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EXECUTIVE SUMMARY 


T h i s  manual i s  des igned t o  supplement t h e  i n f o r m a t i o n  found i n  AC 20-538 and pro- 
v i d e s  a d d i t i o n a l  guidance in fo rmat ion .  

The u s e r ' s  manual cu lmina tes  t h e  r e s u l t s  of  a 3-year e f f o r t  of  t h e  SAE-AE4L sub-
committee.  Th i s  committee i s  comprised of e x p e r t s  i n  t h e  f i e l d  of l i g h t n i n g  
r e s e a r c h  and p r o t e c t i o n  o f  a i r c r a f t  s t r u c t u r e s  and a v i o n i c  s y s t e m s  from t h e  
a d v e r s e  e f f e c t s  a s s o c i a t e d  wi th  a tmospher ic  e l e c t r i c a l  h a z a r d s  ( l i g h t n i n g  and 
s t a t i c  e l e c t r i c i t y ) .  The committee i s  comprised of e x p e r t s  from t h e  Na t iona l  
Aeronau t i c s  and Space A d m i n i s t r a t i o n ,  Department of  Defense ,  F e d e r a l  A v i a t i o n  
A d m i n i s t r a t i o n ,  i n d u s t r y ,  and independent t e s t i n g  l a b o r a t o r i e s .  The document w i l l  
p rov ide  t h e  u s e r s  of AC 20-53A, " P r o t e c t i o n  of A i r c r a f t  F u e l  Systems Aga ins t  Fue l  
Vapor I g n i t i o n  Due t o  L igh tn ing , "  w i t h  i n f o r m a t i o n  on f u e l  sys tems l i g h t n i n g  
p r o t e c t i o n  and methods of  compliance of a i r c r a f t  d e s i g n  f o r  F e d e r a l  A v i a t i o n  
Regu la t ions  23.954 and 25.954. 

Elements of  a i r c r a f t  f u e l  sys tems a r e  t y p i c a l l y  s p r e a d  th roughout  t h e  a i r c r a f t  and 
occupy much of  i t s  volume. These e lements  c o n s i s t  of  t h e  f u e l  t a n k s ,  t r a n s f e r  
plumbing, ' e l e c t r o n i c  c o n t r o l s ,  ins t rument  a t  i o n ,  and f u e l  v e n t i n g  sys tems.  Extreme 
c a r e  must be  e x e r c i s e d  i n  t h e  d e s i g n ,  i n s t a l l a t i o n ,  and maintenance o f  a l l  of t h e s e  
e lements  t o  e n s u r e  t h a t  adequate  p r o t e c t i o n  i s  o b t a i n e d .  

The p r o t e c t i o n  of t h e  f u e l  sys tems from l i g h t n i n g  and s t a t i c  e l e c t r i c i t y  should  b e  
accomplished by a t  l e a s t  one o f  t h e  fo l lowing  approaches:  

. E l i m i n a t i n g  s o u r c e s  of  i g n i t i o n .  

Ensur ing t h a t  t ank  a l l o w a b l e  p r e s s u r e  l e v e l s  a r e  not exceeded i f  i g n i t i o n  
does  o c c u r ,  and/or  e n s u r e  t h a t  t h e  atmosphere w i t h i n  t h e  f u e l  t ank  w i l l  not s u p p o r t  
combustion. 

The u s e r ' s  manual d e l i n e a t e s  t h e  fo l lowing  a r e a s  of  concern:  

A i r c r a f t  Fuel  System L i g h t n i n g  I n t e r a c t i o n  which i n c l u d e s  the  combustion 
p r o c e s s ,  s o u r c e s  o f  i g n i t i o n  and minimum i g n i t i o n  c u r r e n t s .  

Approaches t o  Compliance i n c l u d e s  a d e t a i l e d  s tep-by-s tep  procedure  t o  
e n s u r e  t h a t  t h e  a c c e p t a b l e  means of  compliance i n  AC 20-538 a r e  met. T h i s  s e c t i o n  
a l s o  i n c l u d e s  a d e t a i l e d  d e s c r i p t i o n  of a i r c r a f t - l i g h t n i n g  s t r i k e  zones ,  l i g h t n i n g  
environment,  and recommended s i m u l a t e d  t e s t  procedures .  

P r o t e c t i o n  C o n s i d e r a t i o n s  i n c l u d e  procedures  and methodologies  t o  de te rmine  
bo th  hot-spot  and melt- through t h r e s h o l d s  f o r  v a r i o u s  m a t e r i a l s ,  bonding and 
grounding procedures ,  and e l e c t r i c a l  c o n s i d e r a t  ions  f o r  s k i n  j o i n t s  and i n t e r f a c e s  
i n  t u b i n g .  

Although t h i s  manual i s  as  complete  a s  p o s s i b l e ,  o n l y  exper ienced  e n g i n e e r s  and 
s c i e n t i s t s  should under take  t h e  t a s k  of  implementa t ion of  l i g h t n i n g  p r o t e c t i o n  
o f  a i r c r a f t  a g a i n s t  a t m o s p h e r i c  e l e c t r i c a l  h a z a r d s  ( l i g h t n i n g  and s t a t i c  
e l e c t r i c i t y ) .  



1.0  PURPOSE. 

T h i s  r e p o r t  i s  in tended  t o  p rov ide  u s e r s  of  Advisory C i r c u l a r  (AC) 20-538 w i t h  
i n f o r m a t i o n  on t h e  s u b j e c t  of  f u e l  s y s  tem l i g h t n i n g  p r o t e c t  i o n  and methods of  
compliance o f  a i r c r a f t  d e s i g n  wi th  F e d e r a l  A v i a t i o n  R e g u l a t i o n s  (FAR) 23.954 and 
25.954. 

2.0 BACKGROUND. 

A i r p l a n e s  f l y i n g  i n  and around thunders torms a r e  o f t e n  s u b j e c t e d  t o  d i r e c t  l i g h t -
n ing  s t r i k e s  as  w e l l  a s  t o  nearby l i g h t n i n g  s t r i k e s  which may produce corona and 
s t r eamer  fo rmat ion  on t h e  a i r c r a f t .  

Elements of  t h e  f u e l  sys tem a r e  t y p i c a l l y  sp read  throughout  much of  an a i r c r a f t  and 
occupy much of  i t s  volume. They i n c l u d e  t h e  f u e l  t a n k s  themselves ,  a s  w e l l  a s  
a s s o c i a t e d  ven t  and t r a n s f e r  plumbing, and e l e c t r o n i c  c o n t r o l s  and i n s t r u m e n t a t i o n .  
C a r e f u l  a t t e n t i o n  must be  pa id  t o  a l l  of  t h e s e  e lements  i f  adequate  p r o t e c t i o n  i s  
t o  be ob ta ined .  

For t h e  purposes o f  d e s i g n  and of l i g h t n i n g  p r o t e c t i o n ,  i t  is assumed t h a t  t h e  
p r o p e r t i e s  o f  t h e  f u e l  used by c i v i l  a i r c r a f t ,  bo th  p i s t o n  and t u r b i n e  eng ine  
powered, a r e  such t h a t  a combust ib le  mix tu re  i s  p r e s e n t  i n  t h e  f u e l  t ank  a t  a l l  
t i m e s .  There fo re ,  t h e  combinat ion of  t h e  flammable f u e l l a i r  r a t i o  and an i g n i t i o n  
s o u r c e  a t  t h e  t ime of  a l i g h t n i n g  s t r i k e  cou ld  produce a  haza rdous  c o n d i t i o n  f o r  
t h e  v e h i c l e .  To p reven t  t h i s  c o n d i t i o n  from o c c u r r i n g ,  a review and e l i m i n a t i o n  of  
t h e  p o s s i b l e  i g n i t i o n  s o u r c e s  w i t h i n  t h e  f u e l  t a n k / f u e l  system should  be  conducted.  

Assuming t h a t  flammable mix tu res  may e x i s t  i n  any p a r t  of t h e  f u e l  sys tem,  some 
i tems and a r e a s  s u s c e p t i b l e  t o  f u e l  i g n i t i o n  i n c l u d e ,  b u t  a r e  not  l i m i t e d  t o ,  ven t  
o u t l e t s ,  me ta l  f i t t i n g s  i n s i d e  f u e l  t anks ,  f u e l  f i l l e r  caps  and a c c e s s  d o o r s ,  d r a i n  
p lugs ,  t a n k  s k i n s ,  f u e l  t r a n s f e r  l i n e s  i n s i d e  and o u t s i d e  o f  t h e  t a n k s ,  e l e c t r i c a l  
bonding jumpers between components i n  a  t ank ,  mechanical  f a s t e n e r s  i n s i d e  of t a n k s ,  
and e l e c t r i c a l  and e l e c t r o n i c  f u e l  system components and w i r i n g .  

P r o t e c t i o n  of f u e l  systems from l i g h t n i n g  should  be accomplished by a t  l e a s t  one of 
t h e  fo l lowing  approaches:  

a. E l i m i n a t i n g  s o u r c e s  of i g n i t i o n .  

b. Ensur ing t h a t  t ank  a l lowable  p r e s s u r e  l e v e l s  a r e  not exceeded i f  i g n i t i o n  
does  occur ,  and/or  e n s u r i n g  t h a t  t h e  atmosphere w i t h i n  t h e  tank w i l l  not  s u p p o r t  
combus t i o n .  

The p r e f e r r e d  approach most o f t e n  followed i s  t o  p reven t  any d i r e c t  o r  i n d i r e c t  
s o u r c e  of  i g n i t i o n  o f  t h e  f u e l  by l i g h t n i n g .  Accomplishment o f  t h i s  approach i s  
q u i t e  c h a l l e n g i n g  because  thousands of  amperes of  c u r r e n t  a r e  conducted through t h e  
a i r f r a m e  when t h e  a i r c r a f t  i s  s t r u c k  by  l i g h t n i n g ,  and t h a t  mos t  c o n d u c t i n g  
e lements ,  i n c l u d i n g  s t r u c t u r e s  and f u e l  tank plumbing, i n  and on t h e  a i r c r a f t  a r e  
involved t o  some degree  i n  t h i s  conduc t ion  p r o c e s s .  A s p a r k  of  - 2 x lom4 j o u l e  
may be  a l l  t h e  energy t h a t  need be  r e l e a s e d  i n s i d e  a f u e l  t ank  t o  i n i t i a t e  a f i r e  
o r  exp los ion .  



The e x c e l l e n t  l i g h t n i n g  s a f e t y  record  o f  c i v i l  a i r c r a f t  i s  a t t r i b u t e d  t o  t h e  h i g h  
e l e c t r i c a l  c o n d u c t i v i t y  of  t h e  aluminum a l l o y s  used i n  a i r c r a f t  f u e l  t ank  cons t ruc -  
t i o n  and t o  d e s i g n s  which suppress  i n t e r i o r  s p a r k i n g  a t  v e r y  s e v e r e  l i g h t n i n g  
c u r r e n t  l e v e l s .  

However, composi te  m a t e r i a l s ,  such a s  t h e  carbon f i b e r  composi tes  (CFC) , when I 

a s s o c i a t e d  w i t h  f u e l  systems p r e s e n t  d i f f i c u l t i e s  i n  p r o v i d i n g  e q u i v a l e n t  p ro tec -
t i o n  because  of t h e i r  lower e l e c t r i c a l  c o n d u c t i v i t y .  Also ,  new c o n s t r u c t  i o n  
t echn iques  such a s  adhesive  bonding may have l i m i t e d  c o n d u c t i v i t y  f o r  l i g h t n i n g  
c u r r e n t  flow. Also ,  i n d i r e c t  e f f e c t s ,  such a s  l igh tn ing- induced  v o l t  ages i n  f u e l  
system e l e c t r i c a l  w i r i n g  and o t h e r  conduc t ing  e lements  may be  more s e v e r e  w i t h i n  
composite s t r u c t u r e s  t h a n  w i t h i n  c o n v e n t i o n a l  aluminum a i r f r a m e s .  

3.0 SCOPE. 

In fo rmat ion  con ta ined  i n  t h i s  document i n c l u d e s  d i s c u s s i o n s  of a i r c r a f t  f u e l  sys tem 
l i g h t n i n g  i n t e r a c t i o n s ,  approaches t h a t  have been used t o  show compliance,  t h e  
impact of m a t e r i a l s  and c o n s t r u c t i o n ,  l i g h t n i n g  t e s t  waveforms and t e c h n i q u e s ,  and 
methods f o r  a n a l y s i s  of l ightning- induced t r a n s i e n t s .  

The document i n c o r p o r a t e s  improvements i n  t h e  s t a t e - o f - t h e - a r t  w i t h  r e s p e c t  t o  
l i g h t n i n g  e f f e c t s  and v e r i f i c a t i o n  methods t h a t  have t aken  p l a c e  s i n c e  t h e  p rev ious  
v e r s i o n  of  AC 20-53 were pub l i shed .  I t  was w r i t t e n  t o  p rov ide  a s s i s t a n c e  t o  u s e r s  
of AC 20-53A. The l i g h t n i n g  environment d e f i n e d  i n  t h i s  document i s  i n  agreement 
w i t h  SAE Committee AE4L r e p o r t ,  "Lightning T e s t  Waveforms and Techniques f o r  
Aerospace V e h i c l e s  and Hardware," d a t e d  J u n e  20,  1978 (AE4L-78-11 ( ~ p p e n d i x  A). 

4 .0  AIRCRAFT FUEL SYSTEM LIGHTNING INTERACTION. 

L i g h t n i n g  c a n  b e  a h a z a r d  t o  a i r c r a f t  f u e l  s y s t e m s  i f  t h e y  a r e  n o t  p r o p e r l y  
des igned.  The p r o t e c t i o n  of a  p r o p e r l y  des igned  sys tem may b e  nega ted  i f  i t  i s  n o t  
c o r r e c t l y  c o n s t r u c t e d  and main ta ined .  

The e f f e c t s  o f  l i g h t n i n g  on a i r c r a f t  can  range from s e v e r e  obvious  damage ( such  as 
t e a r i n g  and bending of  a i r c r a f t  s k i n s  r e s u l t i n g  from h i g h  magnetic f o r c e s ,  shock 
waves and b l a s t  e f f e c t s  caused by t h e  h igh  c u r r e n t ,  and m e l t i n g  of  meta l  s k i n s  
caused by t h e  lower l e v e l  longer  d u r a t i o n  c u r r e n t s  of  some l i g h t n i n g  s t r i k e s )  t o  
seemingly i n s i g n i f i c a n t  s p a r k i n g  a t  f a s t e n e r s  o r  j o i n t s .  However, i f  t h e  s p a r k i n g  
occurs  i n  a f u e l  vapor  space ,  i g n i t i o n  of  t h e  f u e l  vapor  may r e s u l t ,  w i t h  unaccept-  
a b l e  e x p l o s i o n  damage. 

A l l  o r  a p o r t i o n  of t h e  l i g h t n i n g  c u r r e n t  may be conducted through f u e l  t anks  o r  
f u e l  system components. I t  i s  important  t o  de te rmine  t h e  c u r r e n t  f low pa ths  
through t h e  a i r c r a f t  f o r  t h e  many p o s s i b l e  l i g h t n i n g  a t t a c h  p o i n t s  s o  t h a t  c u r r e n t  

Meta l s ,  low e l e c t r i c a l  c o n d u c t i v i t y  composite m a t e r i a l s  ( e .  g. , carbon f i b e r  r e in -
fo rced  composi tes)  and e l e c t r i c a l  i n s u l a t i n g  m a t e r i a l s  ( e . g . ,  f i b e r  g l a s s  o r  aramid 
r e i n f o r c e d  composi tes)  a l l  behave d i f f e r e n t l y  when s u b j e c t e d  t o  l i g h t n i n g .  Yet 
each of t h e s e  m a t e r i a l s  may be used i n  s i m i l a r  a i r c r a f t  a p p l i c a t i o n s  ( e . g . ,  wing 
s k i n s  o r  f u e l  t a n k s ) .  The meta l s  o f f e r  a h i g h  degree  of  e l e c t r i c a l  s h i e l d i n g  and 
some magnetic s h i e l d i n g ,  whereas t h e  e l e c t r i c a l  i n s u l a t i n g  m a t e r i a l s  ( d i e l e c t r i c s )  



o f f e r  almost  no e l e c t r i c a l  o r  magnet ic  s h i e l d i n g .  A s  a r e s u l t  o f  t h e  l a t t e r  
p r o p e r t i e s ,  l i g h t n i n g  does not  have t o  come i n  d i r e c t  c o n t a c t  w i t h  f u e l  systems t o  
c o n s t i t u t e  a haza rd .  L igh tn ing  can  induce  a r c i n g ,  s p a r k i n g ,  o r  co rona  i n  f u e l  
'areas which may r e s u l t  i n  f u e l  i g n i t i o n .  T h i s  a r c i n g ,  s p a r k i n g ,  o r  co rona  can 
o c c u r  i n  a r e a s  w i d e l y  s e p a r a t e d  f r o m  any l i g h t n i n g  s t r i k e  a t t a c h m e n t  p o i n t  

due t o  conduc t ion  of  ex t remely  h i g h  c u r r e n t s  ( a s s o c i a t e d  w i t h  l i g h t n i n g )  through 
t h e  a i r c r a f t  s t r u c t u r e  o r  f u e l  system components. 

The damage t o  t o t a l l y  nonconducting m a t e r i a l s  such as  t h e  f i b e r  g l a s s  and aramid 
( e . g . ,  ~ e v l a r " )  r e i n f o r c e d  composites can be  c o n s i d e r a b l y  more s e v e r e ,  as t h e  
d i s c h a r g e  can more e a s i l y  p e n e t r a t e  i n t o  t h e  i n t e r i o r  and cause  d i r e c t  f u e l  vapor  
i g n i t i o n .  

L igh tn ing  s t r i k e s  can r e s u l t  i n  s p a r k i n g  and a r c i n g  w i t h i n  f u e l  systems u n l e s s  they 
a r e  t o  be s p a r k  f r e e .  Flammable vapors  can b e  i g n i t e d  i n  m e t a l  and semiconduct ing 
f u e l  t a n k s  by a r c i n g  and i n  d i e l e c t r i c  f u e l  t anks  by magnet ic  and e l e c t r i c  f i e l d  
p e n e t r a t i o n  which can cause  s p a r k i n g ,  a r c i n g ,  s t r e a m e r ,  o r  corona d i s c h a r g e .  
Assuming t h a t  flammable mix tu res  may e x i s t  i n  any p a r t  of t h e  f u e l  sys tem,  some 
i t ems  and a r e a s  s u s c e p t i b l e  t o  f u e l  i g n i t i o n  i n c l u d e  bu t  a r e  not  l i m i t e d  t o  the  
fo l lowing :  Vent o u t l e t s ,  m e t a l  f i t t i n g s  i n s i d e  f u e l  t a n k s ,  f u e l  f i l l e r  caps  and 
a c c e s s  doors ,  d r a i n  p lugs ,  t ank  s k i n s ,  f u e l  t r a n s f e r  l i n e s  i n s i d e  and o u t s i d e  of  
t a n k s ,  e l e c t r i c a l  b o n d i n g  j u m p e r s  b e t w e e n  componen t s  i n  a t a n k ,  m e c h a n i c a l  
f a s t e n e r s  i n s i d e  of  t a n k s ,  and e l e c t r i c a l  and e l e c t r o n i c  f u e l  system components and 
w i r i n g .  

4.1 COMBUSTION PROCESSES. 

4 .1 .1  Fuel  Flammabi l i ty .  

The f l m n a b i l i t y  of  t h e  vapor  space  i n  a f u e l  t ank  v a r i e s  accord ing  t o  t h e  concen-
t r a t i o n  of evapora ted  f u e l  i n  t h e  a v a i l a b l e  a i r .  Reducing t h e  f u e l - t o - a i r  r a t i o  
may produce a v a p o r l a i r  m i x t u r e  t o o  l e a n  t o  burn.  Conversely ,  a vapor  space  
m i x t u r e  may e x i s t  t h a t  c o u l d  b e  t o o  r i c h  t o  b e  f l a m m a b l e .  I n  b e t w e e n  t h e s e  
ext remes,  t h e r e  i s  a range of m i x t u r e s  t h a t  w i l l  burn  when provided an i g n i t i o n  
source .  A t y p i c a l  e q u i l i b r i u m  f l ammabi l i ty  envelope i s  shown i n  f i g u r e  1. 

TEMPERATURE 

C 

FIGURE 1. TYPICAL FLAMMABILITY ENVELOPE OF AN AIRCRAFT FUEL 



However, t h e r e  a r e  a wide v a r i e t y  of f a c t o r s  t h a t  e f f e c t  t h e  r e s u l t a n t  f u e l / a i r  
r a t i o  i n  t h e  vapor space  o f  a  f u e l  tank.  The v a r i e t y  of  t e m p e r a t u r e s ,  p r e s s u r e s  
and motions t h a t  e x i s t  i n  f l i g h t  can r e s u l t  i n  a wide v a r i a t i o n  of  mix tu res  i n  t h e  
vapor  space .  

Another example i s  t h e  v a r i a t i o n  i n  i n i t i a l  oxygen c o n t e n t  i n  t h e  f u e l ,  a g a i n  
p r o v i d i n g  an a d d i t i o n a l  f a c t o r  i n  t h e  r e s u l t a n t  t ank  f u e l l a i r  r a t i o .  A e r a t i o n  of  a 
f u e l  o r  s p r a y  from a  pump o r  p r e s s u r i z e d  f u e l  l i n e  can  a l s o  r e s u l t  i n  ex tend ing  t h e  
lower t empera tu re  f l ammabi l i ty  below t h e  l e a n  l i m i t .  

Cons ide r ing  t h e  p o s s i b l e  v a r i a b l e s ,  t h e  p r o p e r t i e s  of t h e  f u e l  used by c i v i l  
a i r c r a f t ,  bo th  p i s t o n  and t u r b i n e  engine  powered, a r e  such t h a t  a combust ib le  
m i x t u r e  is  g e n e r a l l y  assumed t o  be  p r e s e n t  i n  t h e  f u e l  t ank  a t  any t ime .  

T h e r e f o r e ,  t h e  combination of t h e  flammable f u e l /  a i r  r a t i o  and an i g n i t i o n  s o u r c e  
a t  t h e  t ime of  a l i g h t n i n g  s t r i k e ,  cou ld  produce a  haza rdous  c o n d i t i o n  f o r  t h e  
v e h i c l e .  To p reven t  t h i s  c o n d i t i o n  from o c c u r i n g ,  a  r ev iew and e l i m i n a t i o n  of t h e  
p o s s i b l e  i g n i t i o n  s o u r c e s  w i t h i n  t h e  f u e l  t a n k / f u e l  sys tem shou ld  be conducted.  

4 .1 .2  Sources  of  I g n i t i o n .  

Labora to ry  s t u d i e s  i n v o l v i n g  s i m u l a t e d  l i g h t n i n g  s t r i k e s  t o  f u e l  t a n k s  o r  p o r t i o n s  
of  an a i r f r a m e  c o n t a i n i n g  f u e l  t a n k s  have demonstra ted  s e v e r a l  p o s s i b l e  i g n i t i o n  
mechanisms. Examples of i g n i t i o n  s o u r c e s  a r e  a s  f o l l o w s :  

1. D i r e c t  c o n t a c t  of t h e  l i g h t n i n g  a r c  w i t h  t h e  f u e l - a i r  m i x t u r e ,  a s  a t  a 
v e n t  o u t l e t .  

2 .  Hot s p o t  fo rmat ion  o r  complete  melt- through of a m e t a l l i c  t ank  s k i n  by 
l i g h t n i n g  a r c  a t tachment . 

3 .  Heated f i l a m e n t s  and p o i n t  c o n t a c t s  r e s u l t i n g  from l i g h t n i n g  c u r r e n t  
passage through s t r u c t u r e s  o r  components. 

4. E l e c t r i c a l  s p a r k i n g  between two p i e c e s  of me ta l  conduct ing l i g h t n i n g  
c u r r e n t ,  such as  poor ly  bonded s e c t i o n s  of a f u e l  l i n e  o r  v e n t  tube .  

5. Sparking from an a c c e s s  door o r  f i l l e r  cap (which h a s  been s t r u c k )  t o  i t s  
a d a p t e r  assembly. 

6 .  Sparking among e lements  o f  a c a p a c i t i v e - t y p e  f u e l  q u a n t i t y  probe,  caused 
by l igh tn ing- induced  v o l t a g e s  i n  t h e  e l e c t r i c a l  w i r e s  l e a d i n g  t o  such a probe.  

7 .  Sparking between two conduc t ing  e lements  a t  d i f f e r e n t  p o t e n t i a l s  a s  might 
e x i s t  between an aluminum ven t  l i n e  and a d j a c e n t  carbon f i b e r  composi te  s t r u c t u r e .  

8. Corona and s t r e a m e r i n g  from f u e l  t ank  components w i t h i n  n o n m e t a l l i c  t anks .  

4 .1 .2 .1  Minimum I g n i t i o n  C u r r e n t .  

I n  t h e  p rocess  of f u e l  vapor  i g n i t i o n  by e l e c t r i c  s p a r k s ,  a v e r y  c o n c e n t r a t e d  
s o u r c e  of energy i s  r e l e a s e d  i n  t h e  unburned f u e l  vapor  o v e r  a  v e r y  s h o r t  pe r iod  of  
t ime.  The vapor i n  t h e  immediate v i c i n i t y  of  t h e  d i s c h a r g e  i s  r a i s e d  w e l l  above 
t h e  i g n i t i o n  temperature  and an ex t remely  s t e e p  t empera tu re  g r a d i e n t  is  formed. A s  



t h e  f lame zone grows, t h e  t empera tu re  g r a d i e n t  becomes f l a t t e r  a s  t h e  excess  h e a t  
d e p o s i t e d  by t h e  s p a r k  i s  added t o  t h e  h e a t  of  combustion be ing  conducted o u t  
through t h e  s u r f a c e  of  t h e  combustion wave. I f  s u f f i c i e n t  h e a t  and energy have 
been d e p o s i t e d  by t h e  s p a r k ,  t h e  minimum combustion flame s i z e  w i l l  have been 
reached and i g n i t i o n  w i l l  occur .  

The concept  of a minimum i g n i t i o n  energy is  of  importance  i n  l i g h t n i n g  p r o t e c t i o n  
a s  i t  s u g g e s t s  t h a t  t h e  c r i t i c a l  f a c t o r  is  i n  t h e  t o t a l  h e a t  i n p u t  i n t o  t h e  spa rk .  
Spark ing  i n  f u e l  t a n k s  i s  o f t e n  determined e x p e r i m e n t a l l y  i n  terms of  t h e  c u r r e n t  
and t ime magnitudes.  An example of  a  cu rve  of  minimum i g n i t i o n  peak c u r r e n t  a s  a 
f u n c t i o n  of t ime i s  shown i n  f i g u r e  2 .  

Time in Microseconds 

Note: This data is provided as an example only and 
should not be relied upon for proof of design. 

FIGURE 2.  	 PLOT OF M I N I M U M  CURRENT VS TIME DURATION OF EXPONENTIALLY DECAYING 
PULSE FROM CAPACITOR SOURCE FOR IGNITION OF STOICHIOMETRIC MIXTURE 
OF AVIATION GASOLINE UNDER LABORATORY CONDITIONS 

4.1 .2 .2  I g n i t i o n  From Hot S p o t s .  

I g n i t i o n  can a l s o  occur a s  a r e s u l t  of c o n t a c t  of f u e l  vapor  w i t h  hot  s p o t s  formed 
by l i g h t n i n g  s t r i k e s  c o n t a c t i n g  meta l  o r  composite f u e l  t ank  s u r f a c e s ,  even i f  t h e  
s u r f a c e  is  not puqctured o r  mel ted  complete ly  through.  I n  t h i s  c a s e ,  i f  t h e  i n s i d e  
s u r f a c e  of  t h e  t ank  s k i n  becomes s u f f i c i e n t l y  h o t  and remains s o  f o r  a s u f f i c i e n t  
p e r i o d  of t ime (and i s  i n  c o n t a c t  w i t h  a flammable v a p o r ) ,  "hot s p o t  i g n i t i o n "  may 
occur .  The t ime r e q u i r e d  t o  i g n i t e  a flammable f u e l - a i r  vapor  i n  c o n t a c t  w i t h  a 
t i t a n i u m  meta l  s u r f a c e  a t  v a r i o u s  t empera tu res  i s  shown i n  f i g u r e  3 .  The d a t a  
shown i s  f o r  example only .  S p e c i f i c  m a t e r i a l s  should  be e v a l u a t e d  by t e s t .  



EXTRAPOLATION TO 

NO IGNITION 

Tempera ture  - d e g r e e s  C e l s i u s  

(Data shown i s  f o r  T i t a n i u m  S u r f a c e s )  

Note: T h i s  d a t a  is p r o v i d e d  a s  an  example o n l y  a n d  
s h o u l d  n o t  be r e l i e d  upon f o r  proof of  d e s i g n .  

FIGURE 3 .  TIME-TEMPERATURE FOR IGNITION OF HYDROCARBON FUEL VAPOR SURFACE 
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5.0 APPROACHES TO COMPLIANCE. 

I n  g e n e r a l ,  t h e  s t e p s  below o u t l i n e  an  e f f e c t i v e  method t o  show compliance.  

1 .  Determine t h e  L igh tn ing  S t r i k e  Zones - Determine t h e  a i r c r a f t  s u r f a c e s ,  o r  
zones ,  where l i g h t n i n g  s t r i k e  a t tachment  i s  l i k e l y  t o  occur ,  and t h e  p o r t i o n s  of  
t h e  a i r f r a m e  through which c u r r e n t s  may flow between t h e s e  a t tachment  p o i n t s .  The 
s t r i k e  zone l o c a t i o n s  a r e  d e f i n e d  i n  paragraph 5 . 1 . 2 .  Guidance f o r  l o c a t i o n  of  
t h e  s t r i k e  zones on a  p a r t i c u l a r  a i r c r a f t  i s  provided i n  paragraph 5 .1 .3 .  

