
-
.-

1 . '[: 7r4 .- ,~e,F. 
.+ ?\", ... 
.i yr9 

i . _  bJ,..ATIONAI. ADV?;%GRY COPAMImKE 
V V ( j N A ~ ~ ( ' SFOR i s a , ~ i  

TECirEllChX, NOTE 4326 

- 2 O L L  ~147 i . .;I ,..::) 

'V4 ,,*-', 

; ,.. 
.. ..;y) { ! 
I I 

5.. i 

C l  k,.> iJ\ ,  \: .:)I '  

C2.. 

&L.-


' '  " J 3 : ~ ~ ~ ? . ~ ~ ~ ~TO AIRCRAFT FUEL T A N K S  

a b-t / 3  
H A Z A I ~ ~ : ~  

-- D. Robb, E. L. Hi l l ,  M. M. Newman, and J .  R.  Stahmannr.;L t :-,< 
I Lightning nnd Transi-nts Res-arch Institute 



i 

NATIONAL ADVISORY 10M.IITEZFOR AERONAlYrCS 

TECHNICAL NOTE 4326 

LICIITNING HA7ARB TO AIRCRAFT FUEL TAWS 

By J. D. Robb, E. L. R i l l ,  M. M. NewmRn, end J. R. Stuhm~nn 

S W . r n Y  

m e  harilrds of l igh tn ing  s t rokes  t o  n i r c r u f t  f u e l  tatl)is have been 
invest,igntcd i n  a~ ' t i f ic ia l - l iehtning-gcrrcrat ionf a c i l i t i e s  o i x c i f i c a l l y  
c o ~ a t r u c t e dt o  dup1l.cat.e c lose ly  the n n t w a l  1.iO;lltning dischzcgas t o  air-

! 	 c r a f t  det.~>zj.ned thl.ou& f l i g h t  rescilrch p r o p a n s  and analys is  of 
li&tning-donicq,ed a i r c r a f t  over o perih4 of many years. Explosion s tud les  
wcre lrnrle i n  an enviromenbnl explosion chmber using small fue l  t&s 
under vm-ious a h u l a t e d  f l i g h t  conditions. 

Thc r e s u l t s  showed t h a t  there  is  a primary hazard whenever t h e r e  is 
d i r r r t  punct.ure of t h e  fuel-tnnk wall, whereas t h e  i @ i t i o n  o l  f u c l  b y  
hoi spots  on tn* wal ls  dae t o  lightning s t r i k e s  is unlikely. Punctures 
o r  f u r l - t i i d  wal ls  by u r t i f i c i a l - l i g h t n i n g  discharges  produced explosions 
of the f u e l  i n  the  v t r t u r e  ruse from excess ively  l ean  t o  r i c h  mixtures. 
IIone of t h e  nlu,lin~ur, a l loys ,  0.031 inch th ick cr over, rrere punctured by 
t h e  18borc.tory dischui-~cs  repreoentativc of natura l - l ightning discharges 
t o  olrcraf't; hovewr, i e l innce  on t h i s  vall  thickdens f o r  complete pro- 
t e c t l o n  would no t  be  jus t i f i ed ,  becilisc occar ional  s t rokes  a re  known t o  
bc of g r e a t e r  l u n ~ i t u d e  rnd because s t a t i s t i c s  r evea l  vnr ia t ions  i n  t h e  
dmoee pattern.  

riatn @hered by the  1,I:htnlng and Transients  Research I n s t i t u t e  on 
Lip&tn~i~q:strc:.cc t o  a i r c r a f t  ahow t h a t  90 i,.:rcent of the  strokes recorded 
have occrrred i n  the  tenperature r a w 2  0: -lo0 t o  +lo0 C, where many of 
t h e  j e t  f u e l s  :ice flar,?,su.ble but vherc c.vI:ltion gnsoli.ne is  overrich. 
Also, I~Ogcr,:::~t of the ntrckeo reeol+.ml have been t o  t h e  .rings, which 
a r e  the prlncipal.  Cue l - s to rqe  rueas f o r  rcdcrn a i r c r a f t .  %us, t h e r e  
i s  a hnznrd, pnTtlcu1:sly fo r  j e t  fuc1.s. Cer ta in  protect ive  neafiures ace 
indicated by the  studlea Lo d a t e ,  such n o  t h e  usc of l i ch tn lng  d i v e r t e r  
r d a ,  t!iickealng of tlic vlr1.g skin in areas  near t h e  most probable s t roke  
po?;hs, r~ndthe  use of fuel-tank l i n e r s  i n  c r i t i c a l  areas. 

A i r c m f t  f l y t n g  In thvndcrstorm rcgions occasloi>olly a r e  s t ruck by 
l i@t:~i i ig ,  ":id the  s t r i k i n g  at' a f u e l  (;ill& Nay re : iu l t  i n  a f i r e  o r  
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explosion. A research pro(,mmo has been underttlken t o  evtllvate t h i s  hazard 
by studying the baoic mochnnirds of fue l - tmk  ign i t ion  frcm l ightning 
s t rokes  i n  vai'ious envirormcn';xl and f l i g h t  conditions. The phnscs f o r  
which the re  Is l jmited operating experience a r e  e spec ia l ly  emphnsizad; 
f o r  exmlp,,a, the  olxrnt ionnl  hazsl-ds w i s i n g  f rnn  the use of J e t  fuelo  
nnd of wingtip f u e l  t&s. 

m e  chnracter io t ics  of nnturnl-li@:tning d i sc 'n rees  t o  o i r c r a f t  hare  
been nL.rdied by the  L i ~ l i t n i n g  zvld Trtmsiants Reseru.ch Tns t i tu te  (%<I) 
throuCfi f l i ( $ ~ t  resenrch progmrs,  lig!rtninl;-di,moge quostionnnires, and 
t h e  unnlyais of many dRlriri~ed a i r c r a f t  pnr t s  m l h i t t c d  f o r  insprc t ion  by 
n i r l l n e s  a id  by the m i l i t i v y  ser'vtces over n period of y?t2s. The d a t a  
obinined indicate  t h a t  n substnnt.in1 nmhzr  of s t rokes  t o  ~ i r c r n P t  involve 
e l c c t r l c n l  charge t rnnnfers  us 1N'ge as ZOO coulmbs bu t  have r e l n t i v e l y  
low current  magnituIeo ond r a t e o  of r i s e  of current. TMs sugeesta, an 
n iyh t  hnvc been e .wctcd,  t h a t  lnony Gtrokes t o  a i r c r a f t  are of a clowl-
to-cloud i~nt~un:, hut  it doe6 not  precluie  t h e  p o s s i b i l i t y  t h n t  a s t roke  
t o  around any bo intercepted by en u i r c r c f t .  1.ialern n i r l i n c r s  ur jugly  
f l y  over o r  through the upper regions of thunderstorms r a t h e r  than under 
t h e n  rrhclc s t rokcs  t o  ground o c c , ~ ,  except, of course, dur ios  t h e  lnndlng 
ol; tukcoff p c r i d s .  

Oiriw t o  t h c  long p t h  lengths of n a t u r a l - l i a t n i n g  di'lchnrges, ntrich 
mny extend f o r  fiisny milen, the r e s i s tonce  of m y  shor t  length of t h e  path 
has l i t t l e  e f f e c t  on the  mani t ta lc  o f  tlic c n r l m t ,  s o  t h a t  t h e  discharge 
can be conn1clci'cJ t o  or lg innte  P:on il constm3t-current c s n x a t o r .  There-
fore ,  Zhc e:ieigy devclcpfd i n  r,?1 obJcct $epaidn nninly  on t?ie r c - n i s t ~ n c e  
(oincc the crlcrgy rc l rcoa i n  aqlral t o  Jkc3t, shere I i n  t h e  current,  
A the  re:,i!ltn.*:2lce, r.r-3 t t h e  ti;:? of discl>l!rge). Thus, considerr.bly 
G e a t c r  cncrgics e re  rclenscA i n  r c s i o t i v e  ws t s r i e J s  tlrt.3 i n  nctnls.  
Por cxnr,?lc., ~t ro l reo  t o  r e ~ 1 c c . i  1:i'~diIce de!:r?zc over nresu : ; e v e r l  f e e t  
i n  din?:.-:ter, vlierene :;trokes to r . , L a l  a i rcre . f t  r . k h  rl:ld(:hi prrxiuce holes 
I r rgc r .  tlinn an inch i n  diameter. 

Aircraf t  pwts t h e t  have been dRnq4cd b y  l i a t n l n g  ahorr two gensra l  
t y p o  of p i t t ing.  St rckes  occurring t~,,:ltti the  f r o n t  p x t n  of a i r c r r f t  
cectlons arc  s1ept t o  tho rcn; by i.111: r.oi!on of t!~tVlnne; ;>,I, ne the  
n l r c r a f t  pa.9606 the r c l o t l v c l y  G:.nslo:ir ;y ionlac8 c!i?.u)el, ::nnll p i t  

' 	trttri(c o r  holes nl-c bwncd P 2 c n ~tho sii;.fsco o r  edgu. 1 % ~encrdy 16 re-
1c:ru;ed ovor n i'c?~:?tivelyir;r(;? rrca, no t l i r i t  it prvluccs on ly  u s?~;.ll. 
u:aol;i~t of p 1 t t . i ~ ~  :it txy 311e locntlon. St'rokc?; OccUiTi:':; dLrcct ly  t o  t h e  
fro:it, nmd pi,rcicul.irly t t o s o  t o  thi: r cc r ,  of n 1;cctlan terd t o  h w g  cil 
a t  n ninl:le point  f o r  11 l n r ~ cir'ilction af the  i t r o k e  Burntion mid thus  
p r d u c c  l n r j c r  holes m:d @:ore severe p i t t b g .  

:hen thr! l i~ht . r~?nt :  s t rokcs  arc  svcpt t o  the z r a r  by the  relatiiir; 
r:otlon of the n f rc rn f t  with r e spec t  t o  the  :;tro!:e chirunel, the r ~ e t a l  n i r -
craft. o l r l 11  S Y  frcql;?ntly not  pt,nctulYd lutd the  qurntion na tu rn l ly  a r i s e s  
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whether a s t roke t h a t  does not  puncture n fue l - t ank  wn'i w i l l  cause igni-  
t i o n  by heat ing of t h e  val l .  Thin ves considered t o  be an important 
question concerning t h e  d e q e e  of hazard, arid s t l luoret icnl  nnd experi-  
aiental study of fuel-tnnk w c d ~temprntm'ee due t o  l igh tn ing  cur ren t s  w n s  
undertaken a t  the bcginni~ig  of the investigation.  

Ot.her f a c t o r s  t o  be considered Incl tde  t h e  evalnntiou of - the twes~~- ~ . *  
and magnitldes of discharges required t o  puncture vnrioun fir '-tank w a l l s ,  
the conditions under \,h:hlch a subsequent explosion o r  r l r e  can occur. nnd 
t h e  e f f e c t s  of cnv i romenta l  cooditiono, & e l  types, and fi lcl-tank ioca-
tlai on explosion probnbili ty.  

