values by 
MIL-STD-1757. In the lab, lightning generators and ge- 
neral lab equipment are arranged so that the high vol- 
tage power supply controls, the switching and groun- 
ding controls, and all electronic test equipment are 
located in a protected control room separated from the 
testing area inside the test chamber. The test article 
is fitted onto a test stand where all the necessary 
connections for completing the lightning discharge 
current paths are made. 

Depending upon the lightning strike zone being simula- 
ted, the test articles may be hard-wired at both the 
current entry and exit points of just hard-wired at 
the current exit point with an air gap between the 
test article and a discharge electrode at a predeter- 
mined current entry (attachment) point. 

Through these tests, we were seeking to find whether 
or not the nickel-coated graphite fabric on the test 
panels would provide protection for the test panels 
against damage caused by the simulated lightning cur- 
rent attachment. 

TEST METHODS AND PRACTICES 

For these tests, simulated lightning discharge cur- 
runts sore generated by discharging bank:-, of charged 
capacitors through the test panels. The capacitors in 
each bank are configured in predetermined series pa- 
rallel combinations to provide the required amount of 
capacitance. The capacitor banks are identified accor- 
ding to the component part of the lightning current 
waveform that they are capable of producing. For ex- 
ample, the "D-BankM produces the "0" component shown 
in Figure B. Therefore, the "A", "D", and "B-C Mod" 
component parts of the lightning current waveform are 
produced by respective capacitor banks. These capaci- 
tor banks make up the lightning generator and are per- 
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manently mounted in the laboratory. 

Within the lab, the test area is arranged to allow for 
maximum flexibility in test setups. A wide variety of 
test articles can and have been lightning tested using 
this method. 

For this series of Zone 1 A and Zone 2 A current 
attachment testing, the discharge electrode was posi- 
tioned close to the test panel front surface at the 
point where attachment was desired. An air gap, 2.75 
inches long, was established between the tip of the 
discharge electrode and the test panel front surface. 
The lightning current discharge electrode was positio- 
ned to inject simulated lightning current into the 
test panel so that the current was forced to flow to 
the bottom of the test panel to ground. The electrode 
was a -Ui-in. diameter tungsten rod, with a rounded end 
to reduce blast shock waves that might unrealistically 
intensify the current attachment damage. The electrode 
was held rigidly in place to prohibit mechanical im- 
pact of the test panel. The tests were conducted with 
the discharge electrode at a negative potential rela- 
tive to the positive test panel. 

When simultaneous current component testing is being 
done, such as "A-B" (Zone 1 A) or "D-B-C" (Zone 2 A) 
discharges, a programmable tim3r is used to control 
the discharge seguence of the current component parts. 
In these tests the "A" hank and "D" bank discharges 
were initiated by the discharge of a "trigger" bank 
(a separate charged capacitor) used to ionize the air 
gap between the discharge electrode and the test panel. 
The fladh produced by the discharge of the trigger 
bank is detected by an optical sensor. This signal is 
then used to turn on the programmable timer unit. Then, 
according to the present time, the timer unit genera- 
tes a signal for turning on the "B" bank (for Zone 1 A) 
or the "B-C Mod" bank 2one 2 A) in the proper seguence. 

The lightning discharge current is sensed by a current 
transformer. An output voltage, proportional to the 
sensed current level, in connected to a computerized 
oscilloscope from the current transformer. The input 
to the computerized oscilloscope is stored and then 
analyzed. After analysis, the oscilloscope displays 
the test wave form alonq with numerical values for 
peak current, action integral, time duration, circuit 
resistance and inductance, and other selectable infor- 
mation. A typical circuit test setup is illustrated 
in figure 9. 

TEST EQUIPMENT 

1. Norland 2001A, Computerized Oscilloscope 
Four input channels 
Sample Interval: 1 microsecond to '000 (tU.0150 
Voltage Range: +0.1 to ♦ 100 Volts full scale 

2. Hipotronics Model 830-830, DC High Voltage 
Power Supply 
Output in three ranges: 

low 0-6 kVolts at 0-250 nulliamperes 
Med 0-12 kVolts at 0-500 nulliamperes 
High 0-30 kVolts at 0-1000 nulliamperes 

3. Pearson 2093, Current Transformer 
Output : 0. )l)l Volt per Ampere 

4. Ten Channel Programmable Timer Unit, (luring built) 
Channels 1 through 4: 0-9999 microseconds in 1 mi- 

crosecond increments 
Channels 5 through 10: 0-9999 milliseconds in 1 
millisecond increments 

Output Voltage: each channel, 0 to *60 Volts dc 

5. Universal Voltronics, Corp. (tabtrol) 
High I.'.. t. ge Power Supply 
Outpu. r.  three ranges: 

Low -s KVolts at 0-2 nulliamperes 
Med 0-60 kVolts at 0-6 milliamperes 
High 0-250 kVolts at 0-20 milliamperes 

6. "A" - Bank (Laboratory installation) 
Series Parallel Combination of 165 u.F, 6 kV capa- 

citors 
Total Calculated Capacitance - 531 uF 
Maximum Charge Voltage = 30 kV 

7. "B-C Mod" Bank (Laboratory installation) 
Series Parallel Combination of 165 (iF, 6 kV rated 

capacitors and 250 11H and 7 mH inductors. 
"B" Segment: 
Total Calculated Capacitance = 2475 u.F 
Total Calculated Inductance = 1500 uH 
"C Mod" Segment: 
Tutal Calculated Capacitance : 5600 u,F 
Total Calculated Capacitance - 56 mH 
Maximum Charge Voltage = 6 kV 

8. "0" Bank (Laboratory installation) 
Parallel combination of 5.08 uF, 30 kV rated capa- 

citors 
Total Calculated Capacitance = 81.28 ^F 
Maximum Charge Voltage = 30 kV 

DAMAGE ASSESSMENT TECW QUE 

This series of eight graphite epoxy laminated test pa- 
nels were subjected to Zone 1 A (panels 7988, 7989, 
7990, and 7991) and Zune 2 A (panels 7992, 7993, 7994, 
and 7995) simulated lightning currents. The panels 
were photographed after being lightning tested. These 
photographs document the lightning testing and provide 
a record of the test panel's appearance before the da- 
maged areas were cleaned out. 

Each panel was then cleaned by UCraping of the dama- 
ged areas. The scraping was done to clear the damaged 
area of loose fabric and tape debris. Damaged fabric 
and tape in the layup war, scraoed away to the point 
where the undamaged laminate was still intact. 

The quantitative damage assessment began after the 
test panels were scraped and wiped clean. This damage 
assessment started with the making of a test panel 
pencil tracing. Two example copies of these pencil 
tracing are shown in Figures 10 and 11. To make the 
pencil tracings, a piece of paper was taped into po- 
sition over the test panel damaged area. A dull poin- 
ted pencil was then rubbed over the paper. Enough 
pressure was applied to the pencil to make the damage 
patterns appear on the paper, but not so much pressure 
as to tear holes in the paper. This pencil tracing 
technique produces a one-for-one, generally well defi- 
ned, replica of the test panel damage area. These pen- 
cil tracings add to the test documentation and were 
used in the measurement of the test panel damage area. 

The damage area was measured by using a planimeter on 
the pencil tracing. Usually, the test panel damage 
prevents using the planimeter directly on the test 
panel because the planimeter requires a continuous 
smooth surface on which it can roll. To measure the 
damage surface area, the planimeter was used to trace 
around the damage area perimeter on the pencil tra- 
cing, (he planimeter then provided a readout of the 
area in iquare inches. 

A dial indicator mounted on a bridge «as used to mea- 
sure the damage depth. The bridge Mas positioned so 
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that it was over and spanning the damage area. It was 
then moved until the dial indicator pointer rested in 
the spot having the greatest depth. This measurement 
was referenced to the top surface of the panel. Figu- 
re 12 illustrates the damage depth measurement. 

By assuming that the damage volume approximates the 
volume of a cone, a value for the damage volume was 
calculated by using the formula for the volume of a 
cone. The measured area and depth values were substi- 
tuted in the cone volume formula as follows: 

V = Damage Volume -  (1/3)AD 
Where, A s Damage Area in square inches, 

D -  Damage Depth in inches, and 
V s Damage Volume in cubic inches. 

TEST RESUtTS 

Eight 15"x 16'' x 0.15 " graphite epoxy test panels 
were lightning tested. Four of the test panels were 
exposed to Zone 1 A ("A" and "B" componente) and four 
of the panels were exposed to Zone 2 A ("D", "B", "C- 
Mod" components) simulated lightning current attach- 
ments. The simulated lightning current waveforms used 
are illustrated in Figure 13. Each test panel was sub- 
jected to two current attachments, one to the protec- 
ted (nickel-coated graphite fabric) half and one to 
the unprotected (normal graphite fabric) half of the 
panel. Tins current attachment approach is shown in 
Figure 14. 

Two of the test panels (79B8 and 7944) had one extra 
ply in their layups. Panel 7988 was tested at the 
2ClU,000 ampere Zone 1 A level and panel 7994 was te- 
sted at the 100,000 ampere Zone 2 A level. The extra 
ply in these two panels did not api i ax to cause them 
to respond differently to the lightning currents than 
the other panels. 

ZONE 1 A RISUt 15 

Panels 79B8, 79B9, 7990, and 7991 were subjected to 
Zone 1 A lightning current attachments. In every case, 
the unprotected half (coded NF), of the test panel 
was punctured during testing. None of the nickel- 
coated fabric protected halves (coded NO of the pn- 
nals were punctured durinq testing. 

While the nickel-coated fabric lightning protection 
system prevented puncturing, the protection system 
itself sustained heavy damage, targe portions of the 
nickel-coated fabric were blown away by the current 
attachment, Ihe nickel-coated fabric remaining on the 
panel after the current attachment was only loosely 
bonded to the panel and was completely removed during 
the scraping process. 

The Zone 1 A simulated lightning current test values 
are tabulated in Table VII. A summary of the damage 
values for the Zone 1 A test panels is given in Table 
VIII. 

ZONE 2 A RESULTS 

Panels 7992, 7993, 7994, and 7995 were subjected to 
Zone 2 A lightning current attachments. These panels 
suffered less surface area damage than did the Zone 
1 A panels. The unprotected half (NF) of panel 7993 
was punctured by the current attachment. 

The puncture damage of panel 7993 was not as severe 
as that of the Zone 1 A punctures. Because of this, 
the damage to the NF half of 7993 was scraped and 
assessed in the same manner as the other Zone 2 A pa- 
nels. 

Table IX presents the Zone 2 A simulated lightning 
current test values. The Zone 2 A panel damage values 
are summarized in Tiible X. 

CONCLUSIONS 

For this particular panel layup configuration, the 
nickel-coated fabric outer ply demonstrates the abi- 
lity to protect the underlying tape plies from severe 
damage resulting from Zone 1 A 200,000 ampere light- 
ning current attachment. This protection capability 
was shown in that no punctures were sustained in the 
protected halves of the panels while all of the un- 
protected halves of the Zone 1 A panels were punctu- 
red. Results of thesrt Zone 1 A tests indicate that 
the nickel-coated fabric outer ply will probably suf- 
fer damage over a larger area than an unprotected 
fabric, but the damage depth, area and volume in the 
underlying plies will be substantially reduced. 

The Zone 2 A test results provide a more quantitative 
damage comparison between the protected and unprotec- 
ted panel halves. One prominent trend in the data is 
that the protected halves sustained a more sh- M 
damage depth and a smaller damage volume th?  .ne un- 
protected halves. A second trend shown in the data is 
that the surface area damage was greater for the pro- 
tected than unprotected halves. This data seems to 
indicate that the nickel metallized fabric allows the 
attachment current to spread over a larger area. This 
means there is a lower current density at the attach- 
ment point resulting in less damage to the protected 
underlying plies of the laminated panel. 

REFERENCES 
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TABLE I 

TEST MATRIX 

Panel ID 
Lightning Strike 

Test Type 
Mechanical 
Te»t Type 

7988' Zone 1A Compression 

7989 Zone 1A Compression 

7990 Zone 1A Tension 

7991 Zone 1A Tension 

7992 Zone 2A Tension 

7993 Zone 2A Tension 

7994' Zone 2A Compression 

7995 Zone 2A Compression 

' Panel 7988 was laid up by mistake with one ex'ra ply ol tape oriented at 0° and located between the 
14th and 16th ply, counting from the tool side or fabric side of the panel 

■ Panel 7994 was laid up by mistake with one extra ply of tape oriented at 4f>° and located between the 
7th and 8th ply, counting from the tool side or fabric side of the panel 

TABLE II 

TENSION RESULTS OF PANELS AFTER ZONE 1A LIGHTNING STRIKE 

/   * // ji L    1   I    1: /, //• /. /* r/f 
Specimen IO // 

//' III 7/ I Ik # If, <i 7/i 
/// 

 / //, '/, /'/ 
III/ /I'l lis 

7992-CT. NC 12512 01566 01557 1733 855 100 890 100 60 
7993-CT, NC 12505 0 1572 01557 1597 812 100 820 100 i 4.0 
7990-CT; NC 12507 01547 01557 16.02 828 100 823 100 i 4.75 
7991-CT; NC 12521 01542 0.1557 17 52 90 7 100 899 100 i 4.75 

Average 858 100 8i8 100 
STD DEV 452 422 

7990-IT; NC 12504 01416 01557 1480 836 974 760 886 D 2.75 
7990-2T, NC 12485 01229 01557 10.60 690 804 545 635 D 60 
7990-3T; NC 12505 01447 01557 1449 801 93.4 744 86 7 D 50 

Average 776 904 683 796 
STD DEV 7.58 888 1196 14.0 

7991-1T. NC 12504 01406 01557 14.79 84 1 98.0 760 886 D 45 
7991-2T; NC 12453 01243 0:557 1001 647 75.4 516 801 D 6.0 
7991-3T. NC 12432 01420 01557 1563 885 103 1 80 7 941 D 4.S 

Average 791 922 694 809 
STD DEV 1270 148 15 61 182 

' Stress calculated bated on measured thickness and width. 
' Stress calculated based on measured width and average thickness of corresponding control specimens 
> I ■ Intact; O * Detached. P * Partially Intact. 
4 Measured trom one end ol specimen. 
■ In specimens where the fabric ply is partially intcct. the thinner measurement is recorded In specimens 
damage is severe, e.g.. with a hole, a median thi .kness is recorded 
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TABLE III 

TENSION RESULTS OF PANELS AFTER ZONE 2A LIGHTNING STRIKE 

~" // // 
Hi 11, II, la, 9, ̂l % 

VI; 
III 

7992-CT; NF 1.2529 0.1566 01569 12.65 645 100 644 100 1 5.5 
7993-CT; NF 1.2528 0.1592 0.1569 15.79 79.2 100 80.3 100 1 5.0 
7990-CT; NF 1.2516 01560 0.1569 18.63 95.4 100 94.9 100 1 4.75 
7991-CT; NF 1.2520 0.1543 0.1569 17.15 888 100 87.3 100 1 4.5 

Average 82.0 100 81.7 100 
STD DEV 13.43 13.01 

7992-CT; NC 1.2512 0.1566 0.1557 17.33 885 100 89.0 100 1 6.0 
7993-CT; NC 1.2505 01572 0.1557 15.97 81.2 100 82.0 100 1 4.0 
7990-CT; NC 1.2507 0.1547 0.1557 16.02 92.8 100 82.3 100 1 475 
7991-CT; NC 1.2521 01542 0.1557 17.52 90 7 100 899 100 1 4.75 

Average 858 100 85.8 100 
STD DEV 452 4.22 

7992-1T; NF 12529 0.1467 0.1569 1439 78 3 955 73.2 89.0 P 3.25 
7992-2T; NF 12489 0.0974 0 1569 8.03 660 80.5 41.0 50.2 D 4.0 
7992-3T; NF 1.2474 0.1467 0.1569 1268 69.3 84.5 64.8 79.3 P 4.25 

Average 71.2 868 59.7 73.0 
STD DEV 6 37 7 76 1673 204 

7993-1T, NF 1 2499 01472 0 1569 1244 67 6 82.4 634 77 6 P 5.5 
7993-2T; NF 12476 0.0733 0 1569 267 29 3 35 7 13.7 168 D 60 
7993-3T; NF 12504 0.1457 01569 13.30 730 890 67.8 830 P 475 

Average 566 691 48.3 59.1 
STD DEV 2385 29 1 3007 368 

7992-1T. NC 12510 01483 01557 17 10 922 107.5 878 1023 D 4.75 
7992-2T; NC 12482 01399 01557 16 79 961 112.0 864 1007 D 575 
7992-3T. NC 1.2504 01463 01557 1511 826 963 776 904 D 45 

Average 90 3 105.2 839 97.8 
STD DEV 694 810 5 49 644 

7993-1T; NC 12505 01445 0 1557 15 75 872 1016 809 943 D GO 
7993-2T. NC 12458 01360 0 1557 12 42 73 3 854 640 746 D 62t 
7993-3T; NC 12504 01455 01557 1568 962 1005 805 938 P 45 

Average 822 958 75.1 876 
STD DEV 773 904 963 11.2 

' Stress calculated based on measured thickness «r.d width. 
' Stress calculated based on measured width and average thickness ol corresponding control specimens 
11 < Intact; D ■ Detached; P * Partially Intact 
' Measured from one end of specimen. 
* In specimens where the fabric ply is partially intact, the thinner measurement is recorded In specimens where 
damage is severe, e.g., with a hole, a median thickness is recorded 



/ *f ' 

ICOLSE - Paris 1985 fl7 

TABLE IV 

COMPRESSION RESULTS OF PANELS AFTER ZONE 1A LIGHTNING STRIKE 

Specimen ID 

// //. I'l //, *, 

Ik 11, III! I /// 

7994-CC; NC ' 1.2494 0.1628 0.1624 21.50 105.7 100 105.9 100 1 5.25 
7995-CC; NC 1.2506 0.1562 0.1557 22.43 114.8 100 115.2 100 1 4.5 
7988-CC. NC ' 12504 0.1619 0.1624 23.46 1159 100 115.5 100 1 4.75 
7989-CC. NC 1.2520 0.1552 0 1557 2110 1086 100 108.2 100 1 4.75 

Average 1112 100 111.2 100 
STD DEV 492 487 

7988-1C; NC ' 12499 0.1522 0.1624 16.53 869 781 81.4 732 D 475 
7988-2C; NC ' 1.2496 01351 0.1624 14.70 87.1 783 724 65.1 D 5.5 
7988-3C; NC • 1 2479 0.1531 0.1624 2165 113.2 101.8 106.8 960 D 5.0 

Average 95.7 86.1 86.9 781 
STD DEV 1516 13.6 17 83 16 0 

7989-1C; NC 1.2489 0.1430 0.1557 13 97 782 703 718 646 D 5.5 
7989-2C. NC 12465 0.1231 0.1557 10 30 67 1 603 53.1 47.8 D 50 
7989-3C; NC 1.2476 01436 0 1557 1400 782 70.3 72.1 648 D 4.75 

Average 745 670 65.7 59.1 
STD DEV 6 39 5 76 1091 9.79 

' Stress calculated based on measured thickness and width 
I Stress calculated based on measured width and average thickness of corresponding control specimens 
II - Intact. D ■ Detached. P > Partially Intact 
' Measured from one end of specimen 
* Panel 7994 was laid up by mistake with one extra ply of tape oriented at 45° and located between the 
7th and 8th ply counting from the tool side or fabric side ol the panel 

' Panel 7988 was laid up by mistake with one extra ply of tape oriented at 0* and located between the 
14th and 16th ply counting from the tool side or fabric side ol the panel 

' In specimens where the fabric ply is partially intact, the thinner measuremenl is recorded In specimens where 
damage is severe, e g  with a hole, a median thickness is recorded 



T 
ifl8 H. Ebneth 

TABLE V 

COMPRESSION RESULTS OF PANELS AFTER ZONE 2A LIGHTNING STRIKE 

' 

Specimen ID 

// f a, / III lull la. /// 

7/ /      *      I *       / * / 3     / 1 «        / 1 ,£   / «0 

7994-CC; NF * 1.2511 0.1613 0.1628 17.38 86.1 100 85.3 110 1 5.0 
7995-CC; NF 1.2520 0.1568 0.1569 18.95 96.5 100 96.5 100 1 6.0 
7988-CC; NF « 1.2505 0.164? 0.1628 17.58 85.6 100 864 100 1 4.25 
7989-CC; NF 1,2517 0.1565 0.1569 17.02 85.8 100 86.7 100 1 5.75 

Average 88.5 100 887 100 
STD DEV 5.35 5.21 

7994-CC; NC ! 1.2494 0.1628 0.1624 2150 105.7 100 105.9 100 1 5.25 
7995-CC; NC 1.2506 0.1562 0 1557 22 43 114.8 100 115.2 100 1 4.5 

7988-CC; NC • 1.2504 0.1619 0.1624 23.46 115.9 100 115.5 100 1 4.75 
7989-CC; NC 12520 0.1552 0.1557 21 10 108.6 100 1082 100 1 4.75 

Average 111.2 100 111.2 100 

STD DEV 4.92 487 

7994-1C; NF > 12489 0 1500 0 1628 16 23 867 98.0 798 90.0 P 6.0 
7994-2C NF ■ 1 2488 0.1059 01628 10 59 80,1 905 52.1 567 D 6.0 
7994-3C. NF ' 1.2482 0.1465 328 16.27 890 100.6 80.1 90 3 D 60 

Average 852 96.4 70.7 79' 
STD DEV 462 524 1609 18.1 

7995-1C; NF 12524 0 1504 0 1569 16.66 684 999 848 956 P 40 
7995-2C. NF 1 2479 00861 0 1569 7,82 728 823 39.9 45.0 D 5.5 
7995-3C; NF 12496 01466 01569 17,34 947 1070 885 998 P 5,75 

Average 85 3 964 71.1 801 
STD DEV 11.27 12.7 27 00 30.5 

7994-1C; NC ' 1.2521 01510 01624 1929 102 0 91.7 949 85.3 D 55 
7994-2C. NC 5 12477 0.1413 0 1624 1528 86.7 780 754 67 8 D 60 
7994-3C. NC » 1 2482 01545 0 1624 18 55 962 865 915 82.3 D 50 

Average 95,0 854 87.3 765 
STD DEV 7 75 6.95 1040 937 

799S-1C; NC 1.2512 01437 01557 17 56 977 879 90 2 81 1 D 50 

7995-2C; NC 12487 01416 01557 18 58 105 1 94.5 95 5 859 D 5.0 

7995-3C; NC 12498 01471 0.1557 1908 103? 933 981 882 D 575 

Average 1022 919 946 851 

STD DEV 394 3 55 <03 362 

' Stress calculated based on measured thickness and width. 
' Stress calculated based on measured width and average thickness ol corresponding control specimens 
11 - Intact; D ■ Detached. P ■ Partially Intact 
' Measured from one end ol specimen 
1 Panel 7994 was laid up by mistake with one extra ply ol tape oriented at 45* and located between the 

7th and 8th pry counting from the tool side or fabric side ol the panel. 
• Panel 7988 was laid up by mistake with one extra ply of lap« oriented at 0* and localjd between the 

14th and 16th ply counting Irom the tool side or fabric side ol the panel. 
' In specimens where the fabric ply is partially intact, the thinner measurement is recorded. In specimens where 
damage is severe, eg, with a hole, a median thickness is recorded. 
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TABLE VI 

AVERAGE MECHANICAL TEST RESULTS OF PANELS 
AFTER LIGHTNING STRIKE ' 

iCfition Compression 

Normalized 
Strength 

(M) 

Strength 
Retention 

<*) 

Normalized                   Strength 
Strength                      Retention 

(ksl)                            (%) 

Control 
NF 

817 
(13.0) 

100 88.7                                100 
(5.2) 

Control 
NC 

658 
(42) 

100 111.2                                100 
(4.9) 

Zone1A 
NF 

0 0 0                                    0 

Zone 1A 
NC 

68.9 
(12.5) 

80.3 
(14.6) 

76.3                                68.6 
(17.6)                                (15.8) 

Zone 2A 
NF 

540 
(226) 

66.0 
(276) 

70.9                                  79.9 
(19.9)                             (22.5) 

Zone 2A 
NC 

79.5 
(8.5) 

92.7 
(99) 

909                                81.8 
(8.1)                               (7.3) 

' Average value of the results of 4 specimens lor the control and 6 specimens for the lightning strike tested panels 
Data from Tables II. III. IV. and V. 

(   )   Standard Deviation 

NF = Panels with Normal Fabric 

NC - Panels with Nickel Coated Fabric 

TABLE VII 

ZONE 1A TEST VALUES 

"A" Component "B" Component 

Panel 
NO. 

Peek                     Action 
Current                 Integral 

(10> Amps)             (UFA1 Sec) 

Average                  Energy 
Current                 Transfer 

(10> Amps)            (Coulombs) 
Panel 

Puncture 

7988-NC 
7988-NF 

184                         24 
168                            2.1 

1.7                           8.5 
17                             8.5 

NO 
VES 

7989-NC 
7989-NF 

207                          3 0 
188                            2.5 

18                             SB 
18                             88 

NO 
YES 

7990-NC 
7990-NF 

199                            29 
199                            2.7 

16 8 2 
17 as 

NO 
YES 

7991-NC 
7991-NF 

203                            29 
195                           26 

17                           S3 
1.7                           85 

NO 
YES 

Note NC « Nickel Coated Fabric (protection system) 
NF ■  Normal Fabric (unprotected! 



i^^^F *r ■»' 

(»20 H. Ebneth 

TABLE VIII 

ZONE 1A DAMAGE VALUES 

Damage* 

Maximum" 
Pintl Depth Area Volume Dtpth 

No. (Inch) (In.') (In.*) (awn) 

7988-NC 0.017 6.5 0037 0.034 
7988-NF PUNCTURE — - (0.150) 

7989-NC 0026 76 0066 0.043 
7989-NF PUNCTUflE — - (0.150) 

7990-NC 0026 9.6 0.083 0.043 
7990-NF PUNCTUflE — - (0.150) 

7991-NC 0.028 63 0.059 0.045 
7991-NF PUNCTURE - - (0.150) 

'Damage Values referenced to the 2nd ply as the 1st ply (128-in' nickel coated fabric) was totally removed. 

"Maximum Depth = (2nd ply reference dept p) * (outer ply thickness, 0017-in) 

Nickel Coated Fabric (protection system) 
Normal Fabric (unprotected) 

TABLE IX 

ZONE 2A TEST VALUES 

"D" Component "B" Component 

Panel 
No. 

Peak                       Action 
Current                  Integral 

(10' Amps)             (10'v Sec) 

Average                  Energy 
Current                   Transfer 

(Iff Amps)             (Coulombs) 
Panel 

Puncture 

7992-NC 83                             24 17                           8.5 NO 
7992-NF 78                            2 0 19                           9.5 NO 

7993-NC 97                             28 18                             90 NO 
7993-NF 102                             26 18                             SB YES 

7994- NC 102                            3 3 18                             90 NO 
7994-NF 97                             29 17                             86 NO 

7995-NC 98                            32 18                             90 NO 
7995-NF 103                            2 9 18                             90 NO 

Note     C-mod' Component values tor all Zone 2A panels NC 
Average Current = 450 Amps. Energy Transfer = 20 Couiombs NF 

Nickel Coated Fabric (protection system) 
Normal Fabric (unprotected) 
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TABLE X 

ZONE 2A DAMAGE VALUES 

Damage 

Panel 
No. 