2 .  E s t a b l i s h  t h e  L i g h t n i n g  Environment - E s t a b l i s h  t h e  component(s)  of  t h e  
t o t a l  l i g h t n i n g  f l a s h  t o  be  expected i n  each l i g h t n i n g  s t r i k e  zone. They a r e  t h e  
v o l t a g e s  and c u r r e n t s  t h a t  should  be  c o n s i d e r e d ,  and a r e  d e f i n e d  i n  paragraph 5 . 2 .  

3 .  I d e n t i f y  P o s s i b l e  I g n i t i o n  Sources  - I d e n t i f y  systems and/or components 
t h a t  might be  i g n i t i o n  sources  t o  f u e l  vapor .  I g n i t i o n  h a z a r d s  may i n c l u d e  s t r u c -  
t u r e s  as  w e l l  a s  f u e l  s y s  tem mechanical  and e l e c t r i c a l / e l e c t r o n i c  components. 
Refe r  t o  paragraph 4.1.2.  

Note: I n  o r d e r  t o  p rov ide  concur rence  on t h e  c e r t i f i c a t i o n  compl iance ,  t h e  abbve 
t h r e e  s e q u e n t i a l  s t e p s  should  be  accomplished,  reviewed w i t h  t h e  a p p r o p r i a t e  FAA 
personne l ,  and agreement reached p r i o r  t o  t e s t  i n i t i a t i o n  t o  p r e v e n t  c e r t i f i c a t i o n  
d e l a y s .  

4 .  E s t a b l i s h  P r o t e c t i o n  C r i t e r i a  - E s t a b l i s h  l i g h t n i n g  p r o t e c t i o n  p a s s - f a i l  
c r i t e r i a  f o r  t h o s e  i tems t o  be  e v a l u a t e d .  

5 .  V e r i f y  P r o t e c t i o n  Adequacy - V e r i f y  t h e  adequacy of  t h e  p r o t e c t i o n  d e s i g n  
by s i m i l a r i t y  wi th  p r e v i o u s l y  proven i n s t a l l a t i o n  d e s i g n s ,  s imula ted  l i g h t n i n g  
t e s t s  o r  a c c e p t a b l e  a n a l y s i s .  Developmental t e s t  d a t a  may b e  used f o r  c e r t i f i c a -
t i o n  when p r o p e r l y  documented and c o o r d i n a t e d  w i t h  t h e  c e r t i f i c a t i o n  agency. 

Note: Except f o r  s t a n d a r d  d e s i g n / i n s t a l l a t i o n  i t ems  which have a h i s t o r y  of  
a c c e p t a b i l i t y ,  any new m a t e r i a l ,  d e s i g n ,  o r  unique i n s  t a l l a t  i o n  should  f o l l o w  t h e  
a d d i t i o n a l  g u i d e l i n e s  provided h e r e i n  t o  i n s u r e  c e r t i f i c a t i o n  compliance can be 
accomplished.  

A s  a p p r o p r i a t e :  

a. Genera te  a c e r t i f i c a t i o n  p l a n  which d e s c r i b e s  t h e  a n a l y t i c a l  procedures  
and/or  t h e  q u a l i f i c a t i o n  procedures  t o  be u t i l i z e d  t o  demons t ra te  p r o t e c t  i o n  
e f f e c t i v e n e s s .  T h i s  p l a n  should  d e s c r i b e  t h e  p roduc t ion  o r  t e s t  a r t i c l e ( s )  t o  be 
u t i l i z e d ,  t e s t  drawing(s)  a s  r e q u i r e d ,  t h e  method of  i n s t a l l a t i o n  t h a t  s i m u l a t e s  
t h e  p roduc t ion  i n s t a l l a t i o n ,  t h e  l i g h t n i n g  zone(s )  a p p l i c a b l e ,  t h e  l i g h t n i n g  
s i m u l a t i o n  method(s1,  t e s t  v o l t a g e  o r  c u r r e n t  waveforms t o  b e  used,  s p a r k  d e t e c t i o n  
methods, and a p p r o p r i a t e  schedu les  and l o c a t i o n ( s )  o f  proposed t e s t ( s ) .  

b. Obta in  FAA concurrence  t h a t  t h e  c e r t i f i c a t i o n  p l a n  i s  adequate .  

c .  Obta in  FAA d e t a i l  p a r t  conformi ty  of  t h e  t e s t  a r t i c l e s  and i n s t a l l a t i o n  
conformity  of  a p p l i c a b l e  p o r t i o n s  of t h e  t e s t  s e t u p .  

d. Schedule  FAA w i t n e s s i n g  of t h e  t e s t .  



e.  Submit a f i n a l  t e s t  r e p o r t  d e s c r i b i n g  a l l  r e s u l t s  and o b t a i n  FAA approval  
t h e r e o f .  

The fo l lowing  paragraphs  p rov ide  i n f o r m a t i o n  on each o f  t h e  above s t e p s .  

5.1 DETERMINATION OF LIGHTNING STRIKE ZONES AND THE LIGHTNING ENVIRONMENT. 

It i s  w e l l  known t h a t  l i g h t n i n g  s t r i k e s  do no t  reach a l l  s u r f a c e s  of an a i r c r a f t ,  
and t h a t  t h e  i n t e n s i t y  and d u r a t i o n  of c u r r e n t s  e n t e r i n g  t h o s e  s u r f a c e s  t h a t  may be 
s t r u c k  v a r y  according t o  l o c a t i o n .  To account f o r  t h e s e  v a r i a t i o n s ,  l i g h t n i n g  
s t r i k e  zones have been def ined .  Once t h e  l o c a t i o n s  o f  t h e s e  zones have been 
e s t a b l i s h e d  f o r  a p a r t i c u l a r  a i r c r a f t ,  t h e  l i g h t n i n g  environment and need f o r  
p r o t e c t  i o n  can be determined. The mechanism of l i g h t n i n g  s t r i k e  a t tachment  zone 
d e f i n i t i o n s ,  and some g u i d e l i n e s  f o r  l o c a t i o n  of l i g h t n i n g  s t r i k e  zones on a 
p a r t i c u l a r  a i r c r a f t  a r e  g iven  i n  t h e  fo l lowing  paragraphs .  

5.1.1 A i r c r a f t  L igh tn ing  S t r i k e  Phenomena. 

5.1.1.1 N a t u r a l  L igh tn ing  S t r i k e  E l e c t r i c a l  C h a r a c t e r i s t i c s .  

L igh tn ing  f l a s h e s  a r e  o f  two fundamental ly  d i f f e r e n t  forms, cloud-to-ground f l a s h e s  
and i n t e r l i n t r a c l o u d  f l a s h e s .  Because of t h e  d i f f i c u l t y  of i n t e r c e p t i n g  and 
measuring i n t e r l i n t r a c l o u d  f l a s h e s ,  t h e  g r e a t  bu lk  o f  t h e  s t a t i s t i c a l  d a t a  on t h e  
c h a r a c t e r i s t i c s  of l i g h t n i n g  r e f e r  t o  cloud-to-ground f l a s h e s .  Aerospace v e h i c l e s  
i n t e r c e p t  bo th  i n t e r l i n t r a c l o u d  and cloud-to-ground l i g h t n i n g  f l a s h e s .  There  i s  
evidence t h a t  t h e  i n t e r / i n t r a c l o u d  f l a s h e s ,  f i g u r e  4 ,  l a c k  t h e  h igh  peak c u r r e n t s  
of cloud-to-ground f l a s h e s .  T h e r e f o r e ,  t h e  use  of cloud-to-ground l i g h t n i n g  s t r i k e  
c h a r a c t e r i s t i c s  as  d e s i g n  c r i t e r i a  f o r  l i g h t n i n g  p r o t e c t i o n  seems c o n s e r v a t i v e .  

There can  be d i s c h a r g e s  from e i t h e r  a p o s i t i v e  o r  a n e g a t i v e  charge  c e n t e r  i n  t h e  
c loud.  A n e g a t i v e  d i s c h a r g e  i s  c h a r a c t e r i z e d  by a r e t u r n  s t r o k e ,  p o s s i b l y  one o r  
more r e s t r i k e s ,  and c o n t i n u i n g  c u r r e n t s  as shown i n  f i g u r e  5 ( ~ ) .  A p o s i t i v e  
d i s c h a r g e  which occurs  a s m a l l e r  pe rcen tage  of t h e  t ime i s  shown i n  f i g u r e  5(B) .  
It is  c h a r a c t e r i z e d  by lower peak c u r r e n t ,  h i g h e r  average c u r r e n t ,  and longer  
d u r a t i o n  i n  a s i n g l e  s t r o k e  and must be recognized because  of i t s  g r e a t e r  energy 
c o n t e n t .  Th i s  p o s s i b i l i t y  i s  accounted f o r  i n  t h e  a c t i o n  i n t e g r a l  a s s o c i a t e d  w i t h  
c u r r e n t  component A,  and t h e  charge a s s o c i a t e d  wi th  component B .  The fo l lowing  
d i s c u s s i o n  d e s c r i b e s  t h e  more f r e q u e n t  n e g a t i v e  f l a s h e s .  

5.1.1.1.1 P r e s t r i k e  Phase .  

The l i g h t n i n g  f l a s h  i s  t y p i c a l l y  o r i g i n a t e d  by a s t e p  l e a d e r  which develops  from 
t h e  c loud toward t h e  ground o r  toward ano ther  charge c e n t e r .  A s  a  l i g h t n i n g  
s t e p  l e a d e r  approaches an e x t r e m i t y  of t h e  v e h i c l e ,  h i g h  e l e c t r i c a l  f i e l d s  a r e  
produced a t  t h e  s u r f a c e  of t h e  v e h i c l e .  These e l e c t r i c  f i e l d s  g i v e  r i s e  t o  o t h e r  
e l e c t r i c a l  s t r eamers  which p ropaga te  away from t h e  v e h i c l e  u n t i l  one of them 
c o n t a c t s  t h e  approaching l i g h t n i n g  s t e p  l e a d e r  as  shown i n  f i g u r e  4.  P ropaga t ion  
o f  t h e  s t e p  l e a d e r  w i l l  c o n t i n u e  from o t h e r  v e h i c l e  e x t r e m i t i e s  u n t i l  one o f  t 
branches  o f  t h e  s t e p  l e a d e r  reaches  t h e  ground o r  ano ther  charge c e n t e r .  T 
average v e l o c i t y  of p ropaga t ion  of t h e  s t e p  l e a d e r  i s  about one meter pe r  micro- 
second ( u s )  and t h e  average charge i n  t h e  whole s t e p  l e a d e r  channel  i s  about 5 
coulombs. 
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Figure 4 - Lightning Flash Striking an Aircraft. 



( A )  	 Gene ra l i z ed  waveshape oE c u r r e n t  i n  n e g a t i v e  cloud-to-ground 
l i g h t n i n g .  
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(B) N o d e r a t e  p o s i t i v e  l i g h t n i n g  flash c u r r e n t  waveform. 

FIGURE 5. LIGHTNING FLASH CURRENT WAVEFORMS 



5.1.1.1.2 High Peak Cur ren t  Phase.  

The h igh  peak c u r r e n t  a s s o c i a t e d  w i t h  l i g h t n i n g  occurs  a f t e r  t h e  s t e p  l e a d e r  
r e a c h e s  t h e  ground and forms what i s  c a l l e d  t h e  i n i t i a l  r e t u r n  s t r o k e  of t h e  
l i g h t n i n g  f l a s h .  T h i s  r e t u r n  s t r o k e  o c c u r s  when t h e  charge  i n  t h e  l e a d e r  channel  
i s  suddenly  a b l e  t o  f low i n t o  t h e  low impedance ground and n e u t r a l i z e  t h e  charge  
a t t r a c t e d  i n t o  t h e  r e g i o n  p r i o r  t o  t h e  s t e p  l e a d e r ' s  c o n t a c t  wi th  t h e  ground. 
T y p i c a l l y ,  t h e  h igh  peak c u r r e n t  phase  is c a l l e d  t h e  r e t u r n  s t r o k e  and i s  i n  t h e  
range of  10 t o  30kA (amperes x l o 3 ) .  Higher c u r r e n t s  a r e  p o s s i b l e  though l e s s  
p robab le ,  A peak c u r r e n t  o f  200kA r e p r e s e n t s  a ve ry  s e v e r e  s t r o k e ,  one t h a t  i s  
exceeded o n l y  about 0.5 p e r c e n t  of  t h e  t ime f o r  f l a s h e s  t o  e a r t h .  While 200kA may 
be  cons ide red  a p r a c t i c a l  maximum v a l u e  of l i g h t n i n g  c u r r e n t ,  i n  r a r e  c a s e s ,  h i g h e r  
peak c u r r e n t s  can occur .  The c u r r e n t  i n  t h e  r e t u r n  s t r o k e  h a s  a f a s t  r a t e  of  
change, t y p i c a l l y  about 10 t o  20kA p e r  p s  and exceeding,  i n  r a r e  c a s e s ,  l O O k A  per  
m i c r o s e c o n d .  T y p i c a l l y  t h e  c u r r e n t  d e c a y s  t o  h a l f  i t s  p e a k  a m p l i t u d e  i n  20 
t o  4 0  p s .  No c o r r e l a t i o n  h a s  b e e n  shown t o  e x i s t  b e t w e e n  p e a k  c u r r e n t  and 
r a t e  of r i s e .  

5 .1 .1 .1 .3  Cont inuing Cur ren t .  

The t o t a l  e l e c t r i c a l  cha rge  t r a n s p o r t e d  by t h e  l i g h t n i n g  r e t u r n  s t r o k e  i s  r e l a -
t i v e l y  smal l  ( a  few coulombs). The m a j o r i t y  of t h e  charge  is  t r a n s p o r t e d  immedi-
a t e l y  a f t e r  t h e  f i r s t  r e t u r n  s t r o k e .  Th i s  i s  an i n t e r m e d i a t e  phase  where a few 
thousand amperes f low f o r  on ly  a few m i l l i s e c o n d s ,  fo l lowed by a  c o n t i n u i n g  c u r r e n t  
phase (200 t o  400 amperes) which v a r i e s  from 100 m i l l i s e c o n d s  t o  a second. The 
maximum charges  t r a n s f e r e d  i n  t h e  i n t e r m e d i a t e  and con t inued  phases  a r e  10 and 200 
coulombs, r e s p e c t i v e l y .  

5.1.1.1.4 R e s t r i k e  Phase .  

I n  a t y p i c a l  l i g h t n i n g  f l a s h  t h e r e  w i l l  be s e v e r a l  h igh  c u r r e n t  s t r o k e s  fo l lowing  
t h e  f i r s t  r e t u r n  s t r o k e .  These occur  a t  i n t e r v a l s  of  s e v e r a l  t e n s  of  m i l l i s e c o n d s  
a s  d i f f e r e n t  charge  pockets  i n  t h e  c loud a r e  tapped and t h e i r  cha rge  fed  i n t o  t h e  
l i g h t n i n g  channel .  T y p i c a l l y ,  t h e  peak ampl i tude of t h e  r e s t r i k e s  i s  about one 
h a l f  t h a t  of t h e  i n i t i a l  h i g h  c u r r e n t  peak, b u t  t h e  r a t e  o f  c u r r e n t  r i s e  i s  o f t e n  
g r e a t e r  than  t h a t  of t h e  f i r s t  r e t u r n  s t r o k e .  The c o n t i n u i n g  c u r r e n t  o f t e n  l i n k  
t h e s e  v a r i o u s  s u c c e s s i v e  r e t u r n  s t r o k e s ,  o r  r e s t r i k e s .  

5 .1 .1 .1 .5  I n i t i a l  Attachment.  

The l i g h t n i n g  f l a s h  i s  a h igh  c u r r e n t  d i s c h a r g e  between charge  c e n t e r s  i n  c l o u d s ,  
o r  between cloud and ground. I n i t i a l l y ,  t h e  l i g h t n i n g  f l a s h  produces a t  l e a s t  two 
a t tachment  p o i n t s  on t h e  a i r c r a f t ,  between which t h e  l i g h t n i n g  channel  c u r r e n t  w i l l  
flow. T y p i c a l l y ,  t h e s e  i n i t i a l  a t tachment  p o i n t s  a r e  a t  t h e  e x t r e m i t i e s  of t h e  
a i r c r a f t .  These i n c l u d e  t h e  nose ,  wing t i p s ,  e l e v a t o r  and s t a b i l i z e t  t i p s ,  pro-
t r u d i n g  an tennas ,  and eng ine  n a c e l l e s  o r  p r o p e l l e r  b l a d e s .  

5.1.1.1.6 Swept S t r o k e  Phenomenon. 

The l i g h t n i n g  channel  i s  somewhat s t a t i o n a r y  i n  a i r  whi le  i t  i s  t r a n s f e r r i n g  e lec -  
t r i c a l  charge .  When an a i r c r a f t  is  invo lved ,  t h e  a i r c r a f t  becomes p a r t  of  t h e  
channel .  However, due t o  t h e  speed of  t h e  a i r c r a f t  and t h e  p e r i o d  o f  t ime t h a t  t h e  
l i g h t n i n g  channe l  e x i s t s ,  t h e  a i r c r a f t  can  move r e l a t i v e  t o  t h e  l i g h t n i n g  channe l .  
When a forward e x t r e m i t y ,  such as  a nose o r  wing mounted eng ine  pod i s  an i n i t i a l  



at tachment  p o i n t ,  t h e  movement of  t h e  a i r c r a f t  through t h e  l i g h t n i n g  channel  causes  
t h e  channe l  t o  sweep back o v e r  t h e  s u r f a c e ,  a s  i l l u s t r a t e d  i n  f i g u r e  6 ,  producing 
subsequent  a t tachment  p o i n t s .  Th i s  i s  known a s  t h e  swept s t r o k e  phenomenon. A s  
t h e  sweeping a c t i o n  occurs ,  t h e  c h a r a c t e r i s t i c s  of t h e  s u r f a c e  can  cause  t h e  
l i g h t n i n g  channel  t o  r e a t t a c h  and dwel l  a t  v a r i o u s  s u r f a c e  l o c a t i o n s  f o r  d i f f e r e n t  
p e r i o d s  of  t ime ,  r e s u l t i n g  i n  a s e r i e s  of  d i s c r e t e  a t tachment  p o i n t s  a long t h e  
sweeping p a t h .  
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FIGURE 6. 	 SWEPT-STROKE PHENOMENON (LIGHTNING CHANNEL POSITION SHOWN 
RELATIVE TO AIRCRAFT) 

The amount of damage produced a t  any p o i n t  on t h e  a i r c r a f t  by a  swept-s t roke 
depends upon t h e  type of m a t e r i a l ,  t h e  dwel l  time a t  t h a t  p o i n t ,  and t h e  l i g h t n i n g  
c u r r e n t s  which f low d u r i n g  t h e  a t tachment .  High peak c u r r e n t  r e s t r i k e s  wi th  
i n t e r m e d i a t e  c u r r e n t  componen t s  and c o n t i n u i n g  c u r r e n t s  may b e  e x p e r i e n c e d .  
R e s t r i k e s  t y p i c a l l y  produce rea t t achment  of t h e  a r c  a t  a new p o i n t .  

When t h e  l i g h t n i n g  channel  has  been swept back t o  one of t h e  t r a i l i n g  edges ,  i t  may 
remain a t t a c h e d  a t  t h e  p o i n t  f o r  t h e  remaining d u r a t i o n  of  t h e  l i g h t n i n g  e v e n t .  An 
i n i t i a l  a t tachment  p o i n t  a t  a t r a i l i n g  edge,  of  c o u r s e ,  would no t  b e  s u b j e c t e d  t o  
any swept s t r o k e  a c t i o n ,  and t h e r e f o r e ,  t h i s  a t tachment  p o i n t  w i l l  be s u b j e c t e d  t o  
a l l  components of  t h e  l i g h t n i n g  e v e n t .  

The s i g n i f i c a n c e  of t h e  swept s t r o k e  phenomena is  t h a t  p o r t i o n s  o f  t h e  v e h i c l e  t h a t  
would n o t  b e  t a r g e t s  f o r  t h e  i n i t i a l  a t tachment  p o i n t s  of a l i g h t n i n g  f l a s h  may 
a l s o  be invo lved  i n  t h e  l i g h t n i n g  s t r i k e  p rocess  a s  t h e  l i g h t n i n g  channel  i s  swept 
backwards, a l though t h e  channel  may not remain a t t a c h e d  a t  any s i n g l e  p o i n t  f o r  
v e r y  long.  On t h e  o t h e r  hand,  s t r i k e s  t h a t  reach t r a i l i n g  edges  must b e  expec ted  
t o  remain a t t a c h e d  t h e r e  (hang-on) f o r  t h e  ba lance  of  t h e i r  n a t u r a l  d u r a t i o n .  



5.1.2 L igh tn ing  S t r i k e  Zone D e f i n i t i o n s .  


To account f o r  each o f  t h e  p o s s i b i l i t i e s  d e s c r i b e d  i n  t h e  fo rego ing  paragraphs ,  t h e  

fo l lowing  zones have been d e f i n e d .  

Zone 1 
Zone 1A:  I n i t i a l  

channel  hang-on. 
at tachment p o i n t  wi th  low p o s s i b i l i t y  of l i g h t n i n g  a r c  

a r c  
Zone 1 B :  I n i t i a l  at tachment 

channel  hang-on. 
p o i n t  wi th  h i g h  p o s s i b i l i t y  of l i g h t n i n g  

Zone 2  
Zone 2A: A 

channe1 hang- on. 
swept s t r o k e  zone wi th  low p o s s i b i l i t y  of l i g h t n i n g  a r c  

Zone 2B: A 
channel  hang-on. 

swept s t r o k e  zone wi th  h i g h  p o s s i b i l i t y  of l i g h t n i n g  a r c  

Zone 3  
Zone 3: A l l  o f  t h e  v e h i c l e  a r e a s  o t h e r  t h a n  t h o s e  covered by zone 1 and 

2  reg ions .  In  zone 3 ,  t h e r e  i s  a low p o s s i b i l i t y  o f  any a t tachment  of t h e  d i r e c t  
l i g h t n i n g  channel .  Zone 3  a r e a s  may c a r r y  s u b s t a n t i a l  amounts of e l e c t r i c  c u r r e n t ,  
b u t  o n l y  by d i r e c t  conduc t ion  between some p a i r  o f  d i r e c t  o r  swept s t r o k e  a t t ach-  
ment p o i n t s .  

The zone d e f i n i t i o n s  a r e  i n  b a s i c  agreement wi th  t h e  d e f i n i t i o n s  of e a r l i e r  ver-
s i o n s  o f  adv i sory  c i r c u l a r  20-53, except  t h a t  t h e  former zones 1 and 2  have been 
subdivided t o  account f o r  low and h i g h  p o s s i b i l i t i e s  of t h e  l i g h t n i n g  a r c  channel  
hang-on ( f i g u r e s  7 and 8 ) .  The l o c a t i o n s  of t h e s e  zones on any a i r c r a f t  a r e  
dependent on t h e  a i r c r a f t ' s  geometry and o p e r a t i o n a l  f a c t o r s ,  and o f t e n  v a r y  from 
one a i r c r a f t  t o  ano ther .  

5.1.3 Loca t ion  of L igh tn ing  S t r i k e  Zones. 

With t h e s e  d e f i n i t i o n s  i n  mind, t h e  l o c a t i o n s  of each zone on a  p a r t i c u l a r  a i r c r a f t  
may be determined as  fo l lows :  

a.  E x t r e m i t i e s  such as  t h e  nose ,  wing and empennage t i p s ,  t a i l  cone,  wing 
mounted n a c e l l e s  and o t h e r  s i g n i f i c a n t  p r o j e c t i o n s  shou ld  be  cons idered  as  w i t h i n  a  
d i r e c t  s t r i k e  zone because  they  a r e  probable  i n i t i a l  l e a d e r  at tachment p o i n t s .  
Those t h a t  a r e  forward e x t r e m i t i e s  o r  l e a d i n g  edges should be cons idered  i n  zone 
l A ,  and e x t r e m i t i e s  t h a t  a r e  t r a i l i n g  edges should be i n  zone 1B. Most of t h e  
t ime,  t h e  f i r s t  r e t u r n  s t r o k e  w i l l  a r r i v e  s h o r t l y  a f t e r  t h e  l e a d e r  has  a t t a c h e d  t o  
t h e  a i r c r a f t ,  s o  z o n e  1 A  i s  l i m i t e d  t o  t h e  i m m e d i a t e  v i c i n i t y  (18 i n c h e s  o r  
approximately  0 .5  m) a f t  o f  t h e  forward e x t r e m i t y .  However, i n  r a r e  c a s e s  t h e  
r e t u r n  s t r o k e  may a r r i v e  somewhat l a t e r ,  the reby  exposing s u r f a c e s  f u r t h e r  a f t  t o  
t h i s  environment. Th i s  p o s s i b i l i t y  should be  cons idered  i f  t h e  p r o b a b i l i t y  of a 
f l i g h t  s a f e t y  hazard due t o  a zone 1 A  s t r i k e  t o  an unpro tec ted  s u r f a c e  is h i g h .  
Where q u e s t i o n s  a r i s e  regard ing  t h e  i d e n t i f i c a t i o n  o f  i n i t i a l  at tachment l o c a t i o n s  
o r  where t h e  a i r f rame  geometry i s  u n l i k e  conven t iona l  des igns  f o r  which p rev ious  
exper ience  i s  a v a i l a b l e ,  s c a l e  model at tachment po in t  t e s t s  may be i n  o r d e r .  



LIGHTNING STRlKE ZONES 
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FIGURE 7 .  LIGHTNING STRIKE ZONES (TYPICAL) 
( S e e  S e c t i o n s  5.1.2 and 5 .1 .3 )  



FIGURE 8. LIGHTNING S T R I K E  ZONES (TYPICAL) 
( S e e  S e c t i o n s  5 . 1 . 2  and 5 . 1 . 3 )  



b. S u r f a c e s  d i r e c t l y  a f t  of  zone 1 A  shou ld  be  c o n s i d e r e d  a s  w i t h i n  zone 2A. 
G e n e r a l l y ,  zone 2A w i l l  ex tend t h e  f u l l  l e n g t h  o f  t h e  s u r f a c e  a f t  o f  zone l A ,  such 
a s  t h e  f u s e l a g e ,  n a c e l l e s ,  and p o r t i o n s  of  t h e  wing s u r f a c e s .  

c .  T r a i l i n g  edges of  s u r f a c e s  a f t  of  zone 2A shou ld  b e  c o n s i d e r e d  zone 2B, o r  
zone 1 B  i f  i n i t i a l  a t tachment  t o  them can  occur .  I f  t h e  t r a i l i n g  edge of  a s u r f a c e  
i s  t o t a l l y  nonconductive,  t h e n  zone 2B ( o r  1B) shou ld  b e  p r o j e c t e d  forward t o  t h e  
n e a r e s t  conduc t ive  s u r f  ace.  

d .  S u r f a c e s  approximate ly  18 i n .  (0 .5  m) t o  e i t h e r  s i d e  of  i n i t i a l  o r  swept 
a t tachment  p o i n t s  e s t a b l i s h e d  by s t e p s  ( a )  and ( b )  shou ld  a l s o  b e  cons ide red  a s  
w i t h i n  t h e  same zone, t o  account  f o r  smal l  l a t e r a l  movements of  t h e  sweeping 
channe l  and l o c a l  s c a t t e r  among a t tachment  p o i n t s .  For example, t h e  t i p  of  a  wing 
would normal ly  be  w i t h i n  zone 1A ( e x c e p t  f o r  i t s  t r a i l i n g  edge,  which would u s u a l l y  
b e  i n  zone 1 ~ ) .  To account f o r  l a t e r a l  motion of  t h e  channe l  and s c a t t e r ,  t h e  top  
and bottom s u r f a c e s  of  t h e  wing, 18 i n .  (0 .5  m) inboard of  t h e  t i p ,  shou ld  a l s o  b e  
c o n s i d e r e d  a s  w i t h i n  t h e  same zones .  

e.  S u r f a c e s  of t h e  v e h i c l e  f o r  which t h e r e  i s  a low p o s s i b i l i t y  of d i r e e t  
c o n t a c t  w i t h  t h e  l i g h t n i n g  a r c  channe l  t h a t  a r e  not  w i t h i n  any of t h e  above zones ,  
b u t  which l i e  between them, should  be  cons ide red  a s  w i t h i n  zone 3 .  Zone 3 a r e a s  
may c a r r y  s u b s t a n t i a l  amounts of  e l e c t r i c a l  energy.  

5.2 ESTABLISHMENT OF THE LIGHTNING ENVIRONMENT. 

For  v e r i f i c a t i o n  purposes ,  t h e  n a t u r a l  l i g h t n i n g  environment (which comprises  a 
wide s t a t i s t i c a l  range o f  c u r r e n t  l e v e l s ,  d u r a t i o n ,  and number of  s t r o k e s )  i s  
r e p r e s e n t e d  by c u r r e n t  t e s t  components A through E ,  and v o l t a g e  t e s t  components A ,  
B ,  and D.  When t e s t i n g  o r  a n a l y s i s  is  r e q u i r e d ,  t h e  waveforms d e f i n e d  below shou ld  
b e  used.  A p p l i c a t i o n s  of waveforms and l i g h t n i n g  zones a r e  d e t a i l e d  i n  t a b l e  1. 

Cur ren t  Waveforms - T e s t  

There  a r e  f o u r  c u r r e n t  components (A, B,  C ,  and D) t h a t  a r e  a p p l i e d  t o  
d e t e r m i n e  d i r e c t  e f f e c t s .  C u r r e n t  waveform E  i s  u s e d  t o  d e t e r m i n e  i n d i r e c t  
e f f e c t s .  Components A ,  B, C ,  and D each s i m u l a t e  a  d i f f e r e n t  c h a r a c t e r i s t i c  o f  t h e  
c u r r e n t  i n  a n a t u r a l  l i g h t n i n g  f l a s h  and a r e  shown i n  f i g u r e  9 .  They a r e  a p p l i e d  
i n d i v i d u a l l y  o r  a s  a  composite of  two o r  more components t o g e t h e r  i n  one t e s t .  The 
t e s t s  i n  which t h e s e  waveforms a r e  a p p l i e d  a r e  p resen ted  i n  t a b l e  1. 

