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CHAIRMAN'S MESSAGE

Welcome to the 1986 International Aerospace and Ground Conference on Lightning and
Static Electricity.

The theme of this year's conference symbolizes the City of Dayton, "The Wright Place to
Be". How fitting a location for this conference; the birthplace of the pioneers of aviation,
Wilbur and Orville Wright. From the beginning of manned flight to our leap for the stars
today, Dayton and the U.S. Air Force at Wright-Patterson Air Force Base have played an
important part in this progress. Many papers that will be presented during this conference
reflect this progress; not only in further understanding the phenomena of lightning and
static electricity, but also in protecting existing and future systems from the effects of
the atmospheric electricity threat.

The technical program consists of fifty-two papers to be presented during parallel
sessions. This year's papers offer the most recent information obtained on lightning

systems. In addition, the means for developing these protection schemes through analysis
and test are addressed. A good percentage of the papers are on work that is going on
outside the United States to truly make this an international forum.

!

' characteristics, essential for determining protection methods for both ground and airborne
I feel confident that all attendees will leave this conference with an increased knowledge
of lightning and static electricity and, hopefully, with information useful for them to
practically apply it to their professional endeavors. 1 would like to express my
appreciation to many talented people who have worked so hard to make this a successful

g conference. This includes the conference speakers, session chairpersons and organizers,
advisors, and last but certainly not least, the Conference Steering Committee and all

their staff.

Lawrence C. Walko
Conference Chairman
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A REVIEW OF AEROSPACE AND GROUND LIGHTNING THREAT
CHARACTERISTICS AND APPLICATIONS

Pedro L. Rustan Jr.
Air Force Wright Aeronsutical Laboratory (AFWAL/FIESL)
Wright-Patterson AFB, OH 45433

ABSTRACT

During the last ten yeers a vast amount of information hes been
obteined ebout the lightning and static electricity threet to
aerospece vehicles. Experimental reseerch aircrefi flying inside
thunderstorms have obteined counsistcnt stetistics on the currents,
stetic fields, end electromagnetic fields during lightning
ettechment. The enelysis of these experimente: results hes affected
the design of lightning simuletors, lightning locetors, aircreft
lightning protections, and the development of standerds.
Additlonally, the anelysis of ground meesurements of the
cherecteristics of the lightning discharge has affected the design
nf ground system protections and lightning locetors. Finally, new
work hes been performed to compare lightning meesures ents with
simulated nucleer electromagnetic pulse (NEMF), <+his peper
summarizes briefly some of the work in these erees and provides
suggestions for additional reseerch.

1-1
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I. INTRODUCTION

THE COAL OF THIS conference is to ahare new
information in the following three areas:
1) the effect of lightning and static
electricity on aerospace vehicles, (2) the
effect of lightning on ground systems, and
(3) the relationship between lightning and
other events that can cause interference in
aerospace and ground systems. Nearly all
the research articles presented here and in
the last ten conferences belong to one of
these categories. The goal of this
introductory paper is to subdivide the
research being performed in the above three
areas, to outline some of the key
accomplishments and to make suggestions for
future research.

11. AEROSPACE VEHICLES

Fig. 1 shows the key research areas
required to define the aerospace ligthning
and atatic electricity threat
characteristics and the use of these
characteristics in the study of lightning
simulators and test techniques, aircraft
effects, lightning locators, aircraft
protection, and the development of military
and commercial standards. The
characteristica of the lightning threat to
the aircraft have a vital influence on the

other research areas. However, external
factors such as the incorporation of
composite materials and faster digital

electronics in new generation aircraft
influence the aircraft effects, protection,
and testing techniques. Next, the research
on each of these areas wil) be summarized
and some suggestionz for future research
will be considered.

AEROSPACE LICHTNING AND STATIC ELECTRICITY
THREAT CHARACTERISTICS. In the last
ten years at least five aircraft have been
instrumented and flown inside or near a
thunderstorm to measure various
electromagnetic characteristics of the
lightning discharge [1-5]. This work has
been necessary to identify the expected
lightning threat to a flying aircraft.

From these programs the NASA F-106 aircraft
collected the largest amount of information,
being struck by lightning about 680 times in

the 1979-1985 time period. The data
collected in the F-106 included the
currents, fields, induced voltages, radar

characteristics, and photography during
lightning discharges to the aircraft, Most
of these data were collected at altitudes
betwecn 20,000 and 40,000 ft where very
little amount of data was available prior to
this program.

In addition to the NASA F-106 aircraft,
the Alr Force Wright-Aeronautical Laboratory
in conjunction with the FAA, the Navy, NASA,
and ONERA instrumented and flew an FAA CV-
580 aircraft at altitutes between 1500 and
18,000 ft inside thunderstorms to obtain
direct strike lightning data during 1984 and
1985. The primary interest was in obtaining
data to quantify the lightning threat to the
aircraft at low altitudes. The maximum
measured parameters were: peak current, iﬁ
kA; rate-of-rise of the current 3.8 x 10
Als, surface current density, 3930
Tesl:léfec, displacement current demsity, 33
Amps/m“; charge transfer, 103 coulombs; and
pulse repati.ion rate, 104 pulses/sec. Also
the static field was measured continuously
during the flight by using nine field mill
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sensors mounted thfoughout the aircraft.
Pictures of the discharge were obtained by

using four Silicon Intensified Cameras
mounted inside the aircraft and pointed
toward the wingtips and the top and the

bottom of the fuselage. Fifty direct
lightning strikes were collected in this
program and the results were fairly
.comparable to those obtained in the F-106
aircraft.

Results from the French C-160 aircraft
also appear to be comparable to those in
the the F-106 and the CV-580 aircraft. The
C-160 aircraft was struck by lightning 12
times during the summer of 1984 in South
France, The electric and magnetic field
transients recorded during the discharge

were comparabie to the respective
measurements in the CV-580 aircraft.
However, the C-i60 showed a consistent

pulse repetition rate of about 10
pulses/sec which was near the peak vaiue
observed in the CV-580 aircraft. Simiiar
high pulse repetition rates during aircraft
lightning attachments have been measured in
the WC-130 [4]), and in the Learjet aircraft
(5}.

Now atter concluding these five major
experimentai research programs, there is a
need to summarize the resuits and to
interpret the data usiny wathematical and
physical models of the process. The
vaiidity of this anaiysis wili depend on
how weli we prove that our assumptions are
correct. Since many simuitanecus
measurements were performed during these
resesrch programs, the number of
assumptions can be reduced. For exampie,
1) the ground and aircraft lightning
location systems used during these
experimentai research programs provide
additional information on the location and
intensity of the discharge; 2) the
simuitaneous measurements of the electric
and magnetic fields on the ground at the
time of the aircraft iightning discharge
for a few of thes: events provides a key
relationship to interpret the differences
between lightning measured airborne and on
the ground; 3} ground and aircraft radar

echoes at the time of the discharge can
provide significant information on the
precipitstion regions surrounding the

aircraft; %) simuitaneous measurements of
the static electric fields on severai
sircraft ifocations can be interpreted to
determine the aircraft charge and the
verticai and horizontal static fieids; and
5) simuitancous measurements of the induced
voitsges for various aircraft wiring
configurations can be analyzed to estimate
coupiing mechanisms and aircraft transfer
functions. The analyses of these resuits
shouid drive the research in aii the other
arcas shown in Fig. 1{. It shouid be
possibie, using aii the availabie data, to
develop some theories about the physics of
the aircraft iightning discharge which are

consistent with the actuai data. Some of
the researchers in these programs have
taken part of the data to provide an

expianation of certain aspects of the
physicsi discharge such as the initiation
of the discharge [6}, iength and size of
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discharge (7], analogy between the
aircraft discharge and long air-gap
breakdowns [8), correlation of radar
signatures with lightning electromagnetic
fields during aircraft strikes [9],
analysis of the natural aircraft resonant
frequencies excited by lightning discharges
[10), LRC computer code analysis and
noniinear parameter study of the Cv-380 and
F-106 data [1li), and the analysis of the
energy requirements of an aircraft
triggered discharge [12]. Additionai work
on these types of analyses based on the
available data 1is highly encouraged to
increase our understanding not only of the
threat levei but also of the physicai
aspects of the lightning strike to the
aircraft which can be used for lightning
protection.

Whiie some aircraft lightning research
experiments were designed to measure the

currents and the fields associated with a
iightning discharge [1-4], the instrumented

the

Aerocommander aircraft operated by the
Desert Research Institute (DRI) was
utilized to measure the eiectric field,
aircraft charge, 1ice particle type and
concentration, particle precipitation
charge and meteorological parameters [13].
So far, the DRI research suggests that
charging i1s a result of aircraft-ice
impacts rather than a stripping of the
charge aiready carried by the ice

particles [i3].
Combining the results of the DRI
aircraft and the field mill data coliected

in the F-106 and CV-580 with the
eiectrostatic laborstory experiments
conducted by SRI International ([14] should

clearly identify the aircraft charging and
discharging processes. Before deciding to
acquire additional airbozrne research data
to determine the lightning and
electrostatic threat charscteristics, the
available data must be throughly analyzed
and the goals of any new research program
clearly defined.

LIGHTNING SIMULATORS AND TESTING
TECHNIQUES. Many lightning simulator
configurations have been deveioped in the
fast ten years to assess the vulnerabiiity
of aerospace vehicies to direct lightning
attachment. Basicaily, three test
techniques were available ten years ago to
perform lightning tests. First, the fuil
scaje indirect effect test was developed by
using a Marx bank through a long arc into
the aircraft, Second, the iightning
transient anajysis (LTA) technique wns
introduced by wusing a smali impulse
generator to inject low currents to the
vehicjes and then wusing iinear
extrapolation for higher currents. Third,
the CW test technique wss designed to sweep
a realativeiy iow levei source over a wide
frequency range and using s network
analyzer to determine the aircraft transfer
function. This iatter technique has been
primarily used by the Boeing Company.

The first two techniques were iater
modified to inciude various configurations.
The fuil scaie induced effect testing was
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expanded when McDonneil Aircraft Co.
developed a shock excitation test by
electrically isolating the test vehicle and
producing a Megavolt discharge to the
vehicle which then arcs over a ground plane.
Similarly, the LTA technique was expanded
for higher currents and rates-of-rise using
ground return configurations to produce E
and H field distributions comparable to the
aircraft during flight [15),[16].

In 1979 testing confirmed and
demonstrated the feasibility of using a
gas-diefectric, triggered-spark gap as a 1
MV crowbar switch for llghtning simulators
{17). The use of the crowbarred Marx surge
generators was a significant scep to
achieve {ightning simulators with current
waveforms comparabie to those measured in
the F-106 antd CV-580 ailrcraft.
Additionally, the UV laser triggering of
crowbars used in the Sandia Lightning
Simuiator can produce four current pulses
in a short interval by using four crowbars
[18f]. Peaking capacitors similar to
those used for NEMP simulators were being
used for lightning simulators to obtain a
peak current of about 40 kA and a risetime
near 100 ns [19],[20]).

This brief summary illustrates some of
the changes that were incorporated in the
design of lightning simulators to account
for the lncreased knowledge in the
lightning threat characteristics. One area
where research might be required is trying
to reproduce the high pulse repetition rate
measured in aircraft lightning strikes.
However, the design of such a simulator 1is
extremeiy complex and impractical. We
recommend that theoretical analysis be
performed to determine the effect of the
puise repetitlon rate, both, internal and
externsl to the aircraft, but no additional
simulators be designed to account for this
effect.

AIRCRAFT EFFECTS. The afrcraft etfects
during i{ightning attachments acre usuaily
classified as directs and indirects, We
wili briefly discuss both of these effects.
Direct effects cause external physicali
damage to the aircraft and are primarily
produced by the charge and energy transfer
during the strike. The electricai sparkings
that can be produced inside a fuei tank
during a {iightning strike are aiso
considered direct effects. in metailic
structures the typical direct effect dsmagea
are meiting and burathrough, pitting at
structurail interfaces, resistive heating,
magnetic force effacts, and arcing across
bonds, hinges and joints [21]. 1n
nonmetaiiic structures the direct effects
csa puncture or produce iarge holes on
fiberglass or kevlar structures and
defamination or burning of graphite
composite structures. in the fuei tanks,
iightning can cause fuei-vapor ignition
produced by electrical or thermsi{ ignition
sources [2!]. The fuel tank idignition
problems i3 a major area of concern in
aircraft lightning protection due to the
possibiiity of a fuel tank expiosion.
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To determine the indirect effects, one
must calculate the relationship between the
lightning entry current and the external
surface currents and charge densities
throughout the aircraft surface and the
induced transients on aircraft avionic
systems. To determine the level of
electromagnetic interference inside the
aircraft, a iightning interaction model must
be used to define the surface current and
charge d. .sities across the entire aircraft
surface. The stick model and the three
dimensionai finite difference models such as
THREDE and T3DFD are some of the most common
models to determine the skin current
distribution throughout the alrcraft. To
determine the internal-interaction problems,
the effect of apertures, seams and joints;
slots and cracks; diffusion, radomes,
antennas, and wing wiring must be considered
[22]. Once the eslectromagnetic energy
peaetrates to the afircraft interlor it might
excite internal cables and produce
transients. These transients may upset or
damage essentiai aircraft avionic systems.

The Atmospheric Electricity Hazard
Protection (AEHP) program performed by the
Boeing Company under the direction of the
Alr Force Wright-Aeronautical Laboratory has
investigated the lightning produced direct
and indirect effects in a modern aircraft
[23). The {iightning simulated measurements
performed in the AEHP program coupled with
the airborne induced voltage measurements
performed in the NASA F-106 and in the FAA
CV-580 aircraft should provide meaningful
results to prove the validity of some of the
theoreticai{ analysis on direct and indirect
effects. Future research Iln this area
should include taking the data collected in
the CV-580 and F-106 aircraft snd applylng
it to the existent models and anaiysis
technlques. In both of these airborne
programs, the currents and electromagnetic
fields were measured simultaneously on
various locations on the afrcraft surface
snd some internal wirings. Additionalliy,
for some of these strikes the entry and exit
points have been determined, thereby
reducing the uncertainty of the application
of any electromagnetic models.

LIGHTNING LOCATORS. At this time the
Stormscope appears to be the only
commercially availzble lightning locator
system than can be instailed in an aircrsft
to locate a llghtning discharge [24]). The
Stormscope uses a single crossed loop to
determine the bearing of the iightning
discharge. The distance to the dischsrge is
estimated by the relative magnitude of the
fieids. The Stormscope dispiays in real-
time the relative iocation of the discharge
in a CKRT display.

Other systems couid be developed to be
mounted in an afrcraft for reai-time
focation of a iightning discharge. These
systems ccuid use crossed magnetic ioops,
time-of -arrivai techniques, opticai sensors,
or newiy developed techniques.
Additionsiiy, an interferometer system couid
be easiiy developed to be inceorporated in sn
aircrafe.
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The incorporation of a Stormscope or any
other aircraft lightning locators must be
related to the airborne weather radar. It
eppears that an overlay of the weather radar
and the Stormscope displays would give the
operator the choice of having either or both
displays. Present cockpit configurations
are so crowded that any possibility of
adding a lightning locator in a civilian or
m'litary aircraft is not likely unless is
superimposed with an existent display.
Research in this area should be directed to
develop new lightning locators for aircraft
applications, to improve the accuracy of the
Stormscope system, and to incorporate the
lightning locators with other available
weather displays in the aircraft.

AIRCRAFT PROTECTION. Once the direct and
indirect effects produced by lightning in
the aircraft have been determined using an
acceptable threat level, aircraft protection
may be required. Protection might include
increasing the aircraft thickness around the
fuel tanks, correcting electromagnetic
cracks or joints on the aircreft surface,
changing the shielding of some wiring and
connectors, placing a grounded aluminum
floor in the cockpit area or many other
techniques. Two questions should be
considered: 1) What is an acceptable threat
level? and 2) Should the same protection
level be applied to all aircraft?

The lightning threat charecteristlcs
collected In the NASA F-106 and the CV-580
aircraft suggest e peak lightnlng current
much lower than the 200 kA standard peak
current level. However, the rate-of-rise of
the current and other standard perameters
appear to be consistent with the lightning
threet data. Therefore, based on the recent
alrborne data, a peek current level of 50 ki
can be recummended.

The secouwl ques*ion may also be
subjected to great debate. The present
llghtning protection requirements for
fighter aircreft ere epplied without

considerations of missions, probabillty of
sirike occurrence, or penalties associated
with protective designs [25]. The cost
end additionel weight associeted wlth the
perfect protection of e fighter aircraft to
the worst possible lightning strlke appears
to be unreesonable. Any lightning
prctectlon technique which has an edverse
lmpect on the performance of a fighter
aircreft must be studied carefully end
trede-off curves established. However, e
clviilan or milltary cargo aircraft alght be
deslgned for continuous operetion for 99.9%
of ell iightning strlkes.

Much work hes to be done before large
composlte eircreft can be considerecd to have
no fundamentel lightning protectlon
deficlencles. Some of the reseerch areas
Lelng considered ere the electrical bonding

and groundlng of composits materials, the
design of llghtnlng-sefe composlte fuel
tanks, testing of kevlar and composite

fibers tu a lightning threat level pulse,
and software routines requlred after system
upset du-inp a lightning strike.
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STANDARDS. It appears that the best
available document for eerospace
lightning protection entitled "Lightning

Test Waveforms and Techriques for Aerospace
Vehicles and Hardware,’ was publishad by tne
SAE Committee AE4L in Jume 1978 [26]. This
report includes all the tests vsed by the
government and industry duri:ig the 1970s.
MIL-STD-1757 published in 1980 c ntained the
noncontroversial tests in the SAE AE4L
report. This standard was updated in March
1983, MIL-STD-1757aA, to provide guidance
in the application of the standard and to
establish the various test techniques,

Two other general standards used by
government and industry are MIL-STD-461 and
MIL-STD-462 which desuribe electromegnetic
interference characteristics, me2surements,
and equipment requirements, However, MIL-B-
5087 has remained to be the principal
document to perform electrical bonding and
protection to aircraft and aerospace
systems. These military standards and
specification documents must be carefully
reviewed after analyzing the CV-580 and F-
106 lightning data. It does not appear that
any changes are required to MIL-STD-1757A.
However, the lightniig threat waveform of
200 kA in MIL-B-5087B might have to be
changed to reflect an upper limit based on
the actual lightning measurements. This
upper llmit might not exceed 50 kA.

III. GROUND SYSTEMS

Prior to the birth of aviation and
lightning protection of aerospace vehicles,
critical ground systems had failed after
been struck by lightning. Lightning
protection had been used primarily to
protect electronic, radio, communicetion,
and power systems. As the complexity of
ground systems increased over the years, new
anelytical and modelling techniques were
being developed for lightning protection.
However, one cannot protect against
lightning wlthout knowing the
charecteristlcs of the discharge.
Therefore, during the lest sixty years
investigators have performed lightining
meesurements to identify the most crltical
parameters in a lightning discharge. Figure
2 shows the practical research areas to
define and epply ground lightning protectlon
related to this conference. These areas
will be briefly discussed.

GROUND LIGHTNING THREAT CHARACTERLSTICS.
The most important perameters to
characterize a cloud-to-ground flash ere the
currents and the fields produced by the
discharge. Umen [27] summarlzed the
publlshed work in llghtning characterlzation
in the article "Revlew of Natural
Llghtnlng,” published in a special lightning
issue of the IEEE EMC Trans. in May 1982.
Additionel research i. definitely needed in
the modelling of return strokes to estimete
the current in the return stroke channel.
Since the current waveform is probably the
key paremeter ln ground lightning
protection, any llghtning research work to
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measure the return stroke current or to
estimate the current based on
electromagnetic field measurements will have
many practical applications.

LIGHTNING LOCATORS. The best known
lightning locator systems commercially
available use either crossed magnetic fields
or time-of-arrival (TOA) techniques. It
appears that either technique can be used to
develop a fairly accurate system.

The crossed magnetic field system
detects the induced voltages produced by two
orthogonal loops by using the Faraday’s
principle. The Lightning Location and
Protection (LLP) System is a commercially
available lightning detector system whlch
uses several distant stations with crossed
magnetic field systems [28]. The system is
used to determine cloud-to-zround flashes
and is used extensively throughout parts of
the U.S., Canada, and other foreign
countries. A single station Stormscope
system has also been developed for ground
use by using crossed magnetic loops.

By using the difference of the TOA of
the electromagnetic flelds produced by a
lightning discharge in differeant locations,
one can calculate the actual location of the
dlscharge, The Lightning Position and
Tracklng System (LPATS) is a commercially
availabie iightning iocator system that uses
the TOA principie [29]). Similar to the LLP
system, the LPATS system ls also widely
used. Other experimental systems designed
using the basic TOA princlple include the
Lightniang Detection and Ranging System
(LDAR), and the interferomecter system.

In addition to the two previously
described techniques, much work has heen
done to determlne the source of llghtniag
discharge using optical and acoustical
detectors. However, the crossed loop
direction finders and the TOA techniques
appear to be the most promlsing. Additionai
research work should continue in the area of
lightning detectors to improve their
accuracy and reduce their cost. It is
highly iikeiy that some type of lightaning

locator systems will be incorporated in
every major airport to assist traffic
controllers in locating the most active part
of thunderstorms.

GROUND SYSTEM PROTECTION. Most ground
systems are protected against natural
lightning by 1lightning rods. In
transmission lines the lightning rod is the
overhead earth wire. Transmission lines are
designed so that lightning is not likely to
hit the phase conductor., Towers are usually
designed to provide an excellent conductive
path deep into the earth surface.
Communication systems which are vulnerable
to the electromagnetic interference produced
by the eiectromagnetic fields in a lightning
discharge should be shielded by the use of
metallic enclosures and lightning protection
devices to divert the lightning current.
Additional information prosided by
researchers studying the parameters of a
lightning discharge can be used by ground
protection emgineers to vetermine the
expccted threat level to their systems or
equipment,

IV. LIGHTNING/NEMP/EMI

Th. NASA F-106 and the CV-580 aircraft
were recently exposed to NEMP simulators and
to small scale model testing to determine
the relationship between actual lightning
strike data and simulated and scale model
NEMP data in the same aircraft. Preliminary
CV-580 comparisons indicate that the magni-
tude of the NEMP spectrum exceeds that of
lightning at frequencies above &4 Mhz. Even
though this specific work was not performed
for frequencies below 1| MHz, the lightning
spectrum is clearly much larger than NEMP
below few Megaherts [30]. The CV-580 work
is now being published [31], [32]. At the
VHF and UHF frequencies where most of the
EMI interference sSources exist, these EMI
radlation sources will be much larger than
the NEMP or lightning spectrum at those
frequencies.

The combined NEMP and lightning work
performed in the NASA F-106 and the CV-580
aircraft suggests the development of a
common lightning/NEMP specification to be
used for bomber aircraft which must be
protected against both phenomena. At this
time, the Air Force Weapons Laboratory ls
analyzing these data with the purpose of
deciding how to approach the development of
a common speciflcation,

V . CONCLUSIONS AND RECOMMENDATIONS

We have briefly revlewed some of the
most important research in the aerospace and
ground lightning protection areas and the
llghtning threat specifications. We have
limited our discusslons to the typical scope
of the conference. The aerospace
llghtnlng threat has been treated in more
detail because of the recent conmpletion of
two fairly exteusive research programs in
the NASA F-i06 and in the FAA CVv-580
aircrafe. The influence of the data
collected in these programs on other areas
of research will depend primariiy on how
thorcughiy that data is analyzed. Some of
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the research beino pecrformed with the data
collected in these programs represent the
beginning of our effort to interpret the
results. We encourage researchers to
analyze the aircraft lightning data to
assiat in the understanding of the physics
of the discharge, the waveforms measured
during the program, and most importantly,
the interpretation of the overall results.

The state-of-the-art in lightning
simulators and aircraft lightning protection
techniques were briefly summarized. The use
of crowbarred switching, peaking capacitors
and UV lase?s to achieve moderate peak
currents with high rates-of-rise have
permitted the simulation of recent aircraft
lightning data. Electromagnetic models must
be applied to the lightning simulation data
to increase our understanding of the
aircraft lightning interaction.

Since only very limited funding is
available in this research area, researchers
must know their objectives clearly and
closely coordlnate their results. We must
be alert of the possible appllcations of
our results and be ready to inform the
appropriate governments and civllian offices.
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PRFDICTING TEMPFRATURE RISES IN CONDUCTORS CARRYING
LIGHTNING IMPULSE CURRENTS

R. E. Baldwin, G. W. Reid, and C. C. R, Jones
Culham 1ightning Studies Unit, UKAEA, United Kingdom

ABSTRACT

Conductors of small cross-section can be heated to quite high temperatures by light-
ning type impulse currents and this can cause significant problems on certain aircraft
components by softening glue bonds or by different thermal expsmnsion coefficients produc-
itg high stresses. If temperatures get high enough, some of the mechanf:al properties of
the material can be affected. In some cases the possibility of s conductor fusing must be
considered. Simple temperature calculations can give guidance on cross-sections that
would be acceptable, but lower weight and drag requirements mean that better prediction is

needed. This is especially so when fusing of a conductor is possible, and herc the simple
calculation techniques become even less accurate,

In this paper, a technique is presented for predicting temperature rises allowing for
temperature dependent parameters and also inductive current distribution, diffusion and
redistribution into the conductor material concerned. Results are included demonstrating
the accuracy of the method for both aluminium and carbon fibre composite materials.
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CW TISTING OF COMPOSITE AND HYRRTD STRUCTURES -
PRACTICAL DIFFICULTIES AND TNTFRPRETATION OF RESULTS

C. C. R, Jones, VKAFA, Culham Lshoratory
I, P, Macdiarmid, British Aerospsce (Warton)
D. Kershaw, British Aeroapace (Warton)

B. Olsson, SAAR-SCANIA

ABSTRACT

CW testing of compoaite and hyhrid structures appears to be done more frequently than
in the rast and ia being proposed in more development programmes, Aluminium structures
are quite amenable to such tests and, with an important proviso, csn yield useful results.
However, composite and hybrid construct-.ons present a new set of problems. There are
practical problema of driving aufficient power into such structures for diagnostic messure-
ments to provide aignala we!l above nolae levels, There is also the difficulty of taking
measuremer- < of curre:ts in realative materials and underatanding what they mean,
However, i. is probable that the most significant problem is !nterpreting the results in
terms of the structure carrying real lightning currenta. This problem arises because very
few non-linearities will be evident at the low current levels typical of the CW teats,
L.ightning current, oa the other hsnd, can produce voltages both directly and indirectly
that will bricg such non-linesrities into play.

This paper identifies the difficulties and problems associated witi, CW testing and
proposes winimum requiremeuts for adequately carrying out such tests. The interpretation
of results and scaling to full threat lightning parameters is also considered. The
usefulneas of theae tests is discussed and guidance on the limitstiornr given,
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SUMMARY OF NASA STCRM HAZARDS LIGHTNING RESEARCH, 1980-1985

Bruce N, Fisher and Philip W. Brown
NASA Langley Research Center
Hampton, Virginia 23665
USA

J. Anderson Plumer
Lightning Technologies, Inc.
Pittsfield, Massachusetts 01201
USA

ABSTRACT

Lightning swept-flash attachment patterns and the associated flight conditions were recorded from
1980-1935 during 1378 thunderstorm penetrations and 690 direct strikes with a NASA F-106B research air-
plane. The individual lightning attachment spots, along with crew comments and onhoard photographic data
have heen used to identify lightning swept-flash attachment patterns and the orientations of the
lightning channels with respect to the airplane. The altitudes, ambient temperatures, and the relative
turhulence and precipitation levels at which the strikes occurred also are summarized and discussed, with
an emphasis on the differences hetween high and low altitude strikes.
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INTRODUCTION

THE NASA LANGLEY RES:ARCH CENTER Storu
Hazards Program (1-9)* was conducted to imorove
the state of the art of severe storm hazards
detection and avoidance, as well as protec:ion of
aircraft against those hzzards which canno:
reasonably he avoided, The primary emphasis of
the program was placed or lightning hazard
research, although research into such area; as
wind shear and turbulence (10) was also
conducted, From 1980 to 1985, 1378 thunde-storm
penetrations were made with an instrumented and
1ightning-hardened NASA F-106R airplane in
Oklahona and Virginia in conjunction with yround-
based weather radar measurements by NOAA National
Severe Storms Lahoratory (NSSL) and the NASA
Wallops Flight Facility, respectively. During
these penetrations, 690 direct lightning strikes
were experienced; in addition, lightning transient
data were recorded from 188 nearhy lightning
flashes, Starting in 1992, the UHF-hand ridar at
NASA Mallops was used to guide the airplane
through the upper electrically-active regicuns of
thunderstorms (11). In 1984 and 1985, the UHF-
hand radar also was used to provide guidance to
electrically-active regions in thunderstorns at
altitudes helow 6 km (2¢ 000 ft) (12 and 13).

The three principal purposes of the Storm
Hazards Program were to gather detailed me:sure-
ments of the electromagnetic characteristics of
airplane lightning strikes (14-17) (rot discussed
in this paper), to quantify those conditions which
are conducive to lightning strikes to aircraft,
and to clarify some of the more questicnahie
aspects of estahlishing lightning strike zones on
aircraft. Since some new aircraft designs are
incorporating large areas of skin and structure of
composite materials, improved knowledge of the
susceptihility of various parts of the aircraft
surface to lightning strikes is essential. The
present definitions of probable lightning strike
zones (18 and 19) are based on prior experience
and tests in which scale models are suhjected to
simulated lightning strikes, Data from this
program verified the need for further
clarification of probable lightning strike
zones, To facilitate the determination of the
lightning swept-flash patterns on the F-106R
airplane, an extensive onhoard photographic system
was used (5, 8 and 20), The purposes of this
paper are to update the lightning strike condition
data presented to this forum in 1985 (9) hy
summarizing the data from 1980-1985, to discuss
the lightning attachment zones on this airplane
hased on the Stom Hazards data, and to provide an
example of the capahilities of the onhoard
photographic systems,

TEST ENUIPMENT AND TEST PROCEDURES

TEST EQUIPMENT -

F-1068 research airplane - A thoroughly
instrumented and lightning-hardened F-106B “Delta
Dart" airplane (Fig. 1) is used to make thunder-
storm penetrations (2 and 3). Based on the light-
ning experiences of this program, the lightning
hardening procedures (2) now include remaving
paint from most exterior surfaces of the airplane
to reduce swept-stroke lightning dwell time, hence
minimizing the chance of a lightning melt-through

*Numbers in parentheses designate References at
end of paper,

anywhere on the airplane. Prior to each thunder-
storm season, the lightning hardening integrity is
verified during ground tests in which simulated
lightning currents and voltages of greater than
average intensity are conducted through the air-
plane with the airplane manned and all systems
operating (2).

Airborne cameras and optics- The lightning
attachments to the airplane have been filmed by
comhinations of eight onboard cameras (S, 7, 8, 9,
and 20). The locations of the airhorne camera
systems are shown in Fig. 2(a). In 1985 only six
cameras were used (20); the fields of view of
these cameras are shown in Fig. 2(b), and their
characteristis are summarized in Tahle 1. These
cameras were:

0 one 16-mm movie camera mounted under a
fairing on the ieft side of the fuselage,
1ooking aft with a field of view including
the left wing tip and vertical tail

o one black and white video camera installed
in the cockpit hetween the pilot's
ejection seat and the flight test
engineer's forward instrument panel,
facing aft with a field of view
encompassing both wing tips

0 one hlack and white video camera installed
in the air conditioner access compartment
aft of the cockpit, facing upward with a
60° field of view, coincident with that of
the University of Washington lightning X-
ray sensor (Fig. 1(h) and (21)).

0 three 70-mm still cameras installed on the
same platform as the cockpit video camera,
with two cameras facing forward to provide
a steren pair, and one camera facing aft
with the same field of view as the
cockpit-mounted video camera,

The two hlack and white video cameras, which

used a Cha,ne Induction Device (CID) sensor (8)
were operated continuously throughout the flight,
recording 30 frames/sec. Each frame was composed
of alternating, interleaved rastor lines from the
last 1/60 sec of the previous frame and the first
1/60 sec of the current frame. The two cameras
were synchronized, and the time from the battery-
operated time-code generator in the Aircraft
Instrumentation System was recorded in each frame
on each video cassette recorder via a character
generator,

The 16-rm movie camera and the three 70-mm
still cameras triggered automatically via inputs
from two light-rensitive diodes mounted hehind the
pilot's rear view mirror (see Fig., 2(a) and (8)).
The movie camera ran at a nominal frame rate of
200 frames/sec for 1 sec for each actuation., At
this nominal frame rate, there were approximately
120 exposed frames per actuation, primarily due to
the lag associated with camera motor start and
motor acceleration/decelerction characteristics.
The 70-mm still cameras cou'd be programmed as to
number of exponsures per frame, time duration of
each exposure, time duration bhetween each
exposure, and time interval for automatically
advancing the film after an unexposed frame had
heen fogged by light leakage through the closed
shutter, Film capacity was 15 ft, allowing about
70 exposures without reloading, a procedure which
could only he performed on the ground, The
operation and design of the systeu of the three
70-mm still cameras is discussed i) detail in
(20).




Nther airborne data systems - The direct-
strike Tightning instrumentation system (DLite)
(14-16) recorded electromagnetic waveforms from
direct 1ightning strikes and nearby lighining
flashes in flight by using electromagnetic sensors
(Fig. 1{(a)) and a shielded recording system with 5
nanasecond time resolution located in the weapons
bay. Outputs from several of the DlLite sensors
also were recorded on a Boeing Nata Logger System
(22) which was mounted in the weapons bay through
the 1983 season. The airplane altitude, Mach
number, attitudes, ambient temperature, and other
flight conditions were measured hy the Aircraft
Instrumentation System (AIS) and the lnertial
Navigation System (INS) (6 and 10).

Ground-based systems at NASA Wallops Flight
Facility - For the research flights in Oklahoma in
1980 and 1981, the NSSL Doppler radar at Norman
was used to measure the precipitation reflectivity
data (23) and wind velocity data (10).
Additionally, an incoherent 10-cm-wavelength
surveillance radar (23) was used to provide air
traffic control guidance to the airplane.

instrumentation from the Atmospheric Sciences
Research Facility at NASA Wallops (7 and 24) was
used to provide guidance to the F-106B flight crew
during storm penetrations in Virginia. The facil-
ity included a UHF-band and an S-hand (SPANDAR)
radar, each with the capability of airplane track-
ing via inputs from a third radar which tracked a
C-hand transponder mounted on the airplane, In
1981 and 1982, the SPANDAR was modified by person-
nel from the Air Force Geophysics Laboratory
(AFGL) to provide Doppler radar measurements
showing mean radial wind velocity and spectrum
width (a measure of turbulence) as well as
precipitation reflectivity (25). In 1985, SPANDAR
was modified hy NASA Wallops personnel to again
enahle Doppler radar measurements to be made.

Since 1982, the NASA Wallops MF-band radar
has heen used to obttain the range, azimuth, and
elevation angle of echoes from lightning channels
in real time (11-13). The lightning flash rate
was estimated by use of an echo transient counter
which zounted the number of lightning echoes in a
selectable range interval along the radar beam of
the UHF-hand radar.

NASA langley Flight Service Station - The
primary reiponsibility to Taunch and recall the
arrplane, select the storms and altitudes of
interest, and provide real-time flight support and
qguidaence to the aircrew was assigned to the Storm
Hazards project personnel located ' a dedicated
area of the NASA langley Flignt Service Station,
The NASA Langley personnel worked in concert with
their counterparts at NASA Wallops, with real-time
d1scussions of radar data and flight strategy
taking place over a dedicated telephone line be-
rween the two sites. Personnel at both sites
could communicate with the flight crew via
radio. A map of the Storm Hazards test area used
auring the missions hased at NASA Langley is Shown
in Fig. 3. Generally, the airplane was flown
within 150 n.mi, of NASA Langley to maintain line
of sight comunications with NASA Langley and NASA
Wallops.

The equipment installed at NASA Langley to
support, the mission (8 and 26) included
communications systems, lightning detection
systers, time displays, and an integrated video
disolay which tied much of these data together,
The specifics on the integrated video display are
given in (8 ana 26).

By using the integrated video display System,
it was possible for the NASA Langley personnel to
better utilize the NASA Wallops data in recommend-
ing safe headings to targets of interest. In
fact, the display 2 lowed the NASA Langley staff
to independently support flights when NASA Wallops
support was not available,

TEST PROCEDURES -

Flight Procedures - In the Storm Hazards
program, it has been assumed that storm regions
containing the greatest natural lightning activity
were the most likely regions in which to
experience a direct strike. The lightning echo
location data from the UHF-band radar and the
storm's precipitation reflectivity data from
SPANDAR were used to select the storm of interest
and the desired altitude for each penetration,
with the pilots operating the airplane according
to the flight safety procedures established at the
beginning of the program (6). In 1985, most
penetrations were made at altitudes below 6 km
(20 000 ft).

Data Reduction - Static temperature and
pressure altitude were determined from parameters
measured and recorded by the AIS. The pressure
altitude was determined from static pressure
values which were corrected for position error.
The ambient temperature was determined from the
total temperature measurement., The relative
intensities of turbulence and precipitation at the
times of the lightning events were based on flight
crew observations as extracted from the cockpit
voice transcripts.

The 1ightning events experienced by the
F-1058 airplane are categorized as direct strikes
or s nearby flashes (8). Following each flight
in which thr.re were direct lightning strikes, the
lightning attachment points were located by
careful inspection of the ai=plane surface. Using
tte proceiure given in (6), an attempt was made to
postulate, hased on the various data types, the
‘nitial orientation of the lightning channel with
respect to the airplane, the initial and final
attachment points, swept-flash path(s), and
direction(s) from which the flash exited the
airplane (see (5) for definitions of swept-flash
attachment terms).

The motion picture sequences of lightning
from the 16-mm movie camera and the still
photographs from the three 70-mm still cameras
(Table 1) were time-correlated with the other data
via the AIS using the techniques given in (5, 8
and 20). The time code from the AIS was recorded
with the video data using the technique given in
(20).

NISCUSSION OF RESULTS

FLIGHT CONDITIONS CONDUCIVE TO LIGHTNING
STRIKES - The numher of missions, thunderstorm
penetrations, direct strikes and nearby flashes
for the Storm Hazards '80-'85 Programs are
summarized by year in Table 2. The data show that
the 175 thunderstom research missions resulted in
690 direct lightning strikes and 188 nearby
flashes during 1378 penetrations, The
geographical location of the F-10oB airplane at
the time of each direct strike and nearby flash is
shown in Figs. 3(a) and 3(b), respectively.

Histograms showing the number of
penetrations, duration of each penetration and the
number of strikes and nearby flashes experienced
from 1980-1985 are shown for altitude intervals of
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2000 ft in Fig. 4, and for ambient temperature
intervals of 5°C in Fig., 5. Penetrations were
made at pressure altitudes ranging from 20 000 ft
to 40 000 ft with a mean penetration altitude of
23 400 ft (Fig. 4). Temperature data (mean value
during the penetration) were availahle for 1250
penetrations, with values ranging from 20°C to
-60°C, with an overall mean value of -20°C (Fiq.
5). The distributions of peretration time with
altitude and temperature are very similar to the
corresponding penetration distributions.

A plot of lightning strike incidents as a
function of altitude for commercial aircraft in
routine operations is shown in Fig. 6 (from (27)
with updated information from (28)). BRased on
data such as that shown in Fig., 6, most
penetrations in 1980 and 1981 were made at
altitudes corresponding to ambient temperatures
between t10°C in expectation of receiving a large
number of strikes. However, few strikes were
experienced (see Table 2 and (3 and 4)). Starting
in 1982, the NASA Wallops UHF-band radar was used
to guide the F-106B airplane through the upper
electrically-active regions of thunderstorms (11
and 29), resulting in hundreds of high-altitude
direct lightning strikes (Table 2 and (5, 6, 7 and
11)). In 1984 and 1985, the UMF-band radar was
used to provide gquidance to electrically-active
regions in thunderstorms at altitudes below 20 000
ft {12 and 13), the same area studied previously
in 1980 and 1981. The low altitude research
efforts of 1980-81 and 1984-85 are shown in the
1ow altitude/warm temperature peaks in the
penetration and duration data in Figs. 4 and 5.

The Storm Hazards Program strike statistics
shown in Figs, 4 and 5 differ significantly from
the published strike data for commercial aircraft
((27 and 2B) - see Fig. 6) and for U.S, Air Force
afrcraft (30), in which most lightning strikes
were found to occur hetween ambient temperatures
of £10°C. In the Storm Hazards Program, direct
strikes were experienced at pressure altitudes
ranging from 14 000 ft to 40 000 ft with a mean
value of 30 000 ft (Fig. 4). The corresponding
ambient temperature ranged from 5°C to -65°C, with
a mean value of -30°C (Fig. 5). The nearby flash
data are very similar to the direct strike data.
Despite spendiny approsimately 1250 mins of pene-
tration time at altitudes helow 20 000 ft
(32 percent), only 75 direct strikes were experi-
enced {11 percent) (see Tahle 2). In fact, the
peak strike rates in Fig. 4 of 7 strikes/
penetration and 1.4 strikes/min occurred at pres-
sure altitudes between 38 000 ft and 40 000 ft
corresponding to ambient temperatures colder than
-40°C. (During one research flight through a
thunderstorm anvil at 38 000 ft altitude in 1984,
the F-1068 experienced 72 direct strikes in 45
mins of penetration time, with the instantanecus
strike rate twice reaching a value of 9
strikes/min.) On the other hand, the peak strike
rate near the freezing level (0°C) was only 0.1
strike/min (in the altitude interval between
18 000 ft and 20 000 ft, corresponding to ambient
temperatures of -5°C to -10°C),

The NASA Storm Hazards data differ from the
commercial and 1).S Air Force data for two reasons.
Fiest, the NASA data came solely from intentional
thunderstorm penetrations, while the commercial
and military data were derived from a variety of
meteornlogical conditions, mostly in nonstormy
clouds, (The NASA Storm Hazards Program has not
studied the non-thunderstorm lightning strike
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phenomenon.) Second, commercial and military
aircraft will normally deviate from course to
avoid thunderstorms which reach cruise altitudes,
and only penetrate when required to do so in the
terminal area, where typical assigned altitudes
are near the freezing level. Therefore, the NASA
distributions nf lightning strikes with respect to
pressure altitude and ambient temperature differ
from the commercial/military data because of the
higher percentage of time spent by the NASA F-106B
research airplane in the upper flash density
certer of thunderstorms, compared with the low
percentage of time spent in thunderstorms at those
altitudes by aircraft in routine operations.
However, lightning strikes have been encountered
at nearly all temperatures and altitudes in the
Storm Hazards Program, indicating that there is no
altitude at which aircraft are immune from the
possibility of a lightning strike in a
thunderstorm.

Although the Storm Hazards data differ from
the commercial/military data, there is strong
agreement with the results of two other thunder-
storm flight test programs., The high altitude
strike data are in good agreement with the results
of the U.S. Air Force Rough Rider Program (31), in
which the peak lightning activity was found to
occur at an ambient temperature of -40°C, 1In
addition, the low altitude strike data are nearly
identical to the data from the USAF/FAA Convair
580 Measurement Program (32), in which the peak
lightning activity in thunderstorms at altitudes
below 20 000 ft was found to occur in the range
between 18 000 ft and 20 NCO ft.

