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1 — BACKGROUND OF TH E CONFER ENCE

The NATO Air Electrical Working Panel (AEWP ) was convened to meet September 14-21 , 1978
in Paris, France, in order to consider international standards for the certification of aircraft for
atmospheric electricity hazards and lightning protection. Because of the extent and the complexity
of the relevant technology developed within the past 5 years. it was considered essential to disseminate
this information in a tutorial fashion to the A EWP members and their technical advisors. This was
the purpose of the above conference held at l’Off ice National d’Etudes et de Recherches Aerospatiales
(ONERA), Châtillon, France, from September 11.13, 1978.

2 — ACKNOWLEDGEMENTS

It is a pleasure to acknowledge the support of the Office National d’Etudes et de Recherches
Aérospatiales (ON ERA), and the sponsorship, of the European Office of Aerospace Research and
Development (EOARD). Air Force Systems Command, United States Air Force, and the Naval
Air Test Center, United States Navy under Grant AFOSR-78-3653. The participants and the
organizers wish to express their appreciation for the smooth functioning of the Conference and
the preparation of the Proceedings to M. Joseph Taillet and to the many ONERA participating
personnel, including MM. Claude Sevestre and Alfred Fa ’arman.

3 OR GANIZATION

The planning and arrangements were entrusted to Dr Joseph Taillet and Lt Col. Todd Newell,
Coc~ference Administrators and a steering committee composed of

Conference Steering Committee

Mr. Gary Dubro (US)
Dr. Joseph Taillet (FR)
Dr. Philip Little (UK)
Lt. CoI. Hans Meicher (GE)
Mr. Charles Seth (US)
Mr. Robert Evans (UK)
Mr. Philippe Lecat (FR)
Mr. Joseph Fisher (US)

Mr. Charles Seth was in charge of conference liaison to NATO~AEWP
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atmospheric electricity hazards and lightning protection. Because of the extent and the complexity
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4 — WELCOMING REMARKS

The welcoming remarks for the host. ONERA. were given by M. l’Ingénieur Général Pierre
Contensou , Director General of ONERA.

*

It is an honor for l’Office National d Etudcs et de Recherches Aérospotioles (ONERA) to serve
as the host for this Conference on the electrostatic protection of aircraft. The choice that you have
mode, in organizing this scientific meeting in France, is in effect a demonstration of the interest
sho~.’m by the international technological community for the recent programs of our scientists, in a
field where the USA and the UK have paved the way.

The future development of generalized automatic control and of “fly by wires ’ necessitate a
precise kno wledge of the interaction of atmospheric electricity, in a/I its forms, with the critical
flight control circuits ; the operation and the survivability of these flight control circuits must be
guaranteed by the most efficient measurements, controlled by rigourous ground test procedures. It
is for the purpose of preparing the future selection of standards by the NA TO Air Electrical Working
Panel (AEWP) that the experts of the various nations of NA TO have been convened at this Conference,
in order to present the physical and technological “state of the art ”, which should orient that selection.

/ trust, therefore, that this meeting will be most successful, and that its conclusions will serve
as a basis for future implementation.

At a recent con fèrence on earthquake phenomena, the chance appearance of an unexpected
tremor caused the participants to pass from the domain of theory to that of practice. The merit of
the experimenters present here, and their sense of practical application, explains why ONERA has not
considered it necessary, in the course of this meeting, to further inspire them by triggering a llghtning
stroke on this building in Chátillon.

Welcome to each one of you, and best wishes for a very successful conference.

*

NATO UNCLASSIFIED
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P R O G R A M

Welcoming address by Pierre Contensou, Director General of ONERA.

Session A—i Introduction and Background
J. Nianevica (US) Lightning Phenomena ; Theory and Background Paper No. 1

Session A—2 Nat~onaI Inservice Lightning Strike and Damage Experience
Classified . Papers not included

Session A—3 Basis of Specification
J. Plu met (US) Technical Overview. Definition, Basic Waveforms Paper No. 7

Session A—4 CA Experience and Statistics
Classified . Papers not included

Session B—i : Lightning Attachment and Swept Stroke Testing
P. Little (UK) j Laboratory Tests to Determine Lightning Paper No. 8
0. Clifford (US) ~ A ttachment Points ~wth Small Aircraft (Engineering Test) Paper No. 9
0. Clifford (US) 5 Laboratory Simulation of Swept Lightning Strokes Paper No. 10
P. Little (UK) ‘I, (Engineering Test) Paper No. 11
J. Plumer (US) Laboratory Test Procedures to Determine Lightning Attachment Paper No. 12
A. Hanson (U K) Points on Actual Aircraft Parts (Qualification Test) Paper No. 13

Session B—2 Fuel Vapor tgn~tion and Direct Effects Testing
.J. Robb (US) Laboratory Tests Determine the Possibility of Ignition of Fuel Paper No. 14

Vapors by Lightning (Qualification Test)
A. Hanson (UK) 5 Laboratory Tests to Determine the Physical Damage (Direct Effects) Paper No. 15
J. Skiba (GE) ‘

~ Caused by Lightning (Qualification Tes t) Paper No. 16

J. Plumer (US) Laboratory Tests to Simulate Lightning Streamers at Apertures Paper No. 17
(Qualification Test)

Session C—i : Indirect Effects Testing and Lightning Protection Methodology
D. Clifford (US) 5 Laboratory Tests for Undesired Conducted Currents and Surge Voltages Paper No. 18
B. Burrows (UK) Caused by Lightning (Qualification Tests) Paper No. 19
B. Burrows (UK) Test on Actual Aircraft for Electromagnetic Effects (Engineering Test) Paper No. 20 -

J. Corbin (US) Test on Actual Aircraft for Electromagnetic Effects (Engineering Test) Paper No. 21
A. Hanson (UK) Direct Effects Protection Methods for Thin Skins/Composites Paper No. 22
J. Skiba (GE) Direct Effects Protection Methods for Thin Skins/Composites Paper No. 23
J. Plumer (US) Protection Methods for Hardware Paper No. 24
J. Corbin (US) Protection Methods for Electronics from Indirect Effects Paper No. 25

Session C—2 : Static Electricity
.i. Nanevicz (US ) Static Electricity Phenomena. Theory and Problems Paper No. 26
W. Bright (UK) Fuel E/ectr ificatio , Piper No. 27
J. Tailhet (FR) Aircraft Testing Paper No. 28

Closing remarks
J.H. Belanger (CA) Closing comments Paper No. 29

NATO UNCLASSIFIED



1 1 — 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~N D BACKGROUND

J .  E .  Nanevicz
Program Manager

SRI International
333 Ravenswood Avenue

Menlo Park , Californi a 94025

Elec trical processes associated with thunderclouds are
d iscussed from the point of view of the aircraft designer
concerned with questions such as phys ical damage to the
aircraft , and the electromagnetic effects of the lightning
f l a sh  on av ionic sys tems .

I IN TRODUCT I ON

A. General

An active thundercloud has associated with it a variety of electrical processes
of great concern to the aircraft designer and operator. Currents as high as 100 ,000
Amperes flow in the lightning stroke channels transferring charge of up to 200 Coulomb .
High static electric fields exist in the vicinity of the cloud , and can induce substantial
streamer currents fr~m the extreineties of a vehicle flying nearby. Processes associated
with the formation and propagation of a stroke generate high-level electromagnetic-
transient signals in the vicinity of the storm cell.

B. Motivation for the Study of Lightning Phenomena

Since aircraft must operate in the vicinity of thunderstorms , they mus t be
desigr~,d and tested to survive the electrical activity associated with the storms . This
means that the structure of the aircraft must be such that it can pass the maximum
expected stroke current wi thout damage. Conducting paths , such as antenna lead-ins or
fuel filler caps , which might conduct lightning currents to the interior of the a i rc ra f t
mus t be equipped with devices capable of bypassing the expected stroke current to the
exterior of the skin without damage. Underdesign of the structure or of lightning
protection devices renders the aircraft vulnerable to risk of damage. Overdesign , on
the other hand , generally implies an unnecessary wei ght and cost penalty , and is also
unacceptable. Accordingly, work was undertakan to gather data on li ghtning current
waveforms and charge transfer to devise a “standard” stroke that duplicates in the
laboratory the damage observed on actual strikes to aircraft .

for the past several decades , aircraft have generally been fabricated using
all-me t al skins , with the specific materials and dimensions determining by structural
requirements. The metal skin material , thickness , and fabrication techniques were
usua l ly  such that an a i rc ra f t  could pass :ightning stroke curren t s with relatively minor
damage--usually pitting and puddling of the skin at the stroke attachment points.
(Occasionnlly, it was necessary to provide extra skin thickness in critical regions such
as fuel  cel ls .~ In addi t ion , metal  skins  shielded the interior e’ectronic systems from
in te r fe rence  signa ls  genera ted  by precip itation static , near iy 1i g~,tning, and dirc’ct
lightning strikes. Aircraft are currently being fabricated with many of their complex ,
non-load-bearin g surfaces made of fiberglass. In the future , it is planned that for
reasons of strength , weight , and cos t , large sections of aircraft skin and struc ture will
be made of composite materials. These nonmetallic materials are not suitable for conduct-
ing lightning stroke currents and do not provide the RFI shielding tha t  was formerly
obtained with metal structures and skin.

Programs are currently under way to devise techniques , such as coatings , to
improve the electrical and shielding properties of composite m a t e r i a l s .  The implementation
of these special processes may impose s igni f icant  pena l t i e s - -we igh t , ini tial cost , and
increased maintenance cost. Accordingly , an aircraft designer requires accurate informa-
tion about the physical processes for which he is endeavoring to provide protection , so
that he can avoid overdesigning or underdesigning .

Elect ronic systems used on early a i r c r a f t  used hi gh- level  analog c i rcu i t ry  that
was to le ran t  of occasional noise pulses of considerable amplitude . In addition , the
aerodynamic des ign  of the aircraft was such that functioning of the avionic systems was
not essential to achieve stable flight. Present solid-state dig ital electronic systems
operate at lower signal levels and suffer component damage and upset at much lower levels
of noise pulses. Ultimately, it is planned that all avionic systems will be completely
digital and will operate at even lower signal levels than are currently used. Ftperiertce
w i t h  d ig i t a l  sy stems ind ica te s  tha t  they are o f t en  suscep t ib l e  to ca ta s t roph ic  upset  as
the  resul t  of a s i ng le  noise impulse at a leve l comparabl e to the sys tem ope ra t ing  level.
Furthermore , it is l i k e l y  that  the next  genera t ions  of a i r c r a f t  w i l l  r e ly  on s t a b A l i t y -
aug men ta t i on  or f ly - b y - w i r e  av ionic  systems to such an extent that the airp lane cannot be
flown without them . For these reasons , increasing attention must be paid to the signals
tha t  the li ght ning ac t i v i t y  induces in w i r i ng  and avionic systems on the in ter ior  of the
aircraft.

NATO UNCLASSIFIED j 
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Exper ime nt and ana y~{~T NS~~~t!I~Pt  e high-frequency currents in the
li ghtning stroke are respons~b1e for the signals pdnetrating through apertures in the 3kin
to the interior wiring of the aircraft avionic systems . Accordingly current activity in
ligh tning characterization includes substantial emphasis on defining the nature of the
H-F componen ts , and in devising ways of duplicating them in ground simulation tests.

II THE ThUNDERCLOUD

A. Phys ical Processes and Cloud Form

The classif ication of a storm as a thundercloud or thunderstorm requires that
thunder he heard wh ich , in turn , implies the presence of li ghtning.l* These storms are
composed of strongly convective cumulonimbus clouds generally accompanied by s t rong  wind
gus ts and ra in , or sometimes hail or snow . Thunderclouds usually develop as the warm ,
mo ist air near the earth rises and replaces the denser air aloft. As a consequence of
this over tu rn , the condensation of atmospheric water vapor occurs forming a visible cloud
of water droplets. The heat associated with the phase changes of water speeds the
overturn : release of the heat of vaporization by condensing water vapor enhances the
updrafts , while cooling , caused by evaporation of condensed water , can help drive the
downdrafts which replace some of the ascending subcloud air. These air motions are
illustrated in Figure 1. Since the interiors of thunderclouds are highly turbulent and
hazardous , good information is not available on conditions within their boundaries.

STABLE STABLE
UNSTABLE

AIR
AIR AIR

SUBCLOUD LAYER .._ -- CONDENSATION ~--..~ %,)BCLOUO LAYER
LEVEL

NEUTRAL AIR- WITH THERMAL

FIGURE 1 THE MOTIONS OF AIR IN AND AROUND A CUMULUS GROWING
INTO STABLE AIR (AFTER VONNEGUT AND MOORE)

Active cumuli continue to grow in volume and height until they encounter a
thermally stable layer in the atmosphere which serves to u nit fur ther  vertical develop-
ment. Frequently, strong horizontal winds exist at cloud top altitudes; these blow the
ice crystal cloud downwind forming an anvil  cloud of the sort i l lustrated in Fi gure 2
which was photogra~hed during recent flight test studies of thunderstorm static electric
fields in Florida.

B. Elec trification Processes, Charge Distribution, and Static Fields

Cloud physicists are not in agreement regarding the mechanisms responsible for
thunderstorm electrification. It has generally been assumed that negative charge is
te lectively separated and transported downward by falling prec ipitation particles.
Mechanisms proposed for producing the charge separation include induction charg ing
resulting from particle collisions in an existing electric field , to charge separation
occurring as the result of ice crystal splintering.’ The study of particle electrification
is an active area of cloud physics.

An ear ly elec tros tat’ic model for the distribution of charge in a South African
thundercloud suggested by 0. J. Malan is shown in Figure 3~~3 I t was cons truc ted us ing
..round measurements of electric field intensity in the vicinity of thunderclouds. The
,tatic electric field structure resulting from this distribution of charges is shown in
r~ gure 4~~~2 The length of the small arrow s in the f igure is proportional to the log
niagnitud e of the potential gradient at the origin of each arrow; the arrow direction shows
the direction of the maximum change in positive potential. (This is the atmospheric
elec trician ’s convention in which the arrows point toward positive charge.)

Recent flight test measurements by SRI indicate that the fields in the vicinity
of Flor ida thunderstorms are not given by the model of Figures 3 and 4. Higher charge
magnitudes and a substantially more complex electrostatic model such as that suggested in
Figure 5 are required to account for the observed fields in the vicinity of the cell and
in the region of the anvil.2

Although electrostatic charge models are appealing for a variety of reasons ,
(they are simple in concept , easy to use , and permi t  a p a r t i c u l a r l y  s imple  l inkage  of
ex t e rna l  f i e ld  obse rvations to internal charge magnitudes) researchers have pointed out
that the use of such models for thunderstorm charge distributions gives erroneous results
if (as is generally believed) the electrical conductivity of the cloud and the surrounding
atmosphere are functions of position.~~ ’ Accordingly , substantial work is currently
underway to develop more accurate models of the charge distribution within thunderstorm
clouds, Such models are needed to more completely define the static fields about thunder-
clouds to permit the assessment of the likelihood of triggering lightning by the intro-
duction of a large vehicle such as an aircraft or rocket.

References are lis ted at the end of the paper.
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I I I  LIGHTNING DISCHARGE PRO 556CC

Li ghtning is a t r an s i en t  hi gh -cu r ren t  e lectr ic  discharge usually several kilometers
in ex t e n t .  Discharges can occur from the cloud to ground or they may be en t i r e ly  w i t h i n
the same c l o u d - - i n t r a c l o u d  f lashes .  As shown for the case of a c loud- to -g round  d i scha rge
in Fi gure 6 , a li ght ning f lash  involves a large number of processes and should be expected
to ge nera te  a complex e lec t romagnet ic  si gnat ure. 3

2 msec

70 ~sec 60 psec_ \ \ \
lmsec

20 rnsec 1L40 msec 
~

‘ I I~° ~ iI~ ° MtoC

_ _ _ _  

-;
STEPPED I
LEADER

‘ ‘ RETURN RETURN RETURN
STROKE STROKE STROKE

FIGURE 6 THE LUMINOUS FEATURES OF A LIGHTNING FLASH AS WOULD BE RECORDED
BY A CAMERA WITH FIXED LENS AND MOVING FII.M. INCREASING TIME IS
TO THE RIGHT.

A to ta l  l i g h t n i n g  discharge (durat ion % 0.5 secZ is called a flash and is composed
of three or four component d ischarges  ( luminous for ~ 100 us) called strokes sepa rated
by about 40 ms. Each stroke consists of a weakly-luminous leader which propagates to the
ground followed by a very luminous return stroke which propagates from the ground to cloud.

The first cloud-to-ground predischarge in a flash is called the stepped leader.
The stepped leader appears to move downward in luminous steps of roughly SO-m length with
a pause time between steps of about 50 ~is. During the pause time the stepped-leader
channel is not luminous enough to be recorded on photograp hic film using standard streak-
camera techniques. Each leader step becomes bright and observable in a time less than a
microsecond . In Figure 6 the 50-a steps appear as darkened tips on the faintly luminous
channel extending upward into the cloud. Typically the average velocity of the stepped
leader during its trip to the ground is 1.5 x 105 m/s. Peak currents in a leader steps
are of the order of ~~ A.

When the stepped leader has lowered a charged column - high negative potential to
near the ground , the resulting high electric field at the gi-ound is sufficient to cause
upward-moving discharges  to be in i t ia ted  from the ground or from objects on the ground
toward the leader t ip . When one of these discharges contacts the leader , the bottom of
th e leader is e f fec t ive ly  connected to ground po ten t ia l  while the remainder of the leader
is at negative potential and is negatively charged. The situation is somewhat similar to
a t ransmiss ion l ine charged to a constant potential  with  a short circuit applied at its
end . The leader channel acts like a transmission line (nonlinear) supporting a very
luminous return stroke .1 ’  The return-stroke wavefront , an ionizing wavefront of high
electric field intensity , carries ground potential up the path produced previously by
the stepped leader. The return-stroke wavefront propagates at a veloci ty of typical ly
one-third to one-tenth the speed of light , making the round trip between cloud base and
ground in a time of the order of 70 ~s. The region between the return-stroke wavefront
and ground is traversed by large currents. The net negative charge deposited on the 

—leader channel is effectively lowered to earth through the highly conducting channel
beneath the return-stroke wavefront .

Once the stroke current has ceased to flow , the lightning flash may end . However ,
if additional charge is made available to the top of the channel , the flash may contain
additional strokes (a multiple-stroke flash). If additional charge is made available to
the decaying return-stroke channel in a time less than about 100 ms , a continuous or
dar t  leade r w i l l  t raverse  that  re tu rn-s t roke  channel , inc reas ing  i ts  degree of i on izat ion ,
a~~6~si t i ng charge  a long the channel , and c a r r y i n g  the  cloud po ten t i a l  ear thward once more.
The da rt leader  thus  e s t ab l i shes  the cond i t ions  for the second re turn  s t roke.  The dart
leader appears to be a luminous section of channel about 50-m in length which travels

[
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smoothly ear thward at about ~ 1O~ mis, an o,,ler f magnitude faster than the average
veloc ity of the stepped leader.

IV LIGHTNING STROKE PARAMETERS

A. General

Both intracloud and ground flashes are probably initiated within the cloud in
restr icted areas of very high electric field. Typically, these areas are concentrated
around an altitude of some 3 km with the cloud base being at 1 km. It follows that the
probab ility of an aircraft intercepting a fLash to ground is almost uniform from 0 to 3 km
and then drops off sharply with increasing altitude. Intracloud discharges begin to be
encountered at 1 km. They are experienced more frequently as altitude increases , and as
the 3-km level is approached the chances of mee t ing  an i n t r a c l o u d  f l a sh  or a d ischarge  to
ground are about equa l .  The maximum incidence of intracloud flashes is at about 6 kin,
and few intracloud flashes reach to the cloud top (s 12 km).

Electrically, intracloud flashes and discharges to earth have one major differ-
ence . Cloud-to-ground flashes contain return strokes within which very high peak currents
(i ~ 100 kA ) and rates of current rise (di/dt “- 100 kA/us) are experienced . There are
no true return strokes , with their associated large values of i and d i/dt , in in t racloud
discharges. ~ 0

-~ - The deleterious effects of lightn ing on aircraft are conveniently separated
into four  ca tegor ies  associated wi th  d i s t i nc t  e lectr ical  causes. These are :

(1) Thermal vaporization and magnetic forces. Cause: return-stroke
current  of the order of tens of kiloamperes .

( 2 )  Undes i rab le  e lec t romagnet ic  coupl ing  from d i rec t  s t rokes .
Cause:  ra tes  of current change typica l ly  tens of kiloamperes
per microsecond.

(3) Burning and erosion . Cause: intermediate currents of the order
of kiloamperes for milliseconds . Also , continuing currents of
the order of hundreds of amperes for hundreds of milliseconds .

(4) Electromagnetic coupling from flashes that are “near misses. ”

Both intracloud discharges and flashes to earth are almost equally potent as
regards Effect 3. For Effect 4, over most frequencies there is little difference between
the two types of discharge . However , Effects 1 and 2 are dominan t ly  produced by return
strokes and therefore by flashes to earth. Tests geared to the severity of flashes to
ground will therefore adequately cover intracloud discharges.

8. Statistics of Lightning Parameters

Al though many parameters are required to define all of the processes involved ,
many are of little importance in causing hazards . Some other parameters are or much
greater importance , and for them , our knowledg e must be constantly updated. Two important
parameters for the return stroke in the flash to earth are the peak current s ip. and the
rate of current rise , di/dt (most appropriately defined as the average value of di/dt
over the rise (front) time TF from i - 0 to i - ip). Another important return-stroke
parameter is the h a l f - v a l u e  t ime occupied in decay ing  f r o m  the peak tp to i - 0. ip.
The statistics of return-stroke parameters are represented in Figure 7 for the usual
flash transporting negative charge to ground. 1° The representation is conveniently
formulated in terms of the log-normal distribution; this distribution is closely obeyed
by many parameters. Figure 7 terminates (as do Figures  8 and 9) at the 2 % po in t; the
distribution is easily extrapolated to more extreme values , but the greater the extra-
polation the greater the uncertainty.

The main surge of return-stroke current is usually followed by an “intermediate ”
current of a few kiloamperes lasting for a few milliseconds . Although measurements of
i n t e r m e d i a t e  cur ren ts  have been made , and cha r ac t e r i s t i c s  of the  currents  have been
deduced from observations of atmospherics , no statistical information on intermediate
c u r r e n t s  is r ead i ly  ava i l ab l e .  This  is u n f o r t u n a t e , sinc e it is believed that inter-
mediate currents are the most likely type of current to produce metallic puncture when--
as is common with aircraft- -the point of flash attachment is being swept by the windstream .

Mos t d ischar ges include a phase of cont inuing current . Intracloud flashes
consist predominantely of continuing current; the superimposed K recoil surges represent
only minor perturbations. Even for the discharge to ground , continuing currents rather
than return-stroke surges produce most of the charge transfer. Statistics for continuing
currents are shown in Figure 8.

Many li ghtning parameters are derived , rather than bas ic. Two of these , of ten
quoted by engineers , are the total charge transfer Q per flash (f i dt), and the total

- 
- act ion in tegra l , I , per f l a sh  (f i 2 d t ) .  D i s t r i b u t i o n s  for  t h e s e  parameters  are given

in F igure 9. Note that the distribution for total charge transfer is rather more extreme
than  that  for  the charge  p a s s ing  in continuing currents , although most charge In a typical
f l a s h  f lows d u r i n g  a c o n t in u i n g  c u r r e n t .  Some f l a shes , however , con ta in  no con t i nu ing
current phase at al l , w h i l e  some may inc lude  two or more  such phases .  These f a c t s  account

- - - 
- for most of the difference between the two charge distributions.
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FIGURE 9 FURTHER STATISTICS - NEGATIVE FLASHES TO GROUND

C. Lightning Model

In conducting lightning testing , it is essential to have a model representing
a typical flash. Figure 10 shows a model representation of a very severe lightning f lash
devised in connection with work on Space Shuttle. 11 The model parameters are selected to
be at comparable statistical levels. The representation is intended only as a guide and
has therefore been much simplified in both physical and analytical respects. For instance,
straight lines connect the key points (A, 8, C, etc.) in the current time history.
However , oversimplification is usually preferable to unjustifiable overcomplication.’3

\ G

3.5 kA
,l k A  I

~~ / 400 A ( 500 A
HIGH 400 A 

H ,
CURRENT :0 HIGH

INTERMEDIATE ____________________ 
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A t  t ~t
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FIGURE 10 SEVERE LIGHTNING MODEL FOR SPACE-SHUTTLE WORK
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V ELECTROMAGNETIC SIGNALS ~fl0I4 LJCIITNIIiC

From F igures  6 and 10 , i t  is evident tha t  a l ig h tn ing  f l a s h  is made up of a number
of different components , and should generate a complex electromagnetic signature. The
structure of the electromagnetic radiation from li ghtn ing varies with frequency and t ime
as schematically illustrated in Figure ll.~~ At very low frequencies , VLF (3 to 30 kH z ) ,

GROUND D I SCHARGE CLOUD DISHCA RGE

-i RETURN
LEADER STROKES I FREQUENCYLI.. E 200 I
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FIGURE 11 STRUCTURE OF THE FIELDS RADIATED SY LIGHTNING AS A FUNCTION
OF TIME AND FREQUENCY

the pulses are discrete and are generated principally by the return stroke and/or recoil
streamers (IC-charges). As the frequency increases , the number of pulses per flash also
increases , with a maximum of about lO~ per discharge for frequencies between 30 to 300 MHz(VHF) ; the dis turbance accompanying the f l a sh  is then quasi-continuous . These pulses
appear to be associated with the initial leader , includ ing its steps , and also with the
electrical-breakdown processes accompanying probing leaders moving within the cloud .
Th ese prob ing lead er s can occur , for a flash to earth , between return strokes or after
the final stroke; for an intracloud discharge their presence is possible at almost any
stage of the discharge . It is interesting to note that the signals at HF and VHF
associated with return strokes and X changes are not strong, and are indeed partly
“quenched” fo l lowing  the occurrence of r e t u r n  s trokes and IC changes .  I t  is be l ieved t h a t
this quenching is due to a temporary absence of probing leaders. As frequency is further
increased beyond the VHF range , there is a sharp decreas e in the number  of pulses un t i l
at centimetric wavelengths (

~~ 
GHZ) the pulses are again well separated and associated

with the macroscopic features of the return strokes. -

It cannot be over emphasized that  a l igh tn ing  f lash  involves a m u l t i p l i c i t y  of
sparks and consequent ly a protracted and complicated generation of radio signals. It is
a coimnon misconception that the lightning discharge occurs as one single large spark , and
that  therefore  all radio emissions are pt .. ~ iced almost  s imu l t aneous ly  as in the case of
the nuclear electromagnetic pulse (EM?). In r ea l i ty  the time his tor ies  of the li gh tn ing
em issions and of the EM? are q u i t e  d i f f e r e n t , and comparisons of equipment responses to
the two types of si gnal  should enta i l  i n t e l l igent recogni t ion  of t h i s  f ac t .  For example ,
at HF the EMP would generate one very large pulse while a typical lightning f l a s h  night
create  ten thousand small  pulses .  Desi gns of equipment can be conceived tha t  could
survive the sing le large pulses but would fail under the repetition of the small pulses .

Finally, in app lying the results of ground measurements to the analysis of the —
a i r c ra f t l ightning environment it is important to note t h a t  the subs id ia ry  sparks p rov id ing
most of the radiation at HF and VHF are usually located within the thundercloud ; con-
sequently, they are seldom very close to ground equipment , but may be close to an air- —plane . For th i s  reason , f l i g h t  test  programs have been under taken recen tly to be tter
define the airborne environment. ~~

A sample of data from one such program is shown in Figure l2. h i  The two records
shown are the o u t p u t s  f rom a pa ir of spectrum a n a l y z e r  r ece ive r  channe l s  w i t h  Cente r
frequencies of 10 MHz. One channel was connected to an electric dipole an tenna on the
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FIGURE 12 -- HIGHER SPEED STRIPOUT OF LIGHTNING

e x t e r i o r  of the a i r c r a f t  and indicat ed  the propagat ing  field exciting the aircraft. The
other sensor was connected to a 3.6-m long wire running fore and aft on the interior of
the cabin.  This sensor measured the current induced in the wi re  by signals coupl ing into
the cabin through the a i rc ra f t  windows .

It is interesting to note that both the 10 MHz signals shown in Figure 12 exhibi t a
crescendo of noise pulses which ends with the occurrence of the return stroke in agreement
with the discussion earl ier  in this  sect ion.  The peak e l e c t r i c - f i e l d  spectral densi ty
measured on the dipole antenna on the exterior of the aircraft is roughly 1.5 IjV-s/m
compared to a value of 0.4 uV-s/m indicated in Figure 11 for a discharge 10 km d i s t an t .

The s igna l  level induced on the interior wire is also of interest. The calibration
for this channel is in terms of the amplitude of the fast-rise current step required on
the w ire to prod uce the same response at 10 MH z . For the lightning event of Figure 12 ,
a curren t step of 0.125 Ampere would be required . Of great significance is the fact that
a direct strike to the Lear;et test aircraft produced a reaction equivalent to a 1-Ampere
current step in the cabin wire. Nearby lightning events produced 10 MHz noise signals
equivalent to 0.5 Amp current s teps .

The f l i g h t  tes t  resu l t s  are h igh ly  s i g n i f i c a nt  in several respects . First , they
con irm the d i scuss ion  ear l ie r  in this sect ion . Secondly, they point  out that substantial
H-F signals can be generated in aircraft wiring by nearby lightning . Since the equivalent
pulse  levels are of almost the same amplitude , and since nearby li ghtning events are much
more numerous than direct strikes , nearby strokes should not be ignored in ligh tning
interference analyses. Third, they indicate that the duration of the noise signals
induced in interior wiring can be substantial--over 20 ins in Figure 12.

VI LIGHTNING TRIGGERING

Tri ggered l i g h t n i n g  is de f ined  as lightning that  is caused by some human modif ica t ion
of the na tu ra l  a tmospheric  envi ronment .

Accord ing  to F.  T. P ie rce , a lmost  all ins tances  of l i g h t n i n g  t r i ggered by man , either
by design or by accident , involve the introduction of a long electrical conductor into a
thundery environment where the general electric f ie ld  is some 10 kilovolts  per meter
(ky/rn). If the poten tial discontinuity betw~en the tip of the conductor and the ambientatmosphere becomes about a million volts (10° V) a leaderstreamer is initiated from the
conductor and t r iggered li ghtning can occur .~~’

Although aircraf t are of ten struck by lightning it is usually impossible to determine
w h e t h e r  the f lash  was i n i t i a t e d  by the presence of the aircraft or not. However , there
are at least two published accounts of several instances in which the lightning was almos t
c e r t a i n l y  t r i ggered  by a i r c r a f t .  In most of these cases the f lashes  occurred whi le  air-
craft were penetrating dissipa ting thunderstorms which had ceased to produce lightning ;
the only discharges tha t took place during these penetrations were to the aircraft. It
is also unders tood that  during the development of the Boeing 747 , test f l i ghts were made
in which the a i rc r af t was f lown in and out of clouds that  were s t rongly  e l ec t r i f i ed  but
not a c tua l l y  genera t ing  li gh tn ing .  The 747 was c o n s i s t e n t l y  s t ruck soon a f t e r  en t e r i ng
the clouds ; no other l i g h t n i n g ,  except that  to the 747 occurred.

If we accep t that a certain voltage discontinuity is necessary in order to initiate
a leader-streamer it follows that the bigger an aircraft (greater 9.) the more likely it
is to tri gger lightning . There are indeed indications that , under comparable environmen tal
condi t ions , the large aircraft now coming into widespread service are struck more fre-
quently than their smaller predecessors. However , the available statistics are limited
in extent and need careful interpretation. There is also some evidence that high-speed
aircraf t experience more lightning strikes than their slower fore-runners.

NATO UNCLASSIFIED



I 1 1-11
NATO UNCLASSIFIED

It is interesting to ~~~~~~~ ii ght~ ing ‘‘-~e to the NASA Learjet used forthunderstorm static field studies in 1976 in lig ht of lightning triggering criteria. 1
~On run 8 of the 10 August 1976 test when the a i r c r a f t  was pass ing  between the main set of

ce l l s  and a s ing le  cell  develop ing to the rig ht , it was struck by lightning. The stroke
attachment points on the aircraft were the nose radome , which was damaged and had to be
replaced , and the aft end of the right wing tip fuel tank , which was burned and pitted. ft

A record of the static electric field readings recorded during this run is shown
in F igure 13. Also shown in the figure is a rough sketch of the weather radar display
showing a storm cell on each side of the aircraft.

LIGHTNING
N STRIKE

ALTITUDE - 11.2 km I 1!

5 k m  If’
-i

• (10 August 1976 data ; Pass 8) I ~~ kV/m

( I Elevation Angle 
I

FIGURE 13 ELECTRIC FIELD VECTORS OBSERVED ON A PASS DURING WHICH THE
LEARJET TEST AIRCRAFT WAS STRUCK 8Y LIGHTNING

The magnitude and direction of the ambient s ta t ic  f ie ld  prior to the strike(
~ 70 kV/m directed along a line 150 to the left of the aircraft roll axis and elevated470 above the h o r i z o n t a l )  should be noted in the li ght of E. T. Pierce ’s Criterion for

necessa ry  condi t ions  for a conduc t ing  body to t r i gger a s t r o k e .  The ambient  f i e ld  was
well in excess of 10 kV/m.  The overal l  length of the Lear jet  is 13.2 meters so that
the a i r c r a f t  shorted out a to ta l  po ten t ia l  of 924 kV. Thus it is poss ible  tha t  the
rap id introduct ion of the a i r c ra f t  into the reg ion of h ig h electric f ie ld  tr iggered the
stroke.
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QUESTIONS and ANSWERS

1 — From J. Tail let

Q — What data do you have for frequen cies above 10 MHz ? — Particu larly as function of time.

A — This topic is covered in “The Radio Emissions from clo se Light ning ” by GN. Oetzel and El. Pierce of the Fourth
International Conference on the Universal 3sp cts of Atmospheric Electricity, sponsored by the Joint Committee of Atmospheric
Electric ity of the International Association of Meteorology and Atmospheric Physics and International Association of Geoma-
gnetism and Aerono my by the Science Council of Japan during may 1978.
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2 — From B. Burrows
Q —- Why, in the NASA mode l, s the rise time of the first restrike so fast. Do statisti cs show this.
A — Recent date iridicata that there -s little difference in rise times for first and subsequent strokes — see Cianos &

Pierce. “A Ground Lightning Environment for Engineering Usage” Technical Report SRI Project 1834 Contract L.S.-28 /7 A3.
Stanford Research Institute, Menlo Park, Ca. (August 1972). This information (see p. 33 of referenced report i was used in
devising the NASA model.

3 — From Don Clifford
0 — How much significance should be attributed to the measurements of induced voltages on interior wires produced by

nearby activity 7 Can we assume that such activity would adversely affect flight computers
A — They are significant in that the measured current levels are comparable to those produced by the direct strike to

the Learjet. Thus if a digital system is adversely affected by a direct strike, it is likely to be similarly affected by the much
more numerous nearby strokes.

4 — From PF. Little

0 — Does the continuing current in the NASA model fall to zero before the restrike 1 (in real lightning there is a
current zero before a restrike)

A — The NASA model does not fall to zero before the restrike , see Appendix A “Space Shuttle Lightning Protection
Criteria Document” JSC 074 36 NASA L.8. Johnson Space Center, Houston ITexas) (September 1973). This model is
consistent with Fig. 35 of Ciarios Ba Pierce “A Ground-Lightning Environment for Engineering Usage”.

0 — Does the Cianos & Pierce summary of Lightning characteristics present the actual time for which continuing current
flows, or the interval between restrikes in which current flows 7 (If the latter, the time for which current flows is very
significantly less than the figures quoted by Cianos and Pierce).

A — Fig. 13 of Cianos & Pierce indicates that continuing currents flow for 200 ms in roughly 50% of all flashes , and
that they flow for 300 ms in 10% of all flashes. Since tJ’ie NASA model was intended to be representative of a severe flash,
the 300 ma duration was chosen.
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A NEW STANDARD FO~ I.ICIHTNIUO QUALIFICATION TESTING OF AIRCRArr :
TECHNICAL OVERVIEW , DEFINITIONS AND BASIC WAVEFORNS

.1. Anderson Plumer
Li ghtning Technologies , Inc .

560 Hubbard Avenue
Pittsfield , Massachusetts 01201

U.S.A.

SUMMARY

The imperfect lightning-safety record of present-day
aircraft , p lus the appearance in new aircraft of ad-
vanced composite materials and solid state electronic
systems that may be even more vulnerable to lightning
strikes has led to a demand , from all quarters, for
incorporation of improved lightning protection in new
aircraft. This may be accomplished , for a new air-
craft, in six steps which include: determination of
strike zones, establishment of lightning environment ,
identification of vulnerable components and protection
cri ter ia , desi gn of protective measures , and verifi-
cation of their adequacy by test. The degree of pro-
tection achieved is dependent , in part , upon the light-
ning environment and qualif ication ter’t criteria
employed. In an effort to provide widely accepted
criteria representative of a severe environment,
Society of Automotive Engineers (SAE ) Con~sittee AE4-L(on lightning) and a similar group in UK have prepared
documents defining lightning waveforms and testing
techniques for aerospace vehicles and hardware. Agree-
ment exists on the criteria to be employed for qualifi-
cation testing, and the U.S. Cotrmitcee has drafted a
U.S. military standard for lightning qualification
testing based on this criteria. This paper sutrnsarizes
the scope , lightning strike zone definitions and test
waveforms presented in the draft standard. Succeeding
papers explain each of the qualification tests,

Background

The imperfect lightning-safety record of present-day aircraft , plus the appearance of
advanced colnposice materials and solid state electronic systems that may be even snore vul-
nerable to lightning strikes in the future has led to a demand for incorporation of im-
proved lightning protection in new aircraft. This may be achieved by the following steps:

1. Determine the Lightning Strike Zones

Determine the aircraft surfaces , or zones, where lightning strike attachment to the
aircraft is probable , and the portions of the airframe through which lightning cur-
rents must flow between these attachment points.

2. Establish the Lightning Environment

Establish the component (s) of the total lightning flash current to be expected in
each lightning strike zone. These are the currents that must be protected against.

3. Identify Vulnerable Systems or Components

Identify systems and components that might be vulnerable to interference or damage
from either the direct effects (physical damage) or indirect effects (electromag-
netic coupling) produced by lightning.

4. Establish Protection Criteria

Determine the systems and/or components that need to be protected , and thoee that
need not be protected , based upon importance to safe ty-of- flight , mission relia-
bility or maintenance factors. Establish lightning protection pass-fail criteria
for those items to be protected.

5. Design Lightning Protection

Design lightning protection measures for each of the systems and/or components in
need of protect ion.

6. Verify Protection Adequacy by Test
Verif y the adequacy of the protection designs by laboratory qualification tests
simulating the lightning environments established in step 2 using the pass-fail
cri teria of step 4.
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The lightning strike ZO ,e5 (~ L~~ 1) 4 L W  u~~~~ i y determined by comparison of the new
aircraft with lightning strike experience of earlier aircraft of the same general shape;
or by performance of simulated Lightning tests on model aircraft as discussed in papers
no. 8 and no. 9. The lightning strike zones of one aircraft determined from a model test
(Reference 1) are shown on Figure 1.

LEGEND

ZONE IA

Ilt ~llZ0N52A
- - ,_._. ZONES1SANO ZB

~lJ~

1-

Figure 1 - Typical Lightning Strike Zones.

Until recently, in the absence of a widely accepted standard, the lightning environ-
ment expected within each zone (step 2) was designated by individual procuring organiza-
ticns,or by the lightning laboratory performing the tests , with the result that the degree
of protection obtained varied widely from place to place . This was particularly true in
the United States , where a number of agencies and laboratories were at work designing
lightning protection and performing verification tests.

Identif icat ion of potentially vulnerable systems or components (step 3) and protection
criteria (step 4) has a lways been the responsibility of the aircraft  designer , although
often in consultation with regulatory authorities or lightning laboratory personnel. De-
sign of lightning protective measures (step 5) has also been accomp lished by the aircraft
designers , with frequent help from specialists in lightning laboratories where potential
solutions can be evaluated.

The number and severity of verification tests (step 6) were , like the environment (of
step 2) also left for the procuring organization , regulatory authority or lightning labora-
tory to designate , with the result that laboratory capabilities (and not the na tural
environment) determined the severity of the tests that would be performed. Inevitably,
some disagreement existed among laboratories as to what constituted an appropriate test.

The appearance in the late ‘60 ’s of advanced composites and microelectronics in air-
craft applications p laced much greater importance on lightning protection , and emphasized
the need for improved , and more widely accepted verification cri teria. Prompted by this ,
a large amount of research was initiated into the nature of lightning and its effects upon
the new composite materials and solid-state electronics. A greater understanding of light-
ning effects resulted , together with improved best and protective techniques . Forums such
as the ser ies of Lightning and Static Electricity Conferences beginning ix 1968 (References
2, 3, 4 and 5) were created for review of results and exchange of ideas .

The need , however, for widely-accepted criteria with which to verify protection
adequacy remained . Accordingly ,  e f fo r t s  were begun in the US and the UK toward develop-
ment of standardized criteria defining lightning voltage and current waveforms, seven ties ,
and test techniques for verifying the adequacy of protective measures. In the US, this
effort was begun in 1972 with the formation of “Special Task F” under the auspices of the
Society of Automotive Engineers (SAE ) Committee A~4 on Electromagnetic Compatibility.Special Task F was comprised of 15 individuals from US lightning simulation laboratories ,
government agencies and aircraft manufacturers with experience in lightning simulation and
tes t ing . Beginning wi th  a survey of the extensive l i terature that had become Available ,
this committee proceeded to ~iefine the possible lijhtning str ike zones , the lightning
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environment to be experience in each, and the techniques for simulating this environment
in the laboratory. Three years later , the committee published its recommendations in a
report entitled , “Lightning Test Waveforms and Techniques for Aerospace Vehicles and
Hardware ’ dated 5 May 1976 (Reference 6). This report (sometimes called the “red book”
after its cover) has been in use since 1976 by procuring organizations and lightning test
laboratories in the US.

A similar effort was undertaken in the UK, culminating in publication of a “Recom-
mended Practice for Lightning Simulation and Testing Techniques for Aircraft” by J. PhillpOtt
of the Culham Laboratory Lightning Studies Unit in May. 1977 (Reference 7). The current P
waveforms described in this document have been accepted in the UK for testing aircraft
systems , structures and equipment for airworthiness purposes, and are in agreenent with
the lightning current test criteria in the US “red book” . Agreement on this important
set of tests  resul ted from a desire to have mutually acceptable criteria and was achieved
from continuing discussion among members of each group over a period of years while these
documents were being formulated.

A disparity remained between the US and UK recommendations with respect to model air-
craft testing, and alno with respect to certain other tests utilized mainly to obtain en-
gineering des idu data; areas in which some difference among US opinion remained as well.
Thu s , continuing discussions have been underway among both groups in an effort to resolve
the remaining differences and to clarify a few ambiguities turned up during two years ot
use of the “red book” . As a result , the US committee (now designated SAZ Committee AE4-L)
revised its “red book ’ as of June 20 , 1978 and will shortly publish this document under a
blue cover . This “b].ue book” (Reference 8) will replace the “red book ’ in the US.

The principal change incorporated in the US ~‘blue book” was the establishment of twocategories of tests: qualification testing and engineering testing, and inclusion of all  - -

of the protection verification (airworthiness certification) tests within the qualification
test category.

The remaining tests, which included the scale model lightning attachment point test ,
swept stroke test and full vehicle induced voltage test , provide data useful in achieving
a qualifiable design but are not considered necessary for protection verification . They
are therefore placed within the engineering category. Discussion continues on the vali-
di ty of several of these engineering tests , and improvements may be possible as research
continues . Separation of the tests in this way eases the airworthiness authorities ’ task
of specifying the proper qualification tests, and provides a set of tests upon which wide
agreement exists.

The New Military Standard -

Upon achievement of this widespread agreement on the lightning environment and test
techniques for qualification purposes , the US Dept. of Defense requested SAE Committee
AE4-L to draft a military standard incorporating the “blue book” qualification test cri-
teria. This draft, entitled “Lightning Qualification Test Techniques for Aerospace Vehi-
cles and Hardware” (Reference 9) was completed on 20 June 1978.

This new standard 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 .
It is important to note that neither the standard nor the “blue book” that preceded it
provide the following :

1. The location of lightning strike zones on a particular aircraft
2. The systems or components that must be tested
3. Protection techniques

4. The pass-fail criteria

These items depend upon the mission and characteristics of the particular aircraft ,
and should be established and agreed upon by the procuring agency, airworthiness authority
and aircraf t manufacturer for each new aircraft . Guidance in some of these areas will be
provided in a “Users Guide” to be published as an appendix to the new standard in 1979.
Further guidance is available in the literature (Reference 10).

The following are excerpts taken directly from the new standard, and discussions, where
appropriate , of the definitions and lightning test waveforms incorporated in it. Discus-
sions of each of the qualification test methods are presented in papers nos. 12 through 19.

“3.0 DEFINITIONS
3.1 Lightning Attachment Zones

Aerospace vehicle surfaces are divided into three zones , with each zone
having d i f fe rent  lightning attachment and/or transfer characteristics. These
are defined as follows:

Zone 1 Surfaces of the vehicle for which there is a high probability of
initial lightning f lash  attachment .

Zone 2: Surfaces of the vehicle across which there is a high probability of
a lightning flash being swept by the airflow from a Zone 1 point of initial
flash attachment .”
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Zone 3. Zone 3 include all ~ f th~ h’i’1~ ~ eas other than those covered
by Zone 1 and Zone 2 regions. In Zone 3 there is a low probability of any
direct attachment of the lightning flash arc. Zone 3 areas may carry sub-
stantial amounts of electric current but only by conduction between some
pair of initial or swept stroke attachment points .

Zones I. and 2 are further divided into A and B regions depending on the
probability tha t the flash will hang on for any protracted period of time .
An A type region is one in which there is low probability that the arc will
remain attached and a B type region is one in which there is a high proba-
bility that the arc will remain attached. Examples of zones are as follows:

Zone LA: Initial attachment point with low probability of flash hang-on ,
such as a leading edge.

Zone 18: Initial attachment point with high probability of flash hang-on,
such as a trailing edge.

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

Zone 28: A swept stroke zone with high probability of flash hang-on, such
as a wing inboard trailing edge. ”

Note that the above definitions define each zone, but do not provide dimensions or
other description of where the zones are located on particular aircraft .  Thus the former
“18 inch” rule for zone 1 (Reference 11) and similar guidelines have been omitted from
the new definitions. The 18-inch dimension may be appropriate for some aircraft, but

3 experience has shown that it is not applicable to all aircraft. Establishment of the zone
locations is therefore the first step in design of protection for a new aircraft. Other
definitions provided in the new standard are:

“3.2  Direct and Indirect Lightning Effects

The lightning e f fec t s  to which aerospace vehicles are exposed and the
effects  which are reproduced through laboratory testing with simulated
lightning waveforms are divided into DIRECT EFFECTS and INDIRECT EFFECTS.
The DIRECT EFFECTS of lightning are the burning , eroding , blasting , and
structural deforma tion caused by lightning arc attachmen t , as well as the
high-pressure shock waves and magnetic forces produced by the associated
high currents. The INDIRECT EFFECTS are predominantly those resulting from
the interaction of the electromagnetic fields accompanying lightning, with
electrical apparatus in the aircraft. Hazardous indirect effects could in
princip le be produced by a lightning flash that did not directly contact the
aircraft and hence was not capable of producing the direct effects  of burning
and blasting . However , it is currently believed that most indirect effects
of importance will be associated with a direct lightning flash. In some
cases both direct and indirect effects may occur to the sane component of
the aircraft. An example would be a lightning flash to an antenna which
physically damages the antenna and also sends damaging voltages into the
transmitter or receiver connected to that antenna . In this document the
physical damage to the antenna will be discussed as a direct e f fec t  and the
voltages or currents coupled from the antenna into the conmiunications equip-
ment will be treated as an indirect effect.”

Some of the qualification tests address direct effects, whereas others address in-
direct effects. These definitions clarify the intent of each.

The lightning waveforms presented in the standard are described in terms of time to
crest , ra te of r ise , etc. Definitions of these parameters are also included , as follows :

“3.3 Waveform Parameters

Definitions of the rise time , rate of rise, decay time and other para-
meters utilized in the waveform definitions that follow are consistent with
Paragraphs 2.4 and 2.6 of USA Standard C68.l/IEEE Standard No. 4 Standard Tech-
niques for Dielectric Tests (1978) and High Voltage Test Techniques, LEG 60-2
(1973), Sections 4 and 6.

Average Rate of Rise Voltage

The average rate of rise , dv/dt, of a voltage waveform is defined as the
slope of a straight line drawn between the points where the voltage is 3O7~ and
90% of its peak value , as shown in Figure 3-1.”