( 1 )  Component A - I n i t i a l  High Peak Cur ren t  - Component A has  a  peak 
ampl i tude of  200kA ( + l o  p e r c e n t )  and an a c t i o n  i n t e g r a l  ( $i2 d t )  of  2 x 1 0 ~ ~ ~ s(+20 
p e r c e n t )  w i t h  a t o t a  t ime d u r a t i o n  not  exceeding 5 0 0 ~ s .  T h i s  component may-be 
u n i d i r e c t i o n a l  o r  o s c i l l a t o r y .  For a n a l y s i s  purposes ,  a double  e x p o n e n t i a l  c u r r e n t  
waveform should  be' used. T h i s  waveform, r e p r e s e n t s  a r e t u r n  s t r o k e  o f  200,000 
a m p e r e s  p e a k  a t  a  peak  r a t e  o f  r i s e  o f  l x l ~ ' ~ ~ / s .  i s  d e f i n e dT h i s  waveform 
m a t h e m a t i c a l l y  by  t h e  d o u b l e  e x p o n e n t i a l  e x p r e s s i o n  shown i n  t h e  f o l l o w i n g  
e q u a t i o n .  



TABLE 1. APPLICATION OF WAVEFORMS FOR LIGHTNING TESTS 


Wavefo m s  
T e s t  Zone Vo l t age  Cur ren t  Components 

A B D A B C D E 

F u l l  S i z e  
Hardware U , l B  X XI 
Attachment P o i n t  

Direct E f f e c t s  LA 	 X X
S t r u c t u r a l  1B X X X X 
2A x2 x2 X 
2B X X X 
3 X X 

-

Direct E f f e c t s  1A 	 X X
Combustible 
Vapor I g n i t i o n  

1B X 3 X 
2A X"2 
2B X. X X 
3 X X 

Direct E f f e c t s  
Corona and X 
Streamers  

I n d i r e c t  E f f e c t s  

Re la ted  t o  Spark  x3 

Generat ion With in  

Fuel  Vapor Areas 


NOTE 1: 	 Voltage waveform "D" may be  a p p l i e d  t o  i d e n t i f y  lower p r o b a b ~ l i ? y  s-trike 
p o i n t s .  

NOTE 2: 	 Use a n  ave rage  c u r r e n t  of 2kA + 1 0  p e r c e n t  f o r  a  pe r iod  equa l  t o  t h e  
dwell  time u p  t o  a m a x i m u m  of 5ms. If t h e  dwel l  t i m e  i s  more than 5ms, 
apply  a n  ave rage  c u r r e n t  of  400A f o r  t h e  remaining dwe l l  t ime.  The 
dwell  t i m e  s h a l l  have been determined p r e v i o u s l y  through a s v e p t  s:roke 
a t tachment  test o r  by a n a l y s i s .  I f  such  d e t e r m i n a t i o n  h z s  n o t  been 
made, t h e  dwel l  t i m e  s h a l l  be t aksn  t o  be  50ms. 

NOTE 3: I n d i r e c t  e f f e c t s  should a l s o  be measured ~ < r h  c u r r e n t  components X,B, 
C ,  o r  D as a p p r o p r i a t e .  
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FIGURE 9. CURRENT WAVEFORMS 

COMPONENT A ( I n i t i a l  S t roke)  
Peak Amplitude = 200kA + 1S% 
Action I n t e g r a l  = 2 x 136~s -+ 20% 
Time Duration = -< 5 0 0 ~ s  

COMPONENT B ( I n t e r d e d i a t e  Current)  
Maximum Charge Transfer  = 1 0  Coulombs 
Average Amplitude = 2kA + 10%-

COMPONENT C (Continuing Current)  
Charge Transfer  = 200 Coulombs -+ 20% 
Amplitude = 200-800A 

COMPONENT D (Res t r ike)  
Peak Amplitude = lOOkA + 10% 
Action I n t e g r a l  = 0.25 x 106A2 s -+ 20% 
Time Duration = ( 500ps 

( a )  Current Waveform 

Peak Amplitude = > 5 0 U  

Rate of R i s e  = > 2 5 k ~ / ~ s 

f o r  a t  l e a s t  0 . 5 ~ ~  


( b )  Com~onent Waveform 



(2)  Component B - I n t e r m e d i a t e  Cur ren t  - Component B h a s  an average 
a m p l i t u d e  o f  2kA ( + l o  p e r c e n t )  f l o w i n g  f o r  a maximum d u r a t i o n  o f  5ms. T h i s  
component shou ld  b e  u n i d i r e c t i o n a l ;  e .g. , r e c t a n g u l a r ,  e x p o n e n t i a l  o r  l i n e a r l y  
decaying.  For  a n a l y s i s ,  a double  e x p o n e n t i a l  c u r r e n t  waveform shou ld  be used. 
T h i s  waveform is d e s c r i b e d  mathemat ica l ly  by t h e  double  e x p o n e n t i a l  e x p r e s s i o n  
shown below: 

where : 

t = t ime  ( s )  

I f  t h e  dwel l  t ime i s  more than  5ms, app ly  an average c u r r e n t  of  400A f o r  t h e  
remaining dwel l  t ime.  The dwel l  t ime s h a l l  have been determined p r e v i o u s l y  through 
a swept-s t roke a t tachment  t e s t  o r  by a n a l y s i s .  I f  such d e t e r m i n a t i o n  h a s  not been 
made, t h e  dwel l  t ime s h a l l  be t a k e n  t o  be 50ms. 

( 3 )  Component C - Cont inuing Cur ren t  - Component C t r a n s f e r s  a charge  of  
200 coulombs (+20 pe rcen t  i n  a t ime of  between 0.25 and 1 second) .  T h i s  impl ies  
S u r r e n t  a m p l i t z e s  of  between 200 and 800 amperes. The waveform s h a l l  be un id i rec -  
t i o n a l ;  e .g . ,  r e c t a n g l u l a r ,  e x p o n e n t i a l ,  o r  l i n e a r l y  decay ing .  For a n a l y s i s  
purposes ,  a  s q u a r e  waveform of  200A f o r  a  pe r iod  of  1 second shou ld  be u t i l i z e d .  

( 4 )  Component D - R e s t r i k e  Cur ren t  - Component D h a s  a peak ampl i tude of 
lOOkA ( + l o  and a c t i o n  of  (+20 p e r c e n t ) .  T h i sp e r c e n t )  an i n t e g r a l  0 . 2 5 ~ 1 0 ~ ~ ~ ~  
c o m p o n e ~ t  may be  e i t h e r  u n i d i r e c t i o n a l  o r  o s c i l l a t o r y  wi th  a-tot a 1  t ime d u r a t i o n  
n o t  exceeding 500 IJ s. For a n a l y s i s  purpose  a double  e x p o n e n t i a l  waveform shou ld  
be  used.  T h i s  waveform r e p r e s e n t s  a r e s t r i k e  of 100,000 amperes peak a t  a peak 
r a t e - o f - r i s e  o f  0 .5xl lA/s .  The waveform i s  d e f i n e d  mathemat ica l ly  by t h e  double  
e x p o n e n t i a l  e x p r e s s i o n  shown i n  t h e  fo l lowing  equa t ion .  



I0 .130,000 (A) 

B 415,000 (s-I) 

t = tiII!e (s) 

(5)  Current Waveform E - Fas t  Rate-of-Rise S t roke  Tes t  fo r  Full-Size 
Hardware - Current waveform E has a  ra te -of - r i se  of a t  l e a s t  25kA/us f o r  a t  l e a s t  
0 .5ps,  as  shown i n  f i g u r e  9. Current waveform E has  a  minimum amplitude of 50kA. 
A l t e rna t ive ly ,  components A o r  D may be  appl ied  with a 25kA/us ra te -of - r i se  f o r  a t  
l e a s t  0 . 5 ~ s  and the  d i r e c t  and i n d i r e c t  e f f e c t s  eva lua t ion  conducted s imultaneously.  

, I n d i r e c t  e f f e c t s  measured as a r e s u l t  of t h i s  waveform must be extrapo- 
l a t e d  as fol lows.  Induced vol tages  dependent upon r e s i s t i v e  o r  d i f f u s i o n  f l u x  
should be ex t rapola ted  l i n e a r l y  t o  a peak cu r r en t  of 200 kA. 

Induced vol tages  dependent upon ape r tu re  coupl ing should be ex t rapola ted  
l i n e a r l y  t o  a peak ra te -of - r i se  of 100 kA/us. 

b. Voltage Waveforms - Test  - There a r e  t h r ee  vo l t age  waveforms, "A," "B,"  
and "D," which represen t  the  e l e c t r i c  f i e l d s  assoc ia ted  wi th  a  l i gh tn ing  s t r i k e .  
Voltage waveforms "A" and "D" a r e  used t o  t e s t  f o r  pos s ib l e  d i e l e c t r i c  puncture and 
o the r  p o t e n t i a l  attachment po in ts .  Voltage waveform "B" i s  used t o  t e s t  fo r  
s t reamers .  The t e s t  i n  which these  waveforms a r e  appl ied a r e  presented i n  t a b l e  1. 

(1 )  Voltage Waveform A - Basic Lightning Waveform - Waveform A has an 
a v e r a g e  r a t e - o f - r i s e  of 1 x 1 0 ~  v o l t s  p e r  microsecond (+50  p e r c e n t )  u n t i l  i t s  
i nc rease  i s  i n t e r rup t ed  by puncture o f ,  o r  f lashover  across, the  ob j ec t  under t e s t .  
A t  t h a t  t ime, t h e  vo l t age  co l l apses  t o  zero.  The r a t e  of vo l t age  co l l apse  o r  t h e  
decay time of the  vo l t age ,  i f  breakdown does not occur (open c i r c u i t  vo l tage  of t he  
l i g h t n i n g  vo l t age  gene ra to r ) ,  i s  not spec i f i ed .  Voltage waveform A i s  shown i n  
f i g u r e  10. 

(2 )  Voltage Waveform B - F u l l  Wave - Waveform B r i s e s  t o  c r e s t  i n  1 . 2  
(+20 percent )  microseconds. Time-to-crest and decay time r e f e r  t o  t he  open c i r c u i t  
v';;ltage of the  l i gh tn ing  vol tage  genera tor ,  and assume t h a t  the  waveform i s  not 
l im i t ed  by puncture or  f lashover  of t he  ob j ec t  under t e s t .  This  waveform i s  shown 

develop. It  should give a  h igher  s t r i k e  r a t e  i n  t e s t s  t o  t he  low p r o b a b i l i t y  
r e g i o n s  t h a t  might  have  been  e x c e p t e d  i n  f l i g h t .  T h i s  waveform i s  shown i n  
f i g u r e  11. 



WAVEFORM B I 

Time 

FIGURE 10. VOLTAGE WAVEFORMS A AND B 
NOTE: Vol tage  Waveform "B" F u l l  Wave - Wave 

"B" r i s e s  t o  c r e s t  i n  1 .2  (+ 20 p e r c e n t )  
us. Time t o  c r e s t  and decay t ime 

( r e f e r  t o  open c i r c u i t  v o l t a g e )  of  t h e  
l i g h t n i n g  v o l t a g e  g e n e r a t o r ,  and assume 
t h a t  t h e  waveform i s  not l i m i t e d  by 
punc tu re  o r  f l a s h o v e r  of  t h e  o b j e c t  
under t e s t  . 

FIGURE 11. VOLTAGE WAVEFORM D 




c .  C u r r e n t  Waveforms - A n a l y s i s  - F o r  a n a l y s i s  o f  d i r e c t  e f f e c t s ,  t h e  
waveforms d e f i n e d  i n  paragraph 8 a  above w i l l  be used.  For  a n a l y s i s  o f  i n d i r e c t  
e f f e c t s ,  t h e  waveform t o  be  used r e p r e s e n t s  a r e t u r n  s t r o k e  of  200,000 amperes peak 
a t  a r a t e  of r i s e  of  I X ~ O ~ ~ A / S .The waveform i s  d e f i n e d  mathemat ica l ly  by  t h e  
double  e x p o n e n t i a l  e x p r e s s i o n  shown below. 

. i ( t )  = I ~ ( E - 't-E-Bt) 

where : 

I
0 

= 223,000 A 

c f =  11,000 

B = 460,000 

t = t i m e  (s )  

5.3 IDENTIFICATION OF POSSIBLE IGNITION SOURCES. 

I n  t h i s  s t e p ,  t h e  f u e l  system s t r u c t u r e s ,  components, and subsystems t h a t  may 
p o s s i b l y  c o n s t i t u t e  a s o u r c e  of  i g n i t i o n  o r  o t h e r  haza rd  t o  f l i g h t  s a f e t y  d u r i n g  a 
l i g h t n i n g  s t r i k e  should  be  i d e n t i f i e d .  Examples i n c l u d e :  

Access doors  
F i l l e r  caps  
Dip s t i c k s  
Sump d r a i n s  
F u e l  probe mounting doors  
S k i n  j o i n t s  and s t r u c t u r a l  i n t e r f a c e s  
F u e l  t ank  plumbing hardware ( i . e . ,  c o u p l i n g s  and f i t t i n g s )  
Vent o u t l e t s  
J e t t i s o n  o u t l e t s  
Temperature compensators 
E l e c t r i c a l  a p p a r a t u s  ( i . e . ,  q u a n t i t y  p robes ,  pumps, e l e c t r i c a l  

feed-through connec to r s ,  low l e v e l  i n d i c a t o r s ) .  
Bond l i n e s  between composite s t r u c t u r a l  components which a r e  

s t r u c t u r a l l y  bonded t o g e t h e r .  

I n  a d d i t i o n  t o  t h e  s o u r c e s  no ted ,  v o l t a g e s  and c u r r e n t s  induced by l i g h t n i n g  i n  
f u e l  sys tem e l e c t r i c a l  w i r i n g  o r  plumbing may c r e a t e  e l e c t r i c a l  s p a r k s  o r  a r c s  a t  
components w i t h i n  t h e  f u e l  t anks .  

5.4 VERIFICATION METHODS. 

V e r i f i c a t i o n  methods may encompass t h e  range from ( 1 )  comparison w i t h  p rev ious  
d e s i g n ;  ( 2 )  a n a l y s i s ;  ( 3 )  developmental  t e s t s  under c o n t r o l l e d  c o n d i t i o n s ;  ( 4 )  
I I q u a l i f i c a t i o n  t e s t i n g . "  



5.4.1 Comparison With Prev ious  Design.  

I n  some c a s e s ,  l i g h t n i n g  p r o t e c t i o n  can  be  i n f e r r e d  i f  t h e  d e s i g n  i s  t h e  same o r  
v e r y  s i m i l a r  t o  a d e s i g n  which h a s  been shown t o  be "safe"  w i t h  r e s p e c t  t o  l i g h t -
n ing .  However, sometimes what may appear  t o  be  smal l  changes i n  d e s i g n  may r e s u l t  
i n  a  d e s i g n  going from "safe"  t o  "unsafe ."  I t  is  t h e r e f o r e  d e s i r a b l e  t o  conduct 
tests on t h e  modif ied  d e s i g n  t o  v e r i f y  i t s  i n t e g r i t y .  

5.4.2 A n a l y s i s .  

The a i r c r a f t  d e s i g n e r  g e n e r a l l y  u s e s  a n a l y s i s  t o  p r e d i c t  t h e  o p e r a t i o n  of a new 
a i r c r a f t ,  and a n a l y s i s  could  p o s s i b l y  be  used t o  de te rmine  i f  a  new f u e l  system i s  
f r e e  of  i g n i t i o n  haza rds  r e l a t e d  t o  l i g h t n i n g .  However, due t o  t h e  complexi ty  of 
t o d a y ' s  a i r c r a f t  and t h e  t r a n s i e n t  n a t u r e  o f  l i g h t n i n g ,  i t  is  ex t remely  d i f f i c u l t  
t o  p r e d i c t  t h e  exac t  l i g h t n i n g  c u r r e n t  f low p a t h s  and t h e  behav io r  o f  t h e  f u e l  
system. For  t h i s  r eason ,  i t  i s  g e n e r a l l y  b e t t e r  t o  u s e  comparison t o  a s i m i l a r  
d e s i g n  o r  t o  a c t u a l l y  conduct " q u a l i f i c a t i o n  t e s t i n g . "  

5 .4 .3  Comparison w i t h  Development T e s t s .  

Wherever a p p r o p r i a t e  and p r a c t i c a b l e ,  government and i n d u s t r y  pe r sonne l  should  
s p e c i f y  o r  use  t h e  l i g h t n i n g  t e s t  t e c h n i q u e s ,  waveform c h a r a c t e r i s t i c s ,  and pro-
cedures  of  appendix A d u r i n g  a l l  phases  of  t h e  l i g h t n i n g  p r o t e c t i o n  development. 
T e s t  r e s u l t s  and t e s t  a r t i c l e  c o n f i g u r a t i o n  should  be w e l l  documented. By s o  
do ing ,  i t  i s  f r e q u e n t l y  p o s s i b l e  t o  assemble t e s t  d a t a  from t h e  development phase  
which i s  of adequate  v a l i d i t y  and a p p l i c a b i l i t y  t o  be used f o r  q u a l i f i c a t i o n .  For 
some l a r g e  complex sys tems,  i t  may no t  b e  p o s s i b l e  o r  economica l ly  f e a s i b l e  t o  
conduct  l i g h t n i n g  q u a l i f i c a t i o n  t e s t s  on a p roduc t ion  c o n f i g u r a t i o n .  For  t h e s e  
c a s e s ,  t h e  f i n a l  q u a l i f i c a t i o n  v e r i f i c a t i o n  must be s y n t h e s i z e d  from t h e  v e r i f i -
c a t i o n  of t h e  subsystems o r  equipment.  For  more complex programs, u t i l i z i n g  
t h e  above approach,  w i l l  r e s u l t  i n  s u b s t a n t i a l  program s a v i n g s  i n  c o s t ,  s c h e d u l e ,  
and t ime. ( ~ h e s e  s a v i n g s  c a n  be s i g n i f i c a n t  even i n  low complexi ty  programs) .  

New d e s i g n s  should  g e n e r a l l y  be  t e s t e d  a t  q u a l i f i c a t i o n  l e v e l s  t o  v e r i f y  t h a t  
they  a r e  s a t i f a c t o r y .  Sometimes d u r i n g  a development program s e v e r a l  d i f f e r e n t  
d e s i g n s  a r e  t e s t e d  t o  de te rmine  t h e  b e s t  d e s i g n  f o r  a p a r t i c u l a r  a p p l i c a t i o n .  I f  
d u r i n g  t h e s e  p r e l i m i n a r y  t e s t s  c e r t a i n  shortcomings become e v i d e n t ,  i t  may be  
p o s s i b l e  t o  show by comparison t o  development t e s t s  and a n a l y s i s  o f  a modif ied  
d e s i g n  t h a t  modified product i o n  c o n f i g u r a t i o n s  do not s u f f e r  t h e  same shor tcomings  
r e v e a l e d  d u r i n g  t h e  development t e s t s .  

5.4.4 Qualification/Certification T e s t i n g .  

Qualification/certification t e s t i n g  means t h a t  t h e  sys tem and/or  i t s  p a r t s  a r e  
r e p r e s e n t a t i v e  of p roduc t ion  i tems and a r e  t e s t e d  a t  f u l l  t h r e a t  l e v e l .  

The t h r e a t  l e v e l  i s  determined by t h e  l o c a t i o n  o f  t h e  f u e l  sys tem on t h e  a i r c r a f t  
( s e e  paragraph 5 .1 .3 ) .  V e r i f i c a t i o n  t h a t  a f u e l  system i s  s a f e  from t h e  d e l e t e r -  
i o u s  e f f e c t s  of l i g h t n i n g  r e q u i r e s  t h a t  a sys tem and/or i t s  components be: (1) 
S u b j e c t e d  t o  t h e  a p p r o p r i a t e  s imula ted  l i g h t n i n g  s t r i k e ( s 1 ;  and ( 2 )  ins t rumented 
and t e s t e d  i n  a manner s o  t h a t  an u n s a f e  c o n d i t i o n  can be  i d e n t i f i e d .  



5.4.4.1 L i g h t n i n g  Environment and T e s t  Setup.  

The l i g h t n i n g  t e s t  v o l t a g e  o r  c u r r e n t  l e v e l s  and w a v e s h a p e s  a r e  d i c t a t e d  by  
t h e  s t r i k e  zones i n  which t h e  f u e l  system/components a r e  l o c a t e d  on t h e  a i r c r a f t  
( r e f e r  t o  t a b l e  1 ) .  The t e s t  components shou ld  be  p r o d u c t i o n  hardware ( o r  equiva- 
l e n t )  and s e t  up and connected t o  t h e  l i g h t n i n g  g e n e r a t o r ( s 1  s o  t h a t  t h e  c u r r e n t  
t r a n s f e r  i n t o  and o u t  o f  t h e  t e s t  sample i s  s i m i l a r  t o  t h a t  which would be  exper i -  
enced by t h e s e  components i f  they  were i n s t a l l e d  i n  t h e  a i r c r a f t .  

I f  t e s t i n g  i s  used,  c h a r a c t e r i s t i c s  o f  t h e  i n - f l i g h t  environment such a s  a l t i t u d e ,  
t empera tu re ,  p r e s s u r e ,  a i r c r a f t  motion and aerodynamic f o r c e s  shou ld  be  e v a l u a t e d  
and accounted f o r ,  i f  a p p r o p r i a t e .  

5.4.4.2 T e s t s  U t i l i z i n g  Fuel-Air Mix tu res .  

One t echn ique  used t o  v e r i f y  t h e  "safe"  f u e l  system i s  t o  u s e  i g n i t a b l e  mix tu res  of 
f u e l - a i r  i n  t h e  t e s t  o b j e c t  d u r i n g  t h e  t ime when i t  i s  s t r u c k  by t h e  s imula ted  
l i g h t n i n g  d i s c h a r g e .  Optimum f u e l - a i r  m i x t u r e s ;  i . e . ,  t h o s e  t h a t  r e q u i r e  a  minimum 
energy f o r  i g n i t i o n ,  a r e  used ,  and t e s t s  a r e  r e q u i r e d  t o  demons t ra te  t h a t  t h e  
p roper  i g n i t a b l e  m i x t u r e  was p r e s e n t  i n  t h e  f u e l  sys tem a t  t h e  t ime when t h e  
l i g h t n i n g  t e s t s  were conducted.  

5.4.4.3 T e s t s  U t i l i z i n g  Pho tograph ic  and Temperature Sens ing  Appara tus .  

Another t echn ique  used t o  v e r i f y  t h e  "safe"  f u e l  s y s  tem r e l i e s  on pho tograph ic ,  
i n f r a r e d ,  and/or  t empera tu re  measurement t o  i n f e r  i g n i t i o n  of a flammable m i x t u r e  
wi thou t  u s i n g  f u e l  f o r  t h e  t e s t .  I f  t h e  s u s p e c t e d  problem i s  h o t  s p o t  i g n i t i o n ,  
t h e n  a camera equipped w i t h  i n f r a r e d  f i l m ,  an image c o n v e r t e r ,  t empera tu re  s e n s i -
t i v e  p a i n t s ,  o r  thermocouples may b e  used.  I f  t h e  s u s p e c t e d  problem i s  t h e  r e s u l t  
o f  a r c i n g  o r  s p a r k i n g ,  then  photographic  o r  image c o n v e r t e r  t echn iques  should  be 
used.  M i r r o r s  and a u x i l i a r y  l e n s e s  and o t h e r  o p t i c a l  systems shou ld  be used wi th  
c a r e .  The p a r t i c u l a r  photographic  sys tem s e l e c t e d  should  be  c a p a b l e  of d e t e c t i n g  a 
0.2 m i l l i j o u l e  s p a r k  produced by a c a p a c i t o r  d i s c h a r g e .  A d d i t i o n a l  i n f o r m a t i o n  on 
u s e  of  photographic  methods f o r  d e t e c t i o n  of  s p a r k s  may be  found i n  appendix A, 
paragraph 4.1.3. 

5.4.4.4 Pass -Fa i l  C r i t e r i a .  

Any i n d i c a t i o n  of  s p a r k i n g  o r  h o t  s p o t s ,  o r  a c t u a l  f u e l  i g n i t i o n  c o n s t i t u t e s  a 
f a i l u r e .  I f  f u e l - a i r  m i x t u r e s  a r e  used f o r  t e s t i n g ,  t h e n  i g n i t i o n  of t h e  f u e l  
could  c o n s t i t u t e  f a i l u r e .  However, i f  f lame s u p p r e s s a n t s  such a s  r e t i c u l a t e d  foam 
a r e  used,  and i f  t h e  f lame was suppressed  wi thou t  damage t o  t h e  sys tem,  then  t h e  
sys tem would have passed and cou ld  be  c l a s s i f i e d  a s  " s a f e . "  

I f  photographic  and s i m i l a r  t echn iques  a r e  used t o  d e t e c t  h o t  s p o t s  and s p a r k s ,  
e t c . ,  t hen  any h o t  s p o t  above t h e  i g n i t i o n  t empera tu re  o r  a r c i n g  and spa rk ing  would 
b e  cons ide red  unaccep tab le .  

6.0 PROTECTION CONSIDERATIONS. 

The f o l l o w i n g  p a r a g r a p h s  p r e s e n t  b a s i c  g u i d e l i n e s  and a r e a s  o f  c o n c e r n  w i t h  
r e s p e c t  t o  l i g h t n i n g  p r o t e c t i o n .  I t  i s  recognized t h a t  p r o t e c t i o n  d e s i g n  i s  a 
c o n s t a n t l y  changing technology and t h a t  many o t h e r  approaches  may be p o s s i b l e .  



With t h e  e s t a b l i s h m e n t  o f  methods t o  p r e d i c t  t h e  l i g h t n i n g  c u r r e n t  ampl i tude and 
charge ,  a s  w e l l  as  dwel l  t ime,  s u f f i c i e n t  i n f o r m a t i o n  i s  a v a i l a b l e  t o  u t i l i z e  t h e  
c h a r t s  of  f i g u r e s  12 o r  1 3  t o  de te rmine  t h e  s k i n  t h i c k n e s s e s  which w i l l  o r  w i l l  n o t  
be  mel ted  through. 

-NOTE: I t  is not  a  recommended p r a c t i c e  t o  extend t h e  f u e l  sys tem i n t o  a 
zone 1A o r  1 B  a r e a .  I f  i t  i s  deemed n e c e s s a r y  t o  u t i l i z e  t h e  
zone 1 a r e a  f o r  t h e  f u e l  system, s p e c i a l  d e s i g n  c o n s i d e r a t i o n s  
must b e  i n c o r p o r a t e d  t o  a s s u r e  s a t i s f a c t o r y  l i g h t n i n g  p r o t e c t i o n .  
Th i s  p r o t e c t i o n  c r i t e r i a  must a d d r e s s  p o t e n t i a l  a r e a s  of concern  
such a s  b ind ing  r a d i u s ,  e t c .  

6.1 DETERMINATION OF ALUMIMUM SKIN THICKNESS REQUIREMENTS. 

For  example, l e t  us assume t h a t  a b a r e  s o l i d  aluminum s k i n  i s  planned f o r  an 
i n t e g r a l  tank i n  zone 2A, and t h a t  i t  is  d e s i r e d  t o  de te rmine  how t h i c k  t h i s  s k i n  
shou ld  be  t o  p reven t  melt- through. F u r t h e r ,  l e t  u s  say  t h a t  t h i s  a i r c r a f t  w i l l  f l y  
a t  v e l o c i t i e s  as  low as  58 m / s  (130 mph). From t a b l e  2 ,  t h e  expected dwel l  t ime 
f o r  t h i s  unpainted s k i n  would be  2  ms. From f i g u r e  14 ,  an average of  2kA would 
f low i n t o  t h e  dwel l  p o i n t  d u r i n g  t h i s  p e r i o d ,  d e l i v e r i n g  4  C of charge .  According 
t o  f i g u r e  1 2 ,  t h e s e  parameters  i n t e r s e c t  a t  a p o i n t  about half-way between t h e  
coulomb i g n i t i o n  t h r e s h o l d  curves  f o r  0.051cm (0.020 i n . )  and 0.102cm (0.040 i n . )  
aluminum s k i n s ,  i n d i c a t i n g  t h a t  0.102cm i s  t h e  t h i n n e s t  s k i n  t h a t  s h o u l d  b e  
cons ide red .  

TABLE 2.  LIGHTNING DWELL TIMES O N  TYPICAL AIRCRAFT SURFACES I N  ZONE 2A 

P- 1 

A i r c r a f t  V e l o c i t i e s  

15 .5 .mls  1 5 2 m / s  103 m / s  
Surface  Type (35 mph) (130 mph) (230 mph) 

-

Aluminum and '1 co 4 m s  2 2 . 0  m s  2 1 . 0  m s  

t i t an ium unpa in ted  


Aluminum anodized 44.8 m s  22.6 ms 

Aluminum p a i n t e d  3 ~ pt o  20 m s  up t o  10 m s  

Note 1 - See  Refe rence  1 
Note 2 - See Reference  2 
Note 3 - See Reference  3 
Note 4 - See Refe rence  4 



FIGURE 1 2 .  MELT-THROUGH AND I G N I T I O N  THRESHOLD FOR ALLTMINUM S K I N S  

TIME TO 1320 C HOT SPOT THRESHOLDS - SECONDS 

FIGURE 13. HOT-SPOT AND I G N I T I O N  THRESHOLDS FOR TITANIUM S K I N S  
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FIGURE 14. CURRENT AND CHARGE EXPECTED AT A ZONE 2A DWELL POINT . D e l i v e r s  10C i n  f i r s t  5ms a t  any dwel l  p o i n t  . D e l i v e r s  0.4C/ms t h e r e a f t e r  
D e l i v e r s  400A f o r  a l l  50ms i f  dwel l  t ime not  
known ( ~ r a w n  w i t h  s t r a i g h t  l i n e s  f o r  exp lana t  i o n  
purposes o n l y )  

D i f f e r e n t  dwel l  p o i n t s ,  d i f f e r e n t  c o a t i n g s ,  and d i f f e r e n t  t h i c k n e s s e s  w i l l  cause  
cor respond ing ly  d i f f e r e n t  dwel l  t imes .  Cons ide r ,  f o r  example, t h e  l o n g e s t  dwel l  
t i m e ,  20ms, r e p o r t e d  i n  t a b l e  2 f o r  a p a i n t e d  s u r f a c e .  During t h i s  p e r i o d ,  t h e  
c u r r e n t  of  f i g u r e  14 would d e l i v e r  16 C .  These parameters  i n t e r s e c t  a t  a p o i n t  
j u s t  above t h e  0.229cm (0.090 i n . )  c u r v e  i n  f i g u r e  12 i n d i c a t i n g  t h a t  even t h e  
0.203cm (0.080 i n . )  t h i c k n e s s  may b e  i n s u f f i c i e n t  t o  p reven t  i g n i t i o n  where c e r t a i n  
p a i n t s  a r e  used. I n - f l i g h t  e x p e r i e n c e  h a s  shown t h a t  0.080 inch  aluminum s k i n s  
wi thou t  t h i c k  p a i n t s  can t o l e r a t e  zone 2A c u r r e n t s  wi thou t  mel t - through.  

