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ABSTRACT

The American lightning protection Industry had i ts beginni ng in 1755 whe n
Franklin stated definitely for the firs t time that ligh tning rod s were intended not
only to “silently draw the electric fire ” from the cloud s, but also to intercept and
ground any discharge . Light ning protection specifications began in 1762 whe n
Franklin inspected the house of a Mr. West in Philadelphia , which had been struck
and slightly dam aged near the lightning ground. Franklin observed that “The rod
should have been sunk deepe r till it came to earth moister . . .“

This paper will trace the development of the lightning pro tection industry

in America from that time until now , featuring the highlights of the industry ’s - ‘

economic as well as technological progress , with particular emphasis on the
development of standards. Industry practices in regard to the us~ of codes and

practical application of standards will also be highlighted.
Basic changes in material s, par ts , and other details will be covered as well

as the gradual evolution in thinking in regard to the purposes of lightning protection
systems. Today , the industry aims only to ground any lightn ing stroke; it does
not attempt , as Franklin first said , to prevent a stroke from occurring.

Today, af ter a five —ye ar period of recent change , the lightning protection
industry has its first Certified Master Installers , Designers , Ce rtified Systems ,
own installation codebook , and first graduates of a special lightning protection
educ ational course.

The changes brought about by the new programs and the likely long-range
effe cts of them will also be discussed.
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GROI’NDING THE CNDERRAJTD DESTROYER

BEN FRANKLIN ~ ‘YLE

By S a iv i n  N .  Fry d e n l u n d
MdI’I dg in g  D i r ec to r
L i g h t n i n g  P r o t e c t i o n  I n s t i t u t e
Harvard , Illinois

FIGURE -

B e n j a m i n  Fr~~itkiin , writer , publisher , first American  post-

master general , statesman-patriarch of the Revolutionary cause ,

earned his first and ~rcatest glory through his work wi th

li ghtning and lightning protection. Because of it , he was an

international folk hero 22 years before the Declaration of

Independence , which he helped Thomas Jefferson write .

During seven years , from l7~~7 through 1753 , Franklin created

the three basic components of the North American lightning

protection industry, lie founded its science by identify ing

li ghtning as electricity; he devised its product by inventing the

li ghtning rod; and he laid its technological foundati ’n when he

supervised the first lightning rod installations on houses in

his hometown , Philadelphia.

FIGURE - 2

Buildings protected with Franklin Rods included the Warner

House , still standing at Portsmouth , New h ampshire . On its

roof is a lightning rod said to have been installed in 1762

under the eye of the inventor himself.
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FIGURE - 3

Franklin was at the same time an ideulist philosopher , Wi

original inventor , and a persuas ive wri ter and speaker wi th

an act ive sense of humor . In brief , he had great style. And

he imprinted th at s tyle  so clearly on the ind ustry he f oun ded

that it is still v is ib le  today.

Compare a 17 67 Frankl in  Rod ins tallat ion to an ornamented

system of 150 years la ter .  The n compare both sys tems to a

modern instal lation made by a Li ghtning Protection Master In-

stal ler  in 197 7 .

The three basic parts — —  points , conductors , and grounds ,

have remained essen t i a l ly  the same . The “pow er of the poin ts ’s ,

as Franklin sometimes referred to the point discharge phenomenon

that determined the configuration of lightning rods , is sacro-

sanct to this day in America .

FIGURE - 4

Whatever its height , whatever the material used , and however

plainly designed or ornamented , the sharply pointed lightning

rod , or air terminal point as it is now called , is the essenco

of lightning protection , Ben Franklin style .

FIGURE - 5

To tell clearly the story of grounding the underrated de~~t i~~vt,’~’,

Ben Franklin style , requires a sketch of its 22Z4~~year h is tory .

The story began in 1753 when the first Franklin Rod installa-

tions were made in Philadelphia. The 22’4 years divide conveiiL ’ritl y

into seven periods , each beginni ng and ending with a part iculii iy

-(0-
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s ign i f icant even t .

Period 1 was the Frankl in  Era . I ts  15 years were dominated

by the  inventor himself. After 1753 ne gave lightning protec-

tion less arid less attention , and made his last noteworthy

cont r ibut ion to it in 17 67 .

FIGURE - 6 -

For wan t of a bet ter term , Period 2 can be called the Hiatus .

It was a leaderl ess , 115-year stretch between the influences of

Ben Franklin and Thomas Edison. Edison insp ired a spat e of

lightning research activity when he launched the electric power

industry , with its lightning-caused outages and other problems .

FIGURE - 7

Period 3 , the Organizational Era , began with  a reassertion

of ligh tni ng protect ion leadership ,  not by a strong -individual

this time , but by an intern at ional  group which convened a

Lightning Rod Conference in 1882 at London , England .  Conferees

wro te a set of interna tional consensus specif icat ions for

lightning protection.

This Era climaxed 22 years later with another , even more

significant group action , by the National Fire Protection Asso-

ciation. In 19014 , the NFPA adopted the first edition of what

later became the America n national  cons ensus code , NFPA No. 78.

FIGURE - 8

Period 4 was colorful , active , and unfortunately for the

cause of proper lightning  pro tect ion , freewheeling. Many names

come to mind that might fit the 37-year period between 1904 and

-14-
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l~~+ 1  , b ot  t i r e  o U t’ t h a t  seems to  w e 5 t r  b e s t  is L i g h t n i n y  Rod

I y u~ t -

‘Uhe e r r  be~~ m n w i t h  a p r o m o t i o n a l  boost by the NFPA i n s t a l l a —

t i on  co le , hel  1 t ’d ~r l ong  by rate credits granted by farm niutual

i n s u ran ce  companies  on rodded bu i ld ings .

The i n d u s t r y  mushroomed in those early years  of t h i s  cen tu ry .

A t  one  po in t , about  100 companies c la imed to be l i g h t n i n g  rod

m a nu la c t u r e r s . Sonic of the more s u c c e s s f u l  sa lesmen were

c i r a u t t e u r e d  by t h e i r  own wagon dr ivers . I n s t a l l e r  crews f o l l o w e d

in their wake with other wagons heavily loaded with materials.

F I GURE - 9

Compe tit ive claims ~‘~ ‘ew more and more fanciful . Ethics and

work manship suffered as some of the less successful manufacturers

and installers f ell beh in d , then fought to catch up with the

leaders . In 1923 , Underwriters Laboratories created the UL Master

Label Service to inspect factory materials and the quality of

installat ions .

Houses and - barns constituted the major share of the Hey day

mark et .  The Great Depr ession of the 1930 ’ s cooled promot ional

activities of survivors of the intense competition in the 1920’ s.

Only a handf ul of bet ter managed manufac tur ing compani es made

it through the depress ion.  The period ended wi th  the outbreak

of World War II.

FIGURE - 10

In 19141, America mobilized for World War II. Manufacturers

and installers of lightning protection systems entered the

-(8- 
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Military Lr’a . The farmer cew,;uii to he t h e  l a rges t  custoner - .

His place was taken over by Army and Navy engineers and ~ o ve r r . -

ment architects. For 13 years , from 19’41 through the Se~ c-nd

World War’, the Korean War and its aftermath , and until 1955 , a

large share of business was protection of arsenals , defense

plants , munitions dumps , other military and government fac li-

ties , and finally, defense missile sites.

FIGURE - 11

In 1955 , the Li gh tn ing  Rod M a n u f a c t u r e r s  Assoc ia t ion  f o u n c  i t

needed to re-educate the consumer market. The Association took

the most significant step since 190k , forming the Lightning

Protection Institute. Of eight companies at that time which

were full-fledged specialized manufacturers of lightning pro-

tection materials and parts , six were charter members of the

Institute.

They were Thompson Lightning Protection , Inc., St. Paul ,

Minnesota , which was the  organizing company ; The Carl Bajour

Company , Inc., Jonesboro , Arkansas; Independent Protection Co..

Inc., Coshen , Indiana ; National Lightning Rod Company , St. L o u i s ,

M i s s o u r i ;  S e c u r i t y  Li g h t  f l i ng  Rod Company , B u r l i n g t o n , W i c c o r l : ;  i n ;

and West  Dodd Li girt I in~ Coi~ Ni .. t or C r~~- . cc t ion , Goshen , Ind i~rn s i

N a t i o n a l  and Security have  s ince  ~ cu e out  of bus ine s s .  A lthcii t b

membersh i p has r emained  open ,  lr~ I our ~u r r v i  v i m g  M a nu f a c t  ur’ec

Members  s u p p o r t e d  the  I n s t i t u t e  . r l o n . .  u n t i l  1975 .  Moct of the

I n s t i t u t e ’ s budge t  went  for e.luca t ioiral mater ’i . r lo  and publ ic

r e l a t i ons  p r o j P c t s  du r ing  its first 20 years . In the beg inning.

o l d —  t a sh ioned “ scare tact  ics ” w e r e  s t  i l l  in vo~’ue . Thi

-2!- 
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More People Are Inj ured
by LIGHTNING

than by
Flood s - Tornado es - Hurricanes
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FIGURE - 1 2

i he ycer  1975 n or  R e d  t h e  b -cf i o u  iLk’ u l  t i r e  c ur r ’er , t  Era of

E r - o f e s s i o n u l i sm .  ~ I c e  may HrGVC l~~75 the most s i g n i f i c ant

y e a r  fo r  lifhtniirg bX ctcction 511CC 17 U 3 .  Three events  took

place thac year-:

1. Th~ Ligh t n i n g  f r-erection Institute published the fir-st

1ucls t Iy—p r-cci uced instillation code , LPI—17 5.

2 .  The . L n s ti t u c e  i r i t ~~c-duced a t e s t i n f  and c e r t if icat ion

t/roC. ron for Moster Inscallers , Desi ;’nero , and Journeyman li—

st~~11~ i-~~.

3.  The LPI supn cc t L ’ao e was bro .. iened  by c rea t i o n  cf a n e w

s p o n so r s h i p ca tegory , Contractor  Members and the i r ’  emp loyees .

FIGLRR — 13

The title term , “Uruierrated Destroyer ” was sugges ted by a

cover article in the April , 1976 issue of NOAA , magazine of the

National Oceanic and Atmospheric Administration . That article ,

by LCiwin ifeigel , “Lightning: The Under’r,vred Killer ’ , descrihec

a 34-year study that showed lightninf, responsible fec 7,000

deaths in the United States , 55 per-cent more than were killed

by tornadoes , and 41 percent rn oru than died in hurricanes anC

floods combined. This even though lightning as a cause of

death is underrated.

Mr. Weigel explained that because liy b t n i i y  usually kills

one peruon at a time , it does not attract nat ionwidr’ a t t  ent ion

as do the multiple-death occurancec of far less I r e q u e ’ ni t

-23-
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tornadoes , f loods , an d h u r r i c a n e s .  And , m any l i g h t n i n g  f a ta l i -

ties are attributed instead to the immediate death cause , such

as as p h i x i a t i o n  in a l i g h t n i n g — c a u s e d  f i r e , or e l e c t ro c u t i on

fr om a lightning-downed powerline .

Lightning also destroys co r e  p rope r ty  than  is g e ner a l l y

blamed to i t .  Again one re ason is that  l ig h t n i n g  u s u a l l y

igni tes  only one b u i l d i n g  at a t ime . And s m a l l e r  losses , such

as des t ruc t ion  of an e lectr ical  sys t em or ar1 app l iance , or- a

tree , do not find their way into public records. Such small

li ghtning losses are so frequent and scattered that only a

p o r t i o n  of them could  be recorded by any e xi s t i n g  l o s s - g a t h e r i n g

m e t h o d  or o r g a n i z a t i o n .

Wk~c’n an estimate is made that li gh tn ing ca uses a ceitcin

a r . o r c , t  of pr oper ty  loss a n n u a l l y  in the  U n i t e d  S t a t e s , t h e  f i g u r e

i s baseci on f r a g m e n t a r y  st a t i s t i c s .  Thus , t h e  t i t l e .

F ISI RE — I a

Technolog ical progress  of lightning protect iol. t r ’o c .  l75~ to

1977 car  be t raced in e igh t  s teps .

The first systems installed in Philadelphia du’r’- i r i’ 1753 were

-d escribed in Franklin ’s POOR RICHARD’S ALMANAC}( of that year:

“The method is this: provide a small iron rod (it may be

made of rod- i ron  used by the  n ai le r s)  but  of such l eng th , t h a t

one end being three or four feet in the moist ground , the other’.

may be six or eight feet above the highest part of the build irif .

To the upper end fasten about a foot of brass wire , the size of

a common knitting needle , sharpened to a fir’ e point ; the re-h

-27-
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: . t y  be secur ed to t h e  house with a few small staples. If tue

hou se  o r -  barn be long, t h e r e  may be a rod or point at each end ,

and a middling wire along th e r i d ge  f r o m  one to the other . ”

N o t e  t h a t  fo r  •t  smal l  house , l i g h t n i n g  p ro t ec t i on  c o n s i s t e d

of only  two part s -- a foot of brass  w i r e  a t t a c h e d  to one long

rod , a t t ached  to the wall by a f e w  s t a p l e s .  The two ground  rods

and t h e  “ m i d d l i n g  wi re ” Fr a n k l i n  m e n t i o n e d  were t h e  beg i n n i n g

of our  p resent  s y s t e m  of g rounds , con d u c t o r s  and a i r  t e r m i n a l s .

Even then , in 175 3 , Franklin i’ecogr’iizecl the limited protective

range of a single i ’ c u d .  The p r e sence  of t h a t  phr ase , “midd li’ru b

wir e ” , in Fran k l i n ’s ori ginal announcement is remarkable evideuce

that l i g h t n i n g  protection circa 1977 , American style , is l i g h t -

ning protection , Ben Franklin style.

FIGURE - 15

In 1760 , Franklin inspected a rodded house belong in g, to a

Mr. West in Philadelphia which had been struck. The tip of the

rod was incited , but th e only harm done was some s l i g h t  damage

t o  the foundation. Franklin wrote that , “The rod should h O V L ’

been sunk deeper , so as to come to earth moister. ”

In September , 17 67 , a d e s c r i p t i o n  by F r a n k l i n  i n d i r  ated t h r e e

refinements . The foot of lIne s wire had b een  done n~’ay wi th .

Instead , ti e t i p of the iron 1 i gint n i ng  cod itsol I was t a p e r e d

.to a f i l l ’ sh ar p  point ”. S....’~u ri..1 , th e point was j ’i f ected

wi th “ . . .gil t t O  pi’ € v O l t t  its r u s t  jug ” -

F i na l l y ,  1’r’.~urklin wr’ot e • “ U ~ 1. -we r ‘ l i i  of t ire 1 u~ u i :  shoul d

I • t t o t ’  t I e , r r  - I i i  So t o  1 0 ‘ 1 lfl~I’ .1 ‘ no ’ i St I • ~ t , per lu . 1
~~~

’ I we

-29-
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to three t e t t ; arid if bent w hen  u n d e r  the  surf ace so as to go

in a hor L s o nt a i  l ine s ix  or e ig ht f e e t  from the  wal l , ar id I lie ;

ben t again downwards  t h ree  or four eet , i t will prevl’IIt doc,.ug

to any of  t h e  s tones  of t he  f o u n d a t io n . ”

FLG U RE - 16

The report of t h e  London L i g h t n i n g  Rod C o nf e r e n c e  of 1882

highli ght ~d seven changes , though f l IOI’C had been m a d e :  ( 1)  copper

hs were r ecommended instead of iron ; ( 2 )  m i n i m u m  weights were

agr ’.’ 1 -d ri pen for conductors of copper- and of i ron ; ( 3 )  joints

w e t - , - t o be kept to a m i n i m u m  • ind  so ldered ; (4) earth conìnect ions

t e  iron g a s  and wate r  mains were sp e c i f i e d ;  ( 5 )  the use of

bur ied  eai’ th plates was s u g g e s t ed ; ( 6 )  the cone of pr o t e c t io n

principle afforded by a rod was detailed ; and (7) it was si-eci-

fied that internal and external masses of metal w er e  t o  be

connected to earth or to the lightning conductor .

FIGURE - 17

Quality control was added in 1923 , when Underwriters Lab or’ r-

tories , Inc. created the Master Label service for lightning

pro t ec t i on  sys tems . This provided in-factory and on-site third-

party inspection to determine that materials and installation

were in accordance w i t h  the  current edition of the NFPA code.

By 1923 , li ghtning rods were being braced according to

specifications. They were also ornamented with colored glass

balls and weathervanes. The cod e called for 25-ft. m i n i m u m

spacings between rods , and other sise , spacing , and fas ten ing

requirements were e Sr Ie li t iail y t ir e Sam e  as they are today -

-31- 
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Ce’1 p e r -  c a b - f e  had core ’ i n t o  g e n e r a l  use , ,ii,d he tcr ’t: .s r o l e

lay, t w i s t e d , eriC b r a i ded c a b l e  W e I ’ e- t ~ir i ~ i d i  11 i n s t a l l e r - L I .

:\ I U T ; I j  O U T ; , ,  f i r s t  ava i l  able in  18sf , c an e  I I I  C- u se  in I i  g l i t n i r i g

I ~~~‘ i t i u I i  siow~~y .  I t  s t i l l  is a l o w e r — c o s t  s u bs t i t u t e  I 01’

~- r ’ et  e r r  cc coppe r .

u r our l d  re ef s  wer e sf t o 1 0 — f  t . d e p t h  and s pac e d  at 100— ft.

r less , in m o i s t  c l ay  soil . Counterpoise grounding systems

had been m t  r e c i u ,’ - d  f 1 e es  c c ud u ~~t ive s o i l s .  L i g h t n i n g

surge  ar r es t e r s  hia f been I r . t  r e du c e d  sho r t l y  a f t e r  t h e  t u r n  of

the  c en t  u r y , but  were not  yet  in genera l  use w i t h  fa rm dud

r ’ e si dent i . i l  l i gh t n i n g  rod systems .

FIGURE - 18 
-

In 1947 , the NFPA published its sixth rev ised  lightning

protection code , including for the first time Part III , ‘Pro-

tection ot Structures Containing Flammable Liquids and Gases. ”

Short , neutral color , inconspicuous air terminal points were

being promoted .  The t a l l , o ld - f a sh ioned , ornamented rods that

were so popular in the  Hey day Era had f a l l e n  out of d i s favor ,

p a r t i c u l a r l y  wi th  a r c h i t e c t s .  The i ndus t ry  i t se l f  stopped

r e f e r r i n g  to l i g h t n i n g  rods , renaming them air t e r m i n a l s .

The s ta te  of the  art of g round ing  the thunderbi  it , Ben

Fra nk l i n  s ty le , circa 1914 7 , is depic ted  i n  some det .~ i 1 in t h a t

year ’ s p r i n t i n g  of t he  code , N F P A - 7 8 .

F IGURE - 19

We have just rewritten th e NFPA Code to fit O.S .lI.A . ’s

requirements regarding mandatory and p (’ .rl;lC sive t e rms . The

-34-
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2 - • GROUNDING IN S A N D Y  OR G R A V E L L Y  SOILS

NOTE IF DESIRED , A T H I R D  ROD CAN BE A D D E D  IN PLAC E
- , OF THE SPLICERS SHOWN IN B & C OR IN A C O N T I N U E D  LINE

- ‘ I N S 
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- - GROUNDING IN SOIL

• 
LESS THAN i ’D’ DEEP

FIGU RE - 19
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cur ren t  s ta te  of t h e  a r t  in  l i g h t n i n g  pro te-  t i c ; .  
~~~

; -  I~r .eIr .g is

i l l u s t r a t e d  ix ,  d r a w i n g s  adopted  by the  N FPA Code Cor:~r r i ~~~eE

from the LPI document , L-PI-17 5.

1. Gr ounding in moist clay typ e soil r cui r-I:’s

of two copper--clad r-oç ts sunk to 10-ft . depth for any small

build ing , with an adaitionat rod for each addc-c 100-ft. cI

perimeter. The rod must be 2-ft. out from the four,Jaticr~,

quite a bit less than Ben Frardlin suggested 210 years age .

2. Grounding i x  scr:,ewfiet hi gher resistance coils with

sand or gravel re -~ui ;’.3 t he use cf additional rods i i ,  each

ground l o cat i c ri .

3. I ’JI ,en soi l  Is  i~ ss t h a n  a f~ - -:  t deep, coun t- -rp o i se gr - c u r i d —

ing is s p e c i fi e f .  S t a n c a r - C  c o t - I - e r  l igh t n i n g  ccnuuctor , which

m u s t  be at lteeist 187~ pounds per’  thousand feet , is used t-5’

encirc le  the  b u i l d ir ; .  Copper ground pla tes at each corn er

are opt ional .

14 .  When a building has electrically continuous steel f r a n , -

i n g,  a ir  t e r m i n a l s  are bonded d ir e c t ly to the st e o l  f r a m e w c i f -

by conductors leading through the roof or coping walls . The

steel columns may serve as down conductors. Ground connections

are usual ly  made at every oth er  col umn , bu t sha l l  neve r be

spaced at more than 60-ft.

FIGURE - 20

The Institute code , LPI-175 , was among the reference docu-

ments in writing and illustrating the now N1’PA code- , and t h e r e

is some over l app ing of code comm ittee membership. LPI-175 is

-37-
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l i m i t ed to p r o t e c t i o n  of or d i n a r y  and h i g h -i - ic e  b u ild~~r i g s ,

smokes tacks , and t rees , but goes ir’~t c - g rea te r  d e t a i l  Ic ,  t hose

areas than  wi l l  the 1977 NFPA document .

For example , a l t e r n a t e  forms of g r o u n d i n g  in sha l low c r

rocky soil are i l l u s t r a t e d .  So are air t e r m i n a l, c o n d u c t c - r ,

and ground r e q u i rem e n t s  f o r -  saw too th  roofs  and domed ox cu rved

s t ructures .

Code LPI—l75 introduced a pos ’t - i n 0 t u l l a t i o r L  i n s p e c t i o n  -a;’1d

main t enance  procedure , r e q u i r i n g  an an nu a l  i n s p e c t i o n .

When losses have occurred to sy s t c - :: a i n s t a l l e d  u n ae r  U L r’i ,, s ter

Label requi rements , f a u l t s  have  beei~ ti- a ~d t c -  p hys i ca l  damage .

de t e r io ra t ion, or f a i l u r e  to ex tend  t h e  i i g h t r i i n g  f I ’c ’t e c t i on

sy s t em to cover an a d d i t i o n  to the  b u i l d i n g  -:- r a new ~‘hj e c t  c-u ’.

t he  roof .  Most such f a u l t s  wi l l  be c a u g h t  by a n n u a l  i n sp e c t i o n .

FIGURE - 21

In summary .

In 175 3 , Ben F r a n k l i n  ins ta l l ed  li g h t n i n g  rod sys tems tha t

had on ly  two par ts  -- a sharpened copper  wire  at the  top and a

long iron rod t h a t  served both as ground c o n d u c t o r  and ground .

In 1977 , l i g h t n i n g  pro tec t ion  sys tems w h i c h  hav e s ix  m e c h a n i c a l

parts are : (1) a roof system of air terminals; (2) conductors ;

(3) grounding system; (4) bonds to metal bodies within 6—ft .

ot a conduc to r- ; (5) surge a r r e s t e r ’ s ;  and ( 6 )  a s t - p• i r a t e  s yst e n l

f o r  any t r e e  t a l le r  than  t h e  pr o t e c t r ’ d  L ’u i l d i x - g and w i t h i n

10— f t. of it.

A full—line manut ,hctltr er can supp ly n h I r I ’ e -  t h a I  500 d i f
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lightning protection components.

An LPI c e r t i f i e d  Sy s t e m  has f ive  other  r e q u i r em e n t s :  ( 7 )

adherence  to NF FA Code No .  7 8 ;  ( 8 )  conformance  w i t h  UL 1’~ast er

Label Requir ements , UL-98a; (9) installation supervision by a

Certified Master Installer; (10) air terminals 2nd conductors

bearing UL parts labels and other parts conforming to LPI

Material Spec i f i cat ion ; and (11) an annual  inspec tion and

main tenance agreement .

FIGURE - 22

Ben Franklin ’s legacy has riot always moved smoothly through

his tory . I ’l l  l is t  six common problems in their order of it:,-

port a n c e .

1. Reli geous prejudices ill the early days ; the belief that

ringing church bells would dispel the demons of the thunder-

storms , or that prayer and ritual would do so.

2 .  Th e notion spread by r iv als of Frankl i n that l ight n ing

rods woul d draw the  t h u n d e r b o l t  and t h e r e f o r e  ‘ b r  ing about  the

mischief they were meant to prevent ” .

3. Franklin himself was responsible for the idea that tall

lightning rods would prevent lightnin~ , f r om s t r i k i n g .  Th e

l igh tn ing  prot ec t ion indus try perpe tuated th e be l ie f , claiminy,

unt i l  25 ye ars a~~o t h a t  l i~ , h t n i n g  protection bled o f f  ~‘t ,i t 1c

chax~~c ,-c bu t  wou l d  i n t e r ce p t  ant i  g r o u n d  any ~ t r c k e  t hat  nt i y, I i l

o ccur .  We now know t h a t  t he  Ia’t t - ’r purpose  is t h e  o n l y  irn I ’n or t m n t

one

4. Pr’eviously, “magne t ic ” and i - l l t ’ r ’- r - x i t i y ,  “radioactive ”

-4’-
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l i g h t n i n g  rods seem to pe r s i s t  no m a t t e r  now many t imes  l eacing

a u t h o r i t i e s  in Lurope and Amer ica  show t h e o r e t i c a l l y  and

experimentally t ha t  the  “ pow er of the  p o i n t s” is s u f f i c i e nt ;

tha t the  presence  of ra d ioactiv e ma teri als does noth ing  to

enhance the  e f f e c t i v e n e s s  of a l i g h t n i n g  rod.

5. Coun tless de f i c i ent , un—inspe cted systems have been

i n s t a l l ed  on a c u t — r a t e  price basis. Resulting failures have

done an in j u s t i ce to th i s  indu stry .

6 . Most pers is tent  of all has been th e “act of God”

defense against  l ightning loss lia bi l i t y .  Ligh tning is a

natural  pheno menon an d is unpreven tabl e . But de fens e agains t

it is well—known , re l iab le, and inexpens ive . Therefore , light-

ning safety is legally recognized today as the responsibility

of man .

FIGURE - 23

Franklin was only human . On the plus side , he i d e n t i f i e d

ligh tn ing  as e l ec t r i c i ty, inven ted  lightn ing  pro tec t ion , w r o t e

the f i r s t  spec i f i ca t ions  improving li g h t n i n g  rods , and p roduced

several less well-known devices , among them the f i r s t  t h u n d e r -

storm warning device , a l i t t le  bell outside h is  bed cham ber

that tinkled when a thundercloud passed overhead .

Three ideas that had less merit were a bed to be suspended

by silken ropes in the middle of the room to ins ulate the

sleeper from lightning; “Franklin Wires ” fo r ladies ’ hats , w h i c h

certainly would make their wearers more ii k t - l y  to be- Zdpped by

“s tep  vol tage ” ; and f i n a l l y ,  the notion that a light ning rod

-43-
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would “ s i l e n t l y  draw e l e c t r ic  fire f rom t h e  cloud” .

FIGURE - 2-i

In 177 2 , l’r-ankliu. w r o t e , “Poin ted conductors... .app c-ar on

private Houses in every Street of the principal Towns , besides

tiic -~ e on Churches , publ ic  Buildings , Magazines of Powder , and

Gentlemen ’s Seats in the Country . . .  .hitherto there has beer . no

Instance of a House so guarded being damaged by Lightning; for

wherever it has broken over any of them the Point has always

receiv ’d it £ the Conductor has convey ’d it safely into the

Earth , of which we now have 5 authentick Instances ” .

Since then , thousands of protective instances have occurred.

On e Master Ins taller  says he replaces points  wi th melte d tips

almost every year on one set of single story buildings in an

expos ed , lightning-prone location.

FIGURE - 25

In 1974 , during construction of the l ,82L4_ foet high Poniit:ion

Tower at aox’oritv , a Canadian photographer , W. Hackle, n/od e

between 3 ,000 and 5 ,000 exposures and obtained six photc-~ r•~; hs

of ligh tning  str ik ing air termi nals.

The photo on the left shows a discharge to the copper air

terminal at the end of a crane boom 85-ft . out /‘\- ‘ nN t ’  the jr r --

ject . The aircraft warning light at the end of the boom st , ’iyi ’ot

lit. The air t e r m i n a l  was dir’ectly g r o u n d e d  t N” t he  li f I ’Itn I / I

protection system by pure copper - ca l  e . So was he cr’•uto :- , y e t

in th is  case and 1a~ er , the 135—loot , 18—ton gi” n ’r i n ~lc ’ d S t i r  1

crane did not intercept the discha r’yc- . The a i r  t t-u’n , i ui a l did

-45 - 
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These are old Lig htn ing Rod Points that have been struck ,
They have save d build ings f rom destruction and persons
from injury and death.

FIGURE - 24

-46-

- - - 5



——‘5-—

s’c ,.

_

~~~.- ~~~~~~~~~~~~~~~ -~~~~~
—

5’

--

~~ 

_ _ _ _ _ _

-41-



so in each i n s t ance .

According to William A. Cliff , Fi eld Eng ineer for Dominion

Lightning Rod Co., L t d . ,  “These untouched photographs prove....

that air terminals together with a ground are 100 percent

protection against lightning damage.  Yea rs of experience has

proven that!”

Ben Franklin would have been pleased .

# #
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An und erstanding of thl ’ })~~/~~~S 1 C 5  a s so c i a te d  w it h  l i g } t u in g  p r o —

1, - I  l i o n  p r o b l e m s  is  pr esented in o r d e r  t h a t  r e l a t e d  d~” s i gn c r i t r ’ r i u  wi l l

It better u n d ( ’ r / l I , I l d .

The  n i e c h a i ’u s r i i  of t i l ’ lig ht ning s tr i k e  is r e l a t e d  to  pr tt-c tO ’n p r o —

bl - i i i ~ 011 t ’ l t - v a t r ’ d  i - l r ’ o  t o r t ’ s  I l l  variOUS h e i g h t s , as wel l  as o v e r h e a d

a- I d  I I Ir i I c l  c ,Uli-s . T I / I -  r i s k  of d a ng er l / l s  s i d e — f l a s h i n g ,  due 1/ ’  i n d u c t l \

i - I  ps when a ground ing c o n d u c t o r  i s  p a s sin g  a st e e p  w av e f o r m  c u r  r e n t

i s  d~ 5~~ :~~s,’d , as well as t h e  p h y s i c a l  p i- I lb i e m s  r e l a t e d  to po o r  g r o u n d i n g.

III - : l i i : i N  , % f l I l  s h i e l d i n g .

‘1 a p Iivsi ~ .11 rle~’eloprflr’nt of lig htning in cI/ ce d l i : u ’  s u r g e s , 0 1 1 1 1  t h e

m.tgrIi i lb I l l ’ t h , ’ S I ’  su rges on a e r i a l  and b u r i r o :  U~ t ’~
; ,s exp lained . FiTIall ~

l i e  p r o p e r t i e s  o t  d i f f e r e n t  b a s i c  t v p & - s I I I  su p pr e s s i o n  d e v t s  I S  0 1 / I l  the

t L n C t 1 I I I I S  they p e r f o r m  i s  i l l u s t r a t e d .
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1 .0 I N T R O D U C T ION

C o r r ec t  i n f o r m a t i o n  abou t  the b a s i c  i ig I t : I i n g  p r o c e s s  can lead to  a

much  bet te r unde r s t and ing  of lig htning protection techni ques and the rt- -

su i t ing  i t - v t - i  of p r o t e c t i o n .  The d e s i gn of s a t i s f a c t o r y  li g h t n i ng  p r o t e c t i o n

s y s t e m s  can t h e r e f o r e  onl y be a c h i e v e d  with  a k n o w l e d ge of the  rnech a-

n i s n i  and c h a r a c t e r i s t i c s  of a l ig htnin g s t r i k e  a nd the related p r o b l e m s

that a s teep  vo l t age  w a v e f r o n t  has  on i n a d equ a t e  b o n d i n g  and g r o u n d i n g .

Lightning induced line surges can also cause major damage to cit -c ’-

tr ical or  electronic systems . A con s i d e r a b le  p r op o r t i o n  of the damage

caused by such surges can  be eliminated with careful plann ing of pr o-

t e c t i o n  eq u i p m e n t .

This  paper discusses all these points and attempts to e d u c at t -  t h e

reader in some of the basic lightnin g protection proble m s. For more in

dep t h  i n f o r m a t i o n  the  r e a d e r  is d i r e c t e d  to s e v e r a l  good p u b l i c a t i o n s  on

the topic.
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2 .0  THE LI GH T N I N G  PROCESS IN A CLOUD~TO~GR0UND

DISCHARGE

A c l ou d_ t o - g r ou n d  l ig h t n i n g  d i s c h a r g e  is made up of one 0: m or e

i n t e r mi t t e n t  p a r t i a l  d i s c ha r g e s . The t ot a l  d i s c ha r g e , w h o s e  t i me  d ur a t i o n

is of the  o r d e r  of 0.5 sec , is c a t t e d  a f l a s h ;  each componen t  d i s c h a rg e ,

whose  luminous  phase  is m e a s u r e d  in t e n t h s  of rnmlliseconds , is called a

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

b e i n g  s ep a r a t e d  by tens  of milliseconds . Often li g htning as o b s e r v e d  by

the  eye a p pe a r s  to f l i c k e r . In these  cases  the  eye  d i s t in g u i s he s  the  indi-

v idua l s t r o k es  w h i c h  make  up a f l a s h . E a c h  li gh t n i n g  st r o k e  beg ins ‘a i t h

o w e a k l y l u m i n ou s  p r e d i s c ha r g e , the  l e a d e r  p r o c e ss , w h i c h  p r o p a g a t e s

f r o m  c l o ud - t o -  g r ou n d  a n d  w h ic h  is f o l l o w e d  immedi~- e l y b y a v e r y  l u m i n o u s

r e t u r n  s t r o k e  w h ic h  p r o p a g a te s  f r o m  g r ou n d - t o-  c lo u d .

It has  been  found t h a t  t he  - h - ct r o s t a t i c  f i e ld  t a k e s  aL It 7 sec t o  re-

c o v e r  to i t s  p r e - d i  sch a t -g e  va lue  a f t e r  the o c c ur r e n c e  of a li gh t n i n g  f l a s h

at a d i s t ance  beyond  5 kni , but when th t - flash is very near t i e  ru -cu\ cry

t i m e  ma)  he d i f f e r e r l t  dut - to  t O  p r e s e n c e  of space  c h a r g e .  hi hoC  as~ s ,

rt-gt -ne rat /I n I f  the field I / I k e  s p lace  e x p o n e n t i a l l y .

2. 1 ~,~~j~~~d L - ad e r

The usua l cloud- to- g r ou n d  d i s c h a  rge  p r o b a b l y beg i n s  as -l lo~~t 1  dis-

charge between the p-charge reg ion in t h e  c l o u d  base  a n d  the N- har gl ’

region thovI ’ it (Fig. I ). TI/is discha rg e  f re e s  I’ le t I t-ons in t h e  N — r I - g 1 1 1 1

p r e v i o u s l y i n i r n o b i l i ’i,ed by attachmen t to v~’atc r or 1 e p a r t i c l e S . Fi n  f r e e

- l e - - t r o n s  overrun t h e  p — r e g ion , n e u t r a l i z i n g  i t s  sinai! p s l t l v t  horge .

an d then out j f l I i (  t i i t - i  r t r ip  t ow,l rd g round , w i / Ic  ii td  ke s a bout 21) II 501

1 l i t -  ~-e hi~ I I -  f o r  r i l o v o i g  the n e ga tiv e charge to earth 15 the s~~~’ i 0 I ’ t  leader

wi~ic h ni ove S fr 1 1 1 1  1 l o t i c l — t  I I  - gr o t in d  i n  ra  pid i i i i t i i t i o t l s  , t I ’ 
~~ 

O i l  I t  ~ 0 i i  - i )! 0.

I n  F i g u r e s  1 anti 2. the lunt irlou s - II ’ 1 5  ap p e ar  as  (l a r k t T I I -hi  t I l l S  on t t I ~ h- si’

h im m o o  S I l - lIlt r h t  1171 ( 1 wi tch cx ¶ t’nd s I l 3 ) \ t  i r d 111 1 ii / - c loud. N a  I it lead ’ r

~t V J )  O C cu r S  10 l t ’ s s  than a ITlit rosecond. 1 It’ t i l f l t  I t  t ’ a I ’ I l l  s1ep~ i S  a i l o u l t

50~~~ s e .
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- ~ ~~ t~~~~~~t t_L~~~ t/LLt,± t~&-Lt.± ttlti

a b C d I

I g. 1 . Stcppcd leader ini t iat ion and propag at ion , (a) Cloud cha rge
dis tr i but iur i  just  prior to p-N discharge . (b) p- N discharge. ( c ) ’ ( t )
Stepped leader moving toward grou n d in 50-yard si t - I s . Time between
s tcp s is 1 1 1 / l I  5 1 ) mill ionths of a SC COf l d . Scal e of dr aw l  eg IS dl slur ted for
Il l us t ra t o r  purposes. ( from U r n a n( 6 ) )

~~~~~~ ± f ~kt± t± ±~ ~~~~~~. 
-t ±~~~ +

a b C d e

Fig. 2 . Re t u r n  si r  ui ,~ initi a tion and propagat ion . (a) Final stages of
stepped leader descent , (b) init iat ion of upward-moving discharges to
meet downwar d-mov ing leader , (c) - (e) Return st roke propagation from
gr l un-J  to c loud , Return s t r o ke  propagation time is about 100
millIonths of a second , propa~at ion Is cont inuous .  Sca le of drawing is

dIs t O r ted . (front I i cian ( t )
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2 R e t u r n  S t roke

When the stepped l e a d er  is near ground , its relativel y large negative

char ge induces large amounts of positive charge on the earth 
b t-neath it

and especiall y on objects project ing above the earth ’s surface (Fig. 2).

Since opposite charges attract each other , the large posit ive charge

a t t e m p t s  to jo in  t h e  l a r g e  n e ga t i v e  c h ar g e , and in doing so initiates

u p w a r d - go i n g  d i s c h a rg e s .  One of t h e se  u p w ar d - g o i n g  d i s c h a r g es  c o nt a c t s

the  ~ 0w n war d - m ov in g  l t - a d t - r and t h e r e by d e t e r m i n e s  the li ghtning strik t

point .  When  the  I t - a d e r  is  a t ta c h e d  to gr o u n d , n e g a t i v e  c h a r ge s  at t h e

bot tom of the  c h an n e l  move v i o l e n t l y to g r o un d , c a u s i n g  l a r g e  c ur r e n t s

to f low at g r o u n d  and c a u s i n g  ti/ C- channe l  n e a r  g ro u n d  to become v e r y

l u m i no u s .  Th e channe l l u m i no s i t y  p r o p a g a t e s  c o n t i n u o u s l y up the channel

and out  t he  c h a n ne l  b r a n c h e s  at a v e l o c it y  s o m e wh e r e  b e t w e e n  I / 2 and

1/ 1 0  t he  speed of li g h t .  The t r i p  be tween  g round  and cloud t ake s  about

100 ~ 
see . \Vlicn the L ade r initiall y t o u c h e s  g ro u n d , e l e c t r o n s  flow to

g r o u n d  from the channe l bose and as t h e r t - t l i r n  s t r o k e  m o v e s  upward ,

lar ge numbers of t- r e c t r o n s  flow at g r - a t e r  and g r e a t e r  heip 1
~t ~~ . FIt ctro ns

at all points in the channel always move C1O\~~~\¼’a r(l e v e n  thou gh t hc- region

of hi gh curren t and high luminosit y moves u p w a rd .

it is  the return stroke that produces the  b r i g ht v i s i b l e  c h a nn e l .  I’he

eye i s not f a s t  enoug h to r e so lve  the  propagation of the return stroke , or

the stepped leader preceding it , and it seems as if all points on the channel

becom e bri ght simu ltaneously. A unique video ph/ott/grap h of ti / ( lig htning

leade r with the r I - t I rn stroke p a r t w a y  up a double channel is shown iii

Fi g u r e  3.

2. 3 ~~~ g,~~t nj p ~~~ Cu r r e nt

A f u l l  ,tnde r st a n d i n g  of the  time varia tion of a lig htning c u r  r e nt  c an

only be o b t a i ne d  by o Sc illog rap h r r -c I ) r d i n g  of the ob 1 ec t  st ru  ck. I~ec au

of the  r a r e  o c c u r r e n c e  of li g h t n i n g  I I  ati  object of norm~t l he i g ht . i t  n i

v e r y  u n l i k e l y t h a t  good s t a t i s t  I t S carl i c  obtained without great -xp t flS (’
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Fi g. 3 Leader  and f i r s t  r e t u r n  s t r o l  e of a mul’ ip le  ( ( ~)
re turn  s t r o k e  f lash of f o r k e d  l i g h t n i n g .
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and o b s e rv a t i o n s  over a c on s i d c - r ah l e  per iod of t ime .  Lig h t n i n g  c u r r e n t s

t h e r e f o r e , a r c  mos t ly m e a s u r e d  on tal l  s t r u c tu r e s  or bal loons  c o n n e ct e d

to e a r t h  with s teel  cab le s .  The c u r r e n t s  f r o m  lig h t n i n g  have been  f o u n d

to be u n i d i r e c t i o n a l  and p r i m a r i ly d i s c h a r g e  n e g a t i v e  c u rr e n t s . Fi g u r e  4

shows  a f r e q u e n c y - d i s tr i b u t i o n  c u r v e  of l i g h t n i n g  c u r r e n t  amp l i t u d e s , in-

c o r p o r a t i n g  t h e  bes t  i n f o r m a t i o n  ava i lab le .
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Fig. 4 F r e q u e n c y  d i stribution ol l isrhlning c u r  Cut am p lI t udes

The m a x i m u m  va lue  r e l i a b l y r e c o r d e d  is  340k amps , but m u c h  hi g i l t  r

am p l i t u d e s  cannot  be ru led out .  The hi ghes t  va lues  o c c u r  p r i m a r i l y

with the r a r e  positive strokes.

A s i g n i f i c a n t  c h a r a c t e r i s t i c  for  li g h t n i n g  p r o t e c t i o n  is  t h t t -  r a t e ot

r i s e  of the c u r r e n t  w av e f o r m . It h a s  been g e n e r a l ly a s su m e d  i i i  the

r e c i - n t  pas t  t ha t  the  li g h t n i n g  c u r r e n t  w a v e f o r m  r e a c h e s  a peak  in s i ino-

I to ~ u sec.  M o r e  r e c e n t  i n f o r m a t io n  b y L l ewe ll yn U 
~in 10 7 7  it ~di~ ~~t t ’ s

t h at  t h e  c u r r e n t  r i s e t i rn e may be much l e s s  t h . in I a s e ’ . J ’ i gu  r e  5

shows some r i s ct i rn c- s f o r  a se lec t ion  of c lose ar id  d i s t a n t  s t o r t i t s .

For  some i-;t r n , i s  t h e  a v e r a g e  t i n i t -  to p 1-ak ‘. a i m -  WIt S f i l t In d  t o  i t t -  of t i ~

o r d e r  of I /-i Li i-; ’ . ‘l ila - , - f l e - t  of t h i s  t e rm  on li~~I i t n in g  prot -~ t o r i  ~s - i I l

be d i s C i i s s i ’  (I l a t e r .
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2. 4 Itrt- akdow ii_ Vo1 t~~~e

i t  ri -a kd ,’.vni te sts of ~ot i g  spark g a p s  a r e  made w i t h  i m p u l s e  g ç t n e r a t o r s

ot ~ t iu i l l i o t i  ‘~ ohs or n//ore w h e r e  t h e  t e s t  v o l t ag e  r i s e s  at  r a t e s  b e t w e e n

r U  and t O O  k V  /~ S t - ( ~~ M o s t  of these tests are concerned with spa r k o ’~- e r

- (  p i s i t i v e  s w t t c - l i i n g  i m p u l s e  b e c a u s e  they  p r o d u c e  much l o w e r

b r , -a l -  d e ~ n - i l t a g e s  t h a n  n e g a t i v e  i m p u ls e s . ‘I he tiii ni inum b r e a k d o w n

v o l t a g e  15 ot  c o n c e r n  to  m a ny  eng i n e e r s  a n d  Fi g u r e  ~ g iv e s  r ep r e s e n t a t i v e

l t ~~5 t  r e s t l i ts  b y s i / o w i n g  t h e  a r i a t i o n  of b r e , t k d o \ s ’t/ volt a ge for differ ent

t ’  l ec t  rode o n f i g u r a t i o n s  i t r d  polo ri t i e s •

i1
~~
‘ ,~t , .,’ .‘

24 1)1) 
wr~ , I I s r  poOr r~ ~ ~\0 ~~

‘ ~o

0~~~~~~~~~~~~~~~~~~~~~ 
- - - - 1

gt p  SI”’ rrq i-i-,

Fi g. 6 S~ Ichi n g - irri pu lse hr 1’ , lk l rsI 0 boltage of rod r~~ t
1 
and rod pi.i r i ps

(A nder son and Tangen . I

Furthe r inforrr/ation on breakdown voltages a r e  g i v e n  in t h e  book

“Lig htning P r o t e c t i on  b y G olde~~~

2. 5 ~ t r i k mg  I ) i s t a n ct -

A n o r m al n e g a t i v e  l e a d e r  p r o g r e s s e s  to e a r t h  11/ d i s c r e U -  s t e p s  until

a c o u n t e r  st r i - i i t  i t -  r is  i n i t i a t e d  f r o nt  g r o u n d  or  a grounded objec t . It i s

the r -  f o r t ’  at  I h a t  p a r t i c u l a r  di s t a t i e t -  t h a t  t IR po in t  of st r i k t -  i s  ( l I t  err ) t i i e d .

T h i s  st r i k i n g  di stance i s  d e f i n e d  as t h a t  d i st a n t - I- b etwt - - ri t i l t  tip o! ~l - -
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li g h t n i  r ig L ade r anti  t l i t ’  po in t  to bt st muck . The main  m t  c r c  st i s  l i m i t

to s t r u c t u r e s  tip to  about Z O i i t  h e i g h t ;  s t  r u c t u r r r s of g re a t e r  h e i g ht beg i n  to

require special cor /Sideratiofl as their he i g ht  is g r e a t e r  tI/ a i/ a [ ea d e  r s t e p ,

an d t h e y  may  a l s o  induce  u p w a r d  g o i ng  l eade r s . It i s  a s su n / e d a f t e r  l o o k i r g

at  Figure t ha t  the c r i t i c a l  b r e a k d o w n  b e t w e e n  ti/c t i p of the  Ii ~’ h t i i i t i p

c h a n n e l  a n d  ea r th  is of the orde r of 5 kV / cm f o r  a n o r m a l  n e g a t i v e  s t r r , i -

and  3 I- ~ V / c m  fo r  t i / c  r a r e  p o s i t i v e  s t r o k e . S n / a l l  ch a n g e s  in t i / i s  c r i t i c a l

b r e a k d o w n  vo l t a g e  g r a d i e n t  ha- ,’e l i t t l e  e f t , - c t  on the  r e s - I t i n g  v a l u e  of t l , e

s t r i k i n g  dis t a n c e  w h i c h  is 5k/ ov, fl i n  I - i g u r e  7

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ g at  c r y

0 20 40 60 80 100 r 2 0  140 160

Cu r ,e n t . CA
Fig. 7 V a t it on of s t r I k i n g  d l s ,uft - r’ t~ith t i g t i i n i r i g  c u t t e n i . l n r p t i u de

The im p o r t a n t  c o n clu s i ons  f r o m  these  results a r e  t hat  Si r i l i n g  d istarree

i n cr e a s e s  w it i /  the s e v e r i t y  of t i / c  d i s c  barge; f o r  an a ver ag - 2~ k ai~~p s t r u t-

the  d i s t a n c e  is about  40 mu . ~r.-tore i r l/p or t a n t , h io -a ’ev c  r , t h e s e  r e s u l t s  and

a s s o c i a t e d t h e o r y  show tha t  the  p r o g r e s s i o n  of t h e  l e a d e r  r e n /a in s  quite

una f f e c t t - c~ by any  f e a t u r e  on , or below g r o u n d , u n t i l  the ti p of the  le~ide r

has reached a h e i g ht of only a few tens , r  r , a t  n/ o st , two h u r / d r e d  m e t e  r s

above g r o u nd . These  r e s u l t s  t h e r e f o r e  p r o v i d e  q u a n t i t a t i v e  e v i d e n t  c’ a g a i n s t

the  b e l i e f  in  l i g h t n i n g  c o n c e n t  r a tA o i/ a r ca  s .
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3 . 0 THE LIk iI’FN1N~ RO!) AND ITS CONI)L 
Ci ORS

3.1 T h ’ I i j~~~nitu ~~ ROd

It is a comm on m i s c o n c e p t i o n  t ha t  l ig h t n i n g  rod s  d i s c h a rg e  c l o u d s

and t h u s  p r e v e n t  li g h t i/ i n g .  The rod onl y se r v e s  as a m e a ns  to r o u t e

the  li gh t n i n g  h a r m l e s s ly to gr o u n d  b y d i v e r t i n g  the l ig h t n i n g  w h e n  it

a p p r oa c h es  t h e  s t r i k i n g  d i s t a n c e  d i s c us s e d  in t u e  p r e v i ou s  se c t i  i i i ,

In t h e  two  1/und r ed  y e a r s  s ince B e n j a m i n  F r a nk l i n  i n v e s t i g a t e d  l i g h t  n ing .

r i t a  ny r / / an u f a  c t u r e  r s  h a v e  t r i e d  to i n f l u e  x~ce the  p u b l i c  in t l i e  dis  tp r  to

p r in c i ple of li gh t n i n g  p ro t e  : t i a r i  or e l i t r i i n a t i o t / . Th is  t e c h n i qu e  t o a s t

c e r t a i n l y does not w o r k  and  the  li g h t n i n g  ph y s i c i s t s ’ t u io ug h t  S on th i s

a r e  d i s c  a s sed  in m a s t e r ly f a s h i o n  by G old e  in the f o l l o w i n g

st a t t .- f l/e i/ t :

It is a r n an i f e st a t ij n  of human weakness that a pre~udu c-

once  a c q u i r ed  t ends  to be r e t a i n e d  e - c- n in the  f a c e  of
o v e r w h e l m i n g  f ac  t u a l  e v i de t/ c e  c o n t r a di c t i n g  the b a s i s  on
w h i c h  it was  f o u n d e d . In the  r e a l m  of s c i e n c e  a p r e j u d i c e

may  be te r n/ e d  a mis c o n c e p t i o n . Such  a n / i s c on c e pt  ion
w h i c h  has  p e r s i s t e d  f o r  ove r  two  h u n d r e d  y e a r s  a n d  w i / ich
is s t i l l  w i d es p r e a d  is the b e l i e f  t h a t  a li g h t n i n g  c o n d uc t o r
has  the  a b i l i t y ,  or indeed  the  p u r p os e , of d i s s i p a t in g
s i l e n t l y the e l e c t r i c  c h a r g e  in a t i / u n d e r c i o u d  t h u s  pre-
v-  t i n g  the  ‘‘ p r o t e c t c - d ’ ’  b u i l d i n g  b e i n g  s t r uc  k° .

T h e r e  a r e  s e v e r a l  m a n u f a c t u r e r s  of e i t h e r  r a d i o a c t i v e  l ig h t n i n g  r I d s

or li g h t n i n g  d i s s i pat ion s y s t e m s. The  p r e d o n / i n a n t  s c i e n t i f i c  b e l i e f ,

}ioweve  r • is tha t  t i e i t h e  r of t h e s e  sy stern s a r e  a n y  b e n e f i t  o v e r  t i l t ,  c l O t —

ven t i ona l  li g h tn ing  p r o t e c t i o n  s y s t e m .  T h u - r e  do s i - c - i l l  to be some s a t i s —

h - d  c us t o m e r s  h o w e v e r , fo r  the  d i s s i p a t i o n  a r r a y s and  a U.  S. N ay ;
(4) (5 )  . - -r e p o r t  and F A A  r e p o r t  d i s c u s s  both sides of ti / c- t op ic .

‘rhe li g h t n i n g  rod h a s  t h e  p u r p o s e  of j o t  t - r c e p t i n g  a l l g h t r / i t/ g St r i k e

and d e f l e c t i n g  it  f r o m  the s t r u c t u r e .  W h e n  s e v e r a l  li g h t n i n g  rods  a r c -  to

be put  on a b u i l d i n g  one s h o u l d  deve lop  a c o m m o n —  st -ri se so lu t ion  wi/ ich

will  s t r i k e  a r e a s o n a b l e  b a l a n c e  b et w e e n  p r u t  cc t ion  and c o s t .
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It is p o s s i b l e , with c a r t - , to u s e  ex i s t i n g  g u t t e r  and r a i n  p i pes t a

o b t a i n  p r o tec t i o n  at r e d u c e d  c o s t s , bu t  c a r t -  m u s t  be t a ken  w hen  in-

co i ’p or a t i ng  m o d e r n  t i u - t a l i c  r o o f i n g  m a t e r i a l s  to be p a r t  of t h e  sy $1 c i i i .

Li g h t n i n g  can penc- t r a t e  m e t a l  s h e e t s  of I r i/n i  t h i c k n e s s  Or m o re , and

p er h a p s  t i t i -  cos t  of such r e p a i r  mi g ht be a c c e p t a b l e . Th~ m i n i mu n i

t h i c k n e s s  is  de f i n e d  in c r t a i n  codes  to be 0. 3mm  for  coppe r , and

0 . 5 mm for  o the r  m e t a l s .  S o i t u t -  r o o f s  u se  me ta l  f o i l s  of l e s s  t h i c k n e s s .

A li g h t n i n g  s t r i k - to thi s t v ~~~r -  of roof  wi l l  not  onl y b u r n  a l a rg e  hole

but  can c a u s e  l a r g e  a r e a s  of fo i l  to be t o r n  o f f  due  to t h e  m e c h a n i c a l

e f f e c t s .

3. 2 Down C o n d u c t o r s

When li ghtning strikes an air terminal the inject c-d c u r  r t -n t  m u s t

be transferred by the s h o r t e s t  p o s s i b l e  pa th  to g r o u n d . The  down con-

du c t o r  has  t h i s  f u n c t i o n , but  b e c a u s e  t h e  i n d u c t a n c e  of th i s  down con-

d u c t o r  is a m a j o r  f a c t o r  in d e t e r m i n i ng  the o c c u r r e n c e  of t he  d a n ger o u s

s i d e- f l a s h  to som e i n t e r n a l  g r o u n d e d  o bj e c t , it m ust also h av e  t h e  t owest

imp - d a n c e  t h at  c a t i  be a f f o r d e d .

The  i r i d u c t an i u -  of a down cotiduc f i r  is  d i r t - c t l y p t i p o r t i o n a l  f i r  i t s

hei g ht . by  p a r a l l i - l i t u g  t \ - ~o rlo~~- i i  c o n d u c t o r s  i l u - i r  c o m n b i t u t d  t r I i l u 1 - ta r u - , -

i s  r e d u c t - d  I c  a p p r o x i m a t e l y o n e — h a l f  t h a t  of a s i n g l e  col/d o-Ini - an /d  ~— o i l .

The c lown c o n d u c t o r s  si/ou ld  not be spac ed  too c l o s e  t o g t - t h u c - r  h \ c - v i - r ,

ii the r w i  s i  t he  abov - r u l e  is  not a c c u r a tc - . The i m p o r t a n c e  of b u i \ i i I p  i t

l ea  St two down c o n d u c t o r s  is the r e f c ,  mt  a eon s i d e r a b i , -  a d v a n i t a g t -  i i i  r i  —

d c t c t r i g  the c i a n g c - r o u s  s l d t - — f l a s h , t h ~ - a c t i o n  of w h i c h  is d i s~-~i s~~ ti l i t e r .

R i g ht t n u g l t -  L en d s  in a d i i v n i  c onci c i c t o r  a l s o  In c mt-a  c -S  I i i , -  i i i d u c t a r c - , ’  an d

s u c h  a dcu-t g ni n ee d s  c - a r t fu l  c o t i s i d e i - a t i o i u .

Oro t- a l i g h t n i n g  s t r i k e  has  l e t - r u  i n t t ’r c  e p t t - c l  and pa ssed t i f l i t ’  s u r l a ’. ‘:

~ ) t i c  r - i r t } i , i t . i s  the f u n c t i o n  (I f  e a r t h  i - l i - i  t t u r d ’ - s  to  d i s c l u . i i g i -  t l ~~- cu r l  i - l i t

i n i t o  the g r o u n d . ‘ l \ v ’ i r n p o r t i r I l  f i t  t c > r s  a r e  t h t c ’  .c t r o i i nc l r e s i s t  t m  e , ~cliic }i

p l a y s  -i part i i i  .~~h - - lia r- hung, a r i d  t h u  p o t e n t i a l  ih - -t  r i l a i t  on o c t - i ’  f bi- g r i l u r u d
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surface . If the ground re sistivit y i s hi g h a dvaru t a g t- s can hi ’ a c h i e v e d

by bonding  t h e  down conductors to water pipes to  l o w e r  t h e  r c - s i s t a n ce

t o  g r o u n d .  1 he r i sk  in s i d e - f l a s hing is thus d -tc’rntined t-xc lusivel y by

the inductance.

Side-flashing can also occur below t he  g r o u n d  to buried metal pi pes
or  w i r e s  and care must be taken in the desi gn and position ing of the

g r o u n d i n g  e l e c t r o d e s . Typ ica l  v a l ue s  of i m p u l s e  b r e a k d o r c n  in soi l  a r c

2 to 5kV/cm , which leads to s i d e - fl a s h e s  of s e v e r a l  r i c t t r s . In a i r  t h u t -

value is ~kV/cm and brick and c o n c r e t e  h a s  a s l i - t h t l y l o w e r  b r e a k d o w n

s t r e n g t h .

It is i n t e r e s t i n g  to note  t h a t  the  l e ng t h  of a g r o u n d  r i d  has  a u u c h

mo m e  si g n i f i c a n t  t- f f e c t  on the resistance than its radius . C u r v e s  dc-

mo r i s t r a t u m i g  this effect arc- sh own in Figurc- 8, which a lso  imp l ies  t h a t

little b e n e f i t  is a c h i e ve d  by e x t e n d i n g  the  rod h t - y o n d  2 or 3 m e t  i r s  or

i n cr e a s i n g  i ts  d i a met e r  beyond 1 . 25 e n-i. Stri p electrode s art .- ben eficial

w h i t - r e  hi g h r e s i s t i v i t y g r o u n d  e x i s t s  below a l ay er  of 1ow r e s i s t i v i t y .

tenqnh m

Fig. ~ 
‘i i ,  a l io ni o f r , i n i  h u g  res ist an c e of rod elecir odes of d i l ie re n i  d i a m e t e r  t 1 h

lcngnh Utri lis h ( i r k  1 i r u h i r u g )
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3. M a t e r i a l s

T h e ’ type- of utia te rial used for roof and down c o n d u c t o r s  ses - r i l s  t o  r e

governed by tradition. Copper , aluminum and galvanized st i- el ore- a ll

acceptable bcit there are conflicting opinions as to  ‘--J u e-ther t h e  m a t e r i a l

should be of rod , tube , str i p or stranded form. Stranded copper is r u t

deemed acceptahie- in the codes of several countries , althoug h it is a -

c ( - J ) t e d  in t h e  USA code - . Copper  or copper  al loy s m u s t  not  h o -  u s e d  on a

building wi th  a l u m i n u m  f i ll i n g s .

— A strong corrosive effect can be caused b y r a i ’ i \ c  a t e -  r d r i p p i n g  off

coppe r conductors onto some metals such as zinc or lead which are o f t  i - n

used 01/ b u i l d i ng s .  D i s s i m i l a r  m e t al s  should h u e avoided as far as p o s s i b l e -

and l i m o -  s h o u l d  he a w a r e  tha t  s t r a n d e d  m a t e r i a l s  a r e  nio ri- s e v e r e ly  at-

t a c k e d  by c o r r o s i o n  than  solid c o n d u c t o r s .

( ; o r r r t s i ~~n t p l a y s  a bi gh t  r i s k  u n d e r g r o u n d , in p a r t i c c i l a r  to a l u r n i n t u n u

WI/i cli is f t  i t a  I l y u na c  c c--p t a b l c -  . Thu e-h  - c t r ol y t i c  p r i  pc - r t i e -  s of s o t u t  c s o i l s

c a u se -  c o r r os i o n  to  a l l  these m e t a l s, a s  do s t r ay  c u r r e n t s  p r ouh ce rI b y l)C

r a i l w a y  l i n e s  on l)C hi g h v o l t a g e  sy S t e r n s  wh e r e  th e  e a r t h  is  ci s t -c l  as  a

r e t u r n  p a t h . C a t h o d i c  p r o t e c t  ion c -u i  hel p elinu i nate l i i i  s t y p e -  of p r ob i c -m.
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4.0  E L E C T R I C A L , M E C IIANILAL ,AND THERMAL EFFECTS

4 . 1 Electrical Effects

No li g htn ing s t r i k e  to a s t r u c t u r e  has  a t t r a c t e d  more  a t t e n t i o n  in the

last decades than the so-called side-flash . It has been examined repeatedl y

and i t s  d a n g e r s  a r e  i l l u s t r a t e d  in the tech nical l i t e r a t u r e . I t s  p r e v e n t i o n

mctst  be p r o v i d e d  in o rder  to  s top  i n c i d e n t s  in which a protected hiu iidi ii g

has  been  s t r u c k  and a person in such a b u i l d i n g  i n j u r e d .

Golde  has  i l l us t r a t e d  the  p r i n c i p les of the  c o n d i t i on s  l e a d i n g  t o  t he

r i s k  of a s i d e - f l a s h  w i th the simple examp le s h o w n  i i i  Figure 9.

lig htning conduci Or

I — — — —  w a m e r p i p e

i~~7 ;A~~~~ r~i~ - 
- . 1. -~~Y7~~~~~~~~~~ 

-

h u g  9 I I s i m n l n I g  s t r r ~ c me h ou se  a nd I u e h t r u n ~m c o n d u c t o r  an d  u n d c~~c u u t c n t l y
r a i l  r e d  ~ t i e r  cv s lc m

T i e  i l l u s t  r a t i o n  shows  the  o u t l i n e s  of a donie  st i c  b u i l d i n g  with a

li g h t n i n g  c o n d u c t o r  p r o t c - ct i n g  the  c }l in/ney \ v h u i c h /  c o n s t i t  t i t e s  t h e  l / i g }u e  St

point . In the attic is a water tank which is f ed  throug h a i i  r et a i l i c w a t e r

pi pe w h i c h , ir u t u r n , is c o n n e c t e d  to  a r i i e t a l l i c  r raa in  bsi rit’d in  the g r i  - 

Let us now as  scirne t i / a t  the  li g h t n i n g  c o n d u c t o r  on t h e  c h i n e  m e - is

st rue  k by a h g  h t t i i n g  c u r  re ru t of anip l i tu d e  i . The c u r  me nt is  t h -  ti di  s —

chit r g ed  a long  the  roof  conductor • the  s i n g l e -  d o w n  c o n d u c t o r  a nid i n t o

the  earth e l e c t r o d e . This  pa th  c- u n s t i t e i t e s  an i i i d i u  t - u i i c e L w h u l e ’  t h e  irii—

pe c i aru  e of the e a r t h  e l e c t r o d e  m a y  be d e s c r i b e d  by i t s  e f f e c t i v e  g r o u n d

r e s i s t a n c e  It . The  top of the  l i g h t n i n g —  p r o t t -~ t iv e  s y s t e m  is  t h i n s  r a i s t -d

to a p o t e r i t i ~i l  w i t h  r e s p e c t  to t r u e  e a r t h  w h i i c i u  is g I v e n  b y:

ii - u t  + Ldi/dt
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}or the pu rp o s e  of  a n u m e ri c a l  e s t ir i / a t e  we-  i n ay  as  S u m - an  i n t e n s e

li g h t n i n g  c u r  r e n t  of c r c - s t  va l c i e  i 100 k anlp and a gr ound resistance of

R 10 f) . Th e indcictan - t- of a sing le- vertical conductor is about 1 (iO a ll

per l OO m  and the  rate of rise of the f r o n t  of the l i g h t n i n g  c u r r e n t  m a y

be taken as 50 kamp/~~see . If the  he ig ht of the c h i m n e y  above  g r o u nd  is

1 Oni , t h e  t o p  of the lig htning conductor is raised to a potential with re spect

to true c-a rth which amounts to:

u = 10 b 10 + 10
1 

1 .6 10 5 l 0~ l 0~ v
-f 8 x 1O~ V = 1. 8 MV n e g l e c t i n g  phase dif t er€nces

In c o n t r as t , t h e  water tank remain/s at ground potential even when

t h e  m o u s e  is s t r u c k  so t h a t  the  p o t e n t ia l  di f  Ic rent t - of 1 , 8 M V is s u d d e n l y

i mp r e s s e d  between the li ghtning- conductor system and the w a t e r  t a n k . If

the  e l e c t r i c  b r e a k d o w n  s t r e n g t h  of tb/ c c l ea r a n c e  D is less  t h a n  t i / a t  p o t e n t  i - i l

difference an electric breakdown o c c u r s  f r o m  the li g h t n i n g  c o n d u c t o r  to  t h u

water tank; and this is t e rm e d  a s i d e - fl a s h . The b r e a k d o w n  s t r e n g t h  of

a i r  f o r  a chopped impulse voltage- can be taken as 900 kV /m, hence a 2rii

f l a s h  could  mi/a te  r a l i z e .  Simni la r s i t u a t i o n s  may  o c c u r  i f  peop le a r e  St  u d i n g

l a - t w e c m n  a g r o u n d e d  a i r — t e r n / / i l / a l lead and a g r oc inded  i n s t r u m e n t  in t h e

b u i l d i n g .  S i d e - f l a s h e s  may a l so  o c c u r  c inder  the  s u r f a c e  arid in t he  p r o c c ’ss

c a n  t h r o w  ap r o c k s  and s o i l  ove r  g r e a t  d i s t a n c es . The s imp le s o l u t i o n  of

b o n d i n g  the down c o n d u c t o r  t o  t he  g r o u nd e d  o b j e c t  wi l l  a 1 l e - - ~- i  a t e  m a n y  p r o —

b 1cm s .

4 . 2 T h i e r n i a i  C o n i s i c l e r a t u o n u s

T h e  li g h t n i n g  l e a d e r  str i ke h a s  a m a r  row cof lc -  w h i c h  is  s m i r  mound ed

by much large r corona. The’ r&- t ci m n s t r c i k e  c u r r en t  i s  c o m i t  i - n i t r a t e d  i i i  t h i s

c c - n t m a i  c u r i e -  wh ich is about 1— 2  c- e ’n t l u i / e t e - r s  c h i , t n r c  t , - r  , i t / ( I  a n u m i \ u n i i c u n l

t e n i i p i - r a t u r e -  of a h o u u t  i - t i , 00( 1 O
j~~ is r e - a c h e d  aft e r  a I , - ~s n i i c  m o s t - c  ends , a s

shown in F i g u r e  10 .
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~~i g m m r e  10 . T - r n p e r a t u r c - — t i n i e  Cu r v t -  f o r  r e t u r n  s t r o k e .  ( U ni a n~~~)

l i m e  e f f e c t s  of t h i s  t e m  pc r a t u r e  on ii u t - t a  is is u s u a l l y not  serious

a Ithi o cig h t h e  rt - is a p o s s i b i l i t y  t ha t  a t h i n  metal s h u t m e t  w i l l  be p e m u e t  r a t  e ’d .

‘rite t en/pc rature rise is proportional to t whe re a CYi aXin /ufl / v~u ls mc of

f i t  cit is about i o~ a n t i  p Sc: c~ N e g l e c t i n g  d i s s ipa t i o n  and i~tm Ic r r i m i g  t o

Fi gure 1 1 u r i c  sees t h a t  the  t e n/p c  r i t u r c  r i s e  of coppe r c o m i d r i c t o r s  as

spec -ifie r l in r l / O s t  li gh t n i n g  codes as 30 to 50 mm - is i i 1 i ) ( i t - r a t e - . }u  r

icl ur i/inurt i ti/c te’n /p e ’r a tc irc ’ v a l u e s  c- i t t )  be ta ken as 1. 5 t im e s  t h o s e  f o r

coppe r •

to - t 10 ’ 10 10 10 10 . 1 0 ’

‘~~m A 1s

1~ig. I I i- ro p e r  ,r u i e  r i s e  i n c  i~~r pen t i l i t n i  i r s  of s .ii.i ni 1 ’ m u s s  s i t  l ion ) is f i u n i cl i tin
ii I i  (hr
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There is one aspect of heat dissipation that needs  c o n s i d er a t iu i r i .

W h e r e  the  lig h t n i n g  c u r r e n t  is be ing  d i s c h a r g e d  t h r o u g h a i-u g h r e s i s t an c e

joint , such  as a poor c o n t a c t  or o v e rl a p p ing meta l s h e e t s , t h e  b r e a t

g e n e r a te d  may  g ive r i s e  to h e a v y  s p a r k i n g .  P e n e t r a t i o n  may  o c c u r  in

the  case  of t h i n  meta l  sheets  such as used  as roof ing m a t e r ia l  or air-

c r a f t  s k i n . The s ize  of the hole  is a f u n c t i o n  of li g htnin g c h a r g e , t h e

m a t e r i a l  and its t h i c kn e s s . For 20 mu coppe r the  hole  c o u l d  be up to

300 m m 2 .

W h e n  lig h t n i n g  s t r i k e s  an i n s u l a t i n g  m a t e r i a l  the  p o in t  of c on t ~e c t

could  be r a i s e d  to  a hi g h t e m p e r a t u r e  and p e n e t r a t i o n  c o u l d  r e s u l t . P y

the se  means  c l ean  ho les  of ~ cm d i ame te r have  been  p u n c h e d  in g l a s s

by li g h t n i n g  d i s c h a r g e s . If t h i s  i n sc i l an t  c o n t a i n s  m o i s t u r e  the  c u r r e n t

wi l l  f low p r e f e r e n t i a l ly along the path of be s t  c o n d u c t i v i t y .  M o i s t u r e

can be c o n v e r t e d  in to  stear i / and e x p l o s i o ns  o c c u r . En o r m o u s  b l o c k s

of con e r i te -  h a v e  bc - en d e m o l i s h e d  thi s way and on one o c c a s i o n  rock y

g r o u n d  was  f u r r o w e d  fo r  800 fc -e t  and  75 t o n s  of r ock  and so i l  d i s l i r u i ged .

The exp l o s i v e  e f f e c t  was  eq u iv a l e n t  to  600 lbs  of TN T .

4 . 3 M e c h a n i c a l  C o n s i d e r a t i o n s

M e c h a n i c a l  e f f e c t s  c o n c e r n  the  s h o c k  wave  and  b e n d i ng  f o r c  es~
W i t h  the rap id t e m p e rat u r e  i n c r e a s e s  d i s c u s s e d  in S e c t i o n  4 . 2 t h e  a i r

s u r r o u n d i n g  the  channe l expands  e x t r e m e ly r ap idl y and p r o d u c e s  a sup e r-

sonic  p r e s s u r e  w a v e . Fi g u r e  12 shows  how th i s  wa v e  is  p r o p a g a t e d  f r o m

the c e n t r a l  ccn e ’ . It is r e s p o ns i b l e  not  onl y f o r  t h u n d e r , bu t  a l s o  f o r

w i d e sp r e a d  l i f t i n g  of t i le s on the r o o f s  of b u i l d i n g s .

40 308 ps

30 
j j S O 9 cs

~ 2 0 1
10 03 Its

~~ 

~~~r ad i u s  cm (7)

F i g .  12 ()c~ ett i prnier i t  of p n c s s u r c  f r nnr  l ug h r n u m i t ’  c h a n n e l  h u h . i m

-71-

~ 

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

-—  A



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

-

~~~~~~~

--——— - --— -

~~~~~~~~~
----- i,-— -

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

Two parall el conductors caug ht in a li gh tning dis charge are subj e ct

to a t t rac t ive  force s  and these forces are respons ible for the fusi n g of

stranded conductor s and for squashing holl ow conductors.

There is one more mechanical force worth considering. If a lig htning

c o n d u c t o r  fo l lows  a r i g h t - a n g le be nd on a bu i ldi n g and this  condu c to r h a s

to di e charg e a lig htning current , it will be subject to a mechanical forc e

try ing to strai ghten it and t h u s  a t t empt ing  to bend it o u t w ar d . The magni-

tude of the’ force is p r o p o r t i o n a l  to the squ a r e  of the  c u r r e n t , but even fo r

large strokes it can only rc-ach about 5000 lbs. Sharp rectangular binds in

conductors should therefore be a v o id e d .
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5.0 LIGHTNING SURGES

The major sources of lig htning surges in conductors are due to

a) Ground potentials caused by nearby lightning strokes

b) Induced effects caused by li g htning current flowing
on a shield

c) Direct strikes to a wire

d) Side-flashes to the conductor from a nearb y s t r i ke

e) A strai ght conducto r actin g as an electric field change
antenna for li ghtning effects

f) A looped conduc to r  act ing as a magne t i c  field an tenna
for  li g h t n i n g  e f f e c t s .

B u r y ing the cable does not remove li g htning ef f e c t s  as the cable is

t hen an ideal g r o u n d  path for the cu r r e n t . The  li g h tn ing  c u r r e n t  may  s i d e -

f lash severa l  m e t e r s  to the conductor  u n d e r  the g r o u n d , w h e r e  the d i s t a n c e

is primaril y a f u n c t i o n  of solid r e s i s t ivi ty and the resistance of the conductor

to g round .

The l a r g e s t  li g htn ing  v o l t a g e  r e c o r d e d  on a t r a n s m i s s i o n  l ine  r e a c h e d

a peak value of 5 mil l ion volts  in l e s s  than  two m i c r o s e c o n d s .  The re-

su lting osc i l lo scope  r eco rd ing  is  shown in Fi g u r e  13 ari d t h e  s t r i k e  oc -

curred some 4 miles up the line. It is s u g g e s t e d  tha t  c l o se r  t i  the’ strike

-6  -

-4

-z  -

‘—40

0 ~ I ~~~~i~~~ : - —
~~~ ~~~~~~~~~~~~~~~

25 50 100 150 200 300

+ 2  1’I M F ( 1 .1 Sec

F i g u r e  1 t . C a t h oih - — r a y  os - i l l o g r a n i i  of b u m g h u i st  voltage c ur t  ,i t r , t r u s —

rni ssron u rn’; 110 kV wood pole o f  Arkan~— ,is t i u w t - r  , O u u l

i a g lut  C o m p a n y ;  no g r o t u n d  c s - i n , - .
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p o i n t  the  c u r  r e n t  r , c t - of r i s e  w a s  p r o b a b l y of tin- ord er of 10 m illion

V o l t s  pe r  m i c r o s e c o n d.

R e s i den t i a l  1 20 V A C  l i n t - s  a r e  found t et e x p e r i . - n c e  p e a k  li g h t n i n g

a s s u i c m a t e - d  v o l t a g t - m -  of up  to 6kV and i n t e r n a l  s c c - i t c h i n g  t r a n s i e n t s  cip t u u

3 k ‘~~~. l ’h t ’  t r a n s i e n t s  wi l l  he- o s c i l l a t o ry  in n a t u r e  wi th  a f u n i d a r m u c - r u t a l

f r c c 1ci ency f r o m  a few t e n s  of k i l o h e r t z  to s c - v t - r a l  m e g a h e r t z  wi th  corn-

p on e n t s  r a n g i : i g  i n t o  h u n d r e d s  u u f  m e g a h e r t z .  They will l a s t  f r o m  100

n a n u u s e - concl s to 100 m i c  r os , ’ s u u n d s  ar/ d b e ’ c l a m p e d  w i t h i n  a few cycl e-s .

Good gr o e i n d i u c g  a r i d  b o n d i n g  m a y  r c - d u c c -  the t r a n s i e n t s  s i g n i f i c a n t ly .

5. I i n su l a t i o n  F . f l t - e  t s

N u t -  e f f e c t  of h i g h voltages on m n  s u l a t i o n  c a n  be qu i t t -  l a r g e  ar/d

whe ’ r e - a s  t h e  m i t  i i i  b r e a k d o w n  of an i n s u l a t o r  may no t  bc-  c at a s t r op h ic ,

t h e  r c p c t i t i c  e e f f e c t  s of hi g h v olt a~~e t r a n s i e n t s  wi l l  p r o d u c e  breakd own

at ti/ I s a t in -  p lace -  u n t i l  the -  i r s ul a t o r  cannot  eve - m i  s t and  t h e  s t e a d y s t a t e ’

v o l t a g c - . An elect n c  clock manufacturer reduced his failure- rate t t u

one- h u n d r t ’ d t h  of his earlier failure- rate- b y i n c r c -a si g t h e  insulation

l e ve l  f r o m  2 to 6k V .

l l r , - i c k d ow n  w i l l  a l s o  oecci r a l o n g  a s u r f a c e- s uch  as  a P r J n t e ’( i  c i r c u i t

ho a r d . In t h i s  c a s t - , a p a t h - i of sli g h t l y c on d u c t i v e -  c ar  h on -u  ? c d  in s i m l a t  ion

cs-ill occur which may also he ’ influenced by vaporized ‘u it -tal . St i - t 1 i

wa ve -f r c u u i t  v o l t ag e s  may le-ad to h r c -a k d e i w n  of in sc i l a t i o n  b e t c s - e - e - r i  t h i i -

winding s of a coil.

5. 2 Grounthng and Puondir~g

W h e n  one  g r o u n d e d  c o n do  e to r i s  c t t o d u c t i n g  a st  t e p W i t \  c - f r o n t  c u r  r c - n t

l a r g e ’  p o t t - n t i a l s  may  d e v e l o p  i t t - f  W i - c - n m  i t  ,mu d  a n o t h t - r  g r o u n d e d  t t b j t - u  t . ‘ I ’ h i t

t ’ f f c c t s  of t h i s  p r o b l e m  h a v e  b e t - n i  i l l u s t r a te d  and d i s c u s s e d  in Sec  t u u m u  4 . I .

B o n d i n g  flu e g r iiii n d s t o g t - t h i - r  w~~ i I d  ha ve r e n i u u v e - d  t i n -  p r o b l e - r i t .  1 h it. ’ i m u l c i e  I t  ‘-

( ‘ f lu  - i h s of s i r e  ii b o n d i n g  t o  - t  w i  en t cci i obj  c - c - t S n u i i s t  be ’ c a r  m i e t i  i t o t  cc i t  hi e a re

o r  i t  m r m a v  still li-ad f i t  h a z a r d o u s  p u u t t n t i a l  d i  Itt-ren t. c’s . I b i s  p r u i b l e n i  i s
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i l l u s t r a te - c l  i i i  F i g u  r e  14 whit . ’  re a cable slime -id and an c ’ r i c l c u  s u n  r i  a r~e

conne c ted te tgt ,the’ r ( r i - I c -  i ’r l c c 4  8) .  T hi s  c’ x ainp i e’ u ri di c ~~t e s t h a ’ g r i - ci r i d

leads should u t -  kept as short amid direu t as possi b le - . Fi gur e ’ l - l , u  ~ h t u c ”  s

a shield b e i n g  t e  r n i m n a t e d  on an c -n c l o s u r t -  which a l l o w s  the c u r r e - i n

f l u i w  r a d i a l l y f r om  tine shield to the’  enclosur - . I~ a S e  p a r a t i -  g r c . u i n u  l , - ui ~

i S  u~~~d to c a r ry  s enge ’ current it w~l1 have an i n d u c t a n ce (F i g .  l4b) c s i u c i u

~~~~~~~ 

r 
11 

~~~~~~~~~~~~~~ [

_

~~~

_ _ —-

S . i t L O  ~~~~~~ - - -

.i . . ._ i ) -  ~~~~~~~~

(a )  (b )

Fi g u r e  14 . C o n n e c t i o n s  I u , - t w e - c - u i  ~ h u t - 1 d  an d c l o s u r e . ( a )  Good . (b) 1-ad .

w i l l  I t - a d  to a p o t e n t i a l  d i f f e r e n c e -  t i e  t c s i - e n  s h i e l d  a n d  e m m c l o s u r t - . l i/c

i n d u c t a n c e -  of one i n c h  of 0. 03-u - d i a r i n c - t i - r  w-i r~ - i s  t b u u u i t  0 . 0 1 3 4  ~ h i ~i m u u l

w i t h  a r ap id  c u r r e n t  p u l s e -  of 100 c! nu p !nsc -c t b ,  c- u i l t a i ’ ,- d t - c - t - I u i p c -d  cs - i l l  i t -

I 340 v o l t s . Ten  i n c h e s  of cc-i r c -  cs - i l l  c - r i a i m lc-  1 ~k \ ’  to u ie ~~e’l c ip  t u t - t c st - e r m  slai ld

and en c l o s u r e , imp ly ing  a spark over 1 cm l o n g .  T h e  ~s r  r e  Sh e ) l i l ( l ,

there-fore , In- kept as short as pos sible.

It is :11 so absolutel y essential that a shield be ground ~‘d i t  butt In c - r i d  n— .

The m a g n e t i c - f i e l d s  c aused  by li ghtning can ir /duc e- voltages ar u i t m nd o pt - tn

circuit loops and current s are)uncl short c- i r c u i t  i c u t i p s .  1 f u e  i n d c i c c d  cc l  m r u  u i  S

ha rdl y ever lust - dam age , but t h e -  i n d e u c e - d  c- o lt a c , -s c _ i t t  l i i - c x c  ,- s s i v i  I c  i i u i ’ h

and will caust’ damage .

I d e - a l l y ou t - r ous t  s c - f  t ip  s e p i r a t e -  g r o u n d i n g  sv ~ b -flis f o r  f l u , - c , i r - i o c m s

‘l t - ctr s ,iI parts of a s v s t  i - n i  an d  e-~~ n r n h i n ~ - t t u t -~~ t -  n - c - p a n ~~i t t -  g r o cin d s a t  u n i v

Of t  - ctini m o n  r i - l i -  r e’ nc _ C ’ poi n t
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5 .3 Skin Effect

Ski n effect is a p henomenon which tends to c o n c e n t r a t e  c u r r e n t s  on

c onductor surfaces that are nearest to the field sources producing these

c u r  r e n t s .  An e x a m ple of c u r r e n t  d i s t r i b u t i on  in c o n d u c t o r s  b e c a u s e  of

the s k i n  e f f e c t  is  d e s c r i b e d  by E v e r e t t  in r e f e r e n c e -  9 and an i l l u s t r a ti o n

is  g ive-mi in F i g u r e  15. It can  be seen tha t  most  of the  c u r r e n t  t e n d s  to

R o i u r r i i  ~o t i O  Ikcr iirrri hoS ow Co~ x r ~i R r c u n g u t a r
C onti uc I or coir d u ci  Or c ond u Ct Or conductor

Fi g. 1 5 a. Ct u r r i - n t  c i t — u  i u ~~i u t t  i - u i  in c e t t u u i i u c t o i - s  t icc t cu isc  ~~1 s t e i n  effect.

Fi g. 1 5 b . Cu rr en n in na -n e d i r e c t i on  Cur ie n i in u - u - i r e  d i r e c t i o n s

l u u i \ i r i i u t v  t - t I t — u t of - i i i  u - r u t  Ii p n r n l l c l  en t i r -

f low in a t i / in  shel l  n e a r  the  c o n d u c t o r  s u r f a c e  w h e r e  the  d e p t h  of port e-

t r a t i o n  is  a f u n c t i o n  of r e s i s t i v i t y  and f r eq u e n c y .  The c o n n e c t i o n  of g r o u n d s

to the  inside of :onducting s t r u c tu r e s  may  t h e r e f o r e  not a lway s be ad-

v i s a h i e  as c u r r e n t  wil l  t h en  tend to flow on the  i n si de  s u r f a c e.
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6 . 0 PROTECTOR DEvICF :S

P r o t e c t o r  dev i ce - s  a r e  of t w o  bas ic  ty p e s , cons tant  vo l t age  and

c row bar . The cons tan t vol tage  dev ices  will conduc t  v e ry  l i t t le  at the

s t e a d y state v o l t a g e , but  above  a c e - r t a i n  vcdtage l eve l  will conduc t

v e r y h e a v i l y.  A c rowbar  dev ice  in e f f ec t , shor t  c i r c u i t s  a hi g h

vo l t age  to g r o u n d . This  sho r t  will c o n t i n u e  un t i l  t h e  c u r r e n t  is

b roug ht to a low leve l . A cons tan t  vo l ta ge em it will  n e v e r  r e d u c e  t h e

l ine vol tage below i t s  sto -ad y s ta te  v a l u e  but  t he c r o w b a r  d e v i c e  o f t en

cs-ill . This could be a p r ob l en /  if t h e r e  is a c o n t i n u i ng  follocs-  c u r r e n t .

Cons tan t  vol tage-  dec - ices  in e v c - r y day u s e  a r e  a v a l a n c h e  and zene r

diodes  and v a r i st o r s , or v o l t a g e  ciependant  r i - s i  s t o r s . Sp a r k  gaps  and

gas  d i s ch a r g e  tube - s a r e  the m o s t  c o m m o n  t i  pe  of c r o w b a r .

Low pass  f i l t e r s  a r e  o f t e n  u sed  as s u p p r e s  non d r - v i c e s. A

c a p a c i t o r  p lac ed a c r o s s  t h t -  t e - r in i n a l s  is  t h e  s i mn p l e s t  f o r m  of f i l t e r

wh e -r e  t h e  i mp e d a n c e -  it shou ld  p r e s e n t  to the  t r a n s i e n t  will be m u c h

lower than the  t r a n s i e n t  soc i rc o-  i m p e d a n c e - . T h i s  a p p r o a c h  will w u i r k

we ll u n l e s s  the  capac i to r  load s down th e- d e s i r e d  c olt u e and doc s not

c r e a t e  cu r r c -n t  i n —  rush problem s. A r e s i s t o r  in se r i e - s cc-ill  h e l p but

wi l l  r e d u c e  the  e f f e c tj v e n e - s s  of the  f i l t e r . A c a p a c i t o r  n e t c s - o r k  i s  a l so)

in c - f f c ’c t iv e  if t h e  t r a n s i e n t  has  hi g h e n e rg y  in e i t h er  p o l a ri ty . F i l t e r s

can bt- i u n i i t -  e x p e n s i v e -  and m u s t  bc ‘v e r y  c a r c f u ll y de s i gned .

lh e  lead l e n g t h  of s up p r e - s s i o n  de v i c e s  can  cause -  l a r g e -  u u c e  r s l u i i u u t

v o l t age s  d ep e n d i n g  on the  r a t e  of r i s c -  of c u r r e n t,  it  cs-as d i s c  c i s se -d  in

Section 5. 2 t ha t  a one i nch  wi r e -  can Ic-ad to a v o l t a g e -  o v e r s h o o t  of ov e r

I 300 vo l t s . It i s  pos s ib l e , h o wev e r , to p u r c h a s e -  n-u o s t  p r o t e c t i o n  c l c - v u c & - s

i i i  d i s c  fo m i  w i t h o u t  wi re -  s , and  wi th  ca r e - fu l r i i oun t i r ig  t h e  c- c u l t  u g r - t i c - c- r —

r - I t u u o t  w i l l  t i c  r u r g l i g i b l c .

I A c - a l a n n c I u - l ) u o d e n s a n d  Z e n u e  r s

‘Ih e v i u l t  — u n n p ( - r e -  c h a r a c t e r i s t i c - s  t i f  a — t m r u i c o n d u c t u u r  d i o d e -  a r c ’

shown in I- u~ ’ t u r t -  1~ i ii  c s - In ch  t l u e r - - i r t ’  t b r t - t -  p r i n t - p I t -  r - t - g u u i n i s  o f
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o p t - r a t i o n ,  l in e  fo m cc - a rd  b i a s e d  u t - g i o n  i s  l in i i t e - d  ny  t h e  u - x t e - r n a l  L~~r c  cnt

and ti t er l e akage-  r e g u o n  is  w h e r e  the  v T t a g c  is  r eve ’r  sod but  is  s t i l l  l e s s

t i t a n  t h e  c r i t u c -a l v a l u e - . W h e n  t h c -  r c -v o-  J~ Sc- vo l t age  inc  r ea  so- s be v om ic i  t h u s
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1- i g r i r e  i s . S c i n i - n i u a t u c  v o l t — a n i p c ’ m e  c h a r a ct e r i s t i c  c i u r \  e l i i i  a
s e m i c o nd u c t o r  d i i i - .

c r i t i c - cl v a l u e  the  r e - v e r s e -  c u r r e n t  i n e r t - u s e ’ s  sh a r p ly and t i ne  d iode-  is

opt -  r a t i n g  in the  br  e-akdowrm r e-g u n  . No m n i a l  r u - i t t  f i t -  r d i o d e s  a r e  it m a t i e -

to o p e ra t e  in t h e  f o r w a r d  and r e v e r s c - - b i a s e d  r e g i o n . t u t u t r a n s i r -ui t

s t u p p r e - s S or S  ope ra t e  ar o u n d  t h e -  b r e a k d o w n  r e g i o n .

A v a l a n c h e  d io c l r - s  e x h ib i t  a sh a r p  t u r n  at t i n e  u r i c- , t i n t ; c n u r - r  d i u d~-s

go t h r o t u g h thi n - t r a n r ; i t i o r i  n i o r i -  g r a d e i u e l l y .  TI/i s i r t t u l i c S  it ut  t h e ’  ac~da ni t. fue-

d u u t u l r -  i s  a be t t e r  s c m p p r c - s s u u r  1 M m  t r a n s u e u u t s  1 u 1 1 5  z e n i e u  d m i a h s.
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T~~ - se-  d e v i ce s  a r e  t h e  m ost  ‘ c o n s t a n t  v o l t a g e - 0 de v i c e S  a v a i l , t i i e

ar id  tht.- v o l t ak e - is onl y s l ig h t l y d -pende ’n t  on t h e  cu r  r e -n t . TI -ne  op e r~it  i u i n

t a k e s  p lace w i t h i n  a c-t r y  snia l l  v o l u me ’  of s i l i c o n , w h e r e  t h e -  e n e - r gy  or

h eat g u r u - r a t e d  b y t h -  t r a n s i e n t  can c a u s e  f a i l u r e - at t h e -  j u n c t i on . Spe c i a l

s u p p re s s i o n  d e v i c e s  u s i m u g  t h e  s i l i c o n  a v a l a n c h e  t e c h n i que  a r e  m a n n f a u  t~~r cd

t h a t  h a v e -  a j u n c t i o n  a r ea  ten t i m e s  l a r g e r  t h a n  a one -,‘.a t t  z e n er  diode;

the’ Tranzorb made- P General S€-mi conduct-ar I n d u s t r i e s  is  one- s u c h  d e v i c e - .

The-se device- s will  c lamp at s p ee d s  in e x c e s s  of 10
_ i  2

sec  and , u ( - m n - n d i n g

on the  s ize , the  peak p o w e r  r a t i n g  can be up to  s e v e r a l  h u n d r e d  k V

f u r  a 1 U s e c  pu l se .  They do have  a smal l  c ap a c i t a n c e , h o w e v e r , s u i t  w it h

• care ful desi gn it i s  p o s s ib l e  to u s e  t h e m  in p r o t e c t i u c i u c i r c u i t s  at f r c - q u c - n c i e s

in e Y C C 5 S  of 100 M H z .

6 . 2  V a r i s t o r s -V o l t ag e  D c p e m i d c - n u t  R e s i s t o r s

A va r i s t o r  is a bulk s e m i c o n d u c t o r  d e v i c e  w h u i i s c  r e s i s t a n c e  v a r i e s

with the magnitude- but not the polarity of t lir- app l ied v o l t ag e .  V a r i s t u r s

a r e  composed of a polycrystafline mate rial made by pressing and h e a t i n g

special mixture- s containing either silicon c a r b i d e -  ( S i C )  t i n  o x i d es  of z i n c

and b i s m c i t h . M e t a l - o x i d e  v a r i s t u r s  ( S l h ) V s )  h a v e  a m o r e -  n o n l i n e a r  V - I

r e l a t i o n s h ip and t h e r e - f o r e  l e t t e r  c l an /pi n g .  Th ey a r e  hi g hl y n o n l i n e a r

e lements  developed r e c e n t l y ft r p r o t e c  t u t u  of e l e c t r i c  d c - v u 0  es  f r i n u  in-

duced vo l t age  s u r g e.  In the  a b s e n c e -  of a b n o r m a l  v u u l t a g e - , t h e  M O \  pre-

s~- n n  s a v e - ry  h ig h r e s i s t a n c e -  at i t s  t - r m i n a l s ;  h o c s t - v e - r , in the p r e s e n c e ’

of a s u r g e - , i t s  re  s i s t a n c r -  c l m r n i i u i s h e s  by s e v e ra l  o r d e ’r s  of n i a g n i m i - u d e ,

t i t u s  a b s o r b i n g  the  e n e r g y  t u t  t h e -  t r a n s i e n t  aboc- - -  a s1 u r - c i f i e ’ d v u u l u u r - .

MOV’ s p r u  u c i d e  low v o l t  a g e - rioni inc-ar e ’ l e n i - n - n n  t s wit P ci l t  age -  — c u r  r e -~~t

cha r ucte n i n - tics c o m p a r a b l e  to z e n e -  r diode s , but with a h i — p o l a r  p r  p t - n c-

a n t i  hi g h i - ne °gy dissip ation/si -ic - capability. T h e -  Sc d u c i  ce ’s , pr  u n i t , u  r i l\ -

i n t e - n d e d  f o r  su r g e  p r u t t e c t i o n  of AG pu c k e r  l i n es , cs-il l  be ’ also app licabl e ’

f t r  low volta ge’ sign e1 lint , - J t r i t t c - c t m o n  w b m e r /  l o c s - e - r  v c u l t a g , - t c y i i - s  u t f  \ I O V

h e - c o m e  av a i l a b l e .  Th~- st  c - p  r e - s l t t e i s e -  of an  M O V  i s  i n  t i n e ’  n i a r i o s e c - o n d

r .u n g r - . I y l t m c a l  V — I  c e i r v e ’ n — , t r e ’  s hocs-n in F i g u r e - 17 .
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F igu r e  17a. B i l a t e r a l  and s y r m i n i n - t r i c a l  V - I  c u r v e ,
A:MOV , B:SiC v a r i S t o r .
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6 . 3 Gas B r e a k d o w n  D e v ice s

On the- opposite end of the r u g g e d n e s s  s p e c t r u m  a r c -  the  spark  gaps

and g a s - d i s c h a r g e  t u b e s  (CDT ’ s) .  These  depend on the  f o r m a t i o n  of an

ionized gas between metal electrodes . The gap length , gas pressure ,

amid se’veral other factors determine the ureakdown voltage- . When an arc

is  f o r m e d , the s u p p r e s s o r  is  capable  of c o n d u c t i n g  hi gh c u r r e n t s  at a l u u w
<

vo l t age  ( b Oy ) .

U n f or t u n a t e ly,  the  s tead y s ta te  pow e r s o u r c e  is  f r e q u e nt l y capable’

of keep ing the  a r c  c o n d u c t i n g  un t i l  cur  r e n t  and vo l t age  a re -  r e d u ce d ,

t e m p o r a r i ly d i s a b l i n g  the  supp ly .  Man y s u ch  s u p p r e s s o r s  a l so  h a v e  a

n u u t i c e a b l e  r e s p o n s e -  tu ni c ’ , such  tha t  a f a s t - r i s i n g  t r a n s i e n t  r e - n i c h e s  a

hi g h c - o l t a g e -  be fo r e- the  a r c  can f o r m .  GDT ’  s a r e  not g e n e- r a l l y f e a s i b l e

below 90 volts.

- ) - ( 1 0 )  - - -D r uy v € - u - t e y m i  and 1- cnnin g describe the action of a gas dis-

c h a r g e  d e v i c e  in Fi g u r e  18 , w h e r e ’  on-ic can see  the  i m p or t a n t  glow an/d arc

I I

~~ (ii 0
I a

~~C - - —

I ~
I ~~

~/ 
~~~~~~~~ I

~~

- 
~~~~~~~~~~~~~~~~~ I 

~~~~~~~~~~~~~~~~ 1

— I f )  ~ 
t I )  ,‘

0 I t )  11) 1 (1 I t )  I t t  I t )  I ) )  - 
( ui  n t - n u t  ( A r i i 1r  n- I

E ’ i g t i r e  18 . Sehie-rmi , ut j e \ - I c l u e r t i  t e r i s t i c  n of gas d i n -- c ) I r ) - e i u e t c e r - , - n u  t I , i t

p a r i l l e - I  c - l i - c t  n i r n r - ’ n - .
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discharge regions. The- arc discharge - passing high cut-r -nt s at low

v o l t ag e - . An e-xcel lent  d e s - r i p t ion of the  u s c -  of spa rk gaps is g ic-e n  in

a r e p o r t  by H a r t  and Hi gg ins~~ 
U and t h e -j r  m a i n  c o n c l u s i o n s  will  he

b r i e f l y d e s c r i b e d  h e r e .

Typ i c a l  vo l t - t ime  c u r v e s  of a CDT a r e -  shown in Fi g u r e -  19 indi-

c a t i n g  an i n i t i a l  hi gh c lamping vo l t age .  I t s  u s e -  in the  p r o t e c t i o n  of an

n l T  f l i t  ~~~~T T  TTTi 1 T T  lTn T T T  nil r —7 - r Tr-,

_ 
~~I:t~~~L~2:

,Qr - - O ,LJ ~~~~~~~~~~ ~LJ~U - -‘ - -‘ -

• 70 • 70’ 10 - 10’ tO • 70

T/Mf (SECONOS)

Fig. I~) Small MSP , P /N  2 3 0 1 - 14  ( J u u s l y n )

AC l ine  s u r g e -  is shown in Fi g u r e  20 , but b e c a u s e  the  a r c  r e g ion can

be so s t a i n e d  at a low voltage- t h e  AC vo l t age  may  be- s u f f i c i e n t  to a l l u t c c

a f o l l o w  or holdove-  r c u r  r e n t .  T h ij  s h t o l d o v e r  c u r  r e - n i t , dc-p c-riding u n  t l i e -

power s o u r c e - , may l i e  si g n i f i c a n t  and m a y  be- sufficient to c a n s  e d a i i n u g e

to the e l e c t r o d e s .  A s  the ’ v o l t a g e  p a s s e - s  t h r o u g h ze ro at the  ~‘nd of  e v e r y

h a l f  cyc le ’  t h e -  CDT cc - i l l  e x t  i n g e u i  sh bu t  at  t i n / c ’ s , if  t h e  ~ I c - i - t rode  s arc-

hi~t and the ’  g a s  i o n i z e d , it may re- — i g n i t e -  on t l u e - n e - x t  h a l f  e y e - Ic- .

l ’hie h o l d o ver  e u r r e - n t  c a n  h ,~ r , - d u c e - d  by i n n - n - r u i n g  a s e r i e s  r n - s m n ~B t r ,

but ,c s I- i g u r c ’  21 Si t e / c c - n- ; , f l u e ’ cu r  n e - n u t  r t - d c i c e - s  h u t  t i n e  V o l t a g e -  In c  r e - a n - - e s .
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TRANSIENT SUPERIMPOSED ON AC SIGNA L

(WI THOUT SPARK GAP)

TIME (77

ACS/GNAL AND
CLAMPED TRANSIENT

LU
Sri

ARC VOL fA CE GAP EXJ/NG(J ISH( S

i”i g u r e 2 )) . V o l t — t i m e- c t i r v c S of  t n a r / u - ; u r - n u t  w it h  and  c s - m t h o t u t  p n o t t - t i o n i .
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The g a s  tube  is  an exce llent dev ice  for protecting against  hi gh c u r r e n t

surges  but can not be used  e f f e c t i v e ly in protecting low input impedanc e-

c i r c u i t s .  It is often an advantage to p rovide added pro tec t ion  to clamp

SURG E VOL rAGE WA VEFORM
W / T H O U T SP A R K  GA P

WA VEFORM OF SPARK GAP WI TH
VMAx -  — — — SERIES RESIS TOR (DISCHARGE VOL TAGE)

WA VEFORM WI TH SPARK GAP ONL Y

Vbd ,... 