The most successful piloting technique used
in searching for 1ightning was to fly through the
thunderstorm cells which were the best defined
visually and on the airborne weather radar, Fre-
quently, heavy turbulence and precipitation were
encountered during these penetrations. However,
the lightning strikes rarely occurred in the
heaviest turbulence and precipitation, and
occassionally, there was no lightning activity
whats:ever, These findings are shown in Fig, 7,
in which the percentage of direct strikes to the
F-106B airplane are plotted as a function of the
flight crew's opinion of relative turbulence and
precipitation intensity at the time of the
strikes. The data are plotted for those strikes
which occurred above and below 20 000 ft
altitude. In both altitude regimes, most
lightning strikes occurred in thunderstorm regions
in which the crews characterized the turbulence
and precipitation as negligible to light,

However, for those strikes which occurred below

20 000 ft altitude, the crews called a higher
percentage of the strikes in light turbulence and
precipitation and a lower percentage in the negli-
gible category than for those sti-ikes which oc-
curred at altitudes above 20 000 ft. In general,
though, the data in this paper have shown that the
number of direct strikes in thunderstorms do not
show a positive correlation to turbulence and pre-
cipitation intensities., This finding is in agree-
ment with commercial/military aircraft data (27,
23 and 30) and with the low altitude thunderstorm
data collected in the USAF/FAA Convair 530 program
(32).

Precipitation and turbulence also are not
necessarily related. Although the Doppler radar
4ata recorded in 1981 by the NASA Wallops SPANDAR
(25) showad heavy turhulence within the high
precipitation reflectivity cores of thunderstorms,
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heavy turbulence also was found between cells,
near storm boundaries, and in innocuous-appearing
low reflectivity factor regions. This finding is
in agreement with the results of the Rough Rider
Program turbulence studies (33). In addition, it
has heen found (11) that the average probability
for the airplane to he struck was greater in storm
regions with a flash rate of 0 to 10 flashes/min
than in regions with flash rates greater than 10
flashes/min, Therefore, it appears that an
airborne device which detects a single
thunderstorm hazard (precipitation, turhulence, or
lightning) will not necessarily provide
information as to the location or intensity of the
other two hazards,

In order to minimize the chances of
encountering hail, the F-106B airplane was not
flown into thunderstorm regions where the
precipitation reflectivity values exceeded 50 dBZ,
although the UNF-band radar studies found that the
lower altitude 1ightning flash density center was
closeiy associated with high reflectivity cores
(29). Therefore, no comments can he made from the
Storm Hazards data concerning the probability of
encountering direct lightning strikes in such
areas of thunderstorms. The data in this paper
show that the greatest probability of experiencing
a direct lightning strike in a thunderstorm
occurred in regions where ambient temperature was
colder than -40°C, where the relative turbulence
and precipitation intensities were characterized
as negligible to light, and where the lightning
flash rate was less than 10 flashes/min. The most
likely region to encounter lightning strikes at
low altitudes in thunderstorms was found in the
altitude hand hetween 18 000 ft and 20 000 ft, in
negligihle to light turbulence and precipitation
and where the lightning flash rate was less than
10 flashes/min, (However, the strike rate per
minute was an order of magnitude less at low
altitudes than at high altitudes). Finally, it
has been shown that the presence and location of
lightning do not necessarily coincide with the
presence and location of hazardous precipitation
and turbulence,

LIGHTNING ATTACHMENT PATTERNS - Lightning
strike zones on aircraft have heen defined as
follows (18 and 19):

o Zone 1:

o Zone 1A - Initial attachment point with
low possibility of lightning
arc channel hang-on

o Zone 18 - Initial attachment point with
high possibility of lightning
arc channel hang-on

o Zone 2:

0 Zone 2A - A swept-stroke zone with
low possibility of lightning
arc channel hang-on

o Zone 2B - A swept stroke zone with high
possibility of lightning arc
channel hang-on

o Zone 3: All of the vehicle areas other

than those covered by zone 1 and
2 regions. In zone 3, there is a
low possihility of any attachment
of the lightning channel. Zone 3
areas may carry suhstantial
amounts of electrical current,
but only by conduction hetween
some pair of attachment points.

Although the defining documents (18 and 19)
contain guidelines for determining the location of
each zone on airplanes, such was not done for the

F-106 airplane since it was designed prior to the
creation of the specifications. Application of
the zones to an existing aircraft can be
controversial, due to differing interpretations of
the guidelines. However, in the case of the Storm
Hazards Program's F-106B airplane, it is possible
to locate the zones on the airplane's exterior
from direct ohservation of the lightning
attachment points left from the 690 direct
lightning strikes which have heen experienced.
Specifically four general strike scenarios were
found in the swept-flash attachment patterns (5,
6, 8, and 9):

1. Flashes which initially attach to the nose
of the aircraft and subsequently “sweep"
alongside it, reattaching at a succession
of spots along the fuselage. In these
cases, the initial and finai exit point is
usually the trailing edge of an extremity
such as a wing or vertical fin tip. The
final entry point is a trailing edge of
the fuselage, because the flash is usually
still alive by the time the aircraft has
flown completely through it.

2. Similar to (1) except that the entry
channel sweeps aft across the top or
bottom wing surface instead of the
fuselage.

3. Strikes in which the initial entry and
exit points occur at the nose. In this
case, the lightning flash appears to
“touch" the aircraft nose hut continues on
from this point to another destination.
The aircraft then flies through the flash,
resulting in successive entry points along
one side of the fuselage or wing and exit
points along the other, Again, because
the flash usually exists for a longer time
than it takes the aircraft to fly its
length, the final entry and exit points
are located along trailing edges.

4, Strikes in which the initial and final
entry and exit points are confined to the
aft extremities.

With most of these general scenarios, swept-flash
channels frequently have been found which rejoin
behind the airplane after the airplane nas flown
through the channel (6, 8, and 9).

Applying the zone definitions (18 and 19) to
these four attachment patterns results in the
F-106 lightning attachment zones shown in Fig, 8,
The nose boom, wing and vertical fin tips, speed
brake, afterburner and fuselage trailing edges are
known to have received initial lightning leader
attachments, and thus are located in zone 1. In
some cases, these locations have been struck by
lightning leaders approaching the airplane; during
these strikes the intense electric field
associated with the approaching leaders induces
Junction leaders from one or more of the above
extremities. In other cases, the leaders appear
to hiave initiated from the airplane its-1f,
propagating outward from opposite extremities such
as the nose and tail, or the wing tips. In these
situations, the airplane is believed to have
“triggered” a lightning flash that wouid not
otherwise have occurred (12 and 13). Tnough not
specifically stated in the definitions (18 and
19), zone 1A locations are iatended to include
surfaces which may he reached hy the first return
stroke. A finite time period may elapse between
initial leader attachment and return stroke
arrival, so that the distance the aircraft travels
during this period must also be included within
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2zone 1A. This distance depends on the time
required for the leader to reach the earth or
other region of opposite polarity charge. A
leader propagating at 1.5 x 10°m/s from 20 000 ft
will require approximately 40 msec to reach the
earth, during which time an aircraft travelling at
450 ft/sec would move 180 in, and the leader
channel would be positioned over a spot this
distance aft of its initial attachment location.
For the F-1068 airplane, this implies that
surfaces up to 180 in. aft of the forward tip of
the nose hoom may fall within zone 1A, The
outboard edges of wing tips are also within zone
1A for the same reason (see Fig. 8). (The arrival
times of return strokes associated with the NASA
F-1068 airplane have not heen determined, since
most of the flashes encountered to date have been
intra-cloud discharges at high altitudes which
have not had well-defined return strokes such as
occur in flashes between clouds and earth,)
Figally. the upper portion of the canopy also is
considered in zone 1A because it represents a
significant projection above the fuselage.
However, it is not known whether leaders have
initially struck or originated from the canopy of
the NASA F-106B airplane.

Since the airplane is moving forward when
leader attachment occurs, the leaders do not
remain attached to forward extremities but “sweep"
aft and reattach successively to additional spots
along surfaces a“t of the initial strike
locations. When the airplane has travelled
completely through the flash channel, the channels
hang onto the aircraft trailing edges, usually
(but ~ot always) for the remaining lifetime of the
flash. In accordance with the zone definitions,
init,al attachment spots where the flash does
remain attached are within zone 1B. For the
F-1068 airplane then, zone 1B includes the
traiting edges of the wing tips, vertical fin tip,
speed brake and fuselage. The zone 1B region also
included the afterburner, including the area up to
14 in. inside the afterhurner (Fig. 8).

In accordance with (18), surfaces which 1iz
directly aft of zone 1A are in zona 2A, with
trailing edges aft of zone 2A, falling in zone
2B, These surfaces include the elevon and rudder
trailing edges. The entire top and bottom
surfaces of the wings are in zone 2A, as lightning
channels were observed to sweep across each of
these after attaching initially to the nose
hoom, However, no leaders are known to have
initially struck the leading edges of the wings or
vertical fin; therefore, these surfaces are
located in zone 2A instead of zone 1A. Swept
flashes which reach the wing leading edge usually
originate at the nose hoom, sweep aft along either
side of the fuselage, and then sweep outhoard
along the wing leading edge a random distance
hefare continuing directly aft across the top or
hottom surface of the wing. The tendency for
swept flashes to sweep aft across the wing
surfaces may be influenced hv the wing leading
edge sweep angle, since lightning flashes are not
known to sweep outhoard along straight (unswept)
wings. Operational data have suggested that the
critical wing sweep angle for this phenomenon may
ne 45 deg. The wing leading edge is swept 60 deg
on the F-1068 airplane.

Finally, the NASA data illustrate that much,
if not all, of an aircraft surface may he exposed
to “direct” or "swept" lightning strikes, In
fact, there was no zone 3 on the F-106B airplane
(Fig. 8). Therefore, new delta-wing aircraft

designs will probably require surface protection
from lightning attachment over the complete
exterior, an especially significant design feature
should that design incorporate surfaces of
composite materials.,

The digital peak counters used in the DLite
system have recorded a peak current amplitude of
54 kA, Wing-tip erosion damage and the depth and
size of several burn marks on the aluminum skin
are physically similar to the damage created by
simulated lightning discharges in the laboratory
with peak current amplitudes of 100 kA, Even with
lightning strikes of this magnitude, the adverse
physical effects of the lightning on the F-106B
airplane have been relatively minor, both
structurally and electrically (8). These benign
results can he attributed to the use of a metal-
skinned aircraft with an hydraulic control system,
and to the close attention paid to maintaining the
additional lightning hardening provisions
installed in this airplane, Although the
technologies already exist to produce equally
benign results on composite-structure airplanes
using digital control systems, the results will be
more difficult to achieve. Specifically, close
attention will be required in the detailed design
of the lightning hardening features on such
aircraft, as well as to their installation on the
production 1ine and to their maintenance in the
field.

AIRBORNE PHOTOGRAPHY - Removal of most paint
from the exterior metal surfaces of the airplane
in order to minimize the lightning dwell times
made it very difficult to track the swept-stroke
attachment paths because of the small size of the
points. The onboard camera systems provided an
alternate means of documenting these patterns,

One example of the photographic coverage possible
with the systems used in 1985 (20) ic provided by
the photographs from strike 48 of 1985,
Photographs from the three cockpit-mounted still
cameras, the cockpit-mounted aft-facing video
camera and the upward-facing video camera are
shown in Figs. 9-11, respectively. Although the
fuselage-mounted, aft-facing movie camera also was
triggered by the photoelectric diodes, the
lightning channel was not in the field of the
camera; therefore, no photographs are shown from
this camera,

The lightning strike scenario for this strike
is shown in Fig. 12. At the instant of strike
initiation, the lightning channel orientaticn was
inferred to be as shown in Fig. 12(a), with the
entry portion of the channel descending downward
from the left of the airplane centerline to the
nose boom, and the exit channel continuing on to
the right and downward from the exit point on the
right wingtip., The initial entry channel to the
nose hoom can be seen in the photograph from the
left forward-facing still camera (Fig. 9(a)).

Most of the entry channel is blocked from view by
the overhead cancpy rail in the view from the
right-side still camera, Fig. 9(b)., The exit
charinel at the right wingtip can be seen in the
photograph from the aft-facing still cemera (Fig.
9(c)) as well as in the first two video frames
from the cockpit-mounted video camera (cockpit
video frame 1 at 19:30:32.795 GMT is shown in Fig.
10(a)). As the F-106B airplane flew forward
through the lightning channel, the entry portion
of the channel swept back over the radome along a
segmented diverter strip and momentarily attached
to a fastener on the right-side cancpy frame,
This attachment appears as the “"tongue" of flame
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on the right side of the still photographs in
Figs. 9(a and b). The entry portion of the
channel then continued to sweep back along the
right side of the fuselage below the canopy rail,
while the exit portion of the channel streamered
aft from the right wingtip, as shown schematically
in Fig. 12 (b). The aft-sweeping entry channel
can he seen as the bright blur of 1ight outside
the right-side canopy glass panels in the three
still photographs (Fig. 9) and in frame 3 from the
cockpit-mounted video camera at 19:30:32,863 GMT
(Fig. 10(b)). A portion of the entry channel
above the fuselage can be seen sweeping aft in
frame 1 from the upward-facing video camera (Fig.
11(a)) at 19:30:32,863 GMT. The wingtip exit
channel also can be seen in Figs. 9(c) and 10(b).

There is a 66 msec lag between the appearance
of the first 1ightning image at the right wingtip
in the cockpit-mounted video camera field of view
(Fig. 10(a)) and the appearance of the swept entry
channel in the fields of view of both video
cameras (Figs. 10(b) and 11(a)). This lag time
compares favorably with the value of 57 msec
computed for the F-1068 airplane to travel forward
405 in. {10.28 m), the approximate distance from
the tip of the nose hoom to the location of the
upward-facing video camera, at a true airspeed of
349 knots (180 m/sec).

The final entry attachment point was located
on the vertical tail, while the final exit point
was located at the right wingtip (Fig. 12(c)).
Both the entry and exit channels can be seen in
frames 4-17 from the cockpit-mounted video camera
(frame 4 is shown in Fig., 10(c)). The view from
the upward-facing video camera, Fig. 11(b)

(frame 2), for example, shows that the entry
channel is located above the airplane, with the
channel oriented parallel to the airplane center-
line, as shown schematically in Fig., 12(c). No
further lightning attachments can be seen on the
F-106B airplane after frame 17 from the cockpit-
mounted video camera at 19:30:33,337 GMT,

However, the lightning channel is still visible in
the field of view of the upward-facing video
camera until its frame 21 at 19:30:33,542 GMT,
Video frame 16, 19:30:33,372 GMT, from the upward-
facing video camera is shown in Fig. 11(c). These
video images indicate that the F-1068 airplane
flew out of the lightning channel, with the
channel persisting for approximately 0,2 sec
afterward (see Fig. 12(d)). In summary, the on-
hoard photographic systems were ahle to document
that strike 4B of 198’5 was a nose-to-tail swept
strike fitting the definition of general strike
scenario 1 described earlier in this paper, with a
rejoined flash channel which persisted after air-
plane passage through the channel,

In addition to documenting the swept-stroke
attachment patterns on the exterior of the air-
plane, the forward-facing still cameras are also
being used in an attempt to determine the three-
dimensional locations of the lightning channel
with respect to the airplane (20). Three sets of
simultaneous views from the two forward-facing
70-mm still cameras (20), (Figs. 9(a and h), for
example) have verified the necessary fundamental
assumption for photogrammetric analysis; i.e., by
inspection, the same point along the lightning
channel can be identified in both views. However,
it has not yet heen possible to accomplish photo-
grammetric analyses of these figures because of
the inability to reconcile the views of a ground
target array from the two cameras (20).

SUMMARY OF RESULTS

During the NASA Langley Research Center Storm
Hazards Program, 690 direct 1ightning strikes were
experienced hetween 1980 and 1985 by an F-1068
research airplane during penetrations through re-
gions of thunderstorms where the peak values of
precipitation reflectivity were less than 50
dBZ. This study produced the following results:

1. The peak strike rates of 1.4 strikes/min
and 7 strikes/penetration occurred at
pressure altitudes between 38 000 ft and
40 000 ft, corresponding to ambient
temperatures colder than -40°C, The peak
strike rate near the freezing level, where
most previously reported strikes have
occurred, was only C.. strike/min, in the
altitude interval between 18 000 ft and 20
000 :t (-5°C to -10°C).

2. The thunderstorm regions with highes’ risk
for an aircraft to experience a direct
lightning strike were those areas whe e
the ambient temperature was colder than
-40°C, where the relative turbulence and
precipitation intensities were
characterized as negligible to light, and
where the lightning flash rate was less
than 10 flashes/min. However, direct
lightning strikes were encountered at
nearly all temperatures and altitudes.

3. The presence and location of lightning do
not necessarily coincide with the presence
or location of hazardous precipitation and
turbulence. In addition, hazardous pre-
cipitation and turbulence are not
necessarily related to one another,

4, The entire exterior surface of this air-
plane may be susceptible to direct
lightning attachment; i.e., there is no
lightning attachment zone 3 on the F-1068
airplane or on aircraft with geometries
similar to that of the F-106.
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Table 1 - Characteristics of Airborne Photographic Syst.ms Used in 1985

“Camera
Film or Lens
Location Type Orientation Type Imager Size L'F\,\ke/Type Description
Aft of Movie Aft-facing Milliken 16mm Century F1.8, 5.7mm
Cockpit DBM-54
Cockpit | Video | Aft-facing GF4TN2505| 0.67 in. Century F1.8, 5. 7mm|
Cockpit Stin Aft-facing Hassel- 70mm Zeiss Distagon,
blad 500 F4, 40mm
EL/M
Cockpit | Still Forward- 7Umm Zeiss Distagon,
(Stereo facing F4, 50mm
pair)
Top of Video Upward- GE4TN2505f 0.67 in. Century F1.8, 5.7mm
fuselage facing I
Camerra Fiim/Sensor Mode of Aperture | Neutral density| Frame rate,
Location | Type Sensitivity |Operation filter frame/sec (c)
Aft of Kodak ASA64 Automatic F11 1.5 200
Cockpit Ekta- (b)
(Movie) chrome,
MS or
Video
News
Cockpit CID(a) Full out- [Manual F16 1.5 30
(video) put at face
plate. I1-
lumination
of 0.8 f.c.
) Cockpit Vericolor| ASA125 or |Automatic F11 None (f)
; ! (Still) It or 111 160 (b)
Cockpit ] Automatic [  Fl1 None (f)
(still | {b)
pair) y
Top of CID(a) Full out- [Manual Fl6 1.5 30
fuselage put at face
(Video? plate. 1I1-
lumination
of 0.8 f.c.
N
4-9

|
|

AR AOATAT T AT A S At LA A 4 Tt L e a4 L e A A TR L N IR A L A LR AN AL AT RTINS



TABLE 1 - Concluded

Shutter ..
, i Rotary 4441

Camera : © shutter ‘  Speed, }

Location Type __ang., deg. msec i
. Aft of Cock-  Rotary 160 . 2.2 |
. pit (Movie) } :
" Cockpit (d) | Unshuttered. @  (d) '
. (Vvideo) . See note (d)
i Cockpit Electro- | (e) & (f) i (f)
i (stin) optic (e)!
" Cockpit Electro- | (e) & (f) : (f)
f (Stil pair)l optic (e)
{ Top of fuse-  (d) Unshuttered. | (d)
1 lage (Video) | See note (d) !

Notas: (a) General Electric Charge Induction Device (CID). Silicon
248 x 388 pixel array.

(b) Automatic mode uses 2 photographic diodes for lightning-
tripped camera actuation. Sensor response is 4.5 usec.

(c) Movie camera frame rates are for steady-state operation.
Acceleration/deceleration characteristics results in 126
frames in 2 sec at 200 frames/sec.

(d) 1:1 field interlace for video frame; frame integration
time of 33 msec.

(e) Electrooptical between-the-lens shutter with 50 usec
response time.

(f) Camera control circuitry provided the following four
functions: control of shutter speed; selection and con-
trol of single and multiple-exposures-per-frame modes;
and limiting of the fogging of the film frame which was
in place behind the shutter, resulting from ambient 1ight
leakage through the shutter.

The single-exposure-per-frame mode allowed selectin
shutter open times from 4 sec to 1/8192 sec in (1/2?
(M=-2,-1,0,..11, 12, 13) steps. In the mltiple-exposure-
per-frame mode, the number of exposures could be selected
in 2" (n=1,2,3..6,7,8) steps. There was a selectable
shutter-closed time over the same range of times as the
shutter-opened time control. The film was advanced as
soon as a shutter actuation cycle (up to a maximum of 256
shutter openings) was complete.

The time delay imposed by the camera control circuitry
was in the nanosecond range and therefore not significant
compared to other system delays.

4-10
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Table 2 - Storm Hazards Mission Surmary

cY 1980 1981 1982 1983 1984 1985 TOTAL
CATEGORIES - _
MISSIONS 19 2% 35 40 38 19 175
PENE-  HIGH 23 29 191 298 273 25 839
TRATIONS ~ LOW 4 82 50 2% 136 199 539
TOTAL - 69 111 241 324 409 224 1378
STRIKES: HIGH 6 7 153 214 223 12 615
LOW 4 3 3 0 2 41 75
TOTAL 10 10 156 214 247 53 690
NEARBYS: HIGH 1 9 26 110 11 11 168
LOW 5 13 0 2 0 0 20
TOTAL 6 22 26 112 11 1 188

4-11
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(a) Location of electromagnetic sensors
on the F-106B airplane

i
Rearward
stll & video

g
R

b

(b) Photographic and video coverage
during Storm Hazards '85

Fig. 2 - Concluded

(b) Location of additional research
sensors Jn the F-106B airplane

Fig. 1 - HASA Langley Research Center Storm Hazards
'85 research vehicle

_~— Forward external movie camera
Forward-facing stereo ——. 11980-1982)

cockpit still cameras (1985) [N — Dicdes 119831985 )
AR-tacing cockpit still —————_Zdh— cockpit movie camera ( 1983)
camera i 1983, 1985) : .

' — Cockpit video camera ( 1984-1985 )

Upward-facing video —————
/ k-

camerat 1985) / \

Video recorders ——— // T \\ ,
(1984-1985 ) é{ .l -____3_-5

AR external movie — ) _j{!'F -

camera ( 1980-1985) “4‘

(a) Location of airborne cariera systems

Fig. 2 - Airborne camera systems used on the F-106&
airplane from 1980-1935

Londind
[ :: .

{a) Strikes. An additional three strikes
occurred during flights in Cklahora

Fig. 3 - Geographical locations of the F-106B air-
plane at times of direct strikes and nearby
flashes, 1980-1985
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(b) Nearby flashes

Fig. 3 - Concluded

100

32 1378 penetrations 3835 mina 683 strikes
24 Mean = 9.2 km
18 {30000 1t )

Fig. 4 - Thunderstorm penetrations and lightning
statistics as a function of pressure
altitude for Storm Hazards '80-'85

Tempersture,

, €
-0 1250 peneirations 3408 mine ‘striss
50 Meen = -20°C oc
-30
-10
10
30

887
O B0 160 240 0 30600900 O 80 180 240

Penetrations Duration, min Sirikgs.
- 177 Rashes
-50 m
-30
102 870 srikes 670 sirkes
o 1250 paneishons 3408 mirs
0 R I J N

04 8121620 0.2 4 6 810 0 10203040 60
Srikes/ penetration Sirikes/minute Nearbys

Fig. 5 - Thunderstorm penetrations and lightning
statistics as a function of ambient
temperature for Storm Hazards '80-'85

Thunderclouds may  ftx 107 % Of strikes
rise to 60000ft | 5 mzozoz_g_gam
10/ 10{10(20
45+ 14 1
. USA
Atrcratflying [~ 40 12 tPrumer 1971-80)
:Ibt?t“m.m:r? i i 110 2 turope/SA (A)
fikely to be in- {Anderson 1966-74)
volved in intra- 8 3 USSR
ctoud flashes of {Turnov 1969-14)
el g 4, UK/Europe
Alrcraft flying to 4  (Perry1959-75)
the 0° aititude sk
{4.5km) are iikely | 3
to be tnvolved with 2 (Newman 1950-61)
negative polarity 4fs|,
cloud-ground
flashes

Fig. 6 - Aircraft lightning strike incidents as a
function of altitude. From (27) with
updated data from (28)

Strikes above 6km [—]614 Strikes [ 608 Strikes

Strikes beiow 6km P77 65 Strikes 773 6 Strikes
1004 =

TSI-

Percent
of strikes

]

uNeqllglble Light Moderate Heavy Negilgibie Light Moderate Heavy
Relative turbuience intensity  Reiative precipitation intensity

Fig. 7 - Relationship of lightning strikes to
relative turbulence and precipitation
intensities for Storm Hazards '80-'85

f10in—™®

lightning
strike zones

1A
2A
18
28
3
+—180 in,— 1?1:
Fig. 8 - Locations of 1ightning attachment zones

on the F-1068 airplane based on Storm
Hazards strike data

e ot bl L e e e o

wmmawmmmm;mm’tmmﬂm!



W,

s s RS T Tl YA LY VLS Sy L

{a) Photograph from stereo camera on
Teft side of cockpit shcwing channel
attaching to nose boom with swept
attachment to fastener on right-side
canopy frame

Fig.

(b) Photogra,h from stereo camera on
right side of cockpit

f1g. 9 - Lasselblad still photographs of strike 48
of 1955; flight $5-037: Aug. 17, 1335,
altitude of 14 200 ft over tlizabeth
City, W€y 19:30:32.8 GHT

Ve al'ay
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Fhotograph from aft-facing camera
showing entry channel sweeping down
the right side of the fuselage and
the exit channel streaming aft from
the right wing tip

n

F)

Fig. © - Concluded

19:30:32.795 CI'T

(a) Frame 1 of 17.

carera of strike 42 of 1985
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{b) Frame 3 of 17. (b} Frame 2 of 21. 19:30:32.897 GMT

19:30:32.863 GMT

x
1'.
q (¢c) Frame 4 of 17. 19:30:32.897 GNT ‘
|
3 Fig. 10 - Concluded

(c) Frame 16 of 21. 19:30:33.372 GMT

Fig. 11 - Concluded

‘a) Frame 1 of 21. 19:20:32.861 CMT

Fig. 11 - Photeographs from the upwarc-facing video
camera of strike 48 of 1925. Nose towards
top of screen: left wing towards right
side of screen. The lightning channel 1s
oriented parallel to the airplane centerline
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Initlal exlt
Initial entry l

E \ Inltlat exit '
Y | Initial entry
r o) . 'f

Final entry

Final exit

]
Final exit

N

9

A. Initial entry at nose boom; initial exit at right wingtip.
Video frames: Cockpit 1 ( Figure 10(a)) and 2/upward-none
Hasselblad photos ( Figure 9)

B. Entry swept back aiong right side of canopy and fuselage; exit hanging onto wingtip.
Video framas: Cockpit 3 (Figure 10(b))/upward 1 (Figure 11(a))
Hasselbiad photos ( Figure 9)

C. Entry attached to verticai taii; exit hanging onto right wingtip.
Video frames: Cockpit 4 (Figure 10(c))- 17/upward 2 (Figure 11 (b))-15

D. Channel detached from airpiane.
Video frames: Cockpit - none/upward 16 (Figure 11(c))-21

Fig. 12 - Lightning strike scenario for strike 48 of 1985; f1ight 85-037; Aug. 17, 1985

4-16

BRI I MM L A 5 AT R RIS TR AN MRS LA A LA ACSAIRE S B A LA R A WA M N W W N A AN T N 0 O LS L W WAL AR ol DA DA TR



F-106 DATA SUMMARY AND MODEL RESULTS RELATIVE
TO THREAT CRITERIA AND .PROTECTION DESIGN ANALYSIS

Felix L. Pitts and George B, Finelli
NASA Langley Research Center, Hampton, VA 23665
Rodney A. Perala and Terence H. Rudolph
Electro Magnetic Applications, Lakewood, CO 80228

ABSTRACT

The NASA F-106 has acquired considerable data on the rates-of-change of electromagnétic parameters on the
aircraft surface during 690 direct lightning strikes while penetrating thunderstorms at altitudes ranging from
15,000 to 40,000 feet. These in-situ measurements have provided the basis for the first statistical quantifi-
cation of the lightning electromagnetic threat to aircraft appropriate for determining lightning indirect
effects on aircraft. The data are presently being used in updating previous lightning criteria and standards
developed over the years from ground-based measurements., The new lightning standarda will, therefore, be the
first which reflect actual aircraft responses measured at flight altitudes, The modeling technique developed
to interpret and understand the direct strike electromagnetic data acquired on the F-106 provides a means to
xmodel the interaction of the lightning channel with the F-106. The reasonable results obtained with the model,
compared to measuraxd responses, yield confidence that the model may be credibly applied to other aircraft types
and used in the prediction of internal coupling effects in the design of lightning protection for new aircraft.
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INTRODUCTION

THE PROJECTED APPLICATION of composite structure
in advanced aircraft, along with flight critical
digital electronics, compounds 1lightning problems
and motivates the need to quantify and model the

lightning generated electromagnetic envircnment
affenrting aircraft. A statistical characterization
of the lightning/aircraft electromagnetic

interaction process 18 necessary to provide a
theoretical basis for determining the lightning
susceptibility of electronic systems aboard advanced
aircraft, and to guide in devising protection
measures for these systems,

The NASA Langley Research Center has conducted
direct strike 1lightning characterization research
using a specially instrumented F-106 since 1980.
During these tests, the F-106 has acquired direct
strike lightning data on 690 strikes at altitudes
between 15,000 and 40,000 feet. Most of the strikes
occurred above 30,000 feet with 43 strikes occurring
between 15,000 and 20,000 feet. The goal of this
research is to contribute to characterization of the
lightning electromagnetic threat by establishing a
credible lightning/aircraft interaction data base,
obtained in-situ during direct strike flight tests,
and to develop modeling techniques for use {n
interpreting and generalizing the data to other
aircraft designs., Emphasis in the research, largely
motivated by the technical community’s interest in
indirect effects, has been on the rates-of-change
associated with the 1lightning external interaction
with the alircraft, The acgquired electromagnetic
data includes the rate-of-change of current to the
pitot boom, the rates-of-change of electric and
magnetic flux density at a number of locations on
the aircraft, and currents to the pitot boom and
vertical fin.

This paper includes a summary of the direct
strike data and acquisition, results of atatistical
analysis of the data, and a description of ihe
lightning/aircraft interaction mathematical modeling
used in data Interpretation and analysis. The
lightring modeling effort was performed to aid in
interpretation of the data and {3 motivated by the
need to generalize the data for other aircraft
geometries and atructural materials, This modeling
effort has resulted Iin a numerical approach to
modeling the interaction of lightning with the F-106
which yields results consistent with the acquired
infiight strike data. Impact of the F-106 data on
lightning test criteria s discussed {n the final
section.

DIRECT STRIKE CATA SUMMARY

The measurements made on the F-106 are
electromagnetic parameters at the aircraft surface
and induced voltages on a few internal wires. The
electromagnetic parameters include current and rate-
of-change of current on the pitot boom; current in
the vertical fincap; rate-of-change of electric flux
densaity under the forward fuselage, at the base of
the vertical fin, and under the outboard section of
each wing; and rate-of-change of magnetic flux
density on opposing sides of the aft fuselagec and
under each wing at about midspan. The lightning
measurements and design of the F-106 experiment are
described in detall in Reference [1]* and [2], and
the instrumentation is described 1in Reference [3].
The sensors, which are generally based on designs

*Numbers in brackets designate References at end of
paper.

developed for nuclear electromagnetic
measurements, are described in Reference [4].

pulse

The data are recorded in a shielded, self-
contained instrumentation package which is mounted
in the alircraft missile bay. Power for the
instrumentation is obtained wusing a motor-generator
set which decouples any lightning-induced transients
in the aircraft power system to guard againat
spurious {instrumentation system response., The
electromagnetic sensors are electrically connected
to the {nstrumentation package using foam-filled
heliax cable., Control and diagnostics for the
instrumentation are accomplished using fiber optic
data links,

The direct strike lightning process may last up
to a second or 8o and consists of a complex
interaction of extremely fast electromagnetic pulses
with the aircraft structure as discussed 1in
References [5-7]. Three basic recording techniques
which have evolved during the NASA direct strike
lightning research as appropriate and complementary
for investigating inflight direct strike lightning
are continuous analog recorders, digital transient
recorders, and peak recording instruments. The
continuous analog recorders yield temporal
information on the overall 1lightning process; they
do not, however, have sufficient bandwidth to record
the fast pulses with suitable fidelity. The digital
transient recorders have sufficiently wide bandwidth
but can record only duvring a small interval of the
lightning event and thus yield informaticn only on
typical pulses which exceed their trigger threshold,
The peak recorders supplement both the analog and
digital transient recorders by obtaining information
on the maximum parameter value attained during a
strike,

Central to the data acquisition system in
obtairing time domain Iinformation appropriate for
development of lightning interaction models are the
digital transient recorders which have a Nyquist
bandwidth of dc to 100 Mhz operating at the maximum
selectable sample rate of 5 ns per data sample,
These recorders have 12 channels with 65,536 8-bit
words each, yielding a data window of 327
microseconds at the maximum sample rate and have
replaced the 2 channel, 131,072 6-bit word units
used during the firat several years of the research.
The analog instrumentation tape recorders have a
nominal bandwidth of 400 Hz to 100 kHz, and, for
current sensors with dc¢ response, have been
frequency division multiplexed using subcarrier
oscillators to obtain dc response to record the
continuing current during strikes., The peak rcading
{nstruments store the maximum voltage attained by
the senaor connected to {ts {nput during a flight
and are specified for operation over a bandwidth
equivalent to half sine pulses with base line widths
between 5 ns and 10 us.

Table 1 {s a tabulation of the number of the
individual time domain waveforms obtained from the
various sensors during 671 strikes and the number of
peak recorder readings from acmewhat fewer strikes
(as shown {n parentheses). The column headings
correspond to the various 8sensors and locations as
described in [(11]; 2574 time domain waveforms and
128 peak values have been recorded as noted in the
table. The maximum value recorded to date on the
peak recorder monitoring the noseboom current rate-
of-change (I_) is 380 kA/us; the largest rate-of-
change of eléctric flux density under the forward
fusslage (D_.) exceeded the full-szale range of 97
A/m”; and tge largest peak vertical fin current (IF)



recorded is 54 kA.

Figs. 1 through Y show examples of the types of
time domain waveforms recorded. Thesc waveforms
illustrate the overall lightning process, the
triggering time of the transient recorder, and some
of the wide bandwidth transient recorder data. Fig.
1 shows the current for three different strikes
flowing in the tip of the vertical fin which were

recorded from a current sensor with dc response on a.

frequency division multiplexed analog recording
system also with dc¢ response. Note the unipolar dec
continuing current on the order of 80 amperes
lasting 0.3 seconds, or so, with a number of pulses
superimposed on it. As mentioned previously, the
recording channel upper frequency response limit of
400 Hz does not allow sufficient fidelity to
determine the peak values of the individual pulses
and thus the channel provides information useful
only in studying the overall character and temporal
nature of the lightning currents. Of interest in
late time 1lightning channel model studies, for
example, is the abrupt reversal of polarity during
the last 0.05 seconds of the upper trace. Alsc in
Fig. 1, the transient recorder trigger times are
shown by the arrows. Fig. 2 shows a vertical fin
current recorded with a much greater time resolution
of 40 ns per data sample using the transient digital
recorder. This waveform has a high repetition rate
with only about 50 us spacing between the 12 kA
current pulses. Figs. 3 and 4 are typical transient
recorder waveforms of simultaneously recorded rate-
of -change of electric and magnetic flux density from
sensors located under the forward fuselage and on
the side of the aft fuselage. A multitude of time
domain waveforms have been published in References
{8-12] which include all of the transients recorded
through the 1984 tests for 627 strikes. Photograpns
of lightning attachments taken from on-board motion
picture cameras during 156 strikes in 1982 have been
published 1in Reference [131. Reference [14]
summarizes the astrike conditions and attachment
patterns studied through the 1984 tests as gleaned
frem the  attachment  photographs and 1lightning
patterns on the aircraft structure.

ESTIMATION OF DISTRIBUTION OF PEAK RATES BASED ON
PEAK RECORDER DATA

Many flights experienced multiple strikes with
the number of strikes per flight ranging from 1 to
72. The peak recording instrument "saves" the
largest peak of all strikes received on a given
flight. Since the acquired 1largest peak readings
are the maxima for variable numbera of strikes per
flight, the logic of the peak recording technique
does mnot allow construction of frequency-of-
occurrence diagrams directly on a per-strike basis.
Previous analysis, reported in Reference [15], based
estimation of the statistical distribution of the
peak rates-of-change on time domain recorda provided
by the transaient recorders; this data waa gathered
on a per-strike basia, The present statistical
analysis estimates the distribution of the
individual, per-strike peak values based on the
largest, per-flight readings.

A nonparametric maximum 1likelihood estimation
technique was developed and used in this analysis.
(Details concerning the development of the technique
are not {ncluded here but will be published at a
later date.) The estimates are based wholly on the
data samples and on the assumption that the peak
values are the result of statistically independent
processes and that the variables have a common
distribution.
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Boom current rate-of-change and electric flux
density rate-of-change were measured by the peak
recorders. Estimates of the cumulative
distributions of these measurements given in Table 2
and Table 3 were derived from a likelihood function
and from the previously stated assumptions. These
estimates are calculated by grouping the maxima in a
series of intervals having equal length, except for
the last laterval. The estimates are nonparametric
maximum likelihood estimates because they can be
calculated without assuming a particular form for
the underlying distribution.

To aid in interpretation of the tables, consider
the first grouping interval of the I~-dot data.
Here, [0,50) refers to a left closed and right open
interval in the wusual mathematical sense, i{.e. all
values greater than or equal to O but less than 50
kiloamperes per microsecond are included. For this
interval there were 27 flights during which 125
strikes were sustained wherein the largest peak boom
current rate-of-change was less than 50 kiloamperes
per microsecord. The maximum likelihcod estimate of
the proportion of strikes giving peak rates-of-
change of current less than 50 kiloamperes per
microsecond 1is 0.8762, meaning that on average,
87.62 percent of the strikes gave peak values less
than 50 kiloamperes per microsecond. Similarly,
there were 13 flights covering 120 strikes wherein
the largest peak boom current rate-of-change was
between 50 and 100 kiloamperes per microsecond with
the maximum likelihood estimate of the proportion of
strikes with peak rates-of-change in this interval
being 0.0749. Adding the two proportions yields
95.11 as the estimated percentage of strikes with
peak rates-of-change leas than 100 kiloamperes per
microsecond, and so forth for the rest of the table.

The data were obtained with sensors designed to
measure rates-of-change in the differential sense,
and thus represent the peak instantaneous rate-of-
change as opposed to an average change over a long
time interval. As mentioned earlier, the data were
recorded over an altitude range from 15,000 to
40,000 feet.

LINEAR LIGHTNING/AIRCRAFT INTERACTION MODELING

In order to understand and interpret the
lightning data collected, it 18 necessary to mecdel
the 1lightning/aircraft interaction. The model
developed for this investigation 1s based on the
finite difference methodology first developed by Yee
{n Reference [16]. The methodology of the finite
difference modeling will be discussed briefly,
followed by specific descriptions of the linear
modeling technique, selected results from the model,
and compari{sons with measured flight data,

The main analytical tool used in the analysis of
the lightning/aircraft interaction 1s the computer
code T3DFD, which stands for Time domain
3 Dimensional Finite Difference code. The code
solves Maxwell's equations in three dimensions, and
is capable of modeling nomplex geometries, and space
and time varying permittivity, permeability, and
conductivity. The particular problem space is a
cartesian mesh enclosing a space approximately twice
the size of the aircraft itself. The spatial
resolution {s one meter in the direction along the
fuselage and one-half meter iIn the wing-wing and
vertical directions. The temporal resolution of the
model {s one nanosecond. The nominal frequency
resolution of the meah, assuming a minimum of five
cells per wavelength, is therefore 60 MHz., The F-
106 is placed within the problem space by insuring
that all electric fields tangential to the surface
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are zero at all times, Hence, the aircraft is
assumed to be perfectly conducting, with no
significant apertures to alter the external
response, This is a good approximation except for
the Immediate vicinity of the cockpit.

The F~106 as it appears in the finite difference

code is shown in Fig. 5. The coordinate system is .

also indicated in Fig. 5, as are the locations of
the external sensors which were modeled. The large
scale structure of the aircraft 1is well resolved,
but it is clear from the nature of the block model
that details (such as the nose boom) are not well
resolved. In most cases, however, the model as
shown is adequate to predict the response of the
sensor system to a glven 1lightning event., This is
because the sensors have been placed away from those
portions of the aircraft that are not well resolved
by the finite difference code.

Linear modeling of the 1lightning/aircraft
interaction can be very useful in many situations,
If one assumes that the current flowing onto the
aircraft is given as a function of position and
time, the calculation of the aircraft sensor
responses from that current can be accomplished
linearly. A technique employing the use of transfer
functions has been developed to determine the
lightning current which caused a given set of
measured electromagnetic responses on the aircraft.
The transfer function is a functional relationship
in the frequency domain between a source function
and a response function. The use of a transfer
function requires that the system  under
consideration be 1linear, This requirement is
satisfied by a linear finite difference code, but
is, of course, not satisfled by a real
lightning/aircraft system, The Jjustification for
using the tranafer function technlque {8 that the
nonlinearity in the real system is confined mostly
to the lightning channel {tself. The
electromagnetic responses on the aircraft are quite
often approximately linear functions of the
lightning current which flows onto the aircraft at
the lightning attachment point. That 1s, although
the formation of the 1lightning channel, 1{ts
evolution, and the lightning current are complicated
nonlinear functions of geometry and {nitlal
conditions, the aircraft responses usually depend in
a linear fashion only on the current at the
Attachment point.

There are four 4ssumptions which must be made
using the transfer function technique. These are
discussed individually below.

(1) Lighting Attachment Locations Must be Known.
These locationa are necessary to define the problem
for analysis using the T3DFD computer code. In
addition, the attachment 1locations cannot change
with time. Also, {f there ar2 multiple channel
attachments, only one of these can act as a source,
while the others just drain charge from the
aircraft. Although having more than one sourcc does
not violate linear constraints, the problem no
longer has a unique solution if more than one source
{s involved.

(2) Relative Formation Times of Multiple Channels
Must be Known. Because 1{t s 1likely that exit
channels for lightning current form later than entry
channels, it is necessary to have knowledge of thelr
formation times, In a senae, these channeis which
appear during the course of a problem constitute
bourdary conditions which change with time., This
doea not violate the 1linearity requirement as long
as the formation times are fixed and do not vary

with the time evolution of the problem.

(3) Lightning Channel Geometry Should be Known.
Aithough less {mportant than the first two
requirements, it is desirable to know the
orientation of the lightning channel with respect to
the alrcraft. This also constitutes boundary
conditions which can affect aircraft responses to
some extent. The responses are affected because
electromagnetic radiation from current 1in the
channel also produces some response on the aircraft,
in addition to the current which flows onto the
airecraft. The contribution of the current is much
larger, however, 80 the channel radiation can be
considered as a perturbation.