Depth 
(Inch) 

Area 
(in.') 

Volume 
(in.') 

7992-NC 
7992-NF 

0.024 

0089 

358 
13.1 

0.286 

0.389 

7993-NC 
7993-NF 

0032 
(0.150) 

23.2 
(12.3) 

0.247 
(0 617)     (PUNCTURED) 

7994-NC 
7994-NF 

0.023 
0.087 

296 
152 

0227 

0440 

7995-NC 
7995-NF 

0020 
0.105 

2&2 
123 

0188 
0431 

Note    NC - Nickel Coated Fabric (protection system) 

NF   - Normal Fabric (unprotected) 
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FIELD OBSERVATIONS OF AIRCRAFT CHARGING   IN CONVECTIVE CLOUDS 

B.  Gardiner, J. Hallett and C.P.R.  Saunders* 

Atmospheric Sciences Center,  Desert Research Institute, P.O. Box 60220, Reno, Nevada 89506, U.S.A. 
*Department of Physics, V.M.I.S.T., P.O. Box 88, Manchester,  U.K. 

ABSTRACT 

Aircraft charge was measured during penetrations of summer convective clouds in Montana as part of 
the Desert Research Institute involvement in the Cooperative Convective Precipitation Experiment. An 
Aerocommander was instrumented to measure electric field, aircraft charge, ice particle type and con- 
centration, precipitation particle charge and the usual meteorological parameters. Preliminary results 
are presented which point to the importance of ice particles in aircraft charging and are compared with 
laboratory results at lower impact velocity. Evidence is presented to show that temperature, liquid 
water content and electric field may affect the sign and magnitude of charging. No evidence was found 
to link sudden changes in aircraft charge or local electric field to lightning strikes on the aircraft. 

INTRODUCTION 

Laboratory studies of graupel charging [1 - 3] 
have demonstrated that charging only occurs in the 
presence of ice crystals and supercooled water. 
Charging was also found to be a function of tem- 
perature, liquid water content ,-nd the concentration 
of impurities [(NHlt)2SO/4 anc NaCI ] in the liquid 
water. Of particular importance. Jayaratne et al. [3] 
found that the sign of the graupel charging changed 
sign at a temperature between -10°C and -20°C 
depending on the liquid water content. The charge 
separated per collision-separation event for 100 pm 
diameter ice crystals (the largest used in laboratory 
studies) is typically IfC, though this can be lOx 
larger in the presence of impurity concentrations 
typical of the atmosphere. Cardiner et al. [4], from 
observations of Montana convective storms, have found 
that so long as it is possible to extrapolate labora- 
tory results to ice crystal sizes more typical of 
convective clouds, many aspects of thunderstorm 
electrification may be explained in terms of graupel- 
ice charging. Furthermore, the observations suggest 
that the conditions suitable for charging may only 
occur In very specific regions of the clouds where 
graupel, vapor grown crystals and supercooled water 
are co-located and these regions are likely to be at 
the boundary between updrafts and downdrafts  [5]. 

Field mills mounted on the top and bottom of an 
aircraft fuselage provide the charge carried on the 
aircraft. The measurement of aircraft charge, along 
with that of electric field, ice type and con- 
centration, particle charge, liquid water content and 
temperature, are analyzed in order to reveal details 
of the mechanism for aircraft charging and its 
possible role In initiating lightning strikes. In 
particular It is important to understand how aircraft 
become charged, with what magnitude and sign, and 
whether by being charged aircraft more likely to be 
struck by lightning. Although circumstantial evi- 
dence from the Increase in radio static during 
flights through precipitation shafts points to the 
importance of ice collisions in aircraft charging, 
the connection has not been wall established by 
detailed observation. If ice is Important, a number 
of questions are raised. !s it possible to extend 
what has been learnt about graupel-ice and ice-metal 

[6] charging in the laboratory at low impact veloci- 
ties (~ 10 m s"1) to charging at aircraft speeds (100 
- 150 m s"1)? Does the aircraft become charged by 
acquiring charge already carried by the ice particles 
or simply by virtue of the collisions themselves? 
Does the trail of charged ice cloud left by the 
aircraft act as a channel for lightning strokes? 

FIELD OBSERVATIONS 

An instrumented Aerocommander aircraft was 
operated for the Desert Research Institute during the 
CCOPE project. The CCOPE project [7] was a coopera- 
tive project involving various University groups, 
NCAR , the Bureau}of Reclamation, the Illinois State 
Water Survey, NASA , NOAA and the National Research 
Council of Canada which took place in Eastern Montana 
during the summer of 1981. 14 aircraft, 8 radars, 2 
mesoscale surface data networks and a radiosonde net- 
work were used to make an extremely thorough investi- 
gation of all aspects of convective storms. 

The Aerocommander was equipped to measure the 
following parameters: 

a)    Vertical Electric Field and Aircraft Charge. 

Rotating shutter-type field mills were mounted 
on the top and bottom of the aircraft fuselage. 
These were flush to the surface and located just 
behind the trailing edge of the wings. The field 
mills operated on both a sensitive and insensitive 
range, full scales of 1.2 ± 0.4 kv m"1 and 50 ± 1 
kv m*1 respectively. Both field mills were calibrated 
on the ground between parallel plates with correc- 
tions for edge effects.     The field measured by each 

Cooperative Convective Precipitation Experiment 
National Ocean and Atmospheric Administration 
National Center for Atmospheric Research 
National Aeronautic 8 Space Administration 
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mill when mounted on the aircraft is the sum of the 
atmospheric electric field and the field produced by 
charge residing on the aircraft skin. Therefore the 
field measured by the upper and lower field mills, E|j 
and EL    respectively,  is given by 

Eu = aEp + cEQ 

-bEc + dEf 

(1) 

(2) 

where Ep is the vertical atmospheric electric field, 
EQ is the field due to the aircraft charge and a, b, 
c and d are factors due to the aircraft shape which 
have to be determined. To simplify the problem con- 
sider the aircraft to be represented by a horizon- 
tally orientated prolate spheriod with rotational 
symmetry, length 24 and diameter 2r. It can be shown 
[8] that the field on the vertical axis at the sur- 
face (Eps; due to a charge q^ residing on such a body 
is given by 

<me Ir o 
(3) 

This provides the factors c and d in equations (1) 
and (2). However, the solution for the distortion of 
the external field E^ by a prolate spheriod is extre- 
mely complex and it is simpler for these purposes to 
now consider the aircraft as a cylinder stretching to 
infinity in both directions. It can be shown [8] 
that the field measured at the top surface of such a 
body (Ecu"* 9'ven by 

Ecu = 2EF 1*1 

and the field on the lower surface (EQ|_) by 

ECL = -2EF (5) 

This provides the factors a and b. Note that in this 
paper fielos are measured in the opposite direction 
to the conventional physics sense, i.e., positive 
points to the direction • negative charge will move. 

Finally, a test was made of the non-symmetry of 
the aircraft by self-charging the aircraft by means 
of a high voltage supply on a day with a low ambient 
field. The ratio of upper to lower field mills was 
found to be given by E(j/EL = 0.77 t .03, mainly due 
to the fact that the wings are mounted flush with the 
upper surface of the fuselage. Therefore combining 
all these factors gives 

b) Particle Charge 

The individual charge carried by precipitation 
(graupel) particles was measured by means of the 
voltage induce 1 during passage through an induction 
ring. Spurious charges arising from impact with the 
induction tube were excluded from analysis by exami- 
nation of the pulse shape and time of flight through 
a second ring in series with the first. The percen- 
tage of all particle passages which impact on the 
induction ring was found to be less than 10%. The 
voltage levels were stored on audio tape after a 
voltage to frequency conversion. Analysis was then 
performed by playing the tape back Into a microcom- 
puter configured as a storage oscilliscope, which 
allows a time resolution of 1 ms. The charge par- 
ticle device provides information on the sign and 
magnitude of individual charges, the ratio of posi- 
tive to negative charge densities, the ratio of the 
numbers of positive charged particles to those 
charged negative and the ratio of the total numbers 
of charged particles to the total ice concentration 
(see (c) below). The sample volume of the device is 
165 t .■"' at a flight speed of 100 m s"1 and indivi- 
dual particles carrying charges within the range 
±5-100 pc can be detected. Since the aircraft itself 
sweeps out a volume of approximately 6.6 x 10s 4 s'1, 
it is obvious that for low ice concentrations the 
charge particle detector may miss particles which are 
nonetheless affecting the aircraft. 

c) Particle Size, Shape and Concentration 

Measurement of particle type and sizes in the 
range 6 - 3000 urn was made using a formvar replicator 
[9j which has a sample volume of 1 I s"', horizontal 
resolution 1 m. In addition, a standard Knollenberg 
2D-C probe was used [lOJ. This measures particles in 
the range 25 - 800 urn and has a sample volume, on 
average, of 5 I »"'. Once again the problem of not 
detecting particles for low ice concentrations, as 
discussed in  (b).  is relevant. 

d) Cloud Droplet Characteristics 

Details of the cloud droplet spectra were 
obtained from an FSSP probe [lOJ operating on the 
2-47 urn (15 channels) range and the formvar repli- 
cator. The cloud liquid water content (LWC) was 
obtained by integrating over the entire size range of 
the FSSP and from a Johnson-Williams (JW) liquid 
water meter. 

• )    Temperature 

"U 

(0.77) 1/2 2EF " «me ir 
o 

(6) 

Temperature to an accuracy of ±0.2°C was 
obtained using both Rosemount and reverse flow ther- 
mometers. 

f)    Vertical Velocity 

(0.77)"2    EL ■«F    ^ V 
(7) 

Rearranging   and   »ubklltuting   values   for   (   and   r 
gives 

EF = 0.285EU - 0.2I9EL V m'> (•) 

qA = -(0.364EU ♦ 0.2I0EL) x  10*» C      (9) 

Vertical velocity was computed in the manner 
described by Lawson [llj from measurements of true 
airspeed, pressure, vertical acceleration, pitch, 
roll,  angle of attack and temperature. 

g)   Pressure and Position 

Forward Scattering Spectrometer Probe 
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MISSION NO.m 81/ 7/21 

025 

liuo.25 TIKE (UDT) iiitliH 

Figure la: Insensitive electric field (solid line) 
and aircraft charge (dashed line). 
1440:25 -  1441:25,  21 July  1981. 

MISSION NO. I7A 81/ 7/2! 

IBBB 

144025 TIME (MOT) 144125 

Figure lb: Total ice (solid line) and vapor growr 
crystal (dashed line) concentrations, 
1440:25 -   1441:25,   21 July  1981. 

MISSION NO.ITA 11/ 7/21 

I. Mr 

TIME (KDT) 

Figure 1c:    JW measured liquid water content.  1440:25 
-   1441:25.   21 July  1911. 

Figure 2a: Insensitive electric field (solid line) 
and aircraft charge (dashed line), 
1444:30 -   1445:30,   21 July  1981. 

MISSION N0.17A    81/ 7/21 

ieee 

144430 TIME (MOT) 144530 

Figure 2b: Total ice (solid line) and vapor grown 
crystal (dashed line) concentrations, 
1444:30 -   1445:30,   21 July  1981. 

MISSION NO.ITA «1/ 7/21 

H.ttiM Tun (MST) 

Figure 2c:    JW measured liquid water content,  1444:30 
•   1445:30,   21  July  1981. 
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The FSSP operated at 100 Hz in cloud, 10 Hz out 
of cloud whilst most other parameters were gathered 
at 10 Hz  in cloud and 1 Hz out of cloud. 

RESULTS 

Table 1 presents a summary of the cloud passes 
used in the analysis of aircraft charging. Cloud 
passes have been chosen so as to provide a matrix of 
conditions; different ice types and concentrations, 
different liquid water contents and different tem- 
peratures. 

a)    Mission  17A-Craupel and Vapor Crown Crystals 

A series of penetrations were made through a 
line of cumulus congestus which were rapidly gla- 
ciating. Penetrations were made at an altitude of 
6800 m and a temperature of -2l°C. The highest ice 
concentrations and aircraft charging observed during 
the CCOPE project were found in these clouds. 
Figure 1a shows the electric field (solid line) and 
aircraft charge (dashed line) for a one minute period 
during the first pass through one of these clouds 
whilst Figure lb gives the measured total ice (solid 
line) and vapor grown crystal (dashed line) con- 
centrations over the same period. Both graupel and 
vapor grown crystals were observed during this pass 
in total concentrations as high as 600 r1. 
Generally in periods of high ice concentration 
(> 100 4"1), liquid water contents (see Figure 1c) 
were low (< 0.1 gm m"*) though there are short 
periods, such as around 1440:28 and 144C:55. when the 
cloud was a mixture of vapor grown crystals, graupel 
and supercooled water, conditions previously argued 
as ideal for graupel charging. The aircraft on the 
other hand becomes most highly charged in the periods 
with the highest ice concentrations. 1140:30-1440:40 
and 1441:05-1441:20 even though liquid water contents 
were low. In general the aircraft was negatively 
charged during this pass though between 1441:18 and 
1441:25 the aircraft charge is strongly positive. A 
possible reason is that the predominant ice form 
changes from graupel at the beginning of the period 
to vapor grown crystals by 1441:10. This hypothesis 
can be checked by studying passes were the predomi- 
nant ice forms are graupel and vapor grown crystals 
respectively. 

Part of the second pass through this cloud is 
shown in Figure 2 a, b, c. Note the abrupt increase 
in aircraft charge as soon as ice is encountered at 
1444:30. Charging during this pass is always nega- 
tive and the predominate ice form is graupel. 
Furthermore the strongest charging appears super- 
ficially to be associated with weak values o the 
electric field. During this pass extremely large 
values of space charge density were measured by the 
particle charge sensor, reaching a maximum of 
-8C km-3. 

b)   Mission HA - Vapor Crown Crystals 

Let us examine a cioud where vapor grown 
crystals are the predominant ice form. On 17 July 
19(1 flights were made through the feeder celts of an 
extremely complicated storm system which was some- 
where between a supercetl and a squall line. Five 
penetrations were made at an altitude of 5600 in and a 

temperature of -14°C. Liquid water contents were ex- 
tremely low throughout these passes (~ 0.07 gm m"3). 
Figure 3b shows the total ice (solid line) and vapor 
grown crystal (dashed line) concentrations for a one 
minute period during the second pass. The majority 
of the ice was found to be small (< 100 urn) plates 
and very little graupel was detected. Figure 3a 
shows that charging was predominantly negative in 
contrast to our initial observations in Mission 17A 
which suggested that vapor grown ice charged the 
aircraft in a positive sense. Two differences that 
may have contributed to this are the warmer tem- 
perature of these penetrations and the almost total 
lack of any liquid water. Even though in Mission 17A 
liquid water contents were low during the periods 
(- 10 s) with the highest ice concentrations, between 
these periods water contents were as high as 
1  gm m"3. 
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Figure 3a: Insensitive electric field (soli i line) 
and aircraft charge (dashed line), 
1246:00 -   1247:00,   17 July   1981. 
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Figure 3b: Total ice (solid line) and vapor grown 
crystal (dashed line) concentration, 
1246:00 -  1247:00,   17 July  1981. 
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c)    Mission 10A - Graupel 

A series of penetrations were made through a 
large decaying system on 11 July 1981. These 
penetrations were at an altitude of 1700 m and tem- 
peratures close to the freezing level (-2°C). No 
vapor grown crystals were detected in this cloud, the 
ice was either graupel or possibly wet growth 
graupel. Two distinct charging patterns are pre- 
sented in Figures 4 and 5 which are separated by 2 
minutes. Between 1824:30-1825:30 the charging is 
exclusively positive whilst between 1826:20-1827:20 
the charging is negative. Two differences between 
these periods are apparent. In the first period a 
majority of the ice is wet graupel (dashed line. 
Figure 4b) whereas very little was detected in the 
second period (Figure 5b). Since this could be due 
to melting in the replicator at these high tem- 
peratures, the results should be viewed with caution. 
More significant is the change in the sign of the 
electric field, positive in the first period, nega- 
tive in the second, suggesting that the electric 
field may have some influence on the charging pro- 
cess as was the case in Buser and Jaccard's [6] 
experiments. 

MISSION K0.10A 81/ 7/11 
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Figure 4a: Insensitive electric field (solid line) 
and aircraft charge (dashed line), 
1824:30 -   1825:30.   11 July  1981. 
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Figure 4b: Total ice (solid line) and wet growth 
graupel (dashed line) concentrations, 
1824:30 -  1125:30,   11 July 1981. 
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Figure 5a: Insensitive electric field (solid line) 
and aircraft charge (dashed line), 
1826:30 -1827:30,   11 July 1981. 
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Figure 5b: Total ice (solid line) and wet growth 
graupel (dashed line) concentrations, 
1826:30 -   1827:30,   11  July  1981. 

d)   Mission 29A - Supercooled Cloud Droplets 

To verify the role of ice in aircraft charging, 
a cloud pass in which no Ice was detected was 
studied. A number of moderate sized cumulus were 
investigated which in general were fairly ice free. 
Penetrations were at an altitude of 4800 m and a tem- 
perature of -8°C. Figure 6 shows the electric field 
and aircraft charge for both the Insensitive and sen- 
sitive ranges during one such pass. The aircraft 
entered cloud at 1552 and immediately a weak electric 
field (long dashes) was detected and the aircraft 
became charged. This Is particularly obvious in the 
sensitive aircraft charge (very short dashes), but 
even so the magnitude of charging is significantly 
reduced (~ -2.5 uC) compared to the previous case* 
studied. The small amount of charging that did take 
place was probably still the result of ice colli- 
sions. As discussed in the Field Observations sec- 
tion, it Is possible for the replicator to miss Ice 
particles at low concentrations because of Its small 
sample volume (1 t s*1) whereas the airplane sweeps 
out a much larger volume (6.6 x 10s t •"')• The par- 
ticle charge detector, which has a sample volume of 
166 i •"', did detect some charged precipitation par- 
ticle* during this pass (see Table 1). 



428 B. Gardiner et al. 

UISSION N0.28A 61/ 6/ 6 UISSION NO.IOA 81/7/11 

I 

5?    o    5rm muni i rrrrrTTTrrrt TT ■ TTI HIHIHI iiviiTMinirrtnii 

it« « r a 

o   _ 

§3: 

i I i | s § i 1: 

--«ftlj 

10  55 

B   w»   S   w i t i/l      r-       L/l      fO 11,1,11,1111111,1,11 I I I I I I I I I I t 

I6HS:30 TIKE (MET) Iltl(i3 

Figure 6: Insensitive electric field (solid line), 
insensitive aircraft charge (medium 
dashes], sensitive electric field (long 
dashes) and sensitive aircraft charge 
(short dashes), 1615:30 - 1616:30, 6 
August  1981. 

e)    Lightning Strikes 

Between 1900-1935 on 11 July 1981, penetra- 
tions were made through a highly electrified large 
scale storm system. There was intense lightning 
activity and on a number of occasions the aircraft 
was struck by lightning. Two such occasions are 
shown in Figure 7, the lightning hit the aircraft at 
1904:12 and 1906:55 at which times the on-board com- 
puter failed. The highest electric field (saturated 
at 50 kv m"1) and space charge density (-9.4 C km"3) 
observed during the CCOPE flights were found in this 
cloud. 

19' UM TIUE (UDT) is,  6.55 

Figure 7b: Insensitive electric field (solid line) 
and aircraft charge (dashed line), 
1905:55 - 1906:55, 11 July 1981. 
Lightning struck the aircraft at 1906:55. 

DISCUSSION 

Significant aircraft charging appears to occur 
only in the presence of ice. Is this charge due to 
the aircraft-Ice collisons or does the aircraft 
acquire the charge already carried by the ice 
particles? During Mission 17A (1444:30-1445:30) 
space charge densities carried by precipitation par- 
ticles reached -8C km'3. A quick calculation can be 
made to test whether it is feasable for the aircraft 
charge to have been acquired from these precipitation 
particles. The volume swept out by the aircraft in 1 
sec is given by the true air speed multiplied by the 
cross-sectional area Z 660 m3 »"', The maximum 
possible rate of charge gain  (dqg/dt)  Is given by 

■J.  = -8 x 660 x  10"9 C s"' dt 
(10) 
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Figur« 7a: Insensitive electric field («olid line) 
and aircraft charge (dashed line), 
1903:30 - 1904:30, 11 July 1981. 
Lightning struck the aircraft at 1904:12. 

The charge decay is given by an exponential where the 
1/e time is 4 sees (see 1632:42 in Figure 8, the time 
at which the aircraft emerged from a cloud). There- 
fore the rate of charge loss (through ionic 
neutralization)  at any instant in time is given by 

dq. (11) 
dt 4 

where q/v '* the aircraft charge. 

For equilibrium 

dq_ dq, 

dt dt 
(12) 

which gives. 

qA = -4 x 8 x 660 x  10"9C 

= -20 uC 

The maximum aircraft charge observed during this 
pats was approximately -SO uC (1444:39), and some 
other mechanism is therefore needed to explain the 
charging. 
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Figure 8: Insensitive electric field (solid line), 
insensitive aircraft charge (medium 
dashes), sensitive electric field (long 
dashes) and sensitive aircraft charge 
(short dashes), 1632:00 1633:00, 19 July 
1981. 

From Figure 8 it is obvious that because of the 
decay time for charge carried by the aircraft, the 
aircraft effectively integrates over a four or five 
second time period. Therefore the affect of changes 
in ice type, ice concentration or liquid water con- 
tent on time scales shorter than this will not be 
resolved. Significant changes on time scales less 
than S sees are observed to occur quite frequently in 
Figures 1 and 2 and therefore it will be impossible 
to determine the affect of these sudden changes on 
the aircraft charge. 

The measurements presented also allow some 
insight to be gained into the reasons for lightning 
strikes on aircraft. The question is posed as to 
whether the lightning strikes were correlated with an 
increase in either aircraft charge or electric field 
in the vicinity of the aircraft. From Figure 7 no 
such causality is evident in either case and this was 
also true for other lightning strikes. Therefore it 
would seem from this very preliminary investigation 
that the aircraft was hit due to being in the natural 
path of the lightning rather than because of some 
increase in electric field intensity at its surface. 
Because only measurements of vertical electric field 
were made it is possible that large changes in the 
horizontal electric field went unnoticed. 

CONCLUSIONS 

warm temperatures), vapor grown crystals charged the 
aircraft negatively whilst on the 21 July 1981 
(higher LWC, lower temperatures) the aircraft charged 
positively. The direction of the electric field 
appears on occasion to influence the sign of the 
charging (Mission 10A) though this needs to be 
investigated more thoroughly before any definite 
conclusion can be drawn. 

Calculation suggests that charging is a result 
of aircraft-ice Impacts rather than by stripping of 
the charge already carried by the ice particles. 
Laboratory studies of ice-ice collisional charging 
[l-3] although applicable to convective storm 
electrification [4] do not appear to be relevant to 
aircraft charging (e.g., charging occurs without the 
presence of liquid water). However, some aspects of 
the laboratory studies of ice-metal [6] charging do 
appear relevant  (influence of electric field). 

The large variations in particle type and con- 
centration over small distances in convective clouds 
make interpretation of the data somewhat difficult. 
It would be useful to repeat these measurements under 
more uniform conditions such as in precipitating 
stratiform clouds. 

Finally, no evidence was found for a correlation 
between lightning strikes on the aircraft and either 
the charge carried by the aircraft or the local 
electric field. 
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TABLE 1 

Date Mission No. Time (MDT) Alt  (m) Temp (*C) 
Average 

(gm m" 
LWC 

3> 

Average 
Particle 
Charge 
(C km'3) 

Maximum 
Particle 
Charge 
(C km"3) 

11 July 81 10A 1823-1854 4700 -2 <0.05 -0.4 -1.9 

11 July 81 10A 1900-1935 4800 -3 0.2 -3.3 -9.4 

17 July 81 14A 1244-1254 5600 -14 0.07 + 0.08 

21 July 81 17A 1439-1441 6800 -21 0.35 -2.6 -5.9 

21 July 81 17A 1444-mite 6800 -21 0.1 -4.5 -8.1 

6 August 81 29A 1615-1617 4800 -8 1.8 +0.04 
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ABSTRACT - Six electric-field-measuring instruments were placed, flush with the earth's surface, in a 
line radially outward from Ground Zero during the DIRECT COURSE high explosive test on 26 October 1983. 
Large electric field excursions (in excess of +22 kV/m) were observed above each instrument after the 
passage of the explosion shock wave. The polarity of the excursions indicates that negative charges 
were elevated above the instruments. These negative charges came from the earth, apparently as a result 
of contact electrification during the turbulence following the explosion. The observed electrical 
excursions were short-lived; it appears that positive-ion point discharges from the sarth, induced by 
the strong concentrations of negatively-charged dust, acted quickly to limit and then to reduce the 
electrical perturbations. No enhancement in the atmospheric electrification was observed as the dust 
particles fell back to earth but local effects were observed as dust particles struck the sensing 
electrodes. The local charge concentrations residing on the dust particles exceeded 200 nC/nr which 
is more than tenfold greater than that residing on cloud particles producing thunderstorm electrifica- 
tion. Despite these high local concentrations of charges, no significant, lightning-like, electrical 
discharges were observed except at the time of shock wave passage near one of our recorders. We infer 
that the observed high concentrations of charge were not accumulated sufficiently in organized volumes. 
If accumulations were to occur or if point discharge were suppressed, vigorous electrical discharges 
might be expected. 

I - INTRODUCTION 

Dust electrification can occur under many different 
sets of physical conditions. One well-known case due 
to volcanic eruptions produces large dust plumes in 
which spectacular displays of lightning have been 
reported.1 Measurements made of the Mount St. Helens' 
plume show that large amounts of electrical charge 
were present for many hours after the initial large 
eruption of 18 May 1980 and numerous electrical dis- 
charges were observed over this period.' Another area 
in which dust electrification can be a serious, and in 
some cases catastrophic, concern occurs within storage 
silos such as grain elevators.3 

In this report, we consider a different cause of dust 
electrification, viz., that produced behind the shock 
wave due to the detonation of a large amount (5.5 x 
105 kgm) of high explosive. The resulting dust cloud 
extended over a relatively large area, i.e., *  1 km 
in radius from Ground Zero, and persisted for several 
minutes before the larger particles fell to earth 
and the smaller particles were lofted high into the 
atmosphere. A series of measurements were made of the 
electric fields generated inside this dust layer. 

