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NATTONAL ADVISORY COWMMITTEE FOR AERONAUTIC3

TECHNICAL NOTE 4326

LIGHTNING HAZARDS TO AIRCRAFT FUEL TANKS

By J. D. Robb, E. L. Hill, M. M. Newman, and J. R, Stehmeann

SUMHARY

The hazards of lightning strokes to aireraft fuel tanks have been
investigated in evtificlel-lightning-gencration facilities specificelly
copstructed to duplicate closely the natural lightning dischacges to air-
eraft deteruined through flight resenrch programs and analysis of
liphtning-damnged aireraft over a period of many years. Hxplosion studles
vera rade in on environmental explosion chamber using small fuel tanks
under various simulated flight condlitions.

The results showed that there 1s s primsry hazard whenever there ia
direnct puncture of the fuel-tank wall, whereas the ignition of fuel by
hot spots on tenk walls dve to lightning strikes 1s unlikely. Punctures
of fuel-tsnk walls by artificial-lightning discharges produced explosions
of the fuel in the wixture range from excessively lesn to rich mixtures.
Hone of the aluwalnwn alloys, 0.081 inch thlck or over, were punctured by
the laborctory discharges representative of natural-lightrning discharges
to alreraf't; however, relisnce on this wall thickness for complete pro-
tection would not be justified, because cccasional strokes are kaown to
be of greater magnitude spd beceuse statistics reveal variations In the
damage patitern.

Data geathered by the Idpghtning end Transients Research Institute on
Jighining strches to aiveraft show that 90 poreent of the strokes recorded
have occcurred in the temparature rsnge of -10° to +10° €, where nmany of
the Jet fuels wve flamzsble but vhere svlation gesoline 1s overrich.

Also, 10 percont of the strckes recorded have been to the wings, which
are the principal {uel-storage sreas for rodern aircraft., Thus, there
15 a haznrd, partlcularly for Jet fuels. Certain protective measures are
indicuted by the studlies Lo date, such na the use of lightning dlverter
rods, thilckening of the wing skin in aress ncar the most probable stroke
paths, snd the use of fuel-tenk liners in eritical areas,

RTRODUCTION

Areraft £lyving in thunderstorm reglons occasionally are siruck by
lightning, end the striking of a fuel tank may resuit in a fire or
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explosion, A research progream has been undertsken to evaluate this hazerd
by studyling the baslc mechanir ss of fuel-tank ignition fram Iightning
strokes in varifous environmenval and flight conditions. The phases for
which there is limited operating experisnce nrve especlally cmphasized;

for excnp.?, the operational hazards arising from the use of Jet fuels

and of wingtip fuel tenks.

The characteristics of natural-lightning discharges to sircraft have
been studied by the Lightning nnd Transients Research Institute (LTRI)
through flight research programs, lightning-demege questiconnaires, and
the bnalysis of many damnged gircroft parts sutmitted for 1nspletion by
alrlines and by the militsxry services over a period of yesrs, 7The data
obiained Indicate that a substaniial number of strokes to alrcraft involve
electrical charge transfers as large as 200 coulorbs but have relatively
low current magnitvies and rates of vise of current. This suggests, as
might have been expacted, that meny strokes to aireraft are of a clovd-
to-c¢loud naturve, but it does not preclude the possibllity that a stroke
to ground may be intercepted by on adrcraft. Medern airliners usually
fly over or through the upper regilons of thunderstorms rather than wvnder
thea wheye strokes to ground oceur, except, of course, durlpg the landing
o takeoff periods.

Owing to the long path lengths of netural-lightning discharges, which
mny extend for many milen, the resistence of any short lenugth of the path
hes little effect on the mognitwle of the eurrent, 80 that the discharge
can be conafdered to orlginate ireon a constont-current gennveator. There-
fore, the energy develeped in en object depends malnly on the resisteace
(since the encrigy releese 13 egual to JIPRt, vhere I 1s the current,

R the resintence, snd £ the tim2 of dlscharge). Thus, considersbly
greater energley are relessed in resistive materiels theu in metals,

For cxample, strokes to redones produce demege over aress several feet
in diamoter, whereas styrokes to ratal aireraft skin ecldas produce holes
larger. than an inch in diameter.

Mreraft parts thut have been_dnmaged'by lightning show fwo general
Lypes of pittlng. Strckes occurring soward the front parts of zirersft
gectlons are swopt Lo the ress by the motion of the plane; nd, as the
sireraft passes the velatively suntionseoy ieonidzed choonel, snell pit
marks or holes are burned nleng the curfuce or edge, The energy 1s re-
leased over o orelotively lovpe nren, 5o that it produces only a small
greount of pitting ot ony one location. Strokes occurpivg divectly to the
front, snd povticulsarly those to the rveer, of a neetion tend to hong on
at a single peoint for a large fractlon of the atroke duration mnd thus
produce lorger holeys and more severe pitting,

when thn lightuing strokes are swept to the rear by the relatlve
notion of the alrcraft with respect to the stroke channel, the matal air.
eraft skin i3 {roquentily not punctured snd the question neturally srises
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whether o stroke that does not puncture a fuel-tonk wall will cause igni-
tion by heating of the wall. 7This was considered 40 be an important
question econcerning the depree of hazard, snd a theoretical and experl-
mental study of fuel-tank wal: temperatures due to lightning currents was
undertaken at the beglmning of the Investigation.

Qther factors to be considered include the evelustion of the types
snd magnitudes of discharges required to puncture verious fuel-tank walls,
the conditions under which a subsequent explesion or fire can occur, snd
the effects of cnvironmental corditions, fuel types, and fuel-tank loca-
tion on explosion probebility.

This investigation was carried out at the Lightning and Transients
R:egesrch Institute under the sponsorship ord with the financial asslstance
of the National Advisory Comalttee for Aeronautles.