(4) Lightning Channel Impedance Should be Known.
This is of 1lesser importance than the first two
requirements, but can affect the linear relationship
between source and response somewhat. The reason
for this {s that the back effect of the aircraft on
the lightning current is different depending on the
channel impedance. For example, a channel with
i{nfinite impedance i{s completely unaffected by the
presence of the aircraft. In this case, whatever
current is flowing in the channel 1is the current
which is injected onto the aircraft, and reflections
and responses on the ailrcraft behave as if the
channel were nonexistent. For any other impedance,
the response of the aircraft can affect the current
{n the channel. This then alters the responses on
the aircraft slightly, Hence, 1t is desirable to
know the channel {mpedance as a boundary condition
on the problem, It 18 possible to handle a time-
varyiag 1mpedance, as 1long as the variation is
specified in advance, and does not depend on the
evolution of the problem,

The transfer function technique can be used
either for triggered or natural 1lightning. The
distinction between the two 18 that triggered
lightning begins at thz aircraft and moves away,
while naturai 1lightning Dbegina away from the
ajrereft and moves toward {t. Typlcal geonetries
for each of these cases are shown 1in Fig. o. The
case for natural lightning i{s shown in Fig, 6a. A
current channel having a specified impedance and
velocity of propagation is attached to the nose of
the F-106. The 1impedance and veloecity of
propagation are determined from the per unit length
{nductance and capacitance of the channel, which are
in turn determined from the physical diameter of the
channel. Therefore, in the 1linear model, the size
of the 1lightning channel determines all of {ts
electrical properties, The attachment to the nose
depicted in Fig., 6 is simply a concession to the
point at which many lightning atrikes attach to the
F-106. The model allows attachment at any point on
the aircraft and, in fact, allows multiple channela
as long as there is only one current source in the
problem. The sole difference between Figs. 6a and
6b is in the location of the current source. For
natural lightning, it is located at the edge of the
problem space, as far from the aircraft as possible.
This {s done in an effort to model the fact that the
initiating and driving forces for a natural
lightning strike occur away from the aircraft, and
the lightning current propagateas toward the plane.
The current source in Fig. 6b 18 located near the
point where the channel attaches to the F-106, Thia
modela the phenomenon of initiation at the surface
of the aircraft with propagation outward.

The mathematics of the model 1s handled
{dentically in the two cases. A tranafer function
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is determined from the Fourier transforms ot the
current source and the response waveforms.

T(w) = R(w)/I(w) (2)

Here T(w) is the transfer function in the frequency

domain, R(w) is the Fourier transform of the

calculated response waveform, and I(w) is the
Fourier transform of the current source waveform.
Because the model is 1linear, T(w) is source
independent; that is, changing I will change R in
such a way as to keep T the same., Note that there
can be as many transfer functions as there are
separate responses on the aircraft. If there are N
sensors on the aircraft, there will be N different
transfer functions for a single current source.

To determine the current source necessary to
produce a given measured response, R (w), the
measured response waveform must Dbe Fourier
transformed. Then the transfer function for the
particular sensor is used to calculate the Fourier
transform of the current source necessary to produce
the measured response.

I(w) = Ry () /T(w) (3)

The current 1is then transformed into the time
domain. It can then be used in the linear model as
a check, to make sure the measured response is
reproduced., It should be noted that the current
source, I(w), in equaticn (3) is not necessarily the
same as the current injected on the aircraft in the
lightning strike. The current source is a
mathematical artifice used to drive the lightning
channel. The aircraft attached to the lightning
channel establishes the actual injected lightning
current for a given current source., The current
source can be thought of as a normalized current,
because it would represent the lightning current if
the aircraft were replaced by a continuation of the
lightning channel.

The transfer function technique 1is useful in
modeling interactions where multiple simultaneous
sensor responses have been recorded; several current
sources can be derived, one for each of the multiple
responses. In principle, if the model geometry
chosen {s correct, all of the current sources should
be the saue. This is virtually never the case,
however, for the following reasons. The channel
geometry may be incorrect. Attachment points are
usually determined by direct observation of the
strike, or examination of pit marks after a flight.
If this information is unavalilable, ratios of sensor
response amplitudes can be used to give a crude idea
of attachment 1locations, In addition to the
uncertainty of attachment locations, the presence of
multiple channels and the timing of their appearance
is often unknown, Also, the orientations of the
attached channels are uncertain. Even {f the
channel orientation were known precisely, it would
probably be difficult to model accurately Iif a
significant amount of bending or tortuosity were
present. The electrical properties of the channel
are generally unknown, too, 20 an estimate must be
made. Another source for error i{n the model is the
gridding of the F-106 itself., Because of the .5m x
tm x .5m cell size, the aircraft cannot be
represented in the problem space to arbitrary
precision, This results in aslight differences
between the responses of the real aircraft and the
model alrcraft even if channel propertieas and
attachment locations3 are known exactly. The
differences are largest in places where the grid

resolution is most 1inadequate, =such as wing tips,
nose, tail tip, and sharp 1leading and trailing
surfaces. In most cases, the F-106 sensors are
located away from these regiors, but some inaccuracy
is expected.

The modeling procedure, in view of these
difficulties, is to calculate all of the current
sources for a gliven geometry, and then to analyze
the differences found. If all of the sources are
similar, it may be that the geometry chosen is close
to the physical situation of the actual lightning
strike., If large differences are present, the model
geometry must be changed significantly,

In practice, the derived sources are heav!ly
dependent on  attachment point and much 1less
dependent on all other factors, Hence, {f the
attachment point is accurately chosen, it is very
likely that the derived current sources will all be
similar. This is evidence that the aircraft
responses are strong functions of the injected
lightning current.

The transfer function technique has been
applied to measured responses from Flight 84-017.
An example of the calculated responses overlaid on
the measured responses is shown in Fig. 7. For this
case, the transfer function to calculate nose
current was based on the B-dot longitudinal sensor,
so the matching for that sensor is exact to within
numerical limitations as shown on Fig. 7(a). The
comparison for some of the other sensor points
(particularly D-dot on the left wing), are quite
good, lending credence to the choice of the nose of
the aircraft as the lightning channel location.

This example shows that the transfer function
technique can be used to model the interaction of a
lightning channel with the F-106 aircraft. All of
the sensor responses can be modeled simultaneously,
and the entering current can be determined assuming
that the channel location is known or can be
inferred from available data.

The transfer function technique has been used
to analyze the response of the F-106 to a moderate
intensity, high peak rate-of-change current pulse.
The current was injected at the nose of the aircraft
and allowed to leave from a preformed exit channel
on the vertical stabilizer, The current waveform
was a sine squared leading edge of one microsecond
rise time to a constant amplitude of 50 kA with a
peak rate-of-change of about 75 kA/uS. Although the
interaction between the aircraft and the lightning
atrike {s expected to be nonlinear for such a high
current, it 1s of interest to investigate the linear
responses as upper limits of the expected responses,
The calculated responses are shown in Figure §. The
response amplitudes are typical of amplitudes which
have been measured on the F-106. However, the
duration of the F-106 measurements {s typically
shorter than the calculation indicating that most of
the measurements were associated with lower
intensity currents which had a relatively high peak
rate-of-change. The technique has been used to
i{nveatigate the reaponse of four additional aircraft
of varying shapes and =sizes Including a double~ and
half-aize F~106, a "straight winged" F-106, and a C-
130. As expected, the responses were largest for
the amaller aircraft. The D-dot responses scaled
roughly with the surface area of the aircraft, and
the B-dot responsea scaled with the linear size.

The transfer function technique has also been
used to Investigate the effect of varying the
characteristica of the lightning channel which
supplies current to the alrcraft, Two different
channel radi{ (1 cm and 10 cm) and three different
resistances per unit length (1 ohm/m, 10 ohm/m, 50
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ohm/m) were examined. The intent of varying these
parameters was to determine if any change occurred
in the injected lightning current. If there was a
change, then the channel impedance had a significant
effect on the aircraft response; if there was no
change, then the channel impedance did not matter,
The results are shown in Figs. 9 and 10, which
overlay the measured nose current from Flight 84-017
with the calculated currents, Notice that there is
virtually no difference between the currents for the
various channels, This indicates that the channel
impedance is unimportant for the determination of
aircraft responses over this range of channel radii
and resistance per unit length.

IMPACT ON FORMULATION OF CRITERIA

Lightning hazards to aircraft are generally
thought of as being divided into two types. The
first type, direct effects, refers to the physical
damage that can occur on an aircraft, such as
pitting, burning, magnetic deformation, and
destruction of dielectric materials such as radomes.
The second type, indirect effects, refers to the
hazards caused by electromagnetic coupling., These
hazards take the form of transient voltages and
currents induced on antennas and cables connecting
various electronic boxes. These transients can
cause damage or upset of flight or mission critical
electronic systems, Because the F-106 data is
primarily useful for indirect effects, the scope of
the remainder of this discussion will be limited to
this toplec.

INTERNAL  COUPLING OF LIGHTNING  INDUCED
ELECTROMAGNETIC FIELDS - In order to understand the
impact of the 1lightning research program on the
formulation of criteria, 1t 1is first necessary to
discuss how energy couples into electronic systems,
The overall coupling problem is usually considered
as being separated into two parts. The first part,
external coupling, refers to the generation of
surface currents and charges (or tangential magnetic
fields, H, and normal electric filelds, E) by a
lightning event, The second part, internal
coupling, refers to the generation of
electromagnetic fields, currents, and voltages on
elements of the aircraft interior.

Conceptually, it 1is wusually thought that the
two parts can be treated separately, and that the
external coupling problem defines the sources which
then drive the {nternal reaponse, This is a good
approximation if the internal coupling events do not
significantly "feed back"™ and alter the external
coupling results, Usually this is the case except
for perhaps large aperturos such as an open bomb bay
or wheel wells,

There are three basic mechanisms for
penetration of electromagnetic energy {nto an
alrcraft interior: apertures, exposed conductors,
and diffusion, Aperturea refer to openings in the
aircraft skin, and include such items as the
cockpit, wheel wells, engine exhaust, seams on doors
and panels, and areas covered by dielectrics such as
kevlar or fiberglass, Exposed conductors {include
antennas of various kinda, pitot tubes, and perhaps
electrical or control cables {in some cases, These
may be excited either Dby lightning directly
attaching to them, or by the induced flelds from
lightning attached elsewhere on the alrecraft,
Diffusion is usually important only for carbon fiber
composite (CFC) materials. A surface current Jq(w)
induces an internal tangentiai electric field E;(u)
by means of the surface transfer impedance Z;(u)
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according to

Es(w) - zt(“)Js(“) ()
where
z,w) = __ " (5)

sinh k (w)d

and where o 13 the angular frequency, d is the
material thickness, and n(w) and k{(w) are the
intrinsic impedance and the propagation constant,
respectively, of th2 surface material (e.g., CFC).
At late times (or, alternatively, low frequencies),
equation (4) reduces to the resistive voltage drop
along the surface.

It is useful to summarize the parameters which
are important to 1lightning coupling through these
penetrations, In order to do so, a simple model of
an internal or exposed cable is employed and is
shown in Fig., 11. The cable is approximated by a
transmission line of characteristic impedance Z_ and
having termination loads on each end of impedances
Z, and Z, as shown. The electromagnetic coupling
s&urces gre approximated 1in this 1illustration as
point sources which Include a series voltage source
V_ and a shunt current source Iq as shown. In the
rTgure, the transmission 1line 1s indicated
schematically by its equivalent circuit model.

Included in Fig., 11 is a table of the
penetrations of interest and the lightning coupling
variable upon which the source V or I 1linearly
depends, That {s to say, for gxample? that the
source V_ for an open hole aperture is a constant
times 8.7 1In parenthesis is shown how the source
variable relates to the lightning current, which in
this example is I.

It should also be pointed out that the table
does not by {itself give the entire picture with
respect to what is important for coupling. For
example, if Z, and Z, are small or zero, and the
cable is short with “respect to wavelengths in the
lightning pulse (which is often the case), then for
aperture coupling dominated by the B fleld, the
current I is proportional to B(I), because I, for
this situltion i{s simply proportional to the time
integral of Vq: Therefore, even though V_ is
proportional to I, I, is proportional to I. On the
other hand, if Z an& 22 are large, then V, relates

£ 1
to I, and not I.

In addition, because in some cases the
transient responses of the cable are related to I,
the total waveshape of I s {mportant. This also
requires that the energy delivered to a load be
quantified, which places a requirement on the

action integral , folzdt. This would be particu-

larly important for damage of electronics as well
as upset. Therefore, even for aperture coupling

1,1, D, and folzdt are all important. For

diffusion, oniy 1 and folzdt appear to bc

important.

There are other requirements gplaced on the
knowledge of lightning environments by sSystem
considerations, For example, upset of a digital
system is determined by the amplitude of a pulse,
the pulse width, and the repetition rate of pulses,
Thercfore, specifications on these parameters are
also of interest.



An example of a comparison of a calculation and
a measurement on an internal wire based on the model
of Fig. 11 is shown in Fig. 12, The wire is inside
the F-106 fuselage and is 9m long, shorted to
structure on one end, and terminated in 50 Q on the
other end, The wire routes past some closed wheel
well doors whose seams in the analysais were modeled
as inductive seams because of their large gaps. The
lightning nose current I is given in Figure 7. By
inapection, it is clear that the large oscillations
dominating the current response are related to the
derivative of nose current., This is plausible when
one considers that the wire inductance is found to
be 1.5 uH, and the L/R time constant with the 50 Q
load is only 30 ns, much shorter than the period of
oscillation (~ 250 ns) of the cable current. In
this frequency regime, the current response |is
limited by tne 50 Q load impedance, which is a large
impedance compared to the cable inductance.
Therefore, tne induced current (or voltage) would be
prcportional to I, which is clearly the case.

It should also be pointed out that this is an
exanrple of an internal wire response caused by a
llgh;alng event of low peak current, but high I (= 2
X 10~ A/s peak). It produces an internal current
pulse having frequencies related to aircraft and
cable resonances. It 18 conceivable that the
resonan®. frequencies could be close to that of clock
frequencies for computer systema. Therefore, the
possibiiity exists for a pulse of this low
amplitude, by virtue of its high frequency spectral
content, to affect computer operations.

RELATIONSHIP OF F-106 DATA TO EXISTING CRITERIA
~ Previous estimates of the {inflight 1lightning
hazard to aircraft were inferred from ground-based
measurements. The electromagnetic measurements made
on the F-106 aircraft during these strikes have
eatabiished the statistical basis for determination
of quantiies and "worst case" amplitudes of
electromagnet i¢c parameters such as current rate-of-
changa, and the rates-of-change of electric and
magnetic flux density. The research results have

contributed to Dbasic scientific knowledge by
quantify.ng with these parameters the
electromagnetic  interaction of lightning with
aircraft. These date are currently being used by
the Federal Aviation Administration and the
Department of Defense in updating or repiacing

previous lightning criteria and standards developed
over the vyears from ground-based measurements of
lightning strikes to ins‘rumented towers. The new
lightning criteria and standards will, therefore, be
the first which reflect actual aircraft responses to
lightning measured at fligh® altitudes.

It should be pointed cut that at the present
time there are no specificiations on D or on the
temporal durationa of I or L exceeding a prescribed
value. The F-106 data are being used for
determining criteria for these environments which
are presentiy a subject of interest in the lightning
comm* ity.

+“PACT ON TESTING - The testing of aircraft to
iightning indirect effects is a aubject of much
current interest in the lightning community. The
main issues of interest include I, D, the temporai
durations of [ and D, and the iate time currents
which are important for diffusion through CFC
structures, Approaches Which have becn used to
{ncrease both I and D include the use of discrete
peaking capacitors {17-20], distributed peaking
capacitors [21], high voltage oil-filled, low
inductance Marx generators [22-23], and the so-
called shock excitation techniques [24]. In order
to increase late time currents, a crowbar awitch is

used to provide for an exponential decay of a Marx
generator as opposed to the normal damped sinusoid
[25]. It is clear that there is no consensus on the
best way to accomplish these types of tests, -
. The impact on testing of the new criteria for I,
D, and their temporal durations is not fully known,
but some gengral observations can be made, In ordar
to increase I or D, and to lengthen their duration,
either the use of peaking capacitors with high
inductance Marx generators, or low inductance oil-
filled Marx generators are needed. A low voltage
capacitor bank can possibly also be used but the
transmission line return conductor system nust be
carefully designed and be very close to the aircraft
under test [26]. The relative expense of providing
large values of these parameters increases greatly
as the size of the test object increases. For
example, testing a vehicle th?1 size of a large
transport aircraft at I = 2 x 10" A/s is not within
the state of the art, but this type of test can be
done on fighter size aircraft.

CONCLUDING REMARKS

The NASA F~106 has acquired considerable data on
the rates—of-change of electromagnetic parameters on
the aircraft surface during 690 direct lightning
atrikes while penetrating thunderstorms at altitudes
ranging from 15,000 to 40,000 feet. These in-situ
measurements have provided the basis for the first
statistical quantification of the lightuing
electromagnetic threat to aireraft appropriate for
determining lightning indirect effects on aircraft.
The data are presently being used in updating
previous lightning criteria and standards developed
over the years from ground-based measurements. The

new lightning standards will, therefore, be the
firast which reflect actual aireraft responses
measured at flight altitudes. The modeling

technique developed to interpret and understand the
direct strike electromagnetic data acquired on the
F-106 provides a means to model the interaction of
the 1lightning channel with the F=-106. The
reasonable results obtained with the model, compared
to measured responses, yield confidence that the
model may be credibly applied to other aircraft
types and used in the prediction of internal
coupling effects in the design of 1lightning
protection for new aircraft.
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TABLE 1 - TOTAL DATA BASE THROUGH 1985

B, Dg Dp Iy Ip By Do Dy Dyp Dyp By By Byg Iyp INT.
RESP.
o 1982
and
prior 46 93 27 8
o 1983 166 216 17 56 23 56 24 15 16 34 48 39 29
o 1984 119 117 105 120 126 125 105 91 43 37 120 150
o 1985 27 LR 3 38 40 yy LB 40 14 15
o 2574
total
wave-
forms 358 117 455 167 228 23 221 129 15 135 16 118 125 173 294
o 128
peak
values 62 2 60 6
(strikes) {399)(13)(418) (49)

TABLE 2 - DISTRIBUTION OF PEAK BOOM CURRENT RATE-OF-CHANGE

INTERVAL #FLIGHTS #STRIKES MAXIMUM LIKELIHOOD CUMULATIVE

KILOAMPERE ESTIMATE PERCENTAGE
PER 1]
MICROSECOND
[0,50) 27 125 0.8762 87.62
[50,100) 13 120 0.0749 95.11
[100,150) S 21 0.0188 96.99
[150,200) Y 47 0.0135 98,34
| [200,250) 3 50 0.0088 99.22
[250,300) 1 20 0.0027 99.49
300, 350) 1 3 0.0026 99.75
[350.400) 1 9 0.0025 100.0
5-9
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TABLE 3 - DISTRIBUTION OF PEAK RATE-OF -CHANGE
OF ELECTRIC FLUX DENSITY

(D-DOT SENSOR UNDER FUSELABE 6 FEET
FORWARD OF NOSE GEAR STRUT)

INTERVAL #FLIGHTS #STRIKES ~ MAXIMUM LIKELIHOOD  CUMULATIVE

AMPERE ESTIMATE PERCENTAGE
PER

SQUARE

METER

(0.6) 1 1 .098 9.8
(6,12) 3 5 197 29.5
[12,18) 10 27 -S4 60.9
(18.24) - Y 8 .070 67.9
(24,30) 13 47 .162 84.1
(30,36) ) 43 .048 88.9
[36,42) 9 66 .051 94.0
(42,48) 5 25 .023 96.3
[>48 1515 177 .037 100.0

*NOTE: SIX FLIGHTS WITH 81 STRIKES WAD STRIKES EXCEEDING THE INITIAL
FULL SCALE RANGE OF Alﬂza AFTER SCALE CHANGE ToO 97 AIH2 THERE WAS A
FLIGHT WITH A READING OF 75 A/MS COVERING 5 STRIKES AND A FLIGHT WITH
A READING OF 73 A/M2 COVERING 6 STRIKES AND THERE WERE 3 FLIGHTS WITH
READINGS EXCEEDING 97 Aln2 COVERING 85 STRIKES.
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Fig. 1 - Vertical fin current (dc to 400 Hz recording bandwidth)
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Fig. 2 - Vertical fin current (40 ns sample {nterval)
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Fig. 5 - Model of F-106 and sensor locations used in finite difference code
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Fig. 6 - Model geometry for (a) natural lightning, and (b) triggered lightning
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radius channel and resistance per unit length of 1 ohm/m, 10 ohm/m, and 50 ohm/m
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INTERPRETATION OF A CLASS OF IN-FLIGHT LIGHTNING SIGNATURES

Thomaa F. Trost
Department of Electrical Engineering
United Statea Military Academy
West Point, New York

ABSTRACT

Data recorded on the NASA F-106B reaearch aircraft during lightning
strikea often reveals electric~field waveforma which begin with a seriea of
abrupt changes and end in an exponential variation. A poasible interpreta-
tion of such eventa 1a that an fonized channel i3z completed to the aircraft
during the time of the abrupt changea, and the charge on the aircraft dumpa
into this channel during the time of the exponential. An analysis of
measured waveforms assuming a simple RC-circuit model haa been carried out
for one event, and the results include I = 1000 A, V = - 650 kV, R = 1000 @2,
ani W = 100 J.
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INTRODUCT1ON

DURINC THE PAST few years, lightning strikes
to the NASA F-106B aircraft have yielded much new
electromagnetic data on aircraft-lightning
interactions {1}*. In this paper we discuss one
type of lightning signature which has often been
observed on the P-106B, with a time scale of a
few microseconda. We interpret this signature as
representing a component of 2 lightning event in
which negative charge stored on the aircraft is
rapidly discharged into a 1lightning channel
attached to the noaeboom. Although this interpre-
iation is not unique, it is consistent with the
available data and 1is quite reasonable. By
invoking a simple RC-circuit model for the dis-
charge, estimates of the values of various basic
parameters are obtained. These include channel
resistance, aircraft charge and voltage, and
expended power and energy. Most of the lightning
strikes under discussion are from 1982, with just
a single, although important, strike from 1984.

In 1982 two digital transient recorders were
carried on board and were switched among the four
sensors shown in Fig. 1. The sensors measured I
and I-dot, the current and the time derivative of
the current on the noseboom, D-dot, the time
derivative of electric displacement on the for-
ward fuselage, and B-dot, the time derivative of
magnetic flux density on the aft fuselage. The
orientation of the B-dot sensor is such that the
gensor responds to circumferential magnetic
fields, which correspond to fore-to-aft currents.

For the strike from 1984, the availability
of new transient recorders meant that simultane-
ous data was recorded from all 2f the sensors
shown in Fig. 1 and from some additional sensors
as well. The quality of the 1984 data was further
improved because the new recorders employ 8 bits
rather than 6.

RESULTS FROM 1982 DATA

Fagt Pulges in the Time-Derivative Waveform-
A common feature of the lightning time-derivative
waveforas is the appearance of very fast pulses.
The pulses occur either singly or in groups, and
the average number of pulses per group for 1982
was 2.4. An example of a group of 3 pulses in a
D~dot waveform is shown in Fig. 2 (82-38-02). The
10 ns sample interval of the transient recorders
is not short enough to provide detailed pulse
ghapes. In fact, the pulses are only two or three
gamples in width, and their true peak values are
probably often missed in the sampling process. In
1982, surprisingly, all of the D-dot and B-dot
pulgses were of positive polartty. Thia corre-
sponds to increasing poaitive charge (or
decreasing negative charge) at the front of the
afircraft, where the D-dot sensor is located, and
increasing current fore-to-aft along the aft
fuselage, where the B-dot sensor is located. The
fact that all the pulses had the same polarity
{mplies a charging wmechanism attached to the
airplane. That is, an explanation for charge
motion based solely on polarization of the

*Numbers in brackets designate References at end
of paper.

airplane by an ambient electric field is not
satisfactory since the ambient field would not
always be oriented so as to put the same polarity
of charge on the nose.

For the pulaes that occurred in groups of
two or more we have measured the time intervals
between adjacent pulses. Fig. 3 shows the distri-
bution of these time intervals; the average value
is 300 ns. Unfortunately, there is probably some
inaccuracy 1in the distribution at short times
because of the ringing of the aircraft. The
pulses excite the electromagnetic resonances of
the aircraft, which take about 300 ns to ring
down [2]. (The period of the lowest-frequency
resonance is about 160 ns.) Thus a weak pulse
following within 300 ns of a strong one may be
obscured by the ringing.

F-106B Signature-- A typical example of
aircraft ringing is seen in Fig. 2 following the
second, and largest, pulse. An expanded plot of
this portion of the waveform is shown in Pig. 4,
labelled "F-106." Notice that the ringing
consists in part of a prominent double hump
shape. This shape has also been observed in
laboratory scale-model tests [3], and one of the
waveforms from the laboratory model is shown in
Fig. 4 for comparison with the F-106 data. From
the laboratory tests it has been found that the
double hump results from the reflection from the
rear of the aircraft of a fast current change.
That is, the shape is produced by a current step
which is injected at the front of the aircraft,
travels to the rear, and then partially reflects
from the trailing edge of the wings (first hump)
and then from the end of the fuselage and tail
(second hump). This shape 1s a characteristic
signature of the F-106 in response to current
injection at the nose. It is clearly observed 58
times in the 1982 D-dot data.

The positive polarity of the pulse preceding
the humps means a positive change in the charge
on the nose, so that electrons must have exited
there. See Fig. 5. This {8 an interesting result
because it means that the nose of the aircraft
was acting as a negative tip, and it is known
from laboratory studies [4] that in a rod-plane
gap, 1f the rod is negative, a higher voltage
must be applied to cause sparkover than 1f the
rod is positive.

Aircraft Discharging-- The wvariation of
electric field, E, corresponding to the D-dot
waveform in Fig. 2 has been obtained by integrat-
ing and dividing by €5. The result is shown in
Fig. 6. The fast pulses in D-dot appear as small,
abrupt increaaes in electric field, while the
main feature of E {8 an approximately exponential
riae to 360 kV/m. This indicates that the air-
craft experienced an increase in positive charge
or a decreaae in negative charge, with a time
constant of 680 ns. The location of the zero
electric-field level {s not known and has been
arbitrarily located at the bottom of the plot.

Values of meximum E and time constant, T,
for several lightning strikes which sghowed
approximately exponential discharging, or charg-
ing, like that in Fig. 6 are given in Table 1.
All of these waveforms were similar to Fig. 6 in
that they contained, first, a brief slowly rising
portion, then a few rapid increases, and finally




a longer, quasi-exponential rise. The t values
were measured as the time required for the curves
to reach (1 - e'l) of their final value, not
including the slow rise at the begianing. The
accuracy of the Max. E values, based on ¥ 1/2 LSB
error in D~dot, is about t 15Z.

The atrikes 1listed in Table 1 occurred at
rather high altitudes, 8.2 to 9.5 km, with air
temperatures ranging from -40 °C to -33 °C.

B-dot data recorded simultaneously with the
U-dot data discussed here suggests current in the
form of a pulse, although no actual current data,
I-dot or I, was recorded. However, a look at the
results of strike No. 84-17-01 from 1984 shows a
D-dot waveform similar to that here, and in
addition, thanks to the increase in the number of
data channels, it also shows I; and the I wave-
form 1is a pulse. Assuming the same type of I
waveform here, we see that the current looks like
the derivative of the electric field, and the
plcture that emerges 1is that of a capacitive
circuit. We assume that the airplane is the
capacitor, that is, the airplame itself forms one
plate and a distant charged sphere forms the
other plate. Taking the airplane capacitance to
be approximately 500 pF (Appendix I) and using
T = RC, the 680 ns time constant from Table 1
glves a resistance of 1.4 kit for the circuit. The
370 ns time constant gives 740 Q.

RESULTS FROM STRIKE 84-17-01

Introduction-- The waveforms from the 1984
strike 84-17-01 (May 28) are similar to the 1982
aircraft-discharging waveforms already discussed,
but they represent a more complete set, originat-
ing from eight rather than two external sensors,
plus one internal sensor. Basically the event
consisted of a one kiloampere pulse at the nose-
boom, with a peak I-dot of 26.6 E+9 A/s (or 26.6
kA/us). This is not a large current for
lightning, but it produced a significant
transient on the internal sensor, a wire running
along the fuselage, which went off-scale at 52 V.
The signature of the current is a common one for
strikes to the F-106B, consisting of a fast rise
with some structure and a slow fall. The altitude
was 7.6 km, and the temperature was -28 °C.

Comparison of I and Integrated I-dot-- In
order to test the consistency of the results
obtained from the I and I-dot sensors, we have
compared the waveforms of I and integrated I-dot.
(The I-dot wsveform itself is shown in Fig. 11.)
In contrast to previous results [5], the agree-
ment 1s net very good. The waveforms are showu
in Figs. 7 and 8, and several differecnces between
them may be noted. The trailing edge of the pulse
is almost completely missing in Fig. 8. This is
due to Insufficient dynamic range in the I-dot
record. More specifically, the slope on the
trailing edge in Fig. 7 varies from -8.7 F+8 A/s
toward zero and thus is always less than the
first digitized 1level (below zero) in the I-dot
record, =19 E+8 A/s. Other differences between
the waveforns are that the peak vslue 1in Fig. §
is much greater, and the curve descends more
quickly following the peak than in Ffig. 7. We
expected that the amplitude of integrated I-dot
would be greater than I, because the arrsngement
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of sensors on the aircraft was such that some of
the current bypassed the I sensor but all of it
went through the I-dot sensor; but the two wave-
forms were expected to have the same shape.
Further studies should be done to determine the
reason for this difference in shape and thus
eliminate a point of uncertainty.

Comparison of I snd E-- Integration of the
forward-fuselage D-dot signal in Fig. 9 (and
division by €y5) leads to the E waveform of Fig.
10. This reveals aircraft discharging like that
discussed above for the 1982 data. However, for
84-17-01 more complete data is available. In
addition to the four sensors already described
(Fig. 1), other sensors were used as follows: I
on the tail, D-dot on the tail, D-dot under the
port wing, and B-dot under the port wing for
transverge currents. The tail I record cousists
of fluctuations between O and 71 A during the
entire length of the transient recorder memory,
650 us. 71 A is the first digitized level above
zero, and so the average current was very
roughly, 35 A. The polarity was such that
electrons were flowing onto the airplane. We
interpret this as a weak, continuing lightning-
channel current which was charging the airplane.
A large amount of corona would be expected on the
airplane extremities during this charging phase.
When the required conditions were met, a new
channel formed from the noseboom, and the
gsirplane was discharged. Of course, other, more
complicated Iinterpretstions are possible. These
would 1involve such things as additional simulta-
neous chanrel attachments and charging rather
than discharging through the noseboom.

The final development of the noseboonm
channel probably took place in step-wise fashion.
This is suggested by the structure on the leading
edge of the current pulse in Fig. 7. Two
ccnsecutive sharp rises in current are seen; they
are labeled Py and Py in the figure. (There is
also a small rise between Py and P3.) These sharp
increases correspond to pulses in the I-dot wave-
form, and the pulses hsve been labeled with the
same notation in Fig. 11, which shows I-dot. In
fact, the two events are also revesled in forward
D-dot and E. See Figs. 9 and 10. The situation
here 1s an example of a group of fast pulses like
those analyzed in Fig. 3. We thus come to inter-
pret these pulses as corresponding to the connec-
tion of a discharge channel.

Once the peak current is reached in Fig. 7,
there 1s a brief oscillation, which is probably
due to aircraft ringing, and then an exponential
decay begins as the charge stored on the aircraft
pours into the new channel. The exponential
discharge 1is also seen in the E waveform of Fig.
10. Remember that, with this interpretation, the
true zero of E would be at the top of the curve,
not at the bottom.

Time-integration of D-dot records from the
tail and wing sensors produces E wsveforms very
similsr to Fig. 10. Integration of the B-dot
records from the fuselsge and wing sensors gives
results similar to Fig. 8.

RC-Circuit Model-- A aimplified equivalent
circuit for the overall scenario is shown in Fig.
12. The airplane is represented by the capacitor,
C. Chsrging current at the tail is supplied by
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the source I., and the channel at the noseboom is
represented by the variable resistor. One
imagines that the resistance of the resistor
drops from a high value in step-wise fashion,
producing the pulses P} and Py, and reaches a
value, R, for the discharge phase.

We have taken the beginning of the diacharge
phase to be at point X in Fig. 7. The time
constant, t, for the discharge (the time to fall
to e"1) 1s found from Fig. 7 to be 520 ns. With
reference to the circuit in Fig. 12, a number of
electrical parameters can now be computed. Using
T = RC, the resistance, R, 1s found to be 1040 Q.
The voltage across the capacitor, C, and thus the
alrplane, after the channel has connected and the
discharge begins 1s given simply by V = - IR.
Taking I as the current at point X in Fig. 8, 665
A, glves V = - 692 kV. Here it 1is better to use
Fig. 8 than Fig. 7 because, as mentioned above,
some fraction of the total current byrz.osed the
sensor which was used to obtain Fig. 7. Rext,
the total energy, W, stored in the capacitor is
given by W=1/2 CvZ = 120 J. The peak power
delivered to the channel can also be found: P =
- IV = 4.60 E+8 W, or 460 MW. This 18 the power
at peint X. At slightly earlier times the power
may have been higher, but we cannot calculate it
because we do not know the channel resistance.

An alternative method for calculating the
voltage and energy uses the charge, g,
transferred from the capacitor. From Fig. 12 one
sees that the capacitor current is the difference

between the tail current (I.) and the noseboonm
current (current through R). We have computed
the time integral of this difference to find q =

-298 E-6 C. To determine the charge, ), on the
capacitor at time X, q must be added to the
charge remaining at the end of the pulse, which

is given by -CIcR = - 18.2 E-6 C. Thus Q = - 316
E-6 C, and V = Q/C = - 632 kV. Then W = 1/2 cv2
= 99.9 J.

The two methods in the preceding paragrsphs
for calculating the energy give nearly the game
results, and we conclude that W » 100 J. Note
that our calculations apply to the Cischarge
phase of the event; a quantitative analysis for
the channel development phesc, when the resistor
in Fig. 12 is varying, has not yet been carried
out.

A small but Interesting effect, which we
neglected, 1s the very slight drop in E after 1.3
us in Fig. 10. This may be due to a late-time
increase in the channel reaistance, R. Another
result frer Fig. 10 is that the time constant for
discharge of E ig less than that for I in Fig. 7.
This 1indicates the approximate nature of our
understanding of this type of lightning evant;
future data should help to provide a better
understsnding.

To put the values calculated sbove into
perspective, we have compared the electrical
discharge from the airplane to the discharge of a
typical power-supply capacitor in aa electronics
package. The results are shown in Table 2. The
peak power, P, was calculated i{n both csses
assuming a resistance of 1040 R. One can see froam
the values that C and Q are smsll for the air-
plane, but V 1is lsrge. Thus the encrgy stored
and the peak rower delivered are large for the
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airplane.
CONCLUSTIONS

Characteristics of the Lightning-- Fasat
pulses, like those marked with arrows im Fig. 2,
are very prominent in the time-derivative data.
They come in bunches of two or three and are
among the fastest components ever observed in
1lightning fields. They are associated with the
development of ionized channels on the noseboon,
as 1llustrated in Fig. 5, where negative charge
is carried off of the airplane. The time required
for three pulses 1s typically in the range 100 to
700 ns. By integrating D-dot waveforms like the
one in Fig. 2, one discovers that there 1is an
approximately exponential variation in D, and E,
following the occurrence of the fast pulses.
This is aimilar to the decay of the voltage of a
capacitor as it discharges into a reaistor. The
time constant is about 500 ns. A possible
interpretation of the overall event is that a
channel i{s completed during the time of the
pulses, with some charge abruptly leaving the
aircraft, and then the bulk of the charge flows
into this channel during the time of the
exponential variation. Values of various basic
electrical quantities have been calculated for
the exponential discharge phase (Tables 1 and 2),
and all values seem reasonable. In the particular
strike 84-17-01 it appears that the aircraft wes
subjected to a 100 J event, vwhich is fairly
potent.

During the capacitive discharge phase of 84-
17~01 the current (and thus the magnetic field)
varied roughly as the derivative of the electric
field, as seen from Figs. 7 and 10. This
relationship can slso be written I = C dv/dt.
However &t early times, ahort disturbances
propagated over ihe aircraft, and in this
propagating-wave situation one would expect I-dot
proportional to D-dot and thus I proportional to
D. This ia just what happened, and the close
similarity between I-dot and D-dot waveforms can
be seen during the pulsea P} and Py in figs. 9

aud 11. In fact, a simple charge-conservaticn
argument can be used to find the proportionality
constant between I-dot and D-dot. See Appendix
II.

Laboratory Simulation-- If the RC-discharge
idea Tor strike B4-17-01 1s correct, the neces-
sary apparatus for an approximate simulation of
this event on the ground is suggested by Fig. 12:
A high-voltage power supply is connected to the
tail of the aivcraft through a large resistor to
simulate the asource, I.. The air:raft is charged
to - 650 kV and then allowed to apark over at the
noseboom to a 1000 @ resistor connected to
ground.

Characteristics of the F~106B-- The double-
hump signature shown in Fig. 4 is a characteris-
tic of a nose-mounted D~dot sensor on the F-106B

or other similar delta-wing aircraft subjected to
a fast transient {nput at the nose. It is an
example of the {nf{luence of aircraft shape on
lightning waveforms.

As a final comment, ({t is interesting that
the time-derivstive data reveals {mportdant short-
time-scale 1information-- fast 1lightning pulses



and aircraft resonances and reflections (double
hump)~—~ while by merely integrating, one gets
data which emphaaize a longer-time-scale picture,
giving the overall discharge time and energy and
suggesting the RC circuit interpretation.

APPENDIX I: CAPACITANCE OF THE F-106B

The capacitance between a circular disk of
radius r and a sphere at infinity is given by
Cq = 8€g r. For a aphere rather than a disk,
Cg = 4%e, r. We aprroximate the capacitance of
the F-106B to 1lie between that of a disk of
radfus 5.8 m and that of a sphere of the same
radius. We obtain Cq = 410 pF and Cg = 645 pF,
and thus for the airplane we take C = 500 pF.

APPENDIX II: RELATION BETWEEN D-DOT AFD I-DOT

The aimplest case for the propagation of an
electromagnetic disturbance 1is one¢ where the
disturbance maintains the same shape as it
travels and thus is given by f(z-vt). This would
be the situation for a wave inside a uniform,
lossless coaxial transmission line, for example.
We will assume this is approximately correct for
propagstion of lightning disturbances along the
noseboom and forward fuselage of the F-106B. For
the propagation speed, v, we use ¢ = 3.00 E+8
m/s.

We will let the z axis run through the nose-
boom and forward fuselage and take the fore-to-
aft lightning current and surface charge to be
approximately symmetrically distributed about
this axis. The equation of conservation of charge
can now be written in the form

31/3z + 3q/3t ~ 0O ,

vhere { 1is current and q is surface charge per
urit length in the axial direction. If { is a
function of z-ct, then

391/3z = = 1/c 31/3¢t .
Charge conservation now becomes
3q/3t = 1/c 31/3t .

If the fuselage 1is approximately circular with
radius r, then the charge per unit area is
q/(27 r), and this 1is the ssme as the electric
displacement, D. Thus, dividing the equation
above by 2rr, we find

D-dot * I-dot/ (2% rc)

using the "-dot” notation employed in the body of
this paper.

In order to see how closely the actual
results follow the simple theory, we have taken
the values 5.07 A/m? and 1.14 E+10 A/s from the
first peaks (P)) in D-dot and I-dot for substitu-
tion into this equation. The waveforma are shown
in Figs. 9 and 11, respectively. Using r = 0.8 m,
the result is 5.07 ~ 7.56, which is not too bad.
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Table 1. F-106B Aircraft Discharging Parametera

Strike No. Max. E (kV/m) Time Conatant (ns)

82-38-02 (Aug. 8) 360 680 |
82-38-04 120 670

82~40-04 (Aug. 9) 190 500

82-40-07 440 370

82-42-06 (Aug. 11) 160 630

82-42-09 240 600

Table 2. Comparison of Diachargea, F-106B
Aircraft (84-17-01) and Typical Power-Supply Capacitor

C (uF) v (V) Q (0 W {3 P (W) i

F-106B 0.0005 -632,000 =316 100 4.20 E+8

Capacitor 100 100 10,000 0.5 96.2
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LOCATIONS OF ELECTROMAGNETIC SENSORS
ON F-106B AIRCRAFT

Fig. 1 - Sensor locations for 1982.
various quantities (B-dot, D-dot, I, I-dot) are defined to be positive

D-DOT (Am?)
12

10

Fig. 2 - D-dot waveform showing three fast pulses,
F-106B lightning strike No. 82-38-02

Arrows give the directions for which the
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Fig. 3 - Distribution of time spacing between
consecutive pulses
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D-DOT

15

LABORATORY MODEL

280
3% 125 175 245 315
1E-3 TIME (MICROSECONDS)

Fig. 4 - Comparison of D~dot double hump signature of
F-106B (82-38~02) and laboratory model

Fig. 5 - Channel attachment to noseboom, and abrupt
loss of electrons at nose which propagates aft
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Fig. 6 - E waveform from time integral of D-doi in
Figure 2 (82-38-02)

CURRENT (R)

Fig. 7 - Lightning noseboom current waveform from I

sensor, strike 84~17-01. Sharp increases occur at

points P1 and PZ’ and a continuous decline follows
point X
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Fig. 8 ~ Time integral of I-dot waveform sensor for
comparison with Figure 7 (84-17-0])
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Fig. 9 - D-dot waveform, strike 84-17-01
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Fig. 10 - E waveform from time integral of D-dot in
Figure 9 (84-17-01)
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Fig. 11 - I-dot waveform used to generate Figure 8
(84-17-01)
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Fig. 12 - Equivalent circuit for aircraft charging
and discharging scenario applied to strike 84-17-0}
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A THREAT-LEVEL LIGHTNING SIMULATOR

John L. Harrison, Y. G. Chen, Ed CGalicki, and William Richardson
Maxwell Laboratories, Inc.
8888 Balboa Avenue
San Diego, California 92123

ABSTRACT

A threat-level lightning simulator having a low ripple output pulse with a peak
current capability of 200 kA, and a peak rate of rise of current of 200 kA/us is now in
operation at Boeing Aircraft Corporation. The simulator is powered by a 4 MV Marx
generator which drives a load with an inductsnce of 8 uH. The pulse is crowbarred when
the circuit current is close to its maximum value by a laser-triggered crowbar switch.
The decay time constant of the current pulse is determined by the load resistance.

The pulser generates a reproducible output waveform over a current range of 70 kA to
200 kA, and features a low prefire rate, and reliable precision triggering of its crowbar
switch at close to the zero voltage ideal switching point, Consequently the machine
operates with a reliability of over 90 percent.

This outstanding performance is achieved despite the severe duty enforced on the
crowbar switch which carries a peak current of 300 kA, passes a charge of 40 C, and see an
action level of approximately 2 MJ/Q during each shot delivering the 200 kA rated current.



STATE-OF~-THE-ART TECHNIQUES
FOR
LIGHTNING SUSCEPTIBILITY/VULNERABILITY ASSESSMENTS

John G. Schneider, Martin D. Risley,
M. Jean Reazer, Arturo V. Serrano
Technology/Scientific Services, Inc.