T h e r e f o r e ,  i f  p a i n t s  o r  o t h e r  s u r f a c e  t r e a t m e n t s  must be  used,  i t  is  a d v i s a b l e  t o  
perform swept-s t roke t e s t s  t o  e s t a b l i s h  t h e  a c t u a l  dwel l  t ime,  o r  t o  perform 
melt- through t e s t s  t o  de te rmine  t h e  a c t u a l  melt- through ( o r  ho t  s p o t )  t h r e s h o l d .  

6 .2  DETERMINATION OF TITANIUM SKIN THICKNESS REQUIREMENTS. 

By u s i n g  t h e  c h a r t  of  f i g u r e  13 ,  i t  i s  p o s s i b l e  t o  de te rmine  t i t a n i u m  s k i n  th ick-
n e s s e s  i n  a manner s i m i l a r  t o  t h a t  f o r  de te rmin ing  aluminum s k i n  t h i c k n e s s e s .  The 
i g n i t i o n  t h r e s h o l d  f o r  t i t a n i u m  o c c u r s  when t h e  backs ide  ( f u e l  s i d e )  of  t h e  s k i n  
r e a c h e s  1320" C ,  a t empera tu re  s u f f i c i e n t  t o  i g n i t e  a f u e l a i r  vapor .  (Refe rence  4 )  

6 .3  DETERMINATION OF PARTIALLY-CONDUCTIVE COMPOSITE MATERIAL SKIN 
THICKNESS REQUIREMENTS. 

No c h a r t s  o f  t h e  type i n  f i g u r e s  12 and 13  have a s  y e t  been g e n e r a t e d  f o r  o t h e r  
m e t a l s  o r  conduc t ive  composite m a t e r i a l s ,  and t h e  v u l n e r a b i l i t y  of  t h e s e  should  be 
e v a l u a t e d  by t e s t  . 
L i g h t n i n g  e f f e c t s  w i t h i n  f u e l  sys tems a r e  a problem g e n e r i c  t o  bo th  m e t a l l i c  and 
composi te  f u e l  t anks .  The problem i n  a composite s t r u c t u r e  i s  compl icated by t h e  
reduced e l e c t r i c a l  c o n d u c t i v i t y  and t h e  complex mechanical  p r o p e r t i e s  of  t h e  
m a t e r i a l  and t h e  j o i n t s .  

6.4 INTEGRAL FUEL TANKS WITH ELECTRICALLY NONCONDUCTIVE SKINS. 

I n  some c a s e s ,  nonconducting m a t e r i a l s  such a s  f i b e r g l a s s - r e i n f o r c e d  p l a s t i c s  (FRP) 
a r e  used i n s t e a d  of m e t a l s  f o r  i n t e g r a l  f u e l  t ank  s k i n s .  In  t h e s e  c a s e s ,  t h e  
l i g h t n i n g  channel  w i l l  e i t h e r :  



Punc tu re  t h e  s k i n  and a t t a c h  t o  an e l e c t r i c a l l y  c o n d u c t i v e  o b j e c t  i n s i d e  t h e  
s k i n  ( t a n k ) ,  p a t h  ( a )  on f i g u r e  15;  o r  

D i v e r t  around t h e  nonmeta l l i c  s k i n  and a t t a c h  t o  an a d j a c e n t  m e t a l l i c  s k i n  o r  
o t h e r  o b j e c t ,  p a t h  ( b ) .  

PUNCTURE 

/ ---.--- -+- - 1  
*- -1,-,,,-1 

WING TIP 
(a) 

FIGURE 15. POSSIBLE LIGHTNING ATTACHMENT TO NONCONDUCTING SKINS 

I f  t h e  channel  r eaches  t h e  s k i n  b u t  remains on t h e  o u t s i d e  s u r f a c e ,  p a t h  ( b ) ,  i t  i s  
not  l i k e l y  t h a t  t h e  s k i n  w i l l  burn  through o r  t h a t  i t s  i n s i d e  s u r f a c e  w i l l  become 
h o t  enough t o  i g n i t e  f u e l .  The reason  f o r  t h i s  i s  t h a t  t h e  c u r r e n t  i s  not e l ec -
t r i c a l l y  conducted by t h e  s k i n ,  and t h e  h o t  a r c  channel  does not  l i e  c l o s e  enough 
o r  long enough a g a i n s t  t h e  s k i n  t o  burn through i t .  I n  f a c t ,  i t s  e f f e c t s  a r e  
u s u a l l y  l i m i t e d  t o  burn ing  of  e x t e r n a l  p a i n t s ,  i f  p r e s e n t ,  o r  t o  s l i g h t  s i n g e i n g  
o f  t h e  nonmeta l l i c  s k i n .  However, an approaching l e a d e r  induces  s t r e a m e r s  from 
conduc t ive  e lements  of t h e  a i r c r a f t  i n c l u d i n g  o b j e c t s  l o c a t e d  benea th  nonconducting 
s k i n s .  I f  t h e  e l e c t r i c  f i e l d  producing t h e  s t r e a m e r s  i s  s t r o n g  enough, t h e  s k i n  
may s u f f e r  d i e l e c t r i c  breakdown ( p u n c t u r e )  and a l low t h e  s t r e a m e r  t o  reach t h e  
approaching l e a d e r .  T h i s  i s  most l i k e l y  t o  occur  when t h e r e  i s  no e x t e r n a l  conduc-
t i v e  o b j e c t  nearby from which a n o t h e r  s t r eamer  can p ropaga te  and reach t h e  l e a d e r  
f i r s t .  Obviously ,  i f  a  punc tu re  occurs  through an i n t e g r a l  f u e l  t a n k  w a l l ,  f u e l  i s  
p laced  i n  d i r e c t  c o n t a c t  w i t h  t h e  l i g h t n i n g  a r c  channel  and i g n i t i o n  i s  p o s s i b l e ;  
t h e r e f o r e ,  normal p r a c t i c e  h a s  been not t o  have f u e l  extend i n t o  
t i p  a r e a .  

Punc tu re  of  s k i n s  can be p reven ted ,  o r  a t  l e a s t  g r e a t l y  minimized by placement of  
conduc t ive  d i v e r t e r s  on t h e  o u t s i d e  s u r f a c e  of t h e  t ank  as  shown i n  f i g u r e  16. 
These d i v e r t e r s  should  be  placed c l o s e  enough t o  each o t h e r  o r  t o  o t h e r  conduc to r s  
t o  p reven t  an i n t e r n a l  s t r eamer  from punc tu r ing  t h e  s k i n .  I n  t h e o r y ,  t h i s  means 
t h a t  t h e  d i v e r t e r s  should  be  c l o s e  enough t o  g r e a t l y  r educe  t h e  i n t e r n a l  e l e c t r i c  



f i e l d  and p reven t  i n t e r n a l  s t r eamer  fo rmat ion ,  s i n c e  such s t r e a m e r s  w i l l  i n t e n s i f y  
t h e  f i e l d  a s  they  p ropaga te  outward.  P r e v e n t i o n  of  i n t e r n a l  s t r e a m e r s  by d i v e r t e r s  
is  c a l l e d  e l e c t r o s t a t i c  s h i e l d i n g ,  and s u c c e s s f u l  accomplishment of  t h i s  f u n c t i o n  
is  necessa ry  t o  p reven t  s k i n  punc tu res  and, e q u a l l y  impor tan t ,  t o  p reven t  i n t e r n a l  
s t r e a m e r s  from forming and becoming a  s o u r c e  of i g n i t i o n .  

Because str 'eamers form most r e a d i l y  from s h a r p  conduc t ing  edges and c o r n e r s ,  t h e  
number of  m e t a l l i c  p a r t s  i n s i d e  a nonconducting f u e l  t ank  should  be minimized and 
t h o s e  t h a t  remain shou ld  be  l o c a t e d  a s  f a r  from nonconducting s k i n s  a s  p o s s i b l e  and 
des igned w i t h  smooth, rounded edges i n s t e a d  of  s h a r p  p o i n t s .  These concep t s  a r e  
i l l u s t r a t e d  i n  f i g u r e  16.  Also ,  m e t a l l i c  p a r t s  shou ld  be  l o c a t e d  wi th  a s  g r e a t  a 
spac ing  from nonconducting s k i n s  a s  p o s s i b l e .  

F u e l  Quan t i ty  U n i t  
e mount as f a r  inboard 

/?Cuter edge of fuel tank 

Nonmetal l ic  Wing ?ip e r u n  power wires i n s i d e  
metal c o n d u i t  which 
i s  s o l i d l y  bonded t o  
inboard  w a l l  and t o  

/ lamp housing 
F u e l  o r  Vent L i n e  and O u t l e t  Assembly 
e perhaps  make t h i s  of n o n m e t a l l i c  

material 
e i f  i t  must be m e t a l l i c ,  keep a s  
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FIGURE 16.  LOCATION OF METALLIC PARTS WITHIN NONCONDUCTING FUEL TAWS 

I f  a d i v e r t . e r  p r o t e c t i o n  s y s t e m  s u c h  a s  t h a t  shown i n  f i g u r e  1 6  i s  u s e d ,  i t  
w i l l  o f t e n  be most e f f e c t i v e  i f  not  p a i n t e d .  P a i n t i n g  of  t h e  f i b e r g l a s s  s k i n  
i t s e l f ,  of  c o u r s e ,  i s  t o  be encouraged,  a s  t h e  added i n s u l a t i o n  provided by t h e  
p a i n t  w i l l  f u r t h e r  r educe  t h e  p r o b a b i l i t y  of s k i n  punc tu re .  

I f  a d i v e r t e r  arrangement is not p r a c t i c a l  f o r  some reason ,  a conduc t ive  c o a t i n g  
may be a p p l i e d  t o  t h e  t ank  i n s t e a d .  Such a c o a t i n g  may be a meta l  f o i l  o r  a p a i n t  
h e a v i l y  doped w i t h  meta l  o r  carbon p a r t i c l e s .  The major d i sadvan tage  of t h e s e  
c o a t i n g s  i s  t h a t  a r e l a t i v e l y  l a r g e  p o r t i o n  of t h e  c o a t i n g  may be  mel ted  o r  burned 
away when t h e  f l a s h  a t t a c h e s  t o  i t .  A c o a t i n g  may have t o  be p r o h i b i t i v e l y  t h i c k  
(one approaching t h e  t h i c k n e s s  of  conven t iona l  m e t a l l i c  s k i n s  themselves)  t o  avoid  
t h e s e  r e s u l t s .  

On t h e  o t h e r  hand, a conduc t ive  c o a t i n g  has  t h e  important  advantage of  p rov id ing  an 
o v e r a l l  e l e c t r o s t a t i c  s h i e l d  t h a t  w i l l  v i r t u a l l y  e l i m i n a t e  i n t e r n a l  e l e c t r i c  f i e l d s  
and s t r eamer ing .  Thus, i f  m e t a l l i c  o b j e c t s  must be  l o c a t e d  i n s i d e  t h e  t ank  i n  such 
a manner t h a t  s t r e a m e r s  a r e  of concern ,  i t  may be a d v i s a b l e  t o  c o n s i d e r  a  conduc-
t i v e  c o a t i n g  over  t h e  e n t i r e  nonconducting s k i n .  T h i s  p r e c a u t i o n  is  p a r t i c u l a r l y  
a p p r o p r i a t e  i f  o c c a s i o n a l  burnoff  of p a r t  of  t h e  c o a t i n g  i s  a c c e p t a b l e  from a 
maintenance s t a n d p o i n t .  



--- 

P r e c i p i t a t i o n - s  t a t i c  must be cons ide red  c a r e f u l l y  i n  app ly ing  conduc t ing  c o a t i n g s  
t o  p l a s t i c  s u r f a c e s .  I f  t h e  e x t e r n a l  conduc t ive  c o a t i n g s  a r e  not  w e l l  bonded t o  
t h e  a i r f r a m e ,  s e v e r e  p r e c i p i t a t i o n - s t a t i c  i n t e r f e r e n c e s  w i t h  s u b s t a n t i a l  RF i n t e r -
f e r e n c e  can r e s u l t .  

Coa t ings  r e l y  on one of  two t echn iques :  High and low e l e c t r i c a l  c o n d u c t i v i t y  t o  
p r o t e c t  t h e  d i e l e c t r i c  m a t e r i a l .  

High c o n d u c t i v i t y  c o a t i n g s  having a low e l e c t r i c a l  r e s i s t a n c e  i n  which t h e  
c u r r e n t  i s  conducted d i r e c t l y  i n  t h e  c o a t i n g .  The c u r r e n t  d e n s i t y  i s  v e r y  h i g h  a t  
t h e  s t r i k e  a t tachment  p o i n t  bu t  i t  d i m i n i s h e s  r a p i d l y  as  t h e  c u r r e n t  s p r e a d s  from 
t h e  l i g h t n i n g  a t tachment  p o i n t .  Th i s  w i l l  p robab ly  r e s u l t  i n  a  minimum of e l e c t r o -
magnet ic  coup l ing  t o  systems ( w i r i n g ,  m e t a l l i c  t u b i n g ,  me ta l  b r a c k e t s ,  e t c . )  behind 
o r  i n  t h e  v i c i n i t y  of  t h e  s t r i k e .  

Low c o n d u c t i v i t y  c o a t i n g s  such a s  carbon o r  me ta l  f i l l e d  p a i n t s ,  i n  which t h e  
l i g h t n i n g  c u r r e n t  is not conducted by t h e  m a t e r i a l  but  r a t h e r  t h e  c o n d i t i o n s ,  a r e  
e s t a b l i s h e d  s o  t h a t  t h e  l i g h t n i n g  a r c  can more e a s i l y  f l a s h  a c r o s s  t h e  s u r f a c e  than 
punc tu re  t h e  d i e l e c t r i c  m a t e r i a l .  S i n c e  t h e  l i g h t n i n g  c u r r e n t  probably  does not  
s p r e a d  ou t  b u t  remains a s  a  s i n g l e  conduc t ing  plasma p a t h ,  t h e  e l e c t r o m a g n e t i c  
c o u p l i n g  would be  s i m i l a r  t o  t h a t  o b t a i n e d  by a  w i r e  c a r r y i n g  a s i m i l a r  c u r r e n t .  

Some meta l  f i l l e d  p a i n t s  a r e  nonconductive and do not  o f f e r  e l e c t r o s t a t i c  s h i e l d i n g .  
A s  a r e s u l t ,  t h e  approaching l i g h t n i n g  channe l s  can induce s t r e a m e r s  from conduc to r s  
mounted behind t h e  c o a t i n g .  T y p i c a l  c o a t i n g  and d i v e r t e r  sys tems a r e  l i s t e d  below: 
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Users  of any of  t h e  t echn iques  l i s t e d  i n  t a b l e  3 should  be aware t h a t  improper 
d e s i g n s  can c r e a t e  a d d i t i o n a l  problems such as  s t r u c t u r a l  damage o r  systems i n t e r -
f a c e ,  and should  c a r e f u l l y  e v a l u a t e  proposed des igns  and v e r i f y  adequacy by t e s t .  

6.5 COMPONENTS. JOINTS. AND INTERFACES. 

E l e c t r i c a l  w i r e s  and p l u m b i n g  w i t h i n  f u e l  t a n k s  p o s e  a n o t h e r  p r o b l e m  d u e  t o  
n e g l i g i b l e  e l e c t r o m a g n e t i c  s h i e l d i n g  p r o p e r t i e s  of  t h e s e  m a t e r i a l s .  

I n  t h e  p a s t ,  much a t t e n t i o n  h a s  been g i v e n  t o  keeping l i g h t n i n g  c u r r e n t s  o u t  of t h e  
i n t e r i o r  o f  t h e  a i r c r a f t  by p r o v i d i n g  c o n d u c t i v e  and t i g h t l y  bonded s k i n s .  
S i n c e  most l i g h t n i n g  c u r r e n t s ,  due  t o  t h e i r  s h o r t  d u r a t i o n ,  w i l l  not  have s u f f i -
c i e n t  t ime t o  d i f f u s e  complete ly  t o  i n t e r i o r  s t r u c t u r a l  e l ements  such a s  s p a r s  and 
r i b s ,  some c u r r e n t  w i l l  f low i n  o t h e r  i n t e r n a l  conduc to r s  such a s  f u e l  and ven t  
l i n e s .  

S i n c e  s o  l i t t l e  energy i s  needed f o r  an i g n i t i n g  s p a r k ,  t h e  behavior  of t h e s e  
i n t e r n a l  c u r r e n t s  is of  g r e a t  importance  t o  f u e l  system s a f e t y .  Of c o u r s e ,  when 
t h e  l i g h t n i n g  c u r r e n t s  which do f low i n  t h e  s k i n  encoun te r  d i s c o n t i n u i t i e s  a t  
a c c e s s  doors ,  f i l l e r  caps ,  and t h e  l i k e ,  a p o s s i b i l i t y  of s p a r k i n g  e x i s t s  i f  
e l e c t r i c a l  bonding i s  inadequa te ;  t h e r e f o r e ,  t h e  behav io r  of l i g h t n i n g  c u r r e n t s  
remaining i n  t h e  s k i n s  i s  impor tan t .  

F i g u r e  17 shows t h e  p o s s i b l e  l i g h t n i n g  c u r r e n t  p a t h s  i n  a t y p i c a l  f u e l  tank and 
c a l l s  a t t e n t i o n  t o  t h e s e  a r e a s  of  g r e a t e s t  concern .  These a r e a s  a r e  d i s c u s s e d  i n  
t h e  fo l lowing  subparagraphs .  

Electrical Apparatus 
and Wiring 

FIGURE 1 7 .  LIGHTNING CURRENT PATHS I N  A FUEL TANK 



6.5.1 F i l l e r  Caps. 

The need t o  p rov ide  a l i q u i d - t i g h t  s e a l  around f u e l  t ank  f i l l e r  caps  h a s  l e d  t o  u s e  
o f  v a r i o u s  g a s k e t s  and s e a l s  between t h e  cap  and i t s  mat ing s u r f a c e  i n  t h e  tank.  
Most of t h e s e  have l i t t l e  o r  no e l e c t r i c a l  c o n d u c t i v i t y ,  l e a v i n g  t h e  m e t a l l i c  
screws o r  o t h e r  f a s t e n e r s  a s  t h e  o n l y  conduc t ing  p a t h s  i n t o  t h e  cover .  I f  t h e s e  
f a s t e n e r s  a r e  inadequa te  o r  i f  they  p r e s e n t  t o o  much induc tance ,  l i g h t n i n g  c u r r e n t s  
may b u i l d  s u f f i c i e n t  v o l t a g e  a long  such p a t h s  t o  s p a r k  a c r o s s  t h e  nonconducting 
s e a l s ,  c r e a t i n g  s h o r t e r  p a t h s .  Some of t h e s e  s p a r k s  may occur  a t  t h e  i n s i d e  
s u r f a c e s  of  t h e  j o i n t s  and be  a s o u r c e  o f  f u e l  i g n i t i o n .  

R e s e a r c h  h a s  b e e n  a c c o m p l i s h e d  t o  e v a l u a t e  t h i s  p o s s i b i l i t y  and i t  h a s  b e e n  
demonstra ted  t h a t  d i r e c t  s t r i k e s  t o  f i l l e r  caps  can cause  p r o f u s e  s p a r k  
s h o w e r s ,  i n s i d e  t h e  t a n k ,  o f  ample  e n e r g y  t o  i g n i t e  f u e l .  Such  a  s i t u a t i o n  
i s  i l l u s t r a t e d  i n  f i g u r e  18.  

ARC 

FUEL L-- BALL CHAIN 

FIGURE 18.  SOURCES OF IGNITION AT AN UNPROTECTED FUEL FILLER CAP 

L i g h t n i n g  p r o t e c t e d  f i l l e r  caps  have been des igned t o  p reven t  i n t e r n a l  s p a r k i n g .  
F i g u r e  19 i l l u s t r a t e s  t h i s  type  of cap.  I t  i n c o r p o r a t e s  a p l a s t i c  i n s e r t  t h a t  
p r e c l u d e s  any s p a r k i n g  a t  i n t e r i o r  f a y i n g  s u r f a c e s  and r e p l a c e s  t h e  p rev ious  b a l l  
c h a i n  w i t h  a nonconducting p l a s t i c  s t r a p .  L igh tn ing  p r o t e c t e d  f u e l  t ank  f i l l e r  
caps  a r e  commercial ly a v a i l a b l e  and a r e  be ing  used i n  many a i r c r a f t  where f i l l e r  
caps  must be l o c a t e d  i n  d i r e c t  o r  swep t - l igh tn ing  s t r i k e  zones.  Even though 
l i g h t n i n g  p r o t e c t e d  f u e l  f i l l e r  caps  a r e  used,  a t t e n t i o n  must a l s o  be g iven  t o  
a s s u r i n g  t h a t  t h e  cap adapter- to- tank s k i n  i n t e r f a c e  i s  f r e e  of  i g n i t i o n  s o u r c e s .  



F LIGHTNING ARC 

I 
FUEL PLASTIC STRAP 

FIGURE 19. LIGHTNING-PROTECTED FUEL FILLER CAP 

NOTE: I t  i s  m o s t  i m p o r t a n t  t o  a s s u r e  t h a t  f i l l e r  c a p  m o u n t i n g  a d a p t e r s  a n d  
f a s t e n e r s  w i l l  not  s p a r k  i n t e r n a l l y  t o  t h e  a d j a c e n t  s k i n  d u r i n g  a l i g h t n i n g  s t r i k e  
t o  t h e  cap,  adap to r  o r  f a s t n e r .  

6.5.2 F u e l  Probes .  

Extreme c a r e  must b e  t a k e n  t o  e n s u r e  t h a t  adequate  gaps a r e  main ta ined  between t h e  
a c t i v e  e l e c t r o d e s  o f  t h e  probe and a i r f r a m e .  I t  i s  p a r t i c u l a r l y  important  t h a t  
s u f f i c i e n t  i n s u l a t i o n  be  provided between a c t i v e  e l e c t r o d e s  and t h e  a i r f r a m e  
because  t h e  h i g h e s t  induced v o l t a g e s  appears  between a l l  of t h e  incoming w i r e s  
and a i r f r a m e .  Th i s  is  shown i n  f i g u r e  20. 
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E l e c t r i c a l  d e v i c e s ,  such as  f u e l  probes ,  have been i n t e n t  i o n a l l y  des igned  t o  
w i t h s t a n d  compara t ive ly  h igh  v o l t a g e s  wi thou t  spa rk ing .  However, s t r u c t u r a l  
d e s i g n s  o r  m a t e r i a l  c h a n g e s  may a l t e r  t h i s  s i t u a t i o n  and p e r m i t  e x c e s s i v e  
induced v o l t a g e s  t o  appear  i n  t h e  f u e l  t ank  e l e c t i r c a l  c i r c u i t .  

When de te rmin ing  t h e  breakdown v o l t a g e s  of  f u e l  q u a n t i t y  probes ,  t e s t  v o l t a g e s  
mus t  b e  a p p l i e d  t o  a l l  o f  t h e  e l e c t r o d e  c o m b i n a t i o n s  which may e x i s t ,  ( t h i s  
i s  no t  r e q u i r e d  t o  be accomplished s i m u l t a n e o u s l y ) .  I n  most probes b o t h  t h e  "high" 
and "low" e l e c t r o d e s  a r e  i n s u l a t e d  from "ground" ( a i r f r a m e )  a s  shown i n  f i g u r e  21 ,  
b u t  t h e  mounting b r a c k e t  b r i n g s  t h e  probe i n t o  p rox imi ty  of t h e  a i r f r a m e .  There-
f o r e ,  t e s t  v o l t a g e s  should  be  app l i ed  a c r o s s  each of  t h e  b a s i c  e l e c t r o d e  combina-
t i o n s  a s  shown i n  f i g u r e  21 ( t a k e n  from r e f e r e n c e  5 ) .  

Aircraft Fuel Tank Skin 
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Possible breakdown of gaps in capacitance-type probe. 
1. High to Low 
2. High to Airframe 
3. Low to Airframe 

FIGURE 2 1 .  	 TYPICAL IMPULSE SPARKOVER VOLTAGES FOR 
A CAPACITANCE-TYPE PROBE 



6.5.3 J o i n t s  i n  S k i n s .  

Spark ing  i s  sometimes a r e s u l t  of  c u r r e n t  d e n s i t i e s  through s m a l l  p a t h s  a c r o s s  t h e  
j o i n t s  i n  which t h e  c u r r e n t  d e n s i t y  exceeds  t h e  f u s i n g  c u r r e n t  ( e . g . ,  c u r r e n t s  t h a t  
me l t  o r  v a p o r i z e  m a t e r i a l )  d e n s i t y .  Smal l  b u r r s  of  aluminum w i t h  i n s u f f i c i e n t  
c r o s s  s e c t i o n a l  a r e a  t o  c a r r y  t h e  l o c a l i z e d  c u r r e n t  a r e  v a p o r i z e d  o r  melted and 
exploded i n t o  smal l  s p a r k  showers. These can  b e  g e n e r a t e d  a c r o s s  j o i n t s  w i t h  even 
low j o i n t  impedances, as  i l l u s t r a t e d  i n  f i g u r e  22 .  Thus, t h e  edge t r e a t m e n t  of  
wing p lanks  and s p l i c e  p l a t e s ,  f o r  example, i s  c r i t i c a l  i n  p r e v e n t i n g  s p a r k i n g  
i n s i d e  f u e l  t anks  . 

s h e a r e d  s p l i c e  
burr pernits 
shower 

e x p o s e s  sparking  

FIGURE 22.  POSSIBLE SPARKING AT STRUCTURAL JOINT 

There  is  no hard-and-fast  r u l e  f o r  t h e  number of f a s t e n e r s  pe r  meter  of j o i n t  
( d e n s i t y )  which a r e  necessa ry  t o  avoid spa rk ing .  Any s p a r k i n g  u s u a l l y  occurs  a t  
t h e  i n t e r f a c e s  between t h e  f a s t e n e r  and su r round ing  m e t a l ,  and t h e  occur rence  of  
s u c h  s p a r k i n g  d e p e n d s  o n  o t h e r  p h y s i c a l  c h a r a c t e r i s t i c s ,  s u c h  a s  s k i n  m e t a l  
t h i c k n e s s ,  s u r f a c e  c o a t i n g s ,  and f a s t e n e r  t i g h t n e s s .  T e s t s  i n  which s imula ted  
l i g h t n i n g  c u r r e n t s  a r e  conducted through t h e  j o i n t  shou ld  always be  made on samples 
of  j o i n t s  invo lv ing  new m a t e r i a l s  o r  d e s i g n s  fo l lowing  product  i o n  manufactur ing 
t echn iques .  

Graphi te /epoxy composite m a t e r i a l  can  have a s e v e r e  c o r r o s i o n  problem due t o  
g a l v a n i c  a c t i o n  between g r a p h i t e  and o t h e r  a i r c r a f t  m a t e r i a l ,  mainly  aluminum. 
D i r e c t  (uncoated)  aluminum-to-graphite compostie j o i n t s  should  be  avoided.  

6.5.4 J o i n t s  and I n t e r f a c e s  i n  P i ~ e s  and C o u ~ l i n ~ .  

When l i g h t n i n g  c u r r e n t s  a r e  f lowing  through t h e  s t r u c t u r e ,  s m a l l  amounts of  c u r r e n t  
may be  d i v e r t e d  through m e t a l l i c  f u e l  l i n e s ,  ven t  p i p e s ,  o t h e r  plumbing i n s i d e  a 
f u e l  t ank ,  and h y d r a u l i c  l i n e s .  For  nonmeta l l i c  t a n k s ,  t h e s e  c u r r e n t s  may b e  
s i g n i f i c a n t .  Th i s  c u r r e n t  may c a u s e  s p a r k i n g  a t  p ipe  j o i n t s  and coup l ings  where 
t h e r e  is  i n t e r m i t  t e n t  o r  poor e l e c t r i c a l  c o n d u c t i v i t y .  Some p i p e  c o u p l i n g s ,  f o r  
example, a r e  des igned t o  permit  r e l a t i v e  motion between t h e  mating ends of a  p i p e  



s o  a s  t o  r e l i e v e  mechanical  s t r e s s e s  caused by wing f l e x u r e  and v i b r a t i o n .  These 
a c t  i o n s  may wear away t h i s  i n s u l a t i o n ,  p r o v i d i n g  u n i n t e n t i o n a l  and i n t e r m i t  t e n t  
conduc t ive  p a t h s .  Th i s  shou ld ,  t h e r e f o r e ,  be g iven  p a r t i c u l a r  a t t e n t i o n  i n  t h e  
d e s i g n  of  a i r c r a f t  f u e l  sys tems.  

7 .0  DEFINITIONS. 

The fo l lowing  d e f i n i t i o n s  apply  t o  t h i s  document. 