IN

\ \\ VA Rc \ \ \ \ \ \ \ \ \  \ \\~~~~~4’ TIME (T)
Figure 2 1 a. Surge Voltage for 6ap w i th  Cun-eru t Limit ing  Resistor

PEA K CURREN T WI THOUT SERIES RESISTOR

PEAK CURRENTW I TH SEkIE~ RESISTOR

TIME (T)
F i genre- 21 P . Surge C u r r e n t  Waveform f e r  Cap ss e t ) i  and ~ it  ho ot  Se’r cc Resistor

the ’  i n u u t m , t l  V o l t a ge  o c e - r s i u r t u u t  that t i n  G D l ’  i s  l i n t  capaht e - t t t  j i r u t e - c t m n u~ ’

a g a i r i s t .

-84- 

~~— ~~“-~~~~- - - -  --- - - - -
~~~~

- -- -- - -  -- - - - - - - -- 



— -
~

—
~

- -.
~

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

This can b~ done in severa l  way s  by designing h y b r i d c i r c u it s wi th  t h e

gas tube as the initial hi gh c u r r en t  pro tector  and a sol id-  state d e v i c e ’  f i t

protect  agai nst t he initial  oversh oo t .

6 . 4 fly~~ri d Comb inat ions

Seve ra l  poss ible  hy bri d combination s utilizing the hi g h surge current

capa bil ity of spark gaps a r e  shown in Figure 22 . T he adva n tages and dis-

a d v a n t a ge s  of eac h circuit have been discussed by Malone in refe z- e - ru ce 12 ,

an d the comments are shown with the c i r cu i t s  for convenience.

-85-

-- - -
~~~~~~~



- 
- 
_—~~

___$w
~ ~~~~~~~~~~~~~~ - -~~ - ---~~--~~~~~~~~~~~~~~~ —-—- - - -~~~ -- -- -

A I ) V A N T A G L S  l) 15AI V A ~~~l A u ; E S

Sp a r k  Gap/ 1) iodes  I mp u l s e  sp ike ’ of H ig h e r  c a p a c i t an c e
g a p  e limin -

Sp a r k  G a p / V ar i a b l e  R e s i s t o r  Im pu l s e  spm kc of lu cre as ed resi s t i i ’

( P n ~~4li-fl s p a r k  cap  l o w e - r e d  l o a d in g  of l i n e -

~~~~~~iii~:Sp a r k  Gap! V a r i ab l e  R e s i s t o r  l n i i p r o v e -d :cl,i l i t v  1 , Inc  r e a n - n - d

(Se r i e s) of sp a r k  ca p  I i i  d i~~ch a r ge  v o l t  a~~e
- ( u - x ’~~n g i i i s h  d u r i ng  s ur g c -

( ) -\ 
-

- - - -~~. c ar i ~~ t t r  ta I~c s

- - ~~- 

a l l  s u r g e

Spark Gap! Fix~ -cI R e s i s t o r  I m p m - o c - e-c l a b i l i t y  In c  r c - a s c -g  d i n - - c l . a r~
of sp a r k  g a p  to  -

- e d t  g u - durin g s u n r ~

(~~~~l 
u - x t i n g u i s h

0— _L~~~~~-~
parallel Spark Gap/Re sistor’ 1 . Iniprove-d 1 . I n c

-~~on/l iination S 
a b i l i t y  of  sp a r K  c i r - c u m i t  c u m m u i t l u  \ n I

- 

~~~ 
~~~~

- - g ap  to x t i n g u u i s t

~ (~~~ •~ / ~~~~~~~~~ ~~~~~ 2. L u t c e e r  d i s -  ~~~. l l i g l ; e r  i a ~~ l ci

~, 
~ -. c h a r g e ’  v o l t a g e  t a n i c e

1-i g c m r e ’  ~ L. S e v e r al p o s s ib l i -  h n--bri d co i y i h iiic ti oni s cu t i l i i i r m g  hi gh

su rg e -  c e i r r u - n u t  c t} )~c t ) i l i t y  i t f  sp a r k  ga ps .
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7. 0 A C K N O W L E D G E M E N T S

M u c h  of the  i n f o r m a t i o n  p r e s e n t e d  lie r e - m n  has  been t a k e n  f r o m

s e v e ra l  r ep o r t s  w h i c h  L a c e  been r e f e r e n c e d , but  the  a ut h o r  w i s h e s  t c t

m a ke  sp e c i a i  m e n t i o n  of the  m a t e r i a l  t a k e n  f r o m  data  p u b l i s h e d  by
Dr . R .H. Guide- .
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ABS TRACT

The main funct ions of Tanegashima Space Center (TNSC are launching of
rockets and satellites , satellite tracking and dat a acquisition and static f i r ing test.

The Isokerdunic levels (IKL) in Tanegashima is statistically 30 to 33 d ays
per year and the Osaki Launch Site will suffer from about 12 strikes per ver ir , it

is one of the most striked areas.

Protection of the equipments for these missions from lightning strikes is
very important , so we have installed , though experimentally, li ghtning protection
devices. Lightning protection for the electric powe r system is: I) system is housed

inside a concrete building which is protected by lightning rod s, and 2~ embedding

and trough laying system using corrugated steel armoured cables. Lightning pro-
tection for the electronic devices and communication lines is 1) syste m is in con-
crete buildings which is protected by lightning rods of roof conductor type and

2) lines being embedded or laid in troughs using overvoltage protectors . Lightning
protectio n for the building of storage and the handling facilities of explosives and

d angerous objects is a system which uses independent lightning rods and overhead
grounding Wires.
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1 . I n t r o d u c t i o n

The m a in  fc i m i c  t ion of the Taneg i s i m i n i a  Sp a c e  G e n t e r  ( T N SC  ) i n c  ‘su e

l a u n c h i ng  ot r o c k e t s  and s a t e l l i t e s , s a t e l l i t e  t r a e  k i n g ,  da ta  a c q u i s i t i o n

and s t at i c  f i r i ng  t e s t .

W e  a re ’  pay ing considerable attention to lightning protection system

in o r d e r  to p r o t e c t  the  equi p m e n t s  fo r  t he  f u l f i l l m e n t  of t h e s e  ‘ u u m i c t i o n s.

In the  f o l l o w i n g  we i n t r o d u c e  our  i. o n s i d e r : it i o n s  a b o u t  t he  p lan of li g h t n i n g

p r o t e c t i o n  and t h e i r  se c -e r a l  e x am p le a t  t h e  Osak i  L a u n c h  S i te , and exp lain

b r i e f l y the li g h t m i i n g  a lar m  d e c - i c e s  which h a v e  been t e n t a t i v e l y inst a 1l e i~ -

The Osaki Launch  Si t e  is the  m a i n  s i t  e- I~i T N SC  and the  l a rg e s t  in

Japa n ( for  l aunch ing  r o c k e t s  and s~t t e U i t es  and it is expec ’ e’d to p la\-

an i m p o r t a n t  role  for  t he  f u t u r e  l a u n c h i n g  ol app lie a t i o n s  sa t e l l i t e s .

2 . Desi gn C o n s i d e r at i o n

~~~. 1. T h u n d e r s t o r m  days  per  y e a r  at  the T ar e g a s h i m a  Is land

I-”i g. 1 shows I sok eraur i i c  leve ls  ( IK L  ) in Japan , w h i c h  a r e  the

a v e r a g e  in about  20 mi ’ es-b y - Z O  mi les  a r e - a s .  F r o m  this  fi g u r e ,  cc i- m i d

that in Tanegash ima  d i s t r i c t  the 1KL l eve l  is 30 to 3 1 d ay s  p er  vt - a r , i r ~~~i-

e a t i n g  it is one of the l a r g e s t  IKL , lev i - I a r e a s , I f , in .T aysen assuan iin g

that IKL level is 33 days per year , we estini ,u t ~ t h e -  n e in i  h e r  tY ~j g h t n i n g

strikes to t }i ~ - e a r t h  p e r  y e n  r at TN S( - , c c l u m  Ii is b e e  ted 10 N , a e. e - o r d i n i ~ t o

(I)
FAA r e p o r t . i t  is 1. 5 s t r i k e s / y e a r / k ’c i ~~. It  is i n t e ’ r r e ’ e l , t h e - r e t u r c - , th at

t h e  Osaki  L a u n c h  S i t e  of a b o u t  7 . 5  kni ’~ w i l l  s u i f f e r  t r o m  a h e , n n t  s t r i k e s v e - r .
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2 . 2 .  h - g u l L ’ on: ~‘oi ’ I he  l ; h ~ r i i r ~~ r - u t • -c ’ I - r. Ju 1 an

J~~ tL- -t ’e a r - -  i h- L i~ h t L i L - ” i~r - t - - t i  -n o -1 -  -~n -~ th u  El e -c t r - n a l

C - u t -  i n  t h e  r u i n of t : F A  ( I l a ’  i O f u l  l I t  r’ r --, t~~c t i or  A:: - I a ’ i n 1

h i  h- U n h  e i f’ t - i t  en , t h -  r - - - ar- n r- - n u i a t : o r - i s c C  s im i l a r  con t -n ’  a

J - c t r ~ , w h i c - h p r ov i de  m i n i r ’ . n- . r-~ r u ~~f - u - p - r . t 5  - f -  - i ’ l i~ h t r i n g  r - ,t ~~r’ ’ ~. L ! .

AS t -  ~ie s t r u c- ’  u r i s  o~ liu ”h tni rig r- cot i o i  dev i  u - - s and  t f l -  I’ .-

of  gr - s c r n l i n g ,  ‘ - - i c  is  a s t a r i : - ~r - d i z a t  ion  r i - - s eat e d  f-y th ~— Ca~~an

Ir~ iustr~~al A ta ti j u r I ( J I G )  aa-d t h e  J a r - r u t .  E l e c t r i c a l  I r s ’ r u s t  i r .

A s s o c i a t  on ( J E n A )  su~~gos t s s ome k i n d s  - f  f — ~r~ ~ccor ’  i in i  t o

- h~’ d i  ? I e r - e n c e s  o C bul idirigs n the a c t ua l  apr-] 1 -a ’ ¶ nri , : tn
(2)

Table 1.

2 . 3 .  Des gn n h  - m b  o f ’  1 i gh t n h i n ~ r r  t e c th r i  -
~~~ T~J G C

U s i e~ th ~ da ta  01 ’ I K L  an t h o s c  ~r n  Ta t  le 1, we e m p l o y

- p r i n ci~ len  ol ’ li~~h t r i n g  p r o t e c ti o r  s y s tem  fo r  t h e  Qt’tri~

L a u n c h  J1~ e , ft I’, -
~~~ his- r i o t  oi ly the  m i n i m u m  r - - q u i r u rn - f lt s  , t ’u~ I -

c i a l  design pt i r i c i ples cI - -s e r’i b u ’d 1 el- - -
~-:. ~~‘ u e  i - i - I n  s h ies . r i r m

be ap~ lI ed ~o t h - - Lu I i d i  cf ’  ‘ “h e  o t he r  s ’ a~ I n t i s .

2 . 3 .  1 . I ght -ri I r n  Prol esl on f~-r - c- 1ec~ r i s  power  sy s t  ems

a .  ( - w u - r  p l a n ts  an d sutsia t . ons are ot ’ t n d oor t y p e - , t -iti- r ouse I

:n sid e  a b u i ld i ng  01’ r ’ - i r i t o r - - e d  e o r i c t - ’ - t  t -  , I i i i  t h u  b u l  l u I t t ~~ i t s e l t

is r-x ’cu tected t- y 1 i g h t  nUp” rods. Thc - eul m r  v i  it th  

i n  shoe’ in  F ig .  2 as an ex n n n p  L u - .

1 . W i -  i n s - b y the at- f i n g  or e l  t r o u g h  l a y i n g  s y s t  -ms C r t h e

Ci -de rs  o f ’  h i g h  and  Low v o l t a g e  , r r - i n i g  coi tuS i t  e d  st e e l  a n t s  - r .  ti-ui

cabl es I n s t  ‘-r i d o f ’  ov rh c ’ ;t d  o H :v st ( ’m .

The i - ( ’ l ’ r u i g a t  eel 5~ e e i  a n - m o o r ’ - I c h i n -  H ’C e c l  l y e  t o  I w e t  he

ea r - f  h I l l  - nd I al when It  N; gi’ a r n r .  1- - - I .  i i  : n u f i  i f  c i i  1 - s-h r r ; :  - -

- i t . t ; t m ’ h u  - i  I c t lie i t S  I a in  - - ‘ &  - I V i t  - - c t  1 1’ 1 ii V -
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2 .3 .2. Li htti ~~n~ ProteL~t~ion for th e~ ectronic devic~ and

communication line

a. The electronic devices are as a principle accom~ adated a

building of r~~inforced concrete which is protected by lightninu

rods of roof conductor type.

b. Outdoor antennas are protected by independent lightning rods ,

which are installed by taking , the situations of the places into

account. An example -Is shown in Fig.3.

c. The communication cables are either embedded or laid in

troughs and leading—in points of the cables are protected from the

lightning surge using overvoltage protection devices. But we don ’t

use buried bare cables of common rod counterpoise system or

interconnecting of the separate electrode system , although it
(3)

was recommended by FAA.

2.3.3. Lightning Protection for the building of’ storage and the

handling facilities of explosives and dangerous objects

a. According to Table 1, we applied augment protection to

those buildings , where , in principle , independent lightning rods

and overhead grounding wires are used , so that the protection

angle may become below i45 degrees. An example of Rocket motor

storage is shown in Fig. LI.

b. Grounding rods are attached to every independent lightning

rod , which is interconnected by use of buried bare cables.

When necessary , the total grounding resistance is made lower ,

using auxiliary electrodes.
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3. A~~t u a  e x ar n p l~~-;

3 .1 .  M o b i l e  Se rv ice  Tower (M~ T) fo r  N — l a u n c h  v i ec le

~ s shown in T ’ i g . 5  , MST is a b o u t  55 m e t e r s  h i g h , b e i n g

compos c~i of t r u s s  structure and regarded as a k i n d  of cage . The

~~ ur  1 ig h t ni n ~- rods m o u n t e d  on the  top  of MST are c o n n e c t e d  to

th L ; g r o u n d i n g  rods r e s p e c t i v e l y  t h r o u g h  down c o n d u c t o r s  a long

the  co rne r s  of’ MST . Since MST is moved along the rail by about

80 m e t e r s , these  g r o u n d i n g  rods are equ ipped  at bo th  t he  v i e c l e

assemble  p o s i t i o n  and the  r e t rog rade  p o s i t i o n , be ing  8 sites in

all  and separa ted  i n to  two  g roups .  These g r o u n d i n g  rods are

interconnected by buried bare cables to rails , launch pads and

the  g round ing  rods of u m b i l i c a l  t ower , as we l l  as to the

s u r r o u n d i n g  g r o u n d i n g  rods of l iqu id  oxygen  s torage , f u e l

storage and nitrogen gas storage . Thus , the elevation of earth

potent ial is minimized as well as counterpo ised over the area

about 150 meters long and 100 meters wide , including the site of

the launch deck , so that the viecle , the auxiliary ground support

equipments , the dangerous products and the explosives are

protected. In addition , according to the safety manual , the works

are interrupted and workers are evacuated in the viecle launching

area including the inside of MST , when thunder cloud approaches.

-94-

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



3.  i~ . Dangerous  Areas

Fucil it l a s  fo r  t h e  rocke t  mo to r  s to rage  and handl~ n~ ‘ i ra a a i  lad

“Dan gerous Area ” , w h i c h  i n c l u d e  r o c k e t  motor storage , l~-’~i il tar

st o ra g e , r o c k e t  motor  c he ak o u t  b u i ld i nr ~ ar id  s p i n  t e s t  b u i l d i ng .

These facilities are protected through augment protaation as

described in section 2.3.3, using independent lightnin~ rods ,

overhead ground wires and buried bare cables. Fig.C showb an

examp le of the spin test bu ilding. These protect ion system is so

designed that the buildings covered with in ~5 angle relative

to  a v e r t i c a l  plane i n c l u d i n g  the  ii g h t rj ng  rods and overhead

grounding wires can be protected.

Each facilities in the dangerous area is placed in the bottom

areas between gentle hills , in order to minimize the effect 10  the

surrounding facilities in case of explosion or other accidents , so

t h a t  the  so il hum idity  is very h igh , r e su l t ing in spec i f i c

resistance of the so il of as low as 20 to 30 ohms—rn. Hence ,

grounding resistance becomes ~-I to 8 ohms w i t h  respect  to  each

grounding rod , and the total grounding resistance obtained by

connecting through buried bare wires is 0.2 to 0.~-I ohms , so tha t

minimization of the earth potential elevation in case of lightning

strike can be well expected.

LI. Lightning alarm device

LI.l. Status of lightning alarm system in Japan

The objects of the recent development of the lightning alarm

system in Japan can be divided into three cases: The first is l ire

development of the system to protect power transmission lines from

lightning strikes. The second is the thundercloud warning system

of Defence Agency of Japan which has been reported to have been

installed recent-ly at the Komatsu Base of the Air Self Defence Force ,
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l a  i’ t lie purpose of wa rn i rip tin a r u r e a  a r o u n d  t h e  a i r base .

third is the d ev e l o p m e n t  of s i m p l e  ap p a r a t u s  f o r  le i s u r e  I n d u s tr y ,

for example , wh ich protect Golf players at Golf countries.

(1) The sysl ems for the protect ion of electric power f aders

include i-he thundercloud warning system installed by the Tokyo

hiectric Pnwt r’ Company which forecast the occurrence of thundercloud

20 m i n u t e s  beforehand with 50 percent probability by use of

weather radars arid data processing apparatus. The Shikoku Electric

company utiliz es information from discharge waves obtained from

many observation stations to cut off or transfer the power supply

s y s t em .

( 2 )  A l though deta i ls are not known , it is repor t ed t h a t  t he  sys tem

of The Defence Agency of Japan uses a thundercloud sensing radar’

an d two  se ts  of d irec t ion f inders an d 8 se ts  of e l e c t ric f ield

meters to monitor ’ the range within 50 km in radius.

(3) As simple devices for public use , there are the systems which

count the thundercloud discharges and give a warning of thundersl~~r ni

w hen the discharge density exceeds a certain level in a certain

in te rva l , or give a warning when the charge of electric field is

senced. Both systems , however , can not det ect the range and th e

direction of the thundercloud .

L I . 2 .  Test  of l ightn in~ strike warning devices at TNSC

Two k inds of l i gh tn ing s t r i k e  warn ing devices that have bean

designed for public use have recently been installed at TNSC for

the purpose of test. By use of these devices we have examined

the charact eristics of thunderstorms at Tanegashima Island and

attempted to select a practical thundercloud sensor for further

develo pmen t of thundercloud alarm system . One of the devices

tested Is of lightn ing discharge counting type consisting of a
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25 K l I z  band r e c e i v e r , a pulse c o u n t e r ,  a dis p lay unit and a r e c o r d e r .

The r ece iv ing  a n t e n n a  i s  of the type shown in Fi g. 7 . ‘l ’h e pu lse  c o u n t e r

is r e s e t  ev e r y  5 minutes  a u t o m a t i c a l l y ,  and when ~ su c c e s s i v e si gna l s  a re ’

r e c e i v e d , a no t ices i gna l is disp layed , and 7 s u c c e s s i v e  si gnals  a r e  r ece ived ,

a warnin g si gnals  disp layed . By thi s  dev ice , it is r epor t ed  that the

approach  of thundercloud can be noticed in the range of 20 to 30 km and , in

the range of 10 km , it can give a warning.  The TNSC has not yet examined

the re la t ionsh i p be tween  the d i s c h a r g e  counts  and the range w i t h  this d e v i c e .

This device  is unable to d i s t ingu ish  be tween  the in t rac loud d i s c h a r g e , the

stepped leader and r e tu rn  s t r o k e .  The at tached antenna is omni direc-

tional , so that it c a n  not d i s c r imina t e  the d i r ec t i on  with onl y a sing le

d e v i c e .  T h e  other d e v i c e  t e s ted  is of e l ec t r i c  field measur ing  type.

This dev ice  gives  a warn ing  on the bas is  of the dens i ty  of thundercloud

d i s c h a r g e , us ing a ro ta ry  type e lec t r ic  field measur ing  ins t rumen t , as

shown in Fi g. 8 , which m e a s u r e s  the e lec t r ic  field a s soc ia ted  with the

occur rence  of thundercloud and de tec t s  thundercloud discharge  that synchro-

n izes  with li ght ning,  so that the thundercloud d i scharge  is dis t in gui shed

from the d i s c h a r g e s  of the other ca u s e s .  Fi g. 9 show s a s chemat i c  of

this dev ice , and Fi g. 10 shows an example of the var ia t ion of e l e c t r i c

field in the case  of s t r ike  to the ear t h  recorded  in TNSC.  This dev ice ,

l ike the former  d e v i c e , can neither de te rmine  the range and d i rec t ion  of

the thundercloud nor measure  the absolute e lec t r i c  field i n t e n s i t y .

-97-



—‘z~”~ —.’.’- -~”—’~~~
.. -

~~~
‘-- “ .-. -- “—‘

~
-—.—.— ,—

~~
.‘ - ‘ - - ----- , -‘—

~~~
—.--—

~~~. (‘eric lus  i er r

In t h i s  r e p o r t  t he  l i g h t n i n g  p r o t e c t i o n  s y s t e m  of TNSC has L i en

an t i  L n e d .  Our ’ e x p e r i e n c e  can f lat  be s a i d  s u f f i c i e n t  at p r e s e n t ,

and w~ c o n s i d e r  to  make f u r t h e r  s t udy  and d e v e l o p m e n t  so t h a t  Wa

can establish a more economical and effective s y s t e m .  We hope  t hat

the thunderstorm warninp’ or protection system capable of predicting

the thund erstorm reliably at least one hour beforehand can be

est a b f lshed ,so that we can protect , those persons who are enca~ ed

in dangerous works or outdoor works and treat properly dangerous

products. .

We would like to comment that the FAA reports were very useful

t o our cons iderat ion of the pr esent l ightn ing p ro tec t ion s y s t e m

at TNS C.

-98-



Refe rence

(1) FAA—RD— 75—2l5--I : GROUNDING , BONDING , AND CH I ELDING

PRACTICES AND PROCEDURES FOR

ELECTRONIC EQUIPMENTS AND FACILITIES

(2) JECA 1010 (1973): REPORT ON THE PROTECTION DEVICE

FOR FACILITIES

(3) FAA—RD—75—2 15-II: GROUNDING , BONDING , AND SHIELDING

PRACTICES AND PROCEDURES FOR

ELECTRONIC EQUIPMENTS AND FACILITIES

(LI) Mitsubishi Electric Corp . Technical Report , Vol .145 , N o . 2 ,

1971: Thundercloud Warning System and

Commun icat ion Sys tem

-99-.



C’)
I- - I

0

o

a) .
~~ 54

Si ~~~~~~~~~~ ci “~~ -i: ‘~~‘

a
H o

°O F—I 0 4,)
Ci H Z  cc a

____ — —  — — — — — — — — — — a
0 >‘~ ‘0 0
a) ,- .1 cc . .,—

~ 4~)

‘0 0
a HI H O  ~~ a a)

HI c’) s ) ci —C ~~ a: cc c c c c  ~~~~ < C ’ ~i a) o - -

H 0 0 0  E 0 a
1-i-i 0 0  o Si

o 0 O H  ~~~~~~ 0.
o 0) 

_ _ _  0____ — — — 
•H ‘5’ 0

.4_) 
~~~ 

. . > a)
C.) 0 . 0  ‘-~a) 0 0 0  . .~~~5 ~]5 C’ ‘~C O  i)5 <~ —~ ~~ <C a) 4-) 0
4-’ H i_-i H ,~,,,

, - ,. ,

o 0 1  a ) i 1
a — —~~~~~~~~~~~— — — — — ~~~~~~~~~~— — — —  a1)-. . ci a ~0 cc o~~~~0) H a a) r—I .0
IT: H a) —4 5 a ) 4~)

cc o a: cc~~~~ c o o  cc <C <C ”): o 0 . 0
i-: - - C 00  ~ a) -i-) 0

4 -’ 0 .- a a)
0 c i H
a: 0 F — ~ a) 4-4 4-)

H Z  (4 C
H ____ — — — — -_ — — .0 4-) 4~

) 4-’(-“1 — — — — 4,) c.) C
C, ,  >., 

~~ a) a)
o H 0 

~~~~~~~~~ 4-) E
<C • r 1  0 ,0 0

0 HI H O  z a: a a aoo HI CI) C/) . 0 0  ~~~~~~~~~~~~~ • a ~~~~< C a 5 rJ H 0 . < C I 1~~ <C
‘H H .4-I 5) H 0 <C ‘— ‘—

<i 0 0  ~~a) H O H  H H  Z Z H
0 H _ _ _  0 0  H 0 0 0

0 0 0 H I F HHI
C/) Z Z  • • . .

0, C/) ~~ 0 Z H H Z H 0 0) C-)
ci ccc 0 0  . . 0 1 0  ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ o r ~~ o a i c~<C H O H H Z  H H O O L I I H H H

_ _  
< C H 0 0 0

- -  __

H ccc to ix c i c i~-cc 0 0 0 C) CD 0 0 CD 0 C) 0 0 0) 0 cici) CD —  (\J C~J (‘4 (‘4 (‘4 (\J (‘4 (‘4 (‘J (‘4 (‘4 ~ 4 0 ci 0 H Hr—I H O HI~~~’. 0 0 0  <C ( O H
4-) 0(0  H —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ O Z 0 0 0 0
cc H I H  H ~~H H —I — — — — — — ______ — F-I H 5~ (0 0 CD

0 0  ci 0 0  HI Lx.i ~~~~O H  0 cc ci to a: ci
O H .
[—1 5) H
to ni) 0 Ci . CD . • H
H I—I 0 0  0 0  0 0  0 ( 0
or ’. o • 0 . 0 • (0 •
oo in :~:o ~~~o ~~~o ix ci to cc

C/)
i_I_I 0 I (I

Cl) 1-1-1 0 4 ’
H 0 >-. 5) H 0 (1
<C H O  0 0  HI t/i

H ix O H  0~~~~~ to
CD H. 0 0 <C • 0 0 • <C H Iii

H H O  O C ) 0 O C T ’) 0 0
H I < C  0 0 H 4-) <C <C 4-’ <C 5) <C
lx~ 1’-. C ’~ Cl) F-. CI) ci (I) ~~ 1’. 0

-I00-



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

~~~~

‘

~~~~~~~~~~ ~~~~~~~ ~
~~~ ~~~~~ ~‘L~~~ ~ 

-

~~ ~~~~~~ ~~~~~
w ~~~~~~~~~~~~ ~~~~ 

-
~~

,t~~ . t ~ t
1’ - - ~1

1’
~1. .,. S\~

4’ 
~~~~~~~~~ .~~~~ -

~~ ~~~~~~~ 6i-~ q•i~~
._ 

~~~

S 

5

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1 4

.~~

~~ ~~~~~ “ r~’~~~ , t~
,•1

- . ~LrCI $) ~~~•z,e ,-~ ~~~~~~ C t I i ) ’ ’
~~,.t# )~’~ -

-.~i~•ø ~~~~~~~ ~4t~ ill 4)~ I Z~ •~J )~~~‘

•~z~ L?~~~~ ~~~~~~~~~- 
~~~‘ ~~~~ 

it .~~~

~~~~~ ~~~~~~~ -~‘~~~J
,
~~~~

‘~•r n M  
~

~~ ,a~,At *~
J

‘it
((c~~

1’ 1 ~‘ • I . Isokerdunic I eve 1 (1 KL) Iii

20 ml lea :a’c’t. I er r  f or  .1 span

-101-

~

-- - ---—
~~~

-— - - —
~~~~~~~

- - S -- -—  - -



- -

— ~~~~~~~~~~ 
,. 

-~ - - --
~~~~~~~~~~~~~ ~~~~~~~~~~~

~~~~~~~~~~~~ 
,,;

‘
~~~~

_
_~~~~ ~~~~~~~~

-.& _.- _—‘- ~~~~~~~~~~~~~~~ ~~~ 
; -

~~~

.-~~~ ._eIo1•~~~~~~

,,j-~, ?’-i ‘~~~~ - -
-
• •

~~~~~ 
,

Fl g . 2 .  LO;ak r a w -I ’  p l a n t  l r ’a t  e c t ed  by

the  J I ~ht ri i ri g iaa ts

-102-

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



_

-

-

_ _ _ _

- 

-

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

- 

_ _ _

• . t(0 I I .  ‘ I ’  S 5, 1 c r 1  is , - 1 S  — 1  &~ C U e  2 In’

I t i de  pen  1 -r t I I ~l r t  ri I n~ red s

-IO3~
.

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



—-

I-’ I 
~~~~ 

- . I - 1 ‘1 (‘ 1 1 ( I )  ‘in  1 1 ch t  r i  I til r a la  : 1 1 1 2

OV - i ’ i i e ~~ I ~~i’ -sr i i ~ w I r’ - la t- a I - - I t r i a l

, -0 c~ I ’5 1) ’

- 104-

-

~

--. - _
~
_
~4~J’)~~~~ -) 

- - a -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,--~ - — _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - J



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

-

- 
I

4

‘-I 

-

-C 
• 

-
. 

~~~~ ~~ 

- 
- 

- - .

~~~~

S 
-

- ‘ I-1 - - 1 1 ’  s e r v i c e  i o wa n  l i r

1Si i t I ( ’h v 1 - c  I a

-105-

~

- - - - - ---‘5<-



~
- -~~~~~~~~~

-- - - — -  - ---
~~~~~
-—- -

~~~~~~~~~
- - - I

- - -S

_ _ _  

- - 

_ _ _ _ _

- 
- .

~~~~ 
-
~~ 

.
~~~~ - -- 

L -

~~~~~~~~

F i g .  1- . Au~ rn nt nr o t e  ~t lori w i t h  i nd e p e n d e n t .

I i~~t r t n i  a reds  : r r ~~I ov e r l v a r d  gr ’ aund w~~r e

‘or  a p i  ri test b r  I I d  in -

-106-

- - - -  
- 

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



- - -- - -- 5--- -- --~~~~~~~~~~~~~~~~ - - ~~~~~~~ --~~~~~~~~ -—5 -- -- ~~~ -- -- - - ----—~~~~~~ -~~~~~~~~~~~~

I1
.11

F i g .  7 .  A n t e n n a  ol  t h e  d is - I i a r - s 1 1 -r ’ i l s

(:ocIr1 tin l~ t y p e  I i  g h t  n 1 fl~~ :1 l a t i n  n- - i c

-107.-



I” — 8 — H s I  a r ’ :~ I S S - a 1 - C 5’ Ic ‘ I A  d

flu a a i r  r i i i  i n  - t ~~~~~~~~ 
-

~~ _ _  

-108- 

—--5- ~~---- - - - - -~~~ - -~~~— --,----S~~~ -<--—S---~~~~~~~~ - ’—  ~~~~~~~~~~~~~~~~~~~~~ —-5- -- - - -



— —-5---—— — - - -5 - - - — 5—-— -~~~~~~~~ — 5- -S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

a
, - ., -A - - ’ ~~~~~~~~~ a)

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

L S  N

‘H N

‘H 0
ci in

~~i1<C

— —  
_ _ _  I

I ~~~o a) a)
‘0

I I a) a)
Si .0 0
o ri 0

~‘) -I-’ cc
0 c c  C , ,  ‘H

0 0 0 cc

C ‘H
_ _ _ _ _ _  0 fi _ _ _ _ _ _ _ _  

C ’ 0
0 ‘H ‘~ C
,c: n-. H
0 0  (Ci 0
C U )  0

— —  a) C
cri ‘0 .0 1511

4—) 0

C _ _ _ _  

C/) ‘H
a) a)
C ‘H
0
O ‘H (0

‘C.) -‘

‘H (I)
a) C 0 iii
‘H ‘H <C
c-I ci

0
0 0
‘H .r -I a)
0 0
4~) 0 0

C_C (1) (4 ’
a) 4)

‘H ci)
iii C

-109-

IL _ _ _ _ _ _  
-- -

- - -rn-- --~~~~~~~ ~~~~~~~~~ -



a)
ci) 0
C) ‘Ho n
ctj (1)
4-) rI

U) U)
J) I) ‘H I
0 .0 ‘Ci a
0 4—) ((4
‘Ci C ‘H C
.o o cc
(~) 4-) 0
U) 0 0 0 0
‘H i(4 (N C CX) 0
‘Ci 0 ‘H 0

0 4-’ C 4-’
‘C 0 0 ~ -‘
C -4~) 0 0 0
O U) 4-) 50 a)
o cCi - ‘ci
Si U) C
50 a) 4~) 0
I 50 a) .0o a -

4-’ cc U) ~~
I .0 4~)

‘Cl 0 0 - 
~ 4-i

O U) .
~

- C)
o ~~~ 0 C) ‘Cl
‘H CD Ci ~s-~ .0 a)

— 

a)
0 50
‘H 0
0 cCi 0
cr1 .0
0 0 C

C/) 0
C ‘H ‘H
HI ‘Ci 4-)

‘H
4~

) 0
ci cli
‘Ci
(1) 0 0 a)
O 0 0 .0
O 0 .0 ~~a c—. ii—
0
0 a) 0
0 0

C CI)
a) ctl ‘H
1> ~) 0,
cti rn C
.0 ‘H (Ci

‘Ci Cl)
‘Ci
0 0 - <C
o ~ a)
‘H 4-)
0 L1\ ‘H C
O (N U) CD 0
a) (

~
) ‘H

‘Ci ~) ‘H .0
0 0 ‘—0
0 0 cCi 50

-~~-~~~~~~~~~

-

-110-

I.. _



- 
- -  - -

PROTECTI ON FROM LIGHT N ING — I N D U C E D  FF’ F FICTS

by

J. R. ~tah m an n

Planning Research Corporation

PRC System Services Company

Kennedy Space Center , Florida

-1

Presented at

Federal Aviation Administration — Florida Institute of Technolo gy
Workshop on Grounding and Lightninq Protection

~p r i l 1977

—I II — 

—- ‘—-- 5-5- 5- -~~~~~~~ --~~ -—- - --5- - —--- --— - - --- -  _ _ _ _ _



5— — -- - - - 5--- -

ABS T RAC T

A lightning rod or air terminal along with a good conducting path to ground

provides a safe path for the lightning current to reach grou nd without causing damage

to wood or other non-conducting structures. Modern steel structures are not nor-
mally susceptible to such lightning direct effects . How eve r , the voltages and
cur rents induced by lightning currents that flow in a conducting structure can

cause dam age or upset in sensitive electronic or other electrical equipment.
They can also cause dangerous sparking in areas where explosive gases , vapors ,
dusts and other Ignitable materials are present . Spark ing can also Initiate a short

circu it . curre nt which is then sustaine d by the circui t voltage causing failure of

compute r or control circuitry. Personnel may be exposed to modera te electric

shock.
The induced effects re sul t from -~he Interac t ion between susceptible conductors

and the electromagne tic fields as sociated with the lightning. The magnetic field

changes Inside a structure , that produce induced voltag es , depend on the lightni ng

current flow paths in the structure. These induced effects can be minimized by

lightning current control techniques. The curr ent distribut ion can often be changed

so as to minimize the magnetic field in the region of the equipment to be prote cted.
This concept is applicable to many shielding and ground current flow problems.
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PROTECTIO N FR OM LIGHTNING - INDU C ED EFFEC TS

J .R Stahrnann
P RC Systems Se rvices Co .

Kenne dy Space Cente r , Florida

1 . 0 INTRODUCTION

Ben Franklin found that by using lightning rods , connected to an eart .h
ground , a safe path could be provided to ground for the lightning currents
without damage to wood frame or other nonconducting structures . Modern
steel structures are not normall y susceptible to lightning direct effects
which are usuaUy burning and welding at the point s of arc contact . H owever ,
current s and voltages may be indirectly induced in the conductors of sensitive
electroni c or electrical equipment which is located in the structure . This
equipment may be damaged or upset by the current s and voltages induced by
nearby lightning current s in the structure. Dangerous sparking, in areas
where explosive gases , vapors , dusts and other ignitable materials are pr esent ,
may occur . Sparking can initiate a short circuit current which is then sustained
by the circuit voltage , causing failure of computer or control circuitry.  Per-
sonne l may be exposed to moderate electric shock .

Induced voltages and currents may be reduced by shielding the equipment
circuits and cable s , using protective devices and by controlling the current
paths about the structure so as to reduce induction in the region where the
susceptible equipment is located .

2 . 0 IN DIREC T EFFECTS

Current s and voltages resulting from a lightning strike in conductors that
are not directl y contacted by the lightning channel or in the main lightning
current paths are considered indirectly produced . These include induced volt-
ages and current s inside enclosures or resulting from a com mon connection
such as a ground . In contrast , the direct strike contact effects inc lude burning ,
eroding , blasting , deformation , and other structural damage . H igh pressure
shock wave s and large magnetic forces ar e associated with lightning strokes
having high peak currents .

When a thunderstorm charged region is overhead , the charge may start a
random stepping motion toward the ground in the form of a leader with a velocity
of about 100 kilometers per second or 1/ 3000  the speed of light . The tri p from
cloud base to ground take s about 20 mi lliseconds . The high electric field
produced when the leade r approaches the earth causes displacement and point -
discharges to flow from objects on the earth such as buildings , t rees , and people .
When the leader tip is close to the ground (about 70 meters) ,  streame r discharges
from the earth propagate upwa rds to meet it . Streamer currents range f rom
t O to 1000 amperes. People conducting these streame rs may feel the equiva lent
of a hamme r blow on the head . Th ey ar c usuall y kno cka d Clown , stunned , and

-113-
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may he t emporari l y paral yzed . They usuail\ can be saved by prompt app lication
of f i r s t  aid techniques . A few of the streamers may reach the leader and become
part of the main lightning channe l . The r est terminate when the electric field
collapses as the electr ic  field is suddenl y re duced when the channe l is comp leted .
Peo p le sharing current with the main channel are usuall y burn ed severel y at the
points of lightning entry and ed t  and heavil y shocked . Some of these people may
su rv ive if the shared current is relativel y small or of short duration .

Figure 1 illustrates how a person may share in a lightnin g stroke by standing
close to an outdoor isolated pole or tree . A side flashover may occur to a pers on
near the pole . Par t of the ground current may flow betwe en the legs of a person
walking nearb y .  Figure 2 shows that a worke r carry ing a p ipe in an open area
is susceptible to the induced streamer hazard and may also share some of the
stroke current .

~~~. I Electric Field Induction

A thundercloud induces a charge on the Earth opposite to that of its base .
When a lightning discharge occurs , changes in electric field may be as great
as 15 Idlovolt s per meter as far as 3 mile s away . The changes in electric field
induce hi gh voltages on objects , particularly on long insulated wires such as
powe r line s and ungrounded fences . The redistribution of these charges man-
ifests itself as a current flow through the impedances of any grounding conductors
and appears as a voltage across these impedances . Lightning leaders that lower
a charge from the cloud to ground can cause very high pre strike voltages in
transm ission line s, even if they do not contact the line directly . While direct
strokes cause more damage, induced voltages are more numerous and can cause
outages on low voltage line s or can damage connected equipment . Induced voltages
of one million volts have been frequentl y recorded on overhead transmission line s .

Telluric or earth current s can flow in buried cables during thunderstorms ,
and large transient voltages may be coupled into these cable s . Impedances
between the ground points of an earthed multiple ground system also shar e earth
current s . If the system can be isolated , a single ground point may be used .
Where ground current s flow , the cabling between grounded systems must be
carefully shielded .

2 . 2 Magnetic Field Induction

Electromagnetic coupling e~~ sts where a voltage is induced in a circui t
magnetically coupled to the current carrying conductors . For instance , in
Figure 3 , voltage E is magnetically induced in loop A by the field produced by
the changing current in conductor B. Conductor B could , of course , be any
conductor that is carry ing the lightning current , including the lightning channel .
The voltage induced in a single-turn isolated loop is the line integral around I-he
closed path of the electrical field intensity E in volts per meter , fE  • ~1T
This can be related to the rate of change of the magnetic fi e ld b y using Stoke s ’ s
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FIgure 2 . Shared Current and Induced Streamer Hazard s
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Figure 4 . ResIsti vely Coupled Voltage Due to Lightning
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known as Faraday ’ s law . The induced voltage reduces to the familiar fo rm:
Volts = - ( l / ~ t)~f~~~. ~~~~~ = - Area (~~B/~~t) 

_
~~~/~~t ( 1 )

Therefore , the voltage induced in the loop is equal to the rate ol charge of the
normal component of the flux linking it . One volt is induced in a sing le turn
of a one square meter loop by a magnetic field rate of change of one tesla per
second .

2 .3 Resistive Coupling

A lightning stroke current I , Figure 4 , may terminate in the enclosure A
and then flow into earth through the ground resistance R 1, producing a vol age
E between the enclosure and ground . If a cable shield is connected to the
enclosure as shown in Figure 4 , this voltage appears on the cable shield rela-
tive to earth ground , but not relative to the enclosure A .  The cable runs to
another enc losure B , grounded through R 2 .  If a single point ground is used
only on the cable shield at enclosure A , the voltage E ’exists between the cable
shield and enclosure B . Since no current  flows in R 2 , the ground resistance
of enclosure B , all the voltage E appears across the discontinuity .  The voltage
E 2 between the circuit and enclosure B will be some fraction of E , depending
on the circuit impedances. For a 100 kiloampere stroke and a one ohm ground ,
E ’could be 100 kilovolts . Of course , arcover would occur before thi s voltage
is reached . The most direct way of minimizing E ’ and E 2 is to connect the
cable shield to enclosure B and allow the shield to conduct a portion of the
stroke current . This illustrates the need for an overall shield , grounded at
both ends , for lightning protection of cables between two enclosures . Good
earth grounding of both enclosures does not obviate this requirement.

3.0 ELECTRIC AND MAGNETIC SHIELDING

The shielding effectiveness of an enclosure against electric fields f i r s t
decreases at a rate inversely proportional to frequency and then increases
with frequency as the depth of penetration becomes much less than the thick—
ness of the material. As an example of electric field shielding , the minimum
shielding effectiveness of a 1/ 16-inch wall alum inum sphere , 36 inches in
diameter , would be about 220 decibels at 50 kilohertz.

Magnetic shielding for an enclosure is difficult to attain at low f requenc ies .
A high permeability material may be used to duct the field around the enc losure .
This method is generally not practical for ordinary shielding because of cost
and weight . At intermediate frequencies , shielding effectiveness increases  in
proportion to the frequenc y due to the reflections from the conducting enclosure
surface as a result  of currents  induced on the surfac e . Shielding effectiveness
is reduced if these current s are prevented by cracks or apertures in the su r face
At high frequccies , shielding by absorption or skin effect again predominates .
A 36 inch aluminum sphere , used as an example for electric field shielding ,
has a magnetic shielding effect iveness  of about 80 decibels at 50 ki lohertz .
A steel conduit or -nc losure  providcs b - t t e r  shielding over the lightning s p e c t r u m
than copper or aluminum . The same at tenuat ion is obtained at about 1/ 1 0  the
frequenc y so that a longer pulse \vmtld be e i f & - u t i v C - l y at tenuated . Large a t t en—
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uations are obtained for relative ly thin sheets of the order of 0.05 inch thick ,
Magnet ic  coup ling through aper tures  may exceed diffusion coup ling , especially
at high f requenc ies .

W i t h  good shielding the voltage inside the shield can be reduced to the order
of the sh ield-rcsis tancc-  voltage drop . Shield braid generally does not of fe r
adequate shielding at hi gh frequencies , but is adequate over most of the lightning
f requenc y spec t rum . Conduit and c~tble t r ays  can be made to provide good shield-
ing . Cable s can also be double shielded to improve shielding ef fec t iveness , and
c i rcu i t s  can be isolated on signal pairs to separate the circuit f rom the shield
res is t ive  voltage drop .

4 .0 C U R R E N T  CONTROL FOR MINIMIZING INDUCED EFFECTS

Tall s t r u c t u r e s  may attact severe lightning stroke s f rom distances 10 time s
the height of the s tructure . For a 500 foot towe r the radius of attraction is
one mile . The induced voltages inside a structure , due to a direct  stroke to the
structure , can be reduced by controlling the cur rent  flow so as to minimize
the magnetic flux produced inside the structure . This can be accomp lished by
causing the current  to flow symmetrically about the s t ructure  so as to cancel the
magnetic flux in the structure in the region where susceptible equipment or
cabling is located . As an illustration, for 16 vertical conductors  arranged as
shown in Figure 5 , there  is a zone of neglig ible induction in the center  for equal
current s in all conductors . At the boundary of this zone the x iiagnetic  field is
re duc ed by a factor of 2000 (66 decibels) as compared to the field between two
of the wires . The reduction is greater  inside the zone . Inside a s t ruc ture ,
equipment susceptible to lightning transients should be located in the zones of
neg ligible induction .

Figure 6 illustrates a technique for obtaining symmetrical cur ren t  iluw about
a structure using an insulating mast , shield wires and ground conductors terini-
nated in equal ground impedances . The shield wires may be e~ n .nected to build-
ing steel if symmetrical current  flow can be provided by the s t ruc tu re . If not ,
insulated cables might be used . The insulatio~i need only be adequate for the
difference between the cable voltage and that induced in the building steel .

5 . 0 VERIFICATION TESTING

The ability of equipment to withstand the indirect effects  of lightning must  be
verified by analysi s or tes t . A diagram of the various transient levels is shown
in Figure 7 . A protector may be used to reduce the t rans ent to a specified level
below the transient control level ( Z  marg in) relating to the degree that the ac tua l
transient level is known . Depending on the crit icali ty (X marg in )  of the c i rcu i t ,
a transient design level is specified above the control  level and , depending on
the extent to which the actual equipment susceptibility is known (Y m a r g i n ) ,
a susceptibility (upset)  level is Set . The vulnerability ( damage) level  is above
the susceptibility level .
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FIgure 5 . The Field Intens ity Is Reduced From 2000 P~mpere/Meter Between
The Wires to I A~~ere/Meter or Less for a Large internal Region
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Figure 6 . Controlled Syu~ietrica1 Current Flow Obta ined by Us~n4 Insulating
Mast and Building Steel or Insulate d C.~nduct ors Grounde d at the Bottom
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Analysis usually requires some assumptions.  There fore , proof t es t s  of
lightning induced effects should be made to verif y and assist  analysis . Som e
reasons for tests are:

a) Verification of analysis

b) Extension of analysis

c) Identification of weaknesses and detection of surprises

d) Qualit y assurance

Proof testing , by applying typical lightning currents  to sys tems , is often
faster and more cost-effective than analysis . Generally , it is best to combine
analysis and proof testing . Periodic testing for maintenance is also desirable
to ensure that the system shielding or other lightning protection has not been
degraded due to environmental factors , modifications, r e t ro f i t s , or other
causes .
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When one is studying the electromagnetic effects of lightn ing it is frequently

difficult to treat the problems analytically , even if all the fac tors that influence

the effects can be visualized. One of the tools that may be used to aid the analysis

or visualization is the geometric model; a model that is (usually) smaller th an the

actual system under study. By injecting lightning like pulses of current into such

a model and measuring the resultant circuit behavior the investigation can frequently

sift out the factors that are of most importance for furthe r study and simul t aneou sly

identify those factors that do not significantly affect the system response.

Models are prob ably most valuable for their educ ational capabilities. They

are best used for illustrating the physical phenomena Involved in a lightning inter-

action problem and for scoping out the magnitude of the problem. Physical scaling

law s and the skill of the model builder ofte n preclude the determination of the exact

response , particularly if the response involves the electromagnetic fields internal

to a structure.

The purpose of this paper is to give some specific details on how models may

be built and tested and to give guidance on what they can and cannot be used fo r.
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m t  r e du ct i o n

When one is stud ying the electromagnetic effects of light-
ning it is frequently difficult to visualize the factors that
must be taken into account. It is even more difficult to treat
those fac tors analytically . This is par ticularly true if the
sy s t e m  under  s t u dy  is physically large because one mus t then
take account of the distributed nat ur e  of both the electromag-
ne t ic f ie lds  p roduced by ligh tning and of the ele:t r i  ca l  cii cuits
tha t. a r e  ac ted  upon b y those  fields . One of the tools tha t can
a i.d the invest l itator is the geometric model ; a model t h a t  is
( u s u a l ly )  physically smalle r than the actua l system u n d e r  s t . u d v .
By injecting ligh tning like pulses of current into such a model
and measuring the  resultant circ u t  behavior the invest igator
can frequently sift out the factors that arc of most importance
for  f u r the r s t ud y and s i m u l t a n e o u s ly  i d e n t i f y those  f a c t o r s  t h a t
do not significan tly affec t the system response and which may be
consigned t o  a guarded limbo. Sometime s the characteristics of
the models are such that actua l quan ta tive meas uremen ts can he
made . More f r e q u e n t l y however the  l i m i t a t i o n s  of t h e  model a r t
(and it is largely an art) are such as to limit one to only
quali tative measurements. Even qua litative measurements however
can be most e d u c a t i o n a l .  F r e q u e n t l y t h e  e d u c a t i o n a l  i n s i g h t s
provided by measur ements on simp le models  are the mo st va luab le
produc t of the model art.

The purpose of this paper is to illustrate some o f  the
charac teristics of models and to illustrate the uses to which
models  may b e p laced . Many of the points will be illus t rated
by reference to a model study made on the launch facilities used
at Kennedy Space Center for the Apollo and Skylab programs .
These w i l l  b e supp lemen ted somewha t by examp les of models tha t
have been used for stud y of the effects of l i g h t n i n g  on power
transmission lines . The treatmen t will be largel y in h o w - t o - d o -
it format; at least within the confine s of one paper .

Types of Models

The type of models we will talk about the most is of the
g e o m e t r i c a l  r e l a t i v e  t y p e . Be fo re  it is descr ibed  any f u r the r ,
a b r i e f  d igre ss ion  w i l l  be made to de s c r i b e  o t her t ypes  of
models used in the investigation of electromagnetic and transient
phenomena .

Models  are classified both as to their structure and  to the
informa tion they yield. One structural type would be the model
circuit in which the inductances , capaci tances , and re sis tances
of an extensive electrical system are replaced by the lumped
i n d u c t a n ces , c a p a c i t a n c es a n d  r e s i s t a n c e s  of an e l e c t r i c a l  c i r -
cuit in the laboratory . Such a model , though it may not look
like the real thing, can dup l ica t e t he essen t ial elec t r i c a l
quantities in which one is in terested. Another structural type
would he the scale model or geometrical model of which the model
train is an excellent examp le. Such mod els can he made as much
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like the real article as the situation warrants or as the skill
of the model maker will allow .

With regard to the information obtainable from models ,
they can be divided into two groups; the absolute mode l and the
rela tive model. In the absolute model the power level of the
orig inal is simulated and quan ti ta t ive data can be ob ta ined  on
all the electromagnetic properties of the system . In the rela-
t ive model on the other hand , the power levels are not simulated
and da ta can be obtained only on those properties which do not
depend on power levels . These inc lude impedanc es , vol tages
be tween poin ts , curren t dis tr i bu t ion s , and magnetic fields in
the region surrounding the model.

The type of model which is mos t suitable for the stud y of
transient and electromagnetic field phenomena is the geome tr ic al
rela tive type.

Models are described in terms of scale factors ; the
relationship between a certain property on the model and the
corresponding proper ty on the prototype. These scale factors
involve the fundamental physical dimensions of length , mas s ,
time and charge (or current) - Only a limited number , usual l y
three , of these scale factors may be chosen independentl y.
Table 1 shows the scaling relations that would app ly in terms
of the length (Q), time (t) and impedance ( Z )  paramenters. When
scale fac tor s are app lied to these three quantitites (or any
three quantities) the scale factors for all the other quantities
are fixed . Care mus t be given to the choice of scale factors
since some choices lead to more useful models than do other
choices.

Models of the type we are discussing here were first used
extensively for  the s tudy of lightning effects on power trans-
mission lines . In such studies it is appropriate to choose
scales such that impedances in the model are the same as the
impedances in the actua l transmission line . According ly the
impedance scale factor Z is set equal to unity. Since it is
most easy to work in a medium (air) having the same dielectric
constant as an actua l transmission line , the appropriate scale
factors to choose arbitrarily are:

Z = l

This choice r e su l t s  in the length  (9. )  and t ime ( t )  s ca le s
being the s ame . Typ ical sca le  f a c t o r s  used in t r a n s m i s s i o n
line studies have been 9. = 1/50 and t = 1/50 . With the length
and t ime scale  both equa l to 1/50 other  scale f a c t o r s  are as
shown in Table 2 .  A l l  these r e l a t i o n sh i p s  can be met except  the
requi rement  t h a t  conduc t iv i ty  in the model he 50 t imes tha t in
the actua l s t r u c t u r e .  M a t e r i a l s  w i t h  a c on d u c t i v i t y  50 t ime s
that of struc tural steel , aluminum or copper do not exist . This
is unfortunate , but merely reflects the fact that modeling
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r equ i r e s  t h a t  compromises  mus t  be made be tween  the  demands  of
theory and the limitations of prac tice.

The problems ra i sed  b y ma terial conductivity set one of the
i m p o r t a n t  d iv id ing  l ines  be tween  what  models  can and cannot  be
easily used for . Broadl y speaking , if the effects under study
are  i n f luenced  b y the e l e c t r o m a g n e t i c  f i e l d s  ex t e rna l to the
materials from which the model is made , the models  may be u sed
for quantitative studies of electrical response. Transmi ss ion
line studies fall into this category. The voltages induced
on cond uctors are influenced very li tt le by the material from
which the towers are built and so theoretically correct scaling
of material conductivity is of little importance.

Studies involving electromagnetic fields internal to a
struc ture produced by an externa l source are a different matter.
Such fields are strongly influenced by the electromagnetic
shielding properties of the material , proper ties strong ly depen-
dent unon material conduc t ivity. We will touch only very
briefl y on the tricks available to the user of the models. As
an examp le , it is possible to choose conductivity

( 0 = )

as one of the three quant ities to he chosen independentl y I f
the impedance ( Z )  and the dielectric constant (c) are chosen to
be unit y then the leng th and time scales should be chosen as
9. = 9. and t i. This course of action has the drawback that
the t ime scale may become too small to handle . On a 1/50 scale
model the time scale would be 1/2500. To dup licate a 1 micro-
second rise time source current would require a model source
rise t ime of 400 picoseconds . Al ternatively one might build a
mode l from thinner materials than the length scale would call
for.

Freq uen t ly the manua l dexterity of the model maker , or the
cos t of buy ing his services, se ts more of a limitation on the
construction of the model than does the availability of mate-
rials from which to build the model. Under those circumstances
there is some virtue in ignoring the s’ibleties of modeling and
using the model primaril y as an educa tiona l tool .

Construction uf a jypical  Mode l

Perhaps the easiest way to illustrate the potentialities
of models  is t o  desc r ibe  one model t h a t  t he  a u t h o r  has used .
It was a model  used to v e r i f y some of the assumptions made
during an analytic study of vol tages induced on electrical
wiring of Apollo type launch facilities at Kenned y Space Center.
As such , this model was intended most lv as an educational tool
and not as an exact duplication of any specific launch facility .

The model was constructed to a length scale of 1/43 , 1 ’ on
the model corresponding to !~ ‘ on the actua l launch fa ciliti e s.
To a l l  i n t e n t s  and purposes  t h i s  can he t a k e n  as i l e ng t h  s ca l e
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of 1/50 , a more numericall y convenient value to use when dis-
cussin~, test results.

A photograp h of the model is show n on F igure 1. Only one
swin ~’, arm was simulated since the purpose of the tests was onl y
to demonstrate some of the basic princip les of tran sien t voltage
genera t ion , and not to obtain qualitative data on circuits tha t
were used in Skylab or Apollo.

Some characteristics of t h e  model  are as follows : No
at temp t was made to dup lica te the type of materials used in the
ac tua l launch facility or to duplicate the exact cross-sectional
shape of the structural members. The legs of the tower were
made f rom a luminum a n g l e , the  d i agona l  h r a c i n~’, member s  made
from a luminum r e c t a n g u l a r  s t r i p  and the  decks of the tower made
from galvani :~ed s t e e l  folded into the shape of a shallow dish .
The base wa s formed f rom g a lv a n i z e d  s teel shaped in to a box
structure. The tops and bottoms of the base were bolted onto
the sides of the base with machine screws at 2” spacings . !‘h~
wall s which outlined the openings through which engine e x h a u s t
would pass were likewise formed of galvanized steel , bolt ed t o
the top and bottom p lates . No attemp t was made t o  dup l i c a t e
the partitions or floors internal to the base . Wi t hin the
tower the  e leva tor shaf t s were dup licated by a rectangular box
of galvanized steel extending from the top to the bottom of the
tower. A number of the cable trays running verticall y in the
tower were dup l ica ted , the trays being dup 1ic~~ted by 1/4 ” coppe r
tubing passing through the various floors and making a press fit
wi th the floors. Where the cable trays opened into the base
the copper tubes were soldered to the galvanized steel top
plate of the base. No attempt was made to dup li cate stairs or
any of the water , propellan t , or a i r  condi t ioning  p ipes tha t
were present on the actua l launch facility .

A veh icle was simulated by an aluminum tube, The bot tom
of the vehicle was open . The top could be covered by a metal
shee t held  in p lace by a weight . Any more detailed simulation
of the vehicle we: ld have been a waste of time since the purpose
of the simulation was only  to p rov ide  a check on some of t he
assumptions upon which analytical studies were based.

A l imited number of dummy electrical circuits were run
from the base , up the cable trays and acrocs the umbilical arm
to the vehicle. These circuits will he described in a bit more
detail later on.

Te s t

The equipment and techni ques requir ed to inject lightning-
like curren ts into the model and to measure the resulting
curren ts , vol tages and magnetic fields will be described in
considerable detail with the aim of presen t ing “how to do it ”
information to others tha t may wish to pursue the model art.

The first point to emphasize is that the model was not
subjected to high voltage arcs from a ny  high voltage laboratory
genera tor . Rather it was subjected to current impulses
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conducted directl y into the model from a low voltage pulse
generator . Low volt age is used in a relative sense here; charg-
ing voltages in the pulse generator had to be upwards of 15 kV
in order to inject sufficient current into the model that mea-
suremen ts of voltage on representat ive shielded circuits could
be meas ured . Such ch arg ing vol tage and pu lse power levels  are
well beyond the range of any typ ical labora tory pulse generators ,
even those b i l l e d  as h igh power pulse generators.

The reason that one needs a high voltage for the generator
is that the current into the model must be built up to substan-
t ial levels  in a fa ir l y shor t t ime , 1/ 50 the t ime for the r ise
of the actua l lightning currents. If one is to dup l ica te a
l i g h t n i n g  c u r r e n t  r i s i n g  to c r e s t  in 5 micr oseconds the cu rr ent
injected into the model must rise in 5/50 or 0.1 microseconds.
The ra te at which current builds up in this type of circuit
depends upon the ra t io of the induc tance of the loop thro ug h
which the current flows to the resistance in that ioop . Tha t
res is tan ce may be quite high . In this particular circuit the
discharge resis tance was 300 ohms . The energy storage capacitor
had to be charged to about 12000 volts to get the 21 amperes
peak cu r ren t  u l t i m a t e l y  reached .

The model was se t up in a room havin g a f l o or cover ed wi th
alum inum foil which was connected to the steel framing beams of
the building . These beams were in turn connected to the steel
p lates forming the ceiling of the room . The aluminum foil pro-
vided a good ground plane. The pulse genera tor was p laced on
the ceiling above the model and connected to the model through
a p iece of wire . The return current from the floor back to the
generator flowed in a broadl y dis tr ibu ted manner through the
steel framing members of the building . This type of connection
av oids the hi gher inductance that would appear if one tried to
prov ide a dedicated wire return path. It also minimizes the
magnetic fields associated with the flow of current in the
return path.

The c i rcu it diagram of the pu l se  genera tor is shown on
Figure 2, with the component values shown on Table 3. Capaci-
tors Cl and C2 ( in  se r ies )  for m ed the pr ime energy s t o r a g e
capacitor. They were charged through the isolating resistor
Rl-R4 from an external 15 kV dc power supp ly. They were dis-
charged into capacitors C4 and C5 (in parallel) through R8 and
the primary discharge gap Cl . C4 and C5 were subsequen tly
discharged through the secondary spark gap G2 and in to the model
through Ll and R 9 .  Spark gaps were used as the  s w i t c h e s  becau se
they were the simp lest device s able to handle the voltage . A
two stage discharge circuit was used to promote fast switching
of the secondary spark gap .

The l ay ou t  of p a r t s  of the  pu l se  g e n e rat o r  i s  shown on
F igure  3. A l l  the  p a r t s  were enclosed in an 1” x 17” x 3”
a luminum box . The components were mounted on a p iece  of  insu-
la t ing board and insulated froi:: the box by anot her insulat ing
b o a r d .  The primary spark gap G1 was formed from two 1.5”
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lengths of 3/8” steel bolt stock threaded through rectangular
aluminum blocks . Between the rods was p laced a p iece of coppe r
wire of 0.05” diameter . Elec tricall y this t r igger  elec trode was
held at a voltage half-wa y between that applied to the elec-
trodes of the spark gap by the voltage divider R5-R6 . A door
knob- type ceramic capacitor insulated the trigger electrode from
the secondary  wi nding of the tri gger transformer Ti. When a
pulse of about 400 volts was app lied to the primary of Ti a
voltage as high as 40 kV was produced in the secondary of the
tr a n s f o r m e r . This voltage was sufficient to lead to a breakdown
between the tri gger electrode and one of the main electrodes of
the spark gap . As soon as a breakdown of half the gap occurred
the resulting ionization was sufficient to cause breakdown of
the rest of the gap, thereby di~~ping the energy stored on Cl and
C2 into the secondary load capacitor .

Capaci tor C6 , which served to filter out the high freauency
noi se produced by the breakdown of the spark gaps and to confine
that noise within the interior of the metal case , was requ ired
to have very low induc tance. C6 was phys ica l l y ‘ormed from :u
me tal plate about 1. 5” wide x 5” long connec ted to the output
terminal of the pulse generator and spaced away from the wall of
the box by a p iece of plastic 0.125” thick. Thc capacitance of
C~ was thus on the order of 100 picofarads .

The waveshape of the current produced by this pulse genera-
tor is shown on Figure 4. The peak current was about 21.5
amperes and it rose to crest in about 0.03 microseconds , equiv-
alent to 1.5 microseconds full scale. The curren t decayed to a
half value in about 0.9 microseconds . equivalent to 45 microsec-
onds full scale . The trigger genera tor , not shown for reasons
of space , produced about five trigger pulses per second .

Making measurements on a model like this involves two major
prob lems . The first is that of keeping the spurious noise
(high frecuency “hash”) from being picked up by the meas ur ing
oscilloscope and measuring leads . The second is that of keep ing
the measuring leads from influencing the magnetic fields around
the model or having induced in them signal s no ise (o ther than
“hash”) which masks the desired signals.

For control of high frequency hash it is necessary to
shield both the oscilloscope and measuring cables . Ideally one
would nut the model inside a shielded room and the measurement
osci l loscope outs ide , or vice ve r sa .  Such f a c i l i t i e s  were  not
available and so the measuring oscilloscope was housed in an
aluminum box of dimensions 2’ x 2’ x 4’ . One end of the box
was open so tha t  the opera to r  could get to the osc i l l o scope  and
view the  r e s u l t i n g  d i sp l ay s . This s h i e l d i n g  box was p laced as
far away from the model as possible , in this  par t i cu la r  case
about  15’ . Three types  of s i g n a l s  were b r o u g h t  i n to  the
osc i l loscop e ; a tr igger  s igna l , a s i g n a l  f rom a current measur-
ing transformer and a signal from the base of the model .
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}~igure 5 show s the sh i e ld ing  and groundi ng t e c h n i qu es u : :e d . A l l
the signals were carried on RG-58/U coaxial cable. The c o a x i a l
cab les trom the base of the model and from the current trans-
former were additionall y sh ie lded  by 3/ 8”  copper tubing . The
tubing was fastened to the model and to the oscilloscope box
with compression-type tubing fi ttings . Inside these tubes w e r e
p laced the lengths of RG-58/U coaxial c a b l e .  At  the base of  t h ~
model the shield of the cable was connected to the interior side
of the meta l p late formin the bottom of the base. At the box
holding the oscilloscope the cable passed directl y through the
wall o f  the box and went directl y t o  the input of the oscillo-
scope. The coaxial cab l e  from the output of the current tr :iri s-
former was treated in the same way; the cable shield being
connected t o  the metal case holding the current transformer and
isolated f rom the box hous ing the o s c i l l o s c o p e .  The copper tube
used for shielding was connected to the case of the current
t ran s  fo rmer  -

The purpose  of the se sh i e l d in~ and connection practices wa s
to  m i n i m i z e  the  noise  c u r r e n t s  t h a t  rri ght flow on the outside
sur face of  the shield of the cable. The less c u r ren t  t h a t  flow s
on the outside of the cable shield the less is the current
can coup le from the shield on to the si  g na 1 c o n d u ct  ci i i  si  do
the measuring cable. Minimizing the current on n~e a s u ri n . cables
is a l so  the  main  way t h a t  one m i n i m i z e s  t h e  i n f l u e n c e  of t h e
measuring leads on the electromagnetic fields surround~ n , t h e
model. An examp le of this is seen in the way  t h a t  the i n p u t
cur ren t was measured . This was dane throus,h t h e  use  ot a cur-
rent transformer through which the model lightn ing , current was
passed. The case of this transformer was c c n i ie .  ed carefully
to t h e  copper tube surrounding the output measuring cable. The
shield , which was not allowed to touch the wire r : v i n ? ,  t b ,.
model current was run radially away from the conduc t or so is t o
mos t rapidl y ge t away from the hig h m a g n e t  ic f i e l d  a r c u n d  t h e
conductor. Other measuring cables were run inside the model
vehicle or inside the cable trays o f  the tower , a l l  p l ac e s
where the m agn e t i c  f i e l d  was low . Some of these  p o i n t s  w i l l  be
elaborated upon more momentarily .

The osc illoscope was triggered by a signal d e r i v e d  f r o m  a
trigge r transformer around one leg of the tower . The trans-
former was a home-made one using three turns of wire on a
ferrite core p laced over the tower l e g .  Faithfulness of repro-
duc tion of current waveshape was unimportant here , the import tn~
thi ng being only to derive a trigger i ng signal when c u r r e n t
b e g a n  to flow in the tower leg. The cons t r u c t  ion a n d  p l a c e men t
of the transformer is shown on Figur e 6.

Magnetic fie j i ; can he measured with a variety of  p i c k u p
coils. One of these can he seen on Figure 1 . This one con-
sis ted of several turns of wire contained in a shielded c as e .
The o u t p u t  f rom th i s  p a r t i c u l a r  probe was d i s p l ay ed  on an
osc i l loscope  so t h a t  bo th  the  a mp l i t u d e  and waveshape  of the
f i e l d  could  he measu red . Such a probe averages t h e  f i e l d  over
a t a i r l y  l a rge  area . I t  is p o s s i b l e  t o  make v e ry  sma 11 p r ob e s
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so tha t detailed measurements can he made of ho . the nrn netic
field distributes around a structure. Th e out p ut vol tage f rom
such probes is e en e r a l l y too low o be d i s p l ay e d  on an oscillo-
scope , h ut it can he measured on a tuned voltmeter or radio
i n t e r f e r e n c e  me t e r  In such  cases  it is hel p ful to resonate t h e
self inductance of the pick-up coil with a parallel capac1~ or
and to excite t he  model w i th  a CW source of that frequency . In
such a case the frequency should be well below any of the
na tura l  resonance  modes of the model .

Some Typ ical Test Results

One examp le of a set of measurements taken on this model is
shown on Figure 7. A subminia ture coax ia l  cable ove r wh ich
another shield had been pulled (making it a triaxial tine of
cable) was run from the base , up one of the cable trays in the
umbili cal tower and across the umbilical arm to the vehicle. In
the vehicle it w a s  connected to a measuring cab l permanently
ins talled in the vehicle. This measuring cable , which w a s  aLso
a subm ini ature coaxial  cable , was en c losed in a copp er t u b e  run
up the inside surface of the vehicle. The ends of the circuit
were terminated to ground through 50 ohms , either by a resistor
or hi connec tion to the 50 ohm measuring cable running to the
oscilloscope.

The inn er sh ield could be grounded ei the r a t the veh icle
(Point A) or at the base (Point B) . A perenn ia l question in-
volves the best noint to ground this shield . Meas uremen ts under
all possibl e conditions showed that there arc some significant
differences . in the circuit voltages denendin g on how this shield
is grounded. Tracings of the oscillograms taken durinc the
test are also shown on Figure 7. They show that grounding the
shield at the base led to an oscillatory type of voltage that
was higher than if the shield were not grounded at all . The
lowest voltages were found when the shield was grounded at both
ends .

A second set of measurements is shown on Figure 8. Hero
a singly sh ie lded  conduc tor wa s run across the umb i l i ca l  arm to
the vehicle . The sh i eld represen ted the overa l l  sh ie ld  commonl y
used a t KSC . The objec t of the m easurements was to show how
the grounding of this shield affected the voltage that would be
produced in the vehicle. The measurements clearl y showed how
impor tant it was that this overall shielc1 be grounded at both
ends . It can also be deduced from these measurements that
vir tual l y all the magne tic flux to which the conductors are
exposed is t h a t  which  is found  around the u m b i l i c a l  arm .

For the nurposes of this paper t h e  i m p o r t - a n t  points are not
so much the phenomena illus trated above , hut that t- hese typ e s
of measuremen ts are possible and can in fact he made with rela-
tive ease once the basic model has been set up. The fact that
measuremen ts can he done directly in the t ime domain , ra ther
than through the frequency domain is also important. In t r an-
sient studies of this nature calculations or measurements made
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in the frequency domain have the drawback that they must be
converted into time doma~ n t h r o u t h  numerical  in teg~~ tion of t h e
inverse I ou’~ier transform , a task that is t ime consuming and
expenaive without specialized and dedicated calculation equip-
ment .

O ther App lica tions of Models
While this paper can touch upon them only yen briefl y,

it is appropriate to mention some of the other electromagnetic
f i e ld  problems for which models either have been or can be used.

The author ’s fir st extensive usage 0 1 models  was to stud y
the response of power transmission lines to lightning . Figure
9 shows how this can be done . A distrihu~ ed ticnsmission line
type d c -r i c e  r e p r e s e n t i n g  the  lightning leader was suspended
ab ve the model and charged from a vol tage source. The elec-
trical charge stc-~ ed on this “leader ” s it s up an electric field
that attracts charge uf ogposite polari ty onto t h e  line con-
ductors . When the switch is closed ~h e charge in the leader
flows into the tower and sets in a magn~~tic field be .wLen the
tower and the coaductors. Simultaneously the charge on the
conduc tors is re leased . The resi”~~ing vol tages between theconduc tor s and the tower can be me~ sured with ~he vol tage
dividing probe. The switch in such a circuit can be a r e l a y
with mercury wetted contacts , an avalanche transistor or a
pressurized spark gap depending on the operating voltage . This
tine of circuit has bee used to produc e current pulses with
rise times on the erder ‘~f 1 ns.

Models of aircraf t can be used to measure the magnetic
field distribution on the surface of the aircraft if .igh tning
cu r ren t  passes th rough  the a i r c r a f t .  A m e t a l l i c  model  of t h i
aircraf t would he built , suspended well away from any metallic
walls or floors and current passed through the aircraft. The
magne tic field intensity co-ild be measured directl y wit h the aid
of a magne t i c  f i e l d  probe .

ifl some cas~~s tethered ball ons are used to l i f t  e l e c t r o n i c
packages to high altitudes . If they are struck by lightning
significan t currents can flow upon the cables iriterconnectin i .
the various electranic packages . A model can be used to f in d
out the approxima te magni tude of these currents.

Du.ri nit t~ e design of t ’ e Sp c ce  Shut tle a questi on arose as
to the magnitude o~ t~ie curr ent that would flow on ‘he cables
of the engine controller if the exhaus t hell of the . ngine w e r e
struck. A very simp le model of -in en g i n e  was built from sheet
metal. T’~ on this w er e  mo u n t  ed me~~, i 1  b oxes  r e p re sen  t i nt ’, t h e
-ia r i  ous pa~ ts of t.,e en’ ito cont roller. Current was in~ c t  ed
into Lhe model and measurements made of how this current dir-
tr i b t i t e l -tu t or ’, t he various m t  erconnect ing, cables.

A - ja r  i i i  ion of the model shown on h~ , urv I his cen n o d  o
L sly the  e f f a c t . s of t h e  1 in .h t n i n g  d i v e r t  i;i~ w i r e s  used  on t h e

Sk ylab program and which w LI he used on he shuttl e . .‘Ji ’ h such
a ninl i l i t  is very easy to r’-~ .-i st: re how much c u r r e n t  f l ow c  down
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the diversj~ n wires and to mcasur~ how that flow of current
reduces the magnetic field in and around the launch comp lex
from what that field would be if the stroke were to s t r i k e
direc t ly upon the umbilical or access towers. This same model
has been used , to measure the current tha t would flow on the
cables be tween the tail service masts and the orbiter . The
measurements have confirmed that the currents and circuit volt-
ages should be much less than they would be if an Apollo type
of umbilical cable across an umbilical arm had been used.
Previous , though less detailed , models had , inciden tal l y, been
used to illustrate how the magnetic f~ elds associa ted wi th
those currents led to the flow of current on the umbilical
cables and to show how the placement of those cables on the arm
affected the current on the cables.

Summary
Models are probably mos t va luab le  for  thei r ed uca t iona l

capabilities. The\ are best used for illustrating the phys ica l
phenomena involved in a lightning interaction problem and for
scop ing out the magnitude of the problem . They are also very
useful as base cases against which analytical tools may be
checked. They are less valuable for parame tric studies in
which one is looking for an op timum combination of devices or
prac tices to minimi/e a particular transient problem . This is
par ticularly true if one is working at the limits of the model
art , as one is doing if the currents , vol tages , or f i e l d s  under
study are a small fraction of the injected model ligh tning
current o r o f  the  f i e l d  p roduced  b y t h a t  c u r r e n t . One is like-
wise working at the limit of the model art if the phenomena
under s tudy are strong ly influenced by the properties of the
material from which the model is made . Parametric studies are
bes t clone with the aid of an analy t ical model developed af ter
consideration of the phenomena revealed during a mode l stud y.

As an oversimp lifica tion one migh t say that model measure-
men ts are gounded in reality , hu t may have inconsistencies
depending upon the ski l l  of the model maker . Ana lytic calcu-
lations on the other hand will be consisten t from one calcula-
tion to the next , bu ’ can be com istently wrong unless the
calculator knows which physical factors to emphasize in his
anal ytic models .

In general , it is easier to measure the division of current
among the conductors of a model than it is to measure magnetic
fields or voltages. FinalLy it migh t be noted tha t current
division can often be measured with sufficient accuracy on
qui te crude models.
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TABLE 1
SCALE FACTORS IN A RELATIVE GEOMETRI CAL M ODEL

Scale Factor in Terms
Quantifl~ of 9., t and Z

Length 9.
lime t
Im pedance Z

Conductivity =

D i elec tr i c Cons tan t =

Permeability ~i =

Frequency =

An gu l ar Fre quenc y w =

Wavelength A = Q

Phase Velocity Vo = it

Propagation Constant = l / c ~Resistance R = 7
Reactance X = Z
Capacitance C = t/ 7
Self Inductance L = tZ
Mutual Inductance M = tZ

model dimensionAll scale factors are of the form 
p t ~t ype~~i nsTo n

TABLE 2
SCALE OR FACTORS APPROPRIATE TO A ~Xlt[ L ~ITH I.NI TY IMPE DANCE L[VLL

Impedance Impedance = 7 =

Dielectric Constant =

Permeability = =
Area = L = 1/2500
Volume 1/125000
Induct .iro;e = t ’ = 1/50
Capacitance = t ’Z = 1/50
Res i stan ce = 7 = 1
Conduct iv i ty  = 1/ 2.? 50
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TABLE 3
PULSE GENERATOR - COMPONENTS

C 1, C 2 
- 0.068 pF - 10 kV

C 3 - 300 pF , 40 kV Ceramic

C4 - 0.001 tiE - 10 kV

C 5 
- 0 .00047 3j F - 10 kV

C 6 
- Copper  p late 1 . 5 ’  x 5” spaced 0.125 ”

from chassis  by Lexan insulator

- Primary Spark Gap

- Secondar y Spark Gap

P - Ce rini c Preionizer

R 1 -R 4 
- 0.56 Meg. l0~ , 2w Carbon

R
5
-P f - 100 Meg, 2w , 10 kV

- 300.., 10. Wire Wound , Non -inductive

- 15 0 - , lOn Wire  Wound , Non-inductive

R9 - 300 , 10 . Wire Wound , Non -inductive

L 1 — Approx.  0 .5 ~H

T1 
- TR-l8OB (EG&G)
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15 kY DC Trigger

Figure 2 - Pulse Generator for Simulated Lightning Currents
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L

HVDC Input

Figur e 3 - Pulse  G e n e r a t  or - P a r ts  La~,’o i i t
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O .25ps l.OU~

Figure 4 - Waveshape of Current Pulse

Strok,

Current Transforiwi-

~~~~~~~ fofl

3/8 ’ Coppe r T~~,

Tow er
2 ’ x 2’ x4’ AlLeith up, Box

___  

Trigger Transfonne r 

,“ pt’

-, ~~ , ~~ , ~~ , ~~ 
, , , , , , , ,, , ,

BAS
)çJ ,) A1,seinu* ~~~~~Meta l Floo r of Tes t Area Groun d Con r ,ction ~

Fi gu r e  5 - Shie ld ing  and Grounding Techn iques  to
M i n i m i z e  E l e c t r i c a l  Pickup .
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‘
2 I 0.25 ~s I I o.~~ ~u IInnt , SHIEIO ( IS)

1- ’ i t ’u r c  7 - Voltages Produced on a D o u b ly  S h i e l  led C i r c u i t

a) IS ungrounded
b) IS g r ou n d e d  only at Vehi ci -- Poin A
c) IS rrounded or Iv at Base — Point B
d) IS grounded at b o t h  A ~ B
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+ 
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Figur e 9 - A Model Test  of a
Transmiss ion  L ine

C~ ØLXT*S Inser t  show s a ba lun  device
to prevent current f low along
the ex t e r i o r  of the measur ing
cable .
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LIGHTNIN3 PROTECTION FOR

LA N D L I N E S  AND SECOi ’~D~~RY AC POWER L I N E S

( L I G H T N I N G  PROTECTION FOR SE CO~~D r R Y  AC PC ’~ ER L I N E S )

by

Lewis  Becke r

K e n t r o n  H a w a i i , Ltd .

D a l l a s , Texas

Presented at

Federal Aviation Admi nistration — Florida Institute of Technol ogy
W orkshop on Grounding and Lightnin g Protection

A p r i l  1977
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ABS~I RACT

Ihe criteria and methodology used to de te rmine  requi rements and
s e l e c t  d e v i c e s  to p ro tec t  sy s t ems  and equi pments from li ghtning t ran s-
ients conducted by landlines and ac power l in e s  are p resen ted . The
magnitude , rise time and duration af li ghtning transients and surges
expected are reviewed . Ty p i c a l  equi~)mCfltS and systems are analyzed
to d e f i n e  t h e i r  surge w i t h s t a n d c a p a b i l i t y .  The characteristics and
protection capacit y of three types of protection devices are summarized
t o  a i d  ~n selection for specific app l i c a t i o n s .
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lew is Reeker
kent ron t l a w a i  i , Ltd .

A p r i l  l97 ~7

kc~i t  ron has  be en t i n d e r  c e n t  r a c t  s i n c e  . J i i I  v 1 9’~ to  d e s i g n  l i gh t n i n g
prot ect i o u  and rounding, bond i  n g ,  and s h i e l d i n g  modi  f i c a t  ions for  F A A
fac  i l i t  es . M an y i -A- \  f a c  i i i  t i Cs  re~~u i rt 1 andi  i ne s  to i n t e r c o n n e c t  equi p m e n t s
and most all use commercial ac power . Desi gns for  e x i s t i n g  f a c i l i t i e s  ar c
rica ri rig cra mp let i on ; h oW eV e  r, preparat ion of standards and speci fi cat ion
requ i remeuit s for i t s  equ i  pm eui t and faci lit i t s is just start ing. A primary
obiec t i ye o t ti t is paper is t o  encoura i~e a C o o p e r a t i v e  e f f o r t  t h r o u g hout  the
li ghtnin g protect ion communit y in  t u e  development of li ghtning protection
c rite ri a and s taiidards f or  new equ 1 pments and fac i 1 i t i es .

1 . m t  roduct ion

\t : i i i v  ty pes  o f  components , arrest ers and ci rciii t s are av a ilable for the
prot ect ion of equipments using landl ines and ac power  I i  nes . Protect ion of
land! i n e s  , especial lv i)uri ed land! i nes , is more readily accomp lished because
of  t h e  magn i t rade of li ghtning transients is far less than on directly cx—
posed ac power Ii nes  . Addi t i ona 11 y , series res is tors can usual 1 y he added
t o  laui d l in c  c i r c u i t s  t o  di ~ide the t ransient energy between t w o  or more
suppression component s .

Protection criteria tor lan dl ines and ac powe r lines and the t raul sient
voltage wit hstan d levels for equ ipmen t s  ar e  r ev iewed . The characteri st ics
of three t y p e s  of protect ion components and their applic ation to protect iou
des i gn is t h e n  discussed .

2 . Pro t e c t  i o n  Criteri a

I-or prot ect i o n  of  equi  pmeul t and ci rcui ts from 1 ig iitni ng— induced transients
i n  r )ii ri cLi landi ines , t h e  tra jis icn t is usuall y def ined to  have an t ipper  peak
voltage limit of 10(H) volts , with a rise time of  1(1 microseconds and a half —
p eak  d e c ay  t i m e  o f  1 m i i i  i s e c o n d . An upper  peak ciirr&Snt limit of 50() to b O o
ampe res i s  g e n e r a l  1 y accepted f o r  I ) u r I  ed l and  I i  i i ’ s . H owev er , a l l  t rail s i ent
p a r a m e t e r s  w i 11 vary g r e a t  lv  depending on man y phvsi ca l  f a c t o r s  i n c  h id ing
l e n g t h  and cha  r a c t e  r i  st i Cs of  t iii l i n e , degree  of exposure , e f f e c t  t v e u i e s s  of
in ’  c a b l e  or gua rd s h i e l d i n g  ( i f  a ny  , and locat i o n  ( n u m b e r  of thunderstorm days)

- ‘iii ustments iii the cr i t e ri a arc appropriate d e p e n d i n g  oil the V a l u e  of  equipment
he i ng p 1-ot ec t e d  and nece ss i t  f o r  ran i l l  t e  r r i ip t ed  ope ra t  ion .

I -o r  s e c o u l ( i a l v  - i c  p o se r  l i n e s , t i l e  surge wa v eshape used most  o f t e n  i s
8 h~ 20 m c r o s c c o u u d s  w I t i i  a I f )  V per n i i c  r oseeond r a t e  of rise. Dc fini t i o n
of current l ive Is and f r e q u e n c y  of o c cu r r e n ce  f r  l i g h t n i n g  s l i r g i -. c o n d u c t e d
t o  t h e  - . e r \  i c e  d i s c o u i u u e c t  i n g  means i s  needed i n  orde r  t o  sp ecs  fv p r o t e c t  i o n .
K e n t  r on i s in the pro cc- s of~ de y e lop u ra g r i t e r i i  for I- -\ -\ fo e  i lit i es and p re—
1 i m i i l . i r ’  r e s t i l  t s  n e  p r e s e n t e d  i n  i i  i~li r t -  I .
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S . Lqui pm ent ltithstand \.oltage levels

For s e l e c t  ion of p r o te c t  ion components and device s , t h e  t r a n s i e n t
o 1 t a ge  n~ i t  l i s t  and i t ’ ye 1 o I e q u i p m e n t s  and c i rcui t componen ts  mus t  be

s in own or con ser ~ i t  i ve1~ est imated . For most  equipme n t s  and c i r c u i t  co rn —
p o R t s , s t a n d a r d s  do r iot  e x i s t  fo r  li ghtning t ran s i ent levels . I he refo re
i n f o r m a t ion a v a i l a b l e  f rom m a n u f a c t u r e r must he o b t a i n e d , l a b o r a t o ry  test-
i n g  pe r fo rmed or c o n s e u - v a t  ive e n i g i n e e l  i n g  e s t i m a t e s  used . L i m i t s  for
common t vpes of equi pment  and cOniponent 5 are provided for gu idance .

T r a n s i s t o r s  and I n t e g r a t e d  C i r c u i t s :  2 times normal voltage .

• i ) i  odes : 1 .5 times t h e t  r peak i n~ c rse volt ;l fc .

Relays and indicating l i ghts: S to 10 times norma l l i n e  v o l t a g e s .

DC powe r supp lies with step—down t r an s  fo rmer and di ode brid ge:
1.5 t iunes diode PIV rat ing times tine t rans former secondary to
primary volta ge ratio .

• Smal l motors , s m a l  1 t ransfo rmers and 1 i ght machiner y : 10 t imes
n o r m a l  ra pe ra t  i u i g  Vi) 1 t a ge

a rgc motors , l a rg e  t r a n s f o r m e r s  and hca v~ macl i  i n er ~- : 20 t u mes
n o r m a l  o p e r a t i n g  v o l t a g e .

I n  add it loll to tine above , capac I to rs  a r e  m a n y  t imes  over  looked  and u n l e s s
I r a - i  r d i e l i - ,- t  n c  p u n c h — t h r o u g h v o l t a g e  fo r  t ransients is known , limit i n g
t r a i l s  i c u t s  to 1 .5 t imes  t h e  de w o r k i n g  vo l t  age i s  recommended.

S i l i c o n  .- \ v . i  1 a n c h e  Su~j~r essor s  (SAS

5 i i i  con .1 ~. a 1 a r u c h i c  s u u p p  rcs  so rs ( l a r g e  i tun ic t i on a v a l a n c h e  d i o d e s )  ai.c
i. ii l a i l  I t  in 1 ml  1 i i - . c c r a u i d  pi ak p ower  ra t i n s  r a t  I .5 K i l o wa t t s  and ~

i 1 w , j  i t s u s  ~ho~- ii in 1 1  g ur e  2 . Many d c v i  .es n i t  :n v a  i 1 a b l e  w u  t h i f i  xcii
: ‘ . i u i i i n t - t i r -, t h a t  t a l l  w i t h i n  t h e  v o l t a g e  ar id  c u r r e n t  ranges  g i v e i l . F o r
tx a rn p Ic , .i t i c i  I I . S kV ~ s i ip p i s - -  sor  wi  11 1i;ive a turn—oi l vol 1 a r  c it  C- . S
vo lt s and i p - - i ~ pulse cur r ent i i t  i u l g  o f  I 5 ) ampere .. . In coni irar i soli , a
I .: ts - , \- - w h i c h  t u r n s  on i t  .~n F t n  v o l t s  wi I I r each  i t s  maximum c l a m p  v o l  t a i ’i-
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aced  f o r  la n d l i n i e  

~~ ‘~ eet  i ’ 0t lit- li sted hy !~igti rt - 5 . -\s w ith S-\ 5 d e v i c e s ,
in t l  i v i  dua l 5k s n a v e  Ci xed b r e a k d o w n  I on -  t u r n — o n  vo l  t age s  ) s i  t h a era i-respond-
ing m aximum clamp v o l t a g e  and cu r l - c ot . In  c e n l o i n i s r a n  ‘- \ S  d e v i c e s  -~ t : tr t  Is i t h
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Larger  s i :e  NR d i s c s  i i i  .10 , 25 and a2 mm si:es , packaged in a moldeu
case with t e r m i n a l s  art ’ t v a i  l a b l e  as l i s t e d  in F i g u x ~ ~~ . These s iz ’- s of

NR discs  are  used primaril y for the suppression of ac power line t ransients
a’; indicate d by their voltage ratings .

Fi gure 2 . NR~ Type D e e t c e s  ~~“ ;Ided (g~ s~’ 1~ ’~ies) ‘1 -p i c a l
Characteristics

r I ’ A H A M I  11 0 R A N G E  OF A V A I L A B L E  D E V I C E S

20 M M  DISC 25 MM DISC o’ t i t i  [ ) I S(

DC U H F  -‘, K I l O t ’.N VOL l A n O  A l  200 TO 910 VOL IS ‘15) i r a  ‘ I T O  \. i 5  100 i f )  l i D  V O L T S
1 S l i t  L I  - , S 1 F ’ I  I I I  I

_ _

V-S Nit’ ) I l l  Cl Af ~1i ’ l N (  , VI I L  I A O l  ~)i, IC -n 28011 v OL i s  ‘ ‘ l u  U - :1200 V I l E  I S  1,4 1) TO 3800 VO l I S
.‘i I  5’ - - 5 51) -51 S U R G E  ( : i F I l i u  N T  ‘

t1 , ,~~ l t 1 ) 1 t 1  S O C - I F ( I I F I R E N I  2 K  TO5~ Al/Fl Ill S ‘K 11 ) 1)1K A l / I F F 1  S b0~ 10 - s -S til l 1) 1 5
I ‘hi 5 /0 S T F L F F ( J s l  F I FM ) I S A V  F F- O H M  -

- - - - I_ 
-

F l  I DI ‘F  N I l S  UN I l O , F  ( ( ( F O I l  N I  A N C -
- I F O H M /

— - — - — — — —

‘a r t  1 /iSa ‘ ( O D E  NOrJ i l r t F , t F (  111 SiS ilill

? M , N I M F I S 1  SU I F I O  C U R R E N T  II X /0 S1IC HOS E CU NMS I CAN UI 4 P P L I E  I) T R I C I  V I n I F I O I J T
I N C E J H R I N O  (1 , 51/ A Ol  UI )  OV I  H S T R E S S I N i ;  T I l l  D L V I C I  S

A d d i t i o n a l l y , s t i l l  larger NR devices are a v a i l a b l e  in 55 , 80 and 112 mm
d i sc  s i z e s . i v p i c a l  characte r i s t i c s  for a hi g h energy N R a r res te r  for ac
power line protection , desi gne - with three 80 mm discs in parallel , is g iven
in Fi gure 5.

1- i g e r e  5 . h ig h I :n e r gy  ~N R Surge A r r e s t  t -r Typical Charactei ~ s t  i c s

SIZE: THREE 80 MM DISCS IN PARALLEL

POWER LINE VOLTA GE:  7SOV AC MAX IM UM

DCB RE A KD OW N V O L T A G E A T  560 VOLT S
1 MILL IAMPE F E

MAX IMUM CLAMP ING VOLTAGE CURRENT CLAMPING VOLTAGE
(10 X ~0 MICROSECONDS)

l O k A  1300 VO lTS
4 O k A  1600 VOLTS

l5O kA 2450 VOLTS
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i gu r c - s F ’ ant i  ‘ i 11  r i  I t - T i ’ app ro.e t - - n : t t  i’ sc a Ic , I he r t -~.p o I t  -~ t~- of “AS
T h i~ t ie t- I c e - s  a n d  I t i e  i r v ,  u n : :  i i  s c  a t  c i i i  ‘ -3 c I t  r r c n  I -

‘ . St  n v  t lie ~N k
d e v i c e - ~ t~ ~I c o l i c  i c e  I n i c C - e r  c u r r e nt  i- a t  i ng s  th o rn St’ d e v i ce ’ - , c o m p a r i s o n
0 1 st ’~-c~ Ci i t  i o i t  I ,~ , t  F o r  F o i l -  t y p e s O F  dev i c e ’s , (

~I i t  i c u l a r n  15 c un i- e t  rat i ug- - ,
i s n c ce s s :t r v  t i  t 1 1 ’ t  in i Z L  110 e ct  i o u  des i g n : . kt- ’- p u n n - ~e t i m e  I r a n  ‘SR devices is
less t : n . L n :  ~ D i l n o s e c i l u l d s , s h i c h i  i s  t d t ’ i j ~ L . t I e  i - i  S l L I I f I r v S s L O n  ) C  1 i g h t n i n g  t i ’ L -

s i e i l t s  . Rt’ ~~po u s t  I in c  l , I i  Sd: - ,le ices is f a s t  er , t i - p i c a l  !y - t  few n a n - - c t

F ’ . l v ~’ J c :t I O I e r t t i n l h  C i i r t & -  I ‘r Si I leo. - \v:ti,ni c ht- Sliplirescor

~ TURN ON MAXIMU t. : CLAMP V O L T A G E

/ (‘~ R A T E D  PEAK PULSE CURRENT

T I M E

I g n t r c -  7 .  2 p i  c ;t I i F i t - r a t t u g  I u r c e  for  ~\ I-  ‘- ‘ i t  ‘ k i t

MAXIMUM C LAMP VOLTAG E
(‘~ R A T E D  W IT HSTA NPIN ;

I 5! 
~
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I- . F , iS - I - i  l i e d  S t i c k  ( lk’sa ces

l i t  :t d ,I it 1011 t O  S’iS ~O 1d . 5 k  d t V ) t ’ e’t , : t - - - F i  I le,I m t u i n i i i i r e  - - - 1 ’ a rk g ip s :I rc
re ’;t ,I I 1 y a t - a t  l a b !  e s i t i  c i t a  r a t :  t e’ c i  S t  i cs 5 1 1 1 1  il I c  f o r  I an , 1 !  inc 

~ 
c l i  t -c t O i l

d s  t g n . 1- i g ur e’ S su m u i i a r i  :e’-; t h e  c h i a r : t c t c r i s t  l c s  01 i ;I i r i i : i ’ t’ S~~, L i ~ g i g - - .
i t ’fle’ ra I l v  spa u -k gap s  f l  ~

‘ I and I iii e~~~ are  ~- ; i l  ed at  i - i t  b i e r  S k \ - ‘i i l l  L A ; , - : t w
c i j u - r e n i t  w t t I n  21. 1 LA on u I S  ova  i 1 able . Il i s s  I Co 1 si a- l i l t  i - - C S  Si  t i n  c i i r u t - i l t
ra t  i n g  and when  space  i s  a v a t  l ; i h l t - , t h e  1 F F  \ s i :c  n~~u l d  he’ 1 t e ” u - ed f ’ r
l o i i ~ t - r  h i t -  ov e r  t h e  3 LA dv- ’, j e t ’s , he ’ t c a n s  i e i l t  t i r i n g  ( i m i l n i l s e  s I : L r k o i - e - r )
v o l t , t g e ’  of  s m a l l  s~’ : t u I gaps  t \ ~ ) 1 C : l l ly  S t a u - t 0 2~~5 v o l t s  ~‘‘r 100 v o l ’ s p e r
m i c r o s e c o n d  r a t e  of r i se ’ . i i i i e u  t h e  i m p u l s e  s p a r s ’v t - u - t o l t i g c -  u s  ex c e-e- d e -d ,
t i l t ’ s 1 : t T ’ k  g ;t i 1 w i l l  t r o l l s ;  I l O l l  t o  a g l u  ilioeie ’ and T h e ’! : t o  t i c -  arc mode , cou i~h u c t
c u r n e n t  and d i-oji t h e  t r i t u s i e n i t  and  h I l t -  v o l t i g e  t o  1 ‘~~S c h i , i i , t ,  t e l - i s ’  i c
a r c  v o l t i g e . l i F e ir e  Vt )  I s o f  mu n u t  i i i )  s ; - , t r L : 1 1 15  a r & - t i l l  c:t 1 is in the
r ou ge ot  13 t~~ SD v o l t s . I C I I i -  n o r m a l  I i n c  ‘,-o i t a g c  c - s e e - e d - - t n e  ga i  s a rc
v o l t a g e ’ , t i i l the  l i n t ’  c a n t  s up p l s -  s u f f i c i t  n t  c u r r e u n t  , t he - i

~~’ s i l l  n u t  t x t  i n -

3 111 sh . l~!it -u t I i i  s lu l s  i h i  I i  t i  e.\ 1 s t  5 , :1 r es I s I  ‘c C an  he p 1- i c e d  I l l  I i t - 1 m e ’  or
i n  s t - r e v s  w i t h  t h e  gap t o  i n t s n i r e ’  e x t i n g u i s h i n g .  i l i i r i u i g  dc - s i g n , i t  t e i n t  oil
: n i - - t  be g i v e n  to  the ’  tic S j ) F n ’ko i ’ ( u ’ r a t i n g  -o sj u t r k  g a : l s . S i i t c t -  t w ’  s J ’ i r -

~- gap
;s 1 1 1 opt’ r :t  t c i t  tic anti I uS f r e e (uenc  i t - s  , I I t ’ m ;ix  i mIni  Si  3 i i i t  1 1)1 ( l I l t ’  i t t  i ng  v o l t  u -c ’-
oni  t I t ’ I i  ni t ’ m u s t he- ic- s S t 1 , 1 ) 1  t it ’ tic s p or k ot - e  r t o  i t  a ge .

Spark  g:i~
) l i d - e s t e rs I t ) ) ’  s t - c u n , I a r - - ac j ’ e~e -r  p r ’ t e - c t  ion f u n c t  ion  i d e n —

t i c a l  I v  t o  n u u n i : i t u r e  s p a r k  3:111 a r r e st  en - s d i s c u s s e d  t - - r  l a n d l  i nl es ici Il l ( ‘ l I t

m u s i c  e x c e pt  i o u . A r e s i s t i v e  e l i -fli t _ l i t  l s t l o r f l n ; i l  l y  i n s t , i l l c - d  i n  s c r i ~ -s w i t h
t h e  :lr it’ :- tL- r to lt niii t p ’s- e r  l i n e  f l i l o S  c e i - r t - i ~ t :n:~l t i d  i i i  e X t  i u u g u i s h i n g .
l \ i t t i  h i g h  s ur g t -  c u r r e n t s  t i t e -  r t ’ S i S t : i i l c e  w i ll create r e l a t i ve - i s  ( n i g h d I s c l l , I i i e-
Vi )  f t  :t ge s  . I V t ~ i c :t I ch : i  r ae  t e n  st i cs C~- j r  a s t I c, ’n da t~V IC ( i t s ‘ ‘d ~i c r 1 - s  t e r  :1 re gi  Cc ii

he h i  ‘w e -  1) . I lIt t uinlei l Sc ’ spa i -L o v e r  t o  i t  ,t~ e 01 1 10; ’  vo lt s is f ,i i r i s r e p  r e —

~ e’ u i t o t  l v t ’ C r  t h i s  c l a s s  ( I f  a r r t ’ st e r s . S i m i l a r l y  t ou t - — t i m e  s u r g e  n i t  i n g
a t  1 31 1 k i l o  t n g ’ t - n , - s  a n d  2500 su rgeS n t  1 F F  Li i t i a f l h l l t res i s  I v : i c : i l  . The v : t r i  l i o n
l I t  d i s c h a r g e  v o l t a g e  is llu str ;it cd in l ogIn- c- 1 0 f , i  ‘ i i i i ’ e cu r r e n t  e l i S ’ ’ I t : & r ~~e- 5

r a t ’ 11 ) , 3 ’ :i in d 15(1 Li 1 oarll p€’ re’ s

I l , u r t ’ ~~~. ( , i ~~— 1 - u l l e d  5l i u l i a t l l i t ’ 51F , t r k  ( L ç I S  h \ l ’ l c : t i ~ l i a i ’ a ct c ’r i s t  i c s -  

- -__-__--~~~~~~~~~~~~~~~~~~~~~ - -~~~~~~~~~~~~~~~ -~~~~~~~~~~~ _ _  -

F’AC1. AM E TI H RANGE OF AVAILABLE DEV ICES 
—- - - - - — - - - - - - — -— - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -H

ix:  S PA RK I  ‘VI H VOL T A O E  90 TO 1000 VOL IS

IMPULSE S PA R KOV E  IF VO l  T A G E  77! IC) /0110 VOL IS
1O () VOL 1S MICH1 ) SE C O N E )
H A TE Of R I S E

M A X I M U M  C F I F F ) I  NT C A F ’ A C i E V  2K Ii ) I l k  A l / I F H IS
‘ H flY 20 1/ CR 1 ( S I  C O N E )  F

L I F E  ( T Y P I C A L  F O R  SPA RK F A P  ¶ 0  (W E H A T I I I N ’ s A T  C-DO AM PI I l l S

V I I I T H  i k A  R A T I N I - l i i  ElY 111 1111 ‘‘ I -  — I  I ’  ‘~ I )  .5~’i \  1 1 1 1 1 1 1 /
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i i ’, l i i e ’  0. Gas- hi l i e d  Sp a r k  Oap - \ i - u - e ’st t - r (l~ i t h u  Se- i~ i t - s  N u  1 uu u eom - Resist or)

5 - I F I - \ M I  I i H 
f 

TYP ICA l HA T F N C

I MP U L Si Sl’ ,’,I(KO\ IF )  VOL tAtli H A N G F  1 400 VOL T S PEAK
1 0 KV  M5 Flu’ -, F ) INn HA l F  OF lu St

151  l A R G E  vol i - \i ; I co~~i u i  1 1 1 1  1 ) 0

10 ( :~ 20 t i l l  l 1 ( I I I C I ) N U A A V F  F I~ lIi,l - t I I F F F E I N i  V 0 L T ~~(’I

10 h A  14 00 V I  I T S

I 4t1 hA 3000 V I I  IS
i5O k A  5500 V O L T S

t i :  ‘ J M I I M  C I J H R I  N T  1)151 I I A R G E  150 (lOt) AM PE HIS i ll BY 20 i . l I i I ) i ( S l  I I l N i l  A A ’ ,  i t ’  H i ’

L C A l - A B I L I T Y  ONE TIME

[ 
e l F i  2 500 SURGE S Al 10000 AM PE H S 10 ElY 20 M IC F U S I  LIINII

L W A V I  F O R M

F i g u r e  10. l v 1l i c a l O p e r a t i ng  Cu r v e  tor Gas—F l lied Sp a r k  Gap Au ’ rv-stt- m-
wi t h Non liii tar Sc ci es Res is to r

5500 — — ‘
~~~ T Y P I C A L  DISCHARGE

V O L T A G E  F-~ 150 kA
‘ (ONE TIME SURG E)

/ ‘
us
‘5

/ ‘5

/

t Y P I C A L  D I S C HA R G E
/ V O L T A G E  (“ 40 k A

3000 - / ,~~~~~~~~., ‘5
/ / us

/ 
/ us us

/ / us
/ / ‘5 ‘5

T Y P I C A L  IMPU L SE / “
S P A R K O V E  R VOL T-~ 

/ ‘5
/ / 

‘5AGE 10 K V  - s / / 
‘5R A T E  OF R I S E  / I

> / ,
/ 

\ ‘5

/ / T Y P I C A L  DISCHAR G F

/ / VOL T A ( ; I  (ii) 10 I A
1400 . / /

A / ‘s
I / 

/ / .5 ‘5

I ‘5 ‘5 ‘5

I / 
/ /
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/ / ‘5’I , / / \ II / /

I / /

I / / 
‘5 ‘5 ‘5

I / 
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‘5 ‘5

I / /I — / ‘5
I ‘ us
I “ \

I ‘5I — — \ ‘5 ’

I •s

I ‘5 ‘ I
/ ‘5
I \ ~, t

L - - --
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7. Landline Protectiou i IJe sij~ru.