J. L. Hebert, 1Lt, USAF
Wright Aeronautical Laboratories (AFWAL/FIESL)

Abstract

State-of-the-art techniques to essess the susceptibility/vulnerability of
aerospace vehicles, present and future, to the electromagnetic threats from
lightning (LEMP) and electrostatic electricity discharges (ESD) ere described in
this paper. These techniques are routinely used at the Atmospheric Electricity
Research Laboratory (AFWAL/FIESL) of Vright Aeroneutical Laboratories. The
techniques have evolved as a result of teste conducted on a wide variety of
aerospece vehicles. Included ere cost-effective date acquisition, processing and
storage systems and software that have heen developed for high productivity and
are based on microcowputer- controlled minicomputers capable of tranaient as well
as (W meesurements; modular, reusable return path structures adapteble to aero-
pace vehicles covering wide ranges of sizes and shapes; prograrmable breakout
box/cable combinations that permit induced voltage and current meaeurements or
individual wires of aircraft cable bundles ueing non-contact probee; snd wideband
(DC to 50 MHz) analog fiber data links that are pneumatically controlled for use
in the high electromagnetic noiee environment of high-voltage and high-current
lightning eimulators.

These techniquee have been successfully ueed with test configuretione
involving simuleted lightning current injection, rocket-triggered lightning
experimente, high-voltage (shock) excitetion, radiated EMP, and swept (CW)
frequency-test methods. The techniquee, equipment charecteristics, and
procedures are preeented elong with knowm limitations.
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INTRODUCTION

The rapid introduction o advanced composite
materials and low level semiconductor besed flight
criticel control systems into present and future
aerospace vehicles has increased the need for effi-
cient and accurate techniques for Lightning Suscep-
tibility/Vulnerability Assessments. While analytical
prediction of lightning protection is essentiel for
the effective design of future aerospace vehicles,
the geometric and parametric complexity of the
vehicles will require that the vehicle undergo
testing before final lightuing qualificetion is
achieved. 1In addition, design changes and modifica-
tions to enhence the capabilities of present aircraft
will require testing to insure that these chenges
heve not increesed the inherent lightning suscep-
tibility of e previously lightning hardened eircraft.
The increesed emphasis on lightning protection for
future aerospece space systems has zesulted in
Military Standsrd MIL-STD-1757A and a new DOD Mili-
tary Standard for indirect effects testing being
developed by the SAF AEAL committee, since the need
for effective and accurate lightning susceptibility/
vulnerebility test is paramount. Recognizing this
need, the Atmospheric Electricity Hazards Group of
the Flight Dynamics Leboretory, Air Force Wright
Acronautical Laboratories and the facility contractor
Technology/Scientific Services, Inc. have undertaken
an aggressive progrem to upgrede end enhence the
ability to perform deteiled lightning susceptibility
tests on aerospace vehicles. These efforts cover the
full spectrum of these assessment tests including:
simulated threet generation; input waveform end
induced trensient deta ecquisition; and, data signal
processing and enalysis. This paper details recent
edvences in the rtate-of-the-art in eech of these
ereas.

GENERATION

Advances in the aree of generation include the
development of a portable 4 MV prime power source for
a nev fast-rise, full/threat lightning simulator, the
development of e pseudo coaxial moduler return path
system, and the development of frequency domain
testing using a Swept Frequency Continuous Wave
Syatem to develop system transfer function.

The AEH Group has developed a Fast Risetime
Generator which uses a NEMP-type peaking capecitor
coupled to a high voltage marx to provide the fast
current risetimes that have been observed during
recent ground end in-flight lightning reseerch
program (1,2). This generator can produce s 40 KA
0.2x20 vaveform, a full order of magnitude faater
than generetore routinely used for lightning simu-
lation tests. The prime power source for this
generetor vas an extremely long (84 foot) moveble
marx designed in the 1960's by the Lightning and
Transients Research Institute for the Air Force
Weapons Laboratory (3). A new portable 4 MV marx
generator hes been designed to replace this aging
generator in e truly tranaportable configuretion.
The generator's design is depicted in Figure 1. This
generator haa the distinct advsntages of portability,
operation in air and a rugged reliable triggering
system. The generator consists of 40 100 KV
capacitors arranged in eight banks of 5 capacitors
each. Pach leg is installed in a triangular atruc-
ture to take advantege of the atability and rugged-
neas of that geometric shape. The totel lergth of
the generator is 25 feet ellowing it to be
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transported on any standard 25 ft or ionger flat-bed
trailer. The generator operstes in air seving the
costs of oil or SF, snd their assocciated house
keeping systems. ?he in-air operation results in an
increase in the inductance of the marx generator, but
this is compensated for by the use of the NEMP-type
peaking capacitor (2). The high voltage switches are
spark gaps of the simple rugged design illustrated in
Figure 2. They are numericelly triggered taking
adventage of the drop in their breakdown voltege due
to a decrease in pressure vhen operating on the
right-hand side of the Pachen curve. The operating
range of these spark gaps for several pressures and
distances is shown in Figure 3. The simple rugged
design of the generator and its sparks gaps promises
rugged relieble operation.

Return paths have typically been built in a
unique manner for each particular aerospece vehicle
being tested and either discarded or materials
selvaged following the tests. The AEH group har
designed e set of modular return paths which are
reusable from test to test. Figure 4 shows the
moduler return paths being used on e CV-580 aircraft,
and Figure 5 shows their use with an FAA experimental
testbed. Return paths of this type have been shown
to have an inductance es low as 3uH (4). The basic
sections of the modular return path consist of wooden
frames which measure 4 ft by 16 ft with wire screen
permanently attached over the {rames. Some of the
gsections have 45 degree angles on the edges which
allows them to be mated to edjoining sections to form
a cosxial type geometry. The sections are bolted
together to form e continuous return path with
compression connections between eech edjacent sec-
tion, Wire screen is suiteble for lightning testing
as the shortest wevelength of concern is much longer
than the spacing in the wire grid. The modular
design allows maximum flexibility for designing many
different sizes end shspes of return paths. This
approach is cost effective as it minimizes the costs
of new materials and cost of construction for produc-
ing effective return path configuretions.

The third advance in lightning simulation
generation is the AEH Group in-house development of
the ebility to perform Swept Frequency Continucus
Wave testing. This frequency domain determination of
the transfer function of an aircreft is e powerful
linear aystem test method that has been demonstrated
to be en effective lightning susceptibility test
method (5,6). The data processing in the frequency
domain from one of these tests is illustrated in
Figure 6, The aerospece vehicle being tested is
subjected to various frequencies and the magnitudes
of the induced transient voltages end currenta is
measured and recorded producing a Frequency domain
trenafer function which is limited in frequency by
the ranges of the measuring instrumentetion and the
ebility to produce responses vhich demonstrete an
accepteble signal to noise retio. Figure 8 shows a
SPCW trensfer function meeaured on a UH-60A Black
Hawk helicopter (7) end its response to the 2x50 ssec
lightning wvaveform. This system developed by the AFH
Group has the edvantages: of compactness which makes
it easily trensportable; computer controlled acquiai-
tion, signal processing and graphics which speeds
data acquisition and processing; the ability to make
corrections for the characteristics of the meaaure-
ment acquiaition system; and the ability to combine
the tranafer function with a variety of different
frequency domain threat weveforms. The AEH Group has
extended the Frequency domain analysia techniques to
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data acquired during moderate and severe simulated
lightning susceptibility tests and data acquired
during inflight lightning strikes (8).

DATA ACQUISITION

Advances in the acquisition and recording of
measured lightning simulation induced voltages and
currents transients on aircraft circuits include the
development of a microprocessor controlled data
acquisition system and the development of programma-
ble breakout boxes.

Figure 7 show a Zenith Z-100 microprocessor
wvhich controls the acquisition of the data being
recorded by two 2-channel transient digitizers/signal
processors. In the past, data concerning the test
being performed was logged on data sheets before and
after the simulation test was performed. Between the
test, the operator was required to set up and arm the
digitizers as well as make all data entries., With
the microprocessor controller, the computer prompts
the necessary housekeeping information such as shot
number, circuit being measured so that the operator
cannot inadvertently forget to make these necessary
entries between the tests. The computer also sets up
the digitizers and arms them prior to the next shot.
After the shot, the computer performs initial analy-
sis on the signal and stores pertinent transient
waveform parameters such as Peak maximum and minimum
values. During lightning simulstion tests on the
F-16 /LANTIRN systems (9), the computer provided time
domain extrapolsted values from the level at which
the systems were tested up to the full severe level
of 200 Kiloamperes. The computer then passed the
data tc a printer to provide immediate hardcopy
feedback and documentation of the tests. An illus-
tration of the data from several shots is presented
in Figure &. The computer controlled the storage of
the waveforms recorded on a magnetic disk and then
begau the entire series of events over sgsin for the
next shot.

Figure 9 shows a programmable breskout box which
is capable of current snd voltage messurements on &
separate circuits without the nccessity to open the
compartment panel to gain access to change circuits.
Figure 10 shows s schematic diagram of this breakout
box. With 2 breakout boxes in operation, 16 measure-
menta can be made on 8 circuits without gaining
access to the compartment or circuits being measured.
When a change is necessary 4 more circuits can be
selected for each breakout box by simply plugging in
a programmed plug which was constructed well in
sdvance of the actual simulation tests. Tho breakout
box is connected into the aircraft circuit using
shielded cables with standard aircraft connectors.
The cable lengths are minimized and identical gaze
wvire as in the aircraft circuits are used to insure
oinimum perturbstion of the circuit under test, The
breakout boxes for the F-16 tests were pneumatically
controlled to select the circuit to be measured.
Transients measured were transmitied via snalog fiber
optics with a bandwidth of DC-30 MHz. The breakout
boxes have since been upgraded to 100 MRz, Current
measuremcnts sre made by a CT-1 Tektronix current
transformer while voltage measurements are differen-
tial using two capacitive voltage probes (Ref 9).
Transient induced currents were measured in one
conductor of a wire pair while voltage measurements
vere made differentislly on Hi/l.o signal lines or in
reference to signal grounds for single ended circuits
that use chassis ground as a return. For low level

tests such as swept frequency continuous wave tests,
the excitation signal is amplified.

The combination of the microprocessor controlled
dsta acquisition systems and the programmable break-
out boxes allows susceptibility tests to progress at
a near real time pace with the time required to
charge the simulation generator being the controlling
factor. With this combination transient current and
voltage measurements were made in over 200 separate
circuits on the F-16/LANTIRN systems in a 2 working
day period. The computer speeded up the acquisition
of large volumes of data, and reduced the human
errors that inevitably occur during long hours of
testing.

DATA ANALYSIS

The addition of micro-computers and medium sized
computers as integral parts of the lightning simu-
lation test systems has greatly speeded up the
acquisition, processing, and reduction of the simu-
lation data; and resulted in a aignificant enhance-
ment of the ability to perform thorcugh extensive
post-test analysis.

The micro-processor integration into the simu-
lation data acquisition system provides a substantial
increase in the ability to perform timely simulation
tests. Data reduction tegins even as the data is
acquired. The bookkeeping tasks or data logging is
performed on line, initial data analysis is performed
between shots and a hard copy of initial results in
either graphic or tabular form is provided immediate-
ly following each test. The previous methods of dsta
sheet logging and labeling of oscillogram photos and
haud or visual measurements of the transient
waveforms were costly in terms of time and were
subject to human error. With sufficient sample rates
the digitized waveforms allow computer processing of
the signals which is sccurate and immediate. The
magnetic storsge of the digital waveform data also
allows post teat reduction of the data. The data can
be viewed and initial results obtain during the
tests. Post-test computer aided reduction processing
and analysis can be performed quickly and accurately.
Computer-sided grasphics allows customizing of the
data presentation format for formal reports which
were not previously possible with oscillogram photos.

One of the most exciting sdvances in simulation
teat data analysis hss baen the integration of
frequency domain techniques for post-test simulation
test dats analysie., The time domain data acquisition
snd procassing digitizers hava been interfaced to the
medium sized computer system developed for the Swept
Frequency Continuous Wave System discussed earlier.
Fraquency domain techniques are illustrated in Figure
11 and basically consists of:

1) The transfer of the time domain lightning
simulation test waveforms for the iaput and the
induced circuit transient voltages and currents sre
transferred directly from the tranaient digitizersa
and magnetic disk storage system directly into the
medium sized computer for frequency domain processing
and analysis,

2) “%he time domain waveforms are transformed
into the frequency domain via fast fourier transform.

3) The signals are corrected for the measured
effects of the characteristics of the sensors,
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breakout boxes and fiber optics systems used during
the acquisition of the dsta. (Potentially, the
configuration effects of the simulator return paths
and generator which are not present during the
in-flight situation could be removed at this time,
however this procedure is in it development stages at
publication time).

4) The induced transient voltage and current
signals are returned to the time domain for prelimi-
nary analysis.

5) Additional processing continues in the
frequency domain with the transient waveforms being
divided by the input waveform. For the transient
voltage waveforms this produces impedance transfer
functions and for current waveforms direct trsnsfer
functions.

6) These transfer functions are convolved with
the lightning threat (For example: an actual
in-flight measured lightning strike, or one of the
standardized lightning threat simulation waveforms of
the MIL-STD-17574).

Lightning simulation tests are performed with
generators which most closely produce injected
current wsveforms specified for lightning simulation
testing. Although these gencrators cannot exactly
reproduce these waveforms, all of the information
need to determine the aircraft systems response to
the actual specified waveform haa been measured and
recorded during the time domain tests. Frequency
domain techniques allows this information to be
brought out. This technique also allows linear
extrapolation of system responses to any threat
waveform, within the frequency limitations of the
acquisition equipment, which is correct in amplitude
and phase., Frequency domain techniques provides a
powerful tool to analyze and exploit lightning
simulation test gencrated transient data measure-
ments,

SUMMARY

The need for accurate cost-effective lightning
sinulation techniques was diacuased. Advances by the
ACR Group in the areas of generation, data acquisi-~
tion and data analysis was presented. Theae includ-
ed:

The design of a coat-effective portable 4MV marx
bank for the AEH Group's Faat Risetime Generator and
tue development of a Swept Frequency Continuous Wave
Lightning Simulation Test System in thc area of
generation.

The development computer controlled data acqui-
sition aystems and advenced programmable breakout
boxea for induced transient voltage and current
meaaurenents in the area of data acquisition.

The development of micro-computer processing and
reduction systema and the implementation of frequency
domain techniques for post simulation test data
analysis.

The advances presented in this paper overviews
techniques which greatly enhance the sbility to
perform detailed and accurate lightning simulation
tests.
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COMPARISON OF LOW LEVEL FREQUENCY
DOMAIN LIGHTNING SIMULATION TEST TO
PULSE MEASUREMENTS

David B. Walen
Boeing Military Airplane Company
Seattle, Wasnington

ABSTRACT

Three lightning test tecaniques were used to measure induced transients on
a modified F-14A airplane. The F-14A was modified by adding grapnite/epuxy
skin panels and by installing special avionics equipment. Test tecnniques
demonstrated on tne F-14A included low current {less than 20A) swept frequency
transfer function measurements, moderate current (28 kA) pulse tests anu nign
current (200 kA) pulse tests. The results of the measurements were compared
using Fourier transformations ano linear extrapolation. Responses medsureo at
lower current levels and extrapolated tu higner current levels were 23 percent
lower to 32 percent higher than the responses measured at hign levelis.
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INTRODUCTION

PROTECTING AIRCRAFT SYSTEMS from wuudesiravle
effects of lightning-induced transients requires
ca~eful  protection  design, installation  and
verification. Lightning simulation tests can be
used to support the protection design and to veriry
the effectiveness of the protection design.

Results of three lightning simulation test
tecnniques, periormed on a modified F-14A airplane,
were compared as part of the Atmospneric Electricity
Hazards Protection  program, The tests and
evaluation showed the variations tnat resulteo wnen
inouced transient responses were extrapolated frrom
Jow drive current levels to higher drive current
levels associated with the ligntning environment.
The magnitude of these variations can intluence the
safety margin requirements imposed during the
lightning protection design, test and evaluation
process. In adaition, quantifying tne variations
will allow selection of cost-effective tests for tne
lightning protection verification.

DISCUSSION

Tne F-14A airplane wused for tue lightning
simulation tests was modified by installing
graphite/epoxy skin panels in place of aluminum
panels. Other aluminum panels were removed to
represent ronconducting composite skin materials.
Special avionics systems were installed, including
an automatic flignt control system rrom an
air-launched cruise missile, and an airporne
computer and control panel linked uy a MiL-STU-15538
data bus [1]*.

Three gistinct sets of simulation equipment and
techniques were used in the F-14A lightning tests to
monitor the inouced transient responses [}, Tne
techniques and equipment were:

a. Swept-frequency transfer function
measurements using low drive currents
(Yess tian 2UA} and network analyzers.

. Current pulse response measurements using
a moderate-level current (28 kA) pulse
generator ano transient digitizers.

C. Current pulse response medasurements using
a hign-level current (200 kA) pulse
generator ang transient digitizers.

Tne F-14A was tested in the Boeing Military Airplane
Company ligntning test facility in  Seattle,
Wasningtun. Figure 1 snows the arrarngement of the
F-14A and tne lightn'ng simulation equipment.
Current was injected into the nose bulkheao or tne
F-14A ana exited the awrplane at the tarl. Poultry
netting was used to return the current from the tail
to tne nose Orive point. The current injected on
tne airplane was monitured at tne nose injection
point during the transter function tests and at the
tail exit point for the pulse tests. Ine transient
responses from the test probes were monitored using
wide-pandwidth analog fiber optic systems. Network
analyzers and transient digitizers were located in a
smieldea 1nstrunentation room.

Transfer functions were measured wusing a
computar-pased swept frequency network  analyzer

*  Numoers in brackets designate References at end
of paper.

system. The transfer functions were measured as
responses relative to the drive current at the nose
of the F-14A, so that

HiF) = R(f)
0 = Iy
where H(f) is the measured transfer function

R(f) is tne test point response and
I{f) is the airplane drive current.

The transfer functions were corrected to compensate
for the test probe characteristics and the reference
current variations. Tne transfer function amplitude
and phase were measured at 331 discrete frequencies
between 100 Hz and 50 MHz. Below 1 kHz the signal
to noise ratio was generally less than 100B. For
further analysis, the transfer function
characteristics were estimated where the response
was below the noise amplitude. The estimate was
extrapolated from the trend of the measured transfer
function amplitude and phase acove 1 kHz.

A Fourier transform program was wused to
calculate tne time response from tne measured
transfer function. An integration algorithm was
used to allow unequally spaced frequency samples to
be wused tor the transformation. The general
operation is shown by the equation

r(t) = F10H(F)I(F) ]
where r(t) is the test point time domain response
H(f) is the test point transfer function
I(ﬁ) is the drive current spectrum ang
F='[] is tne inverse Fourier transform
operation.

A douole exponential current waveform was used for
the drive current furction. The time constants of
the doudle exponential equation were selected from
the corner frequencizs of the moderate level pulse
generator current spectrum, The amplituoe
coetricient w~as determined from the moderate pulse
jenerator outpui current peak amplituoe. The doudie
exponential spectrum is

t 3 ] ]
HE =t [—J m]

where I{f) is the cyrrent spectrum
Io is 27.7x1Q°%A
is 4.35x1Q3s -1
is 2.5x106s-1
Al
w is the radian frequency (2nf)

™ R

This spectrum  was used to simulate tne
moderate-level pulse generator output current for
comparing tne moderate-level pulse responses and tne
transformed transfer functions.

A fast rise time pulse generator was used to
generate the moderate level (28kA) current pulse
into tne F-14A. The pulse generator produceo a
waveform to the  peak amplitude that was
approximate'y a quarter sine wave cycle at 208 kHz
(figure 2). The peak current was 28 kA. The
530-kHz ripple occurring past tne peak was due to
the Marx generator ringing after the crowbar switcn
is clused. Tne 3.1-MHz ripple was due to the F-i4A
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and return wire quarter-wavelength transmission line
resonance, The major characteristics of tne
measured moderate-level current pulses are listed in
table 1.

Current pulse tests were performed on the F-14A
with peak amplitudes up to 200 kA. A hign-energy
crowbarred Marx generator was used for tnese tests.
Maximum amplitude pulses from this generator
represent tne severe lightning threat defined for
the AEHP program [3). An example of the measured
high-energy current waveform is plotted in figure
3. The significant characteristics of the measured
waveform are 1listed in table 1. The measurea
waveform for the nose-to-tail current path snows
ripple at 3.4 MHz caused by the airplane ano recturn
wire transmission line quarter-wavelength
resonance,

TABLE 1. CURRENT PULSE CHARACTERISTICS

Moderate High

Peak current (kA) 28 200
Rate-of-rise (10-90%) SA/s) 3x101Y 1.7x101!
Time to half value_(ys 80 40
iczisn integral (Al-s) 3.5x104 2.5x10°

The responses measured during the mooerate ano hign
level puise tests were compared by simple
extrapolation. The factor for extrapolating tne
28-kA pulse responses to compare with high drive
current  responses was selected from tne drive
current peak amplitude or the ten to ninety percent
rate of rise, Waveform and transfer ftunctiun
inspection was used to determine which factor to use
for the extrapolation.

The results of four types of transient responses
are presented in this paper. The responses include:

) Magnetic flux measured on the ogutside of
tne F-14A skin panels.

}  Voltage measured across F-i4A skin panels.

) Voltage measured on individual wires that

a
4

O O

connected to avionics equipment.
d) Overall current measured on cable bundles
tnat interconnected avionics equipment.

The responses shown were selected from many
measurements on the F-i4A [4]. Tne selected
responses nad signal to noise characteristics tnat
generally exceeoed 10dB and represent typical
responses tor the various airplane configurations.
The current density at various locations on the
F-14A was determined by monitoring the rate of
change of tne magnetic flux (ap/dt). Tne
measurements were made by measuring the voltage on
small single-turn 1loops aligned parallel to the
plane of the F-14A nose-to-tail ax1s., Tne d¢/dt
responses measured during tne moderate ana
nign-level pulse tests were proportional to the time
derivative of tne drive current. Tne transfer
function for tne field probe voltage measured at
TP1206 is snown 1n figure 4. An example of the
response measured at ruselage station 313, test
point TPI20b, is snown in figure 5. Tmis figure
compares the response measured during the

!

E
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moderate-level pulse tests plotted with the response
from the transformed transfer function. The two
responses are proportional to the current rate ot
rise. The transfer function response peak amplitude
is 11 percent higher than the measured moderate-
level pulse response. The oscillation in botn
waveforms {s caused by the quarter-wave airplane
resonance.

Tne plots in figure 6 show the measured 100p
voltage versus the drive current rate of rise for
TPi206. Tne straight line shows the extrapolation
from the value measured at 28 kA. The amplitude
extrapolated from the 28-kA drive current was 18 to
23 percent lower than the amplitudes measured at the
nigher drive currents,

Voltage was measured across a skin panel on tne
turtle deck. The voltage probe wire was attached to
the aft fasteners on the panel. The voltage was
measured between the forward fasteners and the probe
wire at the front of the panel. The wire was routea
adjacent to the panel to minimize loop-coupling
effects. Tnis probe measured the voltage caused by
Jjoint and panel resistance.

Tne transfer function in figure 7 shows the
voltage response for the graphite/epoxy turtle deck
panel. At low frequencies, the response increases
at 20 dB per decade. This implies that at low
frequencies the wire senses low voltage in the panel
because most current would flow in  the
low-resistance aluminum panels ano suostructure.
Above 30 kHz, the amplitude for the graphite-epoxy
panel flattens out. e amplitude reflects a panel
resistance of 7.9 mQ for the turtle deck panel.

Figure 8 shows tne waveforms of tne structural
voltage measured across the turtle deck panel. This
figure compares the measured moderate-level pulse
response and the response ftrom the transformed
transfer function. Both waveforms have very similar
characteristics, including relatively fast amplitude
decay at the later time. Tne amplitude ot the
transformed response was 13 percent higher than the
measured pulse response amplitude.

The plot in figure 9 shows the peak measured
amplitude versus tne drive current for tne
structural voltage measured on the turtle aeck
panel. This test showed a linear scaling response,
with amplitudes extrapolated from the 28-kA drive
current exceeding the measured amplitude for nigher
drive currents by Y to 17 percent.

One avionic system used 1n tne F-14A tests
consisted of an operational air-launcned cruise
missile automatic flight ccntrol system Uiat
included the flignt control computer, sensors, and
actuators. Quring tne avionic transient response
tests, the inertial navigation equipment (iNt),
radar aitimeter (MRA), and flight control system
equipment (FCSE) components were replaced witn
transient monitoring boxes. These monitoring ooxes
contained voltage test probes, attenuatars, test
point selector switches, and floer optic
transmitters. The voltage was measurea on selected
wires that connecteo to tne avionic equipment.

Test point TP2202 was used to monitor tne
transients on tne FCSE throttle actustor wire, Toe
configuration includes the grapnitc-epoxy turtle
deck panels and open forward avionics odys. Tne
response was generally proportional to the time
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derivative of the drive current waveform as
indicated by the slope of the transfer function
amplitude in figure 10. Tne waveform in figure 11
shows the response on this wire tor the Z8-kA drive
current pulse, The figurc shows the wavetorms from
the moderate-level pulse measurements and
transformed transfer function measurements. Tne
peax amplitudes of the measured pulse response was 3
percent higher than the transformed response peak.
The cscillations at the airplane quarter-waveliength
resonance dominate the response, which indicates the
nigh-frequency coupling to the wire.

Figure 12 shows the peak voltage measured on the
FCSE test point plotted versus the drive current
rate of rise. The amplitude extrapolated frum tne
2BkA drive currents ranged from 27 to 32 percent
higher than the amplitude measured at higner drive
current levels for the FCSE test point TP2202.

Currents on interconnecting cable hundles were
measured using current transformers. The
instruments monitored the overall current on the
cable bundles, not individual wire currents. Figure
13 shows the current transfer function measured on
wire bundle W3 (TP2501) during 28-kA pulse tests.
Tnis wire oundle is made up of twisted pair wires
for the avionics equipment 28V-dc power. The
transfer function for the current snows low
amplitude below 5 kHz. For frequencies between 5
kHz and 1 MHz, the amplitude varies aoout |8dB, with
no dominating response characteristic. The wire
bundle current was generally proportional to the
drive current in the early pulse times. Figure 14
shows responses for the moderate-level pulse
measurement ano the transformed transfer function.
Tne peak amplitudes are within 12 percent, and the
general waveshapes are similar. The measured
moderate-level pulse response does not sSnow the
oscillations caused by the airplane
quarter-wavelength resonance effects. However, tne
measured pulse response was not compensated for
nignh-frequency-bandwidth 1imitations on the current
probe, whereas  tne  transfer  function  was
compensated.

Figure 15 snows the curreats for TP¢501 plotted
versus the airplane drive current. The amplitude
extrapolated from the 28-kA drive current was 20 to
28 percent nigher than the amplitude measured at
nigher drive currents.

SUMMARY

Transfer function responses were multiplied by
the drive current Spectrum, transformed nto time
responses using Fourier transforms, and then
compared with respons2s measured during the 28-kA
pulse tests. For four test points the pulse test

responses were from 3 percent higher to 13 percent
lower tnan the transformed transfer function
responses. The mean pulse test amplitude was 8
percent or 0.7 dB lower than the transformed
transfer function response amplitude. One ., .ctor
affecting the quality of tne transformed responses
was tne noise floor relative to tne transfer
function response. Noise measurements were taken
for each specific test arrangement ana tne results
were compared with the test point responses.

For eleven transient voltage, current, and fielu

measurements, the high-level pulse  response
amplitudes ranged from 23 percent higher to 3¢
percent lower than the 28 kA responses extrapolated
to the higher drive currents. Tne drive current
amplitude or rate of rise were used for the scale
factor. The extrapolated responses mean variaticn
was 11 percent or 0.9 dB higher than the measured
response amplitudes. The measurement< Aere
qerf%rmed with 100-, 150-, and 200-kA nominal drive
evels,
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LIGHTNING STRIKES TO AIRCRAFT OF THE GERMAN FEDERAL ARMED FORCES
By
Wilfried Ziegler
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ABSTRACT

A survey is given of the lightning strikes from 1973 through 1985. About 80% of the
more than 345 lightning strikes reported involved the following four types of aircraft:
F-104G "Starfighter”, F-4 "Phantom", C-160 "Transall", and BR-1150 "Breguet Atlantic".

For these four aircraft the lightning strike rates per year and the average rates for

the whole period of 13 years will be shown. Since 1978 detailed evaluations of more than
230 incidents of lightning strike damage to aircraft are at hand. From this evaluation

a statement on the safety hazards due to lightning strikes in flight will be deduced.

The hazard to the respective aircraft at the time of the lightning strike will be assessed
with respect to each incident of damage. Then this hazard will be classified according to
four hazard severity categories, as specified: catastrophic, critical, tolerable and negli-
gible. Finally, the lightning strike risk will be summarized and commented upon.
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GENERAL SURVEY 1973-1985

This report is a continuation up to the end of 1985
of the statistical evaluation commenced in the pre-
vious report (1)*. By including the years from 1983-
1985, the statistical information previously gained
on lightning strike rates, distribution of the light-
ning strikes versus flight level, and attachment
points has changed only slightly.

The statistical basis became broader, more than
345 1ightning strikes occurred as compared to 260
strikes,

Also, the statements then made on damage are
basically confirmed by the events of the following
three years. Since 1978, detailed investigations and
evaluations of more than 230 lightning stril :s are
now at hand.

This statistical basis now appears to be broad
enough to deduce a statement on the safety hazards
due to lightning strikes in flight.

LIGHTNING STRIKE RATE - From 1973 to 1985 more than
345 lightning strikes were reported. Of these,
slightly more than 80% involved the following air-
craft types:

F-104 G "Starfighter”

RF=-4E/F4-F "Phantom"

-Fighter/Reconnaissance Aircraft
(Mach 2+)
C-160 "Transall"
- Transport/Cargo Aircraft

BR=-1150 "Breguet Atlantic"
- Long-Range Sea Reconnaissance Aircraft,

These 4 aircraft types are subsequently referred to
in short as F-104, F-4, C-160, and BR 1150.

For these 4 types the lightning strike rates per
year related to the respective flying hours and lan-
dings in that year are shown in the following Figu-
res 1 and 2.

For all 4 aircraft types together it becomes
apparent that the rate of lightning strikes related
to landings is higher than that related to flying
hour=. This means that on an average more than one
flight hour lies between two landings.

The great variation of the strike ivate from one
year to the next has no discernible relation to the
number of flying hours.

Between two successive years, aside from a few
exceptions, the number of flying hours or landings
varies by + 10% from the respective previous value.
The number of lightning strikea, in contrast, varies
5 to 6 times from one year to the next.

Figure 3 shows the rates averaged over a period
of 13 years for the 4 types of aircraft. The differen-
ces which become evident here are attributable to the
different mission conditions in each case; the in-
fluence of individual years becomes less important.
The F-104 and F-4 aircraft are subject to comparable
conditions; in particular, however, training activi-
ties allow the meteorological conditions to be taken

®Numbers 1n parentheses designate references at the
end of the paper.

into account to a large extent. The respective tasks
of the C-160 and BR-1150, on the other hand, do al-
low no or only little consideration of the meteorolo-
gical conditions with respect to possible lightning
events. It becomes evident that the selecticn of the
reference magnitude for such strike rates is quite
important, since the rates related to landings are
comparable for both C-160 and BR-1150, but not those
related to flying hours.

The lightning strike rates plotted in percent
against the flight level in Figure 4 are close to-
gether for all 4 types of aircraft. The differences
between the individual aircraft types cannot be de-
finitely assigned to specific causes, the statisti-
cal basis still being too narrow.

But even the extremely few lightning strikes to
the BR-1150 (lesa than 15) fit in well. From Figure
4 it can be generalized, however, that
-irrespective of the type of aircraft, type of pro-

pulsion, mission, and geographical location of the
training aera-
the flight level is an essential factor with respect
to the probability of lightning strikes.

This fact receives increased emphasis when a
comparison is made of the flying hours accumulated
by the 4 types of aircraft over a period of 13 years
(rounding +/-10% max):

BR-1150 : C-160 : F-4 : F-104 =

1 B y T E 9 .
These relations do not become evident at all from
Figures 3 and 4.

. ATTACHMENT POINTS AND AIRCRAFT WITH MULTIPLE
LIGHTNING STRIKES - With respect to the F-104, F-4,
and C-100 aircraft more than 270 lightning strikes
were reported within the 13 years' period (1973-1985).

The evaluation of both F-104 and F-4 together
shows the following results:

- More than 160 lightning strikes. As far as attach-
ment points were detected, these were locateda in
about 45% of the cases on pitot and radome,
about 22% of the cases on wings including tips and
tip tanks,
about 21% 2f the cases on the horizontal/vertical
tail,

~ In some cases no definite attachment points were
detectable, or none of these zone3 was affected.

- In 18 cares the aircrew felt electrical or mechani-
cal shocks.

- In 9 cases the aircrew did not become aware of the
lightning strike during flight.

The results for the C-160 aircraft were as fol-
lows:

- More than 110 lightning strikes. As far as attach-
ment points were detected, these were located in
about 42% of the cuses on the radome,
about 23% of the cases on the wings,
about 16% of the cases on the horizontal/vertical
tail.

- In some cases no definite attachment points were
detectable, or none of these zones was affected.

- In 1 case the aircrew felt an electrical shock.

- In 1 case the l.ghtning strike was not noticed by
the aircrew during flight.

In these 13 years since 1973 some aircraft were
hit several times:
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F-104 1 a/c 3 times
10 a/c 2 times each
F=l4 1 a/c 3 times
9 a/c 2 times each
C-16C 1 a/c 7 times
2 al/c 5 times each
3 a/c 4 times each
6 a’c 3 times each
15 a/c 2 times each
BR=-1150 2 a/c 2 times each.

Summarized in a somewhat different way:

Considering the F-104 and F-4 aircraft together,

21 a/c were hit by 44 lightning strikes, or about
2.8% of the total fleet by approximately 27.5% of the
strikes.

As to the C-160 aircraft, 27 a/c sustained 77 light-
ning strikes, or about 28% of the fleet approximate-
ly 69% of the strikes.

LIGHTNING STRIKE RISK

Since 1978, the reported lightning strikes have been
investigated and evaluated with respect to damage
caused by the lightning strikes on the basis of uni-
form criteria.
As concerns the lightning strike risk, of first
and foremost importance are the effects of a lightning
strike damage on the safety of the aircraft during
its continued flight following the strike, including
the landing. The real extent of damage, for example
judged by the expenditure for its repair, is second-
rate under aspects of flight safety as long as the
immediate loss of the aircraft due to the lightning
strike as the greatest possible damage is not to be
expected. Even minor damage the repair of which re-
quires almost no expenditure may considerably affect
the aircraft safety if systems essential to that ef-
fect have been involved.
It is the objective to deduce a statistically
supported statement on the lightning strike risk for
certain aircraft typcs in case of lightning strike.
DEFINITION OF HAZARD SEVERITY CATEGORIES - The
more than 230 lightning strikes, investigation of
which is now available, constitute a sufficiently
broad and representative cross section of possible
and typical lightning strike damage on the aircraft
affected.
For the purpose of qualitative assessment of the
effects of such damage on flight safety, four hazard
severity categories were defined in accordance with
MIL-STD 882,
For the aircraft there is a hazard of
- category 1 (Catastrophic Hazard)
in the case of damage that may dircctly lead to a
mishap;

- category 2 (Critical Hazard)
in the case of damage with less effects han in ca-
tegory 1, but that does not permit continuvation of
flight after landing;

- category 3 (Tolerable Hazard)
in case of damage that permits continuation of
flight after landing, with certain conditions impo-
sed, however;

- category 4 (Negligible Hazard)
in the case of damage that does not have to be re-

paired before the next periodic maintenance action.

The ability of the aircraft to safely' continue
flight after the landing was chosen as a measure for
distinction between categories 2-4. This appeared to
be more adequate for the lightning strike damage
classification and corresponds to the graduation of
"major" - "minor" - "less than minor" aircraft dama-
ge in MIL-STD 882.

SELECTION OF LIGHTNING STRIKES 1978 - 1985 - Of
the more than 230 evaluated lightning strikes in this
period of time more than 180, or about 77% of the
strikes, involved three types of aircraft, the rest
being distributed among further 13 aircraft types.

Each aircraft struck by lightning during flight,
or for whick the suspicion of a lightning strike ex-
isted, was inspected immediately after its landing
by BWB=ML for damage caused by lightning strikes.

This damage was then assessed by BWB-ML with re-
spect to aircraft safety hazards at the moment of the
strike and to the ability of the aircraft to conti-
nue flight after the landing.

This resulted in the classifica%ion of the inci-
dents in one of the four categories.

The following three types were affected with al-
most equal freguency:

F-104 about 33%,

F-4 about 28%, and

C-160 about 39%.

With respect to the remaining types, the quantity of
available data is insufficient to make a statistical-
ly significant statement. Therefore, only the above
three types will be considered.

FREQUENCY OF CATEGORIES - The F-104 type of air-
craft showed the following distribution:

Category 1 about 3%
Category 2 about 12%
Category 3 about 27%
Category 4 about 58%.

The F-4 type of aircraft showed the following distri-
bution:

Category 1 about 15%
Category 2 about 13%
Category 3 about 37%
Category 4  about 35%.

The C-160 type of aircraft showed the following dis-
tribution:

Category 1  about 6%
Category 2 about 46%
Category 3  about 28%
Category 4 about 20%.

In each case the percentages are related to the total
number of strikes to the respective aircraft type.
Summing up, the result is as follows:

Category 1  about 8%
Category 2 about 26%
Category 3  about 30%
Category U4 about 36%.

Consequently, it can be established that a total of
about 8% of the lightning strikes clearly evidenced
and investigated had influenced the aircraft safety
at the moment of strike.

RISK ASSESSMENT - Cenerally, a risk is composed
of the severity cf a hazard and the probability of its
occurrence.

To assess the risk associated with a ligatning
strike to an aircraft, impairment of its safety when
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continuing flight, including the landing, is taken as
a measure for the hazard severity immediately after
the strike.

Therefore, the hazard severity categories 3 and
4 are negligible.

In case of a category 2 hazard, reduction of
safety for flight continuation and landing may not be
neglected. A safe landing is possible, but until such
landing the probability of a crash caused by the
lightning strike is considered extremely remote, or
is excluded.

In case of a category 1 hazard, an immediate
crash risk of the aircraft cannot be excluded.

Therefore, the risk assessment covers the
hazards of categories 1 and 2. Relating the frequen-
cy of occurrence of these hazards to the resp:ctive
flying hours, the rate thus obtained will be a measu-
re for the probability of their occurrence. Now, the
rate of category 1 and 2 hazards related to flying
hours is designated as lightning strike risk.

The hazard rate of category 2 is designated as
"Critical Lightning Strike Risk" (Critical LSR), and
of catagory 1 as "Catastrophic Lightning Strike Risk"
(Catastrophic LSR).

The results with respect to the three aircraft
types were as follows:

Type Critical LSR

F-104 0.174/10,000 FH
F-4 0.161/10,000 FH

Catastrophic LSR

0.050/10,000 FH
0.184/10,000 FH

C-160 1.780/10,000 FH 0.216/10,000 FH
All three
types to-
gether : 0.460/10,000 FH 0.137/10,000 FH

Generally, it can be stated that in the past

the Catastrophic LSR in flying operations amounted to

0.5t02.2/100,000 per one flying hour. Also, taking

into consideration the fact that within the period of
time investigated with more than 1,000,000 flying
hours no crash due to a lightning strike occurred,
the factual crash risk (greatest possible damage)
within the Catastrophic LSR remained below
1/1,000,000 per flying hour. Presently, it is not
possible to make an exact statement on the extent of
the risk. A certain estimation, however, is possible
by way of this statistically determined Catastrophic

LSR takirg into consideration the following facts:

a) The design criteria of the existing lightning pro-
tection correspond to the state of knowledge of
lightning current parameters as of more than 10
years ago.

b} In all lightning strike incidents investigated,
the alrcraft involved showed no technical defect
before the strike, neither were operating limita-
tions exceeded.

c) In all incidents investigated, a safe landing was
performed after the lightning strike.

Thus, in order to result in a crash, either a light-

ning strike more severe than so far experienced will

be required, or, associated with the strike, further
unfavorable circumstances must occur simultaneously,
such as failure of an essential system independent of
the lightning strike, or development of an explosive
atmosphere.

In the more than 180 incldents investigated, so
far none of the cases happened. Therefore, a probabi-

lity of less than 1% is expected that more severe
lightning strikes will occur or that such unfavorable
circumstances will coincide with a lightning strike
of hazard severity category 1.

Hence, the resultant crash risk probability per
flying hour is less than 0.05...2.2/10,000,000.

This value is considered a limitation on the
safe side for the case of a crash as the greatest
possible lightning strike risk.
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ZONING OF AIRCRAFT FOR LIGHTNING ATTACHMENT AND CURRENT TRANGFER

C.C.R. Jones
British Aerospace, Military Aircraft Division (Warton),
A.¥W. Hanson
Private Consultant,
G.A.M. Odem
Royal Aircraft Establishment, Farnborough.

ABSTRACT

The zoning of aircraft surfaces into regions of different susceptibility to
lightning attachment and current transport was defined many years ago on the
basis of information on natural lightning strikes to in-service vehicles. The
work was done for fixed wing aircraft only since the lightning experience to
rotary winged aircraft was almost non-existant at that time. The observations on
lightning attachment points were done by engineers and technicians involved in
aircraft maintenance.

In this paper, the authors argue that the observations made for th: original
zoning work may have missed some vital evidence through lack of experience and
understanding of what to look for. This assertion is based on recent experience
of the authors in tracing attachments of na%ural lightning on aircraft. Since
the original zoning work some new concepts have gained acceptance and under-
standing and these need interpretation of their effects on lightning zones. The
zoning of helicopters, VIOL aircraft and delta winged aircraft is also discussed,
and an alternative set of zones based on incident threat rather than the light-
ning component at an attachment point is presented.
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2051IHC CF AIRCRAFY FOR LIGHTHNINC ATYTACHLLENT AMD CURRENT TRAWSFER

by C.C.E. Joncz (Lritishk herospace hilitary Divisic.),
A.V. lPzrson (Private Consultant)
and G.A.l., Ocdum (hoyzl Aircrafi kstiublishrent Farrnborocugh).

1. INTRCDUCTION

TitL  EXISTIHC RULES fer dividing the surface
¢f an aircraft irnto the probable lightning
attachment zones (1,2,3,4)% were condernsed
r'rom & greet wany records of ratural light-
ning strikes to a variety of aircraft,
wostly civil {(as c¢xplained in references &
zand 6). An important feature of the record-
ir; Lethod was that, for a number of
operators and aircraft types, it was &8 near
100% as possible tc preclude any bias to-
verds the more severe events, The acro-
planes invoivec in the survey were, howvever
¢f siwilar type and the currently populiar
wide-Lodiec typces, delia-wvinred craft and
rutor ecral't were not weil reiresented.,
Ancther facter heaving a vearing upon  the
gelfinition of vrules Lhrough’ the reccorcud
ettachwents iv  that the 1neni ; were
carriec ouwi, in pererel, VY peeple without
Lvpecific capertise zu lightuin;:. Are buren
dzuage 1s easily confused with recharical or
cheuical erosion alce winor erc rerk: wight
¢iten have been cascounted ac erisiy;  frow
cther causes er uot cbscrved at all., There-
iore, & trailing cdgze ovurn nark wight, for
instance, be assessed to be a Lcne 1L
attechuent tecause the swept attaennent
roints leading te it were rnot uncted.

it 15 nat, thereiore, too surprising
that experience of natural lightnins strikes
to these tLypes has thrown-up sowe diccerce-
pancies in the application ¢f the zoning
rules as currently defined.

