
AD—AO 7O 779 FEDERAL AVIATION ADMINISTRATION WASHINGTON DC SYSTEM—ETC F/s k/S
FEDERAL AVIATION ADMINISTRATION — FLORIDA INSTITUTE Off TECI IOLO—eETC(U) -

MAY 79
UNCLASSIFIED FAA— RD—79 o SUPPL—SA Nt. _fin1
I.
___ 

p I
I __ 

_

H



10 $28  L
I~ 

315 ~ 2 2
1 3.5

8 1
i &  ~~~~

1111125

NATIONAL BUREAU OF STAIIBARDS
~ c5QCCPV 5(IOI~UflC I TftT CN~~T



—‘

RFPORT NO. FAA-RD-79..6 SUPPLEMENT 1A

j
~( FEDERAL AVIATION ADMINISTRATION-FLORIDA

iNSTITUTE OF TECHNOLOGY WORKSHOP ON
GROUNDING AND UGHTNING TECHNOLOGY

MARCH 6.8, 1979
I •~~~~~~ - MELBOURNE , FLORIDA

• Document is available to the U.S. public through

~JL U—. the Nationa l Technical Information Service ,
Springfie ld, Virginia 22161 .

Prepwed By

U S DEPARTMENT OF TRANSPORTATION
FEDERAL AVIATION ADMINISTRATION

Systems Resea ch & Devek)pment Service
Wash mgton, D.C. 21~~)

~

_ _  
_ _ _  

_ _ _ _

/4 
‘

~~~~~~~~~~

- ‘

_ _ _ _ _ _ _ _ _ _ _ _ _ _  — -  —
- -- - S..a- — -~~~~~~~~~-fl .• - - S  — - . -



I

NOT iCE

-
~ This document is disseminated under the sponsorsh ip of

the Department of Transport~ tiOfl in the interest of infor-

mation exchange . The Unite d States Government assumes no

liability for its contents or use thereof.

1~ 

~~~~~~~~~~~ - 
_ _  

. I. 

TT~T ~~~~~~-~~ — -~~--- — —5— — —-.—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ______



— - -~~~~~ - --~~-- -~~ -—-~~ ~~~~~~~~~~~~— - 

T.chnicol K.port Docwn.ntetion Pog.
R. .—.. ‘~~~ -L o~ .rnn~.n~ Acc,, , ,on No. 3. R.cup .nt s Catal og No. -

FAA-R D-79-6

-I t _ L . . .1 - 5. R.po t Do’.
Fede ral Avia t ion  Adminis t ra t ion - Florida In s t i t u t e  May 1979
of Technology Workshop on Groundfn~’ ~ind Lightning 6 P. fonn ng O’gon ~z.~~on Co d.

Technology~~~’~ \ :‘ C t . -~~ . L J ~ —~~~~~~
~~~~~~~~~~

— t L_  - - /_ /  (~ t LL ~ 8. P. fa ning O g a n ,,ot ,o n R.po,~ No.
7 £~~~~~- - - 

-

i
__S.

~~~
9 . P. lo m. g O gan rot on N.m. and Add .a.  10. W o k  Unit No. ~TRA IS(

Florida Institute of Technology 
_____________________________

Department of Electr ical  Engineering 11  C o n t r e c o G o n s No .

Melbourne , Florida 32901 _____________________________
1$. 

] yp. of R.port ~~ ~~..._A ‘ •d

12. Spon so u ng A g.n cy N.m. and Add~.ai 
~~~ 

Final ~ -

Department of Transportat ion ~~~~ Maret! ~,.r8,
Federal Avi at ion Adminis t ra t ion l4 Spons o ung A gs icy Cod.Was hin gton , DC 20590 ARD-350

15 . Sup p l.m.nto ry Not .,

This repo rt is a supp lement to Federal Avia t ion  Admin i s t ra t ion  Report FAA-RD-79-6
dated March 1979 and supersedes FAA-RD-79-6 Supp lement 1. -

The report contains papers which were not avai lable in time to be Included in
the org inal  proceedings.

~

_ _ _ _ _ _ _ _ _ _ _ _  

/
17 . K.y W. d. 18. Deit ibut s o S,.t.man $

Lightning protection, lightning Documen t is available through the
detection , transient protection , National Techn ical Information Service,
aircraft. Springfield, VA 22151.

19. S.cua.ft y CI...,f . (.1 $t~. ,.gsit~ 20. S,cv rft y CI...ff. (.1 his p1,1) 21. N.. .1 P.g.. 22. P ee.

UNCLASSIFIED UNCLASSIFIED 92

F•tm DOT P 1700.7 (S—72 1 
~s~,odvctIs q~ .1 w,ipI .*.d psi. evø*tttsd j

- - — . --- -—--, - — - . - -.----— -- -  —i - -

4 •
~
. - . • . • 

~

-,

~~

- -
.5. . - S.

- 
— _~~~~2-- 

~~~~~~~~~~~~~ 
-
~~~.



r S - -  - 
_ _ _ _ _

—

ni!h

2
~1 p ~~

. , -  - 5
— S ~~~~~~~

! U1.~ uI °

I . 2 _

I~ ot ~1 01 LI 9% 9% 0% CI ~l II 0% - ,  0 1 9 19 0 £ g

-~~ ~ - I ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ iii

i’~r ‘
~~
‘ 

~I ‘
~~ 

i ‘~‘I’ ~
‘I’ F’’ I’ ij t ~ l]’li j ’

~
’ i’~ 

‘~‘i’ i’s’ ~‘i’ ill’ ~ ‘I’ I]~i~ i’i ri~
lIr

~

I 2 2 2 .  1 1 — - -

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

_

:~:~: .~~~: ~-I ’ ~
II 1~I .! hI l  11-111 It~ II~ ti tH 1~- .1

.Sk

- 

. 

I ~~~ 
•5.,~

5x 1
~~ 8 !H0~~5l~ ’~

ii

t. . - - - . - - - - ø

-— - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~



r 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - .  - - - - -- 

-~~ -. -

-

TABLE OF ‘CONTENTS

ERRATA 
• I

. ‘~ L I G H T N I N G  EFFECTS ON GENERA L : \VI AT I ON A I RCRAFT
I

.1 . An cI~’r ~-.~~n P l u i n o r  • 3

A NEW APPROACH TO LIGHTNING POSITIO NING AND TRACKING :

Dr .  R o d n e y .  B. Bent  • 1-1_

- D E S I G N , DEV ELOPMENT AND F A B R I C A T I O N  OF DEVICES FOR TIlE

PROTECTION OF ELE CTRONIC E Q U I P M E N T  AGAINST L I G H T N I N G
-9’. —5.-

Jt ’an— Pie ’ r r t ~ S imi • 37

L I G H T N I N G  F A I A L I T I E S ;  - CA N THEY BE PR EVEN TE D~~ 1, - ‘

W i l l i a m  E. Cobb - 57

L I G H T N I N G  TEST W~~’EFORNS AND TEC HNI QUES FOR AER OSPACE VEHICLES

AND HARDWARE -

SAE C o m m i t t e e  AE4L • • • • • • • • • 61

F I N A L  WORKSHOP PROG RA M . • . • • . • • • . . 85

LIST OF ATTENDEES . . . . . . . • . . ~~~~~~~~~~~~~~~~~~~~~~~~ . . 89

DI~C TA~
unannourlced

r
I

D Ir , t r i

~~~~

- -

~ 

- -----5 - 

-
AVr’ t1 ’ ’4 H . .

. • • ~~~~~~~~~~~ 
I ,- -

—‘ —— - _)
~ -~~—-‘ — ,~~. - —iv—

~: _ _ _ _ _ _ _ _  _

- -



r ~~~~~— -  - - —— ——-~~~~~~~~~~~~~~~ 
- 

~~
- —-- -5— - - -5—— - -—

ERRATA t~~r r u - p o r t  VAA~~R I ) ~~7q_ ~~

Page 21  : C1i.tn~~t t it  1’ t.o read

‘‘~I I I  t~m u f l  t_ s oi Nat  u ra I ~in d 1’ r i ggt red L i g h t n i n g ’’

I’~~~- 72 :  F~5. rin ~ I t  V (  t Should he V( t ) = L

-- Page I 22 :  Su C U O C I  p a r t ~~r ip li of “D~ agno st  ics “ change las t

l i n e  to  ‘‘or d.c. ’’

Page 125:  Re~~e r e n c u - s  ( .  change “ 3 h5 9 ”  t o  “3855”

Ret er 0 ~~C s  11 ) change “Ga j ola ’’ to ‘‘Gajda ”

V

.

- -

-

_ _   

- 
_ _ _ _Ek ~~~ J_J~~~j~~~~_.~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~~~~~~~

- — 

- 

— -—  

~
—~1



_ _ _  
- - - -- ~~~~~~~~~~~~ -~~~----- -~~~~

LIG H TNING EFFECTS ON GENERA L AVIATION AIRCRAFT

3 . Anderson Plutner
P r e s i d e n t

Li gh t n i n g  Technolog ies , Inc .
560 Hubbard Avenue

P i t t s f i e l d , M a s s a c h u s e t t s  01201

BI OGRA P H Y

J.  Anderson Plumer is founder  and p r e s iden t  of L igh tn ing
Technologies , Inc . He began his career a t  the General
El ec t r i c  High V o l t a g e  Labo ra to ry , conduc t ing  s tudies  of
d i e l e c t r i c  breakdown phenomen a and l i gh t n i n g  e f f e c t s  on
a i r c r a ft  f u e l , s t r u c t u r a l and e l e c t r i c a l  sys tems . He was
i n s t r u m e n t a l  in the  development of new l abo ra to ry  methods
for the stud y of l ig h t n i n g  e f f e c t s  on a i r c r a f t  and has
c o n t r i b u t e d  to i n d u s t r y  groups w o r k in g  toward educa t ion
and s t anda rd i~~.it ion of l i gh r n i n r  p r o t e c t i o n  methods and
techni ques. -fr . Plunle r  is c o - a u t h o r  of the  book L i j z ~~n f ’~2
: r c  t c . ’ ; : ~~ -“ ~ .r ’ :f ’  and was named t h e  reci p ient  of the
A d m i r a l  Lu is  d~.± F lo r ez  F l i ght  S a f e ty  A w , i r d  in 1978 for  h is
work in t h is  area .

AB STR CT prohie~~s posed by environmental  e f f e c t s
such as li g h t n i n g . Jus t  as the en t i r e

The a v a i l a b i l i t y  of IFR a v ion i c s  and in-  s t r u c t u r e  mus t  s a f e l y accept  and to le ra te
; r o v c~ p i l o t  t r a i n i n g  has increased  the  the  m e c h a n i c a l  loads imposed by f l i ght ,
ex~ as- jr e  of bus iness  and cen t ’ra l  a v i a t i o n  i t  must  also  conduct  e lec t r ic  c u r r e n t s
a~~r c u a f t  to adv ers e weat h er co nd i t~.cn ~; , p roduced by the li gh t n i n g  and on-board
in c l u d i n g  l i g h t n i n g  s t r i k e s ;  s o : c t L i n es  sy s t e m s , a nd conduc t  these throug h it-
~i t h  hazardous  r e s u l t s .  ‘~ i t h  ~he coop- self  w i t h o u t  d e g r a d a t i o n  of mechanica l
e c a t ~ on of FLIGHT O P E R A T I O N S  na~ a z i n e , a i n t c c c~~t v  and w i t h o u t  hazardous  side-
~~~~~~~iin.; s t r i k e  r e p o r t i n g  n r o i e c : has e f f e c t s  such as e l e c t r i c a l  spa rk ing . The
~een ~- ;p lem ent ed  to i d e n t i fy  p o t e n t i a l  e l e c t r i c a l  and e l e c t r o n i c s  sys tems con-

a reas  and a l e r t  de.si dn c r s  of t a m ed w i t h i n  these  s t r u c t u r e s  must  a lso
f - i - - a r c  a i r c r a f t .  i n i t i a l  f i n d i n g s  f r o ~ b~ d e s i gned to t o l e r a t e  the  increased
~~~. s e~~ i : d~~n~ ~ u t a  base ar e  p r e s e n t e d , i c ct r o n a gn e t i c  f i e l d s  which  may pene-

‘:~~~h ev - :ith i n p l i c a t i on s  f o r  de s i g n .  ~r a t e  n o n m e t a l l i c  s t r u c t u r e s .  

10:; Si i ~c,.~ an a i r c r a f t  has l i t t l e  e f f e c t  on
the  n a g n i t u d e  of l i g h t n i n g  cur ren t  it

::~ h f ~~h 1v c o - I p e t i t iv e  :ir~ ct p lace and a r e c e i v e , t he  s t r u c t u r e  of small ,
~~~ r e I S i n . ~ cos t  of energy is n i o t i v a t i n ~ G e n er a l  a v i a t i o n  a i r c r a f t  must  be capa-

n u f a c t u r e r s  of genera l  a v i a t i o n  a i r -  He  of c o n d u c t i n g  j u s t  as many amperes
c r i :~ to ach ieve  g r e a t e r  e f f i c i e n c y  and of l i g h t n i n g  c u r r e n t  as must t ha t  of
econ on .’ t h r o u g h  a p p l i c a t i o n  of advanced ~usuhc j e t . As a r e su l t , the ‘‘~n f t  f
:e chno loo ie s  in the desi gn of new a i r -  c- , r r -  ‘-

~~ in the skins , r ibs and spars of
c r a f t  - a sr~a11 a i r c r a f t  can be much higher  t h a t

the  d e n s i t y  of cur ren t  f lowing  throug h
.~C C C  of  the  new t echnology  s t r u c t u ra l  t he  l a rge r  a i r c r a f t.  Since the elec t ri -
- C : e r L u l s  and m a n u f a c t u r i n g  t e c h n i q u e s  cal  energy  tha t must be tolerated within
n o~-: an ~ hc d r a w i n g  board may he more a g iven volume of structure is propor-

~~n e r a a l e  to electrical hazards than t ional to the square of the current den-
or~- ’c n tj o n a I  s t r u c t u r e s  due t a  t h e i r  s i t y ,  the task of protecting the smaller

reduced  e l e c t r i c al  c o n d u c t i v i ty .  Among a i r c r a f t  f rom s t r u c t u r a l  damage. in te rna l
‘ iese are the use of advanced compos i t e  spa rk ing , and r e l a t ed  e f f e c t s  is furida-
~~o ’ e ri a ls in place of a luminum , and ad-  m e n t a l l y more c h a l l e n g ing than  protec-
ne sive bomding in p lace of mechanical tion of larger aircraft which have more
f ~~ener5. Sonc of these new materials massive structures into which lightning
tr ,~ ~lreadv in use , a l b e i t  mos t l y in non- cu r r en t s  can spread .

~ c r i t ~~c,l i app l i c a t i o n s , but  o ther  air-
no’,c on the  drawing  board plan to At f i r s t  g l a n c e , p r o t e c t i o n  for  these

- C t i l i z e  co ’-p os i te s  and adhesives much sma l l  a i r c r a f t  seems to imp ly the  addi-

sh ie lds ,  bonds and other measures  whose

~~ 

- re i x t e n s i v e l y .  t ion of p r o t e c t i v e  diverters , coatings ,

1 n h i 1 , i t i n ~ some app lications of these new weight and cost  would negate  the advan-
e c h n r , 1 , j € s , h oweve r are potential tages provided by the new-technology

—a- -~~~~~~
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structures and electronics. This need
not he the case , however , if innovative 50 

~~~~~protective measures are developed and I I

applied only where needed; but to avoid I I I I
p itfalls this course requires that more I I I
definitive information be obtained en I I I I I
the location ~f the lightning strike
zones on small aircraft and the magni- 45
tud~ f Uan~~ e that the higher current -

concentrations can cause. -

Until recentl y, no sys tem has been in I
p lace for obtaining information from ithe in-flight strikes that presently 40 
occur . In many cases the damage is I 

-

simp ly repaired and valuable information , I I I
which is important to designers of air I
craft now on the drawing board , ha s been I I I
lost, In an effort to fill this gap , I I
FLIGHT OPERATIONS magazine and Lightning 35 - -