NATO UNCLASSIFIED



NATO UNCLASSIFIED 7-5

~ :: ::::::: ,~“

dV~~ O.6Vpk

30% 

~~~ (t90-t 30 )

t30 t90 ~j
ø\,, 

~
Figure 3-1 Average Rate of Rise of Voltage

Time to Crest
— 

The time to crest, T1, of a voltage waveform is defined as 1.67 times the
time interval between the instants when the voltage is 30% and 90% of its peak
value as shown in Figure 3-2. 

T1~~~
1 .~~~t9O. t3o

Figure 3-2 Tine to Crest of ~ Voltage Waveform

Deca y Tine

The decay time , T2, of a voltage waveform is def ined  as the time interval
between the intersect with the abcissa of a line drawn through the points where
the voltage is 307. and 907, of its peak value during its r ise ,  and the instantwhen the voltage has decayed to 507. of its peak value , as shown on Figure 3-3. 

J u
~~
. T2 —  )p, l t —

Figure 3-3 Decay Time of a Voltage Waveform
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The charge transfer , Q, is defined as the integral of the t ime-vary ing tcurrent over its entire duration, or
rT

Q — 
J(,
i(t)dt (amp-seconds or coulombs)

and is equivalent to the area beneath the current waveform as shown on
Figure 3-4.

i

Figure 3-4 Charge Transfer of a Current Waveform.

Action Integral

The action integral of a current waveform is a measure of the ability of
the current to deliver energy and is defined as the integral of the square of
the time-varying current over its entire duration.

rT
I i(t) 2dt (an*pere2-seconds)JO

The waveforms of the lightning voltages and currents to be simulated in the qualifi-cation tests appear in the Specific Requirements” section of the standard, as follows:

“4.2 specific Requirements

Waveforms of the simulated lightning currents and voltages to be used in
these tests are presented in this section.

4.2.1 Test Waveforms

The waveforms and components depicted in Figures 4-1, 4-2 and 4-3 are
idealized representations and need not be simulated exactly. Only the numeri-
cal parameters specified in the following paragraphs need be produced.

4.2.2 Voltage Waveforms

For qualification testing there are two voltage waveforms, A and B, whichrepresent the electric fields associated with a lightning strike. Voltage
waveform g is used to test for streamers and other potential attachment point ..
4.2.2.1 Voltage Waveform A - Basic Li&htning Waveform

Waveform A has an average rate of rise of 1000 kV per microsecond (+507.)
until its increase is’ interrupted by punctur . of , or flashover across , tEe

• object under test. - At that time the voltage collapses to zero . Th. rate ofvoltage collapse or the decay time of th. voltage if breakdown does not occur
(open circuit voltage of the lightning voltage generator) ii not specified.
Voltage waveform A is shown in Figure 4-1,”
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VOLTAG5
WAVEFOS4 _____________________________________
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Figure 4-1 Voltage Waveform A

4. 2 . 2 .2  Voltage Waveform B - Full Wave

Waveform B rises to crest in 1.2 (+207.) microseconds. Time to crest
and decay time refer to the open circuit voltage of the lightning vol tage
generator , and assume that the waveform is not limited by puncture or
flashover of the object under tests. This waveform is shown in Figure 4-2.

VOLTAGE
~AVE7O5I

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~ .

0 I.2,..-~ZO% ~0,..t20t t

Figure 4-2 Voltage Waveform B

4.2.3 Current Waveforms and Components

For qualification testing , there are four components , A , B, C and D,
used for determination of direct effects, and test waveform E used for
determination of indirect effects. Components A , 8, C and D each simulate
a different characteristic of the current in a natural lightning f lash and
are shown in Figure 4-3. They are applied individually or as a composite

• of two or more components together in one test. Current waveform B, also
shown on Figure 4-3, is intended to determine indirect effects.

4.2 .3 . 1  Component A - Initial High Peak Curr ent

Com?onent A has a peak amplitude of 200 ha (±10%) and an action inte-
gral (If. dt) of 2x10’ amp 2-second (±20%) with a total time duration not
exceeding 500 microseconds. This component may be unidirectional or oscil-
la tory.

4.2.3.2 Component B - Intermediate Current

Component B has an average amplitude of 2 ha (±10%) flowing for a
maximum duration of 5 milliseconds and a maximum charge transfer of 10 cou-
lombs. The waveform shall, be unidirectional, e.g. rectangular, exponential
or linearly decaying.

4.2.3.3 Component C - Continuing Current

Component C transfers a charge of 200 coulombs (+20%) in a time of
between 0.25 and 1 second. The waveform shall be uniffirectional, e.g.
rectangular, exponential or linearly decaying.

4.2.3.4 Component D - Restrike Current

Component D has a peak amplitude of 100 ha (±107.) and an action inte-
gral of 0.25x10’ amp 2 -second (+20%). This component may be either unidi-
rectional or oscillatory with a total time not exceeding 500 microseconds .

4.2.3.5 Current Waveform E — Fast Rate of Rise Stroke Test for Full-Size
Hardware

Current waveform B has an instantaneous rate of rise of at least 25 hA
per microsecond for at least 0.3 microsecond , as shown in Figure 4-3. Cur-
rent waveform B has a minimum amplitude of 50 hA. Alternatively, components
A or D may be applied with a 25 ha per microsecond rate of rise for at least
0.5 microsecond and the direct and indirect effect. evaluation conducted
simultaneously. ”
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Figure 4-3 Current Waveforms

Since the aircraft is usually in motion when it receives a lightning strike , not allcomponents of the lightning flash current will enter the aircraft at the same point. Sur-faces in zone 2A , for example , can be expected to receive only a re-strike and a portionof the continuing current, whereas trailing edges of extremities may be struck initiallyand have to receive all of the currents as the flash hangs on there until it dies. Accord-ingly, a table is presented to show which voltage and current components are required ineach zone:

Table I - Application of Wavefernis for Qualification Tests

Voltage
Waveforms Current Waveforms/Components TestTest Zone A B A _ B C D B Method

Full size LA,8 X 1.02hardware
attachment
point

Direct effects- lA X X 301structural

lB X X X X 301
2A Xl Xl X 301
2B X X X 301

“ 3 X X 301
Direct effects- Same current components as for structural tests 302combustible
vapor ignition

Direct effects- X 303streamers

Indirect effects- X2 401external
electrical
hardware

Note 1: Use an average current-of 2 hA + 10% for the actual dwell time up to5 msec , and an average current ~f 400 amps for the reisaining dwelltime. -
- - 2

Note 2: Indirect effect, should also be measured with current components -
. 

- 
- 

-A , B , C or D as appropriate to the test zone.” 
• I

The test methods (identified by number 102, 301, etc.) in which these waveforms areapplied are also listed in Table I. The objectives of each test , along with setup , mess-
— urement, and data requirement. are described in succeeding part. of the standard and inpapers nos. 12 through 19.
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Severity I

Current Components A , 8, C. D and B, taken together represent a severe lightnin
flash, one that is exceeded in action integral only about 17. of the time (Reference 12).
It is akin to the “Severe (applied) model” of a lightning flash proposed by Cianos and
Pierce (Reference 13). The statistical data against which this comparison is made, of
course, was derived from measurements of lightning currents entering grounded objects.
There is some reason to believe that , statistically, current amplitudes and action Lotte-
grals would be somewhat lower at f l ight altitudes due to branching and higher source
impedances . If this is so, the probability of encountering a flash of greater severity
than the new-standard criteria would be even less than 17..

Superseded Documents

If adopted by the US Dept. of Defense, the lightning test criteria in the standard
will supersede those in present US military procurement specifications and test standards .
These include:

MIL-B-5087B (ASG) - Bonding. Electrical, and Lightning Protection
for Aerospace Systems

MIL-A-9094D (ASG) - Arrester. Lightning General Specification For
MIL-C-38373A (ASG) - Cap , Fluid Filler

Future editions of these and specifications for other hardware in need of lightning tests
will make reference to the new standard for lightning tests. It is expected that a similar
situation will apply to US Civil (FAA) airworthiness certifiction requirements .

Conclusion

Preparation of the “blue book” and “green boo1~” criteria ror Lightning testing ofaircraft, achievement of widespread US and UK agreement on its validity, and preparation
of the new standard that resulted from it represent a significant advancement in the re-
sources available to provide reliable lightning protection for aircraft. This advancement
did not come about quickly nor was it accomp lished by only a few individuals. It was
instead the product of a Cooperative effort of many individuals on both sides of the
Atlantic. This author. wishes to thank all who participated in this effort , and looks for-
ward to continued cooperation in the future.
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QUESTIONS and ANSWERS

1 — From 8. Burrows
0 — Ne test levels based on 2% or 1/2% severity levels ?
A — The 200 kA amplitude of test current component A was selected by the US SAE committee to represent a 2% probability

Stroke, based on statist i cs of peak currents compiled by Cianos and Pierce in Reference 12 of the paper. This means thet 98% of all
Strokes are expected to be less severe than this and 2% may be more severe, i n terms of amplitude. The action integral of this corn.
ponent (2 x 10’ A°s) was set higher than that of a 2% severity return stroke (1 x 10’ A°s) to account for higher action integrals
that sometimes occur with positive polarity strokes.

The intermediate current (compo nent B — 2 kA), continuing current (component C — 200 coulombe), and re.slrike current
(compo nent 0 — 100 kA at 0.25 a 10’ A° s), and rate.of.riss test (component E — Scaled to 100 kAI5is) , also represent approximately
2% seventies.

2 — From B.L. Perry
0 — The zones shown in Fig. 1 as “Typical Lightni ng Strike Zones” are not, in our experience, at all typical. Why therefore use

such a f i gur e as an illustration . it could by very deceiving
A — The li ghtning strike zones of Figure 1 resulted from the model attachment test reported in Reference 1 of this paper. The

zones shown aft of leading edges were included to represent swept strokes. With the exception of the zones pictured in the middle of
the wing, all of the other zones shown in the figure are indeed typical of in.f light lightning attachments on a great many aircraft .

The mid-wing zones resulted from a small number of strikes to the leading edges of the model wings the result, perhaps,
of the unusual length of this wing having reduced the shielding afforded by the fuselage. The test was made with a high voltage rising
to its crest in 50 microseconds, illustrating the tendency of slow.nsing waveforms to bring out less probable (but in this case quit.
im portant) attachment zones .

3—From 0. Odam
0 — Bearing in mind that effective forces due to magnetic effects depend on the relationship of the mechanical resonant frequency

of the system to the waveform rise time and decay time constant and particularly the decay time constant, as well as peak current,
which waveform should be used to simulate magnetic force effects without risk of over design I

A — Current component A (200 kA, 2 a 10’ A2s) should be used to simulate magnetic force effects because its amplitude,
act ion integral arid time duration are each important in determining the degree of mechanical force damage that occurs.

4 — From S.D. Schneider
0— ( Comment ) : 1. Your slide on steps in lig htning protection development shows “Step 6, verify adequacy by test”, of course,

ana lysis may be conducted instead in some cases to show adequacy. Testing may NOT be required .
A — Concur, where sufficient confidence exists in the analytical techniques used.

0— Was the lead ing edge of the model (in Figure 1) smooth (i.e. no lead i ng edge devices extended) 7
A — Yes. The leading edges were smoothly rounded.

BIOGRAPHICAL NOTE

J. Anderso n PLUMER

President — Lightning Technologies, Inc.

EDUCATION
BS in Electrical Engineering, L.ehigh University, 1961.

EXPER I ENCE
Mr. Plumes’ has spent most of his engineering career in the study of lig htning hazards and development of protection

methods for aircraft and ground installations. He began this work in 1965 after joining the General Electric High Voltage Laboratory .
At the Hig h Voltage Laboratory he conducted research into lightning effects on aircraft fuel systems, advanced composites, electrical
systems and flight controls under projects supported by the Dept . of Defense, NASA, FAA and industry . He was instrumental in the
development of several new test techniques for evaluation of lightning effects on aircraft , including the Lightning Transient Analysis
ILTA) technique for measurement of lig htning-ind uced voltages in aircraft electrical circuits, and was i nventor of the GE Aircraft
Lightning Suppresso r which won an P.100 award in 1976. In 1977 Mr. Plumer founded Lightning Technologies , Inc. to apply the
results of this research more directly to the lightnin g protection design, consulting and cert ification testing needs of industry and
government organizations.

Mr. Plumer is co-au t hor of the book, “Lightning Protection of Aircraft”, published in 1977 by the National Aeronautics
and Space Administration and the author of numerous technical reports, papers and articles on subjects related to lightning. He has
established pilot reporting projects to identify potential lightning hazards to transport and general aviation aircraft, and contributed to
industry groups working toward improved standardization of li ghtning qualification testing.

Mr. Plumer is co-chairman of the Society of Automotive Eng ineers Committee AE4L on Lightning Testing o~ Aircraft ;
a Senior Member of the Institute of Electrical and Electronics Engineers, and pest chairm an of its Berkshire Section.

NATO UNCLASSIFIED

-



NATO UNCLASSIFIED 8-1

LAEORATOR 1r t ~ sm it) DbrLR14lN~ LIGHT NING ATTACHMENT
POINTS WITH SMALL AIRCRAFT MODELS (ENGINEERING TEST)

P . F .  L i t t l e
Cuihain Li gh t n i n g  Studies Uni t

Cu lham Laboratory UKAEA
Abingdon , Oxfordsh ire

0X14 3DB , England

SUMMARY

The simulation of lightning strikes to mode l aircraft
involves an extrapolation from the behaviour of labor-
atory sparks to fullscale lightning. This is not
poss ib le  in detail , particularly since an isolated
model is interposed into the two-electrode gap normally
studied in the laboratory . This paper compares the
attachment process to an aircraft with laboratory
exp erimen ts , and discusses the influence of gap size ,
geometr ic  scaling and vol tage  waveshape on the spread
of attachment points . Particular emphasis is laid on
the identification of low-probability attachment areas.
A comparison with flight experience is the best test of
the validity of any test technique , but no clear and
comp lete agreement exists as to the best approach.
Parameters  and procedures that are general ly accep table
are noted.

1. I NTRODUCTION

High-voltage testing for ground installations was an established technique before the
first attempts to simulate lightning strikes to aircraft were made . The electrical powe r
industry was forced to develop hi gh-voltage testing technology for distribution networks
and also to simulate the effects of lightning strikes to these distribution systems. The
me ans of producing seve ral megavolts in the laboratory was at hand , making poss ible the
use of sparks several metres long. Thus aircraft models about I m long could be p laced in
the path of a long spark and the at tachment  points  noted .

If valid test techniques can be established the relative probability of first strikes
to various parts of any aerospace vehicle may be estimated from model tests. The change
of scale dimensionally is about 50:1, but the pressure is unchanged (if low altitude
flight is considered) or at most increased by 2:1. 

- 
There are additional d i f ferences  in

that the aircraft velocity is not represented , and the pressure differences around it are
not reproduced. This velocity is n9t l i k e l y  to be important , since the leader s t roke
adv ances at speeds of lO~ rn/s to 10° rn/ s compared to the ai rcraf t .çeed of less than
1000 rn/s even for supersonic flight. Pressure differences affect the ease with which
corona discharges can appear , and this could be important (see next section).

Labo ratory studies of arcs between 1 in and 25 m in length show many general features
independent of length (Allibone 1977). The processes of ionisation and breakdown cannot be
scaled down merely by scaling dimensions , bu t sonic comparability exists. The validity of
model  t e s t s , however , can only be demonstrated satisfactorily by comparing test results
w i t h  fli ght experience of the actual aircraft . Retrospective testing of models of aircraft
w i t h  l o ng  se rv ice  records  o f f e r s  one way of e v a l u a t i n g  t e s t  t echn iques .  For c o m m e r c i a l
a i rcr a f t  t h a t  have been in ope ra t i on  for  many years , considerable information on the posit-
ion of strike points exists (Perry 1968, 1970; Plume r 1972; Plumer and Perry (197S).

For an aircraft of the same general shape as those which have yielded this data , the
p r o b a b l e  s t r i ke  points  can be predicted w i t h  f a i r  c e r t a i n t y .  The i n i t i a l  s t r ikes  occur  to
nos e , tai l and wing tips , with swep t strokes usually along the fuselage . Model tests are
not necessary for such aircraft. Any unusual shape of aircraft introduced would benefit
f rom model tests , if a sa t i s fac tory  technique exists .

I t  is not always e s sen t i a l  to derive the r e l a t ive  p robab i l i t i e s  of i n i t i a l  a t t a c hm e n t
to all parts of the aircraft from work on models. The interest often lies in identifying
areas  of  very low p r o b a b i l i t y  of a t t a c hm e n t .  S t ruc tures  or components v u l n e r a b l e  to l igh t -
n in g  damage  are loca ted  in Zone 3 areas on the a i rcraf t , and these zones must be known.I d e n t i f i c a t i o n  of Zone 3 areas and an assessment of the probability of a strike to the
g e n e r a l reg ion  of each area ia the most usually demanded from model tests. Obviously
t echn i ques w h i c h  are s a t i s f a c t ory  in meeting these l i m i t e d  ob jec t ives  may not be s u c c e s s f ul
in p r ed i c t i ng  re la t ive  p r o b a b i l i t i e s  elsewhere on the aircraft surface.

I f  i t  is requi red  to de te rmine  the probability of attachment to a small structure , it
is wise to supplement  mode l t es t s  (which provide an indication of probab ility for the region
aroun d the s t r u c t u r e )  w i t h  tests  on f u l l - s ca l e  i tems . The sur round ing  area sho uld be
modelled in appropriate detail.

In  o r d e r  to make  model t e s t i n g  as r e a l i s t i c  as p o s s i b l e  the behav iour  of n a t u r a l  l i g h t -
n ing mus t be considered. This paper discusses the initial attachment process , and then
c o n s i d e r s  the b a h a v i o u r  of long l abora tory  arcs in order  to d e t e r m i n e  the  geometry  p r e f e r r e dfor  the tes t conf i guration. rh, volfago waveform ~~~ then d i scussed  on the ba s i s  of
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laboratory exper ience , inc luding studies aimed at obta ining a wide spread of attachment
points  on a s i m p l i f i e d  model.  Test procedures and parameters that  are generally accepted
are described , and remain ing  problems indicated.

2. LE A DER ATTACHMENT TO A I R C R A F T  
-

In pr inciple an aerospace vehi cle could be s t ruck :

a. by flying into an existing liglttning channel
b. by initiating a flash

c. by becoming part of a develop ing leader channel.

The p r o b a b i l i t y  of (a)  is extremely small, because the dura tion of a f lash is less
than one second and the a i r c r a f t  t ravels  only a short distance in this time . The s ize of
the a i r c r af t is small  compared to the length of li gh tn ing  channel to groun d , so that  the
probab ility of (b) is also small except for cloud flashes (Schaeffer 1972) which are of
lower current. Experiments on triggered lightning (Gary and Fieux 1975) using rockets
tra i l ing wi re have sh own tha t even in favourable  circums tances dis tance~ of about a hundredmeters must be bridged to in i t ia te  a d ischarge .  Very large rockets produce exhausts  of
sufficient length and conductivity to make it likely that they might trigger lightning , as
in the Apollo 12 incident . (Fisher and Plumer 1977 , Chapter 2: Pierce 1972) Jet trails
from aircraft are not sufficiently conducting to act in this way (Schaeffer 1972). Thus
only (c) remains to be considered.

Figure 1 shows the process by which a leader approaching an aircraft from a cloud at 

Stepped leader channel
approaching aircraft

Leader channel

~ aircraft

..

Figure 1 - Lightning flash striking an aircraft

high potential induces high electric fields at extremities of the aircraft. This electric
st ress becomes hi gh eno ugh for corona discharges to appear , and eventually from these
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r~ gion s  l e ade r s  emerge  f rom ~~~ a..~~~~fl. P L  b U L b  c h a n g e s  in f l i g h t  may a : f e ~~-t the  -

corona on-se t , and so a l t e r  the p r o b ab i l i t y  of a t t a c h m e n t  s o m e w h a t .  Leaders  f r c r l
c laud and a i r c r a f t  show b r a n c h i n g , and when the b r a n c h i n g  c h a n n e l s  a re  c lose  enough  t h~~m e r g e .  The a i r c r a f t  is now pa r t  of the leader channel , which  c o n t i n u e s  to grow . i f l  ~~
~l l ua t r a t i on  the  most dange rous  type of fla sh  is shown , a c l o u d - t o - g r o u n d  d i s ch a r g e  -.. r i e r ~a r e t u r n  s t roke  f o l l o w s  the leader . Here we are concerned o n l y  w i t h  the  i n i t i a l  a t t a c k .-
ment  process , w h i c h  is s imi la r  for  cloud or ground f l a s h e s .

The average velocity of the approaching leader as measured photographically is
between 1 and 8 x lO~ rn/s. The leader appears to move in steps of average length 25 at
but  w i th  a wide range  f rom 10 to 200 in , w i t h  pauses  b e t w e e n  s t eps  of abou t  50 us ( r a n g e
10 to 100 u s ) .  These f i g u r e s  are wel l  e s t a b l i s h e d  (B e r g e r  l 9 7 ) .  The luminous front

: advances  at a speed of 5 x lO~ in/s  dur ing  one s tep , - m d  i t  is b e l i e v e d  (Uman 1969 ,
Chapter 7) that this rap id advance is possible only because some form of prexo nisation
has taken place ahead of the luminous front. This process is gen erally assumed to be con -
tinuous , because the electrostatic field changes associated with the developing stepped
leader  are r e l a t i ve ly  smooth (Schonland 1953) . The i m p l i c a t i o n  is t h a t  charge  moves con-
tinuously, even though the luminous channel shows intermittent brightening , wi th a very
brigh t new step added at the tip every time the channel is luminous .

The aircraft then is approached by a leader of radius 1 to 10 m (Uman 1969) whose
t i p  is m o v i n g  a t  i05 to 106 nt / s .  This is e q u i v a l e n t  to an ex t end ing  conductor  of hig h
potential with respect to ground , typ ica lly abou t SO MV.

It is of great interest to determine the time scale on which the electric field at
the a i r c r a f t  s u r f a c e  r i s e s . The t h r e e — d i m e n s i o n a l  p r o b l e m  is s o l u b l e  in p r i nc i p le , bu t
results so far reported have been only two-dimensional treatments (James and Phillpott
1 9 7 1 ) .  F igure  2 shows two a p p r o x i m a t i o n s , a c i g a r - s h a p e d  ‘ f u s e l a g e ’ w i t h o u t  w i n g s , and
a ci ga r -p lu s -d i s c  model to o b t a i n  an upper l imi t  f o r  t h e  e f f e c t  of wings in reducing  the
f i e l d  a t  the t i p of the  f u se l age .  On the assumpt ion  t h a t  the charge  on the leader  is
S x iO~~ C/rn  ( B e r g e r  1977) and that  the rad iu s  of the leader is 5 m the p o t e n t i a l  at 500 in
distance is 33 MV . With decreasing distance thus potential changes only slightly at
first , assuming that the aircraft remains uncharged. This is a good approximation , because
the aircraft has a large number of sharp-pointed conductors at various points over its
surface which will discharge easily . Figure 3 shows the variation of voltage and stress —
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with distince and time , assu ing extreme values for the leader speeds . Significant
charges in the mean stress in the gap and in the stress at the nose appear when the separ-
ation is about 100 in. The mean stress doubles in a distance of about 30 in , or in a time
between 30 and 300 is for the fastest and slowest leaders .

The abso lute value of the stress will depend on the size of the aircraft and on the P
poten tial of the streamer. An electric field E of about 2.5 MV/rn at a conductor surface
is nece ssary before breakdown can occur; above this value ionisation overcomes attachment
and electron multi plica tion is possible. A minimum volume of air in which E > 2.5 MV/rn
is also required to sustain corona , because a success ion of electron avalanches must be
possibl e. From the figure the critical value of E will occur at the nose when the leader
is 20 in d i s t a nt .  I f  the range of leader charge values is 2 to 20 x 1O~~ C/rn (Fisher & 0
Plumer 1977) the range of values for the gap when corona can start at the nose is 10 to
50 in approxima tely.

An a l t e r n a t i v e  way of assess ing  the striking distance is used in considering the
protection of buildings from lightning . Golde (1977) uses the concept of a critical field
across the fina l air gap . If the mean stress is greater than 500 ky/rn for a negative
leader or 300 ky/rn for a positive leader then attachment will occur . From Figure 3 this
criterion gives a striking distance of about 50 in for negative leaders and 70 in for posit-
ive ins tead of 20 in. The range of striking distances for leaders of different charge
density is then 25 to 120 m approximately for negative strokes and even greater for the
rarer positive strokes.

It is clear from Figure 3 that the field structure close to an aircraft will be domin—
ated by the aircraft’ s shape. The approaching leader is large , S in in radius at a
d i s t a n c e  of at least 10 in when corona starts. The equipo tentials around the leader ,
therefore , have large radii of curvature at all posi tions except close to surface of the
aircraft. Thus to obtain an appropriate corona distribution around a model the equipoten-
tials in the test must also be of large radius on the  appropr ia te  scale.

3. DEVELOPMENT 0~ THE BA SIC TEST CONFIGURATION

Since it is desirable to encourage corona discharges at the model surface , the test
electrodes themselves should ideally be of large radius compared to the radii of curvature
in the model. One indeed can conveniently be flat , the earthed floor of the laboratory.
If the other is also made flat , it becomes d i f f i c u l t  to obtain a reasonable fraction of
strikes to the model and higher voltages must be applied. Thus the high-voltage electrode
is invar iably  a rod.

The breakdown of long gaps of given geometry depends on the waveform of the applied
voltage and also on the polarity , if the electrodes are of different shape . A standard
lightnin g impulse voltage waveshape has been agreed internationally to represent the
voltage surge on overhead lines that have been struck by lightning . It has a front time T
of 1.2 us and the time to half value on the tail ‘12 is SO us . This is described as a

4 1 . 2/ 5 0  impu lse , and it should be noted tha t is has nothing to do with the rise—time of
elec tric stress on conductors that are about to be struck by lightning . Another waveform
that has been defined represents the surge on transmission lines when they are switched
and is cal led the sw it ching  impulse voltage waveshape. It is a 250/2S00 impulse (as
defined in IEC Publ ication 60—2).

For a given gap length the breakdown voltage first decreases and then increases again
as T 1 is increased for 1 us. At the value of T where the breakdown voltage is a minimum
(about 150 us for a 3 in gap) the breakdown occu~’s at the peak of the voltage pulse. For
smaller T1 breakdown occurs on the tail of the pulse and for longer T1 on the rise.

Stud ies of long gaps have shown that a leader channel crosses part of the gap from
the rod electrode and that this leader has a corona region at its tip. The final jump ,
an acceleration of the leader toward the plane , occurs af ter the leader corona has reached
the plane . The spread of the corona radially is greatest when T1 is long,  above the• cri tical value for minimum breakdown voltage. Allibone (1977) reviews this work.

Exper ience with two-electrode gaps shows that a wider spread of a t tachment  points  on
the plane electrode occurs when the rod is positive (Meek 1970). Since the primary object
of testing is to identif y regio ns of low attachment probability , a posi tive rod-p lane gap
with a slow-rising pulse (T1 greater than 150 us for a 3 gap) is li)cely to be appropriate.

It  is interesting to note that this range of values of T is comparable with the rise
times expected for the electric field near an aircraft about ~o be struck (cigure a). It
is also close to the value of T~ found by Ruhl ing (1972) to give the best agreement between
model s t u d i e s  and f i e l d  obse rva t ions  of lightning strikes to ground structures and overhead
t r a n s m i s s i o n  l ines .  He used p o s i t i v e  impulses  of 125/1000 u s .

The magn itude of the voltage pulse should be as low as possible , because overvol tages
reduce the spread of attachment points (Meek 1970).

4. TESTS WI Th SIMP l IF IE D MODELS

When an isol ated conducting body is introduced into the space between two electrodes ,
t he  e l e c t r i c  f i e l d  d i s t r i b u t i o n  is m o d i f i e d  and the breakdown process may be affected.
Schaeffer (1072) investigated the effect of a ~ma 1l metal sphere placed betwe en large .
near-plane electrodes . Computations showed t h a t  the su r face  E - f i e l d  at the sphere was
a lways  very large . However , i-~n t y wh a,n th ~ p~~p h~ ri.~een the sp here and an elec trode was less
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t h a n  the  sphere r ad ius  did the  d . c .  breakdown vo l tage  f a l l .  He concluded that to
l’~crease the electric field at an isolated conductor did not allow easi~ r breakdown. It
is  neces sa ry  tha t  some source should supply charge f r e e ly  in to the reg ion of increased
f i e l d .

The sp read of attachment points over the sphere was not studied. It would he inter-
est i~ig to know how the spread changed with the position of the sphere; Phill pott et al
(l~ 75) examined this with a more comp lex model which still possessed cylindrical symmetry .
E-f ields were computed for the initial conditions (without space charge) when a disc with
a rounded r im  ca r ry ing  a short  c y l i n d r i c a l  post  was p laced  between the rod and p l ane
elec trodes of a 2 in and a 4 in gap. Two different pulsed voltages were applied: their
waveshapes were 1.2/40 us and 150/1600 us.

The c o n c l u s i o n s  w e r e :

(i) The pos ition of the model in the gap is critical. To obtain a
wide spread of attachment points the model should be isolated ,
not grounded.

(ii) Discharges across the lower gap restrict the spread of attachment.
Th is gap should be greater than or equal to 2.5 d , where d is
the  l a rges t  model d imens ion .

• (iii) The leader from the electrode must not dominate in the upper gap .
The upper gap should be greater  than or equal to 0.4  L , where L
is the gap separation.

(iv) A charge in scale of 2:1 for gap and model together produced large
d i f f e rences  in the spread of a t t achments , except for  negat ive long
fronted waves (150/1600 us).

(v) Long-fronted waves give a ~eider spread of attachment points .

(vi) The voltage applied should be such that there is a 90% p robabi l i ty
of fla shover  (V 90) in order to ob ta in  data reasonably  qu ick ly .

The recommendat ion ( i i i )  implies  tha t  the  upper gap should be at leas t  1.9 d , if the
model depth is about 0 .3  d.  The to ta l  gap is then 4 . 7  d , or 5 .5  d if the  model is
r o t a t e d  (as in mode l a i r c r a f t  a t t achment  t e s t s )  to include its grea tes t dimens ion with in
the  gap . In view of the lack of scaling of corona w i t h  d i s tance , i t  seems best to use as

F large a scale model as feasible.

Unwanted d i scharges  in the lower gap must be guarded a g a i n s t .  I t  is we l l  to support
t h e  model b y i n s u l a t i n g  tapes wh ich  l ie a p p r o x i m a t e l y  along equi po ten t ial  surfaces close
to the model ,  i n su la t ing  posts beneath may lead to surface t rack ing .

I t  should  be noted tha t  wi th  a long lower gap the a t t a c h m e n t s  benea th  the disc are
l ikely to be representative of attachments from long channels. With short lower gaps the
attachments beneath are dominated by the presence of the lower electrode , and Schaeffer ’s
results with the mid-gap sphere (1972) suggest that with a lower gap of 0 .5 d the w h o l e
b reakdown  process is affected . Attachments below are probably not val id  unless the lower
gap is much grea~ter  than th i s .

The c o m p u t a t i o n s  emphas ised  the importance of s m a l l  charges  on the mode l , w h i c h  cause
- 

- l a r g e  changes  in i t s  po t en t i a l  because it has very small capacity. The change in the
E - f i e l d  d i s t r i b u t i o n  over the surface is very g rea t , and the E— f i e l d  near the rim can be
r’,versed -~i~a to a~ ein~ . The theory assumes cylindrical symmetry , and ignores the
p~ — -~ ence of corona or leaUers froin the rod. In practice asymmetrical fields will U L L~~ L ..

~~~ TESTS WITH MODEL AIRCRAFT

5.1 Test Geometry

- The norma l arrangement is a rod-plane gap with a model suspended near the centre of
the gap. By rotating the model about the three cartesian axes the relative position of
the rQd with respect to the model takes the positions shown in Figure 4 if rotation s teps
of 15 are used. An addi tional plane at 45 0 to the yaw and p i t c h  p lanes  is some t ime s
added , giving a total of 66 positions (Stahinann 1970) . Somet imes  s teps of 300 s e p a r a t i o n

• are used to reduce the cost of testing (ICnoller and Plumer 1975 , Phillpot t et al 1975).

k
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Figure  4 - Rod position’i  r e l a t i ve  to model

The number of d i scharges  f rom each pos i t ion  is usually about 10.

The scaling and upper gap spacing is largely  beyond dispute , though there is some
divergence abou t the lower gap spacing . It is largely agreed that tests should be carried- -out with the model isolated from ground , but some authors accept a small lower gap as
giving good isolation while others use a large gap . The table shows typical choices and
reasons: d is the largest model dimension , L is the gap length .

Table 1 - Geome try of Model Tests

Author  Upper Reason for Lower Mode l
Gap Choice of Gap Gap Scale

Stahmann 1970 l.5d Results same
as longer gaps 1:40

James and Phillpo tt l.Sd Lightning leader - 1:30
1971
Phil lp ot t  et  al 1975 O .4 L  Labora tory  leader 2 .Sd  1:72

(l.9d) leng th -

Clifford 1975 l.5d Lightning leader l.Od 1:20/30/72
striking distance

Ilnoller and Plumer 1975 2.5 in Li gh tning  leader ~~~~~~ in 1:20
(2.4d) striking dis tance (2.4d )

The changes in sca le from 1:20 to 1:72 gave no sign i f i can t d i f f e r ence  in the work
reported by Clifford. The accuracy of the models varied , but this appears to be unimport-
ant. An accuracy of • 0.5 mm in a mode l 0.3 in long is acceptable in p r a c t i c e .

Generally the whole surface of the model is conduct ing , wi th  no accoun t taken of
insulating sections such as canopies or radomes. Conducting paint or foil over the surface
is sufficient.

5.2 Test Voltage Waveshape

The wider spread of attachment points observed with long wavefronts in two-electrode
gaps was confirmed for attachment to their simp le model by Phillpo tt et al (1975). Work
with a 1:72 scale model of a SAC 1-11 in which a t t achment  to low-probab i l i t y  areas was
studied was reported in the same paper. It was concluded that changing the waves shape
from 1/50 us to 8 5/3800 us produced no significant effect on the spread, in disagreement

• wi th the simple model results. Further , studies of the general attachment point distrib-
ution with SAC 1-li and US Tr ident  models c on s i s t e n t l y  underestimated the at tachment
p r o b a b i l i t i e s  to low p robab i l i ty  areas (compared to f l i g h t  experience) for  both wave shapes .

These a u t h o r s  r e f e r r e d  to some e a r l i e r  work  by Golde et al (197 1) w i t h  a 1 :72  model of
a (IS Trid ent. This showed that 1 to 2 us short-fronted waves gave attachment points at the • -
front of the tail plane fairing which were no t seen in flight . 200 ian long-fronted waves
did not show these attachments , that is , they showed a nar rower  spread of a t t achment s .  A • - . -

change in waveshape seems not to produce consistent results even with the same model air-
— fraft.

Reynolds (1975) reported work on 1:72 models of a SAC 1-11 and US Tr ident  ~w i t h  upper
- 

- - gaps from 0.35 to 1.4 in and with positive and n e g a t i v e  v o l t a g e s  from a 2 . 8  MV impulse - •

generator. He used 1/SO us and 85/3800 ps waveshapes at 20% above the 
~so 

level. Rod •

r
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positi’ rs ~CTe ~taced at 300 intervals in the roll , pitch and yaw p lan es , wi th
another added plane parallel to the roll plane and 300 forward of it from the model. The
strike s were divided into Axial (nose, tai l , fuselage) and Transverse (wingti ps, leading and
t r a i l i n g  ed ges , n a c e l l e s ) .  Tab le  2 shows the results compared to flight experience
reported by Perry (1970) and from Lockheed flight reports (1964).

Table 1 - Strikes to BAC 1-11 & H S Trident

Source % Dis tr ibu t ion of Str ike s
A x i a l  Transverse

Model Tests 67 33
F~ ight  Exper ience
(i) Perry 74 26

(i i )  Lockheed 70 30

From the data Reynolds deduced that one strike in 770 would go to a wing  lead ing
edge on these two aircraft , or approximate ly 1 in 1.6 x 106 flying hours , on a pess imis tic
bas is. The tests actually suggest that I in 6 x l066hours would be a be tter estima te ,
which fi ts the observation of zero strikes in 4 x 10 hours.

These resul ts are satisfactory , but the conditions under which they were obtained
encompass a wide range of conditions and involved a test series of 1300 shots in all. It
would be interesting to have a more selective test report.

Clifford (1975) in the course of a wide-ranging discuss ion of mode l testing quoted
results obtained in tests on the F4 fighter aircraft. These tests used a 1.5/40 ps wave ,
polar ity not given. A theoretical argument in favour of a short-fronted wave was presented
on the assumption that the leader velocity increased over the last jump . The experimental
res ults are compared with flight experience in Table 3.

Table 3 - Strikes to F4 figh ter

No se Wing tip Horizontal Vertical Fuselage
Stab il i s e r  Stabil i ser

Model Tests 33.9 32.5  12.7 11.1 9.8
(geometrical t)

Flight Experience 33.0 32.0 14.4 11.3 9.3
(% of Total Strikes)

The detailed agreement is extremely good . More information on the test techniques
would be valuable for comparison . Clifford commented that the influence of the generator
impedance is often ignored , and that the overvoltage applied is important .

The pulse voltage waveshape and overvoltage applied need a great deal of study before
any firm recommendations can be made on model testing. The influence of the generator
char acteristics also must be considered .

5.3 Streamering Tests

Stahmann (1970) reported that by using an arrested streamer discharge the regions of
low attachment probability can be identified in a few discharges only. Then the number
of pos itions of the electrode from which  attachment to these low—probability areas is
poss ible can be reduced to about 3. This assumes that only one small region of the circuit-
scrit,od sphere containing the probe positions can give s t rokes  to each low - probability
area. Reynolds (1975) found that five regions of the sphere could give strokes to the
wing root area of a Concorde model.

If al l the regions that can provide strokes to the area of interest on the model can
be ident ified , the streamering test can be useful as a quick way of -selecting the areas
of low attachment probability . Clifford (1975) pointed out that corona from earthed and
from isolat ed models differs greatly in character and in distribution A study of the
correlat ion between corona distribution ,strike distribution on models and strike distri-
bution on full-size aircraft would be valuable.

6. CONCLUS~0NS

Th e physical arr angement and dimensions for model tests are fairly well agreed. Pro-
v ided that a large lower gap is present all authorities would be satisfied with isolated ,
suspende d models of scale between 1:20 and 1:72 , hav ing a conducting surface and made to
an accuracy of • 0.5 mm. An upper gap of twice the model dimensions and a lower gap
sl ightly larger than this would be regarded as satisfactory (or even luxurious) by any

• worker in the field. Smaller gaps would be acceptable to most.
— S t r e a m e r i n g  t e s t s  would  be accep ted as ind ica ti ve of p o s s i b l e  a tta ch men t reg i ons i~~

the model is isolated. Strike point attachment tests would be needed to confirm the
res ults .
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Pho tog raphy  of the  spa ’ii.~ ~~~~ ~..u d l a e c t i d f f ,~~ preferably at right angles , and
inspec tion of the mode l surface are accepted techniques for determining attachment points.
Normal high-vol tage techniques for voltage and current measurements are also acceptable ,
and no diagnostic problems have required discussion .

The subjects causing disagreement among the exper t s  are the pulse  vo l tage wave shape ,
its polarity and its amplitude . Theoretical justification of any preference is difficult ,
and comparison with flight data for a i r c r a f t  of different size and shape is the only con-
vinc ing argument.
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QUESTIONS and ANSWERS

Fvom G. Dubro

Q — I should like to make two brief comments. First, I wou ld make comment on Dr Little ’s reference to Rühling observed
rise time data of 125 msec. believe this data comes from triggered lightning experiments with rockets. Indeed there is quest ion
whether such triggered lightning characteristics are adequately similar to natural lightning events, and hence j usti fication for ts
applicability to the long wave front tests for attachment is really Inconsequential. Secondly, this test has some controversy as related
to test set-up and operating parameters, i.e. gap spacing, rise-time, electrode configuration. etc. It seems to me that a sensitivity
analysis of these parameters would greatly aid the engineer in knowing what are the important parameters to control and the impact
on test results by varying one of those parameters.

A — With regard to the f i r st comment, the work of ROhling referred to deals with the protection of power linas and ground
installations, so that the conclusions he draws apply to natural lightning strokes. They support the use of lonq.fronted waves in
mode l aircraft tests.

I agree whole-heartedly with the second comment. More investigations of the test techniques to define the controlling
parameters are greatly needed.

B I OGRAPH I CAL NOTE

P.F. LITTLE

Culham t.aboratory, Abingdon.

He obtained his Doctorate at Oxford University, England, and spent five years as a research officer there afterwards. Since
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His research interests were originally in the field of plasma physics, but for the last four years he has worked on lightning protection
for aircraft.
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SUMMARY
High voltage laboratory generators exist which are capable of producing long sparks up to severa l meters in length. These long sparks are

often used ‘n conjunction with scale model aircraft to predict the location of light ning attachment points on new aircraft designs. The dis.
tnbution of attachment points recorded on the model is used to define lightning attachment zones on the actual aircraft. ThCISe tonal defin-
itions are used to determine the light ning threat for aircraft components and structures based upo n their location on the aircraft.

This paper discusses the equipment and procedures used to conduct model attachment point studies. It further evaluates the effects of
certain testing variables on the resul ts of the test. It will be seen that although uncertainties exist in the proper definition of some test
parameters, adequate agreement has been observed between the results of laboratory tests and actual lightning strike histories of numerous
aircraft to give confidence to the test. On that basis, a set of test parameters is defined for conducting engineering R&D tests on scale
model aircraft for lightning attachment point deternunations.

1. INTRODUCTION

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

A scale model lightning attach point study can assist in this determination. The study is ty pically pernorined by placing a conducthe
model of the aircraft in an air gap between electrodes of a higjs voltage ‘unpulse generator. The air gap is overvolted . causing a long spark to
propagate between the electrodes The spark is intercepted by the aircraft model, and the points on the model where the spark attaches
are recorded as possible lightning attachment points. The model is rotated in snsall steps through all three axes of roll, pitch and yaw, and
spark discharges to the model are triggered in each position. In this manner, lightning strikes to the aircraft from every direction are simulated.

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

In a laboratory attachment point study, the beginning assumption is that the aircraft will be struck by lightning, and that it will be
struck many times, ibis assumption is based on the fact that the model represents not one, but a whole fleet of aircraft flying for a period
of years in a full range of weather conditions. Therefore, whereas one particular aircraft in the fleet may receive no more than a few strikes
over its entire lifetime, when all of the strikes to all of the aircraft of that type in service are considered collectively, a statistically large
distribution of strikes to different points of that aircraft will eventually be accumulated.

UGH1’NING ZONES. Attachment point tests identify directly the regions on an a ircraft where lightning may initially attach. These
regions are designated as Zone I lsurfaces of the vehicle for which there isa high probability of initial lightning flash attachme nt ) .  Since
in actual fligh t the lightning arc channel may persist for large fractions of a second , an a ircraft struck by lightning may fly through the
stationary arc channel. This relative movement can result in an arc attachmen t point moving from an initial forward attachment , back over
the surtace of an a ircraft, th us exposing aft in.board sections of the aircraft to light ning currents. The regions of the aircraft over which the
arc may sweep in this manner are designated as Zone 2 surfaces of the vehicle across which there isa high probability of a lightning flash
being swept by the airflow from a Zone I point of initial flash attachment). Zone 3 includes all of the vehicle areas other than Zone 1 or
Zone 2 regions. Zone 2 and 3 regions are inferred from the Zone 1 regions identified in the model attachment point test.

TEST PHILOSOPHY. In planning a model attach point test, a number of questiona arise concerning various test parameters such as
model size, construction and accuracy, air gap spacing, electrode geometry , electrode polari ty, high voltage waveform, grounding of the
model and the number of d ischarges at each model orientation. It is difficult to specify these variables exactly , because a detailed know.
ledge of the mechanisms of propagation of natural lightning and the associated fseld.s does not exist. Furthermore, there is inadequate
knowledge about the propagation mechanisms of simulated lightning generated in the laboratory and, therefore, the degree of correlation
between laboratory and natural lightning.

Some disagreement exists, therefore, among lightning expert s and aircraft designers as to the usefulness of laboratory spark attachment
tests on models. Sonic workers feel tha t the lack of a rigorous theoretica l und er stand ing of all the mechanisms involved in lightning and —

laboratory sparks easentiafly inval idates the technique, except ass subject of further research. At the other extreme, since good agreement
seems to esist between in.tlight strike records and laboratory test results, the test is used by some worke rs as the primary basis for design
decisions. These workers feel that if spark attachments to Specific regions of a model aircraft cannot be produced In the laboratory test,
those regions on the actual aircraft can be considered to be safe from lightning strikes, Critical safety-oI”fligh t equipment may then be
placed in those regions with no provision ror protection, even though the equipment may be known to be vulnerable if struck,

Between these extremes of opinion, most workers feel that the test technique has value and is hel pfu l in giving a general fuel for the
probability of strikes to questionable areas. The issue then becomes the degree of conservatism which should be designed into the test
through the adjustment of certain test conditions which can affect the test results. As additional informati on is gained through continuing
lIghtning and high voltage research, it  is anticipated that the proper values of the test parameters will become better defined snd that con-
tidence in the laborato ry test will increase.

NATO UNCLASSIFIED   

- - . ._ . ..__ .__



L NATO UNCLASSIFIED
~LLABORATOR T~~TS TO DITRRMIPIE L ING ATTACHMENT POINTS

WITH SMALL AIRCRAFT MODELS (ENGINEERING TEST)
by

Don W. Clifford
McDonnell Aircraft Company
St. Louis, Missouri, 63166

SUMMARY

High voltage laboratory generators exist which are capable of producing long sparks up to several meters in length. l’hese long sparks are
often used n conjunction with scale model aircraft to predict the location of lightning attachment points on new aircraft designs. The dis-
tnb ut ion of att achment points recorded on the model is used to define lightni ng attachment zones on the actual aircraft, These zonsi deltas’
itions are used to determine the lightning threat for aircraft compo nents and structure s based upon their location on the aircraft.

This pape r discusses the equipment and procedures used to conduct model attachment point studies. It further evaluates the effects of -~certain testing variables on the results of the test. It will be seen tha t althoug h uncerta inties exist in the proper definition of some test
parameters , adequate agreement has been observed between the results of laboratory tests and actual lightning strike histories of numerous
aircraft to give contidence to the test. On that basis, a set of test parameters is defined for conducting engineering R&D tests on scale
model aircraft for lightn ing attachment point determinations.

1. INTRODUCTION

INTRODUCTION. The initial laboratory test used in the development of lightning protection for an aircraft is often a scale model
lightni ng attach point Study. It is important for aircr aft designers to know precisely where lightning may strike on a new aircr aft. It is
known that lightning initia lly attaches primarily to the extremities of the aircraft. Most attachmen ts are to wing tips, nose , horizontal and . -

vertical I’m tips and other protu berances such as antennas , probes or external stores. However, there are often questionab le areas on most
aircraft where a simp le examination is not sufficient to determ ine, with any confidence , whethe r lightning will strike the re or not. If there
is a questio n of attach m ent pro bab ility, then it is likely tha t the pro bability of an attachment there is low. However, where safety of flight
is concerned , even low probabilities must be considered. In such cases, more informatio n is needed for making important design decisions
regarding lightning protection. The placement of fuel vents, the incorporation of protecti ve measu res for composi te surfaces, and the rout-
ing and shielding of critical avionics wiring may be influenced by the location of at tachment points.

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

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

In a laborato ry attachment point study, the beginning assumption is that the aircraft will be struck by lightning, and that it will be
struck many times This assumption is based on the fact that the model represents not one, but a whole fleet of aircr aft flying for a period
of years in a full range of weather conditions, Therefore, whereas one particular aircraft in the fleet may receive no more than a few str ikes
over its en tire lifetime, when all of the strikes to all of the a ircraft of tha t ty pe in service are considered collectively, a stat istically ‘arge
distribution of strikes to d ifferent points of that airc raft will eventually be accumulated.

UGH TNING ZONES. Attachment point tests identify directly the regions on an airc ra ft where lightning may initially attach. These
regions are designated as Zone I Isurfaces of the vehicle for which there is a high probability of initial lightning flash att achm ent l. Since
in actual flight the lightning arc channel may persist for large fractions of a second, an aircraft struck by lightning may fly through the
stationary arc channel. This relative movement can result in an arc attachment point moving from an initial forward attachment , back over
the sur tace of an aircraft , thus exposing aft in-board sections of the sii’craft to lightning currents. The regions of tIme aircraft over which the
arc may sweep in this manner are designated as Zone 2 (su rfa. a of the vehicle across which there is a high probability of a lightning flash
being swept by the airflow from a Zone I point of initial flash attachment ). Zone 3 includes all of the vehicle areas other than Zone 1 or
Zone 2 regions. Zone 2 and 3 regions are inferred from the Zone I regions idrnt ified in the model attachment point test.

TEST PHILOSOPHY, In planning a model attach point test , a numbe m sf questions arise concerning various test parameters such ss
model size , construction and accuracy, sir gap spacing, electrode geomet ry, electrode pola rity , high voltag e waveform , grounding of the
model and the number of discharges at each model orientation. It is d ifficult to specify these varia bles exactly, because a detailed know-
ledge of the mechanisms of prop agation of natural lightning and the associated fields does not exist. Furthermore , the re is inadequate
knowled ge about the pr opag ation mechanisms of simulated lightni ng generated in the laborato ry and , the refore , the degree of corre lati on
between laboratory and natural lightning.
Some disagreement exists , the refore , among lig htning experts and aircraft designers as to the usefulness of laboratory spark attachment

tests on models. Some workers feel that the lack of a rigorous theor etical underst anding of all the mechani sms involved in li ghtning and
laboratory spark.s easenlially invalidates the technique , except ass subject of furt h er research. At the other extreme , since good agreemen t
seems to exist between in-fli ght strike records and laboratory test results , the test is used by some workers as the primary basis for design
decisions. l’hese workers feel that if Spark attachments to specific regions of a model aircra ft cannot be produced in the labor atory test,
those regions on the actual airc r’sft can be considered to be safe from lightning strike s. Critical salety-oI.flight equipment may the n be
placed in those regions with no provision for protection, even though the equipm ent may be known to be vulnerable if struck.

Between these extremes of opin ion , most workers feel that the test tech nique has value and is helpful in giving a genera l Feel for the
probability of strikes to questionable areas. The issue then becomes the degree of conservatism which should be designed into the test 

-throug h the adjustment of certain test conditio ns which can affect the test result s. As additional information is gained throug h continuin g
lightning and hig h voltage research , it is anticipated that the proper values of the test parameters will become better defined and that con-
fidence in the la boratory test will increase.
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EXPERIMENTAL VARIABLES. In viea~ of MM~ M~ I~ Ifa1~i~ oi4 tests may be relied upon to make importan t lightning
proteclion design decisions, the test should Ia .nna.rvativ. h~~t ~~~~~~~ l4sssible. The large number of laboratory variables which
must be considered, along with the uncertainties already mentioned, makes the establishment of a standard test procedure difficult. How-
ever , agreement has been reached on most aspects of the technique, with optional procedures defined in the principal areas of uncertainty.
Three categoncs of variables will be considered. They are:
a. the high voltage waveform ,
b. the test model, and
c. the test setup and procedure

TH E HIGH VOLTAGE WAVEFORM . The questions surrounding the proper choice of high voltage waveshape and pola ri ty are prob-
ably the most complex , and at the same time the most significant in terms of the effect of the choice on the results of the test. It has been
shown that the use of high voltage pulses with fast wavef ronts, such as the standard 1.5/40 wave 1.5 p5cc rise. 40 i.tsec decay I, results in a
limited distribution of attach points , mostly in high field regions. However, if slow rising waves arc used, such ass 200 psec rise t ime switch-
ing pulse, then the arc prop agation mechan isms are altered , and the arc tends to meander in an erra tic fashion. As a result, the arc attach-
ment points become more scattered, resu lting in a larger number of attachment points, including some at inboard regions. Since the model
attachment points produced by the slow wave are more scattered, the test is seen as being more conservative, thus producing greater con-
fidence that all attach points have been considered.

The latter point is certainly well taken, se long as the results are realistic. However , it may be possible, by adjusting the test parameters ,
to force laborato ry ann to attach to points where natural lightning might never attach. Design decisions based on such a test could result
in overdesigned protection or unnecessary and costly design compromises. Any unnecessa ry weight , cost or performance penalties, particu-
larly for fighter aircraft , must be avoided. Therefore , realism in the attachment point test is essential.

Fast rising waveforms have been used in most of the previous model tests, resulting in fewer attach points but good correlation with
flight experience. Extensive flight data are available recording actual ligh tning strikes to aircraft, but no strike attachments have been re-
ported to areas of aircraft which apparently would not be predicted by fast rise time simulation tests. Many instances of strikes on the
fuselage, aft of forward attachments, have been reported ; these attachments are pro ba bly swept strokes. However , no evidence of direct
strikes to inboard wing sections or similar low fie ld regions have been reported.

As a result of the waveform controve rsy, a doub le-optio n appro ach has been agreed upon by workers in the U.S. and Britain . Two test
waveforms have been defined for model attach point testing. The first is a fast -fronted waveform which is to be used for what is termed
“Fast Front Model Tests ,” The second waveform is a show rising waveform which is to be used for “Slow Front Model Tests,”

The voltage waveform for the fast front model test is a chopped voltage waveform in which flashover of the gap between the model
under test and the test electrodes occurs at two psec (±50%). The amplitude of the voltage at the time of flashover and the ta te-of-rise of
voltage prior to breakdown are not specified. Attachment points on models obtained by tests using this waveform are all automaticall y
designated as Zone I regions,

The voltage waveform used for the slow front model tests has a rise time between 50 and 250 sasec so as to produce a more erratic arc
- a ttachment behavior. It should produce a greater spread of attach points, possibly including attachments to low field regions. Therefore,

the test data obtained must be analyzed by appropriate statistical methods to arrive at the definition of Zone I regions. In other words,
some judgment must be exercised in interpreting the results of the slow front test, whereas the fast front test results are used directly.
Neither criteria for judgment, nor the “appropria te statistical methods” -to be employed in the slow front test analysis, have been specified.

THE TEST MODEL The definition of the model must include considerations of model size, model accuracy, and model construction.
The question of model size has generally been addressed on the basis of the max imum size which can be accommodated by the test facili ty.
Since the air gaps required between the model and the high voltage electrodes are generally taken as some multiple of the model size, the
upper limiting factor is the length of arc which can be generated. Arc length is a function of generator voltage , capacity and impedance.
Impulse generators used for attach point testing vary in size from about one to five megavolts, corresponding to arc lengths from about
two to seven meters. In order to maintain a total gap to model ratio of it least 2, 5 : 1 .  model sizes could not exceed 0.5 meters for the
smaller facilities. However , the larger facilit ies could accommodate modeis up to 2.0 meters in length.

It is difficult to define quantitatively the minimum model size acceptable. Generally, economic considerations will require that the
model size be limited to the least expensive size acceptable. It has been shown tha t the smaller the model , the more important the accuracy
of the model becomes, Surface irregularities or other imperfections may become a significant factor on very small models , whereas on
larger models , they would be insignificant.

Tests have been cc-’4ucted 1 on various size models of fighter aircraft , using a 1.5 Mv fast wave impulse generator. Essentially identical
results were obtained on 5%. 3% , and 1.4% models, although effec ts of flaws in the surface finish of the 1.4% model were noted,

Based on these consider ations , generally the scaling should be restricted to no lower than three percent , althoug h for large vehicles, it
may be reasonable to scale down to one-to-two percent without surface inegularities becoming a factor. On the upper limit , facility limita-
tions will generally restrict model scales to ten percent or lower.

MODEL ACCURACY. The second model factor, accu racy, was a lso addressed in the test series involving the three differ ent size models
discussed above. The five-percent model was an extremely accurate wind tunnel model with dimensions held to ±0.024 mm- The three-
percent model. on t Im e other hand , was purchase d commercially as an accurate plastic model. It was painted with a conductive paint and
then electrop lated with ii 0.13 mm nicke l coating. An extensive attach point mapp ing was conducted on both m odels wit h idci i t lcal re sul t -c.
The accuracy iif she l ilas t ic inwk.’l ifter plating was estimated to be abou t ±0.5 nim sin the imiold h u e s .  Some Inbo ard su r fa ce det ail was not
reproduced ‘in the pl as tic model. but no arc a ttach m ent was observed to those details on the accur ate mode l . It  was, there fore , decided
tha t extre me model accur acy is not necessary, althoug h the tolerance on mold line accuracy becomes more critical on smaller models. In
the referenced tests, it was determined tisat a ±0.5 mm toleran ce is accepta ble on a model 0.3 meters long.

MODEL CONSTRUCTION. The questio n of model construction arise s from both economic and technical considera tions. For example.
the intricate solid metal models built (or wind tunnel aerodynamic studies can be used for model testing if they are available. Otherwise,
they are unne cessaril y expensive and usually too heavy for convenient attach point testing . Sufficiently accurate models can be con-
st ruc ted fairly inespen suve ly by compari son. Since the hig h voltage :irc s used for attach point testing are relatively tow current and low In
energy con t ent, only a thin ,n ct alh i,ed coating of a few tenths of a millimeter is required on nonmetallic models. Care should be taken to
ensure th at large nonconducting surfaces on the aircraft are also noncondu cting~on the m odel.

TH E TEST SETUP AND PROCEDURE. 4itf pA~~9~9t~~ 9(/ 2 c ~ w!Ilp a4d procedure , the variables of electrode geometry, polarity,
air gap spacing and model position in the ~aPf anti?th theYb ~~ 4é~s ~

(I( bej considered .
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ELECTRODE GEOM ET RY. Although rod—to-rod and rod to p lomie trode geometrmes have been used to r  model studies , a rod /
plane geometry is generally chosen with the rod representing the oncoming stepped leader and the plane representing the opposing diffuse
char ge ven ter. However , if an adeq uate spacing is maintained between the ground electrode and the model, the irregular field distribution
for the two geometries would likely be indist inguishable at the model.

~lR GAP SPAC IN G . The qu estion of air gap spacing between model and electrode hat been addressed empirically by St ahmann 2 and
somewhat more analytically be James and Philpott3. Stahm ann concludes that time gap spacing should be the mnm imu mn gap for which no
variat ion of attach point behavior occurs with further spacing. Th is approach log ically removes gap spacing as a variab le, unle ss other scat- -

ing consideratio ns indicate that the gap spacing should be less than th is minimum empirical value. In practice . Sta lsmann ’s minimum gap
works out to be about 1.5 model dimensions, which trans lates to about one to three meters for the range of model sizes generally used .
Using calculated field strengths and var sition s in field strength with dista nce of the stepp ed leader from the aircraft. James and I’hdpott
confirm that a primary air gap to model dimension ratio of 1.5 to one can be used . The calcu lated stress does not rise signifi can tl y fo r
distances between leader and aircraft greater than 50 meters. Using the scaling factors quoted for the aircraft model, the 50-meter value
would scale down to a few meters for the test gap.

Consideration of model to ground plane spacing has received less attention , with the distance nominally set mt one model length ass
safe value. This setting is most likely deduced from mirror image considerations in the ground plane. However, in addressing the question
of grounded versus ungrounded models, field measurements and calculations by Shaeffer 4 indicate that the model can be located some-
what closer to the ground plane without affecting field distributions between the model and rod electrode.

On the other hand, high voltage arc attachment experiments to simplified geometry test articles mounted on an insu lated test stand were
reported by Phil pott . et .al.5 In those experiments, var iations in the model to ground spacing up to 2.5 model dimensions resulted in
changes to the attachment distribution. Consequently . some workers prefer longer model to ground gaps. For standard te sting, the model
to ground spacing is specified to be in the r ange of one to 2.5 model dimensions.

NUMBER OF SHOTS. Both Stahmann 2 and James and Philpott3 have attempted to define the number of strikes from each position
in order to ascertain low probabil i ty levels. The approaches differ fundamentally, in that St ahmann assumes that ten strikes from a g iven
electrode position will adequately identify the possible attach points from tha t position. Probabilities of lightning attachment to each
point are then determ ined by the ratio of the solid ang le throug h which strikes may come to attach to tha t point , to the total 4ir ang les
possible. In other words, a sphere surface is defined with the model at the center and with a radius defined by the high voltage electrode
spacing. Then the probability of lightni ng striking a designated point on the aircratr is the ratio of the surface area on the sphere defined
by electrode positions which will allow strikes to the point , to the total su rface arra of the sphere. With tlsis approach . Stahmann used only
a total of 30 shots to establish a to”~ probability of strike to a given model region.

By this definition, if no electrode position is found fro m which arcs w ill strike a designated point (or area , using no more than ten arcs
per position, then the zone is considered to be safe with negligible probability of lightning strikes. The number ten is arbitrary, but is a
reasonable limit for a test program where numerous electrode positions may be required for a full vehicle mapp ing. James and Ph ilpott
have suggested that 100 shots at each position may be necessary to establish less than a one percent strike probability. For Engineering
Test purposes, the specification calls for three to ten shots at each position.

ELECTRODE POLARITY . The choice of electrode polarity can influence the results of the attachment point test. A positive high
voltage electrode will produce a more erra tic arc propagatio n and , therefore , a greater distribution of attachments. In actual lightning
conditions, it might be argued that since the stepped leader (at least in cloud-to-ground dischargest carries negative charge in the great
majority of cases, then the laborato ry H.V. electrode should be of negative polarity. However , the question of the degree of conservatism
desired again enters into the consideration. I t is generally accepted that the influence of electrode polarity is smaller than the influence of
the high voltage waveform , and is. therefore, of only secondary concern. Perhaps, in order to add a degree of conservatism to the fast
front test , a positive electrode polarity has been accepted as the standard polarity for both tests.

SUMMARY. Model attach point tests are often used to predict ligh tning attac ls points and swept stroke lightning zones on new aircr a ft.
These tests are used to determine attach point distribution probabilities and to determine safe or shielded areas where vulnerable systems
may be located. For non-safety-of-flight equipment , strike point testing can define economic tradeoffs where maintenance and repa ir costs
can be weighed against the problems of incorporating additional protection.

Concerns over test variables affecting the results primarily revolve about the high voltage waveform. Some investigators prefer the mm-se
of slow waves with rise-times on the order of hundreds of microseconds, coupled with positive polari ty high voltage electrodes. Each of
these is calculated to produce a more conservative test because of the wide scatter of attachment points produced. However , since no
lightning strikes to airc raft in flight have been reported to regions of aircraft other than those which might be indicated by fast wave model
tests, either fast or slow front waveform tests may be used . The slow waveform test results must be inter preted carefully in the determ ina-
tion of Zone I regions on the airc ra ft.

Extreme model accuracy is not critical as long as the model is large enough to mask small imperfections in the finish. Either rod-to-rod
or rod-to -plane electrode geometries can be used if the model is removed from the ground electrode by one model length. Spacing betw een
the model and H. V . electrode is taken to be 1.5 model length s. both from empirical and analytical scalin g considerations.
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QUESTIONS and ANSWERS

— From J. Taillet
0 — Have you observed , in the model tests, any strik es in absence of streamers from the aircraft model ?
A — No , we have not. However, in the normal procedure of conducting arc attachment tests , the intensity of the arc channel

precludes the observation of pre ion izat ion events , such as st reamer ing, on the photographic records. In situati ons where we have
photographed streamering activity f rom a model , and then have separatel y conducted arc attachment tests, the arcs have always
attac hed to points on the model where st r eamering activity was observed to be the most intense. Such studies are rathe r few in
number , however, and a more exte nsive investigation would be required to state conclusively, on t he basis of experimenta l evidence ,
that arcs never attach to a model in the absence of streamers. However, the labo ratory evidence that we do have ~5 Consistent with
our understanding of the process of natural lightning attachment to aircraft in flight. That is , the intense electric field produced by
the oncoming stepped leader causes localized air breakdown (corona) at the highest field regions on the aircraft. As the field continues
to increase, streamers propagate ~oward s the oncoming leader , balanced electrically on the opposite side of the aircraft , by streamers
of the oppos ite polarity propagating towards ground or the other char ge center. When the stepped leader contacts the streamer from
the aircraft , both streamers and the aircraft become an extension of the stepped leader so that when the arc channel path is complete,
the return stroke current will  flow throug h the points on the aircraft where the primary streamers initiated . Those points are what
we call arc attachment points.

2 — Fro m A.W. Br ight
0 — t would imagine that areas of intense ionization , such as static discharger points , would have a considerable influence on the - -

locat ion of lightning attach ment points on large aircraft. When maki ng model tests on l arge aircraft , is any attempt made to simulate
the influence of static dischargers

A — To my knowledge , no one has attempted to account for the influence of static dischargers in a model test . One reason is
that it would be difficult to sca le an 8-inch long, 1/ 4.Inch diameter discharger on a 1/72 scale model. It would be imperceptibly small.
Another rea son is that the static discharge r points are resistively decoupled from the aircraft structure so that the charge available to
teed streame rs is limited by the series resistance of the discharger. However , if the field at the discharger is high enough , a st reamer
fr om the main structure may flash over the resistive shank and lightning may strike the discharger. However, flight experience has shown
that strikes to static diachargers are not frequent , so it is assu med that the ir influence on the arc attachment process is not a ma~or
concern.
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SUMMARY

When an airc ra ft is struck by lightning in fligh t , the aircraft m a y  fly through he stationary arc channel whmch often persists for large frac .
floats of a second. Consequently, the lightning attachment point appears 10 traverse the sumlace of the airc ra l t. carri ed by the wind ~tr eam.
11th dynamic sweeping effect results in lightning attachment to surfaces of the aircraft which would not be struck d irectly The natu re of
the sweeping action and the damage produced by a swept stroke can be simulated by testing. Various techniques have been employed . to
either move the test surface throu gh a stationary arc or to blow the ionized arc channel over the test su rface . This paper descri bes the swept
stroke phenomenon and important test parameters in swept stroke simulation. The importance of test article configuration , air flow . dee-
laical current characteristics, and the behavior of high-cunent arcs is discussed.

1. INTRODUCTION

1.1 THE MOVEMENT OF AN AIRCRAFT THROUGH A UGHTNING STRIKE. Figure I summarizes the work of Cianos and Pierce, ’
which shows the essential parameters of a typical lightning strike as a function of time. In this model , an initial peak current sp ike up to
200 kamps lasting 100 ~asec is followed at intervals by lower level restrikes of the same general shape. i.e.. very fast rise, slow decay. Some
strikes may die out very slowly — these long surges carry heavy currents arid a large transfer of charge. Since the current doesn ’t d ie out
completely between resisikes, the arc channel remnaim is ionized so that restrikea follow the same path as the initial strike, Figure 2 shows a -
sunphuied lightning current waveform having all the strike components condensed into a single composite waveform . The initial high-peak
current pulse is folLowed by intermediate ~nd continuing current serges, and the stroke is terminated by a high-peak current restrike.
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~SSTim. to Half Value -40 us

200 -

Continuing
Current
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Figure 1 - Mode l of Natural Lightni ng
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1.2 LIGHTNING ATfACH POINT Zor’I1ES ON AIRCRAFT’. The study of vnam c interactions of lightning arc channels with aircraft

in flighm has led to a definition of aircraft zones Issued on tame contlgurat.on o he aircraft .2 Zone I is defined as the high-electric field re-
gions around the extremities whets lightning can initially attach. Since the initial high-current spike lasts only microseconds, it will affect
only the direct att ach point. Zone 2 is defined as the surfaces aft of the forward direc t attach points where the decaying arc channel could F
sweep, and thus expose mhese regions to ligh tning cu rrents occurrin g.after the initiil high-current spike. Zone 2 ie commonly referred to as
the Swept Stroke Zonc, and is where many potentially vulnerable safety ’of-fli ght structures are located . Zone 3 is defined as those sectiinss
of the aircraft where lightning will not attac h at all. However, lightning currents may pass through Zone 3 structu res enroute through the
vehicle. The three zones are deterinimsed variously by simple inspection , analytical or labora tory techniques which genera te electrostatic 

- -
- field distributions, os finally by lightning attach point tests on models.3.4’5 Figure 3 illustrates the zonal regions on a commercial aircraft.

L~~J Zone 3CurrentT r ans~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fi gure 3- Typical Aircraft Lightning
Strike Zones

l.3 EFFECTS OF UGHTNING ON AIRCRAfT. The damage effects of lightning may vary from zone to zone on an aircraft. The
simplified lightning current model in Figure 2, and the zone definitions just d iscussed , lead to the conclusion that only current components
B. C. and D will be experienced in Zone 2. Since th is paper deals with testing in the Zone 2 swept stroke regions, lightning strike compo-
rents and related effects which may be experienced in Zone 2 will be discussed.

1.4 INTERMEDIATE CURRENT COMPONENT. The intermediate current component may be associated wi th either an initial strike
or a res trike; therefore , it can be experienced in either Zone I or Zone 2. Many design applica tions mus t be concerned with this compo.
nen t. Although the maximum current is much lower than the initial strike or even the restrike, the duration is much longer, being measured
in milliseconds. The dama ge is characterized by heating and bum’through. rather than exploeive vaporization as in the case of high-peak
current spikes. Therefore, the current magnitude amid duration are the critical damage parameters which must be closely simulated. The
fmve-msec time duration leads some workers to feel tha t the heating rate may be affected by aerodynamic flow over the surface, producing
a cooling action , However, data from sled tests6 indicate no significant differences exists. Still, intermedia te current testing may be con-
ducted with moving air if unacceptable results are obtained in static teats.

1.5 CONTINUING CURRENT COMPONENT. The continuing current component is much like the intermedia te curren t component .
Both produce effects similar toa high-current arc welder, in that they are essentially current surges of several hundreds of amps which may
con tinue for large fractions of a second : the difference in the continuing and intermediate components is the current amplitudes and the
time intervals over which they are applied. The continuing current component is very damaging when allowed to concentra te all its energy
at one point. A few hundred coulombs of charge may be transferred and the heating effect is great enough to burn through thick metal
panels if the arc remains attached at one spot. However, because the aircraft is moving, i t is unlikely that the arc will remain station ary at
any one poin t in critical Zone 2 reg ions long enough to deposit more than a few coulomb a of charge at that point. The question of how
long the arc will remain attached at a single point is addressed by the dynamic swept str oke tes ts described in this paper.

1.6 HIGH-CURRENT RESTRIKE. The final componen t is the high-current restrike which is like the initial high-cu rrent str ike, except
that the magnitude is one-half (100 kampa) and the energy Content is lower (0.25 x 106 amps2sec). The paramete rs which must be pro-
duced and controlled in a high-current minks sinwlation test are: (1) peak curren t magnitude, (2) pulse width (energy Content referred to
as 1 2t). and (3) in some tests, curren t rate-of-r ise. High currents produce magnetic forces and resistive (explosive) heating and voltage
gradients which are direct functions of current level. The time in terval over which the magnetic forces act and the to tal energy dissipated
in the test article are functions of the pulse width. Current rise time ma~ affect ~,itern al sparking and the concentration of damage in re-
sistive materials , but is normally less significant than peak current and Ih t. However, the restrike rise time is very critical whcn evaluating
nonconductive surfaces or dielectric protection systems in swept stroke teats, becaine it governs the inductive vol tage gradient along the
arc channel.

2. OBJECT IVES OF DYNAMIC SWEPT STROKE LIGHTNING SIMULATION

The primary objectives of the dynamic swept stroke test are : ( I )  to determine current dwell times on conductive surfaces, and (2~ todetermine restrike-produced reattachmen t on dielectric covered surfaces. Airflow may a lso be used to determine the effects of aerodynamic
cooling on long duration bu rning damage results, but this is not considered ass primary objective of swept stroke tests.

2.1 DWELL TIME TESTS. Continuing Current arc dwell mimes in a swept stroke zone are important because it is known that the total
continuing curre nt compo nent can bun, th rou gh normal thickness metal ikini. However , if i t can be shown by tests mhst under airflow con-
ditions the arc dives not dwell in omic place long enoug h to cause sign ificant damage at that point, then it can be argued that the system is mafe,
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‘The swept stroke dwell time test should ca sc t ~d ~~~~~~~ ~~~~~~ ~~~~~ ins current levels in order to accurately reproduce arc attach-
ment .usd arc damage effects. I t is also necessary to realistically simulate the aerodynamic interaction of the aircraft surface with the arc
channel.

2.2 DYNAMIC RESTRIKE TESTS. The restrike is only import amit in a swept stroke test when c’ nsideri n~ a dielectri c surface. For con-
duct ive surfaccs , it should be assumed that a restrike may occur anywhere in a swept stroke wile. Thu is tru e because the restrike will al-
ways generate enough voltage along the arc channel to cause a reatt achment if the arc is distended at all over a conductive surtace. There-
lore , an actual swept stroke test is not necessary to determine restrike attach ment on metal surlaces: the damage effects of a restrike arc
can be evaluated with a static damage waveform test at the worst-case location on the test surface .

Based upon some laboratory investigations, it has been proposed that critical Zone 2 surfaces may be p rotecre’i from lightning by cover-
ing them with a layer of insulating material. Good dielectric films bonded to the su rface may prevent the arc channel from attaching to the
protected surface. The arc would presumably jump across the protected surface to reattac h on the other side. Its other cases. mionconduct mng
structural materials, such as fiberglass may be employed in a Zone 2 region, beneath which c - ~ticat component s may be located.