There is & real need for ccenin:, rules
& Lhe yprotection levels wesigrned into an
zircreft structure are chosern sccordiny te
the potentizl threats as incdicatec by the
iisjhtpning attachwment zones. Teeting pro-
cedures, levels cud the susceptibilities to
ve protected wjeinrst are also csclecied
sccording Lo the zoning. It is very iuport-
art rer salety of crew anc peassengers,  ahd
for rnissior accouplishuent that the li;ht-
Ling protection levels are toecqguiate. 1t as
also iupertart that lightnar,, protection is
not an unnceessary overkill tor thie foullow-
ing reasornc:
n) umininur dezign ond ranufascturin, cocty,
5) winisun irpect on other systoews,
¢, tanirur weight pcralty,
d) wipirui operating costs
¢) for wiajruw ruinteanznce
heads.

The Canalting  nORli:, ruwich  opLear Lo
nove worke¢ Quite weel b practicce ovel o &y
Jears. This owuy bLe cue to  the 1t enl
rceistance  to  camege I'rci sigltnmin, ouilt
1ate  traditior.l structures wnd raterials,
The drcrescing  J1ic o cowpesiter s now
LEWLLSLPrBtlLy CePrsal!  .LAaluLquLcics., The new

AN -

nc
ré repair over-

¥ Luwmber:s in “racsets uesiftule Tererences
ul cnce of pajpor.
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Laterials often laci the teolerance to light-
ring damage inhercnt in aluminium, arc once
the dinteprity of their surfaces is dzraged
aue to lightning, there is a2 potential for
rapid éctlerioration. Alsu, clectronic sys-
tens wight have ceaseu to function or rerely
have glitched in past aircraft with no re-
percussions cn safety. Electronics in
futurc sircraft will have executive authori-
ty over tystens thctt are flight critical.
Re-assesament of the zoning is necessary for
the followiny reusons:

a) to tizhten up the accurzey of zoning
rredictions teccause of the nreater suscepti-
tility oi rocerr structures, npaterials and
systeus to the etfects of lightni..:,

t) to acconrodatc shapes hnot covered by
the existing rules, i.e. celta wings, fcre-
planes, wide bo€iez and lurge scale, rozor
croft ete.,

¢) ¢ retove wibiguities arc difficul-
ties in the interprctatiorn cr the rules ard
provice (uidwuce wnd eramplecc of their use,
and to indicuzte the iuplicetions ¢f 2 zering
cslessncnt,

This paper describes sowe of the short-
cotin;;s of the present zoning rules =&rnd
sunpests sone possible srees of change. It
is interded to provoite discussion on  tle
subject wiedch, it is Loped, will lead to
better zoning specifications for all sair-
craft including rotor-craft.

2. THL CURRENT SPECIFICATIONS

In order te desceribe cowe of the diffi-
cullies and subipuities in the use of exis-
Lting zonirn) rules, the wvording ard presenta-
tiorn uvced in refercrnce 1 are rcprccuced herc
for convenience.

"2one 1 Surfaces of the aeroplare for whiceo
there 13 o high probability of
initial lightning flash attacument
(ecniry or exit).

".cne ¢ Surrfecc: of the zeroplale acros.
which there i3 z high probabilicy
¢t a laghtreing fiesh being cswept
frow & zone 1 point of dpiticl
flash ettachuent,

mhone 2 inclucdes all of the sercplane sur-
f'ace arevs other thean those covecrec
by zornce 1 and 2. In zone 2 therc
is a2 low preoability of an eattaci-
Lent of the direct lightning flask.
However, utone ¥ areas Lnay Ccerry
cutstantiasl lightiing currents by
direct c¢orcuction betweer twoc at-
tachkient poitnts.

"ioene:s 1 and 2 way b. further csulcliviced
inte A eic L regiors, dependinsg on the prec-
Lability thet the [lash will harg on fer o
(rotractzd perioc of tive. An \ regior is
onc¢ in which there is © low probebility ithet
the are will reniin wttached ane a E rerdiog
is one irn wlich there is & higi prooebiliv

ro




that the arc will remain attached. Some
examples of zones are:

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

"Zone 1B Initial attachment point with high
probability of flash hang on, such
as a trailing edge.

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

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

"Figure 1 shows a diagram of a conventional

aircraft where the zones have been identi-
fied. As 4indicated in the figure these
zones have a finite width which is difficult
to define. The existing specifications such
as TSS Standard No 8-6 attempt to define the
width of these zones, and their definitions
are not in conflict with the present state
of knowledge and are reproduced below:

"Zone 1 These areas are:

(a) within 0.5m of any trailing edge or
tail extremity,

(b) within 0.5m of wing tip measured
parallel to the tip,
(c) within 0.5m of any sharp leading

is likely to form a
lightning

edge which
point of attaohment for
strikes,

(a) forward unprotected projections
(e.g. nose, engine nacelle forward
of wing), and

{e) any other projecting part may con-
stitute a point of attachment,.
Extends 0.5m laterally to each side
of fore and aft line passing
through zone 1 forward projection
points of stroke attachment. All
fuselage surfaces and surfaces of
nacelles not defined as zone 1 are
included in zone 2 unless it can be
shown, for example, that certain
naoelle surfaces are adequately
protested by their position rela-
tive to the wing.

Surfaces for which there is only an

extremely remote probability of

direct or swept stroke. Ignition
sources resulting from the aircraft
contacting a lightning strike are
either due to oorona or streamering
or sparking or poorly bonded joints
due to the passage of 1lightning
current through a zone 3 region.

This zone inoludes all surfaces of

the aeroplane not coming under the

definition of zones 1 and 2."

The SAE AEBML Committee report(2) de-
finitions are very similar but without the
guidance cn extents, and MIL-STD-175T74a(3),
though presenting the information different-

"Zone 2

*Zone 3

ly and giving more gujidance on interpreta-
tion, varies little in content,. It incor-
rectly states that trailing edges aft of

zone 14 should be in zone 1B but otherwise
conforas and refers to the FAA Advisory
Circular AC 20-53(4) as a source document,

This last document uses very similar wording
and presentation to reference 1.

3. INTERPRETATION OF EXISTING SPECIFICATIONS

The present zoning rules create consi-
derable difficulties in interpretation for
specific aircraft project applications. For
instance, zone 1A and 1B are separately
defined yet the extents are covered together
yeilding a 0.5m band for zone 1B aiong a
trailing edge of a wing or tail=-plane sur-
face. It is not <clear to the authors
whether the half metre extension of zone 1
from leading edges, trailing edges and wing
tips 4is a genuine result of uncertainty of
leader attachment or from some other cause.
For example, in the case of the leading
edge, initial attachments observed in this
half metre band coulc be the result of swept
leaders. At the trailing edge, apparent
attachment points within the half metre zone
may in fact have been mis-interpretation of
the observed marks. These apparent attach-
ment marks have been found at rivet heads
and other surface discontinuities. Such

marks have also been observed in hard-wired
laboratory experiments in areas close to
points of current input. This is oclearly

due to the very high zone 3 current densi-
ties in the area of the arc root.

Similarly, zone 14 is defined for a
wing-tip as extending within 0.5m of the
wing-tip measured parallel to the wing-tip.
The extent of a zone 2A is that it should
extend 0.5m laterally each side of a fore
and aft line passing through zone 1A forward
projection points. This it is sometimes
interpreted to mean that the outermest 0.5m
of a wing should be in zone 1A but that an
area 0.5m wide inboard of that should be
designated as zone 2A. It is difficult to
conceive how aerodynamio forces might move
an arc up the wing surface at a right angle
to the direction of the air-streanm.

Zone 3 is defined as surfaces for which
there is only an extremely remote probabili-
ty of direct or swept stroke attachment.
The testing requiremeuts are then defined in
terms of zones and only zone 3 surfaces are
specifically required to be tested using
solid current connections and conducted
currents, Jowever, since most zone 1 and
all zone 2 locations also have to survive
zone 3 conditions, the test techniques (e.g.
open arc or solid connection) must be chosen
with respect to the specific hazards that
might result and not just to the zone. Fur-
ther, because zone 3 implies conduction of
initial return strokes as well as subsequent
return strokes, the test waveform parameters
nust be selected with due consideration for
these test parameters as well as the current
spreading and sharing that will result from
the overall geometry of the conducting stru-
cture,

Probably the most misunderstcod zone
is 2B. Apart from being desoribad as a
swept stroke zone with a high probability of
flash hang=-on, they are more-or-less ig-
nored. Especially confusing is the logic
behind the recommended application of simu-
lated lightning current. The presant speci-
fications 4implies that a long hang-on of
250ms to 1s must be simulated for a zone 2B
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attachment, but in most cicumstances some of
the restrikes and continuing components will
already have been spent on other surfaces.
The application of current simulation pulses
should take aodount of this., Specifying the
residual duration of the continuing compo-
nent of a lightning flash is difficult but
some guidance is required or massive over-
protection and over-testing will result,

4. OBSERVATIONS FROM NATURAL STRIKES

Another reason for considering a revi-
sion of the zoning rules arises from the
observations of results of natural lightning
strikes to aircraft inspected by two of the
authors,

All of the zoning definitions put the
main surface area of the vertical stabiliser
in zone 3. However, several occurrences of
swept stroke (zone 2A) attachments to tail
fins, with zone 2B attachments to the rudder
trailing edges have been observed. In one
case, they were clearly swept from the fuse-
lage, while in others, the swept attachment
points formed a staight line from the fin
leading edge to the rudder trailing edge.
Similar c¢ccurrences have been recorded on
attachaents to tbe NASA F106 lightning re-
search aircraft(7). Consequently, the lead-
ing edge of the fin should be considered as
zone 1A with zone 2A to the rear, and the
areas adjacent to the fuselage should also
be considered as in zone 2A. This is espe-
cially important where a fin is wused to
contain fuel,

It has besu round that any part of a
delta wing can be subject to swept stroke
attachments during natural lightning
strikes(7). No forward projections or
stress raisers are required on the wing
skins to generate this condition. The expe-
rience of the NASA F106 flights indicate
that this is usually due to sweeping of the
lightning channel off the forward fuselage.
The complex air flows over the wing surfaces
probably account for the fact that no part
of the surface can safely be said to be
immune from attachment,

Two of the authors have alsc inspected
the results of lightning strikes to several
wide-hodied sircraft and noted attachment
noints well inboard froam the wing tips, in
areas which the existing zoning rules would
designate zone 3. Typically, a swept stroke
occurred across the upper surfaces of the
wing asome 2.5m inboard with a rone 2B at-
tachaent at the trailing edge. None of
these attachments involved any forward pro-
Jections that might have acco:nted for ini-
tial attachments, An occurrence c¢f this
type 1is predicted in the "Typical lightning
strike zones™ in a paper published in
1979(8), though the =zone definitions in-
cluded gave no means to establish that such
areas wvere in zone 2A other than by attach-
ment point testing.

It is difficult to theorise on the
reasons for swept strokes in such areas.
The straight 1lines of attachaen? points
indicate that complex air flows sweeping the

lightning channel up the wing are not res-
ponsible. Also, the absence of correspond-
ing attachment points on the other surface
of the wing precludes flying into an already
existing 1lightning channel as the reaaon.
Possible reasons are:

a) that significant space charge is fed
into the volume of air around the areas on
the aircraft highly stressed by the electric
field between the cloud and ground before
the start of the lightning discharge, and
that this re-defines the high stress loca-
tions when the lightning leader approaches,
and

b) that these types of aircraft are so
large that, like very tall buildings, alter-
native rules are required to explain their
interaction with the lightning phenomenon.

Though it 1is believed by the authors
that the second is probably the more domi-
nant factor, there is some evidence that the
first may have an effect. An observation on
an aircraft having sustained a natural
lightning strike was that the first attach-
ment to the nose of the aircraft was to a
diverter strip on the underside of the
radone, The swept siroke then tracked
across the nose wheel bay door and up one
side of the fuselage, then over the wing
root fairing and along the fuselage above
the wing. The fact that the sweeping track-
ed over the wing indicates a downcoming
leadar, as a horizontal or up-coming leader
would have been intercepted during sweeping
by the wing or engine nacelle, yet the ini-
tial attachment was to the underside of the
radonme. It 4is unlikely that this could
result from local random variations in chan-
nel dirention in such close proximity to a
large conductive structure like an aero-
plane. Charge scattered into the air around
the tips of the diverter strips, may have
caused an effective domed extension to the
electrical shape of the aircraft structure
re-defining the highest stress locations on
the structure,

The probability that this will have an
effect on attachment has been recognised for
some time in the UX and high voltage attach-
ment test techniques that account for it
have been devised(9).

The second postulate might find support
in the concept now applied to the protection
from 1lightning strikes afforded by sky-
scaper buildings since the observation of
strikes to the sides of the buildings
foimerly assumed to be in the “"cone of pro-
tection®, Applyirg a 25m rolling sphere(i0)
to the fuselage and vwing of a large civil
aircraft wmight produce the zones protected
froe initial attahment as shown in fig 2.
As can be seen from the diagram, certain
areas on the wing surfaces, leading and
trailing edges and on the tail fin leading
edges could all sustain direct initial
attachaent in agreement with the observed
evidence. This technique has already been
proposed in connection with the anomalous
lightning attraction behaviour of a large
radoee with diverter strips(ti).
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5. SWEPT LEADERS

There has been some discussion in re-
cent years concerning the swept leader phe-
nomenon, and the implioations it has for
zoning concepts,

The possibility of a leader channel

swept along the aircraft by virtue of
its forward speed (fig 3) has long been
oonsidered. It has been shown that under
some extreme circumstances an aircraft could
travel up to 12 metres in the time interval
between the leader attachment and the ar-
rival of the first return stroke(12). Con-
sequently there is every reason to suspect
that the leader attaohment point can also
sweep at least a few metres under suitable
conditions. On this basis it may be argued
that the present limits set for zone 14 are

being

no 1longer applicable, and under suitable
conditions almost any part of the aircraft
could be the point ~~ attachment for the

first return stroke,. The inevitable ques-
tion is - Should the limiting boundaries of
the zones (especially zone 14h) be re-
defined?

If this were done then zone 1A would
have to be extended at least into zone 2A
and in most cases into zone 2B as well. But
is this drastio step really necessary?

The main purpose, and oertainly the
main usefullness, of the zoning concept is
to determine the levels to which various
parts of an aircraft should be protected and
tested, and providing this criterion 1is
still met there seems little point in far
reaching ohanges which may only serve to
create diffioult ambiguities without contri-
buting anything significant to flight safety
considerations.

In lightning okannel modelling work by
Little(13) the oalculated lightning ohannel
parameters ohanged with altitude., Later, he
considered how this could relate to the
effects on airoraft at altitude(14). He
conoluded that for a downward going leader,
when an aircraft is struck at a significant
altitude, "the (peak) current is likely to
be reduced by a factor of two to four®™
whilst "the peak value of di/dt is likely to
be one or two orders of magnitude less®™ than
it would be at a much lower altitude. The

aotion integral is a function of i ., Al-
though the duration of the pulse also chan-
ges with altitude and tends to inorease

slightly, at significant altitude the action
integral could be reduced by an order of
aagnitude.

More detailed consideration of this
work suggests that bot: peak current and
di/dt reduoe as the distance along the chan-
nel away froms the meeting point of the up-
ward and downward going leaders increases.
The same oonclusion was reached in wmore
recent work by Hoole and Allen{15), for both
upward and downward going stepped 1lsaders
(fig 4).

The distance that the leader can sweep
along the aircraft will increase with {in-
creasing altitude for a downwards going
leader, and incrcase with decreasing alti-
tude for an upward going leader. Similarly,

the severity of the first return stroke (in
respect of peak ourrent, di/dt and action
integral) will decrease with increasing

altitude for a downward going leader, and
decrease with decreasing altitude for an
upward going leader. Thus in a sub-sonic

aircraft, the oonditions which might oause
the leader attachment to sweep into an area
at present regarded as a zone 2 area will
also ensure that the levels of peak current,
di/dt and action integral of the first re-
turn stroke will also be significantly re-

duced. This may be the reason why (flight
experience has not so far identified any
problems arising from leaders swept beyond

zone 1A extents. In view of
this there seems little Justification for
changes in the present zoning for conven=-
tional sub-sonic aircraft. In special cases
where flight c¢ritical failure meohanisms
related to peak current or action integral
are identified in zone 2 regions it may at
first sight seem prudent to test with zone
1A oonditions, In such a case however it
will be difficult to justify peak currents
in excess of ©50kA and action integrals
greater than 0.2x10 A 8, and this is less
than the severity of a test current compo-
nent D which is already a requirement for
zone 2A testing.

In supersonic airoraft, because of
their high forward speed, there could be
some more significant sweeping of the leader
in positions along the 1lightning channel
where there is a less dramatic ohange of
current parameters, There may, therefore,
be some justifiocation for a new look at the
zoning of these airoraft, However, the
geometry of most supersonio aircraft seenms
unsuitable for the zoning oonoepts that have
been developed over the years for slower
flying oraft, and so, perhaps, it is right
for other reasons as well to reconsider the
zoning of these aircraft.

the present

6. HELICOPTERS AND AIRCRAFT CAPABLE OF HOVER

The possibility of hover requires a
different analysis of the zones from that
required for craft not capable of hover. A
location or component on the surfaoce of a
helioopter might be in one zone while hover-
ing yet 1in another when in horizontal mo-
tion. It 1s neoessary to analyse the zones
for all the modes of flight and allocate
final zone delineations aocoording to the

worst case zone for each looation or ooapo-
nent on the surfaoe. In deoiding which is
the worst oase zone, the threat severity

should be considered as well as the suscep-
tibility. For direct effeots damage the
zones oould be considered in eoreasing
order of severity from 1B, 1A, 2B to 2A and
finally 3. Additional considerations to be
taken into account are: a) that air strean
will not stabilise a zone !B attachaent at
the extreme edge of a structure during hover
as it will during horizontal flight, so
extension of zone 1B locations will have to
be considered to allow for arc instability
movement and redirection of leader attach-
ment by corona shielding effecta, and b)
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that under surfaces of the fuselage where
there are projections like undercarriage and
aerials, might still be subject to swept
stroke conditions, but that slow forward
flight will =modify the hang-on time and
therefore, the severity of component C to be

allowed for, In certain circumstances,
swept stroke zones will have to be consi-
dered as long hang-on zone 2B's.

Practical experience so far suggests
that the rotor blades form & protective
umberella over the top of the fuselage of a
helicopter. Apart from the exposed tail
boom and the possibility of s.le flashes

from the rotoir to the tail boom, the rest of
the top surfaces might be placed in zone 3.
For a fixed wing aircraft capable of hover,
any upper surface conductive projections and
their immediate 2nvironment, and large plain
surfaces should be considered as zone 1B
while the surfaces between these locations
should be defined as zone 2A, Testing might
be the only way to define this however, It
should be noted that these aircraft use zero
forward speed as seldom as possible owing to
the high fuel consumption, and usually only
for take-off and landing under restricted
conditions. This should be taken into ac-
count when assessing protection needed for
any additional hazards arising from the
hover oapability.

Helicopter blade tips will generally,
by virtue of their constant motion, be 1in
zone 1A. Where very wide blade tips are
used there may be a case for defining zone
2A and 2B areas as wvell. It has been found
in practioe, and in model tests, that side
flashing can occur between points on the
blade root end or hub and the edge of the
gearbox fairing. Though neither end of the
side flash could be a primary 1lightning
channel attachment point, the potential for
damage will be exactly the same as if they
were primary lightning attaohment points and
must be treated as suck in all respects, It
seems prudent to include these locations in
the zoning definition to ensure proper con-
sideration.

Figure 5 shows a suggested lightning
damage zoning of a helicopter in hover while
figure 6 shows the zoning suggested for the
same craft in forward flight. These, with
correotions to allow for sideways motion (if
that is possible) should be superimposed and
the worst case for each location used in the
final zone definition,

7. DEFINITION OF ZONES.

One point arising out of the discussion
in seotion 5 is that, though a certain
region on the surface of an aircraft might
under the present zoning rules be considered

as a zone 2, it may see an initial return
stroke albeit of reduced severity. These
rules postulate a configuration of leader
attachment points based upon the physical
geometry of the aircraft and then assume

that the first return stroke will always go

to these initial attachment points: any
sweeping action is assumed to take place
only after the arrival of the first return

stroke. The 2zones have come to be inter-
preted as i1agions where a specific type of
attachment might occur or no attachment 1is
likely, despite the origins of their defini-
tion. These origins were in the observed
severity of the pitting caused by natural
lightning strikes, often with no knowledge
of the component of 1lightning that had
caused the damage, In the treatment of
helicopter zones discussed in section 6 it
is shown that there are occasions when arc
root damage might oocur in areas wher:
lightning channel attachment is inoon-
ceivable, yet side-flashing creates the need
to protect against arc burn damage. In the

opinjon of the autnors, the protection re-
quirements and simulation test levels re-
quired to demonstrate hardness to the ef-
fects of lightning should be defined in

terms of the threat severity, and not
simply on the basis of initial or swept
attachment that can at best be inferred from
physical position within the aircraft geo-
metry.

A lightning protection and test re-
qQuirement assessment should be made for each
individual aircraft type taking into account
the shape of the iircraft, flight envelope,
speed and flight modes. The susceptibility
should be expressed through the alternative
zoning rules below, viz, in terms of the
lightning threats for all modes and confi-
gurations, Where speed and flight envelope
indiocate, from figure 4, that there wiil be
a transition zone (beta) between alpha and
gamma, then suitable protection and testing
should be Jevised comamensurate with the
threat and susceptibility. Onoe zones have
been apportioned, the set of zone aschemes
should be oondensed into the threat or
threats against which eaoh oomponent must be
protected,

8. AN ALTERNATIVE ZONING SPECIFICATION

The following wording is suggested to
encompass the requirement that zone defini-
tions should refleot attachment possibility
and severity of the incident threat. This
should ensure that the zones will guide a
designer to provide appropriate protection
and test wusing reasonable waveforms and
severities,

ALPHA ZONE: Surfaces of an aircraft which
must withstand the effects equivalent to
the full threat severity associated with an
initial lightning return stroke parameters,
but with the expectation that subsequent
return strokes will be swept to other sur-
faces by virtue of aircraft motion relative
to the lightning channel.

BETA ZONE: Surfaces of an aircraft which
will be subject to an initial return stroke
attachment as a direct result of a swept
leader., The threat parameters will be

modified for the distance of the leader
sweep in accordance with figure 4.
GAMMA ZONE: Surfaces of an aircraft which

must withstand the effects equivalent to
the full threat ueverity associated with a
subseuent lightning return stroke para-
mete.s and intermediate and continuing
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current, that
further
subsequent
zsircraft
channel.
be diviced
nents.

CELTA ZONEL: Surraces of an
pust withstand the effects cquivalent
the full thkreut severity cssociatec with
subseqguent lightning roturn strokce pera-
rLeters and further components of thke light-
ning flash since there 18 no expecctation of
lightning channel sweeping to other sur-
faces.

EPSILOE ZOKNE: Surfaces of arn aircraft which
rwust withstard the elfects equivalent to
thke full threat severity associzted with an
initvial lightning return stroke puraneters,
and subsequent components of the lightning
flash since there is no c¢xpcctation of
ligitrraing chennel sweeping te other sur-
faces.,

LETA  ZOYE:
vhich the
channel is

MOTE:

zicraft

but with the expectation
rcturn,  stroses will be  swept tce

attachment points by virtue of
r.otion relutive tc the lightiniag
The whole continuing current na)
bectween several swept attach-

aircratt which
tc

&

Surfaces of an aircraft fcr
oirect attachr.ent of lightning
extreurely improbeble.

Since a lightning attachuent to an
irplies an entry and ar c¢xit point,
w1l zone: LSt be capable of trausferring
all ccuponents of lightning current by con-
cuction.

-}

&

4

APPLICAT1ON OF TLE NEW ZONLS

ALPEA Z200E incluces all forward,
cownsard ohd ticdewg)s elecitriczily
v.V€ prcjecticns on iined wing, wzircraft
Lot scrcenced by othner cowponents oi  the
ctruectiurs, .5, in the angle between fuee-
lageC and waing, or that are snall relative to
the structure around, e.g. swell fin aerials
or probes. It also ircludes cxposcé leadirg
tiges, oG on lazrpge sircreft wight include
certain  eapousec curfaces such the fuse-
iaf,@ upper sEin and outboard surtaces oi tLhe
wilg. Alpiha locationg siiould [enerclly  be
conridered tc  externd 0.5 bec. frow the
icrewont  cxtrevitvy. Hose rodore wouunted
pitot or aiverter strips, wing tips, tail
piane tipe, tin tips, winpg tountec ernpine
cacelle  lip-skius and fin ceriels sre typi-
cal exurnplce. Orn & firec win, aircrzt
cipable oY rover, anc curin; Lover only,
LLere  erc Lo anitial ettachuent zoneu fren
plieh sweepin, 38 [werehteed snd all attach-
ient  zeres arc Lesignatec cpsilon. Cn
rotary winged craft cepavle or  hover, ang¢
during hover, the tips o! the rcters are the
crly conporents whosc 1motionu ,uurantees
cveepin, ard, thercfoere, only they cal be
cesignated alpla zone.

FETA ZONL inclucer ctreue
behino en zlph: zZone ulere iightning,
oer rwight ©be cweypt Ly virtu. ot Lti€
creft's wotion relietive to the air
the rirst returs stroxc. However, Lhe fur-
ther becs Lie cwed), the lecs the severity
of the returi utrcle, and only tuLose arecs
vhere the resturn stroke severity will be
between Lhe lcveis ot currcnt con,oncits A
¢ D nced Le concidered us Zone veta, Tuclh
cress iright bte the fuselugje wchire the air-

upwara,
conduc~

<

[

15 the airilow

% lew-
air-

beiore
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craft
art ol

nozc¢ alpla zone or wmain wing zurfeces
i'ore~-planes,

CAlil:A ZOKT  inludes areas  in
oeihiine an ulphka or beta uone
w lightning
of the

the eirflow
locatior wlere
chanrel might be swept by virtue
aircraft's uotior relative to tLhe
sir, Side-slipping and cowplex air flow
over dcelta wings fer instance, rmust be ac-
counteo for Dby 0.5z sidewiys extensiorns
Leyond  the extent cf the zlpha zores fron
which sweeping can occur. The fuselagze
surfaces nrot alrecdy defineo as alphe zone,
wing roots and 0.5u onto the wing surface
reacsured parallel to the fuselage would be
der'ined as gami:a zone ou a conventional
cruciforn structure. On a delta wing, the
whole wing surfacc would be cunsidered as in
faklla zone. Arees on the wing or verticzl
stabiliser surfaccs benint leading edge
initial attachment points would be in pgaruws
zone a8 would the tail plane surfeces if
sweeping frow the wings were ccnsidered
possible. Aircraft capable of hover have
ganra zone locations on surfaces Dbehind
designated alpka zone locations., A rotzary
winged zircraft with very broad rotor blade
tips might have narrow sections mid-chord irn
gapne zone also. In both cases, any conduc-
tive projectiors should be considerecd as in
epsilon zone.

DLLTA ZOKE incluces all treilirg edges be-
hind ganwa <cone locations that would not
alreacy be cesiinatcd as epsilon =zonec, ex-
cept where swecping cowld continuc onto
cther structure, frer a wing te z tail plere
for instarnce.

LFEILCHN ZONY includes all reerwards electri-

caily conductive Lrojcetions on a fixed wing
aircraft or all projections on an eircraft
cezpable of hover that are not screened from
lightning attachment by other compenents of
the structure. Trailing edges on the wing,
tzil plawce and fir tips sre typlcal exar-
ples, In roricel forward flight, no exten-
gion becyond Llhie extreme eufe necé bec consie-
ucred, ln Lover, however, thc 0.5m extent
of an wlpli sone should lLe considered tu
account ior &@ny corona shieldiny or spuce
charge e¢ffecte,

IOTE TO ALPLA AND EPSILOHL

oCNE  DEFINITIONG:

The projcetions reler only tc conductive
Luteriaic. A couvering of insulating fete-
rial would el rorntlly be sufficient Lc
voalil:; likely attecurents.,

The spplicetiorn of the sleve eolceptes is
depictec for 2 conventional aircraft ir fi:
7, for & delta winged aircreft in fig &, fer
¢ fixec¢ wirr aircraft capable of hover fr

iy © and rfer a helicopter irn fig 190,

10. APPLICATION CI SIMULATLED CURKELUT PULSLY
Fok TESTING.

Sorc¢ chanpes wre zlso necessery tec the rules
for applyin; tLest current pulsces feocr  tie

cdifferent zorne:o. The
are recordesu . table
tihe correctiou to

{vhen siwmulation

3ug,esteu applications
1 below encoL paLs
include conpenent B and T
¢l the di/dt effecir:
rcquired) in the zoue 3 testing. Rlso
corforated is Lie renge ci' continuing

rent cozponent durctions to zllow for

i

i3
4=
cur=-

i



craft speed and sweep distance.

TABLE 1. APPLICATION OF SIMULATED LIGHTNING
CURRENT
(Current components A to D are in ref 1.)

Test Zone Current Component
A B c D
(note 1)|(note 1)
ALPHA x x 4Sms
BETA x x 45ms
note 2)
GAMMA x 45ms x
(note 4)
DELTA x 45ms-1s x
(note 5)
EPSILON x x 250ms-1s x
(note 3)
ZETA x x 250ms=-1s x
L(note 6) (note 3}

Note 1: Components B and C need only be
provided where the damage mechanism
involves the maintenance of a cur-
rent for a significant period.

Note 2: The normal ALPHA extent should be
protected and tested to the full
severity of 200kA and 2x10 A s,
however, where the zoning analysis,
by consideration of swept leaders,
indicates a further extension or a
transiticn region, the severity of
the threat, and hence the protec-
tion and testing levels, should be
modified in accordance with the
data given in figure 4.

Note 3: Component D need only be provided
for EPSILON or ZETA zone simulation
when the peak di/dt parameter is of
significance, or when more damage
would be expected from the fast
current compcnent following the
coentinuing current, e.g. when the
continuing current has created a
molten pocol of metal on an alumi-
nium component and the following
fsst current pulse causes the mate-
rial to be splashed out of the way.

Note 4: For GAMMA zcne simulations the fast
current component would normally
precede the continuing current as
subsequent restrikes are expected
to cause new attachment points.

Note 5: The duration of the continuing
current pulse for EPSILON zone
simulations should be selected ac-
cording to th» residual hang-on (up
to 1 seconu, after the lightning
channel attachment has swept from
the initial attachment point. This
should be calculated from the mini-
aum time for a sweep to the point
concerned taking account of the
maximum likely speed of the air-
craft.

Note §: The current levels for all compo-
nents for 2ETA zone simulstions
should be scaled to the ratio of
the test component size relative to
the whole component zaking approp-
riate allowance for inductive cur-
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rent distribution, ZETA zone tests
can be done using solid current
connections,

11. ATTACHMENT POINT LOCATION BY TESTING

High voltage attachment Dpoint tests
may, in certain circumstances, have value in
predicting zoning, but, if some of the pos-
tulates recounted above are valid, then
there is even greater reason to ensure that
they are correctly devissd and conducted.
Effects such as corona shielding and the
release of space charge into surrounding air
require that DC electric fields are allowed
¢0 pre-exist the impulae and attachament.
The effect of scale will require the use cf
large flat electrodes at consideraole dis-
tance from the object when that obJject is
large, and it may be necessary to dc¢ mcdel
tests in an SF environment in order to
scale the whole discharge phenomenon

12. CONCLUSIONS

The authors have put forward scme of
the objections to and cmissions from exis-
ting rules for zoning aircraft, and des-
cribed experience gained from inspecting
natural lightning strikes to aircraft.
Cases have been put forward to justify sug-
gested changes and areas where change is not
recommended. A uew set of rules for estab-
lishing zoning has besn presented with gui-
dance on their application and interpreta-
tion, also their impact on simulation cur-
rent pulse applicaticn and on high voltage
attachment testing has been described. Most
impertantly, the rewcrding has incorporated
vehicles capable ¢f hover, such as helicop~
ters, for the first time. The main aims
have been to make zoning more accurate, less
arbitrary, less needful of interpretation
and more widely applicable.

13. ACKNOWLEDGEMENTS

The authors would like to ackncwiedge
the comments frow Mr Mark Heseltine of Wes-
tland Helicopters Ltd and of Mr Alan Reed of
British Aerospace Filton. The invitation to
two of the authors to attend a meeting of
the SAE AE4L Committee during which the
zoning of helicopters wss discussel is reco-
gnised as having corystallised views and
requirements for these types of vehicles,
The support of Culham Laboratory and British
Aerospace (Warton) is alsc recognised.

14. REFERENCES

1. J Phillpott, “Recommended Practice
for Lightning Simulation and Testing Tech-
niques for Aircraft®, CLM-R 163, 1977.

2. "Lightning Test Waveforms and Tech-
niques for Aerospace Vehicles snd Hard-
ening®, Report of the SAE Committee AE4L,
1978.

3. "Militsry Stsndard - Lightning Qua-
lification Test Techniques for Aerospace
Vehicles and Hardv “e®", MIL-STD-175TA, 1983.

k. *"Protection of Aircraft Fuel Sys-



te:s Against Lightning®, FAA AC 20=53A,
1983.

5. B.L. Perry, "Flight Experience",
Short Course on Lightning Protection for
Aircraft, Culham, 198%.

6. B.L. Perry, "2ritish Researches and
Protective Reoommendations cf the British
Air Registratior Board", Lightning and Sta-
tic Electricity Conferenec Miami, 1968.

T. B.D. Fisher, G. . Keyser and P.L.
LCeal, "Lightning Attachment Patterns and
Flight Conditions for Storm Hazards '80%,
NASA Technical Paper 2087, 1982.

8. J.A. Plumer, *"A New Standard for
Lightning Qualification Testing of Aircraft:
Technical Overview, Definitions and Basic
Waveforms", Certification of Aircraft for
Lightning and Atmospheric Electricity Ha=-
zards Conference, 1979.

9. A.W. Hanson, "Recent Experimental
Work on Lightning Attachment Point Location
Tests", International Aerospace Conference
on Lightning and Statio Electricity, Oxford,
1982.

10. "Britisa Standsrd Code of Practice
for Protection of Structures against Light-
ning", BS6651:1985.

11. J. Bishop, A. Aked, C.W. Powell
snd H.M. Ryan, "pAspeots of Lightning Protec-
tion Sohemes for Radomes", 10th Internatio-
nal Aerospaoe and Ground Conference on Lig-
htning and Static Elsctricity, Paris 1985.

12. A.¥W, Hanson, "Lightning Protection
Techniques for Radomes having Forward Moun-
ted Pitots™, Symposium on Lightning Techao=-
logy, Hampton, Virginia, USA, 1980.

13. P.F. Little, "Transmission Line
Representation of a Lightning Return
Stroke®, Journal of Applied Fhysies D, 11,
1978.

14, P.F. Little, "The Effect of Alti-
tude on Lightning Hazards to Aircraft", 15th
European Conference on Lightning Protection,
Uppsala, Sweden, 1979.

15. P.R.P. Hoole and J.E. Allen, "Lig-
htrning Magnatic Field Calculstions Using
Finite Element Method", 10th International
Aerospace and Ground Conference on Lighiaing
and Static Eleotrioity, Paris, 1985,

Copyright O Controller HMSO, London, 1980

11-9

Y F R T AT VT ET V.0 V)T T8 NIW WY PLE Ll WOy B RL Ui VW Ui S VT VLR Ul T s Wil SR Tl Vg T Tl . N . el P T T T T T Y R T T T T T Iy T Y T . oy ey



Sl Zone
Zone 2
C3J Zone 3

Fig 1. Bxisting l.rcraft Zones.
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Fig 2. The Rolling Sphere Applied to a Fixed Wing Aircraft,
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Fig 3. The Swept Leader Phenomenon.
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Fig 5. Zones on & Helioopter in Hover.
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Pig 6. Zones on a Helioopter in Porward Flight

Fig 7. Suggested Zones for a Fixed Wing Aircraft.
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ATRWORTHINESS CONSIDERATIONS OF LIGHTNING STRIKE PROTECTION FOR HELICOPTER DIGITAL ENGINE CONTROLS

Richard L. Vaughn

Federal 3viation Administration - Rotorcraft Standards Staff

Fort Worth, Texas

ABSTRACT

The advent of "microprocessor technology" is
resulting in functions in aircraft being implemented
to a greater degree by digital process control rather
than by conventional mechanical or electramechanical
means. This change often results in an avionic unit
performing a function having the possibility of
hazardous or catastrophic etffects, resulting from a
failure of that system.

One such use of avionics is full authority
digital engine control (FADEC) in transport category
helicopters. These digital, processor-based controis
are being installed in many civil helicopters because
they offer many performance advantages (such as
isochronous govarning) which were not possible with
conventional technology pneumatic or hydromecharical
controls.

The use of FADEC in a Cate_ory A transport
rotorcraft, especially one operated in an IFR
environment, could result in a catastrophe to the
rotorcraft if the system is not adequately protected
from a lightning strike encounter, A discussion of
the rationale ana philosophy used for the development
of guidance material and procedures for applicants
seeking FAA approval of PADEC in transport category
rotorcraft is contained in FAA Advisory Circular
(AC) 29-2, "Certification of Transport Category
R~torcraft," paragraph 621. This information,
incorporated into AC 29-2 on May 28, 1985, cutlines
acceptable means of demonstrating compliance with
Federal Aviation Regulations (FAR), Part 29,

§ § 29.1309(a) and (h), considering protection
against the possible catastrophic effects of a
foreseeable lightning strike encounter. Advisory
Circular 29-2 provides a characterization of the
lightning environment and discusses the recammended
types of tests and analyses to be used to demonstrate
adequate protection.

These acceptable means of demonstrating
airworthiness run the gamut from full-scale,
full-level vehicle tests to a total vehicle analysis
performed without a full-scale reduced level test on
which to base or verify that analysis. In addition
to "strike" type testing, consideration is given for
the use of frequency domein analysis with low level
Swept N testing, Also, the use of a formal
certification (test) plan, with which tne FAA
concurs, is recommended.

INTRODUCTION

The U.S. airworthiness standari for transport
category rotorcraft as provided in FAR Part 29,

§ 29.1309(h), requires that: "In showing compliance
with paragraphs (a) and (b) of this section, the
effects of lightning strikes on the rotorcraft must
be considered in accordance with § 29.610."

Section 29.610 requares that the rotorcraft must e
protected against the catastrophic effects of
lightning. Since the improper operation of FADEC
could prove catastrophic to the rotorcraft, an
applicant seeking approval for FADEC is required to
demonstrate to the FAA that the installation
complies with § 29.1309(a), Section 29.1309(a)
requires that: "The equipment, systems, and
installations whose functioning is required by this
subchapter must be designed and installed to ensure
that they perform their intended functions under any
foreseeable operating condition.® (The subchapter
referred to is subchapter C which covers aircraft.)
"Any foreseeable operating condition" is the
requlatory basis for considering the environmental
conditions caused by the meteorological phencmenon
of lightning strikes to the helicopter during its
operation. During the period of time before the
1970s, most helicopters cperated in a visual rlight
rules (VFR) environment in which there was very
little dependency on avionic equipment for the safe
operation of the zircraft. BEven with the advent of
instrument flight rules (IFR) cperations (due to the
fact most avionics were analog devices instalied in
a mostly metal airframe), little consideration was
given to lightning strike protection of the avionics
beyond laboratory testing in accordance with the
appropriate parts of RTCA Document DO-160 or sir “.ur
standards.

Experience has indicated (8) tuat aircraft
operating under IFR conditions are sub _ected to the
enviromment of a lightning strike encounter. With
the incorporation of digital, processor-based
systems, such as FADEC, avionic systems are being
installed where improper operation could have
catastrophic effects. Because of these possible
catastrophic effects, additional consideration is
required to substantiate that FADEC's as installed
can continue to cperate properly when the helicopter
is involved in a lightning strike enccunter. Due to
the performance advantages of FADEC operated engines
in a transport category helicopter (13), various
airframe manufacturers have been requesting approval
of such an installation in their helicopters.

In order to discharge their responsibility to
ensure consistency in the interpretation and

*Numbers in parentheses designate References at end
of paper.
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application of tue U.S. airworthiness standards for
rotorcraft, the FAA Rotorraft Certification
Directorate issued a chang. (May 28, 1985) to
AC 29-2 to guide FAA certification engineers on an
le method of showing compliance with
§ 29.1309(a) and (h) for a FADEC installation
considering the environmental condition of a
lightning strike encounter of the helicopter. This
paper discusses the philosuphy and rationale
utilized tu arrive at the recammended “acceptable
method.”

DISCUSSION

CERTIFICATION PIAN - The use of a formal written
plan outlining the proposed certification effort was
incorporated into AC 29-2. The initial draft of the
advisory material, presented at a public meeting,
did not include a recommendation for this
certification plan; however, because saveral
ocommentors, fram FAA and industry, recommended that
this plan be included, consideration was given.
After reviewing our experience on several
certifications, the FAA concluded that the use of a
certification plan would be very helpful to both the
applicant seeking the certification and the FAA
because the plan identifies and defines an
acceptable resolution to the critical issues early
in the certification. Additionally, the
certification plan provides both parties with a
coaplete outline of all the actions to be taken to
demonstrate regulatory compliance., A discussion is
containad in the advisory material of the salient
points which should generally be included in the
certification plan. A more complete discussion of
these items is given in the following paragraphs.

DEFINITION OF ENVIRONMENT - In developing the
advisory material t> allow both industry and the FAA
to determine that a FADEC installed in a transport
category rotorcraft can continue proper operation in
the environment of a lightning strike encounter, the
first step is to quantify what constitutes a
worst-case strike. This quantification is required
because it is neither practical nor desirable to
determine that an installation is acceptable by
testing such an installation by exposing a
helicopter to a sufficient number of natural
lightning strike ercounters prior to certification
to convince the FAL of its acceptability.

There has been and continues to be a great
amount of research accamplished to determine a value
of currents and voltager reasonably representing
w“hat may be expectid to be encounteved in nature,
While there is som: agreement of what the nunbers
Are, there is equaily much disagreement. Even
Wwithin the FAA, there is disagreement on the
awnbers. In particular, "Is the fastest
instantaneous rate of rise 200 kiloamperes per
microsecond or 100 kiloamperes per microsecond?®

Since there is some agreement both nationally
{MIL-STD-1757A and SAE AEAL Committee Report) and
snternationally (Calham Laboratories CIM R 163 and
herospatiale RE AERDO 702 50) on the numbers for a
49 percencile strike, this value was chosen as a
reasunable limit. The SAE AEAL committee report of
June 20, 1978, "Blue Mook" (3), was chosen as the
characterization ¢f a worst-case strike, This
‘eport describes vhat can be reasonably expected

to ke the operating condition of a worst-case
ligttning strike encounter by the helicopter.

It is the author's understanding that the
SAE AE4L Camrittee is at this time taking action to
revise the "Blue Book” to include an expanded
mathematical definition of the "component A" and an
expanded definition of the miltiple strokes in a
flash.

DETERMINE ZONES AND ATTACHMENT POINTS - The
determination of zones and attachment points for
helicopters is more complex than fixed-wing
aircralt because the helicopter may be airborne
with. little airspeed, and the large amount of
service experience which exists for fixed-wing
aircraft is not available for helicopters (9).
Recent studies (10) indicate the assumption that
the lightning current is evenly distributed about
the aircraft during a lightning strike, which has
been used for anlysis performed for some
cylindrical aircraft, is not valid for a
helicopter. This is partially due to the unique
share of most helicopters.