Technologies , Inc . have begun a pilot I

reporting project utilizing a tear-out _____ I
questionnaire published periodicall y FT 1 -
in the magazine. Thanks to the coopera-
tion ~f reader-pilots , the lightning  Ireporting project has begun to produce 30 - ‘

~~~~~~~
information of significance to those who  -

operate small aircraft as well as those I I I I I
engaged in aircraft design. Altitude I I

- - . - - . . . (Thou sand s -

~he object ot  this project is to provide of Feet) 15 I
the information necessary to design of 25
e f f e c t i v e  and e f f i c i e n t  l igh tn ing  pro- U- -

t e ct i o n  fo r  small aircraft , and to help ~ 
I

pilots avoid it whenever possible. The  I
li n in i ng  strike questionnaire was first
p r i n t e d  in the November 1977 issue 1 and I I
next  in Jul 1978 2 . These questionnaires 20 - 

r r d u c e d  -~~ responses , most  of w h i c h  .

~e s c rih e d  recent strikes. A few readers
also provided data on lightning strikes
experienced several years before; a
~e st i r r . o n v , perhaps , to the lasting in- i
pressions left by these experiences. 15

- - Sone of the more important findings thus -

fi r , and the implications they have for _____ - I
rrotection design , are presented in the ~~ I .1 I 1

t o I 1 ~~w i n g  paragraphs. 
_____

H JN D 1T 1 O~~~S WHF. N STR 1!CI ~ 10 —~~~~~~~ ‘— ~~~ —F
dh i l e  t o r ’ i r epor t s  is too smal l  a sample - 

- — I _ I
upon w h i c h  t o  base conclus ions , it is of • • • •Lnt eres t to  chart some of the ini rmation
i n : or ~- i s  f r o r  t Qh ich  conclusions  can -,J_,, I
later he drawn is the data expands . 5 — -- — -

Figu re 1 , for example , shows the flight -

altitudes at which the first 40 aircraft - - -

-cure ctruck . --

As shown in Figure 1, str ikes occurred - - —

at virtu ally all flig ht alt itudes , with o — — •L5’ — — —
the highest percentage happening between 7 of Strikes
)000 and 15,000 feet. 45,000 fee t was
t)- e highest altitude at which a strike FIGURE 1 - FLIGHT ALTITUDES WHERE
~as enu” ruitntered , as reported by a Lear AIRCRAFT WERE STRUCK.
i e t  ‘pccator after a flight from Panama
to l i a ~r i  - The lightning strike occurred
while the aircraft was penetrating the allow a deviation , and the strike caused
t op of a cumulonimbus (CB) cloud over the left engine to flame out and burned
Cuba. Air Traffic Control would not out both ADF receivers.

-4-
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F i gt’RE 2 - FLIGHT AND WEATHER CON D i io:;S WHi-d~ STRIKES OCCURRED.

A l l  of the  s t r i k e s  r e p o r t e d  above 24 . 000 ilft n r e c i p i t a t i o n  and cloud cond i t ions
feet were experienced by ~et-powered air- reve~T~d here are similar to those ex-
craft , whereas most of those at 24 , 000 pcricn ccd by commercial aircraft , but at
feet and below involved piston or turbo- irst dance the comparisons indicate a
prop aircraf t tha t commonly operate at marked difference in the f1i~ ht condition
these lower altitudes. The wide rand and 4~ i,~~e of turbulence experienced .
of a l t i t u d e s , of course, indicates t h a t  The hi gher percen tage ~~ strikes re-
a i r c r a f t  a re  never bey ond r each  of l i~~h t - po rted to business aircraft jr 0v0
nin~ strikes probably r e f l e c t s  the  f a c t  tha t

nost of these a i r c r a f t  c ru i se  at  lower
Th~ ot :~er con li tion s within which t~ o a l t i t u d e s  t han  t h e i r  b ig  i r o t h e r s , where
p i l o t s  found  t h e m s e l v e s  wh e n  t he  reported 1~~ght ninc strikes are more common . Like-
st r i kes  occur red  a~~e sum .ir i zed  on Fi g- w ise , the higher percentages of — ,-icr~ to
ur es  2 and 3 F i o u r e  2 show s  the  f l i g h t  and -~~~~ ‘ . t u r b u l e n c e  noted  by the busi-
and wea the r  c o n d i t i o n s , w i t h  a c o mp a r i s o n  ness a i r c r a f t  ope ra to r s  simp l y acknow-
to t h e  commerc ia l  a i r c r a f t  exper ience  led ge the  u n f o r t u n a t e  f a c t  t h a t  smal ler
de te rmined  from a r e l a t e d  p r oj e c t  - los t  a i r c r a f t  bounce f u r t h e r  than larger ones
st r i k e s  h appe l ed w h i l e  the a i r c r a f t  was in choppy a i r .
i n lev e l  f l i  ht , w i t h i n  a c loud , and cx-
p e r i e n c i n~ some fern of p r e c i p i t a t i o n  and The data of Figures 1, 2 and 3 i n d i c a t e
l i ch t  t u r b u l e n c e .  P i gure  3 shows t ha t  tha t an a i r c r a f t  f l y i n g  at  between 5 . 000
t h e  o u t s i d e  a i r  t e m p e r a t u r e  was a l so  and 15 , 000 feet , w i t h i n  a cloud (no t
c lose  to  t h e  f r e e z in g  po in t  n e c e s s a r i l y  a CB) and e x p e r i e n c i n g  some

_ _ _  _ _ _  iii __ iii ii I I~~~~~i =
Percen t

ot
Str ikes 5C~

at  ______ — —_ _ _ _ _

Lach 
______T e m p e r a t u r e  _______________________________

-40 — 3 3  - 2 0  - O  -5 0 ~5 ~-~ 0 ~ 2O

FIGURE 3 - OUTSIDE AIR TEMPERATURE (~~~
‘ ) WHEN STRIKES OCCURRED.
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form of prec ipitation and turbulence is EFFECTS ON THE AIRCRAFT
most likely to receive a lightning
strike. To avoid all of these condi- A wide variety of effects on the aircraft
t iono would greatly reduce the proba- were reported , in seemingly random comb i-
b i l i t y  of a strike , but such a practice nations. While none of these resulted in
would a lso re legate  many a i r c r a f t  to a loss of the p lane or harm to those ins ide ,
l i f e  in a hanga r .  Instead , the data (as a few of the effects might , in another
i t  deve lops )  should be in te rpre ted  to combinat ion or under d i f f e r e n t  circum-
a l e r t  p i lo t s  of the condi t ions  w i th in  stances , have developed more serious con-
which  a li gh t n i n g  s t r i ke  is most l ikely.  sequences.  Those of greatest  concern

included engine flame-outs , loss of elec-
Indeed , qu ite a few of the reported in- tric power , and damage to electronic
cidents occurred when least expected. equipment .
Most of the pilots were either completely
unaware of any thunderstorm activity in Engine Flame-Outs
t h e i r  v i c i n i t y  or circumnavigating known
a reas  of a c t i v i t y  when the s t r ikes  oc- Of the eleven s t r ikes  to turbojet air-
c ur r e d .  One , for examp le , reported that  c r a f t  reported thus far , four resulted in
the nearest thunderstorm (as defined flameout of one engine and a fifth caused
b~’ radar  r e t u r n s )  was 150 miles behind , both eng ines to qu i t .  I t  was possible to
He was in so l id  stratus clouds at 37 , 000 re - l igh t  the eng ine in f l i g h t  in a l l  but
f e e t. and beg in ni ng to encounter turbu- two of these instances , in which restarts
lence when the s t r i k e  occurred .  Several were not possible until after the air-
others reported circumnavigating storm craft had landed. The aircraft that lost
echoes by 30 mi les  when they were zapped . both eng ines was struck at 31 ,500 feet
Onl y two repor t s  were received of a i r -  and in sp i te  of repeated attempts , the
cr a f t  pass ing  close to or pene t ra t ing  a engines would not s t a r t  again un t i l  the
l ine  of t h u n d e r s t o r m s , and in these aircraft had descended to 13, 000 feet.
c d S e S  the  a i r c r a f t  were near t e rmina l  One ins tance  of a turbo-prop engine flam-
a r ea s  and being vectored from the ground . ing out has also been reported , with an

i n - f l i g h t  r e - s t a r t  being obtained shortly
E l e c t r i c a l  charge accumula t ions  s u f f i -  a f t e r w a r d s .
cien t to support a lightning f l a s h
n e a r l y  a lways  o r i g i n a t e  in CB-type The high percentage of biz-jet flameouts
c l o u d s , but  charge  from such a cloud can that result when lightning strikes occur
be c a r r i e d  a hundred or more mi l e s  down - has prompted some operators to ask for
wi n d b y i t s  a n v i l  b l o w - o f f .  Preci p it a -  more i n fo rma t ion  on this subject , and
t ion  suc h as s lee t  and h a i l  can a l so  be whe the r  a n y t h i n g  can be done to prevent
c a r r i e d  .ìwav in t h i s  manner , and s ince these f l a m e o u t s .
ice p a r t i c l e s  are i nv i s i b l e  to most
r ada r s , such an area may be encountered Study of these incident reports and dis-
u n e x p e c t e d ly .  The r e s u l t i n g  l i g h t n i n g ,  cuss ions  w i t h  the  operators  involved re-
h a i l  and t u rbu l ence  can be q u i t e  a sur-  veals that the engine flameouts are prob-
p r i s e .  abl y caused by the d i s rup t ion  of inlet

~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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FIGURE 4 - HOW A LIGHTNING STRIKE CAUSES ENGINE FLANEOUTS .
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Lightning flashes , of course , initially Some operators have asked whether the en-
attach to extremities such as the nose gine flameouts might be due to a light-
or wing tips , but since the aircraft is ning related disruption of electric power
moving , the lightning channel will be- or to some other indirect effect of the
come elongated and reattach to other lightning strike . Since no damage to
spots aft of the initial attachment engine electronics or fuel pumps has been
point as illustrated in the insert, reported it appears tha t such effects are
Items mounted on the fuselage , including not the cause. Also , while loss of elec-
the engines , may thus be exposed to the tric power was indeed reported in a num-
lightning channel even if they are not ber of incidents , they don ’t happen to
s t r u c k  in the first place . be the ones that involved engine flame-

outs. The difficulty in obtaining in-
A t y p i c a l  lightning channel is a long , flight re-starts after these flameouts
tortuous column of luminous , electr i- may be the result of flooding , since pre-
callv conduc tive air. It may be a foot cipitation was also reported in four out

• or more in diameter , and at its center , of the five incidents. Rain was reported
temperatures as high as 30 ,000°K and in two of the three cases of re-start
pressures of many atmospheres may be d i f f i c u l t y .
reached . It is not hard to imagine how
this unruly visitor can disrupt the As for protection against flameouts , there
orderly flow ~f air into a small jet is no protective device or design change
engine , sufficient to cause a compressor p r e s e n t l y  known tha t  would improve the
stall or flameout. Whereas the light- situation , al though these incident reports
fling channel may pass very close to the have prompted researchers to begin dis-
eng ine in le t , it is not possible for cussions of how the effect might be simu-
t h i s  e l e c t r i c a l  conductor to be ingested lated in t h e  l a b o r a t o ry  - a f ir s t  s tep
because the l ightn ing channel wil l  sim- t oward learning more about the in tensi t ies
p ly r ea t t ach  to the inlet  cowling which of temperature and overpressure required
is i t s e l f  conductive . The t e l l - t a l e  to d i s rup t  these eng ines , and the extent
burn marks found on engine inlets a f t e r  to which they are related to engine power
several of the reported strikes confirm settings. Fortunatel y, some comfort can
th i s .  The reasons that lightning-related be derived from the fact that in most
engine flameouts do not occur to trans- cases only one engine flames out . This is
port category aircraft with fuselage- logical because the lightning flash usu-
mounted engines are (1) that the flash ally sweeps along only one side of the
has died before being swept the longer fuselage . In the case where both engines
distance back to the engine intakes , and flamed out , the strike must have swept
(2) that the intakes themselves are along both sides at once. In this case

t r .er and a f l a s h  might  not disrupt suf- the lig htning strike must have entered one
fici en t air to s t a l l  the engine, s ide  of fu se l age  and exi ted from the other

si d e , as shown in Figure 5 . 

FIGURE 5 - POSSIBLE CAUSE OF DUAL ENGINE FLANEOUT S .
• The strike enters one side

and exits from the other.
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T h e r e f o r e , at leas t  u n t i l  more is learned Many of the voltage surges mentioned
about  the f l ameout  problem , the best ad- above are coupled into the aircraft ’s
vice  for  opera tors  of small  a i r c r a f t  is:  wi r ing  by the magneLic fields that accom-

pany every li ghtning strike , but some
• Be aware tha t  l igh tn ing  may cause surges have been injected directl y into

flameouts (to turbo-props as well the aircraft by strikes to navigation
as turbo-jet aircraft) and position lights. If a strike lands

near a light a globe may br eak and a l l ow
• Avo t d  a reas  of heavy p r e c i pit a t io n , some of the l i g h t i n g  cu r r en t  to en te ranc the lamp power wires. If this happens
• Be f a m i l i a r  wi th  in-flight some of the wires may also be damaged .

re-start procedures All lamps should therefore be inspected
after a strike occurs and if a lamp has

Power Outages been damaged , the i n su l a t i on  on the  wir-
ing and other components between the lamp

Loss of alternator and/or inverter power and the load center should also be inspec-
was reported in 8 of the 40 strike m ci- ted for damage . If other lamps are
dents. In most cases this was temporary powered from the same circuit breakers ,
and  power was r e s to red  a f t e r  c i r cu i t  the wir ing out to these lamps should also
b r e . ik e r s  were  r e - s e t .  The p a r t i c u l a r  be inspec ted , even if the lamps them-
causes of each power outage are unknown , selves were not damaged.
s ince  det e rmina t ion  of these would re-
quire inspection of the aircraft or elec- At present there exist almost no devices
tri cal circuits involved. It is probable , that can be purchased and convenientl y
however , t hat the li ghtning strikes in- installed on an existing aircraft to pro-
duc e ove rvo l t age ‘ spikes ’ in the  e l e c t r i -  tect  e lec t ronics  aga ins t  li gh t n i n g -
cal w i r i n g ,  of s u f f i c i e n t  magni tude  to induced surges. Surge p r o t e c t i o n , in-
spark across the insulation of terminal stead , is easiest to incorporate during
boards , lamp socke t s  and other  devices , des ign  and m a n u f a c t u r e  of new a i r c r a f t .
causing short c i r c u i t s .  The c i r c u i t  Inco rpora t ion  of it has begun , and w i l l
breakers pop and c l e a r  these  f a u l t s , hut  evolve as u n d e r s t a n d i n g  of the problem
u’t before the li g h t n i ng  surges have a lso improves .  E v e n t u a l l y ,  i n d u s t r y - w i d e

p . l s s t ’  i n t o  e l e c t r o n i c  equi pment power s t andards  w i l l  d e f i n e  p r o t e c t i o n  l eve l s
-.u~ p l i e s , sometimes caus ing  tu em to burn and e s t a b l i s h  r e s p o n s i b i l i t i e s  of the

- Types of equipment reported to have e l e c t r o n i c s  m a n u f a c t u r e r  as well  as t h e
suffe red damage and the number of m ci- aircraft builder.
:ents of each are l i s t ed  in Table  I .

~- 1eanwhile , ru les  of thumb for  opera tors  to
TAbLE 1 - E~ uipme n t Da maged b fo l low now shou l d incluue :

Lig htn ing  Str ikes
A u t o n i lot P i t c h  C o n t r o l s  ( 1) • Be sure t ha t  a l l  e l e c t r i c a l  and

. e l e c t r o n i c  equipment  is o p e r a t i v e
R a d a r  Set ( 1) be fo re  t a k i n g  o f f , so t hat backup

u n i t s  are a v a i l a b l e  if  the N o .  1
- “ ‘ un i t  f a i l s  due to a s t r i ke

ILS ( 1) 
• C a r e f u l l y  inspec t  the a i r c r a f t

431 (4)  for  damaged wi r ing  or components
a f t e r  a s t r i k e  and have necessa ry-. ru Lorim Set (3 )  . .

repairs made before flying
(2) again

( I )  fl~~~LIcATIONS FOR PROTECTION DESIGN

~C o per : ors (1) 
—

- . . In addition to t h e  da ta  reviewed above ,LP. n 1 1 n . altimeter (U information on the location of lightning
clc;- h -ne ~~~ T e l e g r a p h  Set (1) attachment zones on small aircraft is

- - a lso beg inning to surface. Design eng i-. l f l d s f l L C I ,  N e a t e r  ( l )  neers must know t h e  l o c a t i o n  of t hese
-- . . . zones in order to provide skins 0 1 a2e-

17i ~ut iOes  list ed in Table I are in quate thickness to protect fuel tanks ,idd iti on t o  the temporary upset or inter- and to add protection for non-metallicerence w ith 42-aids and communication structuresir caused by s t a t i c  e l e c t r i c i t y  prior
he l i g h t n i n g  s t r i k e .  W h i l e  the  l a t -  The s e v e r i t y  of l i g h t n i n g  c u r r e n t s  w h i c hu r t n t  e r f e r e n c e  can by a n n o y i n g ,  i t  must  be p r o t e c t e d  ag a i n s t  at  p a r t i c u l a rr .jr 1.’ oe:sisL~; long enoug h to become a locations on in a i r c r a f t  depends on the.i,pi rd . I er: lnent loss of electronics . . . . , - .. .

- (  ~ 1 7 ~ .‘ 0 —~ :: 0 , .~ OL tue I O L  it ion ot
:~~~~~

, e- .p cci.iliv if w id e s p r e a d , could co~icern . ’ Three bas ic  zones have been
a p i L t  o t  f l i g n t  in s t r u m e n t s  d c f ln e d ~ as follows-

., - a i d .s c r i t  i c . i l  t o  successful
I I .~~ i I 1 ’ u n ~ n o Irdous ‘de .lther .
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Zone 1. Surfaces where there is Zone lA: Initial attachment point with
high probability of initial lightning low probability of flash hang-on , such
f l a sh  attachment (entry or exit), as the forward and middle portion of a

wing-tip tank.
Zone 2: Surfaces of the vehicle across
which there is a high probability of a Zone 1B: Initial attachment point with
l ightning f lash  being swept by the a i r -  high probab ility of flash hang-on , such
tl ow from a Zone 1 point of initial flash as the aft end (trailing edge) of a tip
attachment , tank.

Zone 3: Zone 3 includes all of the vehi- Zone 2A: A swept stroke zone with low
d c  areas other than those covered by probability of f l ash  ha ng-on , such as
Zone 1 and Zone 2 regions. In Zone 3 the wing surfaces and nacelle tank skins
there is a low probability of any attach- behind a propeller .
ment of the direc t lightning fla sh arc .
Zone 3 areas may carry substantial amounts Examp les of these zones are on Figure 6.
of electrical current but only by direct
conduction between some pair or direct or The forward end of the wing-tip tank is
swept stroke attachment points , in Zone IA. Due to the forward motion

of the aircraft , however , and the need
and f u r t h e r  divides Zones I and 2 in to  A for the lightning leader to continue to
and B regions depending on the probability the ground before the return stroke oc-
tha t the  f l a s h  wi l l  hang on for  any pro- curs , a rcs  i n i t i a l ly s t r i k i n g  the forward
tra2ted period of time . An A-type region tip will be swept aft and it is quite
is one in which there is low probabilit y possible tha t , in some cases at least ,
that the arc will remain attached and a the high-amplitude return stroke current
B-type region is one in which there is a will not appear until the arc has re-
high probability that the arc will remain attached severa l feet aft of the forward
attached , Some examp les of zones are as t i p . Thus the cen te r  su r face  of the tank
follows : must also be assumed to be in Zone lA.

If the f l a s h  is s t i l l  a l i v e  when the
trailing edge passes by, t he  arc will
hang on to this location until the flash
dies naturally, placing the aft tip in
one 2B.

lÀ

~~~~~~~~~~ 2B

Fuse 1 ~~~~~ i - . 
. .

- 

18”

FIGURE 6 - LIGHTNING STRIKE ZONES ON A TYPICAL GENERAL AVIATION AIRCRAFT .
• The 18” ex tensions of Zone 2A on either side of the propelier

diameter account for lateral  var iat ions in the arc path Af t
of the propeller .
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A N E W  A PPROACH TO LIGHTNIN G POSITiONING AND TRACKING

1.0  INTRODUCTI ON

Crossed - loop  d i r ec t ion - f ind ing  method s have been rout inel y used in

mu lt i s t a t ion  applicat ions for over 30 yea r s  to locate  the position s of li g htning

flashes.  Such method s were  developed dur in g Wor ld  War  U and operate at

VLF f requenc ies .  The methods are especiall y effective in the su rve i l l ance

of t h u n d e r s t o r m s  at d i s t ances  of 500 to 3000 km. This  is because the V L F

si gnals f rom li g h tn ing  a r e  la rge  and they also p ropaga t e  well , so tha t  s t ron g

pulses a re  rece ived even f rom d i s t a n t  f l a shes.  F u r t h e rm o r e , for  r a n g e s

beyond 500 kmn ,site and polarization errors are not a severe problem. Within

500 kni, however , bearing errors , due to ho r i zon t a l l y polarized field s , a re

very troublesome in routine V LF sferics DF systems. Ionospheric r e f l e c t i o n s

cause polarization changes of the signal at distances of 100 to 500 km. Within

some 200 km , major horizontal fields are generated by radiation from

hor i zon ta l l y o r i en ta ted  lig htning channels , and a l so by subsequent  p i c k - u p  and

re rad ia t ion  of these fields by horizontal conductors such as fences  and b u r i e d

cables.  F igure  1 illustrates som e recent Japanese data re la t ing  the bear ing

e r r o r  to r ange  for  conven t iona l V L F  c rossed - loop  t e c h n i ques.  it is seen that

within  100 miles V L F  de tec t ion  r e su l t s  in e r r o r s  g r e a t e r  tha n zs? thus makin g
location of close lig h tn ing  d i f f i cu l t .

The ini t ia l  par t  of an incoming V L F  atmosph e r i c  is  more dominant l y

ver t i ca l l y polar ized than a re  the succeeding stages as one would expect .  The

f i r s t  portion of the ground pulse , since it or ig inates  in the li ghtning channel

sect ion most likel y to be ve r t i ca l l y or ientated , conta ins  the minimum

horizonta l l y polarized cont r ibu t ion .  Thu s , °gat ing ” techniques that operate

onl y on the f i r st  part of the atmospheric , much reduce polar izat ion t roubles .

Such ga t ing  methods were incorporated in the orig ina l Br i t i sh  desi gn of a sferii . s

locator~~~p r imar il y w i th  the object ive of operating on the ground~~ave onl y,  and of

ignor ing  sk ywave contr ibut ions .

L 
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A similar gating approach was suggested by l~~than~ and Unian in

1971 , and al sc by Nogg le et al ~ 
1
and the USAF~

”1 in 1973 , whereby only

the initial part of a ground pulse is examined. In o rde r  to unde r s t and

this much m or e  a c c u r a te  location approach  ~~e need to al so u n d er s t a n d

the  ph y s i c a l  p rocess  of a li gh tn ing  ground s t roke .
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2 . 0  THE LIGHTNING PROCESS IN A CLOUD-TO-GROUND DISCHARGE

A cloud-to-ground lightning discharge is made up of one or more

intermittent partial discharges. The total discharge , whose time durat ion

is of the order of 0. 5 second s, is called a flash; each component discharge ,

whose luminous phase is measured in tenths of milliseconds , is called a

stroke. There are usually three or four strokes per flash, the strokes being

sepa rated by tens of milliseconds. Often lightning as observed by the eye

appears to flicker. In these cases the eye distinguishes the individual

s t rokes  which make up a flash. Each lightning stroke beg ins with a weakl y

luminous predischarge , the leader process , whic h propagates from cloud -

to-ground and which is followed immediately by a ve ry  luminous r e tu rn  stroke

which propagates from ground-to-cloud.

It has been found that the electrostatic field takes ahout 7 second s to

recover to its p red ischarge  va lue a f t e r  the o c c u r r e n c e  of a li gh tn ing  f lash

at a distance beyond 5 km, but when the flash is very near , the recovery time

may be different due to the presence of space charge. In both cases , re-

genera t ion  of the field takes place exponential ly.

2. 1 Stepped Leader

The usual c loud- to-ground d i scharge  proba bl y beg ins as a local dis-

charge between the p-charge  region in the c loud base  and the N - ch a r g e  reg ion

abov e it (Fi gure 2) . This di scharge  f r ee s  e lectrons in the N - r e g ion previous ly

immobilized by at tachment to water  or ice particles.  The free e lec t rons

over run  the p -r eg ion , neutra l iz ing its small positive charge , and then continue

their trip toward ground , which takes about 20 msec.  The vehicle for moving

the negative charge to ear th  is the stepped leader which moves from cloud-

to-ground in rapid luminous steps abou t 50 m long, as shown in Figure 2.

Each leader step oc curs in less tha n a microsecond , and the time between

steps is about 50 ~ sec.

2 . 2  Return Str oke

A 
- 

When the steppe d leader is nea r ground , its relative l y large negat ive

4’ 
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Fi g. 2 Stepped leader initiation; a )  cloud charge pr ior to p-N discharge , b) stepped

leader moving downwa rd in 50 mn steps.
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A Fig. 3 Return stroke initiation; a )  start of upwa rd moving spa rks to meet leader ;

b & c)  return stroke propagat ion from ground to cloud .
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charge induces large amounts of positive charge on the earth beneath it and

especiall y on objects projectin g above the earth’ s surface (Fi gure 3) .  Since

opposite charges at tract  each other , the large positive charge attempts to

join the large negative charge , and in doing so initiates upwa rd-goin g dis-

charges. One of these upward-going d ischarges  contacts the downward-moving

leader and thereb y determines the lightning s t r ike  point. When the leader is

attached to ground , negative charges at the bottom of the channel move violen tl y

to ground causing large cur ren t s  to flow at ground and causing the channel  near

ground to become ve ry  luminous. The channel luminosi ty propagate s c on-

tinuousl y up the channel and to the channel  b ranches  at  a ve loc i ty  somewhere

between 1/2  and 1/ 1 0  the speed of li ght. The tri p between ground and cloud

takes about 100 ~ sec. When the leader initiall y touche s ground , electron s flow

to ground from the channe l base and as the return stroke moves upward , large

numbers of electrons flow at greater  and greater  heig hts. Electrons at all

point s in the channel a lways move downward , even thoug h the reg ion of hi gh

current  and hig h luminosity moves upward.

It is the re turn  s t roke tha t produces  the bri g ht vis ible  chann ~~l. The eye

is not fas t  enoug h to resolve the propagation of the r e t u r n  s t roke , or the stepped

leader preceding it , and it seems as if all points on the channe l become bri ght

simultaneous l y.

After the f i rs t  return stroke is complete , more charge may be made

available to the top of the ionized channel and a dart leader will then pass down

this branchiess chan nel to ground , once more depositing negat ive charge. A

second return str oke then pa sses up the channel. The process may continue

seve ral times in a fract ion of a second.

2. 3 Intrac loud Discharge

Int rac loud discharges have a durat ion of the order of 0. 2 second s , causin g 
-

a continuou s low luminosity in the cloud. It is thoug ht that durin g this time a

propagating leader bridges the gap between the two main cha rge centers.

&iperpo sed on the c ontinuous luminosity are relati vel y brig ht luminous pu lses
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which are probably relatively weak re turn  s t rokes  that  occur when the

propagating leader contacts a pocket of charge of opposite polari ty to t hat

of the leade r. Direct ion findin g on such wavefor ms can not be achieved b y
broadband magnetic field techni ques.

2 . 4  Magnetic Field W aveform

A significant characteris t ic  is the rate of r i se of the current waveform.

It has been generall y assumed in the recent past that the li ghtning current

waveform rea ches a peak in some 1 to 3 ~ sec. More recent informat ion by
Llewel1yn~~~ in 1 977 indicate s that the current risetime may be much less
than 1 ~ sec. Figure 4 shows some r ise t imes for  a selection of close and

distant storm s. For s ome storms the avera ge time to peak valu e wa s found

to be of the order of 1/4 ~ sec or less.  A se r ies  of consecutive return s t roke
waveforms is shown in Fi gure 5.