1. Ac t ion  I n t e g r a l  - The a c t i o n  i n t e g r a l  concept  is  d i f f i c u l t  t o  v i s u a l i z e ,  b u t  
i s  a c r i t i c a l  f a c t o r  i n  t h e  p r o d u c t i o n  o f  damage.  I t  r e l a t e s  t o  t h e  e n e r g y  
d e p o s i t e d  o r  absorbed i n  a system. However, t h e  a c t u a l  energy d e p o s i t e d  cannot be  
d e f i n e d  wi thou t  a knowledge of  t h e  r e s i s t a n c e  of  t h e  system. F o r  example, t h e  
i n s t a n t a n e o u s  power d i s s i p a t e d  i n  a r e s i s t o r  i s  by Ohm's Law, i 2 ( t ) r ,  and i s  
expressed  i n  w a t t s .  For  t h e  t o t a l  energy expended, t h e  power must b e  i n t e g r a t e d  
o v e r  t ime t o  g e t  t h e  t o t a l  watt-seconds ( o r  k i l o w a t t  h o u r s ) .  The watt-second i s  
e q u i v a l e n t  t o  t h e  j o u l e ,  which i s  t h e  common u n i t  o f  e l e c t r i c a l  energy used i n  
h.igh-voltage p r a c t i c e .  Without a knowledge o f  r ,  we cannot  s p e c i f y  t h e  energy  
d e p o s i t e d .  But by s p e c i f y i n g  t h e  i n t e g r a l  o f  i 2 ( t )  o v e r  t h e  t i m e  i n t e r v a l  
invo lved ,  a  u s e f u l  q u a n t i t y  i s  d e f i n e d  f o r  a p p l i c a t i o n  t o  any r e s i s t a n c e  v a l u e  of 
i n t e r e s t .  I n  t h e  c a s e  of  l i g h t n i n g  t h e r e f o r e ,  t h i s  q u a n t i t y  i s  d e f i n e d  a s  t h e  
a c t i o n  i n t e g r a l  and i s  s p e c i f i e d  a s  'li 2 ( t )  d t  over  t h e  t ime t h e  c u r r e n t  f lows.  -

2 .  Arcs - An e l e c t r i c a l  d i s c h a r g e  between conduc to r s  i n  c o n t a c t .  -
3. Attachment P o i n t  - A p o i n t  of  c o n t a c t  of  t h e  l i g h t n i n g  f l a s h  w i t h  t h e  a i r c r a f t  

s u r f a c e .  

4. Average Rate-of-Rise of  Vol tage  - The average r a t e - o f - r i s e ,  d v / d t ,  of  a 
waveform i s  de f ined  a s  t h e  s l o p e  of a s t r a i g h t  l i n e  drawn between t h e  p o i n t s  where 
t h e  ampl i tude is  30 p e r c e n t  and 90 p e r c e n t  of  i t s  peak v a l u e .  

5. Charge T r a n s f e r  - The charge  t r a n s f e r  i s  d e f i n e d  as t h e  i n t e g r a l  of t h e  time- 
v a r y i n g  c u r r e n t  over  i t s  e n t i r e  d u r a t i o n .  

6 .  C o r o n a  - A l u m i n o u s  d i s c h a r g e  t h a t  o c c u r s  a s  a r e s u l t  o f  an  e l e c t r i c a l  
p o t e n t i a l  d i f f e r e n c e  between t h e  a i r c r a f t  and t h e  su r round ing  a tnosphere .  

7. Decay Time of a  Vol tage  Waveform - The decay t ime of a  waveform i s  d e f i n e d  a s  
t h e  t ime i n t e r v a l  between t h e  i n t e r s e c t  wi th  t h e  a b c i s s a  of  a l i n e  drawn through-
t h e  p o i n t s  w h e r e  t h e  v o l t a g e  i s  30 p e r c e n t  and 90 p e r c e n t  o f  i t s  p e a k  v a l u e  
d u r i n g  i t s  r i s e ,  and t h e  i n s t a n t  when t h e  v o l t a g e  has  decayed t o  50 p e r c e n t  of  
i t s  peak v a l u e .  

8. D i r e c t  E f f e c t s  - P h y s i c a l  damage e f f e c t s  caused by l i g h t n i n g  a t tachment  
d i r e c t l y  t o  hardware o r  components, such a s  a r c i n g ,  s p a r k i n g ,  o r  f u e l  t ank  s k i n  
punc tu re .  

9 .  D i r e c t  S t r o k e  Attachment - Contact  o f  t h e  main channe l  o f  a l i g h t n i n g  f l a s h  
w i t h  t h e  a i r c r a f t .  

1 0 .  D w e l l  Time - The p e r i o d  o f  t i m e  t h a t  t h e  l i g h t n i n g  a r c  c h a n n e l  r e m a i n s  
a t t a c h e d  t o  a s i n g l e  p o i n t .  



11. E n t r y  P o i n t  - A l i g h t n i n g  a t tachment  p o i n t  where charge  e n t e r s  t h e  a i r c r a f t .  

12. E x i t  P o i n t  - A l i g h t n i n g  a t tachment  p o i n t  where charge  e x i t s  t h e  a i r c r a f t .  

13. I n c e n d i a r y  ~ r c s / S ~ a r k s  - Arcs ,  s p a r k s ,  o r  s p a r k  showers capab le  of  i g n i t i n g  
flammable vapors .  

14. I n d i r e c t  E f f e c t s  - The r e s u l t s  of e l e c t r o m a g n e t i c  coup l ing  from l i g h t n i n g  
( such  a s  induced spa rk ing  i n  f u e l  q u a n t i t y  probe w i r i n g ) .  

15. Leader - The s t epped  l e a d e r  i s  i n i t i a t e d  by a  p r e l i m i n a r y  breakdown w i t h i n  t h e  
c l o u d .  The p r e l i m i n a r y  breakdown s e t s  t h e  s t a g e  f o r  n e g a t i v e  c h a r g e  t o  b e  
channeled towards t h e  ground i n  a s e r i e s  of  s h o r t  luminous s t e p s .  

16. L i g h t n i n g  F l a s h  - The t o t a l  l i g h t n i n g  even t  i n  which charge  i s  t r a n s f e r r e d  
from one charge  c e n t e r  t o  ano the r .  I t  may occur  w i t h i n  a  c l o u d ,  between c l o u d s ,  o r  
between a c loud and ground. I t  can  c o n s i s t  o f  one o r  more l i g h t n i n g  s t r o k e s .  

17.  L i g h t n i n g  S t r i k e  - Any at tachment  of t h e  l i g h t n i n g  f l a s h  t o  t h e  a i r c r a f t .  

18.  L i g h t n i n g  S t r o k e  (Re tu rn  S t r o k e )  - A l i g h t n i n g  c u r r e n t  s u r g e ,  r e t u r n  s t r o k e ,  
t h a t  occurs  when t h e  l i g h t n i n g  l e a d e r  makes c o n t a c t  w i t h  t h e  ground o r  a n o t h e r  
cha rge  c e n t e r .  

19.  Spark  Showers - Luminous p a r t i c l e s  r e s u l t i n g  from e l e c t r i c  a r c s  o r  s p a r k s ,  
o f t e n  a s s o c i a t e d  w i t h  h i g h  c u r r e n t .  

20. S t reamer ing  - The branch- l ike  i o n i z e d  p a t h s  t h a t  occur  i n  t h e  p resence  of a 
d i r e c t  s t r o k e  o r  under c o n d i t i o n s  when l i g h t n i n g  s t r o k e s  a r e  imminent. 

21. Swept s t r o k e  - A s e r i e s  of  s u c c e s s i v e  a t t achments  due t o  sweeping of t h e  f l a s h  
a c r o s s  t h e  s u r f a c e  of t h e  a i r p l a n e  by t h e  motion o f , t h e  a i r p l a n e .  

22. Time-to-Crest of  a  Vol tage  Waveform - The t ime- to-cres t  of  a waveform i s  
d e f i n e d  a s  1.67 t imes  t h e  t ime i n t e r v a l  between t h e  i n s t a n t s  when t h e  ampl i tude i s  
30 p e r c e n t  and 90 pe rcen t  of i t s  peak v a l u e .  

23. Time Dura t ion  of  a  Cur ren t  Waveform - The t ime d u r a t i o n  of a c u r r e n t  waveform 
i s  d e f i n e d  as  t h e  t ime from i n i t i a t i o n  of c u r r e n t  f low u n t i l  t h e  ampl i tude (peak  
ampl i tude i n  t h e  c a s e  of  a  damped s i n u s o i d )  h a s  reduced t o  5  p e r c e n t  of  i t s  i n i t i a l  
peak v a l u e .  
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Tliis document p r e s e n t s  t e s t  i sve fo rms  alrd tech- 
n iques  f o r  s i n u l a t e d  l i g k t n i q  t e s t i n g  of ae rospace  
v e h i c l e s  and hardware. The waveforms p resen ted  a r e  
bnsed on t h e  b e s t  a v a i l a b l e  knowledge of. t h e  n a t u r a l  
l i g h t n i n g  enviromient  coupled v i t h  a  p r a c t i c a l  con-
s i d e r a t i o n  of  s ta te-of- the-ar t  l a b o r a t o r y  teclrniques.  
Thin dncunent does  no t  i nc lude  deair;h c.clcerla nor  
does  i t  s p e c i f y  which items should o r  should  n o t  be  
t n s t e d .  

T c s t s  and a s s o c i a t e d  procedures  desc r ibed  here-
i n  a r c  d iv ided  i n t o  two g e n e r a l  c a t e g o r i e s :  

o  ~ ~ a l i f i c a t i o n  t e s t s  
o I :ng inee r iw  t e s t s  

Acceptable  l e v e l s  of damage and/or  p a s s - f a i l  
c r i t e r i a  f o r  t h e  q u a l i f i c a t i o n  t e s t s  n u s t  be provided 
by thc c o ~ n i z n n t  r e g u l a t o r y  a u t l i o r i t y  f o r  eactr p a r t i -  
c u l a r  case .  

The enp;inecriny; t e s t s  p rov ide  important  d a t a  
tliat nag be neceosary  t o  ach ieve  a  q u a l i f i a b l e  des ign.  

T11e t e r n  hcrospace  Vehic le  cove r s  a  v i d e  v a r i e t y  
of  n y s t m o ,  inc lud ing  f  ixcd wing a i r c r a f t ,  Irelicop-
t n r s ,  n i s a i l e s ,  and s p a c e c r a f t .  I n  a d d i t i o n ,  n a t u r a l  
lip;litninp, is a complex and v a r i n h l e  phenomenon and 
its i n t e r a c t i o ~ l  wit11 t i if  f e r e n t  t ypes  nf ve l l i c l e s  nay 

be n n n i f e s t c d  i n  nany d i f f e r e n t  ways. It is there-
f o r e  d i f f i c u l t  t o  addres s  every  p o s s i b l e  s i t u a t i o n  ill 

d e t a i l .  Ilo~.tevcr, t h e  t e s t  wavefoms desc r ibed  : i e r e in  
r e p r e s e n t  t h e  s i f i n i f i c a n t  a s p e c t s  of t h e  n a t u r a l  en-
v i ronncn t  and a r e  t h e r e f o r e  independent, of  ve l i i c l e  
type  o r  conf igu ra t ion .  ' 3 e  recornended t e s t  tec tmi-
ques nave nsso  been kep t  ~ e n e r n l  t o  cover  a s  nany 
tcst s i t u a t i o n s  a s  poss ib l e .  Some unique s i t u a . t i o w  
may no t  f i t  i n t o  t h e  g e n e r a l  g u i d e l i n e s ;  i n  such in- 
s t a n c e s ,  a p p l i c a t i o n  of  t h e  wavefom components n u s t  
be t a i l o r e d  t o  t h e  s p e c i f i c  s i t u a t i o n .  

The t e s t  wavefoms  and t echn iques  ~ l e s c r i b e d  
h e r e i n  f o r  q u a l i f i c a t i o n  t e s t s  s i m u l a t e  t : .~?e f f e c t s  
of n s e v e r e  1ig:i tning s t r i k e  t o  an  aerospilce v e h i c l e .  
(Jlicre i t  has  been shown cha t  t e s t  c o n d i t i o n s  can a f -  
f c c t  r e s u l t s  of  t h e  t c s t ,  n s p e c i f i c  approach is re-
comendcd au a  guic le l ine  t o  new l a b o r a t o r i e s  and f o r  
c o ~ l s i s t c n c y  of  r e s t l l t s  b c n ~ e e n  laboratories. 

It is n o t  in tended t h a t  every  wavcforu and t e s t  
desc r ibed  h e r e i n  be a p p l i e d  t o  every  s y s t e n  r e q u i r i n g  
l i g h t n i n g  v e r i f i c a t i o n  t e s t s .  The tlocument is ~ r i t t e n  
so  t h a t  s p e c i f i c  a s p e c t s  of t h e  e n v i r m e n t  can bc 
c u l l e d  o u t  f o r  each s p e c i f i c  program a s  d i c t a t e d  by 
tlre v e h i c l e  d e s i g n ,  perfornance,  and n i s s i o n  con- 
s t r a i n t s .  



2.0 LIGHTNING S T R X E  PHENOEIEIfA \ 
2.1 :&tural  Lightning S t r i k e  E l e c t r i c a l  C h a r a c t e r i s t i c s  

Liglrtning f l a s h e s  a r e  of two fundamentally d i f f -  
e r en t  forms, cloud-to-ground f l a s h e s  and i n t e r l i n t r a -  
cloud f l a shes .  Because of  t h e  d i f f i c u l t y  of i n t e r -
cep t  ing and mensuring i n t e r / i n t r a c l o u d  f l a s h e s  t h e  
g r e a t  bulk of t h e  s t a t i s t i c a l  da t a  on t h e  cha rac te r -  
i s t i c s  of  l i g h t n i n g  r e f e r  t o  cloud-to-ground f l a shes .  
Aerospace v e h i c l e s  i n t e r c e p t  both i n t e r l i n c r a c l o u d  STEPPED LEADER CliANNEL 
and cloud-to-ground l i g h t n i n g  f l a s h e s  a s  shown i n  APPROACIIINC, VEHICLE 
Figure  2-1, There is evidence t h a t  t h e  i n c e r l i n t r a -  
cloud f l a s h e s  l a c k  t h e  high peak c u r r e n t s  of cloud-
to-firound f l a shes .  Tlrerefore, t h e  use of cloud-to- 
p,round l ig l r tn ing s t r i k e  c h a r a c t e r i s t i c s  a s  des ign  
c r i t e r i n  f o r  l ig!ltning p ro tec t ion  seams conservat ive .  

There can be d i scha rges  from e i t h e r  a p o s i t i v e  
o r  a nega t ive  chnrge c e n t e r  i n  t h e  cloud. A nega-
t i v e  d i scha rge  is cha rac te r i zed  by seve ra l  i n t e r -  
m i t t e n t  s t r o k e s  and cont inuing c u r r e n t s  a s  sl~ownin 
Figure 2-2(A). A p o s i t i v e  d ischarge ,  which occura 
only a m a l l  but  s i g n i f i c a n t  percentage of the  t i n e ,  
in slro~m i n  Figure  2-2(B). It is cha rac te r i zed  by 
botlr h i ~ l t e r  average c u r r e n t  and longer  du ra t ion  in a 
s i n g l e  s t r o k e  and n u s t  be recognized because of i t s  
p r e a t c r  energy content .  The following d i scuss ion  
d c s c r i h e e  t h e  no re  connon nega t ive  flaslies.  

2.1.1 P r e s t r i k e  l'lmse 

The l ig l r tn ing f l a s h  is t y p i c a l l y  o r ig ina ted  by 
a s t c p  l e a d e r  which develops from tlre cloud toward 
tlre crounll o r  tuwards another  c l l n r ~ e  cen te r .  .la a 
L i ~ l r t ~ r i n g  t h es t e p  l e a d e r  approaches an  ex t r emi ty  of 
velricle,  higtr e l e c t r i c a l  f i e l d s  a r e  produced a t  t he  
s t ~ r f a c e  of t h e  vchic lc .  n o s e  e l e c t r i c  f i e l d s  g ive  
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r i s e  t o  o t h e r  e l e c t r i c a l  s t reamers  which propagate ;, BACK 
away f ron  t h e  v e h i c l e  t t n t i l  one of  then c o n t a c t s  clre 
approachiny: l i g l i t n ing  s t e p  l eade r  ns  shown on F i ~ u r e  
2-1. P r o p n ~ a t i o n  of t h e  s t e p  l eade r  w i l l  cont inue 
f ron otlrer velricle e x t r e u i t i e s  u n t i l  one of tlre 
Lrairches of t h e  s t e p  l eade r  reacires t h e  ground o r  an- 
o t h e r  clrargc cen te r .  The averace  v e l o c i t y  of propn-
gntiorr of tlre s t c p  l e a d e r  is about onc n e t e r  per  n ic-  
rosccond and the  average charge i n  tlre whole n tep 
l eade r  channel is about 5 coulonbs. 

2.1.2 Iligh Penk Current Pirase 

I r e  idglr peal: c u r r e n t  a s soc ia t ed  wi th  l igtl tniny, 
occura a f t e r  t h e  s t e p  l e a d e r  reac!res t h e  ground and 
forno wlrat is c a l l e d  t h e  r e t u r n  s t r o k e  of the  l i g h t -  
ning f l a sh .  21ris r e t u r n  s t r o k e  occurs  when the  
cltarge i n  t h e  l e a d e r  c l l ame l  is suddenly a b l e  t o  flow 
i n t o  the  low inpedance ground and ne l i t r a l i ze  the  
charge a t t r a c t e d  i n t o  t h e  region p r i o r  t o  tlre s t e p  
l e a d e r ' s  con tac t  wi th  t!re ground. Typical ly ,  t he  
high peak c u r r e n t  plrase is c a l l e d  the  r e t u r n  n t r  ke 
and i o  i n  tlre range of  10 t o  30 1A (amperes x 1091. 
liiglrer c u r r e n t s  a r e  poss ib l e  t l~ough l e s s  probable.  
A peak c u r r e n t  of 200 M r e p r e s e n t s  a very  seve re  
s t roke ,  one t h a t  is exceeded on ly  nhout 0.5 percent  
of tlte t i ne .  l a r i l e  200 ki m y  be consider& a p rac t -
i c a l  !!uxinlsn va lue  of l i g h t n i n g  c u r r e n t ,  i t  should he 
enpitasized t lmt  i n  r a r e  cases  a l a r c e r  c u r r e n t  can oc- 
cur .  ' l e l i ah le  measurements a r e  few, but  t h e r e  is 
c i r c u n n t a n t i a l  evidence that peak c u r r e n t s  can exceed 
400 kl. Tlre c u r r e n t  i n  the  r e t u r n  s t r o k e  Iws a f a s t  
r a t e  of clmnge, t y p i c a l l y  about 10 t o  20 l i i  per  micro- 

Fig. 2-1 L i g h c n i n ~  f l a s h  s t r i k i n g  an a i r c r a f t .  

second and cxcecclinf!, i n  r;rrc cases ,  100 ki per micro- 
socorrd. T n , i c a l l : ~  t!rc cu r rnn t  decays t o  l u l f  Cts peal: 
;~r. tpli tudc i n  10 t o  60 )isec. :lo c o r r e l a t i o n  l,;rs I~cen  
si~ornl t o  e x i s t  I>etveen peak c u r r e n t  and r a t e  of r i s c .  

2.1.3 Continuinp, Current 

Tlre t o t a l  c!iar&e t ranopor teu I)y t l ~ e  l i g l r t n i n ~  
rc t t i rn  s t r o k e  is r e l a t i v e l y  e n a l l .  a few cortlonbs. 
!%,stof t h e  clrarge is t r anspor t ed  i n  two phanea of 
tlre l i g h t n i n g  f l a s h  followinfi  tlre f i r s t  r e t u r n  s t roke .  
Tlrene a r e  an  i n t c m e d i n t e  phase i n  vliich c u r r e n t s  of 
a few thousand anperes  f lmr  f o r  t i n e s  of a f a r  n i l l i -  
sccond:~ and a cont inuing c u r r e n t  phase i n  which cur-
r e n t s  of t h e  o rde r  of 200-A00 anpercs  flow f o r  t i n e s  
var:*inl: f ron  about a t e n t h  of a second t o  one second. 
'Ere nnxhum clrarge t r a n s f e r r e d  i n  t h e  in t e rmed ia t e  
phase is about 10 coulonbs and tlrc rtaxinum cllarl;e 
t r anspor t ed  duriny: t h e  t o t a l  cont inuing c u r r c n t  nhase 
is about 100 coulombs. 
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2.1.4 i tes tr ike Phase 

In a  t y p i c a l  l igh tn ing  f l a s h  t h e r e  w i l l  be sev-
e r a l  high cur ren t  strol:es following the  f i r s t  re tu rn  
s t roke .  Tlrese occur a t  i n t e r v a l s  of s s v e r a l  t ens  of 
n i l l i s c c o n d s  a s  d i f f e r e n t  charge pocl:ets in the cloud 
a r e  tapped nnd t h e i r  charge fed i n t o  t h e  l iglr tning 
clrannel. Typical ly t h e  peak amplitude of the  re-
s t r i k e s  is about one half  t h a t  of the  I n i t i a l  high 
cur ren t  peak, but the  r a t e  of cur ren t  r i s e  is o f t e n  
grenter  than t h a t  of the f i r s t  r e t u r n  s t roke.  The 
cont inuing c u r r e n t  o f t e n  l i n b  these various success-
ive  re tu rn  s t rokes ,  o r  r e s t r i k e s .  

2.2 Aerospace Vehicle Lightning S t r i k e  Phenonena 

2.2.1 , Ini t+.al  Attachment 

111i t i a l ly  t!le l igh tn ing  f l a s h  w i l l  en te r  and e x i t  
tlie a i r c r a f t  a t  two or nore attachment points .  There 
w i l l  always be a t  l e a s t  one entrance point  and one e x i t  
point.  I t  is  not possible  f o r  t!ae veh ic le  t o  s t o r e  the  
e l e c t r i c a l  enr?rZ;r of the l igh tn ing  f l a s h  i n  t h e  cnpaci- 
t i v c  f i c l d  of the vcllicle and so avoid nn e x i t  point .  
' iypicnl ly these  i n i t i n l  attachment po in t s  a r e  a t  the 
e::trenities of t h e  vehicle .  These include the nose, 
' c ~ i n ~ .tlprj,  e leva tor  and stabilizer t i p s ,  protruding 
antann;\s, and engine pods or  p rope l le r  blades, Light-
ning can a l s o  a t t a c h  t o  t h e  leatling edge of swept trinca 
and 3o11e c o n t r o l  surfaces.  

T!:c l i g l i t n i n ~ :channel is so~aewhat s t a t i o n a r y  ir. 
:;pace t r i ~ i l e  i t  i u  t r a n s f e r r i n g  e l e c t r i c a l  charge. 
'.:~e~r;a vclriclc is  in-rolvec! it becor~lcs ? a r t  of tlic 
cii;lrnlcl. liowevcr, duc t o  t h e  speed of the  ve!licle 
atid the 1en.qtl1 of t i n e  tllirt the l ic i r tning cilnrmel ex-
ists, rlrr v~:hicls c ; ~ n  r.iovc r e l a t i v e  t o  the  l i ~ l t t n i n i :  
cllanncl. 'Illen .I forward excreni ty,  such as a nose 
o r  'criny. rlountcd eng:irie potls a r e  involved, the  sur face  

noves through t h e  l igl l tning channel. Tllus the  l i g h t -  
ning channel appears t o  sxreep back over tire sur face  
an i l l u o t r a t e d  i n  Pigurc 2-7. 7111s is known a s  t h e  
s l e p t  s t roke  phenomenon. ho t h e  s.t#eeping a c t i o n  oc- 
c ~ r r s ,  t h e  type of sur face  can causc clle 1il;lrtning 
cllannel a t t a c h  point  t o  dwell a t  var io~rs  sur face  lo- 
ca t ions  fo r  d i f  f e r c n t  periods of t f ~ c ,  r c s u l t i n c  i n  
3 n'.ip;iin:: nctio:l 1:l1ic11 prntiuce:i ;1 a e r i e s  of clis-
c r c t c  attnc11::c:nt liointn nloni: the  swccping l ~ i l t l r .  

Tlrc iinou:lt of dmay.c ;>roduci?(l a t  any point on 
tile a i r c r a f t  Lv a swept-strolte depends unon the type 
of r .a tcr in1,  the  a r c  ( lvc l l  t i n e  a t  t h a t  poirlt, and 
the  l i g ! ~ c n i ~ ~ ; {  , i~tr lng tile nt tach-  c u r r e n t s  trlric!~ !lo\: 
ncnt.  90~11'nig:r peal: cur ren t  r e s t r i k e s  w i t l a  i n t c r -
na?Jiatr. cur ren t  components and c o r ~ t i n u i n ~ :  cur ren ts  
mjr be c::pcricnccd. ? e s t r i k c s  t y p i c a l l y  :i;crrluct: rc-
at taclmcnt  of t!rc a r c  a t  a new 1~0in t .  

141en t l ~ c  l ibl l tning .trc !ins hcen slrcpt hnck t o  
one of tire t r a i l i n l :  edger, i t  :uy rcnnin at tached a t  
t l ~ n t  point  f o r  tile renai::in-, d ~ r r a t i o n  of the  lir.!lt- 
nirlr: flaslr. hn i n i t i a l  t?xi t  point ,  i f  i t  occur:; a t  
a t ra i l in ; :  cdce, of course, would not be.:;\:l~jccteti 
to  ally swept s t roke  ac t ion .  

'!'!re s i g n i f  icalrcc of t11e swept :;trol<c pl~enoncnon 
is t!mt por t ions  of the ' i~ch ic le  t h a t  .:oultl \lot be 
EnrGets f o r  t h e  i n i t i a l  +?ntr:r nntl e x i t  point of a 
lir.htninp, f l a s h  nay a l s o  be involvcc! i n  t h e  l i ~ h t -  
n i w  f l a s h  process a s  thc f lnsh  is .wcpt backtntrds 
-1rro3s t h e  veh ic le .  

. \ i r c r a f t  s ~ ~ r f a c e s  thcn be divider! i n t o  tilrct? can 
zones, wi t11  mc!l zone !laving c!iffcrcnt ligirttlinr: a t -  
tilc!uicnt nrlcllor t r a n s f c r  c!raracter is t ics .  :1reT!LCB~ 

dcf ilrctl a s  foll~t'crs: 


-Zone 1: Surfaces of the  veh ic le  f o r  ui~i'ch tlrere 
is a hip11 probahi l i ty  of i n i t i a l  l i rbtniny:  f l a s h  
a t t achnent  (ontrv or  =:it).  

Fip,trrc 2-3  S w ~ t p tst rokc phcnorne~ror~. 



-Zone 2: Surfaces of t h e  v e h i c l e  a c r o s s  rrhicl~ 
t h e r e  is a high p r o b a b i l i t y  of  a l i g l ~ t n i n e :  f l a s h  
being swept by t h e  a i r f l o w  from a  Zone 1 p o i n t  
of i n i t i a l  f l a s h  a t t ac lment .  

Zone 3: Zone 3 inc ludes  a l l  of t h e  v e h i c l e  -
a r e a s  o t h e r  t!lan those  covered by Zone 1 and 
h n c  2 rccions.  I n  Zone 3 t h e r e  is  a low proh- 
a b i l i t y  of any o t tnchnent  of t h e  d i r e c t  l i g h t -  
ninl: f l a s h  a rc .  "one 3 a r e a s  m y  c a r r y  nub- 
s t a n t i a l  m o u n t s  of e l e c t r i c a l  c u r r e n t  hut on ly  
by d i r e c t  conduction between some p a i r  of d i r -  
e c t  o r  w e p t  otrolce nttachncn: points .  

"ones 1 and 2  ruy be f u r t h e r  rlivided i n t o  ,Iand 
3 rcr:ions tlependinl: on t h e  ? r o b a b i l i t y  t h a t  t h e  f l a s h  
~ l r iu n r :  on :'or any p r o t r a c t e d  period of t ine .  ."un '1 
tqrpe r e ~ i o n  is one i n  which t h e r e  is  low p r o b a b i l i t y  
t h t  tile a r c  w i l l  r ena in  a t t ached  and a  U type region 
1s one i n  u l ~ i c i l  t h e r e  is a  l i ig l~  p r o b a b i l i t y  t h a t  t h e  
a r c  t r i l l  r a . ~ a i n  a t t ached .  Rone examples of zones a r e  
as follows: , 

-Zone l,i: I : ~ i t i a l  a t tachment  po in t  r ~ i t h  low proh- 
; t b i l i t y  of f l a s h  hang-on, such a s  a  lcadinp, edge. 

-:one 11): I l l i t i n 1  n t tac lment  p o i n t  v i i h  Iligh proh- 
~ b i l i t y  of f l a s h  Iranpon, s u c l ~a s  a  t r a i l i n g  c d ~ e .  

-'!one 2A: I\ swept s t r o k e  zone w i t h  low prohabi l-  
i t y  of f l a s h  hnnn-on, stlcll a s  a  King mid-span. 

-:one 2ii: A w e p t  s t r o k e  zone with 11igh proba- 
h i l i t y  of f l a s l ~  i~ang-on, such aa a wing inboartl 
t r a i i i n g  edge. 

The l i g l ~ t n i n ~  effect^ t o  w11icl1 aerospace vehi- 
c l e s  a r e  exposed and t h e  e f f e c t s  tdiich s l ~ o t ~ l d  re-be 
producetl t l ~ r o u g h  labora tory  t e s t i n g  t r i th  s l n u l a t e d  
l i ~ l t t n i n y ,craveforns can be tlivided i n t o  i)I!:lfCT EF-
FI:CTS all11 1:IL)IXCT ::I;FCCTS. '!'he t!irect e f f e c t s  of 
l ic!~tninlr  n r e  cite b t~rn ing ,  crodiny,, b l a s t i n g ,  and 
strr1ct11r;11 ~ l e f n m n t i o n  catroeri by l ig i \ tn ing  a r c  a t -
tac\ancnt,  a s  wel l  a s  t h e  !~i:!l-presst~re s l ~ o c k  traven 
.~ntl rca);netic f o r c e s  producetl 1)y t h e  nssociatet l  11igi1 
cltrrt!tits. ?'ltr i n ~ l i r c c t  t-ifects n r r  prerlominntlv 
tItor;c* ri?::rtlr in!: Frnn tlce ilit vrnct  inn of tllc c l r c t r n -  
.rn-ttr.c i c  F i c ~ l ~ l : ;  l i d c t n i n -nccom!onnvin? w i  tli e l ~ c t i c n l  
appara tus  i n  t h e  a i r c r a f t .  Ilazardorr!~ i n d i r e c t  e f f e c t s  
could i n  p r i n c i l l l e  be producetl hy ,I l ig i r tn ing  f l a s h  
tllnt d i d  not  d i r e c t l y  c o n t a c t  t h e  a i r c r a f t  and iiencc 
rtas not capal)la of producing t h e  i ( i r c c t  e f f e c t s  of 
bt~rltinl;  and Llas  tills. I!o~rcver, i t  is currentl:? be-
lievet1 t lmt  most i n d i r e c t  J f f e c t s  of izlportaacc t1i.l.1 
be oesociateci wit11 a  d i r e c t  l i g h t n i n g  flas11. 111 somc 
c a s e s  I )o t i~  d i r e c t  alul i n d i r e c t  e f f e c t s  nay occur  t o  
t h e  same ciml)onent of t h e  a i r c r a f t .  An cxnnple troulti 
bcz a  l i g h t n i n g  Elasti t o  an antenna ~ , ~ h i c h  p h y s i c a l l y  
t ~ n n a ~ ~ st h e  antenna and a l s o  sends dar~aginp, v o l t a g e s  
i l l to  t h e  t r a n s l i t t e r  o r  r e c e i v e r  connected t o  t!iat 
antenna. In  t!~isdocuncl~t  the phvs ica l  tianage t o  t h e  
antenna w i l l  lie diocussed a s  a t l i r e c t  e f f e c t  and tile 
v o l t n g c ~  o r  c u r r e n t s  coupled f r o n  t h e  antenna i n t o  
t h e  communicat io~~s equipment w i l l  be treatecl a s  nn 
i n d i r e c t  e f f e c t .  