I~~t i t~~p i c a h  l a n e h l i n e  p i - ot e ’ct ion c i r c u i t s  are i ilu strat v- d in Figure 11 .
hIiese ’ circuit s iflus tr :tt c’ th e components li e -eJo u S l y discussed p ius a s e r i e s
rt -sis to r in t he iiuie . The SAS is selected to limit t h e  transient voltage
l e v e l to belos the damage let -el of t ie- circuit being protected . The SAS ’s
fast re-Sp oit se- t hu e and l o n g  t e nn i  reliable oI 1 e ’r : lt  iOn is used to dissi pate
; i i  h su in u ii su rges  and the ’ initial cr- c-s t of :ti 1 Iii ghter surges . lii gh er v-ne ng ~
surges s-ill deve lop  s u f f i c i e n t  voltage across the sen c-s r i -s i  s t i r  I I I  fire
t he  spa rk  gap w h i c h  conduc t s  the remai ning transient current to ground .

i ’h ie 5R I s an :il t er n ~n t e  d e v i c e -  to use’ in p l : u c t ’  of the  spark -  gap and
p a r t  i c u l a r l v  s e r v e ’s an : u t l V o I l t  age- wh ie ’ui o u i l v  a los r e s i s t a n c e  COLT be Il5(’d
i n  s e r i e s  s-i Ui t he  U n i t - . :N R’ s can he selec ted ~- i th l i i w e r  t u r n — o n  ari d
clu m p voltages , in comparison s i th  t u e  i mp u l s e ’  s p a r k o v e r  v o lt a g e s  of  g ;IpS .

Thu s , a sit u i cr  re-s i s t  or  can be ust ’ti to limit the c u r ren t  t l t r o u g h the SA’ - .

‘!‘he circuits i l l u s t r a t e d  ~l re’ presented us t v p t c a i . Many ‘, -a r i a t i o ns
l i l t )  a l t e r n a t I v e - s e x i s t . I f  the va l ue of t I l t ’  equi pmen t is r e l a t i v e l y  l ’ s

and cont  i noon s  opt-  r a t  i o n  is l I l t  es se ’in t i~u I , a s i n  gle - - l i l g I r t ’ s si  (in Comp Om ie -fl T

ma y be se l t - -c t e ’ei . On t i l e  o t h e r  e x t r e m e , f u n d l i n e s  w i t h  s i g n i  fi cant exp~”~ure ,
c o s t  lv t ’qui  p u n d i t  , l lLId  e s s e n t i a l  coo t i n U I O I - - o j~e’ rat ion , mas- jus t i iv :1 1i s-c
e leme uit supp re ssion circuit , such :ts :111 5:55 t o  c :ise ground  a c r o s s; t h e  p r o —
t e -c t e d c i r c u i t , :u s e r i e s  r e s i s t o r  (or  i nd u c t - l I , a } i : g h e’r v O i t ; i t ’ T~-, I ,  T o
case g roun d , auio t he  r s e r ie s  R or I . ,  am n el t h e n  a ~ t j l l  h i  ghe r s- - i t  a g e  35 I T
or - - ‘ i  r i  gap  eli r ec t  ly to  e a r t h  gr ouu i e l . Tv t h e  st ’ le ’ct ion of suppress ion
I u r n — o n  a n - _ I e’ l a m p  i l l  I t o ge s  and r-e’s i s t o rs  lI r  I u i d n i c t o  n- s , e x t remely  hi gli t 1 1 1 1 1 —

S l e n t  e i n - r gv cau ~ be ’ d i s t r i b u t e e l  au th d i s s i pa te d .

I - u g u I - c 1 1 .  ; o nt u ’ ol  and S i g n a l  L aui d l  I n e s  I -  p u t - ai Not~ sO i o n  l i ’ i c u i t
( .011 1 I C I t i , l  t 1 rai n S

P1 11 ‘ I l l  TI  Li In , !  ( I I I  i f  I)
I A - \ l I l  ( N E  10 35  F O U I P M I  N L ~ N D L I N E  2 3~u - - I I I I I I F t ’ l  N. I

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

-

- I. I ’ H  I I  NI  I 4 I 1 9 ( 1 1 1  i ‘5- - 2

L

E -‘01 III (‘ASI I A H T E I  E ASE
‘ I N ’ GRUUN() (00 l i - N I ’  eO N , -

- 
( ‘ l l’ I I I  - I l l  S F 1  I t  IN AV -’ i AM I E l  O F E F ’ H E S S I I I E  POS ITIVE e l M V I I I  T A - - I S

H I V E I L - I  l i l l E C l I O N  F OR ’S ‘ - ‘ l I V E  L I N E  V I I I  I A I - E S  - ‘N I ’  IS ) HIPO t  - i l l
1 OlE E ’ I ’ ’ -.I T F S I  - ‘ N I  N I G A F I V E  S I I N . A I  S’

~ / N . ’I  - I l i P u t  Al l - ‘ I N  O X i D E  N u N )  I N  A~ ‘I  s isron

• ‘,‘ I ’ . ‘. 1 )  - I ( ~ I l A S  I F I I I i i  ‘5I’ ,i. I l  K ‘ - ~ l’ 110 ‘ I  - t I  -
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S . L t n i d l  t u n e  P r - o t t - c t  i on f o r  ~\ e ’W I s { U 1 J ) n i i cm i t s

P rot  ect  ion to m equi punch t c i r c u i t s  r ecj~i ci r ig 1 ami d Ii nc- s is best alit 1 unos t
ec000unlica liv i n i p l e m e s i l t  ed wine -mi equipme ult’ ; are des igmied . Aftt : r tiu c t act mod—
i f l c l t t i o n s  for eS 1 l l i V O l t ’ u ) t protection i5ill i n v a r i a i i l v  cos t  10 to 100 times

I l l - ct - f o r ’  p ’u o h I e ’ 1 in stallat i on , d o c ’l l I l e ’ l I t a t l  00 lEnt 1 d n - ~t s  I i I ~~ changes .

T y p ical lau n di t r i e s  p r ’ t e ’ c t  l oll for l I t ’ S  e q u ip m e n t  d e s i g n  is illus tra t e- I jun

Fi gu i - c- 13 . ‘li ne cc- fe - n e d  l o c a t i on for  thes fi rst cup i— ressor is direct ly from
line t o  c ’ e { U i I i f l l C u u t  C ;LS€ ’ . Tine -- cries r e sist - - n (or iunducto r ) is s i l e c lf i es i with-
1 ul , i l i eh  as pa rt r a t  tine ’ e’~itii pn ne u 1 t tel be certa fl the equipnuent des igu ier account s
n oi ’ tine 1 t i l t ’ vol t l t e t t ’  or s i g n o i  u l n ’oj ’ . l’he 5h on’ -q l l i n ’L g ap ,  SuppreSSing Iii

I~ ght - r s ’ o l t : t g e ’ -s , is lo cated at t h i s  r u c i  i i  t lanei l inc junction box tes limit
t rans ient energy w i t h i n  the  facility. Pros’idiitg a short h n r e ~~t ConneCt :ofl to

i v  eOl’th c I t - c l  t- - :dc’ system is necess:t rv for time hi gher e n e r g y  suppres so r  at
l i e ’ l a n d  line j ur i c t ion 1- e i ,5 . Tb s -is part icu I a iI>’ i m p o r t : tn t  fr t- all stilt rk gap

devices to  keep tine dischar ge current surge off equi plitent grount i  :1’ twor ks
i :uti eh liu n es should be routed scpar ltte lv f r I s n I  low l eve l  an a l o g  and d i g i t ~u l  s i g n a l s
within ti lt’ foci ii t y . F i n a l l y ,  T I  avoid  a sp i  i t  i n  r e s p o n s i b il i  t -  b e t w i - t ’n
eq;li  r ’m i ’n t  dc-si gn anti foci l i t - - d es i gui for t he p r o t e c t  ion circui t c o I n l i o n l e - i l t  S
tit e ’ equipment des i gn e ’r shou 1 d 5 1cc fy the supp rt--sor O r  install i t  I Ofi at  t i l e

t u r c t  ion box.

I I gu r e -  12. estintrol and Si gui .i I l a n d i  i u i l - ‘rot c-ct I t I n I

P r o te s t ion Compont’uit I o- itt ion N t ~~ h qu ipn ueu i t I t-sign )

EQUIPMENT LINE SERIES
B U R I E D  IW ITHIN F A C I L I T Y )  RESISTOR
LANDL INE ¶

P R O T E C T E D
EQUIPMENT

L OC A T E D  AT - 
-

SUPPHE SSOR~~~~~~~~~ ~~~=‘
-~ 

S~~~~~~~ OH~~~~

E A R T H  CASE
(‘,ROUND GROUND
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- I  :\ 1 I ’ I ’Nc i’ Prote - t’titn uu llc -s i gun

Pro t c c  t 1011 0 t es-{u 1 pmtm t 5 t roniu i i  glu tin u ung surges on power ii iles rc-qui re-s
;trres ters ari d p r o t e c t  ion  de-vi ct-s that conduct or di ssi putt’ hi gh it-vt-Is of
surgc- em i t - u- v aunel c u r r e l i t in comparisoun N i th th e’ i-clot ive- low leve l transients
expected on bniri eel lau idl I ties . Seconncl arv power h u e s  to foci lit i es are
u s u a l l y di re-ct l v  e x p o s e - e l  to ii gl utn i ng and are large r (greater ampac i t~ ) tinan
mos t la und l n Ines . P r o t e c t  11)11 des u gun for ~ic power him i e s is further lnandt capped
because- tine ade hi t iou n of se-n ies resistors in tine l i m e  to divide tine surge
e’ne ’ i i -  betwe-emi sc ve-ral devices is esseunt ia li v proin i 1)1 ted by the  drop in s’ol t I u g e
that would he incurred .

Protec tion desi gn , howev er , can take advantage- of the division and dis-
si patiou l of surge energy provided by feeders and branch circuits within the
facility. Division of surge energy at tine service entrance will depend on the-
number and impedance of feeder and brauncli circuits . Dissi pation of surges
w it i n i in tine facility to an equipment i t e m  w i l l  occur depending U~~Ofl the  resis-
tance , i u n d u c t a u n c e , and d i s t r i b u t e d  capaci tance  of feeders , branch c i r c u i t s , and

~~~~~ l i n e  components  such as breakers . C o n s i d e r a t i o n  of these  f ac to r s  e x p l a i n s
the extensive damage wh i ch occurs frequentl y to  equipment housed in small facil-
ities or shelters in comparison with tine relative infrequent dam age to equipment
in large facilities . Furth er anal y sis shows that heavy equi pment such as air
conditioning motors , uiormall y installed close to the service entrance in large
facilities will shunt an appreciable percentage of the surge energ>- conducted
into tine facility by the secoundary ac power lines ; tinerebv , providing a lt ’scl
of pro tection for sensitive electronic equipments which are normally further
removed from t ine  s e r v i c e  en t r a n c e .

In eff ect , a paradox exists . Cus tomarily, larg e facilities receive better
and more costl y pro tection for ac power lines in comparison with small f o c t l i t i e s .
(;e- u iera ll y , equal or better protection is needed at small facilities or shelters
p a r t i c u l a r l y  those hous i un g el e ctro u iic equipment .

hi nu ring protect ion des i gun the above fact ors need t o  be cons itlered , as w e - i  1
is t i l e  t u-an sit’ii t leve’ls expected at til e service- ent r a u l c e ’  amid tine su s ce ) i t  i hi  lit

or  vi i i I u- - wi t h s t a n d  c i n a r a c t e r i  St i cs of foci lit > ’ equ i p u i ie unt  . As a mi n i uni uni , a
se - ( - o u u j a r y  ,IC p ower  a r r e s t e r  i s  net ’ ele ’el at the  s e r v i c e  (ii sconunect u tug means  I -
d i  ss ip a t e  h i  g hn su rge  l e v e l s  arid p ro tec t  e qu lpmeu n t ar id ~‘ r s o n i l l t ’  1 . For e q u i p m e n t  c
w u t i u  relat i s- c-l y low with stand voltag e’ levels , additional p r o t e ’c ti o n  d e s- i c e - s

ma>’ ire uieed cd ~tt tine- e- t~uipmen t enclosur e’ Iestl . \ l ’r \  s u b s - t a u n t  oil l i - i l l t l o l l

can be roy I dccl by t i n e  t u r t h n e r  ael eh i t iOu of protect join (ic-vice- s to tlu e ’ feeder ram
b r a lu c h  c i r c u i t s  :it the room level for 011-ct r on i c  sy s t e m s . N o r m : t l l v  onl ~ u ndue—
tom~s wi tiu n u i n i m u m  i)CR r a t i u n g s  can be added to ;tc P ower  l ine ’ s . l i i i - - , t in e

r :um i ’, i emit volt age drop due to t i ne  pouct’r fe’eders , brernkers and braunch ci r c i i i  t S
u i - - I  lie C lose ’ 1>’ approx I mat eel to se lect the- t u r n oun  and c lamp i ng es-c’ i s  o I~ pro-
c-ct i oun dc- v i cl_ s I I  tine equ I pmen t  I eve- I and room or  space 1 c x c i

S m i  la r t o  l a n d  1 j i n c ’ s  , p n- i t  c- c t  i o n  I g a  n in st t ran s  I c-m t S on pow e r l i n e s  is l u — I
ll np l emeunted during ori gu ui;i i equuipnnent and t~ i c u  l i t >  che st gun . Tvpi c~u l p l o t  c - c t  i o n
1( 1 !  e- le ictr oui ic eelui pmeln t is illustrated in Figure l~~, wit h  ( E ’ 1 1 t ( ’ e t  l o l l  i h ’ v i e e -s
at  the  se ’ u - s - l c e  disconnect lu ng m e a n s  aund n t  t i l l ’ e ’qn u I ~ ’l m e u u t  l e v i - I  . I l ie ’  l i t - l i t  (‘ ( 1  Ion
i 1 m i st rated i t  the ’  eI )Eii pm e lit 1&-vt’ l can be i mp r oved  i)\ tine i,ld j t ion Ot ,u ‘ , t - c o u i d
Su p l ) m s- ’( s o r  I u - o iu l i n e t o  e q i u l ~ Em t -unt ca s t ’  ground t O  1111111 II p 1  I n t ’ l w , i m - k . 11h’ i t i e ,il
p r o t e c t  ion n e t w o r k s  or W I  I cc- ’; i re’ mn ece ss ;Irv f or  both pha sE ’  1113 n e — u I  r u  c l i i i —

h i l t  i o u - - cxce-pt i t the ’ s e t  s- ice d i c c o u n n -e - t i i n g  m e - o n E s  w i l l - u i - t i n t -  l I n t  r u is g u siul i e led .
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SECO NDARY
Ati P O W E R  POIA E H D I S T R I B U T I O N
(TO FA C I L I T Y )  WI T H I N  F Ad E I T Y I  L

A R R E S T  E R
( LOCATED AT / Z N R r ~1 P R O T E C T E DFACILI T Y / OR I I EQUIPMENT
SERVICE / ~~ —~~~~

‘ 
SAS

I D I S C O N N E C T I N G  

L O C A T E D  AT
POWER ENTRANCE
TO EQUIPMENT

EA RTH CASE
G R O U N D  G R O U N D

The C ol i nh i f l a t  ion of r f  i n t e r f e rence  r e qcu i remeui t s w i t h  ~owe r liune li ghtni ng
p r o t e c t i o n  d i e_ s i gun t o r  new- e~I u i p I f l e u n T s is feasible amid recommeuntled . ‘-lost equl P—
nne ui t tic- s t gin s for compliance w i tin iunterft- ren ce s tauidarels auud t e n t  limits w i l l
enc lude a power line fi ltei’. -‘c- 0 minimum , ii - t e -rfert-nce i’ i i t e - r s  w i l l  usua l lv
Ei~u s-c- aui i une luctor in the limit’ w i t  Ii two capoci t e l  ci- I l l  east’  g n- i l l l n l d  in a pi
con t i  311 r a t  iOfl . In t c-n Ic reunce Ii I tern are dc’s i mit- el to zi t  t eunuate t r an  5 iem n t s ,
h u t  generall y , tine capacitor s N I 11 be limited in compar ison w ith the current
a n ud  p o w e r  r a t i ng  r a t  ii gintmn i ng Suppressor s- . ‘i’he 

~ci t~n c ot  i rain of a comi) i f l a t  i on
rf uunterfere nce- fil ter amnd li ghtning suppressor for nuew e-qu ipm cu It tic _ s ign wi 11
poteu nt i~i I1 y serve to cove r both requirements with minimum costs .
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PROTE C TI NO FAC I L I T I r ~S ~‘POr4 INDUCED LIG ’rNI’~fl ~sN D
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I

ABSTRACT

For the pnvt 20 v enr s  a sing 1 component w as used for protection of the A .C.
power line from induced lightning.

\Vith complete chang e over to s- -state equipment ; i. e . rad , telecom-
municat ion , compute rs and electronic controls , the requirement  for a far better

protector is needed now . It is needed not only for l ightning , but f rom tine more

dangerous haz ar d of power line switching tran sient which occur from day to da~- .

This pape r discusses the five most important technical  f ac to rs  when selecting

protection for your facility against these two haz ards. Addit ional consi le -ration is

made as to whether the protector is protecting only equipment or is it pi-otectin~
human l ife ?

-A detailed description of an A. C . Voltage Suppressor that appears to be the

Absolute Transient Suppressor for facilities. Totally a silicon solid—state device - ,

it functions like a bipolar zoner clamping the voltage , ~120 vac line) at 400V peak ,

while dissipating 2500 joules (1 x 1000 microsecond). It ’s response tim e is less

than 50 nanoseconds.
Included xviii be details of Installations , Spec i f icat ions and results at FAA

sites installed in 1971, Satellite tracking station installed in 1974 , and an ADC
site installed in 1975.
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FRANS1LNI’ PROBLEMS - W0RLi ~~~~l D iI

“The transient voltage ” is probably the least understood element of electric al

energy because there i s very little data available on the s u b j e c t . In s imple  terms ,

transients are short term ove rvo l t ages  produced on the electrical line , b a number

of extraneous causes which result in a momentar rise of the voltage above some

predescribed threshold level. hhile transients have certainly been a phenomenon

since the discovery of electrical energy , t iney have not a l w ay s be~ n a recogni:ed

problem . Until now , transieun tn were probably mnot a serious causc.tis-e factor in

damage or down t ime to e 1ect~’ic~il eq ui pment .

3 LASON S FOR IM PR O VE D PROTEC’ l’ I ON

)
~ith the introduction of solid-state semiconductors and integrated circuits , there

has dev~~lop0d a serious need for solid-stat e transient voltat’e suppression equi p-

ment , whi ch reacts fast enough to protect v- -ry sensitive- electrical/electroni c equip-

mci t , against minute levels of “unexpected” energy . Previously, AC Volt age- Regul atcr s- ,

Gas Discharge Tubes or Spark Gaps , have been sufficient to protect most vacuum tube

equipment from transients; however , the solid-state components are more susceptable

to very short duration bursts of energy, and therefore require a special t~ ’l l t -  of

p ro tec t ion . I t  is for  t h i s  reason that  there is an increas ing  need in s o l i d - s t - i r e

transient protection equipment , and over tine next decade , this will become the number

one topic of discussion among those involved with electrical energy .

There are three (3) spec i f i c  reasons for the  change in voltage suppression require-

ments: (1) The increased effect of induced lightning on solid-state components

(also enhanced by a changing world weather pattern). (2) More and more sophisti ca tion

in semiconductor technology , simply smaller and smaller devices. (3) The very

monumental effect of switching transients/surges caused by a degenerating supply of

conunerciut l power. As the demand upon powe r companies increases , at a geomet r ic  r a t e ,
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the ability to produce power does not increase at the same rate. Therefore loads

are constantly being switched from one line to another , causing “surges ” (which

in turn , cause high speed , short duration transient s to proceed down the power

line). As little as 1 nanojo u le (1 X lO-
~ ) of energy applied to the semiconductor

can cause a shut down of operations . Figure 1 shows how little energy can either

upset or destroy a t ransistor , I.C. or semiconductor. This dat a was developed

for transients in the microsecond region . Just think , if they were 1 millisecond

long (a thousand greater) what damage they might do. Figures 2 and 3, show what

can happen when the transient or surge hits the semiconductor .  By d e f i n i t i o n , a

transient is less than 8.3ms and a voltage surge is greater than 8.3ms . Transients

are also related to high impedance sources and can range from a few m i l l i v o l t s  to

20K volts. V o l t ag e  Surges are produced from low impedance sources . In general the

maximum voltage seen is 2 to 3 times the nominal operating voltage . The failure of

the power diodes in Figure 2 was due to a voltage surge . The failure in Figure 3

was due to a t rans ient .

After many years of testing and field evaluation of different devices , i.e. Gas Tube

and M etal  Oxide Varistors , it was foun d that  the systems approach was the onl  way

to meet all the technical requirements for protecting solid-state equipment . These

facts came out when in many applications , hospital , air traffic control and emergency

disaster conditions , meant human lives were at stake. The FAA saw this problem in

the late ‘60s , and moved to put in solid-state surge protect ion then . In addi t ion ,

in the early ‘70s , UPS Systems were put in also. In applications where human life

is a consideration , one must consider technically nothing less than abso lute transient

suppression . Where equi pment damage only , is the  con s ide rat i on , the n the cost f ac to r s

mus t be considered as a trade-off to the other economics such as maintenance of equip-

ment and down time .
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- - 1 A Volt age detector on 4S0 ~AC

~ / ‘ detected a 2100 vol t  surge ,

\ / causing these power diodes t o
- ~

4 

short aind then explode .

I Fig u r e  2
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FIVE MAJOR CONSI DERA TIONS IN PROTEC I ’IN G FA CILITIES AGAINST HIGH ENERGY AND h IGH

SPEED ABNORMA L VOLTAGES.

1) Response Time - Hi gh speed - low nanoseconds . This is important because of the

high speed rise time of the induced transients or surges.

Lightning 600V to l000V/Microsec .

Cower Line Surges... 100V to 300V/Microsec.

~
_ ‘-1P (Electromagnetic Pulse).... 5KV/Nanosec.

2 1  ~~j-:tression CPower) CaRability - 100 ,000 to 1, 500, 000 wat t s  and capab i l i ty  of

suppressing 15 ,000 to 50,000 amps, induced on the AC service line . Experience

and test m~asurements show these energies do exist on the power line .

3) . i i : c ~~j~~~ r essio n f~ Clamp ing Rat io - Low threshold and less than 1:1.5 clamp ing

ratio. Fine device is to turn on , and start suppressing at 120 percent of nominal

Line , and at maximum power not to exceed 150 percent of nominal line , a clamping

r a t io  of 1:1.5. If a prote ,,tor does not begin to suppress at low voltage threshold

it w i l l  a l l ow the low level surges through to damage equipment .

4) F-h igh Rel i ab i 1 i ty ~ - The dev i ce should be totally solid-state, with redundant cir-

cuitry and be failsafe . 
~~~~

_- --

5) Operation - Aut omatic or Resetable .  I f  the nature of a system prec lu d~~ an inter-

ruptioin in service (that is , if one cannot afford to be shut down ) an a u t o m a t i c

de~’ice is required.

These bas ic  p r inc ip les  were considered in  the desi gn of Trans tec tors ’ ‘loi ]t ’l -\ CF 1000

and ACP 1O , 000 A. C.  Vol tage  Surge Suppressors .
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DESCR [PF 1u:-~ OF ACP 1O ,000 l~ 10011 VOLTAGE SURGE SUPPRESSORS

GE N E R A L

The .-\C Voltage Surge Suppress or1 are hi gh-speed , high c u r r e n t , s o l i d - s t a t e  d e v i c e s

designed to  p r o t c -ct  solid— state electronic equipment and sys’ems fr e t  t r a n s i e n t

overvol tages. They perform their fun- - t ion by Uniting the s l a g i  i n : - : of t i e

overvoltage present on the AC power lines at a spec i f~ c pe Ek tlire .shol-J .‘ o lt i l ~C .

Such t r ans i en t  v o l tag e s  occur due to the fu’-e clearin , phase si~ i t chi~ig,

p ower  sources;  equipment s t a r t  —ups or shut -downs , swi tch hip loads m d  I r1duced

l L g 1ItIF~ng. The ACP series are designed s n e c i f i c u l l y  to  o p e i , i t - on e i t ’ ‘ sh; 5 1e ,

two or three phase Delta or Wve services .

OPERAT ION

The s upp r es so r s  operate when the inst Il t aneous voltage rises above 120 per ~~i - I . :  of

the nominal peak voltage. The power diss i pated in t h ~ suppressor i s  a f u n c t i o n  of t h e

energy in the transient only. The suppressor does not handle iv~t i  l a b l e  f a u l t  cu rr e~

of the power line , as do crowbar type c i r c u i t  protectors , when  diss i p it ~~~~ t h - , tr an— . N t

energy . The ambient  t empera tu re  of t i - ic suppressor  r ises  is do the supp res sor  U - ~~~~ I i ~~ t-

lcvel . When the line voltage is below 120 percent , the device draws a maximu m pow er  of

1 watt per phase. The elements employed are 100 percent solid-stat e , using reduioh-nt

techniques and c o m p o ; i e l l t  r a t i n g s  and construction , to assure good reliabilit y ,

FUNC r IONAL

When a t r a n s i e n t  o v e r v o l ta ge  is sensed at the -oppress ion voltag e level (on m y  or

all phases) toe suppressor on that phzise , conducts in approximatel y 5 nano seconds ,

at t e n u a t i n g  the t r a n s i e n t  vo l t age  and  d i s s i p a t i n g  i t -  energy . I t  c o n t i n u e s  t o  s u p p re s s

u n t i l  the voltage drops below the clamping level. When t h e  t r o i l i - t I t  voltage is no

longer on t h l ’  l i n e  or is be low the clamping voltage , the suppressor iutom atica ll v

recovers , ready for the next transient . The suppressor is bi-polar , suppress in g

transients eith er on the positive or negative s i d e  of the sine waVe. It is also bi-

directional arid will suppress transient V o l t a g e ’ s g e ne rated by t ! l e  load ~ic well is tii (-

~.ource. .
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ACP1O ,000-120W - 2500 Joule Suppressor (for 120, 240 or 480 VAC Service)

ME C }L-\N Il:AL

The controls and power electronics are located in a Nema 12 , Free Standing Enclosure ,

6’ x 3’ x 1-1/2’ . The unit weighs approximately 500 pounds . (Figures 4 and S.)

ELECTRICAL

All t iic t j o fl al de~~ces are silicon solid-state. No ‘-IOV (Metal Oxide Varistors ) or

‘ - i  D i s ~-h ar ge  Tu bes  ore  used in t h e c i r c u i t s , due to thei r short l i f e  expectancy

and  l i ck  of t i e q e i a t e  p i’otection for s o l i d - s t a t e  electronic equipment . In order to

suppress -- uch  large currents in the nanosecond to microsecond region , there are

- -~ er~m l s t - m g e ’s of suppression in the ACP1O ,000. The first stage has the capability

o~ suppressing at 150,000 watts per phase before the second stage comes on auto-

mat ic ,mllv and suppresses up to the maximum rating of 1.5 megawatts (1 x 1000 microsec ).

‘ l a x i m u i l l  voltage rise on the 12OVAC unit is 400 volts peak at 1.5 megawatts. It is

ver important to realize that this device does not short or distort the  AC line ,

i t  strictly cli ps the transient “o f f ” , and then automatically rese ts upon removal of

the tro:Ioient . (Suninnary Spec. Figure 6.)

The dynamic impedance for the suppressor , when no transients are suppressed , will

be in the hundreds of thousands of ohms , but when a major surge occurs , i t  could be

as low as .1 ohms , which gives you a substantial suppression capability of the power

line .

The ACF1O ,000 has additional features which are : 1) Transient Simulate - Te’~~t - this

test triggers the suppressor by pressing a test simulat e butt orn which gat --c on the

circuitr y (note: i t  does not disturb the l i ne it  a l l )  and i f  the  - i pp r e ’~cor  t r 1 g p e r~- ,

i t  turn s on li ghts on the front panel. The suppressor is then re-set by pre- l -ll n g the

“reset” button . This test proceedure is done on a r e g u l a r  b a s i s  at the sit e , to

vcrif~’ t i -  u n i t  still functioning properly. 2) D~~~ jLL
T_ransient Counter - the

-166- 
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SPECIFICATION : ACP 1O , 000 - l2OW

1.0  GENERAL:

1.1 Vol tage  120/208 V .\C

1.2 Frequency 50/60 or 400 ii:

1.3 Phases 30 lcv e-

1.4 Max. Number of (lSOAmp ) Brancin Circuits Protected 6

2.0 Suppression Voltage Level 200 Volts Peak

3.0 Max imun Suppression Voltag e L e . e l  400 Volts Peak

4.0 Peak Power Dissipation (ims ) 1.5 Meg Watt

5.0 Response Tine - 1st Stage 5 Nanosec. Max .
2nd Stage 10 ~‘1icrosec M a x .

6.0 Maximum Energy Dissipation 2500 Joules .

7.0 Standby Power “.S h I i t t s  M C i x .

8.0 Duty Cycle 01%

9.0 Operating Temperature 0°C to

10.0 Storage Temperature -20°C to

11.0 Mechanical Details - Weather Proof Dwg 62P RF.CC

I
F gil re- 6
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counter is mounted in the front door of the enclosure for ease of reading and

s~if~-t~’, 
,

it  counts the number of surges the protector suppresses , if the surges

are 500 nanoseconds or greater. This means that the counter does not count all

the transients suppressed. (i.e. The ACP1O ,000 responds in the 5 nanosecond

reg ion.) The counter must also detect a minimum of 1000 nanojoules of energy

bcforc i t  will count .

ACP1000 - (Manufactured for 120, 240 or 480 VAC Service)

MEC HANICAL

The controls and power electronics are located in a Ne rn a 12 enc losure , 20” x 16”

x 6” . It weighs approximately 45 lbs . (Figur es 7 and 8.)

ELECTRICAL

The unit functions basically like the ACP1O ,000, except it has the power capability

of 105 ,000 watts total (1 X 1000 microsecond pulse) 35 ,000 watts per phase. This is

e q u i v a l e n t  to suppressing a 8 X 20 microsecond lightning induced strike of 25 ,000

amp s . This de vi ce h i s  the same response time as the ACP1O ,000 of 5 nanoseconds . t~ec ’

Summa ry Spec. (Figures 9 thru 13). Electrical installation is shown in Figure 14.

hISTS OF THE ACP1000 SURGE SUPPRESSOR

Tests se-re performed by a governmental testing laboratory to verify the functionul

parameter  of the ACP1000-l2OW (120/208 3 fj 4W unit). Figure 15 shows the test :- e~t O Y .

Note that the wire lenghts to the measuring instrument was approximately 42”. TIne

results are not as good as if measured at the ACP1000 terminal. Fi gure 16 is the

plot of d a t a  (Fi gure 17) . This shows lead lenghts  arc very important to f m - c t r esponse

and low clamping lovel. Fi gure 18 shows  oscillograph of the 35 joule transient un-

suppressed , and then suppressed.

In conclusion , this protector can suppress 35 joules of elne-rgy (delivered in 30 micro-

5cc) with a clamp ing ratio of 1.5:1 .

— 1 7 1 — 
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In Inches.

Fi gure 8

-173—

_ _ _ _



—--.-~~~~
-—-—-

~~~~~~~~~
---

SPECIF1C/~TION: ACP1000-120

1.0 GENERAL :

1.1 Voltage 120 VAC

1.2 Frequency 5-D / fj b  or l~O0 Hz

1.3 P~iases l~~, - ~ or
( See P/N)

l.a Electrical Service

Part Number (P/N ) Suppressor Connection Service

ACP1000-120D Line to Line -
~~~ ~ ire DE2.Tt~

ACP 1000_ 120W Line to Neutral  -
~~~ ~. ~ire ~y i-:

ACPI000-120S Line to Neutral i i’5 2 wire
ACP1000-120T Line to Neutral 3 Wire

2.0 Suppression Voltage Level 20C’ Volts Peak

3.0 Max imum Suppression Voltage Level 300 Vol ts  Peak

Li,.0 Peak Power Dissipation (ims) 35, 000 Wa~.ts/Pimas e
105,000 Watts Total/
for 3 phases

5.0 Response Time 5 Nanosec. Max.

6.0 Standby Power 10 Watts Max./Phase

7.0 Duty Cycle 01%

8.0 Operating Temperature 00C to +50°C

9.0 Storage Temperature -20°C to +85°C

10.0 Mechanical Details S1u872 Dwg.

20, 30, Suppressor 20’il x i6’W x 6”D
iØ Suppressor 16”H x 12W x 6”D

1 .0 Electrical Installation tMg. 1091

Figure 9
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1 .0 -NFh ~ J

1.1 V O1 L >mpL - ~~

1 .0 r r > -q u >  -nc~ ~o/t,0 or 000 Hz

1 . 3  PhaseF iØ, or
(Ce e p/s)

.3 ~lectrica1 Oerv ice :

Part Number (0-N) Sujpressor Connecti on Service

ACP1000-200D Line to Line 30 , 3 Wire D~~TA
ACP1000-240W Line to Neutral 30, 0 Wire WYE
ICP1000-2033 Line to Neutral iØ, 2 Wire

~.O Suppression Volta’e Level 400 Volts Peak

- .0 Maximum Suppression Vol~ ar~e Level 600 Volts Peak

3 .0 Peak Power Dissipation (las) 35,000 Watts/Phase
105,000 Watts Total/
for 3 phases

~- .O Response Time 5 Nanosec. Max.

6.0 Standby Powe r 10 Watts Max./Phase

1.0 Duty Cycle 01%

~3 .O Operating Temperature 0°C to +500C

9.0 Storage Temperature -20°C to +85°C

10.0 Mechanical Details [~~~~. SK18~2

30 Suppressor 2 0 8  x i6’>w x 6’D
10 Suppressor 16” H X 12 ”W x 6” D

11.0 Electrical Instal1ati~~ Dw~ . 1091

Fi gure 10
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SPECIFICATION: ACP1000 -4 80

1.0 G~~ ER.AL :

1.1 Voltage 480 VAC

1.2 Frequency 50/60 or 400 Hz

1.3 Phases 10, or 30
(See P/N )

1.4 Electrical Service :

Part Number ( P/N) Suppressor Connection Service

ACP1000-480D Li ne to Line 30 3 Wire DElTA
ACP1000-4&M Line to Neutral 30 4 Wire WYE
ACP1000-480S Line to Neutral 10 2 Wire

2.0 Suppression Voltage Level 800 Volts Peak

3.0 Maximum Suppression Voltage Level 1000 Volts Peak

4.0 Peak Power l)~ssipation (ims) 35,000 Watts/Phase
105,000 Watts Total/
for 3 phases

5.0 Respon se Time 5 Nanosec. Max.

6,0 Standby Power 10 Watts Max./Phase

7.0 Duty Cycle 01%

0
8.0 Operating Temperature 0 C to +) 0  C

0 09.0 Storage Temperature -20 C to +85 C

10.0 Mechan Ical Details Dwg. S1Q872

11.0 Electrical Installation Dwg. 1091

Fi gure 11
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APPLIED APPLIED
PP L0I -~ : I - \ M P INC; L EVI -: L .  PLLSE - LA M ! I NO L I - \ ~1.
PEAK VOLT PEAK \ O L I
AMPLITUDE ~~-\ A~-0 ’I IT U DL /A /0 1-

200 200 200 200 200 200 200 3 ;0

300 2.0 2 2 5  220 300 2 2 5  2 1 0  2 2 0

300 2b0 2~~0 2— > 5 -4L - 
- 2 -~~ 2 20  22 5

500 270 200 260 500 1 .5  115 ~ 3O

000 2~~0 270 265  000 2u0 2. .0. 5

700 290 2~~5 280 700 305 25 0 2 ( 1 >

~Oo 10 300 2 00 ~‘O0 2 70  3 ( > 5 70

90(1 ~25 315 
- 

305 > 0) 0  ~~i 2~ 0

11)00 fl5 325 3 2 5  100: 300 2~ 5 -3 )5

110 ) )  0.0 
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040 

- 

3L5 305

N> t&- : Fhc ) :.axi~~) u ) :l e ner ov  st o r ~ - ( I in p0 1 st ~~> n~ i a t o r  f o r  I I u o  v o l t  p u l s >  t O )
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FAA/ARTCC - Longmont, Colorado

Early in 1971 , several of the slower responding (10 microsec ) rode-is of the ACP1O,000

were installed in FAA Air Route Traffic Control Centers .

The Longmont , Colorado , ARTC C h ad the ACP 1O ,000—1 20W ins ta l led  as shown in Fi gure 18A .

It protected the seven critical 150 amp , 120/208 3 phase 4 wire circuits. These

circui ts  feeding the IBM 360 ’ s , had numerous problems with outages due to induced

l ightning , and switching surges on the power line . It also protected the computers

from a more common problem of fuse arching . An FAA study showed that if a 150 amp

fuse blew, the transient generated was a ~uise of 2000 amps for 2 mi llisec. It would

travel down other branch service legs and damage - -ju ipment .

After installation of the ACP1O ,000 the records £howed no outages due to overvoltage

surges or t r ans ien t s .  During a 3 - 1/ 2  ‘,‘ear period , a tot;>1 number of transients

suppressed were 597,332. The counter used , had a maximum respo nse t i m e of 5 m i l l i s e c .

Because of the slow counting time , many of the high speed transients were suppressed

but not detected .

EAST COAST SATELL ITE TRAC K ING STATION

In December of 1974, I ranstector Systems received an urgent message from a well-kno wn

National Corporation . In an insuing meeting , the management of Tra :ste>t or was advi sed

that this major corporation managed -l satellite tracking station for an U.S. Government

Age:- cv , and that for some t i m e , had been having serious prob l ems w i t h  mo: ; t of t l o i r

ele:t - a n i  c equipment tOtI instrumentation at the t ric king — t  ~ ~C)n . The prob1 -m~ ~~t - r

duo t induced li ghtning stri k - ;  and h i g h  c-no r~ v ss itching t r : ln s i e n t s  , on the -\ .C .

power line l eeding the Si  t t .  They lad on many Occass ion: -- t iti -red p r c t t  e c o n o m i c

losses , and even worse, could have l o t  (so t o  speak)  ‘ si t e l 1 i t o -~ down range ”. -‘otter

oval s> ~ion of other m et h o d s  I protect ion , t hey asked if !ho-0- ’ w.i s i o ~ 1 , 1  n r r an s t r > -
~ or

c u I > I  do o lve  the 11 -00 1cm . I~>c )l nio:L1 1- e v i o - . w  and ;t nolvsis ol ~hc 1r1 -1 ~~: .> ~ i on
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provided to Transtector , sh owed 1) l i gh tn ing  t rans ien ts  were being i nduced on the

7200 VAC power line feeding the complex , 2) power and load switching by other users

on the same feed , causing nujuerous outages , 3) high energy lightning was entering

the 480 VAC lines to the 48’ radar antennas and damaging the solid-state motor drives

for the antennas .

A .C .  POWER DISTR I BUTION OF THE TRACKING FACILITY , Figure  19

The commercial power to the facility comes from overneau lines at 7200 Vrms (Delta)

and is feed in buried conduit , several hundred yards , to a 500 KVA t ransformer .  The

output ot the transtormei- is 120/208 Volts , 3 Phase , 4 Wire , wh ich provides power to

the to ta l  f ac i l ity .

A step-up 100 KVA transformer p~o~ides 480 Volts , 3 Phase , 3 Wire , to the two (2)

48’ tracking antennas . The power is run in buried conduit (6” x 6” wireways) approxi-

mately 600 yards to the antennas . At the antenna end of each feed , an ACP1000-480D ,

A.C. Lightning Surge Suppresso” is installed , Figure 20.

The 120/208 Volts enter the Power Distribution Built1 ~ig w nere  the ACP1O ,000-120W

Lightning Surge Suppressor is located , on the b a > .  side of the switching ge:r . This

loeat io n is impor tan t  as dur ing  t e s t ing  of tO A~ P1 0,0O0 \.C . Li g1~~ning SurMo S ippr es-

sor , there was as many as bO transients produced during transfer to a motor gener ;Ito’ ,

anu back to commercial power , whicn tO suppressor promptly suppressed . Iii au~i i  a > ,

snort lead lenghts and large cable si:e wires were used. The Power >iistri hut ion

Building , house~ the switch gear , and nain distri outton system tor t h e  c o m p l e x .

At tached  to t u e  Power Distribut i on Building is the Generator -u t ildi ng , w -u ich houses

the two 250KV motor generators ror b a c K - u p  wh en power ‘ails.

The 120/208 Vol t  pow er  runs to  the  Up r-r : t ions B u i l d i n 1 ’ , a p p r o x i m a t e l y  50 loot Lw 4v ,

and other locati an- within t oe comp lex. - a t h e  Op- n - i t ion Rui  idi ng , m a in ‘ower

-Iso-



distribution panels are proviued tor all systems including the UPS (Uninterrupted

Power System) which reeds the computer , contro l systems , and communication equipment.

Sol ved the P roblem

Transtector Systems recommended tnat the total site be protected by Transtector s

Modei ACI-’l0 ,000-l2OW , Figure 4 (1.5 million watt transient suppressor) placea at its

(1600 amp) main power feed and an ACPI000-480D , Figure 7 (105,000 watt transient

suppressor) placed at each 48’ antenna , to protect the antenna ’s 5CR solid-state

motor drives and controls. In May of 1975, the products were delivered and installed

unuer the supervision or Transtector Systems ins ta l l a t ion  eng ineers .

After more than 18 months (1-1/2 years) of continuous service , and continuous monitor-

ing by the personnel of the customer , the problem was completely solved.

There had been no shutdowns of the computer , control , radar , communication systems ,

radio transmitters , or any other solid-state devices within the complex , resulting

from A.C. power line transients or surges , even though the complex wa s  subjected to

a total of 174,402 damaging transients as recorded by the high speed di g ital transient

cour~ter which is built into the system . As one can see from Figure 21 , during certain

peak periods , over nine thousand (9,000) transients were recorded in a 24 hour period .

Any one ot the transients was considered to be of a damaging nature . (Reference

Figure 2~~ . It  is important to note that any day on which the ACP1O ,000 s ’ ipp res sed

even one time , lost i n f o r m a t i o n , shut-down or destruction could have occurre-t - it

the unit was not tnere .

A 550 day period of which t r ans i en t s  wer e  counted on 511 days , shows t1i~ s \ S to 1 :

required protection tiy t he  suppressor on over 9 S  percent of n h -  days . The minimum

on any day was 1 suppression , an d t h e  maximum was 9,028 suppressions on June 2 - , 10~~ .

On three other o- -cass ions t h e coun t t-xcr-eded 9 ,000 s u p p r - s s i  ens in a 2-1 ~o u u r  p e r i o d .

Ihe - u ’ - r a p o >  suppressions per day requires fo r  tI m 18 m o n t h  ~ t F i  0>] w a S  10.8.

-181-
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AIR FORCE SITE - COMPUTER OPERATIONS

In February , 1976, A.C. power line surges and induced lightning caused numerous

outages and loss of critical data .

A .C. Power Distribution of the Air Force Site (Figure 22)

The commercial power is feed into the building to two (2) 480 VAC 3 Phase, 3 Wire

Transformers to a 120/208 3 Phase, 4 Wire Secondary. At this point the ACP1O ,000-120W

(Figures 4 and 5) was installed protecting the output of both transformers w4th its

power diode “or” logic circuits . The power then went to the computer center 1for

distribution.

The results were no outages or damaged equipment from lightning or surges on the

power line.

The Transient Counter in the suppressor, displayed an interesting profile o,f the site ’s

problem . Figure 23. During the month of September, 1976, a the total count of 53,020

transients were suppressed. A correlation of weather conditions and discussion with

the power company, showed this condition existed .

In conclusion, the major factors to be considered for facility protection are:

1) The Power Suppression Capability is to be large enough to handle the application

with concern on what happens if the device fails.

2) The Response Time is to be in the low nanosecond region.

3) The Voltage Suppression and Clamping Ratio must be low enough to protect the

equipment at the required power level (Reference 1 above).

4) The Reliability is most important when human life is at stake, and for low cost

maintenance and operation.

5) Automatic or Resetable Operation is important for human life applications as well

as maintenance and cost factors.
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ABSTRACT

The early design vacuum tube type electronic equipment was relatively hard
to tr ansient voltages by virtue of its construction. However , with the introduction
of semiconductors , especially MOS and small area geometry bipolar devices , vul-
nerab ility to transient voltages has increased greatly. Voltage transients are
generated by many sources , including lightning , switching transients , static dis-
charge , and power line dis turbances of various types. Some of the earlier methods
used for providing protection included the carbon spark gap, resistors , 3elini um

devices , zener diodes and more recently, metal oxide varistors. Withi n the past
few years , a new device has bee n developed specifically for protecting solid state
circuitry. This is the silicon avalanche suppressor. These particular components
are characterized by their small size and ability to dissipate relatively hig h power
tr ansients (1,500 watts for 1 millisecond and 12, 000 watts for 2 microseconds).

Two of the main characteristics of the silicon avalanche suppressors include
f ast response time , of the order of 10 12 seconds , and very low clamping f actor

which provide significant margin of suppression protection.
This report discusses transient voltage sources , and optimum suppression

methods using silicon avalanche suppressors . Also discussed are various par ameters
of devices such as the TransZorb*tm, as manufactured by General Semiconductor
Industries, Inc., summarizing both capabilities and limitations of these device types.
A comparison of the silicon avalanche suppressor with other suppression components
is also made. In addition, specific applications utilizing the silicon avalanche sup-
pressors are described in detail.

* TransZorbtm 
- Registered Trademark of General Semiconductor Industries , Inc.
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U S I N C SI  L I C O N  A V A I  .• \ N C I I F  S I J P P R I S S O R S

0 .  M c l v  i l l  e C l a r k

C en c ra I S em i c 0 iid tic t o t- 1 u d  :i s t r i e s , I n c

IN IR01 )L I (I  ION

e c i  r I y d e s  i ~ n v a c i t  u rn  t u b  e t Y e 1 cc t ro  n i c eq u i P’~~ 
!~ t

w a s r e 1 a t i v e 1 v Ii a rd t 0 t ran s i en t V 0 1 t a t~ e S I) v v i r t u e o f i t s

const rt ic t i o n .  However , w i t h  t h e  i n t r o d u c t i o n  of s e m i c o n d u c t o r s ,

e Spe c I a I I v MO S i n  LI s ma 1 1 a re  a g cornet r v h i po 1 a r d cv i C C S  , v u  1 n e r —

a b i l i t y  to t r a n s i e n t  v o l t a g e s  h a s  i n c r e a s e d  g r e a t  l y .  V o l t a g e

t r a n s  i c u t s  a r e  g e n e r a t e d  b y  m a n s ’  s o u r ce s , i n c  l t i d i n g  I i g h t n i n g

s w i t c h i n g  t r a n s i e n t s , s t a t i c  d i s c h a r g e , a n d  p o w e r  l i n e  d

t tir b :in c e s o f  v a r i o u s  t y p e s .  Some of the e a r l i e r  m e t h o d s  used

f o  r p ro  v i d I n g p rot e c t i Ott  t i C 1 tided t he  c a t’h on s~~a r k g a p

re s St or 5 , se 1 i n  i urn  cv  i c es  , cu e r LI i DLI e s a n d  m o r e  r e c e n t  1 v

m e t a l  o x i d e  v a r i s t o r s .  W i t h i n  the past few y e a r s , a new d e v i c e

h a s  b e e n  d e v e l o p e d  s p e c i f i c a l l y  f o r  p r o t e c t  i n g  s o l  i L l  s t a t e

c i r c u i t  r~ - T h i s  i s  t h e  s i t  i c o n  a v a l a n c h e  s u pp r e s s o r .  T h e s e

p a r t  i c u  I a  r c o m p o n e n t  s a r e  c h a  ra e t er  i ed b y t It e I r sm a  I I s i = c

a n d  a b i l i t y  t o  d i s s i p a t e  r e l a t i v e l y  h i g h  p o t ~er  t r a n s i e n t s

1 , 500  w a t t s  for 1 in i i  i i  s e c o n d  a n d  1 2  • 00 0  w a t t s  f o r  2 m i c  r o —

s e c o n d s )

I w o  o f t h e ma i n  c ha  r a e  t e r  I st  Cs  o f  t h e  s i i i c o n  i v  a I a n c  he

s u p p r e s s o r s  i n c l u d e  f a s t  r e s p o n s e  t i m e , o f  the order of l 0 1
~

s e c o n d s , a n d  v e r y  t o w  c l a m p i n g  f a c t o r  w h i c h  p r o~’ i d e  s i g n i f i c a n t

m a r g i n  o f  s u p p r e s s i o n  p r o t e c t i o n .

T h i s  r e p o r t  d i s c u s s e s  t r a n s i e n t  v o l t a g e  s o u r c e s , a n d

o p t  i m u m  s u p p r e s s i o n  m e t h o d s  u s i n g  s i l  i c o n  a v a l a n c h e  s u p p r es s o r s .

A l s o  d i s c u s s e d  a r e  v a r i o u s  N ir~l m e t ( t s  o f  d e v i c e s  s u c h  a s  t h e

r ra n s :u r h , as m a n u f a c t u r e d  by C e n e r a l  S e m i c o n d u c t o r  Iit d ti s-

t r I e S , l i i  c . , su mm a r I i n  g ho t h c a pa b i I i t I e s a n d  1 i m I t a t i o n  5 o I
t h e s e  ( 1ev i c c  t Y P C  S . A c o m p a  r i son  t )  I t he  ~ i 1 i c On  3V a I a n c  h e

s u p p r e s s o r  w i t h  o t h e r  s u p p r e s s i o n  c o m p o n e n t s  i s  a l s o  m a d e .

I n  a d d i t i o n , s p e c i f i c  a p p l i c a t i o n s  u t i l i z i n g  t h e  s i l i c o n

a v a l a n c h e  s u p p r e s so r s  i r e  d e s  r i h e d  i n  d e t a i l .

* r r i n s z o r b t m  - R e i ~ i s t e r e d  T r a d e m a r k  o f  C e n e r a l  S e m i c o n d u c t o r
I n d i i s t  r i e s , I n c
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T R A N S I E N T  V O L T A G E  SOIl RC ES

Li g h t n i n g  i s  p r o b a b l y  o n e  of  t h e  m o s t  a w e s o m e  n a t u r a l

f o r c e s  w h i c h  we a c c e p t  a s  p a r t  o f  e v e r y  d a y  l i v i n g .  The

a v e r a g e  c u r r e n t  in the f i r s t  return s t r o k e  is 20 k i l o a m p e r e s ,

w i t h  l0°~ o f such  s t r o k e s  b e i n g  65 k i l o a m p s  or more  and with

a maximum of 2 0 0  kiloamper es f o r  the  t e m p r a t e  z o n e s .  P e a k

c u r r e n ts range u p t o  40 () k i l o a m p e r e s  f o r  re t u r n  s t r o k e s  i n

the t r o p i c a l  r e g i o n s .  E l e c t r i c a l  f i e l d s  g e n e r a t e d  by

l i g h t n i n g  a r e  c oup led in to e l e c t r i c a l  w i r i n g  a n d  have re s u l t e d

in severe damage to equipment. The magnitude of t h i s  prol )lem

is better understood u p o n  p e r u s  ing the chart Fi g. I , in wh i cit

~ 1 0~ - - — -- - - T - I I
2 o

~~H0RNER
C ~“ \. ~~ IWATA

2 /

N • OETZEL
I \.~ 

C ATLAS
. SCHAFER

~ CIANOS-OETZEL

~ j E 1 O ~ 
-

• KOSAREVI N. •
lU 10~~-
0
I—. S

~~ iO~~- ~~• -

a.
RADIATION FIELD COMPONENTS k

’ 
• C

10 NORMALIZED TO A DISTANCE~ • -

OF lO km
z C’o i ___ -_-1_ ) 1~~~~~~ L 1~ë15 ~

-‘ 10~ 1 02  10’  1 10 102 10~ 10’ 1O~FREQUENCY — MHz

Fi g.  1 :  L i g h t n i n g  S i g n a l  A m p i  i t u d e  v s  F r e q u e n c y

i s  p l o t t e d  t h e  s i g n a l  a m p l i t u d e  o f  r a d i a t e d  l i g h t n i n g  v e r s u s

f r e q u e n c y ~~~~ . T h i s  d a t a  s h o w n  i s  n o r m a  i i  :ed t o  s t r o k e s  a t  a

d i s t a n c e  o f  10 k i l o m e t e r s ;  h o w e v er , u s i n g  t h e  i n v e r s e  s q u a r e

l a w , it c a n  be o b s e r v e d  t h a t  a t  a d i s t a n c e  of  1 k i l o m e t e r ,

e l e c t r i c  f i e l d s  c a n  h e  i n  excess of 100 v o l t s  p e r  m e t e r .

When c ti r r e i t t  i s  i u t  e r r u  
~ t e d  i n  a n  i n d u c t  i V e l o a d  , a v o 1 t a g e

I S g e n e r a t e d  by the cci 1 1 a 5 I n g  ma g n e t  i c f I el d . Th i s v o 1 t a g e

i s g I v en b y F a r r i d a y ‘ s Law o f In do c t i on  wit i ~ h st a t es
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Where

V is the number of v o l t s

N is the number of turns -

S 
~ is i n Webers
t is  in  second s

W h i l e s w i t c h i n g  a 0 . 4  a m p  300 v o l t i n d u c t i v e  l o a d , peak

vo l t a g e s  o f  5 ,900 vol t s  ha v e  been obscrved~~
2
~~. M il - STD- 13 99

de f i n e s  the worst case switching t r a n s i e n t  for 120 volt ac

s h i p bo a rd  s y s t em s. The  v o l t age  p~~ i k  i s  g i v e n  a s 2 , 500 vo l t s

w i t h  t h e  wa v e f o r m  as  s h o w n  i n  F i g . 2 . T h e  s o u r c e  i m p e d a n c e

i 2,500 V PEAK
100 

90 7 I “
~•_ t ( 0 S )

I ‘\ VOLTAGE DECAY: V= e -

a. I i
U- I I
O 1
I- I i

50 - --1- -
C.) I I I
Lu I Ia. 30 — — -  I I

VIRTUAL ZERO TIM E I

OF VOLTAGE WAVE
4 S I I 

_ _ _ _I—. C

I I I TIM E IN MICROSECONDS
40 0S

F i g .  2 :  M i l - S T D - 1 3 9 9  W a v e  fo rm

of  t h i s  tr an s i ent  i s  in t he  range of 16 to 26 ohms 
[3 1 

This

w a v e  f o r m  d e s c r i b e s  the type of tra n s i e n t  w h i c h  could he

~t r o du c e d  w h i 1 c sw  I t cit i n g 1 a rg e I nduc t I ye l o a d s  on  bo a rd sh i ps

s u c h  a s h o i s t  a n d  e l e v a t o r  m o t o r s . T r a n s i e n t s  of  t h e s e  m a g n i -

t u d e s  h a v e  a l s o  b e e n  o b s e r v e d  i n  i n d u s t r i a l  a r e a s . S t u d i e s
p e r t’o i’m c ~l b y 1’ . J . Tti c k e r a t S a 11(1 i a I~ab o  r a t o r  i e s , ha v e s ho wit
t h a t  t h e  v o l t a g e  r i s e  t i m e s  of  s t a t i c  d i s c h a r g e s  from the

hiim a n bod y ca i i  he  very It i g it , of  t he ci i’d e r 0 1 t t~ 2 k i 1 o v 0 1 t s

p e r  n a n o s e c o n d  . Some  m l  I i t  a r y  g r o up s  h a v e  a d o p t e d  a

-‘99-
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. 10 a mp e r e (20 , 01)1) v o l t  I uppe r I i l i S i t  b r  w o i s t  c a s t .’ s t a t  I L ’

d i sc Ii i ,’ s~ e t h r ea t s . II vei t t Ii ciii ch t it e en e ri~ ‘ cci li t cii t in a >‘ he

re 1 t v e I v 1 ci s~ in sit c Ii a LI Sc Ii a i’ e , t a r I i i’ r s t ii d I e s i n 1 M I ’

F I cc t i’ & ‘Tii a gn e t i c P ii 1 5 c a 5 g (‘li e rat e d l~ v a it cx cia t mu sp ite r 1 c

iw c 1 t’a r LIe t oit a t I on ) ii a v e s li o w it t ha t sen i Cost LI ti c t o r tie v i c e S i t ’ C

cx t r e m  e 1 Y v ii in ~‘ r a I) 1 e t ci t ’ a s t r i se t T u e t r a n  s i cut ci i t 1 ~ e 5 
~

The t a i l u r e  t h r e s h o l d  l e v e l  o f  ~Iv ~~ i c e s  r e m a i n s  an ob s cu r e

511 h i e c t w i t ii re I a t i v e lv 1 t t t I e ti a t a a v a i I a h 1 e . Oc c a s i on a I I v

s t U LI L’ 5 i~ en e r a t e In fo r i~ta t IL ) it ci i i t a i l it re t hr e s ho I ~I s t Ii a t i s

tl t SO Ii S t a lit I 1 1 V a I Ut’ . I ~i ii t\ CII I’ (‘Ti 0 I R (A , lt a S d L ’ 5 L’ I’ I b (‘LI

t h e  L ies t r itc t I ye e f f e c t s  of EMP fast r I 5L ’ t lut e t r a n s  ient S Oi l

i n t e g r a t e d  c i r c u i t s .  I )cvice t y p e s  r ep o r t e d  in  h i s  stud

i n c  I ud e ho t Ii b i p ci 1 a i’ a it LI CM OS 1 h r  e 5 Ito 1 d I’ a i l i ii’ e 1 e v e 1 s i i i

s o me  C Mi )  ~ ~I cv I c e 5 t e 5 t (‘LI a r e C I v c it i n Ta I) i e i 
[6 ]  

, . \ It It t) ii It

t It i s w o r k  w a 5 ne r fo  r m e~I u s i n  i~ s i mu I a t  (‘LI IM P  t ran s I cu t

v o l t a g e s , t h e i ’e i s a  c l o s e  s H n i l a r i t v  to the t r a n s i e n t s

ci i  e r a  t (‘LI by h cid v gene r a t (‘LI st a t i c d i s c b a r g e

Si 1,1 C O N  \ \  A l. \NCIIE l )l \ I CF (‘IIA RACT I R IS’I’ l (‘S

A t r a n s i e n t  s u p p r e s s o r  i n  a n  e l e c t r o n i c  c I F L ’ U I t  is

h a s l L ’ a I I \  f o r  i n s u r a n c e  ant! r e l i a b i l i t y  e n h a i t c em e i t t . or

a I I p r  a c t i c a 1 Pu r po s  (‘ s , t lie P ro t cc t 01’ se 1’ v c 5 flO fit it c t i cii in

t it (‘ c ~~i’ cii it (1 (1 1’ li t g no rm a I ci P~ 
ra t i on it it t i 1 a P Lit en t i a I I v

d a m a g i n g  t r ans iei t t v o l t a g e  is i n d u c e d  s o m e w h e r e  i n t o  t i t e

s v s  t em . At t ii I 5 t i me , t he su p j~ i’e 550!’ p (’ r f o r m s  i t 5 lii e iid ed

Iii  ii c t i O Tt  sb  I c Ii i s t ii a t 0 1’ c I a u s p l u g  he v ci I t a g c’ d ci w n  t ci a I ci v e I

be 1 ow t h e  Ia s lii re t it r es  ho  1 d o I’ t h e  c 1 rL’ U I t or c ciinpoii e ru t be i iig

p r o t e c t e d .  Ih e e l e c t  r i c a  I en t’ r gv in t he 
~i ik e i s  c c i t t v e  r t  eLI

i n t o  the heat ait tl s ubse qu ent Iv (Ii ssi paf eLl

So m e o I t li t’ us a 
-~ ci r e I cc r I c a I p a r a iii e t e 1’ 5 0 1 i t r a ii c i e itt

vii 1 t age sit P P 1’ e s so r inc Iii ~I e : ( I ) ‘r it e v ci it ci L’ 0 t wit i c Ii t he

LIe V I c c a t t I  i n  s a v a I a n c h.’ h re a k ~I own a t sortI e (I ‘ I in c ~I c u r r en

l e v e l ;  (2 ) ‘I’ It c c i r c u i t  o p e r a t i n g  v o l t a g e ;  (5) The i nax i in u iii

pe a k p u I Sc L or  ‘ (‘ ru t r t i n  C ci f ’ S lie d e . L ’ e a nd i 1 ) ‘l’Ii e n i l  x i us u r n

c I a inp i n g v ci I t a ~ ci I’ t he il e v I C c liii tl e i p .  a k p u 1 s e cur i e it t

c on d it tons . ‘I’ li e p rod u c I ci I t he in a \ I fli out pi’ a K p ii I ‘~ e c ur r en)
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MINIMUM VALUES
PULSE WIDTHS 25nSEC 100nSEC I SEC

VOLT S 350 150 60
CD4001A PULSE CURRENT (AMPS) 10 7 1.2
INPUT WATTS 3500 1050 72

MICROJOULES 87.5 105 72

VOLTS 150 120 20
D4016 PULSE CURRENT (AMPS) 2.0 4.0 2.0
INPUT WATT S 300 480 40

MICROJOULES 7.5 48 40

VOLTS 150 25 12
CD4049 PULSE CURRENT (AMPS) 15 6.0 3.0
OUTPUT WATTS 2250 150 36

MICROJOULES 56. 2 15 36

VOLT S 170 60 20
CD4050 PULSE CURRENT (AMPS) 13 7.5 3.0
OUTPUT WATT S 2210 450 60

MICROJOULES 5 5 2  45 60

VOLTS ~

‘ 

120 60 24
CD4050 PULSE CURRENT (AMPS) 4 0 4.0 2.0
INPUT WATT S 380 240 48

M I C R O J O U L E S  ‘
~~ 0 24 48

VOLTS 80 150 250
C04071 PULSE CURRENT (AMPS) 5 2 0.3 0.4 I
INPUT WATTS 416 45 100

MICR OJOULES 10 4 4 5 100
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. i i t d t I te  n i ax im u n t c lam p l u g  v o l t a g e , is a m a x i u n u ni pt ’ k  p i u I S C

p~~~~’ r r a t  t u g  o f ’ t i t e  tILL icc - ~ 
- n L ’e t fit ’ c o fl ip oTic nt is cc i n s t  r i i c  —

CtI u s i n  g a S I 1 i c c i  n P n i i i  it c t i i  Ti , I t S t C III pe r a t itt ’ t’ co  e I ’ I ’ I c en

0 1 V ci I t a g C 1 P Pt’  0 \ i llS i t  t’ 5 t Ii ci t ci I t he  ~! i t l i i  st- tI e u l e r Li i O  t I ~

F o r  g e i t e i ’ a l  ; i j p I i c a t  i o n s , t u e  I N ~~c i 2 9 • \  t h r o u g h  1 N ~~i 5-\

se t i c 5 , w a s t h e  I’ i u’ s t i i  I ) F C r e  g i s t c r e~1 s t ’ i’ i ~ s i n  t ro t !  u c eLI -

r h  i s d c v  i c e s c r i es  i s LI s i g u t ’ 0 t ci ci I I’ c r p r o t  t c  t i o n  fci r v ci t

t o  2 2 0  v c i  I t  Li c  c r c i i  i t s .  M i  1 i t  :i r y  q u a I l  C i  ed 5 N a n O ,J . \ N l  X

t y p c ~ a r e  o v a  i i a b l e  p e t ’  M I  C - S - i  9500/500. I ) r e a  k d c i s n  v o l t a g e  i s

LIe C in CLI a t 1 ow ci i  r r ci t  t s w Ft (‘ F C  t lie ~I cv  I L’ e a t t a i n  S ci V a  1 a it c li t ’

b t’ e a K LI ow it - P e;i k I~ 
u 1 5 e we i ’ i s S I P ~ t ci it 1’ ci r a I iii 5 L’ c pu 1 5 e

i s 1 , 500 wit t t S t o  u - t ii i 5 SC r i es . Pci  r w a  i’d v o  1 t a g e  d r o p  i s

cci rise i - vat i ye 1 v ra t Ct1 a t  .~ . S vo 1 t s m a x  i mum for .~ 1 00 - i  p S

utsec , o n e  h a l f  s i n e  wave p u l s e .  /
/

/
‘Fa b 1 e 1 1 1 i s t s t li t’ c 1 (Sc t r I c a 1 c hat’ a c t c r i s t i c s ci I “t h e

1 \ S c i 2 O A  series. A l t h o u g h t lt e ,JIA)EC reg I st crcd s e r I e s  i~

p r 1 111 0 r i 1 y LI i SC US S ed i n  t It I s P t  p e r , t li e u’ e a r (‘ Ta is ~ 
ci~~h e r

d c v  I c c t 
~ 
p e S ci C Iet’ e tI un 0 t’ r nu a it u Ca c t li t- c r ‘ 5 iii - i ou s c flu iii ) c i’ 5

wit I ch c o v e r  a b r o a d  sp ect rum of ~io t~ei’ rat ing a n d  Ope i-a i ng

V ci I t age . 1’ Ft crc i s a 1 so a I) I p~ 1 a i- s e r I e s wit  i c Ii b - ,i r s t lie

non eri c I a t ii r e 1 N 6036 A t h r  oug ii I N 607 2 A . S i 1 i cciii 0 t ’ v i c cc a r t’ r a t t’ 0

w i t ii a m ax i munt tin c t b i t  t enipe rat U rt’ ci 1 1 5°C w h i  c I i s c h a  ra  c -

t e r i s t i c  o f  t h i s  m a t e r i a l  t ype. F h i s  is d u e  t c  i n c r e a s I n g  ~e a k —

a g e  c i i  r i - c i t  t S w it ii t c iii p e t ’  ;t til t- c a n O we  1 1 0 e f I it et l  u p p e r  1 I nt i 1 s ci I

t h e  i - e l  l a h i  l i t ~ ’ o f  s i  I t c o f l  d e v i c e s .  ‘F lt e sP t ’c i 1’ic S e i a t  t u g

c u r v e  f o r  t h e  1N 5 6 2 9  s e r i e s  i s  s h o w n  i t t  F i g .  ‘ . Op erat i n g

w I t lu i n t It e s e I i ut I t s w i 1 1 ii a i n t a i n  a in a x i nu t im pci a K t i n  t t i ‘i t

t cm p e r a  t i l t’ e w i t h i n  a s a f ’c in a r g i n  -

II  nO e r m a n t i  L i t ’ t u r l u g  co  itL i t i o n s  • a s  w e  1 1 ci s Sp t ’C i 1’ I c i  -

t ii ) uS , p rot cc t 01’ S a r e t t’ 5 t CLI 0 t a g i V c it Pu I s ci co lt LI i t I c i i i  . ‘I’ lie

11) x I - 0 0 0  5 1  V ci fo  in  (IL ’ SC 1’ I h e  S ti l t’ ~ O I se  test f o r  t I t e  II

reg i s t  ered d e v i c e  t y p e s .
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L .\0 t .I I I  — Sp.’c I I I L ’~~I t  io ui s fo r’ I N : ; , I 2 0 . \  S c y ’ i t’ S

MUXIMU N MBJ IMUM
PlAint B RI A PU OW N CLAMPING RIVERSI MA XIMUM MAXIMUM

S TAN O Of t  A OL lAO VO iT A CI  110*61 P E A R PULSE I I MP IRA T URE
IED1 C S INI COMOUCTO R W O L T A G I  B, I’ I~ A, CU BRI N I C O I I F I C I 1 R T
TYP E PA RT A 1005 mA i i i

NUMBER NUMB ER VOLTS M~n M~ V O L t S  A A “ ‘ I

I ’, S I , ’i I S f 5 1 ,  ‘I 1 1  1 ,  .‘ I ’. I l l  l ’ l  1 1 1 1 1 1 1  .‘~
I N S t 2’lA i S K I . ’, 5 U U ; ’  I ,  I ’  I I  L I I  I I I  1 1 1 1 1 1 1  I I
I \”l. III I ~~. - ‘ - ‘ I ”  I ’  ‘~ - I I I  “ I I I  16
‘5 ” I ~ I I I  “I I ‘I K ‘ S “I I I ‘S’ II S “ I I I

I N ’,1 , l I  I SK U  .1 I ’ . ’ ‘ ‘  ‘ I l L !  I I I  H ‘ .‘ I I 1 l  III
I N U I , I I . \  I S K U  .‘ .\ I I .’ ‘I 5 1 1  I I  ‘ l i l t  ‘ I
I N s t I l  I M L I I  I ‘I ‘ ‘ L I I) ‘U ‘I l l  I ’ . ’’ ‘ U . S
I ”,s l.I2 .\ I ‘ K ’ l I ’ \  “ “ s ’  s~~~- - ‘ I  U s

I N  ~~ ‘I I ‘~I._ I I )  .U 1 1 .1 ‘ I l I l  I I I  “ II I I I I
l\ U ’’  ~ U I ‘~K I l l  U — “ S  ‘‘ -. L I I  “ ‘ “ I’ II

N s I  II I S I —  L ‘I . ‘ L . ‘ L I
I L )  I “I ’ I L U  ‘ I I l L ”  L I  ‘ ‘~~

IN ’,.I 1 5 1 . 1 . ’ ‘ L I ’ S  L I .’ I I “ u ’
I s KI ~’.\ I I I .’ I l l  L .’ I .  I I ’ .

I ’ , ’ ’~ 1’’ s1~ I I I I I  ‘‘ I — I I ’ ’  I ’
I N  s t  11, 6 I A’. I I U I I I - ‘ I , I - -

IN , ‘ i ’  I s K I S  5’ - I i ”  I ”  .1 ‘ “  ‘ U I
I N s t’ .’, I S K I M U  ‘~~ L I U ’ I 1 :
I ” .Sl’~~t’ I 61. 1 1. I .’ ’ I I I. — - 

‘
I SI’.II. \ I I .  ‘S -

, L I , ’ .‘~~~~ 55

I N S t .  IS I 56, ‘1 I II. I ‘I U . 1 “ S “
I S K I ’ ,) I s  ‘ I - I L U ’ ’  ‘ 5 .‘ 5 ’ ’ ”

I N ’ . I ,—II I  ‘KIll I I ,  .‘ U l l  ‘ I I  I H ’ I S I  I
I ’, 5 5 4 1 1 5 , 4.111 ‘U I i  ‘ I I I  1.1 I .‘ s - I

IN SI I 4 I  I 5K’ .! I I  ‘ lU 2-I l I i i  ‘1
S N S 1 , 4 1  .6 I 56,22 ’ , I S  5 211 U 11 I I ‘‘
I N 1 ~4 1 K _ I I ‘ I I  ‘~ , I I I ‘ I -
I N S I 4 2 A  I s t - I -’, I l l ”  1, 5 ‘ - 1  I ‘ ‘ 1  2 - ‘ ‘ - I

I N s t I l  I S K I ’  I I  U Ii 4 “ 1 I ’ ’  F ‘ s
IN S1, 4 IA I s K ’ -) .‘ ‘ .16 ,7 ~‘ S I I ‘ -

1 5 6 1.4-I I s k I l l  I I  ‘ .1 II  - I I I I t s  S L I  S
I N sI 4 4 I L  I S k I l l ’ ,  1” t ,  .‘U  U 1 1 5  I I I  I I I ,

I N S I , 4 5  I S K I 3  21 ’ ’ ‘ ‘ I  i t ,  ‘ 1  ‘
I N s l , 4 6 ’ ,  I 5 6 , 1 ).’, 1 U 2  I I  L I  - I I’ s . 4
I N 6 1 , 4 5  I SK I t~ I ‘2 1 ‘I I~ I S .’ I I  2’’ ‘1
I N  55 - I t,.’, I S t  I I , . ’ ,  I I I  S L I  —‘ L U L I I I  S I I I

I N S t 4  S t  I I I  I I. I I I ’ ’  I ‘ ‘ -  ‘ .5 1 1 1 ( 1
I’, S I~_ I ’  •6 I St ‘ I _ U  1 -II I ’ I ‘ 5
I N 51.414 I K I i  I -u  S ‘ ‘5 I I I I .  I ‘I L I I I
I N s ’ ) ’, ’,  I s I s  I L  U . ‘ -  l ’ L  ‘‘ I ’ . I I , II . I I

I N S u 4 ’ I  I 6 1.0 ’ - ‘  I I  ‘~ I ‘ I I S ‘ 2 2  .‘ 101
IN 6I ~~I ’ I  .6 I S K I ’  .6 I I .  2 I I  I I I l~ I ‘1  2
I N S I , S I I  I S K S I  I I  s I  s t , i L ‘ - I I ’  I 4 .
I N U I  511 . ’ ,  I K S I  U I t ’  I S  S 5 I I ,  I 1’ II - I LI .

I N U I , s I  I s k S ’  15 I S I I  I I I I  I ’  I U ’  5 ’ -  I t ’
I N S U M I ’ ,  I UKSl \ I U 6 1 2  -5. 6 5 1 . 1 ’  I I  I I I .
I N ’.562 I SK I,2 S I l l ‘.5 U 1 ,5  2 I 5 ’ ’  ; L  S 1 1 . 11

I N I , S 2 . U  I 6 1 . 5 2 - ’ ,  S 4 ~~ I ‘ U S  I , ~~ I I U s  I ‘ ‘ 1

I N S I , S I  I 5 6 , 5 1 4  S U  I ‘ I I  I U  I “U  I t  S 5’ l I - I
I N  5 1 , 4 1 ’ ,  I S K I s S U S U  I . 1  I .  L I ‘I .’ I I  L I  I I I  I
I N S I , 5 4  I U K ’ S  1 , 1 1  - I , ~~~5 S ’ S I ‘ ‘ U  J S I ‘I I l l s
I N S I , S 4 .~ I S Ki S , ’ ,  t~~I I 5 .5 I 1 1 1 1 1  U I I I  I l l S

I N 5 1 5 5  I S K M  I I ’ , ’  I I 5 ‘III ~‘ I L U  II I I  I l l ’
I N S I , S S A  I sK52-U ‘ I I I  ~~‘ I  U I ,  I I I  ‘ I ’  I 4
I N  5 1 , 5 1 ,  I 61.01 ‘ I ‘ S I  ‘I 1 11 1 111  I I I I  II II - I I l l ,
I N S I , S I , - \  I 5 6 , 1 1 ’ ,  ‘ ‘ U S I  ‘ I s  S I I I ’  I L  S 1 2 1 1  t I . ,

1551,6 ’ L 66, 1)11 s i  II ‘lu Ll I l l ,  I I  I L 1 1  u I L l  .1 L I I .
1 5 5 5 5 ’ .’, I Sf5111 1.6 .565 ‘l~ II 1 1 1 5 1 1  I L I  . 1  ‘— I I  I I  1 1 1 1 ,
I N I . 6 Y  I S t i l l )  U ’ l  _ 1 I I ’ I  I I  I . ’ I 1 I US II 5 ‘ ‘ “  l I t
I N S I , S M A  I S K I L L ’ ,  ‘ I I , .  1 1 1 5 1 1  1 1 1 , 1 1  I 1 5 1 1 1  S ‘‘ ‘I I l l

I N SI, CI I 6K 1 2 1 1  ‘ 1 , ’ 2 I I  114 L I 4 2 1 1  I I - I I  S I s
I N S I ~5’l A I S K I I I I U  112 1 1 L I I  I I  I ‘ I I I  I I t s  I I  ‘ I  I
IN Ul,I,II I S K i 10 I I I U  1 I I  I I  I l l  I t  I I S  I I  S U I I  I I I
iN S), 1,OA I U K  I l I l A  I I I  II L I I  I L  I I i  I I  I 1 1 5  U S U I I I I

1551,1. 1 I ‘, K I S I I  1 1 1 , 0 1 4 5 1 1  1 1 , 5 1 1  I l I s t )  U 4 ’  ‘ ‘ 5
IN 51,1,1 A I S K I  5)1 6 1 2 6  I I  1 1 1 1 1  55 I I  I ‘I l  ‘ II S —

,

I N 561 ,2 I SKI 1,1) I I I I  I I  L I I  I I  I I ’  I I  I 2 1 1 1 1 1  I .  U I l ’ S
IN S6I2A I S K I 6 ) I A  I I t ,  L I  1 5 2 . 11 l U l l  I ‘ I I I  I I  S ‘ ‘ U  L t

I 5661,1 - S K I  ‘I I  I 15 I I  I S  I I I  I S  U I 211  I I  S ‘ : I l l S
1 556), IA I 5)- I ‘ I) ” ,  I I ’ .  II I I , .’ II I ‘ ‘ I I I  I ‘ ‘ I  II ‘S , I L L U
I N S I , I , - I  I 5 K  1611 1 1 1 , 1 1  I I . . I I  I ’ I S I  L I  I ‘ ‘ 5 1 1  5 5 5  . 5
15 51,1 ,45, I S K I . M I I A  I I I I I 11 I S’’ I I  I . ‘ I ’ . II I L I ’ S

I N U l l I , U  I St  ‘1111 I I I  II L S t I l l  1 1 11 11 I ‘ U I I  ‘ I
I N  51,5  ‘A  I U K _ ‘ 1 l l I  IL I I I I  I ’ I I I  L I  .‘ 1 1 1 1 1  ‘ ‘ I I I  ‘ ‘ -s
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F i g. 3: 1)eratin g Curve

S i l i c o n  a v a l a n c h e  s u p p r es so r s a r e t es t ed a t a g iven pulse

c o n d it i o n . Mos t prot ectors a r e  tested s- it t ’ an e x p o n e n t i a l

dcc :i~ - p u l s e  w h i c h  is at one half of the peak valu e at 1 m i i i -

seco n d ~iu d  h a v i n g  a r i s c  t i m e  o f  10 m i c r o s e c o n d s . T h i s  i s

refer red to as a 10 x 1 ,00() w a v e  form. A current defining the

p ea k  p uls e i)owc~’ li m i t s  for different fall time e x p o n e n t i a l

p u l s e  w a v e  f o r m s , w i t h p u l s e  t i n u e  d e f i n e d  as  t h e  t i m e  f o r  d c c i v

to o n e  h a l f  p ea k v a l u e , is shown in Fi g. 1, If the p u l s e  is

H: ft ~rI --
~ J~~ ’~ ! ‘ I : : : : : :

* 111.4 4.- I I

10 : :1: ;: : I I  , 0 I 1 1 1 : : 1 :  : I

‘4

1 H I

- ~~~~~

I . . _ . . , . ~~~ I , l l I . , , , . i l ,  I I ! .  I i i  I I I
100111 . 11H , 1O1 IS 100)1’, 1 IT)’, lOin s

ii P~ Is 1)1111’ L I I

I i . I Pt’ a I’ ti I S r I’ ci s r u’ v s P t t  I ‘~ t’ I t ill I.’
a
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s i n u s o i d a l , d c t ’ a t t ’ t o  ~~~ p e r c e n t  of t h e  v a l u e  f o r  t h e  i ’ x p c i —

r t c i i t i a  1 d e c 5 i ~ ’ i n g  p u l s e , a n d  (~~~I p ’ r c e n t  i f  t l ie  I n c  i dent p u l s e

i s  a square w a v e .

‘Ehe  s e l e c t i o n  o f  a d e v i c e  t o  p r o v i d e  o p t i m u m  t r a n s i e n t

s u p p r e s s i o n  i n  a g i v e n  c i r c u i t  s o m e t i m e s  p r e s e i l t s  a j ) r o b l t ’ iuu

t o  t h e  d e s i g n i n g  e n g i n e e r .  W i t h  ‘I’ u b l e  I I  a s  a r e f e r e n c e , t h e

f o l l o w i n g  g u i d e l i n e s  h a v e  b e e n  f o u n d  u s e f u l  i i i  m a k i n g  a n

a d e q u a t e  c h o  i c e  o f  t h e  r i g h t  s u p p r e s s o r  c o m p o n e n t :

1)  E ) e t e r m i r i e t h e  m a x  i m l u l ’ I  dc  01’ c o n t  i r t u o u s  o p e r a t  i n g  v o l t a g e

w h i c h  i s  t h e  n o m i n a l  c i r c u i t  v o l t ag e p lus the t o l e r a n c e  on

t h e  h i g h s i d e , g i v i n g  m a x i m u m  v o l t a g e  o f  t h e  c i r c u i t ,

.~) S e l e c t  a t r a n s i e n t  s up p r e s s o r  t o  h a v e  a r e v e r s e  s t a n d -

o f f  v o l t a g e  e q u a l  t o  o r  g r e a t e r  t h a n  t h e  m a x i m u m  c i r c u i t

v o l t a g e , a s  d e f i n e d  i n  1 , a b o v e .  T h i s  s e l e c t i o n  w i l l  a l l o w

f o r  o p e r a t  i n g  o v e r  a t e m p e r a t u r e  range of  - 5 5 °C t o  + l 7 5 0
C

3) D e f i n e  t h e  w a v e  s h a p e  o r  s o u r c e  of  t h e  t r a n s i e i t t a n d

d u r a t i o n  o f  t h e  p u l s e .  D e t e r m i n e  t h e  m a x i m u m  p e a k  p u l s e

p o w e r  t o  be  d i s s i p a t e d  b y t h e  s u p p r e s s o r .  I f  t h ’  p u l s e  d e c a y s

e x p o n e n t i a l l y ,  d e f i n e  t h e  p u l s e  t i m e  f o r  d e c a y  t o  50~ c r e s t

v a l u e .

. 1) C h e c k  t h e  p e a k  p u l s e  c u r r e n t  on  t h e  d a t a  s h e e t  t o  a s s u r e

t h a t  i t  i s  w i t h i n  t h e  m a x i m u m  r a t i n g  o f  t h e  s u p p r e s s o r  f o r

a 1 m s e c  p u l s e .  A n  e x a m p l e  w o u l d  he t h e  s t a n d a r d  1 N 5 ( 2 9 A

( 6 .  S V )  d c v  i c e  f o r  a c u r r e n t  r a t  i n g  o f  1 4 3 A  m a x  in t u nt o r  I O O A

m a x i m u m  f o r  t h e  1N 4 5 3 3 A  ( I O V )  o r  1 9 . 5 A  m a x i m u m  f o r  t h e  1N 5 ~~5 1 . ’\

(56V).

5 )  I f  t h e  p u l s e  d e c a y s  e x p o n e n t  111 1 l y ,  hu t d i f f e r e n t  t itan

t it e 1 m sec  wh i c h i 5 ca 1 1 e 0 on t on t he s Pt’ t’ I I I c i t  I on s  i n  t it e
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dat a sh e e t , c h e c k  t h i -  ‘‘ p e a k p t i l s t ’ p o W ( ’ r v e r s u s  p u l s e  t i m e ’’

c U 1’ v c i n F i g . 1 fo  r pu  1 5 c 0 u r a t  i ou t

m.t )  i f  t h e  p e a k  p u l s e  p o w e r  i s  w i t h i n  t h e  m a x i m u m  r a t  i n c  o f

t h e  s u p p r e s s o r , f o r  e x a m p l e  1 , 5  k W  f o r  a 1 m s e c  , o r  Li . 5f-.I~
f o r  a 4() s ec  e x p o n e n t i a l  d e c a y  p u l s e , u s e  t h e  d e v i c e  a s

s e l e c t e d .  D e t e r m i n e  t h e  w o r s t  c a s e  p e a k  p u l s e  ~~~~~~ b y

m u l t i p l y i n g  t h e  u i t a x i m u m  c l a m p i n g  v o l t a g e  b y  t h e  peak p u l s e

c u r r e n t  f o r  an g i v e n  p u l s e  d u r a t i o n .

7) If the p u lse is a n o n — r e p e t i t i v e  squ are wave , de rat t’ t h e

s u p p r e s s o r  pe a k I ) u l  se p o w e r  t o  L i L i °
o and f o r  a u r i c ha  I f  s i  gr i

w a v e , d e r a t e  t o  7 5 0 0  o f  t h e  v a l u e  f o r  the exp onent i a l p u l s e

S )  I f  t h e  p u l s e s  a r e  a u ’ a p i d l v  d a m p e d  s i g n  w a v e  ou ’  r a p i d l y

d a m p e d  s q u a u - e w a v e , w i t h  L i n e  t i m e  c o n t s t a u i t w i t h i n  e i g h t  c~~c l c s ,

r a t e  t h e  d e v i c e  t h e  s a m e  a s  i f  t h e  c o m p o n e n t  w e r e  s u b j e c t e d

t o  o n l y  o n e  p u l s e  a s  f o u n d  i n  5 a n d  (I a b o v e .

9 )  I f  t h e  p e a k  p u l s e  p o w e r  o f  t h e  i n c i d e n t  p u l s e  i s  g r e a t e r

t h a n  t h e  r a t i n g  of  t h e  s u p p r e s s o r , d e v i c e s  m a y  be s t a c k e d  i n

s e r i e s  t o  i n c r e a s e  t h e  p o w e r  r a t i n g  f o r  v o l t a g e s  a b o v e  l ( 1 \ ,

. \n e x a m p l e  o f  t h i s  w o u l d  be , i f  a 1 . 5  k W , 1 0 0 k ”  s u p p r e s s o r

i s  i n a d e q u a t e , t h e n  a 3 k W p e a k  p o w e r  i s  r e q u i r e d .  T h e  o p t i u n u llt

m e t h o d  t o  a c h i e v e  t h i s  p o w e r  l e v e l  i s  t o  s t a c k , i n  s e r i e s ,

t w o  e a c h  o f  a 50~ ’ , ~ 5% t o l e r a n c e  s u p p r e s s o r .

1 0 )  O b s e r v e  t h e  m a x i m u m  c l a m p i n g  v o l t a g e , w h i c h  i s  t h e

p r o d u c t  o f  1 . 3 3  t i m e s  b r e a k d o w n  v o l t a g e .  I f  t h i s  i s  g r e a t e r

t h a n  t h e  C i r c u i t  c a n  w i t h s t a n d , t w o  d e v i c e s  c a n  h e  s t a c k e d  i n

s e r i e s  to reduce c l a m p i n g  f a c t or  t o a p p r o x i m a t e l ~~
’ 1 .15 a s

c o m p a r e d  t o  t h e  c l a m p i n g  f a c t o r  o f  1 . 33 f o r  a s i n t ’  ,e  d e v i c e .

F I , F C T R  I C A L ,  C A P A C  I T A N C F

‘rhe e l e c t  r i c ; r  1 c a p a c  i t  a u t c e  o f  t h e  s i  I i c o i t  a v a  la nc li e

p r o t e c t o r  i s  r e  l a t  i v e l  y h i g h  b e c a u s e  o f  i t s  v e r y  l a r g e  area
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j u it c t i o n  - ‘I’ Ii e c a P a c i t a rue e o f a ~V dcv i c e i S a p p r o x  i ma t e 1 v

2 5  , 0011 p 1 r a n g  i m t g  d o w n  t o  a b o u t  50 0  p f f o r  t h e  2 O O V  Type -

F o r  t i c  and l o w  I r e q u e n c v  ~i p p l  i c a t  i o n s , t h e  c a p a c i t a n c e

p r L ’se it t s rio s e r ious :ittenuz i t ion; holc L ’veu - , f o r  h i g h frequenc y

:11)1) 1 i c at ions , the ull etit od s i l l u s t r a t e d  in Fi g . 5 , c an  b e u s e d
t o  e f f e c t  i v e l v  r e d u c e  c a p a c i t a n c e .  ‘I ’he l o w  c a p a c i t a n c e  d i o d e

whi ch c o n d u c t s  o n l y  i n  the forwa i- d d i r e c t i o n  can g e n e r a l l y

he a l 1 t dc rated hi g h vol tage r e c t i f i e r  since these pau ’ts

a r e  i n h e r e n t l y  l o w  i n  c a p a c i t a n c e .  T h e  m a i n  r e q u i r e m e n t s  o f

t h i s  c o i l u p o n c n t  a t - c :  ( 1 )  t h a t  i t  be  a b l e  t o  a c c o n u m o d a t e  the

t r a n  s lent cii rrent in t h e  f o  r w a  i’d conduct ion mode; (2) the

h r e a k d o w u i  v o l t a g e  f l u t i s t  be  h i g h e r  t i t a n  t h e  t r a n s i e n t  s u p p r e s s o r ;

a u i d ( 3 )  t h e  f o r w a r d  v o l t a g e  d r op  i s  r e a s o n a b l y  l o w  u n d e r  p e a k

c u r r e n t  c o n d i t  i o n s .

SUPPRESSOR
_  ___p

LOW CAPACITANCE DIODES
p -O 0-

I BIPOLAR
—i’-’

” SUPPRESSOR SUPPRESSOR

B T LOW CAPACITANCE 
C 

LOW
~~~~~~~~~

‘
~~~~~~

‘ 
VARISTOR “

~~~~~
- CAPACITANCE

DIODE
O 4 0— -o

F i g . 5 :  C a p a c i t a n c e  R e d u c t  i o n

i~ ,c R F A S I N ( ;  POWER R A T I N G

L a r g e r , m o r e  p o w e r f u l  s u pp r e s s o r s  c a n  be q u i t e  r e a d i l y

m a n u f a c t u r e d  by  s t a c k i n g  d e v i c e s  i n  s e r u e s , p a r a l l e l , o r

s e r i c s / p a n - a l l e l  c o m b i n a t i o n s .  T h e  P i e f e r u e d  m e t h o d  i s  s e r i e s

s t a c k i n g .  1) c v i c e s  h a v i n g  v o l t a g e  t o l e r a n c e s  o f  + 50 1 s h a r e

t h e  l o a d  a l m o s t  e q u a l l y  w h e n  p l a c e d  i n  s e r i e s .  ‘l ’hi s m e t h o d
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h a s  b e e n  proven both in the l a b o r a t o r y  and in t u e  f i e l d .

l u s t  on u n i t s  c a u t  be s u p p l i e d  p r e p a c k a g e d  o r  t i m e  u s e r  c a n  p u r -

c h a s e  i n d i v i d u a l  c o m p o n e n t s  f o r  a s s e m b l i n g  a d o - i t - y o u r s e l f

m u l t i p l e  c o m p o n e n t  p a r t .

B e y o n d  s o m e  l i m i t , d e p e n d i n g  on t h e  a p p l i c a t i o n s , i t

b e c o m e s  u i e c e s s a r y  t o  p~i r a l l e l  d e v i c e s  f o r  i n c r e a s e d  c a p a b i l i t y .

M a t c h i n g  m u s t  be p e r f o r m e d  u n d e r  p u l s e  c o n d i t i on s  w i t h  v o l t a g e s

m a t c h e d  as  c l o s e  a s  20  m i l l i v o l t s .  V e r y  r e l i a b l e  s u p p u - e s s o r s

h a v e  b e e n  m a n u f a c t u r e d  u s i n g  b o t h  p l i r a l l e l  a n d  s e r i e s/ p a r a l l e l

c o m b i n a t i o n s .  h o w e v e r , i t  i s  r e c o m m e n d e d  t h a t  t h e  u s e r  h i m -

self not perform p a r a l l e l  stacking unless he is thoroug h l y

f a m i l  i a r  w i t h  t h e  t e s t  i n g  m e t h o d s  a n d  i s  p r o p e r l y’ e qu i pped to

do s o .

C O M P A R I N G  W I T H  OT h E R  S U P P R E S S O R S

:ENER DIODF .S

A l t h o u g h t h e  : e n e r  d i o d e  w a s  d e s i g n e d  a n d  p r o d u c e d  f o r

dc v o l t a g e  r e g u l a t i o n , i t  i s  v e r y  o f t e n  u s e d  f o r  t r a n s i e n t

v o l t a g e  s u p p r e s s i o n .  Ph y s i c a l  s i z e  a n d  s t e a d y  s t a t e  p o w e r

r a t i n g  m a y  i n d i c a te  a z e n e r  d i o d e ’ s p o t e n t i a l  u s e  a s  a

t r a n s i e n t  s u p p r e s s o r ;  h o w e v e r , c o m p a t - i n g  p e a k  p u l s e  p o w e r

r a t i n g s  a s  d e f i n e d  i n  m i l i t a r y  s p e c i f i c a t i o n s  d o e s  y i e l d  s o m e

s u r p r i s i n g  f a c t s .  T h i s  i s  i l l u s t r a t e d  i n  T a b l e  I I I .  ‘l ’he

s i l i c o n  t r a n s i e n t  s u p p r e s s o r  i s  r a t e d  a t  o n e  w a t t  f o r  s t e a d y

s t a t e  p o w e r  d i s s i p a t i o n , b u t  i t  h a s  a m a x i m u m  r a t i n g  of  550

w a t t s  a t  8 . 4  m i l l i s e c o n d s .  B y c o m p ar i s o n , t h e  1 W a t t  e n c r

D i o d e  h a s  o n l y  a 5 w a t t  m a x i m u m  s u r g e  r a t i n g  an d  t h e  50 W a t t

: e m e r  D i o d e  o n l y 250  w a t t s  m a x i m u m  s u r g e  r a t  i n g  p e r  M I L - S T  I)-

19 5 0 0 .  T h e  p r o d u c t  i o n  t e s t  r e q u i r e m e n t  f o r  s ur g e  i s  1 0 0 0 0  f o r

t h e  s u p p r e s s o r , bu t o n l y on a sample basis for the zener.

TABLE 1 1 1

SURGE 
- 

SURGE
MILS- POWER RATING RATING TEST

PR OOUCT 19500 R A T IN G  8 4MSEC 1mSE C FREQUENCY
SUPPRESSOR 434 1W 550W 1 .500W 1000.,
ZENER 115 1W 5W NONE SAMPLE
ZENER 406 5W 1 50W NONE TESTED ONCE
ZENER 124 lOW 50W NONE EVERY
ZENER 114 50W 250W NONE 6 MONTHS
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C o m p a r i n g  t h e  c l a m p i n g  v o l t a g e  o f  a z e n e r  w i t h  a

su p p r e s s o r , a g a i n  we h a v e  a p r o f o u n d  i l l u s t r a t i o n  b e t w e e n

t h e s e  t w o  c o m p o n e n t s  as  s h o w n  i n  F i g .  6 .  F o u r  d i f f e r e n t  l 6 \ ’

d e v i c e s  a r e  c o m p a r e d ;  t h r e e  a r e  z e m e r s  a n d  o n e  i s  a s u p p r e s s o r .

A l l  d e v i c e s  a r e  l e a d  m o u n t e d .  T h e  1 W a t t  z e n e r  d i o d e  h a s  o n l y

o n e - t e n t h  o f  t h e  c l a m p i n g  c a p a b i l i t y  o f  t h e  s u p p r e s s o r .  A l s o ,

o b s e r v e  t h a t  a S W a t t  s t e a d y s t a t e  g l a s s  z e n e r  h a d  m u c h  l e s s

c l a m p i n g  c a p a b i l i t y  t h a n  t h e  1 W a t t  s t e a d y s t a t e  t r a n s i e n t

s u p p r e s s o r .  The  r e a s o n  f o r  t h e  d i f f e r e n c e  i n  c l a m p i n g  capa-

b i l i t y  i s  t h a t  t h e  z e n e r s  w e r e  d e s i g n e d  f o r  s t e a d y  s t a t e

v o l t a g e  r e g u l a t i o n  a n d  t h e  s u p p r e s s o r  w a s  d e s i g n e d  s p e c i f i c a l l y

f o r  a b s o r b i n g  h i g h p o w e r  t r a n s i e n t s .

,‘ FAILURE
THRESHOLD

2 2 - - - --~ -

o 21 /~ 
-- FAILURE- ’ ‘-

~~~ 

—

> I THRESHOLD
_____ 

I _____w 20 _ _ _ _  - _ _ _ _

i~~ H~4 O C )  I /4

‘ 19 -- -- -- ~4 —  -~~~~~~~ --

o ,~ s)4 / 
_ _ __ _ _(

~ 
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~~
- -/- -L- --—
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4 ‘ fl ,,- / ~_ . ~~~~~~ ‘~

4 _ ‘~c~~ ’ 10

° 

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

- 

30 0

PULSE CURRENT — AMPS
(10 X 1000 PULSE)

F i g .  6 :  C l a m p i n g  C a p a b i l i t y  o f  e n e r  a n d
S u p p r e s s o r  D e v i c e s
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C-\~ U l~~Ch lAR C F PRO F I L l  OR

the gas I i l  l c d  s h ) a r k  g a p  p u - o~ ide s p rotect ion w h i l e

ope l- a t ing iu t a ‘ f i u - i mi g ’ mode. ‘i’he su rge st i ’ i k i n g  v o l t a g e

o f  t h e s e  d e v i c e s  i s  d e t e u - u m u i u i e d  b y  the r ’ i s e — t i m e  of the

t u - i  ut S e n  t . M o s t p n- o t cc to r’ s fo  r s i g ut a 1 1 j ut e ~ a r e i’a t c d j ut

t lie 9 OV t O  23 OV i - a n  ge  a nt l  t’ i u - c i n t h e  rang e of S OOV to 7 00\-’

m a x  i mum uu i d c r i n d u c e d  1 i g itt mu i r i g  c o n d  i t i o n s  - Ii p~~n t~ i r i r i g

the v o l t a g e  du ’op across ti m e d e v i c e  i ii t h e  arc uuu ode is about

30~~ , W h e n  t h e  c u r r e n t  i s  r e d u c e d  t o  a yen - v s m a l l  aunount

the spa rk gap wi 1 1 r e s t  o i-c t o  t he  n o n  — c ond tic t i ng mode . I n a

dc  c i  r c u i t  w h i c h  h a s  a r t  o p e r a t  i n g  v o l t a g e  a b o v e  the arc

v o l t a g e , the u s e  o f  t h i s  d e v i c e  t y p e  is not f e a s i b l e .  For

ac c i r c u i t s , a i - e s i s t o r  is p l a c e d  j ut s e r i e s  w i t h  the gas

t u b e  t o  r e d u c e  f o l l o w — o n  c u r i ’ e n t  a n d  s u b s e q u e n t l y  e x t  i u t g u i s h i

t h e  a r c  w h en t h e  v o l t a g e  c r o s s e s  t h e  z e r o  p o i n t  - ‘ l i m e  s i l  i c o i i

a v a  l a n e  Ii e c o m p o n e n t  b y c o u n p a  r i s o n  , t loe  s n o t  d n - o p  i u i v o I t age

w h i l e  p rov itl i rig p rot ect ion. ‘l ’he cii i e f  a d v a n t a g e s  of  the

s i l i c o n  d e v i c e  ov e r t h e  s p a r k  g a p  a r e  f a s t  r e s p o n s e  a m i d

a v a  i l a b  i l i t ) ’  o f  l o w  v o l t a g e  h ) r o t t - c t  i o n  d e e  i c e s .  i h e  s p a r k

gaj), h o w e v e - , i s  c a p a b l e  o f  c o n d u c t  i u i g v e r y  l a r g e  c u t - u- e m i t s ,

in t he k i I oan ipe r e  ra mug e , f o r  I t s sma 1 1 s 1 z e a utd i n her cut 1 v

h a s  a u-c l a t  i v e  l y  l o w  C O l )
~~C it a f l c e  of about I pf.