For dielectric protec tion systems, or for unpro tected nonmetallic structure s, a restrike situa tmom , is the wors t -case condition for puncture.
The vol tage dro p along the arc channel is gr eatly increased when a restrike occurs, If the dielec tric strength o the surface is not sufficient
to withs tand the restrike potential, the arc channel will puncture the dielec tric coa ting and attach to conductive structure beneath.

The restrike test does not necessarily require an accurate simulation of the heavy con t inuing current component of a lightning strike:
however , there must be enough continuing current flow to ini tiate the arc and sustain it unti l  the restrike is tnggered. Not every natural
lightning stroke includes a heavy continuing Current component , but most do have restr-ikes. even if there is no substantial continu ing
component.

In order to produce re~ti~tic restri ke voltage gradients in the arc channel , a full magnitude 100 kA po ise rising to peak in two ssec or lcs~
should be used. The rate-of-rise of the voltage at the output of the restrike generator should be very rapid , at least 1 000kV per microsecond.

The restrike current waveform can be low in energy Content because the objective of the test is not to determine damage, but rather to
determine the possibility of dielectric puncture, which i sa  voltage phenomenomi. When return stroke currents begin to flow, the voltage
generated in the arc channet is the sum of the resistive and inductive contributions iR + Ldi/dtt .  Therefore , the peak current . i. an4 tIme
current ra te of change. di/dt. must be accurately reproduced. The Rand L factors will be simulated adequa tely if the aerodynam ic aspects
of the test are accurate.

In practice , it is not always possible to produces full 100 kamp. tw o-~ssec restrike waveform for swept stroke trsting. Very large and ex~pensive generators are required , However , for engineerimsg purposes, lower current levels can be used and the results can be extrapolated to
the full threat level.

By using a low-energy restrike waveform (low 12t). many tests can be conducted on the same test article because the arc produces little
damage to the seat surface. ‘The restrike pulse is timed to occu r at preselected positions of the arc channel over the surface by using separate
trigger pulses to initiate the continuing current and the restrike. The restrike trigger can be electronically timed to occur (usually 2 to 20
marc after arc initiation) when the knee of the arc channel is over the middle of the test area . Th e  maximum span which can be protected
wi th a given dielectric system is then determined by increasing tIme size of the arcs of the test surface until  the restrike pu nctures the surface,
rather than following the ionized channel back to the forward attach point. If reduced current levels or slower rate.of-rise restrikes are em-
ployed, the size (or the span ) of the safe area must be extrapolated (reduced) accordingly.

3. APPROACHE S TO GROUND .BASED SIMULATION OF SWEPT STROKES

A nu mber of techniques have been employed iii attempts to si m ul ate tIle effects of Ii glumrmiim g sweepi ng across aircraft surfaces . For the
pu rpose of discussion, these techniques can be divided into the cagetones of: ( I )  movin g test artic les and (2) moving arcs,

3.1 MOVING TEST ARTICLES. It seems logical that the moat realistic way to simulate swept strokes would be to mode a tes t sur face
through an arc cha nnel , as an aircraft moves through the stationary lightning channel, However , since full-scale sum’f.~ces are required to real-
istically measure dwell times or arc skip distan ces, and since actu al aircra ft velocities are also required , a n immediate proble m is encountered,
Only hi gh-speed sled test facilities offer a reasonable possibility for such a full-scale, high-velocity test, However , because of the expense
and logistical complexity of this approach , only one such test series has been conducted . Reference 6 reports the results of a series of swept
stroke tests conducted by Culhans Labora tory in the U.K. at the Royal Aircraft Establishment (Far n boroug hl. The sled was used to carry a
simulated wing at speeds up to 160 mph through an established continuing current arc channe l. Arc dwell times were measured on Vari ou s
surfaces and materials with different boundary layer condi t ions. No at tempt was made to conduct restrike tests.

Another notable attempt at moving a test surface through an arc channel is reported in Reference 7. This test differed from the Brit ish
sled test in two ways. First , much slower velocities were employed because the test article was mounted on an automobil e whose velocity
was limited by the confined test area. Velocities around 40 mph were attained , Secondly, the test was basically a restrike test rather than a
dwell time test. The generator used was a high-voltage AC transformer which produced a rapid series of long sparks (up to eight fret), some
of whic h followed the ionized channel produced by the preceding arc , and some which did not. The tech nique was used to evaluate dielec-
tric structures such as fiberglass fuel tanks for swept stroke punc tu res.

Attempts have been made st moving small tes t su rfaces through arcs in the laboratory by using rotary devices, but the results are diffi- - .
cult to interpret and to scale. These difficulties, coupled with the. severe limitations of the approach , have resulted in very few attem pts to
utilize it,

3.2 MOV ING ARC CHANNEL , Two approaches to moving arc channels hav e been emph.ive d. A mnagneti c ;ills ’4 r ive n arc ha,s been crn~ployed in the U.K 6. whereas most of the  s t 5Uu~t mrs~~g us th. U ~.har mptn~ed wind tunnels to produce windb lown .,rcs. t 9  The
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wind tunnel approach has obvious advsntag~s in being able to tim,.Iatp the ue.’Adynamic conditions, whereas the mag, etlc technique req u ires
no wiiid tunnel with its accompanying facility complications. Arc dwell times reported from the magnetic test have been reasonably con-
swten t wi th values observed in fligh t and in wind blown arc tests.

The other technique , which has been employed in the U.S.. uses wind tu nnels to move the arc over a stationary test surface. Wind tunnel
desigo and aerodynamic model testing of aircraft are well developed technologies. Extensive correlation exists between wind tunnel test re-
suIts and actual (light behavior. II can, therefo re, be assumed tha t the re are no inherent limitations in the accuracy of the aerodynansic
simulation using properly designed wind tunnels. Essentially, only the frame of reference is reversed. The arc channel moves with the sur-
rounding air and is. therefore. sta tionary with respect to it, which is a realistic condition. Therefore, a properly designed wind tunnel swept
stroke test should be able to produce a fully realistic simulation of the interaction of a lightning arc with a moving aircraft. The details of
the wind tunnel approach with examples from the facility a( McDonnell Aircraft Company (MCAIR) in St. Louis are discussed In the
following section.

4. DETAILS OF WINDBLOWN ARC TESTS

The arc channel sweeping motion and reatiachmen* behavior on a moving aircraft will depend on several factors, including the aerody-
namics of the flight vehicle, the material properties of the swept surface, and the dynamic electrical properties of (he lightning arc. Aero-
dyna mic properties of the fligh t vehicle include velocity of flight , angle-of-attack , and aerodynamic configuration of the surface in question.
The material properties include ty pe of material and surface finish, i.e.. surface conductivi ty , whether the ~udace is sm ooth or rough,
pointed or unpainted . If the material is a dielectric , any conducting materials in the vicinity, such as wiring, plumbing, or metal edging, may
also affec t reattachment behavior. The dynamic electrical properties of the arc include the conductivity, current density, the extension of
the arc from previous attachment location, the time of occurrence of restrikes, and the rate-of-rise of the restrike current. This large num-
ber of variable which must be controlled in order to have s realistic test requires close attention to detail In order to make the test meaningful.

On the basis of an evaluation at MCAIR, it was determined that the windblown arc with a high-current restrike is by far the best avail-
able simulation of a swept lightning stroke. It must be noted, however, that the windblown arc test can be invalidated by the improper de-
sign or control of several test elements. There are four basic elements to the windblown swept stroke test. They are~

( 1 )  The, test article
(2) The wind source
(3) The continuing current simula tion
(4) The restrike simulation

A block diagram of a system comprising these elements is shown in Figure 4.
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Fhgure 4- Simplified Schematic of Swept
Stroke Lightning Simulator

4.1 THE TEST ARTICLE. For simulation tests directed to the evaluation of a specific aircraft surface , surface charac teristics of the
tea t ar m mc le should be a fai thful  representation of the corresponding aircraft properties. In p ort icu l ar. surface composition , finish, and irregu-
larities can affect arc movement across the ,rfare The t~~m mrmiele Imlif 1w 1a9~e enough to evaluate the arc behavior of interest, Dwell t ime
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tests can be conducted on panels four feet or more in length along the direction of wind flow. The panels should be at least one foo t wide.
Multiple test nina should be planned because of the random nature of arc attachment behavior. Several tests can be conducted on the same
test panel if it is two to three feet In width.

Restrike tests may require longer panels, six to eigh t feet in length. The magnitude and rate-of-rise of the restrike deternsine the amount
of scaling required to relate the test results to the severe lightning case. The amount of scaling required may be a factor in determing the
panel size.

Flat panels should be appropriate for worst-case tests since boundary layer thickness is not expected to play a major role in arc reattach .
ment. For all practical purposes, air movement within boundary layers ove r critical surfaces will be turbulent. Theref ore , are channel s dis-
tended within the boundary layer, regardless of its thickness, will be in virtual contac t with the test surface at all poin ts along its length.
Consequently, a flat panel mounted flush with the floor of a laminar flow wind tunnel will accurately simulate arc attachmen t behavior for
any practical angle-of-attack or air foil curvature.

4.2 THE WIND SOURCE. The wind source is extremely importan t in this type of test. The turbulence produced by rotating fans or
blades must be eliminated in order to produce the smooth lamin ar flow environment which is essential to useful simulation. Any turbu-
lence which would distort the arc channel and prevent it from lying smoothly in the thin boundary layer against the test surfac would
nullify the test results since the objectives of the test are a direct function of the arc reattachment behavior. Turbulence can be reduced by
the use of a stilling chamber through which the air can be expanded and then contracted again to produce the desired airflow conditions.

Screens and vanes can be added in the chamber and ducting to further reduce turbulence. At MCAIR, tests conducted with a centrifugal
blower producing turbulent flow were compared with the results of tests conducted in the new swept stroke facility which produces very
good laminar flow, Comparative still photos of the two conditions are shown in Figure 5. Dwell times are invariably longer in the turbulent
case. An examination of the high-speed movies show that turbulence often causes the arc channel to twist about and close upon itself,
forming a new current path upstream of the original arc channel. The photographic comparison also makes obvious the distortion of the
arc channel in the turbulent case and clearly illustrates the necessity for laminar flow.
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Figure 5-  Swept Stroke Lightning Teat (lop) Turbulent Air Flow (Bottom) Laminar Air Flow

The veloci ty of the win dstream should be representative of landing speeds of the aircraft under study. Too fast a velocity will produce
shorter dwell times and not be representative of worst-case conditions. Too slow a velocity will produce overly severe results and could re-
stilt in an overtest.

The M DC swept stroke air supply is generated by an Allis Chalmers Model 1007 compressor which produces a mass flov of 65 lb)sec,
driven by a 3000-hp electric motor. The air is expanded into a screened 400-cubic foot stilling chamber , and then contracted by a ra tio of -

18: Ito exit into the atmosphere through a 12 x 30-inch rectangular nozzle, The large contraction ratio results in a windstream that ex-
hibits very good laminar flow characteristics over the length of the test article. Conventional low-speed wind tunnels require a ratio of at
least 7:1, However, for true laminar flow , a ratio of at least 16:1 is required.

The windstream velocity at the nozzle of the MCAI R tunnel Is continuously adjustable up to 250 knots and is stable at a given velocity
to within 0.5 knots. The velocity profile across t~se windatreamisas been mapped at variou s distances downstream from the nozzle, out to
7.5 feet. It can be seen rrom the curves in Figu i4 6 and 7 tha t the centerline velc~ify degrades less than six percent over an eight-foot
long test section , and the windatream ~~~~~~~~~~~~~~~~~~~~~~~~~~~ pj rcent .
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5. HIGH CURRENT GENERATORS

5. 1 TH E CONTINUING CURRENT SIN U LAflON. The contl ituing cu rrent arc simulation is a t’airly straightforward . since all that is
required is a reasonably constant DC current of a few hundred amps with enough voltage to Sustain the arc, even though it may be stretched
ou t to several feet us length. The tatter requirement generally rules out batteries or a DC gcnerator . u nless a large induct ive clamp is em-
ployed. since the oltage required is thousands of volts and the result ing steady-slate wattage requirements are prohibitive. A large capacitor
bank can store sufficie nt charge to produce an RC decay lasting over several tens of milliseconds with a driving voltage of several thousands
of volts. However, it is important that the curren t not decay too quickly, since the dwell time behavior is a direct function of the current
and resistance in the arc , A decay constant of at least 100 milliseconds is desirable , If the current is allowed to decay too fast tbecause of a
capacitor bank with insufficient capacity), a less than realis tic voltage drop will be produced along the arc channel of the important down-
stream portion of the test panel. Consequently, the arc may tend to stay attached to a forward poin t until extinguished, without reattach-
log or sweeping the full length of the test section.

In the MCAIR facility, the tine wire used to initiate the arc is vaporized by switching on the continuing current source. After initiation,
the arc is sustained at about 400 amps by a 240-kilojoule capacitor bank discharged through a high voltage resistive element which is ad-
justed for the desired current level, The high-voltag e resis tor also serves to decouple the capacitor bank from the restrike pulse voltage
when it is applied at the overhead rod electrode.

5. THE RESTRIKE SIMULATION. The restrike simulation is the most difficult component to simulate accurately, but it is essential
to the evaluation of dielectric coatings or systems. Puncture of dielectric surfaces is a voltage-dependent phenomenon. The fast rise time of
the current pulse produces an inductive voltage dro p along the channel. The instant aneous voltage is V L di/dtz the inductance . I., is de-
termined by the con liguration of the arc channel and the di/dt is detennined by the generator impedance and the lest circuit configuration.
It is very difficult to produce a full 100-kiloam p restrike with the prescribed rise time of one to two microseconds into the high impedance
lest circuit required for swept stroke testing. Consequently, lower peak currents, representative of average restrike values (from 15 to 50
kamps have to be accepted. The im pact of this compromise is that tests of dielectric protective systems require extrapolation to determine
threat level results.

In the MCAIR facility, the swept stroke hig h-peak current restrike is provided by a 0.5 megavolt Marx Surge generator which produces a
last rise time hu g h -current pulse , reaching 50 kamps in one to two m icroseconds . An imm tcrn tediate current component can also be coupled
onto the restrike, which can be triggered at a preselected time to occu r at the desired position on the test panel.

5.3 DIA GNOSTIC EQUIPMENT. In addition to current oscillograms. still photography and high-speed movies are used to monitor the
arc channel attach ment behavior. The electrical and photographic data, coupled with an examination of the test specimen, yield arc dwell
times, dielectric hold-off efficiency and continuing current dama ge results. The test panels can be mounted on tight-tight enclosures for
filming backside sparking.

5.4 INTERPRETATION OF RESULTs. Wind tunnel facilities have been used to evaluate the baseline lig htning vulnerability of new
aircra f t  sm ruc t ur .’il designs and to evaluate candidate liglstn ing protective measures. Figures h t h rough II illustrate swept stroke behavior ous
composite surtaces with  various types of protection. The lines shown in the photos which join the damaged areas do not indicate the exact
motion of the arc across the su rfa ce, but simply connect the si-c attac hment points which occurred during a single swept stroke run. To
prevent local air turbulence and possible preferential reattachment o ’ the arc to a previously damaged area, the damaged areas were covered
with a dielect ri c ij ate ri a l prior to any subsequent test. For the numerous tests shown . the specimen was repos itioned so that the windblown
arc was always i mu it ia ted at the cente rline of the wind tunnel nozzle exit.

Sever a l interesting results have been produced during these tests. For example , it was supposed that there slsould be no reason for the
arc channel to divert out of the streamline to attach to protruding objects. No diversion from the streamline was observed , but it was ob-
served that the Ire channel would preferentially pick up regions of discontinuity (such as metal bolt heads in a composite panel, or seams
between dissimilar materials).

Restrikes generally cause the arc to reattach at a new point , but the re a tt a chment is not necr s.sarily at the knee of the arc channe l where
it turn S U~ out of the boundary layer .  Since it is not practical to produce a threat-level hig h-current restrike (100 kA) with threat-level rise
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time (one to two paec), it is necessary to extrapolate the test results on the basis of the ratio of threat-level current (defmed in relevant
specillcationa) to test level current (assuming a one to two psec rise time is used). For example, if a restrike test of a dielectric protection

system showed that a 25-kA restr ike would be held off over a 24-inch span by the dielectric strength of the protective material , then extra-
polation to threat level would yield a aix-inch safe span at 100 kA.

It should be emphasized again that when a swept stroke fast rise tune restrike is used, it can only determine attach point behavior; it
gives no information on damage and incomplete information on internal sparking. However , damage and sparking tests can be conducted
subsequen tly with a static high-current damage waveform which need not have the large circuit impedance of the swept stroke test. A 100
kA damage current test can be readily conducted at worst-case positions or areas on the test surfaces (see Figure 9).

-~~~~~~~~~~~~~~~~---~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ rIsen ,,. m l.,. ‘I

Figure 8 - View of Stub Wing After a Series of Swept Stroke and Figure 9 - Closeup of Unprotected B/E After Swept
Static Restrike Tests Stroke and Static Restrike Tests
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Figure 10 - Closeup of Foil Ptotected Ares Containing Exposed Head Fastener Row After Testing
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Figure 11- Closeup of Foil Protected Area Containing Mylar mnvered Door
and Covered Head Fastener Row After Testing

6. CONCLUSIONS
It has been shown that a properly designed and care fully controlled windblown arc test can be used to siniulate aircraft swept stroke

lightning behavior. Although other techniques such as sled tests and magnetically driven ares have been used for dwell time tests, it appears
tha t additional development will be required before full confidence can be placed in the results.

Arc dwell time tests produce realistic burn-through damage on aircraft surfaces bearing close resemblance to in-flight damage observed
on aircraft struck ‘us service. The tests are useful in evaluating skin thickness and surface finishes in fuel-bearing structures.

Swept stroke restrike tests are useful for evaluating nonmetallic structures , dielectric protection systems, and other nonconduct ive surface
finishes. However , it is not practical to generate full threat-level restrikes with fast rise times. Results of restrike tests should be extrapolated
to determine the actual dielectric strengths of protective materials used to cover vulnerable areas or to determine the actual size of a safe
area with a given nonconductive surface.

Restrike damage and sparking tests should be conducted in a static test wills a full-energy damage waveform , Low quality sir may be
used to produce aerodynamic cooling of the surface if the longer duration interm ediate current component is used.
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QUESTIONS and ANSWERS

1 — Fro m B. Burrows
Q — Has the arc voltage drop in wind tunnel tests been measured 7
A — Not directly. However, we routinely measure the current flow throug h the test circuit. We are confident that the imps’

dance of the fixed circuit elements such as waveahaping resistors, transmission lines, test article , etc. does not vary significantly with
current. Therefo re , we can re l ate variations in the durrent record directly to variations in the impedance of the arc channel , which is
really the parameter of interest. For exam p le , we can often see in the current record where reatt achment of the arc occurs since the
arc lengt h is shortened ab uptly, the resistance of the arc is decreased and the current increases.

2 — From A.W. Hanson
Q — Can you say what length of arc your generators could support irs your swept stroke tests ? In the Culham rocket sled tests,

arcs approaching a total length of 20 feet (6 meters) were observed .
A — It is not possible for me to state exactly what lengt h of arc our generator could support because we’ve never attempted to

measure it. Our photographic records are generally limited to the immediate field of view of the test surface . The arc obviously blows
out beyond the test article several feet , but by that time the voltage has decayed on the capacitor bank to a low value. I’m sure that
an analysis of the impedance of an established arc channel would show a 12,000-volt source could sustain a very long arc, perhaps
even 20 feet . In our low velocity wind tunnel , we have observed arc extensions in excess of seven feet (2.5 meters) after the voltage 

-
on the capacitor bank has decayed to less than 25 percent of the initial value. A photograph of the seven-foot arc is shown below in
Figure Al .

10 in .

E ~~c Dea 400.n.nt

Later Arc Approxlmatellengttm1 7 ft 3 In,

Figure A 1. Swept Stroke Arc in Low Speed Wind Tunnel
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LABORATOkY SIMU LATION OP SWEPT LIGHTNING STROKES

P.F. Lit tle
Cuiham Lightning Studies Unit

Culham Laboratory UKASA
Abingdon , Oxfordshire

0)114 3DB , England

SUMMARY

Other methods of simulation of swept strokes than
by the use of wind tunnels are described. The
resul ts of magnetically swept arc studios and
rocke t sled simulations are compared . Longer dwell
times are observed with the rocket sled , and skip
distance is not well correlated with dwell time .
Ar instabilities appear to play a significant role
in bridging the air gap be tween the arc and the
specimen surface . A lower limit to the ski p dis-
tance is set by the breakdown potential of the
pain t layer , if any. It is suggested that aircraft
geome try and speed are not impor tant  in determin-
ing dwell times. The time between current surges
in the lightning stroke should be considered as the
upper limit for the dwell time .

1. INTRODUCTION

Wind- tunnel simulations of swept lightning strokes have been studied by severalauthors (Brick 1968 , Robb et al 1970 , Brick et al 1970, Oh and Schneide r 1975). The air
moving over the stationary surface can be a good representation of the aerodynamic con-
di tions around an aircraft if the air flow is proper ly- contt- olled . The arc , sl.~uck to a
s tationary surface from a stationary rail electrode , mus t produce two simultaneous
swept-strokes on the rail electrode and the surface. This is not realistic , though a
highly-polished rod elec trode allows an arc contact to slide almost continuously along.
Any attachments on the rod will cause the arc current and voltage to be subject tounrepresenta t ive  changes .

Magnetically-swept arcs have been used (Hanson 1977) as an alternat ive method of
Simula tion . The aerodynamic flow is not represented at all , and the arc is moving with
respect to the air. The most realistic simulation can be arranged by moving a test surface
through a stationary arc in stationary air, for then the aerodynamic flow and the arc
behaviour  is representa t ive  of a l ightn ing st r i ke  to an a i r c r a f t .  This paper discussesmagne t i c  sweep ing briefly and reports more fully on work with a moving test vehicle , arocke t-sled swept-stroke experiment .

700 Specimen 

— tr - - — ~~~~~~~~~~~~ ”~\ $ Rod
________ elec trode

10 05  0 6  04  02 ~~~~~~~Normal sad mag netic fiCld Iron bose plat e

F i g u r e  1 - H o r i z o n t a l  Component of Ma gnetic Field of Swept Stroke Rig

2. MAGNETICALLY -SWEPT STROKES

The coil system and iron base plate shown in Figure 1 was used at Cuiham . It producesa m a g n e t i c  f i e l d  which  is cons tan t at a g iven  height  over a distance of 2 m.  bu t  which  -‘var ies with height within the appara tus . The coil current is driven by a 4 sec 0.5 MWpulse from a dc motor-generator set. When an arc  is struck between the rod electrode andthe  f l a t  p l a t e  specimen above the lower s ec t ion  of the arc  is dr iven  at hi gher  speeds .
cc l i e s
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Thus a simulation of the boundary layer at the surface of the specimen is obtained.

If current is driven by a sui table capacitor bank through a thin wire brid ging the
gap between specimen and rod , the current pulse in the air arc initiated as the wave
melts can be made unidirectiona l by clamping (Hanson 1977). The current I is not con- -

stan t , so that the velocity due to the produc t I x B is a magnetic f i e l d  B migh t  be
expec ted to vary. In practice it does not , as Figure 2 shows . The drag forces on the
arc must be proportional to current in the same way as the accelerating force I x B.

The veloci ties achieved with about 3 kG peak f ield  are in the  reg ion  of i n t e r e s t  to
aircraft for take-off and landing : 3 kG was the value of the horizontal component of B
in F igure ~~. With additional windings the maximum obtainable velocity of the arc could be
increased to about 300 m/s. The results are compared with other work in Section 6.
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Figure  2 - Motion of 3 kA Peak Current Swept Arc

3. EQUIPMENT USED IN THE ROCKET SLED EXPERIMENT

3 .1 The Tes t Vehic le

The tes t vehicle  consis ted of two ‘wings ’ and a support frame mounted on an existing
rocke t sled. The ‘wings ’ were made from 8 ft. long demoun table test sheets fixed to an
alumini um frame . Advice was given by RAE on the desi gn of the test vehicle. It was
suggested tha t flat tes t  sheets should be used for simplicity and because this was repre-
senta tive of most aircraft surfaces . Only one w i n g  passed through the vertical arc ,
producing attachment points on both the upper and lower surfaces. The other wing was
included in the design solely to balance the wing under test and prov ide aerodynamic =
symme try . Figure 3 shows the vehicle (Dobbing and Hanson 1978).

[
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Figure 3 - Test vehicle used in swept stroke experiment.

Tes ts were also conducted with an air spoiler made from a 22 mm wooden quadrant
attached to the leading edge. This produced a thicker boundary layer , thus simulating a
longer leng th of wing.

Painted and unpainted metal or carbon fibre composite panels were used.

The carbon fibre panel which was fixed to the top surface of the wing for some tests
consisted of three plies (00/900/00). Two plies ran perpendicular to the airstream and
one p ly paral le l  wi th i t .  The panel was 0 . 4 6  mm thick and made from Hyfil fibres . One
surface of the panel had 5 ~am aluminium foil glued to it. This side was then sprayed with -layer of epoxy paint . The other side of the panel was untreated.

3 .2 The High Curren t Arc Generator

The transportable inductive storage arc generating system described by Hanson (1977)
was used.  I t  produced a un id i rec t ional  pulse with amplitude and duration in the continu-
ing current range from a lead-acid battery with an inductive storage system. Arcs more -
than 5 m long carry ing 600 A could be produced .

3.3 Electrode Assembly

The electrodes were supported from a scaffold gantry which straddled the track. To
reduce unrepresentative forces on the arc caused by the return conductors , these were dis-
tributed to give a low field region around the electrode . The electrodes were of the jet
diver ting type described by Hanson (1977). The electrode spacing was 200 nun.

4. EXPERIMENTS

The effect of varying the sled speed , electrode polarity changes and the effect of the
spoi ler were investigated using the aluminium panels with a single epoxy layer.

One of these sets of conditions was then repeated using panels having a double layer
of epoxy pa in t , to check the effect of paint thickness.  The air spoiler was not used for
these tests. A panel with an extra thin layer of pain t was used in the upper surface only,
with the air spoiler in place. In these test bare aluminium without an air spoiler was

I 
•~~ used on the underside of the wing.

Simi la r ly  the carbon f ibre  panel s , wi th and without surface protection were mounted
on the upper side with an air spoiler , whilst bare aluminium , without an air spoiler , was
used on the underside .

In all tests the peak current was about 600 A peak current decaying by no more than
50% during the period of attachment to the wing .

A ltogether 30 runs were conducted , with two or three runs at each set of test condit-
ions.

The arc curren t and voltage signals were displayed on an oscilloscope together with the
time taken for the sled to pass between two position sensors. The arc was also viewed
w ith a cine camera running at l~~~OC’0 f—a u per a.com4. Subsequen t anal ysis  of the cine
f i l m  was used to g ive the arc d$ell time with an accullacy of + 0 .2  ms. Arc sk ip  distances
were a lso obtained from the cm f4A110 UNCLASSIFIED
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5.1  Genera l  Obse rva t i ons

The arc was initially driven ahead of the leading edge of the wing, which  was made
from an insulating material. This par t  of the tes t  is of course not a true representation I -of natural lightning and no results are quoted until attachments to the wing arc es t ab l i sh -
ccl . La gen e ra l  b ro ak d ow n  occuted s i m u l t a ne o u s l y  to the top and bottom of the w i n g .  To
a i d  i n i ti a l  b r e a k d o w n  on p a i n t e d  s u r f a c e s , sc ra tches  r u n n i n g  i long  the  leading ed ge of the
test sheets were made .

Once the arc had attached to the surface a jet from the attachme nt point would pene-
t r a t e  the  a i r f l o w  boundary  l aye r , so tha t  the b u l k  of the arc channe l  was in s t a t i o n a r y
air. When the air spoiler was used the arc was driven significan tly further from the tes t
sheets resulting in longer dwell times .

The arc was h i g h l y  uns tab le , showing predoninantly kink instabilities. The current ,
vol tage and velocity diagnostics are shown for a typical run in Figure 4. The test sheets
were treated with a single layer of epoxy paint and the sled speed was 52 rn/s. =— — W1.IJG LiAVE S — — —

A&C REAflACI4i~ KT ASC
Current 500 A/div 

— 
__
~j  — —

-
.

Arc Vo lts 2020 V/d iv  ~~~ iiijiii~ijj/ 
— — 

~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~— — — — —Timebase 20 ms/div

Ve b c  i ty m a r k e r  
~.

Figure 4 - Cur ren t , Vol t age and Velocity Measurements

As the wing entered the arc it extended and the arc voltage rose. Thus the current
decayed more quickly. When a reattachment of the channel occurred and the channel length
was veduce~1 a sharp drop in arc vol tage  appeared.  As the wing  l e f t  the arc the channel
reformed behind the wing, causing another sudden drop in arc voltage . The new arc channel
was drawn out in the wake of the wing until another breakdown shortened the channel again .
The process term inated when the arc current f e l l  to zero .

5.2 Results with Painted Surfaces

On the underside of the wing the arc remained close to the surface as it was extended .
The volta ge across the l ength of the arc between attachments was measured , and found to be
close to the breakdown potential of the pa int , which was independently measured . This
supports the accepted model of the swept stroke mechanism when no air gap exists between
ch annel and wing surface. Polarity changes had no effect , as expected.

The potential gradient in the arc was found to be 1.34 • 0.44 kV/m.

chen the air spoiler was used air-gaps appear under the wing between the arc channel
and the surface. Over the wing larger air gaps appeared with and without the air spoiler;
th is is believed to be a buoyancy effect. Few reattachments formed on the upper surface.
On ly in 3 runs was an attachment formed after the first attachment to the scratch on the
lead ing edge: in 14 runs the skip distance exceeded the wing length (2.44 m). In 2 runs
no attachment at all was formed to the top surface.

The peak vol tage between the arc channel and the trailing edge of the wing was 3 kV ,
showing that airgaps have a significant role in the swept stroke process. The breakdown
vol tage of the paint used (single layer) was 700 + 200 V.

When scra tches were made in the pain t, perpendicular to the air flow , on the top
surface the arc always attached to a scratch , bu t not to every scratch. The separation
be tween scratches was 300 mm.

5.3 Results with Bare Metal

Bare meta l  sheets were used only on the underside of the wing. The results are shown
in Tab le  1.
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Table 1 - Tøsts on Bare Aluminium at 52 ri/s

Polari ty of Wi ng Ski~~.Di ;tance Dwell Times1 —

Anode 130 • 100 2 .8  • 2 . 2
Ca thode 260 • 230 6 . 5  • 3.6

_j

Skip dis tances and dwell times are not correlated: both are random processes. There
is no var~at1on with distance from the leading edge , but cathodes show significantly
longer d w e ll  times than anodes. Cathodes tend to show a continuous track (up to 100 mm)
ra ther than a single arc root at each attachment .

These resul ts suggest that arc instabil ities decide the time interval between posit- -
ions  of close approach of the arc to the wing, and thus the random arc motion determines
the dwell time .

5.4 Results with Carbon Fibre Composite (CFC) Sheets

Attachment points to plain CFC surfaces showed tufting , mos tly in the two outer plies
of the CFC. Current transfer was more gradual than for metal sheets , requiring 1 to S ms.

Sheets protected by aluminium foil gave dwell times rather less than painted aluminium
sheets . The foil pro tected the CFC tsateriai by evaporating rapidly and causing the arc
root to move over a wide area.

Figure S shows the arc dwell times on untreated CFC to be 5.7 ~ S mm .

Anode And Cathode10 Speed 52 mIs
E(t d) = 5.7 ms

8 S.d. = 5.O ms
Number
Within
tntervol 6

2 4 6 8 10 12 14 16 18 20 22 24
t d (m s) -

Figure 5 - Relativ e Frequency Diagram of Dwell Times
on Plain CFC Sheet.

5.5 Comparison with Stationary Arcs on Metal

Areas of metal con taining arc attachments were cut from the test sheets . These weresec tioned through the Centre of the arc attachment , polished and etched . Two stationary —arc tests at closely the same current end duration were conducted on samples of the sameshee t , using the techni ques described by Hanson (1977). Two se ts of results are shown inFigure 6.
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Stationar y arc Stationary arc

Stationary arc St at ioi ~~i~, arc

Swept stroke Swept stroke

Current 380 A Current 290 A
Duration 13 ma Duration 26.5 ma
Polarity Cathode Polarity cathode
Surf ace Paint ed Surface Pain t ed

Fi gure 6 - Comparison of Stationary and Swept Stroke Arcs of Short and Long Duration

The shorter  durat ion arcs show very s imi la r  behaviour . The longer dura t ion  swept
s t roke arc produces a smal ler  spot than the s ta t ionary arc , and less mel t ing . The example
shown gives the largest difference (40%) seen out of the seven sets of arc conditions
examined . The difference is not large enough to invalidate s ta t ionary arc tes ts .

6. COMPARISON WITH OTHER SWEPT STROKE WORK

I 
6.1 Magnetically-swept Arcs -

The potential gradient of 2 . 4  + 0.48 kY/rn observed in this  work (Sec. 2) is nearl y
twice the value found in the rocket sled investigation (1.34 ky/rn , Sec tion 5.2). The
forced cooling of the magnetically-swept arc as it Is driven through stationary air may
be impor t an t , thoug h the current was higher (3 kA instead of 600 A) and decayed to zero
dur ing  the t es t .

The arc dwell times on anode sheets agree fairly well , 2.4 + 1 . 3  ms at 62 m/s for
ma gne t ic  sweep ing and 3.1 + 2.4 ms at 52 rn/s with the rocket slea. The cont inuous  cathode
tracks are longer when magnetic sweeping is used; the maxinum length is 500 mm.

6.2 Wind Tunnel Tests

The max imum dwell time on bare aluminium quoted by LTR1 workers is 2.5 mis at a wind
speed of 67 m/ s .  The maximum seen in the rocket sled work is 14 ms at 52 rn/s. For
surfaces  covered wi th epoxy paint Robb (1977) reports a maximum dwell time of 20 ms
(ski p distance 1.27 m) at 67 rn/s. The maximum seen in the rocket sled work was 47 ms with
the ski p distance limited by the length of the wing (2.44 m).

7. CONCLUSIONS

The minimum ski p dis tance is determined by the breakdown potential af the pain t
(if any) on the surface and the length of the air gap. This gap length is governed by the
air flow pattern , arc buoyancy and arc instabilities . Skip dis tances and dwel l t imes ar e
uncorrelated random variables.

The small electrode spacing in the rocket-sled holds the arc close to the wing, so
that the measured dwell times are optimistically short. Even so on painted surfaces the
work canno t set a firm upper limit for the dwell time . The limit must be above 50 ms
approximately for  the dwell time , and the skip dis tance can be greater than 2.5 m . These -
are grea ter than values seen in wind-tunnel tests. 

-

On aluminium surfaces the rocket-sled work is in fair agreement with results from
mag netically-swe pt arcs and wind-tunnel studies . Stationary arc testing gives results
sufficien tly close to swept stroke attachments to validate the stationary arc work .

The arc dwel l t ime mus t be taken as the t ime be tween curren t surges , rather than a
func tion of aircraft geometry ap~ ~~~ ‘t’en -tis-. eur~aces are painted . The existing

-

~ lightning data (P ierce 1972) ifl1icate tha t  ~~~~~~~~~~~~~~~~~ currents in gro und strokes 
-~
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pers is t for more than 130 ms
t
which is well above tfe time at nres~ nt copsidered as anupper limit (~0 ns). If the ~~~~~~ i~ bare v~ aL he dwell time is unlikely to be more

than 20 rns , and on bare CFC sheet the same upper limit would be acceptable.

Probab ility arguments should be used to estimate the likelihood of metal puncture.
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QUESTIONS and ANSWERS

1 — From D. Clifford
0 — In the sled test the behaviou r of the arc channel above the wing appears to be unrealistic in that the arc channel does not

lie within the boundary layer. You have ascribed this behaviour to kink instathlities, but $ wonder if arc buoyancy arid magnetic field
farces might come int o play. Have you calculated what arc displacement might be expected from t hese forces ?

A — The arc channe l is carried throug h the boundary layer by the electrode jet from the surface of the sheet not by the kink
instabil ities. These is no reason to suppose that these jets do not appear in natural lightning strikes .

Magnetic forces due to current in the sheet are very small, because the f low pattern within the sheet provides a large deg ree
of cancellation. The field of the lower arc channel below the sheet tends to move the upper arc away from the sheet, gving pessimistic
values for dwell times. Some actual attachments will suffer similar magnetic forces due to cu rrent paths in the aircraft .

Buoyancy forces and ground effects would explai n the geniral channel behaviour actually observed qualitatively. Displace.
ments have not been calculated .

2 — From S.O. Schneider
0 — Mow do you justify using the time between restrikes as the worn case (i.e. defining the longest dwell tin~eI
A — In a restrike the value of di/dt is very large, so that the voltage along a length of the channel in the neighbourhood of a

metal surface is expected to develop sufficient potential along its length to cause flastiover to a new attachment point.

NATO UNCLASSIFIED
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LABORATORY TEST PRO CE DURSS TO DETERMINE LIGHTNING p
ATTACIIIIENT POINTS ON ACTUAL AIRCRAFT PARTS

(A QUALIFICATION TEST)

.1. Anderson Plumer
Lightning Technologies , Inc .

560 Hubbard Avenue
Pittsfield , MAssachusetts 01201

U.S.A .

SU1IMARY

Lightning flashes initially attach to aircraf t
extremities such as the nose, wing tips or verti-
cal fin cap . If these e%tremities are covered
with non-metallic skins such as fiberg lass radomes ,
wing tips , or plastic antenna fairings , the light-
ning flash may puncture the skin and attach to a
conductor within. Conductive diverters or other
means may be necessary to protect against such
punctures. Whether punctures occur or not depends
upon the geometry of the structure and diverter
arrangement (if present), the dielectric strength
of the non-metallic skin, and the rate of rise of
the electric field presented by the advancing
leader . A test in which this electric field is
simulated and applied to a full  size rep lica of
the structure in question may be utilized to
determine the need for protection or verify its
adequacy. This test is also utilized to identify
lightning strike zone boundaries on metallic or
advanced composite surfaces , and to determine
whether windshields or canopies may be punctured
by re-strikes occurring in swept lightning flashes.
Typical high voltage test circuits , electrode ar-
rangements and other considerations are described.

r Purposes of the Test

The test which is employed to determine the lightning attachment points on actual
( ful l  size) aircraft  parts is termed the Full Size Hardware Attachment Test - Zone 1 in
the new standard. Its purposes are :

1. To determine if lightning may puncture a non-metallic component such as a
fiberglass radome. wing tip or fin cap; or a polycarbonate resin component
such as a windshield or canopy in zone LA or 18.

2. To verify the adequacy of protective diverters or ott~er measures to preventpunctures of non-metallic components in zone IA or 18.

3. To determine the detailed attachment points on metallic or composite sur-
faces in zone 1A or 18, for the purpose of :

A. Establishing the boundaries of zones LA or lB
8. Establishing skin thickness or other protection requirements

The Linh ttting Attachment Process

The process of lightning attachment to an aircraft is illustrated in Figure 1.
At the beginning of lightning-flash formation , when a stepped-leader propagates out-

ward from a cloud charge center, the ultimate destination of the flash at an opposite
charge center in another cloud or on the ground has not yet been determined. The differ-
ence of potential which exists between the stepped-leader and the opposite charge center(s)
establishes an electric field between them, represented by imaginary equipoten t~al sur-faces. The field intensity, expressed in kilovolts per meter , is greatest where equipo—
tential surfaces are closest together. Because the direction of electrostatic force is
norma l to the equipotentials and strongest where they are closest together , the leader is
most likely to progress toward the most intense field regions.

If ~n a i r c ra f t  happens to be in the neighborhood , it will assume the electrical
potential of its location. Since the aircraft is a thick conductor and all of it is at
this same potential , it will divert and compress adjacent equipotentials thus increasing
the electric field intensity in the vicinity itself. If the aircraft is far away from
the leader, its effect on the field near the leader is negligible; however , if the air- 4
c ra f t  is within several tens or hundred, of meters from the leader , the increased f ie ld
intensity in between nay be sufficient to attract the leader toward the a i rc ra f t .  As this
happens , the intervening field will become even more intense.
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(A) LEADER APPROACH (C) F I RST RETi RN STROKE

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_~~4 ,
(B) LEADER ATTACHMENT (D) SUBSEQUENT STROKES

Figure 1. - The Lightning Strike Process

The highest electric fields about the aircraft will occur around extremities such as
the nose and wing tips , and sometimes smaller protrusions , such as antennas or probes.
When the leader advances to the point where the field adjacent to an aircraft extremity
is increased to abou t 30 kV/cm , the air will ionize and electrical sparks will form at
the aircraft extremities, extending in the direction of the oncoming leader. Several of
these sparks called streamers , usually occur simultaneously from several extremities of
the aircraft, as shown in Figure LA. One of these streamers will, meet the nearest branch
of the advancing leader and form a continuous spark from the cloud charge center to the
aircraft. Thus, when the aircraft is close enough to influence the direction of the
leader propaga tion , it will very likely become attached to a branch of the leader system .

Since fiberglass and most other non-metallic materials have no electrical conductivity
the electric field passes directly through them , causing streamers to originate from ob-
jects inside as well as outside of such structures. What happens may be viewed as a race
between streamers propagating from conducting objects inside and outside of the nonconduc-
ting struct.sres, as shown in Figure 2.

~~~~~~~~~~~~~~ tenna 

A ircraft

Fi gure 2 - Streamer Formation within Non-conducting Structures.

Both the vol tage  wi th s t and  capability of the non-metallic skin and the distances
along alternate breakdown paths are important in establishing whether puncture or external
fla,h over will occur . Usually, of course , a higher intensity electric field is necessary
to permit the internal streamer to puncture the fiberglass wall and contact the leader
than would be necessary merely to draw the external streamer through the air to the 1~~der.In either case, as the leader approaches , the field intensity increases until one of the
streamers meets the leader. The electric field about this extremity of the aircraft then
collap ses and the leader proceeds onward to its final destination from another extremity
of the aircraft as shown in Figure 18. When it rcachcs its destination the return stroke
is formed as in Figure 1C , followed by continuing currents and re-strikes as in Figure 1D.

NATO UNCLASSIFIED1
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Since the purpose of the full size hardware attachment test is to evaluate initial
attachment points, the electric field , and its rate of rise (dV/dt) just prior to leader
attachment must be simulated. The importance of rate of rise can be explained by compar- -
ing the breakdown timel.ag characteristics of solids and air. All insulating materials ,
whether solids or gases, respond to high voltages and break down according to a timelag
curve of the shape shown in Figure 3. Timelag effect  means simply this: the shorter the
time for which a voltage is applied across a given insulation , the higher the voltage must
be to cause breakdown; and conversely, the longer the time, the lower the voltage neces-
sary to cause breakdown. There is, of course , a voltage Level below which breakdown will. -
not occur at all , even if the voltage is app lied for a long tine. Most solids show a
flatter timelage characteristic than do air or surface flashover paths , as illustrated in
Figur e 3.

V
Tim. TO BREAKDOWN

Figure 3 - Breakdown Timelag Curves for Solids and Air .

In genera], an oncoming lightning flash has alternate paths to a metallic conductor .
as illustrated for a radome of Figure 4. One is via a puncture of the nonmetallic skin
to an internal metallic component , such as the radar dish. The other is via surface
flashover to the nearest exposed metal. While the path via the puncture may be shorter
than that along the outside surface , the added insulation provided by the solid skin
often compensates to some degree for this , making bo th paths viable alternatives . The
significance of voltage rate of rise now becomes evident. Because the timelag curve for
the alternate paths cross each other , there are voltage waveforms tha t will intersect
either timelag curve, as shown in Figure 4 , where both a “fast” and a “slow” voltage
waveform are superimposed on the breakdown timelag curves of Figure 3.

From Figure 4 it is evident that the faster rising voltage is the more severe in
terms of increased probability of puncture. Thus, for attachment tests , a voltage with
the fastest rate of rise expected from a natural lightning leader is desirable.

No time-domain measurements have as yet been made of the electric fields surrounding
an aircraft during the lightning-strike formation process because such measurements pre-
sent formidable instrumentation problems. However , it is known (Reference I.) the leader
advances at about I to 2 x IO~ mis , which would result in an average of S to 10 us forthe leader to travel a distance of 1 m. Since about 500 kV are required to break down a
1 m air gap in 5 us , the appropriate rate of voltage rise to use for attachment tests
might be the following:

dt 
— 

5x10 6s 
— 100 ky/us (1)

On the other hand , if it is remembered that the actual breakdown of a single step of the
leader is itself a series of smaller step breakdowns and pauses , it is likely tha t the
rate of voltage rise across segments only a few meters long might be faster (or slower)
than the average. Thus, to encompass the worst case , a rate of voltage rise lO times asfas t,, or 1000 ky/us, has been prescribed in the new standard. It is voltage Waveform A.

In practice , the timelag curves representing different paths through solid and air
insulation are f l a tt e r  and closer together than those drawn in Figures 3 and 4, and the
point where the solid and air curves cross is less clearly defined. Thus , a relatively
wide difference in applied voltage rate of rise exists between waveshapes causing break-
down s 1007. of the time along one path as compared with waveforms causing all, breakdowns
to occur through the other path. This fact is additional support for the selection of
1000 kV/us as the rate of rise for qualification test purposes. This waveform should
crea te a fas ter (but nor, excessively fast) rising electric field than ~~st natural light-ning f lashes  create.  In cases where a comparison between the results of laboratory tests
using this rate of rise and subsequent in-flight lightning attachments to the same fiber-
glass component has been made, the laboratory tests have accurately predicted the in-
flight attachment points and breakdown paths.
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LIGHTUIN~~~~~~~~~~~,

RADOME

A
,~ .— FAST RATE OF RISE

ELECTRIC /
KV/M

B ~
‘ SLOW RATE OF RISE~

\

- _ — 
— — — 

PUNCTURE OF SOLID

FLASHOVER THROUGH AIR

ELECTRIC FIELD VS. TIME T’O BREA KDOWN 
TIME

Figure 4 - How Electric Field Rate-of-Rise Determines Breakdown Path.

The Test

The fu l l  size hardware attachment test is described in the new standard as follows:

“1.0 PURPOSE

This test is performed on full size structures that include nonmetallic
surfaces and is used to determine the possibility of punc ture and any other
paths”taken by the lightning current in reaching a conductive element.

2.0 APPLICABILITY t
This test method is applicable to radomes , canopies , wing and empennage tips ,

antenna fairings , windshields and any other assembl].es located in a direct
strike zone and constructed of non-metallic materials which might be vulnerable
to puncture and damage from a lightning strike .

3.0 APPARATUS

The test apparatus shall include the following:

a. A high voltage generator capable of producing voltage waveform A
with a peak voltage of at least 1.5 million volts

b. High voltage measuring and recording instruments
C .  Photographic equipment for recording strike points .

4.0 TEST SETUP

The test object should be a production-line hardware component or a -full-scale
prototype.  All  conducting objec ts  wi thin  or on nonmetallic hardware that are nor-
mally connected to the vehicle when installed in the aircraft should be electrically
connected to ground (the return side of the lightning generator) - Surrounding ex-
ternal. metallic vehicl~ structure should be sTmulated and attached to the test object.

NATO UNCLASSIFIED
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The test electrode to which test voltage is applied is positioned so that
its tip is 1 meter away from the nearest surface of the test object. Dimen-
sions of the test electrode are not critical. If mo~a1 tests or field experi-ence have indica ted that lightning flashes can approach the object under test
from several dif ferent directions ,the tests shall be repeated with the test
electrode oriented to create strokes to the object from these different direc-
tions .

If the test object is so small that a 1-meter gap permits strokes to miss
the test obj ect , or if a 1-meter gap is inappropriate for  other reasons , shorter
or longer gaps may be used.

5 . 0  CRITERIA TO BE SPECIFIED

a. Waveforms - Test voltage waveform A should t~ ~~p Lied between the
electrode and grounded test object.

Note: Regulatory authorities should note that additional testing
using waveform B may be advisable when the test object contains
flight critical components(s).

b.  Number of discharges - to be fired from each electrode position.

6.0 TEST PROCEDURE

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

b. Inspect the high voltage equipment and area for safe operation.

c. Insert a dummy test object beneath the electrode , or place a
conductive bar over the actual test object such that waveform
checkout discharges can not damage the test object.

d. Fire a dun y discharge to the test object to check the voltage
waveform and establish that the specified waveform is in fact
being applied and check out the operation of the photographic -
equipment. ~ . 

- 
-

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

. 
- -

f. Fire the specified number of discharges from each position. In- . 
-

spect the test obj ect after  each discharge and record the strike .
attachment points. This may be accomplished by moving either ~the
electrode or the test object to cause the discharges to approach
from each of the other direction(s) from which a natural lightning
strike might be expected to 9pproach. Repeat steps e and- f. IC
a change results in the air gap between the electrode and the test
object step d must also be repeated. -

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

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

7.0 DATA TO BE COLLECTED

Data shall include:

a. Environmental data such as temperature and humidity;

b. Description and photographs of the test setup ;

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

d. Test voltage waveform oscillographa ;

e. Photographs of discharges and attachment points on the test object.

Typical Test Circuits

The most common application of this test is for qualification testing of a fiber-
glass radome or wing tip . The 1-meter electrode-to-test object spacing requires about
1300 kV to flash over. Since this must occur on the wave front , a marx-type high voltage
impulse gener ator capable of providing at least 1600 kV is necessary . The waveshaping
circuitry should provide a rate of voltage rise to 1 000 kV/us in accordance with voltage
waveform A described in paper no. 7. Typical high voltage impulse circuits that producewaveform A , together with o ~~~~~~~~ e.f —th... .~,-1-~age they produce are shown in Figures 5&6.

NATO UNCL.AS$IFIED
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Crest ts 1530 kV Flashover to Test
without Test Object Object at 1115 kV

in Place on Rise
¶ Voltage Waveforms

(Sweep is 0.5 us/div.)

Figur e 5 - Typical High Voltage Test Circuit
(without Load Capacitor)

Figure 5 illustrates a circuit employing a 2 megavolt marx generator. In this cir-
cuit the stray capacitance between the high voltage circuit and earth provides an adequate
load which together with the series resistance and lumped inductor controls the rate of
voltage rise. The added inductance enables the voltage to overshoot the value that would
be obtained with an overdamped circuit, thus permitting a smaller generator to be used
than would otherwise be required. In practice , the inductor regains the 307, (or so) of
rated voltage lost by normal circuit regulation. The circuit of Figure 6 utilized a
6,000 kV impulse generator. Since this far exceeded the 2500 kV needed for a test utiliz-

• ing an even larger (2-meter) electrode gap, no additional inductance was necessary.

The discharge currents produced by these two circuits will not exceed 5 kiloamperes .
This is sufficient to leave an identifiable mark on the test object, but not severe enough
to cause extensive damage. The degree of damage that a lightning return stroke would
produce can be evaluated by subsequently directing a high current discharge to the attach-
ment point(s) determined by this high voltage test. The appropriate high current test is
described in papers moe. 15 and 16.

Electrode Arrangement

For qualification tests the complete test object (wing tip, radome, antenna, fin cap,
etc.) is positioned in a manner representative of its location on the aircraft, with the
test electrode positioned to direct strikes from each of the directions considered possible
in flight. The test object should be a production-line component or an authentic replica
thereof, constructed of the same materials. All conducting objects normally present on
or inside it should be present on the test object. Items normally grounded to the airframe
(including items such as antennas and light bulbs which are electrically close to ground)
should be grounded.

If the test object is a windshield or a flush-mounted antenna normally surrounded by
a conducting aircraft akin, it should be set up this way for test. If , conversely, the
object is itself an appendage such as a radone, it should be set upon a pedestal repre-
sentative of its location on ~ ~~~~~~~~~~ ~..h ~ ~~“up is shown in Figure 7.

- 
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• Figure 6 - Typical High Voltage Test Circuit
(with Load Capacitor)
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Figure 7 - Typical High Voltage Test Setup.
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Figure 7 shows an arrangement to simulate strikes approaching from the sides as well as
end-on. A 1-meter air gap between the HV electrode and the nearest surface of the test
object is usually appropriate, but when testing very large objects such as transport air-
craft radomes a larger gap may be necessary to prevent the HV electrode from unduly in-
fluencing the attachment points. Similarly, a smaller gap may be appropriate if the test
object is so smell that the discharges miss the test object altogether.

Electrode Polarity

The new standard and the SAE report (Reference 2) upon which it is based advise that
tests begin with the HV electrode at either polarity and suggest that tests in which no
punctures occur be repeated at the other polarity to make sure that the same result holds, p
since either polarity may exist in flight. This author concurs in this recommendation but
has found, in most cases, that somewhat more punctures occur when the liv electrode is at -

positive polarity. This is probably because streamering is more profuse from a positive
electrode, permitting streamers to move closer to the test object (and apply a more in-
tense field to it) prior to being intercepted by a streamer emanating from an external
conductor.

Number of Tests -

Until recently, it was considered appropriate to apply many discharges to the test
object to cover scattering effects. It is now apparentthatpartial breakdowns occur within
some dielectrics found on aircraft, resulting in punctures after several withstands. This
effect is most pronounced in fiberglass materials, including multi-ply or filament-wound
laminations and foam or honeycomb-filled sandwich configurations. If such a material
will withstand 3 discharges without puncture it may be considered to have passed the test,
since few such structures would experience more strikes than this (at the same location)
during their lifetime.

If three discharges are insufficient to evaluate scatter effects, the test object
should be rotated to expose an untested surface if available,otherwise, additional test
objects should be used.

Instrumentation

The inside and outside surfaces of the test object should be inspected after each
discharge to identify the attachment point(s) and punctures, if any . Each point should be
marked with a crayon or piece of adhesive tape so that it will not be confused with attach-
ments produced by subsequent discharges.

In addition, each discharge should be photographed so that the path taken by the
flashover can be identified . A typical photograph is shown in Figure 8.

Figure 8 - Typical High Voltage Attachment Point Teat of
a Fiberglass External Fuel Tank.

- - . ~~~~~~~~ •~~ r-’-- .-~
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The photograph of Figure 8 shows not only the main discharge path, but streamers emanating -
from other attachment points as well. Such streamers are indicative of other possible
attachment points , and are visible if the test is done in a darkened room.

Re-strike Simulation

In cases where the lightning current ceases prior to a re-strike, an intense electric
field similar to that which preceded the original strike may be applied to the aircraft.
If the aircraf t has moved forward during this time, this field may be applied to surfaces
aft of the original attachment point. This possibility must be assumed to occur over any
surface that may experience a swept stroke (as in zone 2A). Since the dart leader pre-
ceding the restrike may follow the original path, the electric field may be most intense
about the surface beneath the channel as shown in Figure 9.

Figure 9 - Electric Field about a Re-strike .

The possibility of a puncture beneath such a re—strike can be evaluated by placing
the HV electrode several centimeters above the surface, as in Figure 10. The rate of

F - voltage rise should be 1000 kV/ps as in the initial attachment point test, but since the
flashover path(s)  is shorter , flashover will occur at an appropr iately lower voltage.

~ 

_
~c ~~~~~~~~~~~~~~ I

1 . 

. 

. I

Figu . *lNcL~~~dF$~Vta e Teat.
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Two flashover paths ar4 evident in the test_pictured in Figure 10. (The brighter

path carried most of the entrant). fl..lti~l p=tti are common, and care should be taken
to assure that all such paths are identified. There are cases, for example, in which
both a puncture and a surface flashover will occur simultaneously. A camera placed in-
side the test object may be utilized to identify internal streamers or punctures,

Protection Development Tests

The high voltage test may also be utilized to evaluate the performance of protective
devices, such as diverter strips, or to determine the maximum separation permissible with-
out puncture. Such tests can often be performed upon samples of the dielectric wall
material using the arrangement shown in Figure 11.

HV Electrode 1111 Electrode

/

~~

y

l/