Tile n a t u r e  of t h e  p a r t i c u l a r  d i r e c t  e f f e c t s  as- 
soc ia ted  xrfth any l ig l l tn ing  f l a s h  depends upon t h e  
s t r u c t u r a l  conponent involved and t h e  p a r t i c u l a r  
plmse of t h e  l i g t l t n i n c  c u r r e n t  t r a n s f e r  d i scussed  
e a r l i e r .  

2.3.1.1 D u r n i n ~  and t r o d i n k  

Tlre con t inu ing  c u r r e n t  phase of a lig!ttning 
s t r o k e  can cause :;evere burning and eroding r!apage 
t o  vel t ic le  s t r u c t u r z s .  TIlc ~ o s t  severe  danagc oc-
cur:; when t h e  l i g h t n i n g  channel  111~el ls  o r  !mngs on 
a t  one point  on tile v e h i c l e  f o r  the  e n t i r e  period of  
tile l i g h t n i n g  f l ~ s ' l ,  such a s  i n  "rme i.3. '211s can 
rcs:llt  i n  l ~ o l e s  of up t o  LI few c c n t i n e t e r s  i n  (!in- 
nu:tior on t h e  a i r c r a f t  !;kin. 

cite i~ ip , : i  k~e~ii:c u r r e n t  pi1.1:;~ o i  t.ic k iiS,:cLh a  Ltl;; 

f,lit:,~t t ransPcrs  a o i  i m l. I  s : : t \ r tl a r l ; ~  c ~ c o t t ~ ~ t  rlli.1.l:.! 

pt!rioti of ti:!^, a fcl: t c ; ~ sof t,ticro:;ct~crnci:;. 'i!,C:; 
C I I C ~ ! : ~ti-nt~!;fcr cat1 r c s a l t  i t 1  n f a s t  ~ , I C ~ I I ; Ii v:1iwri;:;r-
t i o n  of r ~ l a t c r i n l .  I f  t i ~ j s  orcrtrs ill a confinc~tl n r rn  
s11c11 a:; a rndomc, o high n r r s s u r r  rlov lw cra.ntcstl 
r ~ l ~ i r i innv Ilc of suf f i c i c n t  nny.nitutlc~ t o  C;III!:C 

s t r t ~ c t t ~ r o lrlnmact~. T l~e  vnnor izn t ion  n i  ni.rn l nnil 
ot!l~sr n a t c r i ; ~ L s  .tnrl tlcc Iccatinl: of t i l ~n i r  insiclc 
tlrc ;atlome, rrciccc titc ! l i ~ : i t  i n t t~r i i a l  r>ri?s!:rtri. tlt:lt 
11-nc!s t o  strr~t'ttt~+:il I t r  !;rlnt! ilrsr:~ntrts%:fni l t t r t . .  
int  i r e  ratlnrrt*~ !r:cve I~eeti !11ot:n ttlc- . l i r c r : c i ~ .  

:luring tile l;ig!~ :leal. c u r r e n t  pllaaie of tlre lizi!t- 
ni:~y f l a s h  che flow of  c u r r e n t  t h r o u g l ~  sharp I)cncis 
o r  corners  of  t1:c a i r c r a f t  s t r u c t u r e  cnrl cause cx-
tenciivc m g ~ ~ e t i c  111 c e r t a i n  c a s e s ,  f l u x  i n t c r a c  t ion .  
t h e  r e s u l t a n t  n n ~ n e t i c  f o r c e s  can twist, r i p ,  d i s -
t o r t ,  and t e a r  s t r u c t u r e s  ;~r:ay -From r i v e t s ,  screws, 
anu o t l ~ c r  f a s t e n e r s .  fo rces  a r e  pro-These : - ~ ~ g n e t i c  
p o r t i o n a l  t o  t h e  square  of t h e  naync t ic  f i e l d  in ten-
s i t y  and t l ~ u ~  a r e  p ropor t iona l  t o  tire square of t h e  
l i c i ~ c n i n e  c u r r e n t .  ';he image produced i f i  r e l a t e d  
b o t ! ~  t o  t h e  nayne t ic  f o r c e  and tn t h e  response t i n e  
of tile syster:. 

2.3.1.4 F i r e  a n i  L ~ ~ ) l o s i o n  

i'uel vapors  and o t h e r  combttstibles mav be ic-
ni tel :  i n  s e v e r a l  ways by n 1il;lrtning f l a s l ~ .  : ) t ~ r i n g  
tlte p r e s t r i k e  phase ! ~ i g h  e l e c t r i c a l  s t r e s s e s  arourtd 
tlte v e l ~ i c l e  prodtrce s t r c a n e r s  f r o n  t h e  a i r c r a f t  cx-
t r e t i i t i e s .  Yi~e d e s i ~ n  nnc! l o c a t i o n  of f u e l  v e n t s  
d e t e r n i n e  t h e i r  s u s c e p t i b i l i t y  t o  s t r e a i e r  condi- 
t i .  I f  s t re tu le rs  occur  f r o n  a  f u e l  vent i n  w11ic:l 
f l m r  lalrle f u e l - a i r  mixtures  o r e  p resen t ,  1y.nition 
nny occur. I f  t h i s  i ~ n i t i o ni s  n o t  a r r e s t e d ,  flamcs 
c ; ~ n  ;jrolragatr? i n t o  t h e  f u e l  tank a r e a  ant1 cause a 
rnajor f u e l  explosion.  

' 



The flow of l igh tn ing  cur ren t  through veh ic le  
s t r u c t u r e s  can cause sparking a t  poorly bonded s t ruc-  
t u r e  i n t e r f a c e s  o r  jo in t s .  I f  such sparking occurs 
where combustibles such a s  f u e l  vapors a r e  located,  
i g n i t i o n  MY occur. 

Lightning a t tach ing  t o  an i n t e g r a l  tank sk in  
may puncture, bum holes  in the  tank, o r  heat  the  
i n s i d e  sur face  s u f f i c i e n t l y  t o  i g n i t e  any flammable 
vnpors present.  

2.3.1.5 Acoustic Shock 

The a i r  channel through ~ ~ h i c h  t h e  l ightnLr8 
flaslr propagates is near ly  instantaneously heated 
tn  a very i ~ i g : ~  temperature, !$en the  r e s u l t i n g  shock 
~ a v eu~pln[;rs  rrpor~ a sur face  i t  nay produce a de- 
s t r u c t i v e  overpressure and cause mecl~anical damage. 

2.3.2 I n d i r e c t  Ef fec t s  

1)arugc or upset of e l e c t r i c a l  equipment by cur-
r e n t s  nr vol tages is defined a s  an i n d i r e c t  e f f e c t .  
Itr t h i s  clocunent such danage o r  upset  ia defined a s  
at1 i n d i r e c t  e f f e c t  even though such cur ren ts  o r  vo l t -
ages m y  a r i s e  a s  a r e s u l t  of a d i r e c t  l igh tn ing  
f l a s h  attachment t o  a piece of ex te rna l  e l e c t r i c a l  
hardware. .in a m p l e  would be a win^-tip navigat ion 
l i ~ ! ~ t .I f  s h a t t e r s  the  ixrotective g l a s s  l i ~ l ~ t n i n g  
covcrin~:  o r  burns tlrrough t h e  meta l l i c  llousing and 
contac t s  tlre f i l m e n t  of t h e  hulb, cur ren t  can he 
in jec ted  Fnto the  e l e c t r i c a l  ~ r i r e s  running f ron  t h e  
bull, t o  tlre power supply bus. This cur ren t  nay burn 
o r  vnpbrize the  wires. 3 r e  associated vol tage surge 
nay cniinc? breaktlown of i n s u l a t i o n  o r  damage t o  o ther  
e l e c t r i c i l l  equipnent. 

' Fven i f  t h e  l i g l ~ t n i n g  f l a s h  does not contact  ~r i r -
i l l &  t l i r ec t ly ,  i t  w i l l  s e t  up changing electrormgnetic  
f i e l d o  around t h e  v e l ~ i c l e .  TICm e t a l l i c  s t r u c t u r e  
of t h e  vch ic lc  docs not provlde a per fec t  Faraday 
cagc electronngnet ic  s h i e l d  and there fore  aone elac-
tromagnctic f i e l d s  can en te r  t h e  vehlcle ,  c i t l ~ e r  by 

d i f f u s i o n  through m e t a l l i c  sk ins  o r  d i r e c t  penetra- 
t i o n  t l r rou~l l  aper tu res  such a s  sk in  j o i n t s  and w i n -
dmis or o ther  nonmetallic sec t ions .  I f  t h e  f i e l d s  
a r e  changing with respec t  t o  time and l i n k  c l e c t r i -  
c a l  c i r c u i t s  i n s i d e  t h e  veh ic le ,  they 1~111induce 
t r a n s i e n t  vol tages and cur ren ts  i n t o  these  c i r c u i t s .  
Ti~ese vol tages may be lazardous t o  avionic and elec-  
t r i c a l  equipment, a s  wel l  a s  a source of f u e l  igni- 
t ion. 

Voltages and c u r r e n t s  may a l s o  be producetl hy 
t!le flow of t h e  r e s i s t a n c e  lir,!~tninl: c u r r e n t  t h r o l ~ g l ~  
of t h e  a i r c r a f t  s t r u c t u r e .  

2.3.3 Ef fec t s  on rcrsonnel  

One of tlre nos t  troul>lesone e f f e c t s  on personnel 
in :las!i LlFndness. - I r i s  o f t e n  occurs to :li!:i~tcrcl: 
r~cr t i~er ( s )w!lo ray be lookirrr, out of t l ~ cvclriclc 111 
tllc i;ircctiorr of tile l i g l ~ t n i n g  f l a s l ~ .  Tile r e s ~ ~ l t i n * ; ;  
floo!r bl indness  nay p e r s i s t  fo r  per iods of 30 seconds 
o r  norc, rendering t h e  cretr nenbcr tm;1orar i ly  11na1)le 
t o  use 111s eyes f o r  f l i ~ l l t  o r  instrmc~rt-reat l iny:  
prrrposes. 

Personnel i n s i d e  veh ic les  rray a l s o  bc strbjected 
t o  lmzardous e f f e c t s  f r o n  l i ~ h t n i n g  s t r i k e s .  Serious 
e l e c t r i c a l  slrock nay be causetl by c u r r e n t s  nild vo l t -  
ace!l, conducted v i a  c o n t r o l  cnhles  o r  cririnf: leailinr! 
t n  the  cockpit  from c o n t r o l  sur faces  o r  o ther  irarrl- 
ware s t ruck  by l i ( ; l~ tn ing .  $!rock cart nlso lbc induced 
by the in tanse  tllundcrstorr: e lec t ronagne t ic  f i e l d s .  

The shocl; v a r i e s  from ni l i i  t o  neriotis; n ~ r f f i -
cierlt  t o  cause nunbness of I~nncis o r  f e e t  and sone 
d i s o r i e n t a t i o n  o r  confusion. T!iis cirn 1>e q u i t e  lilrz- 
ardtrtrs i n  l~iglr-perfomancc a i r c r a f t ,  p a r t i c c ~ l a r l y  
under t h e  t l~undcrs to rn  conilitions ~ l u r i n ~  l i g h t -t:lrich 
ninx s t r i k e s  generally occur. 

Tes t s  t o  eva lua te  tllese l~crsonne l  e f f e c t s  a r e  
not inc ldec l  i n  t h i s  docun~:nt. 



3.0 STMIDARD LIGHTNING PARMlETER SIfNLATION 

3.1 Purpose 

Cmple te  n a t u r a l  l igh tn ing  f lashes  cartvet be du- 
p l ica ted  in t h e  laboratory.  !bst of t h e  vo l tage  and 
cur ren t  c h a r a c t e r i s t i c s  of l igh tn ing ,  however, can he 
dtrplicatcd separa te ly  by laboratory generators. These 
c l l a r a c t e r i s t i c s  a r e  of two broad categories:  l?le 
VOLTAGES produced during t h e  l i g h t n i n g  f l a s h  and the  
CTlRRl33TS t h a t  flow i n  t h e  completcd l igh tn ing  ciiannel. 
iJit11 a few exceptions, it  is not necessary t o  simu- 
l a t e  high-voltage and high-current c h a r a c t e r i s t i c s  
togetlrer. 

Tlle l r iglrvol tage c h a r a c t e r i s t i c s  of liglktning 
d o t e m i n e  attaclrnunt points ,  breakdown paths, and 
streamer e f f e c t s ,  whereas the  cur ren t  c h a r a c t e r i s t i c s  
deternine d i r e c t  and i n d i r e c t  e f f  ects .  

I n  ~ ~ o s t  l igl t tning vo l tages  s b u l a t e dcases,  n r e  
11y Irig11-impedance vo l tace  generators  operat ing i n t o  
high-inpedance loads, while l igh tn ing  ctrrrentn a r e  
s i n i ~ l a t e dby low-impedance cur ren t  Generators operat- 
ing i n  t o  low-inpedance loads. 

Tile waveforns described i n  t l l i s  s e c t i o n  a r e  ide-
al ized.  i )e f in i t ions  r e l a t i n g  t o  a c t u a l  wnveshnpes 
a r e  covered i n  N I S Z  and IEEE Standard Teclmiques f o r  
D i e l e c t r i c  Tests .  XIS1 C6R.l (1968) and IEEZ Yo. 4. 
These s p e c i f i c a t i o n s  a r e  erluivalcnt and a r e  i n  tu rn  
cf luivalent  to  f!igh Voltage Test Techniques, I E C  60-2 
(1973). The k i c f i n i t i o n s  i n  these rlocunents slrould 
he uswl t o  de te rn ine  t h e  f r o n t  time, dura t ion  and 
r a t e  of r i s e  of a c t u a l  waveforms. 

ria?vorc l igh tn ing  f las l l  vo l tage  and cur ren t  vave-
forns,  a s  described In Paragraph 3.2 lmve been de- 
vclopetl f o r  purposes of qua l i f  i c a t  ion  test in^ : wave-
forr.1~ i n  Paragraph 3.3 a r e  f o r  2hD o r  screcnint: t e s t  
pclrl~oses and a r e  designated e n ~ i n e e r i n g  t e s t s .  

3.2 \laveform Descript ions f o r  Qualification T e s t s  

3.2.1 Voltage 1Javeforms 

The b a s i c  vo l tage  waveform t o  which velricles a r e  
subjected is one t i a t  r i s e s  u n t i l  l~reakdovn occura 
e i t h e r  by puncture of s o l i d  i n s u l a t i o n  o r  f lashover  
tllrouglr the  a i r  o r  ac ross  an i n s u l a t i n g  surface.  The 
pnth t h a t  t l ~ o  f lashover  takes,  e i t h e r  puncture o r  sur-
face  f lashover ,  depends on the  r a t e  of r i s e  of t h e  
vol tage a s  shorm i n  Figure 3-1. 

Durinp, some types of t e s t i n g  i t  is  necessary t o  
determine t h e  c r i t i c a l  vo l tage  amplitude a t  which 
breakdown occurs. *orLane r r v c l  'L71i.o c r ~ ~ i ~ d i  u o  
pentls ul)on both tlre r a t e  of r i s e  of vo l tage  and tlrc 
r a t e  of vo l tage  decay. Two examples a r e  (1) deter-  
mining elre s t rengt l i  of the  i n s u l a t i o n  used on e l e c t r i -
c a l  wir ing and ( 2 )  determining tlte po in t s  f ron  .whicii 
e l e c t r i c a l  s t r e a n e r s  occur on a veh ic lo  a s  a l ig l t tn ing  
f l a s h  approaches. 

,Utlroug!l the exact vol tage t~aveform producetl l>y 
n a t u r a l  l igh tn ing  is not Imorm, f l ig l l t  s e r v i c e  d a t a  
and conservat ive t e a t  philoeol~lly j u s t i f y  the  dcf in i -  
t i o n  of  f a s t  r i s i n g  vo l tage  tmveforms f o r  t h e  t e s t s  
j u s t  described. Voltage t e s t i n g  f o r  qua l i f  i c a t i o n  
purposes tllus c a l l s  f o r  two Gi f fc rcn t  standard vo l t -  
a[:c waveforns. Tliese a r e  sho1.m i n  Figure 3-2 and a r c  
described in the follow in^ sec t ions .  '?lie qrtallfica-
t i o n  tes t s .  i n  t ~ l ~ i c l i  these 1;nv~?furw~ a r e  appl ied a r e  
presented i n  the t e s t  mntrix of Table i .  The objec- 
t i v e s  of esch t e d ,  the tnst. .qetup, rnc?suremer?t nnd 
.'at? relutrements  nrr. describnd i~ S ~ c t i o nL.O. 

Vo1tny.e waveforms that  wor111l 
occur i f  pcrncttrrc o r  f lnsh-
over did not rrcctrr 

A f a s t  r a t e  flf vol tage r i s c  
lencis t o  punctttrc nc "2 

A slower r a t e  of vol tage r i s e  
eads t o  Flaslwver a t  V1 

Timc lag  crrrvrt fo r  



3.2.1.1 	 Voltage '.laveform A - B ~ s i c  Lightning 
\.lave f  o m  

This waveform r i s e s  a t  a r a t e  of 1000 W per  
nicrosecond (250%) u n t i l  i ts  i n c r e a s e  is i n t e r r u p t e d  
by puncture  o f ,  o r  f l a shover  ac ross ,  t h e  o b j e c t  under 
t c s t .  A t  t h a t  t ime t h e  v o l t a g e  c o l l a p s e s  t o  zero. 
The r a t e  of v o l t a g e  c o l l a p s e  o r  t h e  decay t imc of t h e  
v o l t a g e  i f  breakdown does  not  occur (open c i r c u i t  
v o l t a g e  of t l ~ e  l i g ! ~ t n i n g  v o l t a g e  genera to r )  is no t  
s p e c i f i e d .  ' lo l tage waveform h i s  shown i n  F igure  
3-2. 

!rlnveforn B is a 1.2 x 50 microsecond waveform' 
wlrich is t h e  e l e c t r i c a l  i n d u s t r y  s t andard  f o r  i n p u l s e  
r ! i c l cc t r i c  t e n t s .  It r i s e s  t o  c r e s t  in 1.2 (210:) 
n icrosccondo and decays t o  l lalf  of c r e s t  amplitude 
i n  50 (510:) ~ ~ i c r o s c c o n d s .  Time t o  c r e s t  and decay 
t i n e  r c f e r  ts t h e  open c i r c u i t  v o l t a g e  of tlie l i g h t -  
ning vo l t ace  i ;enerator ,  and assune t h a t  t h e  wnve- 
Eon1 i s  not l i n i t c d  by puncture  nr f l a s l ~ o v e r  of. tile 
o b j e c t  tinder t e s t .  This waveforrr is slrown on Fis- 
lire 3-2. 

It i s  d i f f i c u l t  t o  reprodurce a seve re  l i g h t n i n g  
f l a s h  !)y 1;111oratory n inu la t io r l  hccarlsf? o f  i n l ~ e r e n t  
f a c i l i t y  l i n i t a t i o n s .  Accordingly, f o r  d e t e r u ~ i n g  
tile eff t tc tn  of l i ~ l ~ t n i n g  f o r  l a b o r a t o r y  c u r r a n t s  and 
q ~ l a l i f i c a t i o n  t c s t i n c  of vcl r ic le  llardware, an idca l -
i z c ~ i  r c l~ rcscn t ; r t ion  nf t l ie components o f  a :;cvere 
l igl~tnilr; :  f l a s h  i ~ r c o r p o r a t i n g  t h e  i n p o r t a n t  a ~ p e c t s  
of 11otl1 p o s i t i v e  and r~ogat ivt !  f l a s h e s  !ms been de-
f ined  and is shown on F igure  3-7. 

For q u a l i f i c a t i o n  t e s t i n g ,  t h e r c  a r e  four  COP 

poncntl;, .i, !1, C, antl 3, !toed f o r  leta am in at ion of 
d i r e c t  e f f e c t s  and t e s t  waveform L used f o r  de te r -  
clination of i n d i r e c t  c f f e c t s .  Crmponents 11, R ,  C, 
and I) c;~clr s i n u l a t r  a  d i f f e r e n t  c l u r a c t c r i s t i c  of t h e  
c u r r e n t  i n  a imturn l  l ig l r tn ing  f l a s h  and a r c  sl~orm on 
Figure  7-3. "Itey a r e  app l i ed  i n d i v i d u a l l y  o r  a s  a  
conpor;itc of two o r  t.1ore components toget l rer  i n  one 
t c s t .  3 1 e r e  a r c  vcry few cases  i n  ~r l r ich a 1 1  four  con- 
poncnta must !>e app l i ed  i n  one t e s t  on t h e  sane t e s t  
ol)jcct.  Rise  t ime o r  r a t e  o f  c l~?nge  o f  c u r r e n t  has  
l i t t l c  e f f e c t  otr p t ~ y s i c a l  danage, and accord ing ly  llas 
not Ibccn spcc i f  ied  i n  t h e s e  components. Current  wave- 
form I:, a l s o  slrown 011 F igure  3-3, is intended t o  d e t e r -  
mine i n d i r c c  t e f f e c t s .  Ihen  e v a l u a t i n g  i n d i r e c t  ef -  
f e c t s ,  r a t e  of cllnnge of c u r r e n t  is important  and is 
spec i f  id. 

The t e s t s  in which t h e s e  waveforms n r e  app l i ed  
a r e  presented in Table  1. The o b j e c t i v e s  o f  each t e s t  
a long wi th  se tup ,  creasurcncnt,  and d a t a  requirements  
a r e  desc r ibed  in S e c t i o n  4.0. 

3.2.2.1 	 component h - I n i t i a l  1Iigl1 Peak Current  

This  conponcnt o i n u l a t e s  t h e  f i r s t  r e t u r n  s t r o b  
and is c h a r a c t e r i z e d  by a peak amplitude of 200 kA 
(210:) and an  a c t i o n  i n t e g r a l  ()..(It) of 2 x lo6 
anp2-seconds (220:) wi th  a t o t a l  t ime d u r a t i o n  not 
exceeding 500 nicroseconds.  

The a c t u a l  wavest~ape of t h i s  component is pur-
poscly  l e f t  u:~defined, because in l a b o r a t o r y  sirnula- 
ti011t h e  wavenl~ape is s t r o n g l y  inf luenced !>y tlre type 
of su rge  genera to r  used and t h e  c l i a r n c t e r i s t i c s  of 
t h e  dev ice  under t e s t .  : :atural l i g h t n i n g  c u r r e n t s  
a r e  u n i d i r e c t i o n a l ,  but  f o r  l a b o r a t o r y  s i n u l a t i o n  
chi8  corlponent nay be e i t h e r  u n i d i r e c t i o n a l  o r  os-
c i l l a t o r y .  

3.1.2.2 	 Component B - I n t e r n e d h t e  Current  

Tlris conponent s i n u l a t e s  t h e  in te rmed ia te  phase 
of a l iglrtniny, f l a s h  in which c u r r e n t s  of s e v e r a l  
tlrou~aand anperes  flow f o r  t i n e s  on tirc o rde r  of scv-
e r a 1  n i l l i s c c o n d s .  It is  chnrac te r i zcd  by a c u r r e n t  
sctri-,c wi th  a n  avcrnge c u r r e n t  of 2 lj\ (2107;) f l o v i n s  
f o r  a r~cothurn d u r a t i o ~ r  o f  5 n i l l i s c c o n d s  antl a  maxi- 
nrrr c1utrl:e t r a n s f e r  of 10  coulonbs. T l~e  ~daveforn 
~Ir t~ul ldhe u n i t l i r e c t i o n a l ,  e .  g . rectany.ll lar,  expanen-
t i n 1  o r  l i n e a r l y  decaying.  ' 

3 -2.2.3 	 Conponent C - Corltinuing Current  

Component C s i n u l a t e s  t h e  cont inuing c u r r e n t  t ' l a t  
f l o ~ r s  (luring t h e  l i g l ~ t n i n g  f l a s h  and t r a n s f e r s  t lost  
of tlre e l e c t r i c a l  cliarge. ?his component rnl:lt t r ans -
f c r  a c h a r ~ e  of 200 coulonbs (220I) i n  n t i n e  of be-
t.tre..n 0.25 and 1 second. T l ~ i s  i n p l i e s  c u r r e n t  nnp l i -  
t x ~ d ~ sof b e t ~ r c e n  100 and '100 on l~eres .  ;Ire rrnvaform 
~ I r o \ ~ l dbe u n i t l i r e c t i o n a l ,  e .s. rectaugt t lnr  , cxllonen-
c i a 1  o r  l i n e a r l y  tlecaying. 

7.1.2.4 	 Conponent - R e s t r i k e  Currcnt  i )  

Corsponent i) simulater:  :i subsequent i1ig11 i~cal. 
c l l r r m t .  It is c l ~ a r a c t e r i z e d  by a peait a n p l i t u d ~ ~ o f  
100 kA ( 2 1 0 3  and a n  a c t i o n  i n t e c r a l  of 3.75 x 10  
anl,ere2-secontl (GOZ). 



3.2.2.5 	 Cur ren t  Ilaveform E - Fas t  F a t e  of R i se  

S t roke  T e s t  f o r  Ful l -Size  Ikrdwsre  


Ctlrrent waveforn C s imula tes  a f u l l - s c a l e  f a s t  

r a t e  of r i s e  s t r o k e  f o r  t e s t i n g  v e l ~ i c l e  l l ~ r d w n r e  

whicli a t  f u l l  s c a l e  ~ t o u l d  be 200 IcA a t  100 kA/ps. 

Tile peal; ampl i tude of t h e  d e r i v a t i v e  of t h i s  waveforci 

must be a t  l e a s t  25 1~1pcr nicrosecond f o r  a t  l e a s t  

0.5 nicro:;econ~l, a:; sho.trn in T i ~ u r c  7-3. Current  
* :nva ion~i: IEIS ct ninimurt n n p l i t u ~ i c  of 50 ~ L ' L .  .In mi>- 
l!tutle of 50 1;1\ is tised t o  enahle  t e s t i n g  of t y p i c a l  
a i r c r a f t  conponcnts f d t h  convent ional  l a b o r a t o r y  l i~l l t-
ning c u r r e n t  genera to r s .  7:le a c t i o n  i x ~ t e g r a l ,  f e l l  
t 1 1 . l ~ ~and t h e  r a t e  of f a l l  a r e  no t  s p e c i f i e d .  I f  de-
s i r e d  and feas i ib le ,  components t i  o r  3 m y  be n;pZi:li 
\+ l i t 11  n 25 hi per r.iicrosccond r a t e  of  r i o e  f o r  a t  l e a s t  
0.5 c~icrourcond and tile d i r e c t  and i n d i r e c t  e f f e c t s  
e-ralunt ion conducted s inu l t ancous ly .  

7.3 'Javeforn Desc r ip t ions  Eor E~ lg inee r ing  T e s t s  

3.3.1 Purposc 

L i ~ t l t n i n g  v o l t a g e  and c u r r e n t  waveforns ciescrib- 
ct1 ttr t!lu E o l l o w i ~ ~ g  have I ~ e c n  tleveloped p a r a ~ r a p l ~ s  

for eng inee r ing  des ign  and a n a l y s i s .  


"Ilc t e s t s  i n  r~l l ich  t h e s e  t ravefoms a r c  appl ie t l  
a r c  ?rescnte t l  i n  Table  2. -lie o b j e c t i v e s  of each t e s t ,  
a l o l ~ g. r i t 1 1  s e t u p ,  mcnsurcnent and d a t a  r e q t ~ i r e n e n t s  
a r e  ilcscri1)eil i n  Sec t ion  4.0. 

Ihtrlng t e s t s  on node l  v e h i c l e s  t o  d e t e r n i n e  pos- 
s i h l c  ilttacimr?nt po in t s  t h e  l e n g t h  of nap used be- 
t:reeri t i tc e l ec t ro t l e  s inu la t iny ,  t h e  approaching l e a d e r  
altd t i le ve11ici.e clepcnds upon t h e  notlel s c a l e  f a c t o r .  
!)ttrinl: ::ucll t e s t s  It is ~ l e s i r a l > l et o  a l low t h e  e t r e a w  
err: fro11 t l ~ e  rlodcl su , ' f ic ient  t ime t o  develop. 
: \ccor~Jin~: ly ,  f o r  nodel  t e s t s  i t  is necessary t o  stand-
ctrclize t h e  t i n e  .?t 1111ieh b r e n l c d m  occurs ,  even thougll 
t h e  r a t e  of rlse of  vo l t age  is J i f f e r e n t  f o r  different 
t e s t s .  