~‘IETAL O X I D E  V A R  lS’l’OR (MO\

l’h e m e t  a 1 ox i t i  e v a n- j s t o r i s a r e 1 a t i v e 1 v n e w  t h e y  i c e

w h i c h  i s  h a s i c a  l i v  a c en - a m i c — I i k e  n u a t e r i a  1 hat’ ing snu a 1 1  g i - a n i u l e s  -

o f ’ inc ox ide s u sp e n d  ed i ni a mat r i x  o f  b i sun u t  ii ox i t ie  . Omi a

c u r v e  t r a c e r , t h e  m e t a l  o x i t i e v a r i s t o r  r e s e m b l e s  a b i p o l a r

:en e r  tI l o d e .  ‘t h i s  d e v i c e  t y p e  i s  a v a i  l a b l e  i n  v o l t  age

r a t  i n g s  o v e r  a r e l a t  i v e l v  w i t l e r a n g e  f i - ttmii 23V dc  t h r o u g h l 2 ( i ( l \

d c , d ep ci i  d i n g on t he t ~
‘ p e . T h e  m e t  a I ~ x I d e v a r i s t o i ii a 5 .1

re  1 a t  i y e  l y h i  g li c i  a m p  i rig V O l t a g e  i . e . , t h e  V M 3 3 M - \  I it 2 3\ ’  t ic

d e v i c e  has a c lam p i r i g  vo  i t  a g e  o f  55V a t  I A a n d  t he V 1 30 1 .A  I (l -\

f o r  1 1  DV ac  , h a s  :i t- l a m p  i n g  vo I t  i l f i ’ 0 1’ 5 2 5 \  a t  I O0- \  .

cx  a m p  I e of  c I amp u ng  c a p i  h i I i t  y c ompa r i r i g  t h e  n ie t a 1 ox i ~h e v a u ’ u s —

t o r w i t h t it e 5 1 i con a v a I a nt c h e  d e v I c e i s it o  wi t  i it F i g s . 7 i~ S

R o t  ii of t l ie s e d cv i cc s a m’ e t’ om Pa r i  h I c u t  p e a k p o w  C’ i d i 5 ~ i P ;I t i On
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lt n ’ e a k t i o w m i  v o l t a g e  f o x ’  b o t h  t y p e s  i s  6 8 V ± S 0 0 .  i’hese o s c i l  l o gn - ap hs

w e i - c t a k e n  under fast r i s e — t i n t -  c o n d i t i o n s  w i t h  a squa t - c wave

p u l s e  h a t - i  r ug a w i d t h  o f ’ . 2 5  nu I e- u ’ o s e c o n t l s

) I c t a  I Ox  i d e  \ a n ’  i stors a u -c c a p a b l e  o f  a b s o r b  1 1 m g  n - c  l a t  i v t - I y

it i g h peak p o r  fo  u- t lie i r sma 1 1 s i z e a iid arc ceo nonu i Ca 1 - 1 h e

s i 1 co ii a v a 1 a r u e  ii e CO iii p0 n emi t hi a s a 1 o w e  i- c 1 a m p  n u n g V 0 1 t age , i ui d

i s  a v a i l a b l e  i n  t h e  low v o l t a g e  requireti fou p r o t e c t i n g  I t -’

an d  M OS d e v i c e s .

F i g . 7  : lN5653 -\ F i g. 8: 
~~

Trans :orb t uui I’ v p c  4 0 2 - \
- t m .C L  MO’ v : R e g  1s t  e r e d  F r a d e m a  r k  o f  b e n e r a  1

E l e c t r i c  C o m p a n y

HYBRID CIRCUIT PRO’I’ECTION TE C hI N IQ I J I S

C A S  1) 1 S C I I A R G E  ‘ L U B E  — R E S I  ST GR — S I  L I  CON S U P P R E S S O R

l’he g a s  s u r g e  a r r e s t o r  h a s  t h e  a b i l i t y  t o  w i t h s t a n d

s u r g e s  i n  t h e  k i l o a m p e r e  r a n g e ;  h o w e v e n - , i t  i s  r e l a t i v e l y  s l o w ’

i n  f i r i n g ,  r e q u i r i n g  up  t o  s e v e r a l  u n i c r o s e c o n d s  t o  go i n t O  t h e

c o n d u c t  i o n  m o d e .  T h e  Si I i coil  av a l a n c  he  s u p p r e s s o r  i t a s  a

m u c h  f a s t e r  r e s p o n s e  t i m e  h u t  n o t  t h e  p o w e i  d i s s i p a t i o n

c a p a b i l i ty - ’ . A p p r o p r i a t e  t e c h n i q u e s  h a v e  b e e n  d e v e l o p e d  t o

o p t i m i z e  t h e  b e s t  c h a r a c t e r i s t i c s  o f  b o t h  p r o t e c t o r  t y p e s .

A n  i n t e r v e u t i n g  r e s i s t o r , i n d u c t o r , o r  t r a n s f o i ’ m e r  i s o l a t e s

t h e  t i e v i c e s  t o  a l l o w  s u r g e  s t r i k i n g  v o l t a g e  t o  d e v e l o p  a c r o s s

t h e  g a s  t u b e  u n d e r  t m - a n s i c n t  c o n d i t i o n s  ( W i t h o u t  t h e  i s o l a t i n g

c o m p o i t e n t  t l ie s 1 1 i c o n  d c v  i c c  w 1 1 1 c I a m p  t lie vo  I t a g e  d ow’ ii qu  i t  e

l o w  a n d  t h e  g a p  w i l l  r i o t  f i r e . )  ‘l in e g a s  t u h ’ m e a b s o r b s  t h e

h u l k  of  t h i -  e n e r g y  w lt i I c  t h e  s i l i c o n  d e v i c e  c l i p s  t h e  p e a k  o f

t h e  r e s i d u a l  sp i k e  r e qu  I r ct l  t o  f i t e  t h e  g a p .
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A g r a p h p l o t t i n g  t h e  g a s  g a p  dc r a t e d  v o l t a g e  v s  t h e

s i l i c o n  s u p p r e s s o r  b r e a k d o w n  v o l t a g e  i s  sh own i n  F i g. 9 ,

g iving seven - al resistance values for the safe operating area

of the sys tem. This c i r c u i t  has been laboratory tested

w i t h tr a n s i en t s o u r c e  i m p e d a n c e s  o v e r t he r a ng e of  I o h m  t o
10 0 ohms at General Semiconductor Industries , m c , ,  a n d

found to be ver y effective. This set of curves was developed

for the 1N562 9A series s i l i c o n  avalanche suppressor and is

no t ap p l i c a b l e  for zener diodes.

Resis tor isolation is best suited for si g n a l  l i n e s w h e re

currents are in the m i l l i a m p e r e  reg i o n . For  a p p l i c a t i o n s

w h e r e  h i gher curren ts are required , induc tors having val u e s

of 500 pH and wi th a dc resistance of about .5f’l have been

f o u n d  t o p r o v i d e  a d e q u a t e i s o l a t i o n .

CIRCUIT PROTECTION APPL [CATIONS

TRAFFIC S IGNAL CONTROLS

1 S Sys tems of Burlington , M a s s a c h u s e tt s , r e c e i v e d  a

Depar tment of Transportation contract to make a study of

the most effective protectors for traffic control units for

the State of M aine~~~
1 . This effor t was i n i t i a t e d  because of

t he l i gh tning threat to intersection traffic signals. The

average number of thunderstorms in Maine is 20 per year , w i t h

an estimated quantity of 4 tr ansients per year of 600V in-

duced in any line or sys tem.

Among the devices evaluated for this a p p l i c a t i o n  were

a 10 wa tt zener , a 5 wa tt lead mount zener and a s i l i c o n

a v a l a n c h e  p r o t e c t o r .  The s i l i c o n  a v a l a n c h e  p r o t e c t o r  was

s e l e c t e d  on t he b a s i s  o f  c o s t  and p e r f o r m a n c e .  ‘Fhe l i n e

d r i v e r s  a n d  l i n e  r e c e i v e r s  w e r e  p r o t e c t e d  a s  s h o w n  i n  F i g .  1 0 .

-2 12-
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TRANSZORB BREAKDOWN VOLTAGE — BV

F i g - 9 Sa t’e 0 1) e l.a t i i i  g -\ rca Cui i v  e 5 t o  i’ C om i u  F j ut i t i o iu
0 I (a s ‘l’ u u h e  ‘\ r r e St  0 1’S a r i d  S i I u co mt S t i p  P i e  So m ’ -

CONN. C’

INPUT HI ~~
—‘----- -- - ‘~ --—--K 3~

CR1 r ’ < 4  \ 
‘

~~“ DM 7820A

GND- ~ 
2 -

CR2

INPUT LO < T j CONN. “B’

OUTPUT HI < I
CR25 “4p DM7830

CR26

OUTPUT LO ~ -
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‘Fhe l)~l ” 520 1 i r u e  u e c  i- v t -  n-s o p e n - a t  c a t  a + 0\ 1 cvi- 1 :m mid

r e q u i r e  b i p o l a r ’  d e v i c e s  s u c h  a s  t h e  G e n e r a l  S e m i c o u m d u c t o r

l , S K 2 - I C  f o r  c i r c u i t  p r o t e c t i o n .  T h e  D M 7 5 3 0  i s  5\’ l o g i c  :~ i~d

n - equ i res a d e v i c e  such is the 1 N f 9 0 7  or 1 N~i9 (1~ to pro \’ i tie the

l ow c la m p i rug v o l t  age p r o t  i - c t  i on -

PROCESS C O N T R O l .  - \ N 1)  P R O C I S S  M O N  I T O R I  NC

Trans i ent v o l t a g e s  froun induced I i g ht n i m i g and \‘a u - i out s

o ther power l i n e  d i s t u r b r a n c c s  can e a s i l y  d e s t r o y  s e n s i t i v e

s o l i d  s t a t e  i n s t r u m e n t a t i o n .  T h e  F i s c h e r  a n d  P o r t e u ’  m a n u a l

e n t i t l e d  “ A  D i s c u s s i o n  o f  l i g h t n i n g  Pro tect i o n  for I l c c t r o i t i c

P r o c e s s  I n s t r u m e n t a t  i o n ” d i s c u s s e s  v a r i o t u s e q u i p m e n t  a n t I

r e c o m m e n d s  d e v i c e s  f o r  c e r t a i n  p r o t e c t i o n  a p p l  i c a t i o m i s , ‘l ’hes c

r e c o m m e n d a t i o n s  are b a s e d  o n  e x t e n s i v e  l a b o r a t o r y  a n d  f i e l d

s t u d i e s .  P r o t e c t i o n  t e c h n i q u e s  s i m i l a u -  t o  t h e s e  h a v e  b e e n

s u c c e s s f u l ly  u s e d  by  m a n y  o t h e r s , A t y p i c a l  e x a m p l e  o f  s i g n a l

l i n e p i- otect ion is shown in Fi g. 1 1 .

Al RPORT I NSTRUMEN ’F LAN I ) I NC S\ S’FEMS

In 1-ecent v cau - s , the i n s t a l l a t  i o n  o f  s o l i d  s t a t e

t ’qu ipm ent for a i r p o r t  s y s t e m s  has r e q u i r e d  ait im pu ’ o~ ed i p p r o a c i t

t o  h a r d e n i n g .  E a r l i e r  t e c h n i q u e s  u s i n g  g a s  s u r g e  a r r e s t o u ’ s

a n d  z e r t e r  d i o d e s  w e r e  f o t u n d  i n a d e q u a t e .  R e c e n t  s t u d i e s  p e r —

f o u - n u e d  b y P u r d u e  U n i v e r s i t y  a n d  t h e  G e o r g  i ; i  I n s t  i t u t e  o f

T e c h n o l o g y  t i n d e r  c o n t  r a c t  w i t h  t h e  F e d e r a l  - \v  i a t  j o l t  -\ ti nt i m i i s —

t r a t  i o n  h a v e  s h o w n  t h a t  t h e  T r a n s o rh t m  p r o v i d e s  a d e q u a t e

p~~° t cc t i o n  I n many’ e I rcu i t s for induced 1 i g h t  U 111 g - I n e  I t i d e d

i n  t h e s e  e f f o r t s  i s  a r e c o m m e n c l a t  i o n  f o r  1 i g h t  r u i n g  h a r d t -n  i u t g

of the A N / C R N — 2 7  Inst i - u ntent l a n d i n g  S y s t e n u  a s  sitown imt Fi g. 12 .
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h g ,  I I :  Si- gmi :m I l u t e  P r o t e c t i o n

LINE SIDE A 2A1 O
SIGNAL NAME mel CIRCUIT SIDE

0DM 
~~~~~~~~~~~~~ 

-, I

0DM 2 —w~- -~~ 2 -

DDM RETURN - -wj- - - 
- 

- - i —

CONTA CTA - - -- w~- -

1 5K-I ’
CONTACT B — --w - 

— 
- -,

1 5K47 -

CONTACT COMMON -- w-’ ¶ H - —~~~~~-

(28V) I 5K47~~

ALL RESISTORS 56 OHMS UNLESS OTHERWISE NOTED
ALL DIODES 1 .5 K47C UNLESS OTH ERWISE NOTED

I - i g . 1 2 : ‘fy P u c i I 1’ e rm i iu a I P u ’  u I cc  t i on fo  r.
A N  ‘ C R \  27  I I S  S y s t e m
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CO N C 1~1tS 1 O N

1’ ci t i - it t i a 1 1 v At’ st iti c t i v i -  t ra n s i e m i t c c i  1 t i g i- s a r i g e n t  e m’ ‘ ‘I  Lii

t n’o mn a t a r i e t v  o f  s o u l ’ t’ t - s  am i d c o n s t i t i t e  a t h r e a t  t i  t h i ’  n e w

g c ii i’ r a t i o ml ci t ’ so I i d s t  i t e e 1 cc  t r o n  i c eq  c i i  pm i - m i t  - 1’o p r o y  i d e

o p t  i n t u m  p u ’ci t et ’ t i o n  , t lie tl i_ s  i gn  en  g i i i  C i i ’  nu n  s t  t’ I r s t  d i ’ I ’ i n  i’

t he  t r a n  s i en t c u t  v i r o n t un i - n t  a m d  p r o  h a b  i I i t  ~ 0 I ’ i’ x p u s  u r i  N e x t

t h i ’ V Li I r u e  r a F i I i t y ii t ’ t hi e c i i - c u  i t  o r s y st em nu n s Fe S Si ’ 5 se A -

‘li nen , t lie mt e c c ssa i ’ y sa t’e g u a  r i  s s h o u  it ! hi’ t l c f  ned anti i m p l  e u u i eu —

t cd a S r e q  ii i t •e~i - il C v a I’ I ou s p i-u I cc t o m- t ~ p e  5 • i mt ~
‘ I uud i r i g  s p i  i’ k

g a p s , m e t a l  o x i d t  v a r i s t c i r s , a n d  s i l i c o n  a v a l a n c i t i- c~~u n p o n c m ’ i t S ,

e a c h  Ii a v e t lie i u- c a pa F 1 i t i i s  a r i d  1 i ni i t a t i on  s - 110 Is e v  c i’ ,

I) i- li 00  v c’ s t h e  ~I c s i gu t  en  g I n cc r t 0 1) e t ho  u’ o il  g h I v k i i o  w 1 eu  ge  a I l I c

ci t ’ h o t  it c o m p o  ri e r u t  V I I  I n ’  r a  b i 1 i t  y a r i d  p i’o t cc t i o u t  A cv  i c c s t ci

o p t  u m ‘ 
~ ‘ 

~
‘ ~ p c r f o  i-ma rue  t’ a ni l  i- c 1 i a F i I i t v
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ABSTRACT

The fas t r ise-times of Electromagnetic Pulse (E M P )  as generated by Exoat—

mospheric nuclear detonations pose a real threat to semiconductor devices .

Threshold destruction levels for some MOS devices have been observed to he as

low as 4.5 microjoules. In addition to E M P , ind uce d lightni ng and swi tch ing

transients must be suppressed. This pape r describes insertion techniques for

optimum protection using devices such as the Tr anZorb
T\T

.

~\lso, combinations using sil icon aval anche devices and spar k gaps utilizing

the best charactet -istics of each typ e are illustrated with supporting laboratory

measurements and well defined conditions. The advantage s of sil icon transient

suppressors ove r the use of zeners is graphically illustrated. Some specific

applicat ions in which Trans Z orbs are be ing used for EMP trans ient suppr essi on

will l)e described.
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I M P  l R \ N S  I I  N I  S 1 b I ’ P R I  S S I O N

0. Mi ’ l v i i i e C l a r k

G e n e n - a l  S e n u i c o u t t l u i c t o r  I n d u s t r i e s , I n c .

I . 5k  R O D I J C  I I (~) N

)‘~ h e n  a ri i’ .x i - a t  no s p h e i i i’ it uc 1 ca i- A r- t o u t  a t i o n  o c c u  r - s , a v i’ u’ c
1 a u ’ g e a mmw i n n  t ii f’ cmi i’ r g v i 5 t’  x p i-es Si’ d a s g a mm a r a d  i a t i on  -

‘I’ h 1 s u - a d  i a t  i o u t  e x p a n d s  o u t  w i  u ’d I’ r o n u  t h e  g o  i r u t  o I ’ A e t  o r i o  t i o n u

i n  a s p h e  r c i c a 1 s h e  1 1 - U p  ci mi s t r i k i n  g t h i ’  e a r t h ‘ s ii p p i -  m’

a t m o s p h e r e , c o m p t o n  e l e c t  t o n s  a r e  g c n t ’ r a t  i’d Ft t l ie  i n u t  i ’r a c t  i o n

o f~ t lie ga  mn u a r a  v s  i m p  i r u g  i rug u p o n uut o 1 i - c u  1 u S  o t’ t h i ’  rca :‘ i f i ed

u p p e r  a t m o s p h e r e .  ‘ I h e s e  i ’ l e c t  r u n s  a r e  ~ u l ’ s e q u i e n t  i t  s t ’ p a u - a t e d

f r o m  the he ;uv i e r I on i c -A at  on - ‘I’hc F i g h Vi’ I (IC i t Y c on t p t  on

e l e c t r o n s  at - c t h e n  i n f l u e n c e d  b y  t h e  g e o m a g n e t i c  f i e l d  w i t h

a c o m b i n a t i o n  o f  b o t h  e v e n t s  y i e l d i n g  a n  e l e c t u - o m a g n e t i c

pu  1 se - 11 cii e e , t Fe  -. i’ r y ii i g it e n i  r g v , s ho  r t A u  r a t i on  , r f

u 1 se gc r u e  r a t  ed i s re  f e  r i - ed  t o a s  I- MC ( E 1 i c  t r o n u a  g u t  i t  I c C i  I S i’

a n d  h a s  a d u r a t i o n  o f  2 5 0  n a n o s e c o n d s  a r u d a m a x i m u m  f i e l d

s t r e n g t h  o f  100 , 0 00  V / m fl 
-

‘l’}t v v a s t  m a j o r i t y  of sem i c o n t l iuct or d ” v i  c i s  a r c -  p a u ’ t i c u —

l a r l v  v u l n e r a b l e  t o  t h e  f a s t  r ’ i s e — t i n i c t r a n s i e n t s  o f  Mb

o r i g i n .  S o m e  e x a m p l e s  o f  t l e v  i c e s  a n t I  b u r n — o u t  c ’r ’i e r g i e s  ar e

s h o w n  i n  t h e  f o l l o w i n g  t a b l e L) .

M l  N I M I J M  E M I ~ E N E R G Y  TO C A I J S F  I 3 I J R N O I I 1 ’

D E V I C E  I ) 1 : S C R  I PT I O N  M I N I M I I M  E N E R G Y

I - J O U L E S  )

253528 S i l i c o n  C o n t r o l l e d  5\l1 )~~
Ri’c t i f i c u

253598 Ge p n p  s w i t c h i n g  3 X 1 ( )
I r a n  s i S t  o r

2 N 4 - 1 2 0  F i e l d  E f f e c t  i X i O s
-r r a i n  s i S t 0 r

M C 7  15 1 C I n p u t  H a t e  S X I

-22 I-

_ _  -5-- -- -- ‘ - ---——--——~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~-



i’ h i’ s s s : ; i o  t y p e  1 m u -  r e c e i v e r s  s u b j e c t e d  t o  2 0 0  n a n o s e c o n d

d u r a t  i o n  p u l s e s  liai e b e en  ob~~e r v e t 1  t o  b u r n  o u t  w i t h  a s  l o w

:is  2 . 8 n i i c u - o j o u l e s  -

B e c a u s e  o f  t h e  p o t  em i t i a l  t h r e a t  t o  semi s it i y e  e l e c t r o n i c

c o ma po it t-nt s a mid eq u i pm cmi t b v E MC t r a n u s i c u i t  S , i’ f f e c  t i v c

su p p r e s s i o n  t e c h n i q u e s  a n d  d e v i c e s  m u s t  h e  e m p l o y e d  w h i c h

a r e  s p e c i f i c a l l y  d e s i g n i ’ d t o  p r o v i d e  a d e q u a t e  p r o t e c t  i o n

a g a i n s t  t h i s  t l e s t r i u c t i v i ’  f a s t  r i s e — t i m e  t r a n s i e n t  e x p o s u r e .

I N DUC ’ 1’ .-\ .\ ( ;E I 
______________

‘I ’he f a s t  r i s c - t i m e  v o l t a g e  t r a n u s i e n t s  i n  c i r c u i t i - y

w i r i n g  c a n  be  a s o u r c e  o f  h i g h v o l t a g e  s e c o u t d a r ’ v e f f i ’ c t s ,

d u e  t o  w h a t  m a y  a p p e a r  t o  be  v i r t u a l l y  ni ’ g I i g ~~h 1i ’  i n d u c t a n c e

n u t  t h e  c i r c u i t .  ‘ l ’h i s  s e c o n d a r y  v o l t a g e  t r a n s i e n t  i s

d e s c r i b e d  b y  t h e  u - d at  i o n s h i p :

\ ( t )  = I.

l~ h e r e

L = i n d i t i t a n c e  i n  h e n r y s

d i  = i n c r e m e n t a l  c u r r e n t  c h a n g e  i n  a m p s

A t  = i n c r e m e n t a l  t i m e  c h a n g e  i n  s e c o n d s

:\ 1 c m  l o n g  .0 3  d i a m e t e r  s i l v e r  w i r e  “ s h o r t  c i r c u i t ” w a s

o b s e r v e d  t o  p r o d u c e  a p e a k  p u l s e  s e c o n d a r y  v o l t a g e  o f  3 50

v o l t s  u n d e r  a 2 0 0  a m p i - r e  p u l s e , h a v i n g  a r i s e — t  i n c  o f  2 . 5

n s c c .  . what i s  c o n s i d e r e d  n o r m a l  l e a d  l e n g t h s  on  a

t r a i t s l e n t  s u p p r e s s o r  d e v i c e  c a n , u n d e r  I M P  i n d u c e d  v o l t a g e s ,

g e n e r a t e  r ’ e l a t i v e l y  h i g h v o l t a g e s  w h i c h  c a n  r e s u l t  i n  d a m a g e

of  t h e  c i r c u i t  i n t e n d e d  t o  h~- p r o t e c t e d .  ‘Fh e  i ’ f f i ’ c t s  o f

v a r i o u s  l i - a d  l e n g t h s  o f  a s i l i c o n  a v a l a n c h e  s u p p r e s s o r

t r a n s i e n t  p r o t e c t  i o n  d e v i c e  u s e t i  i t t  p r o t e c t i n g  a c i r c u i t

f r o m  a 1 O O A  s I m u  1 a t  ed EMI ’  pu  1 s i5 f r o m  a 51) o h m  s ciu i  r i - i- a r e

i i  l u s t  r a t e d  i n  E : i  g s .  I — - 1 .
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F i g - I : 3’’ l e a d s  E u  2 :  I n 4 ,, i e , n d s

.1

!-

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

F i g .  3 :  N o  I i ’a d s  F i g . - ! :  I i i s ~ - P a t ’ k : n i’ e

r\ 1 1 F I g s  - : y e  r t  I c a  I - 20)) \-‘/ d  I v , l i o n - i : o u t  t a 1 - 1 Oui sec . I i i  i v )

1’ It t ’ s e us c 1 l o g  i’a p in s Ii a v c n - cc  o n - d c  d t F i5 p e a  k c i)  it a ge win i c ii t l i i ’

p n - o t c c t e d  c i  n - c u i t  w i l l  si ’e u n d e r  c o u t i l i t  t o u t s d e s c r i b e d  b e l o w .

rh c i’ ne u’ g i i i  A i5 n ~‘ a c It o I ’ t hi e c u r v i’ s s h o  i~ nu i ni F i g s . 1 - 1 -

w a s cant p i n t  cii F ~ m t  i’ g n’ a t i ul g t he pow e u- unti l c r t he i’u n r~ vt w I t F

r e s p e c t  t o  t i n t e - ‘Fl ’ i s  s e c o n t d a r v  , o r  t i- a rt s t’e r  1) 11 1 se  e n t e r g v

a s i 1 1 i n s  t r a  t eil I ii F i g - I Co u- a d e v i c i’ Ii a v i rig t h i ’  c i’ iii t~ In

it -a il s urn e a c h  cmiii , i s 1 , 5  X i 0 ~~~ jon es . T h i s  is s u f f i c i e n t

en t i’rgy t o  i lcs t ro y Ci c l i i  e f f e c t  t n - a nu s i stu n ’ s , IC inp ut g a t e s ,

a mud “10 S Ac v c e 5 a r i d  h o  n L I  c u I i n n  e fo  n- A a nu u a g i r u g  ge r ni a n i  urn  I’S P

sw I t c In I n g t i’a s i s t 0 r s . l~ I t Ii 1 4 ’’ 1 c a d  s , a s s ho w i n  i i i  1 u  g - 2

t h i ’ t i’a m u s f e  i pu  I sc cu t e u g V t i m e  t ci 1 ea t !  i m u d in c t a n  c i’ I 5

7 X I O ~~~ j o m n i e s  , s t i l l  s m i f f i c i  c n t  e u n t - r g v  t o  dest roy f i e l d

f f c c  t t r a  ‘i 5 I 5 t 0 r S a nil  I C i n  p~~ t go t e s a nil  a 1 so M U S  t Ie  u c i’ s

W i t  Ft t h e  1 c a d  s r enu civ ed , a s A c p 1 c t e d I ru F I g . 3 t h e  i ru p i n t

I a i~ i ’d A I ri ’ i’ t I ~ a c ro s s t lie dcv i e e c a s e a mid in s u I a t ed

t i n  b in  1; i  t i o ii , t he r e i s a t r a mu s fe r p in I s e c r u e t ’  g ~ r e t 1  ii c t I o n u t o

F . 7 X 11 )  1) ti 1 i-s . ‘I ’ it i 5 I 5 F c’ 1 O W  t h e  t It r i ’ s h o  I A o f A e s t n m i c  -

t i on Co r a 1 no s t a 1 1 s c m  i i’ o ni l  i n c  t ci u tie v I ~
‘ e s a mi d g r a  p F I c a 1 1 v

i 1 1 u S t rat i’ S t h e  r e q  u I i’ e niu c r u t  t o  m- a p p  u’ tu  p r I a t t’ p 1 a t’ i n  g 0 I’

i’ (li ii rue ru t S iii ti n e t’ i r i~ u I t r v t’o r o p t  i ma i i n  g p n’ o t  c i’ t i o mu
* t mc op a l )  i 1 it i e s . W i t it t h e  I r : i  mu s o r b  r e  p a t  h a  gei i  i r ~ 0 a A i

* I’ r 0115:1) n ’h t n t  - ‘Frath-uuia r b  o t ’ H i - m i c r a  I Sen I c omt d uc  t or  I ndnis t r i  cit , I m c  -
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w h i c h  y i e l d s  v i r t u a l l y  no i n d u c t a n c e  and usin g low i n d u c t a n c e

i n n  s e r t  i o n  m e t h o d s  i n  the p r o t  ect i t- c c i rcu it , t h e r e  i s
r i e g  1 I g i b l e  t r a i n s fer pu l si i- n i - r g v and the i r u t  c n d c ’ d p r o t  cc t  i o n t

i s  o p t i n n i : e d  i s  s h o w m i  i n  F i g .

I’ h c- s i l i c o n  a v a l a n c h e  s u p p r - e s s o r -  d e v i c e  u s e d  i i i  t h i s

t e s t  w o n - k w a s  i~hi ’ T r a n s Z o r b  t y p e  1 5 5 6 - I S A .  ‘l in e 1 N 5 6 2 9 A

s e r i e s  w h i c h  c o v e r s  t h e  r a i ’g i ’  o f  5\ t h r o u g h 2 0 0 V  w a s

I tn t  r o d u c e d  f o r  t r a n s i e n t  v o i t a g i ’  s u p p r e s s  i o n  ami d h a s  f o u n d

e x t e n s i v e  u s e  i n n  S u p p r i ’ s s i n g  E M P .

T E St  I N S T R U M F N T A l ’ I O N

.-\ b l o c k  d i a g r a m  o f  t h e  p u l s e  t e s t  i n g  c q u i  p a t - n t  u s e d  i n

p i- r ’ t o r r n i u u g  t ests i n  g a t h e r i n g  d a t a  d e s c r i b e d  a b o v e  a n d

i n  t h e  b a l a n c e of  t h i s  p a p e r  i s  s h o w n  i n  F i g .  5 .

Charge
Suppl y

Delay Line Scope
RG/217U TPD

50

Switch 
Viewing Resistor Termination

Charge Line
RG/ 217U

F i g .  5: I n s t i - u m e n t a t i o m i

T h i s  c i r c u i t i s  r e l at i v e l y s i m p l e , u s i n g  a l o w  c u r r e n t ,

h i g h vol tage dc s u p p l y , wh ich m a i n t a i n s  a len gth of R G - 2 l 7 / t I

c a b l e  u n d e r  c on s t an t c h a r g e. ‘l in e leng th of the test p u l s e

i s  ii i - t e r n i t i n e d  b y the lc rngth of the charge l i n e  a n t i  t I n t’ P u l s e

is in i t i a t e d  wh en the cha t -g i- l i n e  is s witched from t h e  p o w e r

supp ly to the dela y l i n e .  The de l a y  l i n e  f i l t e r s  out n - n oise

a n d  h e l p s  to p roiluce a r e a s o n a b l y  smooth square pin i se . ‘l ’he

i i  m I t a t  i ot i s  of eq u i  pnt t’ n t i n s  ed f o r  t ine s e t - X  p e r  i m a c t n t s I s 2 0 0
a m p e r e s  m a x i m u m .
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R E S I ’ O N S E ’I ’ I MI- OF SIIPI’R I. S SOR

‘l ii i’ in h e r e m u t response t m m i i’ o l  t h e  s u p p r e s s o r  t t’ S t c t i

I n t h n s stuil v 1 s c.’. t i ’cm e 1 v L i s t  a s  i 1 l u s t  r a t e d  i n  i g - i~ -

V e r t i c a l :  1 ()~~/ d i t ’

H o t ’  i :o r n t a i  : 1 ( I n s t -c /A i t —

F n g . 6 :  Resp o inse of  30\ - rans orb , t yp e  1N 5044A

1’hi s dep i c t S  t h e  o sc  i i  l o g  rap in of a 30~, r a n n s oi’ b , t y p e

1N 5 (,- IIA i’lamn u p ing a 2 0 0 . \  p u l s t ’ _ R i s e  t i n u e o f  t i n e i n c i d e n t

p u l s e  is - l kV /nsec. The i n s e r t i o n  m e t h o d s  Ut i i  i : e  low

i m n d u c t a n n c e  t e c h n i qui’ s to m i n i m i :e  L~ —~ e f f e c t s ,  A l s o ,
ii t

t u e  d e t  i c e  t e s t e d  w a s  w i t h o u t  the pac kage to Cuu - t lt t’r

reduce t iu t- i n d u c t a n c e  to i i l u s t r a t i - t h e  f a s t  r e s p o n s e

ca p a b  i I I t o f  t he  h a s  1 c s m u p p  i’ es s or  
-~ 

m i mi c t i o  ui - ‘Flie I t O  — 1 3

i n d u s t r y  standard pac kage has am i induct ant i’ e o I ’ a p p  I’ l’x I tao t e I

l O
_ 8  

b u t - u t  u v s  w i t  I c h  c a n  i)e S i  g n i  C i  c a m n t i n  soni c app l I cat lor i s -

E f f o r t s  t o  r e d u c e  t i n e ‘I’ r a n s oi- b i n d u c t a n c e r e s u l t ed

i n n  t h e  d e v e l o p m e n t  o f  a p r o d u c t  p a c k a g e  w h i c h  r e s e m l ) l t ’s

t h e  c o m m u n i c a t i o n  t ype  c e r a m i c  g a s  f i l l e d  s p a r k  g a p .  V h i s

i s  n o w  a c o m m e r c i a l l y  a v a i l a b l e  p r o d u c t  o f f e r e t i  f o r  ~~. 8 V

t i n  r o u g h 1 O O V  p r ~~t e c t  i on  - I t  i s  a 1 so r a t e d  f o r  1 . 5 k W  f o r

l ( )  X 100 1)  w a v e f o r m s . I n  l o w  i n d u c t a n c e  insert i o n  f i x t u r e s ,

t I n  1 5 A cv i cc  a p p e a r  it t o b e  v c r y e C f e c  t i v i ’  i it p i-u v i d i  r ig

p r o t e c t  l o i n  a g a i n s t  E M P . ‘F in e c l a m p i u n g r c s p o i n s c  w a v t 5  o f  a

I . S K (  d e v i c e  t Y p e  h a v i n g  n b r e a k d o w n  v o l t a g e  i f  1 1 2 V  a t

I O O A  i s  s h o w n  i n n  F i g .  ‘
~ - ‘i ’ h i- pu 1s t ’ c u r r e n t  w a s  1 00.-\ ~squar e

w a v e ,  w i t h  a d u r ~n t  i o n  o f  2 5 0  n a m n o s e c o n d s .
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A Si- t’ i i’ s ci C di ’ c u ci ’ s is e n’ ci t es t e d  t o  o F t  a i mu mi- a mu i n g f r i  I

p r ~~t i’Ct i o m t  I i ’ve  I s  ot ’Ce n’ ed h~ t ui ’ 1 N5e2d \ t ‘, p i ’ s

C i iu p o n u t- uu t it lv i- i~ i’ t i’st  i- A u u u iI i’ n  s i  m a u l  a t  c d [MI’  p u l s e

c o m id i t I o mi it a I’ I ( I  A , ~ () .\ a m i d  1 2 - ( u i r \ ’cs 1 1 l u st n-a t i n g  t lie

i’ I : i m u i p i r u g  t o l t  a g e s  it 7)) nse i’ , t ’i ’ u ’  t it i ’sc  i l e v i c e s  i n -  s h i ~~ w u i
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C L A M I > l N ( ;  OF S I L I C O N  S U P P R E S S O R  Vs Zl:NER l)IODE

U o t h  :i ’ ne r  d i o d e  t y p e s  a n d  Si  1 i c o n  a v a l a n c h e  s u p pr e s s o r

d e v i c e s  w e r e  s u b j e ct e d  t o  s i m u l a t e d  l i M P  p u l s e s  a s  d e f i n e d

a b o v e  w i t h  c u r r e n ts  u p  t h r o u g h  2 0 0 A ,  A g a i n , l o w  i n d u c t a n c e

i n s e r t i o n  t e c h n i q u e s  w e r e  u s e d  t o  m i n i m i z e  i m t d u c t a n c e  i n

t h e  i m n s t n - u m e n u t a t i o u n  a n d  d e v i c e ’ s ex t i ’ t ’ n a l  l e a d s .  C l a m p i n g

v o l t a g e s  f o r  6 2 V ± 5 ° o d e v i c e  t y p e s  a r c  s h o w n  i n  F i g. 9 .  Th e

p l anar structured devi c e  failed at 200A . Observe that the

— -

270 - I~. ~
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240
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210 4’.

~~ ~f4” I
ii, ,

~~

_
I /  

(0~~J 1 . --

180 - 
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ni l50 ‘I

t —
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_
I I

60 - -
CLAMPING VOLTAGE AT .250 ~SEC

- —
~~ t - -

30 ‘ f

40 80 120 160 - 200
PULSE CURRENT — AMP S

l i p .  ~) :  C l a n p i n g  V o l t a g e  V s  C u r r e n t f o r  z e n e r  a n d  s i l i c o n
a v a l a n c h e  s u p p r es s o r

z e n e r s  h a d  v e n ’ v h i g h c l a m p i n g  v o l t  a g e s  c o m p a r e d  t o  t h e

s u p p  r i s s o r  d e v i c e .  A I t  b o u g h the s u p p r e s  s o r  h a s  a O n ’  w a t

it t cad y s t n  t i- d i  s s n :n t I on , i t  i it s p c- c n f i ca  1 1 v d e it- i gi n c5 d f ci r

t r a n s i e n t  s u p p r e s s i o u t , h e n c e  i t  p r i - s e m i t s  a s u p e r i o r
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u - t o n— uui a Ot— e i mu t h -
~ C u r t  i’ t u r n  i’ i ’ um i  p a  u ’ s ’~l t u a i ’ m i i r A i t i d e

F i t’ Ii I 5 i i i ’ 5 1 p u t t ’ tI ti ) F a I t a g t -  u i ’ g u  I i t i ,’ mu -

R u t  Ii t h i ’ I W in t ’ t a I L c n n  t ’ n- a ii A t F i ’ I S is g 1 :n it it e n  n.

5 r i m  v i eu  t Ii ci 2 U ( I A  pu  I it i5 b i n  t w i t F t’ i’ u ’ \ it I g F c I a in p i  in p

u i  it a gi ’ s o C a p p no x l iii i t  i’ I it 2 ( (1 ~ a rid 2 3 O\ ri- it ~~t’i’ t i cc  1 - i h c

S m I i C O I l  S t i p  p u’ t ’ it z~ o n ’  c I a nuu p c -ti a t a F inn t 9 U V b~ ci i  rum p a r I ‘s ‘ m u

Is t li i) i t t  no  it i t o  n’ t r i g  t it i5 n o t  n.’c t  i o n  p r a t -  i A i i i  u n - A c ’  r .i i’ t n o  I

c t i nt A u  t I ci ii it , t l i e  h 1 g h i ’  r c I a urn p i r i g  v o  I t a ge  o C I h i ’ ci m u ci r it

iso u I A it a Ci ’ r u t )  t F e C u  U hi S i’ r v  ci d - F ra in  t F e ba it I s ci I t }n s

i t S  u i t  s , A n o  nu I c t ci it t it it h ou I A be  p i’ r Co rut ,  i ’ i I t o a c c ii m ’ :i ci 1 ~
A i ’ (‘ l i n t ’ t bit ’ t ’O  F 1 1 u t ci 0 f a m’o I i-i’ t i on A cc i i’ ‘ - I u it - I it

1 I a ni t1 1 2 a r i 5 
~ 

h o t  o .c A ep  1 c t I in g t h i ’  a i’ t U 0 1 r c i t  p onu s ci ci I’ t h i ’
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ABSTRACT

The imposition of EM P  hardness and lightning protection requirements  on

systems in which hundreds or eve n thousands of lines ente r an equipment enclosure

presents a serious practical problem because of the ve t -v large quanti ty of p ro tec t ion

hardware th at is normally required when conventional  line —by-line protect ion tech-

niques are used. Typical of this application are the mili tary tactical switch sy s tem

and commercial switching equipments. A major improvement has been realized

in these applicat io ns throug h the development of a Bulk Electr onic Su rge Ar res to r

(E S A ) .  This unique device is a single , compact uni t  providing li gh tn ing and E t ~IP

protection of systems in which many signal lines enter sensitive electronic equipment

enclosures.  The Bulk ESA is normally integr a ted wi th  an E M I  fi l ter pin connector

which , in turn , provides improved performance of the Bulk ES;\ . These two as-

semblies pro vide an integrated syst em which protects against EM P , l ightning ,

EM I , and TEMPEST effects . 
‘

-240-

—- -5~~ - ”-s - - A ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - --‘-~~



1. 0 INTRODUCJ ION

The imposition of EMP huirdness and lightnin g protection require-

iuients on systems in which hundreds or even thousands of lines enter

an equipment enclosure presents a serious practica l problem because

of the very large quantity of protection hardware that i’ s normally

required when conventional line-by-line prote tion techniques are

used. Typical of this application are the n l i i it a ry tactical switch

systeimi arid comrw ercia l switching equipm nents.

Com iipound inq the problem ‘In these appli cations is often a severe

lack of space within a si c- all shelter. This lack of space imposes a

limitation on the amount of protective hardware that can be included

in t1ie she lt e r , which in t i m -n im ’~pair s the ef fec t i ve  l im p le t e n t a t i o n  of

e lect ronic  surge protection. Also becau~e of th i s  space l im i t a t i on ,

t ight coupl ing between input and output l ines whi h par t  ia l l  b v - ; 5 u 5 s m s

the protect ive equipment has been unavoidable.  A ma j c iu  i m - t rove u m me r l ’

could be rea l ized in these app l i ca t i ons  i f bufl pro > i ion of m ac-v

lines with a single device could be achieved .

Additional problems e~~~t in m iiil it m ry a pplicati on - - in which TEM-

PEST and EM! requirem nents apply. A qenera l sol nti r t o  prov idin n h u lk

HiP and li ghtning protection should also be compatible with ~1 m e  n m > -

qui rermients.

A Bulk Electronic Surge Ar m- e s tor ( ISA ) c i t n rmu ’  t or w hi h so lv es

these prohlems has heen developed at GTE Sy lvan ia  by B la isde l l  and

-

~ 
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Tetreau lt~~~. This device provides substantial protection at

the Point of Entry (POE) into the equipment. It is nominally integrated

with an EMI filter pin connector also properly located at this sante

point which , in turn , provides improved perforTnance of the Bulk ESA .

The installation of these two assemblies provides an integrated system

which protects against EMP , lightning , [MI , and TEMPEST effects.

2.0 DEVICE DESIGN

The Bulk ESA is an assembly consisting of two 53-pin herm iietica lly

sealed connectors directly interconnected in a sealed chamber which is

back —filled with a low pressure argon atmosphere , to which a trace of

radioactive tritium is added to enhance fast rise breakdown . A cut

away view of the unit is shown in Figure 1 . A conductive ground plane

member is mounted within the chamber perpendicular to the conductive

leads. Each of the leads passes through a different opening in the

ground plane and is isolated from it by means of a glass dielectric

sleeve. This dielectric spacer is used to center each pin in the

grou nd plane as well as to enhance breakdown at the gas/dielectric in-

terface. An arc can thus occur between each conducting line and the

ground plane through which it passes resulting in a compact asse nmh ly

containing 53 spark gaps.

A second assembly which connects into the Bulk ESA cont ains a

filter pin connector havinq the proper characteristics for [MI and

TEMPEST. The filter on each line also serves to attenuate the hi gh

-242- 
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f requer mt :y conten t of any electrical transients appearing in tho line

through the Bulk ESA . The Bul k ESA and filter pin assem imblies are

shown in Figure 2.

A typical app lication of the Bulk ESA is shown in Figure 3.

The spark gap assembly is mounted at the point of entry on the in-

side wal l of an equipment shelter and is followed by the filter p i n

assembly to which the inside shelter cable is then attached.

A number of variation s of the existing desi gn are possible. The

number of pin s (lines) may be tailored to a part icular appl icat ion by

the proper choice of connector. Similarly, the cut-off frequency of

the filters may be changed by selecting any one of a number of co”--

mercially ava ilable filter pin connectors. The Bulk ISA and filter

pin connector may be made as a single assembly rather than beinq two

assemblies wi th some resulting desi gn simp lifications if the app lica—

> ion allows . In short , the basic design described above may be easi ly

t ailored to a particular requirement.

Inc dc -s i  in also provid es for a si mi mpi e preventative ut i nte nance

of the integrity of the gas cnamher . A si nq lc DC breakdown

c- - j t  on a spare pin chec k s all 53 spar k  qaps s ic-ce all are in a ~

las coy i mon r ent .
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3J ] PERFORMANCE CHARACTERISTICS

The elm ’ tm ’ i il charac te r i s t i cs  of parf i c u l a r  in tere st in a de-

vice ~ t h i s  type are:

1. DC breakdc>~n

2. l a s t  r ise breakdown

3 . Current sum ’qe ch arac t eristics .

The perfo~i ance of three t y i  al Bulk ESA - i c - i t s  in ea~ 0 of these a m ’ a s

is d iscussed in the fo l lowing paragraphs.

3 . 1  DC Breakdown

The basic gas environment used in the Bu l k ES,~ is argon. Radio-

act ive promupti ng is added to s tab i l i ze  the p~ 1 se - to -pu lse  rt ’opnnse ac -cl

to min i mnr i ze  the fas t. ri se f i r ing vo l tage of the arc . The m ’ d d i o a c t i v i t v

has negli gible effect , however , upon the DC breakdown voltage of the

indiv idual  spark gaps. The Pasch en curve for an a rma n atmosphere

shown in Figure 4 can then be expected to be obeyed by the Bul k F~~A .

Lontorniance with this curve was experi mir entally ver ified. For ‘he

chosen gap size and pressure , the Bulk ISA DC breakdo wn vo l t a- e wa ’ an t

the order of 225 to ~‘35 volts , the m i n i m u m  value indicated by t h e

Paschen curve. Operation at the ho t t o o  of the Pasc he n r r r ~- c -  was  deli-

berately chosen in order to nmi nimi ze the ut  4 t ’ t s of spat - k t iap to l n r  -

ances on individual gap brea kdown as w e l l  as ~ l’ t ’  s e n s i t i v i t y  ot the

DC breakdown characteristic to chanqes in c ha r m O or  p r e s s u re  -
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3.2 Fast Rise h r e a k f o , y I

The  f ast  r ise respo ni -e of the Bulk ESA spar ’- r gap 5 1 5  e v a l u a T e d

a t  r a tes of , 10 , a n d  1 00 KV J~~. A to t -r i o~ si~ pi r m s ‘ an do - - ly

cho sen from three Bulk ESA units were eac c - t e c t e c  t on ’ t i es one at

a time at eac h of the three rates of r i se .  The Iota  at each rat e c 4

r ise thus represents a s tat i s t i c a l  s o - o l e  of ~ir i - :  The r esu l t s

of these tests are p lo t ted in Tigure 5. A l s o  -~hrs -m n in this f i nure

f or comparison purposes is the spec i f i n t i o n  ~or a k y ; - i c a l c o-r- -er c i a i i ,

availab le button type spark gap, ~-,h icb ‘Is a s mal l  s i nqle el e ont sur e

arr estor manuf actured by a number of companies for s ing le w ’Ir e pro-

tection.

The h iu hes t ,  lowes t , and average fas t  r ise brea k-d \- , nm va lues oh-

served for the Bul~ ISA are i nd ica ted  by the le t te rs  H , L.  and A ,

respec t i ve ly ,  wh i le the dashed curve connect in o the P-~ re j t n ’ c sen t s  the

button gap data.  As shown , the av er aqe fa st r ise  b r e a k l o ~’ -n perfot ’  - r i  e

of the Bulk ISA exceeds the button gap pe r f o rm ance at each t e s t e d  rat

of r ise.
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In p rac t i Le , in’ -Jt- ‘ e m ’  p i n  o - n i ; p u l s e d  a t  a t m ime , d c - V

w i l l  be dri v e t  simu ltaneous 1 , , ,,t -Il j ,  - , hn- r  I ]  c-i n i cal t n ’a nsi en t

In this cas e , Inn - f i ’  t - ma p .0  ‘~~ ‘ -  ~‘ i m ,  i ’ ’ I o ’ t ~~It i~.ni o~ the other

gap s S i c - L i -  all an , -  f r i  t t ~t i n  - ‘‘ -, 1 t ’t t, t -- n ’ t t , nm~ nt ’ Irn1ZInlq m i t statis—

t i cal c ha rdc te r is t  I cs o ’ - 
~~ n -~ d - ~ - - - . 1 t ~ > ’ 0~ t t i  II . Consequent l ->‘

in pract ice the f r t  rise t i n  c a n a L  ri’,t ins w i l l  t n n d  t owa rd

the l ower solid curve i n  Fig u re 5

3.3 Curr ent Sun ’~e Cha rac te r i  — t  ics

Current surging c-f tOn ’ Bu !~ ESA w t S  ac i~~- f u l ly  C I I  m e d  out w i t ’ -

up to 50 ,000 i m d t em u-  curre n t S i n - m m - c  h a v i n m  t i t t a l ~~~ u ’_ o’ 1 . h cou l —

ombs. Although the pin—to— g ro und i n ’ u la t i  ii t e L n ’ea a~i l a f t  n -’r Su n - l i n e

no evidence of opening a m short i ‘rq ot 11 c - m s  was observed during t 1iese

tests .  These surge me a s u re mt ien tt s w e re m a l e  by driving al l  53 pi ‘ s

the Bulk ESA sin mul t aneorsl v through 2.5 tO m resistors . The  c urrent

waveform was generated by t h e  d i ,  Imar ge c l  e n m n ’ r ] v  st rm- e u in an hi

mi crofarad capaci ter ba n k . t i t -  2. ~~resi s t a rs  were u s e d to pm ’ e v eni t

the firing of one map fro m c hc - rt i  n t c out the other gaps. In pr oc ti cc.

this isolat ion is provid ed b y the i I 1 e d a n m  n ’ ot the ca b le  c onn e c te d  t i

the ESA. The averag e value of thu DC t m m ’ a k i l o w n  vol t i r e  ~ f t  m ’  curren t

surges of 25 ,000 and 50.000 a m p e re s  c pres ent  “d l i i  Ta b le 1 t n  t h r u m -

t y p i ca l  Bul k ISA u n i t s .
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TABLE 1

Curre iit S~n—~e Cha ‘a~ t er  1 St ics

Ave ra ge OC Breakdown Vo l  t a -me

Cu m-rent Surge ISA Nc - 15 ISA No. 16 ISA No - 17

Pre~ jrqe 232 Volts 231 Volts 240 Vo l t s

25000A 219 223 228

5~00OA 2 13 220 22 1

50000A 212 220 215

In conjunction w ith surge t e s t s  c cn r duc ted  on the entire Bulk ESA

con m mect or , the cu rrent sur me hand l in o capab il i t-c of a single Bu1~ I SA

pin was tested. These tests showed that individual pins are capable of

harc ~ ii nq 10 ~ 20 ‘,~ current surges of at least SftT() ar c-fli eS W i t  ili , t

~ a i 1 u ri’

* ) 10 - s n o ti C e  an m d ~() us f all t i e.

-0 - ’ I un ‘l it  e

1) L . L . B l a i s l e l l  amid N . E. T i t reau l t.  Il .S. Pa t m ’ n i  
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~IBSTRACT

In this paper an engineerin g model of a high energy (20 40 coulombs of
charge , l5~~ 35 Kj) solid state Electrical Surge Arrestor (ESA) is pre sented. The
basic elements are commercia l or custom mad e Me t al Oxide Varistors (MO VI.
The approach to achieve a hi gh coulomb ESA is to use paralleled MOVs w i t h  efforts
concentrated on ensuring eve n current partition by matching the MOVs conduct ion
char acter istics and using bala st iesistors . The unit  with custom mad e lui -~ o
area MOVs sur vi ved consecutive 40 coulomb surges of 5 ms exponential decay .
The pe ak current was 6.5 kA at a clampi ng voltage of 1. 1 Ky .  Design cons id-
eration , screeni ng techniq ues , pack aging , and test res ults are rep orted. A
brief revi ew of the M OV physics is also included.
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1 .0 INTRODUCTION

Mil itary electronic systenis are subj ected to l ar ge elect r i ca l

surges generated by l ightning and nuclear events.. To protec t these

systems Electrical Surge Arrestors (ESA) are needed , State-of-the-art

ESAs employ specially designed spark gaps as the prima ry voltage

limiting elements. However , s i nce a l a r ge sur ge cu rren t cau ses

intense local heating by ion bomba rdment , surface spot erosion results

in the gap. Also the gas is contaminated by the impurities blasted

off from the electrodes and the surrounding insulation materials , All

these factors contribute to an aging effect which change the breakdown

characteristics of the gap. Moreover , one major limitation of the

spark gap is that the breakdown reaction time is not fast enough to

meet the stringent requirements of nanosecond threats,

To overcome these problems , a high energy solid state ESA making

use of custom-made Metal Oxide Varistors (MOV ) as limiting components

to replace spark gaps is proposed and studied . The MOV is intrinsically

a fast acting device with response time less than one nanosecond , Thus

any fast rate of rise brea kdown requirements and repeatable characteristics

can be eas i ly met. Na turall y the solid state ESA using MOVs is not without

drawbacks. The most si gnificant limitation of this approach is tha t the

present MOV5 can handle only fractions of a coulomb of charge . Al so they

are suitable to low frequency applications only because of their intrinsically

h igh dielectric constants (-‘--1 500).

Since a sin gle 20 — 40 coulomb MOV is not feasible at present , the

approach to achieve a high coulomb ISA is to use paralleled MOV s with efforts
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concentrated, on ensuring even current partition by matching the conduction

characteristics of paralleled MOVs and using ballast resistors , In this

paper an engineering model of a solid state ESA using custom—made large area

MOVs is discussed . Design considerations , packaging, and test results

are reporte d .

II. MOV CHARACTERI STIC S

Before presenting the engineering details of the solid state ESA

a brief review of the MOV physics is in order , The MOVs are ZnO - based

ceram ic devices 1 that are made by a pressing and air— sintering process. When

biased in either direction the multi — juncti on device exhibits a highly

non—ohmic Zener-like behavior in the I—V characteristics. A fundamenta l

property of the ZnO varistor is that the varistor breakdown (conduction)

volta ge is linearly proportional to the device thickness for a given powder

mix and sin ter i ng proc ess 2.

The non—l inear characteristics of the MOV device can be characterized

by a semi—empirical equation

I = Ky 1
, (1)

where K is a constant and a is a non -linear exponent usually in the

range of 30 - 50~

T he MOV conduc ti on mec han i sm has been studi ed by a number of

researcher s 3 9 . Lev inson and co—workers 3 believed that it is due to the

qu antum mechanical (Fowler—Norheim) tunneling effect. However , the physical

picture of the MOV conduction phenomena has not been fully understood . More

information on the electrical properties of the MOV can be found in Ref. 4 to 9.
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F o l l o wi ng Ma tsuoka~s simple model of the MOV microstr ucture ,

the MOV device can be viewed as a big collection of mini -capacitors

connec ted i n paral l el a nd i n ser i es , as shown in Fin -ire 1 , whi cti a r e

formed by the conducting ZnO grains ideali zed as cubes of sides d

separated by a thin dielectric layer of thickness t . Due to th e t h i n n e s s

of t the effect~die 1ectric constant is extremely large , about 1 500, Thus

the MOV is intrinsic ~ ly a high capac tance device , which is not

desirable in high frequency app licatio r when a large number of

paral leled MOVs are required in use.

It was recently found by the authors that when subjected to a dc

bias at large currents , the MOV exhibits a second-breakdown accompanied

with a therma l runaway 9 (Figure 2). In this dc failure node no visual

physical damage was seen. We believe that the second-breakdown is a

bulk therma l effect rather than el ectronic in nature , since the device

could surv ive KA peak current surges of short duration (— 2O ,z~S) without

second—breakdown , and the second-brea kdown occurred at a much higher

dc current when the device was placed in liquid nitrogen.

All MOV s stressed into second—breakdown showed permanent changes

in their I-V characteristics . The most dramatic change was the loss of

bipolar conduction synitietry and the degradation of non-linearity , as shown

in Figure 2. One possible explanation for this is that the insulating

l ayers in the microjunction have become permanently polarized by the

strong field when the material is over—heated by the dissipated or r e nly

which mi ght have resulted in a phase change.
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Figure 1 - Idealized model of the MOV microstructure
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When surged by large currents, a typical failure mode of the MO~

is a hot spot , leading to either a darkened glas sy region of low resistance

(2K b )  Or a pinhole punctured through the device resul t ing in a sh ortin i

path.

It wa s a lso  experimental ly found that there is a strong cor re la t ion

between the MDV capac i tance and i t s  surge  failure level A high capacitance

MON car usuall y surv ive hi gher cou lomb surge , w h i le t c - t  ones w i th smaller

va Les tend to fail at a m uch lower energy level . As shown in Figure 3

forty MOVs were tested to y ield the s t a t i s t i c s  This f inding ~~gg est t ~d

a simp le non—dest ruc t ive  selection technique , i e , usin a the capacitance

measurements to e limi nate the weak MOVs ,
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~~ 1 .2 — -

0
L 00

U

0 0
0.8 -

0 0
’

- 0 0 0
O o

O 00 - -

0.4 - 0 00

L~~ L~~~LII _ _ _  ~~ _ _ _ _ _

1 .-~ 1 .~ 1 .8 2.0 .~ .7 -
> -

t. ’OV ~A p A~~~/ r - ~cI NAN YN.\: :~

Figure 3 — Cnrre l i t i  on tel wn’ei i t Ic -’ M W  ( i i i  lire leve l  a r t
hi ’  Mli v (.apac I l a i r  e. TIre samp l iu t e s !  e l  w e e
1 jVflo j A7 p MOV s
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IV . ESA DESIGN

Since the MOVs ~iust be Car irre ~~~t f  in paral le l  to have required
energy handling cdpability, it is i r i pu r tat i t  to have even current sha r-
ing among the branches during the su rqe. [rue to the iig lr no n—l inea r i t  ,— ,

s iaall di f ferences in device character is t ics  cause severe uneven current
sharing , thus reduci r r j the tota l ESA charge handling capabi l i ty . This
problem is largely all ev ia ted by using ballast resistors. As shown in
Figure 4 , the MOV 5 were individuall y balanced by the same amount of resistance
R , so that each branch -.~-ns s tab i l i zed by a conirion load line. To be

ef fect ive the va lue of R was chosen is such a way that the voltage drop
acr oss i t  i-la s a S l Z c  ble ract ion et the vol tage . Tests sh~ - -~-a

that this scheme had substant ia l ly  improved the current sharing .

For the prototype ESA custom made large area MOVs fabr icated t v
Matsushita (Japan ) were used . T 

~e la rge area N O V is an annular disk ,
8,1 cm O.D. , 1 .2 cm 1.0. and 0.5 cm in thickness . T he e1ect ~ o 1e
was a rough textured silver substance. The edges of the disc were

covered wi th insulating epoxy to prevent hi gh vol tage arc —over .  The
var i s t o r ’ s clamping voltage was 550V at 1 aR , and 600 ~— 80O V a~ 1 kA.

The devices were s’reeri—tested with the GTE Sylvan ia 5/200K pulser .

as shown in Fi re 5, which has the following characteristics:

GTE SYLVA N IA 5/200 PULSER

Output Vol tage: 0-5000 volts

Max imum Energy Storage: 0—232 kilojoules

Maximum Storage Capacitance: lh, 500 rt i icrofar ads
Maximum Charge Storaqe: 83 coulonibs

The cus tom made MOV passed 12 cou l ombs succe ssfully, I-at lu i led -

at 13. 5 cou iornbs. The fai l  ui-c mode was a pinhole , as coninonly observed
in fa i lures of smal ler va r i s to rs .  A ty p i c a l  sur le response of thi c device

is shown in Figure 6.
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The design baseline was for the ESA to surv ive i r ru l t ip le
5 ins exponential pulses w i th  a tota l charge of 40 coulombs at a
clamping vol tage of 1 Ky. In the preliminary design 8 such MOVs

were used . The bal last  resistors were Stackpole - ma de O 5 ’ ~ d i s k

type. The ESA package was designed to meet the requirements of

compact s ize , prevention of arc-ove r , and good heat sinking.

The peak surge cur - of about 1 KA through each MOV
implies that parisitic series resistance of g r e a t e r  t h a n  a few

hundredths of an ohm cannot be tolerated , Ma ny conduct ive epoxies
and conductive ceramic f r i ts for packaging were ru l ed out. The

si lver based electrodes of the MOVs were copper plated so that the
MOVs could be welded to other components . The disk components of
the ESA were stacked up together , electr ica l ly  in paral le l . w i t h  t he

electrode plates alternatively connected to two strapping electrodes.
The completed ESA package weighs about 8 lbs , is  5 inches thick and
has a capacitance of 0.llpF, A picture of the unit is shown in
Figure 7.

The ESA was surge-tested with the pulser described above ,

The unit survived consecutive 40 coulomb surges. At this level the
peak current was 6.5 KA at 1.1 KV. About 35 kilojoules was abso i-bed
in the unit. The vol tage and current wavefor ms of the test are shown
in Figure 8.

From the test results one can conclude that w i th  the
present technology it is feasible to design a high energy sol id
state ESA using a limited number of large area MOVs at a moderate
material and packaging cost . The ESA so designed can be used to
replace conventional spark gaps in some applications as a primar y surge

protect ion device , Mature MDV technology capable of meeting EMP

requ i rements  will provide ESAs an order of magnitude less  expensive
tha n state—of—the—a rt spark gaps. However , the C l a m p i n g  v o l t a g e
at this solid state ESA is high compared to the spark gap, which ma y

be a drawback and should be taken into consideration in app l icati r .
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ABSTRACT

Lightning is a natural phenomenon which pose s a potential  haz ard t people ,
structures , and equipment unless adequate protection is pia vi Ied . The r \ I s a  of
protect ion rectuired is i-elated to the nature and t’unct ion of the facility . The dc—
cisiori making process involves a numbe r of interrelated factors w h i c h  should i t e
cons idered when determining the need for protection .

The Uni ted  S t a te s  has two nat iona l ly accepted protection standards a~ ai 1:iir1u
to satisfy the nec- is of protection . The L i g h t n i n c -- Protect ion Code is sponsored by

the N ational  Fire Protect ion Association N F P -\ 78) and :rci ’ci ted by the -\men-jcan

National Standards Institute AN SI C5.  ii. The Under-vi-iters ’ Laboi-atorics sets

for th  the 1-c q uir en ’ e a t s  L u -  a Master  Lahel~- i  Sy s tem in their F L 9hA . A sc - s t e i n
installed in accordanee wi th  tire requirements of FL 9r ; :\ can be issued a Master-
Label ee r t Lfj c : r t - . Sy s tems  conforming to either the U T . or - N I- ’P . \ standard provide
adequate ; t i ’o te r t i OO if ins tal le  I p roper l y and if p~- r - i -a lic inspections ar e per-f - rmed
to insure the continue d in t e ~~r - i t - , - of the installed system.

A c o mp r eh e r m i v e  a uu- vev of l ightning p i-otection s\’stems was c~ n 1uctc - t it

six FAA fa ci l ir  u~~s. The su r v ey s  reve aL- I mans- do ’s and h-n ’tz. Soni c- of the more

i c-iou - def ic ien ei a. along wi th  some of th e  good I t r ac t i c e s  arc high l ighted in t h i s
pape r. I an c - l ea  of two def ic iencies  found dur ing  the sui ’ve v are ex c e ss i ve  spacing
lit • tw e~~u r a i r  terminals  and ai r -  terminals shorter  than sur rounding r o o t — i c - o u r - t e l
objec ts. Othe r fr equent  J ’f ic ienci t s are improper  bonding pract ic es u t i l i z ed  to

~ rnu n d  roof—mounted  oi j c - c -t s  and roo f - ’ t own conductors .
The resul ts  of the -~u i -v evs  emphasize  that  periodic inspec t ions  are necessar

to ‘-eve al poten t ia l  prol) 1c rns result ing  fm m cat -c-less  i n s t al l a t i ons  r n - i  the k velop—
ment of corrosion at conne t ’t  -s anu fasteners .
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LIG1I ’1NINc - PROTEC’I’ i O N  FOR F A C I L I  ii ES

HOP S I NE ELI-I I H E c  I (I I - IQI 1 0> 11-I N I

R. - S m i t h
i n c - c  ring Exper iment  S ta t ion

(- eorg ia  I n s t i t u t e  ol lccli nology

~\t l a n t o , (;c-0r0 i - . i  30332

1.

Lightning is an cloc tri ci l 1 is clt irge phenomena that o c c u r s  in the

atmosphere and to tire earth’ s s u r fa c e .  Lightn ing is both ~i ht-:r uti fu l

and a terrif ying sight. Unfortunately, lightning is trn control Lilt le ,

mostiy unpredictable , and frequently destruct ive if the  at roke d i r e c t  lv

hi ts  an unp ro t ec t ed  o b j e c t .  This  paper ex p l o r e s  t h e  f a c t o r s  w h i c h

e s t a b l i s h  the r e l a t i ve  need fo r  p r o t e c t i o n , reviews tire princ ip les of

pro tection , and d i s cu s s e s  t h e  > I i s t c r  I ab e l e a  Li g h t n i n g  I r o te c  t ion S v s t  c - t i .

Findings  obta ined  dur ing  a r e c e n t  5cr  ic - s  c - I  su r v e y s  ol  F\-\ f i c  11 it Ic-S

are used to illustrate some of the common cod e violations which are u t a d e .

2 . NEED OF PR OTEE ’I I ON

The relative nc-ed for lightning protecti on at  a i a c i l i t v  is dependent

on many factors sin -h as:

(a)  ‘l’ype or l i-urge of facility;

( h )  Personnel  s at  t t  v;

(c)  Prevalence of l i g ht n  i t i g ;

(d)  Type of c o n s t ru c t i o n ;

(e)  E o n t e n t  s

U) Eronorn ic r i s k s ;

(g) Degree ot Isolation (relat lye  hei ght  of sur round 1mg s t r t r c t  n r c ’-

(h)  Type of t e r r a i n ;  and

( i) Heigh t  o ’ s t r u c t u r e .
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A pragmatic type  of risk analysis is suggested by the British* for

aiding the decis ion—making process .  The analys is  weighs the seven f a c t o r s
of :

(a) Usag e of structure;

(b)  Type of construct ion;

(c)  Co ntents ;

(d) Degre e of isolation;

(e) Type of terra in;

( f )  Height of st ruc ture ;  and

(g) Rel at ive lightning incidence.

To perform the analysis , a set of applicable conditions -ire listed for

each of these fac to r s .  This l ist of conditions helps the analyzer assign

the par t icu lar  fac to r  a risk inde i number wi thin  a range of 1 to 30 depending

upon the relative critical i ty of the factor. Examples of types of structures

and the risk index numbers which could be applied to the usage of such struc-

tures are as follows :

Type of S t r u c t u r e  Risk Index No

Building housing general public 10

Fac i l i t y  housing e lec t ronic  equi pment
for air t r a f f i c  control 30

Private homes 2

To cont inue the  assessment , the condit ions for each of the other f a c t o r s

are l is ted , and the r i sk  index numbers for  t h e  p a r t i c u l a r  f a c i l i t y  ir e

assi gned . The r e l a t i v e  need for  p r o t e c t i o n  fo r  the o v e r a l l  f a c i l i t y  is

indicated by the sum of the r i sk  index numb ers .  The requ i r ed  sum t o t a l

ot the index numbers is open to s e l e c t i o n .  Tire B r i t i sh u se the  number

40 as the i r  c r i t e r i o n ;  however , ot her sum t o t a l s  may be s e l e c t e d  dependi n g

upon c i r cums tances .

*“ The Protect ion of St ruc tu re s  Aga inst L igh tn ing , ” B r i t  i sti S t a n d a r d Cc - t i e
ot P r a c t i c e  CI ~ 3 2 6 : 1 96 5 .
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The dec i sion  to p r o v i d e  p r o t e c t  ion  r ’tav he cased r~r ima r ily on one

f a c t o r  a lone.  Some p o s s i b le s i ng l e  fac i~~ro ~an he personne l  s a f e t y

r e q u i r e m e n t s , reduced i n s t i r u t ce r a t  t i —  , o r t o  meet an i n l o t s e d  lightning

p r o t e c t i o n code .

3. PR I N i I i ’ l l - S  t I E  P R O T E C T I O N

Three c - m  3 r ec1ui rement s must be f i n  f i l l  e l  t o c-ro y ide  p r o t e c t  ion

i t ’ u i n s t  d i r e c t  l i g h t n i n g  s t r i k es  to  a s’ ‘u c t u r e -.

(a )  A conduc t  iv e o b j e c t  must be p rn v i ue d  to  m t  c - n t  - onal  l v  : t t  L r a c t
the leader St rake

(b)  A p at h mus t  be e : -tab li shed  ti -u t  j o i n s  t h i s  oh~ c - c t  to  ea r t h
wi ti~ sr i -h a low impedance that r€  d i s c h a r t ’, e f o i l  ows it in
p r e f e r e n c e  to  any o the r :  and

( c)  A low r e s i st a n c e  connec t ion  must  he made w i t h  t h e  body of
the e a r t h .

One approach to s a t i s f y i n g  these  r e qA r e me n t s  is to  i n s ta l l  an inte-

gral protection system consisting of air terminals and roof and down con-

d u c t o r s adequately terminated to a properly configured earth electTode

system . Another means of meeting these requirements is to est ahl isl t a

cart e o f p r o t e c t i o n  ove r t i r e  f a c i l i t y  by e r e c t i n g  a su i tabb  (ipotal) tower

or a combina t ion  of  such towers  w i t h  a low r e s i s t a n c e  c o n n e c t i o n  to e a r t h .

The sys tem u t i l i z i n g  air terminals  and roof/down conductors is ti~ ett

most common ly on b u i l d i n g s .  The cone of p r o t e c t i o n  me thod  is  r amm on lv

used on power transmission linc-s and fuel storage systems . This p ipe r

will emphasize the air terminal approach to protection.

4. LIC.fl rN INC PROTECT I ON CODES

The l igh t n i h g  p r o t e c t i o n  system should  con fo rn  to an a c c e n t e d  se t

of g u i d e l i n e s .  Codes and s t a n d a r d s  h - r y e  heen  c - s t a h l  i shed  in  m a n y  c oun t r  I t s

t o  p r ov  I ~le the n e c es s a ry  guide.l  inc- s . Eve r~’ c od€ or r e qu i r em cn t  has one

t h i n g  In  conmion and t h a t  is d i v e r t  i n s ’  a d i r e c t  s t r i k e  t o  e a r t h . The p r i m ;r r v

1 I f f e r e n c e  in t l i t ~ v a r i o u s  c t t d s -~ is t he p h i l o s o p hy  used In  a c l i i ev  in c  an

e f f e c t  lye  p r o t e c t  ion sys t  i n ,
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The I n i t e c t  St a t e s  has t w o  na tioir;uilv accepted cod, a: tire National

Fi r, Prot~a- t i o n  Assoc i r t  I in ’ s Li - I t t  n I ng P r ot e c t  ion ( l o t t e  ( - \ N h  1 ( 5 .  1)  , and

t ir e Cn -te rwri t e ra ’ l a h o r i t  e r i c - s  M u s t e r  L abe l ed  I i g h t n i n r  P r o t e c t i o n  Sy s te m

(St uii d.-srd I I .  QbA )  - The r i - q r t  i r e rn ents  ot  t h e s e  tao codes I r e  q u i t e  similar

and r re p r o b a b l y  e q i r a  l i v  n t  i i i  zed Ofl St rim- t tru es t It r ot  o u t  t h e  na t  i ‘n .

‘f he ma j or di f fer~-nc e he twc-t’ri t ia two is t hat  t i r e  N - r a t e r  Label  can

c~-rtif ted upon both a fact orv inspection and labeling of  t h e  I igi -utning

protect ion  m a t e  n a  Is and upon p e r f o  rm iir  cc- of a f t e l  3 i - t s p i - c  t i on  b y an

t a  l ion :-~ei  in su e c  tar .

PR O CEDURI ’  FOR A COP I R i M  A MAS TER LABE L

A ssum e t h a t  i t  h-i s t i - e l i  d et  e rmin ed  t h a t  a I i g h tn i n g  p r o t e - t  ion s vs t e r i

is required on a new or existing I - i c ill t v . The proctirement specification

shou Id  m d  icate s-b e t  ( i c r  t h e  svi- ; t em is to be a c er t  i f  i t t I  > N r s t c  i - 1db 1 t i 1

System jr accordance with tire EL 90-\ or a non—cert if ied s~ st i-rn install ed

in i c c o r t l a n c t -  with the NI-i A— 78 or UI 96A.

Let ‘ s : u u s l I m , - the sped f icat ton requires tha t -~ ce r t i f i e d  M i s t e r  i~~he  I

S y s t e m  w i l l  be i n s t a l l e d .  T h e  first step in acquiring a certif ied system

is t i  des ign t h e  system using tire gunidel iSi s set  f o r t  h in t Ir e I I .  °~~ - Tlr i s

des igir ma he ,lone in—hort se or by an a r c h i t e c t u r a l e n gi n e e r  l o t ’  f ira . ‘then ,

co n a t  r t r c t  i o n  of the  sv a t  c-nt I s  i ’ o nt  r r c t ~~d out ~nd t h~ c e n t  r t r c t o r  d e s t i n i e s  tire

respo n s~ bi ~~i t v  t a r  s u p p ly i n g  t Ire c e r t i f i e d  i - - v a t - m t .

A n o t h e r  means of  a c q u i r in g  t i r e  ~ t t  ~- r I u i ’ e l  i s  t o  - i-nt r - i , - t f i r  bo th

d e s i r n  a nt .! c a t - a t  ‘r u t  ion t h r o u g h  a Cl—a pprove d noi riruf ;ui - t u r e r  of 1 is’li t nin g

s a t  ion  equ i pmen t . Oft en t I’ is  t o t t  e is the  ,urs i e ~~t me ans of  r c - ’ t  t ira-  a

c-~-rt 1 i ed s stem.

l a . i :  co ’i p l s t  ion of t h e  r:- ~t u 1 I u t  i on  and the fie ld inspection , the

app  I - i t  ion is s i goed by t he ta ii - r and cont  r ac t or and f o r ~~arded  to t i r e
t i l t  a’ r t r t r i - - . ~t iI ~- ta - r f t - rs ’ hahori tori -i then n , - t t i r n t -  a

2 — 1 / 2  y i’ b r a s ; ‘-ld~~t ’ r  I,iia - l for at  t I c t ttfl, ’Ilt t i  t ire f r c l l i t \ ’ .

The p r - u i - m i - n t  if ;~ i glitn ing protect i o n  a v s t ,  rt in s t i l i t - - I in  a c - i ’i -~l - t i a — e

w i t h  the Ni- ’i’ -\— 75 iu o1 ’~ ‘ a j i r -  cs - - h ur t ’ th at i s  h a s i i - - u i l ~ t i r e  same as th i r

for r c-c -r I if l ed  e v st  s -rn .  E ’ s -v i - , i - b - -a r  supervision w i l l  he nect -s’- r i v  t o

i n u i r r , - t h u t  t ire s v s i s ’n i s  i n s t i l l  1 ta r e q r i i r - d  by t h e  ‘ i i i - .
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The itret ;u l in t ion of t h e  1 ig lr tn ing protect ion sv- ; t c-nt dor a not  nm -an

th it i t  can be i r ’ l t r e l f~~re- ’ s r  . ( e r i c - g t e  i n s t - c t  ions should  he p er f i’n- ed .

Over a p e r i o d  of t i r . r - , a i r  t i  rm i n al s  cd i i  he 1 n r a c - ~ -d by d i r e c t  -i t r i te s , - n d

corrosion on conn ec  t a r s  an d a t  i i  n t s  cmiv I n c r e — t s & -  t i r e  I i  t ’ b r t n  i n n  pa t i r

rt:’s istance. Aiso , the insp r-ct ion can r e v s -a t unprot c- t e d  a r ea s  or w h e r e

addit ions to  the structure have not  b c - c - t i  p r op e r l y u r o t  e c t e d .

b . c0~~-io~: l I CH UN I N C PR OTECTION SYSTEM D F F I C I E N C I E S

The o v e r a l l  r i - n u i r e m e n t s  of e i t h e r  El. 96A or N F P r - 7 8  are too  l en g t h y

to expand upon in t his p a p e r .  The re fo re , j u s t  the most c omman l ’- abused

pra c- t ices observed d u r i n g  n - c s - n t  surveys are i l l u s t r a t e d .

N a t t y  F-\ \ fa cilities , particularly Air Route Traffic Control Centers

(ARTCC) , do h ay s  - - -tntpcehensive l ightning protection syst c-as i n s t a l l e d

b l o w s -v r , as t i na i ri s p assed an d a t  ri te tural changes hivi - ~~ mad e  r h~-

I i g h t o in g  p r o t e c t i o n  sy s t e m  has no t  a l w a y s  been u p d a t e d  t e  in s u r e  t h a t

it coot inur- s t o  provide its original le~- ree of protect ion. 1-’ictirre s 1 to

7 i l l u s t r a t e  sit mi - a r c - i s  where proper at tent ion h a s  n o t  been paid t o  t h i

d e t a i l e d  r e q u i r e m e n t s  of  t h e  codes .

6 . 1  
- 

A i r  Te rm in a l L o c a t i o n  and

Air terminal location and h e i g h t r e lat i v e  to o bj e c t s  to  he

protected a r e  two impor t an t  f a c t o r s  w h i c h  i re  commonly  o ve r l o o k e d .  P i t a—

ltral )ha 22 and 30 c-f the  UI, 96A r e q u i r e  t h a t

A i r  t e r m i n a l s  s h a l l  i - a t  end above the  o b j e c t  to  h5- p r o t e c t e d
no t les~ than 10 ir~c h i & - s  or n c - r i -  t han  36 inches  . - . “

“t e t a l  cupolas , v e n t i l r t o r s , f i ni a l s , sp !res , f l ip - po les ,
r a d i o  s t a f f s , t - l ev i sio n  and FM a n t e n n a s , ch imney  e x t e n s i o n s  u n i t
ca ps , or - - t i l e r  pe rmanent  met  i i  e l eva t i ons  shal l  he bonded t c- t lit
vs in I i g t r t n i n g  c o n d u c t o r ,  A i r  t e r m i n a l s  sha l l  he o p t i o n a l  on

su ch me t— i l e l e v a t i o n s  i f  the  m e t a l  i s  of suf f t c  i s - n t  at  r , n - i  ii i n t l
con t a c t  i v i t v  to  a p p r o x i m a t e  t h a t  of o st a n d a r d  a ir  t e r m i n a l

Two - X l i l t )  - i  of t l i t -  above d r - f  I c  i c - n c  i es iii - ,- shown I n Ft gures l and ‘ . N- - t e

t i r - r t  t ’ i c - t a l  I i c  oh l e c t s  s i n - h  is u u r t t - n n a s , an t  ‘u n - i  m a s t s , a i r  ~- e i i t  a~ t ’x h r a i s s t

v o t e , ‘ i i i r l r i i b s , ‘i c .  s - i ~t e n I h i - h r t h an  t l t ’ a i r  I s c a i n r i s .  H i -  I i r ’ t i t i ; i n g
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Figure 1. Security Light Extend s 3 Feet Above Air Terminal.
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Fi g u r e  2 .  \~ - \ l  r Tc- r m i i r ; u l s  sin C r u a r t i r a  1 1 5 .
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s y s t e m  serves no f u n c t i o n  in t h e s e  ar e a s  since an i m p e n d i n g  l i g h t n i n g

s t r o ke would s t r i k e  one of t h e  h i t - l i e n  o b j e c t s  i n s t ead  of the  -r i r  t e r m i n a l .

6 . 2  A i r  Te rminal  Spac4~~

In a d e q u a t e  spac ing  of a i r  t e r m i n a l s  is ano the r  f r e q u e n t l y

encountered deficiency. A i r  terminals should he such t h a t  t h e  i ncoming

s t r o k e  w i l l  have a h i gher  p r o b a b i l i t y  of s t r i k i n g  the  t e r m i n a l  rat h er

t h a n  t h e  s t r uc t u r e .  The r e q u ir e m e n t s  of UL 96A are t h a t :

“ - h r  t e rmina l s  shall, be p laced on r i d g e s  of gab le , gambr e ] ,
and hi p roo f s , around the p e r i m e t e r  of f l a t  roof s , and on the  cc r n e r
and edges of gentl y slop ing roofs at intervals not exceeding 21 ) f e e t ,

- I - I c c - p t  t h a t  a i r  t e rmina l s  24 inches or h i ghe r nay be placed at ints-r-
v i l s  not exceed ing  25 f e e t . ”

The r i - t e n t  surveys r i - v e t s  I ed a i r  t e r m i n a l s  spacings rang ing  f r o m  16 to 26

feet with -u I ou t  of every 16 exceeding the 20—foot separation distance for

24 inch t e r m i n a l s  (see Figure 3 ) .  To meet code r e q u i n r ’n t e n t a , a d d i t i o n a l

a i r  t e r m i n a l s  should be i n s t a l l e d .

6 . 3  F l at  Roof ~~~~~~~~~

Co mp le te  p r o t e c t i o n  should he p rov ided  f o r  l a rg e  f l a t  r o o f s .

This protection is sometimes neglected on roofs which are very wide.

Paragraph 26 of UL 96A req uires that:

“El at  or gently slop ing roofs which exceed  50 fc -e- t in w i d t h
sha l l  have a d d i t i o n a l  a i r  t e r m i n a l , on the  f l ; r t  or gs ’ n t l v  slop i n g
areas .  Such a i r  t i c -m i n a l s  shall,  be p l tu - ed on t i r e  c o n d u c t  or a t
i n t e rva l s  not  exceeding 50 iti- t

-h t y p i c a l  examp le  of where t h i s  r e q u i r em e n t  has been o v e r l o o k e d  is  t h e

Atlanta ARTCC building, also shown in Fi gure 3. —1 m a l o r  P o r t i o n  ot  t hc-

main ARTCC building is approximatel y 80 feet wide with no in ’ -n or air

t e r m i n a l s .  F l a t  r oo f s  t h i s  l a r g s -  s h o u l d  have e x t r a  a i r  t i - m i nu s i r i s t a l  i t r i

in t he manner  i i i  us t r i t i - r i  by  F I gure  4
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M e t a l  ohjects near the lightning roof and down conductors poss-

a p~~t e n t i al  haza rd  of f l a shover  i f  proper  g r o u n d i n g  ( ( -ro s s  b o n d i n g )  prac-

t i ces  are not observed.  In Para gra p h 81 , It ! .  96A r e q u i r e s  a common t - r t r i i i d

f o r  the e n t i r e  sys tem , to wit:

“Common grounding has been r ecogn iz ed as t i n ’ most e f f e c t i ve
method of e l i m i n a t i n g  side f l a shes  r e s u l t i n g  f rom a li gh t n in g
d i s c h a r g e . The re fo re , s t r u c t u r e s  p r o t e c t e d  by a M a s t e r  Labeled
lightning protection system shall have all ground ing mediums bonded
t o g e t h e r .  This is to  inc l ude a l l  e l e c t r i c  and t e l ephone  service
grounds  and o t h e r  underground m e t a l l i c  p ip ing  sy s t e m s  w h i c h  e n t e r
the  s t r u c t u r e . Such p ip ing  systems include w a t e r  se rv ice , gin s
p ip ing,  unde r groun d con d u i t s , unde rg round  I~P—ga s p ip ing sy s tems , e t c . ’

“ Caut ion sh ou l d b e exerc ised to avo id  bo n di n g to  p ip i ng sy s t e m s
which  have sec t ions  of p I a st ~~c p i pe unless such s e c t i o n s  are b r i d e s - tI
b y a l eng th  of m a i n — s i z e  c o n d u c t o r . ”

An examp le of t he  lack of a d i r e c t  conuiron ground is shown in F igu r e  5.

This f i gu re shows several m e t a l l i c  o b l e c t s , i . e . , Power condui t , f e n s -es ,

and an exhaust vent , within inches of a down conductor , v et  no common

bond is provided. However , Figure 6 shows ano the r  s i t u a t i o n  in w h i c h  a l l

metallic obj e- ts are properly cross bonded to  the  down c o n d u c t o r  in u c i - o r—

dance with UL 96A.

6. 5 ( h r n  r il e

Down conductor guards are i ns t a l l ed to p r eve n t ph y s i c a l sttu s i i r ~-e

and d i s p l a c e m e n t of the conduct or , Guards should he made ol nonme t c i i i  c

or nonferrous materials. Unfortunatel y , i t  is c ommon p r a c t i c e  t o  use

f e r r o u s  m e t a l  guards .  I f  i ron or s t e e l  condo it is u sed is the c - r u n t  1 , I t

should  be bonded in  a c c o r d a n c e  w i t  ii P arag raph  4 ci t h e  il l , 96A , wh ich  s ay s :

‘‘ I f  t he  conductor is run through p ipe or tithing ot i r s i i i  or
steel , the conductor shall be bonded t o  t hus’ t r i ( ’  and hot  t o m  of t h i s
p l p -  o r t u b i n g .  Only  one bond (at  the  t o p )  shr t i  i i  he r e q u r  I red i f  t u e
pi pe or I u b i n g  Is  of copper or o t h e r  a c r e -p t  ab l e  n o n f , - r i s s t i e  m e t . r  I -
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Fi gure  5. Lack of Cross Bonding Between Down C o nd u c t o r
and Adjacent Conductors.

-
-

Fi g u i r s -  6, Down I s s u r s h u u s - t  or ( u -oss It on de d t o
‘h ’ ’ir h ’’~’ M t  a l l  I c  Oh ~s’c t s .
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Numerous ferrou s down conductor guards were found to he o p e n  t n t  one n

b o t h  ends at t he  i n s t a l l a t i o n s  in spec ted .  Figu re 7 i l l r n s t r a t ’ t  an

imprope r ly  b o n d e d  s ’ u r t n r d .  Such c o n d i t i o n s  should be cor ns  - t e d  t o  i n s r r r s ~
t h a t  b o t h  s-nds o f g ni -n rds  a r t  p r o p e r ly  bonded to  the  1 i u ’ h t n i  ng down con—

— doctor.

7. EL ’!~t\EY

Li ghtnin g is a natural phenomenon w h i c h  poses i- i p ot e n t i a l  h t u z : r r 1

to pc-op 1 ~
- , st rru ct un res , and equipment unless adequate pro t e c t i o n  is p r o —

vi le d. Tine type of p ro tec t  ion r equ i r ed  i.s r e l a t e d  to t h e  n i t u r e  an lunc—

t ion of tie t’,-rci l i ty .  The dec i s ion  m a k i n g  process in v c t l \ - e s  a nu mbe t  of

m t  - -i - nc lated factors which should he considered when d e t e r m i n i n g  t i l e  niec i

for prots-ction .

The I n  i ted States has two nationally accepted p r o t e c t  ion  St  : u u n d a r - i a

a v a i l a b l e  to  sat  isf y t h e  needs  of prot ect ion. Svstor-i s conf trm i rig t o  c - i t  - s r

t he  1 1  or t-] I-i’A st :rnd ird prov ide : i d i - q r r : u t e  p r ot  s c t i o n  if installe d pr op erl y

and  i f p e r iodic insp5 -5 - t ions art - perf ormed to insurt - t h e  cc -n t  m i n e d  lo t e s ’r i t -

of the  instilled system.

A co m p r i  Is -n s ive -r r r \ ’e ’~’ o f l i g h t  n i n g  pro t e e  t ion s -v e t  c t - i - c  v l s I .  c c - u i - d u e  t e d

- s t  s i x  F \ -  fo e  i I i t  ic -s  . T i n e  s i ur v i - -~- s reyetn 1 e ,h ml , univ  do ’ e a rd don ’ t s. Son ic-

o f  i- s i -  -- lire obvious deficiencies i - risin g with some of the good p r ; i c t  i 5 e s  a-

eli I i- I r •‘d in tlr is paper. l i r e  r e s u l t s  of t he  survey s  emp h i a s i  i~ t t r a t

pe riod ic i i i -  spec t I r u n s  are n e c e s sa r y  to r - ~ -~- tu  I t he  s~x i s t  t i r e s -  o f  di f i c I s - i - i c  I ts .
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This paper indicates how existing theoretica l and experimental knowle-i-

concern ing grounding r equirements for the pro tect ion of structures in general can

be implemented for the special case of the transportable SATCOM terminal .
The paper begins ~- ith a description of a typical SL\TCOM terminal and gives

te i-mina l specificatio ns in detail (Sections 2 .0 and 3.0), Section 4.0 discusses
“Protection Requirements ”. General protection requil eme nES are that tran s -

port ab le SATCOM terminals  must meet performance 1-equiremente , must not be
dam aged by direct lightning stroke s, must not be degraded beyond af lovab le  tolerances

due to th e eff ect of an electromagnet ic pulse (EMP I , and must be safe fo t- personnel

work.

\Ioi~e specifically, under the heading “Performance Requir ements , - ‘  an adequate

grounding system is described , including a d e scription of site ground field s.

‘Lightning Protect ion ” f or antenna s t ructures , equipment shelters , combined

protection , power modu les and the role of electrical surge arrestors is covered
intensively , as is “E MP Protection ” fo r antenna structures, equipment shelters

and power modules , electrical surge arrestors , cable shields and connectors ,

and cable routing. Examples of grounding systems for two configurations of

tr ansportable SATCOM terminals ai-e compared under the heading “Typical I i —

stallat ions ” (5.0).

In summary (6 .0 ) ,  the paper concludes that the same principles which pr ot e c t

power lines , radio and t. v. tr ansmission towers , houses , etc ., f rom the e ffects

of lightning mcccl to be ad apted and incorporated to the greatest  extent possible to

protect transportable SATCOM terminals. With additional a~ :tpt ions these san-re

principles also provide protection against the r ’ffects of b -~~1P . The crucial  p r o t e t ’ t ion

in both cases is grounding.
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1 .0 INTRODUCTION

Transportable satellite communication term inals , simp ly because of the ir trans-

por tabilit y, encounter a number ~ grounding problems . They require protection systems that

are able to function proper l y in extremel y different environmen ts as unlike as Arctic tundra

and African des -rt , beachfronts and mountain tops . If the van—mounted equi pment and a n t e n n a

structures are situated atop a mountain or are the hi ghest objects in an area , for instance , they

become more susceptible to li ghtning and electromagnet ic pulse problems than at lower levels.

Site soil conditions , rang ing from granite to quicksand , pose additiona l problems. Unfavorable

site resistivities can make grounding or ‘ earthing ” of terminals a most formidable task .

This paper will indicate how existing theoretica l and experimenta l knowled ge

concerning the protection of various types of structures con be imp lemen ted for the special case

of trans portable SATCOM Terminals.

2.0 TYPICAL SATCOM TERMINALS

A basic SATCOM Termina l consists of an equi pment shelter (or van~ wh ich houses

the various types of electronic equi pment (transmitters , receive s, modems , processors,

environmenta l control equi pment , etc .); an antenna structure of one type or ano ’H -- t ; a pows--

module (if the terminal has no access to local ut lit y power ma i risl ; a site ground 4 eld ; arid the

associated cablin g required for communication , status indication , and control betwoo n all

com ponent subsystems . Such a system is shown in Fi gu re 1 .

A somewhat more comp lex s ystem s i l lus t ra ted in Fi gure 2 . Here an e lec t ron ic s

module at a remote s ite may communicate wi th a control s i te over a l ine-o f -s i ght m icrowave

l ink of many miles , perha ps 50 to 100 miles , w ith environm enta l c onditions ex t r e m el ’ i- d i f f o -  ,“ s t
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at each site . For examp le , the remote s ite termina l could have been located on a snow covered

rock-based mountain rid ge while the centra l site is settled in a moist fertile valley p lain.

(Th e power generators have been purposel y omitte d.)

3 .0 SPECIFIC ATION REQUIREMENTS

Today, trans portable SATCOM terminals are required to wi thstand , wi t hout

damage , the effects of direct li ghtning strokes . More and more they are being required to

w ithstand the ef f ec ts  of exo—atmospheric nuclea r detonations , which ore the source of EMP .

And , as always , an adequate grounding system must be provided to assure that ~ne instal lat ion

w i ’ ’  meet its performance requ irements . Military specifica tions suc h as M IL_ STD_ 154 1 , 1 
MIL—

STD- 1542 ,2 and MIL-B-5087 (ASG ) ,3 which spec if y bonding, grounding, shielding , fi ltering,

and li ghtning protection procedures are being imposed . Mil i tary specifications such as MIL

STD -46 1A ,
4 MIL-STD-46 2 ,5 and MIL -E-6051D ,6 which specif y radiated and conduc ted

em issio ns and suscept ib i l i t y  l im i ts , t.-st p ro - s ’ i l , r es , and electroma gne tic co m patabi l i t y marg ins

are be ing im posed . For term inals to K0 lo o ted in ~‘ s ’s ter n Europe , var ious C ISPR - C o m i t e

Interna tiona l Special des Perturbat ions Radiocl e r tri ques — Interna tiona l Special Committee on

Radio Inter ference ) regu lat ions concerning inter K- u onc e co ffi rol and safet y procedures app l y.

One of the most fami l iar  forei gn spe cif icat ion s being app lied to U.S. —made equi pment is \c DE

0875 .~ VDE is the abbi eviat ion for Verband Deutscher El ektrotech n ik e r , an associa tion of

West German eng ineers , com parable to our ow n Inst i tute of E l e c t r i c a l  and F I e u ~~ o n -  Eng in eou-

‘ I E E E ) , comb ined wi th the Underwr i ters  Laboratories (UL~ who have an ef fec t  on \‘~ est German

leg islat ion . VDE partici pates in C1SPR , an d many requirement s are common . La ’ t but by no

mean’ I ’ -oc t , mor e - y c t o m s  are be ing requi red to be desi gne d in a cordnr rce w - t h  th~ De fens e
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Nuclear A gency (DNA~ Handbooks - DNA 21 13H-1 ,8 DNA 2 1 13H-2 ,
9 and DNA 21 13H-3 ,

wh ich g ive guidance for protection against the effects of EMP.

It would seem at first g lance that it mi ght be impossible to sat is f y a l l  o f the above

requirements at the same time; to be sure , compromises must at times be made to assure ha ’

m is s io n cr i t ica l performance i: g iven its proper priorit y along wi th the safet y of personnel and

equi pment .

4 .0 PROTECTION REQUIR EMENTS

From a simp l ist ic stan dpoint , t he four basic requ irements imposed upon a trans-

portable SA TCOM termin a l are that:

• It must meet it s per formanc e requirements .

• It must not be damage d by d irect  l ig htn ing strokes .

• Its specified per formance parameters must not be degraded beyond al lowable

toI~~ances due to the effects of EMP .

• It must be safe for  personnel to work , in, on , or a bout , regard less of

natura l or man—made env ironmen t o l condi t ions.

A .  Pe rformanc e Requirements

Su f f - s -  i t  tn  ~ay that some m inimum grounding cy s t e m  is required to assu r e t k~~t th~

s y s t em w i l l  meet i t s  r e q u i t m e r t - : ~ r e l a u i v e  to performance spec i f k a t i o n c  and that a su~ ’i b f -  one

including a s i t e  ground f ield , has been det erm ined , des igne d , and in s t a l led . Th k may be a

iri rj l e— poi nt ground sys t e m (al so cal led ‘ crows— foot or Chr i s tmas - t ree ” g roun d s y s t e m s ~ or a

mul t ipo int ground sys tem either pu rposel y, inadvertentl y ,  or th rou g h care ful - om p omise ) . It

ma y require anywhere from a 1 — , 5— , or 10-oh m D. C .  ground rp -ktnn ‘o ea r t h t o no purposefu l

ground con ne- t ion . The techni ques for assurin g an adequate sy st em q u or  : d  f or pe rf orman-
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purposes l ie essent ia l l - -  in providing adequate gauge copper grounding conductor s , nt er  ~a c e - ~ at

busses or common points in a manner which  minimizes the inherent added res is tance o f o n -i

connection; i n prov iding suitable protection against corrosion and galvan ic action th ough t he

orefu l choice of mater ials arid p lating; and in providing tL- ~ desi gn of t h-~ si te ea r th i ng ~i~ lJ ,

af t e r  tak ing into considerat ion the chara c ter is t ics  of the soi l  condit ions at rha~ par f i  Jar ocn~~~on -

B. L i ghtn ing Protect ion

The fundamental character i s ~ic of a li ghtn ing protect ion system for a

Termina l is tho~ it be devised so that the current produced by a d i rect  ~troke may ere e’ o’ leave

the earth without passing through either a nonconducting part of the termina l elemen~ ’. or t hroc-i n

a conduct ing portion of the elements which would be unable to pass the c ur r en t  without su f e flQ

damage or catastrop h ic destruction . As previousl y i l lus t ra ted in Fi gu res 1 an d 2 , rep r esenta tive

bAT C OM terminals consist of an antenna tructure , an e lect ron ics  equipment she lter (or vant ,

and in many instances (althoug h not a l l ) , a pow sr u module consis i ng of some t ype o~ in er nd

combustion eng ine—generator set , or batter y— nve rte r set , or both . Si n e the antenna ~t r u c t u r

portion of any termina l is usuall y the h ghest of t he three basic e L - m o n t - , the re  is a -~-e y high

probability of it becoming part of the lightning cur ren t  path . ~he other u n i t s , K g ¶ -o m ewh a t

lower usua l l y ,  a r e  not us apt to be struck ; however , in many c ases it is des i r ab le  to p co v i dc  then-

w ith p r u t ec t ion  ju st in case . l a m  sure a l l  of you are aware of the fact  tfi .i l i ghtn ing s ver ,

strange phenomenon arid +nt there are many recor ded ~nsta i where it didn ’ t beh ave as i t

su pposed to .

1 . Antenna Structure s

The antenna i t s e l f  and t I—i s st ruct u res which -~~j pp ii i t  must hcrv s ’  ode- ,

protection to prevent li ghtn ing ‘ t r o k e s  from causing damage ~o “~~- - ~. ‘ --
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the transm iss ion l ines , and assoc iate d equipment located both on the antenr

structur e as we ll as in the equ ipment van . To provide an antenna with pro-

tection and to ensure that the strike w i l l  travel to ground by a predeterm ine

route , it is necessary to provide a path which has a very low impedance ov

the frequency spectrum generated by the lightning impulse . Essentiall y, th

predetermined path must ‘short circu it ’ the antenna and its supporting struc

One way of doing this , for antenna s w hose radiation pattern is not degrade

post specif ied performance parameters , is to insta l l an air termina l (li ghtnir

rod) to the uppermost edge of the antenna . This air term ina l must be long

enough so that an adequate cone of protection ’ is provi ded to enclose the

antenna itself and al l  structu ra l elements .

Fi gure 3(A) il lustrates the cone of protection provi ded by a sing le conduct

point , P, suita bly grounded . This fi gure is identica l to Fi gure 7—A of MIL

50878 (ASG ) . 
1 1 

~ may be noted that this cone cons ists of the space under

apex of an imag inary cone whose included ang le is 120
0 when rotated abo~

vertical line between the point , P, and the earth . The ang le of the conic~
0 o 1 2

surface relat ive to that vertica l line is , of course , 1/2 of 120 or 60

Such a cone is considered to provide 99% effect ive protection .
13 IF the a

of the con ica l surfac e relative to the vertica l is reduced to 450(900 includ

ang le) , the protection affor ded is said to become 99 .9% (refer to Fi gure 3

For reasons of cost—effectiveness , onl y the 60
0 ang le wi l l  be considered hE

Fi gure 4 illustrates a very bas ic antenna struc ture indicating how the air

-29 I-



GROUND

A . CONE OF PROTECTION — 1200 INCLUDED ANGLE

u. 1.73 H

B. CONES OF PROTECTION — 900 AND 1200 INCLUDED ANGLE
89592 3

F gure 3. Lightning Protective Zones Created by a Sing le
Conductive Point P, Suitably Grounded
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Fi gure 4. Li ghtn ing Protection of a Basi c Antenna Structure
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termina l is attached to the upper edge of the reflector , It is very important

to note that the air termina l base or holder must be bonded electr ica l l y to the

antenna itself to avoid “flashover ” di,e to differences in potentia l during a

strike.

Also noteworth y in the fi gure is the Lonnect ion between the base of the

air terminal and some common point on the structure supporting t he ref lector ,

wh ich in turn traverses the elevation bearing and is connected to the lower

por t ion of the antenna structure , from wh ich point a connection is made to

a lightning ground rod located close to or beneath the antenna structure , It

is not desirable that direct stroke current pass through the elevation gears or

bearings . The jumper cable bypasses or short—c ircuits that path . All  down—

conductors from the base of the air terminal consist of a suitabl y—sized

stranded coppe r cable such as welding cable. Each lightning ground rod

cons ists of a copper—clad steel rod, a minimum of 5/8 inch but preferabl y

3/4 inch in diameter , and of adequate length (consisting of two sections

for ease of installation).

A simp le protection system as described above is suitable for antennas which

are fixed in azimuth , or which have their azimuth adjusted by either physicall y

reali gning the antenna on the site , or for truck roof—mounted antennas which

may have their antenna base (the truck) “aimed in a different direction .

For the case where azimuth adjustability is designed into the antenna structure ,

provision must be mode to bypass the azimuth gears and bearings also. This is

-294-



done by rout ing a suitabl y s ized copper conductor down into the cable wrap

area where it wi l l  encircle the axis of azimuth rotation the required amount

to allow for unimpeded antenna rotation , It then exits the cable—wrap area

and is routed to a li ghtning ground rod beneath the antenna . All component

metallic members of which the antenna structure is comprised should be

electricall y continuous to the common bonding points on the upper and lower

antenna structures to prevent flashover during a direct stroke .

2. Equi pmen t Shelters

Most equ ipment shelters utilizing the SATCOM Systems consist of metallic

outer skins , and there is at least one ground stud connecting the metallic

shelter back to the System Ground Point (SGP) . To protect against the

possibility of a direct li ghtning stroke to the shelter with uncontrolled

current paths to earth , air terminals are usuall y attached to the shelter in

such a way that those currents are routed directl y to earth .

Figure 5A illustrates an equipment shelter which is protected by one

li ghtning rod . The assumption here is tha t tile a u termina l is high enough

to full y enc lose the entire shelter within the required 60
0 

“cone of

protect ion.” Figure 5B illustrates the use of two air terminals to protect

either a larger shelter or the use of two shorter probes rather than one long

one. In this case , for more efficient coverage , each pro be would be on a

corner diagonall y oppos ite to the other .

It should be noted that the air terminals may be mounted at any convenient

location atop the shelte r which provides the overlapp ing cones of protection ,
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F gure 5A. Equipment Shelter Protected by One Air Termina l

LIGHTNING
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GROUND
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89592-5

Figure 5B. Equipment Shelter Protected by Two Air Terminals
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as long as each air terminal has its own down-conductor and ground rod

located directl y beneath . The minimum bend radius in the down—conduc tor

must be 8 inches , and the maximum angle formed by the conductor should not

be greater than 90
0 . The air terminal or the down-conductor must be connected

to the metallic skin of the shelter at the highest convenient point on the

shelter to prevent flashover. In some instances , the shelter skin itself may

be utilized as port of the down—conductor system , or it may be used as a

redundan t or “backup ” part of it .

Figure 6 illustrates the use of multi p le air terminals and grounding rods to pro-

tect a complex of two abutted equi pment shelters . Also to be noted are the

height of the air terminals required to provide the cones of protection and the

fact that the shelter metallic skin is used as part of the down—conductor

System .

Figure 7 illustrates a possible connection of an air terminal at the top of a

welded corner-seam shelter , and Figure 8 is a representative coi~~ection of

the down—counter near the bottom of the she lter. The air terminal adaptor

and the down-conductor flange must be either welded to the shelter skin or

provided with electricall y—conductive surfaces suitabl y—p lated or otherwise

protected against corrosion .

3. Combined Protection

F gure 9 illustrate s how a sing le air terminal may be used to protect both the

antenna and the equipment shelte r (or vehicle) which supports ii. Fi gure

1OA shows a phased array antenna mounted atop its associated electronics
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9 FT 4 IN

GROUNDING RODS 
89592 6(5 PLACES)

Figure 6. Equi pment Shelter Complex Protected by Multip le Air Terminals

COAT MATING SUR FACES FOR
CORROS ION PROTECTION

BOLT TO INSERTS
IN SHELTER WA LL -

89592 7

Fi gure 7. Possible Connection of Air Terminal at Top of Welded Seam Shelter
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Fi gure 8. Connection of Down—Conduct or Near Bottom of We lded Seam Shelter

GROUND STATION

89592.9

Fi gure 9. Air lermina l Providing Protection to Bo th Antenna and Shelter
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AIR TERMINAL

S-280
SHELT ER

GROUND ROD

Fi gure b A .  S in g le Air Termina l Mounted on Antenna to Protect Both Antenna and Shelter

AIR TERMINAL

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

~~~~~~~~~~~~~~~~~~ 
AIR TERMINAL

S-280
SHELTER

GROUND
RODS 89592 10

Fi gure lOB . Air Termina ls Mounted on Shelter to Protect Antenna and Shelter
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equ pment shetten . Assuming that the air termina l wou ld not o~~e c t  t he

radiation patterns of the ‘ steere d” beam , then the use of onne such termina l

cou ld be used to protect both the array and the shelter . If for some reason it

was more desirable to install the lightning protection on the shelter rather

than the antenna then a scheme such as indicated in Fi gure lOB could be

imp lemented. In both cases it is assumed that the arrc’y structure is flxed as

shown and only the beams are adjustable in azimuth . It goes w ithout savi ng

that the air term inals wouicJ have an ef fect  on the rada t ion  pattern i~ t hey are

directl y in the path of the beam .