In order to under stand the waveform , Fi gure 6 i l lustrates the approx-

imate time table of a return stroke in a lightning flash. This was photograp hed

by Ma 1an~~ ~,and the tim e sequence shown is f rom the upward -moving bri ght

lumlnos ity.
S0

0 m icros .con ds
Fi g. 6 Time-table of the return it roke ola ligh tniru g Hash . The bright lumino .-

ity starts at t he ground and moves upward s.

It is seen from Figure 6 that a receiver bandwidth capable of monitoring

time period s of 1 ~ sec or faster (1 MHz or broader) would , in this case, be

able to detect signatures from the base of the return stroke , whereas a lower

A
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f r e q u e n c y  would moni tor  possible si g n a t u r e s  f rom hi g her  b ranches  and bend s
leading to the large e r r o r s  shown in Fi gure  1. Th i s  p r inc i ple of ga ti n g a

broadba nd r eceiver  to detect onl y the bas e of the return s t roke  forms one of
the basic ideas behind the li g htning position and t ra ck ing  sys tem.

I

A 
-
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3.0 LIGII’I N I.NG POSI’l ION AND TRACKING SYSTEM (LPA1S)

The r t~e ent a d v a n cem e n t s  in mon i to r ing  and u n d e r s t a n d i n g  the m a g n e t i c

fi eld characteristics f r o m  lig h t n in g  t ha t  have j u s t  been d i s c uss~ d have led

to the capability of a c c u r a t e l y de t ec t ing and t r a c k i n g  li g h tn ing  at close r a n g e s

1, 1-400 kin). The Lightning Positiion and Trackin g System (LPATS) relics on

being able to detect the cloud to  g roun d d is c h a r g e  b y its unique br oadba nd

m a g net i c  f i e l d  ~~av e f o rr n . Once ’ d e te c t e d  t h i s  waveform is sam pled for the’ part

ot t he  r e t u r n  stroke tha t is  w i t h i n  100 fe et  of the ground . It is wel l  known that

t h i s  p a r t  ol t h t .  discharge is almost always vertical and carries the greatest

t O e  rgy. in r ) l -s ing that we have’ u ye’ rti cai onini—di rectional radiating antenna

and a powerfu l transmitter. LPATS detects t h e  haract eristics of the return

St r ) k e ’ , s a m p l ing  se’. t ’ r a l  p a r t s  of ~~~~~~~ v a v ef o rm , and in pa rticular it sam ples

t h e ~ peak ~ a lu ’ h i  h oc~ u r s  dti r i n~ the li r st 100 i e t ’ t  cu r so.

Fur id eal monito ring t h r e e ’  r c c e ’ wing stations are set up at points

orop a ra  ble to the Vt’ rt ices ul an  equ i 1at e~ ra 1 t riang l~’ . w i t h  base ’ l ine  a bout

1 4 ot the distance U) be c uuv e red . Each station has a pair of orthogonal ioop

arm tt’nima s and ~t re ce ’  ly e  r .  1 } l t ~ station ~vi 11 n e e( i  virtu all y no maintenance and

is cis y to set up. The dat a  olh’cted will be transmitted \ ia telepnone lj f l e .

or  V I I  F / U H F ’  l i n k  I to  a central s t a t i o n  whii h monitors the  si gnals and compute

t h. ’ i i e ’s i re d  in f o r m a t i o n .  1 he result s can be disp lay ed in map form on a video

te rio l i , , t  1 , disp la yed On a print e r or input to a computer.

Thern uni ts perform well in locating li ghtning f r om 0 t o  400 or mor e

kilo rn ’te rs because l ig h t n i n g  energy i s enormous. When a signal above a

thre shold level is detected its haracteristjcs arc transmitted within m i l l i se c o n d

to t it ’  master station. Analy sis is performed on the data arriving on the thr ee

i n c o min g  l i n t ’s  and triangulation calculation s show the’ point of the strike. This

is repeated for each return stroke . If the cha racteristics a r e  su ch tha t  it  is

not a ru’ t ti r n stroke , t he . l ig h t n i n g  s i gna l s  r e ce ived  must  be from an intrac loud

dis ha : ~~ & ‘ , and pertinent cloud st r o k e~ i n f o r m a t i o n  can be r e c o r d e d .

A
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The advantages of LPATS are its low cost ,ease of installation and

n,tintain ~’,ncc’, and its accuracy. LPATS also has the ability to allow many

parameters to be m o n i t o r e d  such as l i g h t n i n g  i n t e n s i t y ,  speed and d i rec t ion

of movement , and d i sp lay information on a video screen map or incorporate

it into any computer system .

I
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4. 0 SYSTEM DESCRIPT iON

4. 1 Sing le Discharge Direct ional  Location

l~S antenna loop

d i r ec t ion 
/ / - 13 C O B  ~~

of lig h tning ‘,. -

c~ I

EW a t i t e n t i a  .- — ‘

lo op A ~~~B s in  ~Li p’ $
4 

/ ‘ 1

Two Orthogona l Loop Antenna s

Two orthogonal loop antennas and their  related broadband r e c e i v e r s

( 1 k H z  to 100 M H z )  monitor the magnetic field from a li ghtning stroke. When

t he s t roke  is vert ical , close to the groun d , the si gna l received in the Nor th-

South antenna is proportiona l to B cos ~~) ;  wh ereas the E a s t - W e s t  received

si gna l is proportional to B sin c- . Th e microcomputer determines  the part

of the si gnal from the reg ion close to the ground and computes the ang le to

the d ischarge  b y simp le t r i gonometry.  The information sent to the computer

inc ludes  the waveform c h a r a c t e r i s t i c s , such as t ime- to -peak  and ha lf peak ,

as well as peak value.

4 . 2  Dis tance  Computation

Three such si tes send simila r informat ion on the d i scharge  to the

computer , which immediatel y calculates  the ang le from each site and de termines

the point of contact by triangulation. As a resu lt , the distance of th discharge

from the cent e r  of in te res t  is known alon g with the azimuth ang le.

A
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4. 3 Angula r and I)istance A ccuraey

Tests on the angula r accuracy from a sing le station to a li ghtning

strike hav e been carried out O V C  r Cent ral Flr)riula dur lri g t he ’ las t year.

Monitoring of close lightning (8 miles) was carried out b y v ideo  p h o t o g r a ph y .

and distant storms were nionitored by hi gh resolution infrared satellite cloud

photography.

The angula r data fr om the sin gle station LPA I S agreed to the angula r

resoluti on of th~ video syste’m wh i c h  is about l~ . Monitoring of the distant

cells indicated that simila r accuracies ex~ ste’d. Using simple triangulation

t r i gonometry, thi s 1° e r ror can be extrapolated to  t w o  dimensional errors

in a three station system. ‘rhese errors have been calculated by a computer

for a 10 mile baseline Using t w o  of the three’ station s and are shown in

Fi g u r e  7. T hese ’ e r r o l ’ s ~ i l l  ~u tis t icall y impr ove as the storm progresses

and more d a t a  becomes  av a i l a b l e .

4. 4 Di lI e’ r t ’n t i a t  Ion b - t  ~ &‘ e ’fl L i i t i ’~~ loud and Ground St r ak e s  and Proba ble
To r n a d o  i)e’te’u t i~~n

in the soft ~ a r e ’ , i n t  r a e  l o u d  ~nd c round s t r o k e ’s can be easil y d i f fe  ren  —

tiated by their ~c a v e ’ f o r m  c h a r a c t e r i s t i c s , s i n c e  t h e  va lues  f o r  si gnal  peak

amp li tude and rise’ and decay timu -~ di ffe r si gnifican tl y. A ctual recordings

of return stroke magn etic w a v e - f o r m s  were shown 111 Figures 4 and 5. Tornad o

monitoring is also possible b y moni tor i n g bursts of HF signatures as reported

by Tay Ior
1
~~. T h i s  bu r ~d i n t o z ’T n a t i un  ~ al l  be (iiSp layed on the video terminal.

4. 5 De t e’  r n i i n a t i o n  of S tor m  Pd r ar n e t e ’r s

W~ ha\ t’ 5hown t h a t  LPA1 S is capable of almost instantaneous recording

of li ghtning flash position. Wi th -onipctent software development i t  is possible

to generate programs to supply storm location , direction of rnovemert , in-

t t ’ f l s i t y ,  and other r e l e v a n t  f a c t s .  The exac t  ca l cu l a t i on  and i n f o r m a t i o n  d i sp lay

an , of course’ , be modifi ed to suite the user ’s needs , but the followin g

te’i hn i q u c s  ha ’. e ’ been ~fle orpurated in present systems.

A
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Fi g. 7 LPATS Locating Errors  for a System on a 10 Mile Baseline.
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4. Sing le ’ and Mciii iple Storm (~~‘ l I  Re s o l u t io n

The ceinipute’ r has  in i t s  n~e ’rnory th~’ exact st r ike’ positions for t h e  last

seve ’  i -a l  m i n u te s .  Sof twa  re ’ can be w r i t t en to  a c opt e a c h  c l u s t e r  of p o i n t s ,

over a p a r t i c u l a r d i s t a n c e  and t i m e , which will c or r e s p o n d  to a ce l l .  T h e r n

c e n t e r  of g r a v i t y  of each l u s t e r  ~ an ht ’ cu mp ut e ’d  ~t s  t h e  s t o r m  c e n t e r . By

I he ’sty m ean s  • ~ 11 the ’ e’x ist ing cells c - an  b ’  mon It c i i  i d  and s cpa ra L t ~ 1 y id e nt i  l i e d .

The i n f o r m a t i o n  f r o m  each an t e n n a  l o c a t i’n  is  re’e ( ‘iv e ’d and p r o c e s s e d  w i t h i n

m i l l i s e c o n d s  su c h  t h a t  t h e  i nd ividua l r e t u r n  st rok e ’ s in a f l a s h  can be m o n i t o r e d

for  gr e a t e r  a c c u r a c y .  The  l ike l ihood  of two d i f t e r c a i t  d i s c h a r g e s  o c c u r r i n g

v. i th in  a few mil l i seconds  is v e r y  r emote .  Such d i s c h a r g e s  would p robab l y be’

r i gg e ’ r ed f ro m  t h e  s ame  c e l l  and  t h e  d i f f e -  r e n t  s t r o k e s  ‘.~ i l l  p r o ba bl y be in u r e

t h a n  100 rn se’c apa r t .  Once the ’ r e t u r n  s t r o k e  has  h i t  t he  g round  the  s i g n a l

moves  a t  t h e  ‘~ c’loc i t y  of l i g ht  or 1 8e mile ’ pe’ r m i l l i sec on d , whi ch aga in

i l l u s t r a t e ’ s the  r a r e  h a n c i ’ of t~ o dis clia rges inter ferin g with location

a c c u r a c i e s .

-1. 7 S t o r m  I n t e n s i t y

B ecause ’  i n f o r m a  t ion I r am st ar m s  is  t’e’d i n t o  the’ mic roc on~pute’ r m et o  ir

ithiri n i i  l i i  se c on d s  and  bt ’ au  se’ the ’ e’orn p - it e ’  r has d lr e a d  y d e f i ne d  the ’ d i f f e ’r  t f l t

i l l s , t h e r e ’  sh ou l d  be no pr ohlt ’t i in i ’es ’ lv in g  tht ’  in t e n s i t  of e ach  o f t ’  i t

s e v e r a l storms. This ili t e ’n sl ty mild be d e f i ne d  a e ’ i t h e ’ r e ’l t ’~~t r i e  c u r r e n t  in -

t en s  i t y  or  f l a s h  r a t e , or  bo th .  The’ r e c o rd e d  i n t e n s i t y  of th e  s igna l f r o m  e t c h

S i t e ’  a i im’.  s t h e ’ c u r re n t  in the ’ d i s c h a  r ce ’s  to be m o r i t o r e d  w i t h  r ca  sona ble

ci r a c v ,  and  t h e  n umb er  of d i s c h a r g e ’ s  pe’ r ce l l  oi c e l r r i n g  ‘ . ‘ . it h i n  e a c h  m in u t e ’

d i i  h . - • aunte’ - l  t o  dete ’ rm i n c  the  IL sli r a t e . Th i s  da t a  can he di sp la yt ’d in numbe’ r

c~ ode’ on a di sp l.e~

4. 8 ~j,~ ’e’d anc l)ir e’ tiun of Storm Movement

Mc)nito rir - g the change in position of the’ center of g r a v i t y  of each st orm

c e l l  and r e l a t i n g  i t  to the’ corresponding time’ interval , will iden tif y th e  speed

and dirc tion o movement. T h i s  i n for m a t i o n  could be illustrated on a disp lay
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with arrows and numbers , or it could be fed into an ex i s t ing  computer  in
any desired w a y .  The experience of each user will define his ideal re-
quireménts which could be changed by simple software modifications.

4. 9 Auto , Calibrate and Self Check Capability

The remote systems have the capability of self checking the analogue
to di gita l conver ter  at the system voltage levels and also the receiver and . -

attenuator sections for fault dia gnostic purpo ses. The system is also desi gned

to allow proce ssor  and memor y checks  to be carr ied  out at the remote sites
under  d i r ect ion  f rom the central processor. Any faults uncovered by these
means  a r e  l is ted  at the CPU .

An update capability allows a user to update fro m the CPU the remote

system ’s interna l waveform ana l ys i s  se lec tor , attenuator set t ings , delay time

requirement s  and c loud or ground stroke inform ation.

4. 10 E l e c t r i c  Field Mon i to r ing

The LPATS computer is capable  of r e c e i v i n g data f rom field mil ls  p l aced

a t selected sites so that  w a r n i n g  of an impending first stroke from a

thunderc loud  can be di sp lave ’d on the  t e rm i n a l .

A
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The ’ LPATS sys tem is sh ow n  in Fi gure  8. A basic sys t em would

incorp orate the’ video terminal and t h e  19’’ x 8’’ electronic unit. The

ph o t o g r a p h shows these  two w i t h  the add ition of rnagne’tic tape recorde’rs ,

d isc  r e c o r d i n g  and t e lep r in t e ’  r output .  The c r o s s ed - l o o p  a n t e n n a s  a r e ’

shown in Figur e 9.

A video disp lay showing a s t o r m  approaching Melbourne airport at

h~ mph is  sho’a n in Fi g u r e  10. The s t r i k e  posi t ions  are ’ shown along with

storm i n t e n s i t y .  D u r i ng  non-ac tive days , an auto check is possible :n orde’r

to investi gate’ the’  correct functioning of each system. Such a disp lay is s how n

in Figure’ 1 I

A sing le’ s t a t ion  system is being developed w h e r e  a c c u r a t e  ang le’ s to

th e discharge are recorded , and distance is obtained from t h e  relati onship

bet ’.~ e’efl e le ’c t r ’i s t a t  Ic and m a g n e t  ~ fie lds radiat ed fr o m  the li ghtning

disc bar ge.

F i gu r e ’  1 .~ sha’.’. s data from c ’ae Ii of t h r e e ’  r o i t e c i t e ’  s i t e s  f o r  s i ’v e ’ r a l  r e l i c  rn

s t r o ke s  in t o u r  d i f f e r e n t  i l , t s t , - s. It is interesting t i  note’ the re’tur .~ stroKi-

r i s et i rn e s  t h a t  va r v  f r o m  0 . ~ t o  I .  se’~ . The discrepanc y between first and

subsequ ent re~turn strca’o ’ inje ’s i s  p r ciIt ~c Iiiv (h i t ’  to 1o’.~ h ’ve ’ l b r a n e h i n g  in t h e ’

first return stroke . Ni~~t’t’ a. c e r i c  i s  • t h e ’ r e t  re’ , a c h i e v e d  b y u s i ng  t h e

subsequent data fur positiona l inl ,rii ,tt ic ,fl. 1 fits rist ’tinho iuI’orn~atioii is

~‘~‘ : tr e n w ly  u s e fu l  r i - s e t  re I .  - i i i  I r iin ,ii -r~~t ,i ndinc t I e ’  basic robh’ias in surge’

pru te’ e t i n  •n ’ l  1i~~h t n i r e ~ p r o t i ’~ h u t .

I

A 1
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STN , TIME NS ( V )  EW ( V )  AZ (DEG ) TT,P (US)  TTP/2  ( U S )

01 06 17 18 -6 .84-0 1  - 1 .03+00 +1 ,2 3+ 02  +3. 00-0 1 +4 .40+00
-9. 00-01 -1 .66+00 + 1 . 18+02 +4 . 00-0 1 + 3 .b O+0 0
-7.43-01 - 1 .35+00 +1 . 18+02 +3 . 00-0 1 +9.20+00

02 -3.71-01 -5.87-01 +1 .22+02 +2.00-01 +5.00+00
-4.30- 01 -5.87-01 +1 .26+02 +3.00-01 ÷3.60+00
-4. 10-01 -5.47-01 +1 .26+ 02 ‘t-z. OO -Ol +1 .08+01

03 -5.47-01 -1 .36+00 +1. 1 1 +02 +2.00-01 +4.80+00

01 Ob 18 12 -9.58-01 - 1 .70+00 +1 . 19+02 +7.00-01 +4.40+00
-7 . 8 2 -0 1  .1 .2 3 + 0 0  +1 .22+02  +2 . 0 0 -0 1  ‘4-4 .00+00

02 -4. 10-01 -5 .08-01 +1 .28+02 +2.00-01 +4.80+00
03 -5.28-01 - 1 .78+00 +1 ,06+02 +5. 00-01 +4.00+00

0 1 04 34 5t ~ ~~~ 13+00 - 8 . e l - 0 1  +l.b4+02 +8.00-01 +2.80+00
-4.28+00 - 1 . 19+00 +1 .b4’+02 +1 . 10+00 +3.(~0+0 0
-2.73+00 -7.82-01 fl .b4+02 +7.00-01 +2.80+00

02 -9.  - 01 - 1 . 17+00 +1 .28+02 ‘t-8.00-01 +3.26+00
-3.22+00 .3.40+00 + 1 .33+02 +1 .00+00 +3.uO+00
-h .45- 01 -b .45-0l +1 .33+02 ‘+8. 00-01 +3.20+00

01 02 12 -4 .89-01 - l .42 s()’) +1 ,08+02 -i-4.00-01 +3.20+03
-5 .08-01 - 1 .25+00 ‘+1 , 12+02 +2.00-01 +3.& 0+00
-2.34-01 -7.04 -01 +1 .08 +02 +2.00-01 +3.20÷00

-3 . 32-01 - 1 . 3t~~00 +1.03+02 ‘4-1 .80+00 +1 . 12+01

-4.10-01 - 1 .3t l-0) 4 1 .06+02 +2.00-01 +3.uO+00

l’ i ,~. 12 T ypical te’leprinte’r output of individual return stroke characteristics

as monitored iron-i t h r e e  s i tes  for  four  d i f f e r e n t  st r o k e s .  J a n uar y
23 , 1979.
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DESIGN , DEVELOPMENT AND FABRICATION OF DEV I CES FOR

THE PROTECTION OF ELECTRONIC EQUIPMENT AGAINST LIGHTN I NG

3ean—Pierre Sim i

Les Cables de Lyon
T e l e c o m m u n i c a t i o n s  Depar tment  — H. F D i v i s i o n

65 Rue Jean Jaures
9587 1 Bezori s , France
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P e c e n t l~~, :he p r o b i o m  of e l e c t r o n i c  Any e q u ip m e n t  is g e n e r a l l y  q u i t e  s a t i s—
e-~~~1pTe r - t  pr c~~e ct i o n  has become more and factory when used in a laboratory ,

ore  v r c o r t a n t .
I f  you e n c o u n t e r  some problems during

T(~e m a i n  reasons a re :  n o r m a l  use , ~t is because the environ-
ment  i n  w h i c h  i t  is now used is no

I n : r e a s i n - ~ d e n s i t y  of e l e c t r o n i c s,  T h i s  longer  t h e  same ,
~s due to ever increasing ch ip density,
a i o w i n g  g r e a t e r  p a c k i n g  of e l e m e n t a r y  So , when  you have  to solve  any equimen t
compone n t s .  p ro t ec t i on  problem , ‘you have to consider

this environment, aj~d i n particular:
Normal circuit operating voltages have
m opped from - hundreds of volts to • The b u i l d i n g  or s h e l t e r  in  w h i m  the
several v clts so t h a t  r a t i o  of over to e q u i p m e n t  is usedn o r m a l  v o l t a g e ’  has  been increased  per—

‘ 

~-~ ps by one r u n d r e d . • The eart.h and ground connections
~~ At  t h e  same t i m ~~, electron ic equipment • The pr~ x Im i t -- of other mater~ als ,• 

~e:rre m ore  and mo re  s o p h i s t i c a t e d , re— w h i c h  cart represent a further sourceq . i r c n g  more and m o r e  e l emen t s  and of disturbance
- 

- connecting cables .

• Power lines to- the equipmentFi n ally, we must consider that we re—
quire more and more confidence in elec- • Long signal lines to the equ ipment .t r o n i c  systems . So they must remain
q u i t e  r e l i a b l e  even wh en surges  o c c u r .  We will dea l rapidly here with the last

£~, three points , but with emphasis on the
• For these r easons it  seems to be normal  power and signal protection devices , andthat ii grt tr t.,u, ~, EMP and oth er over levels in those emphasize coaxial protection— of p r o t e - t i o n  a r e  b e c om i n g  a f u n d a m e n t a l  d e v i c e s.‘on~~ rn of “oderri engineering.