T t  !ias been 11uten.lined i n  l a b o r a t o r y  t e s t i n g  that 
tlie r e s u l t s  of a t t s c l l r ~ e n t  po in t  t e s t i n g  a r e  inflt ienccd 
I?:? t h e  v o l t a ~ c  waveform. Fas t  r i s i n g  vovefonns (on 
tile o r d c r  of a FCW r.iicroseconds) produce n r e l a t i v e l y  
few ~r t rnlcr  of ; l t t a c l ~  po in t s ,  r ~ s u n l l y  t o  t h e  apparen t  
'li:!~ f i e l d  rer.iona on t h e  nodel  and a l l  such a t t a c h  
poirlts a r c  c l a s s i f  l ed  a s  Zone 1. Fas t  r i s i n ~mvc-
formu Ili~ve been usctl f o r  p r n c t i c n l l y  a l l  a i r c r n f t  

model a t t a c h  p o i n t s  t e s t s  in t h e  1T.S. Slow f r o n t  wave-
f o m s  (on t h e  o r d e r  o f  hundreds of n icroseconds)  pro-
duce a g r e a t e r  spread of a t t a c h  po in t s ,  p o s s i b l y  in-
c lud ing  attacllments t o  low f i e l d  regions .  There fo re  
t h e  t e s t  d a t a  nus t  be  analyzed by nppropr ia t e  statis-
t i c a l  nethods  i n  d e f i n i n g  Zone 1 regions. 

Two high v o l t a g e  waveforns a r e  descr ibed in t h e  
fol lowing paragraphs  and :;hewn on F igure  7-4. Tlie 
f i r s t  is a f a s t  waveforn vhich is t o  be  used f o r  that 
w i l l  b e  termed " f a s t  f r o n t  model t e s t s . "  71e second 
wuvcfom is n slow r i s i n ~  waveforn wlrich w i l l  I)c em-
ployed f o r  "slm; f r o n t  model tests." 

?his is n cliopped v o l t a g e  vavefom i n  i ~ l ~ i c l l  flaull-
over o f  t h e  gap between t!ie nodel  under t e s t  and t h e  
t i s t  e l e c t r o d e s  occurs  a t  2 nicroseconds (250:). 
TICa n p l i t u d e  o f  t h c  v o l t a g e  a t  t ime of t ln shover  
ant1 t h e  r a t e  of r i s e  of v o l t a g e  p r i o r  t o  breakdown 
a r e  no t .  s p e c i f i e d .  The 'tinveforn is s l~otm on F i ~ u r e  
3.1. 


3.3.2.3 	 Vol tage Ilaveform 9 - Slow Front  :lode1 T e s t s  

T!le slot1 f ron ted  ~iaveform 1~1sa r i s e  t i n e  between 
50 .rid. 250 rricroseconds so  a s  t o  a l low t i m a .  f o r  s t r e ~ m -  
e r s  from t h e  1.1ocIc1 t o  dev~? lop .  I t  sltnulil 1:i.ve a !~ig! ler  
s t r i l ce  r a t e  t o  t l tc low p r o b a b i l i t y  rc,:ions t l ~ n n  o the r -  
wine n i g h t  have been expcc ted . 

Current  rmvefom con!.ononts " and C, ulio!rn on 
Pi~;trre 3-5, a r e  intended t o  determine i n d i r c c t  e f f e c t s  
OII very  l a r g e  Imrdwnre and f u l l  s i z e  veh ic le s .  "!II?SC 

wavcfon.~s  a r e  specified a t  reduced ampli tudes  t o  over-
cor:o i n h e r e n t  f u l l  vehiclt:  t e s t  c i r c u i t  l i n i t a t i o n s  
atid al:m t o  a l low t e s t i n g  a t  n o n - d e s t r ~ ~ c t i v e  t ol e v e l s  
be lade on operational v e h i c l e s  a t  ncln-destructive 
l e v e l s .  	 Scal ing w i l l  depnnd on t h e  n a t u r e  nf t ! ~ eCOUP-

lin!: ; lrocess a s  ( l e t a i l e d  Cn t h e  follotrin:: paragraphs. 

3.3.3.1 	 Tes t  lIavcform F - ?ciluced ;u~plitucle 
l ~ n i c l i r e c t i o u a l  I:.ivePon.~ 

Component P s i rnula tee ,  n t  a low c u r r e n t  l e v e l ,  
botl, t h e  r i s e  t i n e  and decny t i n e  of tlie r e t u r n  strolce 
ctxrrsnt peal; of t l ~ e  l i g l ~ t t l i n g  f l a s h .  I t  'Ins a rise 
t i n e  of ? n ic roscconds  (2702),  n decay t i n e  t o  ; ~ a l f  
m~! . l tuc le  of 50 r~icrosecont ls  (220:) ,ind n ~ninimum 
a n p l i t u d e  of 250 ilmpereu. I l i i l i rect  e f f e c t s  measure-
ments rmde wi th  t h i s  component lsust be  o : t r a l )o la t e~ l  
t o  tlre f u l l  l i g h t n i n g  c u r r e n t  anp l i tu i l e  of 200 I:\. 



3.3.3.2 	 lest IJaveforms G1 and G2 - Damped O s c i l l a t o r y  
llavef o m s  

Pas t  r a t e  of r i s e  c u r r e n t  waveforms and h igher  
ampli tude c~aveformu nay o f t e n  be u e e f u l l y  enployed f o r  
i n d i r e c t  e f f e c t s  t e s t i n g .  For i n d i r e c t  e f f e c t s  de- 
pendent upon r e s i s t i v e  o r  d i f f u s i o n  f l u x  e f f e c t s  (Lee. 
no t  a p e r t u r e  coupl ing)  a low frequency o s c i l l a t o r y  
c u r r e n t  - waveform C , i n  .chic11 t h e  per iod ( l l f )  is 
long ccnpared wit11 t k e  d i f f u s i o n  time, sllould b e  uned. 
C r i s  r e q u i r e s  a frequency, f ,  of 2.5 k i lo l i e r t z  o r  
lowcr (1.e. t h e  d u r a t i o n  of each h a l f - c y c l e  is equa l  
t o  o r  g r a t e r  than 100 )is).  !Jliere r e s i u t i v e  o r  d i f f -  
us ion e f f e c t s  a r e  measured, t h e  s c a l i n ~  should be  in 
t e r n  of t h e  peak c u r r e n t ,  wi th  f u l l  s c a l e  betr:: 20n I:!. 

For i n d i r e c t  ef f c c t s  dependent upon a p e r t u r e  
c r ) u l i l i n ~  t h e  higlr frequency c u r r e n t ,  waveform C2 
slinrrld 11e used. 31e  maximum frequency o f  tmveform G, 
sho~rlrl be no Iiigher than  approximately 300 1312 o r  l / f 0  
of tlie l o v e s t  n a t u r a l  r e sonan t  frequency of t h e  a i r -  
c r a f t / r e t u r n  c i r c u i t ,  \rhichever is lower. There aper- 
ture-coupled ef f ec  ts a r e  neasured tlie s c a l i n g  nhould 
be i n  terms of r a t e - o f - r i s e  ( d i l d t ) ,  wi th  f u l l  s c a l e  
being 100 kA/ps. 

l h e n  t e s t i n s  composite s t r u c t u r e s  wit11 rmvefom 
C,, r e o i n t i v e  and d i f f u s i o n  f l u x  induced v o l t a g e s  m y  
occur as w e l l  a s  a p e r t u r e  coupled vo l t ages ,  and ro-
strlts ntiould he  ~ c a l e d  both t o  200 161 und t o  100 bi/ps, 



T i n c  (!lot t o  S c a l e )  

I d e a l i z e d  l l i ~ h - v o l t a g c  test waveforms 

f o r  q u a l i f i c a t i o n  test i n g . 
F i g u r e  3-2 

~:llRltlC'fT (~fX!l'tl;;l?:JT A 

( I n i t i i ~ l  S t r o k e )  

Pcnl: n n p l i t t l t l ~= ZOOktI + 111': 

r l c t i o n  l .n te r , rn l  = 2x1n6? 
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! ) e f i n i t i o n  of r a t e  of r i s e  r e q u i r e -  
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CllR1:KYT '!,\\'l<Ft)lUl !: 
Peak a m p l i t u d e  5 50 kn 
Rate o f  Kisc -> 25 Icr\lus 
f o r  a t  lcast 0.5  )is. 

F i g u r e  3-7 I d e a l i z e d  c u r r e n t  test wnvcform components  

f o r  q u a l i f i c a t i o n  t e s t i n g .  



2 PS 50 t o  2 5 % ~  

F i ~ t l r e3-4 I d e a l i z e d  h igh  voltani? waveforms f o r  enaineer ina  t e s t s .  

T h e  

(Not t o  Scale) 


Figure 3-5 I d e a l i z e d  current  waveforms f o r  engineer ing  t e s t s .  (Ynte: 
Peak nmplitudes a r e  not t h e  same.) 
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T ab le  1 

Voltage  T e s t  Technique 
Zone \Javef o m s  Cur ren t  1~avef  orms/Component s Para. No. 

X I 4.1.2, 4.1.2.2. 

X X X I 4.1.2, 4.1.2.2. 

4.1.2. 4.1.2.2.7 

4.1.2, 4.1.2.2.4 

4.1.2, 4.1.1.2.5 

UFretct e f f e c t s  
combuat ib le  va  components a s  f o r  s t r u c t u r a l  t e s t s  4.1.3 

D i r e c t  e f f e c t s  
s t r e a m e r s  

2 kA 2 10: Fnr . I  rIwc.11 t i n e  I c s s  than 

i f  1 l i?cc-cnncls 
:lot,c '2. l!sc nvcract* c r~ r rcn r .  ut' 400 ;trip For ~ lvc l ltime i n  C::CPRS nf , ' 

nscc an tlntcrminwl hv cnr.incnririp . tes t :< .  
;ntp '1. Tnditc:rt c f f c c t s  shnrltl n l s o  !#it11ct t r rPnt  conpnnl*ncn hc m c ; ~ n l ~ r ~ . ~ l  

.I, R, (:, I )  a s  a p p r o p r i a t e  t o  t h o  t e s t  zone 

Note 4. R l e  a p p r o p r i a t e  f r a c t i o n  of  component "C" 
t i o n  and s u r f a c e  f i n i s h .  

a Tnhle  2 

Uaveforns f o r  Engineer ing T e s t s  

Tes t  Zone 
Vol t age  
Waveforme 

C I) 

Cur ren t  Wavef nnns/Components 
C E F GI C2 

T e s t  Technique 
Para.  Yo. 

Model a i r c r a f t  
l i g h t n i n g  a t t i i c imen t  
p o i n t  test 

F a s t  f r o n t  
S l w  f r o n t  

X .. 4.2.1 
4.2.1 

I F u l l  size llardwore 
a t t achmen t  t e s t  2A X X 4.2.2 

-
I n d i r e c t  e f f e c t s  
complete  l o r  X + X 4.2.3 

, .. . . . .-.--.. - . 



?lie sinuLated liglrtning waveforme and conponents 
t o  he r~aed f o r  q u a l i f i c a t i o n  t e s t i n g  a r e  preeented in 
Tnble 1. ?his t a b l e  gives t h e  cur ren t  components that 
w i l l  flow through an a i r c r a f t  s t r u c t u r e  o r  specinen in 

-	 ee& zone. In  some cases, however, no6 a l l  of t h e  
cur ren t  components spec i f ied  in t h e  t a b l e  w i l l  eon 
brtte s i g n i f i c a n t l y  t o  t h e  f a i l u r e  nechaniem. Tlrer 
fore, In p r inc ip le ,  t h e  non-contributing conponent 
can he omitted f ron  t h e  t e s t .  I f  conponents a r e  t 
be omitted from a t e s t  Eor t h i s  reason, t1re proposed 
tost plan should be agreed upon 111th t h e  cognizant 
rap t la to ry  authori ty .  

Table 2 presents  vaveforme suggclsted f o r  engin- 
eer ing t e s t s .  Tire ob jec t ive  of each qua l f i i cn t ion  o r  
encincerinl; t c s t ,  setup and measurwent dotail!, and 
data  requirerrcuts a r e  described in t h e  following para- 
;:raplrs. 

4.1 Quolif i c a t i o n  Tcsta 

4.1.1 ? u l l  Size llzrilware Attachment Point Tcsts  -
4.1.1.1 Objective 

31i.snttaciment point t e s t  will be cDndl~cead on 
E r i l l  s i an  otruccurrcl that incluiia d i e l e c t r i c  strrfaces 
t o  detezd.ne the  11etailed attnclnnerit points  on t h e  ex-
t e r m 1  .~ctrface, and i f  t h e  ~ u r f a c e  i o  nonmetallic, the 
?nth talcen by t h e  l i g l ~ t n i n g  m e  In reaching a : ?e ta l l i c  
s t ructure.  

Test vol tage waveform A should be applied between 
the electrode and the  ~ r w n d e d  t e s t  object.  In the  case 
of t e s t  object$ having p a r t i c u l a r l y  vulnerable or f l igh t -
c r i t i c a l  c o w ~ n e n c s  it may be a d v i s ~ b l e  t o  repeat  t h e  
t e s t s  usin6 waveform D a s  a confirmatory t e s t .  

?lm test ob jec t  slror~ld be a fu l l - sca le  p r d u c -
t iou l i n e  Imrrlwnre conponent o r  a represen ta t ive  pro- 
tocypa, S ~ I C Cnj11or clmnges from duslgn sanpleo-or 
prototypes laay c h a ~ y e  the lip,!ltning t e s t  reeul ts .  
.ill conducting ob jec t s  t ~ i t l l i n  o r  on n o m e t a l l i c  !~erd- 
ware tlmt arc? iwrnnlly connected t o  t h e  volcfcla when 
i n s t a l l e d  in t h e  a i r c r a f t  ahould be electrically con-
noceecl t o  ground ( the  r e t u r n  s i d e  of  t h e  l i g l r h i n g  
generator).  Surrounding ex te rna l  meta l l i c  veh ic le  
s t r u c t u r e  should be simulated d , ' a t t n c h e d  t o  ~11% 

t e s t  ob jec t  t o  n a b  t h e  e n t i r e  t e s t  ob jec t  1001: a s  
mtcil lib tire ; ~ c t u a l  veh ic le  region under t e a t  ns 
possible. 

The t e s t  e lec t rode  to  whiclr t e s t  vol tage is n p  
plied should be ~rosi t ioned so  t h a t  its t i p  is, 1 rletar 
away fro13 tlre neares t  sur face  of tile t e s t  object.  
Dincneions of t h e  t e e t  e lectrode a r e  not c r i t i c n l .  
Conerally, node1 tests o r  f i e l d  experience !dl1llilve 
indicated t h a t  l igh tn ing  f lashes  can approacl~ t h e  ob- 
j e c t  under t e s t  Era srmernl d i f f e r e n t  direct ions.  I f  
so, the  t e s t s  should be repeated with the  trig11 vol tage 
electrode nr iented t o  c r e a t e  s t rokes  t o  t h e  object  f ron  
tlleao d i f f e r e n t  d i rec t ions .  

I f  t h e  t e e t  ob jec t  FB so small that a l -mater  
gap p a r n i t s  s t rokes  t o  m i s s  t h e  t e e t  object ,  o r  i f  a 
l-meter gap is krappropriata  f o r  o ther  reasons, 
shor te r  o r  longer gaps nay be used. : lu l t ip le  flash- 
overs should be applied from eeclr e lec t rode  posi t ion.  
Teats nay be commenced wit11 e i t h e r  p o e i t i v e  o r  nega- 
t i v e  po la r i ty .  I f  test e lec t rode  gos i t ions  a r e  found 
f r o a  crhiclr'tha simulated l igh tn ing  flasliovers do not 
contact  tlra t e s t  piece, o r  do not puncture it i f  it 
is n o m e t a l l i c ,  t h e  t e s t s  Prom these sane electrocla 
pos i t ions  should be repcaeod using t h e  opposi te  
paLzrity. 

4.1.1.4 :leatiurements and ;lata Zequirenents 

Ilaaaurements t h a t  slrould ba taken during these  

t e s t s  includa the  Eollowi~g:  


3. Test Voltage and implituda llaveforn. Tlte 
voltnfio apvlied to  tile !tau - .  should 11c ~wnsu~retl. 1':10to- -. 
=ap!~.r of tlte -roltal;e !,~ave*on~ ~;:ioulcl h(2 tn1.011 LO JS-
taitlivll elrnt !~nvePorn h is in f a c t  I ) e i n ~  .~pplictl .  
V n l t n ~ e  roenvuruleilcs slrot~ld l)e r;lclc nf WCII t e s t  7rolt- 
age trnveforn applietl silrce brerr~dmm p a t l ~ s ,  and lrcr~ce 
tlie t e e t  voltagc, nay change. P a r t i c u r l a r  a t t e n t i o n  
ahould b e  ~ i v e n  t o  assuring t lmt t h e  Snp flaslras over 
on t h e  wavefront. If a flashover occurs on the  wave 
ail, tile t e s t  should be rl-peated w i t 1 1  tile i;enorator 
s e t  t o  provide a iriglrer vol tage or  tlre t e s t  clectrodr. 
poeitionaci c l o s e r  to  tlre t e s t  object  so .?s t o  ptorlucc 
flaslrover on the vnvefront. 

b. Xttachnent Points  and/or Drenktlown Paths 
.Tlrc voltngrt &enerators  used 	 f o r  tlrese t e s t s  n re  111~11 
irrgedmrcc clavicas. The t e s t  c l l n e n t  r.tay be mucil l e s s  
tlllzr~ :u turo l  l igh tn ing  cuzrrcnts. douseclucntly, they 
w i l l  produce rnrch l e e s  drmage t o  the t e s i  ob jec t  than 
a m t u r a l  liglrtning f lash ,  even tlrough t h e  1)rcnkdown 
vfll Eollar  elre path 3 Full-scale  ligirtning s t roke  
cur ren t  wrl ld  follow. Occasionully n 1lilige11t search 
will be required t o  f ind t h e  nt tnctme~rt  point  on rtet- 
als o r  t h e  breakdown pat11 t:irougl~ t~nnmeta l l i c  surfaces 
Tllese attaclunent points  o r  brenkdown pntlrs slroulcl be 
l o o l d  f o r  a f t e r  each t e s t  and ~*mrl:ed, :rhen foltncl, 
lrltlr 1t3sking tape o r  c r q o ~ r .  :urI;ings t o  provent con- 
ftttliocr with Further t e s t  rcau l t s .  . 

4.1.2 Direct 'Efects - Seructural  

4.1.2.1 Objective 

3 e a e  t e s t s  d c t e m l n e  the d i r e c t  n f fec tn  which 

1SJ:lrcning cur ren ts  :,my prodlice i n  s t ruc tures .  


Slmdated l ightning crtrrent t~evcforn components 

slrould be applied, dependin:: on the  vehicle  zone of 

tho t e s t  object ,  a s  followu: 


4.1.2.2.1 Zone 1~ 

V;~vefonn components :\ ;inti 9 should be applied. 



4.1.2.2.2 Zone 1B 

Wavefom components 8, 8, C, and D should be 

applied in t h a t  order, but  not necesaari.ly a s  one 

continuous discharge. 


4.1.2.2.3 Zone 2). 

Nthougli Zone 2A is a swept s t roke  zone, s t a t i c  
t e s t s  can be conducted once the  attachmant points  and 
dlreil  timeo llnve been detarnined. Current conponents 
0 ,  Us and C should be applied in t h a t  order  a s  appro- 
p r i a t e  t o  tlie followin(; discussion. 

lKgh peal. current  r e s t r i k e s  typ ica l ly  produce 
re-attacfment of the  a r c  a t  a new point. Iliarefore, 
crirrcnt component D is applied f i r s t .  Tie  dwell t i n e  
fo r  cmponents I3 and C i n  Zone 21\ may be determined 
fron swept s t roke  t e s t s  a s  d a a c r i b d  i n  Paragraph 4.2.2 
or ,  s l t e rnn t ive ly ,  a worst case tiwell tima of 50 m i l l i -
seconds m y  he ansumed trftliout conducting svapt  s t roka 
t e s t s .  Tile timing mechanism of t h e  generator produc- 
big connonent R should be s e t  to ' a l low cur ren t  Co flow 
i n t o  t h e  t e s t  object  ( a t  any s ing la  point)  f o r  t h e  
nnxhiun dwell t i n e  a t  t lmt point a e  determined from 
the  dwell point  t es t s .  If tlie neaaurcd dwell time ia 
grea te r  tllen 5 milliseconds o r  i f  a 50 millisecond 
dtrell  t i n c  has becn assuned, the couponant B cur ren t  
sl~ollld be reduccd t o  400 amperes (component C) f o r  
tlie dwell time in excess of 5 milUseconda. If  t h e  
measureti dwell time is l e s s  than 5 rxlllieeconds, can-
ponent B slioul~l be applied f o r  the  length of time 
meanured,docm t o  a minimum of 1n i l l i s e c o  

4.1.2.2.4 Zone ?B 

Current components D, C ;uui '3 shotdd be applied 

In tllat order. 


4.1 .2 . i .5  i:o~le 3 

Cur rmt  c o n p n e n t s  .2 and C should be applicd in 
t h a t  order t o  t a a t  ob jec t s  i n  ?ane 3. Tie t e s t  cur-
ren ts  slrould be conducted i n t o  and out  of t h e  t e s t  ob- 
j ~ t c t  i n  a manner similar t o  t h e  rmy liglitninp, cur ren ts  
would he conducted tlirough the  a i r c r a f t ,  

4.1.2.3 Test Setup 

4.1.1.3.1 Test Xlectrode 3nR Gap 

Illc t e s t  cur rcn ts  a r e  del iver& from a t a t  elec-
trode positioned adjacent  t o  t h e  t e s t  object.  Tlie t e s t  
o l ~ j c c tis connected t o  tlie re tu rn  s i d a  of t h e  gener- 
a t o r ( ~ )  so tllat t e s t  current  can florr tlaough tlie ob- 
j e c t  i n  a r e e l i s t i c  manner. 

ChUTIOIT: TIiere m y  he in te rac t ions  between t h e  a r c  -
and current  carrying conductors. Care nuat  be taken 
t o  assure t h a t  these in te rac t ions  do not inf luence the 
t c n t  resu l t s .  

Tltc olectrodc a n t e r i a l  should lye a good e l e c t r i -  
c a l  conductor with a b i l i t y  t o  r e s i s t  the  erosion pro- 
duced I,y tlie t e s t  currents  involved. Yellow brass, 
s t e e l ,  tungsten and carbon a r e  s u i t a b l e  e lec t rode  na-
t e r i a l s .  Yie sllape of the  electrode is usual ly a 
rounded rod firmly aff ixed to the  Generator output 
t e r n i n a l  and spaced a t  a fixed d i s tance  above the  sur-
face of tire t e s t  object.  

The p o l a r i t y  of components A and D can be e i t h e r  
pos i t ive  o r  negative. The p o l a r i t y  of the  generators  
used t o  produce components G and C should be set so 
that the electrode is negative with respect  t o  t h e  
t e s t  object ,  l~ecause grea te r  damage is general ly  pro- 
dlrced when t h e  t e s t  object  is a t  pos i t ive  p o l a r i t y  
witli respect  t o  the  t e s t  electrode. 

4.1.2.4 :Ieasurenents and Data %qtlirenents 

!!easurements f o r  these  t e s t s  include t e s t  cur ren t  
;mpliturle(s) and mvefom(a) .  ' C n i t h l  s t roke,  r e s t r i k e  
and intermediate cur ren t  cmponents m y  be mrnsureti 
with noninductive r e s i s t i v e  shunts, cur ren t  t ranafom- 
ers ,  o r  Qgcwski co i l s .  rontinuing cur ren ts  nay 1.e 
monslrrMi with r e s i s t i v e  siirints. Tlie output of eac!i of 
these deviccs should be meas~irecl nnd recorded. 

:TOTE: Ind i rec t  e f f e c t s  raeasurenents a r c  fre--

qrrently required f o r  ex te rna l  e l e c t r i c n l  Ilar?i.rare, 
as upecificd Ln Faragrapti 4.1.6. I f  desired,  some of 
t l ~ e u e  neasurenents can be made durinl: tlie d i r e c t  
e f f e c t s  t e s t s .  

Since tlie condition of the t e s t  o l ~ j e c t  o r  o ther  
par t s  of the t e s t  c i r c u i t  nay a f f e c t  tlie t e s t  cur-
ren t (o)  applied, mensurments of tliese parameters 
siiould be m d c  during each t e s t  appl ied,  and tlie Je-
t a i l s  of tile t e s t  setup recorded f o r  cacli t e s t .  

-
4.1.3 Direct Effects  Combustible Vnpor Ign l t ion  Via 
Skin o r  Conponent Puncturc, llot Sl)ots o r  Arcing, 

4.1.3.1 Objective 

Tlia ob jec t ive  of these t e s t s  is t o  ascer ta in  t h e  
p o s s i b i l i t y  of combustible vapor ign i t ion  nc; a r e s u l t  
of s kin or  conponent puncture, !lot spot. fomlation, o r  
arcing in o r  near fue l  systems o r  otlier regions wlierc 
conl~untible  vnpors m y  ex is t .  

-rAllTIO1I: These t e s t s  s int i la te  the possible  d i r e c t  ef-
f a c t s  which nay muse  igni t ion.  Ign i t ion  of combust-
i b l e  vapors may a l s o  be cnusetl by ligiitning b i d i r e c t  
e f f o c t s  sucii a s  induced voltnges i n  f u e l  probe wiring, 
etc. 

I f  a l>luiit e lectrode is usal rrith 4 very s n n U  
gap, tlie ;;an pressure arlcl shock rmvc e f f e c t 3  in the 
confinail arca nuy cause nure p l~ys ica l  dannce than 
woriltl ot l~erwise lye producutl. 'nie electrode :iliould 
be rouiulcd t o  allow r e l i e f  of the  pressure forncd by 
tlie disclmrac?. 

For n u l t i p l c  cotlpo-leot t e s t s ,  the  t e s t  electrode 
s!ioiild be pl;icc?cl au f a r  fron the  t e s t  ohject  ~ u r f , t c e  
a s  tlre dr iving vol tage of the i n t e r r ~ e d i a t e  component 
B o r  continuing cur ren t  cmponent C t r i l l  allow. .\ gap 
spacing of a t  l e a s t  50 rm is cicsirabla but a l e s s e r  
Gnp of n t  l e n s t  10 nn is rec{riirecl irfiicll w i l l  r e s u l t  
in rlore conservative data. 'Jiien cmponents Y o r  C a r e  
preceded by the  high peak cur rcn t  component A, t h e  tiigll 
dr iving voltage of t h i s  generator i n i t i a t e s  tlie a r c  and 
sribsequent components i3 and/or C follow the estnblishecl 
a rc  even thougli dr iven by a nucli lower voltnge. 



Vie same t e s t  current  mveforme should be ap- 
pl ied a s  a r e  spec i f ied  f o r  s t r u c t u r a l  danagc t e s t s  
in Paragraph 4.1.2.2. 

4.1.3.3 Test Setue 

st sntup requirements a r e  t h e  sane a s  thosa 
ed in Paragraph 4.1.2.3 f o r  s t r u c t u r a l  damage 

t e s t s ,  with tlie fol louing addi t iona l  considerations: 

I f  a c m p l e t e  f u e l  tank is not ava i lab le  o r  im-
p r a c t i c a l  Pnr t e e t ,  a sample of t h e  tank skin o r  other  
npocincn representat ive of t h e  a c t u a l  s t r u c t u r a l  con- 
f igura t ion  (including jo in t s ,  f as teners  and substruc- 
tures ,  attaclnnent lmrdr~are, a s  w e l l  a s  internial f u e l  
tanl: FLxturas) ~ i r o u l ~ l  be insca l led  on a ligilt-tigirt 
openinl: o r  chamber. P!iotography is t h e  preferred 
tccImiq~ia f o r  detect ing sparking. Ii pliotograplry can 
Iln mployad, t h e  cllanber shoitld be f i t t e d  with an 
array o f  mirrors t o  m k e  any spnrta  v i s i b l e  t o  the 
T e r n .  llawevcr, f o r  regions where possibla  opcirk- 
inn a c t i v i t y  cannot be rude v i s i b l e  t o  t h e  camera, 
i c n i t i n n  t e s t s  may be used by p f a c h g  an i g n i t a b l e  
f ~ t e l - a i r  mixture ins ide  the  tank. 3 r i e  can be n mix-
titrc of propane and a i r  (e.g., f a r  propane: a 1.2 
stoiclricmetric n L ~ t t t r e )  o r  v a p n r i z d  samples of  the 
appropriate  fue l  r\Lx,ur?d with air. '?erif i c a t i o n  of the 
c m b u o t i b i l i t y  of tlie n ix ture  sirouW. be obtninod by 
i ~ n i t i o u1lit1r a spark o r  corona ig~lcltion source in-
troducr?tl t i t o  tlre t e s t  chanber immediately a f t e r  each 
l i l : l~tnkig t e s t  in which no i g n i t i o n  occurred. I f  
the  cmbuat ib lc  nfxture was not i g n i t a b l e  by t h i s  
n r t i f l c h l  snitrce, tlrc l igh tn ing  cost  muot be consid- 
crocl inval id n~ui repeated with o new n i x t u r e  ttnt3.l 
e i t h e r  t l ~ a  liglrtning t e s e  o r  artificial i g n i t i o n  
source i g n i t e s  t h e  Fuel. 

4.1.3.h Ilcasurcments and Data Cccluirenents 

nlr? same t e s t  cur ren t  n w u r e n e n t s  should bo 
t ~ d eas arc s p ~ c i f i c d  f o r  ~ t r u c t u r a l  t h g a  t e s t s  in 
Faragraplr 4 .l.2.4. 

?'lie presence of ;m i g n i t i o n  soctrce- should be de- 
tcminr?cl Ly ~rl~otograpliy of posaiblo apnrking. For 
t h i s  purpose a canera is placed in t h e  t e s t  cllnmbar 
; r i d  t h e  s l ~ u t t e r  l e f t  open during the  tes t .  2:perience 
indicntes  cllnt hSh 3nOO speed F F l n  u:11ooi at P4.7 fn 
sac iofaccnry. tG1 l Q ! r t  tn  tlre clinitber f n t ~ ? r i o r  rust 
bn? e::clt~ii!tl. Any li~11tindicat ionn on tlic f i lm due 
t n  i n t e r n a l  sparltinp, a f t e r  t e s t  uhould Ira tnlcen a s  an 
ind ica t ion  of sparkine !;uEficicnt t o  i g n i t e  n combust-
i b l e  mixture, 

CAUTION: TliFs ncthod of determining t h e  p o s e i b i l i t y  -
of sparking should be u t i l i z e d  only if c e r t a i n t y  ex-
iatti t h a t  a l l  loca t ions  where sparking might e x i e t  
a r e  v i a i b l e  t o  t h e  canera. 