~~~~~~~~~~~~

d

Pane 1 
‘
\
\•

~_ 

_

_~~~ /
‘
~~~~~~~~~

Diverters

Figure 11 - Test Arrangement for Determining Diverter
Spacing (D) as a Function of Proximity (g)
to an Internal Conductor.

The results of the diverter spacing test may be plotted as shown in Figure 12 to
relate diverter spacing to conductor gap (5) over a range of distances. Data presented
in this manner is useful in design optimization. Here again, the number of discharges
fired to the same surface should be minimized to avoid progressive breakdown effects.• In the example of Figure 12, an arrangement that withstood at least two successive dis-
charges was considered acceptable (i.e. having passed the test) even if puncturc. occurred -
on a third ahnr .

~~0~~~

60 S P P punctured on 1st or 2nd I
discha rge 11

— ‘50

40 — 
— 

— 
— 

40

~ 30 •30
W • wIthstood 2 or more

discha rges

1::
5 10 15antenna-to—wall gap, g, cm. -

Figure 12 - Design Data from a Divertar Spacing Test.
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Successful coordination of diverter spacing with internal conductor-to-wall spacing
is achieved when the voltage and time necessary to flashover from any point on the exter-
nal surface to the nearest diverter strip is lower than the voltage and time required to
puncture the skin and attach to a conducting object beneath. The latter path includes
the dielectric skin material as well as the air gap (g), but it must be remembered that
the voltage withstand capability of a path through several different materials is less
than the sum of the separate withstand voltages. Thus, the withstand or puncture voltage
of a structure can not normally be determined by testing its components individually.
The complete structure should be tested. Further discussion of the subject is presented
in Reference 3~ p

Tests to Determine Zone Boundaries

The tests described thus far have been designed to identify puncture possibilities.
The test voltage must increase rapidly (as illustrated in Figure 4) to be sure that all
puncture paths are identified. The fast rising test voltage, which is provided by volt-
age waveform A , enables the electric field to reach sufficient intensity to puncture the
dielectric skin before streamers dr awn from external conductors further away reach the
IIV electrode. If the test voltage were increased at a slower rate, external flashovers
would begin to predominate. As discussed earlier, waveform A is believed to represent
the fastest rate of voltage rise produced during a natural lightning strike.

In some cases, however, it is desirable to encourage streamers from more distant,
less probable locations, to identif y the boundaries of a zone over which direct lightning
strikes are possible. Here a slower rising test voltage is desirable. If the range of
electric field rates-of-rise possible from natural lightning is as broad as the range of
return stroke current amplitudes (a likely possibility since both are related to charge
in the leader), voltage rates 2 orders of magnitude lower than waveform A must also be • -
possible. Such a waveform and the high voltage test circuit that produced it are shown
on Figure 13.

50-ps Rise Time

E

~~

0
Ohms1

T
c9 = 7200 PF Tc15912 P1

~

313 kV/ c m lO ps/cm
Figure 13 - Slow Rate-of-Rise Test Voltage for

Identification of Zone Boundaries.

The voltage shown in Figure 13 rises to crest in 50 microseconds. Such a voltage
has been identified as Waveform C in Reference 4 for use in certain engineering tests.
Waveforms with rise times of up to 250 microseconds are permitted by the definition of
Waveform C (50 to 250 ~s) and the particular rise rime is not c~~.tical. Tests with thiswaveform would be used to determine how far inboard zone 1 should extend on wing tips
with large radii of curvature. This question is discu8sed further in Reference 5.

References

1. F.A. Fisher and J.A. Plumer, “Lightning Protection of Aircraft”, National Aeronautics
and Space Administration Reference Publication 1008, October 1977 , p. 9.

2. “Lightning Test Waveforms and Techniques for Aerospace Vehicles and Hardware”, report
of Society of Automotive Engineers (SAE ) Committee AE4 on Electromagnetic Compatibility,•
subcommittee SAE Committee AE4L on Lightning, June 1978, Para. 4.1.1.

3. F.A. Fisher and J.A. Plumer, pp. 207-220.

4. “Lightning Test Waveforns and Techniques for Aerospace Vehicles and Hardware”,
Para. 3.3.2.1.

5. F.A. Fisher and J.A. Plumer , pp. 132-134.

I NATO UNCLASSIFIED1

- -~ - - -



12.12 I~
NATO UNCLASSIFIED 1 

-

QUESTIONS and ANSWERS

1— Frorn G. Odam
Q — Have you any in-flight experience of puncture of solid radomes ?
A — Yes. assumi,iq t hat “solid” means a radome wall constructed of a solid fiberglass laminate and not a sandwich construction.

I have seen several radonse walls of this type punctured by natural lightning, as well as by laboratory test strikes.

2— From Ph. Lecat
0 — Is voltage waveform A intended to represent more tpecifically a discharge initiated from the aircraft or s stepped leader ?
A — Voltage waveform A is intended to represent the electric field appearing at the aircraft surface when attachanent is imminent.

As such it , supposedly, represents the field generated by the advancing leader, and this is the field that precedes (and cause.) a discharge
from the aircraft, and causes it to propagate outward to meet the oncoming leader.

- 

-
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LABORATORY TESTS TO DETERMINE LIGHTNING ATTACHMENT
POINTS ON ACTUAL AIRC RAFT PA RTS ,

(QUALIFICATION TEST)

A W Hanson
Culham Lightning Studies Unit ,

Cuiham Laboratory UKAEA ,
Abingdon , Oxford shire ,
0X14 3DB. England .

SUMMARY

The testing techniques for attachment point location on
actual aircraft parts as proposed by the SAE committee
AE4L have been comprehensively and competently described and
explained by J.A. Pluimer. The extent of knowledge of the
underlying principles has some limitations . Some areas
where additional research might be profitable are discussed
and this may lead to modifications in fu tu re  testing techni-
ques. The present proposals however should give the
experimenter sufficient information to enable a fair
assessment of the inflight performance to be made .

1. Introduction

The present state of the art with respect to fu l l  s ize hardware attachment point
location tests  has been comprehensively and competently reported by J .A .  Pluirmer in the
preceeding paper. The author accepts the validity of the statements made in that paper,
and there is no advantage to be gained in reiterating those statements merely to make
relatively minor changes of emphasis of the s ignif icance of various aspects. This paper
will therefore briefly look at areas where improvement in the understanding of the subject
may lead to future changes and improvements in the testing techniques.

2. Streamer Formation within Non Conducting Structures

This process has been fully described by Plumrner (1) in the section “Lightning
Attachment Process” . However, in recent work at Cuihain by Tallboys and Banks (2) an
unexpected result was observed during an experiment incidental to the main objective of
their work at the time. This result and a possible explanation suggests an area of work
which nay be of use in the future development of testing techniques for redone protection
systems.

The DC breakdown voltage of the sphere/point air gap was fi r s t  determined . The
sphere was 550mm dia and the point was 6mm pointed rod. The air gap was 120mm . A thin
sheet of hardboard having negligable dielectric strength was then placed in the gap at
var ious dis tances from the sphere and the total gap breakdown voltage determined for  each
position . As expected the total system breakdown voltage did not equal the sun of the
individual breakdown voltages (Plununer (1) page 12-11) - It was unexpected however to find
that the total system breakdown voltage could in some circumstances be well in excess of
the sum of the individual breakdown voltages, and varied between the high value already
mentioned and a low value of Only approx 50% of the breakdown value of the original air

- - gap. The value depended upon the position of the hardboard , and was repeatable. Fig.L
indicates the experiment and the resul ta .

280 - Fig. I The Inf luence of the Hardboard Position
• on the Gap Breakdown Voltage.
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The report gives a plausible explaination based upon the effect of charge sprayed
from the point electrode collecting on the underside of the hardboard. This collected
charge has the effect of changing the electric field distribution in the gap. Observations
of relatively long periods of “St Elmo’s fire ” suggest that natural conditions do exist
where considerable charge could be sprayed on the inside of redone walls prior to
the final brakdown. Further work on these lines may therefore be fruitfull .

3. Choice of Electrode Size

The test methods as described by J.A . Plununer; and by many other accepted test
specifications do not define the test electrode size. By implication it may be assumed -
that this is not important, and by general usage it may be assumed to be between say -

6mm and 15mm . This is believed to be the intent of the proposed specification. Such an
electrode will be placed at about 1.5 m front the test object , and the question must be
asked whether this adequately represents an approaching leader say 50 m away, or even over
the last 1.5 in of its final leap towards the aircraft.

Argument and counter argument can be forwarded on both sides so it is perhaps relevant
to quote the results of tests conducted at ERA Leatherhead for Culbam Laboratories in
April 1976. These tests were designed to check the efficiency of a radome protection
system . During the tests certain unexpected results were observed and in order to assess
the significance of these results, electrodes of different types were used. The effects
were quite marked , and in some cases the results of tests using rod electrode were the
exact opposite from similar tests using a large plane electrode.

The results of course can only be fully understood when the validity of one or other -
method has been firmly established. There is at least two radoine protection strips
marketed in addition to the conventional metal diverter strips. Both appear to operate
under different principles from each other and from the conventional metal divertor strip,
and it may be that the testing techniques may require some modification for testing less
conventional systems. Only a deeper understanding of the mechanisms involved can resolve
this and clearly more basic research i~s required~

A further  possible variant is the use of electrodes profiled to the contours of the
equipotential lines existing close to the aircraft immediately before breakdown . - Tbis
system was described by the author at Seattle 1976 (3). The system has been successfully
employed in the investigation of dielectric failure of aqueous solutions. It has the
advantage that lower voltages may be used. These lower voltages say 500/700 kV can
be generated by capacitor banks giving high current up to say 100 kA . Thus both liv
and High Current tests can be conducted simultaneously. It is appreciated however
that more confirmatory work is needed before the system could be generally accepted .

4. Polari ty and Waveform

During the previously mentioned test series at ERA (1976) differences were observed
in tests using a fixed electrode system , resulting from changes in polarity , and from
changes in the dV/dt. Closer analysis however showed the dependance upon polarity and
dV/dt to be more apparent than real. The techniques employed to determine the voltage to
be applied resulted in breakdown occuring after peak voltage for long fronted waveforms ,
and before peak voltage on the short fronted waveforms . Furthermore in the positive
polarity tests breakdown occured at lower gap voltages than was the case for negative
polarity tests. A more consistant pattern of results was observed in these particular
tests, if the prospective peak applied voltage was taken as the reference rather than
either the polarity or the initial dV/dt.

These factors may not necessarily have the same effect in other tests. It is
nevertheless a phenomenon worthy of note and possible further investigations.

The waveforms mentioned by Pluznmer (1) deal to some extent with this problem by
defining the waveform A such tha t breakdown must occur during the voltage rise. The
dV/dt is defined as 1000 kV/~s ± 50% and is assumed to be linear up to breakdown . It is
unlikely that a practical generator could achieve this linearity and the actual dV/dt
at the time of breakdown may be influenced by the ratio prospective voltage/gap
breakdown voltage.

The ra tionale for the choice of the dV/dt for voltage waveform A has been exp lained
by Plunmer (1) page 12—3 and this explaination is accepted by the author. Three points
of interest are submitted however.

1. At an average speed of leader propagation of 2 x i0~ rn/s the f inal j ump of
say 50 m would take some 250us. This could be construed to imply a much
smaller value for dV/dt ,

2 .  Streamers wil l  proceed from the a i rc raf t  to meat the advancing leader , and
the point of initial contact between the two may be regarded as the switching
point . The switching point distance from the aircraft in natural conditions
Is likely to be much greater than switching point distance in a laboratory
tes t having a total gap of say 1.5 a.

3. The in—flight pressure distribution may have considerable effect upon the
development of streamers, and this ~s very difficult to simulate in laboratorytests. _________________________
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Some allowance has been made for these factors In advising the use of voltage
waveform B for cases where the test objects contains flight critical components , although
it is f e l t  that  a considerably slower rise time could advantageously be used in some
circumstances. Such c±rcuznstances arIse when a test object comprised of all metal, or
conducting composite components includes regions to which a strike attachment could be
catastrophic (eq . a fuel vent) or could endanger the a i rcraf t  or a f fec t  its abili ty to
carry Out its mission (eg. a sensitive ariel.)

In general longer fronted waves give a wider spread of resul ts,  and some points
of attachment to sensit ive areas may be rev~ aled that  may otherwise have gone undetected
with short fronted waves . The UK Recommended Practice ( 4 )  recongnises this by recommending
the use øf a 20 0/2 000u s  waveform for such circumstances.

An a l ternat ive method of ident i fying such potent ial  but low probability hazards
has been included in the SAE proposals in the form of the Corona or Streaming Test.
Method No. 303 which is the subject of a subsequent paper at this conference to be
presented by J .A .  Pluznxner (5) . It should be noted however that the comments on in-f l ight
pressure distr ibution also apply to corona tests, and possibly to an even greater extent
than they do to long fronted waves .

5. Conclusions

There is always some limitation in the extent to which an in- f l ight  natural
Lightning strike can be simulated in the laboratory, and recognition of this must be made
when specifying tests and interpreting results .

It is important that fac tors  which could seriously af fec t  the safety of the aircraft ,
or appreciably reduce its effectiveness, should be clearly identified . It is equally
important however to avoid overtesting which may result  from too rigid a test specifi-
cation, particularly in the area of HV testing where present knowledge is still so
limited. I t  may probabl y be advisable to classify such tests as “Engineering ” tests
rather than mandatory , thus giving the appropriate certification authority the
flexibility of interpretation appropriate to the aircraft and its purpose.

Finally , in the light of our present knowledge the use of waveform A for dielectric
puncture tests,  and the use of waveforms A and B together with corona and streaming
tests for determining attachment point locations on conducting materials will  give
useful  information, which , if interpreted with caution , will assist  the experimenter
in making a reasonable assesment of the in—fl igh t  performance of the component under
test .  However future research work on testing techniques , particularly in the area
of electrode shape and size may result in the need to modify the testing requirements .
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QUESTIONS and ANSWERS

From Ph. Lecat
a — You told us of the effect of dE/dt on the efficiency of current diverters. Don’t you think that dI/dt has a great influence

too ?
A — Yes , but at a different phase of the capture process. Th. reference to dE/dt was made in respect of the probability of

capture, and it can influenco what is happening in the processes leading up to capture. The auestion of dl/d t Only arises after capture
and a linked -NIth the return ttroke currOnt. Then of course it can influence where the current can flow and what the re*j lts of that
current may be.
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Introduction
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Confer ence S saiou
on

Lightning Attach.ent and Swept Stroke Testing

.1.D. tobb

Two laportant aspects of lightning protection developnent are the deternination of th. points where light-
ning will contact an aircraft and the surface area s where lightning will be .vepc by the airflow. This isforsu—
tion is needed for intelligent application of lightning protection suasurea.

point teeting r~~ain. a subject of son. differences of opinion in regard to basic •echanis.s,
specifically the electric field rise tin, ju st previous to a strike and as a result ther e resale so., differ-
ence. as to the optinun rate of rise of applied voltage in the attachsssnt point coating. These are not acadenlc
differences as the results of attacI~~ent point testing can have real inpact on aircraf t design in terns of skin
thicknesses and weight. The aspects of basic nechanisna and in—flight experience nust always be balanced in the
f inal analysis as will be discussed in this conf erence session.

Swept atro ks lightning testing is of great inportance in the application of lightning protection as of ten
the presence of wlndetreaa subetantially reduces the protection requiresents, It is usually felt to be as
inportant not to overapply lightning protect ion a. it is to b. sure tha t no hazardou. configurations have
renam ed unprotected.

It should be noted of course that testing with stat ionary arcs is conservative but possibly over severe.
Swept stroke testing techniques are therefore of great iaportance in providing realistic cosponenc t~.tingwhic h does not unduly penalize new designs.
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TABOMATORY TESTS
CO D ETZRMI~E THE POSSIBILITY 0? ICNIVLLr.

OF FUEL VAPORS BY LIGNTNIJ.L

J.D. Robb , Director
Lightning & Transients Research Instf ~~~te

2531 V . S~~~er Str ~ .t , St. Paul ~~ 1.13

Of concern in flaw aircraft deeign is the possibility of fuel vs~or Ignition caused by lightning strikes.
Lightning energies can enter the fuel tank vapor area s by sparking ~ .. ~~~~~ a.-~.. a,. c~ss doors , and by elect ric
field coupling throug h plastic doors. The energie . can be induct .v-~ .y GC coc4uctively coupled through fuel
quantity probe wir ing and can also cause ignition by hot spot haatir.g of t.hs fuel tank wall or by direct
puncture of the skin . Tests have been deviaed to determ ine the ade~ uac~ ot new fuel system design, and include:
(a) photographic viewing of tank interiors to check for spark ing or str eamsr ings , (b) use of conf ined fls able
mixtures about the component being tested to check directly for possibLe ignition, (c) infrs— r ed or thermo-
couple measu r ements of hot spot heating, and (d) voltag , and current nea.urements of transients on wiring.

Whereas some area s need further investigation, particularly with the new metal and composite mater iel.
being used f or fuel, tank skins , the fact that few aircraft losses have been caused by lightning ignition of
aircraft fuel systems indicate, that good conf idence can be placed in the pre sent test methods.

1.0 INTRODUCTION

One of the concerns in the design of new aircraft is lightning protection for the aircraft fuel system .
Fla able vapors fro. aircraft fuel require a fraction of a millij oule for ignition and currents an low as
200 microemperes. Natural lightn ing strikes to aircraf t can have crest currents of 200,000 amperes and suit-
able measures mus t be taken to assur e that the large energies of the natural lightning discharge cannot be
coupled into the fuel tank where ignition might tak e place.

These measures includ e careful attention to bonding practices and fuel tank joint conductivities particu-
larly with the integral fuel, tank construct ion. It also requires protectio n measures for preventin g induced or
conducted voltage or curre nts on intern al fuel tank wiring also for pr’r~enting penetration of lightning et~ ike
energies through fuel vents or access door..

The most effective way of providing ecoeo.ical fuel. sycton protection is through design modification in
the preliminary stages of the aircraft design process. During this phase °f lip of the coin” type decisions
can often be utilized to provide protection with smal l penalty to the veLicle in terms of weight and cost.
In contrast , protection provided after the basic design has b*en frozen can often be relatively expensive or
provide less effective lightning protection. In the following section. are presented some basic information on
fuels end lightning as related to fuel vap or ignition for general background followed by a discussion of l4ght—
ning testing required for design ver ification.

2.0 IGNITION NECHANI SMS

2 .1 Combustion Theory

When a flame passes th rough a stagnant fuel—air aii,cture, a process takes place which converts the cool
unburned gas into the hot combustion products at s moving interface, tt~e ‘~~nbustion wave.~’ The heat released
in the f lane zone is conducted and radisted into the unburned gas, raising the next layer of unb ’irned gas to
a temperature sufficient to heat this zone. This rate of heat transfer then sets the velocity of the combustion
wave , Which leaves behind combustion products at the flame temperature. As the fuel —eir ratio is changed to
increase the flame temperature , th. temperature gradient steepen. and f l ame  vetoelty increases. In a plane
combustion wave , if the f lame temperature is reduced, a point is reached where insufficient heat is conducted
into th. next laye r of unburned gas to fully ignite it, the flame stretches, and finally ceases to propagate .
Thia is called the combustion limit, and describes the conditions under which the combustion wave is just able
to propagate through the fuel—air mixture. The combustion limits of typ icai aircraft fuels are shovn in
Figure in.

This discussion of the plane wave may be extended to a spherical coubustion wave. Tb’s ignition usually
take. place at a specific point with the combustion wave moving out into the unbu rned gas as a spherical wave .
Therefore, each new layer of unburned gas is of larger volume then the layer of combustion products which
supplies the heat. When the combustion sphere is very m a l l, the increase in volo.e of the next layer is so
great that a mixture which would support a plan. combustion wave extingui shes the tiny spher ical wave front
by quenching it .  Therefore to obtain stable ignit ion , sufficient energy eust be deposited at the ignition
source in order to establish a flame zone of critical minimum size. (1)

In the process of fuel vapor ignition by electr ic sparks a very concentrated source of energy is released -
in the unburned gas over a very shott period of time. Tb. gas in the iss,ediate vicinity of the din ’~harge israised well shove the ignition temperature end an extremely steep temperature grsdient is form ed . As the
flame zone grows , the temperature gradient becomes flatter as the excess hea t deposited by the sp.irk is
added to the heat of combustion being conducted out through the surface of the combustion wave. If sufficient
heat and energy have been deposited fro, the spark , the minimum combustion flame size will have bean reached andignition will. occur.

The concept of a minimum ignition energy is of importance in L ightnin g protection as it suggests tha t the
•od. and fine structure of the energy inpu t time history ic not important unless it ia very slow and that th e
critical factor is in the total hest input into the spark. The details of the plasma chemistry are of course -~extremely complex. The gas can hay p.ratures in the form of ionization , dissoc iation ,
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vibration , rotation and displacement energies for the various type s of p lameas suc h as the glow and arc types.
Zn addition there can be ignition by conduction from contact with hot surface , or particles.

Thus , the concept of simple heat input after some minimum equ.t.~.ibr atto n or therm alizatio n time certainly
simplifies analysis of an inherently complex proble m.

Another problem, arises however in the fact tha t the heat input is tot generally determined in ter m s of the
energy. Sparking Ia fuel tanka is more often dete rm ined analytically ~tr uxperimmotally in ter ms of the current
waveforms and a profile of the time current magnitudes for ignition L a tequ ired . A rough curve of minimum Igni-
tion crest cur reacs as a function of t ime (2) is shove in Figure lb. -~~ 4ed is a more careful measurement of -

the minimum time current waveforms for use in analysis sod design of ;.ev fuel systems.

2.2 Practical Ignition Mechanisms

In spite of the excellent conductivity of the aluminum skin and generaLly good conductivity of the
skin joi nts , lightning energies can penetrate into the fuel tanks and causa fuel vapor ignition. Amon g the ways
in Which this can occur are spark ing of access panels such as filler caps , access doors , drip sticks , quantity
probes, pumps and drain valves (3) as illustrated in Figure 2 for a fi l ier  cap.

Lightning energies can also enter on unshielde d wiring such as fuel quantity probe leads. It should be
noted tha t fuel quantity probe wiring is often shielded but that the shield is most often carried into the tank
interior without being electrically bonded to the tank wall at the entry point with the result tha t induced
voltages on the shield or inner conductors can spar k to the airframe or ground electrode on the fuel quantity
probe insid e the tank to cause ignition . Skin joints can also spark from lightning cur rent flow particularly
with the wet sealed joint assembly used for corrosion control and special measures are required .

The spark ing inside tanks can be spark plasma,. It can also be showers of hot metallic particles. Igni— -
tion can also occur from fuel tank skin hot spots caused by lightn ing attachment to the outside of the fuel
tank skin. With the introduction of the new non—metallic composite mater ials , new problem s are introduced by
the greatly reduced conductivity and shielding,

It is generally accepted tha t the minfmua sparking voltage regardless of geometry and air density (Fig-
ure 3) is approxi mately 350 volt a , and tha t with the excellent joint conductivities of fractions of a milhiohm,
straightforward analysis would indicate a very low probability of arcing inside the tank. Internal impedance
drops across joint s, because of skin effect, require huge external curr ant densities to develop potentials at
this level . It may be noted tha t typical aircraft resistances from extre mities , wing to wing or nose to tail
are of the ord er of 100 isicro—o bea for aircraft ranging from the piston engine era to modern jet airliners.

However , the typical sparking that is developed within a fuel tank ig not generally that wh ich results
f rom impedance voltage drope across the intern al joints but rather that which is a result of current densities
through small paths acros s the joints in which the current density exceed e the fusing current density. Small
fingers or slivers of aluminum with inaufficient cross sectional are a to carry the localized current density
are vapor ized or melted and exploded into smell, spark showers. These can be generated across joints with even
low join t impedances as illustrated in Figure 4. Thus , the edge trea tmen t of wing planks and splice plates
is critical in preventing spark ing inside fuel tanks.

Also critical in preventing sparking inside integral fuel tanks is the type of fastener and fastener
trea tments. Fasteners are requir ed which have good conductivity to the wing plank.

Fuel tank sealant . help in suppressing sparking but certain minimum sealant thickn esses are required and
quality contro l becomes critic al if sea lants are depinded upon f or sparking suppression.

Ignition can also occur from fun], tank skin hot spots cause4:* y lightning attachment to the outside of the
skin . The amount of heat transfer red to the internal hot spot on the tank is determined to a large degree by
the ~~~unt of time that the lightning arc remains attached to the extern al skin as well as the amount of en-
ergy and charge transfer in the lightning discharge. (4) It has been found tha t sur face treatment , bound ry
layer and a number of other factors are important in determ ining the time duration of stroke attac hment on the
aid chord areas of fuel tank skins. (5) (6) As most of the charge transfer in a natural lightning discharge
occurs in the low current long duration continuing components , the time duration of arc hangon becomes quite
critical. Significant amounts of charge transfer cast also be transferred in single high cur rent restrike., how-
ever , and for this case external skin surface treatm nt again becomes critical in determining the concentration
of arc attachment. Unpainted skins can have a wider scatter of attachme nt points Whereas aircraft paints tend
to concentrate the arc in a small local area which greatly increases the probability of hot spot ignition or
burn through.

Lightning stroke contact with integral fuel tank skins is established only in swept strike zones where th e -
lightning sweeps over the skin , as fuel tank. are not or should not be located in direct strike zones, particu-
larly st locations where long duration arc hang—on La possible such as the trailing edge of a section. The
mechanisms of stroke contact heating are complex , involving plasma contact with the skin materials, ion bom—
ber da ent and ohmic heating of the skin modified by heat transfer with phase change and vind stre sm cooling. -

With the introdu ct ion of insulating and conduct ing composite materials new prob lem. are introduc ed by vir-
tue of the reduced conductivity and shielding.

3.0 PROTECTION MEASURES

3.1 Skin Joints

With the introduction many year. ago of high strength alloys for wing planks which formed the skins of the
integral fuel tanks , a serious corrosion control problem developed because of the part icular corrosion suscept-
ibility of these materials. W et sealed joints in which the fuel tank coating Was applied wet to the fasteners
and joints previous to assembly was used to control corr oa sit the corrosion control engineers ’ desire
to maintain an inherently insulated join t was completely in op osition to the lightning requirements of a good -
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electric ally bonded skin jo int. Therefore . a development pTo~raa was initiated to develop J oint s  which met the
appa r ently irreconcilable requirements of complete insulation for corrosion control and excellent conductivity
f or lightni ng protec t ion. The resultant skin joint developed as illustrat ed in Pigure 4 utilized the principal
of sealing the joint against external moistur e penetration to prevent corrosion while assuring good electrical
conductivity internally in the jo int sandwich to prov ide the required conductivity for lightning.

&a may be seen in the figure, the wet asalanta completely surround the components of the joint which could
sper k including ths fastenere and skin plank edges. In addition the skin plank. are carefull y beveled to assure
tha t any shear ing edges , feathers or fingers , vhich could produce spark showers from local excessive current den-
sity are r emov ed before joint assembly. With careful cons t ruction , joints can be made spark resistant without
the use of aealan ts and then sealants required to prevent leakage provid e an extra margin of safety against in-
ter nal sparking and fuel vapor ignition. Although skin jo ints are the first concern generally in providing
lightning protection for fuel tank. , all other components attached to the external skin such as access panel.,
drip stick. , drain valves , fuel vents and filler caps must also be chec ked .

3,2 Access Panels

As discussed earl ier , early fuel tank components suc h as futl filler caps provided poor interna l conduc t iv-
ity in the form of anodized locking flanges and tn.auj~atj on on the outside of the filler cap in the forvs of a
rubber “0” ring thus assuri ng that any lightning st rok. contact to the filler cap would cause spa rk ing inter nally
Inside the fuel va por area s as illustrated in Figure 5. The basic approach to preventing this is to provide
external conductivity and internal insulation. An extreme form of this i. the use of an external metallic cover
over a plastic door. This can include plastic filler caps with external covers , plast ic access doors with cx—
ternal metal coatings such as foil or plasma flame spray , but in each case conductivi ty is provided in the non—
fuel, areas in otd et~ that sparking occurs outside the fuel, vapo r areas and tha t insulation is provided inside the
tank areas to assure that no resistive current patha can spark within the fuel. vapor are a .

To provide the external conductivity while gaining some measure of corrosion control, the use of conducting
corrosion control Goatings such as the chromic conversion coatings are used while solid insulations or sometime.
fuel tank sealants are used on the internal surfaces to suppress any possible sparking. This must be done f or
all type, of fuel tank components which are m acsh ed in th* wing skin.

3,3 Internal Wiring

Fortun ately nearly all electrical wiring located inside aircraft fuel tanks is enclosed inside metallic tub—
ing to assure tha t any electrical circuit faults and possible arcing will be isolated from the fuel vapor area .
However , one important typ e of wiring is not ehieldeA generally inside the t ank and this is the fuel quantity
probe. Although shielding is often provided on the outsid e of fuel quantity probe wir ing , the measurement ac-
curacy is sar iou8l y affec t ed by the shield bond ing and consequently most quantity probe wiring shields are bond-
ed oniy at the indicator in the cockpit. Wha t appears to be a shielded wire running to the fuel tank and throughthe fuel tank skin to the interior is not shielded fur lightning induc ed voltages as the shield is not connected
to the skin at the entry point. Special connector. are used which allow the shield to enter the fuel tank with-
out electrical connection. With long wiring runs on the electromagnetic exterior of the vehicle , such as along
leading edges of the front wing spars under non—metallic covers or along the trailing edge of wing spars behindflaps which do not provide magnetic shielding, substantial induced voltages can result which can produce sperk —ing across the quantity probe elements or from the quantity probe wiring to the win g structure (Figure 6), Toprev ent tnis , a number of measures can be taken such as additional shielding over the outside of the wiring instrong magnetic field areas , the use of suppre aai on devices such as small lightning arresters or preferably thererouting of fuel quantity probe wiring in areas of low lightning electromagnetic field coupling.

3.4 Fuel Vent s

Laboratory teats have demonatrated that fuel vapors can be ignited with lightning induced streamer current
magnitudes and wavefor ms. (7) Thus the location and geometry of fuel vent outlets is an important consideration
in prov iding overall 1.ightning protection for aircraft. Generally atreamering will occur from the outside of thevent in the free airatreas i where studies have shown tha t the mixtures are either too lean or within the quench-
ing distance of th. skin and as a result streame r ignition from ci fluxing fuel vapors out of vents is in gener al
of low probability, (8) However , fuel vents could be designed which cause lightning induced atrea mer ing with inthe flssmabls vapor area and this could result in fuel vapor ignition. The gener al mechanism is illustrated inFigure 7. An approaching step leader induces str esmar ing off most vehicle extremitie. because of the int ense
electric field between the step leader and the vehicle. The streainering as illustrated in a laboratory demon-
stration in Figure 8 Is determined not only by the geometrical configuration of the aircraft and the local
geometry of the vent outlet but also by the time history of the streamering from the extremities which in effec ttend to provid e a degr ee of shieldin g for the lover gradient a reas. Thus the location and shape of fuel vents
is extremely critical in deter mining the degree of etre smering which can occur under lightning incident electric
fields and the location of the at reamering in the ci fluxing f l~~~ able vapors or in the non—flasusble vindsireas.

The critical gradient at which vent stre smer ing occurs can be determined using electrolytic tank plot s inspite of the complex geometry which defies closed form analysis. Using a sequence of three d imen siongl plotsfor the aircraft , the local area geometry , end the vent itself , a threshold voltag , can be determ ined for a spec—if ic vehicle height over the ground at whic h strea siering will initiate from the vent surf aces eithe r in thefla abj e mixture area or external to the vent. We are suggesting tha t because the tank plot app r oach is rela-tively simple , some type of vent threshold potential criteria be app lied to a ircraft to provide soni c contro l ofvent streas ier ing thresholds . As an example of the magnitudes , a tubular vent located at a wingtip of an airc raftmay require only a few megavolts on the aircr aft to cause str ea lserin g from the vent outlet whereas inboard fuelvents of the NASA reentrant Ham type may have thresholds as high as 100 eegavolta, The wingtip vent threshol dis sufficiently low that streamering will be occurring Alao.t continual ly in t hunderstorm region s from the elec-trical, cross fields within the thunderstorm wi t hout lightning strikes even contact ing the vehicle. The re .~n—trant vents in in board location , on the wing will have a low prob ability of atreasering even with direct light—ning contact to the aircraft at nearly any location excep t near the vent outlet . To apply this concept , theonly problem would be in selecting a reasonable threshold potential. —
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Figure 7. Induced Streainer ing from Wingtip by Approaching
Stepped Leader .
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3.3 Flame Arresters

Considerable di f ferences of opinion exist regarding the use of flame arresters on vent out le ts .  Some sanu—
facturers use them for 511 vents and others manufacturer s never uee them and both have good juatiftcatl~ne ~~r
their point of view . Flame arresters introduce the potential hazard of possibly icing snd choking of f  the fuel
ven t and the fuel supply to the engines. However , it has been d~~~~nstr ate d that f lam. arresters can be used in
fuel vents without icing problem s when properly designed and located . The flame arr esters in curr ent use are
generally of th. egg crate type in which the flene arresting elemen t has the depth of several inches to pre-
clude the possibility of flame holding (heating of the flame arr ester element and re ignition on the fuel tank
side of the flase arrester such ae can occur with sinpia screen type flame arr esters). Screen arresters can
still be used in areas where direct lightning strik es are of a low probability as they will prevent streamer—
tog within the fl able vapor area of the tank and confine it to the exterior free eirstream region where the
ignition probability is extremely low.

Wher e arrester. are located inside a vent line, the organ pipe reaonance effects from external lightning
strikes in the vicinity become of considera ble importance. It has been shown that these resonant effect. from
the lightning stroke shock wave can result in the pumping of large quantities of combustion gas back and fort h
through the arr ester at velocities which could possibly defeat the arrester operation and allow f lame travel
through. T~sis th. location of flame arresters at velocity nodes where vapor flow velocities are minimized
is of importance . -

3.6 Fuel Jettison Systems

Fuel jettison systems also r equ ir e lightning protection and this is generally done by assuring that no
complete open path exists between tha jett ison tube exter ior and the fuel tan k at any tine.

This can be accompLished by use of gear type j ettison pumps which block flame travel. This can also be
done by arrangement s to assure tha t liquid fuel completely fills the jettison line at all times such as fuel
level switches which shut of f valves on the jettison pump whil e liquid fuel remain., over the jettison out et.
Flames don ’t propagate, of course, in liquid fuel.

Rupture of jett ison lines by external ignition of vapor in tubes blocked by valves or pumps is considered
very improbable as the combuacion pressure is less than a few hundred atmospheres and in tubes a few inches in
diameter, this results in hoop stress well below the elastic limits of aircraft aluminum. This is, of course,
not true for larger aircraft sections such as wing boxes which can easily be exploded by ignited fuel vapors.

3.7 Fuel Tank Skin Treatment

Lightning protection for fuel tank skins involves (a) determination of the need of protec t ion , if any and(b) the type of protection required.

Earlier researches determined the charge transfer magnitudes as a function of the arc t ime dur ation end
akin thic~~e.,s required for puncture and for hot spot ignition using stationary (non swept) arcs as discuesed

4 in Section 2. 2 . The n4.4— ’— energy and charge transfer, occurred at arc durations of about 10 to 20 miii i—
seconds. These earlier researches for unpa inted skins had also shown typical stroke hang—on tImes of two to
five milliseconds for titanium end aluminum respectively and even shorter times for sta inless stee~ .

This data along with the earlier theoretical and experimental studies of time—tempe rature profiles (9)
have indicated that without puncture , hot spot ignition with aluminum fuel tank skins is of very low probab il-
ity but provided guidance on minimum skin thickneasea for unpainted skins.

More recent studies have shown that some of the newer skin materials such as stainless steel and titanium
have larger time—temperature profiles and do present a potential hot spo t ignition hazard , as illustrated in
Figure 9. However more realistic tests with vindatream cooling also show much reduced heating by any of the
skin materials as illustrated in P igur s 10. Although the preliminary hot spot investigations with wi~d~trea,,are encouraging, the area of hot spot ignition with windstrs.em needs further research to define sore precisely
the safe envelopes of skin parameters for new materials.

Unpainted skins need less protec t ion in general as the arc is swept by the vindstream , moved lateral ly andlongitudinally by the arc magnatic kink instability and is allowed to spread over a larger area where no paint
confines it. When fuel tank akin . are painted and lie in a Zone 2 area where arcs will be swept and are ofmarginal thickness, special paints are under development which help increase the number of arc contact pointsand reduce th. energy in any single point.

Insulation can be used (10) over metal skins in the local area to prevent arc contact. The Insulat ion can
also be combined with an external thin metal surface which acts as a sacrificial anode to mows the arc as themetal burns away. This approach is used on several current jet transp ort aircraft.

For composite skins with either fiberglass or graphite fibers , externa l meta llizetion can be used if re-quir ed in the form of plasma flame spray , aluminum foil or screen mesh.

4.0 FUEL SI STEMS TESTING

4.1 Fu~1 Systems Testing

Of the three principal sources of fuel vapor ignition , the principal ones on wh ich tests are usuallycarried out are fuel tank sparking and induced streamertng end induced volta ges on the ~ue 1 quantity p robewiring. Hot spot and arc puncture are taken care of by specifying skin thicknesses and surfsce treatmentsbased on hot spot and puncture research data, They are seldom carried out for qualification t#sts as the testequipeent and Cest procedures are expensive and time consuming, Rot spot testing requires to fra —red imagingcameras which involves considetab le tisa in making the measurements. In additio n , wi nd stream is need ed forrealistic simulation and this furt r 1.4. r. ~ ph. r. .~~~1 t ime of the test..
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Test, of induced voltage on fuel quantity probe wiring are similar to induced voltage measurements of other
wiring which is discussed in ether sections of the conference proceedings and are th.refor. discussed only
briefly here.

4.1 ~pgrking and Stresmering rest s

Sparking teats are preferably carried out using cameras to photograph any ponoible sparking or streamering.The tests are perhaps beat described with reference to Figure 11 and to the pronent U.S. document on lightningtesting by Subcoeaittee AE4 — Task F of the Society of Automotive Engineers Aerospace Council as excerptedbelow. (11)

~~CER1T FR(E4 SAE AZ4 - TASK F DOCUMENT, dated May 5. 1976:

Direct Effects — Combustible Vapor Ignitio n Via Skin or Component P~incture, Hot Spotc or Arcing (SAE 4 .5)

Objective (SA Z 4.5.1)

The objective of these test, is to determine the possibility of combustible vapor ignition as a result
of skin or component puncture, hot spot formation, or arc ing in or ~~~~~ fw.l cye~ ama or other regions
where combusti ble vapors may exist.

CAUTION: These tests s imulate the possi ble direct effects whic h may cause ignition. Igni tion of combust-
ib le vapors may also be caused by lightning indirect effect, such as induced voltages in fuel probe wiring,
etc.

Wavefo rms jSAE 4 .5.2)

The same test curr ent waveforms should be applied as are specified for structural damage test. in
Paragraph 4 .4.2.

Test Setup (SAE 4 .5 .3)

Test setup requir ements are the same as those described In Paragraph 4.4.3 for structural damage teeta,with the following additional conside ration .:

If a complete fue l tank is not available or impractical for te s t , a sample of the tank skin or other spec-imen representa t ive o f the actual struct ural configurat ion (including jo ints, faeteners and substructu res ,attac heent hardware, as well as interna l fuel tank fix tures) should be installed on a light—tight opening
or chamber. Photography i. the preferred technique for detect ing sparking. If photography can be emp loyed ,the chamber should be fitted wi th an array of mirrors to make any sparks visib le to the camera. However,for regions where possible sparking act ivity cannot be made visible to the camera, ignition tes ts may beused by placing an ignit able fuel—air mixtur e inside the tank. This can be a mixture of propane and air
(e.g., for prop ane: a 1.2 stoichio rsetr ic mixture) or vaporized samples of the appropria te fuel mix ed with
air. Verif ication of the combustib ility of the mixtur. should be obtained by ignition with a spark or
coro na ignit ion source introduc ed into the teat chamber ismediately after each lightning test in which no
ignit ion occurred. If the combustible mixture was not ign itable by this artific ial source, the lightning
test must be considered invalid and repeated with a new mixture until either the lightn ing test or art ifi-
cial ignition source ign itss th. fuel.

Msasure .ent, and Data Requir ements (SAE 4 .5.4)

The same test curre nt measur ement , should be made as are specified for structural damage teats in
Paragrap h 4.4 .4.

The presence of an ignit ion source should be determined by photography of possible sparking. For thispurpose a camera is placed in th~ test chamber and the shutter left open during the test. Experience
indicates that ASA 3000 speed film exposed at P4.7 is satisfactory. All light to the chamber interior
must be sealed of f and the shutter opened to P4.7 aperture. Any light indic ation s on the film due to
internal spark ing after test should be taken as an indication of sparking sufficient to ignite a com bust-
ib le mixture.

CAUTION: This method of determini ng the possibil ity of sparki ng should be utilized only if all location s‘,‘~~r. sparking might exi.t are vis ible to the camera.

If a region where sparking may be possib le cannot ba made visible to the camera , ignition o f a comb ust-ib le *ixture may also serve as a diag nostic ~~~~~~~~~~~~~ to evaluate potential sou rces of ignition.

More specialized instrumentation may also be added if add ition al info rmation such as skin surface temp —stares , pressure rises , or f lame front propa gation velocities are desired .

Direct Effect s — Screamers (SAE 4 .6)

~~jecrive (SAE 4.6.1)

Electrical streamers initiated by a high voltage field represent a poe:ible i4nition source for combust-ible vapors. The objective of this test is to determine if such streamers may be produced in regiona wheresuch vapors exist.

Wave form (SAE 4 .6 .2 )

Test voltage wave form C should be applied for this test. The crest voltage should be sufficient toproduce streamering, but not auf
1Lt.tseig is as..., fla.hc’vsr1in the high—voltage gap. Generally, this Will
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requir e that the average electric field gradient , g~~, between the electrodes be on the order of 5 kV/cm ,

~av —

where

• average voltage gradient (volts/ca )
V — peak vo ltage between the electrodes P
S — spacing between the test specimen and the high voltage (or ground) electrode.

Test S.~tup (SA.E 4 .6.3 )

The test obj ect should be mounted in a fixture representative of the surrounding region of the airframe
and subjected to the high—voltage wav eform. The voltage may be applied either (1) by grounding the test
object and arranging the high—voltage test electrode sufficiently close to the test object to create the
required field at the teat voltage level applied or (2) by connecting the teat object to the high—voltage
output of the generator and arranging the test object in proximity to a ground plane or other ground
electrode that is connected to the ground or low side of the generator. In either case the low side of
the generator should be grounded. Either arrangement can j~rcvide the r.eceasary electric field at the
test object aperture. The test object should be at positive polarity with respect to ground, since this
polarity usuall y provides the most profuse strearsering.

Measurements and Data Requirements (SAE 4.6.4)

Measurements should includ e test voltage waveform and amplitude, geometrical descriptions of test object
and electrode arrange ments and degree and location of streamering. The presence of streanering at loca-
tions where combustible vapors are known to exist may be considered as an ignition source. The presence of
screamering can best be determined with photography of the teat object while in a darkened area. If com-
bustible vapor presence at an aperture is questionable , the test should be run with a combustible mixture
actually present in the test objec t to determine if ignition occurs, but care should be taken to ensure
that th. test arrangement simulates relevant operational (i.e., in—flight) characteristics.

The above excerpts are intended to illustrate the test method. For use in actual testing the latest
revision of the complete SAE lightning test document dated June 20, 1978 should be used.

The sparking taste excerpted shove represent a conservative test. Researches have shown tha t much brighter
sparks observable with a reduced aperture of P 8 and film of speed AM 3000 do not ignite fisamable hydrocarbom
mixtures as illustrated In Figure 12 and discussed in Reference (12).

4.2 Hot Spot Testing

As discussed, hot spot testing is considered a research test, not a qualification test, at the present time
because of the complexity and as such is not included in the SAE document. A test arrangement for such tests is
shown in Figure 13. It utilizes an infra—red camera which scans the back of a panel on which the dischar ge cur—
rents are swept. A tape reco rder is used for recording and oscillo ecopes or oscillograp he may be used for play-.
back. Additional details of the teats are presented in Reference (9) .

5.0 CONCLUDING DISCUSSION

Techniques for the important lightni ng testing of aircraft fuel tank components for sparking and streamer—
ing have been used for a sufficiently long period of time to give confidence in their use. In the area of hot
sp ot and puncture ignition mechanis ms , some additional work is requ ired to define more precisely the safe para-
meters of skin thickness and coating for the new msterials of both new metal and non—metals coming into current
use.
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QUESTiONS and ANSWERS

1 — From A.W. Bright to J. Robb and J. Plumer

0 — This question relates to the interpretation of data obtained with Test 303. When testing fuel tanks such as wing tip tanks.
our own work on fuel to metal discharges inside tanks suggests that it may be difficult to photograph some very low energy discharges
which have sufficient energy to ignite a fuel vapor. We have been studying discharges close to the minimum ignition energy and we
find that we have to use image in tensifiers to record the discharge. Also incidentally, we note that many discharges which produce a
good deal of light are non-incend ive. And the question is cmi one be certain that in the 303 tests on a fuel tank, a camera will record
a potentially incendive discharge

A — LTRI tests of discrete sparks between electrodes with minimum ignition energies have shown that a camera with an aperture
closed two stops less than that shown in Test 303 records all spa,k ignition, which suggests that the two stops smaller aperture indi-
cates some margin of conserv atism in the tests. This does not apply of course to brush type discharges such as Professor Bright would
be photographing in fuel tanks under static electrificatio n conditions. And it may not apply to brush-type st reamer discharges inside a
fuel tank from thunderstorm cross fields resulting from nearby lightning diw harges. We would also agree with Prof essor Bright’s comment
that not all discharges which are visual may be incendive but this represents a conservative test for direct sparking. Professor Bright’s
comment that the image intensifiers are set at a level equivalent to that of the dark adapted eye norreaponda to the sensitivity of the
photographic test method of Test 303. This point certainly needs to be checked more carefully to determine quantitatively the possible
levels of light Intensity corresponding to incendiary sparks. The difficulty arises, of course, because of the wide variation in spark types
from a high electron temperature glow discharges to arc discharges and molten metal part icles. This is an extremely complex problem
but we do feel that it certainly needs some serious efforts to provide more confidence in the tests, particularly for the streamering tests.

2 — From A.W. Hanson
0 — Experiments have been conducted at Culham to invest igate the effect of lightning surge shock waves on flame propagation

rate s in fuel vapors.
Has LIRI done any work in this field and what were the results 7

A — LTRI has done some specific experimental investigations on lightning shock wave effects on flame propagation velocities as
reported in FAA Report No DS-67.9 ~“Airf low velocity Effects on Lightni ng Ignition - of Aircraft Fuel Vent Efflu x ” , Department of
Transportation, Federal Aviation Mministrstion, Aircraft Development Service, Washington , D.C. 20590, July, 1967). The exp eriments
definitel y showed high velocity flame propagation in the vents which resulted in high pressures and substantial vent distortion. It was
suggest ed that the posaibj lity of a detonation wave could Ixist when triggered by an initial shock which would not be possible under
the quiescent ignition. Because of the imp~rtai~ .. at d~g ~~~~~~~~ ,, ,.J.,~on to flame detection and quenchi ng systems we feel thi s
needs further investigation. 
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LABORAT ORY TESTS TO DETERMINE THE PH?SICAL DAMAGE
(DIRECT EFFECTS) CAUSED BY LIGHTNING (QUALIFICATION TEST)

A W Hanson
Culham Lightn ing Studies Unit ,

Cuiham Laboratory UKAEA ,
Abingdon, Oxfordshire ,
0X14 3DB. England .

SUMMARY

The paper describes the techniques toat can be used to generate
the test currents , conduct the tests , and to collect the experi-
mental data for laboratory tests to determine the physical
damage caused by lightning . Techniques for the simulation
of the natural inf light strike environment , and the effects of
ar: length and other special factors are also discussed . Some
guidance on instrumentation and diagnostics is also given .

1. Introduction

When an aircraft is struck by lightning the aircraft forms part of the total
lightning pat-~. Two attachment points are formed on the aircraft and lightning currents
flow in the aircraft between these points . These currents can give rise to two types
of effects defined ~s DIRECT EFFECTS and INDIRECT EFFECTS. This paper is concerned only
with the DIRECT EFFECTS , which are defined in section 3.2 of the June 1978 draft of
the proposals prepared by the SAE committee AE4L (1) as ~burning, eroding, blasting , and
structural deformation caused by lightning arc attachment, as well as the high pressure
shock waves, and magnetic forces produced by the associated high currents .

The objective of this paper is to help towards a better understanding of the
rationale of the tests normally employed , the criteria to be specified, and the inter-
pretation of the test results.

2. Test Current Waveforms

The purpose of laboratory qualification testing is to assess the in—flight str ike
performance of an aircraft structure or corrponent. The tests currents used should
therefore effectively represent natural lightning in all aspects and parameters , and
the test methods employed should effectively simulate the in—flight environmental
conditions . Laboratory tests however are only simulations and the tests must be
desiilned to enable reasonable allowances to be made in the interpretation of the test
results for any shortfall in simulation of either the lightning currents or the in—flight
environment.

Considerable work has been done collecting data of lightning strike parameters ,
and various tests waveforms have been defined which are intended to represent the
various parameters of various phases of both positive and negative discharges . The
waveforms of interest to physical damage direct effects tests are :— Current Components
A ,B,C , and D. These are defined in the proposals prepared by the SAE committee AE4L,(l)
and in the UK Recommended Practice. (2)

The phase or phases of a lightning stroke, to which a particular component is
likely to be subjected , will vary with the position of that component in the aircraft.
In addition , each of the test current components have parameters giving risp to
specific failure mechanisms . For example ohmic heating damage relates to J itdt.,
wnile structural damage due to magnetic forces is a function of the peak current . The
choice of the appropriate test current waveforms therefore must consider both the
position of the test object as, the aircraft, and the failure mechanisms under review .

It should be noted however, that where inductive sparking may be a hazard , eg.
at fuel filler caps , currents having a high di/dt as well as a high peak value are
required .

The rate of rise , and the rate of decay of the current pulse is also significant
in tests for damage due to magnetic forces. The force generated is proportional to
12 but the effective force will depend upon the relation between the angular frequency
of the structure (w),and the rise time and decay time of the c’~rrent pulse. If the
rise tine << -~

- and the decay time >> the effective force can be nearly doubled .

3. Genera’-ion of the Test Waveforms

The parameters of the components A ,B.C and 0, are very dissimilar, and in general
different machines will be needed to generate them. These machines will generally be
of the type where electrical energy is stored over relatively long periods and released
in short pulses of high power levels. This may be achieved either by ca~iacitivestorage or inductive storage. The latter is the better simulation as the inductor
acts like a fixed current generator , and in this respect is more comparable to natural
lightning than a constant voltage generator , or a capacitative stored source.
cau se
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Nevertheless reliable and realistic testing can be effected with direct discharges from
capacitor banka without the use of inductive storage.

With peak currents up to 200kA it is both difficult and expensive to charge an
inductor from conventional d.c. sources. ‘rô overcome this capacitive storage can be
used to charge the inductor . The simplest method of achieving this is to discharge the
capacitor via the test piece into the inductor. At the first current peak all the
remaining energy is stored in the inductor, and this can be fed into the test piece
by simply short circuiting the capacitor. (see figs la, and ib)

Current in load

CS closed
SS c~sed

Fig. la Fig. lb

This system of initial capacitive storage discharged into inductive loads with a
clamping or diverting switch, serves very well for simulation of the current component A .
where the peak current, rise times and pulse duration permit the design of a generator
having practical dimensions. The main lim~~ation of this system however is the controlof the rise time , which is a function of ~L,C. Where high charge transfers and medium
currents are required , (such as in current components B and C) both C and L need to
be large; and this gives a very long rise time for current in the inductor. Faster
rise times can be achieved by discharging the capacitor directly into the inductor, and
discnarging the inductor into the test piece after the transfer of stored energy form
capacitor to inductor has been completed.

Additional equipment can be used for the current component C. Theses include
DC generators and battery banks . Such devices however are suually constant voltage
sources and are not, in general, as good a simulation as an inductive storage system.
This is particularly true of open arc work where a constant voltage source puts
constraints on the arc behaviour not representative of the natural lightning condition.

The type and nature of the test current generators is one of the factors that
the certification authorities should take into account in assessing the results of
certification tests.

4. High Current Measurement and Recording Instruments

The two basic measurements required are current and voltage. Current measurements
can be made by two basic methods:

(a) Low inductance resistive shunts.

(b) Magnetic probes, pick-up coils, or Roqowski coils.

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

Rogowski coils and magnetic probes ~ay be used for the higher peak value currents
(say >1O~A)and di/dt values (say 5 kA ~is ‘ ) .  The Rogowski coils have the advantage
of absolute calibration but their high frequency performance is poor. These two
sensors have no metallic connection with the high current circuit and ~herefore theydo not require reference to the earth point. They are however more susceptible to high
frequency pick up and hash originating from the very high peak current trigger pulses
and other switching noises .

The elimination of hash can be greatly facilitated by the use of balanced twin
cables , in solid copper tubes. The copper tube must be kept directly against, and in
electrical contact with the high current transmission line at its lowest field point,
from the position of the diagnostic to the common earth point.

Other current measuring devices based upon magnetic field measurement such as
Hall effect probes could be used. In general however they have no advantages over the
simple coil magnetic probe .

NATO UNCLASSIFIED
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Voltage measurements can conveniently be arranged with suitabel potential dividers .

Here again the earth reference point must be connected directly to the low
voltage end of the potential divider , and t~ the earthy leg and screen of the balanced
twin cable. Earth loops must also be avoided. Analysis of these two functions
(ie. voltage and current) with respect to each other can give a very good indication
of the performance of the test specimen.

Ir. ocen arc work, high speed cine films should be regularly employed. Still
photography and light sensitive detectors can also add useful information to the
diagnostics . Pressure sensors , accelerometers, and heat detectors also have an
important role to play for appropriate tests.

5. Simulation of the Natural Environment

Sthula~ icn of the natural environment is an extremely important part of lightningtesting , as incorrect simulation may give misleading results.

5.1 Simulation oP the Lightning Current Paths

In the natural an,ironxnent the charge is simply transferred from one cloud area to
another , or from cloud to ground . The aircraft is therefore in free space with no
return path current magnetic fields to influence the behaviour of the lightning
currents flowing through it. In laboratory conditions return path conductors are
always associated with the test piece , and their associated magnetic fields can influence
the test results. In tests on components in zones I and 2 where open arcs are used, the
arc path can be severely distorted by magnetic forcer , and in zone 3 tests the path
taken by the current through the test object can be influenced by the position of the
return current conductors.

One solution to this problem is to have multi-return paths so arranged that the
individual magnetic fields suzrixnate to zero in the region of the test object. In most
cases this can be achieved with 3 or 4 return conductors . In some cases only two
wide transmission plates may be nescessary. With very larger objects , and particularly
for currents with high di/dt an assessment must be made of where the currents will
flow , and how they will redistribute themselves during the pulse. The return conductor
geometry may then be designed to ieproduce that effect. This final design will usually
be a compromise between the load inductance requirements, and the environment simulation
requirements .

5.2 Arc Length and the Arc Root

In early work on arc root burn through of metal panels , the results were strongly
influenced by the arc length . This was found to result from the presence of electrode
jets. These jets are emitted from arc roots on both electrodes and consist of a jet
of ions, neutral particles and clusters of neu tral particles . High speed cine film
shows that these jets are very active for up to 50mm from each electrode , and have a
strong inter-action with each other. In a natural strike to an aircraft, only the jet
associated with the attachment point to the aircraft itself exists, and there is no
jet corresponding to that emanting from the test electrode in a laboratory simulation.
It is theref:re desirable to separate the electrode jet from the current channel and
direct it away from the test object. Since the electrode jet is always emitted normal
to the surface of the electrode at the arc root, the jet may be directed from the test
object by redirecting the arc root to a suitable angled facet of the electrode by
means of a suitable insulator.

Experiments with this type of electrode have given results which are sensibly
independent of arc length indicating that the electrode jet effect has been virtually
eliminated . Where this type of electrode is not used much longer gap distances are
required to avoid the effects of jet interaction. Ideally a distance of about 150mm
.s required to ensure no jet interaction, but practical difficulties of arc stabilization,
and driving voltage forces some compromise. The SAE Proposals (1) recommend 50mm for
current components A and D and lOses for combined waveforms . This reduced length of
10mm is in general a more severe test.

5.3 The Effects of Forward Speed

The forward speed of the aircraft causes the lightning attachment points to sweep
rearwards in discrete steps . For arc turn through tests irs the swept stroke region
it is useful to know the maximum arc ~~ ell times . Techniques for establishing -his
have already been described at this conj erence by 0. Clifford (US) and P Little (UK)
Where it has not been possible to firm~~ establish a maximum possible dwell timehowever , dwell time oC SOns should be assumod .

Experience has shown that when a restrike occurs in a swept stroke region, a
new attachment point is always formed , so tests for Zone 2a* therefore have the current
components applied in order of :- D(representing the restrike) followed by B and C
(representing the subsequent intermediate and contthuing currents) . Tests for Zone 1A
require only current components A a~~i B as the attachment point will have sweptbackwards before the event of the c3~stinuing current (Component C) or the restrike(Component Dl . Zone LB is an initial attachment which cannot sweep anywhere else and
will t~ erotore see c~ll current compononts of the strike irs the order in which they occur
viz A.B .C ~und 0. Zon e 2B. hp..-~~d

-er d&.~s—n~ t s~ -e -th-
~ initial return stroke but could see
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all the remaining component4 in the order in whlchithey occur viz B,C and D. Componer t
in zone 3 can also see all t~h-~~ ~~~~~~~~~~~~~ m e  iJ.ghtning strike in the order in which V
they occur . There is however no arc root problem here so it is only normally necessar ~to test for the high peak current and high action integral of current component A ,
and the high charge transfer of current component C. Where inductive sparking may be
a hazard however current comp onent A should be applied with the appropriate di/dt , or
alternatively current component E should be applied.

* See table on Page 4 for definition of lightning attachment zones.

5 . 4  Other Environmental Parameters

Other factors Df environment such as temperature , and atmospheric pressure are
in general less significant. In some special cases however , eg. fuel ignition , they
may play a significant part, and must not therefore be entirely ignored. Simulation
of these parameters can be difficult, and need cnly be attempted where there is very
good reason to do so.

6. Special Hazards

Extra care should be taken where special hazards exist. These could take the
form of unusual materials or particular construction methods . Examples of these are
carbon fibre panels , where surface damage and heat damage may be high; thin metal skins
where arc burrs thrr’j’~h is probable ; fine wires encapsulated in sinsulators (and the use
of aluminium honeycomb sandwich panels) where explosive fusing is possible: and glued
joints where current may cross the glue line causing delamination of the glued joint.

7. Interpretation of Results

It is important to have more than one diagnostic device , preferably of a different
type , so that the results from one diagnostic can be cross referenced and checked by the
results from the second diagnostic. In open arc work a good indication of the arc
behaviour during the pulse can be obtained by conparisions between the arc voltage and
arc current traces . With inductive storage generators the current decay characteristics
are determined by the discharge circuit characteristics eg. resiative or arc . Thus a
mid-pulse change in circuit characteristics such as the development or quenching of an
arc , can be precisely determined by analysis of the current decay characteristics .

When ever the results are indicated by one diagnostic instrument only, efforts
mus. be made to produce a working theoretical model based on any deductions made from
the results . When the results Were both expected and hoped for it is all too easy to
overlook the possibility that such encouraging results were merely due to fortuitously
chosen test conditions. It is equally hard to avoid the temptation to make theoretica.
extrapolations indicating possibilities of success that may well be illusory in the
wider field . Finally there is the all important post—test inspections and measurements,
and the comparison with the pre—test inspections . Clearly however, the success of this
au. important operation depends Largely upon how thoroughly the pre-test inspections
were conducted.
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Definition of Lightning Attachment Zones

Zone 1 Surfaces of the aircraft for which there is a high probability of initial
lightning flash attachment.

Zone 2 Surfaces across which there is a high probability of a lightning flash being
swept from a zone 1 point of initial flash attachment.

Zone 3 Zone 3 includes all of the aeroplane surface areas other than those covered
by zones 1 and 2.

Zones 1 and 2 may be further subdivided into A and B regions .

Zone 1A Initial attachment point with low probability of flash hang on , such as a
leading edge.

Zone lB Initial attachment point with high probability of flash hang on, such as a
trailing edge.

Zone 2A A swept stroke zone ‘zith low probability of flash hang on, such as wing
mid-cord .

Zone 2B A swept stroke zone ~ith high probability of flash hang on, such as a wing
inboard trailing edge.

Ref ereacos: I. LI~hn,ing and Qualification Test Tecisiques for Aero Space Vehicles god Hoed ware Druft Proposals by £4E Committee 4E4L. :0 Ieee I97~2 Recommended Prac lice for Lighmhsj lime/a iIoi, and Tesirn, Techniques foe Aircraft. I1M. Stationery Office Report CLM-R 163.
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QUESTIONS and ANSWERS

— From S.D. Schneider

Q - Does the use of your dielectric controlled discha,ge probe )Jet diverting electrode ) crests arc wander and therefore less
repeatable data?

hi — No on the contrary the use of this electrode produces more repeatable reiults . In the experiments described nray magnetic
fi were eliminated. and this is one of the major causes of arc wander ; and the elimination of the teat electrode It removes die
interaction between the two arc jets thus reducing she ac path instabilities that arise from auth interactions. In iome cases new Itta-
chmsnt points cal be created on the test sample by impingementi of the test electrode jet . This problem is also eliminated with the
removal of the test electrode jet.

9
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Laboratory Teats to Deterin.in e the Physical Damage (Direct £Lf eo ts) Cauesd by Lightn ing

Dipl.Ing . Joachie Skiba BDir

BWB AFB LG III bei ErpSt dl

8072 Manching, Plugplatz

Summary

The relatively high co ats of lightning investigations for aircra.ft or missile compon ents are

justified by the fact that by far higher valuables may be lost by the damage or loss of an

aircr af t or missile struck by lightning. Besides the loss of material, inch as an aircraft ,

the human life must always be given the primary and highest rate.

The use of new fiber material, for example for air vehicle engineering, mad. extensive inv.sti—

gationa of lightning protection systems necessary. Based on these considerations a teat

facility for simulating lightning has been established at the Placma Institute of the Techni-

cal University of aannovar for teet series covering eepecially C~C—sam pl.a. When deeigning

the facility tt has deliberately been kept within narr ow limits in order to keep tb. costa

low one hand and to be able to start with th. tests ae soon as possibl e on the other head.

Therefore, only direct effects were investigated up to date on C?C—es.mples equipped with

different lightning protection systems.

Th. specific function of the test set—up at the TU—Hannover is to simulate lightnings with

the both characteristics, the initial stroke with a peak amplit.4e of 200 kiloamperee in a

period of 12 microseconds and a subsequent continuing current with a charge transfer from

0 to 500 cou lombe over a period of 0,5 seconds. Per our purp ose the test s were performed at

the following test conditiones

200 kiloamperee / 0 coulomb

200 kiloamperea / 50 coulomb. / 0,5 seconds
200 kiloampere. / 210 coulombe / 0,5 seconds .

Accor di ng to our opinion this cover s a w ide rang, of ligh tn ing si mulat ion also f or th. daei~~
technique . for advanced composite structures.

Th. sample size was defi ned to be 400 x 400 mill imetres, the thicknes, of the platee only a f ist

milli metres.

_ _ _ _ _ _ _ _ _ _ _ _
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Prior to th. actual inve.tiga4icn. — ~~~ ~~~~~~~ ebpts d ire made to determ ine the optimum

electrode spacing, sample support mechanism, cables and capacitance of the lightning simu-

lation system.

Test Facility

According to the findings of fightaing protection research a light ning consists of tvo phases.

The first phase with a duration of only a few microseco nds inc ludes a very high surge volt age

and. surge current load, respectively, with a minor charge transfer. During this phase a con-

ductive spark channel is built up permitting a high current flow with a charge of several

hundred coulomb. via the spark plasma during the subsequent second phase of several order.

longer duration. In addition to these two basic phases of a lightning one or more high spike—

like ‘rest rokes ” may occur durin g the high—charge phase.

For simulating lightaings a faci lity was established in th. laboratory of the Plasma Institute
of the Technical University of flannover permitting the simulation of the first two phases of

a lightning subsequently or ind.ep.ndently f rom each other.

Initia l strok e. The initial stroke is generated by the facility as a pulse with a rise to

200 kilos aperee duri ng a period of 12 micr osecond s • The decay to 50 kiloamperes take s place

4 within the next 15 mic rosecon ds (f igu re 1).

L
l00

The pulse is generated by a bank of Ca-

pacitor, with a maximum capacity of 95
sicrofarad selectable in step, of 

~~ ~~~~~ ~5 sicrof arad (19 capacitors of 5 aicor— I I I
farad each). (Figure 2). j ! .1 1.I... ,,,

~ 
“.“ Q 1’.’. T ‘

~~~~~-
~~ I ~~~~~~~

¶ .
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The maximum charging volt age s 40 kilovolt., ttt e voltage normally used for the test was

30 ki lov o lts.

The ener~~ content of the in it ial stroke at a charging voltage of 30 kilovolt . amounts to

42. 75 ki loJoule.

Since a voltage of 30 xil ovo lta .~ present betwa.n the specimen and the bsckpl.a te electrode

at the poiut of ignition, the bank must be protected agains t this high volt age pulse. As

protective devic, a tw o—stage filter system is used representing a high impedance for the

frequencie s to be expected. For the case that no spark—over occurs between specimen and back—

plate electrode the energy stored in the bank of capacitor s ie dissi pated on a low pressure

protection spark path with an adjustment threshoid voltage of 900 volt located behind the

filter stage.

The spark—over to the specimen caused by the initial stroke closes a second circuit in which a

current of maximum 7~~ amperes is made available for a period of 10 seconds at a conducting

voitage of 720 volte from 60 st~.rte: batteries. Dropping resistors and a timing circuit are

provided for the pre—eelecziu.. the current and the load duration. The normal value, for the

tests were 100 to 500 amperes and 0,5 seconds.