Fi gure 11 is an art ists concep t ion of on actua l tower (admittedl y not

tno nsporta ble~ upon w hich is mounted a mult i tude of antennas and which

contains assoc iated equipment she lters and other anci l lary gear w ithin - The

manner in w hich this particular tower is protected against lightning is illus-

trate d in Figure 12 . It should be noted tha t if the radome or canopy which

covers the antenna a top the tower wer e not supporte d by con ducting tubing,

but ra ther was entirel y non—con ductive , then discrete down-conductors would

be required between the air termina l around the canopy to the main down-

conductors . And if the air termina l were not high enough, there woul d be

a danger zone within the canopy as i l lustrated in Fi gure 8B of MIL-B—5087

(ASG~
14 

as reproduced here in Figure 13. The point to be made here is that

there is always some hei ght of the air termina l associated wi th the propen

protect ion of any structure . T he reason for including a d iscussion of a non-
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Fi gure 11 . Tower— Mounted Antennas

-302-

~~~~~~~



_ _ _
_  

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

AIR TERMINAL

ALUMINUM RADOME
FRAME MEMBERS

DOWN-CONDUCTOR
BONDED TO STEEL

-~~~~~~~~STRUCTURAL MEMBERS
ANTENNA CUP STEEL (SEVERAL PLACES)

BONDED TO TOWER WALL
REINFORCING STEEL

FOUR EACH COPPER CABLES
FROM RADOME BASE TO

~~~~~~~~ BURIED COPPER CABLE
AROUND BASE OF TOWER

TOWE ~~ 
~~~~~~~~~~~~~~~~~ L

GROUND RODS OF TOWE R
FOUNDATION

89589 I?

Fi gure 12. Li ghtning Protection for Tower—Mounted Antennas
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transportable structure here is to i l lustrate this point , s ince a radome could

be a par t of a transp on table term ina l .

4. Power Modules

In many cases, the power module (engine generaton or whatever is located

near enough to the protected antenna or equipment shelter to fa l l  w i th in  the

“cone of protection ” provided by the a ir terminals on those structures . If

this should not be the case, then an air termina l may be provided for the

power module to g ive it individua l protection . Fi gure 14 i l lust rates this

princi ple.

5 . Electr ical Surge Arrestors

If even wi th the protection provided against direct lightn ing strokes it is

determ ined that si gnificant surge currents and voltages w i l l  appea r on power

and s igna l l ines , then Electr ica l Surge Arrestors (ESA ’ s’ may have to be

installed at the points where these currents and voltages may be shunte d

harmless ly to earth , before the y reach sensi t ive c i rcu it ry  wh ich could be

damaged . Examp les o f surge arrestors are the familiar carbon bloc k , ball gop ,

gas— f i l led spark gap, SCR ’ s , diodes , zener d iodes , capac itors , voltage-var iable

res istor ’ s , as we l l  as EM I—t ype power line and si gnal line f i l ters .  The above on e

oftentimes used in conjun ction wi th each other to limit in i t ia l l y gr ea t vo ltages

and currents to those levels which can be withstood by sens i t ive c i r c u i t s .

One such dev ice , used to protect power lines , is i l lustrated in Fi gure 1 5 .15

Another scheme used to provide protection at the c i rcu i t  level is shown in

Fi gure 16.
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Fi gure 14. Li ght ning Protection for Power Modules
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Fi gure 16. Circuit Level Surge Protection
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How these devices are selected is the subjec t  for an ent i re paper in ~tse! f

and w i l l  not be gone into here. Sulf i r  e it to say that there o ne ma rr y

ponameters whi h must be considered , the most important two of wh ich o ne

the ab il i t y of the c i rcu i t r y  to funct ion proper ly wi th  the protect ion dev ice

attache d and the energy handling capabil i ty of the device i tse l f . The most

essent ial aspect of any of these devices is tha t they be instal led in such a

manner as to present an extremel y low impedance at the highest frequency

assoc iated with the disturbance , and that the associated currents are d iver ted

directl y and harmlessl y to earth . ESA’ s on power lines are located at the

power Input/Output (I ‘0) panel , wh ich i tsel f  is bonded to the shelter (or

power module) metall ic skin , to wh ich a ground conductor is connected to

the s ite ground field . The l ightning rods also w i l l  provide a connect ion to

earth . E SA’ s on s igna l l ines may be installed at the point of penetration

into the shelter (or antenna—mounted equipment ’I , as we ll as further down

into the actual l y equipment racks , chass is , modules , or c i r cu i t s .

C.  EMP Protect ion

To a large extent the pract ices used to protect transpor table SATCOM term inals

aga inst the e f f ec ts  of direct strokes of lightn ing w i l l  also provide protection against EMP. The

most s ignificant differences are that the structures themselves and the assoc iated cabling act os

antennas which can pick up si gnificant peak Currents as a result of “receiving” the energ y

assoc iated wi th the EMP, and that there is si gnificant energ y out to much higher frequencies.

Therefore , more attention must be given to providing low— inductance pa ths for the EMP-reloted

curren ts to flow to earth.
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1. Antenna Stru ctures

Al l  metall ic members of the antenna st ructure i tsel f  — supports , tie downs,

lo ints , wounding system components — as wel l  cis antenna —mounted equipment ,

such as data boxes , junct ion boxes , oz im~~th and e levat iorr dr ive motors ,

actuators , and gear boxes , must be bonded together into a low -elect r ica l—

impulse—impe dance mass which is intimot e y connected to the earth grounding

system . All joints must be electrochemicol!y compatible and protected against

the elements .

A reas at which mechanical members interface should be free of nonconductive

mater ial such as paint , oil , grease , etc.,  and may be treated to provide on

electricall y conductive mating surface. Irridite provides such a surface .

2. Equi pment Shelters

All  joints , I 0 panels , air inta ke and exhaust panels , access ports , and doors

must be treate d to provide continuous conductive sur faces tI’roughout . This

prevents EMP— induced skin currents from producing potential l y—harmfu l  f ields

at points of discontinuity. The shelter ground stud must be connected to the

s ite ground field using as low an impedance path as feasible .

3. Power Modules

The same requirements which app ly to Equipment Shelters also appl y to power

modules .

4. Electr ical Surge Arrestors

The same t ypes of Electr ica l Surge Ar restors (ESA’ s~ wh ich were used for pro-

tection aga inst lightn ing—induced voltages and currents may be used for
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protect ion against EMP—induced volta ges and currents. Care must be taken to

determine if the protection circ uitry can withstand hi gher res idua l energ y

levels downstream from the ESA . This is because the firing point of ESA ’ s

of al l ty pes is a function of the rise time of the impinging wavefo rm and

because the rise time of EMP—induced transien ts is much shorter than

lightning—inducted transients .

5. Cable Shields and Connectors

Cable shields must be as continuous as feasible, solid rather than braided if

possible , and must be per ipherall y bonded to connectors which maintain the

sh ielding effectiveness of the cable shield at both the cable shield end and

at the I/O panel , so that EMP—induced curre nts on the shields may be

“str ipped ” or “combed ” off at the I 0 panel and directed harmlessl y to earth .

Connector s must obviousl y interface at conduct ive ly—p lated sur face s .

6. Cable Routing

All  cabling between the Antenna and the Equi pment ~Iiel~~ r should be bundled

toget her and rou ted over a s i t e  ground fie ld which is located as cential y

as poss ible between the Iwo terminal elemen ts . ~he purpose of th is s tc~

re duce loop areas presented by t he various cables in order to minimize the

pickup of EMP—induced currents . A ll cable connections should be made to

the some side of the shelter to minimize shelter skin currents .

D. Personnel Safe ty

Incorporation of the above techniques for reasons of system performance , lightning

protective and EMP protect ion to a great extent assures that all metall ic objects and structures
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which comprise a transportable SATCOM terminal will be at or near equi potential voltage levels —

thus rendering those structures safe for personnel to work in , on, and about.

5.0 TYPICAL INSTALLATIONS

Figure 17 illustrate s a recent transportable SATCOM terminal upon which both li ghtning

and EMP requirements were imposed. Several i tems to note have to do with the routing of cables

(including the grounding conductors), the centra l location of the site ground field , the li ghtning

protection on the shelter , but especiall y the lightning protection on the antenna . Since the

antenna was requ ired to prov ide 3600 of az imuth rotation and 90° of elevation ad justment , one

air termina l was located on the upper edge of the parabolic dish , and another on the feed ,

perpendicular to the dish , of such a length and in such a manner as to provide the required cone

of protection (120
0 

included ang le) regardless of antenna or entation . At the base of each air

termina l (which was electricall y connected to the antenna at that point), an AWG 4/0 insulated

copper conductor was attached and routed between the two air terminals , and another was attached

and routed to an insulated terminal located above the azimuth p lane. A sing le AWG 4/0 insulated

copper conductor was routed through the azimuth cable wrap to the base of the antenna pedesta l

and terminated at a sing le eart h electrode (ground rod) , dr iven full depth (minimum exposed portion)

into the soil beneath the antenna . The ground rod was 10 feet in length (two 5—foo t sect ions ) , 0. 75

inch diameter , copper-c lad steel. The lightning rods were constructed of copper—clad steel , and

eac h rod had a tapered point .

The shelter lightning ground system consisted of two air terminals (li ghtning rods)

located on diagonall y-opposite upper corners of the shelter . Each rod was of sufficient length to

comp lete ly enc lose al l  surfaces of the shelter within a cone of protection from either or both of the

rods . Eac h lightning rod was firm ly attached to the shelter structure v a  a welded receptacle.  Au
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Fi gure 17. T yp ica l SATCOM Terminal
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in dependent AWG 4 0 ir ,suloted copper conductor was connected to the lower section of the

dkigona l l y—o ppo site co rners to terminate on individua l earth e lect rode s (ground rods ) beneath.

The ground ro ds were ident ical to that beneath the antenn . The site ground field is i l lus trated

in Fi gure 18. T he ground f ield was located in as centra l a position as practical between the

Shelter and the Antenna . It consisted of five copper—c lad ground rods , 3 4 inch in diameter ,

and 10— feet long (sect ionaI ized~,on approx imate ly 10-foot spacing, inc  pentagon confi gurat ion .

A 1 2—inch th icL copper plate 8 inches wide by 13 inches long was located in the approximate

center of t he pentagon . Connections between rods and between the rods and the p late were mode

wi t h AWG 4 ’O copper cable. An AWG 4/0 copper cable connects the copper plate to the shelter

ground stud , and to the antenna ground plate using the mos t direct run possible.

Spark gaps are installe d on the inside of the power input panel on the AC power

conductors to limit the surge currents into the shelter power line fi lters . Bock—to—hack zener

diodes are installed on the inside of the si gna l input pane l between each of the c c’rnmond lines

and the command return lines . A 3. 9 pF , 10—volt , soli d—electro l yte tantalum capacitor was

insta lled on the inside of the si gna l input panel between each of the status lines and the status

return line.

Fi gure 19 shows an isometric view of another S ATCOM Terminal w ,th the same -s r ze

equipmerr t shelter but w i th  a much different antenna confi guration . T he s i te  ground ‘ oi d was the

same as illustrated in Fi qone 18. The shelter lightning protection wos the same as d iscussed for

the previous insta l lat ion . T he ESA s installed at the equi pment shelLi’r were also the some as

discussed earlier . T he antenna structur e , however , is si gnif iLa nt l v different and t he antenaa of

muc h greater 5 i2 0  and differer rt desi gn - Li ghtning protection is provided by locating two air term nrls
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Figure 18. Site Ground Field - T ypical (Plan View )
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at ri ght ang les to one another at the uppermos t portion of the re f lec tor  (Refer to Fi gure 20) . Insula ted

AW G 4 0 copper conductors are routed from the base of th0 air terminals over the bad side of the

reflector , into the hub area and across the elevation bearings , dow n into the upper pedesta l base

w hich comprises the cable wrap area , and down tf ~ ins ide wa l l s  to throug h—studs convenientl y-

located for connection to the li ghtning ground fie ld beneath the antenna pedesta l suppor t pod.

The li ghtning ground f ield is as i l lustrated in Fi gure 21

In both i l lust rat ions every effort has been made to provide as low an impedance path

as possible for both li ghtning and EMP—induced curren ts to earth . T he larger ontenflc structure ,

because it has its own AC power input , a lso has spark gap E SA’ s insta lled at its power I 0 panels.

In addit ion , because of the open nature of the antenna pedesta l , EM I—t ype fi lte s one instal led in

iont of exhaust fan motors within the upper struc t ure .

6.0 SUMMARY

A great dea l is Lrcwn of the phenomena of both Li ghtning and EMP , and protect ive

measures have been and are being devised to protec n oeop le ond obj ects from the ,r ef fects .

T he same princi p les whic h protect power lires , smo kestacks and chimneys , radio and

T V transmission towers , frees , houses , and boa ts from the ef fects of lightning need to be odapt cr

and ncorporotoc i to the greatest extent possi ble to protect t ransportable SATCCM term inals. •

inc ludes the instal lat ion of air terminals to provide adequate Coner of protect ion , suito bi l i t  -

s ize d down—conduc tor s to mi n imize the impedance of the path u-n a suitable ear th connect ion which

usua lly consists of one , but may consist of s ’era ground rods . In addition , a ~~~~~ is - q L I irC i  tO

dete rrni rne f any additiona l protection in the for m of f ~ c t r  ko! Surge Arrestor s ( ESA s r is reQuved 



_ _ _ _ _ __ _ _  - • .- -~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

LIGHTNING
AIR TERMINALS

(2 REQUIRED ) __________

ELEVATION
BEARING
JUMPERS \(2 REQUIRED)

~~~~iIii i~~
BRASS 

~~~~~~~ ONDING

ALL CABLES
ARE 4/0 AWG \

WELDING CABLE \
INSULATED

4/0 BARE WIRE

GROUND
RODS 89592 20

(4 RE QUIRED)

Fi gure 20. L ightn ing Protection uf Large Antenna
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Fi gure 21. Lightn ing Ground Field for Large Antenna

on power and signa l lines. The devices must be located in the proper p lace and installed in the

correct manner .

The practices used as protection against lightn ing also serve to provide a measure of

protect ion against the effects of EMP, but because of the s ignificantl y higher frequency spectrum

involved , attention to the deta ls of low impedance bonding, grounding, sh ield termination , and

connector inter faces are of much greater importance. Also, the rate of rise of the surge becomes

yen;’ important due to its effect on the firing voltage of ESA ’s. A very low impedance connection

between the ESA and earth also takes on greater importance.

In conclus ion , if there is one aspect of both lightning protection and EMP protection

w hich stands out to be crucia l above all others , I believe that to be effective grounding.
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ABSTRACT

The prope r grounding is one of the most important  con sidera t ions  for !-Ae ctro —

m agnetic Interference (F; MI) control. The analysis and the test results of complex

electrical and electronics sy stems have shown that the major i t y  of the Electro-

magnetic Compatibi l i t y  f E  ~IC problems are direct ly a t t r ibuted t e the exis t ing

absolute grounding sy s tems .

~\ll the sy s tem electrical and s t ruc tura l  components must he maint a ined

at the same reference potentia l in order to accomplish interference suppression

through an effective grounding sy stem. The b: isic objective of the  groundin g is

to prevent the transfer of any generated electromagnetic in ter ference  from one

component to another component of the system. In addition , the safety of the

personnel and the electrical and electronics sy stems must  he considered. Th is

objective is accomplished hv designing one or sevcral grounding plane s COmlJifle(I

at one common reference point. In airb orne Sy s t r i n S  the ground pro v isiOns are

made using the airframe. The common reference point is provided by the earth

groundir~ for the land instal lations .
The effectiveness of the grounding sy stem is of ten  depe ndent upon the method s

used for bond ing. The theoretical anaivsis of the bond i ng jumpe r parameters at

HF frequencies is mad e for low impedance requirements .
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n~ cRErIcAL ANALYSIS AND ~~~ IGN rzci~rr~uzs
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V o ~~c.t- Muzaffer Puresio , Loc itheed Ai r c ra f t  Corporat ion
Lo - -tit ~- ei M Iss i les I~ c e  C~~ pa ny , Incorporated

i tnr . yv e i e , Californi a

T h -  ~r pe~ ~ r.- . .it : ~~ is c’r:e of ‘he !5O8~ merrt , of the gr our , l1 ri~ r c , t a  .houi d be
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.~ has ~~~~ ,~sed It . the i t i ~~r t&t

- f l ’ ,~~:r,, st - c r ~ r~ - as the return G~~~~Nt IOTA.NC’E 1.ff.A5UB~~~ Y’l~
i::- t - ’ ,,z r : : , - ci r:’’tIt - e . This has

-ac - ice r. ‘he a i r c r a f t  and The grc’ :. res I stance neapuremecte can
II . ‘ o b i l t _ -  i : , I u e t - r v , ‘ u t  t - r  t r e  advent cf t’e çre 6c: , tc- ~ It .  i t . ” f cll .O:,, “ ~r groups [2] 

l . .e :~ . t h . - l . s ’ e  a nd s e r t _ - I t  ly e  eyst .~~~,
j a o r :  -I  r : ~~r-~ y l e s i g u - g:ounI has (I) The SF (ratir frc~~d:est) method. This

- -c ne or e  c i ’ t h e  bac l c’ re-i ,~ reme:.ts. The metl-ooi  i s use l ~r t m a r I y wh~ r: th e ccnduct -
a:, v~ t s  at- . he ‘eat -‘ca’olte ‘f r t - plex t v-l ty of the s o I l  l e i ve e n  t w o  1~~tht a  spaced
el e c tr i~- al oni e eCt t oni ’s svvtem s have s h - .m ver a dlstet. ce cf fif’eer . r i les  or grea ’er

~~~~~ ‘he t r i o r i ty  cI ’h , -  E l e i - t r ~~--~~ r :et-i c Is to he l e t - er  i t . e  i .  c’ne special RF equip-
at-i 1 t - F I i ’ i C ) p t - c 1  lens are dt re,’ tiy merit Is r e q u i r -ed f or  th i s  me as ur ~~ ent ~

a I- e h e ‘. a ~ “1 C ‘
~ (2) “-c o-ee ~ c tic’ ci In addition to

S , . ,emn . gr :’u:t t i r :e  r’c.i r t I er  t- ev t ‘wc a i.x l l l ar y
A 1  t h e  system O l e c t r I c a l  ari d str-~,ict it - a l  d c :  : o  tee  are . - The r e e l  - ‘,arice to

c t  b~- m a : r : t a i  r e d  a ’ t h e  same e a r t l  f the- r-ci~ a t .  t h e  a.. . i l l ary electrodee
‘~~ n t la  :: der t o a:cc~~~l I s h  are r e a t _ - r e d  w a t  a t-~ ne ~n s e rt e s .  ThIs
‘c- ’” - • - , - r , ’ ,- s- : p t ’e - e : i o r .  t h ; ,ign at .  e f f e ct i v e  is j o s s l i i .y  t h e  s l i t - es’  ne t -hod  r e~ u l r I n~

~ s.-e t e r ~. The bas i c  ot ,’ect i ve  of the  only a:: ohmmeter - or res~~stan-e hrid~e er. d a
to ‘~~ pr e-:eot the tra r:r i fe r ci ’ any few s I r - l i e  c a l c . , i a t l c r s .  For accurate r e s o lt s

.e:,e :a ’ r C’ e ’’ rcm5~~t , ’t I c  : t . t e : i ,’ : t t i c e  f r c ~ ‘he r e s t st an c e  of t t e  g r o u t- i  rc , i  and the
at - o t h er  c~~~1c, ,-n t  ~- f t  li e au r i l l a r y  e l e c t r o d e s  should  be in  the 85~~C

sv.  t e  In I L ~’ t o t . , ‘h, sa :e t y  of the - i--ic : of m a gn i t u d e - . T h i s  m et - t i -cd  is not
a n :  toe  e l e c t - r I c a ,  a t - i  e e ’ tr - : . l  e suit - s tole for t h e  meast etier: ’ cf low res i s t ance

c v .  :~~ns n u c t  I c  c- c t - S I  j e re ’.. Th:s ob ,~e t l v e I~ ~‘r ourid.s .
l i s h e d  i-v ,les ’ :, :ng  o r e  c r  several

- 
- - (~

) The ? a 1 l-c - f - : c- r : t l a c  method. ~‘vc - e n , : e
— ,.ti i i  : g  p La t es ci: C :  tie I a ’ -ti e c~~~~ cn

pfei-e:,ce g:- --o ls ai’e se fo r  t h I s  measure-
‘- ef - - r , - n ce  ~ O i t  . i:: aid 0 tnt’ —y e t - e m s  the -

1 cC - It - i- 15 a t - ti de - a l -  .t t b ’  a ir f r ame . meri t .  The method I r t v c i v e  passing a kno wn

— t p ~ Li ~ the Sc c , ,r e it ~ ~ rOC r

- 
- ‘ e s t  an d one of ‘he : - e i e - r e r .:e ground a ’ a

cact I . — : t t l : , c t , : t r u - ,,r. : I n ~tt a , l a t i 0 f l C t . - -l im e ,  The l c t e r t . a l  i c  ‘; c re c’ r ded e s - h
The et ’I’ ,- t o , , : ., or’ ¶ 0 ’  ,rr - . ~r J l r W cy s ’ nt t i me -.01 Ic the  sam e a z; l l t . .  Ic Cf cur’rer.t I s

oft-er . ~- :- - ri to r i ’ ~ cr. ‘, iie’ :t.e t O- ts use,! Sc: m a i n t  a t -e , ! .  The’ t e e  a t  au,-e Is cat -cut -a’ e d I’)

‘ii  ~~. ‘O: tO-ct -c ’ et a:.a ys Is of the using to.o c-a l oe of : cc kn ovrt cu r r e nt .
o : te :  ;‘r asie ’ e ’ s  ~ i’F 5: -c ien c ies

- to.) The r a t - l u  n - e t h~~i, A t i c - I f l e d  whe at -stone
it de r o : , .:: . ;ct~~:. re- Irerae:-~~- . frld~~~~~~~nrlple l.c used fcr thi s method by

EARTH ~~~~~ ‘nfl~; 
.-~~~j , z 1 r .~ t - ./c sod l l ar , - e I ’- i’’ : -de s  cr refer-
e nce gr c ’.r , .j  ; oir. ts . The grou:.i rod res t stance

n se rIes  with one aux I l l .e i —y electrode IsThe ea r th  ,.-t ct-.: ti:te it-oat cr -c ’.’1 Ic a low -

I c : .  o~ - .c,’ t ’h r o  all  r . ,t-~ c i  - l e e  to the soil  meae ured by u c , ng a b r t i~~e . The r a t -I c ,  of the
- - - es_ s t ance  to ea he .r et  rux ,l larv

en, u t -h  the I n  t.a ..,. tt ’ , i n .  The soil r e e l s —
- - :‘Ie c t - -  Ic ‘0 the reaI,c ’ a :  - c  of the ~~r - n i t n g

\ c t~~. a ’y ‘- 1.. pa rane s’ F
- rod 1:: se’-les w i th  ‘is- e e:o’-to auxil i a ry

- - Th- - t i ’ l e ’o r ”  ‘0:1 e tC or the s o i l,  e l e c t - r o l e  It iet” :’r, Inc t .  ‘~u t t l~ lyi ng thi s
- ;c t - f  soi l. (cit y , sand , .tra’— ,-l , at 10 by - he set : t a  cc I a t a e measure d above

e l veS t h e  e C d t  t: re el s t a n c e  of ‘ t-e  gr -~~r 11 rig

~

t. A sp ecIa lly  i e P t ct r ,ei  5:1,! m an u f a c t u r e d
I t  arts -to:- and :ic~ It - - f • he r ode • ¶ na t-r omeo:  calle d VI t r - egr - - “ -c , c~~~~e rc la l ly

ci of the otis ( - ‘ oN e r_ c l u . t  is e ve , i l ab le  f r  ‘h i s  cur -pose.

C IVT-C ~~~~~~
r:’ior ~. • he cc-rtr tr’uc t t on o~ the in—

stallccI ,r ‘ i t —  soil e ’ r : i lt l o r i  of ‘re alt, The ground ~ I n u c  is  t e f t o e t  as a me t al
- t tr ee l or p la ’e i e f ’ -l as a er, P ’~e t - e :  -P

t , i i d he -ie ’ erml : :€- I ar :l eEtl1.-r, of ‘he earth
- ; i ’ I n  Sc:- a l l  ~BeC ’c1e ’c l  ~ -, - - t~~~ p~ The h eal

• e l iC I t , 1 1’,’ c -n ’., -c ’~’ a - ’  or f, r:g i .y . -

r I i I c  I t  , u r ct e r  or ~~~ ‘~.. rlane w~ru 1l  i r c ~. I t o a l l  equ 1—er a
zmao: T - ~~s’nt i S .  r ” I ’c-- ’--  ‘ z e r O — l u t e : . tal ,

. t t : c - ’ t  ir t  -c nt L ’  ‘he- 5entn:Icr  • ~~~t-er t~~t-1 e - -
- tape .au, e a v e  - en )  p t - I  r i  s i  • Ire’ no vol t -

- u , I I~~~’ - : - ’ v l de an eer l: connection i- ages p e s t  b etw e en  ‘en . - ‘ wn p c I n t C  I nyvhere In
-ce or ce’ - - It is r e -  ti t t er: e l ‘‘ a ’  be ‘ ‘ - p P ) e t e t i  . r c  I i~~a I  gr - rod ila n. f ’ r  a

r r t  ,n l I e  r u ’  c o - c o l d  - e dr iv ’- ri a ’ •ae ’ ~O
- . a  1 t - l ’ v attoul t c , r e t , s :  t’ a c : tj ’o ,cua  nh e e t

¶ e  leeç , ,ie ’, c ’ S , S a - a  C ‘a h t e e s . :
- cc5 -er . ‘r i -ta  I s  - - ‘ ; r a - - ’  I r a .  and I S  Ve rli

-

—~~~~~~ - — - - —~~~~~~~ -. - -~~~~~~~~
-_- - _ : ~~_



t-~ ;t-::sive- Sir Lar ce facili ties , therefore a return (reference) lInes to one isolated
(~ c X 10 Se,- ’ brazed or we-Ide,! heavy ground l o i r , t In such a way tha t the ut -d esI re:

- I ;,-r ’ c- i r , t u c ’ ore (a , A J or larg er) Cl tO U i , I  c~~~ - ; t i u d e -  ~~~~ ~~ -e c,  t i l l  r~~’ Is elIzrr,a’ e ¶ 
~ - ‘~ -

n, r, This gr: ,l t houL: extend a’ least FOr a t -  I icaL fa, I I I  t y  grcc. n i l  :.g system separa’ e
‘ I - c  ‘ :,-~~or,! the-  l o l l I l  r g  ~e .ilti , The ic gr o un d i ng  syst~~ separa ’e grounding buses
rOsIstaric e or tin he-- ta:,’t’ to esr ’h moe’ be exter l from a sIr~~le p o ir t  on the cart-i,

- a1 - cc :”, - , w I v  us I : ~~ a tt’0tatc’ gr- ‘unt- courterpolse. The el gris t- r e t  ur ns c I each
- -Ie . The - c -j  ;t- : -- la  t g r i t . : I I  rig rods a c’ system are corotec t e d ’. cc th e & e  ~~~i’ur: 1 uses as

re -red C eca, , s , t ? I , - ’, rlc.a :-y c -rur ,, c t - o r  Is show:: In Fi gure Ca a:,,! Fi gure 2b.
ma le ,c. ’ r~~ l i I g l , -l r l t v  ar , i nlg?,~c,-rt iucilvi ty

- - I r S t-  t a s ’ ’e I  - - 1- c’ 15 uC ’~ for 6 t  r e -u g t h  - The system level el rg l  e po in t  g r o un d
may he ac c , E ~~I I s h e - i  l - y usI ng c t-ic of the

The ra ii ‘i i  ,t: ¶ system is very VoLt- ‘wi rig r wc- met buds or 
~ 

i - ~~~t I rI rig these
c t  it-tOt - I - ,-,- ‘i lIes ’:. rr - , - r : t r  f : - -~~ : t- ’ , - :-  t wi methods .

c e  - to earth 
~~~~ 

- A g e r e t e t i
a :  r y n e - - , - -‘~~~~e , -a ’,IaI - t y t  ten rhc~~ i- c ’ (1) C~~~or, refererice point S--r ae~~ rete

I - : t - t - : g t - o  cc  ~~r ‘v I le a --cry low ~~~e t t t t -~~- r  t . t -~~l1es Ir. th Is de s ig n  the
t n l e :t r : c e  l ot - h ‘ -n, eat- t l, t t or  icY cu - Is. retor t cf each system powe r r i i l y is

S i t  - r : t : r ’ ’ cf s i t  t a  L c .  i~~r Imet e ’ referenced to ‘ic came i cl’ rt t n  t h e  system
ii , ( i t - v - t o !. b . : - wa l l  c i  ;~ - r  Pu . :  t o g  (, as sh~wn In Figure ) a , The c art-c r e f e r e r , -e

t i j  ace  I - to ~: , - c ’F- apart - ari l a c’-::’~’r rod pOirt for the sy st e r r  co-old be r ’v l le d  b’
it - Ic:’,.’ : - i t t . : .  ‘ r e  :-r- r ’. :rie ’c’: rods. Using art isola ’e gl ut . I st-See- or lv ,sI .g a

l e t  - : : , ‘t er  cc i tt  a t e  1: .  c r ,  ~C- feet- a:,.I t i e -  c~
_mon ott! -iot entl al gr ou r i r  l I t r e  .1 ‘h Be i’et ’a l  

c : rc’ : is lil y, - :, -.- t~, e t  tnt o tli ’- earth, g r i n I  sIsitee, Th:s gi L-i . 1 l - g  met?t,--d I s
i’I e ~~ ,- rtne ’er : c’is are O,’t t t e c t C  I t o  t h e  ,- o n ’ e r  slzular to rt_ lt iIle ~c 1 rt ’ gt ’- n i l  r ig ex c e i

1 •-s :.~ 12 S~’e ’ ,‘or , t ’ t , brat -ed at t i e ‘hat the gr .ur ,t Ilane ‘CO I:: 8 m ul t Ip le ~t t r ’

j o 1 : t - nt . ma th -I Is r ,.t sle c If t ed as S un i—pc ’e r t Ia,
gr, , r. i plane, This metlc .d 16 su I t - a l Ic f -i-

CtR Ci rtIl’ItiG I’ONWC TORS large facil Itie s I r i ~ c’l t e d  th a  ‘ th e  s’ I t -age
drops on reference lir e e are ¶alar,cct a:,I

Ski n ,-I ’Se-O ’ is ct-c- of the ma!n reasons capacItive an,! In b c - l I v e  :-u ;lln g c-f : tealr-
I ’ ‘r ‘ 0 -  l i i . : :  in r - c ’da t : - -e of - - ‘n iuc tore at RF able erter~~ on - rig refere’ e lines arc
“:-e4 ue- .c t e a .  T h i s  becomes more noticeable minimized.
- St :’-tr , lel -cr Ie s are used where the self-
- t .  1 : c t t : - e  c-f t h e  -a l Ic increases as (2) u s e  of cc’~~-,’ t ower  j j j  T h I s  me bud

I i  -~~‘-‘ -~ v ir :cr,-st ni ’ tt . Thc-:-,-fore , a : uv e  1o~~O utilIzes a t’ I rtgCe cc :t ’ rP,  I ‘ ‘tt - suplly

it - ‘ It , -  ni tr i , :. it’ i i ’ c r , : ,  ‘ t o r i  should n o t  he -ic the t-n t Ire system . All e - crrs are t-enn t -a ’ el ,
at the sltigle t ower  t ’ u I p I \ .  It Is test r e t  I c

Sot-  I : c u r ’ , i- , c t c i r s  should  -c- used I f  the that all pow,’:- SiI,i s Igna l 11 re t ’ to the sys ten
ti c i t t _ i - .  i , : r a t - I C i i t t o  St - rqoc’:i -les are above ar e r o u ’e.i as pal re wit?: t ite re - fe :  e t c  ;-,to r I
1 ii:. I’ -r rr,’ bi uti a r i d  l o w  l~~c-el currents placed at the c’wr euprly ‘a F Cc~~r- t~ 

- I’? -

I ‘ciii c - r Io ”. Ors c r 1  for’ Large amount
of ’ , u : ’ er , ’S fltt ’ conductors or t opper t o r t - S  M ol t- It l e - l c ’ln t  ~r u c u : t - t r~~ , ‘ht s ~~~ti., , tl ~ I
ur , ’ r,- - - or-o r :  te :. Thc-~~~~lges itS the flat many p o I n t s  on a gi- - ‘n d  l I a r : e -  f o r  the B~~stem
in u luc -tc - r sho ut - I -c c u r i O - i  (eii~ ptIcai cr068 reference, The r ,-t :t r,s of each J-c-ver s-,1~’~ 1t
t’ t t _ ’’ -n) zo t t:,,t the antenna effect of the of the syst~~ oh- -u!,! he referenced to the
-c- rr , e’ rn .111 i-c mirImiz ed. ground plane at the r e s 1ec t  lye power aupp~~

as shown I n Figure  0 , The reference ground
METHOE~ OF GR~~JNDI~E plane shoul d be ieslgne-d and maintained at

un ~p o t e n ’ lal ‘or f ig u r at  I -r: as m u c h  as p o s I t  1 Ic .
To av ’l Interference between various An Ideal  conditio,r would be an extremels large

r y ’ - ’o-r rt f u n c ’ i ons ‘he medern facilities have sheet of - -oppe r undsrlylr.g ‘be entIrc facI l i ty ,
nnar l’ r -para ’e grounding systems , such as A practical appr’a ’h Is t i - use a networt of
signal  C r- , -: n ti • shiel d grounds, struc tural conductors to provide several paths within the
g n u , ’ I : , l I g h t n ing  grounds , ac power pr Ima ry system. The multiple rsferenclng to the gr it-i
and secondary grounds . The grounding system has been found to be a good j r - a c t - I c e , when the
iestgn should consider the operational system freq ta ncy IS above one mega her tz .
parameters (type and levels of the signals ,
ex ’ernal el e- ’roma gnetic environment) and the T1~~ SYSTDI G?~~J DIJ~~
geometry (tIiataneea between equi~~ ent ,
c e i l I n g  d eA l , .’:, ,  metallic building structure)  The ~~ound.i ng systems of th. facility
of the ‘ys er.. ‘~ h i g h  frequency oriented should be meintalned at the same ref.r.nc.
small ey- uc-m ruis- - e -lut re a multiple-point potential to accc~ pliah Interferemee
gr- i t - i l : , ’ tytit eti . For a large system au~~~re ssiori th~ oogh an e f f e c t I v e  ~~oond. The
,‘ll i z I - g  lIgI’ aI “quijinent , single-point following separate groundt,ng systems of the
,- : ,r,,l1:,, oa~ 1-c adequate. Regardless of the installation should be combined at one cc~~ ott

:,- ;j-roach selected , groundi ng , bond- reference point (earth plane ) so tha t the
I:,g, wIt ’- routing and shielding must be potential differences between the system are
‘one . t e r , - l simultaneously for an optimum minimized to elimina te the flow of the
,leslgn. interference currents between the parts

of the systems. (Reference Fi gure ~e ) .

~~~~~e j ~~I r: t grttuniilng . The single point
gr i t - : i t : g  I - - -lef t tie I as the connection of
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AC POW~~ GR(IXJND time , corrosion ton a’ .ie the I rrp~ jan e
between the - . r f a - e - ni t o  I ’ ’  case ‘~~ he po : rL-

The neutral of the rio powe r (pr imary w?, , r - e a b r id ton ’, r ,~ : : , c I ’I’ i~ ’’ I c , t~ct-i:
power) muSt be earth gr .’un,~i ei  t e ! , :r e  en t e r - l : .g  ,r l t- ’ tr o ly t l . ’ ar: n g-. , -ia : l - : ’ ~~~ t ’5 of - i r r u s l o t -
the f a c I l I t y . Any secor : lsry a -‘ power  wit- I -t b - t c c u r - i n the r e s—: .  -e ,l rr~ 1st-crc ‘-h -rh
Is derIve d from the primary powe r s h t-u ,i ° -~ ccctea in - on’s t WI t n  ~ :;e c s - I  :g o~ -i’aces.
it. ow-ri ground system w-tth the ~çr ’or.I ret -or-ret ‘abet- me tallic a n t ’ s  es a r - c  l ’c - n i e , i  ‘ - g e ’ ti e r  -

to the seconda ry power 8)01-CC, The se.t ~r.der-y ‘he y eho’,,I I. to’ free of t oe s ’- ,- , c l i , t oo t  arci
powe r ground then should re  gr o or i e  I to  the -uther types of re s l  l e a ,  ,~dl e l e ct  r l a I 1~
system gr oun , i  p lane . i t s - d a t I n g  f l r , 1 5 ! ,e o nt l , .-i i I ‘ C i t t t - - -‘ : trOc .

the aurfaces w h l  , h are to t t o n  I” I - gi’ ’ h- - c  -

X PQW~ 1 (~~~~~~ Ub~~~~~ATI ON)  !Hi~ JN~ lt iy the area , of ‘he f a s t - c r i e r  t c o l ’ : n t  - - ,-— b to
-a r , ~~ovc I w l : - - - , ,.rfa- es are I - -  I c -  h e l  I

The -Ic ret-or-ri of every 1’ 1 ~o.t’r a .;-p~y toget her - tit ‘a, , ’ c - t e n .  Con to ‘ 1 — a ‘I nt - I o h—u
shord ~ I c  - :t ,ca- - te.I t e p a r a t c - i y  rit uric p i t  :0 need Dot ‘c ran t e d .
to the signa l. .i:’L ’ - c , t  ) t e Io-r: -a . )  .‘ ‘o r t t e r ; 0 I 8 e .
Ins t r ’uto entat l  urn grout --i  ; ‘l at c -s  t:utd I 1-c The u t - i  r e - I  I i t t - - I  ig ri-~ - - r c’o ‘ l u  t o e
prow-i Ia I f - -i -  ~en,at :1w-c e q d ; m - : . ’ C, cat-Ions , u f  ‘ -n- I l  - ,.- -u :  “ ra . . ‘t :e re  I s  no o ; - r c  o t t
in lar ge l’arilities. The -roppar lates at- desIgn pr o :  i c-nc a’ - l : e l - .c-t . - l e s ,  At  h I . t ~~’r
lees’ ‘ - Inches long art - I I i: :- -t ~ ,; in i,e an d 1 , 2 f:-e ltcen . - I,’ . - c - r g t t , 0’ ‘ i , -  J ,u ; ’-r  oh u t - I
Inc h th t  ‘ c is rec~~~endei. 7h’-tc ,rr:’,::I 1’,- minim Ize 1 sIr - ‘I t ’  1 ;t: r o t .  , - - V ‘ hc-
plates sho’,,L ¶ 1 it -:or :n ie c ’ C !  tu  - tie utorter; ‘tie ‘ tu r ’ t ’r  1, ; o - r r  t i  -a .  :t’t ; o’ - o t t o ,  ‘ -

by an I r :to.la’cd large (r:~~ ter - : ~ ~~ M)  - ct -pe r Foi- ftc ’ -ot- :i - g b —  - i  I ’ I’, ra ’ IC
cable , a: that the system will be Isi -l a te l 5 to 1, ~I ’ tn a o t t - I  .r. ‘1:1 ‘ t o - - o s  t
fr~~ bid lil r:g st r uct u r e  an t I u t - h e r  gr ‘- - n’ , to - inch at , ! 1 m d -  I ’ ! ,  I i  n - c ‘or. i ’r , Ic-I.

3TR’JC~ JRAL (: :A ’r c)  IFc1JN’I’ The ef f ’: - - t - l . - er t ” sa  V b ’ n - t I ’ ,~’ :t ~~~ I I
c-,’rifieid by mess r o t s. Tr ,  l l g t -  -

The me tal li c  h u l t - j I r i g  s ’r’ ,- ’ - .re a t - i  all I! t ’f I c ’ t lt i e s  ‘OS’  o t t o  f o r  I rC e to - - ’-
other ,‘or -du c t I -.-e pa,r-’i u t ’ ‘ h e  system that o.-, ti- ,reme’r:t: at ~l’ V: - ~ etc - ~~ : , ‘ ‘ - ‘- r r-1 11
are  ri :t ies l g -r :ed to na: ,  Lie : tcr’re r t t  f l : t~ fo r”  a t i  rc~~- ’h : S O troi-n~- I t - t I ‘e l  I - reril
the s t ru t ‘ cr-a l  grour :-i sy  t t -e r r t , Th-- ~n~~c c t ; r  O c r -Il n.’ :t,i ’ oi c’,” :t s - ~ It” - - rtt:ne ‘ I’- ’-- ~~- ‘ I  - y
en,: losnires - I ; s  , Oct - dot  ‘9 , luc ’ it , a :, I 01’ ‘- - n I l  ::~~~~‘, -ot ’a l  1 - t i tot [
el,eot r ’, nal parc - I s sb- -u t- I I -c l O t - i c - , !  ‘:,. h - c
to for o  as ma ny par a l l el  pa t hs au l oa si b le .  BON ’L-I~~~ Ci t-I t-il l- i ’,~’~”~ it i t ’  PS’ S’F,E ,’ t’Ci.
ALl - ‘a: I t  shields nthou l  I be : :r i r n ect c’j  t o  - he

~tri,-’ .ral grout--b system . The !-or :,iI ri.l I -ut i ,-rs bin - ‘ h - -  us oil
c _ c’ -- tic - - nil , j a r - i r e : - - ‘ no -ct~ it , I , ,  C - .1  - - -h -n, - ’

BOND t-~~ REt ~u,J~~~~€~~l~ ieterm,ir ic -~ l v  ‘he ,;, 1,c ‘ c - I  rna ’ c r t a l  - ~hy : : ’ a l
i lmenslons art  I it -r -, f l a - - . , n t i ’ : ’n ,  At .  -~~~ - .

& o r t - I 1 : g  Is provlde.i  as an eI-’ c ’ r I - a l  - I  r - u i  t f, ’r a bun I i n : ,.- ,‘ :im; ’t ’ r lit - ‘I  - - I
j o i n t  f u n -  ‘he purpose at ’ holf lo~- ’ w- .’ or more
me ta l ,u r— ic :,r ’r s at  a - ,xrrrn ’:, eLectr Ical
pot - en tt a l .  The mos t lmpor ’an ’ o n - c t-loot of
honf l  rig is to pr’e ’.’er :t ‘~ - c-c, ‘it of ‘ tie L
po ten t Ia l  gradients w h l , ’h -cd -a- - u ’  t he :‘I, -w _______ _______

of electrusoa griet ic I t - ’e - I ’,-: -e - - .r r er : t  - - In C
add,itI, ,n , the pr ot ec ’ l - - - :  0’ :“r s i ’r , : , t ’j  f r  ‘n _____________ ____________

the shoc k hazards is ass-ire i ‘
~~ 

i-c-We t I rig
the a— ’ci,~~u 1at t on  of t h e  s ’-i ’ l u  -b a r ,.-” b u l l  r :.~
an-i. b y providi ng fa’ .l’ - - - , ,r r en t r e t - I cr : pa t h s .  ~ONDI N’) ,~~i-iAp - O~~C VAI~~~tI - - - ‘

Bondi ng should be consi h e r d  as a pa r ameter tt

i n the or i~~~nal iristallarl ‘n ieslg:n . l’he .1 , 2 ‘
~

strac ura l  steel of ‘bc’ fac t 11 ‘y ~ h,’u l - i  1’,’ ‘- -
~~‘ ‘-r— -—v--° -

~ I ~
‘ 3

ade q .s tel,y bonded so that I’ is , ‘ l e o t r l  a l l y  - e L C l ’  • i ’d.’ p J
h~~ ogeneous. In ~arge i rts’allationB ‘he
‘able trays must be hc~ti,l~ I toge ’ tie : and ‘- ‘ We can :n eg ie - - t it si nce  ‘h~ -- a l ie of t he
the buildi ng s t ru c ture . l’o n - i I n ~ , l l . m j e n -  resist,aru’e in clot-s a very

email (O.t’ii1”h ohms ‘c l e s s ) .
There are two general tc,-hnl, ;-tca for

bonding : N rec ” and in n , t l : c ,’t  - The t i c” , ’ eL
boo ti ng is  accompllshe-1 l-y met-al -to-me t-al 

~~
“ 

~ -
conta c t be t- ween two surfa- , by wel  1 1 m g ,  1 -

brazing,  swea t in g,  r i v e t in g  or i i , , l ’  ing .  Thea’ ir 1~’ 1 ._!~ ~l -bonnie usually have a low i” : - c, is ’ari,’e ant “ &C ,~ -
low imt,tiedsnce at high f - e - ~ ’ - ” r - - i e s .  A minimu m ~ IA

ot 2.5 milliohme do rest- ’eri”e is recum~ en-ic- l C -
for direct bonding of ,to In ’a. 

When: ~ - LA ‘Ii : l c i n i r i a r i t Ly

Corr osion between metal surfaces of a 2,
bond held together by some means it ’ clamping ‘C LA. - 1 the ‘ iml pe r I -

P
.’ iR rnce is

—y cause deterlorstion of the bond. In mXimUsI (n-Co -

w 2W ‘xl the ,‘uxrnper’ is -ed ~~1naotly
capai’i t i ve
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These n c - l a ’  I ots , vt-ni h arc shown below un - ,oter.tIal . SI r,gle-point groun~~I r,~m B  -a —s ‘hat ‘ c-ce; the  to t -c i amice  or the a low frequer.oy systems at. I m ,.ltI~~1e -j,clm:’
bottLing ~‘tm per 1 ‘w , the vaLue  - r  ,c- 2 LC muSt grounding fu r  h I g h  f re~~. et - - y  (1 t,~2i z ar.I
remain as f a r  ,n,t possible fr~~ 1, The ar- -o’e ) are recocmnri e n le l .  In, the e:-er, ~f
rc-tor ,arit fre’p,~er.’,- Iss of the Jumper should be margIna l conll ‘ion sIttgIe-j o l r t t r ’ : - c l  Ii,.-
as far  away as p o s s i b l e  fr-tm ‘he system should he ronsidered sl::’e It lB easy t o
operatIonal I’re~ n t e : t - ’ I e t i , g w l t c h  fr ~~ a al ng,le-p,Int system to a

multiple polr,t gr-c~ r, t I r i . , t o t  it is es’,reme ,
ñ’~~ the ex~ r e s s I Or ,  for resonan t-c- diffi cult tc do otr~c rw-Ise.

C
0 

— The bor.dIrt-g Is cr -,e cf the mos t Im;oo - ’t sr t t
part of the design Far~~e’er of ‘he sys’em

the angular fre it -t et n ot ’  i ti nt- I i- resonant  grour,I.lng. Fot- the pu rpose c-f t i e  ele :tro-
con d.ittons arc- le;er.tec5 ut i)r , ‘~~ s LC ‘,rcdu ’. magnetIc :~~ pa:IbILI ty , I t t -  ‘-‘hlch f r e ; en c -j  I s
P’or a l’w C reocr .ar,t fre ,~- .erii - : - . th e LI’ such an importa::t c on s l le r a ’ilOmi , It- resls ’sc -e
produc t muo~ n --t l t i ’:ge. For a h I gh  :~~~ alone Is r i o t  a sat  t s f a tory measure -01’
resort,’,::: e’~ OCri ,ti/ t h e  LC ;t-’onj ’oot  mu~~t- be effect-h ‘let-eta of a bond. Theret’cr- e , ‘be
saInt-sine-ti I -o- . IIC product of the bor,llcig ‘omper tti.s t i t

W L C . I  ar.alyzad._

‘ W LC- ( l .IP
~’±~

s..UfLC >S R~~ ’EPEN-~~~C-

/‘ \ ~1] Pec-~~~eride-I Pratt-ice f~~r ~ r c u n I-

/ \ t rig , STi’D 1. -.2 -1
7

___________________ _______________ [2] Standard lIa:dlrook f o r  El ect -r I ~al

ur(AN4”L 4~ Ft~fa~’FNCr) Engineers , 2, G. FI t - i t, arid J. ~l. Ian-rI ,
New ‘fort ’- Mc °raw- .-H ’ ll 1?t ’L t j eL,A ,~ce cq~RdI c rE~ ’sr,cs -‘

& c p ~o~it-c,’cr [3,]

L~~
’ PRDO _ 

~ e~~~~~~~~~~~~~~~ s
- I ~~~ I C~~ put er ~~~~~~ - 1  c-re Car,,,e

.$i T~~’4 ~~ AnaheIm , a l t f o r r t - I a , I~~’I

_f tE’soW~a ’r ~~~~~~~ p.~’~~’OJ’ [51 RFT Handbook , Frc-~~r I ck  Beseam-ob ‘dr; -

Wheaton , Maryland , I

CO!~~LUSt ON [g] Reference la ta for RadI o Engl rmeera ,
Howar d l~, Sams ant i  ~ xt:ar,y . Li-i - , ,

The maJ or I ty  “V the system elect -n ,- - 1:1 F I f t - h  E d i t I on , L )’1~’ .
moa,rm:etlnt c-isr~~n ’ t b i l I t y  p rob lems of elect-ri-
Cs , ‘ir :,I ele -rt-ronI-:s fac t1I t - Ic - tt are tirectly
n- lat e-I  to ‘0, ’ p oo r  gr - n I t : , , .’ 1 : ”n- - t i :e s ,
Therefore , g - uu rd i t - i g  ar, t 0. -n j j : t g  -ccr .to i rera - S
t lon s  m ’ut  r l sy  a slgto t’I cant nule I’.r l :~ ‘he / ~~~~~~~~~~~~ ~oo
l, n i t - I a l  i e s , gm : c- l’ tb~’ I’i n I l l t y .  Thc- \ /
parameters errip-~ cnyed Ir. ania .y z i t : g  or . , be ,g’ . rut \ / C1’e-~rM ~.DO
a prope r gr oni n - Ur -,g - :n t t e J t  Icr ‘he i r,ctalla-
t lon  m d - u  is - ; e r a ’l t o : n n l fr’r’~- i ec,c lee , l- - -a ’ion
of ‘he unite , a:, I lt: ’erfa,:c cr Iter Ia , O- — — ~~~~~~~~~~~~ ~~~~~

The deslgt : - ‘ f  the c - ti rt h gr ,:i i’ rig /

/‘ 
\~~~>‘~ ~~~~~~~~~

systems is b~ se-l upon (i) ref,rer,ct platte 
/groundI n~ system , ( 2) n t ’ c rn i ec  of gro om,! rod ,

(i) i o pt -h  of the ground cods an-I (.3 soil
o editions .

Th- isolation of the  gr -c-on i problems
ii acc orrr pl la h e ’ 1 y ‘ne~ a r a t e  ~ r r”u n i  $ye’iems
for ( i )  e , a t j -  and •tr’,rt 0ral gr , runi ’t , (2)  M ’14 / ~A~~flv 3t~~AfCSat power ç- :n~nii , (3) shre .-i ground anti (li ) tic / _____________________
power and Circui t g’roun l A c~~mori ground 

____________ 
‘t” i

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘a ’,wsw 
___________

circui t ari d ehou], d h e  SvOi-i,eI. sli ~
Th.~ - o n ’e p t a -nb ’ s ingle-poin t  ,grc-undi ng

ar I multiple point g r  i t : :  I I  r ig ace  - t a ” -I
referenc e ‘he sy.t~ e circ’,i’s .0  a cc~mson F~’GUS(~~ I - fr.AOIA ( ~~ d&wO SVi~EM
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ST RA CT

Protect ~i f l  of elect conic  equipment i - ont  int c  i -t ’rence ii - t ~ m fla t i n g  f mu ,  III l igh tn in g
and t he nuclear E \I P req u ires that  a smal l—sign a l  i ntl  i’onme nt for e l ec t ron i c  o - t l ’.l

mont he provided even thoug h large transient  f i elds  and currents  mliv  be cievelo~tt ’ l
outside the cabinet or I u il b rig . A shield m liv 1)0 USLu  I to S i ’ p : I ! ’ l h t o  - t }t11 ‘ I t t - u t  i’nm l t g f l e t

environment  ins ide the cabinet or building from the hai l-m b out s i l i -  cov i ron m e l l t . In
li ght of the large iR anti L i i  /dt voltages develope d in g rounding  c() fl d h ( ’ t iI ’S by l ightning
and the EM P , the shield potential s may vai’v ove r a m a nv— I~i lovolts range ; it is not

feasible to pr event  these fluctuations . 1-Iowevcr , even though the shield p o t t ’ n t i l d

v a r i e s  widely during t ransient  et-al l t l t t j ( fl , the po t ent i al of evt ,’r; ’ t h i ng  i n s i d e  the sh i e ld
also varies in the same w h y  so tha t  there are fli) ~-n t i t c n t  lId , i i f V ci - i inc t ~’-m h’ ”Li’eflt those
generate d b;- i n t e rna l  sources  wi th in  the shielded t - & ’ i,j - n. 1 nn ies ir e d  pt t e n t  al r i t t —

or f luctuat ions  causto d toy charge disp lacements or ’ othe r in te rna l  s i t - u t - ct ’ s can he con-
trolled tot - e lectr ical ly  in terconnect in g  all into r’nal cr ind uc to r s  wi th  the shiel ’ I - . e.

“grounding ” them to the shield) . Thus the shield prc \ - ent s internal ~~-tcnti ai  f luc tua t ions
caused by external sources , and ‘‘ grounding ’ ’  e ( l n t r ( l l s  i n t o  i ’nal  potential f lu c t u  - t t i o n s

f i n t e rnal origin.
In practice , several levels of shielding and g r o u n d i n g  mliv be Ut - i i . These - - f t en

consist of a bu ildin ”r shield with its internal  electrical grounding S V t - t i,’ f l l , a C l d ) i I ’tt - t

shield with its in te rna l  electronics grounding svsteni , lad perhaps s~h i t d  c.! cn n mj ’ d ) n c n t s

w i th in  the cab inet. At each level , the .., hieldin g and grounding tc np i !oc’ -,- port ray s  Ihe
shield as a ba r r i e r  to its ex terna l  envir onmcn ~ and the grounding sy stem as a m ea n s

- -‘C controlling potentials from internal  sources.
Also in pract ice , the shields must be compromised toy conduc toi’ t-n t h at  ( ‘ l i i ’ ’ 1

po”ver and information through the shield and by access doors , d ucts , cracks , - s i c .

incumbent in fabr ic at ing and servicing facili t ies or equ ipment .  App licat~cn if shi e lding

and grounding topology permits the ~ e compromises  to he readily ident i f i e d  even if
they are quite subtle) ; in : o l i i t i o n  it can he usc to de te rmine  how f i l te r ’s , surge ar-
resters , and other protective devices shoul d be installed and gx’ n u n i ’d to pr eserv e
t h e  integrity of the s h i e l d .  ‘dost importan t , howe ve r , is the  fact  t h : i t  shielding and
g i ’ou r o l ing  topolo gy is useful in explaining some of the i n t o  i ’fc r -en cc ~‘~~‘ ‘ ~! ha ~~ I h i t  have
been reported , as ~vcll as how t h e s e  problems niav hi’ a ~‘oi led -in t h u  Lu ui ’ t: -

Th I s work  was on por  ted tot t~ ho D e f t - n  50 ( ‘ i i ’ - r u i n  t (20 t do n h-P Ai I O f l C ’ \ ’  n h
i~~~

-
t n i ,~~~

. h
b arr’;  D i a m o n d  L , h l ( n ! ’ , i ~~or i e s  U n t I l C i t t i t  F O i L I t -AA (‘ ~

i l 7 , , _ c _ r Q 2 l
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Sit I ELI) \ ;  x:~ G R OI I SD I t ( , ’ I ’OP i
FOR i N F [ R i ’ ! - k 1 - ~ , iT  ( o ~J R i i l

I t ’~T R t i ) L C T I O ~

Sm a l l — s  i ; ’n a l  e l e c t r on i c  c i r c u i t s , s’het her t h e y  use d i s c r t - t  to compon & -n t
o r i n te g r a t e d  c i r c a  i t s . i n ’  su s c e p t i b i t ’  to m a l f u n c t i o n  or d n m ’ia~- i a t i s i d  by
t r , i ns t e n t  I - t t  r t e r t - r u ’ e  Pu -se p roblems a r o  p a r t  i c u l a r l y  common in  d a t a
p r o c e s s i n g  c i r o ; i i t ~- beca use t h ese  c i r c u i t s  o f t e n  c a n n o t  d i s t i n g u i s h  be--
tts to e t l  a spuri t i s  t r a n s i e n t  and a l o g i c  imat i-  s igna l , a nd bec au se  t t i - s e  c i r -
cu i t s  a re  d e t ; i gned fo r  snail s w i t  i - l i  i n ;  l eve l s  to c a l l s t ’r v o  power ,jnd r t ’i l t o e
tt -;i t d i t -o ;ipat  ion pr o1~l t-mm-i . Logic levels  are o f t -n a f e w  v o l t s  or a

t tou s— o f — m i l l i a ’ t p e r i ’s in t hese  c i r c u it s .

On t h e  o t h u - r  hand , t r a n s i e n t s  a s s o c i a t e d  w i t h  l i gh t n i n g  an d ‘ i t c h i m t - ) t
on power l in t - s  and b u r l - cd communica t ion  cab le s  - i t t ’ i t t - i o i u l to have  pe ak -u r r ~- t ; t m - i
of t ens  of k i i o a m p e n t ’ s  and p e ak  vol  t I p - ; - - of m e g av u i t ~~. S i m il a r  - ‘u -ak va l-
UeS ir e  a s soc i a t ed  wi  t i t  t h e  n t i e  l ear  to t e c t r o m a g n e t i t - p u l s e .  i ’l t u - I I  snial 1—
si gnal  e l e c t r o n i c  c i r c u i t s  a re  t i  Ot’  op - r a N d  I~~,’ comine rc  t a l  uc  p ow e r  - in
b u i l d  in g s  sup p i it ’d Wi t l i  at- p ower , or in sy s t e m s  tha t are  in t o r c o i in e c N - ! to
long b u r i e d  or o v & ’ r l t t ’ ,-ol c ab l e t ; , i t  is , i i ’ p , l r e i i t  t h a t  the  s t r u t - t i r e  i t - t w i t - i t

t he o u t s i d e  cables  or n o w t-r  c o n d u c t o r s  and the  sma l l—si gna l e l e c t r o n i c
c i r c u i t s  mus t  be c a p a b l e  of r t -d oi ’ j u g  t h e  t r , i n s i e nt s  by , - c t - r  100 dli .

In add i t  ion , a r o u n d  inc i - l e t - t r od~-s such  as u r  oat ! rod t-; r I ng  o r ’  ads ,
c o u n t e r po i ses , i- tc  . t Vp ic - i l ly  ! I i  v t  i ‘o~~~’d ant’ i ’s o f a f t ’ w  oi t ’t is  , wli i i ~-

L n g  c- h-c  t r o de  impedances  of  C o n s  o r  h u n d r - d s  of ohms ir e  ;~~‘t unc on i t t a n In
so r I us w i t h  t h i s  so i l  impedance  i s  t h e- i nduc  t a m - to o f  th e ’  g round  ing  i-outhi t  —

t i n , w i t  b- li is t v p i c , i l l y a f i ’w  n i - r o h e n r i e s  ( a b o u t  1 i l l  i - n  wet - n of - , ‘r i ii i , l
w i r e ) .  Thus t he  Ri + Ld -i / d t  v o l t , a p t ’s de ve loped  a c r o s s  t h e  ‘r ood lug i rn—
p t -danc e  wh en l i gh t n i n g  s t r i k e s  a p ow e r  l in t ’  may tot of ti ti - orde r  of  l i i i )  kV
even if  a good g r o u n d i ng  e i ’ c t r o d e  is used . l e n t  t o r t ’ , as j I b  t r a t e d  i n
Fi cu r t ,  1, even the  best  eii ’e t n eal ground  I io~ p r i -  t i c  es ‘ ; i n n o t  n o v e l l  t v i  di-
f i n  t u a t  ions in the  po t t O t  i i i  t I  a b u i l t 1  in g b r ound  p~ I ot  i l i g h t  n ing
at r i kes  t il t’ b u i l d i ng ,  O F  i f  it  a t  r I kit s the  ; t i wi -r  l i n t ’s  or t’aH t O  n e a r  t ;n~
btl Liti i n - ,’ .

Fo e l e c t r o n i c  sy s t ems  to  o p e r a te  n i  i d l y  in t h i s  e n v i r o i i t t ; e u t  , t w - r , - —
f i re- , wi must  to t ’ ab le  to , o - c o m m o d t t t -  t b t ’ - it ’ w i d e  f I - i u ’ t u , i t  ions in  i i i  t i d i m u ’ .
g r o u n d — p o i n t  u t t - n t i a l  and r e l e c t  t he  s~; V t - re t r , l n t i e n t s  On t ’:-: t~ ’rn:i 1 l i t w ’ t - r
t i n t - S  and ‘ u t - h i t s .  I i i  a d d i t  i o n , howi ’v t - r , we mus t  be ah i t ’  to  s t ip a ly  ptO\ s’t - r
to t i n -  e l e c t r o n i c  c i r c u i t s  and p r o v i d e  m e a n s  of  l i - i t  in c  in t r m a t i o n  i n t o

I i i  out of  t i i i - t t - i ’  c i r c u i t s .  b a c h i i c v i -  t I i ’se goa l  -; , a sv s t e ma t ft t i p p n i t e h i
t o  -i h i j e I d ~~n t ’  ,ot d g r o un d i n g  i ; - r e q u i red .
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BU RIED CABL E

F I G U R E  1 BUILDING POTENTIAL PRODUCED BY LARGE TRANSIENTS

II DEVELOPMENT OF SHIELDING AND GROUNDING PHILOSOPHY

If the  wails of the b u i l d i n g  in  Figure i are p e r f e c t l y  c o n d u c t i n g  so t h a t
the re is no penetrat ion of e i t h e r  e lec t r i c  or magnetic f i e ld  through the
wal l s , the potential  of the en t i re  bu i l d i n g  and a l l  of the space inside it
will be the same, regardless of whether that potential is zero or 100 RV .
The importance of this fact is that there are no Rotential differences with-
in the building even though the potential of the building with respect to
t i r e -  earth may f l u c t u a t e  widel y. The p e r f e c t l y  conduc t ing sh ie ld  is t i , t i s  a n
&- l i - c t rodyn amic  Faraday shield t h a t  iso la tes  the  enclosed space from ex terna l
influences , whether these he f i e l d s , c u r r e n t s , or v o l t , u g c s .  Al l  e x t e r n a l
fields are totally reflected by the walls and all current or charge in-
jected on the outside surface remains on the outside surface (the s k i n  d e p t h
in a perfect conductor is zero) .

I f  the  walls ire not perfectl y conducting, t he  external fields a r e  n o t
q u i t e ’  comp l e t e l y r e t  l ec t e d , and cu r r en t s  i nj e c t e d  on t h e  o u t e r  s u r fa c e
penet r a t e  i n t o  t 1 -  walls. Nev&’rtltc-lcss , as ii l u s t  ni t cl in Ph g u r u -  2, when
t i i ~ - wa ll  t hj c k r i -t -o ; is large’ compared  to the skin dept h ~~, the Ii e - l d ~ (or
po te n t i a I g rad  i t -n  t s )  in s  1 ( 11 ’  1 he’ ~li l i - I d  a r t ’  muc’ h smaller t han  t host ’ out si ii, ’

the ‘ i m  h e ld
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(a)  DECAY OF ELECTROMAGNETIC FIELDS AND CURRENT DENSITY
IN SHIELD

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ IJIDE I INCILN I
INCIDENT / I OUTSIDE

WAVE 

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

(b) EXTERNAL FIELDS ABOUT A CLOSED SHIELD

FIGURE 2 ELECTRODYNAM IC SHIELD

The electrodynamic shield thus provides a harrier between the external
environment and the interna l environment. Hence in the reg ion enclosed by
an ideal shield there are no gradients or potential differences caused by
sources outside the shield. However , there may be gradients in the enclosed
reg ion caused by sour-es or charge displacements within the shielded re-
gion. For example, If th i -  bui ld in g in Figure 1 contains a b a t t e r y  or st lmu ~-
o ther  power source , this source can produce grad i ents or potential dif-
ferences. Similarly, if there is mechanical motion inside the buildin g,
electrostatic charging may occur and produce potenti al different-es. But
these potential differences are caused by internal sources; the shield has
no effect on them , and they are unrelated to the outside environment.
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‘[‘0 c o n t r o l  p o t e n t  i a l  d i f t c r ’i i n  of ( S t e r n  i i  or i g in 50 t i - i t  t~~ie ’,’ do
not po St .’ shoc k or i - x p l o s i i ’I i  it - u  z ; t r i - ~ or induce i- l i -ct n t-al mal t i nc  t ion ! c —

c t - i l l S ’ o f  i - i r c n i t  iot . ent i,i l - I r i f t , c m  l i t  common - m a d  i n t e r n a l  ‘-t- r n t - t u r i . ’s
- -c i c l i  is  equ i p nt t ’nt  c a b i n e t s , i - abl e ’  t r u s s  and s h i e l d s , -ondui Es , and other
m e t a l  s t r i ct u r e  n a y  be c on n e c t e d  to  i - a i im o t h e r  and to  t i e  o l i N - i d  , is  i n

dicat -i t in F i g u r e  3. This  ‘ r - a i n c l i n o ” of  i n t e r n a l  c o m i d , i i t o r s  anti c i r c u i t s
i- i  im i na t t - s  (o r  r e d u c e s )  t i n d e s  i red pot - i t t  i:i l d i f f e r e n c e ’ -  can - t ed  h - O ) t i F l ’ e - ,

i n s i d e  the shielded r e g i o n .

~~

47 - —

_ _ _  - 

1~~ i V

FIGURE 3 INTERNAL GROUND SYSTEM FOR EQUIPOTENTIAL REGION

‘[‘he c - s o t -n e c  itt an ef f i n -  t ice shielding and grit nd l o t  p h i  losophv i a S
t h u s  h it-n dev e l o p e d  - l ’ l t i ’  shield is used to  -on t  r o b  m t  - r u a l  p o t e n t  i , i l
d i f f e r e n ce s  of ex t e r n a l  or  ip i n , and grounding is u se d to c o n t r o l  i n t e r n - u i
potent i al d if Ier ’n - i- ’; of  i n t e r n a l  o r i g i n .

I I I  SHIELDING ANT ) G R O U N D I N C  TOPOLOGY

‘Ihe shi  t.’ l d s  d i s c u sse d  above w e r e  a ssumed  to  be c o mp l i ’ t t -  l v  c l o il . -‘i’;

w’ i s  r e -ma rked in t h e  i at r o d m n -  I ion , how’ u -ye  r , Wi - m u st  s up p  lv  power to  - i m i d
communica te  w i t h  t h e  equ i pment  ins ide  t he s t l i e l d .  l u r  i i i  t ided h u t  ld l u g -
wi m u t t  II so j r o v i d t -  op -n ~ l 1i’s for venti I i t - m t ion and for i - l i t  r an c ’ ’  and I - I - r i - o s ,
t u t  w e l l  I S  plumbin g for water , sew a gt- , l i - i t  or lilt-I , ;iiiii o I l i e r  , Ic ’oti t ‘ ‘ I  -
m e a t s .  t -lach o f  i - - c open ings and p t ’ m i t ’ t r i t i n i ’ , - ‘ n - t i - i  u - - r , - 1ir t -o ’nl o
c o m p r o m i s e ’  of the stilt - I d; as a r e - t i l t  ,-~ s i m m I b l u ’  s h I e l d  , imit l  I n t e r n a l  b u ’ u n h l i n g

-336-

___  — ~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
- ---—--- - — - -- -—-  - ---- - — - -- - - ---—-—--- _ ,:~~~~- ~~ ~~~~~~~~



- ---- -- — --- -- -- - --------

s y s te m  Is o f t e n  i n a d e q u a t e  to p rov ide  th e-  100 dli or 1- tor i -  of [a t  e r f i - n i - i t ,  ‘

r e d u c t i o n  r e q u i r e d  by e l e c t  r i n i c  c i r c u i t s .

l’o a c h iev e  a g r e - t i t e r  t l i ’ g r t n ’  of in t e r  f e u - e n c t ’  r educ  t ion , a d d i t ion a l
sh ie lds  w i t h  t h e i r  inte ’rn a l ground i n p  s yst  ems mac hi’ u sed . One can t h u s

c -av i s ion  -t  O t t  of  n e s t  1’d ‘- d t j i ’ ld ~ ou t - hi tilt is i l l u s t r a te d  sc l iem a t i~~- t - i  [ l y  in
Fi n n ’ 4 .  TIm e se t  of ne-s t  ~-d sh ie lds p a r t i t i o n s  t h e  Spat - c a b o u t  t h e  ci t e—

S H I E L D  1

fl T E 
~~~t I~

F 0 .~i ) t - t - I 1
(, i I ( i , I N D

FIGURE 4 SHIELDING AND GROUNDING ZONES IN A COMPLEX FACIL ITY

t ra i l  ic equ i pment  i n to  envi r on in e n t a l  t o n t ’ - t  - ~~~~~~ W i t h i n  t o u c h  zone , t he Pot t i n—

t lal  d i f f e r e n c e s  p r o d u c t - i  by sources in the  7,ofle ; t m ~t’  c o n t r o l  led b y co n-
n e c t i n g  a l l  m e t a l  in t h u  zone’, including t he’ ui i t - I d  en c l o s i n g  the ’  n ex t  in-
ward  zone ’ , t o  t h~- ins [d1 ’ so r fa t - c of t h e ’ sh l e l t i  . I - o r  t ’xt - i m t t  t ii - i i i  t u t i ’ t ,i I i i i  Zone-
1 of Figure 4 , i n c l u d i ng  sh I e l d  2 , is connected to tim e in sid e of shi e ld 1;
and all me tat in 1ont’ 2 , inc h i d  in p sh i e Id 3 , is c o n m i  i - c I t - t i  I i ’ the ins ) di ’
of shield 2.

Shi t ’ h l e d  r i - - i - n o  a t  m v  leve l  may be i r r ( ’ g u i - i r  In - - h i p i -  or t h ey nit - t v
be i n t t - r i - o u i r i i -i - t i - t l  as i l l i u s t r a t i - h  in F ig u r ’s  5. l i t t i l O g i c i l l  l y ,  t i m e  t w o

~hj e l d e d  h u i I d i i ~gu ; in h - ’ i y u r c  (~m) , i n t e ’r  onn~’c t t ’i , si t hi -i ~h ii’idi- &! i - ab l e ,
form one continuous -shielded r e p  i on .  S im i  E a r l  v - tim’ equ i pm eum r i ’ , i h l  h i t  S

in Fi gu r e 5(b) ,  t og e t h e r  w i t h  [ l I e  h r  s h i e l d e d  m n t & ’ n -o nne ’ct  i n t -  ‘ t - i b l t ’ o  0

duct s , t o r tn  a can t  i g i i o i i s  Zon e 2 l i - g i n a .  A l s o  i I l u i s t  r o t  i -I in F i i ’ t i r t ’ ~ (h )
J~ t h e ’  U’ ; i - o f  doub i  v sh i e l d i - i l  cab  I t ’  [ i t  :-t - t i -nd  l i i i -  ~‘ i i t i i ’  2 r i - u , i on  ‘ i t  s b ) , ’ ’

t i l e  h u i j h c t j n t i  y e t  t o p o l o g i t - i l  I v  insi tu ’ l v i  l t-vi -ls i i i ’ —t I t  ( t i d i n g .
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ZON E 0 Z O N E  0

Z O N E  0
G R O U N D

(a) SHIELDED BUILDINGS CONNECTED
BY S H I E L D E D  C A B L E

SHIELD 1
Z O N E  1

ZONE 0 G R O U N D  SHIELD 2— ~ ___________

G R O U N D  
ZON ~~~

IbI INTERCONNECTED CABINETS

FIGURE 5 TOPOLOGY OF INTERCONNECTED REGIONS

It is useful to examine some violations of the shielding and grounding
system . In Figure 6(a), components inside shield 2 have been grouaded to
sh ield 1 through an opening in shield 2. Therefore , topolog ically, shield
2 does not exist (i.e., it is not effective) because the grounding conduc-
tor carries the Zone 1 env ironment in to the region enclosed by shield 2.
Figure 6(b) illustrates a more serious violation because both shield 1 and
sh ield 2 have been mad e to van ish by the penetrating grounding conductor.
Topolog ically, shIeld 1 and shield 2 form only one shield , but this shield
encloses onl y the region between the shields——it excludes the region in-
side shield 2!

These examples illustrate an important rule of effective shielding
and grounding prac tice: Topolog ically, grounding conductors should never
penetrate shield surfaces.
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Z O NE 1 ZONE 0

Ia) COMPROM ISE OF SHIELD 2 BY UNTREATED PENETRATION

SHIELD 1

SHIELD 2 ZONE 0

ZONE O

(b) COMPROMISE OF BOTH OUTER SHIELDS BY EXTERNAL
GROUND CONNECTIONS

FIGURE 6 COMMON VIOLATIONS OF SHIELDING AND GROUNDING
TOPOLOGY
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[n b i - r ~-n t  in the’ t~~~- o r y  of  t- i to-t rodyn tmit ’ -d i e - I -ho is t h e  f a c t  t h a t
cu r r e n t  in c o n i l u i ’ t o r s  a t t a c h e d  t o  t h e  s h i e l d  f l o w s  pr - lo’:’u inant ly on t h e
our f u m e ’ s  t o  s-li li -li t i l t ’ c o n du i c  t ar  is at  t ached  . Tb I s p ll ’no tu t e ’n u n  i l l  us t r u t  t i’d
in Figure ’ 7 , is 0 fllOill fESO tui t io fl of t h i t i  skin ti ff - i t  in c o n d u c t o r s .  It  is

— ~ Di I T t

--

l U T S ItIE - ‘ INU DI

J

SHIELD

F I GURE 7 CONF I N E M E N T  OF COND UCTO R CUR R E N T TO
“OUTSIDE” SURFACE BY SKIN EFFECT

very important in t h e  app l icat  ion of t l i t -  s h i e l d i n g  and  g r o u n d i n g  t o p o l o g y
d e v e l o p e d  do ve because it permits i n t e r f t ’r i ’n c - c u r r e n t s  on c o n d u c t  or ~ out-
s i d e  t Iu ~’ shield to he d iv i-r t ed to th e- O ut s  ( d i ’  s u r f  ice-  of L i i i ’ shield.
tice the d i f f e r e n c i - . f o r  examp le ’, between the si t u iat ion dep icted in Fi gu ir i
7 and that shown i n  Fi gure  8 , w h er e  the-  conduc t or  Is brou ght t i r t i g i  r Ite
shield and cOflne ’ c ted t o  t i -  ‘ - i n s ide ’’ of t h e  s i t  i t - I d .  Tn the lit t Cr  i ’ x , I m —
p l c . t h e  conductor current f l o w s  t i  t h e  ‘ ‘ ins id e ’ ’’ s u i r f t - u e - e- , v l c r  it is
apt - i  i n  c on f i n ed b y skin e f f e c t .

S e v e r a l  exampl e- s of t he  c o r r e c t  ap p l  icui t ion of t lm i s pr inc i p h  i - - t

given In Fl p u r e ’  9 a l o n g  w i t h  some conmmon v i o l u t  i o ns  of rut ’  slili’ I d .  ‘~~‘t e
tha t e , m e h l  of the  v i o l a t  ion s p e r m i t s  t h e  h a r s h  curr -ti t s on t i ’  o u t - ; i ~ h ’

- - i t n i l t u t -t o r s  t o  f l o w  i n to  t I m e -  p r a t t - i - t i - I ,,oio- i n s i d e ’ t h e  su i t - E d .  I t  sh o u l i d
h e ’ observed t I l t - u t  i i i  t i - r s  and su r g e ’  ar r e s te r s  t t ’ h , u v i ’ t ime ’  Sti l t’ us  i n c  - i t icr
connec- t i on of a pc-ne- I r I t  i on  to t h e ’  sh It ’ lii ; that is , t I icc d i v  r t liar oh
int i ’rfe ’ri’ni -e u - u i rr ents to I i i ’  t i n t  s i d e ’  s u r f  at - i ’ i t t I i i -  s h i e l d .  t It e m , ‘ ‘~
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I~ I GR OUNDING CONDU CTORS

O U T ~~I L 5  NSII I
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11101-I T t-, lONG

Ib) ‘GROUNDA I3LF’ PENETRATION

OIITS II) E INSID E

INSt Il  ATE E ’ )
( 1  l~, l l I  ‘I I i  5

1)11 0 ii 
~~~~~~~~~~~~~~~~ “ f

’’

RI t l i

I I  INSULATED PENETRATION

F IGURE 9 CONNECTIONS THAT PRESERVE SHIELDING INTEGRITY bi ght ) AND COMPROMISE

THE SHIELD (wrong )
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SHI ELD

F I G U R E  8 CONDUCTOR CURRENT INJECTED ON THE “IN SIDE”
OF A SHIELD

preventing these currents from entering the prot c-c t esl r e -p  ion . Because ’
power and signal—carrying conductors t’ , uilulot be cant Inuousic connected to
the shield , they must be momentarily e’onnected (when a certain thre shold
is exceeded) or connected only at frequenc ic ’S not used f u r  po we r or si g-
nals (i.e. through a filter). In any case ’, t h e  d i v , , ’r t e ’d  i n t e r f e r e n c e ’
currents must flow to t he  o u t s i d e  s t u r f , j c e ’  o f  the’ shi e ld . as i i  l u s t  r u t e d
in Figure 9(c) , if shie’ld j u t  i ’gr i t  v i s  to be pre-serveel . The i m h ” e i r t , u n c e ’
of this current diversion is shown i n  F i gure ’  ii) ‘. h e r -  t h u t ’  cu r r t -n t  5 on time
penetra t ion inside the shield w i t h  and w i t h i c i u t  d i  ~‘e ’r s i o n ire ’ c o i ;p u i r i ’d

Conf inement of shield c u r r ~ - i i t  t ii t i m e ’  o u t  f i c e - is a iso use ful in  t i l t  —

ing shield topology . Identific ,it i on  i f  t h e  s h i e l d  topology L- f , t t ’j i  i—
tat ed i f it is assumed tha t ceu rr e’iu t in _ i ‘ s i t  t i  on , i  s i r  f,ice of ti n ’ oh i c - id
“inst flow onl y on t hat  our f a t ’ e- i - u  i t  e h i t e  s on a p e r t  c t l v  c o n d u c t  t ug  sh i c - I d

e . , t h a t  i t  ‘ umnnot f l o w  t br o u g ht  t h ue-  oh ie id from E l i , - o u t  t s ( t h e ’ our  f i t ’ e’
t the ’ inside surfac e- , or v i c e ’  v e r s a ) .  One may then tr ,ui - e ’ t h i ’ t o u t  i f l e i o u o
surface in the vicinity at  pet - u i  i ar  s i l I p e ’s , sue’iu as t h e s e ’  i i i  F i g u r e ’ 11 , t o
i d e n t  if y t h e  s h ie l d  t o p o l o g y . S ltuiel in g  ( a s  iii Fi gure’ 11) or - ‘ ‘h r hug is
some t i mes is ’ ’ Iii I when t lie p h ys i cu l  1 geome try of the  sh i  i t - i d  i —u e’o mp li e at ed

A second c l i i  o h  h i  i v  a t  shm ic-id jug t l ie s ’ rv is t ha t t i e - lds  t’Jnuo  t di f f i ’ ,i-

t h r e n ~~ I u s hi e l d s  tha t c a r t v  i ’  i - i i r r t ’ u i t  . ‘l’he c i  c - c t  r he ’ m d  m a g n e t i c ’ f i i i  I t - -
p a r a l l e l  t o  t h u ’ s  - - h i t - I d  ; i i r i , n ’ t ’ a r ’  t o t h  re ’ l u i t c ’~h to  t i u t -  - u t - r i - n t  d e n s i t y  in
t h e  si t  ie ’ l d t h i r o u g h  t i l e  h i t  r i no It ’ impe -d i t u - i - of t i m e  s l u i  c~l d mat  c r i - u i  , ,iui , h
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- ,~h~ -n t h e  c u r r e n t  d i ’ n s i t  v is  ze ro , b o t h  of t } l -~~ t -  t h -h i s a r t  i so  zt  ro .
l ’h i e - r e f , t r e , t h ~- p e r f o r i u a i i c i ’ Of  tIle ’ 0 h i c - I d  ct -i n he u ’r t ! t - i n c t ’ui  i f  I t - i r s ’ -  i n t e r —

‘ - r i - n e c ’  c u r r e n ts  are  r ’ v - n t e  f r o m  f l o w i n g  t i u u ’ o u i g l i  i t - u r g e  a r eas  u~ t h e -
sh i e l d — — p i t - I  ie ’u l a r l v  I f  t h e  s i de - id  l i t - i s  many  op t ’n i n u g - ;  ( e . g . ,  a m esh o r  a
n o r  t i b u i l d  i n ’  w i t h  t - t t n v  doors~ w iu i do v s  , or  p o o r l y bonded j o i n t s — — s e t - c
F’i p a r -  12)

1 X T E I I \ - t- ,_ _,

VA ~~NET IL

“-I F ST  USE

FIGURE 72 MAGNETIC FIELD PENETRATION OF SMALL APERTURES

Imp 1~ ’ r t - i t ’n ta t  ion of t h i s  p r i n c  i p i t -  has led to t h e ’  c o n c e p t  of . u s i n s  I ’
e n t r ’ , ’ p t - in t ’ l t h r o u g h w h i c h  a l l  p en e t r a t  m g  c o n d u c t o r s  i - l i t  or  h u t  s hie l d  i t
one :-unuu l l , con t ro l  T i _ _ h ar ~- ,i . F i g u r e  1 3 ( a)  ii l u s t r a t t - s  t h e  i ’ i u t r ’ ,’ panel  w i t h
-ill pe -ne t r [i t ing condti c t ars and t l i t ’  e x ter n a l  gro und  i :ig c o n du c  t ar  , t u i g r e —
g t - t t u’uI u i t  one f t - i c e  of t he  sh ie ld .  C u r r e n t  f l o w i n g  u ’\’ t’ t- t h u  s h i e l d  1.5 ‘- I T t - l i  1
he-cause t h e r e ’  is no ex i t  pa th  on the  op p o s i t  t -  i , u c t -— - - t h e  s h i e l d  i s uin open—
c i r c u i t  to the  combin ed p e n e t r a t i o n  c u r r e n t s .  l ’li e c u r r e n t  e n t e - r in g  on ‘nc
it -n t ’  t r a t  ion muis t  ci  t h u e r  I t - u t  r e f l e ’c  ted h t - i c  k on t h e  same e’onduc 1 -  r or 1 i ’ t - l \ ’ ’ -

throug h ano t I l t -  t i e -ne t  rut t ion or t h i r o u g h t h e  g r o u n d i n g  condu i c  t or . Id’ eO n —
t r a s t , when t i l e  random e n t r y  i l l u s t r u u t e - il in F i - g u r ~’ 1 3(h )  is used , hic ’avv
cu r t - u - I l l  t l ow ing  toward  t h e  s h i e l d  on one c o n d u c t i r  may f l ow t - ue - r ~’ss t ‘

sh ie ld , cxc  i t  ing any  leaks  in i t s  p a t h , and e x i t  on ui c ’ n I u - - t o r  oil t o

o p p o s i t e  f t - u i -c of t h e  s h i e l d .  Hence t h e -  r an d ’~t-i t n t  rv  a p p r o a c h  p i t - i  E s  i ’x
o i t t- i t i o n  of any  f l a w s  in the s l u  i e i d  by t h e  e x t e r n a l  in t e r f ’ -r ~ - u - i ’ e u i u ’ m’ t ’ l t s ,
w h i l e ’  t h e’ s i n g l e  e n t r y  p i u ~-l s i t - p r o - i t -h c o u i c e n t r u u t e s  t b - - ; - - ‘ lO t - t O t s  on t I i ’ -
c- n t  ry  pan e ’ 1 wh ere al moot  f l a w l e s s  shi  t e l  d i n g  can  tie ma j u t s  toed . I ‘ S O T  O i  V ,
i f  t i n ’  s i n g l e ’ en t r y  p t - i n c - I  i s  u s e d , poore- r q u a l i t y  s h i e l d i ng  t t - n  t I l e ’  l’ t ’~ u i n d —
er  of t h e  s h i e l d  can o f te n  I t -u ’ t o l er a t  i _ h .
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F I G U R E  13 PENETU ATION CURRENT PATHS ON SHIELDS

V \ T ’ I - i l C , V i ’ T I T \  TO ~~~ r t ’’,t S

~~~ t , i ’ n e s t  1- d t e l - u ’ -; , ~i i t -I: as tint t sb le i Wfl s t ’ l l e ’fll u l t  I t O l  i i  y in  F i ‘u i  i- c
oft - ‘ I T  u t - c - c u r s  in  h o  t o r t - u i ’  o f  c i n o t  ru  t (mug i c ’  ft - ic-i l i t ’ .’ u i u u i l  t h e  01  e ’c~ ron is
e; h u i I p ’ ; t - - : T t  - I - ’or  i ’ x u I u m -1i 1 c , s h i e l d  I of  F i gure ’ A m i g h t  ‘ c -  t I n  b u i l d i n g  or
ct - t~~ l i pinent she lt e r (van); st i i ’ l , l  2 w o e t i t i  I ui -S he t u e  O c t . 1 1  c - l i  I , t-~ t ’ ,t l —

: T -  - t  o o r  h oj u s  l i t ; ’ ; u n I  shi h o l d  I WI t - i  l !  b , s j l t ’ - j u l  1 v s h u  i t - I L  - i  c i i  - a  i t s  or
- - T’T ‘ fl, nt a with to tile ’ equ i p inen t  e’a h i i ne t  . ( S l i d  d ~ w u t - u t l e t norm a l l v  l i t  o r -  —

v i t  ~ I b y t he  c’qu i pit- i ‘ii t o,i ia t u e  t I m t - e r  t o  p roy  I d ’  - ox ’  r t - m  it - r t  - t c c l  i t - mi f o r  v ‘ -

si - n t - s i t  ( y ~~-~ i t -  ‘‘e r ’,- -s t - i t - i l l  s igna l , c i r  u~ t is and C O t - l p t t - l l i ’ I i t  - . I l , I t S  i i i  shi :e ’l d
1 i ii tin - h i  r s l u  e ’y t  c t - i l l 1 c i v  i ronnie’n I 0 1 S t  m’ i I t - ed c - s r i  I , ’ r -

- , - t s - i , -:; shi 1 -ld 1 ,m iel o l u i e l e l  2 i s  t I n ’  b u i l d i n g  or  r a i ’n l  , ‘ m i ’ .- h u t  l i t - t o t .
‘l ’his  r i g  1 ) 11 , i t - m I t e - i t t - i  , - ‘ a~ie ’ 1 i n  l i g u r i ’ , n o t - I l l ; ,  1 l v  c, i n t  Si  1° i i  o c t  r i t ’ ‘ i t - S e t -
c - i  r ’ u it s  t i p e ’ r l I  i n ; ’ t - u n  se’ r vi c-e v o l t -n t i s of  1 2 0/ 2 A 0  V . 120-208 \ ‘ h — p hd i ,
e ’ t  ,‘ . , ,ii-t - w i - l i  a s  t h e  Iuu’rm ;m 1 t r a n s i -  i t  i-i -i s’-;oc i t t  ed w i  t h uw I t  c i i i  u i ’  u t - t - l
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I

m ’ egl i  l i t  ing tOe equ i pm lue-n t  o p e r t - i t  e’cI f ron t h t  i s p u s - e r .  In t s re- ion , i t  is
d t - s i r t - u I ; I e -  to 1 i : t - u i t  t r an s i e n t  v olt a g e s  to  l e v i - i s  t i n ; ’ t - u r ; u l - l e ’  t o  t i l t - c I t -o t t - i
m t - s~’ -r v t l  ta-gu s ( i . e .  , a f - - s  h u n d r e -d vo l t s )  E u ’  , u vo (0  ov e ’r S t  r i - s H i l l ; ’ low—
v o l t  age -  i n su  ] it I t ’ US i d e ’  tt u e - f a e ’ i i i  t y  . In t h i s  r e -p i 01; i t  is also i ~:upt - r —
t a u t  to l U t e ’ t c t ’ l l l l u ’ ; t a l l  e ’x p t t s t ’tI : ; ; t - t a l  (e -qu i p mu - l t  h o u s i n g s . con d u i  t s . and
ot her  st r u c  t u r t - s )  no a v o i d  sh ou t - k  and exp los ion  h a z a r d s .  i ’h ie i n t e r f t  r i - n e c ’
e n v ir o n s - m i t  in  t h is  r eg ion  mi g i l t  t I t u s  he l i m i t e d  to  a f t - s  l i s t -o r e’s or a
f e w  l u u n d r e ’ ,1 v - i t s  on c o n d u c t o r ; -  and to  f i e l d s  of  u t how h u n d r t ’ d v o l t s / t - ; , c - t i ’ r .

I n s i dc - s h i eld  2 ( th e  eqeu i pmen t  c a b i n e t s )  is t h e ’ smal l—s i ;;nt l reg ion
ca l l ed  Fume- 2 in Fi T T l i r i ’ A .  ‘ft is t-’ t’g l u n  c o n t a i n s  t h e’ --s- t-ill—sig na l e l ’ - - --
t r on i e ’  C i r c u i t s  t h a t  ar e- suh je ’u ’t to m a l f u n c t i o n  at i n t e t - r f e r e n c e levels  of
a low v o l t s  or a l w  t e n s  of m i l l i a m p e r e s .  T h t - r e i  or ~- , t h e  peak  t r a n s i e n t
m t  - -r f e ’r e n c e  levels on c o i n l u ; e t o r s  on E  u - r i n g  t l u e ’ s e  c i t - e l i  i t s  m u s t  he s m a l l e r
than  E l i t i s t -  value ’s if t h e  c i r c u i t s  I r e  to  o p t - r a t e  re- i i ab l r

Wtu e ’ n the  p r i m a ry  and secondary  oh ie ’l d  i n g  s u r t  a c e t - - t -  l i , t v e ’  h i -u- n  st ’ic~ n
i t  is  i m p o r t a n t  to  ext - in l ine  t he  t opo logy  of t i l t - s e  s u r f a c e s  to

1. d e t e r m i n e  t h a t  t h e y  t - u r t -  t o p o l o g i c a l l y t w o  s e p a r a t e
shie-ids r u t t h e - r  t h an  one w i t h  a r e e n t r a n t  r esi or .  as in
F i g u r e  6(b)

2 .  i d e n t i f y  all  p e n e t r a t i o n s  and a u - - r t ; i r es  t h a t  w i ll  be
n e c es s a ry  to acco mmn odate  the sys tem .

In t h e  c o n t ex t  of t o e  second purpose , t h e  f u n c t i o n  of the-  p e n e t r a t i n g  con-
ductor ( i . e . , w h e t h e r  i t  i s  for  e l e c t r i c a l, m e c h a n i c a l , or h y d r a u l i c  u se)
i s  im m a t e r i a l  to its a b i l i ty  to  v i o l a t e  the  sh i e ld ;  any c o n d u c t o r — — c -vu- n
a groun d ing  c o n d u c t o r — — t h a t  p e n e t r a t e ’ s  the  shield compromises  t he  i n t e g r i t y
of  the  sh ie ld .

P e n e t r t - i t i o n  t r e at m e n t s  such as those i l l u s t r a t e d  in F l - p t - i r e  9 should  he
cons ide ’u ed f o r  each p e n e t r a t i o n  of the  p r imary  auid secondary  sh i e l d s .  Be-
c au s e ’  of the  ex t remel y h i gh v o l t t - u p e - s  poss ib le  on externa l c o n d u c t o r s  such
as power l ines and communica t ion  cables , hi gh — c u r r e n t  surge  ar r e s t e rs  ar c -
u s u a l l y  neces sary  for  insula ted  conduc to r s  p e n e tr a t i n g  the  p r i m a r y  s h i e ld .
At time secondary shield (e.g., the  e q u i p m e n t  c a b i n e t) ,  -i v a r i e ’t v  of
i n t e r f e r e n c e — r e j e c t i o n  devices may be used . Som e- of th e -s e ’ may be pr  iv ided
as a normal  f u n c t i o n a l  par t  of t he  e qu i p m e n t .  For examp le- , dc power sup-
plies may se ’rv c- to i s o l a t e ’  t i me  e l e c t r o n i c  c i r c u i t  f rom t h e ’  i n t c ’ r l e - r e - m i t - e- on
ac power conduc to r s , and d c — t o — d c  coulver ters  can p e r f o r m  a s i m i l a r  role ’
when the pr imary  power is dc.  These- and some o t h e r  s e c o n d a r y — s h i e l d  t°- -~~-’—
t ra t ion  t r e at m e n t s  re ’ i l l u s t r a t e d  in Fi gure 14. Cable  shields and other
“groundable ” e - o n d u i c t o r s  may be t rea ted  at  the secondary s h i e l d  in much
the same niann el r as t h e y  a r e ’  t re -a ted  a t  the  p r imary  511 i e ’ l t l — —se ’e ’ Fi gu r e -  t ) ( a )
and (b) .

Of p a r t i c u l a r  i n t e r e s t  ar e ’  t h e  au - power e n t ry  and g r o u n d i n g  p r o v i s io n s .
Topologica l l y proper  methods  of t r e a t  ing these  p e net r a t  ions  t n -  shown in
Fi gure 15. Fi gure ’ 15(a) l l l t m s t r u m t e s  the topo logy  i f  tOt e ’ p r i m t - u r v  s h i i e ’ l d  a t

-346-

- - - _ _ _



- ‘ -~~~~~~~~~~
- -

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

ZONE I Sm 2 / ( ) t - -,[ 1 / 051  2

ZONE 1~~~~~~~~C T I 0 E R~~~~~~ Z O N E  2 to ’s l
~~~~~~~~ C 10 DC 

“
I
’ 

/ 0 0  2
DC F’; A E R  DC iu ’vi __t H’ klE H

~~~ 
IC “) ‘, (  I; 

J ~
_ _ _ _ _ _ _ _ j

dl R E C T I F I E R POWER SUPPLY IS; DC TO DC CONVERTER

Z O N E  1 / O N I  2 L i  151 I / 11 1 ,1 2

Id COMMON - MODE REJECTION IdI PHOTON COU PLER
T R A N S F O R M E R

Z O N E  1 LONE i
ZONE 1 / ( l”,l 2

_ _  -

t t l  ott i i ’r ~‘~~It - N - I,i, t t - t ct’
I i t l t t i l  t i lu I~ i t i  I l i t - t i l l

t el ISOLATION TRANSFORMER It t OTHER

F I G U R E  14 T R E A T MENTS F O R  S E CO N D A RY S H I E L D  PE N E T R A T I ONS

-347 -

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— 

_________ 

-
: -. ~~~~ 

_ t - t - —  ~~~~~
— . ~~~~~~~

___, 
~~~~ A



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

LIJ\I II , ; N f  - 
I / i l l

l~~~~ I-R~ ~

t i  Hul l  O I N I ,  F Ni ie~

‘ t I N E  I ‘051 2

/ 

_ _ _

t- ,L  - [ - -~~~~ - : :  - :- : -: 
- - : : - ~ 

* /oN~ 
-,

l I  l~E II ;, ‘~~~~
- - -  

~~( , ‘, - Il

- F I L  11 Hs -I  - - I ’ l l It

1 5 1 I 5 A I 1 t - F i I , \ i ’ ’ t - ’ T

lI’I EQUIPMENT NICe

FIGURE 15 AC POWER PENETRAT IONS AND GROUND ING CONDUCTORS

t h e ’  ;- e ’ r V i u ’ t ’  c ’ll t r , i m i c e .  For t i l l s  l a t - - i t a l l i t i o t i  the ’ Tl.i i tT d l s u l o i l l u e - c E  t - i i t d  ci I S —

t r l h c i t  ( ‘ i i i  p t -m i - i  I r e  11111 s i d e ’ hu ’ - s h i e l d  s nc c ’  th e’ “‘~~ 
r c c i n u i i m e t - i

l i i ;  ~ rie l u n t i l  t l u e V  h ’ ; l ’,’e’ t h e  e l i s t r i b u t i , t ’ i  p t - i n t ’l. i s - u t -  o p t i~~ is I or
g r , ,und  l u g  i ’ o n d u i e ’ I or s u e  s i u c i w n ; Iii t il e’ u p p e r r i g h t .  ;t . ‘Oflc- 1 c i  o ct  I ’ it ii

( g r i l l w i r e ’ ) ,s  d e r i v e - cE ui u a l i t - t i i t - t I  c i  serving [ I t - t ’ r i  c ’ ’ t r u t - n i l -
- - c u l l  I I n n - u ;  t • i.;hi l i t ’  i u ;  I i -  I s  l ’r r j t - - I ; ! , t u e  ‘o~t - t h u i  i t  serve s uts t h ~ - - , ‘r ~~u i u i t l  i n
c’ ‘nil i i  - t o  r . I n  I - g m  r i  - I 5(h) u t - I so ut-1i t Let-Us ti t i , e t -  ‘‘lin e! lIt - C , ‘i lcI  n e t  or
tcisfl dm ii L or - T ree -ut w i r e ’) i t - i -  , il s~) s h l o w u ; , i i  t i l t l I i T l t -  t o e ’ S  i t - c-’ c o m i t - i u i e ’el in  u t - i t - , ’

p i c t u re ’ (bo t h  i t - i ’ t - c i t i i , - , - I t - F ) .  , ‘ i t e ’ t l l , l t  t i l e ’  p r e ’ie ’ t - l t ’ c f  t ’ I I I ( p i t - i ’flt entr .’

cit i i  i t - I ’S - t (1110 1 it t - u i i t - ox  l i t -  h , i i ’ l t - — - 1i I ; i u i e ’ -p in i i i  shi ie le! tIl e ’  t i l t  ‘ t -  i , i r  ~ f h e -’
o - i i  ( 0 4 ’  t I r ‘a I it - ‘ i i i  I i  I I ‘r e t !  pow ’ r con i t - u - t irs - i n t l  g r -  - -i i  s -f  r i - - - - t - f l  I i  C’ t - ‘11

~
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‘i’hie I Op e l  l d t  ica 1 t - i~~~ no tc h to  si t  ie I d i n - p  and g r o u n d  ing is a r u l t  iona  1 and
5V St  e ’mna t ic ui ,  I hod ut - f  p r o V  id ~fl f. t lie- h i g h F ‘ t - - r t - ~ of  i S c e  l a t  ion r e q u i r e - -i ho—

1 s t - c -n e x t e r n a l  c o n d u i t - t o r s  u ’ :-:1n - od E u ’  111 , 1 1 1  n i m u p  or i t  i cr  h a r s h  e n v i r o u u t - - t - : u t  s
t - i n el s m a l l — s i gna l  c i r c u i t s  s u s c e p t i l t h e - t o  t r , i u I - - i c - l i E s  of a f c ’is v o l t

I t  i s  c l e ,u r  t h a t p r i m a r y  ‘r , l t e ’ c t  i on  f r o m  e - : s t e n i ; a l  I u — t - ’ i - n e r , i t u - u I  i n t e r —
Ic  r e n d - c’ is  , t i , t , i j i i e u h  f r o n m  s h i e l d i n g ;  p r o u n d in g  is not  a goc d l i t  i -m t - u t t o
th is i n  t e r  l e n t -fl oe’ . In fact , i lnp r opo  n ‘ n c u u u u u , l  i i m p  p r o c  ~- iI u r o s  ( e .  ,- , . . Fl um ro
I t )  mt-m y t-g~gr ,lvt-t t e ’ t i l e ’  p r o b l e m  r t - u  t I t e r  t I t t - i n  sol vu ’  i t  - A l  t h o u g ht t h e  d i v e r s  i c i t - u
of pc - net rating conductor currents to a ~hie’ld (se e ’ Figu re -  9) is i f t e n  e o n —
side-red an aspect of r o u n d i n g ,  t he’ top c ; h c:t i l - l l  t - t j l h t - r o t - l c’h ;  sh u o w s  t i ; c t  i t  i s
in ft - t i - I  a m ethod of pr e s e r v i n g  the’ in t e g r i t y  of t h e ’  Sit - l i - I d .