'Inis invest igat ion w n s  cnrr ied  out a t  t h e  Ligl~tning m d  Trsnsiento 
R.:SCPI.C~ I n s t i t u t e  w ~ d e r  the  r,ponnorship ord with the f l n w ~ c l o l  a s s i a t m c e  
of the National Advisory Comaittee f o r  Aeronautics. 

APPARATUS NID PROCE7)URE 

The Lightning and Transient* Rescorch I n s t i t u t e  (L'!.!R1) has developed 
artificial-li@itnlng-5enel1ation f ~ f i l i t i e st h a t  e r e  p 8 r t l c u l a r l y  su i t ab le  
f o r  reproducing l i l a t n i n g  effect,s on a i r c r a f t  tw dete-mined b y  f l i p a t  
research proLTaas nmle in cooporr.tion ui-th c i v i l i a n  t r l r l ines  mld the  m i l i -
t a r y  forces. The pl:iloto~rc.phand cross  soct lon of t h e  l abora to ry  ( f ig .  1) 
show t h e  loust ion of the  high-voltc~..? f n c i l i t l e s  and t h e  lnrge  door Pol- 
b r ln~in! :  v o l t 2 ~ e  outs ide  the  bui ld ing t o  test .  ob jec t s  such ou the air-
c r n f t  i.n t h e  foreground. 

1:IIII f n c i l l t i c s  fo r  l l ~ h t n i n g  s tudies  Lnclurle a 5-mill ton-volt  i m -
pulse Generator c>.pcl>le ol producing a standnrd RD:E 1.5"40-m-Lcrosecond 
vo l tq ;c  vwc ( l . 5  ~ i c r o s r c  40 microscc t o  hhlf v o l t ~ ~ e )  at o  E T C J ~ ,  end 
hi{$-current ganerator producing a 10x20-nlicrcsrcond atauda?d Am? cur-
r e n t  ;;nvc of over 10J,C00 ar-pzres pz&. I.:ixing t h o  hi&-vo:Ltage and high-
current  gencratorn nr.kes it ~ o s n i h l c  t o  reproduce eo:nc of t j e  e t f e c t s  
found i n  the li{$?tning-fl;>~:i?~{eda i r c r a f t  co:'lyonents studied.  Ilowever, a 
cc.:pwison of thcsc cp'fcct:i i:nd tho d a t a  frog the  f l ig ' z t  rescurch pro&Tern 
sho\rs th7.t 11.3:;t l.ig:itnin:: s 'xokrs t n  oircrrrEt involve much lar.r,er chnrge 
trer:sfers t l r n  ?.re ?>reduced hy tho hi:$-voltz,~e a71d hi&-current waves 
1ieretofo~;c adopted 5s l i ~ h t n l l ! g  t e s t  stnndurds i n  t h e  p w e r  industry.  

B'or prorlusing the hlzh charge ca?poncnts of t h e  i a t u r a l - l i g h t n i n g  
s t rokcs ,  tlfo a5d:ltionnl geucrntor f ~ c i l i t i e s  a r e  used, O;ie of these  u n i t s  
cons i s t s  of a 3003-aicrofnrad bariir of 10-liilovolt cnpeci tors  $:hich, with 
npprcpi'inte vn\-c-:;hr.ping FndueZ~nceand res is tance,  praluces a 2,000-
e:;.p-i'o cii.?rent of ZO-co~ficr?b chn%gr tl.snsfci.. S.%e occond u n i t  cons i s t s  
of n Gource oP 200 arnprcs 4.c. t h a t  can be draiin at n s o w c e  v o l t q e  of 
e i t h e r  403 o r  1S,OC0 vol ts ,  dapcnrliil(: on t h e  length of t h e  w c  it is 
required t o  i>u;tnln. This wl i t  repxAllccs the icv-cur:'ent, Lon&-duration 
coxpcnents of l ightnind dischnrg4.5 t h a t  hrwe cur ren t s  of thc  order of a 
l'ew !itindred snyrl'es. 
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A schemntic c i r c u i t  dln,srem of a l l  the  (jenerators with t h e i r  cou-
pos i t c  l l ,$ i , tn in(~-dischai -~ec u r l m t  vavero'm Is shown i n  f igu re  Z ;  and t h e  
e f f e c t s  9 the v u r i o ~ n  atrr>kc co:npo;lents of t h e  th rce  c l m e n t  generators,  
which n rc  the  most iciportant  for m c t ~ lfuel - tank da?%e s tudies ,  w e  
tnhulrited in tab1.c I. ?hz hoat ine  e f f e c t s  %re (jivDn Fn terns o f - a  mul t i -  
plyin?: ffictor f o r  o glven renlsteAcc. It i s  i n l e r e s t l n g  t o  note t h a t  
both t h e  hii:h-current. and t11u lonn-duration low-cu'rent generators gro- 
ducc cuch lens  heating e f f e c t  thsn  the gerlrrntor with jntenacdinte currerrt. 
and c i ~ u r ~ . :  t,rnn:;fcr. The three  v n i t s  together  p r d u c e  tho major c l~urac-  
t c i ' i s t l c n  oP Ll.!$:tning utrok?n: l a z e  mechnnleal fo rces  f r m  tho h i @  
l r l l t i r i l  current ,  rr lur&e nino~mt of short-d, lrat ion h e u t i n  i:nd b la s t  
c f f cc tn  frwo t.!!o i!rter3ccdlnte cxrrcntn,  mid e-osion end p i t t l n g  e f f e c t s  
frm the  lu62 coulonb t r a n s f e r s  of the  long-dwat ion low cur'rant. l h e  
high-volt4je generutor cml be used in conJunction with the current  gen- 
e rn to r s ,  hilt uince it does not con t r ibu te  s lgni f icr rk t ly  t o  the dn:xrqe, it 
I s  !:.ore often used zeparnte ly  t o  det.rrnine the  most l i k e l y  points  on n i r -  
c r a f t  :lectionn o r  m d e l s  t h a t  t h e  l igh tn ing  dischnri:es w l l l  strl.ke. 

For rnnlol i'uel-tank cxplosIon s tud ies  a c y l i n d r i c a l  s t e e l  tank, 9 
f e e t  i n  d i i , .e tcr  cnd 15 fect hi*, >ins co!\stmcted. t o  rontnln  exploslone 
rw,d t o  p c i ~ l l t  cvccuntlon f o r  ultiti?;ie trat$~r>.. A blwe:' su:;pl.icd by tho 
C,'.CA iron co:r;?cctcd t,o th? t~!*. f o r  s t i ~ d y 3 . n  vind,t.rc;in cZfict.s, and R 

witid-twu~el nccl lo!~ uss con;triictc.l thro?>:h ttc t c i h  int?rlox' a;111~1~-
tynred i n  f l .~ ; i r e s  3 rll:. 4. A 6- by 6-lncll cruns at th?~ ~ c t i o l l  t1!1mll 
t h r o a t  pcol;lcc~l t h ~dc?.irec: wird vc?ocl ty  of SO(, mgh. lhr! t > v Cwas con-
nti-.!ct..d v i t h  ioi ' , ;~,  th lck  iilisfoi::; f o r  ;Illoto'r:ip!~ic use cul.1 s p e c i d  high- 
voltn:n bcc!,inzo f u r  intrwiucing hid>-voltr . : ;~ d i s c i i i x ~ c  a t  reduced air 
pren::v.rea correspotai:,i:: t o  1li$t f l t i t v ~ l c o .  A -.i.cl't p?.enu.:i cl;oxb.bcr, pecked 
v i t h  2-ir.ch i'u:!:~r:.ce pirx! t o  a t rn t&ten  ou t  the airf loir ,  iirj co:~structed 
to. Jo in  thc ex;:mc!;tial. r,ecG;ion that red;;ced t o  t h e  P1c::iglus ti,roi!t. A 
Y1Lot-otntic t,t:bo n.;!l nirnpecil ir :dlcntor were usen t o  cii1.iWrr.te t h e  tim-
11-21; a constmlt v~!lccity of nbr,:~t 300 :roll h'nS indicated ovei- ;:oat of t h e  
th roa t  iu:<?& Or.*: :;uctlon of the LbronL ncis l e f t  oopcn t o  l r c c i v c  the 
f u e l  ta+.u. 

t:eosu:..:c.f!,pt c;giip,.cnt inc;::+d KT I;i:CA rcc.,z.din;; i . ix l~: rc  nn;,lyzer, 
n p:,Lcrrt.?ir,.~tcr fat' t!ier:.:oi:ou??o t;:..-~i::<ro.tlu'o 1-tlri :wil:.,?:iL, E n  or;cll.lor;copc 
Sor ~:cr;i;;!xio:: fual-ti::': p:':::::u..'es t7 dc:i:r;il.r;.?d >iLih r!. pii2oelcctr:c ~ z q e ,  
m:d ot!i;!r r . ,J~col. lcr . i :~ycqu i l  '.:en:, :!I I locirtcd 0:lto tde ttc t3d~:f o r  pro- 
?,cct:.o:~ f.-.,~ thc  rrkll.o:;loi:.i. I:-.-:: of  t!lir, c;uj.p;;cnt wrn elec t r lcr8l ly  
i;rcuri<l?d t o  tlie t:!;::; pi;+, :;is:ce t h e  i a . j i , l : ; i l  [;rii!i::rl-co;~3.ictio:1 co r rcn t s  
i 1 : i t t o  I : ;  . 1 o . t !  KI isoln-Lion trc>:~:ifor.;er 
rrnn u:;ed t o  f c u l  .I 115-volt h cur'oonnlL it:!ol.r.-~:nt, ~,..,~.i!~k.[; source. 
dlo;:ii!~ f i r e  ~x t l~ : ,~~ i ! ; l l l :> !  sti! ::if.:! i i i . ~ou:r~i:!d of tile i~ :?k' ~L tha17im LO 
r t x a l c  c,;rmeccxd t ! ; to ,> , :~  !J.e -:,~..Li, r r i w d  : r t  t!le Silsl-tnrA saxple. Thus, 
my f l r r s  f c l l o ; i . ~ t ; ~ir:l.-tl;ilk cxpIi~s~.o!lsvur:: an, i i ly  extln,pJ:sl'cd fr tm 
tkc' cri,-.?re ri;:?r:.tor':; posirliln. '1 ' ;~sc.11t T;.~;I.-ta,r&, explosio!l t e s t 3  drive 
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a s  much d i f f i c u l t y  as m y  hipli-voltage experiments made i n  t h i a  laboratory  
because of the  l a rge  amount of equipnent involved and the  many t e s t - run  
f a i l u r e s  before the  f i r s t  successful. tests were made. 