APPARAIUS AND PROCEDURE

The Lightning and Tranaients Reseorch Institute (LTRI) has developed
artificlal-lightning-generation frcllities that sre particularly suitable
for reproduciug lightning effects on aireraft as determined by flight
research progrens made In cooparntion with clvilian sirlines and the mili-
tary forces. he photogreph and cvoss ssction of the lavoratory {fig. 1)
show the leoeation of the hipgh-voltese facilities and the large door fov
Lrincing volteze ontside the bullding to test objects such as the alir-
craft in the fereground.

LIRT facilities for lightning studies Include a 5-million-volt im-
pulse penerator crpahle of producing a standard ATRE 1, 5740-microsecond
voliaze vave (1.5 nierosee to erest, 40 microsce to half voltege) and a
high-ecurrent generator producling a 10x20-nmiercsecond standard ATER cur-
rent wave of over 100,CC0 anperes paek. MNixing the high-voltage and high-
current generabtors mskes 1t possible to veproduce some of tae effects
foundi in the lightning-donaged aircraft -conponents studied. However, a
ccaparison of thesce effcocts and the data froa the flight research progran
shows thot wost lighining steokes ta alrereft Involve much lavger charge
trensfers then ave nroduced hy the hiph-voltege end high-curyent waves
heretofove adopted as lightning test standards in the pover industiry.

For proiucing the hirh chavge components of the aatural-lightning
strokes, two aidltional geaneraboy fuellltles are used, One of these units
conslsts of a 300Q-microfarad wonk of 10-kilovolt eapzcitors which, with
epproprinte wave-shaping induetrnce and resistance, produces a Z,000-
enpere cuwrent of Z0-covloah charge transfer.  The sccond unit consists
of a source of 200 amperes d.e. that can be drzm at & soucce voltage of
either 400 or 13,000 volts, depending on the length of the are it is
reguired to sustein. This uwnit reproduces the lew-current, long-durastion
compeonents of lightning dischargas that have currents of the order of a
few hundred saperes.
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A schematic clrcuit disgrem of all the generators wlth thelr cou-
posite llghtning-discharge current waveform is shown in figure 2; and the
effects of the various stroke coaponents of the three current generators,
which are the most Important for metal fuel-tenk damage studies, are
tabulated in table I, Tho heating effects are given In terms of -a multi-
plying fector for a glven resistence. it is interesting to note that
hoth the high-surrent and the long-duration low-cwrrent generators pro=
duce rzuch leos heating effect thsn the generstor with intermediate cucrent
and churge trsnsfer, The three units together produce the major charac-
teristica of llghtning strokes: larpge mechanical forces from the high
initinl) current, a large smount of short-duration heating snd blast
effocts from the interxediote curvrents, and e.oslon snd pitting effeets
from the large coulomb transfers of the long-duration low cwrrent. The
high-voltage generator ceon be used in conjunction with the current gen-
erators, but since 1t does not contribute significently to the damage, It
18 1ore often used separately to determine the most likely pelnts on alr-
cratt sections or models that the lightning discharges will strike.

For model fuel-tank explosion sfudies a eylindrical steel tank, 9
feet in diseter end 15 feet hipgh, was constructed to conteln explosions
ond to permlt evocuntion for altitude testinz, A blower supplied by the
HACA was connceted to the tank for stvdylang windstresm effcets, end a
wind-tunnel scetlon was constructoed throush the teak interlor as 1llus-
traved in Flrured 3 ond 4. A 8- by G-inch cross acetion at the tunael
throat produced the denlyved wird velecliy of 500 mphe The tmnk was cone-
struetcd vith lavpe, thick wirdovs for vhotographle use and special high-
voltasn bushings for introducing hich-voltege discharge at reduced air
pressures corrasponding to high altitudes. A shert plenuva chanber, packed
vith 2-inch fumince plpe to wtialghten out the alrflovw, wes coastructed
to, joln the exponentiz] sectiea thet reduced to the Plexipglas throat, A
Fltot-static tuhe and alrapecd indicntor were used to ealiberte the tun-
nel; a constant velceity of about 300 rph was indiented over mout of the
throat arca. One section af the throal was left open to recueive the
fuel tanks, )

Meusurernont oguipient inciuis
a patenticiotor for thex
for messuring fuzl-tosh pros

1 an RACA recording mixture anslyzer,
crobure nes cwentnt, A0 oscllloscope
deteralned with o plezoelectrie paue,
ord other miseellanvous equlrient, 1l loeated ountside tre tank for pro-
tectlon feom the cuplosions.  looh of this equipgent wes elecirienlly
prowdoed to the tinky end, sincs the dwpolse ground-ccnduction currents
ralued the teuln itzelf to substwntial veolisze, rma isolatlon tronsforser
was used to fecd all eguiprmt tegulcring a 115-volt source. A corbon
dicxide five extinsulsoher vas atir hied Lo the ouwtside of the tocnk with a
no>vele conneetsd throush the wall, wimsd at the fuel-tank semple. Thus,
any vires follosdny Yutl-tank explosions were essily extinuished from

the ennera oparator's positlon.  Ihe seale fucl-tauk explosion tests gave
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as much diffleulty as esny high-voltage experiments mede in this laboratory
because of the large amount of equipment involved and the many test-run
fajlures before the first successful tests were made.

The operations included energlzing the 13,8-%ilovolt substation to
obtain sufficient power for the wind-tunnel blower, cherging the three
artificisl-lightning generators used $o produce the conposite dischurge,
setting the automatlc timing devices for limiting the long-duration low
current, resetting the many overload ecircuit breakers, mgasuring fuel-air
ratio snd temperature, and adjusting cameras and miscellancous equipment
such as lights, end so forth. Although successful test runs required
caveful setups for each test and good rcoordinatlon from the operators, it
was felt that further constructioa {o ohtain campletely asutomatic opera-
tion was not Jjustificd for the number of teests covvarplated.