The main purpose of our experiment was to measure in 
situ local electric fields and their changes on a 
time scale of ^ micro-seconds. This required the 
design and construction of an electric field change 
meter capable of responding to such effects and also 
built to survive, operate and record during the event. 
Of particular Interest to our group was the recording 
of the electric field strength and polarity with 
moderately high resolution before, during and after 
the explosion. Other undocumented reports have been 
made of electrification sufficiently vigorous as to 
cause major radio disturbances. We wished, therefore, 
to observe the onset of any electrical disturbances, 
to measure the peak strength ana to determine whether 
or not the observed electrification Intensified as any 

charged dust particles fall out, possibly leaving a 
residual charge of the opposite polarity in the 
atmosphere. 

II - EXPERIMENTAL DESIGN 

The high explosive test, code-named DIRECT COURSE, was 
conducted on the White Sands Missile Range near 
Socorro, New Mexico. It consisted of a fiberglass  ,. 
sphere 12.6 meters in diameter, filled with 5.45 x 10 
kgm of Ammonium Nitrate mixed with Fuel Oil (ANF0) that 
was placed on top of a 45.9 meter steel tower. Upon 
detonation, a spherical shock wave was created and pro- 
pagated through the atmosphere and over the desert-like 
terrain surrounding Ground Zero. This produced a 
highly turbulent region containing dust lofted behind 
the shock wave. At distances close to Ground Zero, the 
dust layer extended tens of meters in the air while, 
further out, the dust layer raised only a few meters 
before settling back onto the ground. 

Fiveeletric-field change-measuring sensors and one 
electric-field meterof the rotating vane type (a field 
mill) were placed radially outward from Ground Zero. 
The locations of the instruments are shown in Figure 
2-1. All of the instruments were placed so that abso- 
lute electric calibrations could be made without the 
need for application of a corrective "form factor." 

For the four regions with expected large over-pressures 
after the explosion, electric-field-change instruments 
of the type shown in Figure 2-2 were prepared. Each 
of these consisted of a heavy walled, cubical steel 
box with an open top and a sensing electrode mounted 
inside the box on the wall closest to Ground Zero. The 
electrode was a rectangular aluminum plate, 6 mm thick, 
with a sensing area of 223 cm2. An overhang and an 
inclined ramp deflector were arranged to protect each 
sensor from the direct Impact of flying debris. The 
electrode was elevated about 14 cm above the bottom 
of the box so as to keep it above most of the fallout 
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material collected by the box. A battery-operated 
electronic circuit that measured any displacement cur- 
rents flowing to the recessed, sensing electrode was 
located underground in a compartment adjacent to the 
sensor. A silicone-lacquer-treated, fioerglass insula- 
tor was chosen to support the sensing electrode because 
it was less microphonic than better insulators such as 
Teflon. 

Four 6 volt alkaline lantern batteries provided the 
±12 V supply needed to power the electronics. The 
current drain by the systems was about ±25 mA which 
allowed the batteries to provide useable power for a 
period in excess of 75 hours, much longer than the 
eight hours that elapsed between initial turn-on and 
the calibrations after the explosion. 

The operational amplifier (National Semiconductor type 
LF356) used in the circuit was arranged to have a 
risetime of about 0.5 microseconds or a frequency 
response of about 300 kHz. An integrating time con- 
stant of 30 milliseconds (Rf = 3.0 x 10** ohms and Cf 
■ 100 pF) was then used to obtain wide dynamic-range 
measurements of discrete changes in the electric field. 
Use of this feature convolves any incident electric 
field changes with the instrumental relaxation but it 
allows a measure of the fast changes in electric field 
normally associated with lightning, relatively unaffec- 
ted by any earlier changes which will have relaxed. 
Data obtained in this manner must be "de-convoluted" 
to remove the instrumental relaxation effects. The 
technique for deconvolution was reported in Reference 
4. If charge is transferred to or from the sensing 
electrode during the recording period, it too is de- 
tected and can be estimated by a variation of this 
technique. Instead of interpreting the deconvoluted 
response as a fi^lc" change, it can be treated as a 
charge change. 

The signals from the sensing amplifier were passed 
through a wideband, fast, single-ended, driver ampli- 
fier (National Semiconductor type LH0033) and then 
sent to South Instrumentation Park through RG-213 
cables. At South Instrumentation Park the signal 
cables were terminated by 50 ohm GR resistors, isolated 
from the earth. 

The signals appearing across the 50 ohm termination 
were sensed differentially with the use of LF356 
operational amplifiers that drove a 14 channel, analoq, 
magnetic-tape recorder having an FM recording response 
of 0.5 MHz. 

In a clearing northeast of South Instrumentation Park, 
the electric field meter and another field change 
meter were burled so that their upper surfaces also 
were flush with the surrounding earth. The outputs 
from these Instruments also went through the differen- 
tial amplifier bank and were recorded on magnetic tape. 

Each of the six instruments was calibrated, In place, 
by the use of a 1 meter, square metal plate supported 
on bakelite (i.e., charge-free) Insulators at a height 
of 11.1 cm above the level of the box or Instrument 
top. A ±68.0 volt potential was applied between the 
isolated plate and the earth through a double-pole, 
double throw, reversing switch. Use of the equipment 
applied a ±612.6 V/m electric field to each Instrument 
and the resulting square-wave signal was transmitted 
to South Instrumentation Park where it was recorded 
as a calibration. The system response to magnitude 
at  J olarlty was determined before and after the 
; .;.„, , )URSE explosion. 

These calibrations indicate that the field change 
measuring instruments were quite sensitive to the di- 
rect input of charge to the sensing electrode with 
saturation responses on the order of ±6 V for input 
charges of as little as 0.6 nC or an equivalent charge 
density of 27 nC/m' on the sensing electrode. In the 
sensing of external electric fields, the recessed and 
shielded locations of the electrodes caused great 
attenuation so that very strong, external electric 
field changes were required to saturate each instrument. 
Accordingly the instruments were useful for sensing 
strong external electric fields, but they also were 
vulnerable and easily saturated by direct charge trans- 
fers to their sensing electrodes. 

III - RESULTS 

Recordings were obtained Trom all six instruments 
during the DIRECT COURSE explosion. Plots of the 
actual data are shown in Figures 3-1 and 3-2. Exami- 
nation of the data indicates that strong, positive 
electric fields (indicating negative charge above) 
were developed over each instrument but only after the 
explosion shock wave passed by. The electric fields 
so produced were very strong, but transient, with 
rapid relaxations until new disturbances occurred. 

An instrumental problem was found in the field change 
meter used at Station 3. A monopolar Tranzorb (in- 
stead of a bipolar one) was incorrectly used to protect 
the driver amplifier's output and this clipped the 
instrumental response to positive electric fields at 
the +0.3 volt level. Despite this limitation, the 
positive field contributions strongly outweighed the 
negative ones so that a lower bound for the negative 
charge transfers could still be determined after the 
deconvolution process. This problem developed only at 
positive field strengths 1n excess of 5 kV/m, which 
provides an explanation as to why the positive field 
limitation was not detected with the ±612.6 V/m cali- 
bration pulse. 

After allowance for this limitation,the results for 
the outer five Instruments are qualitatively similar 
but the field change indications at Station 1, the 
closest site, show an anomaly starting about three 
seconds after the explosion. During this period, there 
are Indications of strong positive charges arriving at 
the sensor electronics. After the test, 4.85 kg of 
dirt were found deposited in the cubical box at Station 
1. Both the sensor and its supporting insulator were 
found coated heavily with fine talcum-Uke powder. It 
was also found that this instrument was driven down- 
ward 5 cm in the will-tamped earth by the explosion 
pressure. 

IV - DISCUSSION 

The deconvoluted plot for thu electric-field-change 
that was recorded ct Station 5, 1,976 m from GZ, is 
shown 1n Figure 4-1 In a comparison with the actual 
electric field lacording obtained with the field mill 
located about 1.5 m distant to the southwest.   The 
reconstructed electric field data Initially agree, at 
least qualitatively, with the actual recording, but 
there are some differences.   The field change Instru- 
ment had a much higher frequency response (^300 kHz) 
than did the field mill (>4 Hz) so that the indications 
of sudden field changes do not appear in the filtered 
output of the field mill.    It appears that after pas- 
sage of the shock wave at South Instrumentation Park, 
the local electric field strength became so great that 
local, positive, point discharge emissions occurred 
'rom the earth and these rapidly counteracted many of 
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the effects of the levitated, negatively-charged dust 
particles. While these emissions of point discharge 
were not measured directly, the initial strong fields 
relaxed far more rapidly than can be explained either 
by atmospheric conductivity or by fallout of the dust. 
It is interesting to note that a video recording of 
the shock wave passage shows an electrical transient 
similar to that produced by short lightning discharges 
within 60 ms of the shock wave passage. 

The drift toward negative values in the r instructed 
electric field plot at Station 5 after 12Uö:15 MDT 
suggests either the arrival of positive charges at the 
exposed field change sensor as a result of dust fall- 
out or an accumulation of positive charge in the atmos- 
phere over the instrument. Since the electric field 
meter shows a decrease in the field strength (toward 
zero) during this period, it appears that a charged 
dust fallout of about 0.7 nC/m2 can account for the 
charging of the field change sensor. 

In recognition of the differences in the instrumental 
response to external fields and to charge transfers 
at the sensing electrode, two different Ordinate 
scales are plotted in Figures 4-1, 4-2 and 4-3. The 
other significant finding from the observations at 
Station 5 is that the initial portions of the recon- 
structed field change recording give a fairly useful 
indication of the actual electric field excursion and, 
therefore, some useful results may be extracted from 
the results obtained with the four battery-operated 
field change instruments located closer to Ground Zero 
where electric field mills could not be operated. 

Oeconvoluted records of the field changes from these 
four instruments are shown in Figures 4-2 and 4-3. 
All of these show the lower bounds for the strong 
concentrations of negative charges levitated after the 
passage of the shock wave and produced strong, posi- 
tive (upwardly-directed) electric fields. The fields 
so produced were much stronger than can exist near the 
earth's surface. We infer, therefore, that strong 
emissions of positive point discharge ions must have 
occurred from the earth nearby, just as appeared 
to occur at South Instrumentation Park. 

These deconvoluted field changes do not return to zero 
after the initial excursions. This suggests that 
transfers of negative charges to or positive charges 
from the sensing electrodes must have occurred during 
the sensing period. Emission of positive point dis- 
charges from the field sensing electrodes are unlikely 
because they are so well shielded 1n their recesses. 
It is also unlikely that neutral particles rebounding 
from the sensing electrode carried away positive 
charge, for dielectric materials usually acquire 
negative charges in contact with metals. Accordingly, 
we are inclined to the view that local turbulence 
caused the impacts of negatively charged dust parti- 
cles and transferred net negative charges to each 
electrode. 

Since the recordings at all four of the inner stations 
went off scale, only the lower bounds can be estimated 
for any charge transfers here also. At Station 3 
(233 m distant from GZ), we estimate that negative 
charge transfers to the sensing electrode of more than 
31 nC/mz took place while the figure for Station 4 
(695 m distant from GZ) is 27 nC/m2. 

A somewhat different behavior was observed at Stations 
1 and 2, the closer stations, Initially, at these 
stations the field indications were also of negative 
charge being levitated after the shock wave passage, 

followed by negative charge arrival at the sensing 
electrodes. After 1206:03 MDT, the output from Station 
1 indicated that positive charges were arriving at the 
sensing electrode. Over the next minute about +270 
nC/m2 of positive charges were collected. 

These indications may have been the result of the im- 
pact on the electrode of dust particles charged posi- 
tively by collection of positive point discharge ions 
or they may be an effect of particles rebounding from 
the electrode, carrying more negative charge away. It 
is clear that a dust maelstrom occurred within the 
cubical box and that many charge transfers, unrelated 
to lightning production, did occur. At Station 2 
(170 m distant from GZ) the dominant indications for 
the first thirty seconds were of negative charge aloft 
and then of negative charges arriving at the sensing 
electrode. Initially, about -5 nC/m2 of negative 
charge was collected. After 1206:30, the reconstructed 
record indicates that positive charges began t- arrive 
at the sensing electrode and about +2.2 nC./m2 of posi- 
tive charge were collected. 

V - SUMMARY 

The significant findings from the electric field mea- 
surements were: 

1. Passage of the displacement disturbance and of the 
outgoing shock wave lifted large amounts of negative 
charge into the air from the earth« The elevated 
charge densities exceeded 200 nC/nr at all stations 
and 500 nC/m2 at the close stations. 

2. Strong, short-lived, positive electric fields were 
created locally: >56 kV/m at Station 1, 128 m, and 
22 kV/m at Station 5, 1976 m distant from GZ. 

3. There is little correlation between the electric 
field disturbances observed at adjacent sites (which 
indicates that the charges affecting each sensor were 
close to It).   There are indications that negative 
charges impinged on the sensing electrodes of the 
field change meters. 

4. Small dipole moments were generated (i.e., the 
charges were not separated by an appreciable height). 
The maximum field change of 1060 V/m observed before 
shock wave passage at Station 5 (1976 m from GZ) could 
have been produced by a dipole moment of less than 
0.5 C-km over GZ. 

5. There is one indication of a brief electrical dis- 
charge resembling lightning when the shock wave passed 
South Recording Park. 

6. Three seconds after detonation, the indications at 
the closest site wereof the arrival of positive charge 
amounting to more than 260 nC/m2. This may be the 
result of the collisions of dust particles with the 
sensing electrode. The observed effects could have 
been caused eit.ier by the rebound of neutral particles 
from the electrode or by the arrival of dust, charged 
positively by collection of point discharge ions. 

7. All of the electrical disturbances were short-lived, 
lasting less than 20 seconds. Large excursions in 
field strength were followed by rapid relaxations, 
presumably aided by strong point discharges from the 
local vegetation. 

8. There were no indications of significant electric 
charges remaining aloft and there were no Increases in 
the surface field strength as the dust particles fell 
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out. The relaxation time constant of the final elec- 
tric field recovery at Station 5 was >6 seconds. 

REFERENCES 

1. Pounder, C, "Volcanic Lightning," Weather (GB), 
Vol. 35. No. 12, pp. 357-360, December 1980. 

2. Hobbs, P.V., Radke, L.F., Eltgroth, M.W., and 
Hegg, D.A., "Airborne Studies of the Emissions 
from the Volcanic Eruptions of Mount St. Helens," 
Science, Vol. 211, No. 4484, pp. 816-818, 
February 20, 1981. 

3. :'-"irer, B., "Discharges Following Electrostatic 
Charging in Large Storage Silos," Report No. 
Conf-7809151-2, BASF A.G., Ludwigshafen am 
Rhein Corp., 1978. 

4. Price, M.L,, Moore, C.B., Hayenga, CO., Hall, 
D.L., and Caylor, I.J., "Dust Cloud Electrifica- 
tion Measurements," EMA-84-R-18, Electro Magnetic 
Applications, Inc., Huntsville, AL, January 1984. 

North 

■ 

Station Range (meters) 

1 
2 
3 
4 
5 

128.6 
170.3 
233.4 
695.5 
1976.8 

1000 
—I 

Dlatanea   ictlc   In neter» 

South  InatruaantatIon  Park 
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will allow and therefore the indications must be interpreted 
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CORONA THRESHOLD DETERMINATION  BY THREE-STAGE  PHYSICAL MODELLING  OF AIRCRAFT 

J.E.  Nanevicz and E.F. Vance 

SRI International, Menlo Park,  California 94025,  U.S.A. 

ABSTRACT 

The Problem - At what aircraft potential will the VHF blade antenna protruding from the belly of an 

aircraft reach corona threshold? Problems of this type frequently arise in connection with the design of 

passive discharger installations for new aircraft. Similar questions also come up when an engineer is 

faced with the need to track down an elusive noise source on an existing aircraft. Ground tests or 

flight tests on an actual aircraft to obtain the answer can be very time-consuming and expensive. 

The Solution - An accurate determination of the corona threshold of a protuberance can be made in the 

laboratory at very low cost. The measurement techniques described in the paper use a scale model of the 

aircraft (1/25 to 1/100 scale is satisfactory) together with a sample of the protuberance in question 

(often a blade antenna). Through a succession of at most 3 measurements — one on the aircraft model, 

and two on the sample — it is possible to determine the corona threshold of the protuberance as 

installed on the aircraft. 

By expanding the aircraft model measurements, it is possible to explore alternate sites on the 

aircraft to minimize the likelihood of corona discharge. Also, investigation can be made of possible 

modifications to the protuberance (such as rounding of edges) to increase corona threshold potential. 

The appropriate laboratory techniques are described and examples of results are presented. 

unacceptably low, he must devise ways to increase 

the threshold potential (by rounding edges or by 

relocating the protuberance to a less prominant 

petition on the aircraft). He must also be able to 

test the effectiveness of any fixes he devises. 

I - BACKGROUND 

Frequently, engineers involved with the 

development and troubleshooting of communication 

systems on aircraft are faced with the need for 

determining the corona threshold potential of a 

protuberance from the mold lines of an aircraft, 

(i'or example, a blade antenna, a vent, a pi tot tube 

etc.). The need for this Information follows from 

the fact that noise-free reception of radio signals 

on the aircraft Is dependent upon the proper 

functioning of the passive discharger system 

installed on the aircraft, and the avoidance of 

corona discharges from any element of the alrframe 
1 2 

itself.  '  Thus the engineer must contrive Co 

ensure that, at the highest expected charging rate* 

of the aircraft (as the result of flight through 

precipitation containing Ice crystals), the 

aircraft potential does not exceed the value at 

which some protuberance might experience air 

breakdown. 

In general, the engineer must be able to 

determine the potential at which breakdown of a 

proposed design will occur. If this la 

II - STRAIGHTFORWARD APPROACHES USING FULL-SCALE 

AIRCRAFT 

The problem of threshold determination can be 

approached head on using several techniques as 

shown In Figure 1. In (a) the aircraft Is 

Instrumented to permit detection of corona 

discharge from the protuberance and to define 

aircraft potential. The aircraft Is operated In 

precipitation condition* leading to static charging 

of the aircraft. If the charging encountered In 

flight 1* sufficiently severe to Induce corona from 

the protuberance, the determination of Its 

threshold Is rnde. If not, all that can be 

established is that the threshold «xeeda the 

maximum potential attained during the flight tests. 

Experienced engineers recognise immediately 

that flight test programs In general tend to be 

'«••rfV 
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expensive and unwieldy. For example, investigating 

the effect of modifying the protuberance, or 

relocating it, requires additional flying. In 

general, flight testing is best confined to either 

proof testing or to the gathering of information 

regarding the basic properties of the charging 

environment. The use of flight tests, of course, 

does have the virtue of duplicating all facets of 

the problem. 

An alternate approach that might be considered 

is illustrated in Figure 1 (b). Here the full- 

scale aircraft (including protuberance) is mounted 

on insulating blocks and charged to a high dc 

potential (100's of kilovolts) using a high-voltage 

power supply. Measurements of discharge current 

from the protuberance of interest are used to 

determine the aircraft potential at which discharge 

onset occurs. 

Although the method of Figure 1(b) appears at 

first glance to duplicate the Important features of 

an aircraft in flight, it, in fact, suffers from 

serious drawbacks.  The proximity of the ground 

tends to distort the field sf-M^ure about the 

aircraft, and the ettects of wind flow on corona 

threshold are not duplicated. In addition, 

implementing the tests is expensive because 

insulating structures capable of supporting the 

aircraft must be built, and the fuel system must be 

specially treated ("pickled") to avoid the 

possiblillty of vapor ignition by electrical 

discharges from the aircraft. Although exploring 

design changes is easier than in an actual flight 

test it is still quite poaderous and time 

consuming. 

Ill - LABORATORY MODELLING APPROACH 

The problem of corona threshold determination 

can be attacked in the laboratory by recognizing at 

the outset that a one-step laboratory modelling 

program cannot be made to succeed, and that 

attention must be focussed on the facets of the 

overall problem that the various possible modelling 

schemes can accurately duplicate. 

The general concepts of procedures for 

threshold determination are shown In Figure 2. The 

concept of measurements employing a full-seal« 

aircraft (discussed la connection with Figure 1) Is 

shown In (a). Here we note that, whether the 

aircraft Is in flight or mounted on insulating 

blocks, the aircraft potential is measured together 

with the discharge current from the protuberance to 

determine, in a single step, the potential at which 

discharge is initiated. The laboratory modelling 

concept of Figure 2 (b), on the other hand, 

involves a series of measurements each of which 

provides insight Into a specific facet of the 

problem. By combining the results of the 

measurements of (b) it is possible to relate 

airplane potential to the occurrence of corona 

discharge. The measurement techniques involved in 

carrying out the Individual steps of Figure 2(b) 

will be discussed together with an indication of 

the way in which the diverse measurements are 

combined to yield the desired relationship between 

aircraft potential and corona discharge onset. 

Consideration will also be given to ways in which 

the measurements can be expanded to permit the 

investigation of the effects of location on the 

aircraft and design details of the protuberance. 

In general, the laboratory-measurement 

approach involves breaking down the problem of 

threshold determination into several steps. In 

considering step (1) we note that the relationship 

between aircraft potential and the ambient electric 

field in the general vicinity of the protuberance 

is determined entirely by the geometry of the 

aircraft involved. Further, it is true that this 

same relationship exists on a scale model of the 

aircraft in question. Thus, If we contrive to 

measure the relationship between ambient field and 

aircraft potential on a scale model of the 

aircraft, we have also determined this relationship 

for the full-scale aircraft. 

The technique for carrying out the 

determination of step (1) Is shown schematically In 

Figure 3. A scale model of the aircraft of 

interest Is suspended In the laboratory as shown in 

the photograph of Figure A — well sway from any 

structures, to simulate an aircraft In flight. A 

high-voltage power supply of voltage V Is connected 

to the model via a wire to a remote element (such 

as a wing tip). Thus the model Is electrically 

charged and an electric field structure Is 

established on Its surface and In Its general 

vicinity. The magnitude of the electric field , 

Ea, at points of Interest on the skin of the 

aircraft model can be determined by Beans of charge 
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transfer measurements described by Maxwell.3 With 

this technique, a small conductive probe (located 

at the end of a thin insulating rod) is touched to 

the model, and acquires a charge q proportional to 

the magnitude of the electric field, E , at the 

point of contact and to the induction area A of 
P 

the probe. 

1  " Em K m p (1) 

The magnitude of the charge is measured by means of 

an electrometer equipped with a Faraday "ice pail" 

to receive the charge. The relationship between 

ambient field and transferred charge (the probe 

induction area, A ,) can be determined by repeating 

the measurement in a known field (i.e. the field 

between the pair of parallel plates shown in Figure 

3). Details of the charge-transfer measurements 

and certain critical considerations are discussed 

in Appendix A. 

From geometric scaling arguments, the fields 

on the full-scale aircraft are smaller than they 

are at corresponding points on the model by a 

factor equal to the model scale n. Thus the 

aircraft field E is related to the model field E a m 
at the corresponding point by the relationship 

En/n 
n (2) 

where n is the scale factor of the model. 

Thus, at the end of the model measurements of 

step (1), we have determined the coupling parameter 

k., relating the ambient field E , where the 

protuberance will be located, and aircraft 

potential V: 

"lE. (3) 

It should be noted that while the aircraft 

model is suspended In the laboratory, It la 

possible to explore alternate possible locations on 

the aircraft surface to determine if there are 

alternative location« tor the protuberance where 

ambient field E( la significantly lower. 

A ichematic of the setup for carrying out the 

determination of step (2) Is shown lu Figure 5. A 

full-scale sample of the protuberance (antenna) 

under Investigation 1* mounted on a large metal 

plat« simulating the aircraft «kin. A second metal 

plat« la placed parallel to the flrat at a spacing 

d (several antenna heights away), and a high 

voltage is applied between the two plates. This 

establishes a uniform field E between the two 

plates, except in the vicinity of the antenna where 

the field is distorted and concentrated by the 

presence of the antenna as suggested in the 

figure. A photograph of the "electrostatic cage" 

used for this purpose is shown in the background of 

Figure 4. The cage shown has guard rings installed 

between the metal plates to assure a uniform 

electrostatic field Inside tha "cage". 

Essentially, the argument for the measurement 

illustrated In Figure 5 is that it duplicates very 

closely the electrostatic situation on the belly of 

a charged aircraft. The radius of curvature Is 

large compared to the dimension of the antenna 

blade so that tba field structure over the volume 

of interest in the vicinity of the aircraft skin is 

closely approximated by the uniform field between a 

pair of parallel conducting sheets. Thus, the 

field distortions produced by the antenna in the 

test setup in the laboratory are virtually 

identical to those produced when the antenna is 

immersed in the ambient field of the charged 

aircraft. 

In principle, one could increase the voltage 

of the power supply In Figure 5 until corona 

discharge occurred from the antenna. 

Unfortunately, in practice, It is usually found 

that unacceptably high voltages are required to 

produce corona and that the requirements for 

Insulation and rounding of the edgea of the plates 

to avoid electrical breakdown from them are 

extremely difficult to achieve. Thus, it Is 

usually best, Instead, to use the set up of Figure 

5 simply to determine the field enhancement 

produced by the antenna blade. This can be done by 

choosing a reference point on a flat region of the 

antenna blade near the sharpest metal corner from 

which corona will first occur (a point roughly 3-cm 

in and 3-cm down from the corner is appropriate and 

convenient), and determining the relationship 

between the ambient field Eg and the reference 

point field Ef 

k2Er (*) 

The determination la mad« «Imply by energising the 

system of Figur« 5 and making charge transfer 

- -  - 
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measurements touching the probe to the left plate 

to determine E and to the reference point to 

determine E . 

Finally, the determination of step (3) can be 

made using the set up of Figure 6.  Here a full- 

scale operational sample of the antenna blade under 

consideration is placed within an electrode 

structure which is sufficiently compact that corona 

discharge can be induced from the antenna with 

reasonable values of applied voltage. The test 

begins with some modest level of voltage applied. 

A charge-transfer measurement is made to determine 

the relationship between the voltage applied to the 

"bathtub" geometry and the reference point field E 

on the antenna.  Since the system is linear, the 

same relationship between field and voltage will 

exist independent of applied voltage. Once this 

relationship has been determined, the voltage 

applied to the antenna blade is Increased until 

corona discharge onset is detected on the power 

supply current meter. The value of voltage is 

noted and used to calculate E  , the reference 

point field at corona threshold. This value of 

field can be substituted into equation (4) to 

determine the value of ambient field 

Eat " k2 Ert (5) 

required for corona threshold of the antenna under 

investigation. 

It should be noted that E<t is characteristic 

of the antenna, and can be measured and tabulated 

Independently of the aircraft on which the antenna 

la to be used. For example, two antennas — one a 

9-inch stub typical of UHF antennas, and the second 

a 17-inch blade typical of VHF antennas — were 

studied in the laboratory, and had corona 

thresholds as shown in Table I. 

Table I 

Ambient Fields For Antenna Corona Threshold 

E.t- 
-Ambient Field For Threshold 

Antenna kV/N 

9-inch stub 181 

12-inch blade 112 

possible to experiment with ways in which the 

antenna corona threshold E t can be raised — e.g., 

by rounding edges-  Such experiments can be 

completed quickly and at relatively little cost. 