!lore special ized inetrrrnwtaeion may be addad i f  
add i t iona l  M o m a t i o n  such aa skin sur face  tempera- 
tures, praasure r i s e s ,  o r  flamw f r o n t  propagation d-
o c i t i e s  a r e  desired. 

4.1.4 Direct  Ef fec t s  - Streamers 

4.1.4.1 Objective 

E l e c t r i c a l  streamers i n i t i a t e d  by a h i ~ h  vo l tage  
f i a l d  represent  a possible  i g n i t i o n  source f o r  combust- 
i b l e  vapors. The ob jec t ive  of t h i s  t e s t  i a  t o  deter- 
mine i f  such streamrrrs nay be produced in r e p i o w  
where such vapors exist. 

4.1.4.2 l m e f o r n s  

Teat vo l tage  wwaform B should be applied f o r  
t h i e  test. The c r e s t  vo l tage  should be s u f f i c i e n t  t o  
produce s t reaneriug,  but not s u f f i c i e n t  t o  cause Elaeh-
over in t h e  high-voltage gap. Generally, t h i e  w i l l  
rcqtrire tha t  clre average e l e c t r i c  f i e l d  gratiienc 
butween tlrc clcctrodea be a t  l e a s t  5 kV/cn. 

4.1.4.3 Teat Setup 

The test objec t  should be mounted i n  a f i x t u r e  
rapresen ta t ive  of  t h e  surrounding region of t h e  a i r -  
f rane  and be subjected t o  t h e  higii-voltage mveforn. 
Tile vol tage nay be  applied e i t h e r  by (1) grounding 
the  test ob jec t  and arranging t h e  high-voltage c e s t  
e lac t rode  s u f f i c i e n t l y  c l o s e  t o  the  t e s t  ob jec t  t o  
c r e a t e  t h e  required f i e l d  a t  the t e s t  vol tage l e v e l  
appliad o r  (2) connactlng t h e  t e s t  object  t o  t h e  high- 
voltago w t p +  of_the generator and arranging t h e  t e e t  
object  in proxip i ty  t o  a pound plane o r  o ther  ground 

-e lec t rode  t h a t  is conwaeted t o  t h e  ground o r  low s i d e  
of t h e  genarator. In eitlzar case t h e  low vol tage s i d e  
of t h e  ganerator should be grounded. Ei ther  arrange- 
ment can provide the necessary e l e c t r i c  f i e l d  a t  t h e  
t e s t  ob jec t  aperture. Tlie t e s t  object  should be a t  
p o s i t i v e  p o l a r i t y  wlth respect  t o  ground, s ince  t h i s  
po la r i ty  usua l ly  providae t h e  wst profuse streamering. 

4.1.4.4 !.Ieasurenents and Data Bequirenents 

:hsur- ts  should include t e s t  vol tage wave-. 
Eom and amplitude, and degree and loca t ion  of stream-
eting. The presonce of s t reaner ing  a t  loca t ions  where 
cmbuatlbLe vapors a r e  known t o  e x i s t  i e  considered an 
i m i t i o n  source. The presence of s t reaner ing  can bes t  
ba decormiad wlth photography of the  t e a t  ob jec t  v h i l e  
in a darkenad area. I f  t h e  presence of streamers i a  
questionable, t h e  c e s t  should be run with a combustible 
mixture a c t u a l l y  presant  i n  t h e  t e s t  ob jec t  t o  determine 
i f  i @ t i o a  occurs, but  ca re  should be taken t o  ensure 
that the  test arrangement simulates relevant  operat ional  
(i.c., in-f l ight)  c l ~ r a c t e r i e t i c s .  

4..1,5 Uirect  Ef fec t s  - Cxternal E l e c t r i c a l  l lardwre 

Tlle ob jec t  of t h i s  t e s t  is t o  determine t h e  
mount  of physical  damage which nay be experienced 
by e x t e r a a l l y  mounted e l e c t r i c a l  components, such a s  
p i t o t  tubes, antennae, havieat ion l i g h t s ,  etc. when 
d i r e c t l y  s t ruck  by l ightning.  



- - -- - 

4.1.5.2 	 IJaveforne, Tes t  Setup, and llaaaurements 

and Data Requirements 


Sane an f o r  s t r u c t u r e s  t e s t  a s  described in 

Paragraph 4.1.2. 


4.1.6 Ind i rec t  Ef fec t s  - & t e r m 1  E l e c t r i c a l  H~rdware 

4.1.6.1 	 Objective 

Tho ob jec t ive  of t h i s  t e a t  ia t o  detarnine t h e  
magnitude of i n d i r e c t  e f f e c t s  t h a t  occur when l igh t -  
n* strikes exte rna l ly  mounted e l e c t r i d  hardware, 
such iu antennae, alectricaJ.ly heated p i t o t  tuhas,or 
navigation l igh ts .  For such I+ordware the iadiraet 
e f f e c t s  include conducted cur ren ts  and surge voltages, 
and induced voltages. Tltese cur ran ts  and voltages may 
then be conducted v i a  e l e c t r i c a l  c i r c u f t s  t o  o ther  sy-
stew in the  vehicle. Therefore, d u r i n ~  t h e  d i r e c t  
e f fec ta  t e s t a  of e l e c t r i c a l  hardware nounted within 
Zonas 1 or 2. neasurementa should be Fade of t h e  volt- 
aRe appeariw, a t  a l l  e l e c t r i c a l  c i r c u i t  terminals of 
t h e  cmponent. In addi t ion,  a f a s t  r a t e  of rise teat 
sltould be conducted f o r  evaluation of m ma tic ally 
induced effects .  

Currant components A through D used f o r  evalua- 
t i o n  of direcz ef fec ta  a r e  alrro w e d  f o r  evaluat ion 
of i n d i r e c t  e f f  ecta, p a r t i c u l a r l y  tllosa r e l a t i n g  t o  
the diffuoion o r  flow of cur ren t  through resis tance.  
The s p e c i f i c  t~nvefonns t o  ba w e d  a r e  t h e  sane a s  
t l ~ o s e  slmcified in Parwraph 4.1.2. In  addition, t h e  
f n a t  r a t e  of clrange cur ren t  waveform E should be ap- 
plied f o r  evaluat ion of magnetically indu 

/ 

I n d i r e c t  a f fec t s  aeaaured a s  n r e s u l  
wnveform must be gxtrnpolated 38 f o l l o w .  
vol tages dependent upon r e s i s t i v e  o r  d i f f u  
alrould be extrapolated l i n e a r l y  arrrpenlt-
200 lu\. 

Induced voltagee dependent upou ape= 
slrorild be extrapolated l i n e a r l y  t o  a peak r a t m f - r i s e  
of 100 M/ps. 

91o t e a t  object  should be ~ u n t e d  on a shielded 
t e s t  cllnmber rto t l la t  access  t o  its e l e c t r i c a l  connec- 
t o r ( ~ )  can be obtained in an a r e a  r e l a t i v e l y  f r e e  from 
extraneous electronngnet ic  f i e lds .  Tllis La neceseary 
t o  prevent e lectronagnet ic  intarforence or ig ina t ing  
in the  l igh tn ing  test c i r c u i t  from i n t e r f e r i n g  with 
measrkrenent of vol tages induced in t h e  t e s t  object  
i t s e l f .  The t e s t  o b j e c t  should be f a s t 4  t o  t h e  
t e s t  ciaamber in a manner s U a r  t o  t h e  way it ia 
mounted on the  a i r c r a f t ,  s ince  normel bonding impad- 
antes m y  cont r ibu te  t o  t h e  voltagoa induced in  c i r -
citic:;. Iftlre s l~ ie lded  encloalrre i s  l a r s e  anou~la, 
the neaaurement/recording equipneat may be contained 
within it. I f  not, a s u i t a b l e  shielded inatrumant 
cable nay be uaed to t r a n s f e r  t h e  induced w l t a g e  eig- 
nal from t h e  shielded enclosure t o  t h e  equipment. In  
t h i s  case, the  equipment should be located so aa not 
t o  experience interference.  

ectrode should be positioned so  ae t o  
l igh tn ing  cur ren t  i n t o  t h e  t e a t  ob- 


j e c t  a t  t h e  probable attachment point(s)  expected from 

n a t u r a l  l i g l t a h g .  For t e s t s  run concurrent ly with 

d i r e c t  a f f e c t s  t e a t s  on t h e  same t e a t  object ,  this 

siwuld be an arc-entry (flashover f ron  t e a t  e lec t rode  

t o  t e s t  object) ;  but f o r  t e a t s  rnede only t o  de te rn ine  

t h e  i n d i r e c t  e f f e c t s ,  hard-wired connections can be 

cude betusan t h e  generator output and t e s t  object .  

Tlxlo fa appropriate  espec ia l ly  Ff it is des i red  t o  


e t o  t h e  t e s t  object.  The t e a t  
ed v ia  t h e  shielded enclosure 
ning current  flows from t h e  
lded enclosure.in a manner re-
u a l  i n s  t a l l a t i o n .  

include t e s t  cur ren t  ampll- 

tude(a) and waveform(s) a s  spec i f ied  f o r  t h e  d i r e c t  

e f f e c t s  tests u t i l i z i n g  t h e  same waveforma in Para-


In  addi t ion,  meaaurenenta should be d e  
and induced vol tages a t  
r c u i t a  in the  t e s t  obje  

r o p r i n t e  t o  nalce neasure-
two terminals, a s  well a s  -

r t e r n i n a l  and &round. 
vol tage or ig ina t ing  in the 
systens such a s  a power birs 

d s  p a r t l y  on t h e  inpedancee 
ances should be airnulaced 

e included. A t y p i c a l  
t is shown in Figure 6.1. 

e operation of t h e  vol tage 
measurement system 3110uld he verified. '  

Sl~ielded Enclosure 

Oscilloscope 

I 
I 
I 

' I  
I 
I 
I 

Figure 4-1 Essent ial  elements of e l e c t r i c a l  hard- 
' ware ind i rec t  e f fec t s .  t e s t  and mensurement 

c i r c u i t .  



4.2.1.1 Objective 

object ive of the modal tat ia t o  determine 
on the vehic le  where d i r e c t  l igh tn ing  atrilzie 

If it is desired t o  determine the  placas on ths 
a i t c r a f t  where l igh tn ing  otrikas are moat probable, 
tlten voltage waveform C nay be u t i l i zed*  If it ~JB 
dcaired, in  addition, t o  k l an t i f y  othar  surfaces where 
strikes may a l so  occur on r a r e  occasion, vol tage w a v e  
Eorn ;I may be ut i l ized.  'ihe l q e r  rbawtime of w a v e  
f o m  D a.llot#a dave lopen t  of streamers and attachment 
points in reniona of l m e r  f i e l d  i n t e n e l t ~  ( in  arldi- 
t inn t o  tl~onc! of l l i ~ h  i n t ens i t v  a t  a~rrfncrts of hipit 
s t t i k c  11r13lr:tlrilitv. 

4.2.1.3 Test Cetup 

Teats on mal l -eca le  d e l s  a r e  hktpful  f o r  de-
to- attachment zones. In nooa casea, t e a t s  on 
rndela m a t  be supplenentd by other  nernne t o  deter- 
nine a:?ct a t t a c lmm~tzonen o r  points. This is part i -
cu la r ly  tnle of a i r c r a f t  i n v o l v i n ~  la rge  amounts of 
nome ta l l i c  st ruc tu rn l  rurteria3.a. 

An accurate model.of t he  vehicle  ax t a r i o r  from 
1/30 t o  1/10 full ncale s l~ould be cons+ruct&l, The 
vnrioua 1)ossible vehic le  configuratione should a t s o  
ba nodded. Conducting surfaces on t h e . a i r c r a f t  
should be represented by conductive nurfacee on the  
nodal, and v ice  verso. 

The model ie then positioned on insu la tors  be- 
tween the  clectrodoe of a rod-rod gap o r  tha electrode 
and n ground plane of a r o d q l a n e  gap. The length 
of the upper gap slrould be a t  least 1.5 tinas the long- 
e e t  dimension of the  nodal. The d i r ec t i on  of approach 
becmes l e s s  cont ro l lab le  a t  much hiahat  r a t i o s  and 
tlrc s troke nay even misa the d e l ,  Tl~e  lover  gap, 
may be an r.11c11 a s  2.5 times the  longest dimamion of 
tlre nodel a d  should be a t  leaet equal t o  tha model 
dimension. 

Coaa?only the  electrodes a r e  fixed and the  model 
is rotated. The orienrat iona of the  ctlectrodea with 
respect  t o  the  nodel should be sue11 ma t o  define all 

: l i k e ly  attaclrnent points. TypicallyD tha elactrodas, 
r e l a t i v e  t o  the uodcl, a r e  placed a t  30- s tape in l a t -

and 90' l ~ i t u d e s ,as shown in 
Figure 4-2. Smaller etaps In l a t i t u d e  o r  l o n ~ i t u d o  
may be required t o  iden t i fy  a l l  a t t a c h m a t  pointa; 

0' i tude arpund the 

electrode 

@ = l a t i t u d e  
6. longitude 

Figure 4-2 Ai rc ra f t  coordinate system. 

If rottrtlon of the nodel s i gn i f i c an t l y  cl~angce the 
gnp l e n s h a ,  it may be necssrary t o  reposi t ion t he  

electrode, Typically t h r ee  t o  t en  shots  a r e  taken 

u l t l ~  the ~ i r c r n f t  in each o r i e n t ~ t i o n  t o  s inu ln te  

l i i ? I ~ t n i n ~f laehas  approaching Erm d i f f e r en t  direc- 

tions. Pbtograplla, prhferably with twn caneras a t  

r i ~ h tangles t o  each otlrar, sllould be taken of each 

shoe in order t o  ( latermhe the attachment points. 

Theupper electrode should be pos i t ive  with respect  

tn ground and/or the  lover electrode. 


4.2.2 	 Full-Size llardmre Attachment Point Teat -

Zone 2 


Tlre rmclranisn of a r c  attaclmrent in Zone 2 regions 
la fundamentally d i f f e r en t  from tha t  in Zone 1. Tlre 
basic  nechnnim of nttachment itP shown on Figure 4-3. 
The a r c  f i r s t  a t taches  t o  point  1 and then, viewing 
the  t e s t  object  a s  s tat ionary,  is swept back along the 
surface t o  po in t  2. l aen  the hee l  of the  a r c  is 
al~ovu point  2 the vol tage drop a t  the arc-metal inter-
f ace  is eu f f i c i en t l y  high t o  cause flashover of the 
a i r  &np and puncture of the surface f i n i eh  a t  point . 
2 causing it t o  r c a t t a c l r  there. 



?lm a r c  ~ d l lagain be blown back along t h e  sur- 
face  u n t i l  t h e  w l t a g e  a l o q  the  a r c  channel and arc- 
metal i n t e r f a c e  is s u f f i c i e n t  t o  cause f lashover  and 
at tachnent  t o  another polttt. Tl~e Voltage a t  vhich each 
new attnclrnent vill occur depends otrongly upon the  
mrrface f i n i s h  of t h e  object  under t e s t .  The vol t-  
age a v a i l a b l e  t o  cause puncture depends upon t h e  cur- 
r e n t  f1owt.m In t h s  a r c  and the degree of ion iza t ion  
in its cllannel. ?'Itera fa a n  induct ive voleago r i s e  
alonu the  a r c  a s  rap id ly  changing cur rcn ts  f lnw 
throrrfil~it. Illere w i l l  a l s o  be a r e s i s t i v e  vol tage 
r i s e  produced by the  €1011 of current.  '=lie W u c t i v e  
vol tage r i s e  a s  v e l l  a s  tho r e s i s t i v e  rise can be 
q u i t e  s i ~ n i f i c a n t  vhen a l&h+ning r e s t r i k a  occurs 
a t  sono point  in the  flash. 

Yloving Surface 

FtRure 4-3 RRsic mechanism of swept s t roke  
at taclnenc.  

Zn addi t ion,  i f  tha  f l aeh  is tliscontinuous f o r  
i . r i~?f  gerxod a very Mgh v o l t n ~ a  l a  available pr.Lor 

to flow of ttta naxt  currcnt  component. 3ecause t11a 
clmnnal rrmnins hot  and'nay contain res idua l  ionized 
pnrt ic lon,  tlriu vol tage s t r e s s  is g r e a t e s t  along i t  
and nrrl~aequent cur ren t  cmponents aro 1il;aly t o  f lmr 
along t l ~ c  a m e  channel. Such a vnl tage nay wel l  be 
higlter t!mn voltage^ created by cur ren ts  flowing in 
t h e  clunncl nnd nay causo re-ckcfacfre~ent . to n a t n l l i c  
atirfoccs o r  punctnre of normeeallic tiurfncas o r  di-  

, e l e c t r i c  c o o t i n ~ a .  

'ilte time durfny. ~ d i i c h  an nrc nny remain at tached 
cn any s i n g l a  point  (dwell time) is a funct ion of the  
l l ~ i t t ~ ~ i n r :f l n s h  end sur face  c h a r u c t c r i s t i c e  vhlch sov- 
ern re.attnclment t o  t h e  next point. T l~e  d v a l l  t ime is 
~ l s nA function of a i r c r a f t  spec!. 

Stmlrt s t roke  attachment point  and clwall tine 
phmme~rnare t l rereforc of i n t e r e s t  f o r  h m  na in  
ruasons. F i r s t ,  i f  t !~ere is an intervening nonmetal- 
lic s r ~ r f a c e  along the  path over ~rh ich  t h e  a r c  m y  be 
sclept, :lie swept s t roke  phenmenn mny de te rn ine  
~Jiretlrer the  nonnetal l ic  s ~ ~ r f a c e  o rw i l l  be princturerl 
wlreclrer the arc r r l l l  pass i1onalessly across  it t o  t h e  
next meta l l i c  surface. 

.Second, t l ~ edwell time of an nrc  on a mata l l i c  
strrface is a f a c t o r  in r le te rn l t~ ice  if s u f f i c i e n t  heat- 
ing n;ip occur a t  n dwell point t o  11urn n hole  o r  forn 
a l ~ o t  spot  capable of ign i t ing  c m b u s t i b l e  nFxtrires 
o r  causlx~l: other  d m g e .  Thus, ovcr il f u e l  tank i t  
is p a r t i c u l a r l y  important t h a t  the a r c  move f ree ly ,  
i n  order t h a t  t h e  n e t a l  s k i n  of ella tank not be Itent- 
ed or  biirned to a point t h a t  f u e l  vapors a r e  i m i t c d .  

The object ives of attachacsnt s tud ies  in Zone 2 
a r e  then: 

For n e t a l l i c  curfaces 
(including conventional painted or  t rea ted  sur-
f aces) : 
To deternlne possible at taclment  po in t s  and as-

sociated 'dwell  t i n e s .  

For n o m e t a l l i c  surf  ;.ces 
(includinfi n e t a l l i c  nurfilces with Iricl~dielec-
t r i c  s t r m g t l ~  coaciny.~)  : 
To deternine i f  ?unctctrres !my occur. 

4.2.7.3.1 : l e ta l l i c  Surfaces 

To d a t e m e  a rc  dwell t i n e s  on meta l l i c  sut- 
facca, including conventional painted or  t rented sur-
fncos, it I s  ncccsenry t o  s i rnl la te  t h e  continuing 
cur ren t  conponent of the  liglrtning f lash.  Tlma tire 
s inulnted continuing cur ren t  slrnuld ha i n  ;~ccorilance 
with cur ren t  cmponcnt C. 

The cur rcn t  generator dr iving vol tape r;rrat he 
s l i f f l c ien t  t o  nnintain ;in a r c  l e n ~ t ! ~  rmvevtlk-it f reel j .  
alonr, the sur face  of tile f e s t  object .  R e  t e n t  clec-
t r d e  slrould !>e f n r  e n o u ~ :  nhovc* tlte sltrfnce so a s  
not to influence che a r c  ;~ t tac lment  t o  the  t e s t  mr-
face. I f  t h e  technique o r  Y i ~ t i r c4-7 F s  uscd, the  
electrocte shorild be n rod : m r a l l e l  t o  the  , r i r  stream 
and npprorinacelg p a r a l l e l  t o  the t e s t  object .  

A r e s t r i k e  r:ay he adtled to  the  contirruin 
rcnt  a f t e r  i n i t i a t i o n  t o i i ' e t a m i n e  whether a 
vitlr its associated h i r h  cctirrcnt anpl i tut le  trntrld 
r a a t t n c h n a n t  t o  poLnts o t h e r  tlmn thosc :o wfriclr t I t  
continuing cur ren t  a r c  mt:ld rtt-nttaclr. If a r c s t r i  
la tlsed it is most appropriate  t h a t  i t  I)c the f a u t  
r a t e  of clmw.,a of cur ren t  . . v e f ~ t r n  shown a s  clirrcnt 
~ v a f ~ r r m'c: on Fil;ure 3-3. 

4.2.2.1.1 :lnrulc:tallic 51r fnces  

To deternine rrhether it is r>onsible for  <lielcc- 
t r i c  punctures o r  ronttacl~?lelrts t o  ncctrr on nonmetal-
l i c  surfaccs o r  coating m t e r i a l s ,  lnclud in$ meta l l i c  
surfaces wit11 !111;11 d i e l e c t r i c  s t r e n ~ t l r  c o a t i n ~ s ,  i t  
in c~ecunsnrg to  s lnul t l te  t:te hi,clt-voltage clmrncter-
i n t i s s  o i  the  arc .  1 : i ~ h  v o l t a ~ c s  a r e  caused by (1) 
current  r e s t r i l a s  in an ioni:ed cl lannd,  o r  ( 3 )  wit-
age I~uildtip along a deionized channel. Tl~cso char- 
a c t e r i s t i c s  a r e  uirnrlacecl ::,y a t e s t  i n  1d1ic11 n re- 
stri!:e is appliorl along n c h n n e l  previously estnh- 
l i s l r d  by a continuinf: current.  Tltc r e n t r i k c  nust  
be i n i t k r t e d  by a w l t a a e  r a t e  of r i s e  of 1000 W/ps  
or  fns tor  and ntrst dlvcharqe a 11igh r a t e  of r i s e  cur- 
r e n t  s t roke i n  accordance with current  waveforn ::. 
Tinis r e s t r i k e  nust  not Se applied u n t i l  the continu- 
inl: curratit  lras dec;~yed t c  near zero (a  nearly r l e  
ionized sca te )  a:: sllown in Figure 4 - 4 .  

Peveral t e a t s  slror~ld he ,ipplic<l with the contln- 
I I ~ I I :  currcnt  riurntion and restrikes applied accord- 
ing t o  d i f f e r e n t  times, T, i n  order to produce worst- 
case ayposures of t h e  surface and ~lndcrlylng elements 
t o  w l t a g e  s t r e s s .  



ThtJ amplitude of t h e  contiauing cur ren t  is not 
c r i t i c a l  and may be lower o r  higher than t h a t  of cur-
irant conpowant C. Other aspecta  of t h i a  erst a r e  a6 
dwcribed i n  Paragraph 4.2.2.2.1. 

.-

Current 

Time 

1 Voltage 


Voltage i 


rime 
I 

Figure 4-4 Swept s t roke  vavefoms f o r  t e s t a  
of nonmetallic surfaces. 

4.2.2.3 Tent Se tue  

Two basic  aecliodo llrnve Seen us& t o  n imi la te  tlie 
srrept s t roke  r~~eclulnian. One of chase involvea uaa of 
a wind s t r e m  t o  nove the  a r c  r a l a t i v e  t o  il station-
o ~ yt e n t  srrrface a s  shown in Figtrra 4-5. Tllpl o ther  
nctliocl itivolvan novment  of tire test sur face  r e l a t i v e  
t o  a s u i t i o m r y  a r c  a s  siiown in F i ~ u r e4-6, o ther  
metl~ode rrny a l s o  be s a t i s f a c t o r y  i f  they adequately 
raprcacnt . t lm in - f l igh t  i n t e r a c t i o n  beeveon the  a r c  
and t l r ~  ( l i rcraf t surface. Relative ve loc i ty  ~ h o u l d  
ill,: Ltuii* I ~ t ttrot I)c l i~a i te r l  t o  tlie minimum in- f l igh t  
velociev of tile vellicnl, t~rlticllis wiren tlie tiwell t b i c  
~ o t l ~ l i t i o t ~is nost  c r i t i c a l .  

The t e s t  e lectrode should ba f a r  exmug11 above t h e  
surface so  iIS not t o  Fnfluanca t h e  arc attactnaant t o  
t h e  t e s t  surface. I f  tlie technique of Piguro 4-5 is 
ucscd, tlie e lac t rode  sliould be a rod pa rad  t o  t h e  
a i r  stream and apprnxinately p a r a l l e l  t o  che t e s t  
oljject. 

Stat ionary 

Electrode (Rod o r  lCnife Edge) 


Figure 4-5 Arc moved r e l a t i v e  t o  
s ta t ionary  t e s t  surface. 

4.2,2.4 Ileasurgnents and Data Requirements 

TIia moet important neasurenents a r e  those giving 
tlie attachment points ,  a r c  dwell t ines ,  b r e a k d m  paths 
ilollm~ed, and t h e  separa t ion  between attachment points.  
Tllaae a r e  m e t  e a s i l y  determined frm 11 
pic turo  photographs of tile, arc. Itcnsur 
be nndo of t h e  a i r  f l a r  o r  t e s t  ohjcct  ve 
mpl i t i ida  and tmvefom of tho currene pas 
tlte t o o t  object.  

Surface 
( F l w i n ~ )  

Fifiura 4-6 Test surface moved 

r e l a t i v e  t o  s t a t  Lonary arc .  


4.2.3 Ixidirect Ef fec t s  - Cmplc te  Vcllicle,, ' 
, 

6.2.3.1 Oblc c t i v e  

Tlte objec t ive  of t h i a  c e s t  is t o  nonsure induced 
vol taces nnd cur ren ts  in e l e c t r i c a l  wiring w i t l ~ i n  a 
c q l c t e  voliicle. Complete ~ r e i ~ i c l e  t e s t s  a r e  incend~rl  
p r l n a r i l y  t o  i d c n t l f y  c i r c u i t s  tdricli nay be suscep t ib la  
to lir.!rtnin:: induced ef fec t s .  

Two t c c b i q u e s ,  u t i l i z i n g  d i f f e r e n t  t m v e f o m ,  
m y  be u t i l i z e d  t o  perform this test. h e  involves 
app l ica t ion  of a scaled down unid i rec t iona l  wnveforn 
represen ta t ive  of a n a t u r a l  l igh tn ing  s troke.  

3 a  second technique Fnvolvea perfornance of the  
t e s t  tritlr tuo o r  nose danpcd o s c i l l a t o r y  cur ren t  wave-
fornr;, one of ~ ~ h i c h  (component C2) provides t h e  Eaac 
r a t e  of rise clwxacterirrric of a n a t u r a l  l i g l ~ t n i n g  
s t roka  wavefront, and thc o ther  (conponent C1) pro-
vfdos a- l a g  dura t ion  period c l ~ r a c t e r i s t i c  of n a t u r a l  
1 4 l r t n w ,  s t r o k e  duration. Iriduced vol tages should he 
nosnured in t h e  a i r c r a f t  c i r c u i t s  when exposod t o  bo 
wnvefonua and tlie higilest induced vol tages taken a s  
the  t e s t  r e s u l t s ,  

!hch t e s t  is cnr r ied  out  by passinl: t e s t  cur-
r e n t s  tlrroug11 t o  the cornl)lece v e l ~ i c l e  nnci mcasurinr. 
c l ~ e  intlt~ced vo l taacs  and crtrrcnts. 1.11ccks a r c  also 
mdc aL' a i r c r a f r  syscms  ~ I I U equipne~lt operat ions 
witerc possil)lc. 



4.2.3.2.1 	 Unidi rect ional  Teat I*!aveform 

[laveform F should be applied. 

4.2.3.2.2 	 Osc i l l a to ry  l?nvaforma 

Vnveforms C1 and C2 should be applied. 

4.2.3.3 Test  Setup 

TIla t e s t  cu r ren t  should be applied between sev- 
a r a l  ropresentnt ive  p a i r s  of a t tachnent  p o h t a  such 
au l l o e r c e t n i l  o r  trine t i p t a w i n g  t ip .  Typical t e s t  
setups 

At n a s  t o  
d i r e c t  .current  throualr t h e  pa r t s  of t he  vallicla v h e r ~  
c i r c u i t a  of i n t e rcu t  a r a  locatotl. 

: Iu l t i p l e  r e t u r n  concl~~etors  ~holLLd 1>a used t o  n t h -
irrizo ze t i t  c i r c u i t  inductance and p r ~ i n i t y  nffecta.  
T:rpical t e s t  se tups  a r e  shovn hz Figure 1-7. 

'~'IIIIt au t  cu r ren t  mplittttlw, v ; ~ v a f o n ,  and re-
sc~l t inc:  i ru lucd w l t a g a s  and cu r rcn t s  i n  the a i r c r a f t  
eleccr.lcn1 and avionics  s y s t a f s  yhould be nanourd.  

l t a ~ e  

l i nea r  Lrr~rctlanccs c x i s t  tohiclt rlnr r e s u l t  in nnn-
l inen r  re la t ionshigo benreon .induced voltagus and ap- 
p l i d  currant.  C:rraful study of tire vchic la  ltnrter 
t au t ,  Imtrever, can usual ly  iclentify such s i t~u r t ions .  
11en tout in^ h a l e d  vahiclas,  a r e  slrould be takon 

co prmrclrt riparks .acrnoe f i l l e r  cnpn, ;u even lorr 
nnplihtclo cu r ren t s  can cnune sparkin!! acroon poor 
botul~ o r  Jo in t s ,  111doubtful n i t w t i o n a .  f u a l  tanks 
sl~oillri Ite rexularol nonflffmnabla by nitrogen iner t ing.  

n 

cu 
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ISllere Induced lnstrlaced from Crotlnci 
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Figurc A-7. Tvpical qecupa F o r  conplctr? v c l ~ i c l c  ccscs. 
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