Energy is aupplied to the specimen by means of an ex.~,mely low—inductive stee l stri p of a

length oX 2 ,75 metres. The lower conductor congista of U—iron (50 millimetres large) and baa

an effective ohmic rebia;once of 6 milliohms. The upper conductor ~c a 0.5 millimetres thick steel

•trip (40 millimetres large) with an •ffeot ive resista nce of 42 milliobme.

The transmission lime serves es loss rca mteoc ~ ~~r tne almost ap.riodically attenuated oyc le

of the initial stro i t , .t terminat es in the electrode support and an adapter to which the

specimen is fitted.

H

Abb. 3: QusrscI~r 1tt durch dis Bandleltersystei
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A aemicular round tungsten rod with a diameter of 10 milli metres is used as electrode.

lIN,.,a .j,....., *. 57?

MS • - •,. .~ t ,..g ¼, • ‘ ~..i. P1.~t

Th. surface of the electrode is always re—finished depending on the burnoff to ensur , a constan t

transfer resistance.

During the initial stroke the current is measured by means of Rogowski coil, the signal of which

is electronically integrated and, therefore, proportional to the current . The Bogowski coil with

the integnating system has been calibrated by means of a high—current tuned circuit , the current

flow of which can be determined very precisely from the measured circuit data (resistance ,

capacitance, inductivity and voltage).

During the high—coulomb disc harge the voltage drop across a dropping resistor is used for

measuri ng the current. The voltage is measured at the specimen by means of high—voltage probes

according to the differential measuing method.

For all parameters the temporal flow is recorded in a screened meaauri ng cab in with 10 megahert z

oscilloscopes and recorded on film.

For a load example picked out at random the voltage and current sig nals are represented in

Annex 16—A—i .

Volt age and current of the initial stroke , in Annex 16—A— I called surge current , are recorded

together and the current of the subsequent current disoh.~ separately in this case • The

deviations of the actual load from the desig n load. are depenlent on each discharge , but they

are insig nificant and negligible for an assess ment.

Annex 16—A—2 show s the associated figure of the sample damage for this speo isl load case.

Conclusions and Prospects

The investigations made so far produced well usuable results. It t urned out that with the estab-

lished simulation facility representative i.e. well reproducible, results can be obtained under

appropriate test conditions. A comparison was drawn in France under almost the same tes conditions.

NATO UNCLASSIFIED
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Measurements resulted in a good agreement of the figures of damage .

Further investigations with selected samples will follow, an extension of the test series is

planned.
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Appendices

16—A-i voltage and current

16 —A—2 sample damage picture 
- -

16.-k—i

Teat Number 43 System Number 111

Currant Load

Nominal Actual

200 KA 220 NA •
210 C/0,5 a. 239C/0,54 a.

Voltage Signal: 5 KY/ENT R
Current Signal: 125 KA/SKT

Time Axis: 10 ,ua/SKY

Surge Current Discharge

Current Signal: 196 A/SKT

Time Axi 8: 0,1 a/SKT

Subsequent Currant Discharge

- - — — —- 
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Test Number 43 System Number III -

No tes, 220 U, 239 C, 0,54 see . 

. 

. P

:::~ :: :;: :::: 

of 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

10 mnØ, hole 

I!
:

Test Number 43 System Number III 
-

Notes: 220 U, 239 C, 0,54 sec.

Eack of Zsnple:

~:: 

burned ar:: 

crack.

10 hole ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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QUESTIONS anti ANSWERS

0 — what is the fi2 dt of your high current pulses ?

A — Action fritegral f:~dt(A
2s) of Initial Stroke

The surge current consists of the first positive half-wave and the subsequent negative half-wave.
The peak eniplitude of 200 kA ± 10% is reached in a period of 12 psec, the zero-ax is crossing of the first half-wave takes place

after 30 izsec.
The negative half-wave crosses the zero-axis after approx. 65 Msec. The total charge of the bank of capacitors is 0 — 225 As at a

charging voltage of 30 kV ± 10%.
For an actual measured surge current with a peak amplitude of 210 kA at 28 kV the following fidt- aid fi2th-vslues have been

determined for the first and second half-wave, respectively.

155 half-wave 
~ ~dt _ 384 As

2nd half-wave : 
~ 

1jidt 1.55 As

0total 229 As

At 28 kV the total charge of the bank of capacitors equals

0total 95.10~ X 28.1& — 2.66 AS

The deviation from the value determined from the oscillogram is caused by the fact that trte third half-was’s has not been co4iside,ea
on the one hand and that charge leakages occur on the other hand.

For determining the action integral f  i2dt the current is squared point by point.

I The measurement of the area resulted in the following values

ist half-wave : j 1i2dt .580x103 A2
~ -

2nd half-wave : f  ll~~~ = 140 x 140 x i0~ A2s

j  1 i 2dt + f ll~ ’~ 720 x 10~ A
2s

The action integral in this case will therefore be

f i2dt — 0.72 x 106 A2s.
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LA.B0RAT(~RY TESTS TO OIflULATE L¼GHTNING STREAMERS

AT APERTURES (A QUALIFICATION TEST)

J. Anderson Plumer
Lightning Technologies . Inc .

560 Hubbard Avenue
Pi ttsfield, Massachusetts 01201

U.S.A.

S1J}~MARY

When an aircraft becomes subjected to an electric field
of sufficient intensity, corona and streamer ing may
occur at locations where the electr ic field exceeds the
corona inception level. Often these discharges occur
at extremities where the radii of curvature is small,
such as pitot probes , antennas , and wing, empennage or
propeller tips; but they may also appear at discontinui-
ties such as windshields or fuel vent outlets , or beneath
dielectric covers. Since these discharges may have suf-
ficient energy to ignite fuel vapors, it is frequently
necessary to determine if they may occur within non-metal-
lie fuel tanks and other enclosures that may contain such
vapors. Streamers may also induce severe electrical tran-
sients in electrical circuits feeding windshield heaters
or other exposed systems. A test in which the electric
field that produciss these streamers is applied to the
aircraft has been included in the new standard. Methods
of performing this test are described.

Or igin of Corona and Streamering

An aircraft in flight may become electrically charged to relatively high voltage
potential by one or more of several mechanisms . These are:

- Direct lightning strike attachment.

- Presence in an ambient static electric field (sometimes called a
“cross-field”).

- Triboelectric charging during flight through areas of precipita-
tion or other particulate matter .

These voltages may equal 500 kV or more, creating an intense electric field about the air-
craft. This field is sufficient to produce a violet-colored luminous ionization, called
corona, around wing tips , propeller blades, trailing edges and other sharp appendages. This
corona is often referred to as St. Elmo’s fire. Corona occurs at a conductor when the
electric field surrounding it reaches the ionization potential of air, which is about 30
kilovolts per centimeter at sea level and somewhat less at flight altitudes. These fields
may be either impulsive , as in the lightning-strike case, or constant (DC) as in a cross-
field or precipitation charging situation. In either case , the voltage level which the
aircraft must be at with respect to its surroundings when corona begins to occur is called
the corona inception level. This depends on the geometry of the aircraft and, in the
laboratory , upon the proximity of an oppositely charged electrode, and is typically about
100 kilovolts.

Objects with sharp radii of curvatures intensify the surrounding electric fields and
produce corona at lower inception voltages than rounder , smoother surfaces. Corona is
accompanied by a liberation of heat, and can liberate sufficient energy to cause ignition
of a flananable vapor . Corona is also accompanied by broadband electromagnetic radiation
which can produce interference in susceptible aircraft avionics and conasunication systems.

When the aircraft voltage level increases beyond the corona inception level, discrete
discharges may propagate out from the surface, appear ing like miniature lightning flashes.
These are sometimes called “static discharges” . The current levels are between several
milliamperes and a few amperes , and as such are not capable of ditnsaging metallic aircraft
structural materials. In some cases, static discharges have punctured windshields or
fiberglass skins , but no significant damage has been reported from such discharges. Direct
lightning strikes, in contrast, can inject damaging currents into the aircraft.

Laboratory Simulation

Simulation of corona and streamering in the laboratory is a relatively simple affair;
it involves subjecting the test object to an electric field capable of producing corona
and streamering , and detecting the location of these effects. Whereas corona and streamers
may be produced by either DC or impu1s~ fields of very short duration, it is often mostpractical to apply an impulsive field of intensity sufficient to produce corona and
streamers but of insufficient duration to allow complete flashover of the electrode gap .
Such a test has been included in the new standard (Reference 1), and is described in that
reference as follows :

[ NATO UNCLASSIFIED 
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~ThST HETROE 303

CORONA AZ~D STREAMERING

1.0 PURPOSE

This method is used to determine if electrical streamers or corona can be
produced ~ t or near apertures or at other locations where corona and streamer-
ing may be of concern .

2 .0  APPLICABILITY

This test is app licable to fuel vent and dump outlets , radomes , antennas ,
canopies and other components which are exposed to thunderstorm electric fields.

3.0 APPARATUS

The test apparatus shall include:

a. A high voltage generator capable of producing voltage waveform B
with a crest voltage sufficient to produce the electric field
specified in Para. 5.

b. A test electrode of a configuration that would produce a uniform - - -  - -
electric field over the general contour of the test object. 

-

c. High voltage measuring and recording equipment.

d. Photographic equipment capable of detecting corona and streamers,
and a suitable environment for such photography .

4.0 TEST SETUP

The test object shall be a production-line hardware component , a full-scale
rep lica , or a section of the -aircraft structure, mounted in a fixture represen-
tative of the surrounding region of the airframe . The voltage may be applied
either by (a) grounding the test object and locating the high voltage test elec-
trode sufficiently close to the test object to produce the required field at
the test voltage level applied or (b) connecting the test object to the high
voltage output of the generator and locating the test object in proximity to a
ground plane or other electrode that is connected to the ground or Low side of
the generator. The test object shall be at positive polarity.

If all possible internal streamer sources cannot be observed by the camera
or by the camera p lus mirrors , the test shall be run with a combustible vapor
inside the structure to determine if ignition occurs.

CAUTION: Suitable precautions shall be taken when making electrical tests
of combustible vapors to include at least the use of blow-out panels to pre-
clude explosion of the structure , the location of fire extinguishing equipment
nearby and protection of test personnel against possible flame or blast effects.

5.0 CRITERIA TO BE SPECIFIED

a. Waveform

Voltage waveform B of this document shall be applied for this test. The
crest voltage thall be sufficient to cause streamering over the exterior
of the test object but not sufficient to cause sparkover of the high
voltage gap . This will usually require an average electric field of
about 500 kV/meter .

b. Number of discharges ro be fired.

6.0 TEST PROCEDURE

a. Set up the high voltage generator , discharge circuit and diagnostic
equipment .

b. Inspect the equipment and area for safe operation.

c. Fire a series of test discharges to achieve the required test volt-
age and to check the waveform to assure that sparkover to the test
object will, not take place.

d. Open the shutter on the camera and fire the first test discharge.
For tests of fuel system components the same diagnostic criteria as
are specified for the vapor ignition test of Method 302 are applic-
able .

e. Inspect for streamering data. ”
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Data shall tncluddi

a. Environmental data such as temperature and humidity.
b. Description and photographs of .the test setup.
c. Date, personnel performing the test and location of the test.
d. Test voltage waveforms and magnitudes.
e. Photographs of corona and streanering’.’

Typical Test Circuits

Voltage waveform B, shown in Figure 1. is the full-wave lightning impulse voltage
waveform defined in USA Standard 68.1 (Reference 2) and International Electrotechnical
Cotanission Standard 60 (Reference 3). In this case, a full wave is applied at a voltage
level lower than that required to flash over the gap . The voltage is normally generated
by a marx-type high voltage generator operating through a series resistance into a capaci-
tive load. p

- VOLTAGE
- - 

v WAVEFORM B

a

~
: ~~~~~~~ ~~~~~~ 

~~~~~~~~~~ ~~ of Crest litude

0 L2~as±2O7, 50us±207 ’.

Figure 1 - Voltage Waveform for Streamer Tests (Waveform B).

Whereas waveform B is specified for this test in Reference 1, the actual waveform is
not critical. Voltages with longer rise tines and correspondingly longer decay times can
as well be utilized, with very similar results. Such a waveform is shown in Figure 2.

313 ky/cm 10 Ws/cm

Figure 2 - Long-fronted Voltage Waveform for
Corona and Streameriag Tests.

If the tong-fronted waveform of Figure 2 is utilized , corona and streamers will begin
to form during the rise and its peak (crest) voltage will have to be set about 30’Z, lower
than that of the short-fronted waveform of Figure 1 Co prevent complete flashover of the
gap. Even so, the probability of gap flashover is increased. It may therefore be advis-
able to place a parallel gap in the circuit to provide a path for such flashov.ra, located
out of range of the cameras utilized to photograph streamers.
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There are two basic methods of applying an electric field to the test object. In the
first method the test object is connected to the high voltage output of the test circuit
and suspended in proximity to a ground plane or s grounded electrode. In the second F
method, the test object is at ground potential and a high voltag , electrode is used to
aoply the electric field. In either case the average intensity , Esve, of th. electric
Lield about the test object is given by: P

E _ .!. .
ave g (1)

wher e V is the voltage to which the test object is raised and g is the distance between
the test object and the ground plane. Either method will, provide adequate streamers.
Considerations pertinent to each method are as follows:

Test Object at RV Potential

In this case, the test object must be suspended above (or otherwise in proximity to)
a grounded electrode representing an equipotential plane as shown in Figure 3.

RV

Test
Object

FL Id

Equipotential Plane

a. Situation being represented .4 Waveshaping
Resistance I

- 
liv ZLoad

~c.::_1 Impulse j Ca~acitor Test
Object

- Generator

= I

~~~ 

I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_ _ _ _  _ _ _ _  

_z
/,v

i
Ground Plane

H- ‘-I
b . Test Setup

Figure 3 - Streamering Test- with Test Object at High Voltage.

The ground plane must be larg e enough so that field concentrations about its edges do
not influence the field at the test obj ect. Its size , therefore, is dependent on the size
of the test object and the distance, g, between itself and the test object. The following
relationships have been found to provide a satisfactory test:

,: 
j 
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(2)

g > 2 d  (3)

which implies that:

g~~~ O.4t (4)

For example, for a wing tip fuel tank of chord d — 1 meter , the gap, g. should be at
least 2 meters , requiring a crest voltage of about 1,200 kV to produce corona and streamaring.

Test Objec t at Ground Potential -

In this setup, the test object is usually set upon a pedestal and high volta ge is
applied to a large electrode suspended above the test object. This produces an electric
field about the test object as shown in Figure 4.

~~ Electrode

/ 

El tn Vie d

Test
Object

Laboratory Floor

a. Situation being repres ented.

7<
- 

~~ect:od.

Resistance~~~~ Waveshaping

- ~~~~~pulse CL04d ~~~~~Ct
-~~ - 

4 
enera cor J capacitor d 

Floor

b. Test Setup —

Figure 4 - Strea mering Test with Test Object at Ground Potential.

[~~ATO UNCLASSIFIED 
J

- -_ ~~~~~~ v _ 
~~~~~~~~~~~~~ ~~~~ - - 

- 
-

- ‘.- -



17- 6 
I I
I NATO UNCLASSIFIED I

For the setup of Figure 14, the NV electrode sh uld have sufficiently large radii of 4
curvature in all dimensions ti.., ~~~~~~ c~~~na ,~~ reamers from occurring at its sur-
faces. The air gap. g, should normally bear the same relation to test object size as dis-
cribed previously for the setup with the test object at NV potential. A large automotive
inner-tube nay suffice for the electrode, provided it has sufficient electrical conduc-
tivity to distribute charge over its surf ace: Otherwise, a smooth natal object with
rounded edges may be utilized .

There are advantages and disadvantages of each of the aforementioned setups. If
instrumentation such as induced voltage measurement cables or remotely controlled cameras
are to be installed within the test object. it may be best to have the test object grounded
as in Figure 4. On the other hand, this requires that a relatively large HV electrode be
provided. The arrangement of Figure 3 utilizes the test object itself as the high voltage
electrode and requires only that a flat conductive sheet or wire screen be laid upon the
floor to serve as the ground electrode,

Other Setups

Each of the test arrangements described above requires thar~ one end or side of the
test object be in a region where the electric field is not intense. This is the appro-
priate condition for most simulations , but there may be situations in which it is desirable
to have streamers develop from both sides of the test object at once. Such a case might
arise when a non-metallic wing tip or empennage section is exposed to a thunderstorm cross-
field or to a nearby lightning flash. To simulate these cases the test object may be posi-
tioned between a high voltage electrode and a ground plane as shown in Figure 5. During
the test, the test object will acquire a potential between that of the NV electrode and
ground, and streamers will develop on both sides.

ç NV Electrode

— -

g ~ 2d

Ground Plane

Figure 5 - Test Setup with Test Object Suspended
between NV and Ground Electrodes.

Selection of the test voltage level as well as the electrode and gap dimensions necessary
to produce corona and streamers may require some adjustment, but dimensions similar to
those for setups of Figure 3 end 4 are suggested as a beginning .

Instrumentation

The ingtrtmentation utilized in the streamering test should be capable of detecting
the location of corona and streamers, as well as any other effects of consequence, such as
induced voltage transients. As stated in the new standard, still photog raphy with film of
3000 speed sensit ivity or more is usually adequate to detect the presence of corona and
streamers. The camera(s) should be focused upon suspected corona initiation points on
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the external surface and/or within the test object, opened just prior to the MV discharge,
and closed i~~ediately afterwards to assur’ that background light does not overcome the
light emanated by streamers. In some case. the light produced by the streamers may be
very faint. Because of this it is usually necessary to perform the test in a darkened
room and it may not be possible to show the test object background on the same film. A
subsequent background photograph under lighted conditions should be taken to assist in
identifying the location of streamers visible in the darkened photographs . Examples of
streamer and background photographs are shown in Figure 6.

~‘Ii! ~~~’ —
- 

-

Background Streamer Test
Figure 6 - Photograph of a Streamer from the Edge of

an Antenna Reflector .

The object being viewed is a simulated radar antenna reflector within a fiberglass radome.
The antenna , which was made of wood covered with aluminum foil, is visible in the left
photograph. A streamer extending from the edge of the reflector to the radome wall is
visible in the r ight photograph. The pictures were taken with Polaroid type 107 3000 speed
film with the lens set at F4.7. In this test the antenna was grounded and the electric
field was applied from a NV electrode outside of the radome. The pictures were taken by a
camera located at the base of the radome.

Some conenon locations where corona and aperture streamers may be of concern , together
with the effects to be on the alert for, are as follows:

• Windshields (puncture, and induced surge voltages)

• Fuel Vent and Dump Outlets and Refuelling Probes (ignition of fuel vapors)

• Fiberglass Ra domes , and Wing and Empennage Tips (puncture of fiberglass skins, and
voltage surges in enclosed wiring)

• Canopies (streamers from the pilots’ head , producing electrical shock)

- The streamering test may be utilized to evaluate each of these and other situations in
which corona and/or streamers may be a hazard to flight safety or mission reliability.

References

1. “Lightning Qualification Test Techniques for Aerospace Vehicles and Hardware”, proposed
military standard , SAE Cosenittee AE4L, 20 June 1978.

2. “Standard Techniques for Dielectric Tests” , USA Standard C68.l/IEEE Standard No. 4, 1978.

3. “High Voltage Test Techniques,” International Electrotechnical Comuission Standard 60-2
(1973) .

QUESTIONS and ANSWERS

From IL. Boulay
0 — What physical situations are represented in the stresmering tests ?
A — This test represents situatiom where the electric field is intense enough to cause corons and strssmenng (at areas of

concam .uch as fuel vent outlets or antennas) but not intense enough to result in leader attachment .
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SUMMARY

Lightning strikes to electrical equipment mounted on the external surface of an aircraft may produce undesired currents and surge
voltages n~ internal wiring. either by direct contact of the ligbtninv arc to the electncal circuit or by electromagnetic coupling due to
the intensise fields produced by the li gh tning strike. These undesired transients m a y  not only threaten the operation of avionics equip-
mnent connected directly to the external components. but may even couple electromagnetically into other unrelated circuits and equip-
ment within the airfrsme.

Laboratory Qualification Tests of aircraft electrical equipment are conducted using high current generators to produce current pulses
characteristic of natual lightning. Lightning currents are discharged through the test article and voltages appearing in the associated wiring
are measured. This paper describes the equipment. current wave forms and techniques required for these tests.

1. INTRODUCTION

1.1 INTRODUCTION. All aircraft are equipped with numerous elects-ical dev ices mounted on the external surfaces of the vehicle. Mod-
ern military aircraft are typically equipped with a wide array of lights Inavigation. formation, running, in-flight refueling), probes lpito i’
static. angle.of.zittack. total temperature, stall warning) antennas communica tion, navigation, fire-control), and various ether electronic
devices for defensive and offensive military purposes. Each such device is typically connected by electrical wiring to associated avionics

equipment located inside the aircraft. The electrical wiring to and from these components is often bundled together with other wiring into

cable runs which may be routed throughout the aircraft

The most serious incidents on aircraft related to lightning strike damage involve fuel and electrical systems. The greatest threat to-the

electrical systems is from lightning attachments to externally-mounted elec trical components or equipment. These externa l components —

provide opportunities for lightning currents ~nd voltages to gain entrance to the interior regions of the aircraft where serious electrical
damage may be produced. If proper design measures are not taken, lightning ares may attach to the external equipment and find their way

directly into the electrical wiring and associated avionics, For example. a lightning attachmen t to a wing-tip navigation light might shatter

the protective glass covering or burn through the metallic housing and contac t the filament or electrical power leads. The current can then

melt or explosively vaporize the wires, and time associated voltage surge may cause widespread breakdown of insulation and damage to

electronic equipment.

Design measures can be taken to prevent direct lightning entry into electrical equipment. Lightning arrestors, surge protectors and

external d iverte rs or shields may be employed if the inherent properties of the surface equipment do not provide suff icwnt protection.

In some instances, undesired currents and surge voltages may be produc ed even thoug h the lightning arc does not directly contact the

system wiring. The intense electromagnetic fields produced by the lightning flash may induce transient voltages and currents into the elec-

trical circuits. In such cases, no observable physical damage may be produced. but seimsitive electronics may be damaged or temporarily
disabled. in either case (direct attachmeimt or induced), transients may also be coupled or transferred to nearby wi ring so that other unre-
lated electrical equipment may also be affected.

The purpose of the laboratory test described in this paper is to qualify externally-mounted electrical equipnsent by evaluating lightning

protective design measures ( both inherent and added) and ensuring that hazardous voltages are not produced in the aircraft

2. LABORATORY TESTING

2.1 GENERAL DESCRIPTION. The objective of this test is to determine the tragnitude of voltages and currents produced on aircraft

W~t lfl 5 when lightning attaches to externally.mnounted electrical hardware. The object to be tested Ia production-line hardware component
or an accurate prototype) is mounted on a shielded test chamber, so that access to its electrical connectors can be obtained in an area

relatively free from extraneous electrom,~netic fields produced by the discharge of the high current lightning simulator. The test object is
mounted on the test chanber exas~rIy as it is mounted on the aircraft, since normal bonding impedances can contribute to the voltages
induced in the electrical circuit. Inside the shielded enclosure, connectors and wiring representative of the flight installation may be used

to connect the test object to either the actual equipment or to a simulated load impedance. Usually a dumm y load is used since the test

is designed primarily to measure the levels of voltage and current appearing on the wires. The measuring instruments may also be located
in the same shielded enclosure or in a separate shielded room connected by a suitably shielded instrument cable.

A Laborato ry generator capable of producing the prescribed lightning waveform is used to inject simulated lightning currents into the

test object at tIme various points where lightning can attach. The tes t object is grounded via the shielded enclosure so that current flows
through the test object in a manner representative of the aircraft installation. The conducted and induced voltages produced in the related
electrical circuit are measured at the terminals of the circuits with suitable measuring equipment.

The signifiCant elements of this test which shall be discussed in greater detail include:

a. transient v’~ltage coupling nsechanismn~
Li. (he t~’v nbq~.’ct and its installation
c. the high current wavefo rms .tuid their application
d. measurement equipment and techisiques —

2.2 TRANSI ENT VOLTAGE COUPLING MECHANISMS. Voltages or currents appearing ir aircraft electrical circuits, as a resuli of a
lightning strike to the aircraft , have all been classified as Indirect Effects. These effects can be further divided into two general categories.
depending upon how the vol tage was caused. These are:
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~5 n arc attachment voltage or current would probably become obvious by the associated physical damage. For example. if the wing lip
lighi lens were punctured by a lightning current and the lighining arc attached directly to ihe electrical wiring, then physical damage to
the lens would be evident and large currents and voltages would appear in the aircraft wiring to the light.

Induced Coupling effects are not so obvious as the arc attachment effec ts, and to help uisderstaad the scope of the problems, the wiring
iii the aircraft can be classified into two general categories:

a. Airframe reiurn circuits - it the airframe is utilized ass co m m on gnund return path , it becomes a part of the signal carrying circuit
loop. Induced voltages then result from:

II) resistive voltage drops resulting from the lighting current traveling through the metal or composite airframe Ic — iR). and
( 21 electromagnetic flux linkage to the signal carrying circuit loop Ic = dOldt .

b. Two wire cucuits - the si gnal may be grounded at the supply bonding poin~ - but not at the remote component location. induced
voltages or potential differences then result from:

ill common mode potential differences because the airframe is carrying the lightning current and the signal leads are not.
( 2) common mode magnetic flux linkage to the wire /air fra me loop Iopen circuit voltage), and,
( 3) differential voltages produced by either magnetic or electric field flux linkage between the two wires of the pair.

Magnetic coupling results because the aircraft skin does not provide pertec t electromagnetic shielding for the aircraft wiring. As a result.
the lightning current conducted by the aircraft sets up a nonuniform magnetic field inside the aircraft which couples to the aircraft wiring.
Magnetic coupling includes both aperture coupling and diffusion coupling. An nbvious exa m ple of aperture coupling would be coupling to
the electrical circuits in the cockpit of an aircraft. Aperture coupling could also occur at joints around the edges of components. access

— doors or similar nonuniform mechanical points. An example of an aperture Coupled open circuit voltage and the driving current is shown
in Figure 1. Note tha t the maximum voltage occurs when di/tit is greatest. i.e., at the start of the current, anti the induced voltage is zero
when the current reaches its peak (100 kA) because du/dt — Oat  that point.

5

Figure 1 Example of Aperture Coupled Voltag e

Diffusion coupling may become more important as more composite materials are etmiploved. Because of ti me initial high rate-of-rise of
current in the li ghtning strike , the lightning current and associated fields are initially confined to the ou ter surface of the air craft skin
1 where there are no apertures), because of the skin effect; however, as the current continues to flow , the low frequency components dif-
fuse through the skin, and the magnetic field inside the aircraft increases according ly. As a result, the induced voltage from diffusion
coupling will be delayed and will be less than t hat which would have occurred if the conductive ski n had not been there. For composite
materials, the diffusion time is much shorter than for metal.

because 01 the com,ilexity of aircraft wiring and cabl e routing, and because of the complex mechanical assembly of the aircraft structures,
it is ex tremely difficult to calcu late the volta ge and cunents on wiring resulting from a lightning strike. Therefore, a tran sient tes t mig h t be
useful for design verification of the maximum voltages which could appear in critical circuitry. It may be desirable to subject the whole
aircraft to the simulated lightning currents because some of the electrical wiring is routed over devious p~thi and is thus susceptible to
diverse fields; such full-scale ve hic le tests are addressed elsewhere. However , tests on external ly mounted components such as antennas.
lights and probes can be conducted using subesaemblies.

2.3 THE T EST OBJECT AND ITS INSTALLATION. As mentioned ear lier, the tes t objec t should be an actual product ion-line item
of t he type to be installed on the aircraft mold line; that is. an actual light, probe, antenna or other component and its m ounting flange or
structure. Time .issoemated avionics need not be included, so the hardware expe nse is mainly that of the exte mnit cousponemit. ~lthssugh the
assnc,at~d avionics may be included iii time tes t. it they are not, it is important to sim ulate the eflective impedances across (lie terminalsof the components. The circuit impedance will generally affect the magnitude of induced transients.

In order to properly evaluate lime extent of voltages and currents produced on internal circuitry, it is necessary to test the component in
su ch a way as to avoid introducing extraneous transients. This objective is niost easily oct by mounting the component to be tested on a
shielded enclosure with the connecting cables and termination impedances closed up inside. Otherwise, the large fielda produced by the di,-
charge of the lightning generator will couple directly into the wiring, producing unrealistic transients.

~ 
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Generally. an aperture in the shie lde~~encIosure can be fitted wit h an a4aptcr or mountin g plate , which is specially machined with
apertures and fast ener hole pat terns representative of the aircraft skin where the component is mounted , Mounting of tIme component to
the adapter plate is then exactly as it is on the aircraft. The adapter plate is then fastened to the shielded enclosure, usang highly conduc-
t ive RE gaskets to ensure a good EMI seal, and good high current transfer across the interface. All connectUsg wring and terminating im-
pedance elements are then located inside lime shielded enclosure, wh ich is geounded to the return side of th. lightning high current generator.

The con higuration of (lie remurn conductors is important because t h ey can immll umr nce current flow patterns in the v icinity of the test ob-
ject and. there fore, the amount of induced coupling. Time return conductors should be distributed around the test article and spaced a few
teSt artic le widths away , to ensure minimum inspect on the test.

2.4 LIGHTNING HIGH CURRENT WAVEFORNS. The lightning threat parameters to which specific components on an aircraft might
be exposed is determined by an analysis of the interaction of .s severe lightning strike with a moving aircraft. A severe model lightning
strike current wave form has been defined and widely accepted for use In (he industry . it is shown in Ftgure 2. The waveform comprises
four distinct components. designated by letter as Components A. B. C and I).

COMPONENT A (initial Stroke)
Peak ampIituc~e 200 kA S

Action Integral 0 25 x 106 A 2 ieconds 20%

— 
Time Duration C 500 ~u

(Not te Stily )

Figure 2 Idealized Current Test Waveform Components
for Evaluation of Direct Effects

The waveform coniponents to be used in a given test depend upon the location of the hardware on the aircraft , since the strike m a y  per-
sis t for large fractions o f a second and the aircraft may move relative to the lightning channel. The table below prescribes the proper appli-
cations of the model waveform components for direct structural effects by aircraft zone.

Table I - Application of Waveforms
for Direct Effec ts - Structural Tests

Mod.t Curr ent Wav efo rm Components
Aircr.ft Zon. — — —A B C 0

1A x a
18 x x a

2A * a *
28 a a S
3 a a

a.’i ~~i, ‘ a

The aircraft zones each have different lightning attachment or traissfer charac teristics. These are defined as fohl,ws:

Zone I: Surfaces of the vehicle for which there Is a high probab ility of initial lightning flash attac h ment.
Zone 2: Surfaces of the vehicle across wh ich there Is a high probability of a lightning flash being swept by th - airflow from a Zone I

point of initial flash attachment.
Zone 3: Zone 3 includes all of the vehic le areas other than those covered by Zone I or Zone 2.
Zones I amid 2 are further divided into A and B regions, depending on the proba bility that the flash will hang on fo, any protracted

period of rinse . An A-type region is one in which there is low probability that the arc will remain attached and a B-type region is one in
which there is a high probability that the arc will remain attached.
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current Compouient A or Component 0. or both. Each of these current pulses in nature may exhibit very fast rates-of-rise , although the
rate-of-r ise is not specified in the wavef orm parameters for these components. Rate-of-change of current is an important parameter, since
magnetic couplin g etlects Ic • de’dt) are direc tly influenced.

Since the model waveform dues riot specify rates-of-rise of current, a specialized surretit wave (onn desigssaied as Current Waveform E.
has been detineil for u.se in tests tor induced coupling effects. Current Wave form E is iiot inten ded to resemble a particular lightning strike
component in terms of energy co ntent , and is riot used , ther efore , in damage effects testing. Itis intended to simulate the early-time initial
wavef ron t of the return strok e current pu lse (either initial strike or restrike I, where dildt ’s (rate-of-change of current) can reach 100 teAl
~Lsec.

Ac discussed earlier , undesired voltages and current surges can be produced in aircraft wiring by either arc attachment to the winng or
by induced coupling. Therefore , a com ple te evaluation of Zone I or Zone 2 extern ally-mounted electrical hardware should include tests
with the proper waveform components from Table 1. p1us a fast rate-of-rise teat wi th Current Wavefor m E. If the Component A or D wave-
form ariually used in the direc t effects test has a fast rate-of.t’ise conforming to the requirements for Waveform E. the separate fast rrte-
of-rise test is not required. However . Current Waveform E is often used separately (or induced coupling measurements because it is a how-
energy waveform and can be applied repeatedly wills no damage to the test article.

When the direct effects test is conducted, measurements should be made of voltages appearin g on internal wiring. Even if the waveform
used does not have the fast rate-of-rise required to meet the induced coupling requirement, vo ltage may be produced by other mechanisms.
The arc may attach directly to the wiring, as discussed earlier, or the high peak current may produce resistive voltage drops which can ap-
pear across the wiring. W hen a direct effects test is conducted, the high current electrode is placed a small distance from the desired arc at-
tachment point on the tes t object , leaving an air gap of a few centi meters. If a separate Waveform £ tes t is conducted, the output of the
generator may be clamped directly to a point on the test objec t, especially when it is desirable to minimize damage to the test article.

The points of attachment are determined from separate high voltage, long-spark attachment tests ro the full-scale components. Numerous
current flow patterns may be indicated by these tests, possibly leading to a requirement for several induced coupling tests to determine time
wors t-cast attac hment point. The point or points thus determined can then be used in the direct effects test.

Althoug h not required by specification, it is desirable to conduct the induced coupling test eta number of differe nt peak current levels
(maintaining the same waveshape) leading up to , or beyond, the 50 kA leveL The measured voltages at each driving current level can then
be plotted to verify that a linear relationship exists. This linearity is importan t, because it is necessary to extrapolate the measured tran-
sients to correspond to a full threat level waveform. Indirec t effects measured as ~ result of Waveform E must be extrapolated as follows:

a. Induced voltages dependent on resistive or diffusion flux should be extrapolated linearly to a peak current os 200 kA.
b. Induced vo ltag es dependent upon aperture coupling should be extrapolated linearly to a peak rate-of-rise of 100 kA/psec.

2.5 MEASUREM ENT EQUIPMENT AND TECHNIQUES. Care must be taken in the arrangem ent of the diagnostic equipment used for
induced cou pling measurements. The physical circuit must be arrang ed to ensure that the diagnostic equipment is not influencing the sys-
tem response. The discharge of laboratory generators produces intense elec trom agnetic fields over a wide range of frequencies. High fre-
quency RF energy from spark gap switches and rapid ly changing electric fields accomp any tIme magnetic fields produced by the high peak
current surges. This intense EM field environment will induce currents in any exposed electrical conductor-s. including exposed signal
leads, building power lines, and Ineasunng (nstsunsecsts. These Sporiovis signals can easily mask the desired signal il care is not taken ‘us the
design and installation of the instrumentation system.

In addition to t he problem of shielding the instrumentation system. the frequency response of the to tal measurement system must be
fast enou gh to detect the very sharp high frequency transients which often occur at the instant the generator ‘is triggered. For most smell
test articles, a frequency response of 10MHz is probably suff icient. However , for son ic vv ry large test articles which are com plete subsys-
tem in themselves (such as an external fuel tank), the natural resonant frequency of the structure and of internal wiring may be excited,
Therefore, the frequency respoilse of the system should be fast enoug h to record any such transients (up to 30 MHz).

In addition to the instrumentation itcelf. if long shielded cable runs are employed, they may load down the signal also, both in frequency
and magnitude. Care must be taken in the design of impedance matching devices and other interface circuitry to ensur e that the signal is
not distorted or masked.

The inst rumentation may be installed in the sa me shielded enclosure on which the test objec t is mounted. Such an installation requires
adequate volume in the enclosure , as well as good ventilation for cooling and quick access for data refreival. The advantages of thIs arrange-
ment are that the measurement leads are short, and minimum additional effort is required in shieldin g of the instruments.

In other instances, the instrumentation may be housed in a separate sh ielded room. The measured transient signals must then be trans-
mitted to the shield room via signal leads of some type. In this case , precautions mus t be taken to ensure that sp urious signals are not in-
ouced in the signal leads. Such measures might include:

a. Double shi elded wire for the instrumentation cable.
b. Double shielded duplex cable and differential readout instrumentation to eliminate common mode voltages.
c. Completely floating battery powered instrumentation lehimination of ground loops and power line filtering).
d. Fiber optics to isolate the readout instrumentation from both the electrical circuit under test and the transient generaior (eliniination

of grouni loopa .
e. Fiber optics and very short instrumentation cables to minimize loading effects on the test circuit.
f. Isolation resistors at the pickoff voltage point to minimize the loading effects on the circuit under test.

Even after all these precautions have been taken, the elimination of noise in the measurement iimstrumemstation system should be verified.
This can be accomplished by delivering the test current to the shielded enclosure while monitoring the readout instrumentation with the
leads disconnecte d from the electrical circuit under test, This should be done under two conditions:

a. with the disconnected measurement leads open circuited, and,
I,. wit h the disconnected measure ment leads shor ted.
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2.6 INTERPRETATiON OF DATA. M discussed earlier , induced voltages produced by Current Waveform E must be extrapolated to
t hreat levels, Specifications such as MIL-B-5087 allow transient voltages up to $00 volts in magnitude on internal wiring. In modem tech-
nology aircraft, much lower volta ges could be troublesome in som e sensitive avionics. Therefore, the proposed international standard does
no r attempt to specify what magnitude transients are allowed. That determination is left to the cognizant regulatory agency and the test
establishment. E(fort~ are now underway iii the United Sta tes to develop a new govermimemmt/industry standard for the treatm ent of alrcraft
transients, llie new standard will hopefully address the problem from both aspects, i.e.. the susceptibility of equipment and the shielding
provided the aircraft installation.

QUESTIONS and ANSWERS

— From G. Orion

0 — Are the lightning tests m e ntioned by Mr. Clifford becoming mandatory in new U.S. contracts ?
A — The contracting agency determines whether the aircraft they are purchasing must perform in a thunderstorm environment.

If the answer is yes , then a lightning specification is imposed on the contracto r. In the past, the primary specification for that purpose
has been MIL.8.5087B , whi ch does require that all external electrical hardware undergo laboratory test s for lightning damage evalua-
tion. We have conducted such tests on our aircr aft since 1970. The MPL.B.50878 test requirement is not significantly different from
the test described in this paper. The primary difference is that the new proposed standard specifically allows testing with current
waveforms determined by tonal location of the hardware on the aircraft. The new standard also provides for a separate induced cou-
pling test using a fast rate of rise , low energy current waveform (Current Waveform E). Since the new proposed standard has not yet
been offically adopted in the U.S., the specific test program described in this paper is not at this time a mandatory requirement .
Hr,wever when and if it does become an offic ial specification, the impact will be small for this particular clau of test because of the
close similarity to the MIL.B-5087B requirement.
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LABOItATORY Tk.sTS FOR UNDE SIRE D CONDUC TED CURRENTS
AND SURGE VOLTAGES CAUSED BY LIGHTNING

(QUALIFICATION TEST)

B J C Burrows,
Culham Lightning Studies Unit,

Cuiham Laboratory (JKAEA ,
Abingdott , Oxfordshire ,

0X 14 3DB , England .
SUMMARY

The theoretical background for the extrapolat ion of induced
voltages and currents measured during the test is
described , and sample waveforms are shown . Guide lines
ar~ given for recognising the appropriate couplingmechanism causing the induced voltage in order that the
correct scaling may be applied. The choice of simulated
impedances is discussed in consequence of the broad
frequency spectrum of lightning pulses.

Introduction

In Test 401 , paragraph 8.0 (Notes) section (b) it is stated that indirect effects
measured as a result of waveform E should be extrapolated linearly to a quoted peak

current I (~ 200 kA) or to a peak rate of rise, ( ‘~ 100 kA/jis.)

This paper will describe briefly the two principal mechanisms which generate
induced voltages and currents, and show now the measured waveform may be analysed for
determining the correct scaling factor to apply . The considerations which govern the
design of terminating impedances for cables from test specimens are also given.

Resistive/Diffusion flux Induced Voltages

When the construction of the test object is such that the simulated lightning
current produces voltages arising from resistive volt drops in the test object or its
mounting system, then the voltage so generated will  be related to the current
amplitude and waveshape. Extrapolation should therefore be up to 200 kA. That is,
voltages and currents measured with a test pulse of say 50 kA peak, should be scaled up
4 times to give the equivalent 200 kA value. -

The typical waveforms produced by resistive processes (and this includes voltages
induced in Loops within enclosed conducting structures by diffusion flux coupling — an
important phenomenon with carbon fibre structures) are shown in fig 1.

The important characteristics of these voltages are:—

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

(2) Peak voltage does not occur at t 0+; but will normally occur at or near
peak current, of te~~

”
~omewhat early when measured within carbon fibre/metalstructures; and in high conductivity materials may occur late owing to the

time delay introduced by the diffusion process. (Examples of these waveforms
are shown in fig 1.)

Fast f l ux ( ‘ aperture ’) coupling

When the magnetic f lux surrounding conductors carrying the simulated lightning
pulse , or some fraction of it ,, couples with loops (e . g .  in unscreened pitot heater
wires , aerials etc .) then tne induced voltages will be proportional to ~~~in that loop .
The f lux  external  to a conductor , and f lux within apertures having insulating covers isinstantaneously proportional to the current ,  and hence ~~ dl

d~~~~a’tTherefore the voltage waveform wi l l  normally bear a s t rong ro ’~emb1ence to the f i r s tder iva ttve .(di.
) 

of the current waveform, -and therefore  ~xtrapo 1at ion wi l l  be u~”t~~
100 kA/ t i s .  That is, en induced voltage of di/dt type caused by a current pulse whose peakdi/dt is say , 40 kA/us should be multipij ed by 2 .5  to give the 100 kA/tis value.

The important characterist ics of these wavefor n~s are:—
( 1)  A fas t  step in the waveform amplitude occurs at t 0+ , at the comnlencen’entof the cu r ren t  pulse . The waveform is of ten accompanied by S to 30 MHzcot’ioonents , and the f i r s t  zero crossing w i l l  be at peak current  where di 0

cp 1s,o 1
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(2) The peak voltage attained will normally occur at the initial transient att 0+ . ( If  peak voltage occurs at or near peak current the mechanismcannot be aperture coupling) . Typical waveforms are shown in figure 2.
Choice of simulated load impedances for indirect effects tests

The simulated load impedances should be chosen to make the effective load presentedto the test object wiring as representative as possible over a very broad frequencyrange. Where possible, actual circuit components should be used, or replicas thereof,so that low, medium and high frequency impedance is duplicated. It is not sufficient toload a SQL aerial cable with 500, The radio receiver/transmitter unit will normallyonly match the cable with 500 over a very small frequency range, During a lightning testthe circuit might act like a very low impedance to low frequencies if the receiverincludes a shunt choke to ground, or be very high impedance if there is only a smallseries capacitor . Therefore , some knowledge of the real circuitry into which the feederoperates is required so that meaningful measurements might be made.
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Induced voit:ge waveform .

: :: ~
a) 1 inch 0.0. Copper Tube (high conductivity material).

Note (i) voltage waveform ‘dead time ’.
(ii) Voltage peak occurs much later than current peak.

_____ 

~ :
— ~~~~~~~~~~~~~~

b) Composite Structure (Carbon Fibre/Aluminium) .
Note (i) Voltage waveform exhibits no discernable dead time but slope

of rise is finite (closely follows current waveform rise).
(ii) Voltage peak occurs slightly earlier than current peak.

_ 7 —
~

c _ — —- 7 .- c
__ ___ __ __ Induced voltage waveform.

Vertical sensitivity — 185 V/Division.

— __ — — — — Time base • 0.Sus/Division.

— ~ : : : ~~~ 
~~~~~‘ Damped oscillatory test current waveform.

— —-- --~c; — 7— -- —
- -— -

‘:) ) .S  inch 0.0. Stainless Steel Tube (lower conductivity than a) .)
Note C i )  Voltage waveform dead time only just discernable .

(ii) Voltage peak occurs slightly later than current peak ,

Fig t .  Examples of Res i s t i ve /D i f fu s ion  Flux Induced Voltage Waveforms.
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Induced voltage waveform .
—~~~~~ Vertical sensitivity — 1V/Division .

I 

~~~~~~ Dime base — 0.Sus/Division.

— 
Damped oscillatory test current.

—
______ _________________ 

12 kA/us (I 12 k.A)

a) measurement - current distribution around aircraft fuselage.
Note high Q, 25 MHz transient response.

- 1

Induced voltage waveform.
Vertical sensitivity — 4W/Division,

Time base — O.5~s/Divjsjon .

4 
_ _  _ _ _

_____ 
Damped oscillatory test current.

—I I I II_1~ ui ir ’r 56 kA/p s (I 30

b) As a), but different test conditions. Note predominant transient
response frequency ~ 9 MHz (1/4 mode of load assembly).

Induced voltage waveform.:2 Vertical sensitivity — 170 V/Division.
• 

_
Time base • 1u8/Division .

_____ Damped oscillatory test current.

100 kA/%1s (2 58 kA)

C)  “ ltage on Internal  Fuselage wire located behind aperture covered
by insulated carbon fibre panel. Note that carbon fibre panel does

not carry main structure current and so L.F. voltage is still 
~~~~ type ; the

M .F. transient, however , is severely attenuated.

Fig 2. Examples of fast flux (‘aperture’) induced voltages,
characterised by fast step at t — 0+.and firs zero crossing
corresponding to peak cji~~ertt.
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QUESTIONS and ANSWERS

1 — From A. Fa arrrian

0 — In your circuit showing para lle l paths in a composite metsi and carbon fibre structure you indicate only equivalent
inductances and resistances. Are the re any capacitive effects 7

A — Current sharing between metal and carbon fibre in all the circumstances I have studied has not been affected by capacitance.
Current sharing is dominated by the time constants associated with inductance and resistances ; the capacitive effects are too small.
However some mechanisms of o upling into Internal wiring may be partly capacitive, so capacitive effects should not be ignored in
induced voltage studies.

2— From RH . Evans

o — I should like to ask a question about extrapolation.
In practice the measured voltage may be a combination of resistive voltage, magnetically induced dØ/dt voltage, and

superimposed HF oscillations. How are these effects separated to extrap o late the measurements to full threat level

A — Taste often produce very complex waveforms. However since d~ Jdt voltages peak at the instan t of starting of the current
pulse, the amplitude here is unaffect ed by x R effects and extrapolat ion is easy. At peak cu rrent of the test pulse. d~’dt 0,
therefore the obse rved volt age must be resistive, and scaling can be based on the amplitude of the voltage at peak current. HF osc illa’
tions can usually be ignored in component tests because they will often be facility effects. However in some cases they may be
important, and their relevance should be closely examined.
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TESTS ON ~ çTUItL AIRCRAF’L’ FOR SLtCTROMAGNETIC EFFECTS
(ENGINEERING TESTS) ,

B J C B u r r o w s
Culhats Lightning Studies Unit,

Culhans Laboratory UKAEA ,
Abingdon, Oxfordshire ,
0X14 3DB , England .

SUMMARY

The paper discusses the requirements for a ground test on
an ai rc ra f t  such that an adequate simulation of the in—flight
lightning strike is achieved . However , lack of quantitative
data prevents electric fieLds from being fully simulated .
Both time-domain and frequency domain methods are discussed,
and it is shown how driving point, earthing point, return
conductor and capacitor bank design may be optim.tsed for
good simulation. In section II, the Culham quasi-coaxial
system is described as applied to the Hawker Hunter test,
and store recently to a composite forward fuselage test
at General Dynamics.

Section I Problems and Solutions in Simulation Techniques

The objective of these tests is to determine the level of induced voltage and
current its the electrical systems within a complete aircraft — or major sections thereof—
primarily to identify system incompatabilities. Whilst an aircraft’s sub—systems may be

3 tested in the laboratory to the full lightning severity , it is not always easy to
• establish how the sub—system will react when in the airframe environment , and when in close

proximity to the other systems. Also in many cases the airframe is so complex that
calculations of the severity level to be expected in any particular system are of
limited accuracy and cannot easily anticipate coupling levels into other systems .

Hence, a full aircraft test will provide important supplementary information for
the systems integration programme on a new aircraft, or for a new system installation in
art existing airframe. Whole aircraft tests are being carried out also as research projects
to establish coupling mechanisms and related phenomena , The same general principles
apply to the design of such rigs although the design criteria are somewhat different.
The difference comes from the greater need during an applied research investigation to
simulate accurately the in—flight environment, so that the research e f fo rt can concentrate
on phenomena related to the real in—flight conditions and not be diverted by unwanted
facility effects. Thus the purpose of any particular test will dictate the importance
attached to the accuracy of simulation achieved in the test rig design.

Accuracy of simulation includes the following aspects:-

(I) Current level, that is, whether full threat or scaled down amplitude and
rates of change are used.

(2) Accuracy of magnetic fields and current d.t.atribution around the airframe
produced by the lightning current.

(3) Accuracy of electric fields — (not fully described and full quantitative
- data is not available yet) .

(4) Simulation of h.f. structure resonances, which give longitudinal variation
of electric and magnetic fields, appropriate to the in—flight condition.

(5) Waveform of test pulse.

Additionally freauency domain as distinct from the more familiar pulse technique
may be employed for coupling investigations, particularly at higher frequencies (>0.1 MHz).

Considerations applicable to the points (1) to (5) are as follows:—

1. Current level

A high level test (200kA peak pulse amplitude and lOOkA/tis rate of rise) is desirable
since induced voltages so obtained do not need scaling up. Scaling up is dependent on the
system remaining linear which cannot necessarily be assumed. If a lower level test is
required , the smaller the scaling factor, the better the reliability of the scaled up
induced voltage . A high level teat poses a hazard to an airworthy aircraft from explosion
of fuel tanks , fire in hydraulic systems or damage to electrical equipment. Hence
elaborate precautions (including irserting of fuel tanks) may have to be taken on an

• airworthy aircraft if tested at full level. A high level test will always require a low
system inductance owing to the prohibitively large voltages required to give high currents
and high rates of rise through high inductance systems . Peak current and peak rate of
change of current are given by equations (1) and (2).

I V Ks~~~ amperes (1) di/dt • amperes/second (2)

CC leeO ____________________________
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Where V capacitor ban.k erected voltage.
L • total circuit inductance .
C effect ive bank capacitance . 4L

K 1 — current factor , which is a function of ~~~
where R is the effective series resistance.
When R-’~0 K~— 1. For critically damped pulse
K1 0.368.

2 . Accuracy of magnetic f ie lds  and current~
Longitudinal current flow along a fuselage or a wing produces a magnetic field

around the fuselage (or wing) at right angles to the current flow, so that in cross
section a circular fuselage would have concentric rings of flux around it in the plane of
the cross section . In a non—circular cross section the surface current will be strong ly
dependent on local surface curvature . The accuracy of the magnetic fields and current
distribution around an airframe during a ground test depends upon the position of the return
conductor(s) - that is on the position of the conductors which lead the airframe current
back to the capacitor bank or other energy source) to complete the circuit, since these
conductors influence the magnetic field . In ‘ free space ’ (i .e .  in the in—fligh t condition)
the magnetic field around a typical modern military fighter fuselage might be as irs
figure 1. Large current densities occur where the field lines are close to the airframe
(e.g. the strake edges) and lower current densities occur elsewhere . An effective
simulation of this is provided by any of the three alternative systems on the right of
figure 2. The three systems , I will call full coaxial, multiwire coaxial, and quasi—
coaxial . The field around the fuselage of figure 1. when using the 3 broad sheet
quasi—coaxial system is shown in figure 3. This closely resembles the field pattern
shown in figure 1. close to the fuselage . Ct oser return conductor spacing should be
avoided because of the effects on field distortion in apertures li.kc the cockpit.

The effect of a single return conductor close to the fuselage is illustrated on the
left of figure 2, where curre.-st is caused t~ crowd en the surface of the fuselage adjacentto the return. All the systems on the right of figure 2, have a low system inductance
(0.15 - 0 .2 uH / m )  so facilitating high level testing . However a low level test may achieve
adequate field and current distribution by using say 2 fairly wide spaced returns as in
the L.S.T test to be described . The inciuctance of two widely spaced returns is high
so restricting the technique to low or moderate severity testing.

3. Accuracy of electric fields

The accuracy of electric fields produced in ground tests compared to those
produced when a lightning arc channel contacts and drives current through the airfreae
cannot be fully analysed since little reliable quantitative data is available of the its—
flight electric fields. ‘20 a certain extent, however , the correct stmulation of ragnetic
fields will, ensure that electric fields associated with the changing magnetic fields are
reproduced.

Electric fields are produced by a changing current between the return conductors
and the airframe owing to the inductance of the system . The voltage so produced will
vary in a linear manner from zero, at the connection point of the returns to the fuselage ,
to maximum ac the drive end . These electric fields, for a given di/dt, are independant
of the return conductor spacing (in fig , 2 right) since both L and the electric stress
~ vary as ~~~~~~ r : .  The magnetic field lines of figures 1 and 3 are also equipotentials

for the electric field calculation.

4.  H . ?  s tructure resonances

H. ? .  s tructure resonances occur on an aircraft when subjected , for example. t”~N E N P. The resonances depend on the etructure dimensions(length . wing span etc.) and
the predominant modes will correspond to 1/2 frequencies associated with these dimensions
plu~. harmonics. Similar effects will occur on an aircraft when subjected to the electric
fields from a nearby thundercloud , nearby strikes and from lightning current flow through
the airframe . In all these cases the same structure resonance frequencies will be
observed since they will be excited by the field and current transients .

An ideal simulation system will be one in which the frequencies, amplitudes and Q of
resonances excited by the transient current pulse will correspond to those ob’served in a
‘free space ’ condition. Fig 4 illustrates the lightning attachment to a fuselage and the
standing wave pattern of the 1/2 resonance, f5. Fig S illustrates how in a test of one wing,
or half the fuselage , this frequency can be duplicated by a 1/4 shorted quarter wave
line set up. Thus longitudinal variations in currents and voltages on the fuselage will
occur , as well as the ciicumferential variations associated with the fusejage (or wing)
cross section shape . Return conductors , positioned as in figure 3 for reasons stated in
paragraph (2) above will be well placed to give good simulation of the h.f. current
distribution also. However care must be taken to avoid changing the electrical length
of the aircraft or the resultant frequency may be much lower and therefore not representative
of an in—flight strike condition. For this reason the capacitor bank,ground plane and ground
power-cart connaction (if used) shoul i be so designed that least effect on ~.he ’natural
frequencies occurs. Referring to figure 5, ideally the capacitor bank should be close to
point B and small in phystcal size (with respect to aircraft) . System grounding should
be at A at which point the power-cart,and diagnostic connections may be made with little
or no effect on the s~’stem. ~1
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5. Waveform of test pulse

This topic has been relegated to last position since the waveform of the test pulse
is not very important for testing, provided the current amplitude and rate of rise are
measured ; and induced voltages scaled up appropriately .

Both sine wave and unipolar (unidirectional) pulses are suitable, since both
contain a very wide spectrum of frequencies owing to the transient start at t +. (A
suddenly starting damped sinusoid has a very broad spectrum and must not be c8nfused with - •
a C.W. sjnewave which comprises one line only in the spectrum). Fig 6 illustrates the
spectra obtained with a unjpolar pulse (upper) or damped sinusoid (lower). For a
capacitor bank and load system of fixed V,L and C (as defined in paragraph (1)) the absolute
magnitude of the two spectra are identical except around the centre frequency f0 given

by f0~
Fig 6 shows the spectra 0f both the current pulse and of the differentiated current

pulse. These two spectra are important when referring to resistive induced voltages (I

spectrum), and ‘duced voltages (~ spectrum)An al ternative approach to data collection , in frequency domain form, is shown
by the swept C .W.  method , which facilitates the measurement of transfer functions of
skin current to internal  wiring over a broad frequency range , This is a low level test,
but similar considerations apply to the design of rigs for this test technique as
described in sections (2), (3) and (4), owing to the need for correct simulation of fields
and current distribution. Considerable computer processing of the data is required to ‘ )
convert it to time domain form.

Features of the various test methods

At’FDL/FES L.S.T. (and LTA) Culbam Quasi Coaxial System Boeing swept C.W

‘rime domain (pulse) ‘Time domain (pulse). •Frequency domain.
•Low to moderate severity ‘Up to full severity. ‘Low level techniques.
‘Uses standard capacitor ‘Uses small bank and return ‘Uses wide range R.F. oscillator
bank and simple return conductor system designed and amplifier and simple
conductor configuration , and built specially for return system.
high inductance , test object. ‘Allows good simulation of h.f.
‘Spurious frequencies ‘Allows good simulation of resonances, particularly for
introduced by facility h.f. resonances, particularly one wing or half fuselage
layout, ground capacitance for one wing, or half fuse— tests,
and power—cart connections . lage tes~s. Good control of ‘Computing essential to convert
‘Little or no computing stray capacitances. measured responses to time
necessary (but can be ‘Little or no computing domain form .
used with advantage), necessary — but field •Return conductor has to be
•Short setting—up time, profile calculations are tailored to the test object.

useful for rig design.
‘Return conductors have to
be constructed around
aircraft,

3ection II Description of Cuiham Quasi—Coaxial Test System (C.Q.C.)

— 1. Original System at Cuiham

• The test system comprises the load assembly (Hawker Hunter fuselage plus return
conductors), interconnecting bus bars, and the capacitor bank itself whici~. was a Marxgenerator , capable of being operated with any number of stages up to 5..

Principal characteristics and parameters of 5 and 1—stage operation are sussearised:—

S stage 1 stage
91kv/stage, 455 kV erected 100 kV charge

I. 4.5~H 2.85~HC 0.075uF (5 x 0.375 uF in series) 0.375~F270 kHz 150 kHz
I 56 kA 34 kA

100 k.A/ps 35 kA/us.

Fewer stages give a lower inductance, but a much larger capac itance , hence the
froquency is lower with 1 stage than with 5. The low overall inductance arises from
k h ,~ low inductance of the load assembly (~ ipH) and the low inductance achieved in the
but; bars and Marx through the use of broad , close spaced conductors. A cross -~ectionmd diagramatic side view of the load .assembly are shown in f igures 7 and 8 , and a
photograph of the system is shown in figure 9. Diagnostics were by balanced twin
screened cables which entered the aircraft at the rear screening cover and then ran in
a tube along the earthing bus—bar back to “experimental earth” (system grounding point)
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and on to the screened room,within copper tubing the whole way. Important achievements
and features of this rig were:—

(a) This was the first test at full threat (100 kA/lis) on a very large
component .

(b) First demonstration of high di/dt with 1 stage bank (35 k.A/us).
64 kA/lig was obtained subsequently on single stage operation on the same
rig.

(c) Demonstration of free space inductive current distribution ar”un,l the
fuselage with quasi—coaxial system ; good agreement was obtained with
predicted results,

(d) Demonstration of linear law for scaling aperture flux induced voltages
with peak di/dt over the range 10 to 100 kA/us.

(e) Principal h.f. resonance modes on the load assembly were investigated,

(f) H.f. resonances produced in single stage bank operation were simpler, and
more consistent than in multistage operation.

(g) Several high frequencies were observed which were not apparently occurring
in the load assembly . This pointed the need for a simpler bank and switch
system having less strays (capacitance etc.) and a more compact construction.

II Development of C.Q.C. for General Dynamics Test

The General Dynamics composite forward fuselage test was designed jointly between
General. Dynamics and Culham personnel. It was decided to use the C.Q.C. system, and to
refine it further to achieve the best simulation possible for induced voltage coupling
studies on the composite airframe. All of the points mentioned in the theoretical
introduction in section I (paragraphs (1) to (5)) were considered at the design stage.

The system as built is shown in fig 10. A single stage bank is used , comprising
one 4uF 50 kv capacitor, an arc switch: a 1.35(2 resistor, and the load assembly. Total
circuit inductance 2.2SuH (of which “luH was in the load assembly). A charging
voltage of 45 kV produced 20 kA/us, with 40 k.A peak using a lightly damped sinusoidal
pulse, or 20 kA with a ursipolar pulse. Therefore scaling factors of 5 were required to
scale up to ‘full threat’ values (100 kA/us, and 200 kit). Some tests were performed at
over 100 kA with a bigger bank, and demonstrated that non—linear processes (arcing) on
the fuselage occured.

The electrical length of the fuselage was increased aft to bring it to approximately
one half the full fuselage length, and the return conductors were fixed there in a manner
similar to figure 5.

A compact capacitor/switch/resistor assembly was supported close to the forward
end but well clear of the ground. The trigger and charge leads — which would otherwise
have provided a second path to ground - had resistive decoupling to damp out h.f.
currents along them.

System grounding was at the aft end , where the diagnostic connections were made
(through a 10 cm diameter aluminium tube) and 400 Hz power could also be fed in. The
system was free of bank , trigger , or other spurious h.f. resonances and only two
frequencies , both attributable to the fuselage, were noted. These were at 14 MHz and

• 46 MHz and were identified as resonances which would occur on a full. fuselage in the
in—flight condition . Owing to the earthing (grounding) concept utilising the one aft
connection described above, no spurious signal was introduced ’into the aircraft by
the power leads , nor into the diagnostics, and a very high signal—to—noise ratio was
achieved . Neither were any aircraft frequencies affected by the power connection.
The Q of the fuselage resonances could be easily adjusted to a lower value by damping
resistors, as shown in figure 8.

These several features greatly improve the usefulness of the test technique .
Many or all of the features employed in this design could be used for subsequent whole
aircraft tests in order thar an improved simulation is achieved.
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Field is strongly
dependent on tocot
fuselage profile
close - in .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Approximately circular field
centred on fuselage

Fig.l Free Space Field Configuration for Metal Fuselage.