Once the ambient threshold field E .. for an at 
antenna has been determined, this result can be 

substituted into E (3) to determine the threshold 

potential 

klEat (6) 

It should also be noted that, once the set up 

of Figure 6 Is In place In the laboratory, It Is 

for the antenna under consideration installed at 

the location in question. The results of a set of 

such determinations for various stations on the 

fuselage center line on wide-body aircraft are 

shown in Figure 7. From charge transfer 

measurements (of the sort illustrated in Figure 3) 

the value of the parameter k, was determined, and 

is plotted at the lower curve in Figure 7. Next, 

using the values of E  for the two antennas in 

Table I, the corona threshold potentials for these 

antennas installed at the various fuselage stations 

was determined using E . (6). The resulting 

thresholds are plotted as the upper two curves in 

Figure 7. 

It should be noted rhat the value of the 

parameter kj is a function of aircraft geometry 

alone. It can be determined using model 

measurements without regard for the threshold 

properties of the antennas being considered for 

installation. Thus, once the setup of Figure 3 has 

been assembled, It is prudent to explore the 

aircraft surface and determine k, at all locations 

where protuberances, such as antennas, might 

ultimately be located. 

VI - SUMMARY 

Laboratory techniques can be applied to the 

determination of corona thresholds of odd 

protuberance« from the body of an aircraft. These 

measurements lequire only a full-scale sample of 

the protuberance and a seal« model of the aircraft 

(often a plastic toy model coated with 

electrically-conducting paint will do). The 

laboratory technique does not Incur the costs of a 

flight test program, and doe» not suffer from the 

Inaccuracies normally Introduced In test-stand 

measurements on a full-scale aircraft. The effects 

of air flow In modifying threshold are not 
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simulated using the laboratory techniques (they are 

not simulated in the test stand measurements 

either). 

In general, the laboratory techniques 

discussed here are remarkably flexible and 

powerful. They permit the exploration of virtually 

all of the issues important in the siting of 

antennas and other protuberances on an aircraft. 

They permit the engineer to explore the effects of 

modifications in antenna design and placement at 

very little cost. Furthermore, the form of the 

measurements is such that the question of antenna 

design can be investigated independently of the 

issue of placement (the converse is also true). 

Thus, using very Inexpensive instrumentation, the 

engineer is able to resolve a number of difficult 

questions arising in aircraft design and 

troubleshooting. 
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APPENDIX A 

STATIC ELECTRIC FIELD DETERMINATION USING CHARGE 

TRANSFER MEASUREMENTS 

If a small, uncharged metal probe is placed In 

the field E near the surface of a conducting sheet 

the field will assume the form shown in Figure A- 

1(a) where it is evident that a potential 

difference exists between the probe and the 

conductor. When the probe is placed in contact 

with the conductor as in Figure A-l(b), therefore, 

charge will flow onto the probe.  If the probe is 

now removed from the conductor as in Figure A-l(c), 

the probe is left with an excess of charge, q. The 

magnitude of this charge is determined by the 

geometry of the probe and the field intensity in 

the region. By measuring the charge q acquired by 

the same probe in a region of known field intensity 

E , one can determine the ratio of the charge to 

the field intensity at the plane surface. The 

probe can then be used to measure the magnitude of 

an unknown field E at other plane conducting 

surfaces, since 

where q is the charge acquired by the probe when 

placed in contact with the plane surface where the 

field E is to be determined. 

The charge acquired by the probe is measured 

with an electrometer such as that illustrated in 

Figure A-2. The charged probe is brought in 

contact with the bottom of the Faraday "ice pail" 

charge receptacle, whereupon the charge leaves the 

probe and flows to the outside surface of the 

receptacle.  Part of the charge flows through the 

resistor and onto the motor-driven variable 

capacitor, which develops an alternating voltage 

proportional to the charge deposited on it. This 

alternating voltage is amplified and measured with 

a high-impedance voltmeter.  The voltage developed 

across the capacitor is proportional to the charge 

4 

y T 
i»i Ibl 10 

deposited on it, which is proportional to the 

potential of the charge receptacle, which in turn 

is proportional to the charge deposited on it by 

the probe; thus the deflection of the voltmeter 

indicates the amount of charge placed In the 

receptacle. 

The charge-pick-up probe used for these 

measurements consists of a 1.6-mm long piece of 20 

gauge wire forced into the end of a 1.6-mm diameter 

Teflon rod. A small diameter rod is necessary near 

the model to minimize the Jield distortion caused 
by the presence of the dielectric. To obtain 

mechanical strength and rigidity, the diameter of 

the Teflon rod used to hold the conducting probe 

tip was increased with increasing distance from the 

model. 

The dimensions of the conducting probe tip are 

dictated by the dimensions of the object on which 

field measurements are being made. In order that 

the probe calibration made in a plane geometry be 

valid, field measurements should be made only on 

surfaces such that the radius of curvature is 

substantially larger than the greatest dimension of 

the probe. If, for example, as in Figure A-3 the 

field at the surface of a cylinder were to be 

measured using two probes calibrated in a uniform 

field, the value obtained using the small probe 

would be very nearly correct, but the value 

obtained using the large probe would be low- 

Shown in Figure A-4 are the electrometer used 

for charge measurements, and the field free ionized 

region used to discharge the probe before taking a 

reading on the model. Several 500 microcuile 

polonium sources (of the type commonly sold with 

phonograph record dusting brushes), were placed on 

the inside of a 15-cm diameter metal tube which was 

connected to ground. Thus a field-free ionized 

region existed Inside the tub«. When the probe is 

placed inside ehe tube, the fields produced by 

charges residing on the probe will extract ions of 

the appropriate sign from the ionized region, 

thereby neutralizing the charge on the probe. 

CHARGF  RECEPTACLE 
^^ "FARADAY   ICE   FAIL" 

R           C2 

AMPLIFIER DETECTOR 

c,1 
> 

MOTOR-0R 
VARIABLE 
CAPACITOR 

VE N 

FIGURE A-1  ILLUSTRATION OF CHARGE 
SEPARATION 

"® 

FIGURE  A-2      BLOCK  DIAGRAM OF  ELECTROMETER 

ft 
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UNIFORM FIELD 
PROBE CALIBRATION 
CAN BE  USED WITH 
LITTLE  ERROR 

FIELD IS RELATIVELY 
UNIFORM OVER DISTANCE 

OCCUPIED BY PROBE 

CHARGED CYLINDER 

USE OF UNIFORM 
FIELD PROBE 
CALIBRATION 
WILL INTRODUCE 
CONSIDERABLE 
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FIELD VARIES 
OVER DISTANCE 
OCCUPIED BY 
PROBE 

FIGURE A-3      PROBE  IN A NON-UNIFORM FIELD 
FIGURE A-4 PROBE BEING DISCHARGED 

OVER RADIOACTIVE POLONIUM 
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LIVE TESTS JN STATIC ELECTRICITY  IN FUELLING OF AIRCRAFT 

H    Schneider 

Flight Test Center of the Germern Armed Forces, 8072 Manching, F.R.G. 

I 

Abstract - A test program on the build-up of static charges on jets being fuelled was 
carried out in 1984 at German Flight Test Center. 
During handling operations refined distilled fuels can become electrostatically charged 
due to the dissociation of ionizable materials. 
These charges will enter the aircraft being fuelled and generate an electrostatical 
voltage between a/c and refueller and ground, respectively. 
Resulting discharges could trigger an explosion of fuel vapor. 
To prevent such discharge hazards bonding and grounding procedures have been established. 
Because of the complexity of servicing operations and due to different national groun- 
ding and bonding regulations there is considerable confusion. 
Main purpose of this program was to solve questions arising from the required Electrical 
Safety Connections commonly used to prevent static hazards. 

INTRODUCTION 

Durlnq fuel transfer, mixing or filtering op- 
erations charges are generated within the 
fuel by ionization that can cause a high 
strength electric field between fuel-surface 
and its environment inside the tank. When ex- 
ceeding a particular threshold sparks will 
occur that can trigger explosions in the va- 
por space. These processes have been investi- 
gated by Oil Companies and other institutions 
(Ref. 1, 2, 3 et alt). 

In order to increase the conductivity of 
distilled fuels additives are used resulting 
in a faster dissipation of electrostatic 
charge.and consequently the risk of electro- 
statical ignition has been decisively re- 
duced. 

Another correlated problem is the charginq of 
airframes during fuelling due to the ionized 
fuel. 
Fatal explosions can be triggered by sparks 
when coupling or removing fval hoses. 
To prevent these hazards bonding and groun- 
ding procedures have been established. 

This report exclusively covers our tests 
that were aimed to obtain information on the 
degree of charging during actual fuelling of 
a/c. 

It is not intended to discuss items such as 
ignition energies, flammability , influences 
of temperature, accident statistics and other 
problems that relate to the process of air- 
craft fuelling. 

CHARGE GENERATION during Aircraft Fuelling 

Refined distilled fuels are excellent Insula- 
tors. At the interface between fuel and its 
environment (e.g. lines, filters, hoses) 
charges are generated within the fuel that 

are due to ionic trace contaminants. 

The fuel flow collects the ions of one pola- 
rity while the ions having the opposite pola- 
rity are fed to the chassis. 

The mechanism of charge generation is not yet 
completely investigated. 
The ions in the fuel flow represent a current 
which is characterized by the charge density 
of the fuel and the volumetric flow rate: 

I = Q x V 

I  Current Flow 

Q  Charge Density 

V  Flow Rate 

The charge density Q is a function of the 
flow rate V, the area A and the particular 
charging conditions of the fuel/surface in- 
terface X 

Q - f (V. A, X) 

RELAXATION 

Because of its conductivity fuel will simul- 
taneously be discharged by relaxation. 

The rate of charge drop is defined by an ex- 
ponential function 

■t/r Q(t)    . 

Q(t) 

0« 

V 
3, Charge after time t  ( ;jC/m  ) 

initial  Charge ( jiC/m3) 

t   -    £ 
T   Relaxation Time Constant (sec) 

£ .£0»£r 
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£0    = 8,85  x  10 -12 Asec 

Tt, 

Absolute Dielectric Constant 

Relative Dielectric Constant (for 
Hydro-carbons about 2) 

Fuel Conductivity ( *p ) 

The relaxation time for undoped fuels ranges 
from approx. 1 to 10 seconds. 
After this time the charge within the fuel 
itself has been reduced by 63 %  and after 3t* 
it will be reduced by 95 1. 
A balanced condition is established within 
the hose after some meters that results from 
the initial charge and the typical charging 
of the hose en the one side and from the re- 
laxation on the other side. 

The corresponding current is approximately 
given by 

I» = ß x (VxR)2 

lag current for a long pipe 

7  average flow velocity 

R  inner radius of pipe 

6 = 1 .5 x 10-13 Asec 

cm 

This equation has been empirically found, 
and it applies to undoped fuel (Ref. 3). 

For doped fuels a rough estimation can be 
made, only. 
This balanced current I« characteristic for 
a certain type of hose finally will reach 
the aircraft being fuelled. 

It will return to the refueller chassis 
through the conductive hose and in parallel 
through the grounding and bonding cables. 

DOPING 

To obtain a faster dissipation of electrosta- 
tic charges Oil Companies dope the aviation 
fuels with conductivity improvers (e.g. Shell 
ASA III, Ou Pont Stadis 450). 

We know from experience that levels of lOOpS/m 
are sufficient to achieve satisfactory dis- 
charging. In this case the relaxation time is 
approx. 0.2 sees. The conductivity of doped 
fuel depends on the temperature and will de- 
crease as the fuel temperature drops. Long 
storage tines will also reduce the conducti- 
vity. 

To allow a safety margin Shell therefore re- 
commends to provide flammable products with 
conductivities In the order of 200-360 pS/m. 

Standardized doping rates for German Air For- 
ce are 150 - 700 pS/m. 
For practical measurements see Fig. 1 

An ambivalent result of doping should be 
pointed out: 
Doping chemicals are contaminants and they 
intensify the charge build-up within the 
fuel. 

On the other hand these chemicals increase 
the conductivity of the fuel and cause a 
considerably faster dissipation of the char- 
ge. 

TEST PROGRAM 

In former tests (Ref. 3) the charge build-up 
in aircraft tanks has been investigated to 
obtain data on the risk of discharges inside 
the tanks. These tests have led to the re- 
commendation that fueis be doped. 

Our objective was to examine the charge build- 
up on the frames of aircraft being fuelled 
with doped JP 4 under live conditions. 

Main purpose was to gather information on 
bonding and earthing philosophy and whether 
bonding between refueller and aircraft is 
sufficient to prevent a static discharge du- 
ring fuelling with doped JP 4. 

Mock-up Tests 

In a rirst step mock-up tests were performed 
in cooperation with TUV Rheinland (Industrial 
Supervisory Bodro, Cologne, W-Germany). 

A 6000 ltrs tank truck was installed on 10mm 
Teflon insulation plates and then refuelled 
from another 24000 ltrs tank truck (Fig. 2 
and 3). 

Fuel was flowing from the refueller through 
a 20 m hose (Table 1, hose 3) to the Charge 
Density Measuring Unit (CDMU) and from here 
through a 3 m hose (Table 1, hose 9) into 
the insulated tank. The 3 m hose was insula- 
ted at both ends with an insulation coupling 
(Iso 1 resp. Iso 2, 10 mm Teflon each). 
The conductivity of the two hoses was in com- 
pliance with German Standard VG 95955, i.e. 
the resistance of hoses up to 40 m in length 
should not exceed 1 M Ohm (see Table 1). 

Throughout the fuelling process the charge 
( juC/m3) of the fuel was measured by the 
CDMU and the current entering the 3 m hose 
was monitored at Iso 1. The value of the current 
leaving the hose at Iso 2 represents tk.e char- 
ging current entering the tank. 

The tests were carried out at temperatures 
of approx. 4 c, with a fuel conductivity of 
about 360 pS/m. 

The test installation was available for a 
two-days test period, only. Nevertheless the 
results show some interesting aspects: 

The charge3passlng through the CDMU was near- 
ly 50 uC/n (see Fig. 3 and 4) and the resul- 
ting current was about 0.9 JJA. This is nearly 

• ■ 

\ 
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1.3 times the value to be expected for I«o 
when using the above equation for undoped 
fuel. 

The returning current across lso 1 was re- 
duced by ten percent, i.e. about 0.8 JJA. 

The returning current across lso 2 was still 
0.1 juA. 
The charge drop between [so 2 and lso 1 is 
presumably caused by relaxation. After all, 
it took more than 3t for the fuel to pass 
through the short hose. 

The reason for th» relatively high charge 
density of fuel entering the COMU might be 
due to a particular charging tendency of the 
hose and the doping. 

To demonstrate the charge build-up on the 
tank truck simulating tha aircraft we inter- 
rupted the measuring path across lso 2 and 
registered the voltage build-up relative to 
the grounded refueller chassis (see Fig. 3 
and 5). 

The tank ground resistance was 1.5 x 10 Ohms 
and the capacity to earth appr. 1.3 nF. 
In the test we found a voltage build-up of 

AU 
sec 

Ixt 
c 100 V 

sec (see Fig. 4] 

To prevent any risks the increasing voltage 
wa:: shorted at 500 V„. . max 
Then we earthed the mock-up with 2.2 M Ohms 
and found the voltage across it to be 0.3 V. 

(The input resistance of the voltmeter was 
1014 Ohms). 

Several months later the mock-up test re- 
sults were confirmed by a simplified in- 
stallation: The 6000 Itrs term truck was in- 
stalled in the some way as before, but the 
20 m hose was directly fitted to the insula- 
tion coupling lso 2. 
Temperature was about 2 C, and the conductivity 
of the fuel 250 pS/m. 

We measured the returning current across 
lso.2 to be nearly 1 JJA (see Fig. 6). Then we 
bridged lso 2 with a 2.2 HOhms resistance 
and found the voltage between tank and re- 
fueller to be below IV (The resistance of 
the teflon insulation between tank and re- 
fueller was less when compared with the first 
mock-up tests because of high humidity). 

Live Tests (see Fig. 7) 

Next step was to transfer the principle to 
live tests on several aircraft. To simulate 
worst case conditions the aircraft was in- 
stalled on 10 mm Teflon plates insulating it 
from ground (appr. 5x10? Ohms without attached 
hose). 

The earthed refueller pumped JP4 into the a/c 
tanks through a 20 m hose (Table 1, hose 8). 
The resistance of this hose was in compliance 
with Standard VG 95955. 

Since there was no insulation coupling avail- 

able for the interface aircraft/single point 
of the hose, we had to register the voltage 
drop between a/c and refueller while pumping, 
to measure the actual resistance between a/c 
and refueller, in order to calculate the re- 
turning current. 

Conductivity of the JP4 was measured prior 
to the individual tests and it ranged from 
200 to 360 pS/m within the corresponding t 
perature range from -25 to + 25 C. 

em- 

The measured resistance of the connecting ho- 
se across which the voltage drop occurred was 
in the range of 60 - 550 KOhms. The voltage 
between a/c and refueller never exceeded 
0.5 V. 

With the examined voltage drop and the actual 
hose resistance the corresponding current 
could be derived: 

- At flow rates of about 800 1/min charging 
current was approx. 0.8 juA. 

- At flow rates of about 1200 1/min charging 
current was approx. 1 juA. 

H1FR (Helicopter In Flight Refuelling) 

Estimation of charging 

This special p 
helicopter is 
ters which are 
In the German 
stablished. Th 
and consequent 
only. 

Concerning ele 
to distinguish 
flight a helic 
tribo-electrif 
natural electr 
and HIFR: 

rocedure of fuelling a hovering 
used for ship-based helicop- 
to be supplied at sea. 

Navy this method is not yet es- 
erefore, no tests were possible 
ly we can give an estimation, 

ctrostatical charging we have 
among several aspects. In 

opter is mainly charged by 
ication (dust, rain, snow etc.) 
ical fields, running engines, 

The amount of trlbo-electric charging current 
primarily depends on gross-weight and meteoro- 
logical conditions and can range for medium 
helicopters from 10 to 30 JJA according to 
tests performed at Manching in the seventies 
(UH-1D/CH-53). 

This current will charge the capacity heli- 
copter-earth to high voltages (tens of kilo- 
volts). 

The natural electrical field has a value of 
about 100 </m at clear skies. 

For atmospheric disturbances fields up to 
20 kV/m were reported. 

The theoretical value for a hovering heicht 
of 20 M would be 400 kV. However, the value 
measured at the Manching trials was 50 kVmax 
and Ref. 7 gives the following estimation: 
"Aircraft voltages will vary considerably as 
with other forms of charging but are unlikely 
to reach 100 kV. (contrary to earlier be- 
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liefs), and will more frequently vary between 
10-50 kV." 

Charging by the running engines can be neglec- 
ted since their influence Is very low. 

Fuelling charge during HIFR 
In addition to the above mentioned constant 
negative or positive charging current the 
fuelling current must be superimposed. 

The latter will be in the same range as 
found in our above tests. 
All these currents have to be grounded while 
fuelling in order to prevent dangerous sparks. 

The capacity of a helicopter with the lift 
cable dangling near ground ranges from 500- 
1000 pF (UH-10/CH-53) and it is nearly con- 
stant for different cable lengths and heli- 
copters at the time of first discharging 
(see Fig. 8). 

After short cut of stored energy the perma- 
ment current will cause a voltage drop 
across the cable or hose length, respectively.The 
standardized hovering height for HIFR Opera- 
tions is 15 to 20 m; the bonding resistance 
between the ship and the a/c fuel coupling 
should not exceed 1 H Ohm (Stanag 3847). 

For assumed data 50 KV and 1000 pF the ener- 
gy to be shortened initially via earthing 
connections will amount to 

build-up, relaxation and return via bonding 
cable occur within this system. 
The process will not be influenced by groun- 
ding procedures. 

Bonding through the hose or the bonding cable 
with 1 M Ohm is vital and should be suffi- 
cient for normal conditions. 
To prevent a charge build-up due to tran- 
sients of electric fields for thunderstorm 
conditions earthing by cable is recommended. 

However, these considerations apply to elec- 
trostatical charging .only. 

HIFR 

After the first discharge of the stored elec- 
trostatical charge at initial bonding con- 
tact, it has to be guaranteed that ship and 
helicopter are kept at the same potential du- 
ring refuelling. For all bonding connections 
a resistance of 1 M Ohm should be sufficient. 
Immediately before, during and shortly after 
the refuelling process a bonding connection 
has to be maintained. 

Under thunderstorm conditions the use of a 
bonding cable is recommended. 

REF. 

1 
T" x ctr » 1250 mj. 

For the above data and a permanent current 
of 30 >JA the voltage drop of the hose across 
1 MOhm will be 

U =RxI = 30 ,uA x 1 MOhm * 30 V. 

(1 )  J.T. Leonhard 

"Generation of tlectrostatic Charge in 
Fuel Handling Systems. A Literature 
Survey" 
Naval Research Laboratory Report 8484, 
1981 

The maximum voltage for a minimum ignition 
energy of W * 0.25 mJ using the above data is 
given by the following equation 

U ■W 4 2x0.25 mj 
nnnj PF 700   V 

The time constant 

T  ■ RxC ■ 1 M Ohm x 1000 pF = 1 m sec. 

Within a 3 m Sees, shorting helicopter will 
be discharged. 

Voltige build-up in the case of bonding in- 
tp'.upt for above data: 

£ u . Ixt , 3Q ^A    x t . 300 JL_ sec " T~  nmrpT x l  ■ 300 sec 

(2) K.C. Bachmann and W.6. Dukek 

"Static Electricity in Fuelling of 
Superjets" 
Esso Products Research Division 1972 

(3) K. Hömberg, Effelsberg, Köntje 

"Elektrostatische Aufladung beim Betan- 
ken von Flugzeugen" 
TUV Rheinland 1978 (Industrial Super- 
visory Board). 

(4) Köntje 

"Report on Requirements in Aircraft 
Bonding and Grounding" 
TÜV Rheinland 1982 (Industrial Super- 
visory Board). 

CONCLUSION 

In a air-raft/refueller system insulated to 
ground a refuelling process should not ge- 
nerate a voltage to ground because charge 

(5)  Naval Air Systems Command 

"Airframe Electrical Grounding 
Requirements Program" 
Final Report 1981 
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(6)  Central Servicing Development Establish-  (7)  H.E. Rogers 
ment 
Royal Airforce Swanton Marley Interim Report on Helicopter Static 
Servicing Investigations 1980 Electrification Hazards 

Royal Airforce Establishment 
Technical Report 67292, 1967 

Table 1  Resistance of extracted fuel hoses   Table 2  Resistance of refuellers to adja- 
is to single cent earth point (through tires, no 

earthing cable attached) 

Remarks    Refueller    Resistance Remarks 
Chassis     to Earth 

Point/Ohms 

20 m Hose       1 30K on asphalt 
2 25K 
3 50K 
4 50K 
5 25K 
6 55K on anti-skid 
7 50K coating 
8 100K 

3 m  Hose 
Refueller 6 was used for all tests 

Hoses 8 and 9 respectively were used for the 
tests 

from refueller ch 
point 

Refueller Resistance 
Hose of Fuel Hose/ 

Ohms 

1 750 
2 100 
3 20K 
4 125 
5 250 
6 350 
7 300K 
8 5S0K 
9 30 

Table 3  Resistance and capacity to earth 
point for parked aircraft 

A/C Resistance 
via Tyres/ 
Ohms 

Capa- 
city/ 
nF 

Remarks 

F104 
F4 
°<-Jet 
NRCA 

5-1.3 N 
5- 7 M 
1-1.5 M 
0,2-1 .2M 

2.2 
3.5 
2 

on anti-skid 
coating 

Above values (Table 1-3) highly depend on 
particular earthing conditions, aircraft con- 
figuration and relative humidity, they are 
nean values. 
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Fig. 1  Conductivity of doped JP 4 as function of temperature (Random 

samples of refuellers and storage tanks at different airports), 
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Fig. 2   Photograph of mocn-up test configuration 
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200 Fig.  5 

Voltage build-up between tank 

and refueller 

(Tank insulated 5 x 10s Ohms) 

i c BUB 

Shorted       Shorted 

I Star» 

0.9JJA 

Fig. 6 Current across  Iso-coupling,  simplified 

mock-up installation 
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HAND-HELD ELECTROSTATIC CHARGE DISTRIBUTION MEASURING SYSTEM 

D. Königstein 

Hochschule der Bundeswehr Hamburg, V.O. Box 70 08 22, D-2000 Hamburg 70, F.R.G. 

Abstract - A hand-held field-meter (HFM) was developed for the purpose of measuring 
electrostatic charge distributions outside the laboratory without the need for expen- 
sive or bulky equipment. It consists of a sensor-device, which is .noved along the 
structure of interest by hand and a battery-operated minicomputer connected to it by 
simple two wire connection.  Presentation of the entire local charge distribution on 
a graphic-screen and on a small printer as well as evaluation of interesting data like 
medium, maximum and minimum surface charge density are possible on location. The system 
is expected to improve electrostatic testing of large objects or components in and out- 
side the laboratory. 

1. INTRODUCTION 

It is known that any insulating material or 
insulated conducting structure can be elec- 
trostatically charged. Especially thin lay- 
ers of high resistivity, applied on the con- 
ductive structure or lightning protection 
system of aircraft parts may cause electro- 
static problems. Charge densities of some 
hundreds of nanocoulombs per square centime- 
ter may be stored and discharged by break- 
down of the insulating layer or by surface 
flashover. Surface streamer produced by 
static charging of the fuselage of an air- 
craft on the ground were shown by Taillet [1] 
and are related to charge densities in the 
mentioned range. 
In preceeding works [2,3] the entire result- 
ing electrostatic charge distribution due to 
several methods of simulated charging was 
measured in the laboratory on samples of 
fixed size and shape. The damage of insulat- 
ing superficial layers due to the discharge 
of the stored energy could be demonstrated. 
With the help of the computer-controlled 
measuring systt s it was found that the local 
surface charge distribution was not neces- 
sarily uniform but large differences in sur- 
face charge density at short local distances 
were possible. Thus it was desirable to be 
able to measure the true local surface charge 
distribution not only in the laboratory but 
also in the field. 

2. MEASUREMENT OF SURFACE CHARGES BY CAPA- 
CITIVE PROBE 

The measurement of the surface charges o on 
an insulating superficial layer or an insu- 
lated object has to be done by the static 
electric field E. To do this, several kinds 
of probes are known, e.g. the field mill [4], 
the vibrating probe [5] or the active or pas- 
sive capacitive probe. The basic mechanism, 
that is producing a sensor signal, 1B in any 
case the electric field strength on the sen- 
sor surface. So the relation between field 
strength and surface charge have to be con- 

sidered carefully. On the other hand for a 
true static measurement some effort is neces- 
sary to handle the drift problem of the ac- 
tive capacitive probe if the mechanical prob- 
lems of the moving sensors shall be avoided. 