' f ie opc?rations Lncludcd energizing the  13.8-kilovolt substa t ion t o  

obta in  s u f f i c i e n t  power f o r  the  wind-timnel blower, c h ~ ~ r g i n g 
t h e  th ree  

ar:.ificinl-lightning generators used t o  produce the  cordponite dluc'nurge, 

s e t t i n g  t h e  nuto!nirtic t j n i n e  devices f o r  l i i a i t ing  the  long-duration low 

current,  re!;ctt ing t h e  w n y  overlotul c i r c u i t  brcukera, rieosuring fue l -a i r  

r a t i o  niid t<?nip-ratu'e, and nd ju i t ing  c m e r e s  sod tiiiscelln.icouo equipnent 

such nl liy,l~ts,end s o  for th .  N.thoi@ t e s t  rlmo required 
s ~ ~ c c e s s f u l  
c a r e f u l  sc tups  f o r  each t e s t  and gocd coordl~tntloll  f r o 3  tlic operators,  it 
wns f e l t  t h a t  f u r t h e r  co!~struction t o  ohtnln cm:?let.ely ~ u t o m n t l c  o p r a -  
t i o u  was not j u s t i f i e d  f o r  the  nurber of t e s t s  contmplatcd.  

Casolille c r~ l .os ions  of f u e l  tc3&s, even pwtie . l . ly  f i l l r l ,  constitute 
n severe P i r c  hoza:ftl; md, s ince  e.?losions of f u l l - s i z e  tanks were f e l t  
t o  be a necessary 1iu.t o f  the  s tudies ,  provis ions  .were m d e  f o r  reducing 
the  hazard t o  8 mF!hum by confining poss ible  e x ~ l o s i o n s .  A lorge  p i t  
with concrete-block wal ls  w:w constructed t o  conrim? the  e:.~luslons t o  a 
spsce next t o  the  bui ld ing beside t h e  door ,illere v o l t n ~ e s  m.d cur ren t s  
co~uld be hrought out  riith re1.ativel.y short lends, ns i i 1us t r ; t ed  i n  f i g -  
ure 5. The 49-foot-squme door aILc\r$d muic!ml vol tages  t o  be brought 
out  t o  the  p i t  t e s t  arcs- 'I%@150-iiorsepotwr blover i n s t n l l e d  i n  t b e  pit 
behind suitr"J1.e nabcfitoo o r  block b,u-zicsdcs provided t h e  necessrxy flow 
of a l r  ovcr tho  tank surface. 

A s p e c i a l  f o m  f i r e -ex t ineu i shc r  system f o r  p ro tee t lng  the  a r e a  was 
instnl.led, consis t lng of a 1,000-gallon tnnl; locn!;ed a t  tho top of the  
lahorntory  buil4in.r; a CcntrifugcLL pwop, ad~diri~:100 pounds pressure t o  
the  20-po.u1d tcnk head; foe3 ?;upply u!id f o a l  proportloner;  two lilu'ge f o m  
nozzles a t  eocli end o f t h e  it, having c i g a c i t i c s  of .  110 g a l l o ~ l s  p e r  
minute each; and the required 2- t o  3-izch coiuectj.rly, pipas. For ex t in -  
guish!n,: 1uc.ilieed f i r a s  w:d prolactin: tile lrrboratory lx~ i l r l i tq ,  a 10C-
f o o t  i%uxtli::ry !lose t h a t  c?a be Cq~Aj~y.xl ..ritll ei.tlier a fox1 p1s.ypipe o r  
u ;mter-io:; nozzle was provided. Th? c?.yncity was s,r?Picient t o  cover 
tile f l o o r  of the  p i t  i i i t h  zbout 0. 7 f ~ o iof fom.  'nil:, rjy8te.n was con-
nirierci Pi:cqu:iLo t o  cxtl.n&ui.sh pos:iible f i r e s ,  b u t  t h e  l o c a l  cciiin~mity 
fLre d< .pa .~?~en t  f o r  ecidi.tiona1 p ro tec t ion  could a l s o  he  cwllcd b . ~ ~ . e d i a t e l y  
1.n the <?rent t!:at t h e  l i n i t c , l  : iater G12pply proved t o  be inadequate. 

!Lrr,e ccn t ro l  m d  obsez'v6tion n r c n  i n  t.he bu i ld in5  13 ttldicnted i n  
S i c w e  5. A i l  bir:h-voltise coritrolv RS xc1.l a? f L r c - e x t i n ~ ~ j h i l i n gcon-
t r o l s  a314 cuo!.t~e and cku~rcnt vn~reshuyc. cionitoring Cquipxcnt ru'e 1ocnl:ed 
i n  ? I  I : ?  Tire CI:i:.21:r!3 were u:;ed in racordLng the  tazk explosions, a 
LC-iiiil1.b:ctcr i.>otion-pict,m;c cr:acra loc;.tr*d netw the  ."it end ir Fustax 
cl:::'!r.n l.ocatr::l, on the  11uiLding roof. Tile F l ~ s t a xc rue ra  r e c o d e d  sny 
p!:uiro.:,.::>:l t h a t  occui,rad too rapi.dly f o r  wcurc<,.:,~? recot-ding by t h e  otnridard 
n.ovie ~l$'iiora, 
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RC.lJLT3 AND DISCIESION 

Measurement. of Fuel-Te.nk Wall Temperwture 

A lip>tning stro1:e h i t t i n g  the  outer  i i l r f m e  o f  a fuel-tenk v o l l  o r  
of a n t ruc tk r s l  member contnining f u c l  vrrpors slay puncture the  wal l  with 
a g o d  p robcb i l i ty  of prwlucing explor;ion om3 f i r e ;  if tha  w a l l  thickness 
i n  too 1ur;:o t o  puncluYc, tlie fitrcku Fricrenscs the  tenpernture of the 
iniler 1liIrfEIC~ of' the  unll. "he s t roke  w l l l  u sua l ly  cause a caiall c r a t e r  
of n:oltcn metal t o  folm in  the  outs ide  of the  wall, which produce, p i t t i n g  
of the  nurfoce. Tr,i:t of t h e  molten isotal  i s  dlcpluced by the  e x p l o n i ~ e  
Iorco of thi: cwlden heatin&, but  11mt nol.idifico to edrl t o  the h e o t  flow- 
ing i n t o  tha i i n l l .  T>e te;!p:rature of the  lluier surface  a t t a i n s  i t s  
mnlb.;ia voluc d i r e c t l y  under tho  pol.nt of s t rokc  contact  snd decreases 
rupldly  a t  ot,hor points along a rriri:,l l i n e  f r w  t h i s  point on the  inner  
nurface. 'Rle purpose of th lo  r cc t ion  i s  t o  dctemninc, both t h e o r e t i c a l l y  
nnd exp?rlrr~nLe.l1y, possible te~nperi~ttu-e-t lxe CIWYLS f o r  points  on t h e  
inucr nurfl:co of n fur l - tank vr,.ll. iiien li&\:nFn~ s t r i k e s  the  ou te r  s w -
rrrcc. The hnatme due in t'nese "hot pots" f.s cvnI.i~aCed i n  n l a t e r  sec-
t lon.  Synbols used m'e dcfined im apperdix A. 

lnien n d i r i chnr~e  h i t s  a p l n t e  m d  d.008 not punc{;iu'c it, the  heat is 
ccnducted io  the limcr c.l.,.Paco, the  tc:;.yr8tllre ~ n l n i n i ~  of t h a t  s:rr;a.ce, 
and 1:: akio c,r.iductcd rcdl i i l ly  from the  p?int  of sti'o!:c co! l txf  ~ n dd i s -
alpatoil in t:rc ?e,:ain,ler of the  pla te .  In t!le t.lieol'cLicnl s t t ~ d y  of the  
heat  t'lov in n p ln tc  (n;i,'l:i.Iix il), a i:.cck r:n the  sc.rfact: o i  the  p l a t e  of 
dcpth B ~ n dof squ:x.c cross  sr:ct lcr  is a-?%zed t o  1:c instr>:it%neously 
hcntcd LO a unll'onn tc ip2raiure  which, f o r  n l ig l l t i l in!~ dinchnrgc, is  t d e n  
t o  be c1:0>1t l,?GO0 Y, t!,c i:,slting te!,~r&ratu:c of slur.inum. Tile hect flow 
f rcx  t1.c block i n t o  the p ia rc  ! s  tlier. cnlc111r.tcd ?can tho  heat-conduction 
cyoctlorl t o  obtnirl tlic tr:::z?rot:n.e a t  a-.y i.oi.?t i n  the  p l n t e  as n .m?ction 
of t.:lc ti-c. T!io calc$r*ntiono ? r e  slicpi?Pied hy co.:pn~tin& only the  tcm- 
p:,ruti!res on the 1 n n . x  i;urfrc:: snl b y  lettin:{ the  bre.Gt11 of the  p l n t e  
tr~i>rw.ch i l r f in l ty ,  sl.ncc t!ie s i z e  of tl!c p ln te  dh-s no\  c n t c r i n l l y  s.ffect 
t!il h n s t  flow t o  'chc lcrlar s1u'l'r.co NO long us the  t h l c l a ~ e a s  is smcl.). cos-
paro.1 v i t h  tiio o the r  rlj~:.c~..;ic.i~o 01' t ! d r  plnte. Gr:-r!ll.caL ex:.::ples g iving 
';he ili;2:.cricnl ri::;:lle; uLtt:lned by usiris these oolutlons f o r  n hot spot 
d l l -ec t ly  !i;!der t1ie dll'ci:rir~rc rr?d :'or k point. ncru. t h i s  spot ore nlno 
prt?sc:>ta,l i n  ni.!-#?lldix B. 

'R'np:!rn.to~ca \$ere nric,~u'ed cj:perhiel:tally i n  t h e  levee cy l indr icn l  
o,~,;l;'o:>nrntc.l cl>!c:Ssr rlloi~1 in  i'l!;nre G co t hn t  t!le e f f e c t 3  of t empra -  
tur.:, alr:;l.rc:r:, o?? al t i tu , lc  covld also  be ritudied. fie niuulntcd d i s -  
ci:n;;,c + r s  d:r:?cte.i t o  thc  tc;:t p lo tc  tb:roij-h thc  hilP-voltr?(.,e b u s h h g  
i t ,  t:!~tog 01' V i e  t:u>li. A block dic;,rc:~ of t h e  t.hcii.ocouple ~;y>tr:ml a  
sliom in r!r!l:::e 7. 17i.r: t h ~ : ~ ; ~ o c o u > l e  ~ h i r l f l e d1iIl-c:i hlxl t o  be c~.ref~l.ll.y 
Ln thi. v i c i n i t y  of the torlk. 'P,;o shlel.dr;, Fr~s.ulntedI'rlro cnch o the r  a d  

http:s:rr;a.ce
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i 
ccnnected only a t  one point, were used between the  t>.ermocouple box and 

. t h e  i r a l l  of t h e  cllmbcr. llle outer s h i e l d  ca r r i ed  the  heavy discharge 
cur ren t s  t o  the  w s l l ,  vh i l e  the inner  s h i e l d  provided nddi t ional  shie lding 
f ron  e l e c t r i c  f i e l d s  and from any poss ible  u n s m e t r i c n l  current  d i s t r i -  

io!
,,

bution i n  the  outer  shield.  The thennocouple v o l t w e s  were t ransmit ted
W 
01'
1 
 t o  =he emplifi t ' rs  and recording equiplent  i n  ii multiconductor shie lded 

cable. 