The fact that a helicopter may be airborne with
little airspeed causes a lack of swept stroke
phenamenon, particularly on the bottom of the
helicopter. There appears to be some agreement in
the industry that the main and tail rotors are
probable atiachment points. In the case of FADEC,
some of the current paths through the helicopter
are rore critical than others. The FAA has
proposed research to provide guidance to
certification engineers regarding the probable
attachments of lightning to an average helicopter.
Model studies have often been used in the past to
provide data regarding attachment points. 1In
addition to the use of models, corona discharge,
methxd or testing of the full vehicle with drop
wand3 from a Marx generator has been used to
detemine probable attachment points.

13STABLISHMENT OF THE LIGHTNING ENVIRONMENT -
Sino: not all of the "components® of the flash have
an eqal effect on FADEC, it is usually only
neceisary to use “"component A" type testing. The
use of component A at the attachment points of
interest allows the investigation of the airframe
responses to which FADEC system components are
expoiied. This internal environment may then be
determined through the utilization of testing
and/or analysis techniques.

'ULL~LEVEL, OCOMPLETE VEHICLE TESTING - As a
basically academic exercise, an FAA policy of
test.ng a complete helicopter with a full-level
strilie, while demonstrating that the engine
conti'ols continue to function properly, is
suff cient to prove campliance with § 29.1309.
This policy is basically academic because testing
the oomplete aircraft to a full level is very
difficult. Therefore, it is preferable to
dete mine the acceptability of the installation by
the 1se of sore analyt cal processes.

ANALYTICAL PROCES5ES - When using various
amlytical methods to determine the aiframe system
resgonses to the full 200 kiloampere stroke, to
make: a determination of the protection adequacy,
the system component hardness of susceptibility
mus . be known.




It is recommended that the engine manufacturer
supply this information; however, the final
responsibility for the acceptapility of the engine
installation rests with the applicant. This
recammendation is not meant to add a requirement to
the engine manufacturer but to propose a more
effic.ent method of certification. Unless
full-scale, full-level testing is utilized, the
systemn components' tolerance levels must be
determined. If the engine manufacturer determines
the tolerance .evels of the system components, the
data are available co all airframe manufacturers who
wish to install the engine in their rotorcraft. If,
however, the airframe manufacturer must determine
the tolerance (i the fuel control system camponents,
then the data regarding the tolerances of the system
camponents become the proprietary type data of the
particular airframe manufacturer. The next airframe
manufacturer seeking approval of the installation of
the same engine in his airframe would be required to
repeat the same tests on the system components to
determine the component tolerance levels. The same
situation would be true for the next manufacturer or
STC applicant. It is easily possible that the same
ceries of bench tests might be required to be
repaated four or more times on the same system
components by different airframe manufacturers. The
SAE AE4L Committee Report AE4I~81-2 (4) is
recamended to determine the levels and waveforms to
oe used for the testing accomplished in determining
the tolerance level of the system camponents., When
the computer unit is tested, it should be operating
under software control. Several shots of the
waveformn should be made to determine if the system
is susceptible to digital upset. If it is known
that. the processor being used has a particular
susceptibility, then it may be necessary to
synchr-nize the test shot with the particular
program execution. This procedure is not toolproof
and will not absolutely ensure that the
susceptibility derived is correct. However, in view
of the current technology, it represents a
reasonable approach.

With the system component tolerance levels
determined, an analysis must be performed to show
the airframe responses do not exceed the tolerance
level of the system camponents. The recommended
method to complete the analysis is testing the
corplete vehicle system at some reduced level and
linearly extrapolating the results to a full strike
level. With this extrapolation of 50:1 at the
recomrended level, it is only prudent that a factor
be added to account for the uncertainties which
exist in doing such an analysis. A value of 6 dB
was chos=n as a result of discussions and
recomendations of the National Resource Specialist
for Advanced Avionics, the Transport Airplane
Certification Directorate personnel, and a study
accarplished by Chris Kendall Counsultants (1).
Approvals have been made where no full-scale vehicle
testing was accorplished to verify the airframe
analysis. The policy for such an analysis was that
it must be very rigorous and show a significanc
margin of protection., To provide :jiidance to the
certification engineer on what constitutes a
*significant margin,” this was definea to be
approximately 25 dB above the 6 dB uncertainty
margin, Thirty-one dB is indeed a very large
margin. However, when the analysis has no
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associated full-scale airframe testing to verify
its correctness, a large margin is necessary. Even
a small error in a basic assumption made for the
analysis can result in a very significant error in
the final results. This large margin is not
intended to indicate a lack of confidence in
utilizing analysis, rather a deep concern for the
validity of the analytical results,

Note that the uncertainty or safety margin is
applied as a function of the analytical process and
not an adjustment to the quantification of the
atmospheric environment,

Attention to the system configuration tested is
important, because the conficuration tested must
reprecent the system as it will actually be
configqured in service. Due to the nature ¢f the
testing, it may be necessary and desirable to
simulate some of the system components, This
simulation should be shown not to derrogute the
results of the test being performed.

Presently, there have not been any applicants
for approval of FADEC who proposed to use a
frequency domain coupling analysis and swept CW
testing to predict the airframe system response to
a lightning strike. Since this type of test and
analysis has been used successfully for the
approval of a transport category airplane, and
because it was recommended to the Rotorcraft
Directorate that this is a viable mathod to predict
airframe response, this method is specifically
mentioned in the criteria. This was done to make
the certification engineer aware that this is a
recognized method since most of the test procedures
given imply "strike" testing.

PASS/FAIL CRITERIA - Due to the complexity of
the system being tested and the fact that functions
are performed by FADEC which are not necessarily
required by the subchapter (subchapter C of 14 CFR;
*Aircraft®), pass/fail criteria are needed to
guide the certification engineer. These criterie
help to ensure that a consistent after strike
performance is required of the various FADEC's
tested. The criteria recognize the fact that the
FADEC computer may not be controlling the engine
during strokes of the flash., If this occurs, it is
acceptable only if no hazard is posed to the
helicopter during the time the engine is not being
controlled. Additionally, it is made quite clear
that a manual reset cannot be used to recover FADEC
from a digital upset. Some additional relief is
given to provide that some ancillary functions of
FADEC may fail during the test. If these features
fail and they are of a nature that their absence
without the crew's knowledge of this absence might
create a hazard, then the crew must be alerted to
this failure.

SYSTEM INSTALLATION CONSIDERATION - Design
techniques, suich as gross overbraid shielding or
conduits, may be necessary to achieve acceptable
system hardness. When such techniques are used,
they must be verified by some type of periadic
maintenance to ensure that operation and
modification of the helicopter does not degrade the
protection provided,

The advisory circular does not specify the
exact method of making such information available.
The methad to be uvtilized i3 not specified because
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any of the usual maintenance information channels
(i.e., mintenance manuals, service bulletins, etec.)
are an acceptable means of accomplishing this
information exchange.

MISCELIANEOUS CONSIDERATIONS - The aivisory
circular recommends that the analysis should account
for effects such as flashover and current diffusion
effects which are triggered by the extremely high
currents and fast rates of rise in the worst-case
return stroke, These phecnomena may have a
significant effect on the current paths through the
helicopter and therzfore an effect on the system
response of interest..

Tha term "alternate technology back-up fuel
control” when written into the advisory circular
assumes a mechanical reversion of some type. These
mechanical reversion systems cannot meet the
criteria of not requiring any immediate action.
However, if automatic control of the engine was
lost, the presence of the mechanical backup would
provide a greater level of safety than an
out-of-control engine. The term alternate
technology is made deliberately vague so that the
use of some other type of back-up system is not
precluded. The material included is restricted
specifically to transport category helicopters with
Category A engine isolation with an altemnate
technology backup. This type of system is very
camparable to other advanced digital avionic systems
such as fly-by-wire flight controls. Because of
this fact, a caveat is included to alert the
certification engineer to the fact that the criteria
may not provide sufficient protection for a
fly-by-wire system. Since much activity exists in
both inaustry and FAA to determine protection
criteria for advanced digital systems, it is
expected that the material will be revised or
replaced as necessary to make it consistent with
future FAA policy.

The advisory circular material in draft form was
presented in a public meeting held in Fort Worth,
Texas, on January 11, 1985. The final information,
incorporated into AC 29-2 on May 28, 1985, was
revised fram the draft by the incorporation of same
of the many fine comments which were rendered by
interested individuals.

One such camment was a reguest for a definition
of what constitutes "full authority" control. There
was some confusion on this point Since some
manufacturers would term a control "supervisory,”
which the FAA would consider, for certification, as
full authority. The term is not rigorously defined,
but a sufficient definition is given to allow an
applicant wo detemmine if the fuel control of
interest was considered full authority by the FAA.

CONCLUSION

The preceding discussion gives same of the
rationale used in the formulation of the criteria
incluged in AC 29-2., This advisory circular
provides consistent criteria for FAA certification
engineers to use in detemmining if FADEC in a
transport category helicopter is installed in such a
way as to ensure that the engire can continue to
operate properly when the helicopter experiences a
worst-case lightning strike encounter. Having this
criteria publishedi in an advisory circular
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provides the applicant with the knowledge of what
is an acceptable method of showing compliance and
should assist his design personnel. As with any
advisory material, this approach to compliance is
*an acceptable means but not the only means® and,
thus, the applicant may use alternate approaches
that are acceptable to the FAA to demonstrate
campliance.
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SIMULATED LIGHTNING CURRENT TESTS ON A LYNX HELICOPTER

by C J Hardwick and V P Dunkley, Culham Laboratory, UK
R H Evans, J S P Hardy and R A Hobbs, Royal Aircraft Establishment, UK

ABSTRACT

Simulated lightning tests were carried out jointly by RAE and Culham Laboratory on a Lynx helicopter,
involving the application of test current pulses up to 90kA peak. The test current was applied by
discharging a capacitor bank into the rotor head in two alternative configurations to provide a current
path from the rotor head to either the tail or the wheels, corresponding to the most likely paths for a
lightning strike. %xtensive nmeasurements of skin current densities on the helicopter for both
configurations were made. Measurement of transient-induced currents in seven wiring looms showed good
linearity against amplitude of fuselage current; extrapolation to full-threat levels indicated somewhat
higher levels than those previously experienced. Results varied considerably with current path and
earthing arrangements. Examination of the frequencies present in the loom currents showed fair correlation
with those present in the fuselage currents or corresponding to resonant peaks in the CW coupling
characteristic.
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INTRODUCTION

A PROGRAM OF SIMULATED LIGHTNING TESTS was carriled
out jointly by RAE and Culham Laboratory on a Lynx
helicopter during the period October 1984 to
January 1985. The main aim was the further
development of test techniques and in particular to
assess the extent to which facility effects with
present techniques detract from the accuracy with
which 1in-flight conditions are cepresented. A
second aim was to compare the induced curreats in
cables during a low power CW test over the
frequency range 1 to 50MHz, with those observed in
the high current pulse test intended to simulate
the effects of a lightning current pulse passing
through the fuselage. Thirdly, it was intended to
obtain information relevant to a helicopter to add
to the data previously obtained on fixed wing
aircraft such as the Jaguar (1l)*.

In the pulse tests a transportable pulse
generator applied a damped sinusoidal current of
frequency about 30kHz through the helicopter
fuselage. Transient skin currents were recorded at
various parts of the fuselage and thelr frequency
content was determined by Fourier analysis. The
variation of frequency content when the system was
earthed at thress alternative points was the main
criteria for assessing facility effects. The extent
to which the induced cable currents varied with the
earthing arrangements, in both the pulse and CW
tests, was a further measure of facility effects.

EXPERIMENTAL ARRANGEMENT

Two of the most likely lightning curreat paths
for a helicopter are "main rotor to tail rotor” and
“main rotor to wheels”.

The main rotor and tail rotor liad been removed
and the “rotor to tail” simulation was achieved by
connecting the Lynx with a return conductor system
of sheet Aluminium plates to the capacitor bank.
The arrangement is shown schematically in Figure
la-c.

The helicopter was placed on a ground plane
made of sheets of Aluminium riveted together. The
ground plane was connected to the building earth.
The helicopter wheels were isolated from the ground
plane and the generator-return conductor-helicopter
system was connected to the ground plane at one of
three points, namely the "cold terminal” of the
generator, the tail, or the port under-side, also
indicated in Figure 1.

The position of the return conductor above the
tail was determined using a 2 dimensfonal inductive
current mspping progras so that an approximation to
the free space current flow coald be obtained.
Because of the proximity of the ground plane, this
return conductor could be quite close to the
helicopter. (For a fixed wing aircraft, a quasi
coaxial arrangement of return conductors is used,
however, this 1is difficult to realise for a
helicopter, especially for the “rotor to wheels"
attachment.)

The “rotor to wheel”™ simulation was obtained
by removing the tail return conductor and
connecting the starboard wheel housing to the
capacitor bank. This arrangement {8 shovm in
Figure 2.

*Numbers in brackets designate References at end of
paper.

The generator had a cajacitance of 6.46pF and
could be charged to voltages from 20-80kV. The total
inductance for both arrangements was between 4&5pH,
giving an osclllating current waveform on the
discharge of the capacitor of 27-31kHz. The maximum
current and rate of change of current was 60kA and
11kA/ps for the rotor to tail configuration and 93kA
and 20kA/u s for the rotor to wheels configuration
respectively. The total resistance in the circuit
was about 100afi.

METHOD OF MEASUREMENT AND ANALYSIS

MEASUREMENT OF TOTAL CURRENT, di/dt - The total
current was monitored with a small coil placed
underneath one of the return conductors near the
capacitor bank. This coil produced a di/dt signal
which was integrated to give the total current.

The skin current measurements were made with small
coils of cross sectional area of about 10-° m? .
Signals frcm these colls were conveyed to the inner
part of the fuselage with screened twisted pair cable
taped to the fuselage body, then input to a
differential fibre optic transmitter (FOL 100).
These coils had a bandwidth of about 10MHz. Where
possible, if apertures were available for cable an:
fibre optic transmitters (FOL 200), skin current
measurements were made with an EG & G MGL-7A dB/dt
probe of area 10~“m? which had a bandwidtn of 1GHz.
Measurements of free field dB/dt inside the cabin
were made with an EG & G MTL-2A of area 0.0lm®

Signals were digitised in a remote screened
room. The digitiser was a 2 channel Tektroanix 7612
with 2048 sampler per channel and a 200MHz maximum
sampling rate.

INDUCED CURRENTS IN CABLE3

General - Induced currents were measured in
cable looms or other conductors at 7 pesitions in the
avionic system, chosen o represent a ranrge of
degrees of exposure to electromagnetic fields, from
well-shielded to completely open {the HF aerisl); the
positons are listed below:

Fire detection box in rear bay

Tail loom, rear bay

Standby inverter, front bay

Hydraulic valve

Main power loom (bus bar)

Loom near junction box, starboard door rear
pillar

G dF aerial.

The induced current in each loom was monitored by
linking to a Singer-Stoddart current probe of
transfer impedance 1 ohm, the output being
transmitted to the recording room by means of a fibre
optic link type FOL 200. Since in most cases the
loom cowprised a nuaber of wires, it was the bulk
current that was measured; no attempt was made to
determine the distribution of current between the
individual wires or screens.

CW _frequency repoase test - Low power sinusoidal
current over a continuous frequency range of 1MHz to
SOMHz was injected at the rotor head into the
helicopter-return conductor system by means of a
Network Analyser (NWA) through a pover amplifier and
ERA current probe. The level of injected current
(which varied with frequency when the NWA cutput
level was maintained constant) was monitored by a
Singer Stoddart current probe and stored in the NWA.
The monitoring probe was then transferred in turn to
each cable under test and the process repeated with
the same NWA level and frequency range. The NWA

mmoOw
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plotted the ratio of cable current to rotor current.
An example is shown in Figure 3. Both fuselage
current paths were tested, each with two earthing
configurations. The aim of the test was to
investigate the relationship hetween the CW freqency
response and the transient response to the high
current pulse. It i{s of interest that some test
facilities place considerable emphasis on low power
CW testing, an inexpensive and safe method (2).

High current pulse test - By means of a current
probe the bulk induced current was wonitored,
covering the 7 cables, the 2 current paths, and the
3 earthing points. In order to check the linearity
of the coupling mechanism, measurements were made at
20, 40 and 60%V capacitor bank voltages (20 to 60kA
fuselage current approximately). The signal from
the current probe was transmitted by the fibre optic
link to a storage oscilloscope and the display
photographed. Emphasis was placed on recording the
HF components rather than the LF corresponding to
the {njected fuselage test current (about 30kHz).

Induced bulk currents rather than voltages were
neasured because of the increasing tendency in the
UK to specify and measure interference in these
terms, for EMC, NEMP and lightning purposes.

SKIN CURRENT MEASUREMENTS

LOW FREQUENCY - Measurements of the peak
amplitude of the iow frequency skin currents were
made for both current paths through the helicopter.
The measurements were obtained by integrating the
signal from the coils used for measuring the di/dt.
The skin cutrent density levels are dependent on the
inductance of different current routes and were
hence independent of the earthing point.

The results are shown in Figure 4a & b for the
“rotor to tail" current path. For a voltage of
40kV, the maximum current density is 23kA/m at the
top of the tail section. At this point the ratio
between the current density at the top and bottom of
the tail section is 8dB compared to a predicted
value of 4dB. Without the ground plane, the
predicted ratio was 18dB. For comparison, the total
current of 41kA would give a uniform current density
around the circumference at this position of
16kA/m.

The "rotor to wheel” current route results are
shown in Figure 5. The maximum value is 2lkA/m
under the rotor head on the generator (starboard)
side. The values on the port side are smaller by
about 15dB.

HIGH FREQUENCY MEASUREMENTS - Coupling to
cables can be proportional to di/dt but the high
frequencies in the skin currents are reduced by a
factor w , therefore the study of high frequency
effects was made on the di/dt waveforms. These
vaveforms were Fourier analysed and the frequency
content was coapared to the frequencies present in
the cable bulk current measurements. Most of the
mearurements were surface di/dt but soame
nmeasurements of free field dB/dt were made inside
the fuselage.

Rotor to tail -~ These results showed quite
complex spectra. In addition to the generator -
helicopter system resonant frequency of 27kHz, there
were bursts of HF oscillations in the range 2-20MHz,
with a duration of about 5u¢s. These frequencies
appeared to fall into two categories.

The first was about 8MHz and 15MHz oscillations
which were present on the tail section of the

fuselage. These were believed to be the A/4
resonance and its higher harmonic associated with the
rotor to tail section/return conductor transmission
line. The rotor-tail distance {8 only 6.3m which
would 1imply a frequency of 12MHz for a /4
resonance. However, the 1inductance in the feed
plates shown in Figure ! was measured to be 1.7uH and
the feed plates, about 10cm apart, will have a
capacitance of 100 pF/m? . This reactance 1is
sufficient to lower the frequency to about 8MHz.
This frequency was little changed in value and
amplitude for the different earthing points.

The magnitudes of HF dB/dt on the tail section
were up to four times larger than the LF value due to
transmission line effects.

The second category had lower frequencies in the
range 2-5MHz and these oscillations changed
dramatically for different earthing points. For
example, the cabin dB/dt (direction fore-aft) signal,
circumferential skin current di/dt under the rotor,
and the dB/dt signal on the surface of the ground
plane all showed a prominent 2.5MHz resonance when
the generator was grounded. This disappeared
completely for the other two earth configurations.

Similarly the axial skin current di/dt on *he
underside of the fuselage/tail showed a 3.5MHz
resonance only when the tail of the helicopter was
grounded.

These effects are believed to be associated with
LC resonances due to loops formed by the ground
plane, helicopter and earth connection with stray
capacitance between the helicopter and ground plane.

A summary of the frequencies and magnitudes of
dB/dt for the "rotor to tail”™ configuration
measurements 1s shown in Table 1.

Rotor to wheels -~ The data show 1little HF
content compared to the other configuration,
presumably as we have not created any specific
transmission lines and the LF skin current in the
region of the cabin is much larger than previously,
8o the HF effects due to LC ground resonances are
less pronounced. The initial HF spikes decayed after
about Yus. Little change occurred for the different
earth points. One exception 1is the axial skin
current di/dt on the underside of the tail section,
when the tail was grounded. As in the “rotor to
tail™ situation there was a strong 3MHz resonance,
shown in Figure 6a, not present in the other
configurations as shown in Figure 6b. The effect was
more pronounced for “rotor to wheels" due to the
absence of the 8MHz resonance. The capacitance
between the ground plane and the helicopter/return
conductor assembly was measured to be 1.48nF and the
inductance in the tail section was estimated at 2uH
giving a predicted LC -esonance of 3MHz.

Both high and low frequency measurements varied
linearly with the generator voltage to within 1dB.

RESULTS OF CABLE INDUCED CURRENT MEASUREMENTS

CW FREQUENCY RESPONSE - A typical plot showing
how the ratio of induced cable bulk current to
injected rotor head current varied with frequency in
the 1-50MHz range 1is given 1in Figure 3. All
measurements were of amplitudes only, no measurements
being made of phase angle. The general trend was
upwards with increasing frequency but levelling off
to a constant mean level. Superimposed on the
general trend were wmany re#sonant peaks starting at
about 2MHz. With some cables, one resonance was
dominant but in others there were a number of
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resonances of approximately equal strength spread
throughout the frequency range.

The general level varied widely between
cables, being highast for the exposed HF aerial as
would be expected, (34dB down at 1MHz for one
configuration) and lowest for cable B (94dB down
under the same conditions.) Variation between the
two current paths, respresenting the most likely
lightning current paths, was small for some cables
but large for others (for example, 20dB at IMHz for
cable D). Variation with earthing point 1is a
facility effect and should ideally be swmall; again
it was small for some cables but large for others
(for example, 14dB for cable D).

PEAK INDUCED CABLE TRANSIENTS - The peak
induced bulk current transients in the cables showed
good linearity against capacitor bank voltage,
indicating that the tests were performed below the
threshold of non-linear effects such as sparking.
The peak amplitude varied widely between cables; for
example, with one configuration at 40kV bank voltage
the spread was from 24A (aerial) to 0.3A (cable B).
Variation with current path and earthing point was
not as wide as Iin the CW tests, being a maximum
spread of 11dB (cable B) and 9dB (cable D)
respectively.

For the purpose of estimating the full threat
level of 1induced transient currents it was assumed
that they were due to 1inductive coupling and
proportional to the initial rate of rise of the
applied test current. All amplitudes were
extrapolated to 100kA/us, and the results are shown
in table 2 (the earthing arrangement which gove the
maximum current was chosen for each entry in the
Table).

For the internal cables the values are
considerably higher than those for the FBW Jaguar
which were about 3A (1), as would be expected from
the open nature of the helicopter compared with the
good shielding provided for critical systems of the
FBW Jaguar. It may be noted that if a lightning
current takes the path rotor/wheels the induced
cable currents are likely to be lower than for the
path rotor/tail, the ouly exception in these teats
being cable C.

WAVEFORM OF TRANSIENTS AND RELATIONSHIP TO CW
RESPONSE - The waveforms of the transieant currents
were complex and showed considerable variety,
including forced oscillations at the frequencies of
the LF and HF currents flowing in the fuselage
(about 30kHz and mainly 8MHz respectively) and free
oscillations at the resonances of the loom itself,
initiated by the applied test current regsrded as a
shock excitation, and corresponding to the resonant
peaks 1in the CW response. These 3 waveform types
are illustrated in Figures 7 a-c.

For the forced oscillations the amplitude
predicted from the CW response was simply the
amplitude of the corresponding oscillation in the
fuselage current multipliied by the current ratio at
that frequency in the CW response. This could not
be done directly for the LF fuselage current (about
30kHz) since the CW response was measured only down
to IMHz, but an estimate was made assuming that at
low frequency the coupling between fuselage and
cable was pure mutual 1inductance so that the
coupling was proportional to frequency and the
coupling at 30kHz was therefore determined by
proportion from that at IMHz. On this assumption
the current ratio at low frequency may be expressed

in the form wT, where T i8 a coupling time-constant;
values of T deduced Sron the ratio at IMHz varied
from 3.10-'%s to 3.10~ s depending on cable, current
path in the fuselage and earthing point.

For the free oscillations. use was made of the
relationghip that the CW respon;a is also the Fourtier
transform of the transient respoise to a unit impulse
excitation. It was expected that there would be an
oscillation at the frequency of each of the wmain
peaks in the CW response and the amplitude and
damping of each were estimated by an approximate
formula relating them to the peak amplitude and
width of each resonant rise 1in the CW curve.
However, the actual excitation in the transient test
was the leading edge of a low frequency sinusoidal
current (30kHz) which in relation to HF may be
regarded as a ramp (linear rise). Since a unit ramp
(1A/s8) is obtained from a unit impulse by integrating
twice, and this is equivalent to dividing by (j w)?in
the frequency domain, the amplitude of the transient
at frequency f ohtained from the CW response was
divided by (2nf)“ and multiplied by the initial rate
of rise of the test current to obtain the amplitude
to be expected with the actual excitation eamployed.
This division by o meant that although the resonant
peaks in the CW response did not diminish
substantially with increasing frequency they did
become less important in the production of components
of the transient response.

Where components of the expected frequency were
actually present in the recorded transients, the
procedure described for prediction from the CW
response gave a reasonable estimate of their
amplitude, but in the complex waveforms there were
other frequencies not readily identifiable and some
of the expected frequencies were absent.

CONCLUSIONS

Simulated lightning tests were carried out on a
Lynx helicopter at severity levels of 93kA and
20kA/ys requiring factors of approximately 2 and 5 to
extrapolate full threat values of i and di/dt
respectively.

It was possible to measure the induced cable
currents 1in an interference-free manner, by the
employment of fibre optic links.

The amplitude of 1induced currents and akin
currents scaled lirearly with capacitor bank voltage
to within 1dB. The peak induced current transients
extrapolated to full-threat values varied f{rom 1.5A
to 22A in the internal cables, being considerably
higher than in the FBW Jaguar (3A) as would be
expected.

The 1induced current transients exhibited a
variety of waveforms, being in general a mixture of
damped sine waves, the frequencies including those of
the LF and HF curreants in the fuselage and those
corresponding to the resonances of the loom 1itself,
as 1indicated by the resonant peaks in the Ck
respongse. There were however, other frequencies not
accounted for and sux¢ of the expected frequencies
were absent.

There was fair correlstion betseen the recorded
transients and the CW response.

Variation of the transients and the CW response
when the system was earthed at different points
indicated the presence of significant facility
effects, 80 that more work (s needed to Improve
techniques with the aim of achieving better
simulation of in-flight conditions.
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The skin current transients could be
understood in terms of transmission line resonances
and LC resonances between the ground plane
helicopter capacitance and loop inductance, the
latter being a facility effect. There was fair
correlation between the skin current and cable
current transient frequency content.
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Table 1

Table of magnitude and frequency content of B at various locations of the helicopter/generator system

If the largest compoment >x2 the next largest one, the largest component is underlined

Js refers to the small coil used for measuring surface current density

Earthing | System 8 1in Js Js Js Js Js B on
Point Current | Cabin 5m top | 1.5m top 1.5m Front ground
Coil bottom Om stbd stbd plate
Bank 2.5,8.1 2.5 8.1 8.1,17,20) 8.1,12.6,17 { 2.5,B.1 2.5, 2.5,12.8,
f MHz 10-12,16 { 20,36
BKT/s | 33 13 12 4-7 2-5 5 2 1-2
Tail 7.6,9.3 7.6,9.3, 7.6 7.6,16 3.5,7.6,16 7.6,9.3 7.6,9.3,
f MHz 9.5 9.8,16 -
Brr/s | 33 13 10 4-7 2-5 5 1.5-3
Side 5.8,8.6 5.8,8.6, 8.6 5.6,8.6,9.3 | 5.6,9.6 5.6,8.6 5.8,8.6
f Miz 9.3 9.5 13.6,16.6 13.8,16.6 | 20,36 16-20,36
BKT/s | 27 .05 1 2-3 2 -1
Table 2
Table of peak cable current transient extrapolated to a threat value of 100kA/us
Cable B C D E 3 G
Peak R/T path 7.5 4.2 9.7 15.6 22.3 m 329
Current (A) R/w path 3.3 1.5 14,0 7.0 18.4 29.2 105
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Key to ground connections

l. = =~~~ Generotor grounded
2:— .—.— Toil grounded
3.-+.e-00. Side grounded

a)View from side

b) View from obove /

J
AN
Homin
Connection to
building ground

¢) View from tront

Fig. 1 - Return conductor arrangement for "rotcr to tail" configuration

View from front

Fig. 2 - Return conductor arrangement for "roter to wheels'' configuration
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Reference level -58dB

Current Ratio dB

1 1 | |
1 10 20 30 40 50

s
L]

Frequency MHz

Fig. 3 - CW response for cable D, "rotor to wheels" current path, generator grounded

a) View from side

TA
STARBOARD 20kA/m 20kA/m
1.25kA/m SkA/m 10kA/m 20kA/m 'bTA’/m
s
C I =
i I
\ ‘ I
1 1 1 1 ] J / e
-¢ -2 0 2 4 6
(m) 7
b) View from above — 1 1 |
i 3 F] 1 0 -1
{m)

SkAIm |
Fig. 5 - Skin current map for "rotor to wheels"

Note: For Fig 485 the magnitude of a skin current
density vector at a particular section is defined
by its length relative to the scale indicated
directly above that section

Fig. 4 - Skin current map for 'rotor to tail"
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RAE LYNX TRIALS-BDOT OUTPUT versus TIME
10-JAN-8S, Shot 9, Bank voltage 40kV
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Fip. 6 - Axial skin current di/dt on underside of fuselage tail
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a) Cable C, 20ps/div, 0.18A/div, 31kHz oscillation

b) Cable F, O.tips/div, 2.84/div, 8MHz oscillation

ot LN 1 )

3
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VY
|
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¢) HF aerial, O.lps/div, 2.8A/div, 18MHz oscillation

Fig. 7 - Some waveforms of induced current transients
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Prediction of skin currents flowing on a Lynx helicopter
due to a simulated Lightning strike.

A.Mallik
Kimberley Communications Consultants,
Nottingham, UK.
C.Christopoulos
University of Nottingham,
Nottingham, UK.
J .M. Thomson

Royal Aircraft Establishment, Farnborough,UK.

ABSTRACT.

A 30 Transmission Line Modelling(TLM) program has been used
to model a simulated Llightning strike on a Lynx helicopter.This
TLM analysis has been used to identify the origin of the 3 principal
r2sonances reported in measurements elsewheir . It is shown that all
the 3 resonances are affected by the charging circuit,namely by the
return conductor,ground plane and capacitor bank.
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1.RAE AND CULHAM LABORATORY EXPERIMENTAL SETUP AND
RESULTS

RECENTLY,SIMULATED LIGHTNING TESTS were carried out

jointly by RAE and Culham Laboratories on a Lynx

helicopter.Full details of these tests are reported

elsewhere at this conference [1). In these tests a

large capacitor bank was dischargeo into the rotor

head with return paths being provided at either the

tail or the wheels. The helicopter was insulated

from an aluminium ground plate and the system was

earthed to the plate at one of 3 different points.

These points were the bank,the helicopter tail and

the underside near the port door. Thus with 2 diff-

erent return paths and 3 different earthings a total
of 6 different arrangements were studied. Skin

current tranients were measured at 8 locations using
B dot sensors. The principal resonances were found

to be:

-A low frequency 27KHz resonance associated with
the overall inductance and capacitance of the
circuit

-A high frequemcy 8MHz resonance believed to be
associated witn the rotor to tail Llength(quarter
wavelength) ,modified by capacitance in the horiz-
ontal feed transmissicn plates

-A low frequency 2 to 5 MHz resonance believed to
be associated with stray capacitance between the
helicopter and the ground.

Figure 1 shows details of the helicopter geometry,

different current return paths and earthing var-
jations.

2.COMPUTER PROGRAM USING 3-D TRANSMISSION LINE
MODELLING(TLM).

TLM is a time domain numerical technique which has
been used for solving electromagnetic fields(2],
diffusion(3), lumped networks{4],and non linear wave
propagation [5). TLM models the propagaticn mech-
anism of EM waves by filling 3~D space with a net-
work of transmission Lines.This renders the probiem
discrete in both space and time since the exact
solucion is, in effect , a stable time stepping
numerical routire,.The advantage of ihe method lies
in the simplicity of the modelling process and the
efficiency in tne use of computer resources.

The modelling of the geometry of an object is
achieved ty placing a 3~D m ;h over it and part of
the surrounding space volume. The mesh is then
excited by field impulses modelling the physical
situation. Meshes at present are restricted to
graded orthogonal Cartesian ano polar types.After
the initial excitation, iterations based on the
TLM numerical algorithm commence.Thereaf:ier, E and
H field values at any Llocation in the problem
volume mey be obtained in the time domain. The TLM
model also provides complete information about the
magnitude of the electromagnetic field components
(at any specified frequency) around the helicopter.
Graphic packages can then be used to provide field
plots on any desired cross section through the
helicopter.
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Previous TLM modelling , eg aircraft responses

{6) ,has been using E and H field excitations.7his

method of excitation 1is appropriate when an

electromagnetic wave is incident on the aircraft.

However in  the Lynx tests a capacitor discharge

was used to inject currents on the helicopter

structure and the modelling was done using the

recently developed 3-D condensed TLM node with 3

capacitance and 3 inductance stubs [7].This made

it possible to model the capacitance and induct-

ance elements in the bank and elswhere. The dis-

charge of the capacitane bank was then model led
by placing an initial charge on the transmission
line stubs modelling the bank.

3.COMPARISONS BETWEEN MEASUREMENTS AND TLM
PREDICTIONS

ALl results presented in this section refer
to the rotor tc tail return path and bank earthed
configuration. ALl TLM output refers to time diff-
erenced H field components so that comparisons
with B dot e:perimental measurements could be made.
An important pirt of the work has been to identify
the origin of the measured resonances by varying
the geometry used in the TLM simulations.

tigure 2 shows a discretised Lynx helicopter
used in the TLM computer program. Eight output
points are displayed corresponding to those in the
RAE-Culham measurements., E and H field components
in the time domain are calculated for each cell in
t+e discretisation. The chnice of stub parameters
at each celL also makes it possible to vary the
dimension of any slice of space in each of the 3
coordinate axes.This allows us to model separation
distances of interest without having to substant-
ia.ly modify the input data files. Capacitance and
inductance stubs are also available for each cell,
to model lumped components, but here we only need
to use the capacitance stubs to model the bank
capacitance.

LOW FREQUENCY ( 27 KHZ) RESONANCE  Measure-
ments detailed in Reference [1]) clearly show a
damped LF resonance around 27 KHz This is believeu
to be an LC resonance arizing from the capacitance
C, and the inductance L, in the total system. Calc-
ulation shows that ihe inductance modelled by the
geometry in Figure 2 is about 8.5uH instead of the
5.5uH corresponding to the 27 KHz measurements.
Table 1 shows TLM predictions of LF resonances are
inversely proportional to +/C and that the measured
27 KHz resonance 1is indeed an overall system LC
resonance as expected.
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HIGH FREQUENCY (8 MHZ) RESONANCE A strong 8
MHz peak reported in measurements is thought to be
a quarter wavelength rotor to tail length resonance
modified by capacitance in c the horizontal feed
transmission plates. The results of the output from
TLM simulations clearly demonstrate that the
strengths of these 8 MHz resonances are critically
dependant on the separation distance of these feed
plates. Equivlantly it can be viewed that it is the
capacitance provided by these plates that is resp-
onsible for the strength of the resonance. A T
simulation was performed where a lumped capacitance
of 400pF was introduced between the transmission
line plates using capacitance stubs. The results of
this modified a weak 8 MHz resonance to a strong 5
MHz resonance. TLM prediction of the B8 dot waveform
at output point 3 in Figure 2 is shown in Figure 3.

OTHER HIGH FREQUENCY RESONANCES (2 TO 5 MH2)
These resonances are most evident in output points
near tne bottom of the fuselage.Some form of LC res-
onance associated with loops formed by the ground
plate and helicopter bottom is suspected. To test
this explanation the separation distance between
the ground plate and helicopter was varied. In
addition the ground plate was completely removed.The
TLM output from these tests showed that the ground
plate critically affects the strength of the
measured 3 MHz resonance.Removal of the ground plate
results in the complete disappearance of this res-
onance.In addition the output demonstrates that the
separation distar.» between the ~round plate and
the helicopter also effects the strength of the
resonance. TLM prediction of the B dot waveform at
output point 6 in Figure 2 is shown in Figure 4.

4.CONCLUSZONS

A 3-D transmission Line model (TLM) with the
ability to model lumped capacitan:e and inductance
elements has been used to model a simulated light~
ning test on & Lynx helicopter. Confidence in this
TLM model has been shown by prediction of the 3
principal frequency components reported in measure-
ments. Changes in the experimental configuration
have been studied ir the TLM model to show that all
the 3 principal resonances are strongly affected
by the configuration of the ¢:~ility, such as the
return conductor,ground plate and capacitor bank.

5. ACKNOWLEDGEMENTS.

This work has been carried out with the support
of Procurement Executive, Ministry of Defence, UK.

14-3

6.REFERENCES

1 C.J.Hardwick et al,'Simulated Llightning
current tests on a Lynx helicopter',this conf.

2 S.Akhtarzad and P.B.Johns,'The solution
of Maxwell's equations in three space dimensions
and time by the TLM method of numerical analysis',
Proceedings IEE 122,12, p.1344-1348,December 1975.

3 P.B.Johns, 'A simple explicit and uncon-
ditionally stable numerical routine for the solution
of the diffusion equation'.Int.Journal Num. Meth.
in Eng., Vol 11,p1307-1328, 1977.

4 P.B.Johns and M.0'Brien,'Use of the trans-
mission-line modelling (TLM) method to solve non-
linear Lumped networks'. The Radio and Electronic
Engineer,vol. 50 ,No.1/2,p.59-70,January 1980

S C.Christopoulos, 'Propagation of surges
above the corona threshold on a line with a lossy
earth return'.Int Journal for Computation and Math.
in Electrical and Electronic Eng.,Vol.4,No2,
p.91-102,1985.

6 P.B.Johns and A.Mallik,'EMP response of
aircraft structures using transmission-line modelling'.
Proceedings of the 6th Electromagnetic Compatability
Symposium and Exhibition,Zurich 1985.

7 P.B.Johns,'New symmetrical condensed node
for three-dimensional solution of electromagnetic-
wave problems by T.M, Electronics Letters,30th Jan-
uary 1986,vol.22 No.2,p.162-164.

RO O I b N o 0 N I R o i AR R 0



TABLE 1 - TLM predictions of LF resonance
for different values of bank

capacitance
CAPACITANCE,C 6.5uf 6. 5uf 6.5uf
1600 400
INDUCTANCE, L
(as modelled by 8.5uH 8.5uH 8.5uH
TLM geometry in

Figure 2)

TLM prediction of

LF resonance(KHz) 880 442 22.2
1 (KH2)
-------- 856 428 21.4
2mVJLe
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Key to ground connections

l. = = === Generator grounded
2:— .—.= Tail grounded
3.:++.-+-. Side grounded

a)View from side

'
(4]
+
3
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P L

“"Rotor to Tail “ Return Conductor Arrangement

Al ground plate
b) View from above /

S J
by,
W ‘
)Connection to
building ground

"Rotor to ‘Vheels"”

c) View from front d) View from front
. T
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\

Fig. 1 - Experimental setup used in Reference 1
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Fig. 2 = TLM discretisation of experimentsl setup in Figure 1
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Fig. 4 - TLM prediction of B dot waveform at output point 6
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SPATTAL AND TEMPORAL DESCRIPTION
OF STRIKES TC THE FAA CV-580 AIRCRAFT

Jean S. Reazer and Arturo V., Serrano
Technology/Scientific Services, Inc.

Abstract

Spatial and temporal descriptions of strikes to the FAA CV-580, S/N
49, during the FY84 and FY85 lightning characterization program are
presented in this paper. The aircraft was instrumented with wideband
electromagnetic aensors and current shunts, then flown in Florida thunder-
storms in 1984 and 1985 at altitudes from 2000 to 18000 feet. Waveforms
were recorded digitally at a sample rate of five nanoseconda to give ten
microsecond windows with a frequency responae of 100 Megshertz. Wideband
analog data were recorded continuously.

A technique for time correlating the digital waveforms to derive
attachment points on the aircraft is discuased in detail. Current paths on
the wings and fuselage are illustrated for several strikea and the inferred
attachment points are correlated with video recordings from the four video
cameras installed on the aircraft.

Information from analog recordings of slow field variationa on the
aircraft is then combined with the results of the above analyaia to provide

inaight into the attachment process for cloud-to-ground, cloud-to-cloud and
triggered lightning atrikes to aircrafe.
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INTRODUCTION

During 1984, a Convair CV-580 aircraft provided
by the Federal Avistion Administration (FAA) was
instrumented with wideband electromagnetic sensors to
measure the effects of lightning attachments. The
aircraft was flown in central Florida thunderstorms
in 1984 and 1985 at altitudes of 2,000 to 18,000
feet, collercting fifty strikes in approximately 100
hours of flying time.

In this paper, a technique for time correlating
the outputs of the sensors is described which allows
determination of the point where the strike attached
to the aircraft. Measurements recorded on the wings
and fuselage are illustrated for several striies and
the attachment points derived from these data are
correlated with photographs from the video cameras
installed on the aircraft.

Once the attachment point is known and the
direction of current flow on the aircraft estab-
lished, the polarity of the senaor outputa can be
used to determine whether negative charge is flowing
onto the aircraft, as would be expected during a
cloud-to-ground event, or is flowing off the air-
craft, indicating an Interaction of the aircraft with
a positive charge center. Negative charge flow onto
or off the aircraft is shown to be corrclated with
altitude, with strikes at low altitude (2,000 to
4,000 feet) indicating negative charge flow onto the
aircraft and atrikes at high altitude (14,000 to
18,000 feet) generally producing negative charge flow
off the aircraft.

METROD

Consider a hypothetical aircraft fuselage
instrumented with two loop type sensors to measure
aurface current. One sensor is mounted forward on
the fuselage about 15 feet ahead of the wing axis,
while the second i& aft on the fuaelage about 15 feet
behind the wing axis. Since the senrors are 30 feet
apart, assuming a current velocity equal to the apeed
of 1ight through the aircraft, a current pulse
applied to the nose of the aircraft will reach the
forward sersor 30 nanoseconds (ns) before it reaches
the sft asensor. With sufficient time resolution in
recording the two waveforms, it is possible to tell
whether the current pulae was applied to the nose or
to the tail.