A 37 
__ _ _ _ _ _ _

-
~~~~~~~~~ 

- - 
~~ 

_ _ _ _

P~~~~~ C&D!NG PAO BL&MC-M~? VW1~D
L - _ ~~

--- --
~~~~~

-
. -~~~~

Il 
- 

~~~~~~~~ 

—‘—— -— --_- ‘ — —-  ----.—-— — ---—---- — .  — ———‘—- - -—. -—‘.-  - ,‘ - —— 
4.

- --— ~‘~ ‘ ~~ - — ‘ ‘—-- — -  — -_ —---- —-—— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ‘-1~ ‘— ~~.

- -——-——-



~ - - - -~ “- - .  

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

THE TECHNICAL BU ILDING Further , when t he dev i ces are installed ,
you may have to fu r ther protect some cx—

The best technical building you can tra sensetive equ i pment by putting pro-
imagine is in fact a Faraday ’ s Ca ge , tective devices directly on the
connected to a good ground reference, individual  circuit cards.

However , you know that you can never get The protection devices described here
it for several reasons . must only be put on the external connec-

tions of the equipment with the other
So everything you do which makes your units (signal and power lines ) and on
technical building look like a shielded the antenna feeders .
room will be in the right direction .

DEVICES FOR THE PROTECTION OF POWERFor example , you w i l l  have 
LINES

• Weld all the reinforcing bar cross-
ing points when the wall are built. Dev i ces for the protection of power

lines must be studied regarding two main
• Install under the future building a characteristics:

good ear th re fe rence , made of an
iron network which will be extended • the normal operating level (HV , MV ,
further than the building limits LV)

( • Connect all the building metallic • the distributed power in the line
pieces and all the equipment to this

The protection of ~ jj~ ~~~ med i umground reference 
~~Ttage power lines

From the point of view of lightning pro— Generall y they are distributed in deltat ect ~~or. , such  an insulated building or configuration , three wires . The onlyan assembly of buildings grouped togeth— protection which gives results consistser w i l  be considered as a single unit in applying the appropriate voltage ar-and r e f e r e n c e d  to the same ground . We testers. So, we c~an get the arrangementw~~~ i c a i  t h i s  an “ in s u l a t e d  u n i t ” as shown in figure 1.- o rp a r e d  w i t h  o t h e r  e x t e r n a l  b u i l d i n g s
wh~ mh , due to the strength of the surges Regarding the power in the line , and inexpected hi l l  be dynamically referenced order to avoid upstream effects , youto a J~ fferent level when a surge occurs mus t choose an arrester which is spe—on -n’- of them . c i a l l y  developed for power app l i ca t ions .

In fact it generally combines a sparkWhen you consider such an “ insulated gap and a series VDR which warrant theu n i t ” you h a v e  o n l y  two ways of entrance arc extinction. You can see also thatof t h e  surges . These are: the resulting surge is hi gh all the
same so i t  w i l l  be necessary to provide• Horizonta l lines (power and signal further protection (generally thislines ) protection is made on the low voltage
l ine , where the sensitive equ ipm”nt is• Verti cal lines (antenna feeders for connected). Figure 2 is a example ofexample ’ . such a protection device (HV 6kV and MV
900V t

Th e  object of the protection devices we
speak about is to li m it to a non- Protection of the low voltage linesdestructive value the surge levels which — — — _______ _____

w i i i  r”a:h the equipment installed t f l  Low voltage lines can be distributed int h e  u n i t .  de l t a  or wye conf igurat ion .

\ote that the resulting levels will come For protection here , you can use lowf rom : voltage arresters. They will conduct
the main energy of the overvoltage toThe l i ghtning -urrent on wires (we d im— ground ,

m ate the strong lightning currents di—
r e c t l y  f a l l - in g  on the equipment, which An example of such a device is shown inare supposed to follow first the figure 3. we can call It “primary pro-l~ ghtning down conductor ) tection ” , because it is generally not

e f f i cient enough regarding the sensit iveThe circulation current due to the thf equipment connected downstream; becausef e r e n t  p ot e n t i a l s  taken at the same t i m e  of i ts  delay of respon se , r oad surgesby t h e  d i t t e r e n t  “ i n s u l a t e d  u n i t s ” , w i l l  rem ain .

-38-

4.

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



~

So you have to complete it with a r a p i d  • whether or not you have to transmit
response component. It may he obtained , DC levels
tor example , from a TransZorb R and a
AC power filte r .  If you want a good • the highest frequency that you hav e
etticie nm y of the arrester plus to transmit (or the rise time of
Tr~insZorh association you have to in- d igital signals )

-~ Jr - l ay between t h e  two compo-
n en t s ,  I n  t h e  “x a m p l e  i n  t i q u r e  4 t h i s  The se r ies  devices  we h a v e  b u i l t  a re
(‘- ‘ l ay  is  o b t a in ed  by u s i n g  ,-~ 100 identified both through a color and a
u He n r y s  ~~S amperes inductor , number , The color may be:

n fi ~~ure  S you can see t h e  d y n a m i c  re-  y e l l o w  fo r  p o s i t i v e  s i g n a l s
~p crise ot  su c h  a p r o t e c t i o n  r e g a r d i n g  a red fo r  negative signals

k V  p u l se,  b l u e  fo r  bip olar aignals
green fo r  AC s i g n a l s  o n l y

Th ~- • ‘ t  ~ect s w : t h  a r e s i s t i v e  load of 12
o h — s  a re  shown on :  The number  can be f r o m ;

• :~~~ - arrestor alone ~l to 4~ fo r  low fr e q u e n c y  dev i ces
• t ’~r’ arrester and the Trans0orb ~R 

50 to 99 fo r  low c a p a c i t a n c e  dev ices .
• t h t ~ complete- dev ice,

Because of the gap chosen CASR type
t . -c~-,~r e  ~- you can see two d e v i c e s  f r o m  C l a u d e  you can conduct to ground a

5 KAJ3O us c u r r e nt .
• a one-wire 3NvA low voltage pro-

t e ct ~~o n .  The residual surge level Ls identified
• a t h r e e - w i r e  ~ kVA LV protection . by the Trans2orb ~R) number , as you ca n

see ~n f i g u r e  8.
:~ ~~~~~ “ i d  decoupling protection , you
‘~~ r avo’.-m c ommon mode surges by using a It shows a 2kV - 3 - 20 us surge through a
tra n sform er. Such a arrangement is “Red 04” device whi ch is mounted with a
shown ~n figure -

‘ You can see that IN56S3A JANTX TratisZorb (Rfl.
t h e r e  is no need f o r  t h e  i n d u c t a n c e
o’~:ause of t h e  s e l f - i m p e d a n c e  of t he  Fi ~~ur t ’  ~ shows two c’ther ~xampie s oft r a n s f o r m e r  . t s e l f .  such dev ices  a “ Y t - Il ow 0 2 ” i n - i  a ‘B ~ ue

:Ev :CES FCF THE PROTECTION OF S ON AL Sc ’~~: to remain eff i ien t, you hav~ES put i~u ch -iev~ es on ea~ h ~~i r ’ -  of  s : - ;r a l
- “ ‘~~ e ~‘a ’ , ‘ a r ie s , So you rapi d~ y r~ ~~d ,.n s~ ~r ,if,~se S iOrt 0 

can quant i ~‘ of then’ F ~~ 1 a n dt~~e e~~- en’.,ary w i r e s  i n  such  a cable , we 11 show examples of s u c h  i r i s t a i ~~at  i o n s .car  expec t  o n .y  l~~m~ ted power surges on t a k e n  in  B e r l m n - T e g e l  a i r p or t , whereT h a t  is  why such  p r o t e c t i o n  devices  about  seven t h o u s a n d  were m r o t a l l e d  f o r
~ :. . te t,,, i , t  f r o m  s m a l l e r  s i m p le  com- l ’ a t h n m n ~ p r o t e c t i o n ,po~ e.s , w h i c h  L an be placed on p r i n t - e d
:~~r :u : t  c a r d s ,

D E V I C E S  FOR THE PROTECTION OF COAX I AL
3as~ -~ i m a - ~ra m s  a re  b u i l t  w i t h  a r r e s t e r s  L I N E S  — __________ — _______

V spark gaps , s e l t s  ( some
,~“ J r — ’(  — i ’ - r - ’Thenry s i and t r a n s i e n t  su rge  On a c o a x i a l  l i n e  you wm l ienera~~ -/

i ” . .  -~~~~~ f o r  ~ x a m p i e  Tr a n s Z o r b s  R of f i n d :
- .  ‘\ JA N TX ser i es . There

~r a~~sc ot’~~’r ‘omponents such as fuses • video signal s frcm low frequen mie ~-- 
, - i ’- r ’ - ~- . n t o r ’  r e s i s t o r s  m u s t  be p u t  in  to some 10 megaHertz

t c  ~u- ~r a r t e e  a rc  e x t i n c t i o n  i n  t h e
• ~;ac w n e n  t h e  d e v i c e  is  i n s t a l l e d  • h i g h  f r equency  s ign a s ~antennas ari d

t o  ~ r o t e - ’ t a mn ~’ w h i c h  has f o r  e x a m p l e  so o n ) .
• a ~- “r - , n ’ - r t  DC v o l t a g e  w i t h  respect to

‘ - ‘  o~’o.~ ’L For the protection of video signals you
can realize protection devices derived

• ‘~o . . r ’r , t~~’- final circuits must take from low frequency signal protections
,~~~‘ O a~~~~jrt th e signal itsel f and in described previously.

For h i g h  f r equency  p r o t e c t i o n  dev ices
• ~~ s ‘ ) o , i n i t ’ ,, w h i c h  ‘a n  be p o s i t i v ” , you mus t  use t h e  technique of tuned

• ~~ ‘ ;- ‘ • i’ or  bo th  l i n e s , w h i c h  w i l l  prov ide  very eft~~mie ntstatic pi’otections ,
* • , y~ ;“ ~~~~ 

l”vei IDC . A( or both  DC
A
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Protection of a video sitinal • The combination gives a very good
and compact p ro tec t i on  device .  SeeThe d i a ~ ra,r ot such  a p r o t e c t i o n  is  f i g u r e  15C.

shown in fig ure 12 top l . You can see
that it is a decoupling system . The Of course , such p r o t e c t i o n  devices mustcc~axi a 1 trans former used here is a 75 ~~ be built and tuned regarding :
~~h’r~ : impedance dt ’vice . its pass band
~‘~-“~ ‘rs 2~ ’ H: to 9MHz at less than 2 • the impedance of the coaxial line toJe ’ib les isiu r t 12 bottom ). be protected

I t  ~s ~- ro t~ - -ted  u p s t r e a m  by spa rkqaps  • the  b a n d w i d t h  of t he  h i g h  f r e q u e n c y
~you can see t h a t  t h e  e x t e r n a l  c o a x i a l  s i g n a l
line wh ich is supposed to be the means H
ot ~- n t r a n ’e of t he  l i g h t n i n g  c u r r e n t  is  • t h e  VSWR and the insertion loss
n ow . n s u l a t e d  f rom t h e  s h e l t e r  and f r o m  p e r m i t t e d
~~ ‘ - ‘~ equ i~~m t ’ n t 1 . Downstream you can see
~ ‘ o a x i a l  l r i n s 7 o r b  R )  TPD series ref— • the protection required for light—
~‘ : - ‘r ~ ’e G~~ ” ’~~~ l C fol lowed by A tor 5 volts ninq frequencies
.ini B t o r  2 4  volts

F i g u r e  16 shows 12 examples of the  m a i n
Such ;‘rot~’:t ion is s’ e ry  e t t i ci e n t  and  technica l data of some of the devices
you can see a t e s t  r e s u l t  i n  t i : u r e  13.  b u i l t  s i n c e  1 9 7 2 ,

N~~t e :  When  you h a v e  pu t  su ch  ~ decou- You can see in f i g u r e s  17 and 18 such
F 1 ~~~ device at each end of a long line devices as used in  a frequency trans—
coaxial here ) you must not let it with- mitter station which is equipped wi th

out dc reference to the ground because these coaxia l  protect ion dev ices on each
w i l l  c o l i t ’t a l l  t h e  - m ou n d  c i r c u l a —  feeder . ~B e r l i n  1976).

‘ ‘n t ~~ ar t you w i l l  ~met some dis—
.,r:-an- ’t-’s. r. t i m ure 14  wt ’  h a v e  shown

t w o  -~ r o u” 1  corn” - t  ion s wh -, oh avoid this , CONCLUSION
i~ - i  . i l  ~~~, in -~ id it i on , pri m ary protec—
t : o r  ~ ; i ~~rt - t l i , m ~ tr.ng e ft~’:ts, because In order to realize efficien t protection
c r 1 ’ ,’ — , i~~ l Fa r t  ~f the lightning of any electronic equipment , you must:
c u r r “t  w . I I  :. -a :h  t h ~~- p r o t e c t i o n  be—

t ’ i . ’ ,3r ’~~~t~~’: i ’  i mpedance of t h e  • consider its total environment
p r o ~~~’~~~~: o r . : ; ‘ - ,‘r from the external
‘ i i l ~~- , ar. ” l- ~’ :nsulated ). • take account of all its lines , in-

cluding power , si gnal and antenna
lines

~~- - - :  
~~~~~ 

‘
~~~~

‘-‘ LL~~~ ” - t i ~~n of
‘o j x i j ,  ~ines • install the specific protection de-

vice on each wire which is directly
r i m n a l  ~s 

h~~ Th frequency (or connected to the equipment
~ h ul tra high , o r m o r e (  you

n a . .: t o  u ,.t ‘ “ tuned I ~nes technique. • do not forget any wire.
I t  ~ors:tr ; in  m a k : n j  use of the  proper—
i’s :~~~~~‘ ;uarter—wave length lines .

When you have done th is , and except for
F ’ —  t r i o  ‘- on ique ~ou w i l l  be able to the strong lightning surges which could
r ’ - I . .:. - ~ w c- - 1 n ~~:; of protection devices , directly hit the equ i pment itself , you

- ,  a~ ‘ - : ‘ “e t ~1U~~” 1 5 )  can consider its protectio n against all
main surges ensured .

• :. - c ,4- 1 : n~ ‘~~ -.‘i:’ s . t introduces
~~~~ l i n e  i hiQ h series impedance

f o r  1 c urr ”t (- ‘r generally for low

~r .-lu en -/ ~.rrent , regarding the
~ : ; -  f r e q u e n - -j n o r m a l  s i g n a l  i n  the

See ti g ure 1SB.

• T’~ - of  prot ’~ ‘tion. It presents a low
~rr 1. ’dan I -e path to the ground for the
lo -u r r ” n t s  c m  r or ~’ generally for
t h ’  ~ ‘ w  r”q-uen ’ies , but not effect-

n ;  ‘ ‘ - h ;  ;b fr e q u e n c y  norma l s i g n a l
- ‘- .‘ - i x  ia I I i n~’ i Set ’ f i qure

1.
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A few months ago I was a sked to supp l y  some l i ghtning I nformation to the

U . S .  A tt or ney ’s Office in San Francisco for their use in defend i ng the

United States and the Nationa l Park Service in the upcoming court case ,

Bra d y v. U. S. Some aspects of the case are quite interesting .

Mr. B rady was killed by l i ghtning In August 1975 while ascending a stairway

up the s ide  of Moro Rock , a popular tourist attraction In Sequoia Nationa l

Park. As you can see in this slide the rock formation does look rather

a ttractive for lightning. THe Brady heirs allege tha t as guests of the

Park they we re no t p ro pe r l y  warned of the l i gh tning danger on Moro Rock.

A t the time of the lightning stroke there were 25 people at various places

along the wa l kway f rom the parking lot to the top of Moro Rock. Brady was

about half way to the top under a slight rock overhang when he was kfl led .

The coro ner ’s report indicated on’y sma ll burn marks on the forehead and

lef t foo t bu t ma ss ive  i nt erna l hea rt dama ge. One ma n a t the summ i t suf fered

a sc ull  fracture and is permanently di sabled — -his clothing was entirely

b lown off. Six others suffered minor injuries. Let me show you a picture

taken at the sumit of Moro Rock just before the fatal lig h tning stroke .

I gnorance is b l i s s , as these smiling faces indicate. I once measured an

electric field of 80,000 V ni’~ a top a mountain peak in Yellowstone Park and

I can ass ure you tha t the electric field at the time these pictures were

taken was a t l ea st tha t h i g h .  Of cou rse , these kids were very foolish to

s ta nd there l i k e  l i gh tn i n g  rods , wai t ing for disaster. You can see how the

li nes of force are concentrated around their heads from the way their hair

I
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stands up. And yet , the man who was killed was ha l fway down the side under

a rock led ge .

The U.S. A ttorney ’s Office asked me if the prob ability of lightn ing striking

a certain location could be determ i ned , in  th i s  case , Moro Rock. Thunder-

storms are uncommon in California with an average of 4 to 6 storms per year

over most of the state and increasing to three time s that number in the

Hig h Sierras. Moro Rock at 6725 ft. can expect about 12 storms annually.

Us i ng a formula derived by P erce (EOS , 1968 Vol . 49) I ca lculated that a

100 meter square area on top of Moro Rock could expect to be hit by lightning

once in five years. There are many higher ridges and peaks in the park which

have a hig her probability of being hi t by lightning , however , they do not

have the concentration of tourists tha t Moro Rock can expect on a summer

afternoon. I made fair-weather electric field measurements on top of Moro

Rock and at the parking area at the base of the rock in order to determine

the field enhancement at the summit and found a 7 percent hig her f i e l d  on

top of the rock formation . The difference is not as large as one might

expect and indicates that li ghtning is  on ly  s l i g h t l y  more l i k e l y  to hi t

the top of the rock than in the forested terrain around the base.

• It is Joubtfu l that any reasonable measures , other than stay ing in his car ,
j

could have prevented Mr. Brady ’s death. My concern , howeve r , is for the many

lig htning-caused deaths and injuries that occur annually in the U.S., rathe r

than the outcome of these particular court preceedings , As you probably

know , li ghtning is the lead i ng cause of weather-related fatalities In the U.S.A.,

‘ exce edi ng f l a s h  f loo ds , tornadoes and hurricanes. Why? I think part of

the reason lies in the general attitude tha t lightning fatalities are “an

1
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act of God” and tha t 150 to 300 peop le wi l l be k i l led  each year regardless

of any act ion taken.

in an attempt to reduce lightning fatalities we need to recogn i ze the

fact that the electric field is a physica l quantity fo r wh i ch we have

no sense or gan and thus peop l e who seek she l ter fro m the r a i n  w i l l  s tand

on top of a rock in extremely hi gh fields and not realize the danger they

are exposed to. I have often thought that If i t  always ra i ned where lightning

was striking the ground , not many people would be killed.

For the most part , li ghtning protection for individuals in this country

cons ist s of a set of saf ety r u les pu b l i s h e d  in Na t io nal Wea the r Service

brochures and occasionally in the newspapers following a fatal acc i dent.

Whi le this workshop is more concerned with lightning technology and the

protection of instruments and vehicles , I can ’ t th i n k  of a be tter p lace

than before this group to enipahs i ze the need for a re liable , rela t i ve ly

low cost , lightning warning device which mi gh t save the lives of people

such as the tourists on Moro Rock , the two little leagers killed last

summe r nea r my home in Colorado , or the young lady killed on Cocoa Beach

a few years ago during the Internat iona l Thunderstorm Research Project.

Certainly there are research institutions and scientific companies represented

here that are capable of desi gn i n g and marke t i ng successful l i gh tn i n g w a r n i n g

devices that could be used at beaches , go l f  courses , na t io nal parks , etc.

across the country.

I
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Users of this document should ascertain that they are
in possesion of the latest version.

This ver8ion supersedes SAE Specia l Task F Report
“Lightning Test ~4aveform s and Techniques for Aero-
space Vehicles and Hardware” dated Hay 5, 1976.

Information concerning the status of this documen t ,
and additional copies of it , may be obt ained from the
Society of Automotive Eng ineers, Inc., 400 Comu~~n—
wealth Drive , Warrendale, Pa. 15096.
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1 • i~ I O~X.~CT1ON

Th is docszs ent presents test waveforms and tech— be manife sted in many different ways. It is there—

niques f o r simulated lightning tasting of aerospace fore difficult to address every possibl e situation in
veh ic ipa and hardware. The waveforms presented are detail. However, the teat waveforms described lierel.n
bas.d on the b.st avai lable knowledge of the natural represent the s if’.nifi cant aspects of t he natura l en—
lith t ntng enviroment coupled with a practical con— v iron ment and are therefore independen t of vehicle
sideration of state—of—the—art laboratory techniques, type or configuration. The recosrended test techni—
This doc~~ent does not inc lud e design criteria nor ques have also been kept general to cover as many
does it specify which ites s should or should not be test situations as possible. Some unique situations
teste d . may not fit into the general guidelines; in such in—

stancen , epplication of the waveform components m ust
Tests and associated procedures described tare— be tailored to the specific situation.

in are divided into two general categories:
The test waveforms and techniques described

o Qualification tests herein for qualification tests simulate t~ie effects
o Engineering tCsts of a severe lightning strike to an aerospace vehicle.

Where it has been shown that test conditions cam at—
Acceptable levels of damage and/or pass—fail fact results of tha test , a specific approac h is re—

criteria for the qualification tests must be provided corriendud as a guideline to new laboratories and for
b ’ the cognizant regulatory authority for each parti— consistency of results between laboratories.
cular case.

It is not intended that every waveform and test
The engineering tests provide important data described herein be applied to every systam reluiring

t.sat —,.ay be neceasary to achieve a qualifiable design . lightning verification testS. The document is written
so that specific aspects of the enviroment can be

The tern Aerospace Vehicle covers a wide variety called out for each specific program as dictated by
of systeis , including f ixed wing aircraft , helicop— the vehicle design , performance , and mission con—
tars , missiles , and spacecraft. In addition , natural straints .
ltp ’mtning is .s complex and variable phenomenon and
its interaction with different types of vehicles nay

I
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2 .0 LIt~t lT~IN ( TRIKI1 PtIENOHENA

2.1 N.itu ral Lightning ~trik e Electrical Characteristic s

Ltt ~litning flashes are of two fundamentally d i f f -
erent forms, cloud—to—ground flashes and inter/intra—
cloud flashes. ~ecause of the difficulty of inter— 
certint~ and measuring inter/intrac loud flashes the
.~rea t bulk of the statistical data on the character-
istics of lightning refer to cloud—to—ground flashes.
Aerospace vehicl es intercept bot h inter/intrac loud STEPPED LEADER (‘HANNFL
and c loud—to—ground lightning flashes as shown in APPROACHING VEHICLF
P~pure 2— 1. There is evidence that the inter/intr a—
cloud f lashes lack the high peak currents of cloud —
:‘—rrcn,n ~I flashes. Therefore , the use of c loud—to—
r-.round lightning strike characteristics as design
criteria for lightni ng protection seems conservative.