~~~Tt ’ . 3

~~~~~~~~~~~~~current d2nsity

‘Ground’plane AIternot~ve return
conductor configurations

Irrorrect simulation provided by ground Full coaxialplane current return
Multiwire coaxial

Quasi-coaxial

Fig,2 Lightning Siwulation on Laboratory Scale. 4
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Fig.3 Quasi—coaxial 3—conductor Return Current Systei..
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—

Fig.4 Standing Wave Pattern at First Fuselage Resonance, f 1 (X/2 sod.)

_ _ _ _  

A
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Cross sect~ n

~i ~~~~~~~ 
V I

Fig.5 Standing~~.’r. l tI.. hr 0, ~~‘L~usetag. or Wing with ReturnConductors (Nallural Resonance i s  at A /4  m4du • in Fig.4)
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QUESTIONS anO ANSWERS

— From 0. Clifford
0 — The tests you both describe deal entirely with the effects of ojrrent flow through the aircraft . The response measured on the

wiring seems to be primarily high frequency in nature , bearing no correlatio n to either the di/dt or IA response descr ibed by B.J.C.
Burrows earlier. In v iew of the fact that Dr Nanevicz reported that HF transients were produced by nearby lightning activity comparable
to the transient induced by direct attachment , one might question whether current flow is a factor at all in the production of the HF
response. How do you treat circuit responses which have no apparent relationship to peak current or di/dt ?

A — It should be .ome in mind that the test techniques described are for an engineering test . not a qualification test. Techniques
are under development, and more particularly, data is not available on pre.strike and between’strike fields In a form that can be used
for simulation . The test techniques I described allow good amulation of the currer,t pulse through the aircraft and this by itself will
produce H.F. transients. Moreover, the current pulse can be shown to produce large voltages in structures incorporating significant
amounts of glass fibre reinforced practice or carbon fibre reinforced plastic. Effects due ro the current flow are part icularly important
for carbon fibre structures.

— Comment from R. Hem
The waveform shown by B. Burrows was a result of qualification test and represents the results of directing test arce to a specific

circuit, whereas the waveform shown by J. Corbin represents a circuit response when the complete aircraft is excited. The complete
vehicle test represents a sitdation where the distribution of the test energy internal to the aircraft is not directed but is measured for
engineering information and is in the category of engineering tests. The general area of the mechanism controlling the distribution of
lightning energies ldirect strikes near fields and pre-strike activity) are still under investigation. As a matter of fact proj ecting from
some of the waveforms induced on the internal sensor (length of wire) in the Lear ct used for flight test measurements of lightning
act ivities, it seems to be evident that there are electromagnetic waves with submicrosecond rise times being generated during pr..strike
lightning activity.
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VULNE JtRTLTTY agcVcc M~~ T OF IRCRA~~ SYSTEMS

TO IN DIRECT LIGHTNING EFFECTS

John C. Corbin. Jr.
Atmospheric Electricity Hazards Group
Air Force Flight Dynamics Laboratory

Wright—Patterson AFS, Ohio 45433

SCMNARI

- 
This paper discusses the factors that constitute the most important considerations

in conducting a vulnerability assessment of aircraft systems to in direct lightning effects.
It begins with a brief introduction of the characteristics of lightning, its dual, hazard
to aircraft systems, and its increasing hazard to electronic systems. A general approach
and a modified approach to vulnerability assessment are suggested in which a combined anal-
ysis and test program is recommended and hardening considerations explored. Analysis is
discussed in terms of an electromagnetic coupling model similar to that used for the nu-
clear electromagnetic pulse (NEMP). The lightning source term and its analytic model are
compared in both the time and frequency domains. Test requirements for indirect effects
testing of a total vehicle which are based upon SAE recommended practices are reviewed .
A linear transient analysis (LTA) test based upon the above requirement is described and
improvements in its application are noted. Shortcomings of present tests in terms of aim—
i.ilating the natural environment are mentioned. The usefulness of an analytical model for
prioritizing test measurements is noted. Another low level test, continuous wave (cw)
swept frequency testing , is described and its usefulness in verification and development
of electromagnetic coupling models noted. Finally , circuit and component testing are dis-
cussed and an example of the approach to determine component susceptibility to lightning
in a given aircraft  electronic system is examined . Considerations as to needed improve-
ments ~.n indirect effects  testing and improved modeling are given. Facilities for evalua-
ting the vulnerability of the entire aircraft system to realistic lightning threat levels
are recommended .

1. INTRODUCTION

Lightning is the most serious natural electromagnetic hazard to aircraft. The occur-
rence of lightning and its electrical parameters are outlined in Table 1 (Ref. 1).

Lightning can cause a variety of direct and indirect effects on aircraft if struck .
In addition , precipitation static electrification effects produced by the flight of an
aircraft through ice, snow , or rain can generate potentials exceeding 50kV and cause
hazards ranging from minor to catastrophic. A description of these threats and an illus-
tration of systems susceptible to both lightning and static electrification effects are
given in Table 2 and Figure 1, respectively (Ref. 2).

Lightning is a dual hazard to aircraft because of both its damaging direct , or physi-
cal, effects as well as its induced or indirect electromagnetic effects. The most obvious
direct effects are physical damage and burnout of the aircraft structure caused by extreme
heat loading as a result of high current lightning pulses . Resultant pitting/puncture
points indicate the location of lightning entry/exist points on the aircraft. The most
frequent direct effect damage occurs at radomes, pitot booms , canopies , external antennas ,
and wing tips. Unless protective devices and designs are used, damaging currents can
penetrate directly into the interior of the aircraft.

Indirect or induced effects due to lightning may cause temporary disruption (upset) or
permanent damage to internal electrical/electronic systems . Lightning currents on the
skin of the aircraft (which result from a direct strike or a nearby strike) can couple
energy into the aircraft  interior to produce voltage and current surges on sensitive elec-
trical circuits. The coupled energy flow path is shown in Figure 2 (Ref. 3). Important
lightning parameters include rise time of the current pulses, peak current, total charge
transferred , peak electric and magnetic fields, and the frequency spectrum of radiated
fields .

Because earlier vacuum tube electronics were relatively immune to transients or surges
induced in aircraft electrical circuits by lightning or static discharges , induced e f f ects
were of little concern . However , during the past decade , electronics technology has pro-
gressed to discrete solid state electronics and more recently to integrated circuit elec-
tronics. Th~ next step, which is now underway , is the application of microcircuitry in-cluding largescale integrated circuits, microprocessors , memories , and similar dev ices in
new commercial and military aircraft and in new missile systems. These components are
inherently more susceptible to voltage and current surges because of their low operating
voltage , current , and power handling capabilities. Moreover , they are being used in
critical electronic subsystems which may be essential for the integrity of safe and con-
trolled flight. Even use of circuit and component ‘redundancy ” may not prevent interrup-
tion or failure of a crit ical subsystem caused by simultaneous lightning-induced transients.
Evidence of impact or damage to avionic/electrical system3 without direct lightning attach-
ment to electrical components has recently appeared in airline lightning strike reports
(Ref 4). At present , there are no adequate standards , specifications , or criteria specifi-
cally applicable to protection against these effects.
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Another factor that is contributing to awareness of induced effects is the increasing
trend for greater use of advanced composite materials in aircraft structures. These com-
posite materials (e.g., graphite epoxy) have inherently reduced electromagnetic shielding
properties over the frequency spectrum generated by lightning. Hence , sensitive electro-
nic flight controls and avionics may be exposed to considerably higher levels of induced
electromagnetic energy if proper protective design and installation techniques are not
employed.

2. APPROACHES TO VULNERABILITY ASSESSMENT FOR INDIRECT EFFECTS

Vulnerability assessments of aircraft systems to a lightning environment can be made
by using test, analysis, or a combination of both. Maximum confidence in the assessment
is obtained by the coordinated use of both test and analysis. Tests are required to yen-
fy submodels of the system under assessment.

2.1 General Approach

Figure 3 shows a general approach to be taken in assessing the vulnerability of air-
craft systems to the indirect effects of lightning and in applying (as needed) the selec-
tive integration of hardening technologies for flight and mission critical systems (Ref.
5) .

A lightning source description for either direct attached or nearby lightning (Block
1) is developed and becomes the source tern for direct energy to the aircraft. An air-
craft electromagnetic (EM) coupling model (Block 2) is developed using aircraft configura-
tion data (Block 3) and results of low—level direct-drive ground testing (Block 4).

Lightning induced transients that are predicted by the EM coupling model are compared
to calculated system upset and damage thresholds (Block 5) to determine the safety margin
at the circuit level (Block 6). The safety margin is a measure of the vulnerability and
is defined as the difference (in dB) between the circuit threshold and the amplitude of
the induced transient at the input. Its interpretation mus1~. take into account the dataquality associated with the techniques used to determine both the induced responses and
the circuit thresholds. If the safety margin is negative or judged to be inadequate , then
hardening is required .

Hardening requirements are initially developed and then hardening options are identi-
fied . These options may include hardening at the penetrations (e.g., windshield, wing
wires, door slots, control cables), at the internal cabling, at the equipment rack, or in
the equipment design itself (Block 7). Each of these hardening options is evaluated for
its impact on cost, system performance, reliability and maintenance, as well as its d cc—
trical performance as a hardening measure/device.

Ultimately, trade studies define a mix of hardening measures/devices that are irtcor—
porated into a modif ied EM coupling model (Block 8). The hardening measures/devices are
then physically implemented and low—level tests (Block 9) are conducted on the hardened
a i rc ra f t  (Block 10) to validate the hardened design. This validation is achieved through
examination of safety margins again (Block 12) and threshold data obtained on the critical
circuitry used in the subsystem equipments (Block 11). The product of analysis and low—
level testing is a validated lightning—hard design for a particular set of aircraft systems
and a particular airframe configuration.

For final verification of the hardened aircraft , a series of lightning simulation
tests is conducted (Block 13). The tests require extensive simulation capabilities, exten—

- sive monitoring of critical circuits , and a sophisticated data handling system to record
and reduce experimental measurements and to compare the results with predicted resp onses.

The general approach is applicable for retrofit hardening of existing aircraft or mis-
siles. However, if it is not possible to describe the aircraft configuration in sufficientdetail to develop an accurate EM coupling model, a modified approach can be taken.

2.2 Modified Approach

A modified approach may have to be taken when new systems are being developed and an
airframe has not yet been selected in which to house the system. It is still possible to
assess the vulnerability of the new system to lightning induced effects and to evaluate
a mix of hardening trade—off s on a selective basis.

- 
The first step is to perform a subsystem threshold analysis to determine the inherent

failure threshold in a lightning environment. The analysis is conducted to identify thosecircuits  potent ia l ly susceptible to permanent damago and transient upset and to determineif potentially susceptible circuits are f l ight  or mission cri t ical .

Because an aircraft EM coupling model has not been developed, lightning induced tran-
sients cannot be predicted at the circuit level. Hence , the vulnerability of the suscep-
tible circuits cannot be established with the same degree of confidenc. as was accomplished
in the general approach.

Instead of using predicted lightning induced transient levels, arbitrary levels areestablished that bound the most probable induced transient level. These levels are com-pared with selected system circuit thresholds and arbitrary safety margins are determined.
If the saf sty margins are negative, then hardenin is required.
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Hardening requirements are developed and hardening options are identified as in the
general approach. Because a multiplicity of hardening levels may result from establishing
arbitrary transient input levels , a more extensive trade—off analysis may be required to
adequately assess the increased number of options. Again , trade studies define a mix of
hardening measures/devices to use based on hardening requirements.

Circuit threshold tests are performed based on the initial subsystem threshold analy-
sis to obtain validated threshold data.

The final product is (1) a well—defined set of hardening measures/devices to apply
for arbitrary negative levels of safety margin and (2) a complete set of threshold data
for selected subsystem circuits.

As soon as a prototype airframe is chosen to house the new system , the procedures in
the general approach can be taken to obtain a validated lightning-hard design by usi.nq
the applicable information obtained from hardening trade analyses and circuit threshold
tests.

3. ELECTROMAGNETIC COUPLING MODEL

The usual approach in electromagnetic modeling is to use frequency domain transfer
functions for the separate coupling mechanisms. A spectral representation of the threat
environment and the test driving source is also required. The coupling mechanisms are
generally classified as external models, penetration models, and internal models. The
external model is a transfer function of a surface current density and charge on the skin
of the aircraft due to a unit amplitude source. The penetration models are transfer func-
tiOns relating surface current and charge on the skin to internal quantities such as cavi—
ty fields or induced voltages on internal cables. The final transfer function to the
critical element being assessed is usually a transmission line model of the aircraft wiring
which relates the induced cable voltage to a pin voltage at the electronic equipment (Ref.
6 and 7).

The techniques used to model electronic systems in a lightning environment are virtu-
ally identicial to those developed over the past 10 to 15 years for nuclear electromagne-
tic pulse (NEMP) assessment once the external skin responses are determined (Ref. 8—14).

The source term for directly attached lightning and a nearby lightning stroke is usual-
ly approximated by a unidirectional current pulse of the form

it(t) a A(e~~
t_ e~~

t) (1)

The lightning current often assumed is the severe return stroke model developed by
Cianos and Pierce (Ref. 15). It is a double exponential current with a peak amplitude of
200 kiloamperes, a zero to peak t ime of 1.5 microseconds, and a time to half peak of 40
microseconds. The time history of this current is shown in Figure 4.

For nearly lightning, the fields produced by the stroke have been approximated as those
due to an infinite current column with the same current waveform as that for direct attach-
ment.

In the frequency domain , there exist three frequency regions of interest for 8>>a> 0
as shown in Figure 5. The upper turning frequency , 8, is considerably below the first
resonance of most aircraft.

A1tho’~gh this unidirectional pulse waveform has been used for a number of years, many
of the features of natural lightning are not incorporated in the waveform . A more repre-
sentative model is a triple exponential of the form

iL(t) — AU. — e Tt (e~5t 
- •~

6t) (2)

where
‘1 8 a > 0

It starts in a physically more credible manner with zero slope at the starting time.
In the frequency domain, there is a third turning point with the consequence that the
higher frequency amplitudes are decreased . Figure 6 shows a comparison of th. double and
triple exponential representation of the lightning pulse in the tune and frequency domains.

4 .  TEST REQUIREMENTS

The primary test requirement is to simulate the mode or modes of excitation of the air—
craft which best represent the actual threat environment. Since it is not practical to try
to duplicate a full scale lightning strike with currents up to 200 kA and because of the
potentially destructive nature of such currents , lightning simulation testing has been con-
ducted at reduced current levels using either the unidirectional (double exponential) or
the damped sinusoidal waveform.

4.1 Indirect Effects Testing

An outline for conductit~ ‘~~j-s’t ~~~ecta testing of a comple vehicle is given inSection 4.2.3 of Reference LI and is reproduced herb 2 or convenient reference. A
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description of test waveforms given in Section ~~~~~~~~~ i~. also reproduced .

4 .2 .3 tn ,t ir cr t .~ f , ct i  — onpiate Vehicle ~~~~~~~~~~ Zaterfer .c~~ ftea opec tine of the ltaie
seaaur et sysien should be writi.d.

4 .2.3.1 Oni.c:i., Volta ee neaaorsd dur ing the c~~~l.ts vehicle

lbs obf.c t ivs of this ~e.t is to neneor. induced ‘net. WanJA be uctrepolated to fuLl thrset level. 
~~

vol~ a~ ee ned cur rent s in electrical ‘,iring ui thth  the seas —~~~~ a. deecribed in Pare. 4.l.6..Z for in-
direc t effec t. .eaaur este ii ent.rnel .1,ctTice Ic~~.pin ce vehicle. CompLete ,ehicle tent s or. intended 
~~~~~~~~~ .. ~~~~~~~~~ such se arcing pe c ks or eve—pr inar it, to identify circuits uhich nay be .uecsptible linear Ispedeacs, uciat which —y resuLt in an—to i t ’ttnin* Induced effects .  lin.ar re.leticsebipe between tnduc.i weltagei end ep—
plied current. Careful easdy of the vehicle n o r4 . 2 .2 .2  •?‘• ic~~ S tea t . however , can uauaily id.ntify euth elicit ions.
then tasting fueled vehicles. care sl.oeid be takeS

~wo tsc ’mi4uSe , ut i lising di f fer ent aeveforne . to pvrent .park.e across I lu st cape . a. eves low
~. .t 1.1 toed to per foru thi, teat. One invol vea as Lt,~~ curr u gee ceo,. sperhing across POST

application of a icale.3 down uni4ir ectl.onei ue,etot 
~~ is a u ~t~ui s tuetiona , fsei tasks

rupre.~~ tativs of a natural lightning stroke. .bos,~~ be r~~~ared oeefl~~~~ble by uitreq~~ insrtls$.

The second teclotique involves performance of the -

test with two or nor. damped osciLlatory current wove—
fo re., one of ,,hich (caspenent c2) provides the fia t
rate of tine chareererlatic of a natural lightning
stroke woosiront , end the othar (component Gj ) pro-
vide, a long duration period tharecteri.stlc of natural
lightning strok, du ration. induced voltage, should lao

t Yehtcle ,~
seisut d to the aircraft circuits wh~~ exposed to both

the duced voltages --~ onrr~~ t.. ~~sc~~ are aise ~~~e

atvefoces and the high..t induc,d voltage, taken as
the teat results.

tech test La carried out by paci ng teat cur-
rent, through to the complete vehicle and .eann isg

of aircraft eyotena and equipment operation. her. r.ro,,nd Connection ~~ Return WireS
possible. Where Induced Cneuiated from Crowed

4 Voltese tteaaar enta
4 .2 .3 .2 .2 Unidirectional lost tiavefor. ~~~ Hide

favefore 7 ehcu.Id be applied .

4 .2 .3.2.2 Oscillator ’ inveforue

isesfosne C1 end C~ should ha eppUsd.

4 .2.3 .3 ~ a et Cotu p

Te.t VehicleThe test eurr t should be applied between se.—

as nose—to—neil or wing tip—to—vial tip . Typical teat
setups are sh~~~ in figure 4—7.

arei rspreeencativ. peirs of attachoeot psinta suck

Attachment pairs a,. normaLly selected so a, to
dir.ct current through the arts of the vebici.a Wher e _________

cirCuits of interest are located.

? lul t tpla return co.,ductore should be seed Co edo—
into . ieee circuit inductance and proedsity affecta . Wheel. an
Typical test setup. are ehoese in Figur e *—i. tlectrica i insulation

Ground fla curn Wir e,
4 .2 .3. 4 H.esuren.nt. and Data Veqoiromeote Connection Inedited fr au

GroundThe teat current ~~~litude . esvefot , and to-
nul t ing induc ed voltagea end cascrenta in the air craf t
edectri.ca..i and avionics eyet a should be measured. figure 4—7 . Typ ical setupS for ce.plece vehicle tests.

3.3.3 Current ttavefocin 3 .3 . 3 .2  last ‘osreforna C1 and 02 Damped Oscillatory
II,vefnriu

Current weveforu component . P and C~ .houn on
figure 3—5 . are intended to detersin e indirec t effects m e t  rat e of rise current weveforun sod hicha r
en very la r ge hsrdwsre aid full  site vehic tee. These aepil t o.ie nevofor ne nay often be nefu l ly  enployed for
weveforn s a re epecified at reduced usplitodee to oveo- I n dIrec t a f f ec t s  test ing.  For indirect e f fec t s  de-
co., inheren t full neh icie test cir cuit linitationa prnisnt upon r ni.t ive or d (ff seton f lex  effo cte  (i.e.
and else to allow teetint at ,aoe~ lee t ractive L evel. to not apar car e cnuplIn~ ) a to, frequ ency oscilLatory
be nad e en operstional vehiclea at non—d estructive cor ,,.n c — wacef orm C in Wh ich the ycriod (i i’)  I.
level,. Uceling will depend em the na ture of the coup— long copparnd with Jiff uaio n tine , should be seed.
h o g  process as detsiled in the following perepr epise. ThIs requires a frequency, f , of 2. 5 kilelat to ‘or

lower (i. e. the dur ati on of sach be if—c ycis is equal
3.3 .3. 1 Test taveforu F — T~educed Amplitud e to or gr eetar than 200 ‘os). Where ree i.tive or d i f f —

Unid ire ct iona l tiaveforn a,ion effec ts  a re s.eured , tise sca ling should be in
terse of the peak current , with foi l scale being 200 hA.

Component V siasietse . at e low cur ren t Level ,
both th e r ise t in, and b r ay t Ine of the retur n stro be m .  l o l l m o c t .?Fe c’o -lepeidotit upon specter .
r srr omt t eak ef t i e  l ight ni ng f la eh.  It he, a rise c.oq.tIng the high frequunc, cur c.,a . wev efor e
t ine of 2 o!atne.n. ~~im (a lp-), n decay tin, to hell ehosid be •, ,ed . The re d O.. frequ. ’ncp of OOf ~,rs C
mepli esde of 50 nlcrnia c nds (.201) m d  a ~~~~~~~ should be no hIg h er than appro sineleiC 3011 3ao or ldo
.splitods of 230 aep.r.’e. IndireC t effect .  ue,euTe - ‘ f  the Inur e nat , rnl rae0000t frequency of~ th. sir—
canoe nod e with th, e couponesa t eust be entre polated tr ~ f t f rst ~rn circuit , thiche~., 1. lower . Ih et. .per—
to th e lull lightning current enylitude of 200 hA tore—coupled effect .  are usesured the scnling should

be In torn, of rate—of—ri se (dijde), with full scale
being 140 io u..

Whom testing cospoelto etructur . . with wevefece
C .,• renle edve and d i ffu a ion  flat ind oc,d voltage. me,
.r c , , ,. evil a, ..pdrt..r a coupled voltage., and rs—

n,LL. should be scaled both Cs 204 isA cr4 to 1011 bA/pie .
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t 1 — 2 as *202 WAVET(*1IS Cl ~~~~ C~I, — 34) ua +5flT
Pee k iaplit de — j .  iLqvef or. Ci — 2.5 kit:
~~25I2 • f 

~
Whvofn rn C2 — 300 kIlo (see Pars . 3, 3 . 3 . 2 )

hap litud e

0 
~l ~2
li ne

(Not to ic*ls)

Figure 3—5 Idealired current ~~veforne V or engineeri ng test.. (Note:
Pea k omplitudee are not the s,me. )

The indirect effects test described above is conmonly called the lightning transieri-
analysis (LTA) test and was first developed by the General Electric Company High Voltage
Laboratory under sponsorship of the NASA Aerospace Safety Research and Data Institute (Ref
17). LIA tests have been conducted on a variety of flight vehicles. General Electric has
applied the test to the NASA Flight Research Center F—8 digital fly—by—wire airplane , the
Navy—Lockheed 5—3A antisubmarine warfare aircraft, and the Air Force—General Dynamics
YP-16 air combat fighter. The Air Force Flight Dynamics Laboratory has conducted LTA tests
on F—l04, F-4, YF—l6, A—i , and YB-Ill aircrafta during the past th ree years (Ref 18).

A number of improvements have been made in the test technique in recent years (Ref .~~) .
A typical test configuration is shown in Figure 7. 10 minimize circuit inductance and
distributed capacitance, multiple parallel return leads are used and are supported on non-
metallic stanchions. The symmetry of the configuration tends to balance the currents
flowing in the fuselage and to minimize the influence of the return path. A ten-fold ~.n-crease in the current output of the generating equipment has been made. The generator can
supply up to 3 , 000 amprsres to full scale fighter aircraft. It consists of two separate
banks of parallel capacitors charged simultaneously using a 100kv dc power supply and is
discharged in series when a desired voltage is reached. Pneumatically actuated devices
have replaced electronic triggering shorting devices to eliminate critical gap adjustments
and to reduce rf interference. The approach has the potential of a further ten—fold in-
crease in current by adding additional capacitor banks.

Measurement system isolation is achieved using small breakout boxes and special cab~es.The breakout boxes are connected to the aircraft circuit with short multi-conductor insu-
lated wire bundles inside a braided copper shield. The wire pair selected is connected to
an electronic system that converts the induced signal to a modulated light beam which is
transmitted via a fiber optic cable to a receiver for reconversion to an electrical signa l .
Complete electrical isolation is achieved between the test circuit and the data acquisitIon
system. The applied current is measured using a current monitoring transformer that is
electrically isolated from the current generator .

Initially , the data acquisition system consisted of coaxial (or twin axial) cable inputs
to an oscilloscope. The transient measured was recorded photographically. The resulting
oscillogram was manually converted to tabular data which could be digitized for computer
processing and analysis. Today, the oscilloscope is replaced by a signal processing system
consisting of a transient digitizer , minicomputer , CR1 display , graphic terminal, cassette
and/or floppy disk drives and a hard copy printout unit. The CR1 displays the transient
signal while the transient digitizer digitizes and stores it. Using built-in software , the
minicomputer can process the data and the processed da ta can be displayed on the graphic
terminal. The data can be further manipulated through instructions via a keyboard to the
graphic terminal and stored on a tape cassette or floppy disk. The built-in software In-
cludes plotting routines and Fast Fourier Transformations (FYI ’s). The hard copy printout
device provides a permanent record of any of the stored or displayed data as illustrated
in Figures 8 and 9.

One of the shortcomings of the present indirect effects testing is that it produces
very little electric field. A combination of a high impedance—high electric field (low
current) simulator in conjunction with a low impedance—high current simulator would in-
crease the external induced electric field environment which corresponds to corona or
streamer production from vehicle extremities .

An analytical model is useful in setting up the priorities of the test measurements .
For example , many of the measurements will have similar responses since they are on thesame electrical cable and are excited by the same penetration . Pretest predictions help
in eliminating many of the redundant measurements so that a broader sampi. of reiponsss is
obtained . Measurements may be prioritized based upon the maximum voltage expected.
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Close coordination with circuit designers is required for selecting and prioritizing
the most critical circuits to test in the system.

4.2 Swept Frequency CV Testin_q

Swept frequency cw testing is extremely useful in the verification m d  development
of electromagnetic coupling models. The wideband response obtainable assures that all
significar t resonances of the system are recorded. An a i rc ra f t  set—up ror cw testing i~~
shown in F igure  10. A block diagram of a swept cv instrumentation system used to recor
responses from sensors located in an aircraft wing is shown in F3.gure 11 (Ref. 20 (. The
system is described below.

The tracking generator is the primary energy source. It provides a constant p li t m ~~’
sin’iseidal signal to a 50 ohm load over a broad frequency range of 100 kHz to 110 5Hz. he
spectrum anilyser system consists of a mainframe and display section, an IF section , an’~ ~n
rf tuning section. The spectrum analyser displays the amplitude of a signal as a function
of frequency In log form.

The tracking generator is swept from one frequency to another by the spectrum analy-
zer . The swept signal is a linear ramp voltage generated by the spectrum analyzer. All
frequencies between the start and stop frequencies are generated. The instantaneous fre-
quency of the tracking generator output signal is phase—locked to the tuning frequency ox
the spectrum analyzer so that the frequency deviation between the two is less than one
hertz . This permits the spectrum analyzer to measure very small signals by using a narrow
band detector . Typically, signal Levels less than -120 dBm can be detected by the spectrum
analyzer in a 100 Hz bandwidth.

A wideband rf power amplifier boosts the amplitude of the signal applied to the air-
craft thereby increasing the dynamic range available for the measurements. The output of
the amplifier is also swept cw but varies in amplitude because the impedance of the air-
craft varies with frequency . The maximum output signal was one amperecurrent and three
watts power .

The outputs from magnetic field , electric field, and current sensors installed at
various locations on the wing are transmitted to the spectrum analyzer by a fiber optics
amplifier link . The fiber optics system consists of a transmitter , a fiber optics cable.
and a receiver . The fiber optics system isolates the sensor from the spectrum analyzer
and prevents test cable interaction. It reduced the measurement sensitivity to —100 dBnm .
The transmitter was designed with a differential , high impedance input circuit so that the
fiber optics system could be used as a voltage probe.

To protect test equipment from stray electromagnetic f ields produced oy the aircraft
acting as a transmission line, the tracking generator , spectrum analyzer , and fiber optics
receiver were placed inside a shielded box and an rf power line filter was installed at
the shielded box to reduce rf current penetration

4.3 Circuit and Component Testing

The objective of circuit and component testing is to establish a data base o compi-er
failure or circuit upset or to verify design margins . Because of the objectives , testis’.,
does not require a rigorous reproduction of lightning induced current or voltage. In fact,
the published data base for semiconductor damage constants was obtained using a pulse
having a rectangular waveform. In turn , this can be simply related to a pulse having a
sinusoidal waveform.

A typical set of components susceptibility test criteria that was developed and then
followed to determine the hardness of a particular aircraft electronics system to lightn-
ing induced effects is given below .

(1) The interface circuits of the system were reduced to a minimum number of worst-
case generic forms.

(2) Cach generic test circuit was subjected to four unidirectional rectangular pulses
in the worst-case direction.

~3) The test pulse had an open circuit voltage of at least 500 volts and a source im-
pedance of less than 100 ohms.

(4) The test pulse width was at least 5 microseconds in duration au th a rise and fall
time not greater than 15 percent  of the duration.

(5) In general,  at least four  samples of each generic test circuit containing solid
state components were tested .

(6) Generic test cir cuits that failed were evaluated for hardening techniques .

(7) If feasible, the failure level for each circuit was determined by increasing the
pulse amplitude or decreasing the source impedance.

The 500 volt pulse was chosen because it represented the maximum extrapolated peak
voltage measured uaing the LTA test. The peak voltage measured represented negligible
energy in comparison to the 500 volt , 5 microsecond pulse. The 5 microsecond pulse width
represented the maximum time that any significant transient voltage was measured using the
LTA test. I
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A high power pulse gener ~~~~~~~~~~ - 100 JINs u’ i—mode storage oscilloscope were used
to conduct ~ne tests . Tuo  different impedance matching plug—in output units for the pulse
generator were used for the different circuit arrangements. The first test arrangement .
shown in Figur e 12 , was used to couple relatively low , non’inear impedance test circuits .
The pulse generator load for this circuit wee relatively insensitive to test circuit in—
pedance so that the test circuit could be subjected to a 600 volt  pulse through an 82 ohm
limiting resistor (lightning “source impedance”). The second test arranLement, shown in
Figure 13 , was used for testing relatively high impedance test circuits for voltages above
the criteria Level. This test arrangement made the load on the pulse generator relatively
insensitive to test circuit impedance when the test circuit impedance was significantly
greater than 50 ohms . This arrangement allowed application of voltages twice the pulse
amplitud e for many of the test circuits.

5. CONCLUSIONS AND RECOMMENDATIONS

This paper has discussed methods and techniques that ar~ presently used or recommended
to assess the vulnerability of aircraft systems to the indirect effects of lightning.
Methods of analysis and modeling have been outlined and testing requirements and techniques
reviewed. The need for both analysis and testing to be done ccncurrently to optimize re-
sults cannot be too strongly emphasiied.

Improvements to more realistically simulate the natural lightning environment w.len con-
ducting ground-based indirect effects tests need to be considered. Additional in-flight
data are needed to improve the lightning/aircraft interaction model and to determine if
present waveforms being used are adequate . Eventually, ground—based test facilities that
are capable of testing full-scale aircraft to realistic lightning threat levels should be
used to evaluate the vulnerability of the total aircraft system.
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TABLE I - LIGHTNING CHARACTERISTICS

ELECTRICAL

TYPES - Intra/intercloud , cloud-ground, positive, negative

“ POTENTIAL — 30-100 million volts

“ CURRENT - 20-200 thousand amps (peak)

“ POWER - 1012  watts nominal (peak)

• ENERGY - 5 x 10’ )oules nominal (200 lb TNT equivalen t per stroke )

• EXTENT - 3—30 km/stroke (path is frequently predominately horizontal )

o SPECTRUM — Peak energy near 10 KHz, some above 10 MHz

° DURATION - STROKE - 100 micro sec

FLASH — 0.2 sec (1—20 strokes)

OCCURRENCE/EFFECTS

• Worldwide phenomenon; 1 flash every 20 sec on average in a storm, 1800 storms simul-
taneously worldwide; activity varies with climate, season, hour , location, altitude.
Turbulence generally correlated with lightning activity .

• Aircraft penetration through high electric field region may trigger lightning str ike .
Two or more attachment points for each strike.

• Commercial airline data - about one direct strike per aircraft annually, many nearoy
strikes .

Air Force data — fewer strikes shown than commercial due to mission profiles, avoid—
ance, reporting procedures. Much greater strike frequency in European Theater due
to greater activity and route constraints. During 1968—1977 USAF aircraft dollar
value losses averaged $1.5M/yea r by conservative official estimates.

TABLE 2 - ATMOSPHERIC ELECTRICITY ThREATS TO AXRCRM T

Hazard Cause Hazard Criticality

Malfunction/failure Low tolerance to electrical transients Minor to catastrophic
of electronic control caused by direct/induced lightning or
systems static electrification effects . May

simultaneously affect parallel “redun-
dant” system.

Fuel tank f i re  or Fuel vapor ignition caused by static Minor to catastrophic
explosion electricity or lightning effects.

Loss of engine power Possible lightning acoustic shock at Minor to catastrophic
engine inlet , or electrical transient
effects on eng ine controls.

Inadvertent release/ Premature activation caused by light- Serious to catastrophic
ignition of external ning or static electrification effects
stores

Radome, canopy, and Direct lightning strikes; arc dis— Minor to serious
windshield damage charge caused by static electricity

buildup.

Instrumentation pro— Transient effects caused by static Minor to catastrophic
blems/cotmaunications, electricity buildup & direct & near-
navigation 6 landing by lightning strikes.
system interference

Structural damage Direct lightning attachment to aircraft Minor to serious

Physiological effects Flash blindness & distracting or di.— Minor to catastrophic
on crew abling electrical shock caused by

direct & nearby lightning strikes.
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QUESTIONS and ANSWERS

From 0. Clifford
0 — The tests you describe deal entirely which the effects of current flow through the aircraft. The response measured on tI’i

wiring seems to be primarily high f requency in nature, bearing no correlation to either the di/di or iR response described ear lie r by
Brian. In view of the fact that flight measurements have shown the presence of l-l.F. response from nearby activity, where no current
in flowing at all through the aircraft , I question whether the current flow is responsible for the response. How do you treat the circuit
response which bear no apparent relat ions hip to peak current or di/dt. in particular, how do you extrapolate it 7

A — Interior cable responses depend upon resonant effects of aircraft structure. Ground-based simulation can introduce distributed
external cIrcuits that resonate at low MHZ frequencies when pulsed by capacitor discharge. Interior responses are spectrum dominated

• which accentuates higher frequency components. Linear analysis is applicable so extrapolation is valid in theory.
• In-flight responses at high f requencies detected on interior test cables reflect impinging E and H field from nearby strikes

which in-turn induce serface current (similar to nuclear EMP effects). Again, energy is coupled through apertures onto interior cables.
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DIRECT EFFECTS PROTECT ION MET1tODS FOR THIN SRINS/COMPOSITES

A W Hanson
Culham Lightning Studies Unit,

Culhain Laboratory UKAEA ,
Abingdon • Oxford shire ,

OX 14 3DB , England .

SUM MARY

The main increase in hazard from the direct effects of
lightning currents resulting from the use of thin metal
skins (i.e. less than 2nms thick) is mainly confined to the
increased probability of arc root burn through . The technique
of protection against this hazard by use of a thin ablating
skim is discussed .

• With the use of carbon f ibre composites , (Graphite/Epoxy
composites) , t here is an increased hazard due to heat
damage and delamination at all interfaces and joints . This
can be reduced by carefull design of the interface . At
the arc attachment points greater energy input gives rise
to more surface damage than with aluminium alloy , and there
is also a risk of severe delamination, although the risk
of complete burn through is appreciably reduced. This
damage can be avoided by the use of a thin metal protecting
ablation layer.

I . Introduction

The scope of this paper has been limited to the discussion of protection of thin
metal skins and conducting composites only. Thus the protection of non conducting
comoosj tes such as Radomes is not included . The most notable of the conducting
composites is or course the Carbon Fibre Reinforced Plastic (CFRP ), (Graphite/Epoxy
Composite) and this therefore is the major consideration of this paper.

Work on assessing the attractiveness of CFRP to lightning has been carried out
• by several workers including McBrayer Skouby and Wienstock of Mcoonnel-Douglas USA(1)

They conc lude that ~There is no measurable difference in attach point behaviour between
metal and Gr /Ep composite ” .

Accepting the validity of this conclusion it would appear that a CFRP component
would experience exactly the sante probability and severity of lightning attachment as
a similarly positioned metal component.

2. General Considerations

2.1 Thin Metal Skins

Irs general thin metal skins have no special hazards from direct effects compared
with  the more usual 2mm or more of aluminium alloy , other than the increased risk of
burn through at the arc root, although of course the hazard from indirect effects may be
considerably increased . Standard aircraft alloys can safely carry the full action
integral of 2 x 10 A 2s with a total cross sectional area of only 14mm2 and it is
unlikely that the current would be more restricted than that . The coimnents in this
pap er on thin metal skins will therefore be confined to the hazard of burn thr ough .

2 . 2  CFRP Skins

The bulk resitivity of CFRP is in general between 2 and 3 orders of magnitude
greater than aluminium alloy. There is therefore greater ohmic heating . The bulk
material conductivity is anisotropic , and depends upon the general lay up of the bulk
material. The conductivity along the fibre lay was measured by Scruggs and Gajda(2)
as 2 , 000 adios/rn and more than two orders of magnitude less for currents perpendicular to
the fibre. Work by Banks(3) indicated poor contact between adjacent fibres side by side
across the width of the ply, but better contact between fibres above and below each other
through the thickness of the ply or between plies.

High current densities can be achieved under pulse conditions , provided the total
ohmic heating does not cause failure of the epoxy re sin or within the fibres themselves .
The failure mechanism is0ther rn al , and the lowest t emperatur e at which run away conditions
can develope0is about 65 C.  Any section capable of carrying 2 x iO~ A 2 s without
exceed ing 65 C should therefore be capable of carrying the current from a severe
lightning strike without damage. For most structures the dimensions required for
structural purposes will be sufficient to give adequate current carrying capacity in
the bulk material , and the main hazards exist at interfaces where current may be
restricted to very small cross sectional areas or is forced to flow across interlaminate
boundaries. This problem ip west lLh.ly te .aetis at metal/CFRP or cFRP/CFRP interfaces.
c~~..e I
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3. Metal/C?RP Interfaces

Two basic problems arise at all rnetal/CFRP interfaces . Firstly there is the
problem of transfering the current from the metal to the adjacent carbon fibre laminate,
and secondly the problem of transferisig current from that laminate to others comprising
the total composite. There is little that can be done other than to design the interface
so that the metal is in direct contact wit)~ as many of the various laminates as possible.

Various techniques may be applied to achieve this where large metal components are
moulded in , the carbon fibres can be wound tightly around the metal in the process , thu s
ensuring good metal to carbon fibre contact. Where contact is made after  moulding , the
outer skin of epoxy should be removed from the CFRP by machining to expose the carbon
fibres. One successful way of achieving th is has been the use of countersunk titanium
screws , the machined countersinking giving good contact to the different laminates of
the composite . The traditional “wet” assembly techniques however can give rise to some
problems, and the compatability of the metal to the CJR2 also needs careful consideration.

Alternatively the initial contact between metal and CFRP can be made by first
plating or vacuum depositing metal onto the machined CFRP face thus permitting the final
joint to be made between two metal surfaces by traditional methods.

Glued joints need special attention. The glue itself is usually a good dielectric
and is applied with a thickness adequate to present a fairly high level of insulation at
the interface. Such glue layers also tend to have small voids which may ionise during
lightning strike conditions. Current flowing through this ionized vnid causes rapid

• heating and expansion of the gas leading to delamination of the joint. Such delamination
can take place at very low energy levels .

• 4. Arc Root Damage

Three main differences can be listed between the arc root conditions on Carbon
Fibre panels, and metal panels . They are:—

1. The arc on metal panels is not contaminated with carbon plasma, whereas on
CPRP it clearly will be. The burning voltage of the arc on CFRP will
therefore be higher than on metal panels , and there will be a greater
energy input from the arc root .

2. The increased resistivity of the CFRP gives greater ohmic heating in the
immediate vicinity of the arc root , and in the nearby area.

3. CFRP has a much lower thermal conductivity than aluminium , and the much
greater total energy imput due to 1 and 2 above cannot dif fuse as easily
as in aluminium, particularly where the heat has to cross a interlaminate
boundary .

The energy input due to direct arc root energy is equal to V arcfidt and tends
therr~fore to be coulomb—dependant. It will be up to an order of magnitude greater than
the energy in an arc root to a metal plate.

The energy input due to ohmic heating is action-integral dependant. It will be
between 2 and 3 orders of magnitude greater than the ohmic heating in a metal panel .

In the case of metal panels the significant damage viz burn through requires the
current pulse to exceed both a minimum current and a minimum time dependant upon skin
thickness before burn through can occur. For metal skin thickness of say 2 mm these
conditions can only be achieved in the intermediate or continuing current phases .

In the case of CFRP panels delamination in the nearby areas can take place as a
result of ohmic heating due to the action integrals of either the initial attachment
currents , the intermediate current s , or the restrike currents , whilst directs arc root
damage can arise due to the coulomb transfer of either the intermediate current or the
continuing current phase.

The low thermal conductivity however reduces the depth to which heat damage
extends and appreciabl y reduces th. possibility of burn through .

The heat damage in the arc root takes the form of vapourization of the epoxy
matrix with the subsequent tufting of the carbon fibres , and the damage irs the nearb y
region (say 20 — 200mm from the arc root centre ) may take the forts of delamination of
composite. For the most part the arc root heat damage would normally only penetra te
2 to 3 laminates deep except for very long duration discharges. The delamination area
is similarly restricted and seldom exceeds 200mm .

Wind tunnel tests have shown that the tuft ing damage is not extended as a result
of dynamic pressure from flight conditions, as the individual fibres have insufficient
strength and break off  under the wind forces . Delamination damage however is different
and severe delamination damage can be extended by wind pressures . In general the
surface damage is greater for CFItP than for metal, but the burn through hazard is less.

Mechanical tests have g.hrii.n~ nt~ t~~4 o  ~ h1~~ ‘iqterioration of mechanical properties
of the test specimens outsi~e of the area of visit~Ls damage .
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5. Surface Protection

Work at Cu lha m on surfac e protection of CFRP arose from earlier work on the
protection of thin metallic skins against puncture . In this a f ine metallic foil  is
applied to the outside of the thin skin with a thin insulatIng layer in between them ,
the insulating layer being at the sane time the adhesive holding the outer foil  to the
inner skin.  In principle lightning currents attach to the outer foil , the arc root
moving over the suf aces as the foi l  ablates. The insulating layer protects the lower
skin  from the arc heat for a short period that the arc dwells over any given spot thus
protecting the lower skin from arc root attachment. If the insulat ing adhesive layer is
an organic material such as epoxy resin , the arc root viii preferentially stay on the
metal foil  as a pure metal plasma arc has a lower burning voltage than a carbon conta—
minated arc. Experiments show that an outer foil as thin as 6um with an insulating
layer of similar thickness car. give complete protection against the most severe test
levels ree~ommended .

This principle can be extended to CFRP and thin metal coating of as little as 6um
have been found to give excellent protection against arc root damage. The lower limit
of 6um can only be effect ively used if the area covered is reasonably large (say 2m2 or
more) and in many cases a layer of 15 — 2Oij rn would be better.  There seems little
advantage in going much bigger , and in fact there may be some disadvantage, as the arc
root dwells longer in one area with the thicker foils, and the risk of attachment to
the CFFP is therefore increased.

The normal CFRP panel has a thin coating of epoxy resin on the outside which is
normally adequate to produce the effect of the insulating/adhesive layer of the system .
Direct application of metal coatings by plating or vacuum depositing may therefore be
made , and this has also been completely successfull in experiments at Culham .

Almost any metal will do from the lightning point of view, and work has bi~ien
done at Culhart using Aluminium , Copper and Gold with equal success. The overwhelming
bulk of the work however has been done with Aluminium . The protection can also be in
the form of a wire mesh moulded into the surface . It has also been demonstrated that

• such protecting metal layers may be painted without lori s of the protection offered .

Attempts at protection using metal powder loaded paints (Both aluminium and silver
powders) have been complete failures.

Extensive work in this field has been carried out at ERA Leatherhead by White et al
and other workers In Europe and the USA . Although this work shows some differences
in detail from that at Cuihani , the general results are compatable.

6. Conclusxons

• (1) There is unlikely to be any serious direct effects hazard resulting from the
use of thin metal skins , other than that of arc root burn through . Adequate ~rotectionagainst this hazard can be effected by the use of thin ablation layers of metal foil .

(2)  The main hazard in zone 3 regions resulting from the use of CFRP is likely
to occur at metal/CFRP or CFRP/CFRP interfaces . Careful design of these interfaces
can appreciably reduce this hazard.

(3) There is an appreciable increase in the aiea of surface damage near the arc
root with unprotected CFRP compared with aluminium alloy . It is not usually more than
2 or 3 laminates deep however and there is no invisible or latent damage Outside of the
visibly damaged area, and in many applications protection may not be required .

(4) Complete burn through of an CFRP is less likely than an aluminium panel of
comparable thickness, even when unprotected, but serious delamination can take place
under some circumstances.

(5) CFRP can be protected against arc root damage by a thin ablating layer of
metal on the outside . This should be not less than 6usn thick , and may be painted.
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QUESTIONS and ANSWERS

1 — From 0. Clifford

Q 1 — I’m surprised that you report that the contact resistance between carbon fibres between plies is less than between
adjacent fibres in the same plies.

Q 2 — Has your ablation protection system actually been used in an operational aircraft ? How does the total weight compare
to a metal skin thick enough to withstand the lightning DIRECTLY •

A — The samples investigated at Culharn eere sheets of multipl y carbon fibres. The contact resistance between~the different
plies was in fact lower than the contact resistance between adjacent fibres side by side through the width of the sheet, but it was a
little higher than the contact resistance between adjacent fibres one above the other through the thickness of the ply. This is believed
to be due to the direction and effect of the moulding pressures during manufacture. It should be noted however that this is only t rue
of plies of different fibre directions. Where a number of adjacent plies were stacked together having the same direction of fibre lay,
the contact resistance between adjacent plies was considerably increased.

In reply to your second question, the ablation system has been used on two aircraft. They are the Short Bros 503-30 and
CASA C212. In the first case the system took the form of a structural skin of -040” (1 mm) with an ablating skin of .006” (.15 mm)
giving a little over half the weight of a .080” (2 mm) skin, which is the minimum that could be considered adequate. In the case of
the C212 an ablating layer of about the same thickness (viz. 0.15 mm) was applied to existing skins of 1.4 mm and 1.2 mm thickness.
Again a thickness of 2 mm minimum would normally be required. In both cases the panels withstood a minimum of two discharges to
the same point, each discharge in excess or 100 coulomba. This is far in excess of the withstand of 2 mm thick alloy.

2 - From B.L Perry
Q - Why do the German tests produce large holes whereas the UK tests did not. with apparentI-~, similar tests on carbon fibre

materials 7
A — The difference in results pro bably comes from a difference in test techniques. The Culham tests were conducted with jet

diverting electrodes and relativel y long arcs, whilst the German test s were conducted with normal metal test electrodes and very short
arcs i.e. - 10 mm long with a 10 mm diameter electrode. This gives three effects which tend towards a pessimistic reailt. Firstly the
test elect rode Jet puts very much more energy into the arc root on the test piece and secondly the arc is firm ly rooted to one place
and cannot move about. These two effects give much more heat damage t, the test specimen than is the case with the longer arcs.
Thirdly the rapid heating of the air in the confined space between test electrode and test specimen arising from the initial 200 kA
pulse gives rise to a severe shock wave which is probably responsible for the impact fracture delamination seen on the reverse side of
the spasimens in the German tests. Both test methods of course give results which are useful for comparing different specimens with
each other , but it should be noted that short arcs in general give pess imistic re~uIU.
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Direct E ffects,  P rotection M.tisod.a for Thin Skins/Composites

Dipl .Ing. Joachim Skiba BDir

BUB AFB LG III bei ErpSt 61

8072 Nanohing, Flugplatz

Summary

As a result of th, rapid development of fiber coaspo.ite materials the German Miniatary of De-

fense instructed in the course of the last years amongst other things Dornier, MBB end VYW the

three aircraft system companies in Germany as well as MTU , DPVLR and LABG jointly to investi-

gate the applicability of fiber composite materials for aircraft engineering . Electricall y

nonconducting types of fibers, e.g. glass fibers for radar domes , antenna cover., helicopter

rotor blade s or wing tips are used for years .

A comparatively new procedure is th. us. of el.otrioally conductive fib.r. like CPRP or 37C.

Only the following examples shall be me~tioned her e

YTW 614s glide—path spoiler (~ ‘c construction)
VTW 614k nose—gear door (CFRP/GFRP construct ion)

ALPHA lETs air brake (cYRP conatruotion)

lIRCA: taileron components (cm construction)

The destruction of fiber composite components due to lightning stroke is heavier than that of

equivalent metal structures , therefore protection systems for this type of fiber composite ma-

terials have to b. developed and used depending on the type of material or use.

A great e4vant.,ge of fiber composite components as compared with metal components is the saving

of weight. This advantage is partially neutralized due to the additional proportion of weight

of lightning protection systems. In order to minimize this disadvantage this type of protection

systems should be of minimum additional weight only.

Since electrically conductive fiber composit, materials are used, the protection probl em also

has been of permanent concern .

According to the currently used test procedures a lightning protection system is refer red to as

sufficient if the protect1o~ syste. prevents the destruction of the fiber structure.

Damages of the lightning protection syste. and damages on th, surface of the composite material

ar, considered to be permissible.
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Test Programme

Based upon an agreed test program between PR and FRG on lightning protection design techniques

£ or advanced composite aircraft structures two protection ayatona of different technology have

beta tested:

a) the multilsyer system

b) the surface mesh system

The following variations have been agreed between Fr ance and Germanys

FRG FR

Sample Carbon Fiber (UT) Carbon Fiber (ET )

1’ 300/CIBA 914 T 30O/NAB~iCO 5208

8 layers (1mm thick, 8 layera (1mm thick ,

approximately) approximately)

OO/900/O
Q
/900/900/OO/900/O0 Orientation as for FRG

40 x 40 cm

Protection system 1 2 3 4 5 6 7 1 2 3 4

Protective painting NLP NIP NIP NIP NIP NIP NIP NIP NLP NLP NLP

Upper layer ALP LP ALP FLA — ALP - - - -
Reactive layer 319 319 319 319 — 340 — — — —
Lower layer - - ALP Ph AIM ALP BZN BZN EZU

Weight in g/n 2 41 g/n2 ~~ ~2 250 g/n2

Number of samples 15 15 15 15 15 l
~~~

l 5 3 3 3 3
NIP - ~ionconductiv. polyurethane primer AIM - aluminium mesh

ALP — aluminium foil BZR — brons, mesh

FLA — aluminium , flame—sprayed 319 — heat curing synthetic resin layer CIBA 319

LP — conductive polyurethan, primer 340 — oold curing synthetic resin layer PR 340

Test Procedures

The composite. were tested under defined and reproducable strokes using the laboratory test set—

up at the Institute for Plasma Physics of the T.U. liannover .

Defining uniform parameters the values listed below have been agreed :

______________________________ 
FR FaG

Electrode diameter 0 10 mm 10 mm

l istance between electrode

and sample

1, 200 kA/— 8 mm 10 mm

2. 50 )cA/5o c/o ,5 sec 8mm io mm

3. 2(~O kA/SO C/0,5 sec 8 mm 10 mm

4. 200 kA/210 c/O ,5 sec 6 mm 10 mm

I NATO UNCLASSIFIED I
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As can be seen from the table three load test gr oups have been carried out in Germany.

First the tests using only one high intensity impulse of 200 kA without subsequent charge trans-

fer.

Second the tests using 200 ha and a charge of 50 C for a time of 0,5 sec. Last the tests using

200 kA and a charge of 210 c for 0,5 sec have been carried out. In contrast to Germany the French
side took the view that a stroke of 50 kL/50 c/o ,5 sec would be more realistic wit h respect to

natural lightning discharge than a stroke of 200 ha/SO C0,5 Sec.

Above all the tests using 200 kA/210 c/0,5 sec have been carried through to come up to existing
test conditions as close as possible and check for effeotivene se the protection systems to be

tested using a higher quantity of charge as well.

Method of Test -

For the above described protection systems no. 1 to no. 7 some representative damage descriptions
have been summarized. In this connection the protection procedures designated under 3, 4 and 5
3 aluminium foil

4 flame-sprayed aluminium

5 aluminium mesh

showed the best results.

Ph., systems have been closely investigated within PEG to find further ways of optimization.

Furthermore there are plans to promote the exchange of experiences between PR and. PEG sn~vi among

other things to investigate in detai l the bronze mesh protection system within PUG that is pre—

£ erred by PR and to allow to FR a detailed hnvestigation of the PEG optimized systems .

correlation of the weights per unit area of the lightning protection systems to be tested in—

luding the primer weight shows an evident advantage of aluminium mesh.

.tmilar results have been received in France using bronze mesh.

Concl usions and Prospect

The tests carried through represent a beginning of further programmes . Besides from the optimize-

tion of lightning protection procedures which include among other things mechanical strenght t .dts
of C1’C samples af ter  exposure to lightning strokes, considerations concerning corrosion resistance

as well as further combinations of upper and reactive layers basic 4nvestigatjons in the form of
research programmes will be started too on the physical destruction mechanisms apart from the pu-

rely engineering program above .

The methodic al point of departure is considered to be the observation of the time history of the

damage process in conjunction with the appropriate protection system. This allows a good obser-

vation of the important damages resulting from the first high—intensity curr ent phase , i.e., the
first 30 ,us , by mean s of high—frequency cinematography .

NATO UNC LASSI F I E D
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This type of camera with rotating mirror system will be designed at the Plasma Institute of the

PU Eannov,r, since there is no commercial caxaer; available.

It is considered to use inert gas ion lasers with a performance of few watts to investigate the

gas dynamic shock waves coming from the spark and to make the destruction visible, that is the

evaporation and rupture of the CPC structure or the protective system, respectively.

For this an extraneous light source should be used, since only the current—carrying are channel

will light up intensiv ely . - -

As a possible conclusion one expects among other things find.inge on the elastic plasticity of

protection system, physical limits of ablation protective layers end clues as t0 np-timal meeh

systems.

Technically and economically the use of new fiber reinforced material for current and future
aviation and spac, projects will only be practical of one answers ma much as possible or

one would almost say all of the engineering problems related to this new technology.

Ref erences

Entwicklung von Blitzschutzsystemen fUr Bauteile an faserverstarkten Verkatoffen ZTL 1977—78 PAG—2.

Dr. N. Plemming, Entvicklung und Aawendungsmdgl ichkeiten von Bauweisen aus faserver stgrkten Werk—
stoff en , Dornier GmbE.

Ap pendices

A-i to A.4

Report of flash protection systems

B—I to B—3

Description of damage

C—i

Correlatio n of weights per unit area of different flash protection systems including primer

weight. (1977).
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Test Number 92 System Number II

Notes : 176 U, 210 C, 0,53 sec.

Face : _____ ______ 
~..

IF 1 50/80 mm cracks

CYK 35 mmØ hole 

~~~~~~~~~~~~~~~~~~~
Teat Number 92 System Number II 

__________

Notes: 176 U, 210 C, 0,53 sec. ~ 5_ _
~

_

Back of Sample: - -
~~

90 mmØ cracks

35 mmØ hole

_ _ __ _  
I

Test Number 45 System Number III

No tes: 220 U , 239 C , 0,54 sec. :• -

Sampl e Pace:

SS: NIP 55 mmØ, peeled off

OS: ALP 50 55 mnØ , molten

ES: 319A 50/40 mm burned

US: ALP 25 50/40 mm molten

CFK 10 mmØ, hole

Test Number 43 System Number III

Notes: 220 U, 239 C, 0,54 sec.

Back of Sample:

50 mmø burned area

120/80 mm 0°/90° cracks

10 mmØ hole 
- .

23 A-1/2
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Test Number 44 System Number B IV ____________

Notes: 213 U, 239 C , 0,54 sec. 
_________ -

Sample Pace:

BLIP 70 mmØ peeled of f _____ .

PLA 70 mmØ peeled of f ~
.
.

31 9A 40 mmØ burned _______________

FLA 40 iiiiØ burned ~~~— u ” -

CPU 15 mm 900/00/900/00 cracks

&~~ 
#~~ i V

Test Number 44 System Number B IV ~~~ 
-

Notes: 2 13 EL , 239 C , 0,54 sec .

Back of Sample: 
______

45 rnmø roughened surface -~ 
-

50 mm burned crack ,
. ~

Test Number 41 System Number V -
~~~

Notes: 206 EL, 233 C , 0,54 sec. ___________________________

Sample Face:

NIP: 7OmmØ peeled of f

Al-Mesh: 50/65 mm molten 
__________________

CPU: 50/65 mm burned

15 mmØ 900/00/900/00 cracks V 

~~~~~~~~~~~~~~~~~~~~~~~ .

Test Number 41 System Number V

Notes: 206 XL, 233 C , 0,54 sec.