I 'The ins t~vmonta t ion  f o r  these measurements vas s e t  up t o  measure 
peak t e n ~ p e r a t ~ e o  from about 5W0 P, roughly tt.e sponta ;~eoun- iwi t iun1 te!npcrnture of JP-4 fuel ,  t o  about 1,200° 9, t h e  melting po in t  of aluminum. 

i 
j The o s c i l l o g a p h  na3 considered the  b c s t  rietilal of recordhlg t h e  r i s e  and 

decay of the  t c a p o r a t u r e - t h e  curves nnd t h c  pa& tamperr.tures. Iron-
constanton thcl.t?,ocouples with size 36 wire were selec'ced f o r  t h i s  purpose 

I 
bece.!lse of t h c j r  rulerlunte sens i t iv i ty ,  avn i lub i l i ty ,  and s u f f i c i e n t l y  low 
t h c m d  i n e r t i a  t o  pzlit accurate mcnaremcnt of temperature va r i a t ions  
a t  a point. A box cbout 7 inches squcre m d  2 inches deep shie lded the  
themocoup?es f ro2  the  l a rge  s 0 n i ~ l ~ t e d - 1 . i g h t n i  di::chnrge current .  Test  
p l a t e s  of various rep1.efientaLive v h u  th icknesses  werc w e d  as t op  covers 

1 
f o r  t h e  box, and nlmulated disclrargc-s were di rectc l l  t o  t h e  cen te r  of the  
pla te .  The t l ~ c n ~ o c o u p l e s  a t  a point  d i r e c t l y  beneath the  

j 
1 

were placed 
center  of the  p l n t e  @nd on a rdi,d l i n e  Sr0.x tinis point. The thenno- 
couple voltages vere  eaiplified by d-c m g l i f i e r s  havLng a 9-megohw input 
h?.p2(lnace. The &!npl.ifier outputs drove ilrush recorders v i t h  an over-nl l  
sensitivity of rboilt 35O B per millimeter of pen rleflection. l l le moxlm~l  
cha r t  npced uP the  recorder lras 71 inches pr ;;inute, o r  about 34 m i l l i -

i 
! 	 seco:lr%r gor milI.i~:etor of chnr t  movement. A s e l e c t o r  switch was p r o d d e d  

f o r  vielring o r  racqrding wavefoms on a single-channel cathode-ray 
o s c i l l o ~ a p h .  

. I 

I l%e t h e o r e t i c u l  r e s u l t s  of nppendix B ind ica te  r c l a t i v e l y  low t e m -
pernture peaks a t  points  o U ~ c r  tlron t h e  po in t  d i r e c t l y  urder  t h e  d i s -  j 	 cilarge, and thc  explosion t e s t  r e s u l t s  of t h e  following sec t ion  ind ica te  
t h a t  wa l l  punct;n.es cawed e:Qlosions but t h a t  the rc  were uo explosions 
d e f j n i t e l y  a t t r ibu ted  t o  inoer-well lieatinn. For t h i s  reneon rnost meaa- 
w e r e n t s  vere token a t  the  p o h t  d i r e c t l y  iu~der  khe dischnree. The theo- 
reLicnl  tzwgei.:>.turc-tlnie c w r c  f o r  the  inner  suri'nec OX a 1/8-inch nlu-
minun p l a t e  with a block, unifolmly rald inr,to?toocously heated t o  tile 
12eltb1/: point  of a l m i n m ,  h-ne cnlxulated f r e 4  tiic equctions and curves 
dcvclop-d i n  ep2zndir B. The 11lozk was essmed  t o  bc 3.n the  outs ide  sur-
face  of the  p la te ,  0.5 centin;ctcr squnre tmd 0.159 centimeter (1116 in.) 
deep. 

F i f t een  >i&-currenr: discharges werc well  i n  the  exper iucnta l  phase 
of thc  v a l l ~ . t e r n p s r n t ~ ~ r c  A sec t ion  throu* t h e  cen te r  of ansZu;iy. c ross  
ac tua l  c r a t e r  ohtuined by ~iisclim.fjh(( a 1e.borntcry lir>t,ninl: s t roke  t o  a 
110-jnch alun~inlm ttast p lnte  is shown i n  f i g u r e  0. l'nin c r a t e r  i s  about 
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0.045 inch deep because of molten metals t h n t  h a w  been spa t t e red  frm 
t he  point of s t roke  contact. Iiowever, eoac o f  the m e t d  bbYoov the  c r a t e r  
f l o o r  van nleo heaten t o  the  melting point,  perhopps t o  a depth of about 
1/16 inch o r  one-hnlf the  w a l l  thickneon. 

Thc thr>orci icnl  t emyrc tu re - t inc  curve f o r  n 110-inch d m n i n m  p l ~ t e  
i n  n h m l  i n  f ibvre  9(a), mid the  corrc!>I>oi..dln:: expe~-julentnl curve is 
shown Ln f1ijui.e ~ ( h ) .  'ihc two c w w ; ~  agree i-ensona?~;l;,lyn c l l ,  The r i s e  
tir~i.3of the :.YO cu.ve$i iire r h u t  t t : ~nf33:e. 1 % ~u l i ~ t r t l y  dcllrycd, higher 
cr.d lo i l~ei '1.31lbof thc  e):::li.?&i.t;td CU-vc .'P-' ]i~ot:?al:, due t o  t t e  l a t e n t  

i ~ l~ . ! i l nu  liillchh e 4  of Pulicn o? the  aol.i;en no t  ~ S U ~ I I L C L O ,  VO~. I !~  tend t~ 
ntolu heat  a t  o c m o i a l ~ t  Lcr:r-rat,wc, ,lad ,;lso t o  t!io f a c t  <:.l$ai t h e  d i s -
chnr(ic vr!n not 1~1~i;rplicil iJint;mtnneously h ~ ' .  ou:s:>lio!l bca t  t o  the  p l a t e  
continuou!;ly f o r  rtbout 20 ull l locconds.  The ol!~i!Tly iiighur t a i l  on t h e  
e q > x ' h c n t n l  c~,.r\'o a t  the  lon[:cr t m c a  c r a  he eccol?nted f o r  by the  r e b -  
t i r c l y  liirgo r a t i o  of tilo somcc si.ze t o  the  8 x 2 1  of tlic thenlocouple box 
u n d  i n  the-cxp?rli:antal ~ c t u p ,  s ince  on LnTlnite p1ot.c tllzc wss 8:;smed 
f o r  t.hc t.tcoretlccr1 calculi\tlons. ;.n h l m r t m t  exi-.'rlr.le~itcl pul.6,leter 
t h a t  could bc ?nveotZgot,:rl ic ti12 c f f c c t  of .?.I air$;t?,?::n or, the hea t  flow 
t o  tho inner sori'nco. 'i:lLJ f w t o r  should co;!slderiibly vcduca the hot-
spot tcz?cretl';ou rr.<?nsu-rrd. 

In the  curv~?:.r. tlho>;~i n  figoro 3 ih9 referonce tr;)i;crati>ro 0 mny 
t e  trAi:n on thc tc:::.ir;~tl,ro of CLo i,?olt.cn o l r i i l i ~ : ;  .L!.us, i n  the ex.?zri-
wcnto.1 ca-c, tile i>r,i->;poi, ti..:~>ci.r.%vr.? r iGcs 'ro r b w t  5330 F i n  c:ioilt 30 
williscco;;.!i; w,ii.1 Gsot:ga Lo r,i,o-';.-l-f ~ a l - ci n  0.4 s?cood f r a !  t = 0. As 
I : ?  t . : l l  : l o , I S : k:3k ten:.;-:rntm'es 
v i l l  inn.rcaso ?::>ti1 th~: ti,l.oi:ri!;;r c.t v'i1.cii pi>?ct~';'e o c c r r s  La ;,irxhc-d. 
iiliil+?:.?I<: re:lults cl' the  cl- p l c  feel-tuil: tciifs  sliw.+ Lhet g:mi:t.:re 1.3 the  
ao:iL i' io r tn? i t  P n c l o r  :n c.-c~ii:sf u e l  i,,ltt!r::l, i t  vouirt bc oT < r l t c r t s t  
t o  <ei;:,rtin~ tllc Ll';.nnlont, tc.r?zi';;t!irs-i;ir2? ir:iuJ.~:c crrvc? \.?qld.red i o r  
i:?litlr,:r of ca:s;on fuelo ui:cd Ln a i r c r a f t ,  a s  illacussefi i n  the Pol.lci:t;13 
rccctlc!n. 

To dstci;$?!ie the r;?cclf:Lc coi;4itic.?n ui;;?r i:i~lcIlfu:l.s c r?  bc  
1 G-inch-cz:,ic r:i.:.inu:! t?:::::~&;:.:'21y Xlllrl u i t h  auint ion (:ocoli.ne 
o r  .lP-4 v . ~ . :r:trilrk l i l t in 
re:i,qo 1'. t o  90' :;zOCI.G;:? 

i 5  h:!;:~-~!vr?;r;it <iioci;r?c.s owi.  ;r . , ~ r s t u r e'L? :---
Sli i'r?;,;ii:ntlr, i.hc r;;.sblc.;t, collsidcr.-.tl.on vuG 

(;iw r z  by i:i.<!!, n;:d L'2iXX to i k c  fol;oui;l(< poaoii,lc .r..+chnnls:a:, f o r  i t v i t i n g  
f u i ? l ~ :  

( I )  'Tne i'u?]. in I ~ > i t e ~ l  by a hot bpot 011 tnc  1,811 of nn ~mpunctlired 
tank. 

I 
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(2) l%e dischmge penetrntee t h e  tam and appears on t h e  ins ide  t o  

produce t h e  c.quIvalent of apa'k igni t ion .  


(3) Em e f f lux  of fuel.-air ~ i x t u r eout of t h e  puncture exposes t h e  

f u e l  t? t h e  l ightnlnp,  outoide t h e  tnnk. The f i r e  then p r o p w a t r s  t h r o w  

t h e  puncture t o  t h e  i n s i d e  of t h e  tnnk. 


(4 )  Iocandcscent metal  p a r t i c l e s  ~hor ier  i n t o  t h e  tank vhen the  

1tg:ltnixg s t r i k e s  t h e  v d l .  