There can be discharges from either a positive
or a negative charge center in the cloud . A nega—
t ive discharge is characterized by several inter—
riittent strokes and continuing currents as shown in

~~~~~~~~~~~~~~~~~~~~~~~~~~F~~~~~c~~~~EL
Fi~,ure 2—2 (A ). A positive discharge , which occurs
only a small but significant percentage of the time,
t o s~momat in Figure 2—2(8). It is characterized by PASSING THROUGH VEHI CLF

C ~ii~ her average current and longer duration in a
sin-ic atrohe and roost be recognized because of its

~‘reater energy content. The following discussion 
dcacrThes the more co~~on negative flashes.

:~e lightning flash is typically originated by
- step leader which develops from the cloud toward

1 ~~ eq t r ke ~ se

t i e  ~ro-md or towards another charge center. As a
licntofng - C o p leader approaches an extremity of the
veh icle , hi~~i electrical fielde are produced at the

RETURN STROKEio.r face of the vehicle. These electric fields give
PASSI NG RACKrise ti’ other electrical streamers which propagate

a la’. f r - ’-i th e ‘ -o njc le until one of then contacts the TOWARD CLOUD
~- ; r - --sc ’ 1 ,~r’ lightnIng .~tssp leader as shown on Figure
2— ’ . P r - i -s~~qtion of the step lender will continue
f r -’~-~~~ - .~r ‘ :ehicl e extr em it ies until one of the /
- ~-~: c ~~e~ ~f the step leader reaches the ground or an—

c~~sr,-c center. The average velocity of props— 0 - a
t iE: s ta , leader is ~hout one meter per nic—

r~~~~~ o~ ans: e average charge in the whole step
c sn -t e l IS about 5 coulombs.

Fig . 2—I Lightning flash striking an aircra ~~ .
s - -~urren t “ lase

-- c .i;;i ieak current associated with lightning
- .: c if ter t i e  otep leader reaches the ground and second and exceeding , in rare canes , 100 k~ per rirrr’—
r . • -‘ st in :alleo tiso return stroke of the light— second. Typically the current decays to half its peal ;

flos:i. This return stroke occurs when the amplitud e in 20 to 40 p5cc. flo correlation has been
t

~

-e lo.i-~er channel is suddenly able to flow sham to exist between peak current and rate of rise.
t. low tj-i4w,dance ground and neutralize the

r- ittracted into the region prior to the step 2.1.3 Continuing Current
- - ~~s r ’ contact  wt~~~ th e ground . Typically, the

current phase is called the return st9ke The total charge transported by the lightning
~~n t1 i. r,sn -~c r f  10 to l() LA (amperes x 10 ). return stroke is relatively small, a few coulonbe .

s r  c - r r ’ n~~-s are ;sonsiblc thoug h less probable. Must of the charge is transported in two phases of
-c ii- c - i r rcn r  of 200 ~ A represent s is vary severe the lightn ing flash following the first return stroke.

- ‘ r - . c ~ on.. I - C at  is exceed ed on ly about 0.5 percent These are an intermediate phase in which currents of
‘ 1’-s’ . ‘ ‘ iile 21Y1 ~~~. may be con si dered a pract— a few thouaand amperes flow for times of a few rsilli—

I -  - ‘1 ~~i’- ’- ii ‘ i i s l i o  o f lightni ng current , it ahould be seconds and a continuing current phase in which cur—
- i ’  ~~i i ’ ’  ~,:..it iii rare c.~nen -s larg er current can oc— rents of the order of 200—400 amperes flow for tines

- r . ‘ 1 1  ~ l’ ,oa ,q,, rsme nt q ire few, hut there is vary ing fr om about a tenth of a second to one second .

4 
C~~~’ i ‘ sIll 1.sl evidence that peak currents can exceed The saximsa char ge tran sferred in the intermediate

c c : r r . ’ n t  In  tii.’ rnt ,irn stroke has a fast phase is about 10 coulomb. and the maximum charge
- , . jn , - s - , typi ~~ ll, ~ l,s,iit Ii’) to 20 kIt per micro— t ranaport .d dur ing the total continuing curre nt ohase

is about 200 cou lom bs.
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For each st rnke~
T1~ e to peak current — 1 .5 IIS
Time to Half Value • 4() ps

For the comp lete f la sh
Initial s- vturn st i-oke

/ 
/ 

11estrikt~ ~ t il t • i .9x in6 amperes seconds.

140 kA / lnt t : t n t e d i a t t  ~t - ik,- 

11

3 Ok Ak

~~~~~~~

1 t’Z ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~ 

~~~~~~

-~ 10 60 110 1 0 4~O ~2U 580 640 700 8t0
me rre n:S mn ri~~ n1~ rnQ SOS rrs ~~~

(A) Sove re ne~vitive l jc’htntng f l a s h  current waveform .

( ( i  r~isv if  (‘Ia n —  l’ i- - i- i- -

- -
~~ C~uLmhs up t j  2 rns For the complete flash:

Sj4dt — 2.5x106 .aF1T)ereS
2 s~ cofltIS

185 C, Ul ~ ,mbg  111i , 2 mis

- ~~~~~--~~~~~~~ - —.~~~~~~~ -‘~~~~~~-~~~~-~~~~~~
-- -

~~‘-‘~~~ ~~~~~~ 
-

-
I
2 10 . -

mis  
C .
’ -

(II) ~loderate positive 1i~ htnthr. flash 
current wavefont.

“tc~ure 2—2 Lf ~’h tnthg  f l ash  cur ren t  waveforms.
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2 .1. 4  Restri ke Phase moves through the lightnin g channel. Thus the light-
ning channel appears to sweep back over the surface

In a typical lightning flash there will be sev— as illustrated in Figure 2— 1. This is known as the
eral high current stroke s following the f irst return swept stroke phenomenon. As the sweeping action oc—
stro ke. These occur at intervals of several tens of cur s , t he typ e of surfac e can cause the lightning
millisecond s as different charge pockets in the cloud c hannel attac h point to dwell at variou s surface lo—
are tapped and their charge fed into the lightning cations for diffcrer .t period s of tine, resulting in
channel. Typically the peak amplitud e of the re— a skipping action which produces a series of dis—
strikes is about one half that of the initial high crete attachment points along the sweeping path.
current peak, but the rate of current rise is often
greater than that of the first return stroke. The The amount of damage produced at any point on
continuing curren t often link s these various success— the aircraft by a swept—stroke depends upon the type
lye return strokes, or restrikes. of material, the arc dwell time at that point , and

t he light ning currents which flow during the attach—
2 .2 Aerospace Vehic le Lightning Strike Phenomena ment . Both high peak current restrik es with inter-

mediate current components and continuing current e
2.2.1 Initial Attachment may be experienced . Rest rikes typically produce re—

attachment o f the arc at a new point.
Init ially the lightning f lash will enter and exit

the aircraft at two or more attachment points. There When the lightni ng arc has been swept back to
will always be at least one entr ance po int and one ex it one of the trailing edges it may remain attached at
point. It is not possible for the vehicle to store the that point for the ~‘saining duration of the light—electrical energy of t he lightning f lash in the capaci— ning flash. An initial exit point , if it occurs at
tive field of the vehicle and so avoid an exit point, a traili ng edge , of course , would not be subjected
Ty picall y these initia l attac hment points are at the to any swept stroke action.
extre mities of the vehic le. These include the nose ,
wing tips , e levator and stabilizer tips , protrud ing The significance of the swept stroke phenomenon
antennas , and engine pods or prope ller blades. Light— is that portions of the vehicle that would not be
ning can also attach to the leading edge of swept wings targets for the initial entry and exit point of a
and sot~e control surfaces, lightning flash may also be involved in the lig ht—

ning flash process as the flash is swep t backwards
2.2.2 Swept Stroke Phenomenon across the vehicle .

The lightning channel is somewhat stationary In 2.2.3 Lightning Attachment Zones
space while it is transferring electrical charge.

.s vehicle is involved it becomes part of the Aircraft surfaces can then be divided into three
channel. However, due to the speed of the vehicle tones , with each tone having diffe r ent lightning at—
and the length of time that the lightning channel ex— tac hment and/or transfer characteristics. These are
ist s , the vehicle can move relativ e to the lightning defined as follows:
channel. ‘4hen a forward extremity, suc h as a nose
or w ing mounted eng ine pods are involved , the sur face Zone 1: Surfaces of the vehicle for which there

is a high probability of initial lightnin g flash
attac hment (entry or exit).

T 0

/‘7
7 /
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Figure 2—I Swept stroke phenom enon.
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:~4’I~e 2: Surfaces of the vehicle acrosa s,hjch 2.3.1 Direct F.fte_ct~thare is a high probability of a lightning flash
being swept by the airflow from a ?.one 1 point The nature of the particular direct effects as—
of initial flas h attac hment. socia tad with any lightning flash d epends upon the

structural cor% 1 onent Inv o lved and the particular
“ one I: :h.ne 1 inc ludes all of the v eht cl. ’ phase of  the lightning current transfe r discussed
are.ia other than th ose cov ered T .y Zone I and earlier.
Zone 2 reg ions . In Zone 3 there is a l~w pro b—
abilit y of any attach ment of the direct light— 2.3.1.1 flurning and ~roding

~sinf. f lash arc. Zone 3 areas nay carr y sub—
etant ia l amounts of electric a l current hut only The continuing curr ent phase of a llg1t tnin -~lv’ direct conduction between none pair of dir— stroke can cause severe burning and eroding damage
ect or sw ept s tro ke attach ment point s , to vehicle structures. The float severe damage oc-

curs when the light ning channel dwells or hangs on
‘ ‘nes 1 and 2 nay be further divided into A and at one point on t h e  vehicle for the entire period of

.1 ro”innn depending on the probability that the flash the lightning flash, such as in 2
00e lB. This can

will hang on for any protracted period of tine. An A result in holes of up to a few centirieters in dia—
t v~’e region is one in which there is low probability Im~ter on the aircraft skin.
that t:le arc will remain attached and a 13 type region
is one in which there is a high probability that the 2. ,.1.1 - ipor Izat  ion I’reos i ire
arc ~

jill r~~iain attached. Some examples of zonea are
as follows: - 

~ o- iigii peak current p~i.ii.e of tile lightning
f lash transfers a large anount of energy in a short

Zone lA : Initial attachment poin t with low proh— period of t ine, a ft-u- tens of micro~;cconds . This
ability of flash hang—on, such as a loading edge, energy tr-iiio fer can result in a fast t~,(-rna i vaporiza-

tion of material. If this occurs in a confined area

Zone 111: Initial attachment point ~:ith high prob— such as a radone , a high orossurc nay be created
ability of flash hang—on, such as a trailing edge , which may be of suffic ient magnitude to cause

structural dana c’e. The vaporization of metal and
Zone 2A: A swept stroke zone with low probabil— other materials and the heating of the sir inci e
itv of flash hang—on, such as a wing mid—span. the radome, cre.Itc th e  hijhi internal pressure that

leads to crr~ic tt i ra l failure. In som e inst.sntces
.hine 2:~~ swept stroke zone with high proba— Int ire ra(Inr’(-s have l,een blown from the ,ircrif t .

hil itv of flash bang—on , such as a wing inboard

~rai 1;ig edge. 2.3.1.3 lagnetic Force

2. 1 .‘o-!rospacc Vehicle Lightning gffects Phenomena During the high peak current phase of the light-
ning flash the flow of current through sharp bends

::~ 1g ~tnin-~ e f f e c ts  to which aerosn.ico vphl— or corners of the aircraft structure can cause cx—
d e s  are exposed and the effects which should be re tensive magnetic flux interaction. In certain cases,
produc ed through laboratory testing s,ith simulated the resultant magnetic forces can twist , rip , die—
lightning waveforms can be divided into iIIIECT gp.. tort , and tear structures away from rivets , screws ,
?“CTS in,! I::01Z1;cT ZFFCC~s. The ‘ irect e f f e c t s  of and other fasteners . These magnetic forces are pro—
lightning are t ie burning, erod in° , blasting , and port iona l to the square of the magnetic field inte n—
str’ict ar.-il -h ef o r - riat io n caus ed by lig htning arc at— sity and thus are proportional to the square of the
toc i- -ent , as well as the h igh—press u re shock waves lightning curren t , The damage produced is related
anc~ rta~;netic forces produced by the associated high bot h to the magn etic force and to the response t ime
c ’ irr ,-n c . - n i ndirec t  ~ f f e c t c  .ir’ nre v-tn. ,r I -’  of the system .
t ,r’sn r esilt tn’ f m —  t n  int eract f ’-i~~~ I r~,.- elr- -t ro—
“i1 r’ - t  in I i, -Id~ •-l ccori-’-tnvinr 1 !“-!nln’ w i t , p i . ’,- t  ica i  2 .3.1.4 Fire and ~cp1osion
apparatus in t’,e aircraft. llaz.irtlouin indirect effects
could In rinc iple be produced by -i lightning flash Fu~1 vapors and other combustibles may be I- -

that ‘i~ d not direct ly contact the aircraft and h ence nited in several ways by a lightning flash. :i :ring
u,as not cap.-th ~~ of groducing the - irect effects of the prestrike phase high ‘lectrical stresses around
h’irnin~ and blasting. However , it is currently be— the vehicle produce streamers from the aircraft ex—
Ijeved that most indirect effects of importance will treiiiities. The design and ~ocation of fuel vents

~o aasociated with a direct lightning flash. In some determine their susceptibility to streamer condi—
caçeq i,oth direct and indirec t effects nay occur to tiOns . If streamers occur from a fuel venz in which
t~~e i-inc component of the aircraft. An example would flarmahie fuel—air mixtures are present , ignition

a iIi :htnlnr flash to an antenna which physically may occur. If this ignition is not arrested , flames

“tr-as~nn the antenna and also sends damaging voltages can propagate into th. fuel tank area and cause a
1~~,t C , the tr-unm itter or receiver connected to that major fuel explosion.
antenna. In t’ta :oc~~ent the physical damage to the
-unt ~~nn., -.111 ‘- • ‘  t~ ru~s~ed as a ‘hirect effect and the
-i’ i~~es or currents coup led from the antenna into
I v  • n-r-,-i-uicat ions equipment -dli be treated as an
h-i,Itrer t pf f e ,~t .

I
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The tlo~ of lightning current through vehicle diffusion through metallic akins or direct penetra—
structures can cause sparking at poorly bonded atruc— tion through apertures such as skin joints and win—
~uri’ interf .tces or joints . If such sparking occurs dews or other nonmetallic sections. If the fields
whierc combustibles such as fuel vapors are located, are changing with respect to tine and link clectri—
ignition ruy occur. cal “ircuits inside the vehicle , they will induce

transient voltages and currents into these circuits.
Lightning attaching to an integral tank skin These voltages may be hazardous to avionic and alec—

— .i. pun cture , burn holes in the tank , or heat the trical equipment , as well as a source of fuel igni—
inside surface sufficiently to ignite any f lanisable t ion.
vapors present.

Voltages and currents may also be produced by
2 .3.1. 5 Acoustic Shock the flow of lightning current through the resistance

of the aircraft structure.
rhe air channel through which the lightning

flash, propagates is nearly instantaneously heated 2.3.3 Effects on Personnel
to a very high temperature. ‘~hen the resulting shockwave impinges upon a surface it nay produce a da— One of the most troublesome effects on personne l
s t r u t c t t ve  overpressure and cause mechanical damage, in flash blindness . ~~is often ‘ccurs to flinht creu:

member(s) vhs, r a - ~ 1,e lush mi-  out of the vehicle in
2 . 3 . 2 Indirect Ef fects  the dir -ct io i ,  of the lightning f lash . The re-oil t in’g

flash blindness nay pers ist for periods of 3(1 se onds
-\ti-L4’~c ,‘r upse t of electrical equipment by cur— or more , rendering the crew member t~~sporari ly -~nable

rents or v itages is defined as an indirect effect,  to use his eyes for flight or instrument—reading
In this document such damage or upset is defined as purpose s .
an indirect effect even though such currents or volt—
age-i ~uv arise as u result of a direct lightning Personnel inside vehicles nay also be s,ih.lected

~~aa’i ltt .lc i-lent to a piece of external electrical to hazardous effects from lightnin g strikes. Scrioue

~ii exar- c,oulcl ‘ e a wing—tip navigation electrical shock nay he caused by currents and volt—
it . h I lj ,;itning shatters t he protective glass ages , conducted via control cables or wiring leading

r hum s through the metallic housing and to the coc kpit from control surfaces or other hard—
coat. , - a ~~~~~ filament of the bulb, current can he ware struck by lightning. !iuock can a lso be induced
in ject r i  !:,to the electrical w ires running from the by the intense thuinderstorri electromagnetic fields .

~e t . c  power .uupp ly bus. This current ma” burn
“v -omize the w i res .  T h e associated voltage surge The ehock varies from mild to serious; -i if’i—

-i.,- - ci, ,- ; o hreakdi’wi , of insulation or damage to other cient to cause numbness of hands or feet and some
elect r~~- u i  equtpreut . disorientation or confusion. This can be quite haz-

ardous in hig hi—perforiance a ircraf t , particularly
b’:on if the lightntng f lash does not contact w t r— under the thunderstorm conditions during whichu light—

~~~ - ‘ f ec t lv , it will set up changing electromagnetic ning stril.es generally occur.
ffel !r•- u, c iad the vehicle. “lie metal lic structure
cI t ’ - ‘ob tc l~ toes u~ot provide a perfect !aradav Tests to evaluate these personnel ef fects  are
-a~~ clec~ r ’ .-i,;nct1c shield and therefore some d cc— not inc luded in this document.
~‘omagr.et3c f ields can enter the vehicle, either by

I
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1,0 ~“~‘lfl %~ Iu ‘ T ’~~Thl1’W PAIW tIITER Im ITATION 3.2 hIivpform b)ascriptiono for Qualification Tests

‘.1 r-ir 1osc 3.2.1 Voltage Waveforms

i’r .lete matusral lightning f lashie~ cannot h e  du— The basic vo ltage waveform to which vehicles sri,
pli.-ated tn the laboratory , ~ st of the voltage and subjected is one that rises until breakdown occ urs
current ~-hu.u- acter ist ics of lightning, however , can he either by puncture of solid insulation or flasliovet
duuplicate.t sspar.-ute ly by laboratory generators. “base through the air or across an insulating surface. The
c ; .,ractsr tsttca are of two broad categories: The path that t he flashover takes, either puncture or -our—
\~~LT~~~c ‘ro kiceul luring the lightning flash and the face flashover , depends on the rate of rise of the
‘“!Uir.i ’tS t1 a t flow in the completed lightning channel, vo ltage as shown In Figure 1—1.

- it a few exceptions , it is not necessary to s iu~ 1—
lut e ‘ ,t ° u— ” olt.u ‘ - ‘ and high—current character ist ics hiring some types of testing it is necessary to

determine the critical voltage amplitude at which
breakdown occurs. This critical voltage level de—

T ie  higli—v itage chara~teristice of lightning pends upon both the rate of rise of voltage end t he
i.-terrutne attac hruent points , breakdown paths, and rate of voltage decay . T~io examples are (1) deter—
streamer e ’fects , where -u s the current characteristics mining t h e strength of the insulation used on electri—
teterri , direct - uai Indirect effect s , cal wiring and (2) determining the points from which,

electrical streamers occur on a vehicle as a lightning

~~i nest ca-ic ’s , lightnin g voltages ore em ulated flash approaches.
by hii-’b —i mped an ce voltage generator s operating into
hig!i—t-~:-e dance load s , while ligh tn ing current s ire .Uth,ouigh the ex sct vo ltage waveform produced by

~Irti~ atod i .’ lou—im pedance ~urrent generatori, operat— natural lightning is not known , flight service data
inS in to low— i’,pedance loads, and conservative teat philosophy justify the defini-

tion of fast rising voltage waveforms for the tests
The waveforms described In this section are ide— lust described . Voltage testing for qualification

alized. Definitions relating to actual waveshapes purposes thus calls for two different standard volt—
are covered in .SJhfI and IEFl~ Standard Techniques for age waveforms. These are shown in Pigure 3—2 and are
Dielectric Tests. 2i1 51 “68,1 (1968 ) and IEEII No. 4 described in the following sections. The qualifica—
These specificat ions are equivalent and are in turn tion tests in which these waveform s are applied are
equIvalent to h’igh Voltage Test Techniques , IEC 60—2 precerute ’I ir the te~~. -~strix of Table 1. TEe ~~~~—

( i 7 ) ) .  T h e  , ef inition s in these documents should t Iver of es~ h ten tb. tart  setup, mes cure ’re ,- t ~r- -i
he - i - sod to determine the front tine , duration and 1

~tq re~ ,i ir ~~r or t s  Cr ,  h oscrlb . i Ir Sert iori I~.O.
rate of rise ~f actual waveforms,

‘ovore lightning flashu voltage and current wave-
form s, ;ua described it-. Paragraph 1.2 have been de—
‘:r’~ c.pe, . for purposes of qualification testing : wave—
fo r-u s in Para ,~r aih , 3.3 are for h&D or screening test
purposes and arc hesignated engineering tests ,

V o l tag e waveforms that would

~u.unct.ir~~~or flash—

- 

N - / A f is t rate of volt age rise

- 
- - 