2.1 The static field of a chargel layer or 
insulated object 

Figure 1 shows the basic principle of opera- 
tion of an active capacitive field probe in 
the outer electric field of a charged layer 
of thickness d. If the distance between probe 
and surface is a, the surface charge density 
o and the dielectric constant of the consid- 
ered material er, the measured field strength 
E will be: 

E = 
eo(1 

(1) 
er) 

This equation is only valid if the backplane 
of the insulated layer has the same potential 
as the sensor (usually grounded). It is im- 
portant to realize that high surface charge 
densities may have relatively low external 
fields if the measuring distance is high com- 
pared with the thickness of the layer. As 
described in [3] the limiting value for o is 
the possible inner field strength Ei max fol- 
lowing eq. (2): 

(2) max i max 

For good insulators, especially thin layers, 
charge densities in the range of microcou- 
lombs per square centimeter are possible. If 
a capacitive probe is calibrated in a homoge- 
neous field, the true charge density on the 
surface is given by: 

o » e0 • E • (1 + | er)       (3) 

If the field strength in the vicinity of a 
conducting charged object is to be measured 
the whole stray capacitance of the object has 
to be known, as the surface charge density 
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changes, when the probe is approaching the 
surface. 

age which was not considered in eq. (4) but 
is yet existing as fig. 2 shows. 

23456789 10111213141516 

Figure 1: Basic principle of operation of an 
active capacitive field probe in 
the vicinity of a charged layer 

2.2 Elimination of the integrator drift 

For high resolution and low distortion of the 
measured field the active capacitive probe 
is the best solution. However, the electron- 
ic integrator implicates a problem of time 
dependent drift error. As indicated in fig. 
1 not only the displacement current iq is 
integrated in the capacity C, but also the 
offset current i0 and thus the output volt- 
age of the integrator U follows eq. (4): 

Ü (4) 

If the offset current i0 is constant, a drift 
error increasing linearly with time is to be 
expected. Figure 2 shows an example of the 
drifting output signals with E = 0 at room 
temperature for 16 different sensor channels. 
As the sensor area A and the integration ca- 
pacity C is chosen for an output signal of 
approx. 2 volts at maximum field strength, 
an error of less than 10 % during a measur- 
ing time of 100 seconds can be observed. 
This error is related to an offset current of 
approx. 1 pA. It could be reduced by choosing 
much more expensive operational amplifiers, 
but as the value is increasing significantly 
with temperature the error would never be 
neglectible. Since iQ is a constant value 
during the considered time (linear slope of 
the curves) it is better to correct it mathe- 
matically if the first and the last value of 
the drift error and the timing of the mea- 
surement is known. This has the additional 
advantage to eliminate also the offset volt- 

100 

Figure  2; 

Unor = 135mV       t 

Typical offset current drift of 16 
different integrator channels at 
room temperature 

3. REALIZATION OF THE HAND-HELD CHARGE 
DISTRIBUTION MEASUREMENT SYSTEM 

Two main components were used to develop a 
lightweight, hand-held charge measurement 
system. First, a sensor device with the 
ability to measure the static electric field 
along a line parallel to a surface of inter- 
est, moved by hand in the direction of the 
second coordinate. Second, a commercially 
available minicomputer to be carried with a 
shoulder-belt by the operator. Together with 
appropriate machine-language programs the 
fast serial (38400 Baud) interface of the 
computer is used for simple two-wire data 
transfer between the two components. The 
total weight of the system is approx. 3 vg. 
If desired, the sensor device can be operated 
stand-alone with an oscilloscope display and 
without data storage and drift correction but 
with automatic drift reset at fixed intervals. 
The measuring ranges are t  25, 10 and 5 kV/cm 
with a resolution of 200, 80 and 40 V/cm. The 
related charge values are computed for the 
individual test objects as described in 2.1. 

3.1 Sensor device 

The principle of operation of the hand-held 
sensor device is shown in a block diagram in 
fig. 3. 16 active capacitive field probes are 
arranged in a sensor cylinder, which can be 
rotated 45° by means of a reset-servo to 
achieve a shielded position before and after 
measurement. Thus the condition E = 0 allows 
to reset the integration capacitors at the 
beginning, and to store the drift error val- 
ues at the end of a measurement. The distance 
between the single probes was chosen to be 
12.5 mm to cover a measured length of 200 mm 
in the x-coordinate. The 16 field strength 
signals are multiplexed and transmitted seri- 
ally to an analog to digital converter of 
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Some othar kinds of presentations will be 
shown in the next figure with an example of 
simulated field data. First, a 3-dimensional 
presentation, which is simulating the resolu- 
tion of the LCD-display on a matrix printer. 
Second, the same data, presented with an in- 
tensity variation related to the local value 
of the field strength. The third picture 
shows the lines of equal field strength for 
the same data. These examples demonstrate the 
variety of possible evaluations which can be 
used for the different purposes. 

■1 
c 
© (0) 

N --- 

(o
) (Ö) 

6                                M             —r* 

t/.y/ 
'T 'Y 

Figure 7: Different examples of field data 
presentation 
A: 3-dimensional 
B: Intensity variation 
C: Lines of equal field strengtn 

For the first qualitative impression the 3- 
dimensional presentation is definitely the 
best solution. On the other hand it does not 
allow to localize an anomaly exactly. For 
this purpose the other presentations are more 
useful. It is also possible to plot a line of 
measured data along a single coordinate. From 
the field strength differences on different 
points along the surface, the surface fie1-! 
strength across the insulating layer can be 
determined, too. 

Finally, the digital storage of all measured 
data allows evaluation of interesting values, 

such as true local surface charge Q, maximum 
charge density 3 or medium and minimum charge 
density if the thickness and the dielectric 
constant of the surface layer are given as 
described in 2.1. 

5. CONCLUSIONS 

As known from previous work, electrostatic 
charge distribution on insulating layers can 
be very inhomogeneous. Thus local charge val- 
ues may be much higher than the result of an 
integral measurement suggests. On the other 
hand the interpretation of the local charge 
distribution can give valuable information 
about the measured material (resistivity, 
layer thickness, bonding quality). 

With the developed hand-held field-meter it 
is possible to make a true charge distribu- 
tion measurement outside the laboratory in- 
cluding data storage and error correction. 
Thus it will be possible to control the pro- 
perties of surface layers during operation, 
without the need for laboratory samples. The 
system will improve electrostatic testing of 
large objects and shall be used on aircraft 
parts or similar objects in the near future. 
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8-Bit. resolution. As the 16 signals are con- 
verted and transmitted within 4.8 ras they 
can be considered as measured at equal times 
compared with the measuring velocity in the 
y-coordinate. Three different modes of oper- 
ation can be chosen. 

1. X/y-mode: A friction wheel (fw) initiates 
a new set of data after a move- 
ment of 12.5 mm in the y-coor- 
dinate (Ay). Thus an area of 
200 mm times 1 m can be scanned 
by hand as the 16 field probe 
signals are stored 80 times. 
The time of this measurement 
may be between 0.4 and 20 sec- 
onds as desired by the user. 

2. X/t-mode: This mode is used if it is dif- 
ficult or not desired to use 
the friction wheel, or if the 
object itself is moving or if 
the time-dependent development 
of the charges along one line 
is to be measured. A new set of 
data is stored each 5 ms to 250 
ms as desired, resulting in a 
total measuring time as in X/Y- 
rnode. 

) 200mm \y -X 
a   PI 

Field Probes .P16 

1/ n~T.    Rotatable / A*     D 

l '     ~~ w*r      teset 
k ,—». 16-Channel 
i \ u..i*. J _i _.. jervo Multip 

L-Jr «i    W 
,,.-■■-    -r 

Amp. 
Scope 

Printer Epson HX-20 Tape 

Figure 3: Principle of operation of the 
hand-held field-meter (HFM) 
A: sensor device 
B: Minicomputer with built-in 

printer and recorder 

3. Scope-m: In this mode the 16 multiplexed 
analog channel signals can be 
displayed permanently by an os- 
cilloscope as demonstrated in 
fig. 4. The sensor unit closes 
and opens at 20 s intervals for 
drift reset. Thus a local moni- 
toring of charge development or 
a control of general charge dis- 
tribution can be done in the lab- 
oratory without data storage for 
later use. 

0.2V/div. 

L.8 ms - 
200 mm 

Figure 4: Example of the field-strength dis- 
tribution along a line parallel to 
the surface of an artificially 
charged insulator (PMMA, 5 mm) 

In the first two modes the 16 channel signals 
are transmitted to the computer for the first 
time immediately after integrator reset and 
and with the sensor unit in the shielded po- 
sition (E=0). During the measurement the com- 
puter checks the actual time of a data trans- 
mission for later drift correction. For the 
same reason a set of data is transmitted at 
the end of the measurement with shielded 
probes. Thus a complete measurement consists 
of (80+2) • 16 = 1 312 charge values which are 
transmitted to and stored by the computer. 

As the sensors are arranged on a cylinder of 
60 mm diameter and are to be used in a dis- 
tance of 12.5 mm from the surface, the shape 
of the test object should be nearly straight 
in one direction. In the second coordinate a 
radius of the surface down to 10 to 20 cm is 
possible. Thus big objects with a limited cur- 
vature of the surface in only one direction 
can be measured like the fuselage, wings or 
windscreen of an aircraft or similar objects. 

3.2 Minicomputer 

All measuring data from the sensor device can 
be transmitted to a small and lightweight 
minicomputer, able to store the necessary 
amount of data, handle the data transmission 
and display the results on a built-in LCD 
screen and a small miniprinter. With a weight 
of approx. 2 kg the computer is able to oper- 
ate 24 hours in stand-by, waiting for data, 

• 
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and 1 hour in permanent data transmission. 
For data display and transmission machine 
language programs were developed. A simple 
utility program just asks the user for the 
measuring range and tells him how many files 
are free on the tape-casette. When the com- 
puter is prepared for data transmission, the 
measurement begins by pressing the start but- 
ton on the sensor device or moving the fric- 
tion wheel in the X/Y-mode. 

After measurement any stored data can be 
transmitted via RS 232 interface to other 
computers or storage equipment if desired. 
Additional presentation of data on matrix- 
printer or plotter at the office is possible 
as well. A lot of programs were developed for 
this purpose. 

4. RESULTS AND PRESENTATION OF MEASUREMENTS 

4.1 Immediate presentation 

Immediately after measurement the computer 
presents a small 3-dimensional picture on the 
printer and the LCD-screen with low resolu- 
tion and no drift correction. The user can 
decide whether he wants to get a better pres- 
entation and data storage or start a new 
measurement. Fig. 5 shows the information 
that he will receive. 
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Figure 5: Results of a measured charge dis- 
tribution as presented by the mini- 
printer (and LCD-display) 
(PMMA, 5 nun, corona-charged) 
A: 3-dimensional presentation of 

the entire measured data 
B: Presentation of the different 

sensor channels (Ch 1 to 9 only) 

In this case the sensor device was moved 
along the surface of a piece of corona- 
charged plexiglass. The measured field 
strength distribution is presented once with 
positive polarity up and once with negative 
polarity up. In this way c —ves can be seen, 
which otherwise might be hxaden behind others. 
In addition, the different sensor channels 
are presented separately to ease the exact 
localization of any anomaly. For each single 
picture the measuring time, the maximum, 
minimum and medium measured field strength 
is given. 

4.2 Improved presentation 

The resolution of the built-in LCD-display 
and miniprinter is limited, as fig. 5 showed. 
However, as the measured data are stored on 
magnetic tape, improved presentation with 
the help of additional hardware at the labo- 
ratory or at the office is possible. Fig. 6 
shows the resolution which can be achieved 
for the same data as in fig. 5 by the use of 
a usual matrix-printer. The different meas- 
uring time positions are connected in this 
presentation by a line and the time axis is 
turned around. 
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Figure 6: Measured charge distribution of 
fig. 5 as presented with improved 
resolution 
A: 3-dimensional presentation 
B: Data of one selected channel 

(Ch. 4) 
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A NEW UNDERSTANDING OF BREAKDOWNS IN THE DAY SECTIONS OF GEOSYNCHRONOUS ORBIT 

L. Levy 

Centre d'Etudes et de Recherches de Toulouse, Departement "Technologie Spatiale",  B.P.  4025, 
31055 Toulouse Cedex,  France 

Abstract - Spacecraft anomalies all around the geostationary orbit are tentatively explained as the 
result of a material-dependent worst case environment.In the midnight-to-dawn section of the geostationary 
orbit, differential charging is understood as a consequence of particle injection during the occurrence 
of substorms. In the day section, spacecraft anomalies have been rather explained by charging of internal 
dielectrics due to penetrating high energy electrons. 

The exposed theory is an attempt to a unified conception of spacecraft charging. It is aimed at demons- 
trating that the concept of worst case environment is dependent on materials properties: worst-case 
for "conductive" dielectrics is the occurrence of substorms and is to be found in the midnight-to-dawn 
section. Conversely, poorly conductive materials, or floating structures will experience worst case char- 
ging in the day-section provided they are in the shadow. 

I - INTRODUCTION 

It has become well known that dielectric materials 
used as satellite external coatings can be differen- 
tially charged by the ambient environment at geosyn- 
chronous orbits. 

The current understanding is to associate the possibil- 
ity of such charging with the development of geoma- 
gnetic substorms which affect the electron and ion 
population in a given section (midnight-to-dawn) of the 
geosynchronous orbit. This theory is supported by the 
numerous anomalies that a lot of satellites underwent 
precisely inthis orbit section when geomagnetic acti- 
vity was high. 

Nevertheless, the anomalies distribution is not always 
so clear, and many other satellites present a different 
pattern. Not always correlation is found with the 
satellite location, nor with geomagnetic activity. 

We propose a new theory so as to contri 
these unexpected behaviors. It is built 
of both personal experience (on conduct 
breakdown criteria drawned from ground- 
published literature on environment and 
malies. The approach of the paper comes 
questions: which is the most significat 
environment parameter : Energy or Inten 
ther question is where on the orbit are 
energies or intensities encountered? 

bute to explain 
in the light 

ivity properties, 
tests) and 
satellite ano- 
out from the two 
ive worst case 
sity? The fur- 
the highest 

Section of the orbit during substorm periods. Correla- 
tion is found with location and also with geomagnetic 
activity. The number of anomalies occurrences is 
maximum precisely at the very injection location 

LOCAL TIME DEPENDENCE OF ANOMALIES 

IS l»       13     It      II       10 

V OS» LOGIC UPSCTS 
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Figure 1 - Typical local time dependence of 
anomalies (Ref.l ) (radial distance has no meaning) 

We show that there is not simply a unique "worst case". 
Day side environment will be the worst case for pure 
dielectrics (no conduction), night side will be the 
worst for dielectrics with a certain amount of conduct- 
ivity. 

II - THE LOCAL TIME DEPENDENT OF THE ANOMALIES 

The local time dependence of anomalies is often presen- 
ted in the form of Figure 1 from Ref. (1). 

The figure I distribution is typical of what is well 
understood by the current theory on spacecraft charging 
which associates the charging and discharging probabi- 
lity with the encountering of Injected electrons (in 
the 1 to 50 keV energies) in the midnight-to-dawn 

The figure 2, from Ref. (2) exhibits a quite different 
pattern. 

There is not any obvious maximum: anomalies are as 
frequent in day-side than in the night-side. The ano- 
malies outside the midnight-to-dawn section are not 
yet completely understood. Suppositions are that they 
may be caused by discharging (for unknown reasons) 
long time after that charge has occurred in the night- 
side. Another hypothesis is that they may be due to 
high energy penetrating electrons.These electrons would 
charge dielectrics (like insulating cable sheaths) 
inside the satellite. 

This paper is an attempt to a unified conception of 
spacecraft charging and Induced anomalies in terms of 
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material properties (mainly conductivity) and local 
time dependent environment. 

MIDDAY 
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Figure 2 - Meteosat Fl anomalies Iccal time depen- 
dence (Ref. 2) - Radii scale 0-25 indicates Nos of 
events 

3. THE SPACECRAFT CHARGING THEORY 

Very complete reviews papers (3,4) deal with the space- 
craft charging theory. Only major characteristics are 
reported here. 

3.1. Absolute charging 

Absolute charging refers to the entire spacecraft 
potential with respect to the ambient plasma. It is 
the result of the charge collected from the environment. 
The basic physical law governing the potential of a 
surface is that it takes the value which annuls charge 
exchanges. The net current to surface is then zero, 
and when it is not, a potential variation is induced 
in such a way to satisfy the current balance. 

The ambient plasma consists of electrons and ions, 
mainly protons. The plasma characteristics, energy and 
density, are dependent on the location on the orbit 
and on the state of the magnetosphere, quite or distur- 
bed. The substorm is a disturbed state which makes 
higher the intensities (in the 1 to 30 keV energy range) 
in the antisolar side of the magnetosphere. As a rapid 
statement, absolute potential will depend on the den- 
sity (temperature) of the plasma. Photoemission due to 
extreme ultraviolet sun light will have also a major 
importance. 

At equilibrium, the following equation applies to a 
floating surface : 

Je = Ji + Jiec + Jph        (1) 

Je is the electron incident current, termed as the 
charging current. Je is a  function of the potential V 
of the collecting surface. Je decreases when the surface 
potential increases negatively. 

Ji is the ion incident current. It is only slightly 
dependent on the negative surface potential. For a 

plasma where electrons and ions are in thermal equil 
ibrium, the electron incident current exceeds that of 
the ions by a factor VMi/Me, Mi and Me being the ion 
and electron mass. Je "-  40 Ji for a surface at zero 
potential. 

Jph is the photoemission current. When a material is 
exposed to sunlight radiation, its most energetic 
photons (with quanta energies hv > 4 eV, E-U-V domain) 
can extract electrons from the surface material, 
depending on its work function. Photoemitted electrons 
are in the 1 eV range, which makes photoemission very 
sensitive to barrier effects. Phctoemission from a 
kapton surface under normal solar incidence is about 
2 nA/cm2 (in the absence of barrier effects)(value of 
2 nA/cm2 is taken in the Nascap Library, see for ins- 
tance Ref. 5). 

Jsec is the secondary emission current from a surface 
due to impact of primary particles. Tne yield 5 (true 
secondary emission) or a (total secondary emission) 
is the number of emitted electrons per incident elec- 
tron. It is a function of the primary energy and for 
dielectrics and metal oxydes it may exceed unity. 

For a given primary energy, Jsc. = o(Ep)Jp. 

Secondary electron energies are in the 0 to 50 eV 
range. 

Absolute charging by itself is not considered to be 
the first reason of discharges and anomalies on-board 
satellites. 

3.2.  Differential charging 

Differential charging occurs because of the existence 
of many dielectric materials used as external coa- 
tings. These materials are selected for thermal con- 
trol properties first. They are dielectrics accidently 
except in certain cases on solar generators for ins- 
tance. 

The reason for a given dielectric to charge differen- 
tially (with respect to the structure or grcund of 
the satellite) lies both on material properties and 
on locally varying situation on the satellite. When 
isolated surfaces have different material properties 
(conductivity, secondary emission) or are exposed to 
different environments, different potentials will be 
induced. 

Shadowing of a surface (by the body of the satellite) 
is a source of differential charging by preventing 
photoemission. 

Differential charging is thought to be the first 
reason of concern on satellites. It gives rise to 
strong local electric fields at the edges of the 
thin dielectrics used as thermal coatings. 

At equilibrium, the balance equation (1) must then 
include a term of leakage current as a consequence 
of tne differential voltage aVs. 

Je(Vs) = Ji(Vs) ♦ Jsec(Vs) + Jph(Vs) + JI(AVS) (2) 

with 
vs ^absolute structure (ground) potential 
AVs=differential voltage of a dielectric with respect 

to structure 
JIUVs)-leakage current depending only on material 

conductivity properties 
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Equation (2) simplifies for a surface in shadow and 
for pure dielectriccs 

. SURFACE IN SHADOW (Jph = 0) 

Je(Vs) = Ji(Vs) + Jsec(Vs) + Jl(AVs) 

and with the approximation    Je > Ji 

Je(Vs) = Jsec(Vs) + JlUVs) (3) 

. SURFACE IN SHADOW AND PURE CAPACITORS (J1=0) 

Je(Vs) = Jsec(Vs) (4) 

Equations 3 and 4 apply to electron charged 
dielectrics in the laboratory conditions where the 
samples under tests are layed on grounded holders. 
Results of such laboratory experiments are discussed 
in the following sections. 

Je(vs} 

Jsec(vs) 

embeded 
electrons 

Jsec (vs) 

SURFACE 
POTENTIAL Vs 

Figure 3 - The capacitor ground test charging model 

4. THE CAPACITIVE MODEL IN GROUND TEST CONFIGURATION 

The situation of a dielectric in laboratory tests is 
rather different from the in-orbit situation. 

. The metallized side (rear side) of the sample is 
at ground experiment potential. In space, the metal- 
lized side is at the frame "absolute" potential. 

. The charging environment is very simplified : 
monoenorgetic electron beams are used instead of 
distributed energy electrons and ions beams. 

Nevertheless, this simplified approach is experimen- 
tally easy and much has been learned about electro- 
static behavior and material properties of electron 
bombarded dielectrics. 

The following section emphasizes two of these pro- 
perties, namely secondary emission and conductivity, 
which are keys of existing differential potentials. 
(Photoemission is another important key but it will 
be not dealt with). 

4.1. The capacitive charging model: 

The dielectric is considered to be a capacitor loaded 
by its own leakage resistor. 

The basic equation is the following 

C(dv/dt) ■ Je(V) - (Jsec(V) + J1(V)) 

V surface potential in Volts 
C capacity in F/cm2 
Je incidence electron current in A/cm? 

Jsec secondary electron current in Vcm2 

Jl leakage current or conduction current in A/cm^. 

At equilibrium, C(dv/dt) ■ 0 
Je(Vseq) - Jsec(Vseq) + JKVseq), 

4.2 Idealized dielectrics : pure capacitors 

For pure capacitor Jl = 0 and equation (3) turns 
into (4). 

Je(Vseq) = Jsec(Veq). 

Secondary emission is then the only physical process 
by which charge is removed from the surface. The 
equilibrium potential will be the one for which the 
secondary emission yield is unity. 

Let us consider the secondary emission yield of kapton 
as a function of primary energy. Figure 4 shows two 
curves. One is from Ref. (6). The other was obtained 
with home facilities. 

AAA our results 
♦ + + Willis - Skinner 

1,5 (KeV) 

that is equation (3) with Vs = AVS. Figure 4 - Secondary emission yield of kapton 
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The curve is very typical of secondary emission of 
dielectrics. It shows that the yield can be higher 
than unity for energy ranging from 50 to 500/800 eV. 
These values are termed as Eland E2, cross over ener- 
gies for which a ■ l. 

Let us suppose now that an irradiation is started with 
E > E2. a is lower than unity and charge is stored on 
the surface. 

the decreasing surface potential is then ascribed 
to the leakage current of the dielectric conside- 
red as a capacitor loaded by its own leakage 
resistance. 

An elementary treatment leads to the expression of 
the conductivity : 

(1/P) :(dVs/dt)/Vs 

As the surface potential grows, the effective energy 
of the incoming electron is reduced by an effect of 
potential repelling. "True" incoming energy is : 
E - qVs. 

When Vs is high enough that 

E - qVs = E2 (5) 

o ■ 1, and no more charge can be further brought 
to the surface. 

Very important consequences outcome from equation (5). 

The first is that the plot of surface potential 
at equilibrium against energy Vseq(E) will be a 
straiyht line. This has been widely verified by most 
experimentations. See Ref.(8). 

The second is that equation (5) is not dependent 
on beam intensity. Only the energy determines the 
surface potential Vseq at equilibrium. It will be 
grown more or less rapidly depending on intensity 
but saturation value will not be changed. 

In terms of worst case environment, this leads to the 
statement : "the potential of such a dielectric in 
space will be governed essentially the mean energy of 
the encoutered electrons, eve:, if the associated inten- 
sities are low" provided that : 

it is in the shadow (no photoemission, Jph = 0), 

it is thick enough to stop the energetic incoming 
electrons. 

Figure 5 shows the range energy relation for electrons 
in kapton (Ref. 7), Figure 6 from Ref. (8) is the surface 
versus potential curve versus Energy beam in the case 
of idealized dielectrics (Figure 6a) and in the caseof 
conductive  dielectrics (Figure 6b). 

4.3. Evidence for some degree of conduction 

It is this section's purpose to illustrate that most 
dielectrics always exhibit some degree of conductivity. 
Plots of surface potentials against energy depart 
from idealized straight lines for high values of the 
potential. It is clearly the consequence of an increa- 
sing leakage current existence. 

4.3.1.  DARK CONDUCTIVITY 

Conductivity of kapton, cerium doped glass, pure 
silica and teflon was studied at the laboratory by the 
"decreasing surface potential" method : 

First, the dielectric is charged my means of 
electron beam, 
then, the irradiation is stopped while continously 
monitoring the surface potential. 
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Figure 5 - Range Energy relation for electrons 
in kapton (Rfcf. 7) 
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Figure 6 - Charging response for idealized (a) 
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P = resistivity in (n.cm) 

E = permittivity in F. cm" 

Vs = Volts 

t = seconds 

80 

60 

20  . 

/V (volts) * Teflon 130pm 

23°C 

Cerium 
doped 
glass 80pm 

Ro(Acm)=10"exp(-0.139V"z) 

Ro(ilcm) = 2.5x1017exp(-0.073Vvl) 

tt14  1015  1016  1017  1018  1019  TO 20 

Figure 7 - Voltage dependent resistivity of kapton 
cerium doped glass, teflon (in dark) 

Figure 7 shows the resistivity cf kapton, cerium doped 
glass and teflon against the square of measured Vs. 
The interest of such a presentation is that a straight 
line is the evidence for field-assisted conductivity 
(Poole-Frenkel effect). 

Dielectrics materials are not ohmic and we propose 
analytical expression for kapton and cerium doped 
glass resistivities as a function of the applied 
potentials. 

The general expression is : 

P =p0 exp [-c.(Vs
1/2)J 

with  i Vs = surface potential (in volts) 

(«„ and a are dependent on the material 

For kapton 50 pm (temperature 23°C) : 

o(n.cm) = 1021 exp (-0.139) Vs1/2 

For cerium doped glass 80 um (temperature 23°C) : 

p(n.cm) = 2.5 1017 exp (-0.073) Vs1/2 

4.3.2.  Environment induced conductivity 

Conductivity of dielectric materials is not independent 
on in-orbit general environment. 

It has been shown for instance that the kapton samples 
of the SCATHA experiments SSPM 1 and SSPM 2 became 
more and more conductors and this was due to a sun- 
light photoconduction effect : Ref. (9). 

This effect was also illustrated in ground tests where 
conductivity effects on sunlightened kapton was studied. 

Dielectrics in ?pace exhibit also the well known 
radiation induced conductivity phenomenon.(r.i.c.) 
Energetic trapped electrons of the geosynchronous 
orbit penetrate completely the rather thin used mate- 
rials. They create the r.i.c. which adds to the dark 
conductivity. 