Back of Sample: no picture
60 msØ roughened surface

90
0 cracks

A-3/4
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Test Number 57.1 57.2

System Number C VI

Not~a: 213 XL , 46 C , 0,5 sec. 
TI!~~~

’t ’

~~k~~~ 1
Sample Pace: I 

________

NIP 55mmØ peeled off

PR 340 ~ :0 ::: 
______ 

.
-

ALP 25 10 mm molten 
:~1

07K 10 emØ 0°/90° cracke
57 : 5 -

~~~~~~

Note:: 213 XL, 46 C, 0.5 sec. 

______________

25/50 mm 0 /90 cracks

1!
Teat Number 36 -

System Number VU 
-

Notes: 169 EL, 46 C, 0,5 sec.

Sample Faoe:

NIP 80 mmø burned

CPU 10/60 mm hole burned

Test Number 36 -

System Number VII . :~~
Notes: 169 XL , 46 C , 0,5 sec.

Back of Sample: t
70/110 mm hole burned 

..

. 

.
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QUESTIONS and ANSWERS

0 — Do you consider that the solutions you have submitted to tests are good enough to be used in aircraft, even in the most
lightning critical areas ?

A—Purposs of tests
The purpose of investigating the direct effects due to lightning stroke by means of CKF-saniples was initislly mainly the

selection of a most suitable lightning protection system.
The selected critical lightning current wave form constitutes a very severe test condition accepting a destruct ion of the specimen.
To draw conclusions frrm the tests carried through so far with regard to the u~~ iIity for individual lightning striking zones in the
aircraft has not been considered.
From these considerations only, the results show that the lightning protection systems investigated are quite able to provide satisfac-
tory protection for direct effects.
We have not considered the fact that in the case of sandwich constructions, type and structure of the sandwich may be deciv.ve for
the behaviour during the lightning stroke.
Summarizrig, it may be noted again that is impossible at the present status of investigations to make a satisfactory statement, whether
the available results of the tests can also be utilized for the most critical areas of the aircraft.

NATO UNCLASSIFIED1
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PROTECTION METHODS FOR HARDWARE

J. Anderson Plumer
Lightning Technologies . Inc . V

560 Hubbard Avenl.Le
Pittsfield , Massachusetts 01201

U.S .A.

SUMMAR Y

Present understanding of aircraft lightning effects and
the means tha t are available to protect against them has
advanced to the point where it is possible to des ign an
aircraft to be safe from hazardous lightning effects .
Lightning protection is, of course , mast effective , easi-
est to incorporate and least expensive when designed into
an a i rcraf t  while it is still on the drawing board. Light-
ning protection can often be retrofi t ted onto existing air-
c ra f t ,  but the results are rarely as thorough , and the
process is usually more costly .

V For most aircraf t , adequate lightning protection influences
the design of each of i ts maj or systems and structures.
The designers of each system and structural element must be
made aware of potential lightning problems and the resources
that are available to help solve them. Many problems that
have arisen in the past were due to lack of designer aware-
ness rather than to inadequacies in available protection
technology. Unfortunately, this technology is documented
in numerous technical reports and references whose existence
is unknown to many designers . Since space does not permit
description of hardware protection methods in this paper ,

V sets of checklists are provided for typical aircraft systems
together with references to sources of further information.
Hardware addressed in this paper includes externally mounted
components , non-metallic structures, fuel system hardware,
and control surfaces. Examples of some of the more common
problems are also given. Protection methods for thin skins
and composites are addressed in Papers Nos. 22 and 23, and
protection for electronics is discussed in Paper No. 25.

Basic Steps ~n the Design of Lightning Protection

As discussed in Paper No. 7. the basic steps in design of lightning protection are as
follows :

Determine the Lightning Strike Zones

Determine the aircraft surfaces , or zones, where lightning strike attachment to the
aircraft is probable , and the portions oT the airframe through which- lightning cur-
rents must flow between these attachment points.

2. Establish the Lightning Environment

Establ ish the component(s) of the total  lightning flash current to be expected in
each lightning strike zone . These are the currents that must be protected against.

3. identify Vulnerable Systems or Components

Identif y systems and components that might be vulnerable to in ter ference  or damage
from either the dircct effects (physical damage) or indirect effects (electromagnetic
coupling) produced by lightning.

4. Establ ish Protection Criteria

Determine the systems and/or components thac need to be protected , and those tha t
need not be protected , based upon importance to sa fe ty -o f - f l igh t, mission reliability
or maintenance factors. Establish lightning protection pass-fail criteria for those
items to be protected.

5. Design Lightning Protection

Design l ightning protection measures for each of the system s and/or components in
V need of protection .

6. Verify Pro tec t ion  Adequacy by Test

Verif y the adequacy of the protection designs by laboratory qualification tests simu-
lacing the lightning environments established in step 2 using the pass-fail criteria
of step 4. ______________________
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The lightning environm ~~~~~~~~~~~~~~~~ should be ~~~~ed depends , of course,
on the particular lightning e in which LP is l~ aced. Environments expected in each
zone are presented in Paper No. 7. The information in this paper deals primarily withsteps 3 , 4 and 5. Checklists of the lightning protection problems t Viat may be encountered Vare presented in Tables I through IV, together with references to soLrces of further infor-
mation concerning each problem . A few illustrations are presented as examples.

TAVgLE I - External Hardware

External hardware includes air data probes, antennas , radomes , naviga tion
lights, windshields , canopies and other objects mounted on the external surface
of art aircraft. Since many of these objects are in V:i ;ntn1~ g strike zones, they
must be des igned to safely conduct lightning currents and to prevent surges from
being coupled into associated electrical wiring, if present . Particular areas
of concern are are as follows :

Air Data Probes References
(Including pitot probes , angle-of-attack probes , al pha
probes , etc . )

1. Are these probes located in lightning strike zones? If so ,
a. Can the probe mounting bolts or other fastening means 1, 3. 4

conduct lightning currents into the airframe without
physical damage?

b . Are probe heater and signa l. circuits protected from IR 2 , 5
voltages that develop as lightning current passes
through fasteners?

c. Are probe heater and signal circuits shielded from light-
fling magnetic fields to protect against induced voltage
surges?

d. If the answer to Cc) is no ,

1. Are surge suppressor(s) provided to limit induced 2, 5
V voltages to safe levels?

2. Is series impedanc e or other means provided to
limit surge currents to safe levels? S

e. If the answer to Cc) is - yea ,

1. Is the magnetic shield (usually a braid or rigid 6
conduit) adequate to conduct lightning currents?

2. Is the resistance of the shield low enough to 7
prevent excessive temperature rise and/or 1k
voltages which may appear in inter nal circuits?

~xample

A situation that has resulted in the loss of several mi l i t a ry  a i r c r a f t  and extensive
damage to electronics within many others is illustrated in Fi~~r~ 1.

Pitot ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~Radome~~~~~~~~~~~

-

~

Heater L —~ - - --~~~To H eater

Groune ~~~~~~~~~~~ -~~~Source
Wire

Figure 1 - ~n o r o te r r ed  Probe Heater  Circu i t
- V~ •~~ In Figure 1, the magnetic rt ~ ld produced by lightning current f~~~ ing in the ground wireinduces a voltage surge in t h e  heater pove r circuit A surge 3~~ -~~ 1~~~~’t ~~3 ~~t the ungroun ded

- .~~ — probe heater, causing breakdown of the heater ~ns~~1 - i t1 ’~r, and ~aII ’~t~’ ~f the heater element.- 
~~~~ On occasion the ground wire is inadequate to conduc t severe Ligh cn ~ rV~~ ~u~-~efl~$ and it cx- 

V -

plods. , severely dama ging the rad ome .
V 

- ~V 

~~ example of the voltage that may be induced in an unpro tected heater power circuitsuch as that of Figure 1 is shown in the laboratory t e s t  of F ig u r e  2. In this test , amild stroke of only S kiloamperes induced 1500 vo l t s  in the  circuit .
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Lightning Term nation
Generator Pitot

r ‘ Tube Boom Ground Wire-b 
_______

__  

S S /

I Shielded

_ _ _ _ _ _ _ _ _ _ _  

Roomj

/// ~/ /// / / / / / / / (/ / / / / / / / / / / / / / / ~J//// / /
BIIB III

~kA/cm . lOus/cm . 300V/cm . fbiie/ca.

Figure 2 - Laboratory Test Showing Induced Voltage in
an Unprotected Probe Heater Circuit.

There are several ways to protect against this effect . If a metal conduit can be
V tolerated , this conduit can serve as the lightning current conductor and the heater wires

may be run within it where the magnetic field is (theoretically) zero. The IR voltage
developed as lightning current flows in the conduit will appear in the heater circuit if
one side of it is grounded at the probe , but this voltage can be minimized by selecting a
conduit of suff iciently low resistance.

If a metal conduit is not feasible (i.e. if its presence interferes with adequate
operation) a surge suppressor can be used. This suppressor must then perform these
functions:

• Suppress the induced voltage to a tolerable level

• Reduce lightning currents in the heater power circuits to tolerable
levels

Accomplishment of these functions usually requires a suppressor with several compo-
nents; including series impedance to limit the lightning current (and force it to flow in
an alternate ground wire); and a shunt suppressor to clamp the voltage surge. A laboratory
test of such a suppressor is shown in Figure 3.

In the test of Figure 3, the AC power source was simulated by a 20 ~iH inductor and a
75~ resistor .

References
Antennas

(Including long-wire, blade and dish types)
1. Are these antennas located in Lightning Strike Zones? If so,

a. Can the antenna mounting bolts or other fastening means 1, 3, 4
conduct lightning currents without damage?

b. Are the antenna cables protected from lightning currents 12
V and voltages that may enter the antenna circuit and

damage coimnunication or navigation equipment?

c. Are dielec tric antenna covers or fairings adequately 8, 9
protected against puncture and physical damage? If not
can such damage be tolerated ?

-. — 
- - ~~
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Figure 3 - Laboratory Test Showing Induced Voltage in
a Protected Probe Heater Circuit.

Radomes and Other Dielectric Covers
(Including radoines, E~2( pads , antenna fairings, wing and empennage Re erences
tips and other dielectric covers)

1. Are radomes located in lightning strike zones? If so ,

a. Is the radome protected against puncture from a lightning 8, 9, 10, 11
strike?

b. If diverter strips are utilized to protect against puncture , 8 , 9 , 10, 11can these str ips, themselvea , tolerate the required lightningV strike currents?

c. Are the diverters compatible with the operation of the 8, 10. 11
radar antenna ? Can they tolerate other environments such
as rain and hail?

Navigation Lights
(Including lights mounted on vertical fins, wing tips , and fuselage)

1. Are the lights located in lightning strike zones? If so ,

a. If the lamp is mounted on a non-metallic Structure is 1, 7
its housing grounded to metallic struct ure by conductors
large enough to safel y conduct the lightni ng currents?

b. Can the lamp globes resist brea kage from the lightning 13
blast effects? If breakage may occur , are the bulb and
its power condu ctors adequatel y protected aga inst direct
contact with the lightning currents?

c. Are the lamp power conductors adequately shielded from 2 , 14 
—

lightning magnetic fie1d~ ?

Example

A situation that has resulted in severe damage to wing tip struc tures as well as theaircraf t ’s elec tric power system is pictured in Figure 4.

$ 
_ _ _ _ _  
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Figure 4 - Navi gation Lamp Mounted on a Non-metal lic Wing Tip.

The solution to this problem is to:

• Remove the paint from the diverters

• Provide a conductor large enough to safel y conduc t lightning curren ts
from the lamp to metallic structure. The diverter strip may be used
for this purpose if it provides the path of least inductance .

• Provide magnetic shielding and/or surge suppression for the lamp
power circuit , using the same techniques as previously described
for protection of probe heater circuits.

Windshields Refer es
~~~Including transport aircraft windshields with electric heaters) sac

Most windshields and canopies are located in either a direct
or swept lightning strike zone.

a. Can the entire windshield , or i ts outer laminate , be 15 . 18
punctured by the high voltages associated with a
lightning strike? If so , 

- V

1. Has adequate protection been provided against
shattering glass , decompression or other
resulting hazards to the crew?

2. Can protection be provided again st puncture?

b. If the windshield is electrically heated , have the heater 15 , 18
power and control circuits been provided with surge
suppressors to keep induced voltages and current surges
from entering the aircraft ’s electric power distribution
system? (note: Shielding is often impractical due to
the necessar y exposur e of the heater element) .

c. If a windshield center poet is present , are electric 2
wires tha t  may iuu~.ed behind ii qu st ely shielded

~~~~~~~ 

the con~~~~~~~~~~~~~~~~~~ ~~~~de tha t may be

— ~~ . - — ~~~~~—~~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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a. Does the canopy have an external diverter bar to protect 7, 17
aga inst puncture of t~ canopy ? Is this diverter bar
capable of safely conducting the required lightning
currents?

b. If the canopy does not have a diverter , is the dielectric 9, 17
strength of its wall sufficient to prev ent puncture?

c. If the canopy wall does not need a diverter for protec- 17
tion , are provisions made to protect the pilot from
electric shock produced by streamers induced from his
head or helmet?

TABLE II - Fuel System Hardware -

Fuel system hardware includes fuel tanks, access doors, filler cap s , quan-
tity probes , drains, vents, plumbing and any other components in contact with
fuel. Because of the catastrophic consequences of fuel ignition, careful
attention should be given to lightning protection of fuel systems.

The checklist that follows has been taken verbatim from Reference 16 (NASA
Reference Publication “Lightning Protection of Aircraft”). The references in
this checklist thus refer to specific sections within reference 16. The NASA
reference publication includes a large number of references to the original
source material , for use by the designer seeking further information.

1. Are the fuel tanks located in Zones 1 and 2 , where lightning strokes may
directly contact their skins? (Chapter 5, Sections 5.2 and 5.3) If so,

a. What is the expected arc awell time on these skins? (Section 6.6)

b. Are the skins thick enough to avoid meltthrough? (Section 6.6)

c. Can a lightning arc attach directly to an access door or filler
cap?; if so, can the lightning current be conducted into the
surrounding skin without sparking inside the tank? (Section 6.8)

2. Are there “dry bay ” areas into which fuel may leak from adjoining tanks or
plumbing? If so , these are also subj ect to questions la , ib , and Ic.

3. Are fuel vent outlets or jettison pipes located in direct strike zones
(Zones IA or 18) or swept-stroke zones (Zones 2A or 28) where the arc
may attach or sweep close to the vent outlet? (Cha pter 5, Sections
5.2 and 5.3; Sections 6.4 and 6.5)

a. If so, is dfl effective flame arrester or surge tank protection
(STP) system used?; has its effectiveness been verified by test?
(Section 6.4)

b. Is the response time of the STP system shorter than the possible
flame propagation time from the STP sensor to the extinguisher?
(Section 6.4)

c. Is the STP system protected from false trips resulting from
lightning-induced volta ges in its electrica l wiring or light
from near by f lashes?

4. If nonmetallic skins are used , is an adequate divert er or conductive
coating system that will, prevent skin puncture or interna l streamer-
ing provided? (Section 6.7)

5. Is the fuel tank structure capable of conducting Zone 3 lightning
currents even if the tank itself is not located in a direct or swept-
stroke Zone? Has this been demonstrated by a test in which simulated
lightning currents are conducted through a complete tank structure?
(Section 6.8)

6. If a simulated lightning test of the complete tank assembly is not
feas ible , have all of its individual joints , seams , access doors ,
filler caps , drains , vents, plumbing, and electrical eystems been
tested for their ability to conduct simulated lightning currents and
found to be free of sparking? (Section s 6.5 and 6.8)

7. Are electric circuits entering the fuel tanks protected against high
induced voltages? (Section 6.8) Have they been routed away from other
wiring, such as navigation lamp cir cuits , which may be suscep t ible?

NATO UNCLASSIFIED
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8. Are 

L~~~~~~~~~~~~~
8B k  induced voltages

tha t  may occur wit ut spaskiag? (fiasisa 6.8)

9. Have the electrical circuits inside nonmetallic tanks been adequa tely
shielded so that excessive induced voltages will not occur? (Section 6.8)

10. Have applicable government airworthiness certification regulations , mili-
tary standards , or other specifications pertaining to lightning protection
been adhered to? (Section 5.4)

TABLE III - Flight Controls

Flight control hardware includes the control surfaces themselves , as well
as associated hinges, bearings , cables and act’uators. Also included are
electronic controls, but protection of electronics is dealt with in Paper
No. 25.

References
1. Are control surfaces located in lightning strike zones?

a. Are control surfaces themselves adequately protected
against structural damage due to direct or swept
strikes?

b. Are the control surface hinges or bearings capable 19, 20
of condii.-rfng the required lightning currents without
damage or freeze-up?

c. Is it possible for lightning currents to enter control
surface actuators and cables? If so, are the actuators

V and cables able to conduct these currents without damage
or freeze-up?

TABLE IV - Propellers

Propellers include those on fixed-wing aircraft as well as helicopters.
Due to their size , most propellers are within a lightning strike zone.

1. If the propel]er blades are nonmetallic , or if they include
nonmetallic components,

a. Has an adequate path been provided for lightning currents 21, 22
to be conducted across or through the blade and into the

V airframe without damage to the blade , control linkages or
bearings?

b. Has adequate protection been provided for the blade
heater circuit (if present ) and have its electric power
source and controls been provided with surge suppression
to protect against induced voltages?

2. If the propeller blades are metallic , the possibility of light-
ning damage is grea tly reduced but not eliminated , especially
if adhes ive bonding is utilized for fastening metallic sections
together. Thus , the ability of metal blades (and associated
bearings and control linkages) to conduct lightning currents
must also be verified, and considera tion must be given to pro-
tection of blade heater and prop pitch control circuits, etc.

Protec tion of Hardware within a Nonmetallic Aircraft

Fi berglass and graphite reinforced plastics (composites) are beginning to replace
aluminum in aircraft skin and structural applications. Protection of these composites is
the subject of papers Moe . 22 and 23, but even if the composites themselves can be de-
signed to withstand severe lightning currents , protection of metallic hardware within may
become a more difficult task. The reason is that the lightning current w~~j  deliver much
more energy to a composite aircraft than to one built of aluminum .

For example , a measure of lightning intensity is its ability to deliver energy, or
action integral. The action integral for a severe lightning stroke (which an airframe
should be designed to tolerate) is 2 million ampere 2-seconds . The amount of energy de-
posited from the stroke is obtained by multiplying the action integral by the resistance
of the conductor the current is flowing through - in this case the aircraft skins and

~,V structure .
The graphite composites now appearing have much more resistance than aluminum. For

example , the elecr :ical resistivi ty of aluminum is only 2.8 microhm-centimeters, whereas
the resistance of graphite is over 500 times greater at about 1500 microhm centimeters. VSince the amount of electrical energy deposited in an airfram e is proportional to its
res istance , an airfr ame built of graphite will receive nearly 500 times as much energy
from a lightning strike as one of aluminum . An estimate or the nose-co-tail or wing tip-
to-wing tip resistance of a fighter aircraft built of graphite would be about 50 milliohms,

NATO UNCLASSIFIED
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The aircraft would then receive:

Energy — (Action Integral) (Resistance)
— (2x10’amp 2-sec)(5OxlO— ’ ohms)
• 100 , 000 watt-seconds

of energy . This sounds a bit worse than it really is; in practical terms it is equiva-
lent to the energy released by a one-kilowatt electric heater in a minute and a half. If
it can be distributed evenly enough along the structure , this amount of energy should no t
be harmful, to the composite material. Making sure of this is one of the designers tasks. V

Making sure that adhesive bonds do not degrade as currents flow between structural dc-
mente is another.

These are not the only tasks, however, because even when the structure is safe,
voltage differences will arise as the lightning current flows through its resistance . If
the nose-to-tail resistance were indeed 50 milliohma, the voltage differenc e along the
fuselage would be: V

V - i ~ R
— (200x103 amps) (SOxlO-3 ohms)
— 10,000 volts

assuming 200,000 amperes of lightning current. Similar voltages will arise when lightning
currents flow through the wings or empennage . By itself, this voltage is not as harmful
as it may seen because it is distributed along the length of the structure, but it will
drive currents into interior conductors such as control cables , electrical wiring, hy-
draulic lines, and nearly any other parts that are made of conducting materials and in
contact with the composite structure. This is where some new problems lie, since these
parts are not normally designed to conduct electric currents. If only one or two amperes
(of the up to 200,000) go astray and cause an electrical spark within the fuel tank, a
catastrophe could result. Thus the lightning protection design must deal not only with
the structure, but with nearly everything within it as well. This is why designers of
nearly all of the systems within a composite aircraft must be made aware of the potential
lightning effects upon their systems.

For example, hardware items within an integral fuel tank covered with composite skins
must now be designed to safely conduct Lightning currents, as shown in Figure 5.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Coup lings and bonds
in plumbing

~~~~_ ~~~~~~~ M~~~~~~~~~ning

Some 1 ightnin~~~~~~~ent 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~...—
.

flows in interior , — —conductors ~~‘ -~- .,, ~~~~~ 
‘

~~~~~~~4I
,m

~~~~~~~\
\ ~~~~~~~~ 

~ V _ 1~~
—
~
:

~ Fuel probes
“I”

. 

.~ and pumps
—

— 
N

Fasteners and joints between
spars , ribs and skins

Figure 5 - Hardware within a Composite Fuel Tank Must Be Designed
to Tolerate Lightning Currents without Sparking.

Cor.clus ion

The checklists and examp les presented in this paper are intended to alert designers
to potential problem areas associated with aircraft hardware. Designers should use themas guidelines to help identify actual components in need of attention in particular
aircraf t.
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QUESTIONS and ANSWERS

1 - From S~D. Schneider
0 — Your Table I I I  on flight controls indicated that bearings should be checked for fre ze-up. I know of no incidents where

bearings have welded to lightning. Do you ?
A — Yes. In the past, bearing freeze.ups have been reported on control surface bearings of small aircraft and gli ders, although

deta ils ar e scanty. I know of no cases of bearing freeze.up on transport.csseqory a4rcrsft, probably due so the comp.ratively large
size end location of these bearings on large aircraft. In cases where smsll bearings might be exposed to high current densities it will
be prudent to svaluata freeze’.up possibiliti.s by simulated lightning tests.

2 —  From G. Odam
0-  Freezing of bearings discussion : Do you agree that beating freezs.ups are more important with respect to rotary wing head

control bearings I
A — Yes.

3 — From P.F. Little
0 — (comment) : Current flow in bearings can initiate damage which leads to rapid wear in subsequent use. Th. life of cons~

tantly’~orking bearings is considerably reduced by this effect.
A—Concur.

V 
- 

Also, the following three comments were received with respect to electrostatics and fuel systems.

1) From M.C. Jarvis
0—  (comment) : I am amazed that inst rumentation is being developed to detect the smallest of sparks in fuel tanks when

civil airlines are permitted to refuel with passengers aboard when the spark activity is many, many more ord,rs greater.
A — (reply) : The degree of spark activity within a fuel tank during refuelling may indeed be much greater than that which

occurs during a lightning strike land still not cause an explosion ) but the energy released by a spark of latter origin may be significantly
greater, and sufficient to ignite a hydrocarbon vapor. This is the reason for the interest in detection of internal sparks duri ng simulated

- lightiing testing of a rcret fuel tanks.

V - 2) From MC. Jarvis
o — (comment) Concerning in.flight refuelling. Streamers on tanker hose and caustng ignition of fuel.

V A — (reply) : 1  know of no case whore a Spark or streamer at the end of a tanker hoie (refuelli ng boom) has caused ignition,
although this possibility should always be given careful consideration in the design of in.flight refuelling systems.

3) From J. Nanevicz
O — (comment) We have m.es~,ed 20 kV potential differences between tanker end flighter before and after r.fuelling.
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PR0TEC!rIcal,u.RDEUUI6 0? A1 CILFT ELECTRONIC
SYSTEMS AGAINST THE

INDIRECT EFFECTS OF LIGHTNING

John C. Corbin, Jr.
Atmospheric Electricity Hazards Group
Air Force Flight Dynamics Laboratory

Wright—Patterson APB . OH 45433

sUMMARY

This paper discus~.es a number of different approaches which can be applied to protector harden aircraft and their electronic systems against the indirect effects of 1~.ghtning .
The basic approaches include (1) hardening the external structure to prevent or greatly
reduce the penetration of rf energy into the aircraft , (2> shielding equipnent and cables,
(3) hardening electronic circuits, and (4) combinations of all three. The use of filters , 

V

limiters, circuit design and functional hardening are described as techniques which can be
applied for protecting electronic circuits. A systems approach is recommended for achu~v-
ing an optimum hardened configuration.

1. INTRODUCTION

In a previous paper presented at this Conference (Ref 1), a general approach and a
modified approach for assessing the vulnerability of aircraft electronic systeets to the
indirect effects of Lightning were outlined . In following either approach , if safety mar -
gins are found to be negative or inadequate as a result of the vulnerability assessment.
then hardening measures are required. This paper identifies harde ning measures or 

V 
options

that are available and can be implemented to achieve a hardened system - one that is ade—
V quately protected against the induced electromagnetic effects of lightning .

Four basic approaches have been suggested and applied to harden aircraft and their elec-
tronic systems against nuclear electromagnetic pulse (NEIIP ) effects. These approaches are
generally applicable to the indirect effects of lightning. The approaches are s

(1) Harden the external structure to prevent or greatly reduce the penetratio n of rf
energy into the a i rc ra f t .

(2) Shield equipment and cables to prevent or greatly reduce the penetration of rf
energy through the shielded enclosure.

(3 )  Harden electronic circuits to withstand the signals that do penetrate .

(4) Combine (1), (2), and/or (3) above.

2. HARDENING THE EXTERNAL STRUCTURE

Approach (1) has been applied to a number of communication aircraft. In hardening these
3ircraft , it was determined that it would be most cost—effective to begin by closing the
points—of—entry (POEs) where fields or currents enter from the outside. Energy which is con-
ducted inside on cables or which propagates through the holes or apertures in the structure
can result in other currents being induced on cables irt~ ide. These currents can further
propagate along the cables to critical or sensitive electronic systems where permanent damage
or transient upset can result. Fast digi tal circuits are the most susceptible to upset.

To determine POEs, different tests were run on the aircraft. The first test involved a
visual inspection and an rf “sniff test” in which an rf source was placed inside the aircraft
and a detector was used outside the aircraft to sense points of leakage . Additional tests
involved injecting currents onto the exterior of the fuselage and measuring cable currents
inside as the various PORa were closed.

Important POE8 that weLe found included cockpit windows , cables in various locations
(e.g., wings, empenrtage, radome , nose wheel well), various doors (e.g., engine nacelle .
personnel access, avionics bay, cargo loading), power return via structure , coaxial cable
shield bonding, de—icing lin’a, and mechanical shafts and control lines.

After important sources of rf coupling were found, various techniques were developed
to close the POEs. Some of these were (Ref 2):

(1) The use of fine wire mesh in cockpit and other windows.

(2) The use of rf gaskets and special corrosion protection techniques around doors and
access covers .

(3) The use of filters on cab les that go outside the fuselage .

(4) The use of improved bonding on coax shields , wsv.guide, hydraulic lines , pneumatic
lines and some mechanical shafts.

(5) The use of ferrite cores around cr~’trol lines and some mechanical shafts to absorband reflect transients.
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I: NATO UNCLASSIFIED L( 6 )  The use of a separa 5 1 5 ret ~-oL ths eutra l on power lines rather than using
the structure.

(7)  The use of shielding on some exposed cables in the wings , wheel wells , empennage 
V

and under the nose radome .

Using various simulated closure techniques, the average transient current on all cables
inside the fuselage was reduced about 20 dB below the unhardened condition.

Approach (1) is advantageous in that it uses the existing structure to protect a large
number of electronic packages that would be expensive to modify to withstand large light-
ning induced transients . If needed , filters, surge protection devices, coupling trans-
formers and other hardening devices ca~ be made smaller , lighter , and less expensive.
However, closing the POEs adds some weight, particularly in the filter packages for cabling
coming into the fuselage from the wings and empennage. Also, reliability and maintain-
ability of hardening techniques have yet to be determined over the extended life of the
aircraft. For example , metal bellows used for improved bonding of rudder and elevator
push-pull shafts are guaranteed for 50,000 full-stroke cycles but should last much longer V

for smaller stroke (normal) operation. The Only limited life items are the door seals
which will have a wearout problem , but which can be easily replaced .

Recently , studies of the degradation of some of these hardening techniques (i.e.,
f i l tering , cable shields and conductive gaskets) were reported (Ref 3) .  The shielding
effectiveness of double shielded cables was measured both before and after the cables were
subjected to a series of bending , twisting, and stretching tests (500 bends, 500 rotations).
The shielding effectiveness was found to degrade from an expected 60 dB to about 30dB in
some cases. Measurements on filter packs in systems subject to field environments showed
that filters which had been expected to provide 50 dB of attenuation provided as little as
22 dE due principally to improper grounding or installation . Conductive gaskets were
measured under varying pressures to predict EM degradation with age since they are known
to take a set when compressed for a long period of t ime .

3. SHIELDING EQUIPMENT AND CABLES.

Approach (2) was employed in shielding electronic system elements, known as Line Re-
placeable Units (LRU’s), in the 3—1 aircraft against the nuclear electromagnetic pulse
(Ref 4). As far as practicable, LRU’s were grouped in a relatively few avionics bays which
were designed and constructed to give 70 dB attenuation against the external NEMP environ-
ment over a specified frequency range. Within the bays , further shielding was not neces-
sary. In the design and construction of the bays, special attention was given to joint
fabrication , door seals, and to intrusion control. Electrical interconnections between
bays were made principally by high—permeability conduits. In high vibration areas, and
for ease of manufacture , braided—shield cables were used extensively. Special care was
exercised in shielding and terminating the cables. The remainder of the aircraft was pro-
tected by the basic structure of the aircraft which was conservatively considered to be
20d B.

The following guidelines have been recommended when shielding all the cables and elec-
tronic packages within the aircraft (Ref 5):

(1) Use a one—point circuitry ground.

(2) Separate all power leads. -

(3) Balance power leads on all, cable runs.

(4) Use the shielded twisted pair wiring concept on all lines except power lines.

(5) Build all power leads in separate bulk shielded cables.

( 6) Build all other leads in bulk shielded cables.

(7) Use metallic enclosures for all electrical and electronic packages.

(8) Filter all leads entering or leaving high noise level packages. This includes
motors , chopper., inverters, power relays, high power transitor switching circuits, etc .

(9) Filter all leads entering or leaving a transmitter package except the transmitta~output coax.

(10) Use a f i l ter /arc  suppressor on all deliberate receiving antennas and on low
power transmitters using semiconductor output devices. Filtering will be limited by pass
band requirements , but the combined filter/arc suppression will, in general, handle the
problem.

4. HARDENING ELECTRONIC CIRCUITS

Techniques which can be employed in Approach (3) to harden electronic circuits to with-
stand transients that penetrate the external structure and shielded equipment bay, and
cable run3 include filtering , limiting, circuit design, and functional hardening . Each of
these techniques are discussed below.

4.1 Filtering r
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A filter provides a redLc1 t IP~~~~~ SWLP lclad of undesired signals wh ile permitting
desired signals to pass withi little or no attenuat~On. The filter accomplishes this by
discriminating against the frequency content of the undesired signals. However , if the
interfering signal has high content in the desired (pass) band, the filter effectiveness
is reduced.

A filter must meet some or all of the following requirements to be .ffect ive t

(1) Have extremely high or low input impedance relative to the source in the frequency
rejection (stop) band.

( 2 )  Have high loss to f requencies in the stop band.

(3 )  Hav e high dc current carryin g capab ility without changing stop band characteris-
tics .

C4 )  Prevent cross coupling.

(5 )  Prev ent arcing across its elements.

(6) Have low dc resistance (primarily power line consideratio n) .

(7) Have high reliability.

A wide range of filter type s are available for lightning electromagnetic pulse (LEZ4P)
hardening. These include:

(1) Discrete R, L, C filter.

(2) Ferrite filters

(3) Filter pin connectors

(4) Coaxial filters

(5) Electromechnical filters

(6) Active filters

Passive discrete filters use combinations of discrete H, L, a.id Ccomponents . They
permit implementation of any of the functional filter characteristics (i.e., high pass ,
low pass , bandpass , and band reject ) . With careful attention to component selection, they
can be designed for use at frequencies up to 100 MHZ.

The ferrite filter is a special category of discrete passive filters. This filter
achieves a frequency dependent resistive insertion loss by using a dissipative filter at
the high frequencies in the stop band while avoiding the low frequency (pass band) dissi-
patio n associated with the other discrete passive dissipative filter , th. RC filter.

Filter pin connectors are passive and use the coaxial shell of cable connectors as a
capacitor plate along with added series inductance to obtain a network filter. They are
low pass filters and provide cut of f frequencies above 10 kEs .

Coaxial filters are distributive passive filters that utilize short sections of high
impedance or low impedance transmission line to simulate series inductance and shunt
capacitance , respectively.

Monolithic crystal and ceramic filters and mechanical filters are categorized as elec-
tromechanical filters. Crystal and ceramic filters use the piezoelectric effect to transform -
electrical energy to mechanical energy and then use the mechanical resonance properties
of the crystal or ceramic to achieve frequency selectivity . Mechanical filters use a mechan-
ical resonator with electromechanical transducers at the input and output to achieve elec-
trical filter properties. These filters are basically bandpass circuits , but low and high
pass functions can be achieved by adding passive elements.

Active filters , while not generally applicable to LEMP protection , may be useful, in
some specific applications. Active filters are hybrid devices that use one of four basic-
ally different active circuits or devices in conjunction with passive frequency discrimina-
tion elements. The four circuits includ e the negative impedance converter , the oper ation al
amplifier , the gyrator , and the phase—locked loop.

Filter types and their characteristics are sunisarized in Table 1 (Ref 6).

4.2 Limiting

Limiting is an effective method to reduce coupled energy from getting into sensitive
electronic circuits. Limiting (or clamping) is achieved by using special suppression de— V~

vices which are of two basic types: “crowbar ” and “constant voltage.” “Crowbar” devices
are those which, on sensing an overvoltage , switch to a low impedance state and thus cause
the impressed voltage across them to Collapse tO a low value . “constant voltage ” devices
are those which, on sensing an overvoltage , tend by virtue of their nonlinear current-
voltage relation to maintain their voltage at a predetermined level and do not collapse
the voltage. Example. of the first type are spark gaps and gas filled surge arr•stors.
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Examples of the second type are Zeners and silicon avalanche diodes and varistors.

“Crowbar” or switching devices inherently offer greater surge power handling capaoi-
lity than do the Zener or varistor type of devices. The instantaneous power dissipated
in a suppressor device is a product of the surge current through the device and the voltage
across the device. For a constant surge current, a switching device like a spark gap which
has low voltage across it when conducting will dissipate less power than a device such as a
Zener diode which retains a high voltage across it. Thus, a spark gap will be physically
smaller than a Zener diode or varistor device for a given surge power handling capability .

Major disadvantages of switching devices are their inability to clamp surge voltages
to a low level and their tendency to continue conduction once started on dc lines of signi-
ficant voltage. -

The metal oxide varistor ( MDV ) is a “ soft” limiter whose shunt resistance is inversely
proportional to the applied voltage. No critical voltage level of surge is required to
activate this protection device as it is always in the circuit as a path to ground. As the
surge voltage rises, the varistor lowers its resistance thus providing a low shunt impe—
dance in parallel with the device being protected . A major disadvantage of this type of de-
vice on some circuits is its loading effect on the circuit during periods of steady state
operation.

Semiconductor devices such as the Zener diode and silicon Junction suppressor have
the ability to provide protection on voltage limiting down to low voltage levels necessary
to protect integrated circuits and other semiconductor devices. Their major drawback is
their limited capability to handle significant surge energy .

Table 2 lists several of the basic surge protection devices and their advantages and
limitations (Ref 7).

Hybrid protection using both spark gaps and silicon avalanche suppressors have been
developed for optimizing the capabilities of both of the device types. The spark gap con-
tributes the high current surge capability while the silicon componen t responds to the fast
rise time wave front components . - 

- 
-

4 .3  Circuit Design

An important means of controlling lightning—related interference is through proper
circuit design. Basic considerations about circuit design and signal transmission are
shown in Figure 1 (Re f 8) .

As shown in Figure 1(a), signal circuits should avoid the use of the aircraft struc-
ture as a return path. If the structure is used as a return path, resistively and induc—
tively generated voltage drops will be included in the path between transmitting and re-
ceiving devices.

Signal transmission over a twisted pair circuit as shown in Figure 1(b) with signal
grounds isolated from the aircraft  structure tends to couple lower voltages in the signal
path, However , the use of twisted pair transmission l ines does not eliminate the common
mode voltage to which electronic systems may be subjected. Common mode voltages applied
to the unbalanced transmission path can lead to line—to—line voltages comparable to the
common mode voltage .

For differential transmission and reception devices shown in Figure 1(c) , a many—fold
improvement can be achieved in rejecting common mode voltages produced by lightning .

In general, it is good practice not to interconnect two different pieces of electronic
equipment at semiconductor junctions as shown in Figure 1(a) and 1(c). Resistance inserted
between the junction and the interconnecting wires as shown in Figure 1(d) can dissipa te
transient energy and effectively protect semiconductors from lightning induced voltages and
currents.

Finally , interconnection through balanced transmission lines and transformers as
shown in Figure 1(e) in conjunction with input protection for semiconductors probably pro-
vides maximum protection against unwanted transients induced on signal wiring.

4 .4  Functional Hardenin g

Functional hardening is particularly important in protecting digital  circuits which
have broad bandpa as characteri stics and which are most susceptible to system upset . From
a system standpoint, fi nctional hardening can be pursued using several different approaches

Use of a higher operating voltage level for digital  circuits probably obtains more
protection than is possible by any other means . If digita l  data are transmitted over a
cabling system at 10 volts , for example , a 60 dB advantage results from a protection stand—
point than if a 10 millivolt drive level were chosen .

Codinq and signal processing techniques can be employed to minimize the possibility of
operational upset. Son.~ of the techniques include error detection and correction codes,rep eated data , pa rit y check olcead loop i*leimat,ion transfer , and detection reject cir-cuits .
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Hard nemories can be used as temporary storage in critical applications where long
computational processes are required to generate needed data. This technique can obviate
complete recycling of computer programs should some form of operational upset occur.

Circumvention techniques can be used when hardening requirements are physically dif-
ficult to apply. For a specific threat,  circumvention involves detecting the event and
using this information to blank or reset a computational process . For non—specific threats,
a duty cycle technique is used whereby information is accepted only during small increments
of time so that the probability of a lightning event , for example, happening during this
time period is negligible or extremely small. Event sensors can also be used to reset
systems or initiate master resets.

The use of fiber optics in signal circuits offers the possibility of practically eli-
minating electromagnetic interference and transient pulse effects. However, fiber optics
is presently limited to signal circuits and will not affect the prob lem of transients in-
duc ed via power circuits.

5. CONCLUSION S AND RECOMMENDATIONS

This paper has touched brief ly upon a number of approaches and techniques that have
proved effective in protecting aircraft  electronic circuits from the induced electromagnetic
effects of both HEMP and lightning . To be most effective , a systems approach is required
to insure that no one system is either overly hardened or underprotected . With prop er
analysis and testing , a balance of harden ing options can be chosen and applied to achieve
an optimum hardened configuration .
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TA3LE 1. FILTER COMPARISON MATRI X

FILTER FILTER USE7UL SI GNIFICANT SI(WIP ICANT
CLASS TYPE “ FREQUENCY RANGE ADVANTAGES DISADVANTAGES

(Hz)

Discrete H, L, C 1, 2, 3, 4 to 10’ Versatile Large for Low Frequency
Low Cost Low Q

Ferrite Beads 1 LO a — 10 Versatile Spurious Resonances
Dissipative Wi th Saturation

Low Pass Band
Loss

Filter Connector 1 10’ — 10’ Design Integra— Spurious Resonances
tj on Simpli- Saturation
city

Dissipative

Coaxial 1, 2, 3, 4 10’ - 10’ High Frequency Large Size
Use

Low Parasitics

Crystal 3, 4 , 5*10’ — 1.5*10’ High Q Spurious Resonances
Small Size High Cost

Cer amic 3 10’ - 10’ High Q Spurious Resonances
Small Size Not IC Compatible

M c ~~~~ical 3, 4 .1 — 2*10’ High Q Limited Range
Not IC Compatible
High Insertion Loss

Active 1, 2, 3, 4 to 10 ’ Small Size Power Requirement
Gain Provision Limited Range

Damage Susceptibility

* 1 - Low pass; 2 - High Pass; 3 — Bandpass; 4 — Band Reject

TABLE 2

COMPARATIVE VALUES OF SEVERAL SURGE
P~~~~~TECTION DEVICES

PARAMETER SPARE GAPS VARISTOR

Typical surge current
capability (Amps) 10,000 1,000 500

Response Time (5cc) 10~’ l0 ’ 10 ’

Capacitance (fd) l0~ l Z  1o~~~ l0~~ °

Voltage Range (Volts) 90 and higher - 4 0— 7 0 0  2—3 0 0

Insulation Resistance High (10’ ohm) Medium Medium

Bi—Polar Operation Yes Yes No

Failure Mode Short Short Short

Activated State Short Circuit Clamped Clamped

- ‘
- 
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TRANSMISSION RECEPTION

1~ PRODUCES AN ERROR SIGNAL
(a) 

_ _ _ _ _ _ _  _ _ _ _ _ _ _

(b) 4 ~~~~~—-~~~ 8 
PRODUCES A COMMON - MODE S~~NAL

S1GNAL GROUND ‘SG

~~8 8 >
(c) _______________

(d) 

~~~~ 8 8
/ / / / / / / / / / / / / / / / / / /

/ T / / / 7 / / / / / / / / / / / T /

i
FIGURE 1 - CONSIDERATIONS REGARDING CIRCUIT DESIGN
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QUESTIONS and ANSWERS

1 — From B.J.C. Burrows
0— Do you agree that electrical and mechanical design should be treated at the start of a design so that optimu m use can be

made of metallic structure to shield wiring routes ?

A — Wire routing will become increasingly important in initial design of aircraft as composite structural materials are employed.
Special consideration wdl have to be made to take advantage of metallic structure which will shield wires and cables from induced fields.

2 — From D. Suite’
0 — What is wrong with integrating electromagnetic shielding designs into the basic structural design of airframes ? For

example, hollow. U” shaped, L” shaned beams or other structural members, would be ideal locations for routing cables to
minimize EM induced effects. Skin stringer,, if properly shaped, could be used for routing w ires and small cables.

A — Use should be made of the above concepts in initial aircraft design.
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STATIC ELECTRICITY PHENOMENA : THEORY AND PROBLEMS

J . E. Nanevic :
Program Manager

SRI I n t e r n a t i o n a l
333 Ravenswood Avenue

Menlo Park , Ca l ifornia 94025

S ta t i c  e l e c t r i f i c a t i o n  Of aircraft and insulating surfaces
on aircraft causes a variety of problems ranging from radio
noise generation to personnel shock and explosive initiation.
The charg ing mechanisms responsible for aircraft electrification
are discussed together with the problems they cause.

I INTRODUCTION

A. General

Sta t ic  e l e c t r i f i c a t i o n  occurs whenever two materials are brought into contact
and separated .1 Electric charges remain on the surface after the separation of solid-
to -so l id  con tac t s .  The two mater ia ls  involved may be a combinat ion of conductors , seat-
conductors , and insulators . In the applications of interest here , there is a flow of
material involved--ice crystals striking an aircraft , or fuel  f lowing in a pipe--so that ,
in t ime , substantial quantities of charge can be separated , and hig h voltages dev’loped.

Frictional electrification involves two equally important physical phenomena :
(1) electrification of the interface , and (2) charge backflow. The first phenomenon may
be studied in light of solid state physics. Only recently have efforts along these lines
been successful and in these , the experimenters worked with freshly-cleaned surfaces in
hard vacuum sys tems . 2 In prac tice , it is necessary to deal with complex materials and
surfaces having subs tantial contamination . Humidity, tempera ture , dust, gaseous pollutants,
external fields , etc. can have a considerable influence on both charge polarity and
magnitude . For example , as little as mono-molecular layer of adsorbed gas may sufficiently
change the work function of a solid material to reverse the polarity of the resulting
electrification .

The second phenomenon , charge backflow , is highly important  in determining the
net charge separation since the amount of charge that flows back during separation may be
an order of magnitude , or more , greater than the charge which remains after contact and
separation are completed. It is believed that the charge backflow depends on several
param eters , such as the types of materials in contact , the surface preparation , the
geomet ry of the contact , the speed of sepa ration , the tempe rature , the ambient gas , et c.

In view of the cri t ical  dependence of static electr i f icat ion on poorly-understood
processes and uncontrclled parameters , It follows that specific engineering applications
involving static electrification must be based on experimental results of a sufficiently
large number of tests , as well as on the proven ability to maintain or reproduce the surface
and ambient conditions under which the original tests were carried out . Accordingly,
static electrification processes will be considered here primarily in terms of the
charg ing magnitudes involved and the effects they produce on aircraft systems.

B. Mot iva t ion  for Study of Sta t ic  E lec t r i c i ty

Stat ic  e l ec t r i c i ty  causes a variety of problems associated with aircraft
operation . One of the first to be recognized was “precipitation static”-- the noise
observed on radio systems whenever an a i r c ra f t  became e lect r ical ly  char ged upon f ly ing
into precipitation containing ice crystals. ’ ’  With the advent of helicopters , i t was
also found that , as a result of static charge on the helicopter , ground cargo handlers
may receive severe shocks upon touching lowered cargo hooks. ”’ In addit ion , ground crews
are often shocked if they touch charged windshields shortly after an aircraft lands.

Fuel being pumped either on the ground or in f l igh t becomes charged , and can
cause explosion hazards unless proper precautions are taken.’’° It has also been found
that static charges accumulated on dielectric surfaces can fire eloctroexplosive devices
on mili tary aircraft .’’ ’52

I I  STATIC CHARGING IN FLIGHT

A. General

The various woy s in which static electrification of a conventional aircraft
can occur are i l lus t ra ted in Figure 1. Figure 1(a) illustrates frictional electrification; -
as uncharged precipi tation particles strike the aircraft , they acquire a positive charge ,
leaving an equal and opposite negative charge on the aircraft and raising its potential
to tens  or hundred of thousands of volts . ’’’1’ Charg ing occurs both on the metal structure
of the a i r c ra f t  and on d i e l ec t r i c  surfaces such as the windshie ld .  Dielectr ic  surfaces
can thus become charged with respect to the air f r am e . ’’ ’ ’’ En gine charging,  iLlus tra ted
in F i g u r e  1(b ), occurs when flight vehicles are operated at low altitudes, ’’ ’’’ Processes
as yet incompletely understoof v~~._u r wi~ hin ~hm vng l1ne combust ion chamber and csuse a
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pre~~~~~ant1y positive charge to be expelled
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witn tne engine exhaust. This causes an equal
PARTICLES to the aircraft charg ing it to potentials of
PRECIPITATICN and opposite (negative) charge to be imparted

tens or hundreds of thousands of volts.
______ 

Exogenous charging , illustrated in Figure 1(c),
occurs when the vehicle flies in a reg ion of
electric field , such as that generated between

& I CTIOPIAI. oppositely charged reg ions of clouds ; this
field can cause discharges to occur from the
extremeties of the vehicle.

The operational conditions under which

~~~~~~ 
s ta t ic  electrification can occur depend some-
what on the class of vehicle. Since airplanes

~. ENGINE encounter severe charg ing during operation in
Clouds in horizontal flight , electrification
can continue for considerable periods of time
on all-weather missions. On jet aircraft
operating at low altitude , engine charging
can be an add i t iona l  source of long-term
electrification . Helicopters become charged

c. EXOGENOUS while flying through naturally occurring
• clouds . In addition , a hovering helicopter

F IGURE 1 CHARGING PROCESSES can s t i r  up snow or dust thereby generat ing
• i t s  own cloud of particles to produce frictional

electrification. Thus, helicopters encounter
static problems in reg ions where conventional aircraft do not.

The charging process itself produces virtually no difficulty, but vehicle
voltage and electric fields can become so high after a period of time that electrical
discharges occur . It is the discharge of the accumulated static electricity that generally
produces the most harmful effects.

4 An important Consequence of static electrification is electrical noise. The
various noise mechanisms that have been identified are shown in Figure 2. As the airplane

becomes charged , the electric fields at the
extremeties of the vehicle become sufficiently
high to cause corona breakdown of the air.h I ,’I5

INDUCTION PULSES CORONA 
At the operating altitude of airplanes , thisPROQUCED CV CHARGED O~SCHAROES FR~~I breakdown occurs as a series of very shortPARTICLES PASSING EATREMIT1ES

ANTENNA \\ pulses containing energy in the radio frequency
Spectrum . These noise pulses can couple into

STREAMER S ON to produce interference.PLASTIC ~ JR

Another source of noise occurs when

communication , navigation , or digital circuitry

dielectric surfaces on the front of the airplane ,
such as the windshield and radome , are exposed

I to frictional charging, as illustrated in
Figure 2. These surfaces can be charged by
impinging particles. Since these materials

SPARKS BETWEEN 
~.
.- are insulators , the charge is bound at theUNOONOE D METAL place where i t  was depositcd and cannot beSLCTION$ dis charged un t i l  s u f f i c i e nt  electric charge

has accumulated to produce a streamer (a spark-FIG URE 2 NOISE SOURCES like discharge) across the dielectric surface
to the metal airfraine .~ ’~

t Streamer discharges
are short in duration , and involve the transport

of charge over a large distance. They therefore produce radio frequency interference
which can couple into susceptible syatems on the aircraft. In some cases , the streamering
on a square inch of surface in a critical location is sufficient to disable systems .

A third source of interference that often occurs inadvertently on airplanes is
associated with sparking between unbonded adjacent metal sections of the aircraft.~~For example , consider Figure 2 , which shows a break in the wing ; charginr processes on
the airframe will raise the potential of the inboard section with respec t to the outboard
section until a spark occurs in the gap. This spark produces a shor t  current pulse ,
which is also a source of noise. In flight , the current reuuired for corona discharge
from the isolated wing tip is supplied from the remainder o~ the airplane .

Finally, slowly varying induction pulses can be prod”ced in antennas by the
passage of charged particles.’h 7  This noise is of importance only ar VLF or ELF and does

4 not pose much of a problem to conventional communication and navigati on cquipment. With
the advent of systems operating at frequencies of the order of 10 kHz , however , induction
noise should be considered .

8. Airplane Chara ing

Although the three mechanisms shown In Fi gure 1 can produce aircraft charg ing,
the frictional charg ing process is of most concern for the following reasons . First ,
flight test measurements indicate that the charg ing currents produced by frictional
charging during flight through ice crystal clouds are substantially higher thah the currents
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resu l t i ng from eng ine charg ing. Thus, aside from t1he fact that charging occurs during P
f l ight thr ough clear air , no new problems are caused by engine charging. Second , the amount
of time an aircraft spends in the v ic in i ty  of electr ical ly charged clouds as shown in
Figure 1(c) is much less than the time it spends f ly ing  through uncharged precipitation.

The pr ec ip i ta t ion cha r g ing current to a vehicle is given by

j •~ lp C V A ~ff

where

— Charge per particle
C • Particle concentration
v • Aircraft velocity

Aeff — Effective intercepting area of aircraft.

The various parameters in the equation and their interdependencies have been studied
analytically, in the laboratory and in flight , and are generally understood for the
operating regimes of current aircraft .’’’’~ Typical values of particle parameters for an
aircraft operating in the subsonic flight regime are given in Table I for two cloud types.

Table I Precipitation Particle Parameters

— 

q
~ c

Cloud Type pico Coulomb

Cirrus 1 - 10 2 x

Thunderstorm Anvil 1 - 35 5 x 10~

Laboratory experiments involving the charging of projectiles fired through ice
crystal clouds were conducted to determine the relationship between the charge acquired
and the impact velocity. ’’ The results of these experiments indicate that the projectile
charge decreases with increasing velocity as shown in Figure 3. These results were further

verified by flight tests.2’ It was noted that
the observed effect might be caused by the
melting of the ice crystals by the energy of
the impact, since flight-test experience

____________________________________ indicates that clouds composed of water droplets
I I tend to charge an aircraft at a much lower

- .OATA c~OM pflQRCTILu FIAINo txflRuMINTs
1 rate than do clouds containing ice crystals.

• “ *V~R*Gf PANT,CU OATA ~~mOM PUG4n 1 Thus, if an ice crystal is completely melted
• upon impact, greatly reduced charging would

3 o 
• O€C(~~~I~ N 

result.
0 OECI~~ER 3t

- . The maximum possible heat input to an
- ice crystal at the time of impact is given by

the kinetic energy of motion , ICE — 1/2 Mv2,
la 

• 
where H is the ice crystal mass and v is the

a8 
- 

. 
• 

velocity of the crystal with respect to the
prolectile. Assuming an initial temperature of
-55°C , an ice crystal can be completely melted

- . by the kinetic energy of an impact at velocities
• in excess of 3150 ft/s. At reduced speeds,

__ only part of the ice crystal would be melted.
If the charge acquired by an ice crystal is
proportional to the mass of the ice it contains ,

• FIGURE 3 VARIA TION OF PARTICLE~~HARGE WITH SPEEO one can argue that the particle charge will be
proportional to the unmelted ice mass remainijtg
after an impact.

A curve of unmelted ice-crystal mass as a function of velocity (assuming that
all kinetic energy is transformed to thermal energy) is plotted in Figure 3. Average
values of charging measured during the projectile firing experiments (normalized to fit
the ice-melting curve at 1870 ft/a) are also plotted as triangles in the figure . The
fact that the charging decreases with increasing speed in the same general manner as the
unmetted ice mass , and the fact that charging vanishes at roughly the speed required to
permit the crystal to melt , indicate that melting is most likely responsible for the
reduced charging resulting from ice-crystal impacts at supersonic speeds . The flight
test data normalized to fall on the ice-melting curve at a speed of 718 ft/s are also
plotted on Figure 3. It is evident that the individual particle charge measured in
flight does tend to decrease with increasing speed in the same general way as did the
laboratory data. There is considerabl, scatter in the individual data points-.somewhat
more than was observed in the laboratory- -but the flight-test data follow the trend of the
ice-mel t ing curve . -
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Aircraft icing studies indicate that the effective interce~ting area A~ff inEq. Cl) is affected by aircraft speed as illustrated in Fi gure 4~~ 2~~ The particles
tend to be swept around the aircraft by the
windstream so that  only the particles in the
shaded region actually strike the aircraft.
As speed is increased , particle inertia causes
them to deviate more from the air streaml ines
and the effective intercepting area more

LOW OPt ED nearly approaches the projected frontal area.

For a given speed and body shape , the
fraction of the projected frontal area effective
in intercepting particles depends on body size.
A small aircraft is more efficient in inter- 4
cepting particles than is a large aircraft.
Also , the airfoils are more efficient inter-
ceptors than the fuselage .

The results of studies of water droplet
LAPRE PARTI CUS impingement on airfoils indicate that the

effective intercepting area of a typical aircraft-

~~~~~~~~~~~~~~~~~~~ would vary with speed as shown in Figure S. ’’
Combining the resu l t s  of Fi gures 3 and S yields
the curve of Figure 6 which indicates the

DIMEID ASIA INDICATES PISTICUS ACTUALLY EVNKINS AI*CWT predicted charg ing current behavior as a
function of speed. ’’ It is noted that because

FIGURE 4 EFFECT OF AIRPLANE SPEED OP4 PARTICLE of ice-crystal melting, the charging rate
INTERCEPT ING AREA decreases rapidly at speeds above 1500 mph .
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AREA ADVANCED AIRCRAFT

The maximum charging current occurs at about 1400 mph and is Ofli~ 2.6 times the charging
current at 600 mph. This result is highly s igni f icant  in that it inoicz1t~ s that precipi-
tation static problems on highly supersonic aircraft are not apprc~ iaoly more severe than
they are on subsonic aircraft.

The studies of aircraft charging discussed thus far in connection with Eq. (1)
provide important insights into the basic charging processes invol~~:~ , How~ver , it is
simpler in practical charging calculations to use the expersmentil results shown in
Table II directly.’3 ’’’

Table II
‘I Peak Charging Rates Encounter e l

Wit h ICC-l3S Prototype

Cloud Type Peak Charging Rate r
(uamp /sq f r )

Cirru s S to 10
Strato Cumulus 10 to ZO
Frontal Snow 30
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These are the peak charging rates encountered during instrumented flight tests conducted
using the KC-l35 prototype aircraft. The data should be typical for subsonic jet aircraft
operating at normal cruising speeds.

C. Helicopter Charging and Shock Problems

Figure 7 shows a record of charg ing current and helicopter potential measured
on a Chinook helicopter hovering in a dusty environment. T - 0 denotes roughly where

~10C I I I I I I I I I I I I I I I I J I I I I J I

-
~~~~~

— — — -.- s 
—

:: —

~~~~
— — _ __ :

i
_ _ _ _

FIGURE 1 HELICOPTER POTENTIAL AND CHARGING CURRENT AS A FUNCTION OF TIME AFTER UFTOFF
IN A DUSTY ENVIRONMENT

take-off occurred and the hover altitude of 50 ft over the ground array was established
at approximately 15 seconds.2’ In this figure the charging current rapidly increases to
ibout 300 uA and then at about t - 17 seconds slowly begins to decay. This decay is due

~~~~~ ~ 
to the rotor wash blowing the dust away from the measurement site. It should be noted
that the helicopter potential reached a maximum value of 140 kV and then gradually decayed

- -~ - - to roughly 75 kV. Since the self capacitance of a hovering Chinook helicopter is roughly
1000 pF , these potentials correspond to stored energies of 10 Joules and 3 -Joules
respectively.

Discussing helicopter potentials and stored energy is not meaningful unless it
can be related to a person ’s response to these quantities. To address this question in a
simulated .environaent , the test helicopter was configured as shown in Figure 8 and hovered

H ___
FIGURE S AIRCRAFT cONFIGURATION USED TO MEA SURE

PHYSIOLOGICAL RESPONSE TO ELECTRIC[ NATO UNCLASSWIED
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25 f t  over a concrete pad.~~
4 This teat u*a anm.4ue~ed by raisin g the helicopter up t o

somo potential , V. using the internal power supply. The (barefooted) person beneath
the helicopter then touched the simulated cargo hook and noted his response. Helicopter
voltages , discharge energies, and th. subject’s observations about the shock levels
experienced are shown in Table III. It can be seen from this table that the subject’s
co~~ents agree well with data published by Dalziel.”’2’ The data in Table III also
demonstrate that the tolerable helicopter voltage is substantially below the helicopter
potentials measured in Figure 7.

Tab le I I I

Physiological Response of Subject Evaluating
Electric-Shock From Charged Helicopter

Aircraft Helicopter
Voltage Discharge Energy

- 

(kV) ( mJ) Comments

2.5 3
5.0 12.5
6.0 20 (Dalziel  threshold)
7 . 5  28 “Sflght shock”

10.0 50 “shock in fingers ”
12.5 78
15.0 112 “Sensible shock”

4 17.5 152 “Shock fe l t  in wrist”
20.0 200 “Distinct shock felt in

wrist and ankles ”
23.7 250 “(Daiziel : Strong shock .4 not dangerous)”

Note: Assumed helicopter capacitance 1000 pP .

Defining lethal levels of impu lse shock is d i f f icu l t  in view of the scarcity of data ,
and the comp lex way in which etectrit*l shock affects the body. Ventricular fibrillation ,
the most common cause of death in electric shock cases , occurs at intermediate levels of
current.  Below this level , only unpleasamt sensations are fel t , while very strong short
shocks will stop a f ibr i l lat img heart. Dalziel describes a case in Sweden in which a
22 year old man was killed as the result of receiving the residual charge from the
capacitors of a high voltage f i l ter  supplying a 150 kW t ransmi t te r .  The energy received
by the victim was estimated to be 24 Joules. The same paper discusses other cases in
which people received comparable or higher shocks and surv ived with burns, unconsciousness ,
or severe headaches. The conservative interpretation of Dalziel’s data is that the peak
potentials and stored energies in Figure 7 are not acceptable for cargo handling operations ,
and that means for controlling the helicopter potential must be provided.

Various efforts have been made to devise active discharge systems to sense the
helicopter-to-ground potential and then to discharge current of the a~propriate polarityto maintain the helicopter potential within acceptable liutits.2”’’ 3 The proposed
systems have all relied upon the use of one or more static electric field meters mounted
on the helicopter to determine its potential. Unfortunately, recent flight tests indicate
that the dust cloud stirred up while hovering is so highly charged that its fields
completely mask the fields generated by the charge on the helicopter making It impossible
to determine the true helicopter potential when hovering in dust.1’ At present , it appears
that the best means of controlling helicopter potential during cargo handling is to
connect the helicopter to earth via a dropped line. This line must include a resistive
element to limit the peak current in case the line is touched by the cargo handlers
before it reaches the ground .25 ’”.”

III EFFECTS OF IN-FLIGHT CHARGING

A. Corona Discharges

1. General

As was indicated earlier , when the overall aircraft potential is increased
a threshold will be reached above which corona discha rge brea kd own occurs in regions of
high electric field at the aircraft extremities , If the potential is further raised , the
discharge current will increase as the field over more and more of the extremety exceeds
the threshold value . The locations of the corona discharges are determined by the gross
geometry of the aircraft , which determines th. gross field structure and by the presence
of sharp points which produce localized field concentrations.

NATO UNCLASSIFIED
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2. Corona Di scha r Lnarac  ten S t Ic s

Individual pulses associated with a corona discharge have the general form
indicated in Figure 9, 3 7  The precise amplitude and time structure are a function of

aircraf t  altitude and discharge point radius .
Laboratory measurements on a corona discharge

I I I f rom a sheared me ta l  edge ( s i m u l a t i n g  the
t r a i l i n g  ed ge of an a i r f o i l )  ind ica te  tha t ,
at atmosp her ic  p ressure , the pu lse  repetition
f requency (pr f )  is on the order of b a  pulses
per second when the discharge current is
100 uA. 1’ Thus each pulse carries away b0~~Coul . of charge. Since a precipitation particle
deposits roughly iO ’ll Coul. of charge , each
corona pulse removes the charge deposited by
100 precipitation particles. Since the
capacitance of a large aircraft such as the
707 is 100 pF , the charge carried away by a
single corona pulse changes the aircraft
potential  by 1 volt.

0 ~ ~~ Al though  data  r egard ing  corona
pulse form and other characteristics provide

TIME ‘—‘ III ins i ght  in to  the corona d i scharge  process ,
corona noise calculations are best carried

FIGURE 9 TIME STRUCTURE OF NEGATIVE POINT CORONA out using noise spectral data of the sort
PU LSE, PRE SSURE 200 mm/Hg shown in Figure 10, 1 3 ,15 These data present

measured spectral characteristics for the
entire aircraft operating altitude range .

________ ____________________________ It  should be noted that the corona source
~ ICC ‘ “

~~~~~~
J ’ ’ ’ ” ’  is most energe t ic  at low frequencies , but

Z that it contains appreciable energy well100 ,A DISCHARGE into the HF band.
~1
‘C

50,000 17 When the source characterization work
leading to Fi gure 10 was under way , a i rc ra f t

- ~~~~~~~~~ ~ used the VHF and UHF bands strictly for line-
a of-sight communication and navigational aids

operating at received signal levels sufficiently
lo .ooo~~~~

_ 
‘•
~~~~‘ high that corona noise at these frequencies

9 was not of concern . Accordingly no effort
I.’ was made to exte~id the corona spectrum studiesSa above 14 MHz. This is unfortunate since it is

SEA
_ _  _ _ _

S now planned that satellite communication links
operating at low received signal levels will

‘C.a be employed on aircraft. To accurately assessS

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ their  v u l n e r a b i l i t y ,  it would be useful to
o.oi 0,1 1.0 100 have corona spectral data extending to VHF

FREQUENCY — Mc/, and UHF.