CGasoline explosions of fuel tanks, even partially fillcd, constltute
a severe fire hazard; sand, since exnlosions of full-size Lenks were felt
to be a necessary port of the studies, provisions were made for reducing
the hazard to & mininum by confining possible explosions. A learge pit
with conerete-hblock walls was construcied 4o confine the explusions to a
space next to the building beslde the door vhere voltages and currents
eould b2z hproucht out with relatively shoet leads, as fllustrated in fig-
ure 5. The 40-foot-square door allovzd mexivim veltszes o be brought
out to the pit test wres. The 150-horsepover blower installed in the plt
behind sultzble ssberstos or block barricesdes provided the necessery flow
of air over the tank surface.

- A special foen flre-extingulsher system for protecting the ares was
inatalled, consisting of a 1,000-gallon tnnk located at the top of the
laboratory building; a centrifugal purp, adding 100 pouwxls pressure to
the 20-pound tenk hesad; foem supily and fosm proportioner; twoe large foamn
nozzles at cach end of the pit, having cupacities of 110 gallons per
minute each; and the required 2- to 3-inch comnecting pipes. For extin-
pulshing loenlized fires snd protecting the laboretory btmilding, a 10C-
foot euxilinry hose that can be equippsd with elther a foen playpipe or
5 Water-rog noizle was provided. The capacity was sufticient Lo cover
the floor of the pit with sbout 0.7 feoot of foam, Tnls systes wes con-
sidered adeguate to extinguish possivle fires, but the loeal community .
Tire deporicent could alse be called inmrediately for edditional protection
in the event that the limited water supply proved to be inadequate.

The ecntrol ond observation area in the building is indicated in
figure 5. A1l hirh-voltoge contrels as well as fire-extingulshing con-
trols avd wolinge and current waveshuye ponitoring coulpnent sre located
in this aveaz, 'Two cuperss were usted in recording the tonk explosions, a
1&-millinetor notion-picture couern locsted nenar the vit end a Fastax
etea located on the building roof., The Fastex camera recorded any
phenosnna that occurred too repidly for eccurats recovdlng by the staudard
movie cunera.
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RESULT3 AND DISCUSSION
Measurement, of Fuel-Tank Wall Temperature

A liphtning stroke hitting the outer surface of a fuel-tank wall or
of a structursl member contnining fuel vapors may puncture the wall with
6 good probublility of producing explosion and five; if the wall thickness
is too large to puncture, the streke increascs the temperature of the
inner surface of the wall. The sirote will ususlly cause & cmall crater
of molten metal to form in the outside of ¢he wall, which produces pitting
of the surface. FPoxt of the molten metal 1s dicpleced by the explosive
force of the cwlden heating, but port solidifics to edd o the heat flow-
ing into the wall., The temprrature of the Inner surface asttoina its
moccimiza value direcetly under the point of strole contact snd decreases
rapldly at othar points along a redindl Line fram this point on the inner
swrfece,  The purpose of this section 1Is to determine, both theoretically
and exporirmontally, possible temperoture-time curves for points on the
inner sucface of a Tuel-tenk well when lightning strikes the outer sur-
face, The hazard due Lo these "hot spots” is evaluated in o later sec-
tion. Sysbols used are defined in appendix A.

When a discherge hits a plate and does not puncture it, the heat 1s
cenducted o the inner sueface, rolsing the tospzratuve of that svrlsce,
and is also conducicd radlelly Trom the poiat of stvolim contact snd dis-
sipated in the rosaindey of the plate, In the theoretlcal study of the
heat flov !n a plate (appondix 1), a Wlock un the surface of the plate of
depth 8 end of square cross secticr I8 msiured to he lnstenteneously
heated Lo a uniforn texmperature wpich, for a lightaing discharge, is taeken
to bve chout 1,200° ¥, the nelting temperature of sluminum, The heat flow
from the Llook Into the wiaste fu ther caleuleted from the hest-conduction
zguation to obtaln the trnporatuve at any point in the plate as a funetlon
of the time. The caleulntions ove simpliified by co:puting only the ten-
poeratures on the {nnzr surfees and by letting the brezdth of the plate
spprorch Infinlty, since the size of the plate does nob materially stfect
thz hoat £low to tha lnuer suweicee so long as the thieckness 1s smcll com-
pored with the other di-craicns of the plate., Graphical exumples giving
the punerieal resudts cbiaoleed by using thege solutlens for a hot spot
Airectly under the dischurge =nd {or a point necar this spot ore also
pregented fn aunondix B

Tenprrolores vere pesswed experlaentally in the levge cylindrieal .
envivonnentol chwiber shown in figure 6 so that the effects of tempera-
ture, alrsteema, and altitude could also Do studied. The sirulnked dis-
chov e wes diroeted to the tewt plate throuzh the hilsh-voltage bushing
in ihe top of the tank. A bloek diepran of the thenwocouple system ia
shown in flouve 7. The theruocouple vires hod to be enrvefully shielded

in the vicinity of the tonk. Two shields, insulated fros coch other and
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connected only at one point, were used between the thermocouple box and
the wall of the chember. The outer shield carried the heavy discharge
currents to the wall, while the inner shield provided additional shielding
frem electric fields and from any possible unsymmetrical current distri-
bution in the cuter shield. The ‘hermoccouple voltaeges were transmitted

to the amplifiers and recording equipment in a multiconductor shielded
cable.