R.i.c. can be even much higher than dark conductivity. 
Again the decreasing surface potential method was 
used to study the r.i.c: the sample was not left to 
discharge by "its own means" : it was exposed to the 
penetrating electrons of a beta strontium source. 
Ihe conductivity was found to be ^/ery  sensitive upon 
radiation presence for kapton and pure silica. See 
Figure 8. No effect was found for cerium doped glass, 
but cerium doped glass is intrinsically already rather 
conductive. R.I.C. was not studied on teflon. 
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Figure 8 - R.I.C. evidence in Kapton 50 t.m. (Sr90 
1 curie corresponds to -»-10 rad/s for a sample to 
source distance = 8,8 cm). 

So, it is obvious that most dielectrics in space will 
exhibit a certain amount of conductivity and of lea- 
kage current under differential voltage. It makes sense 
to compa.e the 'eakage currents magnitudes with res- 
pect to the maximum incident elect-on currents that 
are to be met in orbit. 

Let us compute the leakage current value assuming a 
resistivity p = 10'5n.cm and a differential voltage 
AVs = 1000 Volts for a material with thickness 50 m. 

JKnA/cm^) (1000)/(1015.50.10"4) = 0,2 10"9 

This leakage current is quite important with respect 
to the maximuir intensities that are available on the 
orbit. The very important consequences of the exis- 
tence of rather large leakage dielectric currents ere 
the following : 

. leakage currents act to limite effective diffe- 
rential voltages: the thinner the dielectrics, 
the lower the achieved potentials. 

. Worst case environment will be the occurrence of 
the maximum available currents in the 1 to 50 keV 
energy range. The intensity as well as the mean 
associated energy will be the keys of the most 
severe charging. 
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This worst case environment is to be found in the 
midnight to dawn section of the geosynchronous 
orbit during the disturbed periods of the magne- 
tosphere. 

This will be shown in the following section. 

5. WHEN AND WHERE WILL "CONDUCTIVE" AND "PURE" 

DIELECTRICS UNDERGO THE MOST SEVERE CHARGING IN 

ORBIT 

5.1, The local time dependence of the environment 
and anomalies. 

Data environment have been gathered in space by elec- 
trons and ions spectrometers flown on the ATS5, ATS6, 
GEOS, METEOSAT and SCATHA satellites. 
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These spectra are in good agreement with each other. 
The discrepancy on the SCATHA mean energy distribu- 
tion is only apparent and comes +"rom the enlarged 
energy domain analyzed by the SCATHA experiment, 
{up to 500 keV). 

Figure 9 reveals a remarkable characteristic of the 
electron local time energy and intensity distribution: 
the higher intensities are to be found in the night- 
side (midnight-to-dawn) and the higher energies are 
to be found in the day-side. 

Anticorrelation exists between energies and intensi- 
ties : in the night-side low energies {< 10 keV) are 
associated with high intensities (0,1 nA/cm2) and in 
the day-side high energies (up to 35 keV) are asso- 
ciated with low intensities (0,08 nA/cm ). 

5.2  Day-side worst case for "pure dielectrics 
in the shadow" 

Figure 9 is suggestive that the day-side environment 
will constitute the worst case environment for pure 
dielectrics (if they do exist at the surface of the 
satellite). Additional conditions to propose them 
as good candidates for being sources of arcing and 
anomalies are that they are in the shadow, thick 
enough to stop the incoming electrons, and that they 
do effectively arc when charged by the environment. 
Another condition is that their capacity with respect 
to the structure should be very low (this should be 
the case for thick materials). 

We have tested such an element that is likely to be 
used as a strut to ensure mechanical fixations of 
thermal shields. 

We have found that very  little intensity beam was 
necessary to charge it. It could be considered as a 
pure capacitor, a piece of material (fiber glass 
material) held above the structure of the satellite. 
See Figure 10 for the test results and details of 
the tested elements. The value of the leakage current 
for such an element was lower than 5 pA/cm2. The 
capacitor value was less than 5 pF/cm2. 

Figure 10 gives the surface potential achieved during 
a test with two monoenergetic beams of values 
El =4 keV and E2 ■ 22  keV. The ratio between the two 
associated intensities Ii et I? was varied during 
the test while keeping the total beam 11+12 cons- 
tant = 0,1 nA/ciii2. The result was a variation of the 
mean incoming energy and an increasing surface poten- 
tial with the mean energy. 

The strut was covered with metallized kapton which 
was found to exhibit arcing if not grounded. 

So, in the author's think, there is at least one 
category of elements for which day-side environment 
constitute the worst case, we could call them: "pure 
thick dielectrics in the shadow". The proposition is 
opened for further evaluation. 

Figure 9 - Local time variation of mean electron 
energies and intensities from ATS 5/6 and SCATHA 
in-flight measurements (Ref. 10) 

The Figure 9 taken from Ref. (10) shows the £v?rage 
of the mean energy and intensities local tim« *jria- 
tions. Thousands of spectra collected from the SCATHA; 
ATS5 and ATS6 spectrometers have been compiled and 
averaged. 

5.3 Nigth-side worst case for "conductive 
dielectrics" 

The night-side environment is considered since the 
earliest investigations on spacecraft charging as a 
worst environment. 
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Figure 10 - Floating surface response to combined 
energy irradiation with two beams  : mean energy is 
(ET I-! + Egijj/d, + i2) 

The paper purpose is only to emphasize that this fact 
is connected to the conductivity properties of the 
used materials. Two figures from the literature will 
be proposed. First is Figure 11 from (Ref. 9) that 
shows the differential charging distribution of the 
kapton as a function of local time. Differential char- 
ging occurs when the higher intensities are available 
on the orbit in the midnight-to-dawn section. 

Figure 11 - One hour local time histograms of charging 
probabilities for the near geosynchronous orbit 
(L = 6.6 + 0.4 Re). (Ref. 09) 
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electron 'luxes  500 pA/cm? ^nd anomalies (Ref. 11) 

6. CONCLUSION 

The exposed theory is an attempt to a unified concep- 
tion of spacecraft charging and induced anomalies. 

It was aimed at demonstrating that the concept of worst 
case experiment coul^ be dependent on material proper- 
ties. Discharges in the day-side of the geostionary 
orbit had never been thought before as the consequence 
of locally built, higher surface potentials. The most 
widely proposed explanation was to explain there dis- 
charges as the result of internal dielectric charging 
by penetrating high energy electrons through shielding 
defects due to thinner skin. 

The data from SCATHA showing that maximum average 
energy occurred in the day-side section make pure 
dielectrics (or floating structures in the shadow) good 
candidates to exhibit locally higher potentials than in 
the night-side. 

The exposed theory is very simple. It postulates that 
significant potentials on conductive dielectrics will 
require rather high incoming electron fluxes that are 
present only on the midnight-to-dawn section of the 
orbit (this was already known). Conversely, pure 
dielectrics or floating structures will present their 
highest possible potential in the noon section of the 
orbit where maximum electron energies are encountered. 

How a given satellite behave, where and when does it 
discharge will obviously depend on how it is made. 

The second is Figure 12 from Ref (11). It shows the 
local time anomalies distribution on-board the 
MARECS-A satellite. It shows simultaneously the prob- 
ability of occurrences of intensities higher thar a 
certain value (500 pA/cm?). That is exactly in the 
paper conception a case of "intensity governed poten- 
tial". The similarity between Figures 11 and 12 is 
remarkable. MARECS-A outer surface was mainly Kapton 
(75 micrometers). 
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STATUS OF  CRITICAL  ISSUES   IN  THE AREA OF SPACECRAFT CHARGING 

J.E.  Nanevicz and R.C.  Adamo 

SRI International, Menlo Park, California 9402b,  U.S.A. 

Abstract - Over the past decade, a substantial effort has been made to increase the available knowledge 

relating to the causes and effects of the spacecraft charging phenomenon. To this end, numerous 

theoretical studies, laboratory tests, computer simulations, as well as limited in-orbit measurements, 

have been performed. 

In general, the phenomenon of spacecraft charging involves the complex space environment interacting 

with a structure made up of regions of metal and dielectric materials whose electrostatic properties are 

not generally considered in spacecraft design and fabrication. The charge stored by tne dielectrics may, 

in turn, lead to electrical discharges. 

Although considerable progress has been made in the three technical areas mentioned above: 

• Environment definition 

• Interaction 

• Discharge characteristics, 

it appears that certain critical questions have not yet been adequately answered, particularly in the 

areas of interaction and discharge characteristics. 

This paper discusses several of these questions, the reasons for their importance, and possible 

approaches to their resolution. 

I - INTRODUCTION 

Spacecraft charging occurs when the exterior 

surfaces of a satellite interact with the orbital 

environment and become electrically charged. The 

process is of great lntere.'t to satellite builders 

and operators because electrical discharges can 

result, generating electromagnetic noise, releasing 

contaminants, and causing degradation of the 

Insulating materials from which the discharges 

occur. 

Some of the major technical considerations 

important to spacecraft charging are illustrated in 

Figure 1. Firstly, the process is critically 

dependent upon the presence and properties of the 

orbital charged particle environment. From the 

scale on the left of the figure, we note that the 

ambient particle environment Is highly general 

(I.e., Independent of the characteristics or even 

presence of a satellite). 

In the next step, the orbital particles 

interact with the satellite surfaces to produce 

electrical charging of the satellite frame and of 

insulating materials on the surface.  (It should be 

noted that insulating materials are used because of 

their sometimes critical thermo-optical properties, 

so that the designer must proceed with extreme 

caution in replacing these materials or modifying 

them in any way.) From the left side of the figure 

we note that, since the material properties affect 

the outcome of the interaction, the results are 

somewhat less general, although they should be 

reasonably applicable to all satellites using the 

same materials in similar configurations. 

In the third step, electrical discharges occur 

producing various deleterious effects on the 

satellite and its systems. From the left side of 

the figure, we note that these processes are even 

more vehicle specific. The occurrence of 
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FIGURE 1  TECHNICAL CONSIDERATIONS IN SPACECRAFT CHARGING 

discharges depends not only upon surface material 

properties, but also upon details of 

installation. Coupling of noise and its effects on 

systems depend on satellite construction details 

and on system vulnerability levels. 

In the fourth area—the development of fixes— 

consideration must be given to all of the specific 

features of the satellite In question including: 

materials, construction techniques, and basic 

system susceptibility. Thus, at the left side of 

the figure we note that this technical area is 

highly vehicle specific. 

II - STUDIES OF THE SPACECRAFT CHARGING PROBLEM 

A.  Experimental Studies 

As indicated in Figure 2, spacecraft charging 

to large potentials was first reported by DeForest 
*I in 1972  and the resulting discharging was 

detected on an orbiting satellite by Nanevicz, 
2 

Adamo and Shaw in 1973 . Since that time, however, 

the study of the charging processes involved and 

their effects has proceeded in a random and uneven 

manner. Much of the reason for the lack of 

continuity and balance in the study of spacecraft 

charging stems from the fact that experiments on 

synchronous-orbit satellites are substantially more 

difficult than are laboratory experiments. Thus, 

since the orbital experiments of Ref 2, only the 

P78-2 (SCATHA) satellite has been instrumented 

specifically for the ln-orbit study of spacecraft 

charging.  In the Interim, experimental activity 

has focused on the conduct of laboratory 
4 5 

experiments ' ,and on the development of improved 
6.7 simulation techniques 

* References are listed at the end of the paper. 

A further reason for the uneven development of 

a more complete understanding of spacecraft 

charging is that, as shown in Figure 3, the overall 

problem has several facets that may very 

legitimately be studied independently. The 

principal technical areas of significance in 

spacecraft charging and their roles may be 

summarized as follows: 

1.  Environment 

A description of the particle types and their 

energies present during a substorm is important 

Btrictly on a scientific basis and because it 

provides insight into what may be required to 

properly simulate the space envrionment in the 

laboratory. 

2.  Interaction of Environment with Satellite 

Materials 

Proven techniques to account for and quantify 

the electrical behavior of aggregates of conducting 

and insulating materials during a magnetic substorm 

are important in predicting available stored 

energies and behavior of specific materials. 

3.  Characteristics of Discharges Ret-'Icing 

from Spacecraft Charging 

The characteristics of the discharges produced 

on spacecraft materials are important in several 

regard«. Knowing which materials are responsible 

and understanding their electromagnetic 

characteristic« allow« the designer to choose 

between several alternatives such a«: 

• Avoiding their use 

• Controlling their placement 
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FIGURE 2  HISTORY OF SPACECRAFT CHARGING STUDIES 

« Electromagnetlcally hardening the satellite 

to render it Immune to the effects of the 

dlsrharges. 

In addition, information on the properties of the 

discharges occurring in space Is essential to the 

development and validation of schemes for the 

simulation of spacecraft charging in the 

laboratory, and tor the development of standards 

and specifications. 

4.  Coupling to Systems 

The design engineer needs to know how 

electromagnetic pulses generated by discharges on 

the outside of the vehicle excite the structure and 

ccuple to the satellite wiring system on the 

interior. Although, strictly speaking, the 

electromagnetic coupling is not caused by 

spacecraft charging, the way the vehicle is excited 

and coupling occurs is very sensitive to the 

location and character of the discharges. 

5.  Systems Affected 

The susceptibility of satellite electronic 

systems to the pulse Interference stemming from 

spacecraft charging Is of Importance to the 

designer In devising schemes for assuring system 

immunity. Here again, although susceptibility 

cannot be attributed to spacecraft charging, the 

degree of susceptibility of system« Is affected by 

the properties of the signal radiated by the 

discharge. 

B.  Degree of Understanding of the Technical Areas 

AS was mentioned earlier, progress in the 

various technical artas comprising spacecraft 

charging has been uneven. The various facets of 

the problem pose varying degrees of difficulty in 
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their study. Also, developments In the 

understanding of one area (such as interaction 

processes) must wait for the prior work in another 

(such as definition of the basic charging 

processes). Thus, as indicated graphically in the 

lower part of Figure 3, the several technical areas 

have developed generally as follows: 

1. Environment 

The study of this area is very fundamental in 

that it involves carrying sensors designed to 

sample the environment at the orbits of Interest. 

Care must be taken to assure proper calibration of 

the sensors and to avoid data contamination by the 

presence of the satellite and its sensors. 

Adequate instruments have been orbited for 

sufficient time to provide substantial Insight into 

the properties of the environment. In general, 

this facet of the spacecraft charging problem is 

most completely defined. 

2. Interaction 

This area is more material- and design- 

specific since it Involves material properties as 

well as the characteristics of the environment. 

The problem has been studied in the laboratory— 
o 

beginning with the studies of Adamo and Nanevicz 
q 

and continued by Stevens and Purvis and many 

others. Analytical studies were carried out hy 

Katz et al  culminating in the NASCAP cede for 

predicting charge accumulation on various satellite 

surfaces. Unfortunately, orbital experiments to 

verify the validity of the laboratory work and 

analyses have been very few. Data from the SCATHA 

satellite reported by Mlzera et al  verified the 

general behavior observed In the laboratory studies 
a 

with modulated illumination.  Laboratory work by 
12 

Adamo and Nanevicz  Indicating that Kapton should 

become progressively more conducting—and less able 

to store Sarge—with exposure to sunlight in orbit 

has been verified by experiments on SCATHA as 

reported by Vampo'.a.13 The SCATHA satellite 

carried provisions for the study of the charging 

behavior of a carefully selected set of material 

samples. Doing more extensive material studies on 

a single satellite would probably be out of the 

question. In general, making an effort to enlarge 

the material sample base, and to refine the 

measurement scheme would be worthwhile If launch 

opportunities present themselves. Experiments 

should be designed to answer questions raised in 

connection with the application of NASCAP and in 

connection with normal satellite operation. 

3.  Discharge Characteristics 

This problem is substantially more difficult 

and less well understood since it presupposes an 

understanding of both the environment and of the 

way it deposits charge in satellite materials. 

Given that sufficient charge is stored in a 

material, a discharge is triggered at a unique 

place in the material. The discharge taps the 

stored charge causing currents to flow and 

generating plasmas which combine to produce an 

electromagnetic pulse. 

The properties of these pulses were first 
14 studied by Nanevicz and Adamo  in connection with 

the development of Instrumentation for the 

satellite measurement program described in Ref 2. 

Later they studied the electromagnetic signals 

generated by discharges in a special 

"electromagnetically clean" setup In the 

laboratory. 

The Instrumentation on the P78-2 SCATHA 

satellite included provisions for periodically 

measuring the transient pulse signals Induced in a 

short dlpole antenr.8 at the end of a 2-meter-long 

boom on the exterior of the satellite.  The 

sophisticated instr(mentation used for this 

measurement precluded Its dedication solely to the 

study oi external fields. As a result, the 

Instrumentation spent three-quarters of its 

available time monitoring signals existing at three 

points on the interior of the satellite. 

The location of the external-transient sensor 

antenna at ehe end of a boom on P78-2 SCATHA was 

unfortunate since It violated the fundamental 

sensor »lzi requirements for transient signal 

study, I.e., that the "sensor" must be sufficiently 

•■all that antenna ringing occurs at frequencies 

above the range of interest.   Thus, the exterior 

discharge data from SCATHA are complicated by the 

preaence of antenna/boom ringing. 

Since P78-2 SCATHA carried only one sensor to 

measure the exterior transient electromagnetic 

environment, it is not poartble to determine where 

on the exterior of the satellite a discharge 
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occurred. This lack of information about discharge 

source locations also makes it impossible to infer 

absolute discharge source strength from the data. 

Finally, it must be recognized that P78-2 

SCATHA is only a single satellite made using the 

materials and fabrication processes selected by the 

builder. Since the charge storage and discharge 

processes are both material specific and since the 

triggering of discharges is highly dependent on the 

mechanical arrangement, the discharging behavior 

observed on this satellite may differ substantially 

from »hat would have been observed had SCATHA been 

assembled by another contractor. Thus,, there are 

major uncertainties remaining in our ability to 

describe the discharging behavior of satellites in 

general. 

4.  Coupling to Systems 

The problem of coupling transient 

electromagnetic pulses into systems is not unique 

to spacecraft charging. Problems of this sort 

arise in connection with the assessment of system 

vulnerability to lightning and the nuclear EHP, and 

a great deal of work has gone into the study of 

these problems. In general, it is found that 

coupling is critically dependent on the design 

details of the system in question—design of 

shields, penetration treatments, aperture 

treatments etc.—as well as upon the physical 

location and electromagnetic properties of the 

source. For example low frequencies penetrate a 

system most readily along penetrating electrical 

conductors, while high frequencies can propagate 

easily through apertures In the shield structure. 

Thus, although many of the experimental and 

analytical tools for the determination of discharge 

coupling to system* are available In principle, 

progress In this area is being held back by the 

lack of orbltally confirmed Information on the 

electromagnetic properties of spacecraft discharges 

and on their probable locations on satellites. 

Such information la needed for inclusion In the 

standards and specification« applied during the 

evolution of a satellite. The same eort of 

Information Is needed to guide the development and 

application of pulse simulation source* for ground 

testing of satellites and their subsystems. 

5.  Affected Systems 

This facet of the spacecraft charging problem 

also is not unique. In general, electronic systems 

must be designed to function in an environment 

including electromagnetic interference sources. 

Specifications are levied on the designers of the 

satellite system (e.g. MIL STD 1541) and its 

subsystems (e.g. MIL STD 461/462) in an effort to 

assure that they will not be adversely affected by 

the operational environment. Care must be 

exercised to assure that these specifications are 

as representative as possible of the actual 

environment in order that the systems not be either 

overdesigned or underdesigned. 

In this regard, it is important to recognize 

that modern spacecraft electronic systems depend to 

a great extent on digital components, and, as a 

consequence, are particularly vulnerable to pulsed 

Interference of the sort generated by the 

electrical discharges associated with spacecraft 

charging. Accordingly, designers require accurate 

Information regarding the characteristics of the 

pulse signals they can expect on their systems as a 

consequence of spacecraft charging. The problem of 

system upset and damage by transient pulses is 

currently receiving a great deal of attention by 

the lightning and nuclear EMP communities. Thus, 

many of the tools and concepts needed to attack 

this facet of the problem are available. The 

principal need at this time is accurate information 

about the characterlsltics of the electromagnetic 

threat caused by spacecraft charging. 

III-TKE INTERFERENCE CONTROL PROBLEM 

The general Interference control problem is 

shown In Figure 4. A source of electromagnetic 

interference exists, and interacts with a victim 

system via one or more coupling path*. The degree 

to which the designer must be concerned with this 

problem depend» upon the strength of the source, 

the susceptibility of the victim and the character 

of the coupling path. 

THREE PROBLEM ELEMENTS 

SOURCE COUPLING PATH VICTIM 

FIGURE 4      ENGINEERING VIEW OF  INTERFFRENCE CONTROL PROBLEM 
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TYPICAL OPTIONS: 
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FIGURE 5  CONSIDERATIONS IN DEVELOPING FIXES 

Since the severity of the overall problem 

depends upon the properties of the three principal 

elements it follows that the problem of assuring 

immunity can be attacked, at any one or all of the 

elements, by striving to: 

• eliminate the source 

• control the coupling 

• harden the victim. 

In general, a properly engineered solution requires 

information on each of the major elements.  In 

particular, the properties of the source are highly 

critical since they establish the levels and 

frequency characteristics which must be considered 

in the design. 

A list of some of the options one can consider 

in devising schemes to assure system immunity to 

spacecraft charging is shown in Figure 5. In 

general, it is prudent to consider all of the 

possible options in evolving a design. 

1.  Source Elimination 

First, the designer can strive to eliminate 

the discharge source through various approaches. 

For example, he can attempt to prevent charge 

storage in the dielectrics on the exterior of the 

satellite. This can be accomplished by increasing 

the conductivity of the bulk material or by 

applying optically-transparent, electrically- 

conductive films on the outside surface. Since 

modifying the material in any way is likely to 

affect its therao-optleal properties, these 

modifications must be restricted to the minimum 

possible extent consistent with achieving the 

desired goal. This, in turn, implies that 

laboratory charging simulators must be available 

that are capable of duplicating the critical facets 

of the orbital environment with adequate fidelity 

to ensure that the desired system behavior will be 

ultimately obtained in space.  (In fact, we must 

first determine which features of the environment 

it is important to duplicate.) 

Alternatively, the designer may choose to 

pernit charge accumulation, but to Install the 

dielectrics in such a way as to Inhibit the 

occurrence of discharges. For example, in 

laboratory experiments, discharges generally 

initiate at the edges of materials, and it is often 

found Lh.it surrounding the dielectric with a metal 

frame witii rounded edges tends to inhibit 

discharges. Again, to test this scheme it is 

necessary tc have available an adequate laboratory 

charging simulator.  (We must know that behavior in 

the simulator duplicates behavior in orbit.) 

Finally, the designer must ensure that all 

electrically-condicting elements of the satellite 

are electrically bonded to each other.  This 

includes parts cf the thermal control materials 

such as the layers of thermal blankets.  If the 

satellite includes unbonded conductors, they can 

charge to potentials different from their 

surrounding elements leading to sparking between 

adjacent conductors. The measures taken to ensure 

bonding are sufficiently gross that relatively 

unsophisticated simulation and testing techniques 

may be used to verify their adequacy. 

2.  Coupling Control 

As was Indicated earlier, the designer may 

choose to apply electromagnetic coupling control 

techniques to achieve immunity to spacecraft 
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charging.  In general, even If other techniques, 

(such as source elimination,) are also pursued, it 

is useful to pay attention to coupling control 

because many of the major interference distributors 

(such as ground wires penetrating shields) can be 

treated for virtually zero cost. 

Modern approaches to transient interference 

control have been described by Vance,  and can be 

applied to satellites. Conceptually, the modern 

approach consists of establishing one or more 

closed electromagnetic barriers between the source 

and the victim. Each barrier consists of a 

topologically closed metallic shield with special 

treatments at all of the imperfections such as 

penetrating wires, joints, and openings. 

Essentially, the designer needs to assure himself 

that he has taken every reasonable step to "close" 

the barrier. 

Some of the barrier violations such as 

penetrating ground conductors can be treated by 

simple expedients at virtually no cost. Others, 

such as the installation of filters or limiters on 

penetrating power conductors, impose penalties 

including cost, weight, space, and—perhaps most 

important—decreased reliability or the potential 

for a single-point failure. Thus the designer is 

faced with the need to apportion his efforts at 

coupling control intelligently. He needs to know 

where on the satellite the discharge sources are 

likely to occur, and he must be able to define 

their electromagnetic properties in order that he 

neither overdeslgn nor underdesign the coupling 

control system. 

3.  Victim Hardening 

Finally, it is possible to take steps to make 

the victim circuit» more immune to the transient 

electromagnetic environment. One approach is to 

establish a small electromagnetic barrier at the 

subsystem box level. Metal boxes are used to 

establish the barrier topology, pin treatments 

(filters and limiters) may be Installed on 

penetrating conductors, or shields may be used on 

Interconnecting cabling. In addition, basic 

circuit design may be reviewed and modified to 

eliminate particularly susceptible circuit«. 

Software changes can be used to incorporate error 

correction techniques. In general, consideration 

must be given to basic system hardness as satellite 

design progresses, but often it is difficult to 

make major changes In system hardness at this 

level. Many units are affected, and the 

ramifications of any change must always be 

carefully reviewed. 

Since satellite electronic systems are built 

to function in a specified electromagnetic 

environment, the satellite designer/builder needs 

to be able to specify this anticipated environment 

with substantial accuracy in order that he provide 

the subsystem contracter with reasonable 

specifications. The environment on the inside of 

the satellite is determined by the characterisitics 

of the discharge source and the coupling paths, 

although analytical and experimental techniques 

exist to estimate this environment, it would be 

highly profitable to make provisions on orbiting 

satellites to define this interior electromagnetic 

environment, and to compare it to the discharge 

properties. Such orbital data would provide a 

check on our ability to predict satellite 

electromagnetic behavior. Measurements on Internal 

circuits would also provide valuable information on 

ambient noise levels in typical satellites. 

Very little orbital. Information of this sort 

exists today. Satellites do not ordinarily carry 

instruments to characterize the electromagnetic 

environment. Even on SCATHA it was difficult to 

correlate internal noise pulses with external 

discharges. 

IV-ORBITAL DATA REQUIREMENTS 

As was indicated earlier In connection with 

the discussion of figure 3 In Section IIB, the 

engineering aspects of the spacecraft charging 

problem could benefit from additional orbital 

data. In particular, It appears that great benefit 

would accrue from data In three basic areas: 

1.  Identification of Materials Displaying 

Susceptibility In Orbit 

This information would alert designers of 

particularly susceptible materials, and would 

define likely discharge locations on satellites 

using the same materials. Localisation of 

dlshcarge sources coupled with measurements of 

pulse amplitude at a known location on the exterior 
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of a satellite allows the absolute source Intensity 

to be estimated. 

Identification of susceptible materials 

together with the definition of absolute source 

Intensity would serve to prioritize the development 

of noise coupling controls or the replacement of 

materials. 

2. Quantify Discharge Characteristics in 

Orbit 

This information Is essential for the 

definition of the noise source to be used in system 

vulnerability assessments, either analytical or 

experimental. Orbital discharge source 

characteristics are needed to guide the development 

of ground testing techniques—in particular, the 

development of discharge simulators. This same 

information is also needed to update the standards 

and speclflciations used in the development of 

Satellites. 