Topol op ica ll y, ~ r o u m t d i ng u t - I S  no e f f e c t  on ct- s t i r u u t - u l l v — , t - e ’ t m e r , i t  t O  i n t o r —
fe’re’nce . Grounel  i n g  si t -V e t--i oni  v t o  e q u a l  i L u  t i m e -  pOte’fli it-i i s  (if 01 1, rS iso
insu l a t e -F  m~’t a l  p a r t s  S ’ I t l l i n  a s h i e l d .  In so d o i ng ,  i t  h e l p s  c o n t r o l  s p u r —
i otis  p o t e n t i a l s  pc -m i - r u t  t ed iv  son r~ - e’s i l l s  i i i  c- t i l t ’  s-h ic  lde ’d r e ’g ion

Iie ’ Ct - lU i - i e ’ t h e  t o p o l o gy  of shieldin g and g n i l l m n d  i ng  d ic  I t - t i e ’s t h a t  ground-
i n g  c o u i  ul ’t c t r s  s h o u l d  not  p e n e t r a t e  sit - i t - I d  s u i r f u t -  c’S, S i t - f l u e ’  of t h e  i t - r ; h t l t ’ u u s
e l t c ’OU n E c’red in ;t-sst ground in e~ proc I i C c ’S T511 l i t - i s  h i -  u u u d e r s  tood . ‘l i m e  e’ i r—
c u i t  l m p s e ’t and dt-tmntpe problems associated wi thi tOte’ common pr Iet lee - of u’i ’ l i —
flu -ct i n~t-, s m a l l — s i g n a l  enound  ( Z o n e  2)  to  t I m e ’ bu i l d  i n g  c ’I - - E r  i - , i h  -,~i - ’ u n d  c- I i - i —
t r u i i e  (Zone  01 , l t - e ’ reach il y understood f r o m  t h e  t o p o lc i g i - u t I p i t t u t ’ e ’ in F i u m r t

Acco r d i n g  to t O i l s  p i c t u r e ’, an y n a t u r a l  sh ie ld in 1’, t h u - it  mi ght  have
been p r - t ided by tIl e’ b u i l d i n g  ( sh i e l d  1) or e ’ q l u i [ i f l m e ’ f i t  i ’ , u i l i n c -t  (sI- ti e - I - F  2 1

l i t - i s  h e ’e n c i r c u m v e n t  c-u i i n -  t h e  g r o u n d i n g  c o n d u c t o r , t i l e ’ N it - v e ’ xpos in g  t h e ’
s m a l l — s i gnal  c ir c  I l l  t s  to t i m e  h a r s l u  o u t s i d s e n v i r i n r I t - u l t

I t  is  a l so  i n ter -st  ing t h a t  a t  I I t - I l l ii to  u t i l ~ ’’ i t t  c ’ t h is p t -u i ’  I I I I  Ilt - I Vi -

oft en been c - u t - l ; ’ i - : l t  r a t e d  on r e d u c i n g  the-  gr i t - m t - d i n g  i - i t s  t r o d e - i ; i T p i - h t n c - e- ——
t i l e - r e - h ) ’,’ re t iuc h ip  t i l e ’  n—hundred  k\ ’ in i t - l i l t ’ 1 — — r a t  h e r  t h a n  on i t ’lprul’.’ (ii1 ’ t i n  -
i n t e g r i t y  of t h e  511 i e ’ld s  by el i m in t - I t  r a p  t h e  o l t e i u , I  i m i g  gr a nt - i i m ;  conduc  t s r
An i m p o r t a n t  u u d v u i n t u t g c ’ of  I l l , ’ sI t  i t ’  Id ( I I - ’ . and  g r ou n d  i ng  ph i l o se ip hv enun e  I t - - i1
h u e -  r i - is t hi t - i t svs  t i - I l l  i - i  f i t  rm uu mnu - e- is compi  e t c ’ I v i n d e p e -n d en t  u t  t lie ’  gn u ;  I O u  i n  -t-

~‘1 u - c t  r u l e -  i n u p i ’tha ne’e. ‘f lue prope - r t  i t ’ s -  of  t he  ~r i t u m n u I  i n 1 ~ e l e c t  r o d e -  i i i t  t I m e - n t - —-

f c t i -  i~ - l e t  t t o  t b i t ’  d i  Sm - r i  - t j run of  l o t -w i -n  an d  co i n m u i n  l c t - i  t l I t - l i  it  i l i t  h e ’’ ; .

I t  i s  n o t ’w ’ ’r t h y  1 1 1 1 1  the ’ s i u m g h t - — i ’ : t - t  rv  u -on e p t  a l I t - v  l ies tim e  1 ’  1 0 l i  - —

me ’nt  o r  ~i h i  gli—qu a I i t ’ ,’ o v e r a l l  s lu  h e l d  i f  t h e  jit- i nc  i l t - u t  I ;ui ’ t - u r c c ’ I I  i l l

I e r e ’l l e t ’ i ;  la r g e  c l i n t - c u l t s  on outs i d e ’  c u ; u i u h u i ’t  i r s  su c h  i t - -  t i ’S - I  I iit -~’s tiu ~: ou t -u—
m u t l i l ’ u m t  i t t - i l  u , i t i i t ’s. By d i v e r t i ng  t h u e u ; i - c i u r r e ’n t s  ,it t i ’  e n t r y  it - t i e I i l l  l i - I

t h an  a l l o w i n g  the -un  to f l o w  t h r o u g h tile’ sit j c i t 1  , a ‘ I t t i l t  n u t  i - t j l u i )  i t  ‘,‘ i u t u ( t -  I d
( e . g . , st r e i c t c i r t - i l s t e - c - i  i - n  r e i nl o r c i n g  s t e - I )  f i l l y  t - ; m i f f i - ~ f o r  I t - t - , l l l V  I l l

i t - t i  i o n s .  I f  lu i g h t ( u l t i ’ m i s i t v  l i l t  e ’ r l e - u ’ e ’ l l ce ’ f i e l d s , as cs ’ ’ i l  u l s  c u u n i l u t e t  i i  - u n —
N u t  5 , p rc’ ’,’, i i I ;t s  in  t i t ~’ it-ti c i t  ui  r I - N I ’  env i ron me ’n  I , - I I I I  Oh  I — - l i  i - t i  i t  v s - h i t  1 d
n~- i y  he r e q e m  i r t - !

1 i m l , u l  l v , i m p l em en t  i t  l i i i  of l i i  -;h i i - l e h i n g  I l l !  u ’ n l i l i m u h ( i t t ’ , 1~ t - ; ’ i  t I ,  lu
u - r i  l~~- l  i n  t I m  i s p i p e r d ee-u;  nei l em t , t  i I c ’ t S  t I V h e w  e -~~ i i t t - l i t  t - i i i i l  p 1 - t - 5 ’ ~~e - - ;
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On t h e  c o r i t r u t r y ,  it mit - tv  e l i m i n a t e  sonic’ of t h e  cost  I v  gru u n d i n g  e ’l e ’c t r o de
in st a lI at~.ons and e ’x t rava p e ’nt  use of lI t - iv y c o p p e r  bars  and , l l i  h - s  t n o —
q u e n t l v  s p e c i f i e d  in the  name of “ good ground (alp . ” The- e’SSeOlI ’ i’ of the  ap —
p r o ac h  and i t s  p r i n c  ipal advant  ge - i s  t h a t  i t  p n ; t v i d e s  a r at  ional  m e t  I l u ’ !
of a c h i e v i n g  the  maximum i n t e r f e r e n c e  l l r l t t e ’ c  t i o n  f r o m  t h e -  s t r u c t u r a l  m i - I  a l
b m o u s in g s , e t c .  , t h mt - i t would  u s u a l l y he p r o v i d e d  e v e - n  i f  i n t e r f e r e - n e c  we re ’
not a consideration . The p r i n c ipa l  e f f o r t  r e q u i r e d  to  imp l ement  t I l e -  ap-
p roach  is, therefore ’, i n  c o n f i gu r a t i o n  c o n t r o l .  Ti tus  t ue a p p r o t - t i - bu  p ro—
misc -s improved c i r c u i t  p r o t e c t i o n , hence impr ove-cl s y s t i - n u  r e - l i a b i l i ty  and
reduced maintenance’ costs , as well as potential ly lowe r initial costs .
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A s e ver e -  n o i s e -  probh ’m e x i s t s  at m a n y  a i r  t r a f f i c  c c , i i t r o l  t o w e r

l o c a t i o n s  in the  VHF r e c e i ve r s  d u r i ng  o o r t a i n  s t - v e r e  weather condi tui,u, s.

The p r o b l e m  h a s  b r i e f l y been i n v e s t i ga ted  at Bos ton  L o g a n  A i rp o r t  and

has been found to be ’ most likely re lated to corona di scharge- f t -  rn a i r

t n  rr i ’iin al  S r i o  s e 1cm t h e  r e u : e - iv i n g  a nt e n n a s . ‘I ha- e - f f c - o t  of t h t  ch i a r g o  t h a t

can a c c u m u l a t e -  on t h e  r a d o n i e ’  h a s  riot y e t b o e i u  ‘ ,vc- l l  i d e u i t j f i e - d .  The -  e I t - a r e - i -

f r i  rn r a i n d r op s  t r a n s f e r r e d  to t h e  a l t - I c  a t - t - a s  S e t - c - i l l s  u n l i k e l y as a n o i Se  S e l l  moo ,

h u t  cou ld  not  c-n t i  r e l y be’ ru l ed  ou t .  E l i m i n a t i o n  t e  c h n i n u j e ’ s i t - s i n g  Si a ti c

d i s c h a r g e’  r s it Sot-rio ATCT l o c a t io n s  h a v e  l i e - o n  anal ’, ’  i. -d a n d  a re  e m i t  i c i  z i - d ,

S l u p g c ’ H t m n S  for  p o s s ib l e  c o r r e ct i v e ’  p r o c e du r e s  m olt - i d 0 rol ite ati et - O f  t h e  a i m -

t o  r r n in a l s  or  p 1 a c i n g  c o r o lla  bal ls  l i v e r  th~’ t i ps of t he  li g h t n i n g  rod ~~~. Th~-

l t - i t t i - r  n u o c i i f i c a t i o n  ‘,vi ll  oI t - t - l  enhance t i m e  l l~~} t - t n u i i g p r o t e c t i o n  c a p a b i l i t i e s .
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1. 0 NOISE I N T E R F E R EN C E  I- ’R O } ’e L E M  A R E A S

1 . I .  N o i s e ’  Pr lh l e l l u

A se- y e’ re noise- pr’mmhle ’in exists ~e t  n U m e r o u s  Air Traffi c Control

l~~m~~~ - r ( AT C T )  l e c a t m e i r i s  in t h e - V I l E / F I l E  r , - e~e - i \  c r 5  d e i r i n g  c er t a i n

r i i n s t or r n s , s r t o ’.e’ s t e t r r u l s  o r  t h e i n d e r s t e i n r n s .  I l~c’ r t o i s e -  is often con-

t i n u o u s  ~cnc1 i s  c h a r a c te -  m i / c - c l  I ’ , ’  a hi gh p i t c h e - d  h u i s s i r i g  o r  sc r e ’ t -~m i ng

s o u n d . It c a n  las t  fo r  m a n y  l e t - i s  of n i m bI  c -S and  be- so t n t  c-n s t  t h a t  t h e

c o u P  r e i l l cr s  are- e t n a b l e ’ to r e c e i v e ’  c e u m u r l l m t - n m c a t l o n ,s I t - t i n  a i r c r a l t  for ,e

c i t n m s t - d i - i ’ t - ib le pe riod.

A n u ni b e ’ r of a i rp o r t s  , i r e ’  i n v e s t i g a t i n g  l i i i -  p r o b l e n i t -  vo }t - i l e -  i t l t - t -r

airpol-Is li t - mv , - carried omit certain c~e m e - s t m c m n a b l e ’  s o lu t i o n s  t o  t h e  p r o b l e m .

Static discharge ’rs h a v e -  bee- n purcha sed to dl l e ’c i  l I e ’ t h e -  radio i t - I c r —

fe ’ne’nce , lim it the-se d is c h a r g e - m s  are - conside’re’d by us t m t  p i t - t y  no  p a r t

w h i t - i t  s e m o v o  r in  c o r  r o o ti n g  t h 0  p r t  m l c r r m . The-  \ t  id w av  1c m  o r  i i i  Chicam 3 o

p urc hua s&’d te’n such discharge’ r s in the- Fall of 1 175 and since ’ t i m t 1  t u n -

the ’  d e v i c e ’s  have  l I e - c - n  i n s t t - t l l~ -d ~ t t h e -  fol lov , - i n g  t - i i r p o r t s :

\ l i d w ay  B i s m n a r k  A t l a n t a
Flint I mic -b l o I m m m l i  svjili ,’

Y m i l i  r i g  s town  N i t - :  - i t  St ,i m m  I i ’  r d
In clianapoli s Colorado Springs Tampa

D a r w i n  D e - n \  i - n  - A m - apaho  P a r k e  sbu  rg
R h i n i  e - l and  e r
Fai  r in o n t

T h e r e ’  a r e ’  u n d o u b t e d l y lul ariy nt-ore’ f a c t l m t  m e - S  in t h e s i -  m m d  , i t h , , - r i- e ’g i o n t - n--

w ith  s i m i l a r  p r o b l e - n t - s , and  it  t s  c i n f o r t u t n a t e -  t h a t  m u c h  e f f o r t  , i I l t l  f t - n u ~h i t - g

is being -‘ -:pi-ni el i ’d lm y differ m- nt peop le’ in orde r te t m I t e - n u l l  I i -  ~i h - v i ~~i~ t i c

p r o b l ’ - n m u . A s i ng l e’ invi -st igat ron shioetld be’ ~t e r f u r m r t - c d  t h 0 t  wo t i lo  n e - s i t - i t  i n

r en - o rt imnie nclations to all ATCT loe t - i t i - t m u ,s which , v,}ie- ,t ca r - m e - e l  i t e i t , ‘a- m i l d

eliminate this peP i - ni t ial l i t - I / a n d .

I’:le-ctri al b t-i - , m k t l u t - i i m m g h on the- VHF’ ri - e i - i \ e - r n - ~ ha~ i ie e e irr e ’d at \ - armo e Is

tint-es at Logan Inte rnat ionu ~ei Air p ort , Bo ston , m m i i  t i e  i l iut -- t r a te -  tim e p r o l t h e ’ n n m .

i -xe -c rpt s f r o m  an  t ot e  r it a  1 t i m e  - u t - o r  a r i d u  m i t  a r ‘ - r e -p r o d u c e - c l.
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t Or i  S e i u m m l cv , A m i g e t s t  1 , i t  l~~0O V . t i m , -  t e o e r  r e - p o r t i - t i  c - l e e  I n c  al
b n i - , m i ’ t l u r o u o h t  i t - i  n r i . t j n u  1 1° . 1I( X , w h i c h  i s  l~~e ate I l o u  t I , - 21st
f l i er i t  time’ t i i ’ ,c,- r c- , i t } t  i t s  t - t i i t e - n i r ~~ u i t b i I \ e  ti me c a b . I i o - y  m ’ ’ a i t e  l i e d
to  t~~n i t l l m y  l i i i . 1 13X , -,-, } ic li i s p r e s e n t l y it - u t h i e ~ t - i ~~t-~~i p n i u e n i t  t e t i t - t -  of

l i m o  o ld  t it v, cr lumril di nr g ‘ a l I b i  i t s  . c t - ; t i - : i n t - i  C e n t  t h e ’  o l d  t o w e r  1 i l t l i n g
r o o f .

T h e  ~c i , t t h e ’ r  e t - r i e l i t i o n s  m t  t h i s  t j b t ’ -, vc r e  n~~i m - t v  a n d  ( m ’ , c r e , u s t , w i t - l i
e l c c t n j e i l  m t - t o r n i  c e l l s  i n  i l ] t - t - e  a I t I n . , j m , e t e l y - u l t - l e S  \ ; i e I e  , 1 t - d  2 5
m t - I c - s  l ong  s t r e t c h i n g n i o r t l u  an d  t-~~~t - l t L . I b i s  l i n e  ‘,‘, t - i s  ] ( e C e t e - m I  10
m i l e - s wc ’ ’ - t  o f t iri- a rp ort x n o - - i n g  in  c i i  e a s t e r l y I l i m e C i t -  I i .

1)- u n - t ri g t i c  p e t - i t o h 1500 V to 152° / , i - o h  r o t e  u v ’ r s  \-. c r c  n i i e e t - 0 ’ o ri  ( 1
:u t  jack : m r m e - l  on t i m e  m ~ i m f l e e o r .  I I c  r -~t i o  ( f  s } , c m r t  1 net s e e l

m’l c c tric ;i l st ,t tic l i e t - ’ o m i t - u  on 1 ’ t - ’ t - m ,~~t - n  1 1 0 . 1 P ‘ - t i t It -

1 1 - . 1 RX wa s Ippn’e x m i u u ~~, el y 3 :1 .

i m ~ ’ ( ‘ i c  I n c a !  ~ t e ’ m n i )  ne -l i read,e-d tIj o ~ u n u t e r I  at 1530/ , 1 - 1 c t - n e a l
l i r e - l - t h r i i i i ’ , t -h l i t - c a r r i e ’  t - t - t - -- t - c ’  f r e - ( j t - t - i  n I t  it - CI l i l t - u - c r  m u  H .  ‘~~~t- i - c t - u  c t - u
t - - u a i n t 11  1)~ R~~~. l i m e  s ta t - u d N y 1 1 0 . 1 Ri e - m it e d t i e  }i .5 ’:c i-be rt

e i e -e t r i e . i l  li re ,uk t l l r c l u g }t - sir mi j l , u u -  t o  ‘ a l i t  t i ’  i - t e n t - i  ‘,‘, , i S  10 i l l i l i - S
I t h e  t - c i r p t m t .

A t  1531 / , t i m e  i m i , i n m t  l i i . li -F’~ s t - c - n i t - e d ( c i  m o  j ’ i t e m  ( e 5 c j l l ; u ~~r i ’j l S  ‘ a h t c l m
l a s t e d  n t - e a r l y  1 nt - i nmntn’ . The t -- t a n i d b y l i i . I R N  c - - t - i i : ~~~. - r l  t e e  I . : c - , e
m- hort burst c m 1  e - l e ’ c t r i o a l  h r e , u k t i u u  c t - i t - l i, R a i n  v a s  very I t  u t .  at

t h i s  t i n i m e .

I l t- u r ini p 1532/ to 1533/ . , t h ~ m ain 119. Ii< i ~v t - t - u t  i n t e l  0 t - O l l l i l i i i t t - t - 5
a g a i n  (e a e n s e c i  by e l e c t r i c a l  d i m - c h i t - i r e - c ’ ) .  T h i s  t b x m c  t i e  I~ F g a i n  - - u s

(Ic - c r e as e d  to e l i m i n a t e’ Ou t ’  e m s c i l l a t i o n . At t h i s  g a i t - u  s e ’ ’ t  i t - m g ,  ¶ ‘~~~~
\‘

f r i t - m t  a s i g n a l  ge - n e - r o t o r  ( I I P — Ô O B D )  ‘a t - i s t - l e - ce s l l u l I ’ V t o  l i r t - ,t k  t u e

~~ t - m~~1ch. i he ’ r e -c e iver was t I l t  m m r e l i m r n e ’ e l  t i  2~~ V s~~- I c I ~ i t - r o o k .

T h e ’ e ’le ctrie mel s t o r m  had d i s s i p a t e d  s c i n m , o  e i \ o r  l)o stm ’n , and  l t y
1540Z it -a - es ,e j t p r o x i t - : t - - t t ,-lv 2 to  4 M ile’ S ;l ’, s e -  a. (~~ur - f l t - , li ri 1 1 ° , 1 k\

d u r i n g  t h i c  p e ’r m d  1532g to 1 ° - l O X  r e - h i r u e d  to  m m t , m r n t u , t l  l ; l t ’ n a t u -  : m , ~e- i t h
e l e c t  n e - al b r o t h - b h r o u g h  d e c r e a s in g  in  d u r u t j o n i . I } u e ’  ~ t , c t - i d t ’, I I ’ . lEN

a l n - o  d e c r e a s i - m I  in i-I , e b r i c , t l  b n i - u e 1 ~ t h u r o e i g hi m I t - i t - i  ; t -  t h i s  
~

t e t i e d ,

2 1 o c R  ,- \ n  r l i e i r t  I , m v o m t - t

n - ’ a  e e m n t r e e l  t o w e r  at .  l~ogan A t rp o r t , S i t - i t t - C t - i  i T t  I - t o t - i r e -  1 , is

,l h m l e r o x t r n i i l e l y to l fe’et l n i g l t - . ‘ l I t - i  r i - c  e t v i n g  e : m t e - n i t - m a m -  i l - n  , e m r c r e t t

e e i n m r o m m n n e ~~ t 11 11 5 a r t -  oil t eii of t I n e  I t i ’ ,’ e r  a nd n -mI l e  c - I  at - i - m t - m e l  a t - c e l k ’ a ; t v

t-c l i r i ’h  o i n c l t - n m m u - m o r i I l  t - -  ut r a d o m n e . A I i g I t - t ’ m i r m g r’ iam! i s p l a ce d  on top oh tI,

r a do n i e  i n c h  ot H. - r Ii g Pt ;~ iii c r o d s  a r e  t - i J e l e  m d  a r t  ci n t d  w a l k  ~e,ev pa a~ ( 1  .
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1 l i e -  lO\’ ee e t t  of t h u  antennas and  l i g h t n i n g  rod s i s  s i m m t c - , n u  in

F i gur e’ ~~. Fi g u r e - s 3 a — 3 c  s it - o w  t i l e  a p p r t m t - . u i n m i i t c ’  p o s i t  t e n t s  l i t  i - c O l e  (If

t h e  t - c i i t c n i n a s  r e l u t t i v e  to t i e ’  a ir  t c ’ r i r i t n t a l s  ant - cl t i l e ’  , I i p r t l : . : i n m m a t e  d i s i t - 1 t - u e - -s

t m th e- p r o b a b l e ’ cor ona s o u l  1- c e ’  at the ’  t ip  m i t  t h e -  l j ~~i i i i l t - t -~ rod . A n t - t i - I t - m t - I

r r toun t  n u n t i b n - r s i x  shoe ’, 5 ,~ Vil E , l l m t  c t - u t - m a  o~m l y lt ~ 1 / 2 mt - c it -i me f t - u rn a c c l  r o r m , c

source’ , a m i d  (itht’ r ~u i l t C n n d S  ~~r e - sp~i c  e d  n o t  t o  n i t - u n I t -  f i t  r O t e - n -  a w ay  f r o n t

c i t l m e - r  l i g l t t - m u u i g  r o I s . ‘ l I e -  n t - e , i r e~~t F l - IF  a n t e n n a  i i -  n - t i m e  35 i n c h e s  a ’,’, d \’ .

The par apet , m~~clonue ’ frame-work and air t n - cn ut - in als 0 111 1 t - u r  h i ~ he  e ’ X —

c e ’ l l e - t - t - t ly g r o i m n d e ’ c I  w i t h  a l l  l i n e -s h e m t - m g  i t - m t  m— conne ctu ci b e - f i r e -  t i e -  g r o m u n i d i m i g

svste ’nt- is re-ached . It ‘a-as , h o t - c  eve- n , diffi cult to decide i f  tlmc ~ c c i t - cx ial lines

fr o n ~ t i t - e ’ antennaS ‘a . ‘ m e  g n i  u n i d  ed ut bot H en d s  or  j et  st at  o n e -  i t - i l .

3 R e ’d e t c t i o n  of t I me - Noise- I- ’n’O -l e -rmu hv~ l n m s t a l l a t m t i : u  1

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

In Se’pt er n l e e r of 1076 t h -  M i d v - ~ iy ‘T’ m a - e - r , C h i c  a g e )  s e i c c e - s s f m t l l y  r i  -

d u e t - e d  t h e i r  c o r o n a  p m m c b l c ’ m with t i l e ’  i n u s t , i ! l , u t i o n  of s t a t i c  d l i s e ’i t - , t r g e - n ’ s m m

t h e ’  li g ht n i n g  r o d s .  O t h e r l o c a t ion s  i n s t d l e ’ t I  su i t - j I m d c ’, l C e ’S  ami d t h e  d y e - n ’ —

al l  r e - s i t - I t s  w e t - C  u s u a l l y - i g n i f i c i n i t . C h i c a g o  m I m e t i c -  a i i e i t - , t. ant -  8 ( 1_ d P i

r e d u c t i o n  in t h e ’ o C e t - e s u o n S  of c o r o n a  n o i s e ’ , t - u l t h l i J m l g Ii t i c -  cE- v i c e - s  ~~~t - I \ e  n t - m e

i n i t - p r o v - ni c ’n t  at F t - i i r r n o n m t . l o g u e n i  ‘ \ m n ~ t m m t  in  t - I  d I e  d l i t - o h m i n  t i m i d  “i t - g u i -  I

win c h  se e m e d  t o  n i t - pr o v e  th e ’  si t i t mt i o n , si fle’ i ’ cle irin g si n i m i -  loe ,tl i - I t t - n t - e s

in th u f o l l m e v - i r i g  n n i o n t h  no n o i s e ’  p r o i t l e - n u i s  e ’ x u s t & ’ d . i l o , e e’’ e ’r , n c e i s c ’ \\ aS

m m i e n m m t i t r e ’d a g a i n cl u n - i n g  s - m t o w s t e e r n i m  and  big ht - w i n d  c o n d i t m o n s  do n - m u g  t i m e -

Wi nte ’  r .

Th,- sl ut i c  (lis c it -an’g e - rS us,’d ih  r oos t  c m i  t h e se  fae’ilt t ie-s e r e -  n i t - o le - l y

I m 1~ - t m i  A n n - c - r a f t  1-~roc1 ctcts of Eon - I L u e t t d ( ’ r d , m l e ’ , ‘a-ho se ’ l i l t -  n ’ a l i t  i -  i t t - p e a r s

i i i  A~ t p i - t u e l i x  A .  T h m i - s i ’  i- i t a l i c  e l i ’ - e h ,erete’ rs at- c’ primaril y for aire - n- m t t  1mm- c

w i t e n ’ e’ t h y t i l l e r  me c t - i t - h  r o l le d  p h i  t e e  l i i i  . -d o f f  t h e -  , m o c m u n m m u i u e t , ’eI ci t - t n t - c- tin

.10 a i n e  r a f t . ‘I h e y  , t t t ’ - m i m i , i t t  t h e  r e su l t a n t  l n - e c , i d l t , i ni ml r a d i o  fr e q u e ncy o e i l sc

Ic y m~ ip n’ ux i int etrl y ~iO d Ii ~~ i m i n 1 t , m r , - d  to me d n s c h u . m r t ’ t ’  fn n ni t i m e  I m p  e l  a ‘a - t r i g

t-e m t i t - i - t - t  d l m s m - l i , m r ~’ers it - m t -- t i l l ed , l o ’e , m m m t - e  T i t t e r , -  t n e m i m i e n i t  l e ’ V ,  . t n i j i l t t t i e l e -  d i n - - —

--_~~~~~~~~~~~~~~ -
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charge pulses will occur with the small points of the discharge-rs than

with la rger points, li-i effect, they attempt to bring the potential of the

body on which they stn-nd to the potential of their surroundings using ti m ’

pri nciple of point-discharge over many thousands of special fou r micron

diameter wires to reduce the noise couplin g tmo the aircraft . Such dc-vices

no doubt  work  ex t r eme ly well on the  a i r c m  a f t  for which they were’ desi gned.

For  the pu rposes  of r e d u c i n g  the n o i se ’  at ATCT l o c a t i o n s , the -  s t a t i c

dischargers were connected to the lig htning rods , as shown in Fi g u r e s

4 and 5, utilizing 3/ 40  x 3/4”  x 16 angle  i ron  to s u p p o r t  t h em . Th~- m -~-

fi gures show that the static discharg ing wires point downward , which , due-

to the mounting configuration of the li ghtning rods , us alway s in a region

of reduced field over the surrounding area.
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2.0 CORONA DISCHARGE

The in i t ia l  p roces s  of ion iza t ion  involves the  r e m o v a l  of an e l ect ron

f rom a molecule, which in t u r n  leaves  a pos i t ive ly cha rged  ion. N o r m a l ly

thi s e lec t ron  will a t tach i tself  to a n e u t r a l  molecule  f o r m i ng  a n e g a t i v e  ion .

If the e l ec t r i c  field is su f f i c ien t ly l a r g e , an e l ec t ron  will acqu i r e ’  a con-

s iderab le  amount  of e n e r g y  f r o m  the t ime it was p roduced  to i t s  f i r s t

col l is ion with a mo lecu le.  This  e n er g y  can be g r e a t  enoug h to i on i ze  the

molecule, t h e r e by p r od u c i ng  a new e l e c t r o n  and ion. The p r o c e s s  may

con t inue  such tha t  f r o m  one e l ec t ron  an a v a l a n c h e  p r o ce s s  o c c u r s  wh ich

p r o d u c e s  a c o n s i d e r a b l e  n u m b e r  of ions.  B e c a u s e  the e l e c t r o n s  a r e

smal le r  than the  pos i t ive  ion it has  j u s t  l e f t , it will t r a v e l  f u r t h e r  than

the pos i t ive  ion b e f o r e  col l i s ion  and ga ther  g r e a t e r  e n e r g y .  T h i s  mean s

tha t  e l e c t r o n s  will p r o d u c e  i o n iz a t i o n  by co l l i s ion  at l o w e r  f i e l d s  than

posi t i ve  ions.  Wit-en t h i s  p r o c e s s  of i o n i z a t i o n  by co l l i s ion  is c o n f i n e d  to

the small  v o l u m e n e a r  a point  b e c a u s e  of the  e n h a n c e d  f i e ld , we have the -

p h en o m en a  of point  d i s c h a rg e .

In a m  r at a t m o s ph e r i c  p r e s s u re ’ , a f i e ld  s t r e n g t h  of a b o u t  30 , 000 ‘ i - / c O t -

is  n e ’t - 1 u i r e d  f o r  i o n i z a t i o n  to o c c u r .  When  a c h a n g e ’  bi,t i l d s  t ip  in a t h e in d e r -

c l o t m d , t h e  f i e l d s  n e a r b y ~v i I l  i n c r e a s e ’  ari d the  hi g h e s t  f i e l d s  w i l l  ~~- c t o se’

to s h a r p  po in t s .  These ’  p o in t s  can t h e r e - f o r e  p r o v i d e -  a po in t  - d i s c h a r g e -

c u r r e n t  when the  fi e’ld is s u f f i c i e ’n t l y i n t e n s e ’ . W h e r e  the  p~~t e ’ ’ u t i a l  c o n t i n u e  me

to r i s e , the  condii iions  may  r e a c h  t h o s e  n e c e s s a r y  f o r  sp a r k  d i s c h a r g e ’  or

li g h t n i n g  to o c c u r.  At hei g h t s  of sc’ ’- ’ e’ra l  h u n d r e d  fe-ct , ant - i s o l a t e d  g r o u n d e d

point  may c a u s e  f i e l d  e n h a n c e n i t - e n t  above  i t s  t i p of s u f f i c i e n t  n i t - a g n i t e i d e —  l i t

be in c o r o n a  d i s c h a r g e  i - v e n t -  u n d e r  n o r m a l  f a i r  w e a t h e r  s k i e s . Thi s con  m t - a

d i s c h a r g e  will , at s u c h  t i m e s , p r o t ) a i ) l y c a u - e ’  c u r r e n t s  c c l  l e - s s  t h t - a n

1 / 4 ~j A to f low down t h e  rod t c c  g r oeincl . U ode r t h e -  hi g h ie -  r fi c - I d  s t 1 u , ~t c x i  n-m t

itt t-u t o r r n  c o n d i t i o ns , b lowin g c , m m l c e - c , or  n e a r  I c c  c u e - c - a n h t - e - a k . - r s  t h e -  c o r o n t - a

c u r ren t  n n i a y  a p p r u u e e - l m  ~- a l m t e ’ s  of 100 uA  fo r  pt n e e d s  of , m l c u c t t t  1 n i t - i n t - u t e -.

Si g n i f i c a n t  l e v i - I s  of e - e i r o n a  e m t r n ’ en t c en t - a i m - c e  ( ) e e t i r  t i m  t i i ~t e li i u e ’ a - , - r

s t r u c t m t n e - s  c i n d e r b i n g it l i e - I d  c o n d t t m o ; - ~- . it ,e m - i e el i y C (ui’ ucn l , t  c ’ur n u - n m t  Ii t - , t h ’mc tt u e l, -
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is a func t ion  of point heig ht , r a d i u s  of c u r v a t u r e  and wind speed. The

field e n h a n c e m e n t  or exposu re  f ac tor  at the ti p for a 30 m t o w e r  is shown

in F i g u r e  11 , and for s t r u c t u r e s  of d i f fe re n t  hei ghts  in Fi g u r e  12 .

Corona  d i s c h a r g e  will , t h e r e f o r e, occur  in the air  above e leva ted

sharp  po in t s .  The b reakdown f ro m  these  e x t r e m i t i e s  o c c u r s  not as a

cont inuous  f low of cha rge , hut  as a s e r i e s  of pu l ses  wi th  r o u g hl y 10 n s e c

r i s e t i m e  and 200 nsec  du ra tion , and it t h e r e f o r e  g e n e r a t e s  r ad io  no i se

over  a b road  s p e c t r u m .

The e f f e c t s  of wind on c o r o n a  a r e  i l l u s t r a t e d  in Fi g u r e  6. In t h i s

a p p r o a c h  onl y h o r i z o n t a l  winds  a re  c o n s i d e r e d  neg le - c t i n g  any up d r a f t s

as mi g ht -x i s t  be fore  and d u r i n g  t h u n d e r s t o r m s .  The l a s t  2 no of a

p o in t ed  30 m hi gh tower  a r e  plotted in a s torm f ie ld  of -10 , 000 V/ r n .

Ion iza t ion  a long the  rod s u r f a c e  will take  p lace  onl y w h e r e  the  f i e l d  is

e n h a n c e d  to v a l u e s  g r e a t e r  t h a n  the b r e a k d o w n  poten t ia l  g r a d i e ’nt w h i c h

is r o u g hl y a s s u m e d  at 1 mil l ion V/ rn .

F i r s t , to d e t e r m i n e  the o u t e r m o s t  b o u n d a r y  of a p o s s i b l e  space

c h a r g e  cloud , c o n s i d e r  the s imple p i c t u r e ’  w h e r e -  space  c h a r g e ’ does  no t

e f f e c t  the f ie ld.  Two ca se s  f o r  w i n d s  of abou t  10 and 30 k n o t s  a r e  sit -own .

U n d e r  e f f e c t  of th e’ f ie ld the ions  move  u p w a r d  and oeit to the  s i d e s , and

the  wind adds an e x t r a  h o r i z o n t a l  componen t  to t h e i r  mo~ e m i t - c - n t , c r e a t i n g

a so r t  of c o n c e n t r a t e d  line c h a r g e ’  as the  ions t r a v e l  a r o un d  the -  t o w e r .

The ion speed ri g ht at t h e  t ower  is  v e r y  hi g h and d rops  off  r a d i d l y wi th

d is  t alice.

The  s i t ua t i on  c-an now be’ c o n s i d e re d  w i t i t -  space  c h a r g e  l i m i t i n g .

Once  co rona  s f o r m ed  and s t a r t s  m o v i n g  e~~mt f r o m  the  t o w e r , i t s  c h a rg e

would r e d u ce  the  f i e l d  a r o u n d  tIt-e t o w e ’r  to  below t h e  h , r e a k d o w u m  p e t e - n t - I  n a l

g r a d i e n t - I , and c o r o n a  d i s c h a r g e - woei ld cc -as e’ . W i t h i n  a f r a c t i o n  of a

s e ’ c e c n t d  t h e ’  w i n c h  would blow th i ’  c h a n g e  c l e a n  of t b t e  h e w e r , c ’x p c e s i n g  i t

a g a i n  t e e  hi g h f i e l d s , an~1 i o n s  would  l e e ’  f o rn - c. -c l a g . e m n  etc . ‘l ’hn s causes

the  co rona  c u r r e n t s  to l e e ’  g i v e n  o f f  in t c e u r s t  n- , ~e s  f i r s t  o h s e - r v e d  l i v

T r i c he 1~ in  I 938.
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The magnit ide of the corona current inc rease’s ~vut hi r i s 1ng  wind  u - ; p e e - t f ,

a s shown in Fi gure 7, for 0 and 35 knots. In the- e quation relating the

corona current i to t h e  wind speed  v and the  poin t  p o t e n t i a l  V , Vo i s  t h e

starting potential , D/ D0 is the- ratio of the atmospheric density to the-

standard , and k t he  ion mobility .

i = 1.315 c
~ 
v (V~~V0)(~~~~~+ 1 .785 c

~ k(~~~ 
V ( V - V 0)

Since the ’ p c i m t - t  geo m e t r y  s u c h  as the  radius of curvature does not enter

t it -e  e ’qu a t i o n  e x p l i c i t l y but  is inhere-nt in the coefficient s and 
~~ , 

it is

d i f f i c u l t  to  c u t m u u p e c t c  t h eo r e t i c a l  v a l u e s  of c o r o n a  c u r r en t  f o r  a p a r t i c u l a r

con fig u ratio mu .

The d c - n e c  to which the radio frequency noise ge-ne-rated by c e t r ( t n l , u

discharge couples into electronic sy stern s i s  d e t e r m i n e d  by t he  r e l a t i v e ’

l o c a t i o n s  of th e n o i s e ’  s o u r c e’ , an d  t h e -  an t e n n a v i a  w h i c h  th e  n o i s e ’  is

e - l) u i p led in t o t he  a f f e c t e d  sy s t e - r n . In a d d i t i o n , t i m e ’  coupling depends on

fre- qtm c- nc y and the size of the antenna .

It can be sho’e-n that individual pulses as s u c c  m a t  -d \\  i t  h a cc )  rona di s —

c h a r g e -  c a n  he’ a p p r o xm n i a t e - d  by a d -ca  ing  e - x p c u n e n t i a l  ~c i t i m  n - me -  ro rise ’ 1. m t - n  m e - ,

as follows:

, at
F (t) = Ac

e v h i e - r e -  A i s  t h e  p u l s e  amp l i t ude  and ~~‘ is t ue p u l se  d e ’ ~~ay constant . ‘l ’he

n o i i - c’ spectret m produce d by v sue-it - p eil  Se ’ s  c c i  e l i  r r i n g  ea c h  me c - c o n c h  m i 5  a

function of frequency ml . is g i v e - n  by ,

P = A~~~~) 
+ 

~ 
)

F’i g e i r e  8 shows t h e  relativ e - noise—cu rrent spect ral d ent - s u t y  p i t i f l e - e l  a n--

a function of f r e q u e n c y  i n d ic a t i ng  a rap id d n e c p  in t h e ’  s j c e ’ e - t n u n n m  n m m , e g n i ~ t e m d e

w n t h i  i r t - c r e - e s i n g  f r e q u c - r u e y .  T h e -  e f f e c t s  w i l l . t i t - e r e f o r e , i c e ’  r f l c m e  h lune e ’r at

I ~h I F ’  t h u , . e n i  V J1F ~.

-369-

____  --—-~~~~~~~~~~ -
—-

~~~~~~~
— - - -  

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

~~~~~~
—- - _ - — - — - - ---

~~~~~~



pr- - - -~~~~~~~~ - ..- --— ~
------ -

~~~~ 
‘
~~~~~~~~~ 

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

~~

I
-:1

C u r re n t  ( L I A )

wind speed20 — l~~ mn /se’ c z35 knots I

10 -
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Fi g u r e ’  8. Corona n o i s e ’  spectreini charac teristics.

( adap t e d  f rom r e f e r e n c e ’  3)
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3.0 SHARP VS. I3LUr’c l POINTS

In o r d e r  to bc ’tt e ’ r unc l e  r s t  a m i d  t h e  a tmo sp i t - e r i c  c o n t - d i t t - u n t -  s a r o u n d

structure- s of various shape’ s ant -cl hei g h t s , a t h e - o r e - t i e - a l  i n i v e s t i  at i o n

was performed of the co rona  c u r r e n t s  g ive -n off  f r o m  s h a r p  and b lun t

p o i n t s , an d e t f  t he  e - l e ’c t r i c  f i e l d s  i n f l u en c i n g  th e ’  co rona .  ‘ i c ’  ry s impl i f i e d

s i t u a t i o n s  of s t a t i c  f ie ld  c o n d i t i o n s  w er e  e ’ x a n i i m c e - d , f r o m  w h i c h  con-

clusions could be- drawn about the dynamically chang ing ~ t- t t - c i I  i on s .

Th e- r e s u l t s  of t h e n - m e -  i nv e s t i g a t i o n i s lead  to sorn em s u r p r i~~inug conclusions

w h i c h , at the ’ m o r n t - - r c t , c u r e  c a u s i n g  s e - v e r a 1  q u e st i o n s  t c i  i c e ’  a s k e d  in the’

scientific c o o t -n t -u n i t y  on th e ’  t y p e s  c e f  ~~~ i n t  s t h a t  s h o u l d  t X  m e t  on h g  l it fl in t - g

p r o t  c - c t  i V u ’  a i r  t e r m i n a l s .

3. 1 E qu ations

In thi e~ t i m e - c c  r e - t i c  al c a l c u l a t i o n s  t h e -  tu - ‘v e -  i st r m c c  t - m e  S W  e-r~ 
- app r o x i  —

mated by p r o l a t e -  sp h er o i d s , w h i c h  b e a r  good r e - m - e n c m l i l a n c e ’  to the  ov e r-

all s h a p e ’  and are c o n v e n i e n t  f o r  m at h e - n i t - a t i c a l  t r e , e t n m m t - t - m t . A u n i f o r m

a m b i e n t  e l e c t r i c  f i e ld  w a s  a s s u ni ’ ’d  p a r a l Ll  to t h u  v e ’rt :i al axis of th-

s t r u c t u r e s , and the s t r u c tu r e ’ s  w e r e  c o n s i d e r ed  t o  be at g r i t - t n t - u i  p 3 t e - n t i a l .

For t h e s e ’  conditions Laplace ’ s elect rt-c field equ~ut 1 u i n u s  w e -re ’ sol v e d  in

elli p t i ca l  or prolate sph e r o i d a l  c o o r d i n , c t  C’S a~’ discus sed in re-fe ne - ne c-s

4 ann - I  5 , to  g ive  the -  p o t e nt i a l  and pe i t  e~~t m a l  g r a d i e n t .

T h e  r e s u l t i n g  e q u at i o n  b r  t he  pe t i e -  tu t t al as a function of t I m e  u - I l i p t i c  al

coordinate’ F with major an n - I  n t - i n o r  ha l f  axe-s  a and b is ,

/
‘‘c F i ) ( ~

, ~ b~ ) -
- 

~‘0 4 k- ~ - c~0) 
——

~~~~ 
- - - ~ ~ 

(
~ ~ 

- 
~~~~- )  —

1”°

J (~~~~~a’ )t -~/ ’( F ,~~~ b ’)

t t  c i t  j a I a t  t ho’ set rf .e e e 0, be c , i  r u t - - c thu ondete t m ng e I h i p t - oid

in- i g r e e -unu d e J , , c n i d  t hee 1 c i t e ’ r m t n , u l a t }n ’ i g h t t  ii in  t h e  u i n p e r ’ t u n h e e e l  Jt - a r , e  l i e - I t u e - I d

I- ’ 
~ 

i o = — n - t  h t .

c p = - h - 0 h ( 1 -  L L )
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‘ft-c v c r t i c ~e l  and h o r i z o n t a l  com pon en t s  of the  ele i t r j c  f i e l d  ~e r e ,

E~ = - = E0 (1 - 
) - ~~~t Ji- ~~~. -

l t-~ 1t -  ô lu e

E N = - 
_
~~ Q_~ _ -~~_~~ —~-~J_

d r  1 2 d r  ~~~

The e’c 1u u , c t i o n  of time e l l i psoid ,

x~ + 
z~ -

~~~~~ ~~ + b ~ ~~4 c ~ 
-

is sinnp lif ie’ ci for t l , u ’ s y r  u u m i u e t r i c i 1 c a s e -  of the  p r o l a te  t - J I.e roid , ‘~c l i e  re  t l m i ’

s e m m n i m n a j o r  , i x i s  is a , t he  t w o  s en m i n u i o o r  a x e ’ s b = c , the  r a d i a l  001 din ,etc’

is time hori ,-t c u i t - c l  d i r  t i n t - c e  front- t i c’ c i t - i c r  of t h e  e l l u p s o i d  r2 
= v ’ 4 , a n d

the  I - met - h u t  c o o r d i n i t e  h =

+ —
~
— -t-~ = 1 and ~ = f (h , r)

The pe rt ial tie rivativ es are ,

~ F ~~~~~ t- ~ +b 2
J / a

~ h 2 ~ + at- 
+ b~ - r - h2 groun d level I

~~F Z r  ( F 4 a
2

) 
— ~ 0 f

r 2 4 a~ + h - r~ - Ii ’

Pc - t t i u u g  c a2 
— , the ‘v , i  u m a t i o n t -  of t h e  m m u t e - p  ra Is  yn em id s , 

/

i i = -~~~~- - - ~ — i n —~~ 
~~~:- 

-

+ a~ 
c ~ T~ ~~ ~

2 1 a - c  
~ - 1 n  -

~~~~~~~
a e  e- a I C

u
_
i l l 

=

( ~ c - P  ) ( F  I b)’

l l e ’n cc  P i e -  e - c n e m m t i on s  fo r  t i me  l It t l e n t m a t  - t l uu ’ v i r t u e  el e o i r ip e n i ’ c t  1’~

t b -  } t o r m , ’ t c n m t , i l e - o i i i p c i m u ’ n m t  ~~~ c f  t i m e ’  e l e c t r i c I e e l d  , c r o u n d  a c o m m - I c e -  t e d  p i t - t o e d

p r o l t ‘ ~p i t e  r e e l  m a  p a r e I l e ’ l e- l e - i t n ’ —  I t u - l e l  1-~~, i r e ’  i s I , , h l o w s :
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i ( \t~~~~f a c / ç + a ~~+ c
cp ( i t - , r )  w 1h , ~ (h , r)] = - E0 h ~~l -

+ L in ~~~~~~~~~~ ,

a a -+ c

E~ = - ,~~~L -  2E0 h2 
_ _ _ _ _

h 2 1 a— c 3/2 2 - 2(_ __
~~ +

____ In )(~~~ + a 2 )’(2~~~ + a -+ b’~- r - h 2
)

ac c a+c

E N = 2 E0 hr  
—~~~~

+ b 2 ) (2  ~ ~ a~ -+b 2 -r 2 - h~ )

T h e s e  e q u a t i u c m i s  w e r e  p r o g r a m : t - n i e m d  and a v a r i e ty  c f  ccend t -t ie— n me were--

computed  and p l o t t e d .

3. 2 ‘i’ }i e ’ c retica l Results

Fi gu r e  9 shows t wo  C a s e - s  of equi pc u t e- m i t n a l  l i n uc s anc t - m d 30 n r c  i t - i g it-

t o u  i r s  of different dia mm c e - t e - r . Fair weather field ce un u dit ic i mu s of ,~0O V/rn

a re ’  a s se ut --u e d , hou -eve ’ r , tit-e e’ q u ip t i t erc t ial line distrib ution g iv e - m e  the’

g u - n e ’ r a l  I r i c t e i r e  f u i n  any  v a l u e  of t i m e - -  a m m i h i e n t  f i e ld , r e - q u n i n i n g  o n ly  a i~~m n m m e

in scale . [‘he’ li- ft pli ct is of a poi n t e d  t c i v . -e r  h a v i ng  a 3. 3 cnn radius f

cei r v , e t u r e  a n d  shiows t h e  e - qu i p o t e n t i  ;~l l i n e s  j u s t  aroe ind  t h e  t e i w e - -  r a r e

g r e at l y n n o d i  f i e ’d  f r o r n t -  tin. ’ p ;e n a l l e - 1  f i e l d  s i t u a t i o n . It i s  s t r i k i n g  how

closel y t h~ - l i n e - s  f o l l , t w  t h e  t i t w c r  a l on g  t h e -  v e r t i c a l  s t r u c t u r e -  and hose-

t h e y  a r e -  e- e e i u c t - n t r a t i - d  j u s t  c i r o t m n i ci t i m e ’  top. Rett just a shun - t d i n - m t a n c e ’

~e e u ~~ ey  f~~t t r m i  t h e  l ow er  t i n ’  p a r a l l e l  f i e l d  s i t u ; e t i o nr  i s  r e ’p amncd . !~rocmn ei

t h e -  b l e i n i t  s t r c m c t e i r i -  w i t l t -  3 . m e i - a d io s  c i f  c ur ~ - c i t c m r e ’ , t i l e -  ~~l l e t m e ’  looks

c j eu t t -  d c t  b e - n e - n t . T he  e - q u u j t u t c  t~ ial lines are m t - ut as e l e u n - - c - l y  I - ,c t i m e - n e - d

a r o u n d  I I i i  - h i t -  m t - i t  st re t  e to cc’ as t h e y a i- c -  a r o u n t - d  I l i e -  p u c i n i t  c-cl c i t - m u - , h e i t  t i m e ’

field is ( - f l e c t u d  I n c o m e -  i t  g r e e t e r  d i s t a n c e ’ s es  i s  a p p a r e n t  b y t i - c ’ l i t - t -~-

c e u r e c e m m i  r c e t i i e n .  ‘T ’ } m i s  m i t - p h i ’ s t h a t  c i n d e r  , c } c l c r o h i r i a i e  h i g h  f t u - h d i - - c e e r c t n m a

i~ , n i i i , e t j , i i m  ( c c e t - i r s  onl y i n  t i l e -  i n r c r i m e - d i e t e  v m c i m  m t v  ol t i m e  - i i ~~~t - 1 i  point . t u ~~; t

o ver  a l a r g e r v o l - u n u e -  a r o u n d  l i m e  b l u n t  j e t e , r i t .

l i i i -  f i ~ - ld l i n t - s  n u t  j e e - r p e ’ n t - d m c  e i l , e i -  I i  t h e ’  e ’ q u m t - t e  c t m . i l  l i t - m u - s  i t s

r e’p r e nc e-nt u ’d iii T ’ m ~ ’ c t r c  I t ) . 1 he e c t l l e - e t n e e n i  ci r c e i n -  n t m , e r k u ’ u l  o i l , b u n -
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w m i c h m  t h e- f i e l d  l i n e  S te’ r m n i n a t e  on t h e- t o w e r . If a li g h t n i ng  l e a d e r  cc as

c c u m t - i n g  down , and the p ht - en on t -e n a  was a s s u m e d  ve ry u c - a k , th en the- i -

rcticall y it would follow one of the f i e ld  l ine ’s .  But  of cou r s e  t h e  hi g h

c h a r g e  c a r r i e d  in a d o wn c o r n i n g  l e a d e r  mod i f i e s  the  e n t i r e  f i e l d  l ine

p a t t er n .

The-  e x p o s u re ’  f a c t o r s  hel p de- t e ’r rn ine ’  how soon and out to c’, h a t

d i s t a n c e  a t o w e r  wi l l  go m n t - t u t  corona . Fi g - m n ’ e 11 s h o w s  t wo  30 m hi gh

tc,we ’rs w i t i m  r a c l i u t  s of c u r v a t u r e  of mm and 1 0 cn i . L ine ’s  o f eq u a l

va l e i e -  we ’ r e -  d r a w n  for  t he  e xp o s u r e  f a c t o r s  in an a r e - a  a r e t c i n d  ( I i - top o t

the  to ,e’ e ’ r s , u s i n g  d o m m b l c ’  l a e g a n ’ t h n i t - i c  s c a l e’ s  to  S l e w d et a i l  n t - e a r  a m i d  f a r .

S t a r t i n g  f r - c o t -  t h e  t u u w - r  top u p w ar d , c o n d i t i o n s  ci e n u’ cxanmu i ned  n t - m i m I ,

h orn , u r n , h O c n m , l it - i a h c m \ e -  t i m e ’ t u e- - r n ;  t h e  s a n m i e  wa s  d o n u e ’ got - nt - ct - d o w n

fron-t- th~ - t u i p  and g u c i n g  o u t w a r d  f r o n t - u  ( l i e  c c - n i t  c - n .  T i m ~ - d i s c e c n n t n n t - m t v  in

the  e - n t - t t - r  of t he  g r ap h , w h e re  the ’ d a t a  n - - c - I S  al- c’ n i cc ’ r g u -d , i s m m t - s i g n i ’, f i c a n u t .

Th e -  c n h a n e e ’ n c u e - n t  t - m t  t im e ’  t i p  i s  of time’  o n d e - n of 10 , 000 fo r  t i m e ’  s h a r p  p o i : n

b - t - t  onl y 100 f o r  t h e -  b l e j r t - t  p i t t - n t . ‘l ’ i m i s  nn- -e n s  t h a t  o n l y fi t -I n - I s  of t i -  e t r d e - r

of 100 V / en  a r e  r e q ui re d  for the ’  sharp poirt-t t i  be- in c o r o r a , \ v I m i ch  i s  m u m

ac~ n u - e - m n c n r t w i t h  t - :-m~~i i ’ rini -i~ - m u t a l  m’ u - r - - u i t s  f r o n t - u  a ~l u a r p  p o m n m t  g n v m n m g  i m p  t e e

imp  c u r r e n t  in f a i r  e-eath e- r fi~ -ld s. For t i m e . ’ b l u n t  J e l t i n t  i t - c  l e - e v e r , c c i i —

u l i t i o n s  of 1 (1 , 000 V / r n  are- re- q em i i - u - i l  l m e ’f e t r e  c o r on a e  i s  g i \ e - n m  o t t . I t  c - } i e m u m l d

~ -~ t- t - 1~~l t ~~~d t h i t i  th u  e m t - i m a n c i - m m t - e ’ n t  f o r  t h e ’  sh a rp  i e ’umt d r  i t s  ff n - e i u m d l v  w m t l

d i s t a n c e - , i t  i s  (!cewmm m m  a 1 : m c t e u r  of I 0 e e r t l 7 t O  cnn , c h c ’ v e ’  t h e ’  t i 1 c . ‘li me c’nt --

I m anec ’ , m me nt of time b l u n t  p o i n t - f  i s  l .cr ge r , e t  n h e - n - , e- c l m s ’ t , i ’ c e - s  a n t - u i  d r e l i s d e i e - i m

t i  It ) c i u l v  , e t  t w i c e  thu s di st , u m u e ’ , - , on’ h O  c - m m  e l i - e v e  h i i ’  l op .

l i m e  ,I , . m r 1 t  ~t - t n i  m~ i u u ’ S  m i i i ,  C O i ’ e t n i , i  m m i  h e -  l i e - l O t - - a t - ,  1 m - i  i n i n n m c e - c l m a u - i v

, i r t i m n m e l  t t - c -  t i p ,  t i m e ’  F ) h i m t m L  p1 1111  ( ! i u e ~~ n i t - t o  e c u r m c i l , c  e m i l y  c m i  I t - m p h f i e l d s  h u t  o m i t

t i e  c r c - i t e m  d i s t i n c t ’s i r t e t ~ 
i t-~~ t ’  i e r .

I n ’  I’ m g m r e ’  I~~ t h e  e - s ~p c u s c m n u ’ ,. t c - t - u r ,  i n ’  l Ie t t e - ~ v , ’r s c m m e  h e - t i l t - i  It- i c r  t \ ’ u ’

- m - - ci f n t - n  ( Item s e t I e m m  r v - I t - r - , I m m m i i  e m i t  . c n n  u . ‘I t n s d - e - i u c m i  I a - -

t n t  e t r i e l m e t i n e t  : n i e - a s c u n - e - t i ’ ,  r - ~! ~ m i - e u m m u  d i P ’  n e - i t h i c 1 I l t S , i~~ I t t- t I e - l u  t - t - t l i m u u i i p
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the- minimum height of a structure- for corona breakdown to occur , give-n

t h t -~- v a l u e s  for  the  a m b i e n t  f ie ld  and the sh arpness of the str m m- -tu rc . T i m e -

t h i c k  l ine  g ives  the  e n h a n c e m e n t  r e l a t i o n s h i p at the  top of the structure’ ,

the ’ solid l i ne s  a r e  valid at d i s t a n c e s  v e r t i c a l l y above- t he  s t r u c t u r e ’ , and

the  dashed lines are’ valid at the  e d ge of the - s t r u c t u re  below the  te~~.

The e - x p c e s l u  re factors for the’ sharp point are ver y l a r g e -  im~-n e d i at e - l y

a r o u n d  sue ’  t i p, but  t h ey  a r e  e x c ee d e d  b y the’ exposure f a c t o r s  fo r  the  b l u n t

p i i m m t s  at g r e n a t 2 r  d i s t a n t - c e - s  out f r o m  the s t r u c t u r e ’ s , say  lo t -  m i b t i v e ’ . T h i s

i n d i c a t e s  t h a t  whe t - n t i m e ’ b l u n t  p o t -n i  goes  into  c o r o n a  it wil l  do so o v e r  a

m t c h  l a r g e - n v o l u m e , b u t  t h i s  wil]  onl y h a p p e n  when  t h e  f i ’lds  a r e ’ e - ~~ce p t c o n i — ~

al l y h i g h as i s  t h e  c ase  in c lo s e  p r o x i m i t y  to an a d v a n c i m m g  li g ht n i ng  l e - a d e r .

It is h i g h l y l ik el y the ’ r e f o r e n , dm a t  a li gh t n i n g  rod wi th  a l u l t - i n t  po in t  wi l l

at t  r a c t  li g h t n i n g  to it m m  ~t i c  it - c-a s i c ’ r t h a n  a sit - a rp ’ po in t  w o u l d  do ~ t t h e  5 5 1 1- i -

l o c a t i o n .  R e s u l t s  s u c h  as the: ’ S t ’  we-re t h e r e as o n  w n i y  a ball was placed an t

top of t h e -  li g h t n i n g  rod s t a n d i n g  on t i m e - S a t u r n  l a u n c h  h a r d wa r e  d u r i n g  t o e -

A pollo l a u n c h e s  fm’ or ri c ape -  K e - m i n e d y .

t . l L xp e r ’m en t a l R e s u l t s

F x p e ’r i r n i e n t a l  r e ’ s c t l t  s on s h ar p  and b l un t - t  p o i n t - I s  h a v e -  h e m - n t -  o H t a t m u ~ -cl by

Dr . C . Pm . M i c r o  of ~~ c- e-- M e x i c o  I~~- c - h i , ta-ho su n t - n _ i a r i c ’ e - s  t i c -  I ) e ’ l n , m ’~ i o n  m m f

t i m e -  l i g i i t r m i t - i g  rod in t h e -  f u t l i o ~ v i n g  p a r c u e r a p hs~~
’
~

It u’nj ; m n m u i n c  I - n - m t - k i m  i n v e r t - t e d  t he  l i g h t n i n g  r i d  , m r c m u n d  t i c ’
y e - a r  174 1 c u - i t - r i  h i -  di~~e t t v e r e - d t h a t  ,n s h a r p e n e d n t - i - t cl r e e d
h r m ’ cm ~~ i m t  n e - a r  c c c h c m n g u - d  m s o l a t i - c h  ball  c: m c m l d  c a e ise  , - l i - c t r i c i t v

t i c  t l c m  cv t h in t i t ~~i m t i m e  - c c i  i’ a n t - t i  ( c c  d i Sc h , c  r e ’  t l i e ’ h a l  I ta m t  h o ot  , m

\ i S i l e l e ’ sj ) , I r k . h i t s c j h i s u ’r v a t i e nn l e ’ m i  h u m  1 c m  n - c m gg en - t -t ( L i t

, ‘ l i - v , u f c ’ d , r - , h i , i r j m e - m c - t l  r o d s  n n u i g h t  p c m s s i b l \  d i s u ’ I i i r g e  l i t - m i m e  b r -

c I m e t i d s  and  t ; m t -~~ p n - u - v e ’ m m t  t i  u - occur re - n t - c e ’  of lig it - t m m t - n u c .  \‘~ i~~-n

i i  t r i e d  om it h i s  id&- u , be-  f o t - n t - e l  nnt - m -t u s e )  i l - i t  I c i s  e l e ’ c , e t e d ,
r n m u - t , H  r i d  e t - f t e m m  I u m ’ e - , , n i t - i -  - 1~~~~~c i ’ u ’ t, - rc ’ntia l t - t u t l m  ‘ - -  c u e - c t - c i t  for

t i m e ’ l i i ’ l e t n m t m t - g  W i m i c  ii c i t  e t - m t r n c d  - l e s t - m I t  t t- m s  e i I m t r t s :  s i i g h , t c n n n c ’

r t m d  h e m t ,i i t - H e n - t n t  m cu m dt’ c f  ui i l e ’ i , e t m m e i m  l i t - a r m  t I m e  m m m l i  th at p r i m m t - h c ,  t i

h e n s  e-’, ; o ’r m m c m u - m m t . F’ r m m n u k l m m m  il u t ’ - -  a f t e r  p r t m m n m c m t  d l i c e ’  c m s u -  e

l m , i t n m m i t c  r e e L , h u t  , m t { i m , - r e i ’ l e ,  l i i , ’ V i c e- t i i m t  t h e y  ~ b m o c m I t h  h ’-

~~l e r p -  n t - i ’d I nn t n t ’  } u c c 1 i c  t } , , , ° t i m e -  f i r s t  I r m a  u - - IS  n n , i i ’ h l  a l c , c i  e t c  e a r

i - t - t ’ I ~~ h e -  h e - u i - m e  m . d .
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Two schools of thoutg iit subsequ entl y d eveloped: on e’ fav ttre ’d

F r a n k l i n ’ s s h a r p e n e d  rod for li g h t n i n g  p r o t e c t  ion and the  o t i m e - r ,

the  Eng l i s h  school  led by B e r ij a n t - i n  W i l s o n  an-id G e o r g e  Ill , u r g e d
the use- of blunt li ght n ing ri ds on th ~- basis that sharpened ree d s

mi g ht p r o m o t e  the  s t r i k i n g  of li g h t n i n g  \‘ I m e - n  ot im e - rwise- a dis—

c h a r g e  would not I t - a v e  o c c u r r e d . C o n t e m p o r a r y  A m e r i c a n
p r a c t i c e  is to u s e -  sha.-pened li g h t n i n g  rods , bu t  a p p r ec i a bl-
ev ide nce’ e x i s t s  t ha t  o b j e c t s  wi t h in t h e -  n o m i n a l  e co ne -  of p r o t e c ti on ”
of a sharpend rod can he s t r u c k  by li g h t n i n g  and no exp l a n a t i o n  f u i r
th is  b e h a v i o r  h a s  be -en  s u g g e s t e d .

We have-  r n t - o d e - l l e d  li g h tn ing  rods  both  n u n n m e r i c a l l y and e-xp e’r i -
m e n t a l l y to d e te r m i ne ’ t h e i r  r c - sp on s e  t c t  an ap p r o a c h i n g  l i L b m t n m i n g
streamer. O u r  r e s u l t s  indi c a t e - t h a t  l i g h t n i n g  can h~’ i t t - d ic ed  t i m

st  r i ke - t any s u r f a c e - , but t h a t  a s h a r p e n e d  rod is  m u c h  l e s s  l i k e l y
to be ‘ s t r u c k ’  than  a b lun t  one- . S h a r p e n e d  r o d s  se— c o i l  to p r o t e c t
t h em s e- l ve s  a p p r e c i a b l y by th e -  cop ious  c - n r i i s s i c i n  c ,f point discharge-

i o n s  so t h a t  t h e y  a r t - p o o r e r  c a n d i d a t e s  t c m  l a u n c h  an u p w a r d - g o i n g
r e t m t  rn  s t r e a m e r  w h e n  li gh t n i n g  app r o a c h - i c - s ( I t - a n  i s  a i m i l u i n t  r u t d  w h i c h
is passive- until t i c  f i e l d  h e ’ c u m n n t - e - s  v t - n y  s t r o n g .  t-u \ l i c n t }~ e- e’l e - ctr m

f i e l d  becomes sufficientl y strong ct - v on - a blunt rod , d ie - Ic - . t n c  b n i - a k —
down of the a i r  o c c u r s  at t he  b l u n t  ti p and a s t r e ’ c i u u m i - r  p r op a g at e ’s

u p w a r d  and o t ten  p a r t i c ipa t e s  in a m a j o r  d i s c h a r g e - . F o r  t i m e - s e
r e a s o n s  it appe-a  r s t h a t  a b lun t  rod m ay  be a ‘ c i t e - n  r m m m l  c -c t  or of a
s t r u c t u r e  t h a n  is  a s h a r p e n e d  one ’ w h i c h  m a y  p r o t e c t  it  sc - l i  h t m l  Ic -ave

o t h e r  ob j e c t s in i t s  v i c i n i t y  v c m ] n i e- r a b l e .

Pe r h a p s  nt - i o re  a t t e n t i on s h o u l d  h a v e ’  be-en g i v e - u i  t e c  t i m e  - a p m mt - i i m n u  s I t !

U t - u rge ’  111!’’ 
-

An ex a m p le of e— x p c r i m e n t a l  n c - s u i t s  by Stai dl e r~
7
~ is g i c  e l I  in

F’igure’ 13 , where’ t h e  current and charge- reli -ase - of a blm,nrtt a n m u t -  s i t- a  n i

rod are- p r e s e n t e d  that we’  re’  o l u t  a m e d  in  r e  r - p on s c -  I c e  t we ) c l o s e -  1 tg i t - t n i n t -g,

s t r o k e - s  m n i c e m n i t o r i ’ d  by t h e ’  e l e c t r i c  f i e - l d .  T h e -  bl u n t  r c t t i  e’ n n i t t c ’ d  1 1 1 -~

c o u ] e i n t t - i_ i i n  l e - s s  h an  10 r r i S e ’ e f n ’ t - c u n u  t h e  f i r s t  f i e ld p u l s e -  r i -c - c - i  ~~-d fi - oni

t h e -  ] c g h t n t - i n g  f l a sh , e - ’ I i i l u -  t i m e -  sh a r p  rod  r e - l i a r - - m d  m e n i l y ~~
. ~~ c c c t m m h m m r p - .

1) u r i n n g  ‘l i e  f i r s t  - l e O m t - s e-c oi t h i s  f l a s h  t i m e , c h a r g e -  t r , e n s i u - r  for l i l m , i n i t t m n c i

s h a r p  ro d s 0 e r a ’  + ~~~~~ and — 8 .  3 ~ c c c m i l e e m i t - m c  n’ t - s ] e e - l t m ’ , o l v .  l i c e  c o r o n a  c i n r r c - t - . t

g n - t - e j e iis alco m m ll ntst rate - that u n d e r t i m e -  i t--c t r e - n i n e - I c  h i g h f i e l d s  of e l O ” u -  l i g } : t i m i n c t -

mm - l i  n i t - o r e  e n i r r e - m m t  n s  g iv e - n m  m i f f  by th e - l m h m m r m t  r c u d  t i u , i n i  h e y  t i m e -  sh .e i ’p  c O m e - .
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4.0 Ar ’ c A I A ’SI S  OF TI lE  LOGAN A I R P O R T  ~~r3]c J” I I J W B L } ; cc u

The  rad io  noise ’  t h a t  o c c u r s  u n d e r  hi g h f i t - i d  o u m i d i t i o n s  ac  V I I I - ’

f r e q uen c i e s  and oc- - a s t - ’nall y c-in U H F  r e c e i v e r s  c a l m  be- g e - n e - r a t e d  f r o m - n m

one of se v e r a l  s o u r c e - a :

1) Corona  d i s c h a r g e-  c u t - i c i e r  hi g h amt m e n t  l i e - I d  c o n d i t i o n s f r o n t - i ,

a)  t h e m  li g h n t t - i i n g  ree d on top ol the r a d o n i m e - .
b) the  li g i t - t m n i n g  r ods  a r o u n t - d t ! me ’  p a r a p e t .
c) the : a n u t e - r i m m a s  a r o u n d  t i m e ’  p a r a p i - t .

~~
) C o r e c m n a  d i s c i m a r g c -  in hi g h f i e - I d s  d u e  t o  t i m e -  r a d o m e -  c h a n g e - .

3) S t r e - a r t - n e -  r r i u j t -~e- f r e t - n - i  tb :  radonmue s u m r f a c e .

4) i i a r g e ’  t n ’ a n s f e - r to  t I c - a n t e - n n a  n o d s - ’~r enr t - i  r a i n t - .

In o r d e r  to a t t emp t  to de ’t e m i m i e t i c- 1- p e ’ c i f n  i. s t c m .  r c u -  of n o r  — u ~
- and i t ’

d e d u c e -  the  onse t  c o n d i t i o n s , u i m e - a s uc’ e - n t - i e i t -t s  of i - l i - c t r i c  x i -ld c e n t - i l  e o n ’ e m ! u a

c u r r e n t  w e r e -  t a k e n  a t  Lct gan  A i rp o r t , t h eo r e ’t i c a i  c a l c u l a t i n m n s  c c c l  c per-

f o r m e d , and the  r e s u l t s  of both -i c - - o r e -  c o r r el a t e d .  T i m e -  c m r m t r a c t  cu t - l I  h l ed

to thi s r e -po r t  ta -as f o r  onl y a f e w  d a y s  ao a l y s i s ;  d e t a i l e d  m n \ ’ e - s t i c , m t i o m ,  s

we’re not p o s s i b l e  an-id the c o n m e l u s i o n s  p r c - s e ’nte - d s h o u n l d  be- t r e a t e d  a m — a

s t a r t i n g  point  f o r  a t h o r o u g h anal y s is  wh i c i t -  x t - t - u s t  be p e - r f o n m e-d if t h e

pr ob l e m  at n i t - a n y  A T C r  l u - c  a t i o n s  is  t o  he o v u -  n com e ’ .

4. 1 E f f e ’ct of t h e  S t a t u e  l ) i s c h a rg cr s

I t i s  m m e - c e s s a r y  f i r s t  t c ’  a n a l  / c  t i ne -  c - ct - i- r e - c - t i c - c- t e r c c, i d e t t m  s t a - b u n  c- in I t - a c m -

1 c m - i - n  ca r r i e - e l  ou t  at  s e - v e - r , m l  ATC ’I  l e m c a t i c c u m s  v c i t h  a i i ’ t , o m i  - c n n t c ) d i n i t  m i t

a n i l e  c - as , n c o m e l y t i m e ’  mi s c’ of t h e -  P — s t ~e t i e - d i s c ’ i t - a r c ’ c - r s .  ‘ I b i c -  ( l e \ ’ n c  c - s  a r c ’

d i - s i g i m e - e l  to b r i n g  t m m e ’  p o t e n t i a l  t e l  t he  s t r u c t u r e -  c e r n  w h n i e ,’ It - t i e i ’ y  a r e -  i c r - - f e  I C - n h

to t h e  potential of tit - cir surroundings . In fit - is case , ti m e’ lig l t - t n u u m t - g  m m c d  is u t

t i n e ’  p o t e -n t i a l  of t} c control tc iv ~i r  and g m m m u m n d , a n d  t i m e - r e -  i s  a h i s e u l u n t i - l y  m u m  \‘. , c \

t i ~~,t m m m i ’  ca l m d i s  s i p i t i -  the’ cht - arg i - on t i m e ’  g r o e m n n m i e ’eI e l e v a t e - n i  s t r e n e - t u i n c ’  t i m  l i n i n g

i t  to  t h e  p u t e n m t i a l  of i t s  s e t r r m a u n d i n i g s . A p an - t ui’ c m : n m  t h i s , i t  i s  u n u i k ~ lv  t h t , c t

c o ro na w i l l  ( n e - c u r  at  l i i i - ~~— s t a t n c  d i s c h a r g e - n a  w h ic h  , e n c -  i n i s t . e l l e ’ n l  m t  , i m u  a r c - a

( i f  u - e ’ e l t t m  u - e l  m e - i d  u n d e ’ n r m i - , e t ln t l m t ’  g r o e m n i d e ’ d  c n c m a s — n m m e - n m n l - e - n . Cuum - uit n, c e h i s c h i . e r ~-
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only o c c u r s  in hi g h f i e ld  a r eas .  N o  m a t t e r how many P - s t a t i c  d is-

c h a r g e r s  w e r e  connec ted  to tine t ower , the  li g h tn ing  r o d s  would s t i l l

r e m a i n  at g round  po ten t i a l , the  f i e ld  above would be un c h a n g e d  and

corona  would sti l l  f o r m  t h e r e .

The quest ion r e m a i n s, t h e r e f o r e, as to what  c a u s ed  the  i m p r m c v e -  -

m e n t  when the dev ices  w e re  a t t ached  to the  li gh tn ing  rods?  T h e -  t - m n r -  cce -r

is qu i t e  simp le and can be exp la ined  aga in  by looking at Fi gure ’  ~~. A r o u n d

the  s h a r p  po in t  t ine  e-qui po ten t ia l  l i n e s  h u g  the s t r u c t u r e. 11 we- now i n t r o -

duce  a g r o u n d e d  h o r i z m c n t a l  c r os s - me mb e- r , w h i c h  su b t e n d s  an ang le- of

al mom- , t 9Q
0 at the  top of the  li g h t n i n g  rod , t h e n  t h e  equi p o t e n t i a l  l i n e s  m u s t

p a s s  a r o u n d  it in a icay  s i m i l a r  to t h a t  shown in Figure 14 .

/ / V  - ~~~ -, ~~~.

/ \N ~~~~
- / / - - -

- 
i / I ’  

I 
//  

- 

\

— 
— 

,~/
/ I

Fi gure- 1-1 . Td qem i p cm t - m i t ial Line’s around I m g htning Rod bc-fo r e- ait-d a l t e r

I n s t a l l a t i o n  of S t a t i c  D i s c h a r g e - n s

T i t - e ’  “I  f e - c t  is t e e  l c m w e ’ r ti - me p o t  e ’ m m t i a l  c r a d i e n t  at t he  t i 7 liv nni .ek inn g tifl’

s t r u c t u r e -  look e l e c t r i c a l l y nt -o re -  l i ke -  a rounded  ob j e -c t . ‘I ’his n u c l e i c ~d

imc et m ’ f l t i a l  g r a d i c - n m t  r n , u k c - s  i t  n e ’ c e - r - I s a n ’ y  fo r  a r i r u i c i t -  l a r g e - n e l ec t r i c  l u c i d

to i,t I t - r u - s e n t  h e - t i n e -  c-o r on t - a  h re ’ , e l -c c i u m e - n m  m a initiate-t i .

I ’ l a c i n g  t h e  e - r O s S — r f l e ’ n m n ! c c ’ r lc i cc - e ’ r c c - t m m t l d  r i n e ’ a r n  t h a t  e -o ron i a i~’ c m m m l d  oc c u r

- a r h i e - r  as t i n e  f ie l d  at  t i m e ’  ti p would  in t - cI ’ e ’,esc - ; pla ’ i n n g  it lni g h e r  t I c- la y s t h u

o n s e t  of c o r o n a  u n t i l  t i e  ~-li- 1 t  n c  l u c i d  i s  c ’ x e e ’ b u t  i m i n u a l l y h i i c ~h u . C a r e -  n t - m m r - t

he t a ~~ e ’ r u , i m c n w e v e r , m m o t  t o  l i f t  t h u m ’  h i o r i i c m n n t a l  r n e m h u e - r  t c m e m  i i u g in t o a v c m u c i

corona l~c- ’ing f u m r z m m e - d  c e r n  m I S  c -i t r e mi t  i i - : - . I li t ’ t-l)OV u l i e ~um r e -  S u e d e - - S t b  c t  110

coron a will b e -  ! c e r t i m u m m n i m i n g  t r o n n m  t i c . ’  P — - t , t ’ me (iisei u arge’ r s . ce - cli ng I a  i S

c - n t - c - I r- c e n m m n m c - n m t  hc ’in ng i low f t - i  i n  c- on i d t t  i nn .
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4 . 2 D c - t e r m i n a t i o n s  of E l e c t r i c  Field and Corona

4 . 2. 1 Lightning Rod on Top of Radome

T h e o r e t i c a l  es t imates  can be made of the  f i e l d s  u n d e r  which  the

hi g hc-st li g h tn ing  rod on top of the  r a d o me  will go into corona .  V e r i f i -

ca t ion s with m e a s u r e m e n t s  could u n f o r t u n a t e ly not be obta ined becaust -

the  top was i n a c c e s s i b l e  due to h ig h winds  d u r i n g  t h e  b r i e f  t es t  pe r iod .

For an a i r  t e r m i n a l  with a r a d i u s  of cu r v a t u r e -  of 1mm , which is not

p a r t i c u l a r ly s h a r p ,  p laced on top of a v e r y  n a r r o w  g r o u n d e d  s t r u c t u r e-

of t h e ’ i m c ’ i g i u t  of t ine  c o n t r o l  t o wer  of about  300 ft , an e n h a n c e m e n t  of ah c c l , t

1 i~, 000 a b o v e -  them a m b i e n t  e l e c t  n c  f i e ld  can be d e t e r m i ne d  at t h e -  ti p of

the rod f r o m  F i g u r e  12 . As a r e - s u i t  of t h e  radon -ic-  and the  \ c m - l d c’ g r o u n d e d

s t r u c t u r e ’  be loua- i t , I n o w e ’v e - r , t i- ic e xp o su r e  f a c t o r  at the ’ ti p of t h e  air

t e r m i n a l  on top of the r a dom e - is mctch  lower .

C a l c u la t i o n s  w e r e -  p e r f o r m e d  to a p p r o x i n v i a t e - t he m Loga mn t o w e r  s i t u a t i u m n .

A 4 ft rod wi th  1/ 2  mm r a d i u s  of c u r v a t u r e  w a s  c o n s i d e r e d , p l aced  on i t t l t -

of a r o u n d e d  s t r u c t u r e  w i t i m  a 19 f t  d i a m e t e r  at t he  top and 11 2 ft at t i l e ’

bot tom . The e xp o s u r e-  f a c t m c r  at the  ti p of t he  rod was  d e t e r m i n e d  as

1 , 700. For Logan A i r p o r t  t h i s  f i g u m  m e ’  i s  r e - p m - c - s e - n it  c i t i v c ’  f o r  t h e  f i t -I d c n n  —

h a n c c n i i c ’r i t  a t  t h e  top,  b et  lu er o t h e r  s i m il a r  c o n t r o l  t t t \ c i - r , -~ w i t h o u t  a

r a d o n u e ’  and with an e - f l e c t i v e l y hi g h e r  li g h t n i n m g  rod , t h e’ f i e l d  ~- n h a n c e - --

m ent cou lt i  be ’ v e r y  i nut c t-c It - i ghe’ r.

t t n d e r  1 c m  cc- t - ,e t } u e - r  f i e l d s  of s a y  200 V /r n , the m f ie l d  at t h e ’  t i p  m c I  t he -

i c n e ’ h~ r - - t l o g-e r i  A i r p o r t  l n g } m t n i n g  rod c c i i i  be ’ o v e r  1 , 700 x ~ 0()  V / n i , c -m r

e l m - u -  ~- 1O , 000 V / n i t -  w h i c h  i s  not  t - : m t c c m n ’ i m  f o r  ( l r t l n u , 4  h r e ’ ekd occ’ n . A s s e m n n u n n t - g

a s t a r t i n g  p o t e n t i a l  of 10 6 \‘/nt- for c o r c m n m , i , we n t - u - c - e l  a f i e l d  m e f  m O O  \Iin

at g r o u n d  h e - c e - I  1 c m  c a e i s o ’  bn - a k d o e - n m  a t  t h -  p u c m - m t . S u m e I m  a c- a l c n e  c e - m l l  o c c u r

p r i o r  t i c  t i l u n e l e - r s t u m r n n  n n m a e t , a u t h  l a t e - i’ i i i  t i m  t i t n m m m  t i m e  f u - l e i s  n n u . m v  i i  - h

va l u e ’ s  i i i  C X I  ‘55 of  10 , 000 ~~/ n n . W i t h  l i c e - s e’ t i c  l e i s  n m m o : e  e u i r r - n i t  w i l l

f i n _ c -, - a r id t h -  r , t d i o  n e t - i - m e -  cc - i l l  e ach  e I c - y e - I  c h i v e -  l i n e  n e t  e n v e - n  m i S c ’  I c - c u - I .

I l ie ’  c e n t - m m ’ !  of c o r e m m n a  can  l i e  e i c ’ l , i y e - c l  h c ~~ ii n m m n h i t ~ m u g  f l u e ’  m- a t c n m n s  i f

c m :  n’ v . t t  in F m ’  C )  I t i m e ’  n u  m c i . l~y P t - m c  n r ig  ‘i  10 e on di c i i  t I - i e i t  1011.1 h a l l  m c  e - n f l i t -
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t i p m e l  the  a i r  t c ’r n n m i n a l , the  e x p o s u r e’  f a c t o r  on t c e p  would bce  r e d u c e d

i)y a f a c to r  of abou t  ~ to a r o u n d  210 , and a m b ie n t  f i e l d s  c m l  at ~~-ast

4 , 800 V / r n  are- the -ni  r e q u i r e d  i n s t e-ad of t he  low 600 V / n u t -  f i e ld s  t e )

c a u s e -  corona  b reakdown . Thi s m o d i f i c a t ion , }-t- o v,- m ’y e r , will  not

e l i m i n a t e co rona .  R e m o v i n g  ti-it’ rod altogether cviii r e s u l t  in an

e n h a n c e m e nt  of 23 ( n v e r  the  ambient  f i e l d  r i g ht on top of t hem radon-ic .,

a fi g u re  low enoug h to s u p p r e s s  c or o n a  b r eakdown  c c - er ,  u n d e r  s t m rrn

c o n d i t i on s . Onl y t u e  f i e l d s  of an a p p r o a c h i n g  l ig h t n i n g  l e a d e r  would

then  h u e ’  l a r g e  e ’ m m o u g h to ca cuse  co rona , hoc- ;e ’ve ’r , the ’ t o w e r v ; c m m i l d  t u e

w ithou t  li g htn i r n g p i -o tec t ion .

4.  2 . 2 Li g i m t n u i n g  R o d s  and A n t e n na s  a r o u n d  P a r a p e t

I t  is d i f f i c u l t  to t h e o r e t i c a l ly c o n i c  up c’:u t h  r e a s o n , m L l e  e n h a n c e - —

nit -cot f i g u m r e  s f m m r  t i - m e ’  co m p~~c :-: l a y o u t  of li g h t n i n g  r o d s  a i d  ~jt - ct t u n a s

a r o m in d  t ine  p a r a p e t , it - c ’nc e ’  i t  was  ne cessary to t ake  m e a s u r e n m i - m i t  a t i m

d e t e r m i n e  t i l e - s e  v a l ue -m s .  T wo f i e l d  n - i l l s  we - r e ’  r u n  s i m u l t an e o us l y ,  o n m e

at g r o u n d  l ev e l  and one- on t h e -  p a r a p e t  a r o u n d  the  r a dom e .  T h i s  gave

a c a l i b r a t i o n  fo r  t h e -  e n h a n c em ent  u l c e r  t h e -  a n n h m i u - n t - t  f i e - I m i  at  t h e ’ s e c o n d

f ie ld  n t - i l l  iou  , u t  i o n .  The-n  t c u l t  f i  c ’id n - i t - i l l s  cc c’ m e ’  r u : n n  a i r m t - i n l t  an - i  e n e m a , e c t - t -  e - i t t

t h e  c a l i b r c i t  e d  r e - f e ’  m e n c e  l o t - ca t ion - i  on t h e -  p a r a p e t , and  w i t h  tI me ,c t iner once ’

n i n e - t - t - s e c n e m -n t s  \vc- r c -  t a k e - n  at t i m e  l c t c , u l  ions and hu ’mc - i mts of the ’ lig ii t n ni n mg

n t - m d s  and a rn t e -nnas  a r o u n d  th e’ r a d o i t - -m e ’ . F r o m m m  t h e - s m ’  d a t a  th~- m - t - m b m a n e e  -

m e n t s  o v e r  t h e -  a r n b i e n m t  f i e ’ l g  c u e - r e  c o n u m p m i t e - c l  at t h e  rod location ,-m i n c  t i m e -

p r e  m e - n i c e  of the ’  f i e l d  m i l l  w h i c h  r e - s c - ruble-  a a b lunt - i d  obj  c u t .  \V it h i  t I e

a id c - m i  t le ’o r ct i c a l  c a l c u l a t i o n s , cci  n n i - c t i o n  f a c t o r s  cc- c - r e  a pp l i e d  t o  I a

n u n i t - i u - r s  to d c - t e rn -t ine  the ’ m - x p o s c t - r e ’  f a c t e m r s  at  t h e  t ip s  enf l h m e  a i r  t e n m t - , l n m ; i l s

and  an t e n n a s  u n m o d i f ie d  b y t i m e -  1 e n c m s e n c ’ e ’ e u f  t i c u ’ f i e l d  m m m i i i .

‘I’h -se- r e se i l t s  an - c ’ s i m u e - c m m  in l- m g u r e ’  l~~. T he e ’ x p m t s m i r e ’  t , e e ’t o r s  a nt -

l a r g e - m t  f o r  ini g h r o d s  w i t h  m e r i t - a l l  n - a c i i u u s  of c - nm n c - , m t m u n ’ c ’ iCc ’fl Sc  l e , i i ’ a t e ’ c h  f n e t - n n i

o t h c - m ’  r od s an d  f i e l d  r - d e i c i i m r  ‘ t r u c t m m r a l  I i  , m t m m r e - s .  l i m e  h i m g h m e - s t  e ’ l e - , t  n e

f i e l d s  ar e ’  a b o v e  t h e -  t-~h i c i r p  p o i n t - I s  e m f  t h e ’ t -  I t  a i r  t t ’ n i t - m i m , c l ~~. ‘ l i m e ’ m e l d s

si g n i f i c a nt l y l o w e r ab ove  t h e  b l e m n t , 1° ( l i e m m - m ( ’ t u - n ’  \ i I ! ’  ; i ! u t e - n u n u , m s  ~c h m i e h t -  a r e ’
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rt- c-mt r l y b ft b i g ht - , and c -c- c-fl m uch b ce- e r a O c c c c -  t h  w i i t - t - ’  3 ft h u g h U F II t -

antenna structure-S.

The gre- ate - st cnhancerne’n’ of 118 e x i s t s  abo c -e ’  on- ce - of t I m e ’  li g h t n i n g

rods ;  u n d e r s t o r m  c o n d i t i o n - i s with a i u i b i e n t  f ic le l s above-  8, 500 V / r n  t i m e -

point will l)e’ in corona. If corona bails of 10 cm d j - t r i m c ’ t e -  n c \ e - r e ’ p lac~’d

civer  the  p o i n t s  of the -  a i r  t e r m i n a l s , t h e  e x p o s u r e  f a c to r s  ccouid ‘ cc

reduced by a fact m n  of 8 an-id ambient fields of 18 , 000 V / r n  wou l d  be

r e q u i  re ’d for  c u e  rona o n s e t . Su c h  b u m  g It- fit-id s a rc ’  n , t t  f m  m m c d  m i n t - d c  r U set - al

s * o rm  c o n d i t i o n s , i t - m t  o r m l v  i n  t h e -  v i c i n i ty  of  an appr cac }cm mict - l i g ~~t n i m u g

le- aci em r.

ihe emxp cisure ’ factors a l m u u v e ’ h u e  \ ‘HF  and U H F  a n t e n n a s  v~ rv  b e -—

tcc e e-n ~ rich 31 ,im d ambient fields of ~~~~ 000 V / n i t -  and high e r  ar e  r e - c i u m i r e - u l

f c c r c o r o n a  o n s e t ,  It c a r t  t h e ’ r e ’ f m r e  b e -  a s s u m e d  t h a t  t h e -  , t : m ’m c - n n a s  cc m i l

p r o h t i c l y not  go i 1  t i  c o r o n a  e v e n u n d e r  u - t e r m  c o n d i t i o n - i s .  C u , r o r m a

tn t  as um u - e ’ m i i e ’ n t s  cIt -r e - t a k e - m u  at s e v e r a l  l o c a t i o n s  on top of t I m e ’ t ow e r  and

we ’ r e- re- b ate d t c t  c ’le ’ t ‘ic f i ’ld d , c t a  i n  o r de r te c u n d e r t a n d  ti - ic- f i c - i d  l i n e ’

c , e n e ~~- : m t n , c t i a n  a r n t m : n m d  tIm e- t u , c d ; m ’ r . The’ d i a g r a m  i n  Fi g t mr e - lb  i l l i m i t  n t - t I e s

t h e  m ’ e - s e i l t u - - . i h ~ - e’de -e’ of tin e - parape’t is in a re- ion of ru-d unc e -c l fi~ -l d

p n - c - m d u c e ’ d  b\ du e ’  shape’  i f  t i m e ’  structure’ . ‘l ’i t - e ’ f i e l d  increas e- s in a

r a d i a l l y o m i t  ~va rd di rn- c: t~un and re-ache -s a r rna\  i nst- u rn at a i m  - :t 4. ~~ t t  I

t i e V o n t - c i  w h i c h  it d e c r e a s e ’ s a g a i n .  The-  l a r g m ’st  c o rona  c u i r r c - n t s  ccc r u

i ’c t - e a m - m m m r c d  as 2. 3 -aA and a s s o c i a t e d  w i t h  1i - I d s  of 100 , 00( 1 V / i n  in t -

m ic ’ rm ,s e- f i e l d  l i n e -  r c~~ n m c n u . Th ~ c m e m r e ’ u ’ ~p t u m t b m i m g  , c m n u h m c ’ ’ u t  t i e - i d  b u t - & d  a

p m e s i t i v m -  v a I n c i t  1, 200 V / n  p n c t l a b l y e t -  , ‘e d  i t ~ s i m i ’ c c  C m W l l i t  j e e f l u- m - - -

In c l~o m - t i  i n  i- o ’ g i c m r t -

S i m n i i , e r  c a r o n i a  t - m m m - ,u- ’ c r u - m m u - m u t s  cve ’ne - t , u t - e - m m  b e h m c c -  ~e t - t - d - -

l i g h t n i n g  ro ds , ant - cl it W a s  f i t m i n d  t i n t - ct ‘l~~- t n p  ot t h e ’  n - e d  - -

o h m i c  ~‘d l u c i d , I l i r e - c -  f e e t  ,i b i mcve i t s  t i l e  t i m e ’  l i e - l i t  n -

1 ft  a a e m , u ’- . n 0 f u l f i l l  t h u  j u e m r O c , s e  e f  l n t - ’ b m t n m i i m g  - ‘

I c ’  r mii i  iii s i n s  n m- t ha ’. - , i  n i t - i n  t n - i t - e m  in h im - i glut e ’
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Fi g u r e  1 E qu i pot e i it i a l  l i T ~~ s a r o un d  s t r u c t ~~r ’  go t h r o u g h ( n h 2 ~I c e d
d e n s i t y  4 . 5  ft ou t  f r c ~~n s t r u c t ur e  u s  d~~t r n iio i t ro rn  e : :~~
c u r r e n t  ( i l  r n e a s r n n t ~-~.
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the  h e i g ht  of t he  VI  IF a n ten n a s . If the  li g h t n i n g  rods , In we ~‘e r , w e r e

n i u c h  hi g h e r , t h en  t h i e i r  po in t s  would be in a mo r & c~,n c en t r a te d  f i e ld

l i n t  r e g i o n , and corona  onse t  and as soc i a t ed  no i se  p r ob l e r i i s  cou ld  lie

m u c h  m o r e  f r e q ue n t  an d p e r s i s ten t . R a i s i n g  the  li g h t n i n g  r o d s  to mov e

the  cor o n a  s o u r ce  f u r t h e r  away  f r o m  the  a n t e n n a , can t h e r e f o r e  not  be

c o n s i d e r e d  as a simple s o l u t i o n  to the  no i se  p r o b l e m .