The instrumentation for these measurements was set up to measure
peck tenmperatures from sbout 500° F, roughly the spontanecus-ignitivn
temporature of JP-4 fuel, {o about 1,200° F, the melting point of alvminum.
The oseillograph was cousidered the best method of recording the rise and
decay of the tewpsrature-time curves and the pesk temperatures., Iron-
constanton thermocouples with aize 36 wire were seleeted for thils purpose
because of their adeguate sensitiviiy, svailabillty, and sufficiently low
thermal inertla to permit accurate wrasurement of temperatwre variations
at a point. A box cbout 7 inches square and 2 inches deep shielded the
thermocouples from the large simulated-lightning discharge current. Teat
plates of various representative wall thickressesn were used os top covers
for the box, and simulated discharges were directcd to the center of the
plate. The thermocouples were placed at a point directly beneath the
center of the plote end on a redial line from this point. The thermo-
couple voltages vere exnplified by d-¢ smplifiers having a 9-megohm Input
upedeace., The smplifier outputa drove Brush recorders with an over-oll
sensltivity of sbout 35° I' per millimeter of pen deflection. The maximum
chart speed of the recorder was 71 inches per ainute, or sbout 34 milli-
seconds per millineter of chart wovewent, A selector switch was provided
for viewving or recording waveforms on a single-chamnel cathode-ray
gsclllograph.

The theoreticnl results of appendix B indlcate rclatively low tem-
perature pesks at points other than the point direetly under the dis-
charge, and the explosion test results of the following section indicate
that wall punctures caused explesions but that therc vere nce explosions
definitely attributed to lnner-wall heating, For this reason most meas-
wrenents were toXen at the point directily under the dischorge. The theo~
retieal temperoture-time curve for the inmner suriace of a 1/8-inch alu-
minua plate with a block, uniformly snd instentencously heated to the
welting point of aluminum, was eoloulated from the equetions and curves
developad in eppendix Be  The block was essuwed to be in the ouiside sur-
face of the plate, 0.5 centimeter squave and 0,159 centimeter (1/16 in.)
deep.

Fifteen high-current dlscharges vere used in the experiwmentel phase
of the wall-temparaturc shudy, A cross section throuvgh the center of an
actual crater obtamined by discharging a leoboratory lightning stroke to a
l/a—inch aluminwg toest plate 18 shown in figure 8, Tais crater is about
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0.045 inch deep because of molten metals that have been spattered from
the polnt of stwoke contact. However, some of the meta) below the crater
filcor wae also heated to the melting point, perhaps to a depth of about
1/16 inch or one-half the wall thickness.

The theorotieal temperature-time curve for a l/B—inch aluninua plate
is showm In flguee 9(a), and the correspondlng experimental curve is
shown In figuve Q(b). The two curves agree reasonzbly well, The rise
tines of the two cuvves wre chout the seme. 1he slightly delayed, higher
erd longer peek of the erpzeimental curve wod Probibly due to the latent
hewt of fution of the molten alumainua not displsecd, viafch would tend to
stopre heat at a cunstont ienpsratwn, eod nlso Lo the fact thet the dis-
charge was not spplicd instantancously but supplicd beat to the plate
continuously far shout 20 williceconds. 'the slightly hipgher tail on the
erxp:rinental curve at the longere tines can b2 accounted for by the rela-
tively lerga rutio of the sowrce size to the size of the thenm:ocouple box
usrd in the -experinental setup, since on infinite plato size wus ausumed
for the theoreticol calculations. An imporitant exporimantel pavnmeterx
that eould be Investigoted 1s the effeet of »a alrstzveea on the heat flow
to the inner surtace. Yala feetor should considerably weduee the hot-
spot temperatiucey mossurcd,

N

In the curves shova In fdgure 9 the reference tenperature § moy
be takon es the touparaiyres of the molten oluriawy thus, in the experi-
mentol ease, the hotespob beapersturae rises to chout 5309 P oia shont 30
willdsecowin wnl dgeays Lo one-holl value in 0.4 second fra: 6= 0. A8
the tonk wall thilelpzsag decroeres, the luneresueivoe peek teccratwes
wil)l Incvease vwatil the thicless ot vileh puncture cecewrs is voscheds
While <he resulis ¢f the oo ple fuel~tsn tests chew thet puncture 13 the
most fvnortant Cactor in couslug fuel liaiticon, 1t would be of interest
to delosning the tranaiont teaperature-ting dojudee curves vequired for
Lzndtien of eamnoa fusls used in slieraft, as dlscussed In the follewiag
section,

Fuel-Tank Fxplosicn Stulles

To determsine the epcedfie conditicns under vhich fusls cean be
fpnited, Gednchecyble pluzimos tonliy purtly £illed with aviation gesoline
or JP=4 wove prruek with 75 hipgh-curront dicchergns ovow o teaperature
reage fran 529 to 0% Y. In Fewrulnting the probles ation was
given by LACA end LUAY to the followlinyg possible m
fuels:

{1) 'the fuel is izoiied by a hot spot on the well of an wnpunetured
tank.
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(2) The discharge penetvates the tank and appears on the inside to
produce the equivalent of spark ignition.

{3} An efflux of fuel-air mixture out of the puncture exposes the
fuel t2 the lighining cutside the tenk, The fire then propagates through
the puncture to the inside of the tank.