?tony l i e h t n i n g  stroken t o  a i r c r a f t  a r e  svepi, over the  suvface of t h e  

a i r c r a f t ,  i~nrlf r equen t ly  p i t t ine :  occurs without o c t ~ ~ r r l  the
y i m c t u ~ c  of 
ukin. It is of considerable Xnterent, therefore,  t o  r letemlnc whether 
ho t  upots on a fuel - tack j:aLl due t o  ll[<hti,ing t h a t  fioes not  plmcture ihe  
. d l 1  c o d d  cause i s l i t i o n .  The teir,pcmt~u.c-time paremeters pe r t inen t  t o  
mcchrullsn (1 )  $:ere considercd i n  the  preceding section.  l*ne tenlprmture- 
t h e  Er.?p::s f o r  ml alunlnml tank ri0.11 118 i ~ ~ . c n  9(b)) i nd i -th i ck  ( f ig .  

cote  that f o r  thf.' cxperh3~en?~11
20-cou101~b d i ~ c h a ? g e  the  inner-wall  

tci~,pcrntuce x l l l  exceed 460' F f o r  only libow:. 60 inilllsecoridu. lki8 is 

ep~~:ox~~. . r te ly 
tile slow s p m t a n e o u s - i s l t i o n  tempcr<rturc of ke rose~ le  o r  
.IT'-6 md.  coi-rc~jc!irls t o  &bout r"oilr..tenths of -the ou te r  &minun v a l l  
roeltin:~ t.r.t>i-rzturc o f  l , ~ 1 . 6 ~  ?'. The i nves t iga t ions  of reference  1 
ii!ox t h c t  i- i i t l ou  of n:ethnne-air and hydrogen-air lnixtures i n  40 
-.illl.i;r.ro:l 'G by 1!ot s i i , c s  rcqulr'es teliipcrati:reo ertir.-ated t o  exceed 
2 ,~00 '  :. icl.2 pc::!:ibly an high as 5,50O0 F, rtn increase  of 5 times t h e  
slow s p o n t a n e o l i s - i ~ n i t i o i ~  tc1a;Ierotures. 

The e q x r i m e n t n l  discl;nrceo vere 20 r.ill:seconds :n duration.  
St rokes  t o  t h e  fiidc h-aj.1 of UI expo*:e,l c i . r c r%f t  el tn-iX shoulA n o t  hang 
on t o  i:ny one point  cn a s~toot;iciu-face ?or .lor~!!i~'i ! ~ r : i t  1.0 mi l l i seconds  
b e c ~ u s eof tiin a i r c r a f t  motion. P l t  inrii%s 4;o:i; s t rokes  t o  :aircraft  t h a t  
have bee:? svept over n ,iiwo r  l ' u n c l ~ n cn,Jri'c.ce ? r e  :c:l~:r&ly spaced from 
a f e w  inc!ies t o  a few f e c t  ilp:,rt. Assu;:lnj m a i rc r r t f t  vel; ,ci ty of 140 
iiiph or 205 feet per second., tlii:; t rou l r l  coYrc:por,:l t o  a a.sxL~urntirrie dur-  
a t t o n  at  m y  n i i q l e  point  of 2 i ' c c ~ / ~ C 5  zcco~id 9 . 0  rnilli.sec-f e e t  y::r. = 
citd:;. i'nus 11:<fi::v of t h e  rhovt ~ t r o l i c  l:lir2%ions, .nLnfistrem3 cool ing 
~:i'frc%s,CIA rir;uli:~ni,1oi:i.r c::p~~ci~. '~% tezpcra l -~ras ,  itf u c l - t ~ ! l i i  \ .all 
6se:;:; ii-:;lob;:,ie t!,::t s'crukes th i t t  d o  not ):lmctilra r;iloulii !,2pitc u l r c r a f t  
focls. :t ri,mlri '52 ~!t:-?.!a5iz~d,OT counr:, ti>.?% :hi6 a:)i,lI.cs on ly  t o  
stroke.'n ihi:', arc -i:i:i:t :.nrI. not, fcr exr:,3pl?, t o  styokc:, Lh3t hnng on t o  
tlic trr i l l l i i ;  cdf;e of a scc t lon  rlrld n:?y e e s i l y  ir.qt for  pcrio2.s r=p~*,i,roach- 
, ;1 e n .  A3ditio:nl dn ta  on 1;he silort-timc i (yLt ion terrp::ruture 
~:h;?rt ictei . : :~tlcs0.C i~ i i - c ra f t  i'uelo 13.re required f o r  yre:t'c::r sns~fi,hnce on 
t h i s  point. 
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Frm t h e  preceding c o n s i d e r a t i ~ n s  the  question n a t u r a l l y  a r i s e s  
wh,-.t;ler, POI. short-duration Gtl'Cke ener6ics s l i g h t l y  below t h c  l e v e l  r e -  
quired t o  punctu'e the  t:nk wall, the  tnetul w i l l  be nees ly  molten nnd t h e  
t m p r r a t u r c  be high enow$ t o  igrrite t h e  Pixel. It is  conceivnblc that ,  
while the terzpcrntures woud yrcit t ly rxcccd thc s ion spontnneou.3- 
coolbuntion temperature of t h e  Tnel, t h c  tlme duratlon wonld be too  s h o r t  
f o r  i ( p i t i o n .  I n  order t o  invcat,ijote t h i s  pucs lb i l l ty ,  a s e r i e s  of t e s t 0  
wni l  rnerlc on tbc  G-inch-cubic tonhs of 0.040- m d  0.064-Iuch thickner;s 
"sing s t roke cncrgies a t  approxizrijtely the pwictm'e eneriqy level ,  i n  
which Z3 dlsc!~tll.(;es irerc f i r e d  t o  the Err ies  of tor&s. l%e s t rokes  pimc- 
tlircd the  t o n k : ~l G  t t r ~ e uand frsile.3 t o  purlcturc them 37  tirces. In every 
cnne R bJp~inctureWRB ~CCL::~UIIICIIi.n explosion, uid i n  every caso but  
one n f f l l lure  t o  pi:lcturc pirxiuced no exillosion. The renult:3 of these  
testi l  wcre vcrLfieri i n  suececding t e s t a  oil o thcr  phases of t h e  problem. 
The one ezp1u~;ia:t t h n t  oacux.red without fuel-tank puncture w a 3  due t o  a 
6ischr.r:;c t h r ~ t  nc.:lclent:\lly strucir the  tiink o few inches firm a vent hole  
ond posnibly threw n spork i n t o  o r  near the opening. 

A photo;jrepIiic nequencc of f i e l - t a n k  i p i t i o n  by an a r t i f i c i a l -
I iggr :nit%< dil;c:har!:e ttlt'.t punct.wfd the  tank w a l l  is otorm Ln Pi&ure 10, 
us recor.!cd b y  n Pnltkx cclmr'ra The dlrchtlrge co:!tnctcd the  renr  of t h e  
tr,nk, bu~.nml~1 I I O ~ P  t h r o u ~ hit, t~nd ign i t ed  the mixt;~~.c within n f c v  m i l l i -
nec,,nds. A c i n i l l x  ccqu-rice i s  hliorrl i n  f i e w e  11 foi- a 360-mph xind-
stre?:* nn:l w i t h  the  c lect rmle  o:i toy  Of t:ie ta lk .  Althou~@a longer tlme 
rrns rctintred f o r  p.!:lct~u'e of tllc sucond t:.c&, the cxpl.osion fln,nefront 
vc luc i ty  inp;.?:~?~ t o  ije rbout the :icnic f o r  C . Z C ~CRSC, a s  doe3 the tfir.e 
re  ,oirccl fo: the ti.:;:ra t o  c r ~ l c d o ,  which is Ll?se t.l?tln 40 ni l l i seconds .  
'Rlc r9ixtirrc:i i n  ench tork  vcre f::irly close t o  o p i i r r . ~ ~ .  

A skatch o f  tl:c t e s t  arr:ir:~os:rnt f o r  these  fue l - t ruk  a t u i i e s  l o  8 h v n  
in f i l ? ~ r c12. 'I'i,c fxl-air riltto:; !,,:re l:cM Ln t h e  cxpl~osilre rtmec during 
ti:<? t c s t 3  nr, rccir<?.c& b y  t . 1 ; ~ 1ii;CA f u e l - a i r  snn1yzs:r. Tezi2rriturcs of the  
Pucl ul!re co::trolled r-~d rceo13cd. 'me foo l -a i r  r a t i o s  v r r e  control led  
by hlvvdlr . :  tlir nlcvly i n t o  ti;e tar!!; 1:xtj.l t i i t  propel. mixture w& ob-
tnlnc*. 9'Jinn t o  t l ~ e  ".O..6eco~:d dciny of the mf~.t:~:e annl.>-rt.r in rcco-4-
in,! ti.? fuel -ni r  c i i x t ! ? ~ ~ ,t1,c c;i.xtt;rc raltcs o r  c!i?:i;c ?!err k ~ p t  low t o  

I : : i t t r 'i?:c ' rn r l s  vcri. nori?n3ly f i l l c d  not tnorc 
t t :m 114 lncli i,:tl: fuel .  Cxr.:-.t:rntici~of' t1.c nri-;;R where the discharges 
occ;irr.cd iiitl:,~:iit ]~u::cLui'c i n v : , r i ~ b l ydiocloscd fir.,? cracks, pro'mbbly due 
t o  ?!;c loci%! I,~:;?.fni: iu?d coolin,:, t!!iit exlcr.2e? t h r o u ~ h  thc  tn rks  iu>d 
pr:l::l',t-?.I Fuoi  t o  i c ; Z  :.,ut. Ti.;::c -ce not  co,:sid*:reri Lo bc acrious,  
sinzr. thcg pr.-.'~t.!>ly ccctrr;.i.,l :rC4.cr t h e  rcotzl hod coole* atid no extcrnnl. 
:'?re- occ~~r;.eri. A j ~ ! ~ ~ i ~ ? , : i ~ r ~ ~ r t i p l iof one or thcs* m a s  19 shorn i n  
fl,.~.irrl 1.5. 

:;cr!., n :;cries oC trd.::; u2:. p~:i~ct,urcdby 1;exvy dlschnrecs r h l l c  the 
I:~XLIII-CI Y:.:; v:~ri . \ l .  In neti1.1;1 cvcry cnze the tnN: explcxlcd over c r s g e  
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of mixtures frcm 0 t o  100 and 100 t o  1.60 exmapolated beyond t h e  n o d  
nnolyzcr r m g e  of 0 t o  100 pwts per thouesl~d. The onalyzcr was e x t d n e d  
t o  deten~sinc  rrhclher the  indications were incorrect ,  b u t  pure Rir pro-
duced a reoillng of zero m d  vrm f u e l  IJI the  tank drove t h e  analyzer off 
sca le  ~c.nt  100. I n  oridition, explosion yresaures were n rmured  f o r  a 
rcnze of cl>:t~n-es. The pressure8 vero hi@ler Fnuide tho  60 t o  00 r w e ,  
g o r * c r J l y  Bursting the  t m k a  and rawly coifliming t h e  accuracy of the  
mixtu-o onalyzcr. Only JP-4 w a s  uceaj .n  inveet ient ing hot-spot i w i t i o n  
of f u r l s ,  since it vnu conveniently in the  e q l o s l n ?  i m g e  a t  room tem- 
pernturt? mid C L E O  hn4 a low epontm~eoucc-igoition tampmature; b u t  both 
.JP-4 s i d  100/130-~cr.'ie avia t ion ennoline >rere uscii i n  the  pressure meas- 
~.u\>r~ients.Ekrploslon of t h e  tenlcn a t  cxtrc!.naly l ean  mlxturen was a t t r i b *  
11tf:d t o  i lonequi l ibr lm conditions: a 1ee.u r zb tu rc  i n  t h e  ny,ace over t h e  
f u c l  ,l:lich the imalyzer urnpled., 8 co~>;bur%tible~ l l d  n ix tu re  a t  the  fuel -  
air  houndmry i p l t e d  by opmk ohoxcrs from the  puncture. Photographs of 
spark shov.?ra f r a n  punctured altnninum sheets m e  sholrn i n  f igure  14. 