~~~~~~~~.— “‘ lpnd~ to  pu nct u re at “2

~~~~~~~(/ Inc lag curve for fli ch—
over throu gh air

‘ i- -sr 1 — h  l , t l , i u - t e - e  . 1 r u t ‘ , i - -  ii I i-isl e” - r - ut ) ,
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3 .2 . 1 . 1  Vol tage ‘4aveforua A — P.ns tc Lightning The tests in which these wavefo rms are applied
Wave f o rm are presented in Table 1. The objectives of each teat

along with setup, uneaauroment , and data requir. aents
This woveform rises at a rate of 1000 kV per are described in Section 4.0.

microsecond (+50’ ’i until its increase i. interrupted
by punctur e of, or flashover across , the object under 3.2 . 2 . 1  Component A — Initial u g h  Peak Current
test. At tha t t ime the voltage collapse , to zero.
2’,e rate of volta ge collapse or the decay time of the This component simulates the first return stroke
vol tage if breakdown doe, not occur (open circuit and is characterized by a peak amgulitude of 20~ kA
voltage of thus lightning voltag . generator) is not (±192) and an action integral (Ji’-u lt ) of 2 x 10
specif tad. Volta ge wa vefo rm A is show n in !igur e amp —ascends (±20%) with a totil time duration not
3—2 . excesding 500 microsec onds. - -

~.2.l.2 “olta&c Waveform TI — Full Wave The actual waveshape of this component is pur-
posely left undef ined , because in laboratory eimula—

1) is a 1.2 a S~) microsecond waveform tion the waveshape is strongly influenced by the type
wht~h is the electrical industry standard for impulse of surge generator used and the characteristics of
-~ I. lectric teat.. It rises to crest in 1.2 (+20%) the device under test. Natural lightning currents
‘licroseconds and decays to half of crest amplitude are unidirectional , but for laboratory simulation
in SO (+20’ ) ruicroseconda. Time to crest and decay this component may be either unidirectional or os—
time refer to the open circuit voltage of the light— cillatory .
ning voltage generator , and aseurle that the wave—
form is not limited by puncture ‘r flashuover of the 3,2.2.2 component B — Intermed iate Current
object under test. This waveform is shown on Fig—
ti re 3—2. This component s imulats• the intermediate phase

of a lightning f lash in which currents of several
3. 2 .2  hur rent ~Tavef o rms thousand ~~peres flow for times on t he order of sev-

eral milliseconds. It is characterized by a current
It is difficult to reprod uce a severe ligh tn ing surge with an average current of 2 kA (±10Z) fl owin g

flach ~‘v laboratory s imula tion because of Inherent for a max imum duration of 5 millisecond s and a nazi—
facilit ’ limitations . Accord ingly, for determining mum charge tranafer of 10 coulo mb,. The wavefo rm
t h e  e f fec ts  of lightning currents and for laboratory should be unidirectiona l, e.g. rectangu lar , exponen—
qualific a tion testing of vehicle hardware, an ideal— tial or linearly decaying.
iced representation of t he components of a severe
lig htning flash incorporating the important aspects 3. 2 .2 .3  Component C — Continuing Current
of both esi t ive and negative fla s hes has been de—
finc i o:i d is shown on Figure I—I. Component C simulates the continuing current that

flows during the lightning flash and transfers most
Fur qualification testing, t here are four con— of the electrical charge. This component must trans—

ponents, \ , h , I , and 2 , u sed for deter mination of fer a charge of 200 cou lonbs (±20%) in a tine of be—
d i rect ef fe c t s and test waveform L used for deter— tweert 0 ,25 and I second . This implies current ar~pli—
rinati-~n of indirect effects. C.-us’uponentv A, 8, C , tude s o f between 200 and 800 amperes . The waveform
and P each sinulate a different characteristic of the ehould be unidirectional , e.g. rectangular, exponen—
curre~~t in -i natural lightning flash and are shown on tial or linearly decay ing.
Figure 1—3. They are applied individually or as a
covup -’sire of two or more componente together in one 3 , 2 . 2 . 4  Component 0 — Restrike Current
test. There -ire very few cases in which all four com-
ponent l “ ist ‘-u applied in one test on the sane test Component 2 simulates a subsequent h igh pC.i~ .

— object. ?~i~e time or rate of change of current has current. It is characterized by a peak aunp litud-~~
little ef ’ ct on physical damage , and accordingly has 100 kA (+10%) and an action integral of 0,25 x
not “ - n  s - - ie c l f l e d in these components. Current wave— ampere2—eecond (+20%) ,
corn L , a1~o shown in Figur e 1—3 , is intend ed to deter—
miie indi’ec t effects. When evaluating indirect ef-
fects , rate of c h .unge of current is important and is
spec if ~ - : .
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3 .2 .2. 5  Cu rrent Unv eforn C — Fast Rate of Rise modal attach points te s t s in the C.~~. Slow front wave—
Stroke Test for Ful l—Si ze h ardware fo rms (on the order of hundred s of microseconds) pro-

duce a greater opread of attach po ints , possib ly in—
Current waveform F simulates a ful l—scale fast clu d ing attach ment s to low field region s . Therefor e

rate of rise stro l e for test ing vehicle hardw are the teat data OuSt be analyzed by appropriate at atis—
which at full scale would be 20(1 h A  ut 100 kA/pa . t ica l methods in defining Zone 1 regions .
‘“ i peal. aru p lit ud e of the derivative of this wa vef or m
‘ i tt  ho at lci~ t 2’h LA or ruic roseco nd for at j eaut Two high voltage waveform s are described In the

- - i crt . ;u ,- ” u t , us uhewn in ‘ig urc h—i . Curr ent fo llowing paragraphs end shown on Figur e 1—4 . The
‘tntmun anplt t uuil e if ‘hO l . \ .  ‘ n .uuuup — first is a fast waveform which is to be used for what

1 ~tt i !o of 5(1 L\ Ia used to enable testin g of typical - wil l be t ermed “fast front model tests. ” The second
aircr af t col upon ants u4th conventional laboratory linh t— waveform is a slow rising w avefo rm wh ich will lie en—
ning current generators. The action integral , fa ll ploye d for “ slow front mode l tests. ”
t ine, and the rate of fa ll are not specified. If de-
sired and feasible , components A or I nay be app lied 1.3.2.1 Volt age Waveform C — Fast Front ikudel Tests
uzi th 1 5 k.t per microsecond rate of rise for at least
0.5 -icrosecond and th e direct and indirect effect ,  This is a chopped voltage waveform in which fla s h—
e” altuu t ion cond ucted simul taneousl y , over of the gap between the mod el under test and the

test electrodes occurs at 2 microseconds (+507.),
~.1 ‘ avefcircu l escriptions for Cn~ iuueering Tests The amplitude of the voltage at time of flashover

and the rate of r ise of voltage prior to breakdown
1.3 .1 Purposc are not spec ified . The wavefo rm is shown on Figure

1.4.
l~i- tning voltage and current wavefo rms Iescr th—

o h in the following paragraphs have been developed 3 .3 .2 .2  Voltage ¶Ja~~-~f r-~ P — Slow Front h iodel Teats
for engineering design and analysts.

T’ue slow fr a- : -~aveform has a rise time between
‘~he testS in which these waveforms are app lied 50 and 250 nicro” -~onui s so as to allow time for strea m—

are presente d in ‘able 2 . The objectives -~f cact i tes t , era from the motel to develop. !t sho uld give a higher
along “ith setup, measure ment and data requ irements strike rate to t :  o u- probability regions than other—
are described in Section 4,0, wise might ha’ “:pected.

~.1.2 “oltage “iveforns 3.3.3 Current ~:,

“ ur ing te s t s  on node l vehicles to determine pos— Current Wa- i ir po nents r and G, show n on
si b le .uttach rsuu t points the length of gap used be— Figure 3—5 , are ~ed to determine indirect e f fec ts
t u7een the electrode si mulat ing the approaching leader on very large hare -are and full si ze vehicles. These
and the vehicle depend s upon the ruodel scale factor, wavefo rms are specified at reduced arp litudes to over—
P urlng ;uc’u tes ts  it is desir able to allow the s tr essu— come inherent full vehicle tes t circuit limitations
ers f ro ~ the ‘~odcl sufficient tine to  develop , and also to allow testi ng at non—de s tructi ve levels to
.~ccc ’ rh1 nC lv , f o r model tests  it is necessary to stand — be made on opera tional vehicles at non—dest ructive
arc~ zc the t ine at urhich breakdown occurs, even though levels. Scaling will depend on the natur e of the coup—
the rate of rise of voltage is different for different ling proces. as detailed in the fol low ing paragraphs.

3 .3 .3 . 1  Test Wave f or m F — Reduced Ar-uplitude
• It has t een determined in laboratory testing that Unidirectional Wavefo rm

tri e res ults of attac hment po in t test ing are influenced
the voltag e wavefo rm . Fast rising wavefor ms (on Component F si mulate . , at a low currant level ,

the order of a few tuicroseconds) produce a relatively bo th the rise t ine and decay ti me of the return - t r - ~ -

fes- :cu- er ‘f - i t tac ! ,  point s , u s ually to the apparent current psak of the lightning flash. it ~~~ a

‘:ir ’ field regions on the model and all Much attach t ine of 2 microsecond s (+207.), a decay tin e to ..a :~
point ,~ro claistf ted as Zorte 1 , rsst rising w ave— amp litude of 50 nlc roseco nds (±207.) and a ninin~u1’
fern,, hiv e teen u~~ d for practically ill aircr aft  amplitude of 250 amperes. Ind irect ef fects  meas ure-

ment , made with this component muSt be extr apolate d
to the fu ll lightning current amplitude of 200 L’ .

4
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‘1,3.3. 2 Teat Wavefor ms C1 and 
~
‘,2 — Damped Oscillatory

llav e fo rma

Past rate of rise current waveform s and higher
amplitude waveforms may often be usefully employed for
indirect ef fects test ing, rot indirect effects de-
pendent upou s resistive or diffus ion fl ux effects (I.e.
not aperture coupling) a low frequency oscillatory
current — waveform C1, in which the period (i/f) is
long compared with tEe diffusion time, should be uead.
This requires a frequency, f, of 2.5 kilohertz or
lover (i.e. the duration of each half—cycle is equal
to or greatar titan 200 gus) . Where resistive or d i f f -
usion effects are measured , the scaling should be in
terms of the peak current , with full scale being 200 kA.

For indirect ef fects dependent upo n aperture
eoui-iing the high frequency cur rent , waveform C2should be used . The maximua~ frequency of wave form C2
should be no higher than approximately 300 1~ z or 1/10
of the lowest natural resonant frequency of the air—
craft/return circuit , whichever is lower. Where aper—
tuire—coupled effects are measured the scaling should
be in terms of rate—of—rise (di/dt), with full scale
baing 1(10 kA/ps.

l’hen testing composite structures with waveform
(‘~~~, resi stive and diffusion fl ux induced voltages may
oEc ur as well as aperture coupled voltages , and re—
suits should he scaled both to 200 kA and to 100 kA/~t..

I

- 

-- 

~.~::.iI~
T.T!t 

- - - -

— ~~~~~~~~~~~ - _~~ ~~
— - - -

~~ 
- — .d L -~_~~~~ ~~- ~~~~~~~~~~‘~‘~~

_ 
~~~~~~~~~~~~~ ~ ~~— - ~~~~~~ -~~~~ ~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 1~~~,



VOLTACC V()LTM E
UAVCFOR~ I ~4AVEPORJ1

Flashover 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 5O~~of crest amp litude

() 0 1.2 ps ± 20% 50 ps + 20%

Tine (No t to Scale)

Figure 3—2 Idealized h igh—voltage test waveforms
for qualification testing.

cCR Rrrr ,‘r’!’o~F’4T A Definition of rate of rise require—
( i n i t i a l ct r,,~- u ’ ~ ment of test waveform ~~.

Peal. .inpl tt iucl e 20 ’)kA ÷ 107.
A - t i o n  Integr-u l — 2~~10~’~~ Current

seconds + ‘
~~ eurrent C11RRCN~ C(tIPONCNT D sate of Rise

— T t ’ u o  ‘ui ru t Ion .~. 51)O ps (Ces trike)
Peak anpli tui dv llfl)kA +

ç’r ( “ uih T ’T  ~ Action integral— 0.25x10 /C ~~ — — —seconds + ~O-. I(intermediate Current ) —
Tire Duration ~ SOOua I‘Piximuin Charge Transfer— 10 Couulombe —

.\vc rgao An~~ij t ,j di 2kA + iir H~.s~uaH I

h’RRNT ,-nMr~ I:NT C I
(Continuing Current ) Current
C’ u~-u rge Trans f er • SO ~~

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

I ______________

~~i SxI(1 3 
~~ ~~~~~ set 

a T e  I sec CURRENT WAVUO~ I E
Peek a.plitude ? 3O ha

Tine (blot to Scale) ~*te of Rise ? 25 ha/us
fot at least 0.5 ‘as ,

Pigu re 3— 3 Idealised current test waveform components

for qualif ication testi ng .
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Vu tI,TAC,; VOLT/U’. r
‘LJAVI FOR’I IIAVITOR}1

C 0

~ Plashover 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Flashover

* 2 ps SO to 25~~s

Figure 1—4 Idealized high vo1t~ ge w aveform s for engineering tests .

- ‘U ’ ‘ ? \ ~~‘ rf l~” ~
T 1 es + •‘ f )  C1’RICIh T “AVCFORMS and C ,

‘.‘~~i q +  ulU
“e~T u n o h i t u i d e  1 - Waveform Cl ~ 2.5 kHz (see Pars. 1.1.1.2)

~~o ~~~~~~ 
— f

Waveform (‘.2 ~ 3(31) khhz (see Pars. 1,3.3,2)

50% of
— I Crest I

~

l 

“

~

“

~S~S%~~ ~ 
(

Time
(~lot to Sc*le)

Firuiri ’ I—S idealized current waveforms for engine ering tes ts ,  (‘9ote :
Peak irunh ttupdes Sr. not th~ eSmo.)
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Ts ble 1

App lication of Waveforms for Qualification Tests

V oltage Tes t Technique
Test Zone Waveforms Current Waveforms/Components Para. No .

A 7 1 0  A II C 0 F,

Full size hardwar e
attac twu uent point IA ,li X X 4 .1.1

i)I r ec t ef f e c t s  —

structural U X X 4 ,1.2 , 4 .1.2.2.]

“ III x X X X 4.1.2, 4.l.2.2.~

2A X X X 4,1.2, 4.1.2.2.1

‘ 211 X X X 4.1.2, 4,1.2.2.1

3 X N 4.1.2, 4,l.2.2.~

1)jrec t effects —

combustible vapor Same current components as for structural tests 4.1.3
ignition

Direc t effects —
strea mers N 4 .1 .4

ind irect effects —

external electrical
hardware X 4.1,5

- - - t  . - 1 . o- , -- r i- -~ * - ,ur rp !-u t of 2 kA + 1 C ~or a -Ric h I t ime less than
-~hl 1 i s e c o n - (s  u’oa.~uurt ’,i in Test 4,1 . tip to ii maxinuru of S
C I i qcu —o ’ u* 1-~

0 ~~. ‘ -o --or 1 o  r’,rr -- ~? u t  4~ ) - )  ;u r,~ - f o r  dw e l l  t Ire in excess of S
•~q Cet -~~~I~~-o ~v engIneering t e st s .

~‘u~ t r u ’c t  0C f o r t c  c hnui I a lso he measured with cuirrent components
Cu as appropriate to the test zone

‘~nte 4. The appropriate fractIon of component “C”
expected for the location and surface finieh.

Table 2

Application of Waveform s for gagineering Teats

Voltage Test Technique
Test Zone Waveforms Current Waveform s/Component s Pars. No.

C 0 C 
_

E F C~ C2

CIodel aircraft
lightning attachment
I.oint test

Faqt front X 4.2.1
‘lo w front 4,2.1

Fill  s ize hardware
attachment test ZA X X 4.2.2

Indirect effects —

complete X or N + X 4 . 2 . 3

4
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4,0 TEST TECIUIIQUFS If t he  test object is so small that a 1—meter
gap permit, strokes to miss the test object , or if a

The simulated lightning waveforms and components 1—meter gap is inappropriate for other reasons ,
to be u se.! for qualification testing are presented in shorter or longer gaps nay be used . :Iultiple flash—
T.uhu le 1. This table gives the current components that overa should be applied from each electrode position.
~t11 flow through urn aircraft structure or spec inen in Teats nay be commenced with either positive or nega—
each :one. In some cases, however, not all of the tive polarity. If test electrode positions are found
current coluuponents spec ified in the table will contri— from which the simulated lightning flaahoverua do not
butte significantly to the failure mechanism. There— contact the test p iece , or do not puncture it if it
fore , in principle, the non—contributing component(s) i~ notruetallie , the tests from these sane electrod e
can ho omitted from the test. If components are to positions should be repeated using the opposite
he omitted from a test for thia reason, t he  proposed polarity .
test plan should be agreed upon with the cognizant
regulatory authority. 4.1.1.4 bieaaurementa and beta ReQuirements

Table 2 presents waveforms suggested for engin’. licasuresents that should be taken during these
earing tests. The objective of each qualification or testo include the following:
engineer ing test , setup and measurortent details and
.ata requireruents are described in the following para— a. Test Volt~ge end Aruplitude Waveform. T c
,;raphus. voltage app lied to t he  ~ap should he neasuured ,

gra1,hs of the ‘toltage wav~ fot-u ;1,culd hi- ta i e u ,  to o ; —
4.1 ~ualification Tests tal -lislu rhit ~-avof orru A is in tact busing ~uiuuul ic~ .Voltage tueasurer,eruts should lie ru de of e~cli te ’ t ‘o1 t—
.~.1.l ~u1l Size :tardware Attachment Point Test s — age wavefo rm app lied since Lreal:down path s, ad .00cc

go~~ i the test voltage, nay change. P.articurlar attention
should be given to assuring that the gap flashes over

6 .1,1.1 objective on the u;avefront . If a flaahover occurs on the wave
tail, the test should be repeated with the generator

This attachment point test will be conducted on set to provide a higher voltage or the test electrode
full size structures that include dielectric surfaces positioned closer to the test object so as ~o produce
to deteraine the detailed attachment points on the ex— flashover on the wavefro nt.
ternal surface, and if the surface is nonmetallic, the
path taken by the lightning arc in reaching a metallic b. Attachment Poj~~ts and/o r Dreakdown Path&
structure. The voltage generators used for these tests are hiph

inpedance dev ices. The test current nay be nucI~ less
4 .1.1.2 Waveforms than natural lightning currents. Consequently, they

will produc e riuch less d&uage to the test object than
Test voltage waveform A should he applied between a natural lightning flash, even though the breaLdown

the electrod e and the p,rounded teat object. in the case will follow the path a ~u11—gca1e lightning stroke
of teSt object s having particularl y vulnerable or flight— current would follow, occasionally a diligent search

criti c al components It may be advisable to repeat the wi-il be required to find the attachuient point on net—
tests uusine waveform I) as a confirruatnrv test , ala or tlue breakdown path through nonmetallic surfaces.

These attachment points or breakdown paths should be

• 4 1 1 3 eat Setup looked for after each test and marked , when found ,
‘ ‘ with masking tape or crayon markings to prevent con—

The test object should be a full—scale produc— fusion with further test results.
cion line hardware component or a representative pro-
totype , u i ac e ainor changes from design samplea or 4.1.2 Direct Cffett~ — Structural
prot—type s may change the lightning test results.

~c’~du ct ir g  objects within or on nonmetallic h ard— 4 .1.2.1 Objective
Ji re t :  ~~t ar~ ~orna11y connected to the vehicle when
iu~s~a~~ce in the aircraft should be electrically con— These teate determine the direct offects u- -bi g ’ ,
nocto-’. to ground (the return-aide of the lightning lightning currents nay prod uce in st ruc tu res.
generator). surrounding external metallic vehicle
structure should b. simulated and attached to the 4.1.2.2 ttaveforns
test object to make the entire test object look as
—ti~~) like the actual vehicle region under teat as Simulated lightning current vsvefortn components

should he applied , depending on the vehicle zone of
the test object , as follows :

The test electrode to which test voltage is ap—
j lie.C should he positioned so that its tip is 1 meter 4 . 1.2 . 2 . 1  Zone lÀ
sway ‘run the nearest surface of the test object,

renslu ,ns .-*f the test electrode are not critical. t~uveform components /. and B should be applied .
‘~ner-u lly, tiule l tests or field experience will have

bu’7~~— i te4 th at l ightning fla shsa can approac h thus ob—
ert  under test from several different directions . If

o , th” tests should be repea ted with the h igh voltage
el’,ciru’Ie oriented to create ~trokoe to the object from

4 t h~ n,u ‘ Ij f f o re nt directions,

- - -  -~~~~- . _
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4.1.2. 2.2 none lb The polarity of conponants A and 1) can be either
positive or negative. The polarity of the generators

Waveform co mponents A , ~, C , and fl should he uaed to produce components 11 and C should be set so
applied in that order , hunt not necessaril y as one that the electrode is negative with respect to the
continuous discharge , test object , because greater damage is generally pro— -

duiced when the test object is at positive polarity
4.1.2.2.3 Zone 2A with respect to the test electrode.

Although Zone 2A is a swept stroke zone, static 4.1.2.4 ~teasurements and Data Reguir~ ients
tests can be conducted once the attachmen t points and
dwell tinea have been determined . Curren t components ‘teas urements for these tests includ e test current
“, \ , and C should be applied In that order as appro— amplitude(s) and waveform(s), Initial stroke, restrike
-n ate to thue following discussion. and intermediate current components may be measured

with noninductive resistive shunts, current transform—
111gb peak current restrike , typicall y produce ers, or Rogowski coils. Continuing currents nay be

r -’—attaclunent of the arc at a new point. Th erefore, measured with resistive shunts, The output of each of
current component P is app lied first. The itwell time these devices should be measured and recorded.
for ~onponents P and C in Zone 2A may he determined
fre’r, swept stroke tests as described in Paragraph 4 .2.2 ~JOTE: Indirect effects measuraments are fre—
or, alter-natively, a worst case dwell time of 50 uuilli— quiently required for external electrical hardware,
seconds may he isstrued w ithout conduicting swept stroke as specified in Paragraph 4.1.6. If desired , some of
tests. The timing mechanism of the generator produc— these neasureruents can be made during the direct
Log component B should be set to allow current to flow effects tests.
into tha test object (at any single point) for the
mnxthts~ dwell time at that point as determined from Since the condition of the test object or other
the dwell point tests. If thus measured dwell time is parts of the test circuit may affect the test cur—
greater than 5 milliseconds or if a 50 millisecond rant(s) app lied , measurements of these parame ters
dwell time has been assumed , the component ii current should be made during each test applied , and thue de—
should be reduced to 400 us uperes (component C) for tai ls of the tegt setup recorded for each test .
the dwell time in excess of 5 milliseconds. If the
measured dwell tim e is less than 5 milliseconds, com— 4.1.3 Direct Zffects — Combustible Vapor Ignition Via
ponent B should be applied for the length of tine Skin or Component Puncture, Hot Spots or Arcing
neasured ,down to a sutnimuan of 1 millisecond .