(4} Incandescent metal particles shower into the tank when the
lightning strikes the wall,

Meny lightning strokea to alreraft are swepl over the suvface of the
aireraft, snd freguently pitting cecurs without actusl puncture of the
skin, It is of coasiderable interest, therefore, to determine whether
hot spots on o fuel-tenk wall due to lightiing that does not puncture the
wnll eouid cause ignition. The temporature-time paresmeters pertinent to
machanisn (1) wvere considered in the preceding section. The temperature-
time graphs for en sluminun tank well 1/8 inen thick (fig. 9(b)) indi-
cate that for the experimenzal 20-coulorb discharge the inner-wall
temporatuce will exceed 450° ¥ for cnly about 60 milllseconds. This 1s
epvroxlnately the slow spontancous-1gmltion temperature of kerosene or
Ji-4 ond eorrespends to ahout four-tenths of the outer sluminus vall
melting terperature of 1,216° ¥. The investigniions of reference 1
girvow thnet irzaitlon of methepe-nir and hydrogen-sair mixtures in 40
williseconls LY hot vwires regulres tewperatures estimated to exceed

02,4007 ¥ iwd poseibly as high es 3,500° F, en increase of 5 times the

s8low epontanecus-ignition teuwperatures,

The experimentnal discharpges vere 20 williseconds in duration.
Strokes to the side wall of en exposed aifveratt feel tank should not hang
on to asny one point cn a swooth swiace {or longcr then 10 milliseconds
becouse of the aircraft motion. Pit wnrks foron strokes to alreraft that
have ween swept over a wing or fusecleme surfoce ure peneraily spaced from
8 few inches to a few feet cport. Asswuring nn aireraft velaclty of 140
mph or 205 feet per gecond, this would cerrempond to a waxisum time dur-
ation at eny single point of 2 fcct/ﬁos feet par second = 9.8 millisec-
cuds. ‘ihus In view of the chovt siroke ducations, windstrewn cooling
effects, and resulisnl lower enpz2eted fuel-tenk wall tezperatires, 1t
seess dmproboble that strokes that do not pungcture should ‘gnite alveraft
fuels., Tt chould To emrhasized, of course, that this applres only to
sirckes that ave swept und not, for exsapls, Lo stroken that heng on to
the tralling edpe of & secblon and may easily lest for periods spproache-
ing 1 second.  Adddtloral data on the short-time ipnition tenparuature
characrevistlcs of aircralft fuels sre required for grester asfurshce on
this point.
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From the preceding conslderaticns the question naturally arises
whether, for shori-duration sticke energies slightly velow the level re-~
quired to pincture the tank wall, the metsl will be neerly molten and the
temperature be high cnough to ignite the fuel. It 15 conceivable that,
vhile the temporatures would grontly excesd the sicow apontanecus-
conbustion temperature of the fuel, the time duration would be too short
for ignition. In ovder to luvestigate this ponsibility, a series of tests
wng msle on the 6-inch-cuble tonks of 0.040- and 0.064-inch thickness
using siroke cnergles at upproximately the puncture enerpy level, in
which 53 discherges vwere fired to the series of tanks. The strokes pune-
tured the tenks 16 times ond falled to puncturc them 37 times. In every
¢nde a puncture was ecccopanied by en explosion, and in every case but
one a Tallure to puncture produced no explosicn. The results of these
tests wore verified In cueceeding tests on other phases of the problen,
The one explosion that cecurred without fuel-tank puncture was due to a
disehrrge that sccidentally struck the tank a few inches from a vent hole
end posaibly threw a sperk into or near the opening. .

A photographic sequence of fuel-tank ignition by an artificial-
lightning discharge thet punctured the tank wall 48 shown In figure 10,

o recorded Ly o Frstax cmumera. The discherge contected the vesar of the
tenk, burned a hole through it, and ignited the mixtuve within a few milli-
seconda. A sinillar cequence is shown in Tiguwre 1) for o 3C0-mph wind-
stream and with ithe electrode on top of the tank. Althouzh a longer time
vas reguired for puncture of the sccond tindk, the explosion flsmefront
veluelty appears to be sbout the saoe for ench cmse, as does the tire
reulred for the tenhn to explede, vwhich is less then 40 nilliseconds.

The mixtures In each tonk were falrly close to optlmun.

A sketch of the test arropgenent for these fuel-tark studies is showm
in figure 12. The fucl-air rotios wire held in the explosive ronge during
the Losts as recurded by the BACA fuel-air analyzer. Texmperntures of the
fual were controlled end recorded, The fuel-alr ratios were controlled
by bleedins alv slewly Into the tank until the propesr nixture was ob-
tnined. Ouing to the 40-second delay of the mixture snalyzer In record-
ing the fucl-air mixture, the mizture rates of cheuge vere kept low to
mininive Interpolnticn errors., The tnnks were noraally £illcd nob more
than 1/4 dneh with fuel, EBxezdantion of the arcas where the discharges
ceeurred without puncture inverisbly disclesed fine cracks, probably due
to the local heating nnd coollng, that extended through the torks and
pe1mnitted fuol to ledn out. Those arce not econsidered Lo dbe serilous,
since they prabebly cocourped afier the metel hed cooled ond no external
vlres ceanurreds A photomicrograph of cne of these areas is showm in
{ure 13,

Next, a serles of tanks wos punetured by lieavy discharges while the
rixture was varicd,  In newrly every case the tank exploded over o ronge
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of mixtures from 0 to 100 snd 100 to 160 eacrapolated beyond the normal
enplyzer range of O to 100 pacts per thousand. The analyzer was eximined
to deterwine wheiher the indications were lncorrect, but pure air pro-
duced a reading of zero end wigm fuel In the tonk drove the analyzer off
scale poat 100. In eddition, explosion pressures were mepsurad for a
range of mixtuwres. The pressures vere higher inside the 60 to 60 range,
genexadly burating the tanks and rouphly confirming the accuracy of the
mixture onalyzer. Caly JP-4 was used in investigating hot-spot ipgnition
of fuels, since it was convenlently in the explosive range at room tem-
pevature ond also had a low spontmieocus-ignition temperature; but both
JP~4 and lGD/J;‘aO-g;cr.de sviatlion gasoline vere used in the pressure meas-
wements.  Explosion of the tanks at extyrmely lean mixtures was attrib-
uted to nonequilibeium conditions: & lesn wixtvre in the space over the
fuel wialch the analyzer sampled, and a coabustible mixture at the fuel-
elr boundery ignited by spoark showers from the poncture. Photographs of
apark showars fram punctured alwiinum sheets ore shown In figure 14.