Arsume that both sensors have been oriented so
that negative charge flow from the nosc to the tail
will produce a positive output. Converaely, then,
current flow frcm the tail to the nose will produce a
negative output on both aensora. Figure 1 showa four
simple scenarioa in vhich lightning sttaches to an
aircraft. In 1A, negative cloud charge is }owvered to
the aircraft and there is a strike to the nose
producing negative charge flow toward the tail and
two positive waveforms as sensor outputs. In IR,
negative charge is lowered to the sircraft and there
is & strike to the tail, producing negative charge
flow toward the nose and two negative waveforms as
sensor outputa. [n 1C, it is aasumed that the charge
lowered to the aircraft is positive. Tn thia case,
the strike to the noae results in negative charge
flow off the aircraft and negative waveforms as
senaor outputs. Finally, as in 1D, nexative charge
flow off the aircraft during a strike to the tail
rroducea positive aensor outputa. Thua identifying
the attachment point of the lightning event and
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recording the polarities of the resulting sensor
wtputs allows determination of whether negative
charge was moving onto or off the aircraft during the

flash.
ATRCRAFT INSTRUMENTATION
Sen ‘ors

Magnetic Field Sensors

1he four magnetic field sensors on the aircraft
were o> the Multi-Gap Loop (MGL) type manufactured by
EG&G, ind designed to measure the rate-of-change
(deriva“~ive) of the magnetic field resulting from
surface currents on the skin of the afrcraft. A
sensor was placed underneath each wing between the
engine nacelle and the fuselage. The remaining two
sensors were placed on top of the Iuselage, one
forward of the wing and one aft of the wing. The
outputs of these sensors were split into two by power
splitters. One output was gent to a waveform
digitizer whose output was recorded on digital
9-track tape. The second output was integrated by
signal conditioning components and recorded on direct
channels of an analog recorder. The sensors were
oriented so that a positive output would occur for
negative charge flow from nose to tail, or from the
right wingtip to the left wingtip.

Electric Field Sensors

The electric field sensors were of the Flush
Plate Dipole (FPD) desig manufactured by EG&G. These
sensors respond to the rate of change (derivative) of
the electric field. One sensor was mounted
underneath each wingtip, one sensor was mounted on
the forward upper fuselage ahead of the wing, and one
sensor was mounted on the left surface of the verti-
cal stabilizer. The output of the fuselage sensor
was integrated and recorded in an FM channel of the
analog recorder. The outputs of the three other
sensors were split into two by power splitters. Omne
output was directed to waveform digitizers and
recorded on digital 9-track tape and the second
output was integrated by the signal conditioning
componenta and recorded on the analog recorder. The
wingtip aensors, which looked down, produced a
positive output in a negative electric field. The
fuselage sensor produced a negative output in a
negative electric field since it was mounted on top
of the fuselage.

Television Cameraa

Two of the cameras were of the CID type man-
ufactured by Ceneral Electric. These cameras were
equipped with modified Nikon wide angle lenses (180
degrec field of view) and were installed on the
fuselage, one viewing up and one viewing down. The
remaining two cameras were of the vidicon type
manufactured by RCA. Theae two cameras were in-
atalled on the left and right side of the fuselage so
that each one viewed one wing. The camera outputs
were recorded in VHS format using RCA video recora-
ers.

Recording Syatewa and Timing
Vaveform Digitizers

The waveform digitizers were Tektronix 7612D'e
with programmable plug-ins. The digitizers vere



controlled by special software developed in the
AFWAL/FIESL Research Facility by T/SSI, and a
PDP-11/35 minicomputer. The digitizers were trig-
gered simultanecusly by a common pulse from the
trigger syatem so that all the digital records were
time synchronized. After the waveform was digitized,
it was transferred to 9-track tape for storage under
the automatic control of the computer system. The
digitizers were operated at the fastest sampling rate
to produce a ten microsecond (Pa) window with 2,048
samples at five ns intervals.

Analog Recorder

The analog recorder was a Honeywell 101,
28~channel recorder. FM channels had a bandwidth of
DC to 500 kiloHertz (kHz) while dirrct record chan-
nels had a bandwidth of 400 Hertz (Hz) to two
megaHertz (mHz).

Trigger System and Time Synchronization

The trigger system wss activated by the
un~integrated output of the surfac: current sensors.
Tt was set to detect a level change, either positive
or negative, from any of their inputs. It would then
output a common pulae to each of the digitizers, the
system controller and the analog recorder. Time
synchronization bectween the analog and digital
recordings was via the trigger pulse recorded on one
analog channel. Time synchronization with the video
recording systems was accomplishecd by recording IRIG
B time code on each recorder.

A more detailed explanation of the airecraft
instrumentation is provided in Reference 2.

PESULTS

Two atrikes, one of each polarity, sre snslyzed
in detajl to show how the method wss applied. The
results are then tabulated and correlated with
altitude.

Negstive Charge Flow Onto the Aircraft

On 17 August 1984, the ajrcrsft was flying at
4,000 feet when it was struck. The video camera on
the top of the aircraft showed a strike in the
direction of the nose (Figure 2).

The integrated outputs from the fonr surface
current sersors are shown in Figure 3, Their polar-
ities are consistent with either negative charge
flowing onto the aireraft from nose to tail, our
negative charge flowing off vhe aircraft from tail to
nose. Figure 4 shows an overlay of the fuselage
sensor derivative outputs which indicates that the
current pulse reached the forward fuselage sensor
approximately 50 ns hefore it reached the aft
fuselage sensor. Figure 5 is an overlay of the
derivstive outputs from the wing 3ensors. with one
reversed in polarity to fscilitate the comparison.

As expected for a strike to the nose, cvrrent reaches
both sensors at the same time and the resulting peaks
coincide. Finallv, the current peak at the electric
field sensor on the vertical stabilizer occurred 45
ns after the peak on the aft fuselsge surface current
sensor, consistent with fore to aft current flow.

Consistent evidence thus exists ior an initial
attachment noint to the nose of the afrcraft, estsb-
lishing that this strike resulted in n2gative charge

flow onto the aircraft. This 1s corroborated by
positive waveforms on the electric field sensors at
the wingtips and the negative waveform on the elec-
tric field sensor on the fuselage.

Negative Charge Flow Off the Aircraft

On 13 July 84, the aircraft was struck while
flying at 14,000 feet. The upper camera shows a
flash heading toward the tail. (See Figure 6.) The
attachment point was also confirmed by physicsl
inspection after the flight. A 3/8 inch hole was
found on top of the vertical stabilizer. Since there
waa only one strike recorded during this flight, it
was evident thst the damage was from this attachment.

As before, the fuselsge surface current sensors
both show positive polarities, indicsting negative
charge flowing onto the aircraft from nose to tail,
or negative charge flowing off the aircrsft from tail
to nose (Figure 7). In this case, the impulse
appesrs firat on the electric field sensor on the
vertical stabilizer, arriving 24 ns later at the
surface current sensor on the aft fuselage and 16 ns
later at the sensor on the forward fuselage. The
pulse appears simultancously on both current sensors
on the wings and, 40 ns later, appears on the elec-
tric field sensors near the wingtips. Since the
attachment sppsrently was to the tail, the polsrities
of the sensor outputs indicate negative charge flow
off the aircraft.

Anzlysis of Results

Similar snalysis were performed on nine strikes,
seven from 1984 and two from 1985, The results are
shown in Table 1, which lists the polarity of the
waveform snd its time of arrival at the sensor for
the surfsce current (I-FF, I-AF, I-RW, I-LW) and
wingtip electric field sensors (E-RW, E-LW) for each
strike. The table also lists the attachment point
determined from this dats, whether where wss video
evidence substsntiating it, the altitude and the
direction of charge flow (+ for negative charge flow
off of the sircrsft, - for negative charge flow onto
the aircraft),. The final column in the table shows
the initial 35 ms of the electric field chsnge on the
aircraft measured at the forward upper fuselage,

A review of this table ahows that all three of
the strikea at iow altitude (2,000 - 4,000 feet) had
polarities consistent with negstive charge flow onto
the aircraft. Of the siy strikes at high altitude
(above 14,000 feet), five had polarities consistent
with negative chsrge flow off the aircraft, while
only one had a polarity consistent with negative
charge flow onte the aircraft.

The polarities of the strikes at low altitude
sre consistent with the well known model of a
thunderstorm dipole and the lowering of negative
charge to ground during a negative cloud-to-ground
{lash (Reference 3). Since cloud-to-ground strikes
lowvering positive charge to ground are rare in most
thunderstorms (Reference 3), this rusule is to be
expected st low altitude. It also suggests that the
ajircraft is actually involved in a cloud-to-ground
event, rather than acting in some way to trigger a
strike which would not otherwise have occurred.

The preponderance of strikes indicating inter-
action with positive charge centera at high altitudes
is interesting. Tn an esrlier paper, Rustan and
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Moreau (Reference 1) presented data showing that many 4,
of the high altitude strikes to the CV-580 had a

coumon initial electric field signature. This

signature is seen on all the high altitude strikes

vhich appear to be interacting with positive charge S.
centers. It is not seen on the one strike which

showa motion of negative charge onto the aircraft.

Rustan and Moreau postulated that this signature

indicated that the aircraft initiated the discharge

by means of a negative leader propagating out from

the aircraft for distances not greater than 300

meters.

In esrlier work, it has been suggested thst an
aircraft charged to a high potential by triboelectric
processes had a higher probability of triggering a
strike (References 4, 5). Since triboelectric
charging generally produces a negative charge on the
aircraft and an aircraft at 14,000 - 18,000 feet is
flying at an altitude in the thunderstorm where
positive charge centers become more visible, our data
may support this suggestion.

CONCLUS: S

1. Although the sample is limited, there
sppears to be a correlation of aircraft altitude with
the type of charge motion on the aircrafet. A strike
at low altitude generally results from interaction
vith a negative charge center while a strike at high
altitude usually results from interaction with a
positive charge center.

2. The strikes at high altitude indicating
interaction with poaitive charge centers appear to
share & common initial field change, which suggeats
they are triggered strikes. This field change ia not
seen on the one high altitude strike indicating
interaction with a negative charge center, or on the
strikes at low altitude,

3. The results presented indicate that with a
minimum of four (4) well placed surface current
sensors, enough spatial information is availahle to
identify current paths reaulting from lightning
attachments to the aircraft. Further, the polacity
¢ the signals from the sensors can be used to infer
the type of charge flow,

4, If the data from each of the four sensors ia
time-correlated with sufficient resolution, the time
of arrival at each sensor can be combined with the
spatial data to identifyv the entry and exit points
and whether charge is flowing onto or off the air-
craft.

REFERENCES

!. Rustan, P.L. and Moreau, J.P. "Aircraft Light-
ning Attachment at Low Altitudes®, 10th Interna-
tional Aerospace and Ground Conference on
Lightning and Static Electricity, Paria, France,
June 1985.

2. Rustan, P.L., Kuhlman, B.P,, Burket, H.,D,,
Reazer, J. and Serrano, A., "Low Altitude
Lightning Attachment to an Aircrafe",
AFWAL-TR-86-3009 in Process, February 1986,

3. Uman, M.A. and Krider, E.P., "A Review of
Natural Lightning: Experimental Data and
Modeling"”, IEEE Transactions on Electromagnetic
Compstibility, May 1982,

15-4

Vonnequt, B., "Electrical Behavior of an Afir-
craft in a Thundeistorm", Rep. FAA-ADS-36,
February 1985,

Clifford, D.W. and Kasemir, H.W., "Triggered
Lightning"”, TEEFR Transactions on Electromagnetic
Compatibility, May 1982,

B 4 3 P A S 2 g 3ot £ s RS A A L B s i £ e B P DT ST I N A S I WL T T BT DO ML L ML DO R W B AN A B WML W WA o



1A Negative Charge Flow onto 1B HNegative Charge Flow onto
Aircraft - Strike to Nose Aircraft - Strike to Tail

1C Negative Charge Flow off 1D Negative Charge Flow off
Aircraft - Strike to Nose Aircraft - Strike to Tail

Figure 1. Outputs Expected from Fore and Aft Loop Sensors
on Aircraft Fuselage during Four Different Lightning

Attachment Scenarios
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Top Camera - Lens Viewing Upward

A\
a

&/.

Figure 2. Strike to the Nose of the CV580 Aircraft
17 August 1984
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Figure 4. Overlays of the Derivatives of the Surface Current
at the Forward and Aft Fuselage Sensors Showing the
Time Delay for an Attachment at tie Nose - 17 Aug 84
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Figure 5. Overlays of the Derivatives of the Surface Current
at the Left and Right Wing Sensors Showing the
Time Delay for an Attachment at the Nose - 17 Aug 84
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Top Camera - Lens Vieuine Upward
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Figure 6. Strike to the Tail of the CV539) Aircrafc
13 July 1934
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Simultaneous Airborne and Cround Measurement of
Low Altitude Cloud-to-Ground Lightning Strike on CV-580 Aircraft

Jean S. Reezer
Technology/Scientific Services, Inc.
Deyton, Ohio

Richerd D. Richmond
Wright Aeronautical Laboretories
AFUAL/FIESL
Wright-Pattereon AFB, Ohio

Abstrect

During the 1984-85 Airborna Lightning Characterizetion Program
conducted by the Atmospheric Electricity Razards Group of the Air Force
Wright Asronautical Laboratories (AFWAL/PFIESL), the CV-580 eircraft was
struck three times while flying at low altitude (twice in '84 and once in
'85). PFor the avant recorded in '85, eimultsnasous ground meesurements of
the alactric and magnetic fielde were also recordad.

Ths measured fielda at the ground eits sre usad to sstimaie the paak
current in the channel et the point of impact, snd the current et the
aircraft altitude (600 metsrs ebove ground) ie pradicted. Thase rasults
ere comperad with the dete obteined on the eircraft. The current
emplitudee, poleritiece, end peths ss well as the predicted currents are
uead to determine the portion of the cloud-to-ground lightning stroks
intercepted by the eircraft. Similar enalysis ere conducted on the low
eltitude events from 1984,
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INTRODUCTION

During the sv~aers of 1984 and 1985, a CV-580
aircraft provided by the Federal Aviation
Administration (FAA) and instrumented by the United
States Air Force Wright Aeronautical Laboratories
(APWAL) vas flown in or near Florida thunderstorms at
altitudea of 1800 to 18000 feet (550 to 5500 metars).
The sensors and instruwentation on the aircraft
recorded the electromagnetic fields and currents
produced when the aircreft was struck by lightning.

Ground stations wece eet up during both susmers
to monitor the fields while the aircraft was flying.
In 1985, the ground station was equipped with two
flush plate dipole electric field sensors and two
nagnetic field loop sensors to monitor fields
produced by lightning within 100 kilometers (km) of
the Kennedy Space Center site,

On 29 June 1986, a direct lightning strike to
the aircraft was recordsd simultaneously by the
airplane instrumentation and by the instruwentation
at the ground station. The aircraft was flying at an
altitude of 1800 feet (550 meters). The data
recordsd for this eveant and the conclusions drawn
from that dsta are presented in this peper. Based
upon these conclusions, a similar discussion is
presented for two low altitude strikes recorded
during the 1984 project.

INSTRUMENTATION

AIRCRAFT SENSORS - A total of 27 semsors were
installed on the aircraft, of these only those
pertinent to this discussion ars described. Four
resistive current shunts and booms ware mounted on
the aircraft. One wes attached to each wing tip. A
third shunt was located at the tail boom and the
fourth vas mounted at the top of the vertical
stabilizer. The tail boom also contained a
derivative current sensor.

Your derivative magnetic field (or surface
current) sensors wera also on the aircraft. Two wure
mounted on the top of the fuselage, one fore snd one
aft of the wing. The remaining two were mounted, on
the lower surface of each wing, between the fuselage
and the engine pod.

Each wing tip contained a flush plate dipole
electric field (or displacemsnt current) semsor.
Thess sensors ware also derivative sensors and wsre
mounted on the bottom surface of the wing.

Video cemeras were used to record the scene
across the top of each ving as wall as above and
below the fuselage. These records were useful in
confiruing aircraft attachment points.

DATA ACQUISITION - Signals from the sensors ware
recorded in discrete digital wvindows using Tektromix
7612 wsveform digitisers. Thesa digitizers recorded
a 10 microsecond ( s) window at five (5) nanosecond
(ns) intervals, providing an upper frequcncy response
greater than 50 MAz, Signal levels of either
polarity from either the current shunts or the
surface current sensors triggered the digitizers vhen
any signal exceeded a preset levsl., A detailed
description of the aircraft inetrumentation is given
in Ref. 1.

GROUND STATION - The ground station equipment
was located near the edge of a lagoon at the northern
end of Kennedy Space Center. Two flush plate
electric field antennas and £ pair of crossed-loop
nagnetic field sensors were mounted on the roof of
the ground station trailer. The outputs from the
sensors were electronically integrated and recorded
on an analog tape recorder.

(rig-B timing signals were used to time
synchronize recordings on the aircraft and at the
ground station.

LOW LEVEL STRIKE

On 29 June 1985 at 18:49:49.6 (Z), the aircraft
instrumentation recorded a lightning attachment. The
aircraft was over the ocean near Melbourne, Florida
at an altitude of 1800 ft (550 m). The location of
the aircraft was 28:17:02 N, 79:57:07 W, placing it
about 48 nautical miles (mm) or 90 km from the ground
site. The ouctside air temperature was 20 degrees
Centigrade (C) and the aircraft was in clouds, rain,
and moderate turbulence.

Figure 1 showa a 164 microsec window of the
electric field recorded st the ground station at
18:49:49, This was the only event recorded within
several seconds of the time of the attachment to the
aircrafe,

Volts/meter
-

rizzsesconds
rig 1. Ground Ststion Electric Field (18:49 29 June °*85)

The polsrity of the field indicstes that this flash
lowered negstive charge to ground (in this csse, to
sea). The measured electric field peak was nine (9)
volts/meter (V/m)., Since the sctual distance to the
flssh is known (90 km), an estimate of the ground
level return stroke current csn be calculated.
Dropping the retardation time term in equation 5 of
Ref 2, we have
I =« _2°CR_8
o (m

vhere R is the distance (in meters) from the flssh
and v {s the return ltrgke velocity, From Ref. 3, a
nominal vslue of 1,2x10° meters/second (m/e) is used
for v. Because there are essentially redietion
fields at this distance, the relationship E/B=C csn
be used to rewrite Eq, 1:
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with the measured vslue of E=9 V/m, equation 2
provided a peak current of 33.75 kiloamps (kA) at sea
level. Assuming an exponential decay of current with
height, z, of form

I1(z) = I(s) exp (~z/n) (3)

withn = 2x103 meters (m) (2), the current in the
main channel at an altitude of 550 m should be 25.6

kA.

Saturated a
4.9 x 10° /N

Electric Field 0.1 sec

1k
NI LR I A e W (TR T

Slow Code

Fig 2. Slow Elsctric Field - Strip Chart (18:49 29 June '85)

Figure 2 shows the electric field recorded on
the sircraft stripchart at 18:49:49. It indicates a
stort, single stroke flssh which satursted the sensor
electronics snd, therefore, the actual smplitude
carnot be determined. The digitsl data recorded st
the time of the flash is shown beginning in Figure 3,
vhich shows that a current of 2.8 KA flowed into the
right wing current shunt and a current of about 1.5
KA flowed out through the tail.

Expansions of these waveforms in Figure 4 show
the delay between the time when the current pulse
resched the two sensors, confirming the direction of
current flow from right wing to tail. The outputa
from two surface current sensors are shown in Pigure
S. They show currents of 2100 A on the right wing
and 1100 A on the aft fuselage. The polarities of
all the sensor outputs are consistent with negstive
charge flow onto the aircraft (Reference 4). The
digital data set was incomplete, so current levels
from the left wing sensors are not svsilsble for this
event. The vidco csmeras, however, show streamers st
both wing tips.

In summary, the aircraft digital dats is
consistent wvith negative charge movement onto the
aircraft, as would be expected during s negstive
cloud-to-ground flssh, Current levels apparently

ranged from 1.5 to 3 KA at the time of the
attachment.

CONCLUSIONS

Sufficient information was svailable for the 29
June low altitude strike to the CV-580 so that a
ressonsble estimate could be made of the current in
the cloud-to-ground flash. A peak current of 25 KA
was calculated for the single return stroke at the
aircraft altitude.

Sensors on the aircraft recorded approximately 3
KA of current. Although video records show a
definite attachment to the aircraft, it does not
appear that the aircraft intercepted the main return
stroke current. It is suggested thst, instead, the
aircraft was involved with one of the branch leaders
attached to the main channel.

Two low altitude strikes in 1984 both also show
sensor output polarities consistent with negative
chsrge flow onto the aircrsft. Maximum current
levels recordad during these strikes were 3.5 KA and
1.3 KA, respectively. Although the CV-580 apparently
has been struck by cloud-to-ground flashes while
flying at lower altitude, these events do not seem to
have involved the main return stroke channel. Thus
the current levels experienced during these flashes
cannot be regarded ss representative of the full
threat from a cloud-to-ground flssh.
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Comparison of Flectromagnetic Measurements
on an Aircraft from Direct Lightning Attachment and
Simulated Nuclear Electromagnetic Pulse

Harold D. Burket, 1Lt, USAF
Air Force Wright Aeronautical Laboratories
AFWAL/FIESL
Wright-Pstterson AFB, OH 45433

ABSTRACT

A Federal Aviation Administration CV-580 aircraft with wideband
instrumentation was flown in Florida thunderstorms during the summers of
1984 snd 1985 to measure the sircraft response to direct lightning
ettechments. Electromagnetic field and current levels were recorded
continuously with a 28-channel enalog recorder having a two megahertz
bsndwidth. Ten microsecond windows of digital data with five nanosecond
ssmple intervals were obtained and time-synchronized with the enalog data,

The aircraft was then subjected to simulsted nuclesr electromagnetic
pulse (NEMP) tests at the Patuxent River Nsval Air Test Center. In
addition, extrapoleted responses of the eircreft to simulated NEMP were
prepsred by the Air Force Yeapons Leborstory. The extrapolatioq- were
besed on responses obtained from scele model tests performed by the
University of Michigen.

This peper compsres electromagnetic field levels measured on the

aircraft during simulsted NEMP tests with scale model extrepolations end
with responses from two direct lightning attechments.
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INTRODUCTION

During the summers of 1984 and 1985, the U.S.
Alr Force Wright Aeronautical Laboratories (AFWAL)
and tle Federal Aviation Administration (FAA) con-
ducted 2 lightning measurement program to expand the
l1imited existing data base on low altitude lightning
attachment to aircraft and to define and validate
lightning characterization models by which lightning
hazards protection for aircraft i1s developed. An
instrumented FAA CV-580 aircraft was flown in central
Florida thunderstorms at altitudes between 2,000 and
18,000 ft where 50 direct lightning strikes to the
aircraft were received. Analog and digital records
of electromagnetic field and current levels on the
aircraft surface were collected for each attachment.

In eddition to lightning characterization and
lightning model validation, AFWAL was also interssted
in determining the comparable lsvels of simulated
nuclear electromagnetic pulse (NEMP) radiation on the
same aircraft. To identify the commonalities and
differences in the thrsats of lightning and simulated
NEMP, tests were performed on the CV-580 using the
FMP simulator locatsd at the Naval Air Tsst Csnter in
Patuxent River, MD. In addition, extrapolated
aircraft responses for a reciprocal double exponen-
tial excitation were providsd by the Air Force
Weapons Laboratory (AFWL) based on small scale model
tests. This pansr will compare simulated NEMP
responses with extrapolated predictions and with
measurements recorded during two lightning attach-
ments to the aircraft.

AIRCRAFT INSTRUMENTATICN

Five surfacs current density (J_.) rate-of-changs
ssnsors and fivs displacsment curren§ (J,,) ssnsors
were mounted on the aircraft surfacs. e J. sensors
were located on the top of the forward fuselige
(J.FF) and aft fusslsgs (J.AF), on the bottom of the
]e§t wing (J.LW) and right wing (J_RW), and on the
top left wing (J.TLW). Ths J_TLW sensor was dssignsd
in France and was providsd by tte Office Nretional
d'Etudes st de Rechsrches Aerospatialss (ONERA). The
other J. ssnsors wsre modified vsrsions of ths radial
multigag loop (MGL) ground plsne B-dot Model 5
(MGL-5) sensor dssigned by EG&G (1). The J_. outputs
wvers scaled to indicate ths magnetic flux dénsicy
rate-of -chsnge (dB/dt) and, wheu integrated, the
magnsctic flux density (B). Consequsntly, thess
measurements are sxpressed in teslas/second (T/s) and
teslas (T) instead of units norually associated with
surface current dsnsitv,

The five J, acnsors wsre mounted on the top of
the forward fuselags (J FF), on ths borttom of the
left wing (J_LW) snd ri§ht wing (J RW) tips, on the
vertical stlgilizer (J.VS), snd on ths top right wing
(J_TRW). The J TRW sensor was a hollow sphericsl
dipole (HSD) type ssnsor providsd by ONFRA. Ths
remaining four were flush plate dipole (FPD) sensors
designed by PG8C. The J, ocutputs were scaled to
indicate the di.plncenen§ current (dD/dt) expresssd
in amperes per square meter (A/m?).

Current shunts were slao mounted to the lsft
wing (ILW) and right wing (IRW) tips. PFollowing the
first summer of lightning acquisitiun flights,
additional {natrumentation was mounted on the sir-
craft. A current shunt was placed c¢n top of the
vertical stabilizer (IVS) and a boom waa mounted
behind the vertics] tail, The tail boom contained s
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current shunt (ITB), a current rate-of-change sensor
(1-Dot TB), and a magnetic field rate-of-change
sensor (R-Dot TB). Figure 1 shows the sensor lo-
cationa during the 1985 portion of the progrsm.
Fowevsr, only J. and J, measurements are prssented

for the comparigons mage in this paper.

Tektronix 7612 waveform digitizers capable of
recording 2048 samples at 5 nanosecond (ns) intervals
were used to obtain 10 nmicrosecond (y8) windows of
digital data. Twenty-eight channels of continuous
analog data with a 2 msgahertz (MHz) bandwidth in the
direct channels were also rscorded. The analog
records, therefore, were recordsd to correlats
digital data with particular events during lightning
flashes and lacked the frequency response necesaary
for measursment of high frequency simulated NEMP ra-
aponsss,

SCALE MODEL EXTRAPOLATIONS

Small scale model studies of the aircraft were
performed during 1985 for AFWL at the Univsrsity of
Michigan Radiation Laboratory (2). A 1:74 scale
model of the CV-580 was tssted to dstermine the
sxternal electromagnstic responss of the aircrait at
nine model test points corresponding to actual sensor
locations on the aircraft. Excitation fields wsre
applisd in nine orientations and polarizationa
corresponding to configurations commonly used in
F-106B NEMP tssts performed at AFWL., Figurc 2 shows
the locstion of ths points tested on the mod#l and
Pigure 3 indicatss ths dirsctions of incidsncs and
ths polarizationa for which measurements were mads in
dstermining the aircraft response for ths comparisons
of this paper.

AFWL ussd the aircraft rssponse from the scals
model testa to sxtrapolate responses sxpectsd for
sxcitations from their vsrtically polarizsd dipols
(VPD-11) and Horizontally Polarized Dipoie (HPD) EMP
simulators as wsll as for a reciprocal «oubls sx-
ponsntisl input. This waa dons using ‘e<chniques
devslopsd for similar sxtrapolations mads for an
instrumentsd P-106B aircraft uasd by the NASA Laaglsy
Rssesrch Csnter to conduct lightning vesearch (3).
The CV-380 extrapolations wsre presenied to AFWAL for
compsrison with simulsted NEMP tssts.

SIMULATED NEMP TESTS

The €V-580 aircraft was then wubjected to
simulsted NEMP tests in January 1956 at the Naval Air
Test Csntsr in Patuxent River, MIi. The TACAMO EMP
Simulator (TES) facility was ussd to pulse the
sircraft with ths fusslags parallel and then perpen-
dicular to \he direction of the incidsnt slsctric
field. The "ES, sn HPD aimulater similsr to ths one
at AFWL, produced a 60-65 KV/m 2lectric fisld with a
7-8 ns rise tims st a point corrssponding to the top
of the fuaelsge. Figurs 4 shows the relstive po-
sitions of the aircraft and the TES pulssr and Figurs
S indicates fisld directions for both ths parsllel
and psrpendicular configurstions.

Data rscorded from J. and .!, sensors wsre
compared directly to extrhpolnteg predictions ob-
tained from scals mndel rerponses using a reciprocal
double exponential excitstion for orientations
corresponding to both aircraft configurations used
during simulated NFMP testing. The reciprocal double
exponential extrapolstions were expressed in terms of
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dR/dt and dD/dt and could be compared directlv to
actual aircraft measurements.

COMPARISON OF EXTRAPOLATED AND MEASURFD RFSPONSES

Figure 6 shows a typical reciprocal double
exponential waveform used tv predict aircraft re-
sponses and a representative excitation received
during simulated NEMP tests. The reciprocal double
exponential input assumed a 60 kV/m peak field
strength with a 5 ns rise time and a 250 ns decay
time to 50 percent of the peak value. Typical
simulated NEMP excitations had comparable pesk
magnitudes with 7-8 ns rise and decay times.

Four sets of responses were available for
comparison from sensors mounted on the fuselage and
vertical stabilizer for configuration 1 in which the
electric field vector was parullel to the fuselage.
The I FF sensor was designed for analog recordings
only and the J VS responses had insufficient sig-
nal-to-noise ratios. Figures 7 and 8 compare extrap-
olated and typical responses measured digitally for
the JSFF and JSAF sensors.

Figure 7 shows that both J_FF responses have
negative polarities, as should ge expected, since the
sensor orientation was opposite that of the applied
electric field in both cases (See Figures 1,2,3, and
5). The waveforms have similar characteristics and
amplitudes except that the measured response contains
approximately 80 na of pre-event sampling. Fast
Fourier Transforms (FFTs) of both aignala indicated
spectral components near 4.5, 6.5, and 14.5 MHz. The
6.5 MHz frequency corresponds to reflections between
the nose and teil of the aircraft. The 4.5 and 14,5
MHz components seem to correspond to resonances in
the wings and horizontel stabilizer, although the
effect of auch reaonencea should be minimal for this
configuration. The 31.5 MHz component in the
measured reaponse compares closely to resonances from
the tail boom.

The J_AF responsea ere compsred in Figure 8 and
indicate n§n11er general chsracteristics end ampli-
tudes on the aame order of magnitude. The extrep-
olated wveveform haa e positive polerity because the
J.AF aensor vss aligned with the incident electric
field in the scale model case (See Figures 2 and 3).
The meesured simulated NEMP response haa a negative
polarity because the aensor orientation was opposite
that of the applied excitation (See Figures 1 and 5).
The seme aircrsft resonances ere visible in both FFTs
although the meesured response appeara to contain
additionel frequencies between 8 end 14 MHz., Re-
flections between the tips of the horizental
stabilizer fall into this range and would likely have
a atronger effect on measurements from the JQAF
sensor. "

Analogoua measurements were available from two
senaors in configuretion 2 wvhere the direcrion of the
applied electric field wes perpendicular to the
fuselege. Figure 9 shows the J_LV responses which
have comparable magnitudes end similar general
charecterintics. The J_LW sensor had the same
orientation with relpec§ to the applied field in beth
inatances (See Figures 1,2,3, and 5) end the waveform
polarities match eccordingly. The extrapolated
responses predict primary spectral cosponenta near
4.5 and 10.5 MHz corresponding approximately to
reflections between wing tipa and hetwveen the wing
tips and the fuselage.

The J IW responses are compared in Figure 10 in
vwhich both sensors had orientationa that were nearly
perpendicular to the incident electric field vector
(See Figvres 1,2,3, and 5). The waveforms have
cither the same polarity and general characteristics,
excluding the first large negative pulse in the
measured response, with magnitudes differing by a
factor of two; or, the waveforms have opposite
polarities but comparable levels of magnitudes. The
tvo largest frequency components in both responses
correspond to the primary wing resonances seen by the
J_LW sensor. The source of the 16 MHz component in
t§e measured response is not immediately apparent but
corresponds approximately to the frequency of the
large negative pulse in the measured response of
Figure 10.

COMPARISON OF LIGHTNING AND SIMULATED NEMP

Two lightning attachments recorded in 1984 were
selected for comparison with the simulated NEMP test
measurements., Current propagation along the aircraft
in these strikes most closely matched the two NEMP
test configurations. A flash on 17 August 1984
attached neer the front of the fuselage and approxi-
mately 67 percent of the current propegated to the
rear of the fuselage. Another strike attached to the
right wing on 5 September 1984 and most of the
current propagated to the left wing of the aircraft.
Detailed descriptions of the lightning attachments
are given by Rustan, et al (4).

The noae-to-tail current propagation in the 17
August attachment makes this event similar to config-
uration | of the aimulated NEMP tests. Figure 1!
shows the J_FF and J_AF lightning responses which can
be compered”to those shown in Figures 7 and 8. The
J.FF sensor saturated and the estimated current
tﬁrough the forward fuselege exceeded 2.6 kA. Due to
the seturation, sharp discontinuities snd a DC
component were introduced into the FFT of the J_FF
signal, It {s believed thst the ettechment occirred
ir e brsnch of a cloud-to-ground discharge in which
nezative charge ves trensferred to the eircreft (5).
Consequently, the direction of the current prope-
getion is vpposite that of conventional current and
accounta for the difference in polarities of the
lightning end NFMP responsea. The lightning measure-
ments aaturated and the effects ere reflected in the
correaponding FFTs. The J_FF signal shows en appar-
ent oscillation 200 ns -ftgr the beginning of the
discharge. Figure 12 gives 1 & expensions of the
J LW and J RW measurements for this event and the
correnpond§ng sinuleted NEMP responses. The
lightning measurements satureted and the effects ere
reflected in the corresponding FFTs, Peak lightning
and NEMP magnitudea of this nose-to-tail or pareliel
configuretion ere summarized in Teble 1.

Current propageted primarily from the right wing
to the left wing during the 5 September attachment
thua making this event analogous to configuretion ?
of the simuleted NFMP tests. Over 1.2 kA of current
vere meaaured on the TRW sensor. Once agein, it is
believed that negative charge flowed through the
ajircreft in the direction opposite that of conven-
tional current. Figure 13 ghows the J_LW and J LW
lightning responaes which can be colpl%ed to the NEMP
measurements in FPigures 9 and 10. The lightning
responaes for the J_RW and J RW aensors are given in
Figure 14 along vitﬁ the correaponding NIMP measure-
ments. Peak measurements for this wing-to-wing or
perpendicular configuration ere listed in Table 2.
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Lightning and NEMP responses both contained
frequencies corresponding to wing and fuselage
resonances in the two configurations. However,
lightning meaaurements often contained spectral
components below 4 MHz that were not present in
simulated NEMP, Furthermore, lightning responses
seldom indicated significant frequencies higher than
10 MHz. Peak amplitudes for simulated NFMP measure-
ments were 4 to 20 times higher than those of the two
lightning attachments compared.

DISCUSS1oN

Several factors detract from the quality and
detail of the extrapolated predictions for the CV-580
responses to simulated NEMP. First of all, the scale
model used to determine the aircraft responses did
not ianclude the extra instrumentation added to the
aircraft prior to the 1985 portion of the program.

It seems reasonable that the 15 ft tail boom, in
particular, would cause additional resonances in the
measured responses. Another factor concerns the
differences between the actually applied excitation
and the reciprocal double exponential used for the
extrapolations. The faster rise time snd slower
decay time of the reciprocal double exponential
waveform tends to elevate the magnitude of the
extrapolated predictions at the Jower frequencies.
Another significant factor that may affect the
compsrisons, hcwever, relates to configuration
effects involved with the test methods used during
simulated NEMP testing. The scale model tests were
verformed in an anechoic chamber to simulate flight
in free space. During NFMP tests, however, the
aircraft was on the ground. No adjuatments were made
for ground effects or for variations in the applied
field that might affect the results since these data
were unavailable.

Despite the dissimilaritiees in fine detail and
though only a limited number of corresponding mea-
surements was availsble for compariaon, the extrap-
olated and observed responses sre quite similar and
secm to possess the same general characteristics.
Predicted and measured magnitudes were very compara-
ble and both responses indicated dominant aircraft
resonsnces. Additional frequencies in the measured
responses could be attributed to actual ajrcraft
structures in most cases.

Caution must be taken when trying to draw
conclusions based on lightning and simulated NEMP
measurements. The peak magnitudes in Tables | and ?
have little value unless the relative threat levels
of lightning and NFMP are taken into considerstion.
Military Staadard 1757 (MIL-STD-1757A) establighes
the lightning levels to which aerospace vehicles musat
be protected (6). 1t projects a peak current ampli-
tude of 200 kA. The two lightning attschmentcs used
" in this study contained peak current levels thst were
two ordera of magnitude lover. The applied field
durirg simulated JFMP testr, however, represents a
moderste NEMP threat.

I If the lightning amplitudes mcasured in the 17
August aud 5 September events were extrspolated to
X the 10-20 kA peak current levels in typical return
strokes (7), the peak magnitudes would he comparable
to those measured during simulated NFMP tests.
Extrapolation to the 200 kA full threat level defined
in MIL-STD-1757A would make the aircraft response to
lightning one order of magnitude more severe than the
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moderate NEMP threat. The value of such extrapo-
lations based on a single parameter, however, 1is
subject to debste. Although extrapolations can prove
useful when done within certain constraints, scales
used to extrapolate peak current to higher levels may
not apply for rate-of-change measurements. In fact,
large amplitude current pulses often have slower
rates-of~rise.

CONCLUSION

Extrapolated simulated NEMP responses based on
small scale models appear reasonably accurate for the
limited number of measurements available for compari-
son. The responses of J, sensors mounted on the
fuselage agree more closely with scale model pre-
dictions when the incident electric field is parallel
to the fuselage. Extrapolated and measured J_FF
responses show magnetic flux density rate-of-éhange
levels near 50 and 44 kT/s, respectively, on the
forward fuselage. The J_AF extrapolated and measured
responses on the af¢ fusglage are about 50 and 57
kT/s, respectively. All J, fuselage responses
contain spectral conponent§ near 4.5, 6.5, and 14.5
MHz corresponding to major aircraft resonances. Wing
responses are quite comparable when the applied field
is perpendicular to the fuselage. Peak extrapolated
snd measured J_LW responses on the left wing are
approximately T4 and 11 kT/s, respectively. These
responses contain frequencies near 4.5 and 10.5 MHz
corresponding to primary wing resonances. Scale
model extrapolations should become more ezccurate as
models are iuproved to include additional aircraft
resonances and when effects peculiar to aimulated
NEMP test methods are taken into account.

Direct comparisons uof the responses from two
lightning attachments to the aircraft and from
simulated NPMP tests indicate that both contain
frequency components corresponding to wing and
fuselage resonances. However, the lightning re-
sponses often contain frequencies below 4 MHz that
are not present in simulated NEMP and seldom include
aignificant frequencies above 10 MHz. Although peak
response magnitudes for aimulated NFMP are 4 to 20
times higher than that of lightning, the simulated
NEMP level tested rapresents a moderate NYMP threat
vhereas the lightning attachments analyzed involved
the relatively low current levels of 1.2 and 2.6 kA.
Fxtrapolation to higher lightning current levels is
tempting but gubject to certain constraints.
Simulated NEMP responses should be compared directly
to the lightning responses of higher current
attachments that represent a comparable level
lightning threat.
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Fig. 2. Scale Model Test Point Locations

Fig. 3. Scale Model Excitation Field Directions and Polarizationa
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Reciprocal Double Exponential
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Extrapolated Scale Model Response
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JgFF Lightning Response
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JNLW and JyRW Lightning Responses
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JSLH Lightning Response
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JgRW-and JyRW Lightning Responses
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Table 1

Summary of Responses for Nose-to-Tail/Parallel Configuration

Messured Peak Amplitudes
Sensor
Lightning Simulated NEMP
JGFF *>4,2E3T/s 43,9 E3T/s
JSAF 29E3T/s 57.1 E3 T/s
Il > 8.4 Alu? 43.1 A/o?
J“RH *>8.1 A/m? 38.6 A/m?

* Measurement was sstursted

Table 2

Summary of Responses for Wing~to-Wing/Perpendicular Configuration

Mcasured Peak Amplitudes
Sensor
Lightning Simulated NEMP
JSLH 1.1 E3 T/s 110 E 3 T/s
JSRH 2.1 E3T/s 10.7 E3 T/s
JyM 8.8 A/m? 109.4 A/w?
JyRu 21,7 A/e? 104.1 A/w?
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ANALYSIS OF THE FIRST MILLISECONDS OF AIRCRAFT LIGHTNING ATTACHMENT
J.P. Moreau and J.C. Alliot

Office National d'Etudes et de Recherches Aérospatiales,
BP 72, 92322 Chitillon Cedex, FRANCE.

Abstract

Thie paper presents a characterisation ot the lightning attachment to an aircraft based
on the study ot field and current measurements made during the first milliseconds of the
phenomenon. The data have been collected during the C 580 1984 program (20 strikes), the
C 160 program (12 strikes) and the C 580 1945 program (30 strikes). The paramaters being
characterized are the current and the electric and magnetic field on the aircraft surface. We
chall show how the pulse repetition rate of the tens of electromagnetic pulses we found
during this first period 1ndicates that the aircraft sustains different physical processes
This phenomenoloqy will be the one encountered 1in a laboratory experiment using a 6 MV
generator sparking over a floating 4 m cylinder., All these studies lead to some conclusions
about 1lightning simulation for i1ndirect effects on aircraft. This work has been supported by
DRET (Direction des Rechei'ches, Etudes et Techniques).

INTRODUCTION

THREE ALRCRAFYT LIGHTNING EXPERIMENTS both ends. This paper will provide a
were conducted during the summers of 1984 and comparison between this laboratory experiment
1985 tco determine the characteristics of and the actual situation of an airrcraft

lightning strikes to a flying aircraft. Data struck by lightning.
from b1 lightning strikes were collected and

analyzed during these proqrams. These AIRBORNE LIGHTNING DATA
experiments were pertformed 1n the C160 french

aircraft 1n 1984. and 1n the CV-580 research He studied the reationshi1p between the
aircrate 1n 1984 and 1985, The main electric and magnetic field pulses measured
parameters rccorded 1n these proqrams were during the first 10 ms of the 1lightning
T he current low through the aircraft and the strikee in the C160 and CV-580 programs. Fi1g
electromagnetic tfi1elds at the aircraft 1 shows the overall characteristics of thece
surface during lightning attachment, The pulses for a two milliseconds i1nterval during
instrumentation used 1n these aircrafts will one of the strikes i1n the C160 program The
not be described here pecause 1t was done 1n main characteristics of thesge pulces 1s that
the last conterence t1) 12) a repetition rate can be found (between 10°
This paper wiil provide a description of aing 10‘ pulses/second). £19. 1a shows the

the electromagnetic pulses during the 1nitial
aircraft lightning attachment process. The
study of the simultaneous electric and
magnetic field duritng the begqinning of the
11e€cha~ je showed that the aircraft sustains

evolution of the electric fi1eld pulsea
separated by some 200 pws. F19. 1b shows the
correlated magnetic field On these pictures
the electric fi1eld pulses have a magnitude

i roughly ~sconstant, except tor one or two
d1fferent physical processes. Additionally, puises, or slightly decreasing whereas the
our analysis provides an 1nsi1ght i1nto the corresponding magnetic field pulses are

underctanding ot rhe development of the

1ncreasing, Looking at both pictures 1t 1s
streamers and leaders during the 1ni1tial

clearly seen <change of physical process at
time 1.6. Same constatation can be made on
Fi1q9q. 2 around time 1,2, Fi1g. 2 represents the
evolution of the electromagnetic t:eld on the
skin of the C t40 during a 2 ms interval

Also on these pictures around time 1.6 on
fi1g. 1 and 1.2 on fi1q. 2 there 18 an :ncrease
of the pulse repetition rate. on tne C 160
the siqgnal of current was not available but
1t 18 believed. irom the observation of
similar data ot the CV-580 that the main
current haa flown s1nce these times We will

channel formation 11n the ai1rcratt tightning
d18charge

This analysis has been compared to the
resulte of an 1ndoor experiment conducted 1n
december 1985 1u the EDF LEHT (Flectricite de
trance. Laboratolre d'Easai1s a Haute Tension)
tacilities of the “Renardieres”. Thys
experiment. tully described 1n | 31, providea
electromagnetic and photographic data for the
phase of connection 1n which the plasma 18 of
high resistivity and during which the object
18 floating between 1mpulsive streamers at
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¢sll this period "presttachment™ process or
“predischarge" snd call arbitrarily the
atctachment period, the period during which a
continuing current above 100 A 18 flowing
through the current sensor. The 10% - 90%
rise time of these pulses measured on digital
recorders {2} rsnged from about 50 ns to
sbout 10 ©#s. Table 1 shows a summary of the
rise time measured for these strikes. Nine
out of the 12 strikes 1n the C 160 aircraft
showed this pattern. The remaining three
strikes 1n the aircrsft showed one large
correlated electric &nd magnetic field for
the entire discharge.