4 .1.3, 1 Objective

4.1.2.2.-. une 2b The objective of theae tests is to ascertain the
possibility of combustible vapor ignition as a result

C~rrent components 3, C and J should he applied of skin or component puncture, hot spot formation, or
in that o rd e r ,  arcing in or near fuel systams or other regions where

combustib le vapors may exist.
4 .1 .2 , 2 . 5  one 3

CAUTION: These tests simulate the possible direct ef—
Current com ponents A and C should be applied in fects which may cause ignition. Ignition of conbuat—

that order to test objects in Zone 1, The teat cur— ibis vapors may also be caused by lightning indirect
rents should be conducted into and out of the tost ob— effects such as induced voltages in fuel probe wiring,
~oet in a ruannar ~imi1ar to the way lightn ing current s etc.
would ho conduc ted through the aircraft.

4 .1.2. 1 Test Setup If a blunt electrode Is used with a very sri1l
gap, this gas pressure and shock wnve effects in the

- ~.l.2.L1 :est .iertrode and Cap confined area nay cause more physical damage thac
would otherwise be produced. The electrode ahoul~Tic teat currcnts are delivered from a test d cc— be rounded to allow relief of the pressure for-ned by

trode positioned adjacent to the test object. The test the discharge.
object is connected to the return side of the gene r—
ator( s )  so tha t test current can flow through the ob— For tuzil t iple component tests , the test electrode 4
s ec t  in .a rea listic manne r, should be placed as far fr-on the test object surface

as t he driving voltage of the intermed iate comp onent
‘h.t ~~tO.) : There nay he interactions between th. arc 11 or cont inuin g current component ~ will allow. .‘~ gapand current carry ing conducto rs . Care must be tak en spac ing of at least 50 na is desirable hut a lesser
to assure t hat these interactions do not influence the gap of at least 10 nm is required u.’hicht will result
t’nt ro sul ta, in more conservative data. When com ponents B or C are

preceded by the high peak current component A , the high
e l—rt r ” ’u. ‘-usrer ial should he a good electri— driv ing vol tage of this generator initiates the arc and

cal cond uctor with ability to resist the erosion pro— subsequent components B and/or C follow the established
-h’zcec ’ v t h e  test  curr ent s involved , Yellow brass , arc even though driven by a much lover voltage.
iteel , tu ngsten and corbon are suitable electrode ma—

• t e r i a ls . Tue s hape uf the electr od e is uuauall y a
4 ru urutbot ! rod firmly -iffixed to the generator output

~~ tr~Tftnnl u-i d spaced it a fixed distance above the cur—
ff’u~~ ‘uf t O  teSt object.

-T’-
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4, 1.3,2 lavsforunu 4.1.4 Direct Rff.ct• — Str eamers

The same test curren t waveform, should be ap— 4.1.4.1 Objective
plied as are ~pecifisd for structural damage tests
in Paragraph 4.1.2.2. Electrical streamers initiated by a high voltage

field represent a possible ignition source for combust—
4.1.3.3 Test Setup ibi. vapors. The objective of this test is to deter-

min. if such streamers ‘nay be produced in regions
Test setup requirements are the same as those when, uch vapors exist.

described in Paragraph 4.1.2.3 for structural damag.
tes ts , with the following additiona l considerations : 4.1.4.2 Waveform.

If a complete fuel tank is not available or u s-. Teat voltage waveform B should be appliad for
prac tical for test , a sample of the tank skin or other th is test. The crest voltage should be sufficient to
spec imen representative o f the actual structural con— produce st r.azuering , but not sufficient to cause flash—
f igura tion (including joints , fasteners and substruc— over In the high—voltage gap. Generally, this will
tunes, attachment hardware , as well a. internal fuel require that the averap,e electric field gradient
tank fixtures) should be installed on a light—tight between th e electrodes he ~u t  least S kV/em .
opening or chamber. Photography is the preferred
technique for detecting sparking. If photography can 4.1.4.3 Test Setup
be employed, the chamber should be fitted with an
array of mirrors to make any sparks visible to the The test object should be nounted in a fixture
camera, However , for - regions where possible spark— representative of the surrounding region of th. air-
ing activity cannot be made visible to the camera , f rame and be subjected to the high-voltage waveform.
ign ition tests nay be used by placing an ignitable The voltage may be applied either by (1) grounding
fue l—air mixture inside the tank. This can be a mix— the test object and arranging the high—voltage test
ture of propane and air (e.g., for propane : a 1.2 electrode sufficiently close to the teat obj ect to
sto ichio ,netric mixture) or vaporized samples of the create the required field at the test volt age level
appropriate fuel ruixed with air . “erifica tion of the applied or (2) connecting the test object to the high—
combustibility of the mixture should be obtained by voltage output of the generator and arranging the test
ignition with a spark or coro na ignition source in— object in proximity to a ground plane or other ground
trod uced into the test c hamber Immed iately after each electrod e that is connec t ed to the ground or low side
lightning test in which no ignition occurred . If of the generator. In either case the low voltage side
t he combustible mixture was not ignitable by this of the generator should be grounded. Zither arrange—
ar tif ic ial source , t he lightning test must be cnnsi d— ment can provide the necessary electric field at the
ered invalid and repeated with a new mixture until test object aperture. The test object should be at
either the lightning test or artificial ignition positive polarity with respect to ground , since this
source ignites the fuel, polarity usually provides the moat profuse streanering.

4.1.3.4 Iteasurements and Data Requirements 4.1.4.4 Measurements and Data Requirements

The sane test current measurements should be ~teasureuuents should include test voltage wave.
made as are specified for structural damage tests in form and amplitude, and degree and location of stream—
Paragraph 4.1.2.4. ering. The presence of streanering at locations where

combustib le vapors are known to exist is considered an
Flue presence of an ignition source should be di— ignition source. Th. presence of streamering can be•t

termined by photography of possible sparking. For be determined with photography of the test object while
t his purpose a camera in placed In the test chamber in a darkened area , If the presence of streamers is
and the shutter left open during the teat. Tl~perience questionable, the test shou ld be run with a combustible
ind icates that A S A  IflOD speed film exposed at f4 ,7 j q mixtur e actua lly present in the test object to determine
sa t i s fac to ry .  Al l ligh t  to the eharih er interior oust if ignition occurs , but care should be taken to ensure -
I c  e:~c luu ded . Au: y light indications on the film due that the test arran gement simulates relevant operationa l
r’u inte rnal s park ing af ter test should be taken as an (i.e., in—fl ight) characteristics.
indication o f spar king s uffi c ient to ignite a c onubu at—
ible m ixture. 4.1.5 Direct Effects — External Electr ica l Hardware

CAUfIOIh This method of determining the possibility 4.1.5.1 Objective
of sparking shoul d be utilized only if certainty ex-
ists that all locations where sparking might exist The objec t of this test tu to deter min, the
are vis ible to the camera. amount of physical damage which nay be exp.nieac.d

by externally mounted electric al components , such as
‘hor , specia lized inatrtr~sntation may be added if pitot tubes , antennas , navigat ion lights , .tc. whim

additional information such as .kin surface temp era— directly struck by lightning.
tur .• , press ure r ises , or f lam. front propagation vii —
ocit iea are desired .
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4 .1 .5 .2 ~Jnvefor ns, Test Setup, and ?teasur muu ents The te it electrode should be positioned so as to
and hiata Requirements inject simulated lightning current into the teat oh-

jeer at the probable attachment point(s) expected from
Sane as for struuctures test as described in natural lightning . For tests run con currently with

Paragraph 4 .1.2. direct effects tests on the same teSt object , this
should be an arc—entry (flashover f rom test electrode

4.1.6 Indirect Effects — Externa l Electrical Hardware to test ob j ect); but for tests made only to determine
the indirec t effec ts, hard-’wired connections can be

4 .1.6.1 t)bj ect ive made between the generator output and test object.
This is appropriate especia lly if it is desired to

The objective of this teat is to determine the min imize physical damage to the test object. The test
magnitude of indirect effects that occur when light— object should be ground ed via the shielded enclosure
ning strikes external ly moun ted electrical hardware , so that simulated lightning current flows from the
Such as antennas, electrically heated pitot tubes , or test objec t to the shie lded enclosur e in a manner re—
navigation lights. For suc h hardware the indirec t presentative of the actual installation .
effec ts include conducted currents and surge voltage.,
and induced voltages. These currents and voltages may 4.1.6.4 Measure ments and Data Requir ements
then be conducted via electrical circuits to other sy-
stems in the vehicle. Therefore, during the direct Measurements should include test curr ent ampli—
effects tests of electrical hardware mounted within tuda(s) and waveform (s) as specif ied for the direct
‘ones 1 or 2 , measurements should be made of the volt— effects teats utilizing the sane waveforms in Para—
ap .e appearing at all electrical circuit terminals of graph 4.1.2. In addition , measurements should be made
the component . In addition, a fast rate of rise test of cond ucted and induc ed voltages at the terminals of
should be conducted for evaluation of magnetically electrical circuits in the test object.
induced effects.

‘feasurement of the voltages appearing at the el—
4 .1. 6.2 •:aveforma ectrical terminals of the test object should be made

with a suitable recording instrument having a band—
‘~urrent components A through T) used for evalue— width of at least 30 megahertz.

tion of direct effects are also used for evaluation
of indirect effec ts, particularly those relating to In some cases it is appropriate to make measure—
the diffusion or flow of current through resistance. ments of the voltage between two terminals, as well as
The specific waveforms to be used are the sane as of the voltage betwe en either terminal and ground .
those specified in Paragraph 4 .1.2. In additio n, the Since the amount of induced voltage originating in the
fast rate of change current wavefor m F sho uld be ap— test object which can enter systems such as a power bus
plied for evaluation of magnetically induced ef fects ,  or an antenna coupler depends partly on the Impedances

of t hese items, these impedances should be simulated
ifldi rect effects measured as a result of this and connected across the electrical terminals of the

waveform must be extrapo lated as follows , Induced test object where the induced voltage is being measured .
volta g es dependent upon resistive or diffusion f lux
ihou ld be extrapo lated linearly to a peck current of The resistance , inductance and capacitance of
200 kA, the load Impedance should be included . A typical

test and measurement circuit is shown in Figure 4.1.
Induced voltages dependent upon aperture coupling

should be extrapo lated linearly to a peak rate— of—rise CAUTION: Interference—free operation of the voltage
of l-~ naasurmsent system should be verified.

Shielded Enclosure4 .1.6 .3 Test Setup — - -

Simulated
‘ue test ohiect should be mounted on a shielded Impedances

,test c~a’nber so that access to its electrical connec—
tor (S) can be ob tained in an area relatively free fro m J Oscilloscope
extraneo u u q electromagnetic fields . This is necessary Test — — — — —to prevent electromagnetic Interference originating Object
in the lightning test circuit fro m Interfer ing with
measurement of voltages induced in the test object waveshaping 7 /
i ts e l f .  The test object should be fastened to the Elements / Itest chamber in a manner similar to the way it is I —

~
—

nounred on the aircraft, since normal bonding iruped— ~, ,  I
ances nay contribute to the voltages Induc ed in c m —
c it - . T f the shielded enc- loMuire is large enough,
the ~,eaqunenent/reeording equipment may be contained ‘—

—. ~ — — — .
within it. If not , a suitable shielded instrument I
c.a~1e may h e uoed to tr ansfer the induced voltage sig— ,J, Lightning I
nd fr om the shielded enclosure to the equipment. In 

~ T~
- Current Divider or

thin cane , the equipme nt should be located so as not Generator Attenuat or
to  exp erience Interference. I

____________________ — — — — — —
Figure 4—1 Essential elements of electrical hard—

ware indirect ef fects , test and meas urement
c ircuit.

14
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4.2 ~~~ine.ring Teats

4.2.1 Model Aircraf t Lightning Attachme nt Po~ .i. Teat sl.ctrode

4.2.1.1 Objective —

The objective of the model test is to determ ine I
the places on the vehicle wher, direc t lightning etrikes
ar. likely to attach.

4.2.1.2 Wavefor m.

If it is desir ed to determ ine the piece. on the I q

aircraft wh ere lightning str ik. . are most probable , — —
‘ —

‘

then volta ge waveform C may be utilized . If it is — — I
desired, in addition , to identify other surf aces where
stri kes may also occur on rare occasi on, vo ltage wave— 0—180 — — — — - ‘ ‘  — — — — 0—0
form I) may be utiliz ed . Th. longer rise— t ime of wave-’ /
form 0 allows develo~~ent of streamers and attac Im~ent
points in r.giona of lower field intensity (in addi— /
t ion to those of high intensity at surfaces of high 0-9O~
strike probability.

4.2.1.3 Teat Setup

T.st. on small—scale models are h.lpful for de—
terinining attachment zones. In some cases, teats on
models must be supplemented by other means to deter-
mine exact attachment zones or points. This is parti— Q — latitud e Q 180
cularly true of aircraft involving large amounts of 0 — longitude
nonmetallic struc tural materials.

An accurate m odel of the vehicle exterior from
1/30 to 1/10 full scala should be constructed . The Figure 4— 2 Aircraft  coordinate syste m .
various possible vehicle configuration . should also
be modeled. Conducting surfaces on the aircraf t
should be represented by cond uc t ive surfaces on the
model, and v ice versa, If rotation of the model significantly changes the

gap lengths, it may be necessary to reposition the
The model is then positioned on Insulators be— electrode. Typically three to ten shot. are taken

tveen t he electrode, of a rod—rod gap or the electrod e with the aircraft in each orientation to simulate
and a ground plane of a rod—plane gap. The length lightnin g f lashes approaching from different direc—
o f the upper gap should be at least 1.5 times the long— tions. Photographs , preferably with two cameras at
cit d imension of th . model . The direction of approach right angles to each other, should be taken of each
becomes less controllable at much highar ratios and shot in order to determine the attachment point..
the stroke may even miss the model. Th. lower gap, The upper electrode should be positive with respect
may b. as much as 2.5 t ime, the longest dimension of to ground and/or the lover electrode.
th. model and should be at least equal to the model
dimension, - 4,2.2 Full—Size lhardware Attachment Point Test —

Zone 2
Comuonly the electrode. are fixed and the model

is rotated , The or ientations of the electrodes with 4.2.2.1 Objective
respect to the model should be such as to define all
likely attac hment points. Typically, t he electrodes , The mechanism of arc attac hment In Zons 2 regions
relative to the model , are placed at 30’ steps In let— is fundamentally different fr om that in Zone 1. The
itude around the O and 90 longitudes , a. shown in basic mechanism of attachmemt is shown on Figure 4—3.
Figure 4—2, Smeller steps in latitud. or longitude The arc first attaches to point 1 and then, viewing
nay be required to identif y all attachment points. the test object as stationary, is swept back along the

surface to po int 2. When th. heel of the arc is
above point 2 the voltag. drop at the arc—me tal inter-
face is •uff icie ntly high to cause flashover of the
air gap and punctur. of the surface finish at point
2 causIng it to re—attach there.
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Time arc will again be blown back along time sur— The objectives of attachment studies in Zone 2
face until the voltage along the arc channel and arc-’ are then:
metal interface is sufficient to cause flasho ver and
attachment to another point. The voltage at which each For metallic rurfaces
new attachment will occur depend s strongly upon the (including conventional painted or treated cur—
e .mrface finish of the object under test. The volt— faces) :
age available to cause puncture depends upon the cur— To determine possible attachment points and aa—
rent flowing in the are and the degree of ionization sociated dwell t imes .
in its channel. There is an inductive voltage rise
along the arc as rapidly changing currents fl ow For nonm etallic surfaces
through It. There will also be a resistive voltage (includ ing metallic surfaces with high dielec—
rise produced by the flo~z ‘f current. The inductive tric strength coatings):
voltage rise as well as the ra~ istiva rise can be To determine if punctures nay occur.
quite significant when a lightning restrike occurs
at some point in the flash. 4 .2 .2 .2  ~Javefo rms

4 . 2 .2 . 2 . 1  Meta llic Surfaces

To determ ine arc dwell times on metallic sur-

faces , it is necessary to simulate the cont inuing
current component of the lightning flash. Thus the

- - simulated continuing current should be in accordance

faces , including conv ent iona l painted or treated cur—

wi th current component C.
Iee 1

2 
• - - :

sufficient to maintain an arc length that move s free ly
- - 

- , 
- - . Motion 

The cur rent generator drivin g voltage must he

along the surface of the test object. The teat elec-
trode should be far enough above the surface so as
not to influence the arc attachment to the teat sur—

s’igure 4—1 “~as1c mcchani ~m of swept .mtroke 
face. If the technique of Figure 4—3 is used , the

attac hm ent , electrode should be a rod parall.l to the air stream
and approxi matel y paralle l to the test object.

T~ addi tio n , if the flash is discontinuous for A restrike may be added to the continuing cur—
a r~uf period a very high vo ltage is ava ilable prio r rent  after initiation to determine whether a restrike

fic~ of the next current component. 3ecause the with its associated high current amplitude would cause

channel remains hot and nay contain residual ionized re—attachment to points other than those to which the
-‘articles, this voltage stress Is greatest along it continuing current arc would re—attach. If a restrike
and subsequent current components are likely to flow is used it i, most appropriate that it he the fas t
along the same cha nnel. Such a voltage nay well be ra te of change of current wavefo rm shown as current

h i gher than vo ltages created ‘—y currents flowing ~~ 
waveform E on Figure 3—3.

the channel and nay cause re—attachment to metallic
siirfacoq or puncture of nonmeta llic surfaces or di— 4 ,2, 2 ,2 , 2  Honmetallic Surfaces
electric coatings.

To determine whether it is possible for dielec—
Th.-s t in~ -iur thg ‘~hich an arc nay remain attach ed tric punctures or reattac hnents to occur on nonr’eta —

any ‘ingle point (dwell ti n e) is a function of t he lic surfaces or coating materials, including neta~~
it s ’ t -~irv’ f lash and s urface characteristics which gay— surfaces with high dielectr ic strength coatIng.~, -

r i ’att ac srne nt to tbe nCxt point. The iwell tine is is necessary to simulate the high—voltage c r,i~. t ”
a f -i-i c t ian of  a ir c ra ’t speed. ist ics of t he arc, High voltages are caused by

current rest rikea in an ionized channel, or (2) vc-~ t-

‘~-‘.-‘t stroke attac hm ent point and dwell t ine age bui ldup along a deionized channel. These char—
-~ “-‘fl- -‘na are therefore of Interest for ~~~ 

acterist ics are simulated by a t est in which a re—
• - ~~-~nnq , F i rs t , U there is an intervening nonmetal— str ike is app lied along a channel previously estab—

, ~r t i e o  a long the path over which the arc may b~ 
lished by a continuing curr ent. The restrike must

-- - • , Y e  wept stro l ’e phenomena may deter min e be initiated by a voltage rate of rise of 1000 kV/pa
- . .r t -. nonnet*llie surface will be punctured or or faster and must discharge a high rate of rise cur—

et •r ~. arc ‘,tll pass harnle.sly across it to the ren t stroke in accordance with current w~vafo rn
—. ‘ i. 1c surface, This restrike inset not be applied until the continu-

ing current has decayed to near zero (a nearly deS-

ma , ‘~~e ‘ well tine of an arc on a metallic ionized state) as shown in Figure 4—4 .
- ~-~~-r ‘n determinin g if suff icient heat—

• 1 dwell point to burn a hole or form Several tests ~hou1d he api liod with th e cc’ntin—

- .~~ . of i4n it tn g combu stib le mixtur es m ming current duration and restrike. applied accord —
- .-~~ - 

~~~~~~~ Thue~ over a fuel tank i~ 
ing to different times, T, in order to produce wor st—

- r . lT t l f lt  that the arc move freely, case expo sures of the surface and underlying elements
. - i ts !  .kin of the tank not be bent— to voltage stress .

- . t - ~ t ~ha~ fuel vapors are ignited ,
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The amplitude of the continu ing current is not 4.2.2.4 !teasuroments and Data Reguir manents
critical ~nd may be lower or higher than that of cur-
rent component C. Ot her aspects of this test are as The most important neasur ome nts are those giving
describ ed in Paragraph 4 .2.2 .2.1. the attac hment po ints , arc dwe ll t imes, breakdown paths

fo llowed , and the separation between attachment po ints.
These are most easily determined from high speed mut ion
picture photographs of the arc. h teasurenents should
be made of the air flow or test object velocity ond the
anplituda and waveform of the current passing through

Current 
~~~~~n~~~~~Onrrent 

F 

the test object.