To meosures ovorrich mixtures, which were not measured hy the mixture
snalyzer, speeific mixtures were obtained by sllowing partielly filled
fuel tenks to cowe to equilibriva ot porticuler tewperatures. For exam-
ple, tunks with gesoline held for 5 minutes ot 80° F were sssumed to con-
taln en extrimely overvich mivture. TPunctbueing dlscharges did not cause
an explosion, but a five vas started =t the puncture hole that continuved
for 1 minute wtil put out by on extinguicher. (fasoline held at 32° F
a1d not explode; however, JP-4 d1Qd explode et this feuperciuvee, Dis-
cheopges L2lov the liguid level produced fires at the puncture polnt but
no explosions,

In analyzing the sequence of explosion experiments, the mechanisus
listed at the buginning of this secetion that eppeer the most likely are
the direct punntire of fuel-tank walls followed by (2) explesion and (3)
external fives. Tgnltion by (1) hot syots seems Improbnble on the hasie
of the lnvestigntions of the preceding seetlon, and (4) the showering of
sperke info 4 tenX with ne puaeture would te even more lmprobasble, since
the well wowld probably not ba hot enoupgh to gpark if It wounld not ignite
the fuel.

Although initial mzasvrencnts indicated that lightning-discharge
currents beceaune ol thoir great enevgles were vapsble of iimiting fuels
ovee o prostey rongs of nixturess then would be possilble with sperk 1gni-
fieca, poyvticulorly with lesn nfxtures, bhosicelly the investigations
shoved geoersl eagrecment vith cxlstipng flermasbility dates  Overrieh mix-
tures were not ciploded, bul exterpal £ires cccurred at the puncture
holea, Lesn mbxtures vere ignited, but ignltion of lean mixtures due to
nlsts (e.g., frem ayltetion) has been gencrally recognized. The explo-
sica hezord is considered to be more serious thea the fire hezord. Ex-
termal {ires can occvr vaenever a fuel-tank wall 18 punctured, with any
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fuel; but alrcre®t fires, theough a serious matter, can often be controlled.
Becaude of the low flsie-propagetion rates under any but extrems condl-
tions, thege fires cre sometlmes cxtinguished by the windstresm, some-
times by epecinl mancuvers of the aircraft, or by carbon dloxide systems.
Explosions of fuel tanks, on the other kand, can result in severe struc-
tural d:mage or loss of the aireraft. For this resson, the most signifi-
ennt Information regerding the degree of hazard s probably the relation
of the flamunbility ronges of various fuels to the temperatures st which
moet llghtning strokes to aireraflt occur,

LIRY records show that, for 103 lightning strokes to alrecaft on
domestic rlights, 93 percent geeurred within 109 ¢ of the freezing tem-
perature, or from 14° F to 50° F. This teaperature range includes Lhe
flommubllity ronge of JP-4, 1s below the lenn limit for J¥-5, JP-1, or
kercsene, and inelwies the zich region for JP-3 and the extrsme overrlch
rangze for aviatlon pgasoline. Thus, the safest Tuel with respect to
ltghtning hazavds would be aviation gasoline, with JP-4 the worst, The
gafety of JT=-1 and JP-5 uppenrs to depend on how readily they Jorm mistsg
alse, the precise mechanism by which ITRI obtained explosions of lean
mixtures reeds further clovification.

L]

The experimental results huve been conflrmed by recent {light-damage
reporty ot lightning strckes to aireraft fuel tanks, Holes in tanks from
lightaing, a gasoline fire in ous tenk that burned for 15 rinutes, as
well as on explosion of a jet elveraft wingtip fuel ook Just after it
hod been Jettisonced heve nll been reported within thé lost nine months.
Thus, no cother conclrsicn emn be reached but that Jet fuels, JP-4 in
particulw, present a much more tevere explosion hazerd than sviation
gesoline, which has shovm a good sufety rocord to date.

¥rtol Erosion from Idghtning Digcherges

In ordar to deternalne the enerygies snd charge transfers required to
punct e various thieknesces of alreraft alumlnmm alloys, 75 high-current
Jatoratory discharges with and without wiepdetreon were fired to test sem-
ples of three siloys commonly used for fuel-tanl wnalls, The alloys were
2024-T3, 3005-H14, end €081-T3 In 0.020-, 0.040-, 0.0%64-, 0.031- and
0.107-1neh thicknesses, A tanored double-wall construction was used with
the tw2 thinnest seoples to exsmine the relntive merlis of double-wall con-

I
struction asninst single wills of egquivolent thickness. The walls were
speeed 1%, 114, 1/2, rod 1 or more inches apurt.  The srtificiel-lighining
dlacharyes discussed in the APPARATUS AND PROCEDURE sectlon were used to-
gether to praduce a single standard eorbined discharpge, A3 discussed
previously, the predesinant factor in puncture of eslunminun tank waells is
the charge transfer of the long-duration low currents end of the inter-
mediate currernts; however, sinne the metal evosion for a gliven
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charge transfer 1s modifled to some extent by the current megnltude,
relating metal erosion to charge transfeir 1s of course an epproximation.
Holes burned in the erds of wingtlp tank tallcones by natural Iightning
{fig. 15(a)) can be compcored wllh holes produced in aluminum sheet by
laboratory discherges (£ig. 15(b)}). In <he 30-couloub laboratcry dis-
charges, the hole size veries conslderably with the current maganitude.
The standard discharge that LTRI has sdopted as representative of strokes
to aircraft will duplicate most of the damage done to aireraft, bub it
should be noted that occaslconally there +will be sfirokes that may exceed
200 coulombs by a considerable amount,