Note:  A comparison of the data of items 1 

and 2 with the results of laboratory simulations 

serves to provide a number of important Insights. 

First, it helps to define the fidelity required in 

ground simulations. The orbital environment is 

complex, and It is very costly to duplicate all 

features of that environment. Second, such 

comparisons are needed to develop assurance that 

laboratory simulations adequately duplicate orbital 

behavior. Third, such information would be 

valuable in determining areas in which ground 

simulations must be improved. 

3. Characterize Internal Noise Pulse 

Environments on Typical Satellites 

This Information is useful l, istabllshing the 

"noise-floor" levels typically found In satellites 

as the result of satellite system operations such 

as power switching. (It doesn't make sense to 

strive to reduce externally-generated noise 

appreciably below this level.) 

Information on the level and character of 

noise coupled fro« known «sternal sources would be 

extremely valuable In permitting an assessment of 

our ability to predict the coupling of signals from 

the exterior. This Is a complex process Involving 

•stellte resonances, apcrture/penetrator coupling 

(which acts at a filter), and finally wiring 

resonances, so that the pulse is greatly modified 

in coupling fo the interior—both in amplitude and 

in form. Orbital confirmation of the accuracy of 

available prediction techniques Is badly needed. 

V - ORBITAL MEASUREMENTS 

In considering possible approaches to 

obtaining orbital engineering :ata, it is important 

to bear in mind that the measurement system will 

undoubtedly have to be carried at the last minute 

on a "piggy back" basis on operational 

satellltas. Accordingly, boin the electronics and 

the sensors required should be small, simple, 

reliable, flexible, and require little power and 

little telemetry. 

An approach based on the SRI Transient Pulse 

Monitor flown on the SCATHA satellite is shown in 

Figure 6. Provisions are made to characterize 

pulses both on the Inside and on the outside of the 

satellite. The external measurements are made at 

several locations to permit source localization of 

the sort described in Ref. IS. (A system to 

accomplish discharge localization on a satellite in 

orbit la presently being developed by Talllet and 

Boulay at ONERA in Paris.  .) Thus, the system will 

provide Information on the relative susceptibility 

of different satellite materials. Since the source 

Is localized and Its properties are measured at 

several known positions on the surface of the 

satellite, a first order quantification c;    .. » 

of absolute source characteristics. 

Various internal measurements can   made to 

obtain data of varying degreea of f,c    Ity.  If a 

system is known to be susceptible in orbit, a 

sensor can be arranged to monitor this specific 

system "sensitive box." Other sensors can be used 

to monitor parameters of more general interest. 

For example, one or more can be arranged to record 

data useful In assessing our prediction 

capabilities. 

The system of Figure 6 can be simplified to 

Incorporate the barest minimum number of sensors 

monitored, and parameters measured, for use as a 

housekeeping monitor to be routinely carried on 

satellites. Currently, there are sufficient 

uncertainties about many facets of spacecraft 

charging that carrying such monitors In the 

Immediate future would be highly useful In 
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resolving. Now, when a satellite experiences 

anomalies, the Investigating team is forced to use 

second and third level inferences regarding the 

possibility of spacecraft charging. Many Important 

decisions are made on the basis of such incomplete 

data. Presently, many satellite operating agencies 

depend on ground commanded circumventions to avoid 

possible operational problems stemming from 

spacecraft charging. Developing a network to 

permit operators to alert OSS another of the 

occurrence of substorns and spacecraft charging 

would therefore be extremely useful. 

Vl-SUMMARY & CONCLUSIONS 

Based upon the above discussions, it appears 

that a key requirement for Improving the overall 

effectiveness of presently available spacecraft- 

charging control techniques is to obtain a better 

understanding of the actual in-orbit discharge 

process and its characteristics. This information 

is crltlcaly needed to improve ground-test 

techniques and facilities and to allow more 

meaningful noise coupling and circuit 

susceptibility analyses and design improvements. 

This information could most reliably and 

accurately be obtained by taking advantage of 

payload opportunities, to the greatest extent 

possible, to incorporate appropriate, properly- 

design-i discharge detection and characterization 

Instrumentation on present and future spacecraft 

programs. 
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SPACECRAFT MATERIALS TEST IN A CONTINUOUS, BROAD ENERGY-SPECTRUM ELECTRON BEAM* 

M. Blez, J. Thayer and J.E. Nanevicz 

SRI International,  333 Ravenswood Avenue, Menlo Park,  California 94025,  U.S.A. 

Abstract - The electrostatic charging and subsequent discharging of external spacecraft thermal-control 
materials is a result of complex interactions with the temporally and spatially varying ambient space 
environment. The validity of laboratory studies of these interactions may be highly dependent upon how 
well the important features of that environment are simulated. 

In the past, various practical limitations have caused most simulation experiments to be conducted 
using a constant, monoenergetic electron beam to simulate the charging processes occurring in space 
during a magnetic substorm. During the past year, the confluence of several events provided an 
opportunity to conduct laboratory experiments under more realistic conditions: The development of the 
SRI multlenergy multipactor electron gun was completed, diagnostic Instrumentation was on hand, and one 
of the authors (Blez) was available for a period of 8 months as an SRI International Fellow to conduct 
the experiments. 

This paper describes some of the observed similarities and differences in the behavior of several 
typical spacecraft thermal control materials when exposed to a mono-energetic electron beam and to a more 
realistic continuous broad energy-spectrum electron beam. 

I - INTRODUCTION 

As indicated in a companion paper, the various 

disciplines given the collective title of 

"Spacecraft Charging" have evolved in an uneven 

way.1 As a result, the understanding of Important 

issues in a number of areas is substantially 

deficient. The measurement program discussed here 

was undertaken to provide Insight into one facet of 

the spacecraft charging problem. This program 

became possible as the result of the fortuitous 

confluence of several events:  The development of a 

multlenergy electron gun at SJX, and the presence 

of one of the authors, Bier., as an SRI 

International Research Fellow for most of 1984. 

The choice of topic for this investigation 

steamed from the observation that the electrostatic 

charging and subsequent discharging of external 

thermal-control materials on spacecraft is a result 

of complex Internet Ions of these materials with the 

temporally and spatially varying ambient space 

environment.3»4 Aa a result, the validity of 

laboratory studies of these interactions may depend 

highly upon how well the Important features of that 

environment are simulated. 

To date, many independent laboratory studies 

of the charging and discharging properties of 

spacecraft materials have been performed using 

monoenergetic electron sources (initially such 

sources were used because they were the only ones 

readily available). Although a great deal has been 

learned from these studies, a disturbing number of 

discrepancies remain between the test results and 

actual ln-orblt observations of spacecraft charging 

and discharging. For example, SRI discharge- 

detection instrumentation on a non-NASA 

geosynchronous satellite during 1974s indicated 

that electrical discharges (and In some cases 

resulting anomalies) occur st times when they would 

not be expected according to the results of 

laboratory tests. Also, the behavior of a 

particular fabric material sample In orbit on P78-2 

(SCATHA) differed substantially from its behavior 

In laboratory tests using a monoenergetic electron 

source. 

Preliminary fsts at SRI using a rudimentary 

multlenergy electron gun Indicated that there could 

be substantial differences In the charging and 

discharging behavior of spacecraft materials when 

*The work reported here was conducted under an element of SRI'a 
Internal research and development (IR&D) program. This element focuses 
on the development of laboratory techniques and Instrumentation for the 
study of flight vehicle electrification. 
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Illuminated with a multlenergy source rather than 

with a monoenergetlc beam.  Similarly, the results 

of material charging tests performed using two 

separate monoenergetlc electron guns at two 

discrete energies differed significantly from those 

obtained using a monoenegetic electron source. ' 

These differences raise questions regarding the 

degree of confidence that should be placed in the 

results of various ground tests. 

Despite the engineering importance of 

dielectric charging and discharge characterization 

data, the Information gathered In ground-based 

simulations has never been adequately validated by 

similar measurements in space. Since planning and 

conducting orbital experiments is costly and time 

consuming, SRI concluded that a laboratory 

experiment tailored to provide insights into 

possible reasons for the apparent disparities 

between orbital and laboratory behavior of 

spacecraft materials would be very useful at this 

time. 

The current theories of dielectric charging 

imply that the exact profiles of the internal 

charge distributions and, therefore, the magnitudes 

of the Internal electric fields are determined by 

the details of the incident electron energy 

distribution.10 These theories also suggest that 

the magnitude of the internal electric fields 

determine whether a discharge will take place. 

Accordingly, it was decided that It would be highly 

Instructive (and feasible at this time) to conduct 

a systematic study contrasting the electrical 

behavior of materials under monoenergetlc 

(generally used in simulations) and multlenergetlc 

(more typical of the true orbital environment) 

electron beam illumination. Such measurements 

would provide Insights Into the degree to which 

imperfect simulation of the electron energy 

spectrum affected the credibility of laboratory 

experiments. 

Reported here are the first results from an 

ongoing series of laboratory studies being 

conducted at SRI to investigate critical Issues 

associated with laboratory simulations of 

spacecraft charging. 

II  EXPERIMENT DESIGN 

A. General Concept 

In concept, the experiments consisted of (1) 

illuminating Identical samples of typical 

spacecraft materials alternately with monoenergetlc 

and multlenergy beams, and (2) looking for 

differences in the way the materials charged and 

discharged. This approach used existing 

instrumentation and facilities available at SRI and 

afforded an opportunity to investigate the degree 

to which deviations in the simulation of the 

orbital environment affected material behavior. 

The test setup used in these experiments 

(Figure 1) is similar to the setup used earlier by 

Nanevicz et al.11 to study the electromagnetic 

fields radiated by discharges from spacecraft 

materials illuminated by a monoenergetlc electron 

beam. A cylindrical glass bell jar was mounted on 

a ground plane simulating the spacecraft frame and 

was evacuated to a few x 105 torr. A large-area 

electron source providing uniform Illumination over 

the test sample was mounted at the top of the bell 

jar, and test samples were placed on a special test 

jig at the bottom of the jar. 

The inside of the jar was coated with an 

electrically conductive "radome" paint to prevent 

static charge accummulatlon on the jar walls. 

However, the paint was of sufficiently high 

resistivity to be electromagnetlcally transparent 

at the frequencies of Interest. 

■ 
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Instrumentation included a small dlpole E- 

fleld sensor (located in the near field, 30 cm from 

the bell jar center), which measured the 

electromagnetic field radiated by the discharge. A 

field meter located adjacent to the sample provided 

a reading proportional to the surface potential of 

the test sample. Also monitored were sample return 

current, electron beam current, and beam 

accelerating potential. 

Simultaneous records were made of all 

measurements for later comparison. 

B. Electron Source 

The special electron source used in this experiment 

was developed at SRI International for use In 

spacecraft charging studies.**»* This source 

provides a large-area beam with Independently 

controlled bean current, beam energy, and energy 

spectrum. Electrons are produced by multlpactor 

breakdown between two large-area parallel plates 

and are extracted from between the plates by 

introducing a pattern of holes in one plate and 

biasing both plates negatively with respect to 

ground. A control grid was provided to control 

beam current, and a grounded accelerating grid was 

used to obtain the desired beam energies. 

To produce monenergetic electrons, we used a 

simple copper screen a« the accelerating grid. 12 

continous energy spectrum was produced by replacing 

this accelerating screen with a specially prepared 

foil sheet that provided scattering centers in the 

beam path. Incident electrons are scattered in 

traversing the target and give up energy to the 

target material. By the proper selection of foil 

materials, the probability of electron scatter can 

be manipulated and the desired energy spectrum can 

be produced.' 

The electron energy spectrum used In these 

experiments represented a generic spectrum (Figure 

2) and was not Intended to simulate the details of 

any particular spectrum measured at geosynchronous 

orbit. This form was chosen because it Is easy to 

produce with resonable beam efficiency and because 

It Includes electrons with low energies that are 

typical of the orbital environment. The form of 

the spectrum at low energies, however, deviates 

considerably from the orbital environment. The 

absolute energy level of the electron spectrum 

i a « 
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ELECTRON ENERGY (ktV) 

B)  MULTIENERGETIC BEAM 

FIGURE 2      ILLUMINATING ELECTRON BEAM 

SPECTRA USED IN EXPERIMENTS 

could be adjusted by simply varying the voltage 

applied to the accelerating grid/loll. 

C.  Electromagnetic Transient Measurements 

For the measurements of radiated electric fields, 

we used Instrumentation developed orglnally for the 

work of Reference 11, but we refined and modified 

It for this program. The electric field probe 

consisted of a small, capacltlvely loaded, electric 

dlpole antenna with a self-contained FET 

preamplifier, so that the sensor output waa 

directly proportional to the magnitude of the 

electric field at it« location.13 Thus, the sensor 

output provided a direct time waveform of the 

radiated electric field, E(t). 

The sample-base return current was monitored 

by mounting the sample on a 33 cm diameter plate 

(Figure 1). The plate, In turn, n-m  connected to 

the ground plane through 24 parall- , SO-ohm 

resistors equally spaced around Its periphery. The 

terminating resistors installed in this way 
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minimized the tendency of the plate to ring when 

excited by a transient signal. To record the 

current, one resistor was removed and replaced by a 

50-ohm coaxial cable leading to the 50-ohm input on 

a high-speed (1 GHz bandwidth) oscilloscope. 

Sample surface potentials were monitored using 

a vlbrating-reed electrostatic field meter (also 

developed at SRI). This device is an improved 

version of those sold commercially, since it is 

designed to function in a plasma environment and 

indicate ion current as well as local static 

electric field.  Its output was fed into a 5 kHz 

bandwidth chart recorder. 

D.  Sensor Calibrations 

Each sensor used in this Investigation was 

calibrated by subjecting it to known transient or 

static fields. The radiated electric field sensor 

was placed In a 50-ohra parallel-plate transmission 

line driven by a pulse generator to produce a known 

transient field within. By reducing the length of 

the calibration pulse, we checked the frequency 

response of the sensor. The sensor was found to 

track the driving pulse to 5 ns. 

The static field meter was calibrated by 

replacing the sample In the testing Jig with a 

metal sheet connected to a power supply of Imown 

potential. A calibration of the base current 

sensor was .lot necessary, since the arrangement 

described constitute.* a simple current divider. 

Ill - EXPERIMENTAL PROCEIMIRE 

Two spacecraft-charging simulation techniques were 

compared in this study. The first technique used a 

■onoenergetlc electron beam, typical of those used 

widely In earlier simulations of the space charging 

environment.ll>l*«is The second simulation 

technique used a continuous-spectrum, multlenergy 

electron beam more typical of the orbital 

environment. Current densities of 0.3, 1.0, and 

2.9 nA/cm2 (typical of subatorm conditions) were 

used. Beam energies were as shown in Figure 2. 

Test material samples wore made of Kapton, 

obtained from the normal suppliers of the aerospace 

Industry.  Samples were 75- and 127-iar- thick 

rectangles, 250 cm2 In area, that were alumlnlzed 

on one side. The results of preliminary 

experiments showed wide variation in the various 

sample responses to Identical test conditions. 

Accordingly, a preparatory treatment was instituted 

for new samples to enssure that all samples had 

been identically conditioned prior to testing. 

Samples were peripherally bonded to the test jig 

using a border, of conducting (copper) adhesive 

tape.  (Discharge triggering is sensitive to edge 

treatment, and this was the mounting procedure used 

at SRI in the past.) The samples were then cleaned 

with pure ethyl alcohol, rinsed with deionized 

water, dried, and placed In the bell jar. 

Either the mono- or multlenergy accelerating 

grid was installed on the electron gun, and the 

chamber was evacuated to approximately 1 x 10~5 

torr. Each sample was subjected to one particular 

energy spectrum, and the current densities were 

stepped through the range of values stated above. 

Simultaneous osclllograus were made of the radiated 

field and return current from each Individual 

discharge. The discharges were numbered in 

chronological order. At each current density, 

testing continued until roughly ten discharges had 

been observed or until dlschargea from the sample 

stopped occurring. As a rule, tests with each 

energy spectrum were repeated three times, each 

time with « fresh material sample. 

An additional test was performed to compare 

the samples' rates of charging and discharging 

under the two different simulations. A single 

large «ample of 127-^m Kapton material was divided 

In half, and each half was exposed to one of the 

simulations. Beam current density In both cases 

was 5 nA/cm2, and beam spectre were as shown In 

Figure 2. The static field meter Installed In the 

bell Jar wa« used to monitor the samples' charging 

and discharging behavior In the two test 

environments. 

IV - EXPERIMENTAL RESULTS 

During the study, substantial variation was seen In 

Important parameters of the material responses 

investigated. However, not all of the differences 

observed could be attributed to changes In 

controlled parameters. 

Figure 3 shows plots of the rise time and peak 

value measured for the return current and radiated 
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field on sucessive discharges from a sample during 

a pair of tests conducted at a current density of 

0.3 nA/cm2.  Similar data from tests a; bean 

current densities of 1.0 and 3.0 nA/cm2 are shown 

In Figures 4 and 5, respectively. 

Figures 3 through 5 clearly show great 

differences in the properties of successive 

discharges from a given sample. As discussed 

below, these differences exist because a wide 

variety of discharges are possible — ranging from 

those that (from visual observation) involve the 

entire sample to those confined to a small point on 

the surface of the sample.  In spite of the wide 

variations observed, it is instructive to look tor 

systematic differences in the behavior of the 

samples under the two environments. To assist In 

this process, the average value of each parameter 

was calculated and is shown on each of the graphs. 

Our search for general trend« in Figures 3 

through 5 revealed that the most obvious and 

o'insistent difference between mono- and multlenergy 

behavior is observed In the pulse rise times 

(panels [a] and [b| of each Figure).  In 

particular, the radiated field rise time (panel 

(a]) generaly appears to be shorter (faster rising 

pulse) for monoenergetic Illumination (on the 

average by roughly a factor of two) at all current 

densities.  A similar, but less clear difference is 
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observed In the return current rise time (panel 

b). Again, discharges under nonoenergetlc 

Illumination tended to show a shorter return 

current rlsetlne, except In Figure 4b, where there 

appears to be no substantial difference. 

In the case of the peak return current and 

peak radiated field (panels c and d), on the other 

hand, there appears to be no conalstant 

difference.  In fact, for the peak radiated field 

(panel c), multlenergy Illumination resulted In 

higher amplitude pulses at low beam currents 

(Figure 3c), while nonoenergetlc Illumination 

resulted In higher aalplltude pulses at high beam 

currents (Figure 5c). 

For the sake of completeness, response 

histories obtained with samples exposed at 10 

nA/cm beam current density are shown In Figure 

6. Although this current density 1» at or above 

the maximum densities reported from space, testing 

Is frequently done at this level In an effort to 

accelerate the test program. Thus, behavior of 

materials at theae charging ratea is of interest, 

since It provides insights into the distortions in 

material behavior one is likely to experience with 

accelerated testing. The great variation in the 

values of the parameters in Figure 6, makes it 

difficult to discern any systematic differences 

between material behavior with aultl- and 
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monoenergetic illumination.  However, when the 

average values for the parameters In each panel of 

Figure 6 are compared, It appears that the same 

general relationships between multl- and 

monoenergetic data observed in Figure 5 also exist 

In Figure 6, but they are not so clear cut* 

The results of the experiments presented in 

Figure 6 Imply that the temptation to test 

materials only at high current densities should be 

resisted. The data presented here suggest that 

Important differences in behavior can be masked or 

can disappear entirely when the beam current 

density is Increased to 10 nA/cm . 

A further graphic Indication of the great 

randomness observed in discharge parameters at high 

beam current densities is shewn for radiated field 

rise time in Figure 7. Here, the time histories 

from two successive samples exposed to a 

multlenergy beam are plotted together with the 

history from a sample exposed to a monoenergetic 

beam.The two tests with the multlenergy beam show 

no more similarity with each other than do either 

of them with the monoenergetic test. 

The reason for the wide range of discharge 

pulse parameters observed In the tests can be come 

evident from a review of some of the pulses that 



»92 M. Blez et al. 

 *- moi>o»n«rg*tic 

— -»-rmillltnergelic 

monoenergetic 

multienergetic 

— AVG 

AV6 

B) 
1     I     I     I     1     I     1 11)1 

2     I     4     3     t     7     ■     »   »0   II    17   li 

10.0nN/cm2 fc— manacntrgetit 

•_ multitntrgtlic 

    AVG 

AV6 

C) 
-I—I—f—I—)—I   I   t   t  1—t   I  t 

I      I      •     «     S     t     T     I     f   10   II    I»   It 

IQ.OnB/tm* | —«fc monotiwrgitic 

^ mullicnrrgdic 

D) 
t   l   l   l   t   t   l   t   t   t   i   l   i 
1       J       I       4       3      *       1       V       ♦    lO    1 I     II     11 

FIGURE 6       RESPONSE HISTORY FOR TYPICAL SAMPLES  OF 75 |im KAPTON 
AT   10 nA/cm*    AND TWO ENERGY SPECTRA 



£ 

ICOLSE - Paris 1985 493 

monoenergetic 

mullivmrgetlc 

»   10   II    12   II 

FIGURE 7 

RESPONSE HISTORIES OF TWO MULTIENERGETIC 
TEST CASES AND ONE MONOENERGETIC TEST 
CASE (75 Mm kopton) 

were recorded during the test program. The three 

more or less distinct "general" types of pulse 

observed are shown In Figure 8. Waveforms such as 

those in Figure 8a were generated by a discharge 

shown visually to be confined to a single point on 

the sample. Pulses typified by Figures 8b and 8c 

were observed on discharges that appeared to 

envelope the entire sample. 

A discharge confined to a single point would 

presumably tap only the charge stored in its 

Immediate vicinity. Accordingly, the pulse should 

form quickly and dissipate as soon as the region 

was discharged, generating a single short pulse of 

the sort shown in Figure 8a. 

If a substantial portion of the test sample is 

involved, time is required to propagate the 

discharge over the surface, and the pulses 

generated by such discharges should last longe, as 

shown in Figures 8b and 8c. If the extended 

, 

RETURN      CURRENT 

200 M/«tv 
200 MAMV 200 as/*«v 

RADIATED    ELECTRIC    FIELD 

FIGURE 8 
TYPICAL WAVEFORMS OBSERVED IN THREE DISCHARGES USING EITHER 

ENERGY SPECTRUM 
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discharge originates In a region a of high, easily 

tapped charge, a pulse with a fast leading edge (as 

shown In Figure 8b) will be generated.  If, on the 

other hand, the extended discharge must propagate 

over the surface a substantial distance before 

reaching a region of easily tapped charge, a pulse 

such as that shewn in Figure 8c will be 

generated. The period of propagation to the high- 

charge region results in the slowly rising leading 

portion of the pulse. Once the propagating 

discharge reaches the easily tapped charge, an 

abrupt change in base current and radiated field is 

produced. 

In general, exposure to the multienergy beam 

tended to produce discharges of the general type 

illustrated In Figure 8c. However, all of the 

waveform types Illustrated in Figure 8 were 

observed with both simulations. 

A major shortcoming associated with the use of 

laboratory simulations to study discharge 

parameters is illustrated by the return current 

waveform of Figure 8c, which represents the current 

blown away from the test sample. Approximating the 

discharge current pulse by a triangular wave with 

amplitude 50 A and a base of 1000 ns, we find that 

the charge blown away is roughly 

q - / 1 d t =:l/2 50 (1000 x 10-9) 

» 25 x 10  coulomb 

If we estimate the spacecraft to have a self- 

capacltance of about C - 250 pF, the voltage to 

which the spacecraft would charge as the result of 

such a net removal of charge Is given by 

q/C 
25 x 10 

-6 

250 x 10 
•12 

- 100 kV 

which la not possible. Thus we must conclude that 

either the discharge will choke off much sooner 

than It does in the laboratory or that a i  anlam 

must exist In space for the blow-away current to be 

recovered by the spacecraft virtually as rapidly as 

It Is ejected. Thus, It Is very likely thar the 

discharges ( .urrlng In space will differ 

substantially from those generated In the 

laboratory.  (This problem was Identified by 

Nanevlcz aud Adamo In connection >lth an earlier 
11 

laboratory study of discharge properties. The 

problem of removing blown away current does not 

arise in the laboratory, because It can be 

collected by the ground electron gun located above 

the test sample [Figure I]). 

With monenergetlc illumination, the test 

samples produced discharges at about twice the rate 

of the multienergetic case, even though the overall 

beam current from the gun was the same in each 

test. This result is reasonable according to the 

following arguments:  For the monenergetlc beam, 

all the incident electrons (iotal beam current) 

left the gun with 24 keV of energy. In the 

multienergetic case, however, only about 5% of the 

total beam current had energy of 24 keV. During 

irradiation, the beam deposits charge In the 

sample, which produces a repelling static electric 

field. In the monoenergetlc case, this field slows 

the incident electrons, but the overall beam 

current remains essentially unchanged. In the 

multienergy case, on the other hand, some of the 

incident electrons have small velocities (energies) 

and cannot penetrate the field. For example, if 

the sample is charged to 5 keV, an electron leaving 

the gun with less than 5 keV of energy will not 

reach the sample. This effect continually reduces 

the Incident beam current of the multienergetic 

simulation. Thus, the multienergetic simulation of 

the geosyncronous environment charges dielectrics 

more slowly and produces fewer discharges per unit 

time than its mononergetlc counterpart. 

Samples under multienergy illumination 

generally continued discharging for a longer period 

of time than those expose'! to a monoenergy beam 

[Figure 9], Some sumpxes under the multienergy 

beam continued to discharge for over two hours, 

while samples under a monoenergy beam would quit 

discharging after a few minutes. The physical 

processes responsible for this behavior have not 

yet been Investigated. It Is not clear, for 

example, whether the bulk conductivity of the 

material Is lnci eased by the high-energy component 

of the electron illumination, or whether the 

discharge triggering mechanism Is Inhibited by the 

effects of the monoenergetlc Illumination. 

It is Interesting to note from Figure 9 that, 

following most discharges, the sample voltage 

dropped to a small fraction of Its Initial voltage, 

Indicating that a substantial fraction of the 

surface had been discharged.  Such discharges 



ICOLSE-Paris 1985 495 

I 

i I i i i i I i i i i 1 i i i i I i i i i I i i i i I 
100     150     200     230     300 

Tine —>   (Mconds) 

IB 

is i E £ 10 

5 

I I I I I 1 I I I I I I I -r-r 
350 

i i I i 
500 400     «50 

TCME —>   (nconds) 

T-t-i 
550 

I I I I 
600 

£> io 

V 
I I t I I 1 I 1 I I I I I I I I I I I I I I I I ' 

100     ISO     200 

TIMC —^   (ttcondf) 

350     400     450     500 

TIME —>   (ucondt) 

250 300 

550 600 

■ 

£    ,53 
£2 iu3 
_i D 

5    s i 
1 i i i i i i i i i t i i i i i i i i i t i -i i i t i i i i i 

no BOO 650 900 950 IK 

Tim —> (ticondt) 

MONOENERGETIC BEAM 

750 BOO 

Tint- 

I I I I I I I I I I  I I I  I  I  I I I 
B50 900 950 IK 

(ftcondl) 

MULTIENERGETIC BEAM 

FIGURE 9 
CHARGING AND DISCHARGING OBSERVED WITH MONO AND 

MULTIENERGY  SIMULATIONS   (127 um kapton) 

generated transient pulses of the sort shown In 

Figures 8b and 8c. In the top line of Figure 9 

shows that one discharge each, for both mono- and 

multlenergy Illuminations, produced a small 

perturbation In effective surface potential, 

Indicating that only a small portion of the surface 

had been discharged. Such discharges produced 

pulses of the sort illustrated in Figure 8a. 