Voltage
Waveform A I

Voltage

_ _ _ _ _  Tine

Figure 4—4 Swept stroke waveforms for tests
of nometallic surfaces. Surface

(Moving)

4.2.2.3 Test Setup
Figure 4—6 Test surface moved

Two basic methods have been used to simulate the relative to stationary arc .
swept stroke mechanism. One of these involves use of
a wind stream to move the arc relative to a station-
ary teat surface a. shown in Figure 4—5. The other
method involves movesent of the test surface relativ e 4 . 2 . 3  Indirec t l~f f ec ta  — Complete Vehicle
to a stationary arc as shown in Figure 4—6, Other
methods nay also be satisfactory if they adequatel y 4. 2.3.1 Objective
represent the in—flight interaction between the arc
and the aircraft surface. Rela tive velocity should The objective of this test is to measure Induced
htic ~~~~ 

-
~~1t not he limited to the minimtsn in—flight voltages and currents in electrical wiring within a

ve loc i t Y of t he vehica l , which is when the dwell t ine complete vehicle. Complete vehicle tests are intended
condit ion is rinet critical, pr imarily to identify circuits which nay be susceptible

to lightning induced ef fects.
The test electrode should be far enough above the

surfac e so as not to influence the arc attachment to 4 .2.3 ,2 th avefor ns
the test surface. If the technique of Figure 4—5 is
used , the electrode should be a rod parallel to the Two techniques, utilizing different wavefor m ;.
a ir stream and approximately parallel to the test may be utilized to perform this test , One involves
objec t,  application of a scaled down unid irectional waveform

representative of a natural lightning stroke.
Stat tonsry
Elec trode (Rod or Knife Edge) The second technique involves perfor mance of the

test wit h two or more damped oscillatory current wav e-
form., on. of which (componen t G2) provides the fast
rate of r ise characteristic of a natural lightning
stro ke wavefro nt , and the other (component G1) pro—

Air Plow vides a long duration period characteristic of natural
lightning stroke duration. Induced voltages should he

- measured in the aircraf t circ uits when exposed to both

~~~
- )~ArC I 

th: r:SUlt 
highest induced voltages take n as

Each test is carried out by passing test cur—
Surface (Stationary) rents through to the comp lete ve h icle and mea suring —

4 the induced voltages and c u r r e n t s .  C heck s are also
made of aircraft sys te m s and equ t pn ent oper.-at ion c

Pigur . 4—5 Arc moved relative to where possible.
stationary test surfscs .
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4. 2.3 .2.1 Unidirectional Tea t Waveform

Waveform F should be applied.

Th~~~Vehic~~

4.2.3,2,2 Oscillatory Waveforms 

Currant reneratorWaveforms Cl and 6
2 should be applied .

4.2.3,3 Test Setup

[L~~~~~~~~T ’
~~~~~~~,)

The test current should be applied between sev-
eral representative pairs of attachment points such _______

ac no s e—to—ta il or wing tip—to—wing tip. Typical tCst

- 
setups are shown in Figure 4—7.

Attachment pairs are normally selected so as t~ 
Ground Connection Return Wires

direct current through the parts of the vehicle where hJhere Induced Insulated from Ground
circ uits of interest are located . Voltage Measure ments

are Made

~hultip1* return conductors should he used to esin—
m ic, test circuit inductance and proximity affects .
Typical test setups are shown In Figure 4—7 .

4.2,3,4 heasurements and flata ~eguLrememts

o test current amplitude , waveform, and re-
sulting induc ed voltages and currents in the aircraft

est Vehic ]eelectrical and avionics systems should be measured .

~AuTI~)N : Interference—free operation of the voltage Current C

~ea9urenent system should be verified.

Voltage s measured durin g the comp lete vehicle
tests should be extrapolated to full threat levels in
the sane manner as described in Pare. 4.1,6.2 for in 

-

_______

direct e f f e c t s  cieasurements in external electrical I
harduare. Situations such as arcing paths or non-
linear in pedances exist which nay result in non-
linear relationships between induced voltages and ap— ‘ -  Wheels on
plied current. Careful study of the vehicle under ‘ Electrical Insulation
test , ‘iouever , can usually identify such situatione . Ground return Wires
‘ben testing fueled vehicles , care should be taken Connection Insulated from
to prevent sparks across filler caps , as even low Ground
r.nplitimde currents can cause sparking across poor
bonda or joints, In doubtful situations, fuel tank.
should ~e rendered nonfl~~ sab1e by nitrogen inerti ng. Figure 4— 7. Typical setups for complete vehicle tes ts .
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FINAL PROG RAM
FEDERAL AV IATION ADMINISTRAT ION/ FLORIDA INSTITUTE OF TECHNOLOGY

WORKSHOP ON
GROUNDING AM) LIGHTNING PROTECTION

March 6—8 , 1979

TUESDAY 1 MARCH 6
MORNING SESSION

7:30 — 8:30 REGISTRATION

8:30 — Introduction — Mr. Richard M. Cosel
Electrical Engineering
Florida Institute of Technology

8:35 — Welcome — Dr. Jerome P. Keuper, President
Florida lnstitute of Technology

8:40 - Opening Remarks — Mr. Cosel

8:45 — Announcements — Mr. Richard E. Enstice, Director , Continuing Education
Florida Ins t i tu te  of Technology

SESSION MODERATOR : Prof .  Warren D. Peele
Purdue University

9:00 - RETURN STROKE LIGHTNING CHANNEL MODEL - Dr. D. Quinn,
Flight Dynamics Laboratory , Wright—Patterson AFB

NON-LINEAR MODELING OF LIGHTNING RETURN STROKE S - Dr. D. Strawe,
Boeing Aerospace Company

ELECTRIC FIELDS IN THUNDERCLOUD S — W. P. Winn, C. B. Moore and
C. R. Holmes, New Mexico Institute of Mining & Technology
and L. C. Byerley, Lightning Location & Protection

10:45 — Br eak

11:00 - INITIAL CURRENTS ASSOCIATED WITH LIGHTNING TRIGGERED BY A
ROCKET — R. B. Standler , University of Florida and C. B. Moore,
New Mexico Institute of Mining & Technology

MEASUREMENT S ON NATURAL AND TRIGGERED LIGHTNING - J .  Boulay
and P. Laroche, Office National d’Etudes et de Recherches
Aerospa tiales , France

FURTHER CONSIDE RATION OP BLUNT AND SHARP LIGHTNING RODS -
C. Moore, New Mexico Institute of Mining & Technology and
R. Standler, University of Florida

12:45 — 2 :00 LUN CH
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AFTERNOON SESSION

SESSION MODERATOR: Mr. Ray Barkalow
Consultant

2:00 — LIGHTNING WARNING DEVICES — Dr. R. Bent , Atlant ic Scientific
Corporation

GROUND EVALUAT ION OF LIGHTNING MON I T O R I N (  SYSTEM (STORN SCOPE)
J. C. Schn eider , Technology/Scientific Serv ices , Inc . and
V. L. Mangold , Wrig ht—Pa tterson AFB

3:15 - Br eak

3:30 - EVALUATION OF THE RYAN STORNSCOPE AS A SEVER E WEATHER AVOIDANCE
SYSTEM FOR AIRCRAFT — PRELIMINARY REPORT - T.J. Sevnour and
Lt. R. Baum , Flig ht Dynamics Laboratory , Wright—Patterson AFB

LIGHTNING DETECTION AND RANGING SYSTEM ( LDAR) AS A THUNDERSTOR M
WARNING AND LOCATION DEVICE - C. L.  Lennon , Launch  Sy s t ems
Operation Section , NASA —KSC

A NEW APPROACH TO LIGHTNING POSITION AND TRACKING - Dr. R. Bent ,
Atl antic Sc ient if ic Corp orit ion

6:30 — Cocktail Party

7:30 — Di:rnt-r

WEDNESDAY, M~ rcl :

MORNING SESSION

SESSION MODERATOR : Dt . G. K e i th  Huddleston
Georg ia I n s ti t u t e  of Techno logy

8:30 - TECHNIQUES FOR INCREASING THE LIGHTNING TOLERANCE OF THE
NAVY/AIR FORCE COMBAT MAN EU VERING RANGE INSTRUMENTATION
SYSTEMS — 1 . E. Nancvicz , E. F. Vance , SRI I n t e r na t i o n a l

LIGHTNING CURRENT TRANSFER ALONG PERIODICALLY GROUNDED PIPELINES .
FENCES , CABLE TRAYS AND BURIED CABLES — ~1 . R . Stahmann ,
M. W. Brooks, PRC Systems Services Company

DESIGN OF ELECTRONIC SYSTEMS TOLERANT OF POOR GROIJNDINC. -

T. H. Herring, Boeing Aerospace Company

10 :15 Br e ak

10:30 ANALYZING SURGE-PROTECTIVE DEVICES WITHIN A CO?~ION FRAMEWORK
8. 1. Wolff , General Electr ic Company
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PROTECTING FAC ILITIES AND EQUIPMENT FROM INDUCED LIGHTNIN G
AND VOLTAGE ON THE A. C. POWER LINE - R. Odenberg, Transtector
System (Paper not delivered due to illness. However , i t is
included in the Proceedings.)

EFFECT OF LEAD WIRE LENGTH ON PROTECTOR CLAMPING VOLTAGES —

0. M. Clark , .1. J. Pizzicaroli , Genera l Semiconductor
Industries Inc.

DESIGN , DEVELOPMENT AND FABRICATION OF DEVICES FOR PROTECTION
OF ELECTRONIC EQUIPMENT AGAINST LIGHTNING — J.P. SIMI, Les
Cables de Lyon , Bezons, France

LI GHTNING FATALITIES : CAN THEY BE PREVENTED - A brief synopsis
of a paper by W. E. Cobb , Atmospheric Physics and Chemistry
Labora tory, NOAA , Boulder , Colorado

12:45 — 2:00 p.m. Lunch

AFTERNOON SESSION

SESSION MODERATOR: Mr. John E. Reed
Federal Aviation Administration

2:00 - A NEW STANDARD FOR LIGHTNING QUALIFICATION TESTING OF
AIRCRAFT - 1. A. Plumer , Li ghtning Technologies , Inc .

THE APPLICATION OF NUCLEAR EMP PROTECTION TECHNOLOGY TO
LIGHTNING PROTECTION PROBLEMS - T. J. Lange, The Boeing
Company

SPACE SHUTTLE LIGHTNING PROTECTION — D. L. Suiter , R. D. Gadbois ,
R. L. Blount , NASA , Houston

3:45 — Break

4:00 - LIGHTNING PROTECTION DESIGN OF THE SPACE SHUTTLES - M. S. Am sbarv ,
C. R.  Read and B. L. G i f f i n , Rock well In te rna t iona l

AN RF COMPATIBLE LIGUTNING DIVERTER STRIP — J. Cline , J. Ra n ey
Dayton Cranger Aviation , Inc., Capt. J. Dunn , USAF , Eglin AFB
J. Robb , LTRI
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THURSDA Y ,~ MARCH 8

MORNING SESSION

SESSION MODERATOR: Mr . John E. Reed
Federal Aviati on Administration

8:30 - PROTECTION/HARDENING OF AIRCRAF’l ELECTRONIC SYSTEMS AGAINST
THE INDIRECT EFFECTS OF LIGHTNING - i. C. Corhin , J r.,
F l i ght Dynamics Laboratory, Wri ght—Patterson AFB

IN—FL I GHT LIGHTNING CHARACTERISTICS MEASUREMENT SYSTEM -

F. L. P i t t s , M . E . Thomas , R . E .  Camp b e l l , R .  M. Thomas ,
K. P. Zaepfel , NASA—Langley Research Center

IN-FLIGHT MEASUREMENTS OF NATURAL LIGHTNING CHARACTERiSTICS -

K. J. Maxwell , L. C. Walko , Technology/Scientific Services , Inc .
and V. L. Mangold , Wright—P atterson AFB

10:15 Br eak

10:30 — LIGHTNING EFFECTS ON GENERAL AVIATION AIRCRAFT - J .  A.  P lu m e r ,
Li gh tn i n g  Te chnolog ies , Inc.

TEST TECHNIQUES FOR SIMULATING LIGHTNING STRIKES TO CARBON
FIBRE COMPOSITE STRUCTURES — P. F. Little , A. W. Hanson ,
B. C. Burrows , Culham Laboratory UKAEA , Eng l and

INDUCED EFFECTS OF LIGHTNING ON AN ALL COMPOSITE
AIRCRAFT — R. A. Perala , R. B. Cook , Electro Magnetic
Applicati ons , Inc. and K. M. Lee, Mission Research Corporation

DISTRIBUTION OF LIGHTNING CURRENTS — B. C. Burrows , Cu i ham
Laboratory, UKAEA , Eng land

11: 45 — Ad lourn

‘
- V

88
4 1 

______ _ _  - - ‘ ~~~~~~~~~
. -  

~~~~~~ -“~~~~~~~~~~~~
‘

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



FEDERAL AVIATION ADMINISTRATION/FLORIDA INSTITUT E OF TECHNOLOGY
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Mr .  Bi l l  Ackerma n Mr. Robert Saran Mr. Joel Bloom

Lear Avia Corp. Science App lication . Inc. Naval Intelligence Support Center
P. 0. Box 60000 8330 Old Court House Road 4301 Suitland Road
Reno , NV 89506 Vienna , VA 22180 Washington, DC 20390

Ms. H. S. Amsbary Mr. Ray Barkalow Mr. J. A. Bohay

Rockwell International—FC 50 Consultant Dep ’t of Transport

12214 Lakewood Blvd . 4601 N. Park Avenue #720 LIAE—Transport Canada Bldg.
Downey, CA 90241 Chevy Chase , MD 20015 Ottawa, Ontario, Canada K 1A OHS

Mr. Herman D. Anderson Mr. James L. Barragree Mr. A. Thomas Bolt
Defense Electronics Supply Center Beech Aircraft Corp. US Army Engineer Division
1507 Wilmington Pike 9709 E. Central Box 1600, HNDED—SR
Dayton , OH 45444 Wichita , KS 67201 Huntsville , AL 35807

Mr. Charles J. Andrasco Mr. George Bechtold Mr. Peter Bootsma

FAA Naval Surface de Havilland Aircraf t Canada , Ltd.
ARO — 6 50 Weapons Center Garrat t  Blvd.
Washington , DC Silver Spring, MD 20903 Downsview—Ontario , CANADA M3K 1Y5

Mr. George C. Apostolakis Mr. Norman F. Bechtold Mr. Nick Boyiazis

FAA , NAFE C Joint Tact Coum~ (Tri—Tac)  OFC Federal Aviation Administrat ion
Bldg. 14 , Room 203, ANA—100 TT-E—SS P. 0. Box 92007, AWE—454
Atlantic City, NJ 08405 Ft. Monmouth, NJ 07703 Los Angeles, CA 90009

Mr. Dennis R. Asher Mr. Lewis E. Becker Dr. Jack Brennan

Bell Telephone Labs Kentron International , Inc . University of Central Florida

3 Indiana Trail 2345 W. Mockingbird 1~ane Box 25000
Orlando, FL 32816

Eio~-atan’.’, NJ 07843 Dallas , TX 75235

M r .  Robert  Asten Mr. Brian L. Beers Mr . George E. Brigg s
Raytheon Science Applications , Inc . GTS—Sylvania , Inc.

Hartwell Road 8330 Old Courthouse Road , Suite sic 189 B” Str eet , (C5D— Bl d g. 3)
Needhaui, MA 02194

Bedford , MA 01730 Vienna, VA 22180

Mr. Roger G. Atchison Mr. Herman C. Belder.k Mr. Art Brockschinidt

US Nay’: Piper Aircraft Boeing Aerospace

NW SE~~, NAS Cecil Field Eng ’g. DOA P. 0. Box 3999
Vero Beach , FL 32960 Seattle , WA 98124

Jacksonville , FL 32215

‘r. Shinj i Atoh 
Mr. Jack Bell Mr. Michael Brooks

Tanegashima Space Center , Federal Av iation Administration Planning Research Corp .

National Space Developmen t 601 E. 12th — Room 1625 Systems Services Co., PRC—1217
Kansas City, MO 64106 Kenned y Space Center , FL 32899

Kagoshima JAP AN

• Mr. Bruce Benson Mr. Gary Brown
Mr. Eric Aubrey Federal Aviation Administration Lawrence Livermore Laboratory
Canadair Ltd.
Sex 6087 P.O. Box 14, 701 C. Street AAL—431 P. 0. Box 45

Montreal , CAN ADA H3C 3G9 Anchorage , AX 99513 Merc ury, NV 89023

Mr. ‘~obert J. Auburn Dr. Rodney B. Bent Mr. W. H. Brown
Airline Pilots Association Atlantic Scientific Corp. NASA
1625 Massachuqettes Ave. N.W. 1901 N. AlA 109 Clar idge
Washington , DC 20036 Indian Harbour Beach, FL 32937 Satell ite Beach , FL 32937

Mr. John E. Baker Mr. Bill Bergman Lt. Rodolfo H. Bruce
Baker Lightning Rod Protection DCEC, R302 US Air Force

34 ~iay Street 1860 Wiehie Avenue HQ Air Weather Service/LGL
webster , NY 14550 Reston , VA 22090 Scott AFE , IL 62225

Mr. Duel P. Ballard Mr. S. W. Billingeley Mr. Herbert G. Bryant
Naval Air Systems Cotm~~nd National Weather Se~~ice USAF

JP-2 , Ai r—5 32 10 8060 13th Street 53 McClellan AFB
Washington , DC 20361 Silver Spring, MD 20910 Sacramento , CA 95652
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Mr. Donald T. Buckley
FAA—I’ . 0. Box 20636 Mr. Graham A. Clarkson Dr. Mat Darveniza

ASO—212 Til Industries University of Florida

Atlanta , GA 30320 100 N. Strong Avenue Gainesville, FL
Lindenhuret , NY 11757

Mr. B. J. Burban
Lockheed—California Co. Mr. Don W. Clifford Dr. Leonard DeVries

P. 0. Box 551 , Dept. 73—51 McDonnell Aircraft USAF

Burbank , CA 91520 P.O. Box 516 Patrick AFB , FL 32925
St. Louis, MO 63166

Mr. Donald J. Burchne ll
Dan ’s Electric 6 Lightning Control Mr. Jay Cline Mr. Lloyd G. Diehi

1828 N. Goldenrod Road Dayton Cranger Aviation , Inc . Naval Surface Weapons Cent ’r

Orlando , FL 32807 P. 0. Box 14070, 812 N.W . 1st St F—32
Ft. Lauderdale, FL 33302 Silver Spring, MD 20910

Hr. Brian J.C. Burrows
Culham Lightning Studies Unit Mr. Samuel Clyatt Mr. Joe Dillon

Culham Laboratory NASA—VO Federal Aviation Administration
Abdingdon , Oxford , ENGLAND Vo—A 2300 East Devon Avenue

Kennedy Space Center , El. 32899 Des Plaines , XL 60018
Mr. Donald C. Caldwell
US Navy , Department — Navair Mr. William E. Cobb Mr. J. H. Dinius

13209 Clifton Road NOAA M 4 0 Vitro Services

Silver Spring, MI) 20904 R 31 Eglin AFB , FL 32542
Boulder , CO 80303

Mr. Morris Camp i
Harry Diamond Laboratories Mr. W . C. Codner Mr. Joe L. Downs

2800 Powder Mill Road Civil Air Attache , British Enbassy Federal Avi*tion Administration
Adei ph i , MD 20783 3100 Mass Aver.ue, N . W. 2300 E . Devon (AGL—436)

Washington , DC 20008 Des Pl a ine s , IL 60018
Mr. Bruce Cardall
Martin Marietta Mr. J. H. Copeland Captain .lames C. Dunn

P. 0. Box 5837, Sand Lake Rd., HP 246 USAF/FIT/79 US Air Force

Orlando , FL 32805 2273 NE 61st 3246 Test Wing/TEOF
Seattle , WA 98115 Eglin AFB , FL 32542

TMr. Andre Carlier
Cables De Lyon Dr. John C. Corbin , Jr. Mr. Lowell E. Earl

Jean Jaures 35 382 0316 AF Flight Dynamics Laboratory L’SAF/AFISC SESD

Bezons , France 95870 AFFDLIFES 
- 13b5 Knoll Road

wright—Patterson AFB , OH 4 5433 Redlands , CA 92373
Mr. DeLynn C. Chamberlain
Hol oes & Narver , Inc. Mr. Paul M. Cork Mr. Ted T. Ehina

P. (~. Box 14340 Gates Learjet Corp. FAA, NW Region

Las Vegas , NV 89114 Box 7707 9010 E. Marginal Way , AN~—2 l 3
Wichita , KS 67277 Seattle , WA 98108

‘dr. Hsi-Tien Chang
Sandia Laboratories Mr. Richard M. Cosel Mr. Jack Edwards

P. 0. Box 5800, Division 4362 Florida Institute of Technology RADC

Albuquerque , NM 87185 p. 0, Box 1150 RBCA

Melbourne , FL 32901 CAFE, NY 13401

‘r. John T. Chasteen
Am erican Telephone & Telegraph Co. Dr. George Costache Mr. Charles L. Elmore
10 S. Canal Bell—Northern Research Federal Aviation Admin istration

Ch icago , 11 60606 P.O. Box 3511 , STN C 3400 Whipp le Street , ASO 4 4 1 - h
Ottawa , Ontario , CANADA KIY 4H7 Atl anta , CA 30520

• M r .  John A. Chouinard
Harris Corporation Mr. Fred W. Crenshaw Mr. Richard E. Enstice

Pair’ la’. Road Federal Aviation Administration Director of Continuing Education

Melbourne , FL 32901 800 Independence Avenue, S. ~~. Florida Institute of Technology

Washington , DC 20591 Melbourne , FL 32901

Mr. Dexter K. Clamp

~-ltd Carolina Electric Corp. Mr. Keith F. Crouch Mr. Richard J. Fisher

P.O . Box 68 Lightning Technologies, Inc. Kaman Sciences Corp.

Lexington , SC 29072 560 Hubbard Avenue 1500 Garden of the Gods Road

Pittsfield , MA 01201 Colorado Springs, CO 8093 3

“r. 0. Melville Clark
‘ -nt- r .il Semiconductor m d . ,  Inc. Mr. Boyd Cullimore Mr. Donald R. Fitzgerald

1’. o . Box ~iD78 Thiokol Corp . ~~ Force Geophysics Lab.

Temp~ , AZ 85281 Mail Stop 282 C, P. 0. Box 524 LYW Hanscom AFB

Br igham City, ~~ 84302 Bedford , MA 01731
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Mr. E. C. Fit zgerald Mr. E . W . Cray Mr.  J . Edmund Hay
Harris Corp. Sell Laboratories U. S. Bureau of Mines
P.O. Box 37 6200 E. Broad Street 4800 Forbes Avenue
Melbourne , Fl. 32901 Columbus, OH 43213 Pittsburgh , PA 1521 3

Mr. Henry P. Fleming, Jr. Mr. Gordon K. Greene Mr. Richard H. Mazelton
Naval Air Sy stems Coommnd Boeing Commercial  Airplane Co. Holme s & Narver , In c.

P. 0. Box 3707, M/S 64—15 P.O. Box 14340JP- 2 , A ir—5 20 2 6  A
Sea t t le , WA 98124 Las Vegas , NV 89114Washington . DC 20361

Mr. H. Emile Grenier Mr. Kenneth HearyMr. John D. Franklin
1.1’. Grenier 6 Fils Inc . Heary Bros. Light . Prot. Co., Inc.FAA-AW E-4 34
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