It appea r s  tha t  c u r r e n t l y the  no i se  pr o b l e m  may be a s s o ci a t e d  wi th

c o r o n a  d i s c h a r ge  f r o m  the  li g h t n in g  r o d s  a r o u n d  the p a r a p e t , w h i c h  a r e

lo c a t e d  in close p r o x i m i t y  to the  r e c e i v e r  a n t en n a s . C o r o n a  di s c h a r gt

f r o m  the  a n t e n n a s  t h e m s e l v e s  does  not  seem l ike l y. The  li g h t n i n g  r o d s

h a v e  p r ob a b l y been  p l aced  c lose  to the  a n t e n n a s  to p r o t e c t  t h e m  f r o m

( l i r t c t  s t r i k e s .  B y m o v i n g  the li g h t n i n g  rods  f u r t h e r  away we h a v e  the

r e s u l t  t h a t  c o r o n a  n o i s e  may be r e d u ce d  but  the  p o s s i b i l i t y  of a d i r e c t

s t r i k e  to the  a n t e n n a  is i n c r e a se d . h I o ~v e v e r , in the  ex i s t i n g  p o s i t i o n s

t h e r e  is a v e r y  gr e a t  p o s s i b i l i t y  of a s i de f l ash  f rom the  li g h t n i n g  rod to

t h e  a n t e n n a  ove r  s e v e r a l  fee t  b e c a u s e  of the  inductance of the  r e c e i v i ng

s y s tem . The c o r o n a  o n s e t  can he s up p r es s e d  b y p l a c i n g  10 cm d i a m e t e r

co rona  ba l l s  o v e r  the  point  of the  li g h t n i n g  rod.  W i t h  s u c h  a mo d i fi c a t  ion

i t  a p p e a r s  t h a t  c o r o n a  f r o m  the  rods  a r o u n d  the  p a r a p e t  shou ld  not be t h e

s o u r c e  of a n o i s e  p r o b l e m  u n d e r  hi gh f i e ld  c o n d i t i o n s . Onl y when  li g h t n i n g

is about  to s t r i k e  the  t ower  or the  i m m e d i a t e  v i c i n i t y  could  c o r o n a  c a u sed

n o i s e  p r o b l e m s  he e x p e r i e n c e d .
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4 . 3  E f f e c t  of the  Radome C h a r g e

U n d er  s e ver e  snow and b lowing  cond i t i ons  a v e r y  l a r g e  p o t e n t i a l

d i f f e r e n c e  may  occur  be tween  t l i t  d i e l e c t r i c  s u r f a c e  of t h e  r adome  and

the s u r r o u n d i n g  s t r u c t u re s .  If t h i s  s u r f a ce  has  an e lec t r i c  f i e ld  i n t e n s i t y

tha t  is  s u f f i c i e n t ly hi g h to c a u se  vo l t age  b r e a k d o w n  a c r o s s  the  p l a s t i c

s u r f a c e , t h e n  a s t r e a m e r  d i s c h a r g e  may o c c u r  which  cars  g e n e r a t e  se r i o u s

radio  i n t e r f e r e n c e .  N e a r  the ocean  w h e r e  hi g h c h a r g e s  e x i s t  d u e  to c h a rg e

s e p a r a t i o n  in b r e a k i n g  w a v e s , su ch  c h a r g e s  may be t r a n s p o r t e d  in a hi g h

wind ind may c a u s e  rap id b u i l d up  on t h e  r a d o i ne .  i)r i v i n g  snow will  a l s o

c a u s e  a c h a r g e  bui ldup.  Hence , t h e  p o s s i b i l i t y t h a t  t h e  r a d o n, e  can b e c o i i i t

s u f f i c i e n t l y c h a r ge d  to c a u s e  s t r e am er d i s ch a rg ~ s h~~s to be c o n s i d e r e d .

The eh a r g e  a c c u m u l a t e d  on t h c  r a do me  may  h a v e  a second  e f f ec t .  It

may  c r e a t e  hi g h enou gh f i e l d s  c on d u c i v e  to CO rona  d i s c h a rg e  f r o m  p o i n t s

in i t s  v i c i n i t y  such  as the li g h t n i n g  rods w h i c h  a r e  about  4 ft away or the

s h a r p  ed ges  of the  l a d d e r  onl y I f t  away .

To i n v e s t i ga te  the  m a g n i t u d e  of t he  c h a r g e  tha t  may  r e s i d e  on t h e

d ie lec t r ic  s u r f a c e , e lec t r i c  f ie ld  m e a s u r e m e n t s  w e r e  t aken  a s h o r t  dis-

t a n c e  away f r o m  some radome  p a n e l s  t ha t  w e r e  c h a rg e d  b y r u b b i n g  wi t h

a g love.  The r e s u l t s  a re  shown in Fi g u r e  17. The r a d om e  wa s  c h a r g e d

to -29 ,  000 V c r e a t i ng  an e l e c t r i c  f i e ld  of - 24 , 000 V / r n  at a d i s t a n c e  of

4 ft at the  ti ps of the  li gh t n i n g  rods  a round  the papape t  as wel l  as on top

of the r adome.  Since  an e n h a n c e m e n t  of 12 above the  a m b ie n t  f ie ld  ~~i i -t s

4 ft above the  radomn e in the  a b s e n c e  of the  a i r  t e r m i n a l , the  c h a r g e d

radome would , at the d i s t a n c e  of 4 ft , h a v e  an e f f e c t  equ i v a l e n t  to a

change in the ambient field of -2 , 000 V / r n . W h a t e v e r  the e f f e c t  is , it

would p e r s i s t  for  ex tended p e r i o d s  of t i m e , as it was found  t h a t  t he  c h a r g e

remained  on the radome beyond  the  d u r a t i o n  of t h e  ex p e r i m e n t  and did

not d ra in  off .

The f ield of the  c h a r g e d  r adome  may r e i n f o r c e  or c o u n ter a c t  t he

e x i s t i ng  a m b i e n t  f i e ld .  It i s  d i f f i c u l t  to e s t ima te  the e f f e c t  on corona

f o r m a t i o n  above the rods , as the equi p o ten t i al  l i n es  t h e r e  a r e  not  n or m il
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— 2 4 , 0 0 0\ ’/ i n  at 4 ft  a b ov e  r . t d u m n e , w h e re
e xp o su r e f a c t o r  v s . a i n b i t i t  f i e l d  h .

r a d c : i n &  C h d  r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4 f ~ f I ~
‘

/

1

i i  v a Ic  ii t c l i  a i i i  1
in  a r n l i t n t  f i e l d
— 2 , 000 V / u i 

-

F’ i g r i r ~ 17  . F~t : ~~et  ~ r . t h r i i e  c h i r g ~ on e l t & ’ t r u &  It ’  h i .
( d u s t  o r t e d  s a l e )
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to the  rods , hence  t h e i r  e f f e c t  is  r educed . To u n de r s t a n d  t h i s  p r o bl em

would r e q u i r e  i nvo lved  compu ta t i ons  and a d d i t i o n a l  m e a s u r e m en t s .  At

the loca t ion  of the  l adde r  about 1 ft  away  f r o m  the  radorne  the f i e ld s , due

to the  raclorne c h a r g e , a r e  even m u c h  hi g her  of the o r d e r  of -95 , 000 V / r n ,

and at t he  ladder  suppor t  and the bottom of the  hi g hes t  li g h tn ing  rod the

f i e ld  m i g ht be so hi g h that  t h e r e  ex i s t s  c o n t i n u o us  corona  d i s c h a r g e.

F u r t h e r m o r e, the po ten t ia l  of the r adome  could r e a c h  v a lu e s  m u c h  h ig h e r

t h a n  t h o s e  we caused  wi th  a l e a t h e r  g love .

C h a r g e  d e p o s i te d  on a d i e l e c t r i c  s u r f a c e  such  as the  rad omn e is b oun d

t h e r e  b e c a u s e  the  s u r f a c e  is an i n su l a t o r . As a r e s u l t s , u n d e r  p r .  ci p i-  •

ta t ion  c h a r g ing  c o n d i t i o n s , it is p o s s i b l e  f o r  a po t en t i a l  d i f f e r en c e  of t e n s

of k i lo v o l t s  or m o r e  to e x i s t  b e t w e e n  a d i e l e c t r i c  s u r f a c e  and t h e  ne i g h-

b o r i n g  s t r u c t u r a l  p a r t s .  As c h a r ge  c o n t i n u e s  to a c c u m u l a t e  on t h e  di i ’ —

l e c t r i c , the  po ten t i a l  to the  s t r u c t u r a l  p a r t s  r i s e s  u n t i l  the  e l e c t r i c  f i e ld

i n t e n s i t y  at the  d i e l e c tr i c  s u r f a c e  b e c o m e s  s u f f i c i e n t l y hi g h t h a t  vo l t age

hr e a k d o~~~ or s t r e a m e r  d i s c h a r g e  o c c u r s  a c r o s s  t h e  p l a s t i c  s u r f a c e .  A

s u r f a c e  s t r e a m e r  i nv o l v e s  the rap id t r a n s f e r  of c h a r g e  ov i  r a s u b s t a n t i a l

d i s t a n c e , and also g e n e r a t e s  s e r i o u s  r a d i o  f r e q u e n c y  i n t e r f e m e n c e .

The deg rec  to w h i c h  t h e  r a d i o  f r e q u e n c y  n oi  Se g e ner a t e d  In c o r o n a

an(l st r e a m e r  d i s c h a r g e s  coup les  m o  e l e c t  r o n i c  sy st er n s is  det  e r n n n e d

by the  r e l a t i v e  l oca t ions  of the  n o i s e  s o u r c e , and t h e  r e c e i v i n g  a n t e n n a s

v i a  w h i c h  the  no i se  is coup led into t h e  a f f e c t e d  sy s te in . In a d d i t i o n , t h e

cou p l i n g  depends  on f r e q u e n c y  and t h e  sn e  of t h e  an t  en n a s .  T h i s  s u b —

j e c  t i s  qu i t e  compl i c a t e d  and r e q u i r e s  f u r t h e r , ex t e r i  s l v c  i n v e s t i g a t i o n s.

4. 1 C h a r g e  T r a n s f e r  f r o m  R a i n

‘ [l i e  c h a r ge  on r a i n  h i t t i n g  the  r e c e i ve r  a n t e n n a s  wil l  c a u se  a en r r t ’ u l t

t o f l o w  t g ro u n d  t h r o u g h  t h e  r e c e i v ni g  c i r c u i t  t h a t  m ig ht be of t h e  same

or d e r  of m a g n i t u d e  as t he  n o r m a l  s i g n a l s  and hence  p r o d u c e  n o i s e  i n t e r

f e r e n c , . 11) i i u v e s t u g a t e  t h i s  h y p o t he s i s , a m a x in i t u u n  i b a r g e  on a s i n g le

r a i n d r o p  was  a s s u m e d  as — ~~~. 3 x l 0~~ C = — 1 .  4 x I D
7 

e l e c t r on s  f r o n t

( h a lmn r s~
8
~ If 100 such  r a i n d r o p s  fe l l  on t h e  a u t c i u u i t p er  se~~t u n l t r a i t s —
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fer rin g their  charge s , a cu r ren t  of 2. 3 x 10 ~,j A wo uld be flowing. T h i s

would resul t  in a voltage of 1 . 2 x l0 2
~~ V a c r o s s  the r e c e i v e r  impedance

of 5 0 Q ,  at a power of 2. 6 x l O ~
18 

W a t t ,

The r e c e i v e r s  operate  at a si gnal l e vel  of 2 . 5 to 3 L I V  with a n o r m a l

ambient noise level  of 1 ~~V , which i s  about two o r d e r s  of magni tude  g r e a t e r

than t he  n o i se  a t t r i bu t ed  to t h e  c h a r g e  t r a n s f e r r e d  fron t rain.  It i s  t h e r e —

fo re unl ikel y to be a s o u rc e  of t he  no i se , if , however , the a s s u m e d  f i g u r e s

of nu nibe r of (I r op s  p e r  second  an d  ch a rg e  pe r r a ind rop  do not repre  sent

m a x i m u m  values , then radio i n t e  r f e r e n c e  f r o u ’n c h a r g e d  rain m i gh t s t i l l  he

pus sible .  T h i s  i s  r’nore l i k e l y to  be t h e  case  above t h e  Logan t o w e r  ~vI te  r e

th e  r a i n  may  gat  hi r an t n o  r u i u o t u  s c h a r g e  due  to e x c e ss iv e  c o r o n a  in t h a t

e n v i  r onm e u i t .

4 . 5 Su nu n i ~~y

Of the  s u g ge s t  i o n s  p u t  f o r  w i  mci as  t he  sout  r i ’ e s gene ra t ing r a d i o  iiOi s t

t h e  po s s i b i l i t y  of c o r o n a  di  s c h i ar g e  a p pe a r s  to  he the  fl ’iC)St l i ke l y ( )l i e .

( u t r ou i ~t f rom  t hu r ,  , u u i t e u i n . t s  s t e m s u n l i k e l y , c o r o n a  f r o m  t h e  li g h t n i n g  rod on

tO 1) 1 t h e  r u h t u i t ’  i i i ~~y I) . S S i h ) l y c o a s t  i n t e r f e r e n c e, a n d  co r ona  f r o n t t h e

t i m  t e r m i n a l s  t r o t u u u d  t h e  p i r t l u t sce nt  to  be t h e  m o s t  l i k e l y s o u r c e  he~ a l i s e

of t h i e i  r p r o x u n u u i t y  to t h e  r e c e i v e r  a u u t e n u n a s . A I i i t ) ( h i f l c a t j o n  w a s  s u i g g u ’ s t r d

t h a t  w u ) t l l ( I  e l i m i n a te  t h e  m o n a  di s e h i a r g e  f r o m  t h e  li g h t n i n g  i’ o ( I s  u n d e r

u i s i t , i l s to r m  c o nd i t i on s , and  it c o n s i s t e d  of 10 cm d i a met e r  c o r o na  b a l l s  to h4

p l a c e d  o v u  r the  ti p of t lie li g ht ni  u i g  r o d s  g i v i n i  g t I t e m  a hI nu t  appea  n an cc .

T h i s  u i u o d i f i c a t  ion i s  il  so t h o u g ht to e u l h u . u n c e  ( l i t ’ l i g h t n i n g  p r o t e c t i o n

c . u p a h i l  i t i t s .

‘l i i i  e f f ec t  ( I f  t he  c h a r g e  on t h e  r a d o r u r  i i i  t h e  f o r m  of s t r e a m u ’ t e i ’  d i s —

-} n l r g t s o r  c or o na  f r on i  c l ose  p o i n t s  \V.1 S r e c o g n iz e d  a s  u u i i p o u ’ t . i m i t , hu t

co u l d  r io t  hi’ we l l  c l e f i u i e d  u s  t o  i t s  oa~~ c r i t ~ ’ . II  \ V . t S  d t t e r i u i u u i c d  h o w e v e r ,

t h a t  o l l t ’ t t h e  r , t d o i n t ’  w as  c h u a r i , ~t ( I , i t  wo u l d  h o l d  i t  s p o t en t  i i i  t o m -  i i t t l u —

s i d e r i l d i  p e ri o d  of t i r n i , r t ’ s i t l t i u t g  i i i  p r o l o i i g t d  c i t e  I s .
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The charges on raindrops being t r a n s f e r r e d  to the antennas are not

b e l i e v e d  to e s t a b l i s h  a l a rge  enoug h cur ren t  flow , and hence are not

l ikel y to be the source for radio noise , but this assumption i s  bas ed on

rain charge  measurements  under ve ry  d i f f e ren t  s i t ua t i on s .

One must r ea l i ze  that t he  conc lus ions  p r e s e n t e d  h ere  should onl y

bc t rea ted  as a s tar t ing point for a thoroug h anal y s i s . Th e c o r re~n i ve

m e a s u r e s  of adding corona balls mi g ht el iminate the mos t. s i g n i f i c a n t

contr ibut ion  to the no ise  problem , hut other s t r u c t u r e s  n e a r b y may s t i l l

cause corona n o i s e .  ‘The e f f e c t s  of the charge on the radorne and c h a r g e

t r a n s f e r f r o m  ra indrops  have a lso  not b een we l l  i d e n t i f i e d , and i n t e r —

fc r e n c  ~ ‘ may be re  en r r i n g .  The p r oh i  u r n  n i t  s t be i t  n c l e  r s tood in d e t a i l .

It i s  m i e c e  s s a ry  to know the r e c  i ye r no i s e  li ~ u - l  as it f u n c t i o n  of di st a n i c  t

f r o m  the  s o u r c e , sour c ’  m a g n i t u d e , f r e q u e n c y  and a m i t i n n a  g a i n . O n e

s u c h  t e s t s  h a v e  heen  p e r f o m n u e c i  it s hou ld  be ea sy  to mak e r ecor f l rnen(I~~t I on s

fo r  li g h t n i n g  rod r a d i u s  of c u r v a t u r e  and d i s t a n ce  f r o m  a p a r t i c u l a r  a n te n n a .
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~~ . 0 PROPOSAL FOR TESTS L E A D I N G  TO (:1;r ’~F : R A L
R I : cOMM  I ’N  I)A ’I IO~~S ON E L I M I N A I ’ I N G  R A I ) I O  N O I S I

A s i n g le c o o r d i n a t e d  s t u d y for  a f e w  m o u t h s  ont  t h e  V I l E  r ad io  n o i s e -

p r o h l e n i u s  that  a r t  a h a z a r d  at many ATCT loca t ion s a r o u n d  the  c o u n t r y

would  sav e  c u l n s i ( h ( - r a l ) l e  t i m e  and e f f o r t  w h i c h  is  at p r e s e n t , b e i n g  c x —

p ended  b y m a n y  eng in e e r s  f r o m  l lo st on  to C h i c  ag o  t o  D e n vi ’  r and  S ea t ti  t .

t h e  t e s t s  could  be p e r f o r m e d  i t t  a n y  e s t a bl i sh m e n t  w her e  V H F  and

t J h i }  r e c e i v e r s  could  be m a d e  a v a i l a b l e , hu t  t i l e  r u  w o u l d  La -  i l l any  ad—

v a n t a g e s  i n  c a r  r v i i i g  ou t  t h e  e xp & r i n ) e l t t s  ct  an  A ’J ’C’I ’ l o c a t i o n  s u c h  as

at L o g a n  Ai rpo r t .

It \ V O i t l d  he n i c e  s s a r y  t o  h a ve  r e c e i v e r s  m d  a n te n n a s  s i m i la r  t o  t h i e

o n e s  m u s e d  it  A 1 ’C T  l o c a t i o n s . A l i g h t n i n g  rod w o u l d  be m o d i f i e d  to  a l l o w

c o r o m i a  c u r r e n t  n ) c , t s u r c n i l c m m t s  to  he m a de  at i t s  b a s e  u s i n g  ~t 10 ohm se r i e s

r e s i s t o r  and p r e — a m n p l i f i r L a p i -i t i c  of a l lo~~’ ing  r e c o r d i n g  of c u r r e n t s  t o

b e t t e r  t h a n  0 . ~~~~~~~ T h -  r e c e i v e r  n o i s e  l e ve l  w ou l d  h i  m n o i i ~ 1 m e d  as  a

fun  c t i on  1 c i  m on a  c u t  u - r e n t  and cli s tan  ci’  of the  a n t e n n a  f r o nt  t h e  e m  r o i l  a

S i ) U  l’ t ’ e ’

I ’ h i e e x p e r i m e n t s  w o u l d  b -  r ep e a t e d  f u r  d i f f c r i u i t  r a d i i  I u~ m v a t u t r e

of t h e  rod , as  n ) o r e - a c t i v e ’ c o r o n a  c r o u t n d  a s h a r p  p o i n t  I s s i l d y c o i n s

i l l u m e  r a d i o  n o i s e  t h a n  a s im i l a r  c o r o n a  c u r r e n t  f r o nt  a b l u n t e r  u’ oI n u d e -n ’

h i g h e r  f i e ld c o n d i t i o n s . At t h i s  t i m e  a r c l a t i o r i s l n p  w o u l d  lie  c s t a } e l j s i i e ’ d

r e l a t i n g  c o r o n a  c u r r e n t  to  r a d i o  n o i s e  as  a f u n c t i o n  f d i s t a n c e ’ a nd p i n t

s ha r p m i  e 5 5 .

It ~v~ u t ld t h i e n  be lie ’ c e s s a i y  t o  r u - l a t e  l i g h i t n i n g  rod c o i - o e , 1  c u u t - m’ u ’n t  t o

t h y  u m i p e r t u i r b e d  e l e c t  n c  f i e l d  is a f u n c t i o n  of  o u t  m e l  t o w e r  h e i g h t  a n d

c e - m i t t - I  i n .  ih i s  coU ld  l i e  a c h t i e ~ - ed lay b o t h  e ’x p e r i n i e i i t u i and t h m e ’ i ’ t ’ t i i t l

e x p e - r i m i t e n t s  c o m i - ip u t i n g  e n h i t n c t i m i e ’ n t  f a c t o r s . -\ f i e l d  m u t i l l  w o u l d  lie ha t I e - I

i t  g r o t u u t c i  l e v e l  on f l a t  t e ’ r r a i m i  a way  t r o u t an\ ’  l a r ge  o b s t m u t u - t u o o ~~, Sit e ll i s

i i i  t i n  c e n t e r  of a n t  a i r f i e l d . ‘l i i i  e l e c t  r u  f i e l d  v a l u e -s  at t h a t  p u i m i t  w o u l d  h a

u- o m n e l t t e d  w i t h  t h o s e  on t i l l )  o f  t h e -  u ’o m i t  r e e l  t o n e r  i n t l  a t  \ ‘ a r l o l m s  p o u m i t s  au ’ e u u i i d
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the reg ion of the V H F / U H F  rece iv ing  antennas . This data , along with theo-

re t ica l  data s imilar  to that shown in Sect ion 3 , would lead to a r e l a t i o n s h i p

between corona current  and unperturbed e lec t r ic  f ie ld  as a function of

li ghtning rod posi t ion , hei ght and sha rpness .

Recommendation ~ would then be made relating the wors t  expected

electr ic  field data to the likelihood of radio noise  for d i f ferent  antenna

locat ions.  This information should allow the se lect ion of suitable s i tes  for

the rece iv ing  antennas , or c o r r e c t i v e  measu re s  to the li g htning rod p o s i t i o n

and sharpness  in order  that radio noise  be el iminated .

It is worth noting that it is poss ib le  to instal l  a simp le f i e ld  m o n i to r i n g

device  that would warn an obse rve r  of hig h e l e c t r i c  f i elds  in his  envi r onment

and hence , the poss ibi l i ty  of radio in t e r f e rence . Such a device may be u s e f u l

if the g~~ometry and hei ght of a receivin g site is such that some local corona

sources could not always be suppressed.
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/\ U S IRA CT

Si gn i f i c a n t  ~e ’ - n u  s - f ees which  contr ibute  t i  r e s i s t i v i ty  ne ai~ 1i i t  u !  ‘ir e ul i s  —

t U S S e ’ I . l~t ’ s i s t i v i t v  values fr o n e  u - c f e r u n c ’ e m l  s o u r ce s  as wi -P ~is t hos ‘e i sur ed

li v  \ A l -  i- ’C 1i~’r sonnc l  ~l t ~e ~u e s cn t e d .

The - l c s i i ~n of an Xli’ -~ r i u ~ d roi l testing program is out l ined .  Xli’ aroun d

roil i n -  si~zt anci: cr f  mni ~um1cc is compared wi th  coppe r clad st eel i’ i k  and the  si

stee l  z o l s  u nh: n t c e i  wi th  salt rings. XIT rods ~~e described ; r es is tance  mc : m S u l L ~

mi nt l : t t ~u is p r esente  I and discus s e m i .

R e s i s t i v i ty  ine :u sur em ents  at several  Federal t\v ia t ion : \dministrat ion t 0 c i i—

it  ics i re  d iscussed.  these measurements  emp loyed the  four  probe m e a s u rem e n t

technique . Ut i l i z ing  these r e s i s t i v i ty  values , res is tance computat ions are prese .  t i  1

for  a grounding conf igura t ion  cons i s t ing  of ground i isl~ interconnected wi th  bur ied

bare w i r e . Formulas used to obtain cal culated r e s i s L a n c e s  are pre sen te mi ind
l im i t a t i ons  on their  accuracy are addressed. Calculated v rSuS measured  resis-

tance values are shown. The importance of a survey to obtain per t inen t  lat a  on

which to base a des ign of a groun iling conf igurat ion is discu ssed . .A l t e m n a t i v e  g i o u r

counterpoise designs are suggested.
It is concluded that:  (1) XIT ~round rod s provide lower resistance than

standar d copper clad steel rods and the var iability of this res i s tance  versus t ime

is significantly less.  (2 1 Where high earth resistivity magn i tudes are encountered ,

it may be economically infeasible to obtain  a desired resis tance .
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IN F R O D I C I  iON

t i e  I’edi tel Aviation Ad i m i s t  r a t i o n  I F A A  1 h a s  b e e n  r e c e n t l y
i n \ - o l \ e d  in X i  1 rod r e s i s t a n ce  a n d  e a r t h  r e s i s t i v i t y  n n e a  s u r e - n i  i i t s .

I m e  X 1’f al is a c h e m i c a l l y f i l l e d  p i pe s € - r v i t t i ~ as a ~ r o i d r o d .
F u r  N I T  rod t a s k  1 nvo tvea l I i t -  d ov t - l op r n  en t  of t e s t  c r i t e r i a , tI e

Se l e  l i o n  o l u s t  )c d s , the  i r n s t : l t a t i o n  of t e s t  s amp les , and  t h e
c o l I c  t i c i  a n d  an a l y s i s  of d a t a .

The cmi n h  r e s i s t i v i t y  t i t u a s u  i - i -m e at s  w e r e  t a k e n  at p l a n n e d  f i e l d
s i t e ’s n o r  - \ i r  R o u t e  S ur v e i l l a n c e  R a d a r s  ARSR )  and at  XIT rod t e s t

e d  l o c a t i o n s .  \ i  c a  so - c ru ien t  r e s u l t s  a r e  p r e s en t e d  a n d  a p p r o x i n m a t ~ ens

of ar oun d  e o n h i i ~u r a t i o n  r e s i s t a n ce s  a rc  c a l c u l a t e d  f o r  ARSR s it e s .

l~ I-;s[s i _ I v l  l Y

R e s i s t i v i ty  is t h e  r e s i s t a n c e  t i m e s  the  c r o s s  s e c t ion  a i-eu d i v i d e d  iy

t h e  l e n g t h :

RA w h e r e P i s  in oh rn -n ~ e t er s

— ______ R is in  o h m s
L A is c r o s s  s ec t i ona l  a rca wit!-

d i m e n si o n s  in m e t e r s

R e s i s t i v i t y  of c o p p e r  at room t e mp e r a t u r e  is 1. 7 x 10 m et e r - o h m s .

Tun ~~s ten  is 2.  5, z inc  3.  3 , i l-on 6 , lead 12 and b r a s s  fou r t ime s
t h e  r e s i s t i v i t y  of copper .

[‘he r e s i s t i v i t y  of t h e  e a r t h  c o v e r s  a wide  r a n g e . F i gu r e  1 sh y- s

e s t i ni a t ec i  a ver a g e  r e s i s t i v i t y  va lues  in t h e  U n i t e d  Sta tes . A ri -a

va lues  a r e  33 , t 7 , t2~c , 2~~0 , 500 , 1000 , and  2000 m e t e r - o h m s .  ,-\ s

f a r  as cml r t h  i~r ou n d  c o n f i g u r a t i o n  i n s t a ll a t i o n s  a r e  c on c e r n e d , t h e

lower  the n u mb e r  the b e t t e r .  Table  1 , G e o l og i ca l  P e r io d  and
Fu r rn a t ion  , l i s t s  e a r t h  r e s i s t i v i t y  v a l u e s  b y g e o I i c ,n i c a l  p t  m ud s  a n d

fo r n i a t io n .  V a l ~~e s  r anu i i f r o m  I to 10 , 000 m e t e r — o h m s .  T ab l e  2
l i s t s  soil r e s i s t i v i t y  va lues  m e a s u r e d  at v a t i o u s  FAA lo c a t i on s .
Ta hI e 2 valu es were  ob ta ined  b y us ing  the t o u r  p r o  a m e t  hod  w i t h  a P a d d l e
me t e r .  V a l ue s  r a r m e e  I r e In  10 t i  29, 000 m u t t e r — o h m s .

R e s i s t i v i t y  is d e p e n d e n t  u pon t y p e  of soi l , m o i s t u t  re  ( o i l  c ’n t  et  s ui l
t e m p e r a t u r e  of t he  s o i l , po r o s i ty  of t h e  soil , a n d  el i cn rn i c al  c o n t e n t
of the soi l .  S i n c e  t h e s e -  pa r a r n e t e  rs may d i f f e r  w i t h  t h u  d e p t h  c t
l a y e r s  or  c u n i h i n i a t i o n s  of l a y e r s  in t h e  c ;  r i b  r e s i s t i v i ty  u u t a v  v a r y
wi t  ii  d e p t h .  A g e n e r a l  f l u t e  r e - c a  r d t n ’~ c o n c r e t e  n e - l o w er  ound  l e ’ c e L i s
that i t  i s  a S v n i t  — c o n d u c t  m u  m a t e r i a l  w i t h  a re s istiv i ty of  e b e ut
30 m u t t e r — o h m s  ; t t  2 0 G .
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XIT RODS

These  rods a r e  c h e m i c a l l y f i l l ed  copper  er ou n d  e l e c t r od e s .
They a r e  p a t e n t e d  by XIT Rod C o mp a n y ,  Covina , C a l i f o r n i a .  The
d i a m e t e r  of the  rod is 2 1/8 0.1). , t h e  wal l  t h i c k n e s s  . 083 . The
m a t e r i a l  is copper .  These  rods  can be o r d e r e d  iu eig ht  fee t , ten feet ,
and twenty feet l e n g t h s .  W h e r e  b e d r o c k  is e n c o u n t e r e d  L shape  rods
can be provided.  A tmosph e r e  m o i s t u r e  is a b s o r b ed  by the  salt  con ten t s  and
the r e s u l t i n g  c h e m i c a l  solut ion seeps into the  soil l o w e r i n g  the  r e s i s t i v i ty
of the  soil .

XIT ROD TES T DESIGN A N D  INSTALLATION

Two ten foot  ~ / 8 h 1  copper  clad steel (CCS)  g r o u n d  rods w e r e  d r iven
into  the  soil at the same  t ime as the XIF rod was installed. One of
these CCS rods had a salt ring two feet inner diameter and four feet
outer  d i ame te r  and dug to a foot  depth . A ten foot  hole  was a ug e r e d;
f ive pounds cd table  sal t  and four  ga l lons  of wa te r  w e r e  p laced at the
bottom of the hole and the XIT rod placed t he re in . The hole  was then
backf i l l ed  and tamped.  The t h r e e  g round  rods  were  p laced 30 fee t
apa r t .  Ti-st bed se lec t ion  c r i t e r i a  w e r e :  ( 1) low eartl- - r e s i s t i v i ty a rea
of z e ro  to 300 ohms per  me te r  in both mois t  and d ry  l’eg ions ( 2 )  med iun~
ear th  r e s i s t iv i ty  a rea  of 301-600 ohms per m e t e r  in both moist and dry
recions and (3 )  hi gh ea r t h  r e s i s t i v i ty  a rea  of 601 ohms per  me te r  and
above in mois t  and dry r egions.

Using the Biddle ea r th  t e s t e r  as the measurement  device and the  fou r
p robe  m e a s u r e m e n t  method test  sites w e r e  selected.  The s i tes ,
r e s i s t i v i t y  r ange , and mo i s t  or d ry  c l a s s i f i c a t i o n  a r e  shown in Table
3. Ca lcu la ted  r e s i s t a n c e  ve r sus  m e as u r e d  r e s i s t ance  of the s i t e s  is a l s o
shown in Table 3.

XIT ROD TEST~~~G RESULTS

Figures 2-8 are plots of resistance versus time fo r  the t h r e e  t y p e  rod
configurations at several locations. The XIT rods provide lower
resistance grounds than copper clad steel rods with or without a salt
r i n g  and the resistance variability versus time is less. The c o p p e r
clad steel sal t added rod provides lower resistarn-e and the resistance
va riability versus time is less than the copper clad steel rod.
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I- i c u i C -  3 C S  t i C - r e - s i s t i i m t e  \ C - i S U S  t i m e - l I t  ~j i m  X I I  ~~ Id  \ i - i t i i  I - C u r

a d d i t I O M ~t1 I i C I l e - s  d r i l l e d  I l l i  ( M C I I i  SO l e  O b o U t  ( V a i l  c c l  o j ~ i r 1  a I i , n i ~ t h e
l e n g t h  b , 1- r o d .  As c an  he S I - c - C l . t h t -  a b i l I t y  u f t h i s  rod i i >  t m a i n t ; , i n

a s~l O C i t i z c c l  -~ r u u i i d  r e s i s t a n c e -  i s  C V  g ood .  I m c -  i d e - c t o  p r o v i d e -
; I d d l t i m C i i a l  o p e n i n g s  i n  t l i c -  rod t o  a l l o w  C I I I C r I -  c L e - i i m i c ; t l  5 , I I i m t C O I i  1 ( 1  l ow
i n t O  t b c ~ So i l  a l , C n ~ t he  l c - n m ~t i i  C f  l 1 m e  r o d w a s  o r i ~L i n 0 t e d M y t h e -  a I l t i l o C ’  i n

11) 7- . and  i n ip l c - i i i e n l e d  on Le - h r u ~t rv  23 , 10 7 e , . L o ok  et  1- i ~~e re  a n d  f l u t e

t h a t  a t  t h e  C } u - s t c - r f i e - l d , S , C m m t h  t o  r o l i  ma s ky  t H e  t op p e r  c l a d  s t e e l rod
r i - s i s t an I c- r eo d i n - ~s ar e - ati - C ve the i m m i x m l l oin scale of 10 , 000 , C t Ci s on

I I I -  l i i d c I l e  t e s t e r  an d  3 , 000 , ) l l n i s  Oi l  I M C  \ i h r o ~~r o m m m m ’ i  t e s t e r .  : \ C l d i t i o m l ; u I l v ,
t h e  dc - i - r e a s e m  i i i  r e s i s t a n ce  \ v b i c - I i  s a l t s  a r c -  p r - e 1 i d e - u  1, 1 t I m e -  so i l  i s  s i c n i t m c a f l t .

F i g u r e  ‘~ s h o w s  t h u  N i  I r od  r e s i s t a n c e -  or  l i v e  t e s t  S it e s  versus tW it .

1-- i c u i c - 10 s h ow s  t h e- c op p e r  c l a d  s t e e l  ( C C S )  r o l l  . vi th  s a l t  C i n g  a d d e d t
rc - s i s t o i i c c - b C ’  f j ’ c -  t e s t  s i t e s  v c - 1 5 I l S t i i i u - .

Fi g u r e  11 s t m , l u s  t i l l  c op p e r  c l a d  s l i t - i -  r o d  rI -sis tarmce- b r  f i ’~ e i~~- S (

s i t  eos r s u s  t i W e .

F h i t t i r e  12 c 1 I I l m 1 i e  r e s  t h e  r e s i s t a n ce  01 CCS ro d s v e r S u s  N I l  rod
r e s i s t a nc e -  a t  l i v e -  s i t e - s . N o t e  t h a i  in a l l  c a s e s  t i l e  N I T  rod
r e s i s t a n c e  is one ’ h a l i  o r  le s s  in co m p a r i s o n  to a L o p p e r c l ad  s l e e t

c r o u n d  ro d .  I l i e  a p p r o x i m l i a l e -  p e r c t - n t a H e s  a r e - :  N A F E C  ‘0 ’ - ; Fl  1 ‘a so
37 ’ ,,: P l i o t -n ix  3_ C I C . \\Lldwoocl 3 3 C 7 , : and Beaumont 4 . l- c u i -  ( l i e
C i m e s t e - r t i e I d , S . C . s i t e -  t h e  p c- r~~c-n t a ; c - i s  a p p r c ) x i m a l e - I y 20° I.

In l i t  d e s i m t i i  , I [  a c r o u n c l i i i ~ c o n f i g u r a t i o n , i t  is i m po r t a n t  t o  r e a l i z e -
t h a t  t h e  a d d i t i o n  ot  2 o r  3 t L 5  g r o u n c l i m i c  r ods  ~v i 1 1  n o t  n e - c - s s a r i l v
equal  t h e  p I - r f o r l i l a i l c  ol , i i i c  N I F  g r o u m i c i  r od .  L a t e r  in t h u s  p am - c

~-ill p r o v i d e -  an exa i i ip l c I o d e m o n s  t r a t e -  (I i i  s

-\ IR RO 1J T E St  11V FILl  -“.N C  Ft l1:\ I) :\ R G R O U N  D I N C  \ I  F t - \ S t~T R h - ;  \ i  I - tN  15 A N  I)

(;ONFIG1-tRA 1 ION

Fi gu r c- 1 3 is ( l ie  g r o u n d i n g  i i l u t i  go r a t  ion f o r  i- .-\ m\ o nly  s i t e s .
A goal of five o h m s  resistan c e was s et .  M o r e  t h a n  t w e n t y  s i t e - s  ar e  t e l

be -  m e a s u r e d  f o r  r e - s i s t j \ - i t v  v a l u e s .  l ’he F’ - \ \ i i i s t a l l a t i u n  ~e ’i l l  c o n s i S t
of 17 c l ip p er  c lad st  eel  rods , 10 k - c - I  loii~ a n d  3 / 4 C C  ( l i a n i e ( e - m- , i n t e r —

c o n n e c t e d  wi th  4 / 0  h a r e  w i r e , ab ou t  ( 2 5  f e e t  i n  l e n g t h , b u r i e d  t o  a de p t h
i~ I a ‘ > out  I W e )  C l  -
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( ‘
~ r O I t i e d i n i g c o r i b i H e i r a t i o n  calculations were m a d e  t l s i f l i 2  t h e  b e d l , I w i i i i i  —

I i )  i m i i u l a s:

I )  R e s i s t i v i t y  ~~ ) ‘ 2 j~~~S R w h e r e  s is sp a c i ng  b e t w e e n  p r ob e s
R i s  m e t e r  read i m i g  i i i  O h I O  S

is  r e s i s t i v i t y

( 2 )  Res i s t a n c e  ~ r is  r a d i u s  of rod
I ch iC  rc)d) —~ ~

( - 
?I~ ~

— is I c i i  i i i  of rod

( 3 )  R e s i s t a n c e  ~~~~~~~~~ L~~~~~r e  s is sp a c i n g  cO rods

(4) Resistance - / ~~~~~~~~ 
— wiie re d = d ep t h  of b u r i e d  w i r e -

cUJ I~~-) TtL 
~4) -‘ r is rad ius  of w i r e

- p ~ ~ L -~( 5 )  
~~~~

sl

t~~
t
75c

e a 

~~~~~~~~ - 

w h e r e  1~ ~~~ 
-

C a l c u l a te  by iM o r m i i t i l a  ~4)

Call- cil at e by IM ormil u l a t 3 )

F’o r t h e  FAA g r I ) un d  b ig  c o n f i g u r a t i o n  coj i  s ide  red i- c) r t i i u  l a s  ( 2 1 ,  I 3) . C

4 and 1I)rR ~~iia y he s in ip l i f i e - d to

~~ ~~~~~~~~~ K11~~kR~~LR P Ci—~~~ n ,  
~~~~~~~~~~~~~ ~~~~~~~-tq 4

Rw - ~ ~W P  ~ ~~~~~~4 L11L, (~~\ ) ~~(~~~~ O t t ~~~~~’
~~~~j 2 -  KUIJ R l~ C

S~ f l C (
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E a r t h  r e s i s t i v i t y  t i c c a s i i r e t i i e n t s  w e - r e  macic h y a NAI - ’ E - C  t e am  emp l o y i n g
the four p robe techni que (Fi gu r e  14) . N I e - m c s c i r e - ~~i c i m ~~s w er e  i i i ~ I ( 1 e~ i -o r  vii  r l o i m S

p i - o I ) e  s p a c i ng s  and at s e v e r a l  p o i n t s  w i t h i n  t h e -  2~~b ) x 2~~0 s i t e  h e l l  01 i l i l .

At  so n i c -  sites tIn- e a r t h  re s i s t  k y  was f i C i m i m I l  t o  n i t n i f o r i i i  t o  a d e p t h
of 30 f e e t  o r  more w h e r e - a s  at  o t he r  s i t e s  t h e m  e m a r t h i  r e s i s t i v i t y  v a r n - d
w i t h  d e p t h .

In  l a h l e -  5 t h e  L o t - , V i r g i n i a  A R S R — 3  s i t e -  is  s I m C w r i  t~~ l i a \ e -  1 1 t l c u l m t t e - d
r e s i s t a n c e -  o f  14 . 0 7  o h m s .  T h i s  e x c e e d s  our r e s i s t a n c e -  g o a l  of l i v e -  ‘ i } i m i ~~s .

l e t s c o n s i d e r s o ni c  a l t e - r n a t i v c -  a p p r m l m ( l h l e - S  t o  r e du i in g  t h e  r C - s i s t , c n i e -

of the g r o t i n d i n g  l-on t i g i l r ; e t i o f l  a t  t h i s  s i t e .  N o t e  f r o m  l a b h c  C -  t h e
r e s i s t a n c e -  m ay  ic r e d u c e - c l  to  8. 1 o i i t i i s  by i r s t a l h j i g  100 foo t  r C C d S  to
r ep l a c e -  t h e -  10 foo t  r o d s .  This  is  e q u i v a l e n t  t o  r e q u i  r i n g  151 a d d i t i o n a l
g r o u n d  r ods .  I - i g u r e  12 i n d i c a t e s  t h e  r e s i s ta n c e  at  a n  N i l  rod is l e s s
t h a n  I M C  rod.  Data i n d i c a t e - s  a r a n g e m  of 4i~~ I c )  ~ 0C~m , N I C k -  t h a t  t h e -  I \  o r
s i t e  is  sand t v p t -  soil s o n i c - w h a t  like - t h e- C h e - s t e i - f i e - l d  s i t e  w h e n -  e l a t e
sh o w e d  a 20 C , r a t i o  of N I T  rod r e s i s t a n c e -  t o  ( t CS  rod r e s i s t a n c e - . i - i i I i i
l i b le ~, R~ is  3~~5. 215 f o r  CCS H r o e i n d  r od.  For  t i l e  N I T  rod , we w i l l

a s s u m e  t h a t  R~ is  80 ohm s, W e  will c o n s i d e r  (lie- installation of 17 N I h
gr o u n d  rods  in p lace of t l ic - 17 CCS rods. l’Iie result will be 2. 5 ohinis.

In a ny  f o r m u l a  f o r  t h e - d e t e r m i n a t i o n  of ( l ie  i — e s i s t a i u - e- I C )  ( - ; c  r t h , t h eu --
t i i ay  he i n d e t  e r t i i i n a t  em I a ( - t  o rs  ami d to e)  i i i t i chi  r c-I  i an  cc s h ou l d  no t  i ,~
p laced upon  i - l i e  c a l c u l a t e d  r I - s u I t s .  Fe)r i i i s t i t i c e - , co n d u c t o r s  a C e
a s s u m e d  to b e - in d i r e c t c o nt I c t  w i t h  t h i e  e a r t h : h C l w e - \ - e r , n i e a s u r e - n l e i i t s

i n d i c a t e  tin s is not  s t r i c t l y  t r u e . i- , v e m n  a f t e r  gr o t i n c i s  hav e -  C e - c - t i  i n s t a l l e d
f o r  a long  t i m e , t he  c o n t a c t  r e s i s t a n c e  at  t h e  s u r t a c - of t he  c o i i d u c t o r
may r e s u l t  in  a m e a s u r e d  r e s i s t a n c e  v a l u e  g r e a t c - r t h a n  l i c e  c a l c u l a t e d
va lue .  T h e  h e s t  way is  I I )  n i e a s t i I- e- t he  g r o u nd  ng r c - s i s t a n - e- c o n f i g u r a t i o n
a f t e r  t h e  s y s t em has  i c - e u  i n s t a l l e d , o r  u n a k c -  m e a s u r em e n t s  w h e n  I_ l ie -
g r o u n d i n g  sy st cci i is be ing in s t a l l  cdl .

Table  H shows  ( l ie -  v a r i o u s  r e s i s t a n c e  c a l c u l a t i o n s  töi-  some of t I n -
sites th ea so reel  t o d a t e .

F abe u l i s t s  g u - o i m n d i u i g  l l n u i g u r a t  ion  r e s i s t a n c e  t a r  v a r i o u s  g r o u n d
rod l e n g t h s .

CONG F U S i O N S

1.  X I I  ro ds  p r o v i d e  h o - A - e r  r e s i s t a n - e’ g r o t i m i d s  than  de ) c o p p e r  c l a d  s t e - c l
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r Ids  w i t h  o r  w i t h o u t  s a l t  r i n g s  a n d  t i n -  r e - s i s t a u m i  1 v ; t r i a b i l i t \  v e r s u s

t in ~~ - is l e s s .  A i m  X I I  rod w i t h  a d c h i t i l l l i o l  h a l e s  d r i l l e d  a l o n g  i t s
l e n g t h i  r - s u m l t s  i u i  a l o w e r  r e s i s t a n c e  g r c ) u u i d l  a n d  t h e , -  r e s i s t an c o -
v a r i a b i l i t y  \ c r s t i s  t i m e is l e s s  t h a n  a s t a n d a r d  N J  I ’ m~I I d .  M e- o s u r e - m m o - ’ m

( iat a i n d i c a t e s  t h a t  t h e -  r e s i s l o n c e  ol a N UT ’ ro d m a y  b e - t r o u t  4~ C t o

~0~~- ol  t l i c -  r c - s i s t a u i c e -  of a c oppe r  c l a d  s tee l  g r o u n d  rod.

2 .  1I i e copper  c lad  s t ee l  rod , s a l t  r ing  added , p r o v i t h - s  l c l w e - r

r e s i s t a nc e  and i - l i e -  r e s i s t an  c m \ M e r i a h ) i l i t y  ve t - sos  t i m e  is l e s s  t h a n
the  l o p p e r  c l a d  ro d .

3 . W h e r e  e a r t h  r e s i s t i v i t y  exceeds  1000 m e t e r  o h m s  a l t e m  r n a t iv e
gr o u n d i n g  c o n t i g u u  r a t i o n s  wi l l  h a v e  tc ) be con side i-ed in  a r c h e r  t o  tru e - c t

a five ohm earth r e s i s t a nc e -g oa l  f o r  t h e  FAA r a d a r  s i t e s .  S i t e s  7 ,
11, and 9 of T able  5 have  such  h i g h c a l c u l a t e d  r e s i s t a n c e  v a l u e s  t h a t
it may be e c o n o m i c a l l y i n f e a s i b l e  to o b t a i n  th e -  m - e s i s t a n c c  g o a l  of t iv e -
ohms .  For t h e s e -  s i t e s , the use  of X I I  rods  should  he s e r i o u s l y
con side red.

-rA I3LE 4 - CON S’FANTs FOR GROUN D ROD LENGTHS IN

_ _ _ _ _ _ _ _  
FAA ARSR -3  GROUN D CONFIGURATION

________ 
1 0 ’  20 

= 30 ’ 40 1 0 100 
—

- 3 2 1 4  . 1788 . 126 . t)~~84 . 0 8 1  . 0 4 4

.0238 .01539 .0123 .0107 . 0 0 9 C C  .00, 5

1K 
~~ 

.01227 .01227 .01227 .0122 7 .01227 .01227

K w~. . 007997 . 0 0 6 8 5  . 0 0 1  18 - 00~~7 1 .00514 . 00 4 1 0

. 0 1 1 3  . 0 1 0 1  . 0092 - 0 0 5 3 e  . 00807 . OOn -C
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ABSTRACT

Three ?AA documents presenting tI1c requirements , practices , and survey

procedures for  ground ing , bonding , shielding, and l ightning pi-otection at I~
’:\ r\

f aci l it ies have been deveLpell .  Six FAA facilities wet - c surveyed using the cri teria
and procedures given in these documents. The results  of ‘hesc survey -  indicate
that with a few important exceptions the grounding, bonding , shielding , and l ightning

protec t ion  systems at these F A A  facil ities are in good condition and tha t , for the

most part , th e survey procedures are adequate. Some of the major def iciencies

which need correcting are reviewed in this paper. A few recommendations for

corrective actions and the major preliminary conclusions are presented. Also ,

the areas where the suc- ve y procedures need revising and/or expanding ai-e ident i f ied .

All of the detailed analysis of the survey results are Ueing presented to the FAA in

su rvey  reports for these faci l i t ies .
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OF

(b-~0FND I N (-~ b’RAC l’I Ci - : S AT ~1AJOR FAA I - A G I L I T I E S

J imm y A. Woody
l-i u glluem c- ring l-;:-: p e- r In C r u t  S t a t i o n

Ge or g  h a  I n s t  i t o te  of t e ch n o l o gy
A t l a n ta , Ge o rg ia

I . 
- 

I N TR OI ) t JC  I U

D u r i n g  t h e  t h r ee  ~-oar period from 1972 to 1975 , the Engineering

F:xp C .-rime nt S tat i o n  at t i m e  Georg ia  i n s t i t u t e  o f T e c h n o l o gy  pr e p a r e - i  a

ii i l i t v  s t a nd a r d  [ 1 ] ,  an eq u i p m e n t en g in e e r i n g  r e q u i r e m m m u i - C C t  [ 2 } ,  o m I t

i three—volume report (handbook) [ 3 f o r  FAA . These d o C u m e n t s  det ;i ii

the  basic t uiorv , princi pl e s, practices , and r e q u i r e m e n t s  il Ir g r o u n d i n g .

bo ndi n g,  s h i e l d i n g ,  aid l i gh t n i n g  p r o t ec t i o n  of new F.A~ f il - ilit i es and

eq u i p m e n t s .  Time i n t e n t  of these  d o c u i r i ~- m i t  s i s  to permi t  FAA to i m p r o v e

t he g r o u n d i n g ,  bondi ng ,  sh ie l d i ng ,  and l i gh t n i n g p ro t e c t i o n  o f i t s

11 - i t i t i e s  and equ i p m i e n t .  This  improvement  is s l C u i g h t  by i-stahl ishing

1 un i f o r m  p h i l o s o ph y f o r  new C I -  ilit ies and e q u i p m e n t  and by  pr C ’ ~- i d i ig

some gu idance in the  i m p g r a d i n g  of e x i s t i n g  f a c i l i t ie s .

After these documents had hei-n ~~I C ( ) 0  r o l l  , FAA i l e c  idi- 11 t o  eva] m u i t  0

th e  p r o c e d u r e s  in  the  d o c u m e n t s  by u s ing  I 1 i C O i  t o  s r m r C ’ t v  exist ing FA,-\

t i c  il ities. Thus , ovc - r t h e  pas t  se-v i r a l  m ont  h i s , t h e  I i i  u t i l - c r in g  t - U p i - r —

ime nt  S t a t i o n  and K e n t r o n — l t a w a i i , t i .  I C I  D a l l a s , t i - X I S , In  a j o i n t

e f f o r t  have  s u r C - C - v c - Ct  seve r a l  F~Vd i n s t a l l a t i o n s  and f i r  i i  it ies for C - C C n —

t o r m : a r i i - e- t o  the  - - i - h e r  ia -o n t i u i n e d  in t i m e  O I C , w c  lo l - i m m e n t s  a nd o r  C O i l —

f o r m a r l l -e  to t he N u t  i ot ia  I E l e c t  r i c a l  ( :0111- [ I

2. 
- 

h-h\ G E LIT Y l , M t A (  P iN S  AND TYP 1- S OF ‘fl -IST S

Ihe s u r v ey s  r I  c o n C h t i c t  01! m t  I t C h I t  t h e  C I  l C C w 1 r f l ~ m-,V  s t c - m m i s  or

C m i i i  L U s :
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(a)  RCA G in A u st e l l , GA ,

(b )  AR SR— l in Smyrna , GA ,

(c)  A t l a n t a  ARTCC in Hampton , GA ,

(ci ) J ac k s o n v i ll e  ARTCC in H i l l i a r d , FL ,
(e)  ARTS I l l  at the t~1iami , FL airport , and

( f )  ARTS l I t  at the C inc inna t i , OH a i rpo r t .

Based on the inspect ion and tes t  p rocedur e - n i v - i i  in R e r  e - r i r i c e  3 ,
su rvey p rocedures  fo r  each of the  above n v -s t e ms or f a c i l i t i e s were C l i ’ —

veloped.  For each sys tem or f a c i l i t y ,  the surveys c i C r i s i s t e d  gen e r a l l y

of the following e v a l tm a t i o n s  a nd/ or  t e s t s :

( 1)  E ar t h  e lec t  rode  sy stein inspect  ion and res  i t a nc  e measurements ,

(2)  Fac i l i ty  and equipment  bond i n s p e c t , ions and ri-- ~i st1n c e measure—
men t s ,

(3) Facility and equipment sh ield inspections ,

(4) Lightning protection system inspections ,

(5) Ground network inspect ions ,

(6) Sixty he rtz conducted current me asur enue nt s ,

(7 )  Noise v o l t a g e  measurements , and

( 8) N I - C comp l iance  inspect ions .

3. SURVEY RESULTS

The data  obtained from the  v i sua l  i nsp c - c t io n s  and mneasu renme n t  mwt

only  a llowed an e v a l u a t i o n  of t h e  p r e v i o u s ly  pr epa red  FAA document s b u t

m l  i-t o p e r m i t l , 1-d arm c x u n t l l i t  ion ol  t i n -  C x i s L ],nI - ’ ( C C 1 1 ( i i t ions and p r l C - t  I C C ’ S

i n ope ra t i ng  s v i t t  ems and facilities. Summaries  of the  f i n d  ings  for  t h e

va r ious  i n spec t  111115 and measurements , w i t h  the excep t ion  of t i t e  1 igh tn  log

p r o t e c t  ion sys ten m i m l n p e - t  ions , i re  given in the  f o l l o w i n g  p a r a g r a p hs -

Time r e i n  ml t of t he  l i g h t n i n g  ~ r o t  ec t  ion sys tern scm rveys  I r e  s i m m.! r ~ c C l

w i t h  empha s i s  oil time ,-\R I GG ’ s, in a p g n - r  l iv  >1r . R .  S .  S m i t h  a l s o  p u m b l  1511011

in l h i e n e  p r I d e- c - I  h u g s  5 1 .
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3.1 E a r t h  E l e c t r o de  S~ stem S~~ye s

The survey of the earth electrode systems at the RCAG , AR SR—1 ,

and both ARTCC ’s consisted of a determination of the configtmration of the

e lec t rode  sy s t e m  and several  m e a s u r u - r ne m i t  s C C I  t h e  resistanc e- t o  c - u  r t h .
I _ i C y  c o n f i gu r a t i o n s  of the  elei- t rode systems were d e t e r m i n e d  f r o m  f a c i l i t y

drawings and f r o m  d i scuss ions  wi th  s i t  er personnel. At each f a c i l i t y ,  t h e

earth electrode system consists of several separate electrodes that are

typically only interconnected by indirect means. For example , at the

RCAG one ground rod exists at each of four antenna towers and one ground

rod is installed at the equipment building. ‘I he only interconnections

provided between these five ground rods are by the cable shields from

the building to the t owers. At the ARTCC ’s, the earth electrode system

consists of water pi pes , the power substation ground rods , and a single

ground rod at each lightning down conductor on two buildings : the main

ARTCC building and the Power Condit ioning System (PCS) building . -\ t

each building , the ind ividual ground rod s and ti m e water pipes are inter-

connected only through the lightning protection network and incidental

contacts with  the building ’s structural steel. Similarl y , tile only con—

nections between the two buildings are via ic power n e i m t r a l s  and any

control/signal cable shields that may exist. -

The only exception to these findings of no direct interconnec -tion

between the separate earth electrodes was at the AR SR—1 . At this t a c i l i t y ,

one gro tmn d roil is ins t a l l ed  at each of f o u r  co rne r s  of the  a n t e n n a  t o w e r ,

and one ground  rod is i n s t a l l e d  i t  t he  equ i pmen t  b u i l d i n g .  These g rou n d

ro d s are i n ter c o n n e c t e d  w i t h  bu r i ed  conduc to r s  r C i m t e d  ar o u n d  t h e  base- o l

the tower and between the hmm ilding and the l o w e r .

F At  f a c i l i t i e s  where d in i - c t  c o n n e c t i o n s  do not e x i s t  h e t w c - t -ii  t u e

e ar t h  ci c i t  rod e -s  at var  i o i m s  f ac  i l it  :C ’ s t r u c t u r e s  (e .g .  , m int  en nui t owers ,

equ i  pme nt b u m i l d i n g s , c- t i ’ . ) , a l i g h t n i n g  n t  r ik c  to  one p a r t  C d l  tim e f ; i c  i i i  t v

could  pro d u ce I t  n a -  v o l t a g e  d i  I f e r e m i t  ia i s  on i~~t crc  u l u l l u c ’ c t i i i  pow(_i r , si  g n m m  I

amid u o r i t r o l - a b l e s .  Such  v o l t a g e  ( l i t  I C - r e n t i m l s  w o u l d  1~I 1 ~U l t  i l l  d~ C~~(~~~ i a i  i v

damag ing  c u r r e n t  su r ges on t h m e  i ffi i - n - o l m i i l - - t h u g  e l I C I t -n . I l u - n e  c c m m - r e i i t

S ur g e - s  w o u l d  then  he c o u p l e d  t ci t i m e  t is soc i C l t C d  e q c u i l C u u u k - m r t  5 m I t  I l i t  ei~cI C i t
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t i m e  cab les to produ ce  poss ii) ] e e q u i p m e n t  m a l f u n c t i o n  or damage . To i - u i  i i—

i m m u i z e - t u e  ma gn i t u de- of such vol tage  d i f f e r e n t  m i s  and t i u c ’ assoc i a t e d  c~u’ —

r e m i t  surge -s  on the  in t e r  foe  ing cab le s , s e p a r a t e -  c- I c - c t  rodes , i . e .  , ground

rods , w a t e r  p i pes , e t c . ,  it a facility should be directl y in t crC - C l u r u c - c t e d

w i t h  cacti  o i l i e r b y d e d i c a t e d  c o n d u c t o r s .

The resistance to emm rt im at t ime same four facilities (RGAo , AR SR— l

and two AR l GG ’ s) we r e meas u red m i t  s evera l  l oc at i o mi s  and in s e ver a l  d i r e c —

t l o u t s .  In ge n e r a l , t iie u l e - a s u i r e d  r e s i s t a n c es  were in the  f o l l o w i n g  r a n g e s :

( 1) Aus te l  I RCAG — 22 t~ 3 1  ohms ,

( 2 )  Smyrna ARS R— l — I to  3 ohms ,

( 3) A t l an ta  ARTCC — < 0 .5  ohms , and

(4) - jacksonville ARTCC — < 0 . 5  ohms .

\‘a r  im i t i o n s  in t h e  v a l  um e - of t he  e a r t h  r L - s i s t a u c e  a t  a f a r  i i  it y i r e -  to  hi ’

e x p ect c - d because  of the  non i i om og en e i ty  of  the soil i t  t h a t  f a c i l i t y .

L ig h t n i n g  c h i s c - h m a r g e  and f a u l t  c u r r e n t s  w il l  f o l l o w  the  p a t hs  of l ow i ’s t

r e - s  i st  once  in the c’ m i r t h .  Hence , s ignal  and power c a b l e s  b t m r i e d  in or

p i n a l l e l  to s u c h  low r d - s i  St a n c e  p a t h s  w i l l  be more l ike ly t o  have

p C d t e m m t i l l l y  damag ing  vo l tage  stmrges  induced i n t o  th em . This i s  one ’

r & - m s o m i  why the  soil r e s i s t i v i ty  should be mapped on si te  b e f o r e  a new

e l e c t ron ic  f m i c i l  iii’ is b u i l t .  ‘l’lm em i , u n d e r g r o u n d  cables c om m be rou t e d

in a manner w h ich  w i l l  minimize poss ib le  pick up f r o m  c u i r r e m i t  f l o w  in

t ime e a r t h .

l i m e  m iu eau ’uu r ecl  r esi s t a n c e s  to c u r t  h f o r  the  I an g e r  AS I GG t m l c  f l i t  u s

w e - r e -  less t h a n  t h e  measured  va lues  f o r  t h e  s m a ll e r  RCAG and ARSR — l

i~~c ’ i  l i t i e s , wh i c h  is t m m m c l e r n t  an d a b le  in v iew c i t  t ime ’  more  c x l  C ’ i i s l V e  e a r t h

e l e c t rode n y s t  ens i t  t h e  l a r g e r I C I C - J I  i t i - s .  F u i r t l i e r m o r e , t ime i n - s i - st a n ct ’

ci e ’ mt r t i ~ at  t i m e  R GA G w um s  much h i ghe- r t h an  m t  t u e  ‘t R S R — l  e ve’mi t h oug im t i m e s t

w ( C  f m i c  i i  it los  h a d  t i m e ’ s ; l i u u c ’ number  C C I  g r oum id  ro d . The ii ig li er r I - s  is t  i r s  c ’

t o  u- , t r t h i  I t  t h e  RCAC is l i k e l y  t h e  i e ’S i i l t (C f a h i g h s o i l  i c - S i s t l V j t  a t

I l m a t  l C ’ C l t l O f l .
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Bond Surveis

‘l im e bond survey s  co n s ist e d  of n dm t n e r o u s  dc r e s i st a n c e  measure-

ments  h C e ’ t W e ’ C ’ i i  various points  on the ground networks in e a c h  of t ime  s i x

I ac - i l  i t  ies along w i t h  - -  i sual  im i sp ec t i o n s  of a l a rge  smi mp Ic ’ of t h e ’ v a r i o u s

t y pes of bonds in c t i c h i  f O e ’ ii it v . ‘lhe dc rc - s i st a mi c e  m e a s u r e m e n t s  r e v e a l e d

t h a t  the  many  p a r a l l e l  p a t h s  prov  ided by t h e  g r o u n d  c o n d u c t  o rs , c o u i d i m i t s ,

c a b l e  t r ay s , e tc .  in each f a c i l i ty  e s t a b l i s h  a very  low r e s i s t a n c e  p a t t i

b e t w e e n  al m o s t  any  two p o i n t s  on the  g round  sy s t e m s . The m a l o r i t y  of t h e

bonds v i s im o l  l y  inspec  ted  were  f o u nd  to he a d e q ua t e  and in good c o n d i t  i o n ;

however , several  d e f i c i e n c i e s  we r e- n o t e d .  Time t y p e s  of d e f i c i e n c i e - u t  w h i c h

w e r e  f o u n d  d u r i n g  t h e  survey  and w i m i c h i  can lie ’ e x p e c t e d  t o  e x i s t  in m o s t

any e l e c t r o n i c  f a c i l i t y  ,ir c-  mis  f o l l o w s :

(1) Bonds which are loose ,

(2 )  Bonds mache w i t h  i m p r o p e r l y  c leaned i m i v  i n g  ( f ia t  i ng )  s un  1, i c t - s ,

( 3) S o f t  s o lde r  bonds located in p r o b a b l e  f a u l t  currem it paths , and

(4) Bonds made be tween  i n c o m p a t i ble  m e t a l s  and no t  s e al ed  :lg,- l i n s t
n m O i s t u r e .

To improve t ime o v e r a l l  c o n d i t i o n  of time bonds  w i t h i n  a f m i - : i h i t i -  , m i l l c i t

t hen  shou ld be i n spec t ed  d u r i n g  r e g u l a r ly s c h e d u l e d  ma i n te n l n c e  icr iods .

and the  d e f i c i e n cies t h a t  are found  shou ld  be e o r r c - c t e -d .

~~~~~ hield i~~~~Su rvey s

Both personnel pro tec t  ion and e l e c t ro m a g n e t i c  s h i e l d s  m i s so c  i a t c ’~ l

w i t h  each major  sys tem in the six fac i lit ies were  v i s u a l l y  i n s p e ct  t ’~l - l i i

g e m m e r a l , personne l p r o te c t  ion sh i e ld s  a re  co r r t ’ - - t  mind l ire cons ic le red  ade-

q u a t e .  However , a u n i f o r m  p h i l o s o p hy  I or  t i m e  use , app l i cat  ion , or i n s t i l —

I m i t  i t i n  of e l ec t  r onm agn c ’t Ic sh j c. I ds  does no t  c’x i st  e’ Ve’n wi  t i m  in s i n g l e  s\’st  1-ms

in a f a c  [ l i t  y - For e x a m p l e , somi ’ s igna 1 I C - m C I  s a re  sh i e lded  w h m 1 Ic’  cit  l ie ’ r

co m p a r a b l e  s igna l leads a re  no t  sh t e l  t i c - t I .  ( ) I  t hie s i gna l I c ’ , i l  s w h m i c l i  a t e

s i m  ie I d od , sonic of t ime sh 1& ~I u s  t r c - gr ou n d e d  - it t i m e I oad ; C i t  he’ r ‘di i t ’  I d  s ar e
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grounded at the source; other -shields are grou dimh at  bo th  ends (and a t

intermediate points); and still other shields are not grounded at either

end . Also , on some low frequency shmie lded twisted pairs , the shield pig—

t a i l s  were excess ive ly  (as muc h mI s 1 to 2 f e e t )  l ong .  Such long p i g — t a i l s

can be expected to degrade t u e  c -i fectiveness of t ime sh ields considerabl y.

A lack of a uniform sim ie lcl grounding philosophy in a facility can

lead to confusion and problems . A mixed method of sh ield ground ing makes

troubleshooting of a system very difficult in t i m e  event of noise problems .

Consequently , a standardized -mi ii el d grounding philosophy should be imple-

mented in every  s y s t e m  w i th i n  an p a r t  i c u l , -i r e l e c t r o n i c -  f a c i l i ty .

3 .4  Ground Network S u r v~~ys

The ground network evaluations in the surveyed facilitie s con-

sisted of the inspection and partial mapping of time conductor networks;

60 Hz and RF c o n d u c t e d — c u r r e n t  measurements;  some noise  vol tage  measure-

ments; and inspections for compliance with the NEC . All of the facilities

had equipment ground networks in addi t ion to time NEC safety grounding

conductor (“green wire”). The equipment ground networks  consis t  of both
dedicateCi conductors and the inc idental conductors provided by cable

trays , conduits , e t c .

In a few systems, e.g., the automated systems in the ARTCC’s, the

equipment ground network is supposed to be a single point confi guration

and is intended to serve as the signal ground . However , signal interfaces

and , at one ARTCC , the NEC s a f e t y  groundin g conductors compromise time

single—point configuration. This finding illustrates tu e difficult y

associated with attempting to imp l ement and maintain a s ing le -po in t

ground configurat ion for equipment cabinets  and racks.  The successful

in mp lementa t ion of such a configurat ion requires t ima t e l e c t r i c a l  i s o l a t i o n

be ma intained between the equipment housings and metal  elements of t ime

f a c i l i t y  such as time s t ructural  steel , condui ts , m m miii cable’ t r a y s .  Othe r

exper ience h imis  a lso shown t h a t  suc im i s o l a t i on  is indeed  d i  f f i c u l t  t o

maintain [ 6 J ,  [ 7 ] .
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In many of time f a c i l it i e s , the ~0 liz current  measurements reveal

several ampere s of current  f lowing  in the ground ne tworks .  In some

ins tances  timese s t r ay  60 Hz c u r r e n t s  could be traced t o  NEC violations

suc h as a reversal of the  n e u t r a l  ( i d e n t i f i e d )  commductor and the safety

( g r ou n d i n g )  conductor .  For example , a t  the Jacksonville ARTCC , 0.4 amp

of 60 Hz c u r r e n t  was measured in the  equ ipment  ground conductor  to one

row of position consoles in the control room . The source of this current

was traced to the common logic power supp ly by m easuring time current un—

balance (2.5 amps) in the ac power cord to timis equipment . This power

cord contained the phase , neutral , and s a f e t y  c o n d u c t o r s  and , hence , time

net current flow measured for  a l l  conductors should have been z e r o .  The

site personnel inspected this equipment and found th at its neutral and

safety wires were reversed . The deficiency was corrected , and furtimer

current measurements on both the power cord and time console ground con-

ductor revealed zero amperes.

Similarly, several amperes of 60 Hz current were measured on various

equipment ground conductors at the Smyrna ARSR — l .  Inspections of the ac

distribution panels showed that the neutrals were grounded in several of

these panels. (All of the distribution panels in a facility should be

inspected to insure’ timat time neutrals are not inadvertently grounded.)

Furt im er investigations and review of equipment manuals at this fac-ility

revealed that the ac’ neutral was also grounded in almost m i ll the equipments.

This equip i lment  has been designed by t ime m a n u f a c t u r e r  to imave the  ac neut ra l

grounded internal to tim e equipment;  therefore , to isolate  time neutral  would

require  ttla j e) r rewiring and possibl y redesign of all  sucim e’q c mip me nt in t h is

facil i t v .  In t h i s  f a c i l i t y  where the  m a j o r i t y  of the  e q u i p m e n t s  are

designed w i t h  t ime neutra l  gro cm nded , it is not  cons ide red  cost  ~‘ l  t e c t  i ’.’ e’

t o  re -dc ’ s i gum or rewire time equipment mis long as nd)ise problem us are not

t raceable to s t r a y  60 ilz ground cur ren ts .  Howe v e r , simo um id fu se ’ p r i i b i e ’n m s

or ise in t ime Iii  t u re , grounded n e u t r a l s  in equ ipmerm t 5 simou 1( 1 be cons ide red

mi - s mm possible cause of su c im problemims .
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For sonic o the r  s t r a y  60 Hz c u r r e n t s  on equi pmen t g round  m m e t w o r k s ,

t ime source  could  not be- dete rmined  d u r i n g  the s r m r v e ’ v s .  For e x a m p l e ,

sma l l  60 hhz c u r r e n t s  ( l ess  0. 3 amps) were ’ measured on t I r e -  ground n e t w o r k s

I or other rows of posit ion con-soles in the rout rd roonu at  time ’ ,Jac ksonvi  l ie-

ARTCC. When time current unbalance was measured on t i m e  power cords  t o

several F l i ght  S t r i p  P r i n t e r s  ( F S P ) ,  these c u r r e n t s  were found t C )  l ) c ’

approx imate ly  1 amp.  A l so , f u r t h e r  i n s p e c t i o n  revea led  t h a t  t ime - s e- cu r-

rent  u m n b a l a n c e s  increased t ip to 2 . 5  amps when t I r e ’ case ’ of t h e  FSP ( w h i c h

is n o r m a l l y  i n s u m l a t e d  by a ru bber  pad ) was grounded to  t u e  pos i t  ion

c o n s o l e  f r a m e .  i lowever , a w i r i n g  d e f i c i c ’ i m c v  could w it  be loca ted  whe ’n

one i f  t ime FSP ’ s was d i s a s s e m b l e d .  The reason for unbalance - Ct c- current in

t h e  power cord s and , hence , t h e  s t r ay  cur rem i t in the e q u i p m e n t  groun d

network was  not d e t e r m i n e d .

l) m r i n g  t imese su rvey s , d i f f e r e n t i a l  v o l t i g e  amid e-ond tmcted RF current

measuremen t s  were p erfornmec l  on the “ si gnal  g round”  sy s tems  a t  some c i t  t l u c ’

f u c  l i i  t i es. hhowev er , sc’vc ’ra l measure nuent  prohie nus  cc - r i -  en c o u n t e - r c ’C l  -

Fi r s t s a t r u m e  d i f f e r e n t  i i l— i n p u t  ose’i l lo s c o pe  w m m s  not  a v a i l a b l e’ . Thus ,

st r ay p ic kup on the  long tes t  leads requi red  to p e r f o r m  me a sun i ’rnen t s

bet ween w i d e ly  s epa ra t ed  p o i n t s  l i m i t e d  t ime a b i l i ty  t c ’  cie t c - r i - i  h u e  the

m a g n i t u d e  of t h e  ac tu a l  noise being me a su red . The ’ seco nd p r o b l e m  was

t ime  d e t e r m i  n ot  ion of the m e a s u r e me n t  p o i n t s,  m u c k  C C I  c-v i d e n c e  on t h e

e x i s t e n c e  of p re ’s i -n t no i - m e ’ p rob  I i _ i r i s  ma~ie ’ t h i s  el t ’t e nrc i n m i  t ion amb ic  u o u m s  -

The f inal  pr ob l en m was time inmib II it v’ t o  s h u t  down C u h C c r a  t i i i n u . i  I equ  i pnie’u i t

such t h m a t  t h m e ~ source’ of a ny  c :. ‘d i ng  noise’ cou l d  I i , ’ iso li t  ed. 1 l i i ’  r e t  , C r L ’ .

due to the ’se pr ob l e n s , t i m e  i l , i t i h i r i ~d l m u e ’ed li v t t i , ’u i ’  : : m c i ’ c m n e ’ n ’ m c ’ n n t  s is  i m m c o t u —

c lu s  lye.

‘H i c ’  r c ’m n n — i i n i n g  parts ci t time g rC ’r u r i - l  i n c  r~i I u V e V  it c - m i t  It t i c - i l  i t v con-

s i s t  ed of  a r i - v  i cc of I i -  11 i t  V d r - i w i u m g s  - i n t l  . i  v h u n  i i  i n i ’ ~j ” ct  i - i t t  t o

d e t t - r nn imm e c o n m p l i , m n c ’ c ’ w i t h  t b ’  u — e q u i r  t ’!ii, ’i it it ~ I t i - - \ I  r , i ‘ n i ,  - i n t e n t  wi t i m

time v i suto 1 inspe’c t inns , ~ h i ? -  r i m !  t c u t  n i t - - i  ‘ , C i t t ’ i~ -n i t  it ~~,
- r e - - u , i - h ~ - on - -  I e ~~’ t  c ’ ,i

p hm _15i im i t i t r a t , i n t l  ‘ s i t  - t  V , -, m ’ u nd t u g  m u d 1 -  t - u ‘- . l h i , - -~, ’ - - ,  r ’ um ~ ‘ i i ’ i — u  C ’ —

m u t t - f i t s  we — re - mad ’’ i n  add i t  i o n  t o  t h it .’ C~~i i I ’ 1, -u t n i t - i - ‘u t - i t ~— d, -s t i u i  i i  t hit -

mi h o  ye- p it r i g  ru m l i i i .  ‘ h i t ’ I’ :, i t i~~ i t  V i t  t I i .  - 1 i u -  I C - I i i  I ‘ - - .i m i u - I  ~~‘, 
- ,  C - - ¶ I i C  -

l i i i  l o w i n g  t vp cs
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( 1)  F a u l t  c u r r e n t  p a t h s  ( s a f e t y  g roun d ing c o n du c t o r s )  back  t o  the ’

powe r p Lm m i e l s , switc ’ h igear , t r a n s f o r m e r s , i t  c .  w h i c h m i r e -  not

routed with time phase and neutral conductors ;

(2) Phase , neutral , mind safety grounding conductors tha t are’ not

properl y color coded;

(3)  N e u t r a l  conduc to r s  t imat  are grounded  on the load side of the

maimi disconnect swit’-h , e.g., in d i s t r i b u t i on  pane l s  or in

equipments; and

( 4 1 N e u i t  ral and safety grounding  cond cmcto r s  which have been

reversed .

These t y p e s  o f d e f i c i e n c i e s  are  commo n in e le c t r o n i c  f a c i l i t i e s ;  such

de f i c ’iemicies  can in t rodumce  60 Hz noise  i n to  ground ne tworks  , ci iCl some of

them may produce poss ible  personnel  shock haza rds .  For t h e s e  r e - m u s o n s ,

comprehens ive  N EC inspec t  ions simould be p e r f o r m e d  in m i l l  f oc i  lit ic- s and

mill identified che tjcienc’ies should he corrected .

4 .  CONCLUS I ONS

The following conc lcms ions  a re  based on a de ’t ,- i i l e d  m m n m i l  y s i  s o f t im e

data obtained during the surveys of time seven FAA f a c i l i t i c - s and , for

the most par t , mire expected to app ly to mmmm v complex electronic fmicilit v :

( 1)  The general grounding, bond ing, s h i e l d in g ,  and lightning

protection practices emp loyed at the v a r i o u s  f , i c l l i t l e s

s n m r v & ’ v c ~i t  were good . In most r e spec t s , th cise’ practice s wi- r i -

found to be in a c c o r d a n c e  with time (- r i t e r  i mm and re conm u et m l , i t  j u l 1 5

set  f o r t h  in R e f e r e n c e s  1 , 2. and I.

(2)  The res i s tance!  to e a r t h  was l owest at time larger f a d  lit ics ,

i.e. , the ARTCC ’ s, because of t h e  more e x t e n s i ve ’  i ’ ,i r t i i  e l i - i ’ —

t rodc - sys tems at these f a c i l i t i e s .  h owever , t h e  em m rt l e’lec—

t rode s y s t e m  m i t  each f ac  i I i t v  nee d s some i nn ip r o v u - men t  t o  m i i i —

m isc t he p outs i f i l l  i t  v of e q u i p m e u u t / s v s t e m  damage i s ’ su l  t o u t :
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from l ightning s t r o k e s .  In  p i r t  i c u l a r , f m m c i l  i t i e s  w h i c h  have

a -sepa rate g r o u n d  rod it  e m u C ’ i m  clown c onduc t  C ur  s hou ld  have  ~i

bur ied c - oum it e rpo i se  a round  the  I m u -  i i  i ty .  This c o u n t e r p o i s e -

should in t e r connec t e- ,idii g r o u nd rod m m m m d s hou ld , a l so , be

connected to the structural st e- i l  and groun d  n e t w o r k s  in

the  f a c i l i t y .

( 3 )  l i i  general , t ime b ou m d s at e ’ m l d i u  f a t  h i ts  we’re in good c o m i d i t i o n

anci cons ide’ reci a d eq u a t e  to  se ry e - t lie i r intended func t i em s.

However , a few di St re - h u a m i d  i t ’s/de l i c ’ 1 C ’!id h e ’ s  w e r e’ f o u m m c l  suc im as

bo nds t ima t  were lo uis e- , bo nds w i m i c l i  h a d  t i e e ’ nm nma d e’ bet wi- c-n

m u  r ope r  I v c I eam m ec l stir f a c e s , mi nd b om md s t I m m i t  had i C c - e n )  mache ’

wi t h soft solder loe- m m t e d  in  1 ikc ’lv i - t i n t (- imrremmt pmu Ic - .

During rout ine m a i u m t u ’ i m , i n i u - u ’ i t  m i l l  f~~c’j  I i t  ii ’ s , bonds s l m o u m l d

be inspec ted mmmd , i u u v  t IC f i c  i e!OC ic’s wim ic’ Ii i re  f e - i n t l  s l u ~i u i  I t 1  he

co r r ec  tec h .

( 4 )  Time fa c  i l i t y / e q u m i p u i e n t  g re und n e t w o r k s  w i t i m i u m  t ime s u u r y c -c- e’~1

fac il it ies mire gc ’u m e ’ rut II v cons i de  re- el id~ - n a t e ’ ; i u o wev e ’r , i n

most locat i o ns  i n d e p e u m c h e ’t m t it i gn: i I cr o u m n d  svs t e n n i s  were not

found .

(5) ‘lime sh ie ld i n g  p r m m C ’t i c es . i ’ 5 1u d d  i , m l  l v  s i m i e l d  t e ’ r : r i i m m a t i t l t o t ,

in time six f a c i l i t  ies w h i i c i m  we’re surveyed were not em n i t orn n u

even w i t h i n  s ingle  system s. Some l o w  I r c - q u en c v  cable  s h i e l d s

we re t e r u t i i n m u t e d  mit  t ime sources;  sonic shie lds  we-re t e n i n i m i , i t e ’d

i t  t h e  loads; other sh i i i-lds wi,~re not t e r m m n a t e C l  ; and St  i l  I

otimer low frequency cab l t ~s we’f e  t mn s h  ic I dcci - A r;t m i n t h i  i - l i  -~l

ph i  losophy of c a b l e  simle Id t e ’ m m i  n a t  i c i m u s  in F ,-\~\ cv st i -n i - s  ni lmo u i t l

he j u mp lenient ccl

(6)  t ’lorc r u n i r v e v  work sh ould  be’ pei r h O r m e - I  1mm t u e  it c u  cit i i i t e - r —

f e rence  p rob l enn i s  uum m cl  t h e i r  r i’l i t  i o n s i m i p t o  sigtm ;m i gm - C m n m n n C l i i g ,

o i l  s h i e l d  t e r m i m i m i t  i t i u m s .  A l so  i u u t - m i i - r euue ’ c- :s- , u s u m r e m : s - i u t

tee - hm ni qucs su m c h  as t lie u h i t  h e  m i - n u t  l i i  mmci jut e t i m e  - m i i i  r e ’me mmt it
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simou ld be test;cl and procedu res f o r  d e t e r m i n i n g  t Ime measuremem it

points and for interpreting the measumred r e s u l t s  s h o u l d  be

- ~~de veioped .

( 7 )  i n  general , the  inspection proc edumres contained in Reference - 3

(t he Handbook)  were found to be a d e q u a t e .  A few d e f i c i e ’n - i e ’ s

in the  proce’dur e s  were found , and app r op r ia te  ch anges ar e n ow

being f o r m u l a t e d .
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ABSTRACT

The technology involved in th i- design ann! development of complex CC! pilot

and i- : t - I m i r  operator t ra in ing  d e v id - u ’s involve s ~-e r v  sens i t ive  electronic s ub s vst e ’ms ,

module s nu n ! c i rcu i t s .  The end—item c u m c p a t i h i l i t v  of th~ com plex t ra i t ie r i~c r I m 1 i m ~cC s

grounding de’siu ~n technique ’s and pi -ecaut i O f l S  f r o m  s i t e / f a c i l i ty gi-ound ing town

throu gh c i rcui t  boar d gm-ounding d etail. This paper descx-ibes the ground ing de s ign—

in of a t~-pical CGI simulator/trainer involving electrical power, safety , computet -

floor , cabinets and racks , signal groundir~~, lc~ ic back plane s , interface c ix -eu i t s ,

and cir cuit board gr ounding rule s.
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IN h ’R Oi)I’( I i (  u \

l iii ’ t e c h n m o l n i g v  i m t v o l  ve ’d in I n -  h e - s  n g m m ~ n~~l - k - v e l c i p i u m  u - - I  c it  mu n -  a n n  I I  e X  (‘ ( m m m i i  n u i t u -  m
( ; c ’ mm e u m u t e -d i t u i m u g c - ( ( U i  1)ul C t c m i i  i ’m i iha m’ ‘ C p c - I m i t C C l -  t m : u i t t i m m g  dc ’t ,i e’c- m t u ~~i n l v ~~ - v c - m - \
c - c ’ I i S l t i \ t ’ e l i c ’ t m ’ o t t u c ’ S t t b s \ S t e ’ u u i c - , i i n n n u l i i l i - n- . a m m d  c ’ u m ’ c n i t t ~~. l i m e -  t~~p icah  ( (~ b c - \ c - t c’t fl
C O n s i s t s  of m i n i  I n i i : u ~’ n - ( ; c -m c ’ m - m u l n m ’  s u m p p o r m e u i  l iv c - o t n n n u i ’ m - i ’ m a i  h : i t a  p r o e e - s s i m t g  ( - q t m C~~- t n  C

suc h mis  u h i s c ’ s , t apes , t t ’ : t f l s p i u r t c - , co m i l  n o i ’ u ’ r s , at id  h i t i c  p r i n n - m ’ u t  pe’ r t u ’r r nu i i-u g is  a
\ stem IC ) h i -c -nh  v i d e - n u  s u u i m a l  I C C  n C 1 u H i ’ m u l  h i p h m u v s  sue-h mis  l i g h mt v a l v e - s  or c ’ m i t l m - n , l u -  t [ \

t u b  nc - s  -

l i ne ( n i  - r v s t c - m n 1 s Im age  ( d - n i u - m - m i l u u m’ , n I P - f l  cal led a i~p - c - i m m l  p e m m - p n C s u -  ( - c C m l I l n l t t e - n - , ~) I i ~~
uiu c’e s t i n e  v u n i e - o  image ’s  w i n k - i n  : u m ’ v  t hen  pro c-cssc- l onto the’ v c l t - n n  d I p l : i \  It  I c C  - . u c ’Ii
m i s  the ( R ’h s . i m miage -  ( i -m m i ’ r : i t o i -  logic ra tes  tvp k- , , l l v  a n - c - mi s  h i gh  u s  11) i m u - n m u l u e m - t  z w i t h
s w n t i - h i t m t ~ t h r e s h o l d s  of app u o x i m t i a t e ’Iv o m i c V I I .  l b  I n m m i g e ’  u i - m m u - r c t o m -  t m m t m s t  i m t t e r I : u c e -
w i t h  the cc i m m iu e ’rc - i a l  ele - t r i c a l  p owc- l- and d i s p lay eqt l I p I i l e - I C  t O p 1- i - S e n t  u s u a l s  to
s t u d e n t s .  ‘l ’h e ’ resm ilt  is a p h i v s i c : i l l v  la m - ge svs1enl t i n t  k p o t e n t i a l l y  s u s c - e - p t i i ) l e -  t o
g i - oummd m mo l  si- and c - i rc -u lat tmg s i - i f  u i - n i t -  m a  I afl di fa c i  I n  I i -  p t -nOt ice d m’ou m - I I OOfi S
i : ig i mru  I i l l u s t rat e s  the Devic e -  2 i~— C 3  I m u i -  ou t  now in n i l - s - I n C  iou mi t  Chas e -  i- He-Id i n

a c - y u le , h e x m i s .  Cm g u r e  2 i h l u s t  a t e - s  th i -  t u e - v i c e  1 1—2 3 i n  op er at i on  a t  l’ u ’ n i s m n e - n n l : i .
i - l o t i d a . Int e ’ rfe- r ing  sources w h i c h  c n i t m l d  propmnn:u P t h r o u g h  the  5 n - i - i u t i t l \ c ’  c ’ b e c - t
e ’qu i p n t e t m t  I -an 4 c -  f rom l ig h t n i n g ,  n cn vc ’ I’ corn p a tmv and f a c i l i t y  e l e c t r i c a l  t car S i c - n u t s  • a l u m

u - m u -by lfl’ e q t m m p n m e n t  as we- i l  as s i - I !  g t - n i e - r ’ , m t € ’di  s w e e p  c i r c u i t , c-arch re ’ m i I u - r - u c -  t i i m u t i o n
or power supp ly  s w i t c h i n g  c u rr e n t s .  ‘i’he ’ o v c -  i - a l l  t m ’ : i i n e ’m - g i - i n u n c i  ph i ln n sn n 1nh \ t i n l i S t  f l u x
a m-~ n u u ~~h -  po in t  g r u i t m r u i l i m m g  app ru n i - I m to e ’ h i m i n i m m a t e  i’ 111111 I n i p s  w i t h  a : m i t m i t i p o m n t  g r o m m n c i i  - i n
approach to p m ’ u n \ i h e ’  the H I- ’ c h a r a c t e r i s t ic s  requ i.e - n I f o r  t h e se ’  low le~ el hi  gb h a n ’  I —

w i d t h  log- me i- m u t e - s .  I ’h u s  pape m d i scusses  how t h e s e -  C t C C i i l i I I i t t g  p t - o i n l e ’ : n i s  have  i s a - m n
soI~ i-el on sc\- e- ra l C ue -  i-ni h - h e - C - I  n c  t m - mm i n i n g  dcvi  ces

F Li ’~CT R I C ,\ h ,  R( ) U i \  t ) 1 ’—(

The ( ( i  t r a i m m e m -  is  u s u a l l i -  s u p p L e - I  1 1 ( I  :20’ - 1 ) )  , ia_ i i!~’- - . 3 i l i a c - n - , I ~v i r c’ Y
powe r t’rom a cu s t o m e r provid e-c!  p lnwe’ I- n i e - I t a  I i )  \V u ’  s t e p  d - i w t m  t r a ,ist ’iu rm - n- . I ’he
puv.-er qua! ilv as d e f i n e - - I  dot ’s  n o t  u s u a l l y  m n c l u d e  t r i i t m s i e n t s  l l i l d I  P ’ I i i ’s  p r o d u c e- I by
p C \ V e - m -  g r m u i  s w u t c h i n u u n ~ I i g h c n i m m g ,  or n i t h n C - i -  i n d u s t r i a l  U i ’ i ’ u t . O u r c ’iI ie’ m - i c ’ncc~ a m m u h  mm i c ’ m u s u i - t_ ’ —
r n t - n m t s  by n i t h i - r  re -scare-h ers  have  ind ica t e ’d  t h a t  pow er  I une-  I m : m n ~m i e u m ; s  m i n i ]  s p m L c - s  o i l  -i

- x e - - v - i  1 ( 10 ( 1  c - id  Is , e spec ia l ly  Ott r in i2, ~ - n u t h  C c t h u n u l e -  i- i-H u n ni’I ac t  i i t v  - ‘h i- a p p r o a c h  l i m i t
has h o - c - m m  t m u k e t m  on r i -c - e m i t t r a i t i e - m - s  i s  to u i e - u i m c m m t e ’  a t r a m m s h n i r m e ’ i- u n l e ’!~ l i t  t h e  I m’ : u n ! u e - r
i - h i - c - I  r o u t e s  w m t h  t ime I r m m n u s t o m n m n e r  p m ’ o v i n l i n i c  an c- I c - c t  m - n s t m t l i c  s h m n e - i l hi -t ~c , - e - i u  v i - ~~h i - i g s _

i ii u s  mippr oiic- h oh iv t i - :

a - ]‘he- ‘te p i t r ah e -  t r a m m s l n r i n i - r  re -dui ces  t m u ’ i l  Iv t s u t e ’  Ii ~t t m , n n i i c  n l : S l C n l - I  on i n n - I  h o i s t -  -

I ) . l tm rn v i - 1 i - s  a s e l u m u t - m i l e -  j u o w i - r  m e u t m - m i l , t h u s  mm sepa r at e  sn i r t l c ’ g n ’ n m m u i  ~~0 u i i  t i -
t h e  I m ’: u u n m i - m -  w h i l e ’  s t i l l  c C  - t n t  j Ci \ ilig w i t h  t’ac u l i l y  s m u  l u  t r e e l u m u  m - e n n e u m t  s
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d’ . i-- l n m i m ’ p  sm u t - s  C I I  l i me ’  m~m - f l ~:i cc - l i t - t o  l i ~~b i r u i mc t C C I  C C t 1 i C I ’  c - C i t u m ’ ( ’ ( ’s m i m i -  m ’e - , L e - i - n i

I i n  mU u € v i -  r 1 u n t O ,  c o l t s  h i )  l i - s i - i  i h i a m i  1 1)0 v u i l t s  . I l i t -  i - - In  € 1  I ) l n  IS n p 1n  I’  C ’ i ! n l  a t i  - I - ,
111  IC )  t ime ’ ( - i n s t  u t I  t h e -  t m m u m i s t u t ’ n n t t u i - h  i s  m i c : u i i e u l h e -  l i ii ( ‘ n C t l e t I , - m  c n n l Su lip i i e - i ’ i - i _

I i l , \ > u 1 - i t R \ I l  I t  ldLt i l ’ N h c h \ C

I h i  I m i c ’ i l  n l v  ~\ I C i  \ ~~~~~~~~~ 
I t m u  n~~ I n - i - t i  a t - i s  l i S n i C i l  I’ , e . I ’ - iii!1 C i i i  mi - s  l o l  l n i c ~ 5: 

-

i i  . I n e -  c u - n I  € - t- t a i l  ( —\ i n t ine ’  - - l u m i s e  e h e - l t ~i 15 i i  te ’ i n  ‘ne C-d I- a i - m i t t  n - I u u u h i  i h i i ~ ~ i ’ omnl - C t  m u t
mi i r e - m u  I — h i y  e-ot i v c ’ n m i e - t m t  I - u t  ‘ - C d i i n - n e - t I n  a i n t m n i d  I n n e e n  l i n t .  I h i  s u u n : t \  i - i  :t 1cm I m i -
c n u I t i -  C C I ’  d i ’  i d s c s I - n u n  wlu n c ’ I m is  t i s e - n I  to  t i m ’  h u i l C i u C i g  s t t ’~’ I t ’ u ~I e C i i i t t i n : i S  t u u

m’ : i - , m ’ o u t n i n l  w - I I  i s  s - - n n i - t m n i n - s  u s e - - I  I ’ m -  t h u s  i n  m i mi -se . iii- u r - n u n m n i  r Sc ’t ’
i t  t e n  ‘ e  s I n  C t ’ i l h u ’  I t i n  i ’ I ( - 0 1 1 1 1  ( ‘ 1 i t O h  C e i t l u ] l i c ’ t n  C i ’  ~ S i / u  - I ~~C C  1 1 m m -  I C m i i i  - c - i n m t - i nH

u s u a l  lv an M\~( h i .

b . l i i -  e t C ’ d ’ t  t e s t _ n  mc -  s h i e l d  t e r m n n  m in I  i i ~ c-onn ~- c - t e ’ c h  to time- mm -u t n a l  i-~~i u l  t : n t - , t i n  s

C t ’ i C i U ( C l i ’ S Sh i L i - S  amid ! i C i i s i ’  - I n n ’ c e ’ t l v  t e l  u ’ e n t t h  d!’n n m u n h .

C .  - l  I I I  fli~ - t , i  I c - n - s t  ci t hu t -  I r m i m m s i n  C I ’l l  em ’  is gr I n , ,  m d t i n  t h e  nc ’tt t m m c l  u n i  - - !  ‘ 1 .

Sc-c o i n -  l m i  r n  I ° i ’  sal t  - I c  pu u p on— u’ s - Time ’ t u m i  m u s l n n u - I m - u~- r I n ‘m e ’  phase ’  n u t  l i l t I i ’  -cc n - i

ii ml Icc e t c  S mu - - ’ - C m n i p e n n n i - C l  l i v  t h e ’ n i -ut  m l  cc l i  - n m m l i i i  t a u  t t ’ t \  g m - i ‘ i i t C -  - t i  - r u  n i  - - C r

C. n~ . (‘ on du i t  m n i , m c  hi ’ m i l u m t e i n t u u m n e  n u i  s in  i l  e t i u i l  I n c  a C ’ c U L C d  t O  l i i i  L i ’ m i l u — ; t n r m n c ’i’
cud  I t u C -  s m u t i ’ n \  c c i t c - I t .

l -\ m ( J , J  I Y  ~. \ i ’ J~ I V  c - \ \ J J ~~~J

- \ n e c - n u t— p t - - - - I t - n i  I C C \ C  u s m m h - I v  Sc ’. u - I n  t t s u t n u l l -  fi n l - - ~’s h i  t n ~ -n ~~I - ’ n n n  i -n . ‘ t h u s  ( C \

~ h l  - )c’. S ( - I n t l - - l u l l - h e  d i s c -n  t n - u r n - e l  l o l l  - C l  t i n t -  t m ’ n u  C c i  - t .  1 u n t - i l l  m u  I m im e ’  5 ( ‘ m m  i ’ i ’ te’ n t I h ’ oin m n

t h i s  n u N  l i i  o n  P m i g  — ‘l ’ he I n  ‘-i u s  g i - - n u n - l u - - I  t e n t i n t ’  d u e - i - c i t e  i i  I i t  - f t - u - - I  c m i i  - I t  - _ ‘ I nn  I - i p m n r
e m r b out pie I ~‘ n~ n i I i i  I sh o u l u l  i n -  - c - u  i nn I ;  n u  I n s  m u n e , I  s i a n  I - c - e m  to  e -  sm i i t ’ t i -  ‘m ’.’. i t c h  I Cx m i n i  I
11 ) 1  l o w—o n I t - mu l i i i ’ owe 1- p a m i e - l  I -  C m i  i i i .

i ’R , \  I N F ’ t~ 1 m u\ \  h I! I : \ ”- i-~ I~ l’m( \ t i

( ; I a ii - I ) I N G

Fbi ’ pane l t i u m i m n I  ( i - I e - m u S i S )  i s  5 t u C n l t i u l t ’ u h  tu . t t h ’ -  g r e - i - m m  ‘ .uir - smu h - t \ d m ’ n n u l i m t i l I u m  h i t  t r e - r n
t he -  s a t c ’ t y  sc ’ .- i t ch.  N c - m i t r a l  m s  min t  t n - - l  t o t r u e -  h e t a m - i a t  t h m i s  Ioc - m i t i o m m . l I n e  l C ’ t i F — i O  t t i : i —

- h - m i t  is s - c - u t - c ’ e i I i )  t ime ’  m i m m c - l  h o ; m m ’ C l . ( l u l l  - m i t c h i m — t r i h € i i t i e i i i  c i i m i i l u m t m - n  m m m l -  m t i — u i m i t e - u l  t i - t r  t l -
paine-I i t o m m r e i  v i a  p n n h v u  l i ’ .  I c - h i l o n i i h e -  h t \  1 )  t i l t  m u g s  t i t  C c , - m m t  b t e n u e ’ m ’  i t h i  -m i n d  4 - u m m’ n I n t  I r i t ,

f l - i c c  j u g t h r o u g h t i m e ’  c ’ o m m n l c m m t  i e i t l u . ‘I ne —a - - C 0 I { ‘ n ’ u n i t t h u t t e - e &~IIi I up hi- mg u m ’ C C i u t € I C  t e t  t I i C

s ign al gi-out id s v i - m t c - m m n  , u s u a l l y  n u n  e i e - c m i l i , n C - i , u p i i t e - r  h h n C m C t ’ , m i s  l l i & u i c - s , ’tI  t u r t t n t - r  i m ’ u ’t - m r m .
I h e green wi me ’ d i s t r i b m i l  m i n i  sv s t i  ni & - u i m m t  i f l U i  ‘ i  011 uu m t I ~ the ’  - l i n s e  - I t - u - - l i - u -  i i  l i t - s  e m s  - H —

~ 
—

( ‘ u i m-i i - iC(i  h)id OW.

,- \ J ~~ h l t \ N ~~l l -  N ’l ’  ~U i ’ I ’ l f l  s~~h u \

I r : u u s i t ’ i n f  s - i i ~~ t - - I liv t I -m it - n m v :n i i  l i e ’  m m m i i ’ .  ci m i m i  I I n  t e l l  Is m i t  t b ,  en mi i i  i t  I - l v i  
- i - - tifi I

l b - c t h e m  r~~t -  ‘~ 1 C n  € S n n t -  - n-t ~~n i -  I R i  C m i -  ii - C i f l  t i l t  i- I n - i  m ile a t  . I I n t ’ s t  1 1 m m  t a u t  a r t  -
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0 p m e - S i - n t - t i  a t  t i m e -  p : u u n c -  i 1 n -  - u  i-c l c’. i t l t  ( : 1 -  I n \ c e -  i’ ~c1 - t m i l  € Ix ide \ e l m — i  n m - s  u \ !(  u \ S  u m n - n i  -

‘ m m c l n  phase to n i t - l i t  m m i i  ( i ~e e -  l- ’ i g u m - e  3 t .  i ’ h m c ’  \ l h i I u I m ,\2n  1 n n n w u - i ’  \ l (  u \  i-~ c l i i i  the ’  \ C C I ! m i g m -

m i b u n n c c -  2 51 1 vo l t s  p e ’m ik.  ‘I hc - \ I , i I i h I ,\ u n  i s  i - m i t e - u i  at 21 joul e ’m- . u n j o u l u -  i s  , - C l l n \ - . i i c - n n t

h u t  2 11 w a t t  N a t ’ c u i n i d s  C i t  20 ti n’g m €\v , u t  N t i n u c m n € s c - c - n i - n n l s .  ‘l ime - u u  r l u l e -  i~i m p p r i - - s s i C h ’  w i l l
su m c  v u ’  a 2 10 0 m e m i n p  I l - m u t n s i e - n t  for  I u u  n n  I i ’ m  ‘~~t ’ i ’  - - n - i s  -

I - ’ I ,N ’  I i t i t  ~~ I. I .  i~\

1:1cc-u - i c -m d ln ~m uds  soc In em s  t i me h i n n m u ~~n - ( , e - mm c - n m u h u n m  e u u c - l u c - u  I c ’ S  U S t ’  12 1€  21 i ~ , ~~~~ ~1

~n n n ’ .Vc ’ m . n i t  i n  - t ’  C u m i n  I s l i S t ’ S i n n d l c  ph : isc~, c - t I  it ’ m 121 C c c , ! I s  or  2 (i ~ ‘, n i  I s  I i f i c -  C - I o m i  - I n - eu -
mt n ’n - m t i b n i c m u t n ’ cl suc h t l u m i t  n - l i m O - n -s m u l e  l , m c l t u t n u ’eeh . ( ‘ o n c n i n n m t s :, i - n l m u u a  t l mc - sc-  l m u t l s  m c i - i s n i l .  I n  - n

i t  t h e ’  u mmnc ’ l  -c - i t c h  na i l  m o u n t - i l  to  tim ~’ C i n C h ’ s o u m t l e t  n n n \  n l i t ’ n ’ c ’ t h \  - ‘u\ e n rc l h i c ’ S n _ c n n u d u i t s
t n - L u s t  c n n t n - c ’  in c u .  t a c t  cc i t  Ii b i m m i d i m i g  c’ kn ~~n t t a  - l n h l l i i l l m i n 0 C , m  m u m m y  o t h er  t I c - t a 1  ‘ . co r i -. c d e l i

c t n ( t I n I  t n t r cn c lu c ’ c Y 1 n ’ e - u e J n ~ I 1 n i 5  e i h i c ’ t l t S , m h u c ’ ( - o m i c l u j i  ~i n n j S t  I n c  i m m s e t I ~~t c n I  l i v  l e n  C L i n t  u n I

t m e c ’ m i m m s . [ - - c i i i  n i u t h c ’ t 1- ’\e ’ s i n s u a h l v  1 \ i u m n ~. I n c i e - mi t l u  m l i i  n nu eln sui’e c-ll n h c’m t l t i ’ c - - n -  m e e t e r
t’loo r 11 I c ’ i On - pc n ’ — m O m i mm c- i ,’ t n - C  I to I I L -  c’OflipUt C r l u ,  cc n i l  m i m n  \ \ \  1;  — — n i l  h i t  - - - m Iu -, - l o t ’ t n

m u n i c ’ e u m ’ l v ‘-~c it1’ i n i i i e ’ i ~ i l n n n n t’  c-(,~~n~ € ( n i ~~ I t c ’ t h i - t e t l  Tine mc c O  cvi ’.: S e l i C P 5I ’ r ’ n i i i C 1  5’. 1 ’ ! I ,  a h u h
o m n g m n r e nt c ’iI i i, t ic ’ S i iL t r c c ’ t m m i : i s t o m t t n u - c  i~i C t i t l t l e i t c - C I  i i i  t h u  m n - ~ ’ L- p t a c I n - n C i - m t i C l  s e t I ~’ t c  i ei’ e t u i u d
ti t ’ i a i n n e t i  or ht~~. 

‘I un 5:11c C ‘4 m ’ c C u i t m C l  u s  t i t u s  c’ n n e d j m n e i n n i r a m i m i  i s  c ’ u i u u n l l h i m t n n i  c e i t h u  toc ’ N n t --
iomial 1: i -u t  m i n ’ a I  ( m i t t  w i t h ou t  t n t  l’ n C n l u c m m u a  a t ’ - c i n c h  n n n j  5 .

~- m i

\ V h i ’  me e t h I t ’  u’ h e -  n i t  i l i t v  s m i l t - l i -  Sc’. i t i - l i  a m t i l t - u n:n tt c l I ni l _ i  e n i

n n m m s t  bc I n e I e ’ u I  to mu S I c - e l  c ’ n - I n m t -ea c n m O r  t ~, n - t n I h c  n u ’ t m e l c i ’ r

cvh i c -I u 5 h a ’ I € ’ n ’ t~ u ( Y O  t i C  o I f l c’ t- d i c t a  t ine ’  t r, u n s t o r p - i t ’  n l e ’ ( i t  r e n h
i— c—I c - d uc t  ~ i ou t i ch i-V c-L’!l • I I 1 C ’ l ’ t I i ~ C ’ I ’ 5 , t t i ’ n ’ h l  \ ‘ .Ih n

m : u - n C O O l simou ld i n n -  I ~ - m I e n t c - - I i m n  t i n t - - s e  -- ‘en . \ s , ’ n ’ n C f l C  I c i i ’  d i  rd
mt t ’ t’~ ’n \vjrn g r u m i m m m c l  u s  u s e d in t i n e ’  h i - d e n c - , u l  I i ’  I - n  c c u m l m u i ’ c t
t ime - s i -  box~ S d i m - c - i - I  I h a c k  to l e t -  I c m i  n i s f u  i t l i t ’  r in  sw - i i  i n  —

s t m i m u n - i - s .  \ n n n i t I ~t ’ r  l n u ’ u c ’ e u u i n n l t l  t h a t  I t e m s  h O t - l i  s m i t i s t e i c ’ i - m n I c
U i u ’ - i  i s  I n  C fli cR1111 t I l e -  pa t m c ’l  1 n t n e i  u — n i  e m i t - I sm i  h i ’ l ~ c’. n I t - h r nu ì
i n s n l m u t m n n g  n m m i t i - t ’ i e n l  s u I t - I t  i s  j n l c w n n m n I t i n  c - I n s t i l— v i i C i i i t h n n n i

l b ’ Cfl l  U t ~~ Ii i m m i i u i  e ’ m t b ’ o h t  ml p n I t  ‘ n n t I  O s

l- NC I , ( ) S l ’ l t I -  i’n , m  I 1 ’ i  ‘m C - l i t  I I .  ‘cI )

I he ’ i n n ’ e ’ n - m ’  p i gta i l  t n m ’  cord nt-o\ j u l e s t i l e ’  i - n c l e o — u m ’ n -s  c’~ i t l u  t i n e -  n m c - e - e - i - n s i m ’ \ 5; t t n - t c  5I ’ C C i i l i ~~~,

‘ I l u e ’ i t l ’ n ’ n ’ l t  \‘. i i— e - - \  — n t - n m -  i s  c o r u t l t m u m o u s  in n  U~~ 11 1 C C  h u e ’ n r u ’ I ~ i — ~~n r i - I t O W C ’r n I m s t~~ i h n n m t u n u t i  l e n t

mm c i  is  I i - i t  I t ’  the ’ m m i e u t t  cha s i - i m s  u S  c c c l  I u s u r m c  m u n n  i c  ii - I i -  c ir  - h l e n a  n - I ’  n i u i u t m t e - n I m i s S e ’ l l  C l  R

l~
( )\ \ ‘ !- I t  i-~t ’ P l ’ l , Y  I l(~ ) U N I ) i \ (

( , t - n m i ’ m ’ e m l  i - h e - c t r i i -  t i ’ m i i i t i n g i i e ’ v i u ’ i s u i st’l - t l e 3 l n l m e n n ~n - ~ u i t h  s i a g l n -  h n l t d n -ne - - C C a C ’ h  s u m i t i t l m c - s . :‘.t l l  i t e m c c - m

supt i l  i t - s  in  cisc’ ha m 1 n t - i  - mm qmial  l u - n  I I - m ’ ru n i n s t i- c ’  b i t t  l ou  c h em c c i  n - I t  - rust u-s pt-r ~l 1 1 , — s I I 1—
I C  (‘ ‘~~~(n ~ ; m t m n , I  ( ‘~~— i C I  , I t u e - u ’  s i l t  h f l i p n n i - n t - C I  t e s t s  ir e p t - r t i t r i n m - l  t o i ’ n s u i u - t ’  t l m e u t  t i n t

powe r supp l w i l l  u s - i l  - u I -  t r mi  H I t  - h ’ p i -  - i i i  - t I  m m pp l t  - , ~~ t I e  t i s  - mm um senl  hi ’ .  I Iii ’ I i i n e i  - i - l - n t  - —

i : i t  t m ’ s ‘~( 
- H sc’. i t t - i t  i n g  ru - an n I ,  t o n  stm pp l i t - s  — I h u t -  1 pu e u n ~e i - —C - I I  ~~~~ ‘ I .  - I m m i i me’s , c u l l 0 i i i  tb

11 11 (1  r m n t n i  s h y  nm ni sc , i m e i v i -  - i - i - m u  S h e e t  - s s t u i  l i v  I n  t - ~~ b i t t  ‘ - I h f l t i t  I he t m I C  ~ t r u - n t  - n t  I t m n e i c t i  -
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c l e - m i e - n a t e u m  ek ’s i gm is . ,\ sitigle S c u l t  I I I ’ 5~~( n  m m m i i i  I-n ( f l  s u i n i - I c  i’c’ L- t - i n u ’ h i , m - c u m ’ i ’ I- c -p lac e -s S

s cs - i t e - imi t ig  m ’ c - gc m h m u t o u ’ supp lies amid ml l nu c ve ’ 1’ c’i )hi t i - Ol  I n m i m i e l I n m ’ c ’ v i c n u s  I~ used . ‘l ’ l n -  s in gi c-

supp ly c’ei mi c ’ e’~nt cit hi t ’s c’omis iek ’ i -uti le m ich vammt m ug c s  in t ine u - c l i n i c !  1 t -  , el i-c -I m it - m d cle’ smg’mn

and cost  a dc ’ m i s , h o w e - v u - i ’  , c c ’r tm h im i  h i t ’.’. em ’  an d g i -oum m di ng n h - s i g n  iu t c ’c - a lm t io i l s  mu m c ’  h’ ea j iii re t l

t in  i m m i m u i n h i  ic’ si-I  f—genc ’r ated noise ’ uu’oh hc ’ i mu  s n i u c  to t im e suppl i c ’s  . -l l i e - Sc’  mu ri~’ : I

m u .  i-Sic- h ench o su i - e’ is on m m Hc- ~) e t l’ e l t i  - t c ’eehe r i ’m n c -m it  i’ n c l t u  - - I  n i l  nc- c -tl y back to the
panel hoard c’ it - c-u I it I n di a kn - r .

h . ‘l ’he S pimmis e  l i -i ’d cr  i m ~ r io t  m i s t - c l  t o m ’  n i t b i e - r  s u t n g l e ’  i d i e u s t -  i - j u l m p n i c ’ m t l  I n c  1 lo cc e t’s

W i t h i n  the’ c ’m ic ’lo siii’ n - ;  t i l l-sc ’ usc’ mm s i ’ iua i ’ m i t c - s im n ~~l t -  i n h i m u s u - k- e u l e r [in

e . ‘l im e ’ oocvei ’ s u i u t i l l e - s S . ( I  ~~u l t  DC ou tput  r e - t eml - t n  cc - im icl n  nc ’ n , ’ n n t i l e s time IL s i g n e t !
gt -ou ticl  , is h n U s s c ’ n I  m i l l  into the- logic- b ackplane’ s , i u n n t h i  h i p and I n i n t l o t i n  m ’ n n n m n i i l

b u s m ~c’s , to n m i n i n n i ~’.e - I i i  c i t - op clue to the p u l l  m m m n p s  t y p i c - m d  log ic- l oad .

SI G \ - \ [. ( ; H ( i U N I ) i N ( ;

,- \ signm u l  ground ing concept  h i ts  been u t i l  i z c u l  in t-c’Cei.t Idlilfleh ’S cc’i mic -h a l lows  m i l l  c i t  —
closemx’es with in  the dec’ic- e’ to he’ c ’ssc ’ m m t i m u h  1\’ s i t u g l c ’  point  grou n in In - , e  . I h is  i c e - c  c t n t m -  m C I  Sn ’

cu m - i- c’nts t ronm h ewing thi’oum gh ti me l n n w  hc’ cel signal paths and t i n s  e’ :mulsii ig

‘[‘he signal point  r i -Ic ’ mu n c i e ’ t o n  the-sen enc losur es  u - n  t he’ com put e -i ’ h our ’ S i m , c  l e u l  t i e  51 m O e  —

tune’ on whic h ti m e I t - n i n e - i ’  sy s t c ’ t n m  is f l i O U t t i e  it . U t i l i , e t t iom i  01 the’ i - - n n i n m n t c - m ’ t l o n - t ’  ( t i ne ’
raise d me’ta l floor cons i s t ing  n i t  m m s c - i ’ s , st i’ in gn - i ’s , ant i i’e ’mm i ovmuh le  iu au ~’ h SI  c c c i  s c i r t a  —
m a t e d  n i t  the Naval h)c’vit,-e- ‘l’ m a i m u n g  Cc ’h m t ct  i- (N !  ) ‘I ’C ) in Orlando ant i  has c C - my s i n e - c - i l l  -

advmun lag e- s l u m e n  aim ot-ciinarv c’mil u l c - gm ’ie l g i n  n u i m u n  I system , these m u re’ :

mm — Single  I O m i t  r c t i m n u l m  t in .~~ ‘l i me I ’ I u u n n  t ’ i s  I i1~~t e u  l i e - n i  hi m t ime’ I n c  i I it s c t c ’ i ’  t h a t  -
i i- i snleitc’d front mill ot ine m ’ c-h e-c - I n it-mu] e ’ q t m i p n n c ’ n t  om - h tm l i c l i n g  m - o u l r n -  I s .  5 }in 1 m u l
p re ’c ’ au mt i ons  such mi s h r m s t u l l i t n g  v i l m v l  f l n i n n i -  t i l e - , tape- , ‘ i -  n i i l t i ’ i -  i n t s i u l m m t m u m ’ _t

m m c m l i i ’  r - i m u l  w imi - me ’ t i m e -  i n i t Ial  cc o mlt n u a \  touch o t h e r  inn i d i n u t  t~ u -n t u n e  I s  e t c  l I s t - I
eiu i-in n instal l eit uui m — -\ l u - s n  u 5 p e - r f u i m i m n c ’ d  I n n  e ’ t i s u r ’  t h a t  t h e ’  f loor  i m- ~ I n ~n i l i t t - n l

p e u  c i i ’  I n n  i m m s t a i l u l  lor m of t ine ’  t m i  t i c - i ’  c -qe m ip i m i e ’ mmt  T in  i s  I n s t a l  l m m t  I o mm a t m - h  I t  - S I

proc-e u i u m  mc c ’ n u s c m  n t ’s It s  t h a I  t h e ’  F l n ~~n m ’ w i l l  l~~’ m i - I t - I  c u t e - n i  I m ’ a i n i u  i - n-c i m m a l e ’  1 u C i n t

g r m n m m m d  cc I nc a c - n n r p l e - l t -  . ‘I ’h - I sn il ate’i I ilotir In-c- unit-s s u mmghi- p n i i flt i, tre ulm n n t - - i
d i r e c t l y  back to t i m e -  t r a h n s t C t ’ t n n c ’ r n i t ’ t t t i e d  c-ia an i n su i l m i l u - - l  W~

’t - - 2

h . tO n u l l  t 1 n n - j i l t  C t- u u m n d i n k  . ‘l’hc t i o ni ’ ci i  Scm n - I  I i ’ I ’S 115 l i i i ’  n e C  m i n i t e i g e ’ s i i !  iou! t l 1 i i i i m t

gmoun e h i m m g .  ‘I ’h e- t l n n n m’’ s u ’ i u ’ r n -~ , st h ’ i n u g e ’  m ’s , m mml pine -Is e l m - i’ s~-t -c j I l t - - I  i n -  hue
t i the r e i l u m n n i m n u n n  01’ g m u l c m i n i z e ’ u I  s i c -e l . ,- \ s c - c ’ u m m t t l v  l n m u i ’ - l c c e n r e  mine!  nl ’ e u c ’ t ’ i i U l ’ i -m.

m m m i ’  c i o s e - iy  sj i e - c ’ h t i c ’ i I  t u n  ensure- ti nm mt i l u i l  i l m u C - i t l g  oc t a l  i—n il1 ~i’ t_ - o i m n i i a t P I t  n a i l
cc i l l  -i - o c m u l e ’  long I c - h - n m  it ’’ .’. c ’ u n t i t m i i ’ t  m n u i t c - i l e u n u e ’ i - . I m g c n u ’ t - - l i ’i ’ I C m ’ i ’st - n n m s t i m e ’  m - i -~
c~u i h’ i i n u c I m t  s oh ’ t h is h u t  t — dw m m I’ m ’  , ‘l ’hus , cc - hu e -mu t ime ’ I l n n n n  I tint’ u m l h e  I ’ m— i - i i - t n  ne c t - s i - e n  - —

lu le ’t l  the ’  I l i n t i r  l n m e u i , s  ii lc c’ ci e ’ c i m l t i h l i I O u i s  g r t i e n m c i  i l m m m m - I n  i~~ s lu t n i m i l  c ’ m i i i I m i i m ~ emiui l i - tcim

to i n u i l s m i l n -  imoist ’ -si l l  m e - u ’ s .

-45 I-

- -- ‘-‘~~ - ‘—_--—_ - - - - —-—-—- — - - --- - --- - -