The combined artificial-lightning discharges fired to the various
alloys preduccd punctures in all thicknesses through 0.064 inch but in
none of the alloys 0.08) inch or over with the cxeception of sowe in the
windstrean tests in which the vibration coused the aveing electrode actu-
ally to conteact the aluminum sheet. Owing to difficulty in maintaining
the arc with the airflow present, the windstiesn tests were not cousidered
to be representative of naturel-lipghtning discharges under windstreom
conditions, since the nre was confined to one polnt, but they did provide
valuable Information regarding cooling snd other sccondavy effecto. Use
of" higher potential long-duration curprent sources and a larger wing-
tunnel section would rermit lonzer ares that would be more representatlive
of natural-lightning discherges to aircraft; however, this would not pro-
duce conclusive information as to hazard, because the variation in
natural-1ightaning dischorpes 1o so great thoat no reasonsble value of
stroge megnitude cin be selected as a "probable expected maximum.” Dis-
coloration and heat distortion of the metal, noted vwhen no windstream vas
used, were nlimost tofally absent with the windstreem, indleating an ex-
tensive cooling eifect; the metal ercsion was cl3zn and sllightly more
severe, apparently becnuse of the plentiful supply of oxysen. It is
interesting to note thot flight-demage reports have mentioned similsr
effects; for exemsple, cne reported that “burned spots on the tenk re-
seithling moasentary touches by a cutting toreh ¢leavly indlicate that dsm-
oge was done by a lightning strile,” In tests of double-wall gections,
0, 040-1nch alwilnum had 4o be separated 1/4 inch to bLe equivalent to one
0.03)-inch wall, and double~wal)l sections of 0.020-inch aluminum were
punctured when separated over l% jnches. Photeographs cf the cffect of

the dischaeges on aluminum sheet are shown In figure 16.

The knowledse.of the sweeping effect of the airersft motion in re-
duning the loealized pitting by distridbuting the stroke energy over a
large area hed eaviler peraitied sonve opbimisn regarding the need for
lighining protection of fuel-tunk side walls. As an exawple, the effece
of aircraft wmotion in sweeping natural-lightning discharges is 1llustrated
in figures 17 und 18, Tn the tip tank teilcone showan in figure 17, two
suall plt marks are shown on the side wall, but a mederate-sized hole may
be sean at the rear whare the stroke could hang on for en extended perilod,
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Holes in 0.020-inch aircraft skin are shown in figure 18. The stroke
apparently struck a long wire aentenna attached to s VAF mast locatel at
the. lef% ond was conducted along the wire and down the mast to the Dase
vhere 1t burned a large hole as the aireraft moved forwsrd, At this
polnt 1t probably breke away from the mast to burn the series of small
holes in the thin eluminum sheet.

Althoush the atandsrd lehoratory discharges considered to be repre-
gentoative for aircyanft struck In £1lipht didt.not puncture aluminum sheet
0.08) inch thick, it is felt that complete reliance on this wall thickness
for protection Troa astural steckes to sirsralt would not be Justifled
vecavge of the occastonal strokes that ere known to contaln considerably
groeater charge tronsfera thun the 200 cowllaabs used in this sequence of
tests, Although the probebility of such a éischarpge to & fuel-tank side
wall {8 wanll, the cansequences axye 80 serious that additicnal precau-
tions ere felt to be neceasary, Such adddtional precoutions could inelude
ribs on tip tonks, loecation of tenks away from the Ip.zdiate t1p srea where
lightnling strokea are most 1likely %o occur, use of fucl-tank liners in
critical arces nenr the wingtip, or thickening of the uwing and use of
lightning diverters to divert strokes from critical nress such as fuel
vente.

Lighining Strike Dato Pertinent to Fuel-Terk Hozaids

In the rreceddng secticns of this report, references have becn made
to LIUT data on lightning strokes to airereft. Pertincalt seetlons of
these dato eve presented in figeres 19 to 21. fQhe distvibution of light-
ning sirokes with tepperature for domestle wnivllne £11sits 1s shiown In
figure 19.  Over 50 poreent of the strokos vor which the teuporatures
have bren recorded occurred within tho rouge of +10°% to ~10Y €, aund 65
parcent of the streolan cecuvrred in the renpge of €0 to +3° O Tals ia
not svrprising in viewr of thz most widely weccepied theory of tuunderstorn
electrical chnrge Commation by separatica eeross the freqzing lovel,

It has beeon sugepested that the strokes sve grous>d shout the freezing
level becavse 1t haprons to ecorrespuad to the rost e -on flisht alti-
Lwles,  The LIRT dotn ca the dlstribtution of stroken with =liitwde {fig.
20) disprovs: this thoory. These date, vhieh show that the oiroles
coourrsd At no prrbiculer saltitvles, indiceate that tho preunbility that
an sivereft wlll Lo stvaek i8 related to its proximity to the irsezing
level, Mok ntroes pecuried st eldtitvles of 6,000 fe2et or over where the
cloud-to-alonlt dischoxpes of lovecuvrront megsanlitulas end high-charge irens-
Ters sye wove coaoite Thiy dg In eovocaony with the snnlysis of
Yiphtning-Jeaagad alveraft parts, vhieh chows thei a substential propor-
tion of such pnrés have pussed high-charge transfers.
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The analysis of the distribution of damuge presented in figure 21
shows that a pubstantial percentege of strokes occurred to the wings,
vwhich in modern alrersft sre the-pringipal fuel-storoage locations. Fig-
ure 21 1is based on 431 incidents, vhich is consldersbly move than for
figures 19 nnd 20 because most stroke reports received record tha parg
struck dbut some do not record the temperasture or altitude.