Fi1q. 3 shows the overall charscteristics
of the electric fileld pulses 1nduced on the
aircraft skin during the first millisecond
prior to the sctual attachment 1in the 1985
program. F1g. 4a shows the current signal on
the right wing shunt. *ig. 4b shows the fast
vsriations of the electiric field on this wing

Sn these pictures it 1s 23sy to distinguish a
preattachment period where there sre electric
field varistions betwe«n time -2 and time 4
or 5, During this period the electric fi1eld
variations marked by letters on fig. 4b are
1mpulsi ve. these 1mpulses are not noise
becsuse they are correlasted with others
pulses seen on others sensors not shown here.
The time 1ntervals between pulses are a
little longer than 1n the C 160 and are about
500 ws, Like 1n the C 150 data we can notice
an 1ncrease of the pulses repetition rate
between point ) and point k on fig. 4b which
corresponis to the beginning of the
attachment, that is the apparition of
significant values of current on the wing. As
for the C 160 experiment we can conclude that
a new physical process 18 1n progress. Also
we can notice that the amplitude of the
electric fi1eld pulse 18 rcughly constant all
over the process whereas the pulses of
current Sre 1ncreasing. Table 2 summarizes
the characteristics of the electromagnetic
pulses somehow comparable to the C 160 data

Table 2.

un fiq. 5 which represents signals
measured on the skin of the CV-580 during
another right wling attachment similar
constatations can be made, here the
predischarqge activity lasts less than 1 ms.
After this period. 8s observed previousliy.
the current 18 1mpulsive

INTERPRETATION OF THE LIGHTNING DATA
Lrghtning data seen on the C 160 and on

the CV-SA0D aircraft show that there 13 a
predischarge activity charscterized by an

1mpulsive process. We will suggest different
interpretations of what may nappen to the
arrcraft before the main current flows
through 1t and will recall a laboratory
experiment fully described in [3} in which
some similarities may be found with the
actual situation. Three scenari0s may be
thought to achieve the connection between the
aircraft and the discharge. HWe shall analyse
the consequences on the electromagnetic
fields 1nduced on the skin of the aircraft of
these three scenarios and see how well the
repetition rate of pulses observed during the
nreattachment period snd during the
attachment 1tself may be explained. A
lightning leade¢r has been often described as
a low resistivity channel preceeded by a 20ne
of high resistivity called streamer. The
progression of such s system of discharge 1s
stepped and the time interval between steps
18 around tens of microseconds.

One of the scenarios is the following
the sircraft may 1nitiate the discharge by
sending leaders of opposite polarities away
from 1t. These leaders may propsgate without
making any connections with others leaders
coming from the cloud, this configuration
corresponds to the scheme of fig. 6. This
confiquration should induce leader currents
on the surface of the aircraft of hundreds
amps at the very beyginning of the discharge.
In this hypothesis the propagation of the
merging leaders has to be stepped ag usual
and the repetition rate of this proceas 18 of
tens of microseconds which 1is roughly an
order of magnitude less than what 18 observed
during the predischarge period. In this case,
the propagation of the 1lightning 18 not
disturbed by the presence of the aircraft 1if
the 1mpedance of tha metallic estructure of
the ajrcraft 18 neglected. Airborne dats does
not show usually significant current before
the attachment snd when some magnetic field
pulses are detected during that period the
timea 1nterval between pulses seems a little
too 1long for a leader process. Besides there
1S some controversy about the value of the
electric field necessary for such a
propagation Sway ¢trom the aircraft. Since
this sSuggestion does not cover entierely the
actual dats, we shall examine the others
possibilities.

The second Possibility 1s that the
aircraft sSends streamers and lesders of
positive and negative polarities 1nduced by
an approaching ileader 1ssued from the cloud;
this scensrio will lesd to the connection
tetween two resistive streamers. This
configuration corresponds to the scheme of
f1g. 7.As 1n the previous suggestion a leader
current has to be observed since the
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beginning. Also when
the aircreft reaches
the c¢loud high

the leader coming from
the leader 1ssued from
value of AE‘At haa to be
observed due to the voltage drop i1nduced in
the resi1stive connection. For the same
reeaona that for the previoua auggestion this
hypothesis 18 not <clearly confirmed by the
airborne data, so we shall examine the laat
possibility.

The scheme of
on Fig. 8

this auggeation is given
1n which a leader chennel reachea
the aircraft. In this configuration the
aircreft enters 1n zone of streemers and
sends also streamers which are not yet
leaders fi1q9g. 8a (5); when the connection 1a
achieved with the leader 1ssued from the
cloud, others streamers are 1ssued from
another extremity of the aircraft end become
leaders fig. 8b. Since thia time, current can
ilow through the aircreft. In thia
configuration the connection 1s achieved
during the preettachment period by a resitive
path which may 1induce high OE/Ot and time
intervals between pulaes reiated both to the
physics of the streamer process and to the
electrical characteristics of the equivalent

circuit that 1is the resistance of the
connecting path and the capacitance of the
leader channel and of the aircrett. In the

last two suggestions the 1ntroduction of this
connection will affect the
progression of the lightning discharge untail
the streamer 2one becomea leader: then the
si1tuation 18 equivalent to the first
configuration. The laboratory experiment
described below helps to understand what
could be the of the connection and
what effect 1t <cculd have on the measured
frelds. The set-up corresponds to fiq. 9 and
consists of an aluminium c¢ylinder of 4 n
length and 6.5 m 1n diameter suspended by

resi1stive

scheme

means of dielectic ropea 1naide the 12 m gap
of the 6 MV, 450 kJ EDF generetor. Thia
qgenerator provides rise time of 800 ns and

the 1nductance of the return path allows

current risetime of 200 na with an amplitude
of 30 KA.
The 1nterpretation of the laboratory

greatly simplitied by the
presence of the streak camera. The camera hed
an UV capability which allowed the displey of
By studying the data dizplayed
on figqg. 10 we <can 1nterpret the fields
of f1q. 11, The cylinder 1s f[airst
connected by resistive atreamers 1ssued from
the negative rod of the generator (potnt a on
f1q. 10} the potenti1al of the cylinder then
1ncreases (phase a con t1g. 11). The value of
the potential geta S0 high that the
conditions for the onset of streemers at the
bottom end are 1mmediatly established ( point

experiment was

the streamer.

variations

b on fig. 10 to whxéh correaponds the field
varietion of point b on figq. 11). The
potential of the <c¢ylinder then decreases
because of the voltage drop in the high
resistance of the upper gap. The extinction

of the lower streamer (see fig. 10) 1nduces a

process of recharging the capecit~»nce of the
cylinder. This mecheniam will take ©place
again, point ¢ end point d, 1nducing faat

electric field variations superimposed to the
low frequency drift aeen between point b and
¢ on fig. 11. This process could last for a
while aa long ea the streamers do not reach
the ground. In thia experiment streamers
reach the ground at point d. So only two
Pulaes are observed. After thia period the
field on the aurface of the cylinder depends
on the relative evolution of the reaitivity
of the top and bottom gaps.

The main concluaion of this laboratory
experiment ia that the fast electric field
variations observed on a floating structure
can be explained in terma of connections to
the source through resistive paths and thet
relaxation proceaaea can take place {3]. The
presence of thia resistance has an effect on
the evolution of the ratio between electric
end the magnetic fielda meaaured on the akin

of the cylinder. Besides it has also en
effect on the development of the diacharge
itaelf. We believe that a aimilar process may
happen during the predischarge in the actual

si1tuation of an aircraft atruck by iightning

CONCLUSION

It haa been shown from experimental data

that an aircraft sustains electromagnetic
field variations prior to the main current
fiowa. The probability of the highest AE/At
occurs during that period. However the level

of the diaplacement current denaity i1nduced
1S 1n general compliance with the A or D
component of MILSTD1757A. We have described a
poasible process of the preattachment
1nvelving charge and discharge of both the
capacitance of the aircraft and the

capacitance of the approaching channel
through a resistive path. During the
laboretory experiment we found that the

capacitive effect of the approaching leader
was negligeable end alao that streamera of
oppoaite polarities merging from the aircrart
had no aigniticant effect on the potentiel
and field veriationa ot the cylinder. In the
actual situation also theae effects are small
although this phase 1s i1mportant for the rest
of the discharge. From a simulation point of

of the reproduction of
OE/Ot  has  been already

we have shown that these

view the 1mportance
right values of
mentionned (6], (7]
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values may be obtailned through high
resistivity paths. The eftfect of the pulse
repetition rate has never been considered for
This effect depends on the type of
which c¢can be upset either by an
integrating process, either by interference
between the operational frequency and the
lightning pulses repetition rate. The study
of the preattachment process shows a great
because 1t may answer the question
of the i1nfluence of the predischarge on the
main discharge. There may be a relation
between the peak value of the current and how
well the channel has been heated. This may
lead to some conclusions about aircraft

protections if the preliminary process can be
dominated

testing.
circulitry

interest
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Fig. 3 ~ Electric field pulses on the CV580
1984 program
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i T TIME BEFORE a
RISE TIME REPETITION RATE ATTACHMENT MAX VALUE MAX SLOPE
PULSES CHARACTERISTICS ON THE C 160 TABLE 1
min max max min E OHE/OL
Electric |50 ns 200 s 10* 1 ms 100 Bs S0 kV/m 1.5 x 10" v/ms
H OH AL
Magnetic | 50 20u 10* 1 ms 100 ws 300 A/m | 6 x 10 A/ mss
PULSES CHARACTERISTICS ON THE CVv-S80 TABLE 2
min max max min E OE/ Ot
2
Electric {3V ns 200 ov 10" 3 ms 100 ws 500 XV/m| S x 10" v/avs
H QH/ Ot
Magnetic | 10 n= 204U 10! J ns 100 ps= S00 Arm ]2 x 'U‘OAIM/S

TABLE | - TABLE 2

18-6

BAGRAR AT AAAAAGARE AL RO SRR RO I YA VRS U LA U W A LD LA LD LINLN W WA L0 W N 2N MMM AN A 1/ WK L SIRAPRE LB MR T WA B



Current Levels and Distributions on an Aircraft
During Ground l.ightning Simulation Tests and
In-Flight Lightning Attachments

1Lt James L. Hebert
Alr Force Wright Aeronautical Laboratories (AFWAL/FIESL)
Wright Patterson AFB, Ohio 45433

Jean S. Reazer, John G. Schneider,
{artin D. Risley and Arturo V. Serrano
Technology/Scientific Services, Inc. (T/SSI)

Dayton, Ohio 45431

ABSTRACT

Current levels and distributions recorded during in-flight lightning strikes on a
specially instrumented CV-580 sircraft are compared with those resulting from ground
simulation tests with two generators and two return path configurations. Current levels
and distributions were measured on the CV-580 aircraft equipped with wide-band acquisition
systems during thunderstorm flights over Florida in 1984 and 1985 and during ground tests
at Wright Patterson AFB, Ohlo. s

The aircraft was instrumented with current shunts at each wing tip during 1984 and
1985 and with shunts at the tail and top of the vertical stabilizer in 1985. During both
years, the aircraft was equipped with four multigap loop magnetic field semsors, one on
each wing, one on the forward upper fuselage and one on the aft upper fuselage.

During three separate test periods, the CV-580 was subjected to extensive ground
lightning simulation tests with a four microfarad, 200 kilovolt pulse simulation capacitor
bank and a fast risetime generator capahle of currents up to 45 kiloamperes. Two return
path configuretions were used, one a flat plate design and the other coaxial.

Current levels and distributions on the aircraft during ground tests with currents
applied nose-to-tail and wing-to-wing are compared with results obtained for two lightning
attachments in flight where strikes attached to the nose and right wing respectively.

This comparison 18 performed first in the time domain where waveform temporal
characteristics arz compared for the ground and airborne cases. The electromagnetic
interaction is then compared in the frequency domain where the spectral content is
analyzed via the use of measured transfer functionms,
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INTRODUCTION

This paper presents the initial results of an
experimental investigation of the currents measured
on a specially instrumented CV-580 lightning research
aircraft during lightning simulation tests as comp-
ared to those erxperienced during actual in-flight
lightning strikes.

During 1984 and 1985, a (V-580 aircraft supplied
by the Federal Aviation Administration and instru-
mented hy the Atmospheric Electricity Hszards (AEH)
Croup of the Air Force Wright Aeronautical Labo-
ratories (AFWAL/FIESL) was flown in and near active
Florida thunderstorms to measure the electromagnetic
interaction of the aircraft with lightning strikes
and to characterize the significant parameters of
lightning which contribute to this interaction.

Before and after the 1984 summer thunderstorm
flights and prior to the 1985 summer program, the
CV-580 was subjected to extensive lightning simu-
lation tests to provide a lightning susceptibility
assessnent of the aircraft, to allow lightning
measurement and scquisition system check-out, to
perform system calibration and to ailow data acqui-
sition trigger levels to be set. The CV-580 was
ground tested with two lightning simulation
generators and two return path configurations,

Recent lightning characterization programs have
had a significant impact on the validity of lightning
simulation threat waveforms which are accepted as
adequate to ensure lightning protection for aerospace
vebicles. The specially instrumented CV-580, its
in-flight lightning strike data and the extensive
ground simulation tests performed on this aircraft
present a unique opportunity to compare the electro-
magnetic interactions of simulsted lightning on the
aircraft with those experienced during an in-flight
lightning strike. This paper presents general over-
views of lightning simulation, the CV-580 in-flight
characterization program, and the ground simulation
tests performed on that aircraft. This is followed
by a comparison of the airborne and ground results in
the time and frequency domains.

GROUND SIMULATION

The goal of lightning simulation is to ensure
flight safety (1). Thte military must also ensure
mission completion in hostile electromagnetic en-
vironments including adverse weather conditions and
lightning. The adequacy or realism of s lightning
simulation test is limited by our knowledge of the
complexities of the natural lightning environment
during attachment to the aircraft, the capacities of
the lightning simulstion generating equipment, and
the configuration or facility effects of the simu-
lation test set-ups. The introduction of advanced
composite materials and sophisticated low level
flaght critical electronics has resultcd in the
possibility of increased inherent susceptibility/
vulnerability of aircraft, and hence, increased
interest in performing more accurate lightning
simulation tests. The heart of the lightning simu-
lation test is the waveform used to simulate the
natural lightning event, while the soul is the
abilitv to simulate the most significant effects of
the in-flight aircraft and lightning electromagnetic
interaction.

Because of its significance to lightning simu-
lation and to the lightning protection of aerospace
vehicles, several lightning characterization programs
have heen undertaken to characterize the natural
lightning environment and to measure its interaction
with aircraft. The most recent include in-flight
programs with the NOAA WC-130 aircraft (2), the NASA
F-106 aircraft (3), and the FAA CV-580 aircraft
(4,5,6); and ground programs such as the rocket
triggered lightning experiments (7). Ligbtning
measurements made during these programs have shown
that natural lightning is a complex and variable
phenomena. While it is extremely difficult to simu-
late a complete natural lightning flash, it has been
accepted that most of the current and voltage charac-
teristics of lightning can be produced separately
with pulsed power impulse generators (8); and that
the direct and indirect effects of lightning can be
simulated by the production of four of its parameters
(9). They are:

- The current peak amplitude (Imax)

- The maximum current rate of change (dI/dt)
The action integral ( 5 12dc)

The charge transfer ( § 1dt)

Lightning characterization programs involving
in-flight strikes are intended, in part, to charac-
terize a balanced threat based on the statistical
probability of combinations of these parameters.
Traditionally, during lightning simulation tests, the
moat severe of the four parameters are simulated to
attain a lsrge safety margin, even though measure-
ments to date have never shown these levels of each
psrameter to occur within a single lightning strike.
The levels of these parameters snd their significance
to the aircraft/lightning interaction event must he
continually evaluated as they have a profound effect
on the levels of lightning protection which must he
added to an aircraft and this protection directly
affects the cost, weight and performance of the
aircrafe.,

Since each of the four parsmeters is responsible
for certain effects during the lightning simulation,
much effort has been expended to develop standardized
current waveforms for use in simulation tests., Wide-
ly accepted are the MIL-STD-1757 waveforms which were
developed and categorized by the SAE AE4LL Committee
(10,11,12)., Since then, further characterization
programs (2,]3) have shown that some lightning
flashes, and in particular subsequent return strokes,
have much faster risetimes and efforts have been made
to build simulation generators capable of producing
these faater risetimes (14,15). An extensive effort
by the Atmospheric FElectiicity Hazards Protection
Advanced Development Progrsm (AFWAL/FIFA) resulted in
the development of two waveforms to simulate the
indirect effects of lightning, one for the severe
lightning threat and one for the average moderate
lightning threat (16). The SAE AEAL committee
continues te review the standardized lightning
simulation test waveforms in light of data from
on-going lightning characterization programs (17).

While characterization programs advance the
simulation wavetorms, other research has provided
break throughs in aircraft and lightning interaction
simulation and analysis. Two of the most exciting
advances have been the development of frequency
domain lightning simulation test techniques and the
extension of frequency comain analytical techniques
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tc traditiona! time domain high level current in-
jection lightning simulation tests.

The frequency domain lightring simulation test
incorperates the Swept Frequency Continuous Wave
(SFCK) Test (18,19) to develop a frequency domain
transfer function for the aircraft circuit being
tested by injecting a known frequency waveform and
measuring the systems response to that frequency. As
the frequency is swept, typically from DC to 100 MHz
for lightri:ry simulation, additional measurements are
made at set frequency intervala., The magnitude of
the input waveform at zero phase is divided out of
the system's frequency domain responses, producing a
trangfer function of the system's response over the
entire range for which it 1is tested. This technique
is extended to time domain high level current in-
jection simulation tests via the Fourier Transform.
The time domain injected current waveforms and the
resulting measured induced transients are transformed
into the frequency domain where, by dividing the
response by the input, the transfer function of the
circuit is obtained. These transfer functions offer
a method by which:

1. The measured data may be corrected to
compensate for the response of the transient messur-
ing sensors and the characteristics of the fiber
optics data transmission links.

2. Simulation cornfiguration cffects may he
identified and accounted for.

3. The circuit's induced transient responses
nay be linearly extrapolated to determine the cir-
cuit's susceptibility to either MIL-STD-1757A wave-
forms, actual in-flight measured lightning strikes or
any other desired threat wsveform.

Time domain lightning simulation induccd tran-
sients on aircraft contain not only the characteris-—
tics of the aircraft but also those of the measuring
or data acquisition devices. The latter may hc
measured and divided out of the frequency domain
transfer function.

McCormick, ct., al. (20) has shown that a lumped
RLC generator model coupled to a transmission line
model of the aircraft and return paths can be used to
oredict their first order configuration or facility
effects. Vhen a more accurate prediction or analysis
of these effects is needed, a boundarv condition
solution to Maxwell's equations is required. These
may be performed either in the frequency domain or in
the time domain. The AFR Group uses the three dimen-
sional finite difference time domain code (21) for
this purpos+ and 1is presently developing the capa-
bility to perform this analysis in the frequency
domain using the Ceneral Electromagnetic Model for
the Analysis of Complex Systems (GEMACS) code (22).
Once these configuration effects are analyzed, the
differences between the in-flight and ground simu-
lation configuration eifects may be accounted for in
the circuit's transfer function.

Extrapolation of low level SFCW and moderate
level rimulation data has its advantages and disad-
vancages. The primary advantage is the ahility to
determine linearly the circuit's response to any
chreat waveforn by multiplying the circuit's transfer
function with the freaquency spectral content of the
threat waveform, then performing an inverse Fonru. v
transforn. Practical evperience in the lightning

simulation testing of aerospace vehicles has shown
that 1t 1s not always possible to exactly reproduce
the MTL-STD-1757 waveforms (23,24). Most of the
circuit’'s respomse is uniquely determined regardlees
of the waveform used as long as the injected waveform
contains sufficient spectral content to excite the
natural modes of the vehicle (i.e. the risetime is
fast enough and the fall time i1s slow enough). Using
the measured transient responses and input waveforms
to produce the circuit's transfer function allows the
determination of the circuit'’s linesrly extrapolated
response to the MIL-STD-1757 or any other threat
waveform. Another advantage is that low level swept
frequency testing may be performed in a laboratory
environment where noise sources may be strictly
controlled, Operation of high current lightning
simulation generators characteristically is accom-
panied hy an extremely noisy electromagnetic environ-
ment due to high voltage pulsed power switching
within the generator. The control of noise sources
results in an improvement in the signal-to-noise
ratio for the measured circuit transient data. In
the frequency domain tests, the noise sources are
measured and can be accounted for whereas in time
domain tests they are random sources which are
extremely difficult to control. The primary disad-
vantage of the low level SFCW method, as is the case
with any low level test method, is that linear extra-
polation does not account for non-linear effects
vhich may occur during the lightning aircraft inter-
action. Sparking at panel edges or fasteners or
component breakdown in electronic circuits due to
transient voltages or currents cannot be accounted
for in linear extrapolation, although in some cases
they may be predictable. Because the aircraft is net
being subjected to lightning's parameters at full
threat levels, careful analysis must accompany the
extrapolation. The AEHP ADP has shown that in many,
but not all cases, linear extrapolation is conserva-
tive in that it predicts higher responses than those
which occur at the higher levels (25). 1In any case,
the integration of frequency domain techniques as
described abovc, results in a substantial enhancement
of the ability to perform lightning susceptibility/
vulnerability tests and anslysis on aerospace vehi-
cles. These frequency domain techniques are used
extensively in the comparison of the in-flight
lightning/aircraft electromagnetic interaction with
that experienced during ground simulation tests as
presented in this paper.

IN-FLIGHT LIGHINING MEASUREMENTS

During 1984 and 1985, the CV-580 aircraft
supplied by the FAA and instrumented by AFWAL/FIESL
measured and recorded the electromsgnetic fields and
skin current distributions on the aircraft due to
direct lightning attachments., Lightning currents
were measured at the base of booms equipped with
current shunts installed at the wing tips in 1984 and
at the tail aud the top of the vertical stabilizer in
1985. The shunts were oriented to produce a negative
polarity waveform when conventional current flowed
onto the aircraft. The skin current distributions on
the aircraft were measured by four EG&G Multi-gap
Loop (MGL) derivative magnetic field sensors located:
one under each wing between the engine and the
fuselage, one on the top forward fuselage and one on
the top aft fuselage. These magnetic field sersors
were oriented so that o negative output would occur
for conventional current flow from the rose to tail
or from the right wing tip to the left wing tip. The
electric fields present on the aircraft during the
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lightning attachments were measured by three EG&G
Flush Plate Dipole (FPD) derivative electric field
sensors located: one under each wing tiov and one on
the left surfaze of the vertical stabilizer. The
wing tip electric field sensors were oriented to
produce a positive output in s negative electric
field. Video cameras viewing both wings and wide
angle video cameras viewing the hemispheres above and
below the fuselage surfaces visually recorded the
entry and exit locations during the lightning attach-
ments and were used to verify the lightning current
paths on the aircraft as determined by sensor
measured polarities and delay times (6).

The outputs of the sensors were recorded in the
following ways.

1. Shunts - signal split in two: one ou*put to
Tek 7612 digitizer and onto digital 9 track cape;
other output directly to an analog recorder.

2. Magnetic Field Sensor - signal split in two:
nme to Tek 7612 digitizer aud onto digiral 9 track
tape; other inteprated by signal conditioning compo-
nents and recorded directlv cr analog rape.

4. Flectrie Field Sensors - sigral split in
two: one to Tek 7612 digitizer and outo digital 9
track tape; other integrated hy signsl conditioning
components and recorded on analog tape.

The same instrumentation used to measure the
in-flight electromagnetic interaction of the CV-580
with lightning was used during the ground simulation
tests and these measurements form the basis for the
experimental comparison of the airborne and ground
electromagnetic interaction events.

GROUND LIGHTNTNC SIMULATION MEASUREMENTS

The ground lightning simulstion measurements
were made on the (V-580 duriung 1984 and 1985 using
two generators and two return path configurations.

The aircraft was tested with a four microfarad
200 ¥V, Pulse Simulation Unit (PSU), capacitor bank
and flat plate return paths during early 1984. This
generator and a 40 KA, 200 nanosecond Fast Risetime
Cenerator were used with modular coaxial return paths
in Octoher 1984. Specific descriptions of the test
set-ups and simulation tests periormed in 1984 are
detailed in a previous conference paper (24), as was
the fast risetime generator (i5). The modular return
paths are discussed in another paper at this confer-
ence (26). Figures 1 and 2 show the test set-ups for
two of the generatour/return path configurations.

The injected current waveforms wecre measured by
a Peoarson current transformer and recorded on magnet-
ic disks for each shot during each of these simu-
lation tests. These waveforms' shapes and peak
amplitudes were varied to provide the broadest range
ci measurerments on the aircraft., The purposes of
these tests were: safety of flight lightning suscep-
tibility/vulnerability assessment, lightning electro-
magnetic field data acquisition svstem check-out,
aircraft measurement system calihrstion and trigger
level sdjustments, ard the measurement of the air-
craft system's responses to 8 wide range and variety
cf simulated lightning waveforms. The on-board
in-flight lightning measurement systems were used to
measure and record the electromagnetic interaction of

the CV-580 to simulated lightning strikes on the
ground,

TIME DOMAIN ANALYSTS AND COMPARISON

The time domain skin current distributions
measured on the CV-580 during two in-flight lightning
strikes, one on 20 Aug 1984 and one on 5 Sept 1984,
are compared with those measured during the ground
simulation tests using two generators snd two return
path configurations. The 20 Aug 1984 strike was
selected because temporal analysis of the polsrities
and time delays in the output waveforms of the mag-
netic field sensors showed that the primary current
path through the aircraft was from nose-to-tail (6).
The same analysis of the current shunts and magnetic
field sensor's output waveforms showed that the
primary current path through the aircraft during the
5 September 1984 strike was wing-to-wing. As the
current paths of these two lightning strikes most
closely matched the ground simulation test configur-
ations, they were chosen for comparison.

The four temporal characteristica necessary to
simulate the direct and indirect effects of lightning
are compared in tables 1 and 2. Table 1 lists the
current amplitudes, risetimes, rates of rise, charge
transfer and action integral vslues recorded on each
of the aircraft's four multigap loop magnetic field
sensors during the ground tests with esch of the
generator/return path combinations. Table 2 presents
the same data as measured during the two airborme
strikea.

These measured parameters show that the most
severe conditions were produced by the fast risetime
generator with the coaxial return path. In the
nose-to-tail configuration these produced: riserimes
of1641 to 453 nanoseconds (ns), rates of rise 3,2 x
107" A/S, amplitudes of 13 kiloamgeres (RA) and
action integrals of 105 and 128 A*S on the fore and
aft skin current sensors, respectively. In the
wing-to-wing configuration the generator was set up
to produce amplitudes of about 5 KA and fbsetimes of
200 ns for rates of rise of sbout 2.5x10 ~ A/S and
action integrals of 4.4 AZ%S.

The airborne measured dsta was at lower levels
which are representative of the in-flight data
obtained in the AFWAL/FIFSL airhorne programs to
date. Current amplitudes were 1088 A on the forward
fuselage sensor for the nose-~to-tail strike and 816 A
at the right wing for the wing-to-wing strike. Rise-
times of 104 to 305 ns on the ;our sensors produced a
maximum rate of rise of 4.3x10° A/S and action inte-
grals of less than 1 A?/S.

The CV-580 was flown for 50 hours below 20,000
ft in the vicinity of Florida thunders.orms in 1984
and collected data from ?1 lightning strikes. A
complete review of the analog records shows the
highest current pulse recorded to have a peak ampli-
tude of 6 KA. On-going analysis of 1985 data, while
still unfinished, preliminarily shows that after 50
more flying hours and 29 more strikes, the highest
peak amplitude measured was 12 KA. 1In both years the
average peak current amplitudes recorded were much
lower than these values. No risetimes faster than
100 ns have been seen.

In addition to the four current parameters,
conriderable information may be gleaned hy comparing
the current distributions in the airborne case as
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compared to those experienced with the four gencra-
tor/return path configurations. Figure 3 Illustrates
the current waveforms recorded on the aircraft by the
skin current sensors during the wing-to-wing strike,
together with the injected current as measured at the
right wing boom current shunt. Figure 4 shows simi-
lar data for the nose~to-tail strike (no shunt data).
In each of these strikes it is shown that some of the
current redistributes onto and excites resonances on
those portions of the aircraft which are not in the
direct path of the lightning current. This is, some
current is distributed on the wings during the nose-
to-tail strike and onto the fore and aft fuselage
during the wing-to-wing strike.

The fast risetime generator with the coaxial
return path configuration was found to most sccurate-
ly simulate the in-flight event in terms of the
current pararmeters and the current distrihutions
produced on the aircraft. With this return path this
generator is capable of producing currents up to 40
KA with risetimes of 200 ns for a rate of rise of
2x10" A/S. This is more than adequate to simulate
the most aevere parameters of the 50 airborne strikes
below 20,000 feet whichk have heen measured to date.
Figures 5 and 6 show the current waveforms recorded
at the input and the responses at the four sensors
during tests with the fast risetime generator/coaxial
return paths for the wing-to-wing and nose-to-tail
confignrations, respectively. These distributions
are most representative of those expcrienced during
the airborne strikes.

The fast risetime generator with flat plate
return path is not capable of producing the fast
risetimes which were possible with the coaxfal return
paths due to the increased inductance of this return
path configuration. The flat plate return paths do
rnot produce the same current distributions on the
aircraft, but instead cause the current to flow more
directly from the eutry to exit points with less
distribution on those portions of the afrcraft not in
this direct path.

The pulse simulstion unit was not capable of
producing fast enough risetimea to simulate the
lightning strikca in either return path configura-
tion.

FREQUENCY DOMAIN ANALYSIS AND COMPARISON

Frequency domain techniques as described in a
paper at this conference (26) were applied to the
airborne and ground data to analyze and compare
further the adequacy of the generator/return path
combinations in rimulating the afirborne event in
terns of transfer tunctions.

The first step in the frequency domain analysis
was to remove the effects of measurement system
component:s from the mezsured data responses. The
frequency domain transfer functions of the afrcraft's
Jderivative magnetic field sensors, the ground input
current transforwer sensor and fiber optics links
were reasured and recorded from DC to the component's
upper frequency limit using a Pewlett Packard 3577A
network analyzer. The network analyzer produces a
swept frequency continuous wave output and measures
the component's response. By dividing the compo-
nent's output responses to the input at discrete
frequencies a tiensfer function for rle component is
produced. The time domain measured ground and air-
horne transient waveforms were transformed into the
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frequency domain by Fast Fourier tranaform. The
transform was corrected by dividing out the transfer
function of the measuring components leaving a more
accurate representation of the source which produced
the sensor's meaaured response. This corrected
Fourier transform 1s inversed back into the time
domain to produce the time domain signal. All time
domain signals were corrected in this manner. An
interesting side benefit of this procedure is that
responses measured by derivative field sensors are
automatically integrated to display the source
excitation which caused the sensor's output. This is
11lustrated in Figure 7 for the multigap loop magnet-
ic field sensors mounted on the aircraft. Figure 7a
shows the original time derivative waveform and 7b
its Fast Fourier transform as recorded during a
ground test with the fast risetime generator. Figure
7c shows the transfer function of the multigap loop
sensor as measured using the Hewlett Packard 3577A
network analyzer. Figure 7d shows the corrected
Fourier transform which results when the original
tranaform is divided by the transfcr function of the
sensor and Figure 7e the resulting inverse trans-
formed time domain signal. This benefit can be
appreciated by those who have experience with the
software integration of time derivative digital
sensor data. This process eliminates common problems
with zero reference values and with integration error
drift. The procedure is also more accurate as
software integration assumes that the sensor is a
perfect derivative sensor. The transfer function
i{llustrated in Figure 7c showa this is definitely not
the case as a perfect derivative sensor would produce
a transfer function which has a straight line from
zero with a slope of times the frequencv. Fre-
quency domain processing allows the sensor's effects
to be removed whether the sensor response is perfect
or, more commonly, is less than perfect.

The next procedure in the frequency domain
analysis was to produce the transfer function of the
aircraft at the four sensor locations for the air-
borne and ground cases. These were formed using the
following relationship:

T(w) = R(.Y/S(W)

Where T(.) is the rrequency domain transfer
function, R(w) is the corrected Fourier transform of
the multigap loop sensor response and S(\) is the
Fourier transform of the applied source current. The
source current was the injected current for the
ground tests and the right wing boom shunt current
for the airborne wing-to-wing data. No airborne
source data was available for the strike to the nose
and preliminary attempts to use the forward fuse-
lage's sensor data as the source reference have only
produced limited success,

This procedure is {llustrated i{n Figure 8. The
corrected frequency domain response of the forward
tuselage sensor to the airborne wing-to-wing strike,
R(«), 1s shown in the upper left hand corner. The
Fourier transform of the right wing boom current
shunt, S(~), i3 shown in the upper right hand corner.
The aircraft's transfcr function at the location of
the forward upper fuselage is shown in the middle
log-log plot, while the lower plots illustrate this
same transfer function in linear-linear form from 97
KHz to ! MAz (left) and 1 MHz to 25 MHz (right).
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Figure 9 shows the aircraft transfer functions
at the locations of each of the four multigap loop
aensors during this airborne strike,

Many of the prominent peak magnitudes in these
transfer functiona occur at frequencies which relate
quite closely to dimensiona of the aircraft. The
spike at 4.7 MHz represents a half wavelength of
approximately 105 feet, the distance from wing tip to
wing tip. At 5 MHz or 98 feet the frequency may
correspond to the distance from the wing tip to the
tip of the vertical atabilizer, the diatance from the
wing tip to the tip of the horizontal stabilizer or
from the wing tip to aircraft tail. Nine MHz (55
feet) corresponda to the diatance from the wing tip
to the fuselage and 7.2 MHz (68 feet) to the distance
from thc wing tip to the far engine mount. The 11-12
illz frequencies correspond to the distance from the
wing tip te the closer engine mount. The left wing,
right wing and aft upper fuselage transfer functiona
show peaks at 1.5, 2.5 and 3.6 MHz which are too low
to correspond to direct aircraft dimensions. These
frequencies correspond well, however, to frequencies
vhich are multiples or combinations of aircraft
distances. For example, 2.5 MHz is 197 feet or twice
the distance from the wing tip to the tail or roughly
the combined distance of wing tip to wing tip and
nose to tail; and 3.6 Miz ia 137 feet, twice the
distance from the wing tip to the far side of the
fuselage or the combination of the distance from wing
tip to tail and the distance from the wing tip to the
near engine mount, The frequency 1.5 MHz could
relate to the combination of several aircraft dimen-
sions. Thc transfer functions are particularly
interesting to the lightning protection electro-
magnetic analyst aa they clearlv show that the
interaction of lightning produces resonances which
are more complex than the those predicted simply by
wing to wing or nose to tail dimensions and may
cloaely correspond not only to direct aircraft
dimensions but also to combinations of theae dimen-
sions.

Figure 10 ahows the tranafer functions at the
four sensor locations for the ground test with the
fast risetime generator and the coaxial return paths
in the wing-to-wing configuration. The overall
distribution of the transfer functiona peak magni-
tudes corresponds well to the airborne case for the
rarges of 4 to 13 MHz, 20 MHz and at 23 to 25 MHz.
These transfer functions show additional reaonancea
st 16~-17 Miz which were not present in the airborne
strike.

Figure 11 showa the same :-anafer functiona for
the fast risetime generator with the flat plate
return paths in the wing to wing configuration.
These transfer functions have peaks at about 10 MHz
which are not found in either the airborne case or
vith the coaxial return paths. 1In this configuration
the transfer functions do not diaplsy as many peak
magnitudes at frequencies below 10 MHz. Above 15
MHz, the flat plate return path provides a very
faithful reproduction of the airborne measured
transfer function with spikes at 19 MHz and in the
23=24 MHz range. Preliminary analyais with a three
dimensional finjte difference electromagnetic code
indicates that these high frequency spikes may be
more a function of noise than of particular reso-
nances ou the exterior o’ the aircraft (27). Figure
12a showa a model of the CV-580., Figure 12b showa
the source (Sw), Figure 12c the predicted resonsnces
on the forward fuselage during a wing-to-wing-strike

where one third of the current flowed cut of the
tail, and Figure 12d the Fourier transform of this
signal, Figure 12e is a log-log plot of the transfer
function with the right wing boom current, Figure
i2a, taken as the source, and the forward fuselage
current taken as the responae, Figure 12f ahows the
same linearly for 97 KHz to 25 MHz. This analysis
would tend to indicate that the resonances above 19
MHz are cauaed either by noiae, internal coupling, or
resonances within the data acquisition coaxial wirc
networks rather than by natural modea on the air-
craft's exterior,

Figure 13 compares the transfer functions
obtained using the 4 microfarad 200 KV capacitor bank
in the wing-to-wing configuration, Figure 13a shows
the aource waveform (upper left) and the resulting
transfer function at the left wing senaor location
(upper right) for a coaxial return path, Figure 13b
shows the same waveforma for a flat plate return
path. With the exception of the spike at 5.5 MHZ,
neither transfer function showa evidence of the pro-
nounced, discrete frequencies seen in the airborne
data or produced by the fast risetime generator. The
alower risetimes in this configuration do not provide
sufficient high frequency content to eucite several
of the natural modea of the aircraft which are evi-
dent in the airborne tranafer functions and ground
tests with the fast risetime generator,

CONCLUSIONS

1. The choice of lightning simulation genera-
tors and return path configurations has a pronounced
effect on the current levela and diatributions ex-
perienced on the aircraft as evidenced by the trans-
fer functions resulting from each configuration.

2. While the fast risetime generator and
coaxial return paths provide the most realiatic sizu-
lation of the airborne event, they too produce their
own configuration resonances at 16-~17 MHz which are
not evident in the airborne event.

3. Electromagnetic anslysis with coder such as
the three dimensional finite diiference code provides
a method by which the configuration effects of the
simulation set-up may be distinguiahed from the
natural modes of the aircraft in flight. This pro-
vides a viable means by which these effects may be
{dentified and eliminated from the responae data.

4. Frequency domain analysis of in-flighr
lightning strike dsts, lightning simulation test dsta
and data derived by electromagnetic analysis provides
transfer functions by which the aircraft'a inter-
action with aeveral lightning threat waveforms may be
determined (i.e. the multiplication of the aircraft's
transfer function with a threat waveform's frequency
spectral content will predict the aircraft'a linear
response to that waveform).

5. Resonances experienced on aircraft during
lightning atrikes cannot all be sssociated with
simple, individual aircraft dimensions. Particularly
interesting are low freauency resonances which cor-
reapond to either multiples of aircraft lengths or to
combinations of aircraft lengths.

6. CGround aimulation tests at 20 KA with the
faat risetime generator/coaxial return path config-
uration produced more scvere current parameters on
the aircraft than any strike experienced during 50
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lightning strikes below 20,000 feet. Over 90% of the
strikes could be simulated with 5 KA at 200 ns.

7. Slow (high inductance) lightning generators
do not excite the aircraft modes which were present
in the transfer functions of the airborne data and in
simulation tests with the fast risetime generator.
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Table 1

Waveform Paramters Measured on the CV580 Aircraft Surface Current
Sensors during Simulation Tests with Various Generator/Return Path

Configurations
Ground Amplitude Rise Time Rate of Rise Charge Transferl Action Integrall
Generator Plane Configuration Sensor (A) (NS) (A/S) (A 8) (A%8)
Fast Rise Coaxisl  Nose to Tail FF 13950 341 3.2x10)0 .0091 128
AF 12567 453 2,2x10 .011 105
W 1600 * * *® W45
RW 1300 * * * .29
Fast Rise Coaxial Wing to Wing FF 600 * * .o* .23
AP 1390 * * * .95
W 5400 200 2.6x1010 .001 4.3
RW 4200 220 2,4x10 .002 4.4
Fast Rise Flat Plate Nose to Tail FF 3255 482 a.s:xo?o .004 7.6
AP 4185 236 1.0x10 .0027 8.6
w * * * kx10_7 .15
RW * * * 5x10 .07
Faat Rise Flat Plate Wing to Wing F¥ * * * * .26
AP * * * 5 *-6 .16
w 4400 336 8.2x101° 2.5x10_6 13,5
RW 4440 210 1.5x10 3.7x10 13.7
Pulse Coaxisl  Nose to Tail Fr 5022 358 83710, .01 33.9
AF 3255 393 6.3x10 .008 14.6
LW N/A N/A N/A9 N/A N/A
RW 280 197 1,0x10 .002 .81
Pulse Coaxial Wing to Wing 7F * * * .0007 .08
AF 1162 * * 8 * *
Lw 1456 1700 6.5x10 .006 5.4
RW N/A N/A N/A N/A N/A
Pulse Flat Plate Nose to Tail FF 1162 3500 2.71102 .009 6.7
AY 930 1700 &,7x10 .007 4.5
v * * . * * *
RW 480 * * * *
Pulae Flat Plate Wing to Wing FF 279 * * * *
AP 232 * * g * r *
A 6240 2600 2.0x109 1.&:10_5 92.5
RW 7200 3100 2,0x10 1.9x10 135.4
* Not proceasable due to 1 Integrated uver a lO'J- window
low aignal-to-noise ratio
Table 2

Waveform Paramters Measured on the CVA80 Aircraft Surface Current
Sensors during Lightning Attachments to the Nose and Right Wing

Amplitude Riae Time Rate of Riae Charge Transfer Action Integral

strike Sensor (8 (§S) (A/S) (A S) (A?s)

N-T FF 1088 217 3.8x107 .0006 7
AF 521 187 1.9x10 .0001, .15
A 216 110 2.5!109 ‘6.5!10_5 .09
.44) 240 125 1.5x10 7.8x10 .06

W-Ww 214 279 * * 9 * .02
AF 558 104 ‘ﬁ.3x109 .0001 .03
w 544 350 l.'lxlO9 .002 .63
RW 816 215 3.4x10 .0005 .31
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Figure 3. Injected Current Measured at the Right Wing Current Shunt (A) and Surface Current
Waveforms Recorded on the Aircraft Skin Current Sensors (B) for an Airborne
Lightning Strike to the Right Wing Boom
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Figure 4. Surface Current Waveforms Recorded on the Aircraft Skin Current Sensors for an
Airborne Lightning Strike to the Nose
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Figure 5. Injected Current (A) and Surface Current Waveforms Recorded on the Aircraft Skin
Current Sensors (B) during Ground Testing with the Fast Rise Time Generator and
Coaxial Return Path - Current Applied Wing-to-Wing
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Figure 6. Injected Current (A) and Surface Current Waveforms Recorded on the Aircraft Skin
Currant Sensors (B) during Ground Testing with the Fast Rise Time Generatsr and
Coaxial Return Path - Current Applied Nose-to-Tail
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Figure 7. 1llustration of Technique Used to Correct Data for Nonlinearity in Measurement Systems
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