To meacme ovci-rich mixtures, which were n o t  mewured b y  t h e  mixture 
a m l y ~ e r ,  spec i f i c  11xturen were obtnined b y  ~ l l o c i n g  p a r t i a l l y  f i l l e d  
f l le l  tc'.al:s t o  c o x  t o  equ i l ib r iua  n t  p a r t i c u l c r  tempcmtures. For e r m -
p k ,  tuikn with gasol ine  hcld for 5 minutee n t  80' F were c;swned -to con-
t b i n  e~ext rcze ly  ovci-:ich midiu-e. R m c t ~ r ~ F o &  causerllnci~argcs d i d  not 
a1 eQlo:;ion, but  a f i re  v:?s stfir ted st the  plsicturc hole  t h a t  continued 
f o r  1IFIILI~C1nt4.lput out b y  an extlr.&~ii~er. (;nsolSne h e l d  a t  3z0 F 
dlrl. notc:>:plodc; I ~ O Y C V ~ ~ F ,  D i n -JP-4 d i d  e.xpldc a t  t h i s  i;c.apri:tci.. 
chc:?geo t:?l.o;r the  l iqu id  l e v e l  p r d u c e d  f i r e s  a t  t h e  puncture p d n t  b u t  
no ehylonione. 

In mAyzl t lg  the  sequence of e?Tlooion e x p r i n ~ e n t s ,  t h e  mechaniomo 
li~tC?<l b::einnFn& of ~?ppzr*rt he  most l i k e l y  a r e  fit th in  cection th2.t 
the  d i r e c t  r.wlciw:e of f u e l - t n a  walls Pol lm~ed b y  (2 )  explosion and (3) 
ertcm:>.l firt.8. %ni t ion b y  (1)hot  o p t s  eeer;s bnp+obnble on t h e  h w i s  
of the  iuve6tir;ntionri of the p reced iw section,  nnd (4) the  ~ l ~ ~ r f n g  of 
:,"=-kc ja to  3 tn*. irlth no put~c'curc r;ould be even more inijrohzblc, oincc 
the  vall would probraBly tlot bc ho t  e n o w  t o  u p u l c  If it wouX no t  ifgIite 
tine fucl .  

Althou((1r i n i t l n l  r?,::r;srrrc:ncnts indicated t h ~ t  l i&htnl.n~-discharge 
c ~ u r r c ~ ~ t s1,rcz.uco oi' tli.3J.r r>~.ocit encrgles Irere r'apr;ble of j p i t i n g  f u e l s  
ovvc c. ,y?atcr of mi:.:tuna sperk I@-P<;.I~&o t l int~ iiould be poosible r:!.th 
t i c n ., "r?~.t,tlc~:lai 'lvi i i th  lec-! n ixiu 'cs .  bn::icr.llv t h e  lnvc:iLlnations 
ohotrtd. g*ncri;l c3;.ecoent ;rlth c r i s t i n k  f i e r a c b ~ i i t ~  &e~-rich mix-data. 
Lure?; .,:rrc not. c::plaled. but  ry,:,crnial f i r e s  cccurred a t  +;be puncture 
holes. U o n  n!,:tw'er; 'rere ignited,  b u t  i m l t i o n  of lean r.rlrture:; due t o  
r3l.cta ( e . ~ . ,  IYosz ~3l . t r . t ion)  hl.5 bsen eenoral.ly r e c o ~ ~ i r e d .  Tie explo-
s?cn t v zo rd  is  cons1dr:red t o  he  more bcriow; Lhon t,he f i r ?  h r . z d .  Ex-
t c n r a l  S i r e s  can occur rinellever a Suei- ta lk  wr~1.l is punctured, with any 
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fue l ;  but n i r c r t P t  f i r e s ,  thou'$ a nerious matter, c m  of ten be  controlled.  
Becnuoe of the  low rlmsc-propa,~otior. rnten under eny bu t  extreme condi- 
t ions ,  these f i r c u  ore sor~etinea c . x t i n ~ u i s l ~ e d  ome-by the iiindstroem, 
tirlcs by opcci:ll :s.tneuvero of the  a i r c r a f t ,  or  by c'wbon dioxide systems. 
I?%yloaionn of f u e l  tnnkn, on t h e  other  hand, can r e s u l t  i n  severe s t ruc -
t,ural d::nill~c o r  lonn of the  a i r c r a f t .  For t h i s  reason, t h e  most s i g n i f i -
cnnt lni 'ornstion recarcling t h e  deercc of hazard is prohably the r e l a t i o n  
of the  fl~;n~n.b,lrility vru'iuuo f u c l s  t o  the tenperatureo rilnecs of a t  irhich 
lnoct lip>tnini( s t rokes  t o  a i r c r o f t  occur. 

LTRX recoxdo s!;<>w t ha t ,  f o r  103 l iga tn ing  strokes t o  a i r c r a f t  on 
daneotic S l i ~ h t s ,  93 pcrccnt occu.r-rrd within 10' C of t h c  f reezing tem- 
pcraturo, or  from 14' P t o  50' F. This tc;.~pernt-we rm:r:e includec t k c  
f l r m ~ r ~ i ~ b i l l t yrw!gc of SF-4, ir ;  Le1.o~ tho l e a n  Ihit f o r  .JP-5, JP-1, o r  
l:cror;cne, wid inc1u:Lca the r i c h  rcgion f o r  .lY-3 and the extre2.e overrlch 
rmi:e f o r  nvtntion ~ a s o l i l i c .  'l?ius, tnr: nrtfezt  f u e l  with r e s w c t  t o  
1iir;ntninz hnzudn would be Rvletipn gi\sol.ine, with JP-4 t h e  ,dor!;t. 'Ihe 
1;liPety of JF-1 rud .TI'-5 appsr,.rs t o  depend on how read i ly  they 2onn mists;  
a lso ,  t h s  prec?.:ic mcchwisrb by vhic l~  LTRI obtained explosions of lcan 
mixture0 rcena fi.rt,her c la r l f i cn t ion .  

1% c ~ f i e r t n t n t ~ f lresvLLs huve been confinned by recent  fJi@t-d3mnge 
rcporto or l?~gl:litnincntrokea t o  a i r c r o f t  f u e l  tnrlks. I!oles in tnrblcs from 
lit;htning, n ~ n s o l l n e  f i r e  i n  oi;? te:fl< t h a t  burned f o r  1 5  r . lnutes,  a s  
wcl l  ns m exploeion of n Jet. uircrm:t ,r ingtip fuel. t n : b  2ust  :rfter it 
hrxl been , ]C t t i60~1~3iw.ve dl been rcpcrtnd within the last nLnc months. 
271113, no other coilc1t:sion c r .  be rcnt!ied bu t  th-t  Jut  fuels ,  JP-4 i n  
pnr t i cu lm,  prcscnt n much ao rc  severe cxplosio:; hnzwd thon ev ia t ion  
gn?olinP!, vhich 11cs slil;m a i.;oorl s t s e t y  :-.cord t o  date. 

In orA.l;:r t o  detenainc the  cncrgies umd c h n r ~ c  t rmls fc r s  required t o  
puncf .?o vnrio.l:i thtcb!c::res of n l rcr i ; f t  n l ~ ; ! n w ~alloys.  75 hizh-current. . 
Intorii tory d!:icbis,:es c l t h  nrd vIihout rrlndotrc;..~~ verc f i r e d  t o  t e s t  om-
p l a s  of thrc.2 e l foys  co::zo~:ly iisc.1. for fuel-ts!ii: ml1 .a .  T>r a l l o y s  t.:erc 
:!024-T3, S!>OS-iil4, and €061-'i'3 !n 0.0?0-, 0.020-, 0.064-, 0.091- and 
0. 102-i;,uil i!ilckn<:!;:;e:;. k tr:r;z~.a?iidoublc-v-r1.l c o n ~ t r u c t i o n  tins used vit.h 
tire tw thir.nczt, :;i.::ples t o  cx:>.~!nc the rely.lve mrits of douh1.e-wall con-
ctr.lct1cn a;n!nst :;injlc u:kll:; of equlvolent. t1ilcP~~~ess.  The walls were 
spcs.c<l 111, 114, 1/2, 1 o r  more inchfts n!~.:rt. ?kc a?tif icial-l i i7;?tnIng~ ~ - l , d  
dl.:;cl!n:-,:zs discussad I:, the Af'Pi..?bf<TJC,iJ:D K13C2DilX: seotlon were llsed t o -
6etbcr  t o  p r d ~ c c  n : ; injlc stznrlari. cccbinud disc!,nrce. it3 discussed 
p~cvlu;lsly,  t h e  !>r~:dc.:...%:i::~tf a c t o r  i n  pi:nct,.irr of alu!llllu? tank *a l l=  io  
the chr.r,;o trtm::fcr or the 1on;-ritu'ntion low ciu'rcnts end of the i u t e r -
ae,tt l n t c  cu2'ror.to; hcwver, .rlncc th(r n c t a l  eros ion f o r  a Liven 



charge t r a n s f e r  is  modified t o  some extelit by the  currenL ma.qnltude, 

i 
i 

r c l a t l n g  ~ o e t d  erosion t o  chwge t r a n ~ f e r  Is of course an e.pprcximation. 
Holes burned in  the  c ~ d s  of v i r g t i p  tar& ta i l cones  by n a t u r a l  Ziyhtning 
( f ig .  15(a ) )  can be compcred ulLh holes .?reduced i ~ inlroninum shee t  by 
laboratory  dischcrgcs ( f ig .  15(b)) .  In  -:he 30-coulouib l abora tc ry  d i s -  
chnri;es, t h e  ho1.e s i z e  ve r i e s  considerab'y with the  cu r ren t  ma&uitude. 
The standard discharge t h a t  L'Tl?I has cdir:~ted a s  represcntnt ivc  of otrolces 

1 

V 
t o  a i r c rGf t  w i l l  dup l i ca te  most of the  d,un,age donc t o  a i r c r a f t ,  hu t  it 
should be noted t h a t  occas!.onnlly there  '.;111be s t rokes  t h a t  ma7 exceed 

I 200 c o u ~ m b s  by a cons3.dcrnble mount. 