FIGURE 10 NORMALIZED NOISE SPECTRUM GENERATED BY
CORONA DISCHARGE FROM TRAILING EDGE

e r ’  
3. Coupling of Corona Noise

In general , the corona noise source on an a i r c r a f t  is located in one place ,
and the affected antenna or system is located in another. I t  is therefore necessary to
define the coupling between the noise source and the victim system. This was done for
two antenna locations on the 707 aircraft as illustrated in Figure 11. h 3 1 5  Tha antennas

used in making the measurements were a small
tail-cap and a flush belly antenna located in
a fairing at the root of the wing. CouplingTAO. CS 

~~~~~~~~ was measured between each of these antennas
and the noise source regions at each of the
airfoil extremetjes. The results of the

Iuv~To. measurements are shown in Figure 11.I., 
~~~~1ou,c,

Although the coupling-measurement
technique used inevitably includes the test-
antenna characterjsticc in  the measured
results , the form of the coupling as a function‘I0,S~ of frequency is not affected by the details
of the test antenna , provided the antenna
dimensions are small compared to a wavelength

““V at the freqLencies of interest, In this case,*NT15A

only the magnitude of the coupling function

LOCATIONS FOR 707 COUPLING The data shown in Figure 12 have therefore
F I GURE II ANTENNA AND CORONA-NOISE-SOURCE wi l l  be affected by a change in the antenna.

MEASU REMENTS been adjusted to represent the coupling to an
antenna  having  u n it y  induct ion area , a , in
response to a low-frequency, vertically
polarized si gnal.
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~~~~~ I[,,
~~~

~~~~~~~ ~ sm.~i asm~~* ~ ~~~~~~~~
, T e v a r i a t i o n  w i t h  f r equency  of the  coup l ing

1 L— ~~~
‘ to the various po in t s  is of cons ide rab le

I ~
-.-— m~ interest , since it shows the effect of the

• ~~~ “• ~~~~ - various electromagnetic resonances of the air-
_

m~awSoa F\ / v craft. For example , the peak in c o u p l i n g
‘
~
. /‘ ,‘ I ~~ between the b e l l y  an tenna  and the ti ps of the

‘\.1~Ti V ~~
~ ..,•,,,‘.....lJ -

_______________ _______________ 
coupling function serves to emphasize the fact

“ that the pulses arriving at the antenna

~ • • ~ 
terminals will differ from the pulses generated
by the corona discharges at the extremities
in that they will be stretched out in t ime by

FIGURE 12 MEASURED COUPLING TO ANTENNAS ON aircraft resonances. It is also interesting
BOEING 707 PROTOT’YPE to note t ha t  d i scharges  from the ruddi-r ti p

are s t r o n g l y  coupled to the  t a i l c a p  antenna.
Discharges from the fin will therefore generate the dominant corona noise signals in the
tai lcap .

The data of Fi gure 12 can be applied without  res t r ic t ion to a i rcraf t  of
similar shape but different size. In general , the same resonances w i l l  occur on the
scaled aircraft , but they will occur at the scaled frequency. The magnitude of the
coupling must also be scaled with aircraft size. 53 ’15

A c t u a l l y ,  the data of Figure 12 are the only coupl ing  data p re sen t ly  a v a i l a b l e
for convent iona l  a i r c r a f t  and have been scaled and applied to o ther  a i r c r a f t  wi th  remarkably
good results even when the scaled aircraft were not very similar to the 707. Limited
coupl ing  s tudies  have been carried out for a helicopter but have not been published .’’
Additional coup l ing data covering a wider variety of aircraft configurations and antenna
locations are badly needed.

In the case of helicopters , corona discharges occur from the tips of the
b lades , so tha t  coupl ing to the blade tips is of interest. Since this varies with blade
position , the corona noise intensity is modulated at the rotor frequency. 3’ In general ,
the coupling varies with antenna location and displays resonances of the same general
sort observed in Figure 12.

4. Corona Noise Levels

By combining data of the sort shown in Figures 10 and 12 , it is possible
to predict the corona discharge noise levels. This was done for the case of the 707
aircraft and the results are shown in Figure 13 along with the results of fli ght test
noise measurements.13 ’1’ It is evident that the two sets of data are in good agreement
for both an tennas .

The corona noise level in the tailcap antenna is substantially above the
accepted value of n igh t t ime  atmospheric noise. 3’ Since the system designer can achieve
improved performance until he reduces his system input-noise figure to the atmospheric
noise level , it must be assumed that optimized systems are now or w i l l  be opera t ing  at
the a tmospher ic  noise  level.  Thus the tailcap corona noise severely degrades the
performance  of such a sys tem . It  should also be observed tha t  40 dB of noise reduction
is required to reduce corona noise to the published nighttime atmospheric level. Even
greater noise reduction is requirtd to approach daytime atmospheric levels.

Althougn the belly antenna noise levels shown in F igure  13 are comparable
to the n ig h t t ime  atmosp her ic  noise at certain frequencies , it is important to note that a
350 uA charging current is typical of the charging conditions found in light cirrus ,
and that currents up to 3 MA were measured in f l i g h t .  Under these conditions , the noise
levels will be 13 dB higher. Thus at least 30 dB of noise reduction is required to
reduce corona noise to the nighttime atmospheric noise bevel at all frequencies.

Because of the way in which charging current and noise coupling scale with
aircraft size , corona noise problems are generally more severe on smaller aircraft.

B. Dielectric Surface Discharges

1. Streame r Discharge Characteristics

As was indicated earlier , charge deposited on the surface of a dielectri c
causes a potential difference between the surface and the surrounding mt2tal structures.
This potential difference is usually eventually relieved by surface discharges or ,
streamers , ori ginating on the rim and extending out on the dielectric surface . Typical
cu rrent pulses induced on a wire beneath the d ie lec t r ic  on which  the discharges occur
are shown in Figure 14.h t ,1 It is evident from Fi gure 14 that the time waveform of the
s t r e a m e r  pulse depends on the length of the s t r e a m e r .  The a m p l i t u d e  of the  induced

• pulse , of cou rse , depends on the coupling between the streame r and the receiving
4 “antenna. ”

I 
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FIGURE 13 CORONA DISCHARGE NOISE IN 701 ANTENNAS

Assuming that  the wire  is t e r m i n a t e d  in an impedance
,.~~~,A of 1000 ohms the current pulses of Figure 14 will  generate

volt age pulses of 0. 4 V. This pulse amplitude is“s-h 0 05
suf f ic ient  to upset a var iety of c i rcui ts .

The charge t ransferred  by a s ingle s treamer discharge
is 1 to 1 .5 x ~~~~ Coul . This is roug hly the same as the
charge t rcnsfer  in a corona p u l s e .  The d i f fe rence  in
pu l seforms  produced by the two mechanisms r esu l t s  from

______________________ the d i f f e r ence  in the l eng ths  of the  two discharges .
“ “ “ ‘~~ The co rona discharge extends to only one tip radius from—

the burr  or other  imper fec t ion  from which  it occurs .
FIGURE 14 TYPI CA L CURRENT PULSES INDUCED A streamer on the other hand extends many inches out on

BY STREAMER DISCHARGES to the dielectr ic .  This long discharge length  causes
the streamer to con ta in  s u b s t a n t i a l  low frequency energy.

Recently there is increasing evidence that streamer discharges generate more
h i g h - f requency energy than was evident in early s tudies .  Further work to better charac-
terize the streamer breakdown could be very profitable at this time .

2. E f f e c t s  on Systems

Many of the practical problems associated with surface streamer discharges
I’ave had to do with dt’~lectric antenna covers or with insulators forming part of the
antenna. For example , a 1-inch-diameter piece of plastic protruding forward from a towel
r a i l  antenna  on a commercial a i r c r a f t  caused the ADF system to malfunction every time the
a i r c r a f t  f lew in p r e c i p i t a t i o n . Antennas located under p i lo t ’ s ca nopies  are h igh ly
suscept ible  to noise  generated by streamers on the ex t e r i o r  of the canopy. ’’ .1’

Great care should  be exercised not  to rou te  di g it a l  sys t em s igna l  cables
under d i e l e c t r i c s  located on a i r c r a f t  f ron ta l  su r f aces .  The ampl i tude  and w a v e f o r m  of
the induced pulses is such that they can readily cause system upset.

3. Techn iques  fo r El imina t ion

Streamer discharge problems can be eliminated by locating dielectric surfaces
so t h a t  t hey  are not  s t r u c k  by p r e c i p i t a t i o n  p a r t i c l e s .  Th i s  can be achieved by p l a c in g
the dielectric materials far enough aft on the aircraft that they are not exposed to

t ivsly,  it ii pa s ib i c  to inco rpora t e  a metal  p a r t i c l eparticles (see Figure 4).

- ~~~~~~~~~~~~~~~~~~~ -
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deflector into the design . Dielectrics that must be exposed to preci p i tat ion can be
covered wi th  a conductive coating to bleed away the charge as rap id ly  as it arrives.

4. Discharges  From Windshie lds

Modern w i n d s h i e l d s  o f t en  incorpora te  an o p t i c a l l y - t r a n s p a r e n t  e l e c t r i c a l l y -
conductive layer  below the outer p ly .  Elec t r ica l  power app l i ed  to the conductive layer
hea t s  i t  and t ie - ices  the w i n d s h i e l d .  Wires  lead from the d e - i c i n g  layer  to cont ro l
circuitry and to the a i rc ra f t  power system . The presence of th is  hi ghly-co nductive layer
immediately below the outer ply allows the storage of great amounts of charge on the
w i n d s h ie ld . °~~~’ Groun d crew personnel  have been shocked and knocked o f f  a i r c r a f t  by
touching the windshield shortly after the aircraft landed . Fig hter pilots occasionally
receive shocks when their fingers extend onto the windshield as they support themselves
by the windshield frame while getting up from the forwatd seat.

Occasionally mas sive discharges occur in which most of the charge on the
windshield is discharged. These discharges have caused the de-icing control circuitry
to be damaged. In o ther  ins tances , less ene rge t i c  but more f requent  d ischarges  have
induced signals in de-icer control wir ing which , in turn , coupled in te r fe rence  pulses
into avionic systems causing them to malfunction.

Windshie ld  manufac tu re r s  are c u r r e n t l y  endeavor ing  to devise design s to
e l imina te  the charge s torage problems . The approaches include applying conductive surface
f i lms to the w indshield , and increasing the bulk conductivity of the outer ply.

C. F i r i n g  of E l ec t r oex p lo sive  Devices

Un le 5s care is exercised , st atic charging can cause the f i r ing  of electro-
explosive devices. The various ways in which e l ec t ro s t a t i c  energy can i n i t i a t e  an
electroexpbosive device on an aircraft are illustrated in Figures 15, 16 and 17.

INITIATOR CASS aR,00E WIRE METAL STRUCTURE
CHARGEDv RIDG I CORNECTED TO SSCTION CHARGEDI WIRE AT POTENTIAL V2 DIELECTRIC STREAMER DIELECTRIC SPARK

~~AAK 
_ _

SASS MET __________

=

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

RGE

.__ _-~~~ — SPARK
METAL r~_. METAL 

INIT 1ATOR CASE V1Vi/
STRUCTURE CONNECTEO TO METAL ‘1//f

AIR FRAME STRUCTURE

III RN-TO-PIN ~~I FIN-TO-CASE-

MI PIN-TO-PIN - 
~ ) PIN-TO-CASE FIGURE ie $QUI8 INITIATION BY STREAMER DISCHARGE

FIGURE 15 SQUIB INITIATION BY SPARKS 8E1WEEN SECTIONS

Fi gure 15 i l l u s t r a t e s  how the p o t e n t i a l
difference existing between unbonded sectionsINITIATOR CASE CONNECTED of the veh ic le  can produce a spark which mayTO AIR FRAM E
initiate a squib in the pin-to -pin or pin-to-

EXPOSED WI~~~~~~~~~~~~~~~~~~~~~ 

SPARK DISCHARGE BETWEEN case mode . The ways in which  s treamer d i scharges
BRIDGE WIRE AND CASE from a plastic surface might initiate a squil’

are illustrated in Figure 16. If squib wiring
IN cORONA CAPACITANCE 6ETWEEN INITIA1OR is exposed to high electric fields , as indicated

WIRING ANO AIR FRAME in Figure 17 corona discharges occurring
TS- 575fl.5 from the wiring can cause a spark between

brid ge-wire and case to initiate the electro-
FIGURE 11 SQUIB INITIATION BY CORONA DISCHARGE explosive device.

Fortunately, the design of electroexplosive
devices is improving. Modern units are suff~rciently insensitive in both the pin-to-pin

mode and in the pin-to -case mode that they a~e difficult to initiate with the amount of
..tatic Charge normally available on aircraft .

D. Dielectric Deterioration

Finally, static charg ing of dielectric surfaces can result in the deteriorati on
of the dielectric. For example, if a large radome is placed over a radar dish on the nose
of the aircraft , the outer surface of the radome will become charged. The charge can
return to the airframe either by streamers over the outside surface or by penetrating the
radome and sparking to the radar dish. When the radome is punctured , moisture collects
in the holes and causes delamination of the material and , eventually complete deterioration
of the radome .

Similarly, there have been reports of damage to the outer glass p u s  of wind-
shields . On some utodetm air raft , the windshield S so large that charge is relieved by
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puncturing the outer ply rather than by a surface discharge along the outer surface .
The outer ply must therefore be made sufficiently thick to withstand the voltage needed to
sustain a surface discharge.

E. Precautionary Measures

Insofar as static electricity effects are concerned , the ideal aerospace vehicle
would be a completely bonded metal structure equipped with noise reducing dischargers at
appropr iate locations . Careful bonding of the adjacent metal parts prevents sparking
from section to section. Since the vehicle is made completely of metal , streamer
discharges cannot occur. Thus , the only electrical breakdown possible is corona discharge
from the extremeties , and the use of noise-reducing dischargers eliminates any problems
associated with corona.

Such a struc ture , of course , is not possible for various reasons. First , to
see out of the vehicle and to communicate from it requires an an tenna and a w indsh ie ld ;
these use dielectric materials , some of which must be located on frontal surfaces where
they can become charged. Metal corrosion is forcing direct metal-to-metal contact at
structural joints to be reexamined , which may lead to poor electrical bonding of the
structure. Finally, wei ght considerations are forcing more and more of the aircraft to
be fabricated of plastic. Practical aircraft , therefore , will occasionally have imperfect
bonds and plastic surfaces will be included in the structure . Insofar as static elec-
tricity is concerned , plastic surfaces cause no trouble provided they are not exposed to
imping ing precipitation part~cles. Thus, plastic for trailing edges and perhaps for body
sections will probably generate very little radio frequency noise , although it wi l l
complicate the installation of corona dischargers and aggravates the lightning protection
problem. If plastic materials must be located on frontal surfaces of aircraft , they should
be shielded from impinging precipitation particles by a particle deflector , the outer
surface of the plastic should be made conductive to drain away the charge , or the entire
plastic piece should be conductive . Such a treatment will prevent discharges (thereby
eliminating noise) and will prevent charge build-up and puncture which damages the
dielectric itself.

IV SUMMARY

In summary , we have observed various forms of static electrification that are possible
on airborne vehicles. The charging processes cannot be eliminated , but their deleterious
effects can be minimized through proper vehicle structural and systems design. Design
changes that are likely to modify the electrical bonding of aircraft structure should be
carefully reviewed to make certain that they do not cause problems to the system. When
plastic materials are to be used on the vehicle , use of the material should be examined
to ensure that it will not cause problems in any of the pyrotechnic or communication
and navigational systems. If plastic material is used on a frontal surface, it should
be treated to ensure that static electrical charges do not cause rapid deterioration.
The noise generated by corona discharge from the aircraft can be minimized through the
proper installation of an adequate number of modern aircraft dischargers .

Most of the decisions regarding the structural form and the materials used in
f a b r i c a t i n g  an a i r c r a f t , of course, are not made by people well versed in static elec-
tricity and its effects. It is hoped that this brief review will provide some insight
into the problems that can result from relatively trivial changes in structure if static
electrical effects are not borne in mind.
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QUESflONS and ANSWERS

i - r  G. Odam
(a — Should a radome antistatic treatment be applied over or under the rain erosion coat ?
A — Ideally, the antistatic coating ihou ld be the outermost layer on the radoms. Unfortunately. imparting conductivity to the

coatwig generally degrades its mechanical properties sufficiently that it is not able to withstand rain and Ic. crystal impact. For this
reason, the abrasion auistent erosion coat is applied over the antistatic treatment in most systems. The argument is that the erosion
coat is a sufficiently poor dielectric that is veIl be punctured by dulegs accumulating on its outer surface substantially before surface
flashover occurs.

2 — From S.D. Schneider
Q — Did you verify your estimate or 1000 oF for the helicopter capacitance ?
A — The capacitance of 1000 pF is based on measurements. S.. pUS of “Lightning and Static Electricity Conference Papers”

12-15 December 1972 Las Vegas, Nevada. These data, presented by Sonu & Dustbin, agree with our data generated is laboratory scale
model measurements of capacitance.

3 — From R.H. Evans
0 —  At one time there was considerable research carried out on the possible uSe of active electrcstatic d ischargers, that is

dischargers connected to a high voltage power supply. Is there still an Intarest in this type of discharger, particularly for helicopters ?

A — Active discharqers work well an tonvsntional airuatt, and it was felt that the technology could be transferred to helicopters.
Unfortunately, it was found in the wOili of Ref. 26 & 35 that the dust cloud stirred up by a hovering helicopter was so’ highly charged
that the fields generated by the cloud dominated the region about the helicopter. Thus, to measure helicopter.to.ground potential , one
could not rely on the readings of one or more field meters svaeegically located on the helicopter. Instead . it would be necessary to
touch the ground with one terminal of the sensing system. If it is netassary to establish ground contact to obtain a reliable reading of
helicopter.to’ground potential , it was felt that it would be simpler to use pasive discharging systems diicus~ed in Ref. 23 for
dusty environments.
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FUEL ELECTRIFICATION

by A. W. Bri ght
Professor of Applied Electrostatics ,
Electrical Engineering Department,

Southampton Univers i ty,
Southamp top, 509 5NH .

U.K.

SIJ*IARV

A brief review is given of the principal physical processes involved In charge generation and
dissipation when low conductivity fuels flow in pipes . Hazards which arise when charged fuel flows into
meta l or plastic tanks are described .

With increased use of plastics and low conductivity composite materials in aircraft research into
the potential electrostatic hazards involved has been carried out in a nunter of centres. Some of the
new techniques being involved are discussed in the paper. They include the use of charge collecting
electrodes in plastic tanks and conducting polymers, to complement the use of anti—static additives In
the fuel. An active discharger system which can deliver electrically neutral fuel to the tank Is
described.

1. INTRODUCTION

Unti l recently, the annual nunter of aircraft fuelling fires caused by electrostatic phenomena has
been neglig ible. The incentive to make fundamental studies of charging phenomena was therefore small, in
view of the limited scienti fic effort available. Recently, however, law conductivity composite materials
and plastics have been Increasingly used for fuel tanks. Such materials have been used for road and rail
tank trucks and some military aircraft have been built with fibre reinforced plasti c fuel tanks.

In the U.K. the Ministry of Defence has begun a ship construction progranmte for mine counter— measure
vessels constructed entirely of glass reinforced plastic (G.R.P). A prototype ship, 14.M.S. Wilton , has
been in service with the Royal Navy since 1973 and the f ir s t of a class of larger vessels, N.M.S. Brecon.
was launched in July 1978. A research project was set up at Southampton in collaboration with the
National Gas Turbine Establishment (Cobham) in 1975 as part of a support prograntne for the G.R.P. ship
project. A large fuel test facility was set up at Northern, Southampton in 1974, having bye 2,500 gallon
tanks in G.R.P. and aluminlum (l). This facility is currently used for oure and applied electrostatics
research on behalf of the U.K. Ministry of Defence and the U.S.A.F. New Instruments and discharger
systems are being developed and the rig can be used to simulate potentially hazardous fuelling situations
under cor +..olled conditions .

In the United States at least seven minor fires or low— level explosions have occurred since 1975
dur i ng fuell ing of military aircraft with JP4. The incidents were associated with the Incorporation of
polyurethane foam as an explosion suppressor. Some of the charging phenomena occurring In the tanks were
similar to those encountered in the M.C.M.V. work.

It is not appropriate in this paper to give a comprehensive review of all electrostatic fuel hazards
~~~~ An excellent basic text-book dealing with fundamentals is that by Klinkethurg and van der Minne(2).
Good discussions of the problem of safety cri teria in meta l tanks . are contained in papers by Strawson (3)
and Kramer , Asano and Schôn (4). A recent review by Bright(5) attempts to bridge the gap bebyeen the early
work on metal tanks and more recent work with composite materials.

A useful recent report on aircraft fuelling at high rates by Horvterg et al(6} discusses aircraft
fuelling operations .

In the present paper some of the results of current work at Southamp ton w i l l  be reported together
with a discussion of some of the methods being developed to reduce hazard levels during fuelling.

2. FUNDAMENTAL PROCESSES

When a stationary dielectric liquid Is In contact with a meta l surface , a complex layer of electric
charge is established at the liquid/metal interface, known as the ‘do~~le— layer’(7). The charge layer
adjacent to the metal is strongly bound, while a layer of roughly equal and opposite charge separated from
this bound layer by the dot.ble— layer thickness 6 is mobile and free to move with the liquid (see FIg. 1).
A potential di fference is established across the doitle layer and charge transfer can occur across it. (r~)Charges can flow from the metal into the liquid and also charge exchange can occur as liquid neutral
molecules or tons make contact with the metal wall . If bulk motion occurs , the mobile layer of charge~constitutes a current i 5, known as the streaming current. For a pipe of diameter d we see that

w d 2
l~ ~~~~~ P V ( 1)

• charge density u • flow velocity)

For laminar flow , Kllnkenberg (2) showed that

w d C
0 

C r ~ (2)
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However , in  m o s t  practical uelling cases one has turbulent flow. In this case it is difficult tO
compute I~. For pipes of Infinite length Klinkerterg derived an expression :

i~ • ~ d T j a V~~l_ ex P e/v~~1 
(3)

• re laxa t i on time, v • flow velocity, ‘1a • current density from pipe wall .

Unfortunately, 
~a 

cannot be calculated. Bright attemp ted to calculate the charge density o from
first pri nciples , obtaining an expression(5)

• 
4 C C r ~ 

4 C r ~~~• (4)
u R t  ~~R

am molecular diffusion coefficient, ~ 
Ion mobility, R • pipe radius.

T C C d2 v a
H ence, i s 

~ r __ ! j (5)

Eq (4~ predicts  the genera l observed behaviour of o for hydrocarbon fuels, where it is found in
general that ~ is independent of v. However , Eq(4) cannot be used to predict charge densities in real
fuels because of the very considerable influence of trace impuri ties on the double layer and hence on
charge generation. Eq(4) was derived using a very simplified model which ignores the influence of
adsorbed ions .

Fi g. 2 shows a series of results by Klinkethurg In which o was measured as a function of flow rate
using byo samples of kerosine - one containing a corrosion inhibitor and the other an anti—static
additive. The pressure of a few p.p.m. of addi tive Increased fuel conductivi ty from 0.81 p s/rn for
undoped fuel to values from 4.1 to 28 p s/rn. The corresponding range of charge density was from
6 ~c/m

3 to 300 uc/m 3. Conductivities in this range are found In aircraft  fuels and s imi lar  (unpredictable)
variations in charge density would be expected.

Most of the charge generation in a typical aircraft fuelling installati on occurs in the filter—
separator. This is because of the large surface area in contact with fuel and also because Interfacial
phenomena associated with H20 carS give rise to enhanced charge generation as discussed above. There is
at present no available theoretical model to predict charge generation in filters . Leonard(8) has carried
Out extensive studies of charging In filter elements and porous materials. He found that no simple
r e lat ionsh io  existed between conductivity and charg i ng tendency . Low levels (p.p.m.) of H20 in con.junc—t ion  wi th  trace impuri t ies  had a marked effect on chargi ng tendency , sometimes with  l ittle or no effect
on conductivity .

3. SAFETY CRITERIA IN FUEL TANKS -

A hazardous situation will occur in a tank when sufficient charge has accumulated to give rise to a
s u f f i c i e n t l y  high electric field to result in a spark or brush discharge. Ignition will occur If the
discharges occur in an inflaninable atmosphere and If ignition energy requirements are satisfied.

The two critical periods are in general:—

1. During ini tial stages before the fill pipe outlet is si.trnerged;

2. As the fuel surface approaches the top cover of the tank.

With (I). limitation of initial fuel velocity to 1 rn/sec will in general remove the hazard. With
(2) there is disagreement about the most useful criterion to use. In the author’s opin ion , fuel surface
potential V~ appears to be the most satisfactory. Strawson and Lyle support this view(9). Their
experiments suggest that a value for V5 of about 45 kY in the absence of an earthed probe represents the
upper limi t for safety . Work at Southampton (lO) has Indicated that V5 must not exceed ZU kV in thepresence of an earthed prob e. Fuel tanks generally have complex geometries with metal fltti ngs 1F
protrusions  extending towards the fuel surface. With Vs C 20 kY it has not been possible in the
Southampton work to produce Ignit i ons In propane—ai r mixtures.

3.1 Metal Tanks

l~ vIously the potential distributi on in the tank will principally be determined by the charge
acquired by the tank. This will be a function of i~, charge density, the relaxation time of the fuel t
end the dimensions of the tank . (Note y • c C r 0 where ~ is fuel resistivity)

After time t , the charge density 
~ 

in the tank will be:-

— t
• — l - e x p  (6)

where w • volume flow rate, v tank volume, p • inlet charge density

Str aw son (3 )  has obta ined experimental relationships which permi t one to relate volume flow rate V
to the surface potential V~. For a permitted maximum V5 one can determine V for a given tank size.
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The parameter is found to be critical (v • flow velocity, o • fuel conductivi ty ) .

A va lue of 12.5 is currently regarded as the limi ting safe value for a range of ~ from 0.4 - 8 p S/rn.For conducti vi ties > 8 p S/rn Southampton work suggests that p is independent of veloci ty and the Strowson
approach , which as sumes p V~ may require modification.

In general, E q(6) demonstrates that p~ and hence the hazard in the tank can be reduced by Increasing
r e l a xat ion time t. Almost all the safety measures currently In use involve this approach . Recent
developments at Southampton have led to a method of reducing Inlet charge density p to zero.

3.2 Safety criteria in plastic tanks

With tanks having hi gh resistivi ty walls , charge leakage to ground cannot readily occur. Charge
tends to migrate to the walls where it is stored, the walls constituting the dielectric of a capacitor,
Fig. 3a. Charge decay rates are independent of fuel conductivity and depend on the bulk and surface
conductivity of the tank.

The total charge 
~t remaining in the tank after time t is given by :-

t 
{i 

- exp 

~ 
(7)

• relaxation time of absorbed charge In tank, t • fill time.

Typical values of for G.R.P. are 10— 30 minutes.

i5 • x r 2 p V  . . Q t~~~
r2 P V t  (8)

Treating the base of the tank as an earthed capacitor, one can easily show that the potential
developed across the base of the tank Vb is given by

Vb • 
is tf d 

( )
C0 C r a 2

(assuelng a square tank of side a, wall thickness d)

With practical values of i 5 measurements at Southampton have shown that potentials of > 300 kV can be
F established in the base of the tank. Up to 90% of the charge in the tank is stored in this way.

The fuel surface potential is related to ~b in a complex way and its determination will be discussed
later. -

Plasti c tanks present two principal electrostatic hazards.

‘. Possible surface discharges when permissiblle V5 exceeded.

2. Possibility of energy storage In tank walls leading to:—

2.1 Discharge to surface from base;

2.2 Puncturing of tank wall.

The incorporation of reticulated plaster foam in metal tanks as a flame inhibitor can give rise to
electrostatic hazards somewhat related to the above discussion.

Some work at Southampton on plasti c tanks and foam fi!le~’ al tanks will be described, This work
was concerned with specific ship and aircraft projects but has ~t 31 applIcations .

4. G.R.P. TANK STUDIES

The aim of this work was to investigate hazards associated wi th  fuelling of mine counter—measure
vessels (M.C.M.V.) of G.R.P. construction. A large test facility was set in in 1974 including a 2,500
gallon G.R.P. tank (2in x 2m x 2m). A schematic diagram of the rig is shcwn In Fig. 3. A novel feature
of this installation is the use of charge injection to control the charge input level to the tank. This
Is described in detail in Ref. 9. This system uses a high voltage diode injector to introduce a contro1l~dstreaming current ~~ into the tank. Also a novel charge density meter(10) having no moving parts is used
to determine p. Diesel fuel In a conductivity range (10- 30 p S/rn) was u;.I as the test fuel.

Experiments with the rig have been carried out in conjunctl’~n with P4.0.1 1. (Cobham) and the NavyDepartment and some results have been pr.tilished in Ref. 11 ,12. A typica i result Is shown in Fig. 4.
Although , for the fuel was 2 secs, the relaxation time of the stored charge was • 600 secs. The increase
of electri c field after filling is due to charge migration to the wall .

Ignition experiments by HaIg(l2) showed that Ignition of propane—air mi xtures could occur when the
surface potential of the fuel exceeded 25 kV, due to fuel-metal electrode discharges. Experiments on the
large rig were carried out and It was found that similar discharges were noted. Below approxImately 20 liV
conical protrtE erances (Taylor cones) pulled up from the fuel surface by the electric field bridged the gap
and no discharge occurred .

The surface potent ial V5 was measured as a function of inp ut charge density o at 300 g.p.m. (see
FIg. 5). From these exper1mer~ alue of’ p of 125 c/rn3 w~ estab lished as th,~ maxin~ian permissible
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charge density . Below th is  value  i t  would be impossible to produce a discharge of sufficient energy to
produce igni t i on.

On two occasions , when filling at 300 g.p.m. a t p  • 150 uc/m 3 very high energy discharges were noted
(10—50 U) audible  at a range of 50 m. These were apparently associated with  charge storage in the base of
the tank.

The potential Yb at the base of the tank was determined by reasuring the current flowi ng through the
base to electrodes of known area (106 cm2 and 1O~ c&). The volume resistivity of the tank was
1.36 . lO’~ oni. With p 5 uc/ni3, Yb • 12.6 kV. For p • 100 c/rn3 , Yb = 300 kY. This very high potential
in the tank had clearly been responsible for the two high energy discharges mentioned above.

A computer study was set up in collaboration with the Rutherford Laboratory and a f in i te  distribution
in a plastic tank, taking into account the non—uniform distribution of charge. The model which evolved
has given excellent agreement with measurements and has enabled discharge systems to be devised for the
M.C.M .V. ship H.M.S. Brecon(12). Examples of results are given in Figs. 6, 7. Fig. 6 shows the potential
distribution in the tank after filling at 300 g.p.m. for p = 100 uc/m 3 . An earthed probe (a field meter)
is assumed to be suspended above the tank. The high Stress concentration at the base of the tank is
clearly seen. Fi g. 7 shows how the potential at the base of the tank can greatly exceed the surface
potential.

This study is being extended to Include 3D presentation of the potential distribution in tanks of
comp lex geometry In collaboration with Professor U. R. Smi th (Aberdeen Uni versity).

5. DISCHARGE METHODS

Two methods for elimination of static hazards have been developed and tested at Southampton.

1. Active dlsch argers;

2. Earth plates.

5.1 Active dlschargers

Here a nigh voltage liquid diode is used to inject charge into the fuel (il). By measuring the
ch arge density in the fuel and incorporating this sensor and the discharger in a feechack loop one can
fill the tank at any rate maintaining zero charge density in the tank.

This method has been su.cessfully used at charge dens4ty levels or over 100 tic/rn3. Response time is
rapid, as shown in Fig. 8. The system is obviously sui table for incorporation in aircraft fuelling Systems
and a coineercial prototype will shortly be evaluated using JP4 by the U.S.A.F.

5.2 Earthing Plates

The field distribution shown in Fig. 6 suggests that a conducting plate at ground potential should
act as an efficient discharger. Experiments showed that with earthed stainless steel plates or steel
meshes 1.0 m x 0.5 m the electric field due to the fuel could be effectively neutralised even when filling
the 2,500 gallon tank at 250 g.p.m. with p • 185 tic/rn3. All the Input streaming current i5 • 2.3 tiA was
collected by the electrode.

This simple and effective measure can only be used when the base of the tank is grounded (or Is
iimnersed in the sea).

6. FUEL SLOSHING

During sea trials with H.M.S. Wi l ton, it was found that high speed 3600 turns of the Ship produced
‘sloshing ’ of the fuel in the tank with 50% filled tanks. This movement of fuel relative to the tank
walls resulted In the production of very high char ge densities In the fuel. The trials are to be repeated

This phenomenon has not previously b een reported and clearly requires further investi gation.

7. AIRCRA FT FUEL TANK STUDIES

Many !j .S. A .F .  helic opt ers and fixed wing a i rcraf t  have their fuel tanks tIlled with polyester or
polyurethane foam for explosion suppression. Following a series of minor fires and low-level explosions
during t’ielli ng such tanks , the U.S.A.1 . has set up an extensive inves t iga t ion .  These foams are very
successful a~ expl osion suppressors and if the associated electrostatic problem can be elimi nated theiruse could be contemplated In other applicati ons. Work at Southampton has mainly been directed to:-

I. Develop ment of conducting foams;

2. Develop ment ~f active diSchargers for aircraft fuelling.

When fuel is pump~ 1 In to  a pol ymer foam , charge exchange occurs as in with the f i l t er—separator.
If the fuel lnlr ~ Jet fnrces back the foam to produce a vapour space, a potential can be developed between
nozzle and foam and i gnitions can occur. Leonard (l3) and Farrer at Southampton have mea sured ch a rgi ng
levels in the standard U.S.A.F. foams and found that high levels of charge density can be produced.

One standard method of reducing the electrostatic hazard is to use anti-static fuel additives such
as ASA3. Leonard recommends that with ASA3 a fuel conductivity well above 100 p s/rn would be required In
order to avoid charge generation problems with plastic foam.
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7.1 Work on conducting foams

The approach at Southampton has been to attempt to develop conducting foams which can dissipate
charge. The advantage of this is that it would not be necessary to use anti-static addi tives. The
effectiveness of additives such as A.S.A. 3 should be increased with conducting foam as the fuel/polymer
surface area would be greatly increased.

The aim of the work was to de~e1op polyether foam having a resistivity < 10’ ~n’ as work in other
fields suggested that this would provide rapid discharge in the fuel. The main characteristics of the
foam presenting most problems in the U.S.A.F. application was:- p • 3 . lC’~ ow .8—16 cells/inch .
A first target was to produce a foam havi ng ~ = 10’ ow. Working in conjunction with IC! Organics
Division several samples of foam were produced loaded with carbon black , carbon fibre (‘. 3 me length) and
a conducting salt. In all 16 samples were produced, the most promising being a cortination of 1% fIbre
and 5% salt, when a value for p of 1 . 10’ ow was obtained. The pore size for these foal’s was
100 cells/inch .

An alternative approach was to take the standard U.S.A.F. foam and to coat it with a conducting
polymer. This work was undertaken in conjunction with Canespa Ltd. Using a carbon loaded vinyl coating
a foam having p lO~ on~ was produced . Further samples having p • 3 . l0~ ow were produced. These
were inmiersed in JP4 for 5 weeks without charge in fuel conductivity, suggesting that the coating is stable.
The increase in foam conductivity of iO~ times was encouraging.

Using a rig similar to the Exxon Mini Static Tester, charge generation due to foam samples 3”1x 23”
diameter was measured. Pesults are shown in Fig. 9. ThIs shows a linear relationship between ( p ) 2  and
the cells/inch of the foam, suggesting that charge generation is a foam area. This result also is
consistent with high charge densities produced in fuel filler elements. Lowest charge density was
ob ta i ned with foam hav ing  a pore size In the l~—l7/inch range. It was therefore decided to produce samp les
of standard coated U.S.A.F. foam for testing in a fuel tank with JP4.

The experiments are in an early stage, but preliminary resul~.s with a small test rig are encouraging.The arrangement is shown in Fig. 10. Fuel was Injection charged to levels of about 2000 tic/rn 3 . Foam
having a resistivity of 3 . lO~ ow was used . The field at the surface of the tank and the collected
current were measured wi th  and without foam.

TABLE 1
Test with conducting foam (p • 3 . 10~ ow)

I Indicated Surface Collected Charge
Tank Filling ~~ç~

or M..~. Field potential ci nt density
Tank Filling (V/rn) (v) (A) (tic/rn3)

JP4 -10 29500 1475 —1 .7 . 10’ 1930

JP4 + conductIng -10 270 13 -1.5 . 10’ 1670

JP4 + USAF Foam —10 30200 1510 -1 .25 . 10 ’ 1390

Table 1 shows that the observed surface potential was reduced by a factor of over 100 with conducting foam
to only 13 V . Fig. 10 shows the build— up and decay of field in the tanks and clearly Illustrates the
effect of conducti ng foam.

Experiments will take place shortly with a more complex rig having larger tanks. Conducting foams
and also expanded metal will be tes ted as well as n~~ types of nozzle. Hopefully the conducting foams
being developed will prevent hazardous charge levels occurring during aircraft fuelling even with undoped
(low conductivity) JP4.

8. COMCLUSIONS

Filter elements are the principal charging source in fuelling systems. ~‘here non—conductingmaterials are used in fuel tanks there is generally an Increased hazard level. Fuel sloshing can produce
high charge levels in plastic tanks.

In addition to charge dissipators such as ASA3, the follow ing now app roache s show promise:—

1. Moni toring of Input tnarge density to tank.

4 2. Neutra lisat l on of charge in tanks by active discharger.

3. Use of small area earth plates in low conductivi ty tanks.

4. Use of high conductivity polyether foams in tanks.
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AIRCRAFT STATIC CHARGING TESTING

by Joseph TAILLET
Scientific Director, Physics Deportment

Office National d’Etudes et de Recherches Adrospotiales (ONERA)
92320 QuIt/l ion (France)

Summary

Aircraft protection against static charge accumulation involves minimum-noise electrostatic
dischargers. perfect bonding of all conductors. antistatic painting of radomes and antenna covers,
and conductive coatings of canopies. This paper deals with the procedure proposed by ONERA
for
a) characterizing in the laboratory the effects of aircraft charging on the operation of unprotected
navigation and communication subsystems b) assessing in the iaboratory the validity of the above
mentioned methods of protection ci checking in the factory the correct application of these
methods dl test ing routinely between flights, in the field , the good condition of the protecting
devices and treated surfaces.

It is hoped that careful application of this procedure will, in the near future, increase the
reliability of navigation/communication subsystems during their operationol use.

I. INTRODUCTION

Static charge accumulation on aircraft structures can bring about three types of discharges sparks between conductors,
streamers over the insulat ing surfaces, and coronas at the sharp points and edges. All these discharges induce radioelectric noise
on navigation/communication equipment, reducing its operational performance and impairing flight safety.

The principles of a good protection against these harmful effects are well known (ii. Sparks can be avoided by a care-
ful bonding of all the metallic parts of the aircraft. Superficial electric charges developed by friction or collected on insulators
can be evacuated before initiation of a flashover, if the surface resistance is kept below a certain value by using conductive
paints or coatings on windshields, canopies, radomes and fairings~ Lastly, the coupling between corona discharges and antennas
of the communication/navigation sub-systems can be reduced drastically by a caref ul choice of the configuration, the position
and the voltage threshold of the passive dischargers used for draini ng the stat ic charges from the aircraft,

However, the practica l application of these principles is today a matter of empiricism. On the one hand, apart from the
.ossibility of performing a 1uit in-flight experiment 121 131 . there is not yet a standard method for characterizing on a real

~ craft. treated or untreated, all the disturban ces induced in navigation/communication subsystems by the accumulation of char-
ies. On the second hand , the in-flight experiment is an expensive task the comp lexity of the full avionic system with its
many interfering subsystems, the non reproducibility of the meteorologic situation from flig ht to flight, the inconvenience of
-ecording, storing, packing and cnrrelating a huge quantity of data might turn such an experiment into a heavy burden for
scanty results if these e”periments have not been prepared by previous tests on the ground -

The situation is still wo rse if we go from the laboratory to the facto ry or to the airfield. No tool exists to verify, .at
the production stage, if the protection methods have been correctly applied during the construction of the aircraft no stan-
dard testing procedure has been elaborated for trial by the buyer. At the exploitation stage, no airline is in a position to carry
out maintenance tests ro.~P.nely between flights for verifying the good condition of the protective devices and of the treated
surfaces. Meanwhile, from the field engineers to the pilots , everybody is convinced that such a possibility of verification is badly
needed the dangerous disturbance of vital subsystems induced by the discharges of static electricity is an universal worry.

Th. present work constitutes a step towards the definition of a standard procedure for testing aircraft charging pheno-
mena and protecti’ns, in the laboratory, in the factory and In th. field. Until such a procedure is operational and universally
adopted by the rp .’arch institutions, the aerospace industries and the airlines, full protection against communication/navigation
disturbances is no~ ~nsu”-’ du ”g fli ght in very adverse atmospheric conditions.

In this paper, the sOIui oos prriçyised by ONERA to meet the requireml’ntt Of a safe protection are outlined. In order
to apply the test method nui~¼l y and efficiently, specific instruments have been designed tnd imp lemented at ONERA, and will
be available on the market -n the fleer future A general description of their cierfurmarict is ~ve-~ below, Lastly, a practical
application is also described in tome detail in cooperat ion with the Company “Avions Marcel Oasaault.Oreguet Aviation”, the
proposed procedure has been appl’ed to the Falcon 10 business aircra ft and to the french-German training aircraft, the Alpha.
jet , opening the way for docisive progre ss In the protection of these aircraft against disturharicos due to electric charging. The 4
methodology used during one cif thete tests and some of th, most representative results will be presented.

__________________________ ~2
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II. TEST PROCEDURE REQUIREMENTS

The proposed test method shall fulfil the following functions
a) check the bonding between metallic surfaces, even if these surfaces are covered by an insulating costing ;
bi messure the value of surface resistance of semi-conductIve coatings or resistive paints deposited over imulating sub-

ettata, even if these coatings are covered by a layer of higly insulating material
ci simulate tribo-electric charging, or charge collection, separately on any surface element of the aircraft, in order to

determine the location and the nature of the more sensitive spots, and to mess the effect of the charging of these elements
on the navigstion/co.nmunicaeion subsyssenie

d) verify that the coupling between dischargsrs and antcnna is minimum, i.e. that the position of the dlacha,gers is
optimitad, and that the noise collected by the antennas for a given discharge current is in conformity with the value ai~nounoad
In the sgenflcstions and has not been in..~,sssd by som. deterioration experienced by the diactiergers.

During all this tasting procedure, the aircraft shall be grounded, or, if global operation of the dl.ch.~ .n is required,
is shall be insulated by dielectric slabi placed below the wheels, This insulation shell be matched wish the voltage limit due to
the operation of the diechargurs, in order to avoid fiasisovu- between aircraft and ground. A high resistance bleeder shall be
used, for safety, to discharge the aircraft below the threshold voltage of the diechargers.

If any voltage generator is used for operations Ic) or Cd). iii output impedance shall be kept very high, to insure safe
0~~~~~~

Operations (a) and fbi are to be performed without damaging the superficial layer of peint.

Operation (ci shall be clean. i.e. without projection of particles or aerosols which could change the electrical properties
of the surfaces or thosi of the environment. It shall be sufficiently well resolved in space to aspirate the effects of the char ’
ging of various elements (radomes, fainngs, antenna coven, canopies) on seth navigetion/communicatlon subsystem, and to
punnit the observation of local sparks due to a faultiy bonding.

The validity of the simulation Cc) shell be confirmed by visual/auditory observation of the behavior of the navig.tion/
communication instruments. Under such simulation taste and for a given electrostatic protection, an experienced pilot, seated in
the cockpit, weering earphones and watching the displays, shall idundfy di. situation as similar to a. real flight with different
atmospheric conditions.

Ill. VERIFICATION OF EOf4DING

In the case of static electricity elimination, bonding requi.....ana are by no means stringent two conductors can be
contidered as bonded ‘if the resistance of their connection is l~~~r than i0~ ~2. This relatively high value pennies a capacitive
typ. of measurement, with l,~ection of a measuring current through the thin Insulating layer of paint which protects the air-
craft skin An instrument has been built at ONERA for this purpose its description is beyond the scope of this paper and
only its performance will be mentioned. When the sensing heed of the Inatnimem, set on the “bonding mode” position, is
pressed against the insulating layir of paint covering a given mitsilic penal, and a connection Is made from this head to the
structure of the aircraft, a meter gives the order of magnitude of the resistance between the metallic penal and the aircraft
structure : smeller than 10 fi, between 10’ il and 10’ fl or higher than 10’ fl. This indicates a correct electrostatic bonding,
a faultly bonding or a comp lete insulation. The ama type of measurement can be performed in the case of resistive amistatic
coatings covering an inailating substrate and covered by an insulating layer of protecting paint : from the measured value, the
quality of the bonding can be evaluated If the surface resistance and the geomet~~ are known.

The advantages of this method lie in the fact that the protective peint has not to be removed, and aim in lii easy
application moving the sensing heed of tiw Instrument train piece to place in the same way a medical doctor uses a stetho-
scope gives immediately the anew about the quality of the bonding of th. different metallic /reeistlve’ panels of the aircraft

Figure 1 is a photograph of the assielng heed of the prototype of this Instrument.

IV. SURFACE RESISTANCE MEASUREMENTS

An extension of the sante principle to surface resistance msunarem.nes has also been done at ONERA . In the case corel-
dared now, a resistive layer has been deposited over an Insulating composite penal. A thin Intulating layer of paint covers the
resistiv, layer, for the sake of protection agaInst erosion by atmoepha.l~ agents (and also for aesthetic reasons I. What we
went is to measure the surface resistance of the resistive layer without destroying the protective layer of Insulating paint.

At thIs time, It is Interesting to note by which mechanism a resistive layer can operate properly In draining the electric
charges from a surface even In the case alien It Is covered by an Insulating layer. ia a matter of fact, the surface layer cannot
be traversed by the accumulated charges. However, the resistive layer, which is connected to the metallic structuns at its boun~davy. permits the circulation of electric charges of o,,poalt. sips. These image charges form with the accumulated charge a double
layir with no external field. The only pc1imllsulsw ~ I~~~~ ’~~~~i k s i.ii 9~ extremely short spirit across the protective paint
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when a critical voltage is reached. As a ~~~~~ ~A ,hl. ~~~k, she ~ cumuIated charges recombine with their images. The
radiating dipole corresponding to this spark is very small compared to the radiating dipole of a streamer flashing across the
whole surface. More work is needed to analyze under which conditions an insulating surface which has suffered a previous
breakdown is modified by multiple punctures, each minute hole due to a previous spark acting as a transverse short circuit, C
thus reducing the surface resistance of the protective pains without changing its mechanical and optical properties,

Coming back to the surface resistance measurement , and recalling that its detailed description is beyond the scope of
the present paper, it suffices to say that surface square mesh resistances ranging from lO~ £7 to 1O’° £7 can be measured by
this instrument. For this purpose, the sensing Is ‘ad previously mentioned is pressed against the radome, fairings, canopy or
antenna cover to be tested, and the instrument ii set on the “surface resistance mode” position. The value of the surface
resistance is given directly by the meter b r  can be computed froni the value given by the meter if the geometry of the
electrodes arrangement is taken into account). Depending on different versions of the instrument, a bonding connection to the
aircraft metallic structure can be needed or not ; this connection is in any case needed for using the instrument in i)ie “bon-
ding” mode, which is generally required when a complete set of measurements is to be taken.

V. SIMULAT ION OF TRIB OELECTRIC CHARGING

If the aircraft to be tested were perfectly conducting all over its surface area, the charges induced by fricticn or collected
in the atmosphere would be distributed according to the surface geometry. In this case, it would be sufficient, for performing
a check on corona discharges location and on the associated R,F. noise, for example, to connect the surface to a high voltage
generator, with the aircraft insulated. As field config~ration can be roughly computed from model measurements, this kind of
test is necessary only to verify that the passive dischargers are performing correctly, i,e. that all the corona discharges are
located at their tip. We will come back to this type of measurement in the next section.

The real problem comes from the fact that no aircraft is perfectly conducting all over its surface, as radomes, canopies,
windshields, fairings and antenna covers are insulating when not specifically treated to acquire total or partial surface conducti-
vity. What we want to know are the following two answers.

a) For a given untreated dielectric surface, what are the consequences of a given local charging current on the operation
of the navigetion/communication subsystems of the aircraft ? This includes at once the anomalies induced, on the corresponding
antenna, by charging its dielectric cover and by charging the other antenna covers.

b) If the same dielectric surface has been treated, is the applied treatment sufficient for complete elimination of all the
observed anomalies, over the whole range of charging currents likely to be experienced in flight 7

By stressing that the source of radioelectric disturbances is essentially due to the local streamers associated with the
redistribution of charges accumulated on the insulating surfaces (4, 5, 6j, it is easy to see that local charging of these surfaces
will produce approximately the same effect if the aircraft structure is grounded through a high resistance or ii the aircraft is
in flight. This remark opens the way to a very important test , I.e. the observation of the effects of local streamers on the
per formance of navigation/communication subsystems, and for a complete verification of streamers disappearance when the insu’
ating surfaces have been duly treated. What one needs for performing thi s test is a good source for charging l ocally the insu-
sting surfaces.

Taking into account the order of magnitude of the charging current density to be simulated. and also its very nature
‘urface charging by low energy and not by energetic particles), two types of processes can be used

a) triboelectric charging, using a two-phase flow of air with a suspension of uncharged fine particles this method has
yielded interesting results in the laboratory (6J 171 however the particles are riot drained by the airflow as in flight, and their
accumulation on the surfaces raises a serious problem that is why this method has not been used in this work

b) charge collection using an injector of charged particle this method is good as long as en efficient charge injector is
used ; it is this method that has been applied at ONERA , as described below.

Instead of using very high voltage generators, ONERA has extended a method proposed first by Whewelt, Bright and
Makin tB) following a previous work by Marks, Baretto and Chu 191. In the corresponding device, low mobility charged
micropertiles of water, obtained by condensation of humid air expanding in a supersonic nozzle, and driven by fluid friction
in the jet, are used as charge carriers. They drain electric charges from an aircraft in spite of the strong associated space
charge electric field. The s.smr principle is applied here to inject charges upon an insula t ing surface, in spite of the associated
repulsive electric field. Note that the micropartiles of water evaporate after leaving the supersonic reg ion of the jet this
simulation method is therefore clea n in that sense that the local properties (surface resistance and breakdown voltage) are not
modified when the charge inlector is operating.

The detailed description of the device, with the modifications and improvements brought by ON ERA for increasing the
injection current over the ‘ralues obtained previously, will be given elsewhere.

Figunt 2 is a schematic representation of this charging device. Figure 3 is a photograph of the instrument. Its main
characteristics are listed in Table I. Figure 4 shows how this injection is performed when testing a reel aircraft a first operator
applies the charged flow upon a given antenna cover and, at the same time, a second operator watches the displays associated
with the navigation equipment of the aircraft and estImates the noise collected by the communication receivers. Visual observ ation
of induced sparking or streamers can also be performed (fig. 5). The sett ing of the inlected current permits one to modify the
charging current denSity, ranging from low to high for simulation of weather conditions between fair and extreme. The dlffe.
rence between the case of untreated arid treated surfaces is striking and points out the importance of having a carefully applied
surface treatment ; associated w ils the surf ace resistance and bonding measurements, this aimumatlon permits also a quantitative
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correlation of the reduction of the surface resistances (or the improvement of the bonding) with the decrease of the noise
induced by aircraft charging on navigation/communication subsystems.

To apply this method one needs a supply of compressed air with a pressure of 6 bar, and of a power supply with
a voltage of 10 kV , positive and negative. Both can be readily ierated in the laboratory, in the factory and in the airfield.
As shown in figure 4, the injection nozzle is of light weight, ar... can be handily used to charge any part of the aircraft. An
important detail must be pointed out in this experiment, the radioelectric disturbances are produced by local discharges
following charge accumulation on insulating surfaces. Assessment of the noise produced by these discharges is possible only if
the injector itself does not transmit any discharge noise; this property is an important adavantage of the device described, and P
ha achievement was the result of a careful design involving a difficult optImization process.

VI. MEASUREMENT OF DISCHARGER/ANTENNA COUPLING

The last verification is related to the coupling between the corona discharges initiated at the tip of the passive diechar’
gers and the various antennas of the aircraft. The first step of this measurement follows directly the method introduced by
J. Nanevicz 1 11. The aircraft being grounded through a high value resistor (to avoid RF current circulation in ground lineal, a
mobile corona generator or a calibrated RF transmitter is operated at various positions where coronas can be located in flight.
and the RF noise induced on the aircraft antennas is measured, In this measurement, the d.c. current circulation ii not relevant:
that is why the aircraft is essentially at zero potential. The second step of this measurement consists on a verification of the
noise induced by the dischargera fitted in the aircraft. This is readily done by blowing with the current injector directly over
the discharger tip ; the conona is initiated by the space charge electric field, and its current can be set in changing this space
charge, i.e. by varying the current of the injector. If necessary, a third step can be performed to ensure that no corona is
generated in unwanted places. This step is more difficult , in that sense that it implies the insulation of the aircraft with thick
dielectric slabs and application of a high voltage to the structure.

For all those tests, the coupling is measured in terms of induced noise for each frequency range of interest (with a
fleldmeter or a spectrum analyzer), or in terms of errors brought to a given navigation/communication subsystem.

VII. APPLICATION TO A REAL AIRCRAFT TESTING THE FALCON 10 AND THE ALPHA-JET FOR STATIC
PROTECTION

In order to verify the proposed methodology, it has been decided by STTA (Service Technique des Telecommunications
de I’Air) to specially equip a laboratory aircraft, under ONERA guidance and with the help of CEV (Centre d’Eseais en Vol .
Brétigny) and of AlA (Ateliers Industrielt de I’Air~. This aircraft will be very helpful for performing in-flight overall tests for
assessing the validity of the proposed methods of protection against static charging. The equipment of this aircraft is in the
process of being installed and the test will proceed immediately ; it ‘is therefore too eerly for reporting about this experiment.

Fortunately, thanks to an extremely efficient cooperation with the Company “Avions Marcel Dassault-Breguet Aviation”
(AMD-8A), preliminary answers have been already obtained with the Falcon 10 business aircraft and the Alpha.jet trainer ; for
this latter aircraft, during a four-day operation in April 1978, the following items have been performed

a) sear”.h for and listing of all faultly bondinga
b) measurement of surface resistances of various insulating elements
c) observation and measurement of radioelectrlc disturbances brought by aircraft charging to the VHF subsystems (VHF

communications, VOR and ILS).

The methods for alleviating the noise induced by aircraft charging are being applied to a Falcon 10 laboratory
aircraft evaluation of the residual noise will follow, with a view to assessing the possibility of fitting the “export” aircraft with
an automatic direction finder. It is now well known that the automatic direction finder ii the piece of navigation equipment
moss sensitive to radioelectric disturbances let the same time, It Ii the cheapest and the most useful for flights over developing
countries which are not equipped with more sophisticated navigation aids).

During this operation, the aircraft was in flight configuratIon, with engines off. The wheels were supported by insulating
slabs, as was the generator supplying the 27 V d.c. voltage needed for operating the aircraft equipment. A 8 M~ bleeder
resistor was inserted between aircraft structure and ground.

The equipment used for the experiment, was the following
a) the surface resistance meter, operating In both “bonding” and “surface resistance” modes
b) the charge injector
C) a fieldmeser, giving the r.m.a. value of the radloelectrlc noise In selected bandwiths
d) a spectrum analyser.

Figure 6 is a general diagram of this experiment. The temperature during the tests was approximately 18’C and the
relative humidity ranged between 50% and 65%.

The first operation consisted of searchIng for the tautly bondings ; it was achieved in a few hours for the entire aircraft
The elements with a faulily bonding were easily located and listed.

The second operation was the measurement of surface resistances of various elements. Some representative values are
listed in Table II, ______________________________
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The third operation involved the use of the charge injector for studying the induced disturbances on navigation/
communication subsystems. In a first step, the disturbances were qualitatively detected by auditory observation in a second
step, the degree of interference was measured by the fieldmeter in a third step, some characteristic spectra were observed
with the spectrum analyzer. During these measurements, the charge injector was operating at a distance of 150 mm from the
impacted surfaces ;  the charging current was of the order of 50 ~A.

A number of observations were collected. The most sensitive zones were found, within a few hours, to be the untreated
cover of the VOR-ILS antenna, the canopies, the dischargers with their decoupling resistor shorted, and, to a lesser extent,

some cri tical zones where corona was initiated. It was observeØ that no disturbance was generated by charges impacting upon
a properly treated antenna cover.

Table Ill gives the induced noise in a VHF antenna for various configurations. The results show that the charging of a

given untreated antenna cover generates noise not only for the corresponding antenna but also for the antennas located at
some distance. This table gives also the noise of a discharger with its decoupling resistor in good condition or shorted, and
the noise generated by impacting the canopy close to the interface with the structure. Figure 7 is an example of noise spec-
trum variations obtained when the impacting current increases from 10 to 50 MA.

One of the roost interesting results concerns the VOR.ILS operating with an untreated antenna cover. Three observations
can be stated in this case

a) for an input current larger than 20 ~zA, I LS signal identification becomes impossible
b) in the same condition, the information brought by the Iocalizer and glide path receivers becomes wrong : for any

initial position of the panel display, corresponding to a given 11.5 signal, increasing interference brings the display in the null
position if the rate of charging of the aircraft is increased, she flag associated with the fault disappears everything seems
to indi cate perfect landi ng conditions

c) when an antenna cover is treated , the above mentioned disturbances disappear charging the treated cover of the
VHF antenna does not induce any noise in the VHF subsystems.

The very dangerous situation reproduced in (b) is by no means specific of the Alpha.jet it is likely to occur for
any I LS system with an untreated antenna cover. This lass example shows that, by using the proposed method of testing
aircraft charging, dangerous anomalies in the behavior of navigation/communication subsystems operating in adverse weather
conditions can be discovered and eliminated when the aircraft is in the laboratory, in the factory or on the field.

VIII. CONCLUSION

This paper has presented a procedure for tasting the vulnerability of a protected or unprotected aircraft to static char-
ging, and for assessing the validity of the methods used for this protection.

It is hoped that carefu1 application of this test procedure shall, In ~ha near future, increase the reliability of navigasion/
communication subsystems during operational use.
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Characteristios
Generating pressure ‘i’ ~ ber
Flow rate ‘., 20 Nm~/h
Power supply voltage < t  10 kV
Nozzle diameter 2.3 mm

Table I — Active discharger.

Two polarities I

Table II — Surface resistances of various elements.

Treated VHF antenna cover on fin top 10’ ~~ 
R0 ~ 10’ fl

Protective paint : A0 ~ 2.10’ fZ
‘ wing panel and upper fuselags (green peint) R, ~~. 10” (~
‘ lower fuselage (grey paint ) R0 ~~2 è 5.lObD fl

Table lii — Charging current and noise level In a VHF antenna for various configurations.

Experimental configuration Charging current Noise level

1. Charge applied to the untreated 0 MA 2,5 MV
cover of the antenna 10 22

20 10
30 141
40 158

2. Charge applIed to the treated
cover of the antenna. GraphIte paint from 0 to 80 MA 0,5 pV
visible (no protective paint)

3. Charge applied to the untreated 0 MA 2.2 isV
cover of the VOR antenna. ~~ 10 12,5
sensing VHF antenna has a treated 20 63
cover 30 200

40 355

4. Charge applied to a discharger d oe.
to the cover of the VHF antenna

-discharger In good condition 50 MA 2 a 4 MV
- discharger with its resistor shorter 50 ~ 1000 ~V

5. Canopy charging 5O pA 320 isV
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FIg~ I — Sensing heed of the surface resistance meter.
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F!~t 2 — Di.~ram of the charge injector.
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Fig~ 4 - Simulating stark charging with an aircraft on the ground.
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Fig. 5 - Surface streamer produced by charging the fussiage.
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FIg~ 6 — Block diagram of the experim ental set-up used for aircraft testing. J
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CLOSiNG REMARKS

by J.B. B.langer (CA)

Move over Jupiter~ That could be a fitting motto for these valiant
researchers in lightning and static who have laboured for many years in numerous
places to observe lightning, to detail its processes, to generate it under

— control to aim it at a target , to study and discuss its effects, and to provide
advice for protection against it, notably to designers , maintainers , and
operators of aerospace vehicles.

This conference at the Office National d’Etudes at de Recherche s
Aêrospatiales on Certification of Aircraft for Lightning and Atmospheric
Electricity, following in the tradition of previous conference s on Lightning
and Static , at the Culham Laboratory in 1975 and before that in the United
States, has provided an excellent forum where experts in this field could
share their views, a~d present data that could serve as a basis for the evaluationof sound standards concerning structures and testing , that can add to the
security of air travel and of other aerospace operations.

As a long—time participant for Canada in the MAS/AEWP (Air Electrical
Working Party) a NATO body which is engaged in developing international Stand-
ardization Agreements, I want to thank those who have prepared pap ers for
presentation at this conference , which dealt with the various manifestations of
lightning and its effects , direct and indirect, as it may affect the Aerospace
industry , knowing that your present efforts continually advance the state of
the art.

On behalf also of all national delegates to the kEMP , which is soon to
hold its 14th Meeting at l’Etat — Major de L’Arntde do l’Air , I do express our
appreciation to our hosts at O.N .E.R.A. and to the chief conference organizers,
Mr. Gary DuBro and Mr. Charles Seth of the USAF Aeronautical Systeess Division,
and in particular to Dr. Joseph Taillet , Scientific Director of Physics at
ONERA for his spirited role in holding these proceedings at this Aerospace
Research Facility of the French Government.
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