Model Studies of Most Likely Points of Lightning Strike

Flight-domsge revort statisties are a pgreat ald in evalusting hazards
because they provide general information as to the most likely points for
lightning to strike. Model studies ave also effective for studying erit-
ical nreas of alraveft in scne detoall.  Although extenslve model studles
were not contemplated in this investipaticn, preliminery studies in an-
other investigation Indicate that, for the wings, the most vilnevable
areas are the tip aress end the avews behind the propellers on propeller-
driven alrerafi. Direct strokes to the wingblp snd strolies to the pro-
pellers that can be swenlb boek by the eirs{rsem over either the top or
bobtaa of the wing eve most probeble. Teo-nillicn-volt discherges to
nodel elreraft ere chewn in figures 22 to 24, Plsehorpes (o two model
airveraft (fige. 27 and 23) dllwsirate the high probebility of vertical
strokes to the verbical Tine Sirokes to the model fron vevious angles
peralt evalustion of the most probeble polnis of lightniug strike; and,
by wse of intermsdicie-nired model scetions, scoeviiat wore detalied in-
formation pay be obtained. This InfTormuiicon, as relatcd to the airflow
directlicn, peraits felr cstimites of proteetion in these critical eregs.

The stresmer on the wingtip of the alrercit in figure 23 illustrates
cffectively the mechonlsn of lishining-strolie spproach %o en airereft.
When the elvencing step leader of o lightning atraoke nears the alrcraft,
an intense clectric field is met up end corona streanecra produced by this
field lzove the pirernft {ron high-gredleat voinés Lo meet the step
legder, Tire step lerler contacto the alveret throurh one or more of the
stresuers and raices the clrereft notenticl to o velue sufficient to pro-
duez strecoers ol the opposite ecirvereflt extrcaities, hese streanmsrs
fown the step Jecders for further eiveonce of the stwole past the alreraft.
The formntion of slveerrrs is d.termined by the extent of the {ield dla-
tortion chout the eireraft,. UQheles forciabion nesx the olrercit is probably
effected by the pressure veristicas enused by loesl turbulence; however,
this hos not bhoon definitely estsblished.

Bleetrolytic tenk plots of the electrice-7icld configurctlon nbout
the miresait nodel rloo give o clesr pletuwre of the extent of the field
distortion, wiiich fn only Indirzetly 1llustrated by photoyrepns of strokes
w0 8 model.  fAn electvolyidie troli plot of the electrle fleld about the
model of Fipurve 24 i shown In Llgure 25 Just before and nt'ter a light-
ning stroke couteets the siversft., The oxtent end Intensity ol the
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electric fleld are maximuam nbout the nose and wingtip fuel tenks, ss in-
dicated by the espacing and shepe of the equipotential linss., This 15 in
sgreement wilh the high-voltage studies, whiech showed about equal proba-
bility for strokes to the alrereft nose or front of the wingtip tenk .
(£1g. 24)., Hore extensive studies of this type would be valusble in gen-.
eral developnent of protective meeswres, espsclally in studies nf partic- |

‘ular exress of gpecific aireraft.

CORCLUDIRG REMARKS

This experimental investigation of the various mechanisms of fuel-
tenk explosicn due to lightning strokes reveals thet there is a primary
hezexd vhenever there is direet puncture of the fuel«tank wall but thst
the igniticn of fusl by hot spots on teunk walls without puncture is un-
likely. DPuctures of the fueli-tank werlls by srtificlal-lightning dig-
charges under verlous environmsntsl condltions preduced explosions of
fuel mixtures verying €rom excegsively lesn to full-rlech. Uhen & hole
wen not actuslly mede In the Iinner fusl-tenk wall, temperatures excesded |
one-half the exterlor molten-aluninum temps raturﬂs only for brief pericds,.
probably insufficient to csuse explosion of aireraft fuels., Additionsl
data on the short-time ignition tempersture characieristies of aireraft
fuzls ars reouired for copplete ssguvence on this point.

LITRY dets on lightniag strikes to sirersft show that 80 pereent of
the strikss recorded bave been in the tenmperature range from ~10° to
+10% ¢, vhere mony of th2 Jjet fuels are explosive but where avietion
5&50115‘-&‘ is gverpich. Also, 10 pervent of the sitrokes reccrdsd have been
to the wing sreaz, vhich for mcdern alreraft sre the principal fuelw
storage areas, These results indiczte that protsctive n=esures sre
necded, perticulsely for jet fuels snd te & lesser exbent for aviation

Jrin

graaline, which, slthoursh not explosive in the temperatwre renges et

wvhich most lighining stroles occur, can be ignited to produce external
firas,

Fuel-tank shuminam alloys 0.081 inch or thicker vere not punctured
by ddschargess ve of natural~lighining discharges o aizrcraft.
Howevesw, seiizncs for srotectlca frow elreralt lizhtning strckes solely
o incvessing tendk thichknesses to 0,081 ineh Is not pecesserily e solu-
tion, einece ocessicnal strokes szve known to conteln considershly grester
cherge trensfere then the 200 coulommbds used in the experimentsl studies,

the probebility of such strokes fo critleal sress 1s suall, the
nees - possible fires of expleoeions - are o serious that a.mi-
t&onm yreceutitns ore feli to be necessory.

-While protection-sysien development 18 beyond the seope of this
repory, the following sugpesticns can be made for development of protecs |
tive messwrent
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{1) Some thickening of specific tenk oress or use of external rins
or riba to he located on the basis of the probabllity of discharge paths
may conslderably reduce the hezard.

(2) Severel types of fuel-tenk liners may be used adjecent to the
nost probeble discharge path.

{3) Lightuing-diverter rcds moy be used to dlvert strokes from
eritieal arees such ss fucl vents.

{4) Blovout psmels way be used In tanks near the wingtip to reduce
the stress on the main wiug structvre due to a tank explosion near the
tip.

(5) Plestic wingtip tanke, though considered quite hezsrdous without
spzeific protective design, might be mede saofer thaan conventionsl metal
tanks.

Lightning ond Trancients Resegrch Iuétitute,
Mibneapolis, Mirn., Fewvruary 1, 1957,