Tile co;obSned n r c i f i c i s l - l i g h t n i n  dischareen f i r e d  t o  the  various 
a l loys  produ::cd punctures i n  a l l  tliickaesses throu& 0.064 inch b u t  in i 
none o r  the  n l loy l  0.001 inch o r  o e r  with t h e  exception of sorrc i n  t h e  
wind.strenm t e s t s  i n  vhich the  vibra t ion cauacci the  ar:cing elect.rode actu- 
a l l y  t o  contact  the  alumin~m fiheet. Oving t o  d i f f i c u 1 . t ~  i n  nixirltaining 
the a rc  with the  ~ i r f l o v  present, the  rrindatrebul t e s t s  wore not. considered 
t o  be reprosentrttiva of natilrsl-l:*tnQ discharges under vlr,dstream 
condittons, fiince the  arc  was confined t o  one point,  b u t  they  d i d  provide 
valuable inforinatton reg-.rding cool.ing end o thc r  sccoitdwy crfacta .  Use 
of higher potcf i t in l  long-dtu'ktion current  sot~rccn or.d a 1N'eer wind- 
trmnel sec t ton  would pellnit lony,?r nrcs t h a t  would be more rep resen ta t ive  
of n a t i w a l . . l i ~ t n S n e  dischnrgea t o  a i r c r a f t ;  howevcr, t h i s  lrould no t  pro-
duce conc1u:;ive infonnnt io~las t o  hazard, b e c n u c  the  vnr ia t ion  i n  
l i n i ~ r a l - l i & h t n i n &diechcrcos i n  s o  &Tent t h a t  no rcasons~ble value of 
s t ronc inmsituEe c c n  be Ee!.ectcn a s  a "prohnblc s ? m c t c d  innxiia~on." D i s -
colora t ion and heat  E l s to r t ion  of the mettil, not.?d tflihcn no v i n d s t r e m w n a  
used, were a l i o s t  t o t n l l y  8bsent with tliu wi~idat-.-em, ixd ica t ing  on ex- 
tensive cooling a:fect; the  ~ : . c tn l  erosion was c l a m  m r l  o l i & t l y  r<iore 
scvere, apgiircntly becnuse of the pI.entiful  suppLy of oxygen. It is 
int,ercsting t o  uo';e t h a t  f l i&t -dsma~e  repor t s  have rietrtioncd nimil.~xr 
ef fects ;  f o r  exn.Zple, 07ie roportcd t h a t  "burned spots  on the  toni, r e -
sel%llling me21ent21.y touches by a cuttL118 torch c l c w l y  Indicate  tn :~t  d m -  
il&e vis do:-,e by a li6$tning str:.ke." I n  testfl  of double-wall sect ions ,  
O.O/-9-inch u l i r ~ i n m  had t o  be sepai.ated 3-14 inch t o  be equivalent t o  oita 
O.OJ1-l.nch .wxLl, mj. dou'ole-rrall sections of 0.020-inch a).uziinu;n were 
pijnctured dhen seprsrctcd over 1+Inches. Photop,ra?hs cf the c f f e c t  of 

the  di::ch:rry,as on z.lu;l.imn shcet  a re  shwn in f i&ure  16. 

The hoirlcdge of tlie o~recplng e f fec t  of thc  n i r c r n f t  motion in ra-
dncli::: thc  locs l izcd pi'cting by d3.stritittinf: t h e  stlaol:u cilcrgy over  a 
Lol+f:e !ir? e a r i l e r  pen.ilttcd s o c  optim1.m :'egai:&l.n(r, t hc  r~ccfi f o r  
1tghtn::l.i protectioli  of fuel-tnn:; s ide  walls. As tm eraicplc, the  e f fecc  
of a i rcr :~Pt  r?otl.on i n  svccpinp, n a t r ~ r n l - l i ~ h t n i n g  dincharges i s  i l 1 . u t r a t e d  
i.1 ri( jurcs 17 w:d 18. Jn the  t i p  t t i n ' ~  ta i lcone ohmil in  EICnre 17, two 
small p i t  mark3 are slioirn on the  s ide  cp.11, but e rnclernto-sized h o l e  may 
be seen a t  the  r e a r  6;:cre the  stroke could hmig on f o r  on extended period. 
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Ho1e11 i n  0.020-inch a i r c r a f t  sk in  m e  nhonn i n  f igu re  18. The s t roke  
apparent ly  s t ruck  a long wire entenna a t tached t o  a WF rnmt l o c n t e l  at 
t h e  l e f S  nnd vas conducted along t h e  wire and down t h e  e n s t  t o  t h e  base 
vhere it burned n l a rge  liole ao t h e  a i r c r a f t  moved fonratti. A t  t h i s  
point  it probably brcke away f r m  t h e  m a t  t o  burn t h e  s e r i e s  of s m a l l  
holeu i n  t n c  t h i n  liluainum sheet .  

Althou* the  otarwl,%~-d lcbora tory  dischuxges considel.cd t o  be repre- 

uent,utive f o r  c.ircr'r.ft ~ t m c k  i n  flS,p,ht d i l . n o t  p w ~ c t w e  alwnlnum nheet 

0.031 inch thick,  it Su f e l t  t h a t  co;.:alete re l iwice  on t h i n  wal l  t h i c h e s s  
For prst.?ction f r h i  na tu ra l  s t rokes  t o  a i r c r d t  voqfld n o t b e  j\lrstified 
bcc,?vnc of the  occaoionnl. s t roke8 t h a t  e r e  imom t o  coritnin connidcrably 
p c n t c r  charge trcnofcr:l t h r ~t h e  200 conlcr,.iDr, uscd i n  t h i o  sci?uence o f  
t e s t s .  N t n o u ~ h  t h e  p roh?3 i i i ty  of such n d i s c l i n r ~ a  t o  a fucl-tlulli s i d e  
w a l l  i t l  on*?ll ,  t:ic connci;>icnces w e  GO se r ious  t h a t  odfi t t ionnl precau- 
t ionn w e  f e l t  to he nccc-ssrzy. Such n&di t ionzl  p r c c z ~ i t i a l s  could include 
r i b s  oo t i p  tni..n, locnt,ion of tanks  n>iay from the i s , . e ~ l i n t e  t i p  nrea  where 
l i f$ tn iny s t rokes  are most l i lcely t o  occur, use of fu::l-tank l l n e r s  i n  
c r i t i c u l  nrccb9 ncer t h e  .rtngtip, o r  thicl:?nin(; of t!lo :rip% use81%~1 of 
l i&tni 'ng d ive r t c rn  t o  d i v e r t  c t ro lmi  from cr.iticR1 a reas  8:~1cIi M f u e l  
vents. 

Ii1 t h e  Lrcccdjnfi i;ectlona of t h i s  mpo:t ,  rcl'e:,cnccr, hrive been m c d e  
to LY'ilX d a t a  ca 1l i ; i : tn io~titzol:cs t o  ni>'cr?.Ct. Fe r t incn t  ::octlons of 
thu::e dn tn  cr.: pr:?acnteil i n  fii:t;:rcs 19 t o  21. Tiic distribi:l:t:,n of l i g h t -
Ii:.na :iLroi:-a w i t i i  Lcr,.pcr:t,vrc l o r  doz.'stSc r.Jrlb;c fli;,itn is shorn i n  
f ; 9 .  Orc.  90 p?:.ccnt of t h e  stroi,:cs Ccr %ii!.c!l t h e  tc::t].?r;<.t;ures 
), . .. t.' un rcco:iiu:l occlii.r;.d v i t h i n  211.2 I , ! , ~ I ~ coP +1O0 t o  .-IOU C, and 65a 

p!;'cciit of t!ic t;tvo!:i?;; occvrrcd i n  t11c rri?i;o or' 0" t o  3-j0 C. l : i i ~  is 
not  su.?,jrln?.!;[< in vieti of widely ucci.ip'.ed of t,iiur,.jt:rstonath2 r ~ ~ o l t  thr:rcy 
e l ec t r i cL1  c b n i y ~  fo;;:~ntion by scparetic: l  Pcros:: the ?rc.::r.lne, lcvcl .  

It tias bzzn su;:,;cstcd t,hnt t!>e utJ>o!;es 3x.e @o~ri;?ilabout t!le !'reezing 
l c v n l  kr?cnr:;e it h:,: .:I:; t o  coriCrp::.xi t o  thc i:o!;t cc:- r#:~fli:.ilt a l t i -
Lutci;. "I%?IZlX dn! -, c.1 tllc ~1Lstrl 'cution of st?o!:i?!> iiiil,  z.ltiti:r',e (fie. 
20) dis!,?ou:.: t h i o  t!?:;ory. 'i?~e+;,?clete, ~!!ic!i 6!1?d t:~::.t t i # : ?  t~t?o!<es 
oca~rr~ ' r i in t  i;o p::-:ticuli'r r.l.titu?.i.!;, iirriic.rte that. %I::; pr-c'or>~l.lity t h a t  
or1 r.irciAr,.:'t , r l l i  i,~.ct~ , :c lci,; rclr.tcd t o  iti i>:os?.!nity t o  tho i r eez ing  
1evi:l. :!ase ::rri',,.g ocilurr~,.lr . t  rrltiti?:es of 6,CCX) I'eet o r  over i;:iere t h e  
c1oi;l-lo-,?l.ci!l r!lr,ci,r;.'c::i of )a-CUT.-cti t  !.!i:;r,itu!.:'; c;!4 high-c1;sr~e t r ans -  
fv1.3 1 2 ' :  i;.+iz CO:;::O,I. 'f:ti!; i s  i n  L:.?.,-:.-:~I% I?(?;! the *dal.ysio of 
ll,:htriin,:-.<~..~~i~r..:~i v h i c : ~chv<o thr.L a substcultin1 propor- i ~ l r c r i i f t  pxrtn, 
tlo:i of zuch P I I P ~ S  hi@-cht~rp,c t r cns fe r s .  IIOVC ~ L I E S C ~  
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The a n a l p i s  of t h e  d i s t r i b u t i o n  of damrqe presented i n  f i g v r e  2 1  

shows t h a t  n ~ubn ta ! l t i a l  pcrcentuce of s t rokes  occurred t o  t h e  wings, 

which i n  malern ;\ii 'craft src the .pr inclpn1 fuel -s torage  locat ions .  Fig-

ure 21  i s  based on 431 inc idents ,  r!f,.Lch is considerably more than f o r  

f i g u r e s  19 nnd 7.0 b e c ~ u s c  most ~ t r o i c c  r e p o r t s  received n c o r d  t h e  p a r t  

s t ruck  bu t  some do not  record  tho temperature o r  a l t i t t ide .  