V - EXPERIMENTAL OBSERVATIONS 

During the experimental progr.im, a variety of 

observations provided significant Insights into the 

Issue of spacecraft charging and its simulation. 

As Indicated in Section III, sample mounting 

techniques have a great effect an the ease with 

which discharges are triggered. An Investigation 

of various edge treatments revealed that discharge« 

encompassing more than a single point always 

Involved a grounded edge. This implies that 

consideration of installation details is Important, 

not only In laboratory simulations, but also In the 

application of results from such simulations to 

spacecraft (design). 

In preparing the test samples for the 

experiments, each sample was wiped clean.  It was 

often observed that the direction of the discharge 

paths followed the direction of wiping the 

sample.  The physical processes Involved were not 

Investigated, but the observation seems 

significant. 

In conducting the present set of experiments, 

It was generally necessary to use a higher-energy 

monoenergetlc beam to secure discharges than was 

true In the past. This might be because from the 

stocks of Kapton samples used In previous 

experiments at SRI had been exhausted and because 

new material was ordered for the present 

experiments. No time was available to Investigate 

variablity between different batches of Kapton. 

This should be pursued in future work. 
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IV - CONCLUSIONS 

■ 

The study results show that some significant 

differences exist In Kapton'a response to 

monoenergetic and multlenergetic simulations of the 

geosychronous charging environment. Particularly 

significant is the fact that samples exposed to a 

multlenergy beam continue discharging (apparently 

indefinitely), while samples from the same batch of 

material exposed to a monoenergetic beam stop 

discharging after a few minutes. Thus, an 

experimenter working with a monoenergetic electron 

beam may falsely believe that spacecraft charging 

will not be a problem for his materials in orbit. 

A second apparently consistent difference in 

the behavior of Kapton with multi- and 

monoenergetic electron illumination is in the rise 

time of the discharges produced. In general, the 

discharges observed with monoenergetic illumination 

had shorter rise times (by roughly a factor of two) 

than did the discharges observed In the multlenergy 

experiaents.  Since short rise-time pulses are most 

effective in penetrating apertures and other 

electromagnetic Imperfections in a satellite, the 

use of data generated In experiaents with a 

monoenergetic beam will result in a slight 

overspeclfication of the severity of the orbital 

electromagnetic environment. 

A particularly significant finding of this 

study was that parameters not normally considered 

as Important experimental variables In the study of 

material charging and discharging have as great (or 

greater) Influence on the material's response as do 

those parameters that are normally closely 

controlled. For example, the way In which a sample 

was cleaned (direction of cleaning strokes) 

affected the orientation of the Lichtenberg 

patterns. While some samples would discharge two 

or three times, other "Identical" samples under 

'.'identical'.' test conditions might discharge twenty 

times or more.  It may be that the details of how 

the material is attached to the satellite, from 

what production run the nate-lal originated, and 

other as yet unknown variables have a greater 

influence on how a given craft behaves In a 

charging environment, than do the details of the 

charging environment Itself.  Further Investigation 

fs needed In this area to adequately identify, 

describe, and characterize the critical parameters 

involved in a material's response to charging 

conditions. 

In general, the cost of accurately duplicating 

the known charging environment at geosynchronous 

altitude becomes increasingly expensive as the 

required accuracy of that simulation increases and 

the number of controled parameters increases. The 

present study was undertaken to investigate the 

effects of modifying one of these parameters — the 

electron beam spectrum. It was found that 

differences did exist between material behavior 

under mono- and multlenergetic illumination. In 

addition, found that significant difficulties exist 

in our ability to apply our laboratory results to 

actual satellites. For example, the amplitude and 

duration of the blow-off current pulse observed in 

the laboratory (Section IV) will probably not be 

duplicated in orbit. Also discharge behavior is 

significantly affected by uncontrolled variations 

in material properties and handling. These results 

indicate that further progress In the area of 

ground siuulation and in the general understanding 

of spacecraft charging would benefit enormously 

from in-crbit measurements designed to validate the 

results of laboratory work and to provide guidance 

for ffure efforts. 
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Abstract - This paper describes a programme of work, funded by the UK MOD, to 
investigate the design of aircraft radome lightning protection based upon the 
concept of lightning striking distance.  A simple mathematical model describing 
the protection is derived and experimental results designed to test the theory 
are given.  It is concluded that within the limits of unpredictability of high 
voltage discharges, the model goes some way towards explaining the performance 
of a cylindrical cage of protective conductors in terms of their pitch and 
distance from the internal metalwork being protected. 

1 INTRODUCTION 

Aircraft radomes are vulnerable to damage by 
lightning strike; trends in radome design 
have reduced their electrical strength so 
that their vulnerability and hence the need 
for lightning protection has increased.  The 
normal method of lightning protection consists 
of a cage of conductors placed around the 
radome, with one end of each conductor 
earthed at the airframe end.  The number of 
conductors used, and their spacing, has to be 
a compromise between the degree of lightning 
protection given and the amount of radar 
degradation allowed.  Radar degraHi-Hon 
occurs doe to the microwave scattering action 
of each protection strip and the combined 
effect of the cage of conductors. The 
scattering depends upon the direction of 
illumination of the strips by the radar beam, 
and hence this will vary as the radar antenna 
is scanned to the left, right, up and down. 
The implications for the radar system are 
that the side lobe performance is degraded 
with a consequent reduction of radar range 
and noise immunity.  Hence the number of 
protection strips must be kept to the 
minimum required for adequate radome 
protection (ref 1). 

The conductor spacing design criterion used 
in the UK, has been based upon the concept of 
puncture/flashover (ref 2). This assumes 
that if a lightning leader touches the 
radome it can either flashover to an adjacent 
protection strip or puncture the radome wall 
to attach to the internal metalwork.  The 
conductor spacing is such as to ensure that 
flashover rather than puncture occurs. Using 
this concept the strip spacing must be closer 
for a weak dielectric material than for a 
strong one, and considering the trends in 
radome design more strips are required than 
has been the case in the past. 

High voltage tests of a large radome showed 
that the use of the puncture/flashover 
criterion had produced a significant degree 

of over protection, since a large number of 
strips could be removed before radome 
puncture occurred.  During the tests it was 
observed that discharges went straight to a 
protection strip rather than to the radome 
surface and then flashed over.  These 
observations were the reason for initiating 
this research programme with the objective 
of determining the geometric criteria of 
protection provided by a cage of conductors 
surrounding internal metalwork.  It is 
obvious that a single conductor surrounded 
by a nyKaetrical cage of protection conduc- 
tors must be protected if there are suffici- 
ent conductors in the cage - this must apply 
whether the protection conductors are on a 
dielectric surface or in air.  What is- 

required is a theory that relates the 
geometry of this situation to the degree of 
protection provided, the electrogeometric 
theory given below attempts to do this. 

2    ELECTROGEOMETRIC THEORY OF RADOME 
PROTECTION 

In the electrogeometric method of determining 
suitable positions for the earthed conductors 
in lightning protective schemes, the basic 
assumption is that there exists a 'lightning 
striking distance1  rs (ref 3). If a 
lightning leader, developing along a tortuous 
path determined by the local physical con- 
ditions, extends to within a distance r 
from an earthed conducting object then it is 
assumed that the subsequent lightning strike 
will terminate on that object. Thus protec- 
tive conductors must be positioned so that 
for every possible direction of approach of 
the lightning leader, it must always reach a 
distance rs from some part of the protec- 
tive system or the earth, before coming 
within rB from the object being protected. 
In the absence of any contrary experimental 
evidence it is assumed that the striking 
distances to different objects are equal, 
although there is much uncertainty about the 
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magnitude of rs .  The striking distance is 
considered to be dependent upon the charge 
density in the lightning leader and conse- 
quently of the peak current in the resulting 
lightning strike. 

In the present study of the protective 
properties of lightning conductors on non- 
conductive areas on the surface of an air- 
craft in flight, we have assumed that the 
concept of the 'lightning striking distance' 
is still valid.  In other words if a 
lightning leader extends by chance to 
within such a distance from any point on the 
surface of an aircraft then the resulting 
lightning channel will strike that point. 
We have at present no knowledge of the 
magnitude of this distance, here symbolised 
by r' rs 

Taking a simplified model with cylindrical 
symmetry, Fig 1 shows the arrangement of n 
conductors equally spaced around the circum- 
ference of a cylinder of radius ri which 
represents the radome.  The internal radar 
equipment is here represented by a coaxial 
inner cylinder of radius r2 •  The protec- 
tion afforded by these n protective 
conductors depends on the probability of a 
lightning leader getting within a distance 
rg from the inner cylinder. 

In Fig 1 the curve AB is the locus of points 
equidistant from the protective strip PS1 
and the surface of the inner cylinder. 
Curve AC is the corresponding locus of points 
equidistant from PSn and the inner cylinder. 
These two curves intersect at the point A, 
which lies on the radial line mid-way 
between the two protective strips and is 
distant Li  from the surface of the outer 
cylinder, ie the radome surface.  If Li  is 
less than the lightning striking distance 
rs then, before any lightning leader can 
enter the region bounded by the lines AB and 
AC, it will be less than r^  from one of 
the protective strips and hence the lightning 
will strike this strip rather than the inner 
cylinder.  The inner cylinder can be struck 
if  Li  is greater than r^ .  In this case 
a lightning leader developing by chance into 
the region bounded by lines AB and AC may 
thereafter develop within this region to be 
within ri  from the inner cylinder and 
hence strike it. 

Fig 2 shows the form of the loci AB and AC in 
more detail.  In this figure the origin 0' 
corresponds to the point 0'  in Fig 1 and 
the y-axis lies along the radial line O'A 
in Fig 1.  As an alternative to representing 
the equipment within the radome as a coaxial 
cylinder the most vulnerable region could be 
simulated by siting a single conductor at 
the point D.  In this case the loci are the 
straight lines AE and AF but the length Li 
is unchanged.  In Fig 2 it can be seen that 
there is little difference between these 
lines and the curves AB and AC for distances 
from the outer cylinder in excess of Lj/2 . 

The variation of the magnitude of L1/R1  as 
a function of F , is shown in Fig 3 for n , 
the number of protective strips, equal to 6, 
10 and 16.  Assuming that the theory is valid 
then the smaller is L,  , then the greater the 
degree of protection, Fig 3,shows as the 
number of strips is increased, then for R1 
constant Li  falls.  Thus as would be 
expected the protection increases by adding 
conductors. 

Li  increases rapidly as the value of F 
approaches the value cos (180°/n)  which 
corresponds to the point D lying at the 
centre of the straight line joining adjacent 
protective strips.  For this condition the 
loci are asymptotic to the radial line ODA 
(Fig 1) and L-, This is to be expected 

The ratio of 
the ratio of 

'1 to 
to 

Ri is a function of 
R] , ie of F = R2/Ri 

since when the conductor to be protected lies 
on the same surface as the protection strips - 
protection is not possible. 

If n = 10 this critical value of F equals 
cos (180°) = 0.951 .  A reduction of F to 
0.945 reduces L^Ri  to approximately 7.8 
while a reduction to 0.94 halves it to about 
4 and a further reduction to F = 0.93 
results in L1/R1 = 2.25 .  As an example for 
an outer radius Ri  of 1 metre, the radial 
separations between inner and outer cylinders 
for the above conditions are 49, 55, 60 and 
70 millimetres respectively. 

If F is greater than the critical value 
then each locus is asymptotic to the radial 
line through the point of contact of the 
tangent from the corresponding protective 
strip to the inner cylinder as shown in 
Fig 4.  For this condition it is possible 
for a liyhtning leader to approach directly 
to within rs from the inner cylinder for 
any value of rs . 

As an example, in the 10 protective strip 
arrangement of Fig 4, if F = 0.99 , the 
angle of the 'inner cylinder vulnerable' 
wedge is 19.8°.  Thus the probability that an 
approaching leader will by chance be in one 
of the 10 sv.ch wedges is 55%.  This probabil- 
ity falls as the value of F is reduced. 
For the 10-strip arrangement the probabilities 
for F --  0.98, 0.97 and 0.96  are 36», 22% 
and 10% respectively. 

As stated earlier if F  is less than the 
critical value, cos 180°/n) then the loci 
meet and it is the relative values of R8 
and Li  which will determine whether or not 
the inner cylinder can be struck.  This is 
only possible if Li  is greater than Rs . 

As a lightning leader approaches an aircraft 
in flight, discharges may develop from 
different points on the surface.  Any such 
discharge developing from a protective strip 
on a radome will result in the 'apparent' 
position of the strip being further from the 
equipment within the radome and hence the 
protection afforded to such equipment would 
be expected to increase. The presence of 
the insulating wall of the radome will 
inhibit the development of discharges from 
the internal structures.  If such discharges 
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alone were to develop then they could reduce 
the protective effect of the strips. 
However if the conditions were such as to 
cause significant discharges to develop 
within the radome then even greater dis- 
charges would be developing from the 
protective strips and effective protection 
should still be achieved. 

3   EXPERIMENTAL STUDIES 

3.1 Mock Radome 

This model was constructed from lightweight 
metal-angle which accommodated seven hard- 
board sheets (1.22 metres wide x 3.2 milli- 
metres thick) bowed to semi-cylindrical 
shape. Alignment of the boards at their 
abutments was obtained by means of small 
insulating screws and washers, while crossed 
wood lath supports underneath the boards 
maintained the semi-cylindrical shape. Thin 
12.7 millimetre wide tinned copper strips 
were pulled taut longitudinally over the 
external surfaces of the boards to represent 
the lightning conductors. A 12.7 millimetre 
square section mild-steel bar 4.5 metres in 
length, was mounted centrally under the 
boards on two, vertically adjustable metal 
supports to represent apparatus to be 
protected inside the mock radome. This bar 
(Am) and the protective copper strips were 
connected to the metal-angle structure and 
earthed. Other dimensions are given in the 
end elevation, Fig 5. 

3.2 Test Equipment and Procedure 

The model was positioned on the laboratory 
floor to give clearances of > 10 metres, to 
nearby wall, or equipment. The test equip- 
ment comprised an impulse generator and, 
voltage divider with associated two beam 
transient recorder. Test voltages were 
applied to a 2 metre long 20 millimetre 
diameter rod suspended centr< lly over the 
model from a long string insu ator. The 
lower end of the rod was cone shaped to 60° 
and spaced approximately 3 metres above the 
radome. 

Fhotographic records with corresponding 
oscillograms were obtained for every impulse 
voltage applied to the test piece. Two 
cameras were used, situated at a height above 
floor level equal to the centre of the main 
gap between the high voltage rod and the 
upper radome surface; one camera being in 
line with the major axis of the mock radome 
while the other was mutually displaced by 
90°. The cameras were synchronized to open 
with operation of the impulse generator. 

Two double exponential impulse voltage wave- 
shapes were chosen for the investigation 
designated short (S) and long (L). In accord- 
ance with IEC-60 recommendations these were 
measured as 1.4/40 us and 120/1725 its for S 
and L waves respectively. 

Earlier experimental work using a roughly 
comparable model (Ref 4|, indicated that only 
a small difference would occur in the spread 

of long-spark attachment points on the model, 
between tests performed at the V50 voltage 
level and tests at the V90 level. Small 
differences in voltage level was therefore 
considered relatively unimportant for the 
present work; nevertheless sparkover levels 
are included in the table of results (Table 1). 
Variations in values of ambient air density 
correction factor Kd and absolute humidity. 

3.3  Test Results 

Preliminary tests on the mock radome (see 
Fig 5) for strip angles QD of both 36 and 
45° showed that the hardboard sheets were 
effective in preventing negative polarity 
strikes to the inner electrode 'A^. But 
for comparable conditions, some positive 
discharges punctured the hardboard sheets and 
attached on to 'Am'. Thus positive polarity 
was considered the more onerous and therefore 
used in the present short investigation, 
involving four test conditions 1, 2, 3 and 4, 
as shown in Fig 5 and 6.  In Fig 6, the loci 
of points in the main gap equidistant from 
electrode 'Am' and both adjacent protective 
strips are drawn in dotted for different 
values of h . Thin wood lath structures 
were made to these calculated wedge dimensions 
forming the dotted lines - and constructed 
vertically on either side of the centre board 
on the model. Prior to testing, still photo- 
graphs of these structures were taken for the 
four experimental conditions so providing 
formats on which subsequent photograph nega- 
tives could be accurately superimposed to 
determine the trajectories of the long sparks 
relative to those wedge shaped outlines. 

Approximately 20 sparkovers to the model were 
obtained using positive polarity short-waves 
then repeated using long-waves, for each of 
the four test conditions given in Fig 5. The 
trajectories recorded for each flashover were 
then related to the wedge shaped outlines. 
The results arepresented in Table 1. 

4    EXPERIMENTAL RESULTS 

The first important result of the mock radome 
experiments was the effect of the radome 
wall - simulated in the test arrangement by 
hardboard she«t. The test conditions were 
set so that all the sparks produced by 
positive short-fronved impulses hit the 
central rod electrode whether or not the 
hardboard sheet was present in the central 
test section of the model. Tests using 
negative short-fronted impulses also produced 
100% flashover to the central rod when there 
was no hardboard sheet. With the sheet 
present however all the flashovers were to 
the protective strips. Consequently all the 
subsequent tests were undertaken using only 
positive impulses. 

In the mr.i.. series of tests approximately 20 
flashovers were observed under each of sight 
different conditions; four different radial 
positions of the central, electrode and for 
two different impulse voltage wavefronts. 
The hardboard sheet was not present on the 
central 1.2 metre wide section of the test 
model. 
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For the four positions of the central rod 
the radial clistances to the outer surface 
were 20, 48, 64 and 78 millimetres. The 
corresponding values of 'h' in Fig 1 were 
+28, 0, -16 and -30 millimetres.  In Table 1 
these conditions are indicated as electrode 
conditions 1, 2, 3 and 4. In this Table the 
impulse voltage wavefrort duration is 
indicated by an 'S' or ' ' beside each 
observation. For each electrode configura- 
tion the number of flashovers to the central 
electrode and to the protective strips are 
indicated both as totals and as percentages. 

As the central conductor was moved further 
from the cuter surface the efficacy of the 
protective strips increased. The proportion 
of the flashovers which went to the central 
electrode fell as shown in Fig 6. The two 
scales on the horizontal axis indicate the 
radial separation and also the ratio 
F = R2/R1 . 

Included in the figure are two 0% values 
observed in an earlier test for radial 
separations of 103 and 118 millimetres. 

From records of the spark paths viewed along 
the axis of the model, it was determined 
whether or not the path crossed the surface 
of the wedge formed by the loci of points 
equidistant from the protective strips and 
the central rod. 

For the first configuration this wedge was 
inverted as indicated in Fig 9, because F 
exceeded the critical value of 0.951.  For 
the second rod position F was equal to the 
critical value and hence the height of the 
wedge tip was infinite and the wed^e took 
the form of a rectangular block or an 
'infinite wedge'. The final two positions 
of the rod corresponded to F being less 
than the critical value and the wedges had 
tip heights of L1 ■ 2752 millimetres and 
1435 millimetres respectively. 

For the first two configurations the high 
voltage electrode, 3048 millimetres froi. the 
cylindrical surface, was contained within 
the wedge and so flashover to the central 
electrode could develop entirely within this 
region.  If this occurred then at every 
point in its development the spark was nearer 
to the central electrode than to either 
protective strip. The proportion o£ the 
sparks to the central electrode which 
developed in this way is shown in Fig 6 and 
the corresponding number of sparks is 
recorded in Table 1. 

As the wedge encloses the high voltage 
electrode it is impossible for a spark to 
develop to either protective strip without 
crossing the surface of the wedge. There 
can therefore be no entries in the Table 
under the heading "sparks to the protective 
strips/developing entirely within the wedge". 
The last row of Table 1 shows the number of 
sparks which crossed the surface of the 
wedge either as they developed to hit the 
central electrode or to strike one of the 
protective strips. 

When the wedge does not enclose the high 
voltage electrode as in the final two 
configurations, there must again be a blank 
in the table of results as it is impossible 
for a spark to terminate on the central 
electrode without crossing the surface of 
the wedge. Those sparks which struck the 
protective strips and which developed entirely 
outside the wedge were, at every point, 
closer to the strip than to the electrode. 
The proportion of sparks striking the 
protective strips which developed in this 
manner is shown in Fig 7. 

The number of sparks which crossed the wedge 
surface as they developed is shown in Table 1. 

5    DISCUSSION OF RESULTS 

In the present study the radome has been 
simulated by a hemi-cylindrical mock radome 
some 8 metres in length. The approaching 
lightning is here represented by a spark 
approximately 3 metres in length, and the 
conductors in and on the radome are earthed. 
Thus the conditions are not similar to those 
of an aircraft in flight. Nevertheless the 
tests should be able to indicate whether the 
analysis based on the concept of a lightning 
striking distance has sufficient merit to 
warrant continued study. The use of the 
cylindrical model has allowed comparison to 
be made between the actual spark paths and 
the path limits implied by the electro- 
geometric model. 

Long spark studies in high voltage laborator- 
ies have shown that the spark path between 
two widely separated electrodes has a greater 
apparently random component when the applied 
impulse voltage has a long wavefront. 

The forms of the wedges for the configurations 
studied are shown in Fig 9. For condition 1 
and short-fronted impulses 95% of the sparks 
struck the central electrode and of those 
95% developed entirely within the wedge, ie 
the spark developed to the electrode nearest 
to it. 

One spark which hit the central electrode was 
for part of its development nearer to the 
protective strip. This occurred at some 
1} metres fro«« the cylindrical surface. 
With long-fronted impulses applied only 59% 
of the sparks hit the central electrode but 
every one of these sparks developed entirely 
within the inverted wedge.  All the remaining 
41% of the uparks which hit the protective 
strips crossed the wedge surfac- within 
1 metre of the high voltage electrode. 

The critical gap length for the long-fronted 
impulse breakdown was therefore less than 
3 netres.  When the inner electrode was 
situated at the critical radius the wed3« 
became an infinite one.  For short-fronted 
impulses applied for this test condition one 
spark divided into two channels. One branch 
hit the central electrode while the other 
struck one of the protective strips. 
Sixteen out of 17 sparks to the central con- 
ductor developed entirely within the wedge. 
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When long-fronted impulses were used 59% 
struck the central electrode - as in the 
previous long-fronted case.  Nine of these 
were contained within the wedge and seven 
crossed the wedge surface as they developed. 

These paths therefore are not compatible 
with the assumptions of the electrogeometric 
model that the spark will develop to the 
conductor nearest to it.  Once again the 
sparks which developed to the strips crossed 
the wedge surface within a metre of the HV 
electrode. 

For the third electrode configuration and 
short-fronted impulses, two of the 20 sparks 
split near the radome surface and hit both 
the central electrode and a protective strip. 
Eight strikes occurred to the rod and 14 to 
the protective strips.  Half of these 
developed entirely outside the wedge but the 
other half criss-crossed the wedge surface 
before finally striking the protective strip, 
in conflict with the assumed model.  This 
also occurred when long-fronted \-.pulse 
voltages were used.  Five out of 11 sparks 
exhibited this behaviour. Only 20% of the 
sparks hit the central rod. 

In the fourth configuration, where the height 
of the wedge tip was 1435 millimetres, the 
number of sparks striking the central rod 
was only two for each form of voltage.  Over 
three-quarters of the sparks hitting the 
protective strips developec1 outside the 
wedge. 

The results of this attempt to compare the 
spark forms observed with the limits set by 
the very simple electrogeometric .iicdel are 
encouraging. 

6    CONCLUSIONS 

The application of the electrogeometric 
model to a cage of protection strips 
surrounding some internal metalwork, produces 
a model which offers an explanation of facts 
that would be expected to apply.  For 
example increasing the number of protection 
strips increases the degree of protection 
given and that the protection depends upon 
the value of the striking distance.  Ref 3 
shows striking distance to be a function of 
change in the lightning leader and hence of 
peak lightning current.  It follows that if 
the model is valid then the probability of 
an attachment to protected metalwork is also 
a function of the lightning current. 

It would also be reasonable to assune, as 
the model shows, that reducing the spacing 
between the protective cage and the internal 
metalwork requires a closer conductor pitch 
to achieve protection.  What is of interest 
is that as this spacing is reduced the 
number of conductors required increases 
quite sharply. 

A useful concept for the design of protection 
schemes is the critical value of R2/R1 • 
This ratio will be fixed for a given problem 
since it depends upon the radius of the 

radome and the closest distance of approach 
of the radar antenna, the critical number of 
protection strips can be found by equating 
R2/R^  to cos (180/n) .  According to the 
theory the number of strips required will be 
greater than this and dependent upon the 
degree of protection required.  It does 
however give a starting point for the design 
and a method of evaluating an existing 
design. 

Fig 3 shows the protection given to be a 
function of Li/R-|  and the requirement for 
protection is that L-|  is less than the 
striking distance.  Assuming striking distance 
to be independent of the size of the radome 
and Li  is required to be some proportion of 
the striking distance, then the larger the 
radome the greater the degree of protection 
for a fixed RT/H^  and constant .lumber of 
protection strips.  Hence the model predicts 
a size factor of increased protection for 
increasing radius even though the pitch of 
the protection strips has increased.  A 
similar application of the puncture/flashover 
criterion would require more protection strips 
to keep the required distance between strips. 
This apparent difference arises because of the 
assumption that the lightning leader touches 
the radome surface does not hold, since the 
discharge goes straight to a protective 
conductor for the number of strips greater 
than the critical number.  If the number of 
strips is less than this, the the leader may 
touch the surface and protection depends upon 
the dielectric strength of the radome. 

The test results are in general agreement with 
the model predictions but not totally so. 
This is not surprising since the model 
assumes that a discharge will go to the 
nearest conductor, this can only be approxi- 
mately true since we are dealing with 
probabilities and not absolute.  It is 
reasonable to expect there to be a greater 
probability of an attachment to the nearest 
conductor rather than a certainty, the 
probability will be a function of extra 
distance to be travelled to the further 
conductor as well as of the electric field 
distribution, etc.  This represents an error 
in the basin of the model and can be expected 
to reduce t'ae degree of protection predicted. 
This variation would also be expected to be 
a function of the rise time and polarity of 
the test waveform used.  Additional complica- 
tions would arise due to the conditions 
pertaining to an aircraft in flight such as 
the lack rf an earth connection, effects of 
airflow and radome dielectric charging. 
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