Idcdrl Studies of I.Iost Ll.kcly Points  of Lightning S t r i k e  

Pli~ht-d.i.~nr.;ir6pol-t s t a t i s t i c s  are a e r e a t  a i d  i n  evaljm.ting hazards 
became they p ~ o v l d c  gencrnl  information cs t o  t h e  most 1P.ely po in t s  f o r  
l i gh tn ing  t o  i;trllce. I.!odcl. s tml i e s  ai'c nlno e f fec t ive  f o r  ~tudyil!g c r i t -  
i c a l  N'rffi of u i r c r s f t  i n  n o ?  d e t a i l .  Althoufdl exten:livc mwlcl s t u d i e s  
were not  con t t ; r~ lu tcd  i n  t h i n  inves t ignt icn ,  p x e l b i n c - y  s tudiea  i n  an-
o the r  inv(:.stl8e.~:lon indlcrCic thnt ,  f o r  t h e  .xjnzs, t h e  most viilnerable 
a reas  a r e  th:: t i p  weas cnd t.lic m e w  behind t h e  prupe1h:rs on propel ler -  
dr iven x l r c rn f t .  D i rec t  Gtroken 'co t h e  v j n z t i p  and stro!r,os t o  t h e  pro- 
pel.leru t h n t  can he swept brck by t h c  c i r s t r e m  over e i t h e r  t h e  t o p  o r  
b o t t m ~  o f  tlhe ::ing w e  a o s t  probz?.bIc. Tro-nil l . icn-volt  dischs~rget; t o  
racdr?l a i r c r a f t  are rhcnn i n  ficur'eri 22 t o  7.4. Disclnr( ;~s 'GO two ioodcl 
a i r c raCt  ( f ~ g o .  21' s:x: 23) i lLuc i rn te  t!ie hi&:^ pro.ahbiJ.i.ty o f  v e ~ t i e a l  
6tro::es t o  t h e  uer';tctnl. Pin. Strokes t o  t h c  in:mlcl PLWI vsvious nngles 
p e r x l t  evnlcr.tio:l of t3o !,iorit prob?.l.i,lc pojnCo of l i&tni i iz  GLr'fIfe; w.S, 
by xwc of .??1i;.?ci~sillrtc-~i7e< scctlor~r; ,  so.ne\:ilnt inore a u t a i l c d  i n -  ~ ) e 2 s l  
formation i;ay hc  obtninc?. Thin Jxfom:riiou, us ~elck.cj.t o  t h e  a i r f l o w  
direction, permits f a i r  e s t i i r ~ t e s  of protcctioir in t hese  c r i t i c a l  a~=ees .  

The streszper on tlie rrlnztl'p of tho a i l ' c r r f t  i n  f i g u r e  25 i l lus t i -a te5  
c- f fcc t ivaly  thc  nechonis~.> of 1 i ~ : l t n i n ~ - s t r o l : e  o.pproach t o  8x1 n i r c r e f t .  
i i i -en t h e  c,lvr!ncing s t e p  lcmlcr of a ll.;:htnin," otrrrkc i r c ~ . s  t h e  x i rc lmft ,  
sn .Snter!se e l e c t r i c  fFel& i u  set up etid coroxn ntrcr:.lors p r d u c e d  b y  t h i s  
f i e l d  ic?.ve t h e  a l s c r a f t  frcn hl.@i-gr;iiie~; poFnLs Lo a e c t  the  s t e p  
l e d c r .  T:lr :;tep 1~.::?crcont+xc'i:; tLa r r i i c rz? t  tkxo.q,ii one o r  more of t h e  
8 t rcPiero  en4 r n i s e s  the  r . ircroft  notentic-l t o  a vulue SlSPic icnt  t o  pro- 
d!,.~:? ~;t.i'cc.:?rso;f t h e  opposlte eir'crr.f'~ e::t,rt:!:il.ties. I";ies? ztre?mers 
foi;l thc rtcg !cr~. ! .~: : ;f o r  f~r- thcl -  :;,u;ncc of tho c%ro!:e pest t h e  n i r c r e t .  
The fci:~,:;:.!.;;:~ of rL-s;.,:::rs i.:j Ltcer rn iw~bby t h e  e r t e i i t  of tile f i e l d  d i a -  
tor t102 r?!cut tk,e vl.ri:):;ft. %,::.ir f c ~ : ~ ? c i o nUE?~: i.he u i % c ~ c . t ~ t  is  :n:ob~:dIy 
affected '37 t!ic !:rcsr;~~;'a vouietl<.::ir; cr.:::;cd b y  i o c u l  tul'hnLencc; hovavcr, 
l,hic hi:s not Lc;:n dci'l.nitcly c:!;tabl.ishc-d. 

i : lcct?olytia tcnl: p l o t s  of c o ~ ~ S i . ~ u z ~ c t l o nt!lo e l c c t r i c - f i c l d  r?l,out 
t h e  H ~ . I . C C C ~ ~  a c~L;?J: OP tile ex ten t  of' thc f i e l d~lcr.L.1Irlr;o gLvd pSctu~~.il.~ 
d i s t o i i i o n ,  viiich 11;o:lly i n d l r - c t i y  113t:ritmted by i;lotc%ruy<io of s t r o k e s  
'GO n mo3el. t,!~e1cs'ci.ol.yi.i~ t-.?!: j l lo? of tthc e l e c t r i c  field nhollt t h e  
md.cl of f i c w e  % A  i o  r:,oim i n  Pig;uz.c 25 Ju!;t hei'crc and nl ' ter  n liSt-
nlng s t roke  cmitilctn t h e  t ~ i r c r r E t .  'iriu cx ten t  nqd i n t e n s i t y  02' t h e  
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e lec t r i c  f i e l d  are maximm *out the nose md wlngtip fuel tanks, aa in-
dicated by the ~ p s c l u gam3 shere of tl?e e q ~ i p o t e n t i e l  111123. T h i ~is i n  
w e w e c e  with the hW-voitage sts3ies; which showed ebout equel proba- : 

b i l i t y  fo r  strokes t o  the a i r c r a t  noee or  fsont of the wingtip ta* . . 
(fig. 24). $?ore cxteasive s k d i e s  of t h i s  t y p  would be valueb3.e i n  gen- 
e r a l  ddvelopnent of protective ffieesures, especially in stwiies nf partic- 
ular area3 of specif ic  alscraft.  

This  experimentel invast:a?.tt:on of the w i o u s  mecha~isms of fuel-
t e a  explosion due t o  ligkktning stroisec reveals that  there is a primary 
hazsz5 v3s.nrl-er there i s  direct  pu~c tu re  of the fuel- tmk w e l l  but that  
tbe i@itLcn of f u e l  by hot spots on tcnl: walls nithaut pmctwe is un-
1Lk.ely. Pmctures of the fuel-';a& walls by nrt i f icis l- l ightnjng dis-  ; 

cl~erges uzxier verious e~vlsonnentel conditiono prcduced explosions of 
fi:el n ix twes  vcr3' i ig  fi-SSI exceb~lvely leen t o  fu l l - r ich .  &en a hole 1 
t i f a  not actual ly cede in the h a a s  fuel-tmk well, tezprat--6 exceeded 
me-hall' the exterior  molten-r1miin&z tclnlgerztwes only for  b.rSeP prio3.s, 
xo%abl:r i n s e f i c i e ~ t  t o  csuse elc;llosion o'P ct-craft 19els. AiAitionel-
date on 'he ~hor t - t i rw  igLition t e z p e r o t m  c h m a ~ t e r i s t i c s  of e i rc raf t  
fu+.L- m e  requi,-ed fa' ca$ie+.-z essirance on t h i s  point. 

1,mX &eta on l i@te i sy  s t r a c s  t o  E i 2 C r E ~ tshow tha t  90 percent of 
the :<tr%es rreorderl 23uve been b the tensera tun  r m g e  f r a  -lo0 t o  
+loo C, \%ere ncxy of tt=J e t  f~ i e l e  sre eqlosivr:  but \*err- avietlon 
gasolirr  i s  ovs~r ich .  P&o, 10 percent of the ctn-~ises reccnicd have been 
to tlze ~6.i:- ere=, %%:.& f a r  ud-m airoraft  w e  the prrir,cipl h e l -  
s t o ; ~ , ~FXPS. kTeGe r e s u l t ~  indScete tha t  is'otective laeezi:res srs 
nee<.iri, pz:ticula.ly f c r  j e t  ?'=el8 an.3 t o  a lesser  e i ten t  PC:. a-~Ldtion 
f:asolt:le, vhich, %lthou.:h not emLobiv* Ln We t&Tperet';ure rmges e t  
u>icil .=oet lir&i+ng s t sc ies  occw; con be ignited t o  x d n c e  extomel 
*e6. 


F-4-1-t=i cimic-m aLlop O.OS! in& G r  thicker ve-e not punstured 
by &sc:?ar*e; a-.?prc.ez$at?ve of n ~ ' , ~ c l - l i @ i , a b gdischw:gcu t o  %??craft.".rr+.-?ve:?, ~ r l l m c e  for  rza-xcticx fraCircmft  l?.3\tx:iing strclies solely 
2 2  ~i;c+easi:s,; t=:!: Ca!cl:-=sscr- *a0.r;EIl Lzch ie nor. oecesserily r. solu-
2 i m ,  eince ccc:dics?L stzSo>:ea -e k~o',.nt o  coxtel:: co~elCera3ly p;rceAter 
chi-r(-c.trcmsferil t h m  tkc i%l coulm'x used. ii the e ~ m e r r i e a t ~ ~ ~ l  s t tdles .  
?.l.f2.,o?'::!?t3e yri;L.k<3tl.i?.:- G".?:?, 6 t r o k e ~  t o  c r i t i c e l  BrellS i s  ?3a11, the 
col:e~~;+nces - go;sLble fii-es or c:ri)looioec- - m e  60 scrioua *.at &di-
t i tand ; ~ ~ c s z C , ~ m sare f e l t  t o  be cfcessLry. 

k?tilc p . -o tec t icn-s ;~ t~?&hcvelopsat i a  beyowl the scolx of t h i s  
reporz, tl iu Zol lo?r l :~li:s;i,igestior.scan be r d e  for  d e v e l o ~ e n t  of protec- 
:ive newwes: 



(1) Sme thicken in^ of s p c i f i c  tonk arena o r  use of ex te rna l  i'ins 
o r  r i b s  t o  be locn.ted on the  b a s i s  of t h e  p robab i l i ty  of discharge paths  
nny considerably reduce +he h o z d .  

(2) Scq.2ral types  of fuel-took l l n e r n  me? be used adJBcent t o  the  
nlont probeble d1schcu.ge path. 

(3) L1,ghtnine-diverter r d s  nay be used t o  d i v e r t  stroKes h c m  
c r i t i c a l  i1rer.n such 89 f u o l  vents. 

(4) Blorrout panels m y  be ,used i n  tnr~I:s ncnr the  wIn@ip t o  reduce 
the  s t r e s s  on the  moln h-iug c t ruc to re  due t.o a tu& explosion near the  
t ip.  

(5) Plnnt ia  wlugtip tallka, tho11& considered q u i t e  hozru-doua without 
opsci f ic  protect ive  design, ml.@t be mode s i l fer  thau conventional metal  
tanks. 

Lightning nnd Translento Research Ins tJ tu te ,  
Mlnneqnl is ,  ):inn., p b r ~ w y1, 3957. 