~~~~-—_- — - --- - -~~~~ - ~~~~~~~~~~~ - -~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~-- - - - - ----- - - --~~ - - -

m i t
C n n C C  I~,

_ _ _ _ _- 

~~~~~~~ l h

_ _ _

i- m u  i~ I ’ -’. ‘-~~F t m -  I

/Z/Z/~~~ //ZZ/fZ7Z/ZZ7~ ~~// /Y~ j  ~~~~~~~~~~~~~~7/ / / / /  ZY/77~ / /JY~~L~ 4

~~~ -=:~~~~~~~
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

~~I h f l \ n - ~~~( 

_ _ _  
_____-___

/ 

[ P E t S  I A 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘u c . -

— n 4 10 i t A I u i  C\ ’. \~~~~~ u n i C  c _ c i t  - I

se— i- il ‘ i t A t ’ \ m  i - sm- (ni l i - \o ’, t m t  0 I’ i  t I I

I - i  i_~im i’m ’ - t  — I I - C u  i i -  c i n  n u n  i i  m g I u t - t e l  i

-452-

~~~~~~~~~~~~~~~~~~~~~~ ‘~-~~C~ ~~~ _-____ — — —  -



( : \5 m i mi e ’ x e u t i - i u h - , tune’  of t h e  L i -  t r e e  ai m’s cc- m i s  t i n  hi -

loca ted  cue’ t’ nn ss the ’ s t u’ c- e-t from a w e - e i t h e r m ’ : u - l n m m  a t
l~e ’ n i s e u c ’ u u ! e t  , Fl e i - i ei a  . 1 bc r adar  be - mum b ets  mu s i d e - l o b e
t h m i t  i l l u n m i m m m i t e ’ s th e ’ e ’ t i n i  u u l  t h c -  b u u l d i n i g  in w h i t - i n  t imc-

r a i m m e r  is located , I- ’ k-Id stre’ngth f l i c : tSUi ’en i e - i i t  -s

cc-c me’ taken at the - proposed s i t e ’  of the t ra imie - r mund
com pa red wi th  the’ m m u n l i m i t e d  sus c’ e ’pti b u ih ity th r e s b n u i i d
ot our  mos t  se’nsitivc circuits . The- tr mii m m e’ r intercom
used ‘ . c j n i e ’  h a n c i w i c i t h  opc’ mation ai an’mpl ifie’ rs w h i c h
dc- t  c - e tc - t i  th e ’ pulse I-c-pc- i it ion rate of mu moclu  h a t e - t i  U I- ’

t i e - l i t  c i n d c ’ m u u u s e - u l  u nn k ’s i  rable i n t e u ’ t e - m ’ c - t u - t -  w i m e - i m
t c - m t e - i l  i n  t h -  I c t b c i m m i t o r ’~ . The- in t c ’ t-c ’c um e ’ i r c ’ u m i t  w a s

package’ c f i n  a sh i c - I d e ’d  c’t r m c p a r t t m i i - t t t  mi uu c l  f i l t e ’  u - i - i l
heavil y with c,’ons ide’n - m mini c - i m t l p h ’ n n c n - i n n - - i l  - I l oc c ’ e- v e - r , t ime
inte rca }mi irmg w lnic ’h ‘Ad s tc) lie Iuc’nemith the  Hoot’ -f t he ’
t r a i n e ’ m c it i i u , t e s m t c o l m i  c c m m s  s t i l l  iii (‘Oflce ’Fti . \ n l c - c -  m s i o m n
c c - mis made to I n l e u  11 t h e ’  I rmu in e ’  m s i n e - c -  cc c -  e-x i ’c -e ’ui ec f t h e ’
RI - ’ rad iated sehs n - n- i nt i h i lit y 1 e’qum i u’e - uin e-nu l m i m i - I  ci t i x — i t —
necessary s o l u t i n i t  t i  s h i c - I n I  t h e  h i u l l t l i n i g ’ s cc’m ui h hau l

Ix ’c im m im t - : t n g ’e’ci w i t i t  ti mi ’ e u n s t o u i n i ’ n .  l ’h e t r i i m n i - m h ut s
bee- mi i n s t a i l e c i  for  se’v - red v e t  ms n m -  ac cc- i t h o u l t  t h a t
p m - oh lc n t  e v e r e u h ’ u s i t m g .  I he- o t m l v  n l i t f c ’  i - c - n u t - n -  h i ’ t w e - u ’ u m

our lab ( c - st  se Cup  and t h -  i t c ’- i t cu t l n t  i u \mi  s n i t -  i s  that  the-
ca h i l i m u g  l i i ’ s i - e - r i e - m i t h  t i n -  n u t - C O l i c  f l i u n i r .  ‘h ’hi ’ floor c ’.’Iiic ’h
cc ci s h a t  c m i -  h e - - I  i n  p i ’ - i -  I - I t  - I - - m I i  u’.v t requi- nt i-v g m - n n u m n n I m u g,

i l - i  to  ~~i i  h t n i  - p e i l c i  - I I  / , ii 50 5i~i~n t i S  h u n  pn’ i n v u i l t -  a d e l i c t

U I- cac’i tv  i u u - t ’ A e ’ e  -n  t i n e ’  f l o n u r  cmn d  inc c c i  ‘‘h a t  f m’ e -u i u i u ’ n i e i m ’ s
imp i n m t m n  t I r e ’ g m g m u l u c - i ’ t z  t e l n c _~i - . )

I- ’ig um i- e’ 5 is a ph e m t i u g i ’ m i p h n i l  em e ’ eu l in pmm tc ’ i -  t i e t n u r  c ic n m ’ u m i g  ir i s t a i l a t i e n i  c m l  I i  n u m — z e u c - n n l e i _  l~ \ C
I n m i h r  r u g - -s : l u e -  st-i-I t m i s  t I r e ’  c m n u n e h u i t  m i t e ’  t ’ t e n n - i - S  t in -  pm uu mc - l  I n n  C mi ref .

C I n .  )St ’ I l l - .  l u  Cd tO I ’d !’ C I I  I- ’! fl ~ u~

l n u h v i d u m m m l  emm cl os urc ’s  au n t u n i t s  l i i  o’ n n h m e -  r e i n - n ’ n t i e ’ i ’ n l to i I t c  e o i n t p u t e - r dc c i i ’ s  i t e u l v a n m .  i - - ’ C i i ’
c i l u t i t i n u r n  Stniumgi’r S c’ i cm mi j u m p t - r  u - c u b I t ’  f m o nm t l u t -  h u , C c ’ . t u ’ st t pp lc , lit ’.’.’ s i - I c -  n i m m ’ t ’ c t l ,  t n t

st r i o  ~~i - r . - ‘t~,VC 0 or S is u m sei a i  Ic  u — n i - u i .  ‘l im e ha ri lwm u t~t si - I c - c - t i  ‘ - I t o  t e t ’ n n  - n e i l  e the-
cable - u -s s p m ’e u  f b i  I to l i t ’  (- fli llpI i t h I d e ’ , u sua l  iv ~ t e n  u - n i t - s  s o t c ’ m m n l t i m  u i n n  - I a  I i - - . I c i t e - c - I

!- ,N C C u i S I i-t 1- lm’ -~~u l , A  ! l u , i N l- ’R ~~t’.l u ’ I h I E R  t ; I1 t 1 t-’- I l u S

I t  is i n u p - n r t e i n l  t b m m m t  ( C I  mind  alb u m- n ’ n t n n l i n n m u i - u r I S  u t  tine’ t r a i u n e - i- sv t c u m -  hi’ p r - i n n - - l i  - - i n t l c
t im t~~ugh t h e  i h t t ( - n n -  h - - I  p a t h .  I t  atm e n c l n u s u i n ’  nm us t e O i i o ’ in c i  n u i l e u e t cc ’ i t h i  ci w:mtt ’t’ P i lX ’
i nm mild j fl k c- nt l u ti n r m , or o t l m - r  st r u u e ’ t i m u - i -  n n ’n n l u m ’ i ’  i t  m i t t i i t I - u -  i m m s t m l e m t e u i  i i ’ ot r n  I h . t t  m — n i h n t -  u’ .
‘l’h I is i i i  st  i - C n~ u inm oum irm vu sued -h sp l e ic e’ e l m i i p u n t - n t  wim e i’ m’ ci t u e  - - t m - — r n  p i mit te imin n - n t  r u m e t u t  t— t-

ri m ui- i t support C - I t  I - I i  n-~ u i e i c  t in  i t  — i n :il tt ’ u —nn em t c i  i s i u l m i  l io n  I i ’chun iqu - I hat inmi s I ue ’ t - tm

i-n t - - I  i n  fl it - s t I c l u t ’ s  of ’ in t t - m ’ t m m c ’ i - s  is  I i  r t ’t i ’u ’ u - r n ’i t i ne  ( ‘ R I ’  n l i s t u l : i v  t i n  l i n t ’  i’ t ’ i n n n n l t ’  g r t m u i m u u i
- I u  i— t i -I Iv em u m it i s n i l e u t t -  h i t -  s i  p r n e t  I g r — u u i _ m m m u i  r - t m m  ru m i nmct l m w i t h  e - i t i c e ’ m —  ci c h i t  I t ’  n — c -i n t ui t  l i n t -
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u c ’ c ’ c - i c  c i  or C o i n u i F t n C l l  mode ’ c - h u n k , -  t i n m m h u m n t .  I t o t h  t t - c h m i i q u e s  e i t t e ’ r  s c i t u s t m t c - l n n r c  p n i n m i n e

n o b — c -  n s n i l e u l i o n .  l i m e -  di ftc ’  i e ’ r m t  c i i  l i m i t -  m e c e ’  i \ c - r  C p u ’  i- m u t t ’ s  e m s i m m g  a c i  r t c i m m i  pm ’n n c immu i ,

u s u a l ly  l y i n g  b ue tw ee ’mm -e I S  c o l t s  1) 1, ’ a mm d — i S  c - i l l s  a - I h e ’  n i t - c - m e t -  i s  t i t u s  l t n m i t e - - I  i rm

a tOm - a - n e - e ’e ’ t iOf l  te n c u h u e t u t  IS  c’ iu i t  5

‘t he ’ h a l u m m  is ci - I c - c  i c - c ’  ‘.d Oc-It hmu s l i t - c - r i  u cc u n I  u m m m t m m v  t m t - s  by t i me ’ a u t i m o r  t o sol vt g m u n m i u m
r i _ u i  si P t ’Ol l t t t n s  . ‘Fin e’ h m m l u m m  e ’ O I t s i S t  n u t  two cc -i i— i- s t i m ’  m u plc-cc- t n t  (-m m i x  c v n n l n n i ~ h on m m
Ic-m ite’ I C u m C C I ldn i c - n - t O ’ . h u e - hot  c c i m c i  m ’ l u m t a  i c c -  w t u u n d  t u u g c - t i n c ’ r , b i t i l m i r , such t h u m i t

s i g m m a l  e - u r m n - m n t m  f l o w i n g  e - ci tnc ’I c - e t c h  o the i - ’ s h e x , t h u s  i t ’ t o  l e t  a d u m c t c u u i t ’ i u )h ici t m\e - h

t o  i m m t c ’ m n t i c u u m m c l  s i g t m c i l s _  C r t u u t m c l  i — e ’ I i m m ’ m n  f o i s t ’  c u m r u - a t m - -—- d l u ’i -  i i n i t n e t l e t n u c ’ e - - h , ~~I’ n C i i ’ l - h  ‘ . d I  m c ’
i - u m r r c ’ t m t  c - x e - c - n -O S t i m c n g n u e t l  ho t  e’em u m u r i i , m i n u s  a net f lu ix e - x I s t n - i  i n  t h e  eo n’ n -  e m a i l  s u - m m e ’ s

i n du c t c t u me - m - e t t t c n m u e i t c ’s t l mc ’  no ise’  c-un - c - n t  . : \mnoth e ’ r wmi v t o  lan k c u t  t ime  h ua h em um u s  as mu
t r m i m m s t n n m ’ u m u ’  m’ wh o -  rc ’ tC u j s c ’ itt thie Lm i’c n m ni nel limit’ is t r m t m l S l i n m ’ t r n - m e - oem p Ie ’eh to time s igt icu l  l ine’

t i tu s  pm - o - l ue ’ in g  the ’ s e t l i n e -  c- n n i t e t g e  m i - s  t I n - g m i n u n m u d  scsic ’nu site -li t i m m mt t he ’  u l i f t c - m t ’ m m t i e u l
v n n l t e n p c -  ci i u n i n i i n t i i e ’ n I . l- ’i gnn -c ’ P i l l e m s t i m t t e ’ s  se’ v c ’n - m i l  a p p l o - e t t i n n u t s  n u t  l - e u l u t n i s  m ind  t i n t - l i ’
i - f t c - i - t i c  c - n i t ’ s - s  i r m m ’ e - n l u e c - u t t g  g i’o~t r n n h  m i c u i s e ’ .

l~u m ; f t ’  s l t ; N r U ,  bA~~l \ l t l A \ I , i~

l o -p ic I n e n m i r e l s  c o n t a i n i n g  up to -40 mn mie i - oc ’ i r c e t i t n  c-cue-In p l ug  m n t o  I n n g t e  e a r t h  m n s s e u n e l n l v

u n i t s . I ” i gci rc ’ 7 i h l u n s t  u- m u t e ’s a logic’ c - c i t - i l m u s s c n m l n h v  . I n u g m c ’  b loc-ks m u u ’ c ’ m u n ’ m e u i m g i - n l  h u m  t In e -

l i u g i - n hc ’ s i g a  suc h that  c h i p  u n i t  e ’ai - e l I o c ’mt t io i i s  U t i l i / e ’  c ’ n C t i i i n n f l  gu - o u m uui l  p la~nc’s to n i n u —

iii ~ze c oup l i n g m un ch I t -  c ’ s t e u b h i  s i t  nit I l l -  t i’amnsmmi isc-- i i t n i n  path i cu t t h e - sc ’ I I I  n n e g a h c -  r z  I n i g ic -
i- cite s . The log ic ’ m i s s i o h l  - I v  h u a c - k p l m m n c ’  i u l m i y s  mun i m l n n u  m ’ t m u t u t  i-ole , in nm t m m i  m u - i / t t i  t h i s  j i e t n b  - —

l en t . l ime ’ bac kplan e ’ d e si gn provides  ci e ’ on t i f l u u , i l s  g m u n n c m n c l  p lane ’  I m m i i i  e a i u t  I u i c e t t t n ’n t en

m umm y - u t i l e ’ t -  ca re !  loc-ation cv i t i u i n  t he’ In p ie ’ n ’t me ’i o sem re

Sie’- a c u l s  t h i n s  m u t e l y  i i i ’  t rmimi s ln- mi ’ e’i I ti’onn t h u  top oh time ’ I n u g i c  c m s n — i - t n m l i l v  tc mt l n e i t t , n u m n  loc ’ c u m u - n

cc’ithout a d i m n ’c’t r e t e i r im w i t n - p m u t l m .  ‘l’lne ’ s i g n m e u l  is  a l w e i c  s m - m C - I n , u p e u t i  it on ci w i re -  l i - , c ’I u s t
eve- c time ’ ground p latte sumch t h a t  an I I I ’  st l ’ i h u l i u i c ’  u ’fl’ee ’ t emc’ccii’s . l ine l i x  h i u u k e m p u ’ l i t ’ —

t cc ce -n si g mmcu l  a i mul  g i - ou tm c I  I i -  s i i i  t h a t  t n n r t  me ! i c -e l  m u i r  gmi ~) I n a t l i  i ne ’tween time’ cc i i ’- ’ c u mt l  t in t ’
g t’oun uI p lane . ( t t ime’ r  r u l e - s m i t e -  50 mm - l i  f l i t ’ s  ade l e - e l  t o  e n - n r c  I - I c ’\ I t t -p i e  m i s s c ’ t t n l  I i -  hu c ic k ; n i e u  nm - - s .

l Ime-se tm nm i y lie ’:

t i .  
( ‘ Sc’ t cv i s t t ’d  h _ e m i l ’  t e n t ’  c ’ Ie ic ’k u l i s t r i h n i m t i c t u m  h u t -  ‘ t ‘c I ”  i m m e ’ I m e ’s i i i  !c ’ n m p t t e ,

b u . t u u s t e u l l  l un g  i uums fi t - s t  , list ’ time ’ ‘/. wire  cc - i_ e l i ,  ic - me l r u n ’ m i r n s I  t ile I n e t c l s i t l e u i n  i / - I l

Iom l c ’nm pti m s u u f  I ~ i m m c i m c - s  i ’m  p t - c - m u l e - i ’ .

1. Ic ’ vc ’ls  e l i _ c - tc- i - i m u s  u m c - n l  in cc -ir e ’ cc m a l i  I c ’ e l u n t u n l e i g v  to  i k ’t i u i c ’

t h e ’  I ue u m-m It i n - n i  t n t  t i l t  - c c l  i n ’ I’. m ’ m i l u l n c ’ t  i curt time’ iu i im . ‘/‘
~ 

ms m u m - m t  Fn~~—t

t i m e ’  I m u n ’k i n l m i u l e ’ c c i  th  ,‘- , c u m i n  I ‘/‘ .~ 1 m m  r t h ~- m ’ t i - i n n  t i l e ’  n u n  - L I n I  t i l t ’

u k — i n - t i n  I i  r t p u n r i l t ’r , I t i e  / level  mil  n-t o j e h c ” t t  i l l ,  i- the ’ ot — mi c r in
c c l i  I c - l i  t ine ’ cvi me te ’ r u n  i r m m m t io i ms m ire ’  mci i  I t ’
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- —- - - — ‘- nO - -— t n_ i I ‘ i u i n n _ C ’ - - - — I t  n-c - -  t~ ,—i- ~ - ,-— - m - m- - - - 1 -  _ I — t’ l e n i n
m e - i n _ n ” - - - i - - m , - - - m ’ c oO’ ~~~~~~

-, noe’d - m L i C c  O h . ! ’ , no n - ::, i~~~m 1 -  C
,e i n’o c i  ‘ — ~~n h m n_ — u -’ ‘ C i  C - - n _ m m C~~k -  n 1 Cn - - C - m i ’ —  C ! C c’:~ ~ InS t  c - -  - -

- :‘ c c  CII ni - ‘C i t - ~~~~~ , a~ C L - i i ~’ - nO ts - ’ 0~ ,. ‘ - - f in - - - - - 1:, S i ~~ -
l i e  -it- t n - c g i~- ’ m , S.  ‘n r u - - i  - u cm - !  - - - - i t -  I C n _ I - -u i Sc— - m n _  inc - n  o’ m n _ I t -  I I -  -~ mit

t i n  - - , - - m c ’ m n C C n ~~~~ - n t C n , m , , u - --0 ‘ n o n  - ~~i i  t c’i -
- 

! n _  - -

i m l :  n C n m , e  -u  n i t  nc- n -j n -  —n-i ’ , 1 , - . - -
- ‘ - C -  , k \  m S  - C  me. i t  a’ , sn  - Ii

Lit - u ’tJSS t~ -~ - C n n_ o i - i - I C ~~~ L - - - - on - 0 n _ ,’ S - I ’ m  i t i t n  i’ . 0 rC -j c s  - - nn ~~~ m in
on , - - I - S i n _ n- - i C -  c a - m n  ci, - S - 1 - C m  -

- - - v tc-J ‘rn-on n - m c _ C l  - - c c n c ’n m — ‘ - ni ~ - e n ’ - - m m m c  C m n -  m n _ C
- ills 5 C C  Ci ’ - t o ni c ’  - n :  ‘ i r a - n t -~t v~u m t cm1 :-~- ,~

- P Im u - - ,u -- C m - - I m m  ~ ~~ n_~~, ‘ - e - - nnu t i n  mo ~ - -i m e t  - 1 1 1 C C  In C - -
ammpo ’s  m l -  i,  - - r- ’i--n- m m m c  fl no - n -- c -

~ - ,,--‘, - C m ’  - - - ~-:n ’
- \ , ! , e n c - s u i ’n - n , - m m d n m - I C l m n u ’ n n _ , c - l m - c . m n n _ n e i - ,!.

- u i n n _ u . - - C c i  - u” - -n ’s’ n v  mu i ‘ -  m m ,  - i - -  c i -  ‘ C 1 - - n  n r c ’ -
, - C n i :Cc - n n  m m ,sln - i n n :  m l i - , t ,  l u m e n  - -

- \,i,i m h i m  in - I c u e —  Lii n_ - i n-i- u -m m m n -mn-li ’ - ii, - —i - -i - - - - - n - - n  - - C 1!  tn _ c’ - m t - n - c  - — - - - -

r n -
Ci ‘ e -- ‘c l i  in , ’ I- - C : i m m  - ‘mo -s ~,, - n- - - n _ c I mc :  m cc - -  : , i n n  i ,~- - c1 -

‘ m n - - s  C — s ~~ C n m I i n s  n _ n ’  c t O n _ - m i  C i  ‘ - . - i  imm n , I SIn n i- _ C - -i - i — C - - - r  t -
mr_ i ,nru;’ ~~ m O , imi m n _ i n n ,  m n _ n t  I n n _ C  t iC t i m .  -r  ~~~~~ o m n .
nan n ’, n n . C  I - a - - c C e -   - - n_ a  1 
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_-\dci ci cc- n r e - w r a p  - _ i r e m u n m~l p i’ l l c i i  u m u c e -  t i n -  ‘/~i~ lc ’ c-e-l t eu i c i n u l e i t e -  t m - - u n  - ‘/ - ,  n - I

/ ~~~ te ’ vc ’I~~_ ‘l ’h tc ’  e - i c - c - m u t e ’ e i  ‘ .c’ i m’ c - g r i n i  cue - Is  m i s  an e l e ct in -  s t a t i c ’  h i t m - t d  m u t t - I  u s  an
n n v e ’ m l m c ’ e u t i  b e -c - n - I gi’ eu unc i  u ’ e - t u r n m  s v s t c - u t u , thus  i - c o ne- c ling indu~ t i ’ . t ’  cn u u l uhinig

c - f l e e t s .  l - i e ~i im’e ’  i h i u s t r m i t e ’ s a ph C t n n p i ’ e u l n l n  oh ’ a I c -p i t - a l  h u i p i c -  ccit t ’ i - c v t - : l  i n m u i H  —

p l c i ae ’  - I c - s  u g n  u s e - I  i m m  m i m  I n m c m g e  ( - t u e  r c n  r n - i - .

L-; N c Iu- ust Rt- : TO ENC t( ~1 l -t1 - ,  ( U A ( ’ k h ’L A N I -  1 ( 1  lid, ( ’K P l ,-\ > ~~- C

Numm nc- m’ c m ens sic it mim u l s I h oc ’. n u t  \ ‘ . n - c i l  I n c i e I ~, l n l m i n u e ’ 5  n t t  ci t y I  - i c e u l  i l t n e ( p n -  ( - e - m i c - m e u t o r . ‘— i c _ i t m m m l
g round s mtre n - c t h c - , m u v s  cai-i-i~- ,I h1 ’ u n n e c  mac- , 1 n l m u n i e -  to ba c kp lane c ici e i t he r  :u t w i st e d  i n c u r  am
c’omu \ t n ’cu n snm i ss i o n u lint h i e l t l t s . ~I - s t u - c c ’  i m l  treunen’ S\ ’S tuIfli S l n : u c e ’  n l c - I n c ’ l l n i u -d h i r - a c i i ~ ’ n u n

‘‘ sh ie-Icl e el  cv imc- ’ t o m ’  t i u c ’ s ~ - lonc~c r  I i ’ m u i s t c r  i n c i t l i s . Ti l e’  t n - r n .  ‘‘ s l t i m l m i c - e l  cd l m - c ’ c i c’ tu m i l i v
i’ m ’ t e l- s  ~o n n i i u n i a t u m - c- cone -c such us 14( — 1 7 - l  1 , w i t h  t i n t ’  t ’ x c t ’ I n t i n l i thmat e’ocl c m e I i  c- ’ u l m m n - m ’ tOi’ s

arc- not r i s c - c l The’ t e ’ r m m m i n a t u c n t t  of the ’ l{G—17 - l, I c m l  n ’ C u t u i i e - i ’ I C I - m l - 5  ( 5  l n c u i n m ! l e c l  e t a  \ ‘ . I L I ,

s h~~c ’ l n  le ic h cc’ij’e’ . l i n e -  Ic - cc- inci te-s  ci come- ejeCt - li— eOIitiflUItv t l u i ’ n , u p i c  t I l e -  c c - f l o e - i t t  tail ‘ I n C a  S lot

a i n h n m c -e ’ i a l ) ly  c i ~ - g rm oIc’  s igna l  -,c avetomn is  01’ 
~- m ’ m j m m i l n ’ c - coupl ing - I In n  nil ’. m u m I t c i i t c - S mi me ’ :

e m .  U l- ’t lcc’c’ls mm m n  - g i n - c u l l ’ .  i’c’clucc’cl , CC m m l x  e m i t t e r ’! s I n  -id m ’ e m c b i c m t i i  - :  - .

\\ ‘m u c ’ c -I ’o r m n u s  :u m c’  m u 1  - i nc  n d , t he  c- C - f i t r mu l le ’c i  ( ‘c u t  n e i C l t , u t n e - n -  m u l t i - c c  s i u ’ etrusi t i c imi s

t i m : i m u gh t ime -  c r i t i c - a l  n u t i t ’  - n - l i  th rc’ n— m l i n n l l t n - p i n - n  -i I n - p i e ’  C i ’ cr i i t n —  c i i i  I u n u t mt  l u m n c I - ~
poi’e’h t cc’ m m c e ’ t n  - i n n  ( li sL e) I n  -

c- . \\‘e i ’ , ’ e - f n - u - m u i s  m u m m c l  coupli p L i i i ’  i t m d c ’ b n n ’ i l d u - n _ i  nt h c i i ’ m n e - s s i n g  in  thc ’ bund le - .

n I ,  l t ( ;  17-1 1’ h u e t t l c i l l y  Con- n h i - ’ onlc 7 5 —  t n t  t c c u s t e ’d pa i l ’  ciad n - i m l c  l~ ol ccc i s — l u  i i
n - -hn~-1cleid pal i- , i C e - u -  Cl  1Ii7 1 ( i- im t c ’ c - m u l  nni’ v st u t u l c

I ~ ‘I I-~ U C IUC U I I ’  Il ( lA R D  Cl ~u II - 

~ I)  I

I~ i - immt ed c ’i - e -ui t  hemc u i ci i~ 
m - n nt nmu cli n g rttlcr s m mmc c - c c  - - i c e d  t e ’om st iim c lcui - d in pie’ i t O  - t ime ’

ci’.’. m t m _- h n u i t g spe c-u s m t m s u n e - i c m t m ’ d  cc P i t  S e ’ b n n i t t l - , I n n - p i e’ , l i - - e n  t e l  g m ’ t i c i mic l i tm g c- C i i ’ t h n i cc-li l t - l i
cv e t rked  s a t i s t m o - t n i t ’ i l c  i i i -  s t m t t u h e u r e i  D’l L mu id I’~~E , l n n p i e  i t cu vu ’  I t i l t e l l u e n ’cI ~i u’ l m h m ’ n r -s w i t h -
th e- _ i — : t  n c m m u u n s c - c u m r n c l  scv i t  n - h i  m i - p  pt ’c ’d i-n e mn- c ci m -m e t !  n - - I  c c i t h m  L’d ’lu i ‘ 11kv I n m g i e .  cc i i  hi - - r’ -

ek - s i g ’un i - m bi e i c ’ e h u t - c - u t  i l e ’ c e ’l e u l m u - e l  c i t  I -c ’im era l  i - l i - c - h  i i c  i n n  l t e u n n u n l m - L hie ’ sc ’  s c c ’ i t e ’ l u m n  tc ~ s i - c - c ’ Un— .
H u n -  i t-c Ci  c c’i m ’ e - cc’ i - e m p  hi umu m m l  design I C  n m  - i m u i : m h l  q e m a m u t i t  l u -n n - I  e u  I C  m t R - u l c m m ’ c i m - e - m n i t  , t b  - t i m e  m

in -n c i p r imi te ’t  i cc i re - i i i  e u  t~ I I n - i  c-it  t i e - i  h e m  i _ ge -  p i ’t u d t m c t i t u n  - I ’  t_- u o H  cal n o i s e -  - i ’ -  I n h e r i t  C c i  m u I r - .
i b i p h l m p l i t  — n - I  t i m e - s e -  p u u i u m m t h i m m p  r i t l e’s c i t - c - :

PIU N I  b I t  \Vi iU- I t (  r \ J U )

_ i .  I ( ) I ’ i m t s  — 12 g n - - u c m : l u I  p ins n - n l t l e u l l c  - s i t_ ui- i - c l  t h u - i m p  t h e -  r C m u I u - - c - t u l — c m l - - - u - t u b  tn -
m e - n ’ n l mit I I )  si gn - t I n - u  - n  I mt t’etnt ce i cm n l t e ic’ m ,’itt ne,~t’hm\ m n - - t u m i d .

I n . h i m  - t i l e - c u t  c — cl  i ii ci m c I  i ‘ n iun u m i l iitmu —- ‘ h u e ’  I _~ t ’ t i i  n i l  e n n n n _  c i  u - c m  in u r e  - t m  i - m i  I t t  - n -  u u m m m e i
n i m nici  ( m u , m n _~ u I 1 1 11_ni ‘,‘, i ( I C  - I mac i  r t imm m i  - t i n -  - IS mi n - n i mu c-i i ’ m i t i e m i  I a l l  m c c ci  m i s —  i t - . t i m  ‘- — n I I i h t u _
I ’ m - - - ‘ t n i c n \ ’  b u t - tni i t c ’ ecI - n i C u i n e i c  l i n t  u n  - e t e n t t p t - , n ’ t i  I i i  n - ’ l h ’v t ’  c ’ - - n n p n - m ’ t i n u n i , i C a\ \ ~ ; t - r

t h i s  l m i ’ e t c t i m ’ -  i n - ’  c ue- h n r u i u n i n t n c m i  i t-n 1Hui-fi- - j i ) l m - .

-459 -

hilL, _— -~~~~~ — —- - -- - -  - ‘-~~~~~~~~~~~~~~~ ‘~~~~~~~



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

e ’. I lit’ hc uax -ch thu -n - - u gh is th e —mi t h ou m e-  cu - s  mmo i ’m m t cu l  . _\ l i e -  ~‘n~n - - c m c - n u u t  -p i o l i  i n ~~s e m i n -  t i c - n i  t o  t i l e ’

h e ’d n - t i  - h i u u i ’ i z c u m u t c m l  pm i n e m m i e l  i - c - m is  m i s  c -n n i u t i i m e t u  -cn n - -- e m s  l u t m n - n - i h l e -. \ ‘e - i ’ t i c c i l  ui i l l  mc’ m’ in_
( , , I n  Jo t mi m i _ it cc i d e -  c u t e -  mu ck _ h i - i l  i n n  t i e ’  the ’ p l ’ - - u ’ , m nch  i n c as t C p e ’ I I m l . l Ite r -c -  i i i -

e n t i t l e - t i  c i t  e ’ c t e ’h  i _ u t ’ . ’ .  cc in c - u - e’ — I - d e e ’  is e c c e u i l m m b h e - _

- C . l ’h e ’ b c m c u m d  Ici  t i l e -mi  m ’ c — c - x c t u  u e l i m e i h  c n m m c i  mu l c t n n u i l i l l  t e ’ e i i m u i m 1 e n n a  lmn - .e ’ ei t o  t i l l  i i i  t h e ’  ‘ m j n t  i i

e c u - c - eu - s  n i t h t  c~ t i - C l O d  i n i c u m u n ’ . Pi m u m m e ’ s  i - n e c - u - n t i s  c” i l l  e X i s t  n , ! 1  l -  I I  t - .idc ’ - - 1  t i n t
i , n n m t u ’ei c inch  l i n e  c d i e ’ i l l t i - i ’ c n - m l n c - e ’ i i  eI c c’ u th  C i e n t u u h _ n I i m n - m c u p b u  h i m - I c  S t o  t~u u - i m  t ’ t l e O c ’ S
C’ - n u t i c ’i -- cc l u c r e - c  m i  p u n _ a m  b le.

u , \\ mL’ i i e u t t c l n l c ’ t e ’  t h u  b n n m c u i ’ O  ~h motJ d h a ’ .e ’  th e- I o h l u ’ c v i n n - p e f i c u l  : m e i u - L t n - t i n

j u  ~ l u- t i  Ic- j~ l to  CIte’ i l p I l t  ~l ic n o  ui ’ ni  cs ci h m m n ’  st u~ e n n h l i e ’  m i f i c ’ tn e’U~ m~~c - t

~~~t ,\ h i e c ’ u s - i m e - u i t s  c i i i ’  u’ c ’ I e - m ’ e u i e’ ct c l h i ) g C - t h m e l ’  \ c ’r n , i e e t l l \  e t c i  cc - i t  m i - n -  i o i ’ u , ’ m n C m t e m i i v .

\\ I l - ~l- , \V 1~ A I ~_h P  u \ I ~ I ) ~

I1i ~ im m m s i c - cc m u m -c c r c m l u  I) ’ a ‘cl n i c S t g i t  t i m  ( ‘ C i i  c m n e n i  - - t b u c ’ i ’  I m m i l n m t u ’  m i t _ c  i C e ’S i te - ’ -r l ui n m c I t t - t -~ e n

p m ’ i - i ,ad  n i c o l e ’  n u l l  t n f l d ’  s i de  m l  t i l e  m n - c i t  c v i t h  t i m e  a i d e  1 u t n c - e - m  l i e n ’ m n u  t I n  n u t i m e -u ’ - O t t ’  - m l
he ’ b i t  ‘ c i  m el .  I c c ’ I e l s i e  I I C C~ l i i i  I l m i  s c u t t l e  Ciii i - ( i  n i n t h  m i n e  t c m u t u i  d e n -  I i  - C - ~n l ; n t ’ C - - l t I m e ’ I - - n t

‘t o o t  ml l i - S i Il  I m n o e c a s  t m - n - I l l  en ,  l-~~h i sieuu m el i n’l ut. I hose ’ e m i t - :

mu , 1_ i c’c ’ e o t i c  s i m ’ n c ’ ,- u h  t ‘ii  h u t s  c U e  m l , - e l i c ’ c i t c ’u 

~n t , c iuc - . I bis O l i n  k e m t e ’ -u pu ’ i m t i ! c - u h u s  cxh c-i’ e- cli . ~~i~~ l m n l  - ‘ i i  i l i e t l~ r - t i i ’ i -  ‘ . m e -  i - i

i e ’ u I ~t t c ’ i i i’ n s t  lu c - g l i c’l p i n  i u m n u c i m m c o  -

I n . i mcci t e l l  - t ’ t u l c ’s l i e u _ c ’ b i e c ’li I n  m c - ! c n o n r i  et ch m u l e  - I l i e ’ cc i i  ci e u  - - t . -a te - I ’  i - i ug~ :n mu

I n -  a n i f l h l i t i Z n -  i _ l i e ’ I - n  c _ t i c ’  C ’ m u u m h ! i m t g. l I m e ’  1 u m ’ u tg i ei e i i  c i i  C m  \ c m n - e c c  r e e l ’

n - c  s t e i n  n m  - - nltucc- n - :

( I i  Wi m n -  i i  ‘higi It e m m m c i i c  si  ~~ , a m e n  x m - t i n  Z n - S  ‘/ . l e t  c c ’  m I t - i c p t  i n -  - I l l  iflin m e l / i s  / ~. I i  e p t  IL-  -

\n h e l n -  ci c c - i n c - c c  l a i n  g i n  - r u l u c i  p i m d .  I ‘ i ’n t g m ’ c i i m m n ’ t ch in g i- u u u m m c h  ‘- . m e -s el i te  m l

c - e t c l n  i ’u n c c  c m t n d  ce u l e m m n i m i  tm n- n ’ l i m i u ’ : n t t ’  /,
~~ 

f i ’ c u n m i  Z ,  \v i i ’ i n n - p .

- \ m  k _ i s  hi - I d  ci’ icc u r  I t  m u  - -  - I t cj  c i-n t n t  i t i c i  i i  n t : n  mi n n r  I mu n m u u m m n  c I c - c u t  i n - m i  - t  c u l t _ I n p

- u t i t  - 
~
_t,m - a m u i  l i t e r  l C C

Hit t n m t i - -~ b i n _ i ’  n - i n n s u u c c ’ e s t ’u t l h ’ , e t j n p h m u - c l  i n  - s i - c t - i - c t !  t m ’ e m i n m n  u s - .  \ I n c

- \ c t  n d - b  - e m ,- n i l l - l i  e d t  , ‘c i c - - n f l  m m  r u g  c m ii t h u  L V I  t~~’ e n  I hu t  - mu u - i l  hcm ct  l i e - t I n i c - c l t i e m  ‘ C i  I i i -
- - - I c  t i  i i  - cc i i’c’ I n n  c c i  i c ’  c’ o t m i u l  h ip  i - m n  t i m e -  h i m - c m  n h  i c o n  he I- . , i i  s b cc I - .

- - - I l  - a t~~ t t  up  t im e g t - m u i m u n h I I c l i m e ’  cumd I l u n  - e -  - - s-i m m q  ti c ’ cc m n t ”.’. r i p  n - i t  he  s- - I - ’ I ‘ i l  I i -

I n n  I ~ e m t e s  t h e ’  1 m w  u m u n i s e ’  cvi i- c cc m c m l i  i t t  ne i i ’ ( l  n i t - c  t h u d  -- ‘ci t n  m h ig l u s - h i c ’ t ’ dh hi  p t

( i _ s t  
- 

l , i e” ,h u~n.t” n

( m t C u i  i i i  h i m  u p  Cl mmcl  p i - i - i t  mmci nit n t  n-. n l i-u c i i i  c_ in  - il ’ t ’n mi n i - m i t _ m t  c t  t t i e h i  t i n - u i  I I m: i t  I - - - m t t m - i l  I g nm u  - n ’ — m i  ‘ u
I t - I t i t  c i m u  - \ h i  - h n t ’ u - j m i I m n ~m l  I t -  m ’ i - i - . t u l i _ i -. I h i n - .  i s -  n i u t t  c n i h ’ .  t i ’i it - I I I  t i ’ m i l u m c - m n -- h t t i t  t i r e n n I l .

s h i n , - i n c - I  n ’ n l m m u m u - e i e i i I .  I u n m t i i l h c i m n n  t h , u t  l i m i t - c  e ’ u - m u t h t m ’ ’ u i  n-~t i I l n \ i t i-. ni  l ! t T 7  l e e - c o i n - - c -  Pu t
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l- M ( ‘ corn tmm i n  l i l t —  m i t  ne’s il c u t s i n e - C-i t c g m  n c u m m e i  i c - u i  s - i  - c j e t c m u m t l t m m t i c ’ e - l c  - ( ; n  ‘nc re m! h - l u - u - I  i’ic- us

e u t t e ’ n u u i u t j l u g  0 -  i n tL t l m i i - .  t i’amisi t it u nm olm time’ l iS( ’ s I l l  s e u t c - l l i t e -  cc l u c i a  c i n i u l t i p c u i u i t ‘p m  n c u n u n l —

i l ig c’i i c - ’ c - l u t  is n i i , u i m c h m i t m - n  c lu e -  t - -  the ’ i m t m c l c ’ e i i  t h m u ’ e m t  n u i d  - s h t e i e ’ i ’  p h c m s n n n . u  c ’ i m e m m ’ p t n i  e u m u n h

e b i s c i t e i m g i m i g  c n u m i i l i t i - - r m s - . I - t m ’  t h i s  c i p i m i l e - m m t i C C l r , I ; e - n u e m c i l  l -1 e -e ’t i ’ i e  s-l n ’ e n l i c S  t l t c u t

e m n m m m p c u l i e ’ l m t s  l i n m i t  the ’i i’ l m m n i u d m l d t i n e u -c l  p o\ve- l ’  l ine ’ c - n m  I n c - n i t , t h u s  the 1 1 t h — c i n j c ’ i t m ’ n !  I I I -

th i ,’ gr e u e mt mc i  ci ’. s - t c n t n  is  m i u i u u i u m m i z ~- u l . I ’hi’ s h n e - c u f i e - e i t i eu nus  e l l a  m m d l i i i  i n  t h u e i t  i m i t c - m l e n c - i e c,

i’ u m i l m i u c m l u e ’ n u t s  l ie te ’ s- t n ’ ml l n n ~ i m m t t ’ c - t i n u g gi ’c u u m i d  m i u m i s e ’ cuu i ’ m’ e’ u m t m-n ( s l m i i c S t  hj e ’t ’ .c’ e’i’it t i c - u

c h m c i n - ’ - i s  c c I ’ n ’ u i u i n I - ~. I h i s  i n n j l i i l s - ’ i i m e f l t  c l r i c  c _ - s  c i m m ’ i e ’ m i t  i i u t u ’ i l m c ’ e’ dc’ r— u g m u e - m s  ten  c o m m - s u b - i ’
c onm i  l m u c u m m  mmmi  i d e -  111 ) 1 - nm u s  cc i’!! ems the ’  s te u t dcm mci uunti’ mm m c il I i -  l i e ’ i i i  i s- . . h h n n p e I i i l  i - - , i i . - - i c

e ’ n m c - i m u n  e l’S cv i l l  m e - e t h Ic ’ t ime i t  t h i m ’ m’ e ’ e n l  ~~~~~~~~~ l u r t t b u l c - m n n n -  in c - eel  n i ’ i m i g cm m n  e ’ e m L l r - m ’ u I  ha  1 ’  ‘ ,~~i l 1 t i
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ABSTRACT

A netwo rk of conductors must be in stalled in large sca le d igital si mulators

and trainers to form a chassis ground re fe r en ce in the o ve rall ground ing system.

The network is used to maintain equipment chassis at c qual potential for safety

reasons and is also used as the reference’ ground for high frequency equipment.

In recent year s, simulators and t ra iners  have increased in size and the electrical

and electronic equipments have had to process hi gher and higher frequencies.

Consequentl y, the importance of the chassis ground network has become more

prominent. For these reasons , the desi gn and imple menta t ion  of chassis ground

networks has bec ome a subject of special interest to personnel responsib le ’ for

grounding systems.
This paper describes the components and instal lat ion methods that have been

successfully used to for -rn practical low impedance chassis gro tmnd networks in

several large trainer and simulator sc’stems. This paper describes network con-

figu r ations , types of conductors used , and bonding method s employed. The rn e asum- e - n b

resistance values of several ne tworks  are presented.
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On The Design of Chassis Ground

N et w o r k s  Used in Large Scale  Dig i t a l

S i m u l a t o r  Sys t ems

C.  W . Gowd esk i
AAI C o r p o r a t i o n

Bal t imore , M a r y l a n d

Abs t rac t

A n e t w o r k  of conductors  mus t  be i n s t a l l e d  in lar :,nr s c a m -  d f s - i~~a 1 sjnntu n l ,itor s
and t r a i n e r s  to fo rm a chass is  ground r e f e re nc e  in t I l e  o v e ra l l .  ~- r n i e n i m~ in-p
sy stem . In recent years simulators and trainers ha v e-  i n c r e a s e d  im t - m l , ’c and
the electrical and electronic equipments have had to process u i , n b i e ’ r a i i d
hi gher  f r e q u e n c i e s .  C o n s e q u e n t ly , the i m p o r t a n ce  of t b i e -  C l i c i s s i s  e r m ’n c :d  i n t t -
work has become more prominent .  For t hesu -  reasons the des  ipn ci t e - mI imp 1. n n n m  e~ ci -

Lion of e-hassis ground networks has become a subject of s - p e -ci~cl j f l t n - n - eS ’. t o
pu ’r s o n i n c l  r e s p o n s i b l e  f o r  g r o u n d i no  s y s t e m s .

T h i s  pape r  de s c r i b e s  the  componen t s  and i n s t a l l a t i o n  ‘in c - th i o d s  i l m ~u t  im eu v e-  b c t ’
s u c c e s s f u l ly used to fo rm  p r a c t i c a l  low i ,mped an cm - chas s i  - ,d r m ) e m m u d j  r e m - I  w ou  ks
s eve ra l  l a rge  t r a i n u e -r  and s immn u lat o~ sys t ems . T h i s  pape- m d c - s e n  s m m u t c , a u  - _

c o n f i- p u r a t i o n s , types of conductors  u s-i ’d , and bondi t i p  ne c - t h o d s  n -~ - L u - n - - c L  -
measured r es i s t anc e  va lues  of sever , u l  ne tworks  ar ~ - n r~ m i n t  u d .

Introduction

The chassis of the various electric a l and e’lc- ctronic c’ q u n i i m ren m  C t~~ i : n  l , m t . ’e’
sc a la  d i p i t c i l  s i m u l a t o r s  and t r a i n e r s  m u s t  b i-  i m m t e r c o n n e c t c  and or  n - - d n d  i.-

the  b u i l d i n g  e l i m  t r i c a l  s a f e t y  ground t h r o u g im a nic -tc -uo rk ot m n n n m d unc t o r n  - l I m e
net w o r k  serve ’ s t~~o p u r p o s e s  i i i  the overcmll e-, rocuidinm ~ - - en -n -- c . i t  - n i n - ~ -d i t n

maintain equipm ent chass is  at equal pot i - i t t im i l t .  r s , m t  c- I ,‘ mm asons  m m d  i i  i n

also used as the  r e f e r e n c e  ground f o r  h i ii f r e q u e n c y  si  c u u e m l  - I i i  m n s  , mm md
sh ie lds . Be - c ause  of the f r in q u en c  ic-s i n v o lv e d , a low i n m n n n c - d , m u m e u  m m c l  c~’or b - . 5

e s n - ~- n t i a l  f o r  e f f e c t i v e  p e r f o r m a n c e  and c a r e ’ mtm n— t be u x - - r c  i sc- cI ti m t h e  s - i -  ice-
t ion and c o nf igu r ~u t  inn ot c o m p o n e n t s .  n ’or t I , ( ’ S c ’ t n ’ i i S ~~ n s -  t h ~ c h i c i s c i L s  g r - - n n t n c l

network dese- rv t-- ; special , n t t e n t  tori .
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Although man y note’worth y art ic ic- s have  bc- en writ ten a b o u t  g r o u n d  inc  Sy s t e m S .

discussions related to time design and irr iplet eni ntati on of chassis ground net-
works have been notably absent from most publications.

There fore , it would seem logical and t imely to describe’ existing system s so
tb-i t , after review and c r i t i c i s m, r c-commnee -ida t iorc s fo r  ircup rov eme nc - m i t  can  be
proposed.

This pape r describes the conmponents and i n s t a l l a t i o n  m e t h o d s  t h a t  I i J , ’e- b e en
successfully used to form practical low i m p e d a n c e  chass i s  ground  n e t w o r k s  in
several large trainers and simulator systems.

But , be fo re  proceeding to the chass i s  s -r o u n d  t i e t w o r s i t  m c i v  ~~ bc - t e n - f  i cia l
to desc r ibe  the overa l l  g round ing  s y s tem .

O ver a l l  Cround ing  S y s t e m

The grounding system in a trainer or simulator facility is co mn mpr i sm -d o f
separate ground references for primary power  r e t u r n s , s i g n a l  c i r c u i t s, and
equi pment chassis . Power and signal circuits arc equipped with wired
returns. This grounding method imp lements the- single-point princi ple at low
frequencies and multiple-point princi p le at high frequencies. The advan t su ue e s
of t h i s  hy brid grounding  approach have been described by other authors 1- .

T h e - r e  are two reasons for the separate ground refere-nees . One reason is to
i so la te  primary powe r current  from chass is  ground to ensure s a f e t y .  Anot hc ’ r
reason is to prevent interaction and coupling between powc-r and signal cii-
cuits ic n c m t would otherwise result in unwanted conducted interference .

Customaril y , hi gh frequency si~~m n a 1  return s i r e -  t e r mi n a tc ’d to chass is  n n r o n n n d
using time multi p le-point grounding principl e’, w h i le  low frequency si gm -ia!.
return s and primary p -ut-n returns are isolated from chassis and sur e - s u ’ p a r a t  m l ’ ,
and itmd ependentl y retur n ed to the building electrical s~mfe - ty g r o m i l r d  point -

Al though the chassis ground network does not normally conduct low frequen cy
si gnals or primary power current , it must be d c - s i g t i e d  to have this c a p a h i l i t e
c o  p r o - in - - n t  a build up of dangerou s vo l t age  l eve l s  it-u event  ot  an e l e c t r i c - a l
- i n o r t  . In either case a low impedance network is essential. F t  si s t ance’  is
another  importan t consideration , because contracts often specitv t ha t  DC
resistance- between any two cabinets must be less  t han  5 mil liohms when
c nn men nrcd bu ’twcemi the cabinet chassis ground points. Thu impedance- o~ a
large network of conductors is comp lex and difficult to evalu ate . cTh t h e -
other hand DC resistance measimremerits are relsutivelv e’e i s v  to perform and
give a good it-m d teat ion of the i - f fe-ct iv -nc s s of bonded connections. For t i  n -
r ea se)ns c ar e  must he’ exercised iii t i m e -  selection of c c)mflp~n I i e n e ~ and in ftc’
configurtmtion of  the ’ chassis ground network.
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Component  S e c t i o n n  and N e t w o r k  C o n f i g u r a t i o m i

When selecting the components to form the chassis ground network some of the’
more i m p o r t a n t  cons idera t ions  a r e ’ ind u c t a n c e , re sistance’ , c u r r e nt  c a r r y i n g
c a p a b i l i t y ,  s i c i - , a v a i l a b i l i t y .  and c o s t .  Although w i r e s  and sol id  conduc-
tors can be used , copper tubing is a reasonable compromise among these con-
sideration s and is often used to form the main conductors. Ground straps
must be used to connect equipment cabinets to the tubing.

Figure 1 shows the f loor  p lan of an ex i s t ing  s i m u l a t o r  w i t h  copper tubing
arranged in radial configuration . The heavy l ines  rup re nn eui t t h r e e  l e n g th e
of 3 / 4  i n c h  con t inuous  Type K coppe r  t ub ing  t h a t  are  a p p r o x i m a t e l y 15 , 32 ,
and 34 f e e t  l ong .  C o n t i n u o u s  t u b i n g ,  a v a i l a b l e  in r e e l s , was  used to avoid
th e need for soldered j o in t s .  Ground s traps of s h o r t e s t  p r a c t i c a l  l e n g t h
were  used  to c o n n e c t  t he  t u b i n g  to t h e  equipment cabinets and to t he s\’stc’t t-,
ground p late to minimize inductance and resistance . Of course , the system
ground p l a t e ’ , shown as t h e  f i l t e r  pane l , was s i m i l a r ly  c o n n e c t e d  to the
building ground p o i n t .

Flat , flexible , tin p lated copper ground straps we-re used to make the
v a r i o u s  c o n n e c t i o n s .  Flat straps p r e s e n t  a lowe r i m p e d a n c e  t han  w i r e s ;
flaxible straps resolve the mechanical p r o b le m s  of c r e ep a ge  and expansion ;
t in p lat ing helps to prc’vm -n t corrosion when joining dissimilar metals.
Ground strap dimensions vary w i t h  a p p l i c a t i o n . Width  is n o r m a l ly  2 to 3
inche s , while length may be 9 to 18 inches .  Current  ca r ry ing  capab i l i ty  is
depen ten t on circuit breaker ratin g . Most power distribution sy stenms uSe
many circuit b r e a k e r s  r i t e -u i at 15 and 30 amper e s. Ground straps are nor-
mally designed to conduct on overload current of 5 to 10 times circuit
breaker ra t ing  or abou t 100 to 300 amperes.

In large i n s t a l l a t i o n s  where a great number of conductors resist be use d in
grid c o n f i g u r a t i o n  to lower the  t n e t w o r k  i n d u c t a n c e  and rc - s i s t a r m c e - , the  u se
of copper tubing h - m s  p r ac t i ca l  l im i t a t i ons .

In a la r g e-  f a c i l i t y ,  an e l e v a t e d  f l o o r  sys t em of r i c i d  grid construction in-

normall y i n s t a l l ed  and the grids or s t r i n g e rs arc - used as the main condu c-
tors  of the chassis  ground ne t w ork .  Thee ground s t raps  used need not  d i f f ~ r
f rom those used w i t h  c o pp er  t u b i n g .  F igure  2 shows c o m p o n e n t s  of  a r i  13
grid f loor  system . The f l o o r  s t r inger s  are b o l t e d  to the p e - m t t ’ n - t a l s  t o  fo rm
a grid of two- foo t  squares .  Rig id g r id  f loor  sys t ems  i re - av ,uilab lt - in ste - c-i
or aluminum and are desi gned to have low r e s i s t a n c e  c h a r a c t e r i s t i c s . Fi cei i rc-
3 shows the- f l oo r  p lan of an e x i s t i n g  t r a i n e r  t h a t  c o n t - t i n s  an a l e m m i n u r e m
r igid grid f loor  sys tem . Am a l u m i n u m  f l o o r  was used he- c aus e -  m e a s u r c - m n s - n t e ;
showed i t s  r e s i s t ance ’  was much lowe r t i t a n  t h a t  of a s i m i l a r  n - t i - e l loor .
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Figure  2 . Rigid Grid Floor System

Bonding ~-lethod

mit -n i n s t a l l i n g  ground s t raps  the bonding method must  ensure  a long l a s t i n g
low r e s i s t a n c e  connec t ion . Al though  wel ded  connec t ions  are o f t e n  pr~n u i u r r u d .
bolted connections are adequate for most app lications , are easi er to install.
and also enable quick alteration should the need arise .

In the systems that have been described the bolted connection methods shown
in Figure 4 were used with a conductive sealing compound and were found to
be adequate for this app lication .

Network Resistance

Referring again to Figure 1, the heavy lines simown represent t h r e e -  separate-
lengths of 3/4 inch continuous Type K copper tubing that are’ approximatel y
15, 32, and 34 feet long. The DC resistance of this type of tubing is
approximatel y 51 microhrmus per foot. Measurements have shown tlm ,ut t h e  a v t - r , i u
ground strap resistance and the contact resistance of bolt ed c o n n e -c l i o n s  is
slig htl y lower.

Resistance mea sur c- m ree ’r m t we- re- made frommu the  sy s t e m  ground p l a t e  to e ach equip-
ment cabinet . The measured resistance ’ levels r , u m i g e u i  from about 1.5 to 5.0
m il l io h nm s , with no measurement exceeding 5 millioimm s.

For the  t r a i n e r  shown in Figure- 3 , r e s i s t a n c e’ i t ie - t n - i i r e ’m n c n t s  we ’re -  m u d u -  f i u n m n n
Un i t  17 to a l l  o ther  c a b i n e t s .  The ’ re-suits of t i n e  measu r emen t s  .mr - shown
in Ta ble 1. Al l res is tance  levels  were less than 5 m i l l i o b m m s .  e

n
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Tab le  1

From Uni t 17 to :

UNIT RESISTANCE
—— (MILLIOFThtS)

15 2.34

16 1.79

14 2.26

18 1.53

19 1.31

20 1.29

21 1 .22

1 2.40

2 2 . 9 7

3 2.65

4 3.60

10 3.55

7 3.55

6 3.40

8 3 .51

9 3.83
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Conclusions

From the l imi ted  app l i c a t i o n s  t h a t  have hce ’n des- : r ibed , we m a”  conc lude
the pe r fo rmance  of the chass i s  ground ne twork  is dependen t  to a in e a j o r  uiC
on the components used and on the n e t w o r k  c o n f ic u r~o ion .

It has been shown that:

1. Copper tubing arranged in radial confi guration is adequate
for small installations.

2. False floor systems arranged in grid confi guration is a
close approximation of an ideal reference ground and can
be used in large installations.

3. Bolted bonding methods were adequate f or  ground strap
connections in the installations described .

Digital simtmlators and trainers will continue to increasc in size’ and us
equipment that must process higiter and higher fr quenc lee s. Therefore , a
of time design considerations discussed herein should be conrine:allv c-vai
so that recommendations for improvements can be proposed .
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ABSTRA CT

Raised floo rs are commonly used f or ele vati ng elect ronic cabinet s above
the sub—floor allowing cable s , ducting and piping to be routed out of view . l io l t ed -
Grid floors can also be used for providing an effective ground refer- -nc-e . This
paper discusses and gives design guidance on the selection , testi ng and installation
of raised floors for grounding purposes.

\Iaximum scale factor values derived f r om an analagous floo r model are
presented f ar  floor sizes of 38’ x 58’, 58’ x 58’, and a family of 2S’ wide floors
rang ing in length from 18’ to 118’. The scale factor allows the user to determine
maximum worst case point—to—point resistance for a floor based on grid resistance,
pedestal to grid junction resistance and straight l ine  po int—to—point  distance .
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I~TR ODUC l I O N

Elect r ica l noise p ro b lems have red~nce d ~~ efficiency of electronic

training systems such as flight , weapon and ‘~-.‘ar game simul a tors. A

number of these problems have been associatec with simulator grounding

syster-~ dc~sign. Most large scale simulators etilize a combination of

opera t iona l , commercial and contractor —desigred equipments and stbsystems

whose si gnal ground systems are seemingly incompatible. It was hypothe-

sized that grounding problems due to poor bards , como n and long ground i ng

conductors would be avoided if an equi-potentia l ground reference systen

could be provided . Since most simulatcrs were provided with a raised

floor system it was felt that if a low resistance could be achieved

between the metallic parts of the floor structure that thi s vast network

woul d provide an equl-potent ial reference system .

The i nforma tion conta i ned i n th i s pa per rep resen ts the i r us e for

several years . Included in this discussion dre :

a . Background informat ion on raised floors

b. Ra ised floor specificat ions

c . Experiences and problem areas

d. Raise d floor mode l
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Raised Floor Systems.

Raised floors are used to structurally support equipment cabinets

an d prov id e a space bet ween the or ig ina l  fac i l i t y f loor an d raise d f l o or

plates for cabling, air plenum or air conditioning ducting, piping ,

drains , etc . Raisea floors provide an esthet ic room appearance.

Three general types of floor systems manufactured are : a) the free-

- 

- 

standing, stringerless or pedestal -only type ; b) the drop—in grid or

- 
removable grid type ; and c) the bolted -grid (stringer) or rigid grid

- - system .

- Free—Standing, Pedes tal Only or Strinqe~jes s System.

- The pedestal onl y system i s shown i n f~gure 1. The pedestal ba re

- is g lue d or “shot” in p lace to form th e basic  un ders truc ture The

-
- 

pedestal heads are leveled and floor panel installed. The conductivity

between di stant  pedest als  is var ia b le and  un re l i a b le , making it unsuitable

- - 
for a ground reference .

- 

- 
Drop-in or Removable Grid System.

- The Drop—In Gr id System i~ shown in fi~ ure 2. The en ds or str inn~-r-

- are retained by engaging p ins or- depressions in the pedest al head. The

- stringers s-~poi y support and when newly ins talled provide comparatively

low resistance contact to the pedesta l head. Equ i pment cabinets resting

[ 

on thee floor panels nro”ide increased car tuct pressure in certain areas.

- Severe ~- rrosion an~ ;nre li a bl e e l ec t- ~ica
1 
~ontact have re~u l t 1 due to

dirt , moisture and floor cleaning/wa ~ iri g compounds t ilterin g t h r o u~ ’i
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crevices. This floor sysLm is also considered unsuitabl e for a reference

plane. Floor panels restin -g on the pede~ta 1 s and gri ds are comnonly

24” x 24” a l tho ug h they ma y be purchase d i n 0” x 30” dimens ien .

Bol ted-Gri~ Strin~eñ pr Ri 9jd_Grid SLS tern.

Shown i n fi gures 3 , 4 and 5 are bo 1ted~grid floor systems . The

systems are similar to the drop in grid except the grids , when p ro perl y

i n s t a l l e d , are securel y bolted or clamped i~ place. The floor panels are

normally 24’ x 24 as in the removable grid system. The indi v id L a l grid

len gths may vary . Some manufacturers .se “ -ra in ” s t r in gers that  span

three pedestals (approximately 6’) while the “cross ’ stringe rs are

less than 2” (for the 24” x 24” floor panel ) .  Ma terials used for

strin gers and pedestal heads are ste& and aluminum. Standard floor

panels are steel or alun-~num with a selected floor covering.

RAISED FLOOR_ SPECIFICATIONS

The Naval Tra ining Equipment Center (NAVTRAEQU IPCEN) wrote and issued

a raised floor specification (MIL-F-29046 (TD)) in 1974 which is included

with amen dments in Appendix A. As problems are experienced , amen dmen ts

are ma de . The f i rst two amen dmen ts hav e been because of p ro b l em s requ i r-

ing resolution. This document is actively used in raised floor procurement

by NAVTRAEQU IPCEN . It is unknown whether other government agencies have

rais ed floor specifications at this date .
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EXPERIENC ES AND PROBL [~1 AREAS

The experiences, i n genera l , i n u s i ng ra i sed f loors for a grou nd r e fe rence

have been excel lent .  Problem areas that des~gners should be awa re of are :

a) Installation practices

b) Site preparation

c) Floor system checkout

Iiis tal lati on Practices.

Installat ion practices have caused poor bonded joints betwecn pedestal

heads and stringers . These are primarily due to:

a) Pedestal heads heavi ly oxidized and dirty when bolted

b) Use of poor bolting hard~”are

(speed nuts , sheet me tal screws)

r) Bol ting hardware not installed or- rot properly tightened

The installation contrac tor may receive aluminum nedestal heads from the

manufactur ing plant that are heavily oxidized . The joint surface

requires minor ab rasion and perha p s a li ght coating of a joint p ro tec t i ve

compound. The joint compound should be particularly considered for non-

car pete d f loors  where mo i sture , cleanin g compounas and wax would settle ,

degrading the joint (sometimes severely ) in a several year period .

The use of im proper bolting hardware has caused unr eliable joints.

In one case the floor manufacturer used sheet . metal screws to hold the

stringer to the pedestal. Another floor system that previously used

standard nuts chan ged the desi gn to use a “ - l i p” nut wh ich deformed ,

strip ped fastener threads and created loose m ints . This “clip ” rut
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is shown in figure 6 and is called the grid lcck nut by the nar actu -er.

M IL — F -~~~-jO46 was modif~~d to s pec i f i ca l l y  prohiHt the use uf that typi- of

hardware .

It is reeo—~i endeJ tha t the installaticn crew be briefed and the

floor tested , i f  p o s s i b l e , with floor panels not installed.

Sit~j~~p~ration .

The basic problem of installation site preparation ~s the a- .oidance

of un des i re d me tal contacts from fac i l i ty  du-::ing, piping and s t ruc tu re .

These inadvertent contacts present a definite rcD:l em in chec lin g out

the f loor installation. It is mystif y i n g  to rea d decre as 4.r j resistances

as d i stance betw een reference an d tes t po i nts are increased.

The raised f loor s that were f i rs t  used for reference grouna ‘o~ -~o rk s

were isolated from the facility . A number of later in sta l lat iut - . ~-~ere

compromised severely through multiple cuntac t to other metallic structures.

No interference problems have been experienced at these sites. It is

unknown whether leakage currents fro~ the fu cility were injected int u

the ground reference system or , i f  so , the raised floor structure preserted

such a low impedance that potential approaching the interfer ing le~~ ~ -r

never reached , perhaps both.

Floor ~~‘~~em Checkout.

Raised floor systems that were provided wi th the simulator w e re not

tested separ a te ly. The contractor  was t’eq u i i.d to not to exceed a s pec i  led

res is tance va lue , usually t~ riil li oh ns , betw -~-n cabinet chassis .  The poi~~~
of the government supplying the floor at the ~rain ing facility ~~~~ le d N
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need of ensuring the floor is suitable as a ground reference over a long

term period. The specific means of testing the floor as a system has

not been fully determined . To this point, tests have been limited to

making resistance measurements between pedastals and stringers and

between arbitrary points of the floor grid (‘1ii th floor panels and

training system) installed . Typically, a pedestal head to stringer

resistance will read about 4O~.~.c onms . The specification (MIL-F-29046)

was changed from 5OO,,~ohms to lOO,,,uohms as an effort to eliminate poorly

bonded joints .

The instrument used for field measurements is a modified Shallcross

Model 670A Mil liohrnme ter. The instrument was changed from battery to

AC power input and test leads were lengthened enabl i ng 75 foot measure-

ments to be made.

A probl em arose with field measurements when poor installation

practices coupled wi th multiple connections to building metallic structures

were found . The resistance readings were unpredictable as a function of

distance. To further compound the problem was the specific resistance

value between points of large , isolated , properly installed floors of

arbitrary dimensions was unknown . Poor joint connections were located

through individual measurements. To solve the resistance measurement

problem on a system basis led to a computer program search (unsuccessful)

and the, construction of a scaled model of the floor grid wi thout panels

for typical floor sizes.
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RAISED FLOOR MODEL

An analagous raised floor model was constructed to deter~nine axpected

worst case resistances between pedesta l heads of floor sizes typically used

in simulator installations. ?~ definite problem exists wi th the floor or

its installation if the calculated resistance is exceeded .

The model was constructed of 12 terminal boards , each representing

an 8’ x 28’ floor. Over 1700 1 K fj.. + 5~ resistors were used . The

terminals represented pedestal heads while the resistors represented the

total of the grid and the two grid to pedestal junction resistances.

The 1 Ku. resistors are approximately io 6 times the actual values encountered

in the field. Due to high usage of the 24” x 24” floor panels the resultant

graphs reflect the 2’ pedestal to pedestal distance .

Three sets of measurements were made on the various model floor

sizes. The first represented the highest possibl e resistance that

could be obtained . That is , an edge corner pedestal was used as one

point and measurements were made to all other edge points . The second

set represented measurements made from pedestals l ocated 4’ in from the

edge. This was selected due to the actua l minimum spacing required

between electronic cabinets and walls. Considering that the bond

straps from the equipment cabinets are desired short,the 4’ in spacing

simulated actual hardware conditions. The last set of measurements were

made to determine the l owest resistance obtair~ab1e in a straight line

measurement. These were made in the center of the model beginning at

the center and working towards the edge in two foot increments . This
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value represents the l owest value resistanc~. that one can expect when

the floor panels are excluded and no multiple connections to the building

are made . Figure 7 illustrates the measuremert philosophy that is

related to the data graphs .

The graphs shown in figures 8, 9 and 10 are the designer ’s resistance

value guides for selected floor sizes. The scale factor shown on the

axis was calculated from the measured value between the two pedestals

at the model distances shown divided by the 1 KsLresistor representing

the single grid and joint resistances. Figure 8 gives the data on a

simulated 58’ x 58’ floor . The peak on the top curve (edge) represents

an increase of the corner to corner resistance (points a to b , figure 7).

The final end point is the diagona l (point c , figure 7) with the l ower

intermediate points at edge pedestals. The distances after the 58’

point represents straight line distance to the pedestals from the corner

reference point.

On the 4’ in graph (figure 8) the first peak represents the distance

and resistance to the 4’ in to 4’ in corner points (points d to e — figure 7).

The final point (f - figure 7) represents the distance and resistance to the

diagonal . Figure 9 is done similarly. The first peak of the graph is the

maximum value at the indicated distance (the 38’ corner in the edge case).

The values of the edge and 4’ in curves are the maximum values calculated .

Figure 10 takes in a whole family of 28’ wide floor sections . Each peak

represents the edge corner to corner resis~~nce. The diagonal shown by

the dips in figures 8 and 9 has been deleted from this graph since it

is equal to or less than the main curve . The slight peaks in the 4’ in curves

were deleted cue to their increase being so minor.
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To use these graphs the following i tems should be known :

a) The floor exte~’na1 dimensions

b) The actual stringer resistance

c) The maximum permissible junction resistance

d) The at line distance between floor points desired

The floor external dimensions will determine which graph to use.

Use the one with closest diinensicns if not listed . Select the distance

between points desired and rise to the appropriate edge , 4’ iii or

center line . Read the scale factor. Add the stringer and two

junction resistances , multiply by the scale factor and the theoretical

resistance value is determined .

Figure 11 shows a comparison between calculations ard actual

measurements made on an isolated fl oor using steel stringers of the

type shown in figure 3 with a typical junction resistance of 30” ohms and

floor panels installed and making good contact wi th pedestals and stringers .

The use of conductive vinyl sound deadening pads and grid strips increases

the value to the point where the l owering of the resistance due to the

panel s is considered a non-controlled gratuity . Even those floor panels

with copper grounding “clips ” cannot be relied upon due to the fragile

nature of the “clips ” .
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MISCELLAN Y

Connections from the electronic system and outside world to the floor

is important. Clamps , if used , should be installed on the uppe~ pedesta l

assembly to avoid the relatively high resistance be tween the lower

assembly (that has the base) and the uppe r column . The grid to pedestal

fastener hardware can often be changed to allow bolting a bonding cable

terminal directly to the pedestal head . It is feasible to obtain

additional ç~rid locking hardware and use it to bolt the bonding cable

terminal to a grid. Another means of terminating a bonding cable is

to drill a hole and bolt it to a non-heavy weight bearing stringer.

In ~.xtremely humid environments where corrosion is con~non , the

use of corrosion prevention compounds is recornended. Bolted joints

can be covered with a non-corrosive silicone-rubbe r compound that will

protect the joint for the life of the installation . An ice cube rubbed

on the silicone-rubber will smooth it and make it appear as a professional

irlstallation .

Carpeting selected as a floor-covering , should be of a low static

or static free type to prevent possible spurious signals or component

failure when touching hardware . MIL—F—29O46 contains this but surveillanc e

is required to ensure its use.

To determine the degradation , if any , of the floor wi th time ,

resistance measurements and method should be documented and available so

that repeat measurements can be made if ground reference system problems

are suspected or periodic checks for degradation made.
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CONCLUSIONS

The MIL-F-29046 specification provides a ase for raised fl oor

procu~enients . Utilizing it plus the guidelines in this paper wi fl provide

a ground reference system triat is wel i-d~sigr..~J , properly installed and

lasts for the life of the elec tron ic sys tem i nstallation .
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APPENDIX A

MIL-F-29046 (TO)

Flooring, RaiSed , General

Spec i f ication

-499- 

1: k . ,— —~~ — —~ ~~~~~~~~



_ _ _ _ _ _ _  -~~--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ---~~~~~~~~~~ -- . .

~~~~

z
C. ci o c  cc-
1.. 4 . 0  C.

C c -
1-- c-

4 )

. J  I. là .-c ~.. c .-c ... =
~~~c~~cc~~x c c. cc —~~~, o c  —z là Z 1) C 4: .-~ a cc. — -a i~.2 r ~ -~ cc, - 0—~~
. 

4. 0
C . c 5  c c - z a

- 4  >.
.40
C < t .- 0

. 0 4~~~4. 4

C •— .m . .~
cc cc4— —. < 3_ .-c t~ C)

-~ CC C. 0 C )
at — . 4 0  — 0 .-.

44. ‘Hf l  C

~~~44.4 .4 C C . 0. / C 41 Cc
40 0. — -.. 0.
- cC —. -~~~ — --4 C

c~~~-..4. —-4 — .44 cc
— -.4 0 4 1  0
— .44 4— 0 4 - c  ..c 41

o 4 0 —,

., -~~~~~ ~~~~~
0 0
4 4 , .

-.4
-4—

•1 - .4-
C C C

. ) C  C. ( t o

o -

0 :  -4

~.
~0 4 4 .0 — )
C . )  .4 .) C  .0 cc

0. 4 4 0  0.
4 / 4 44 44 44
4 4 C . > 4 . 4 4 .. 1.

--4 .444 0. .. C . *) - -,
.0 0. 4 /4. C /44 .4 44
E—. -- /44 0. a’ 0 0.

‘S
• . .~ 0.
-ø 0 *  —. C.4
0 . 0 1 1  > 0

0 0  0 1 . 0 1. 4.0 .0
1 — 1 1  -.4 11 0 1.4

.4, 4-
~~~0 ~0 W C .  U“4 ‘0 0. lI 0 .C (l ..I C

i-I — 0’ 0’ — 1 11 1.4 _l S ~~
414 1 . 4  .-. l o l à o S  a U

‘0 I  I) I 11.0 1.l U
.7 -~ .~~~.0 4 4  441 0 41

* 0 0 . 5
g o .  a:—~ 1 1 1 1  * 0  0. 0.
0 4 -  11 4) 14 1.4 11

• 0 . 4 4  C I I  a 0 0 1 1.C
0 1-. 0 ) 0 — 1 .4

— g o  -a
l à _ I  41 ‘ . 4 0*
4 1 1 1  6 1.0
U >  0 0 0 0  11

C I I IJ 11 .1
~~ IlL .41 1.4 1.4 .0

Z C .-‘ O
o a. U 4 1  0 0 >  .0
là 41.0  p 0 4 )
,. . - z  0. 1.4 Q _ 1 .. ~~ 0
C 00  41
C.S 1 . 4 1  ‘S ~~~ U I.
— 4)1 1-I ‘S O  1 10 *
a ‘~~~-C I. CI 0 0 ) 0 . 0

‘C L) 1 1 0  —II
4.~ ~ 1.1 4 1  I * 0  II
là a. . 4 >  01 U O U. I
0. — — 0  00 00 u . n
~,, U .41 )1 41! 1/ 41 II

L 0 .  0.) . 4 . 0 0 4 . 4
).. ~~~ O. 0 . -  .0 0 4 0
~ 04)1 — a > .  a o a-s o
-C 0 0 > a a .c
I-. .~~.4 0 4 1  1. 0 * . 4 U
C1 S.C I - ) W Z  00

1.11 11
— 03 0 .0 0  1. 0’ 0 0
Z Z 0. .0 11

01 * 1 .4  0. 1.41 .-
O 1 1 1 1  O U I .o ..4 ‘S.04)- ) c I — a e u

11 0 11 a l  .0
g o  c ~0 ..I 1 1 1 1

0 1 - 1 1 1 1 . 1 1
O U C  00 4 1 *41.4 11 0 0 ‘S 0

-.78 .4 14.0 .0 44 0

0 0 ’ I. 0 4 4 1  01 1 — a  > 0 4 . 4 0
11 a ~I —
0 1 . 1 1  0 0 8 . 0
S i l O ‘44 “ 4 0  11 5 0
O n  ‘ C  0 . 4 .-I 1 1 1-
8 1 -  11 I ’ 1 0 . 0 —l a
. 1 1 1 .  .0 : 0  .0~~~> 0 ‘4 44

0.1 0 4 1
- I Z O  ~O0 • ~0 44 .0 0*

1 1* 0 0 .

-500-

L. . .~~~~~~ 

________
_ _ _  _ _ _



2 ~ ~..— 0) 
-~~ G) C) = /0 4-) 1/) 4.) 0) ‘5 ‘4
‘5 4 / ) )  

0~~ 1.. 5. 
- V .- ‘5 1/ 41 41 là /41o 6, 

5. 41 0 4) là 5. --. ‘41 C I 4-’

.2 0 . 4 1  4-1 
-

~~

~T 2  .~~
C) ~~~~~~~~~~~~.

o 4 / 1  
~ 

4 )i  
-

4-1~~~ 44- 4-’
~~~~ 

C g)~ .~~ ,g~ ~~4 0  
E 4 . 4 0  — 4 1  

- 
4)

~ ~ U -

~ ~~~~~~~~~~ ~U- -~~ ~~ 3. I— C /44) 3. 4-41 I— ~ I’4 0 ~~ /4/ /- 0.
C 00 0.0. 0

~~ £ 70
U. .—. C C C - c  là

C O  4) 4-1 4)1
4.) ~~~ ‘‘  4 ) 4 4  41 9-.
U U. .0 4 3  0 4 - .
0. 4 4 . - -  0
4/) 00 41 C 4) ‘5 4 1 4 -  

-
>- 0 c c
0. 0. 4-’) ‘ 4 0
C 0 5 4 -1
,— c s _ i  

04 1
U. 1-’ £ - .- )) 0 4) £7 /

4’
- 

~~~~~~~~~~~~~ ~~~~~~~~~— .4.4 
1 I I I I U ~~C 5. :41 3 

I41 Cl) C) 4) 4.) 0 V CI cC) /5 “4 C 
4.’ 4

41
5 ~ - g 

~ 0 ) 4’

‘-
~~~ ~~~~ :~ ~~~~~~~

ct _i . 4)

H - E  3.
— 4) .3 ) * - ‘4) -

I-

-501-

L _ _  . 
~~~~~~ . . ~~~~~~ ..



0.3  4-
— 4(1 4- 0
--- 00 C. 0 -_
C I  0 .— Qc

C -— 0 I.-. C — 4.) ‘5 ‘0 4
1/1 F— - ‘ 0 0 C * 31 1’ C 4 ’

00 I/I ‘.441 1— - 1. -,- = ci - - 4) ‘0 C C) =
0 0  44 I 0) (444 ct = *‘ 0) là - 4) 5. — c. -
f’) 4) 0 —1 0) . 4” 0 — 4/’ 4) 44) 43 - 4, .4

C — /4) . - C . —  S _ C  ~L1- ~~ 4 1 L 1 4 C 0  C’,
‘o r  NJ . 0 3  0 . -  .— )0 0) . /)~) L E U ’) O O  - -

.3 4- 0 S N J -- 4) 41) 4) 0 Cc a 0
o ‘4- F- 43 4) .4) 4) 4140 4. 4/ 4- 0 /4-’ — C C
14) 0 C 0 I 14) /0 0 •0 ‘0 4— I 4/) /0 4. I 4.)

0 —L C- 0: 3. 4-- 41 0 ) 0 3 .  4) 441
- 14) 4 10 4. 0 4) 4) .— 0 I /0 4-- 4 4.4 I #44 -C :44

54) /0 #1 > 0 . -  0 = ‘~ 0 .44 4) 4) 0 .4/ 0 0)
0 C) /0 44 4.1 /5 ‘0 -. 4.1 ‘0 0 0 I—l C. 4—’In r-~ 03 ~1 C cc) 0 C r ° 4) >i a

‘7 là C là 4) - C) 5. 141 .~~ 4. .“ . ci 4) : /  0 4-
-cn 0 4) 1~ a .o 0 0 - .- 0 0 0 4  4-. 41 — 0

NJ C. S 3 ‘S C)  ‘0 4- 0 0 cc-’ co 0 4) C 0 41 -
0 XI) 3. 4) là 0 4) C) = C- 0 04.”’ 6)
14) = 1. 4) C C ‘0 5. 0 0) 4) ~c) .-‘ 00  C - 0

/0 ‘0 -.- 0 1.. cfl ,‘. 4) là C C. 4) c’~1 41 : -4 4)
1)1 C 41 C 0.4 .4) 41 44 41 ci) 0 0 )’-  ‘0’ 4- - £
— - C 3. /0 ‘0 - 4) 41 a 4) C ÷4 /0 ‘0 I c0
4)’7 4) 0 0 4)0  4) 0 4 )0.  4)0.  0 4)
4) 04 C C. C. 41~~~ 5. 5, 5 0 5 . 5 -— 0 C / C 4 )  I..
4.5 CS) 0 0 5 .- . -.— 4) ‘0 4- 0 ) 0 .  /0 .“- I,) .44’ ‘0 6) /0
I/I In —. C U 0 .~~ 0 /4) là C C. I at /5 2: /1)

+44 là 0 5. C IS ‘0 I- 41 0 E NJ I/I = 0 4) ’ — cc)
là - 5,1,- /0 ‘0 = 41 I” 1.) /1/ Ni ‘41 C 0 = Cl’
C NJ 4) 3 44 .4 -  II) C. 4/, ‘.41 là cc) IS 4) 41 0 0

‘S ‘5 NJ — 0 3 0 C) 4) 5. 0 ‘— là 4) 5.
+~ 0 4.) 14) /4) 4) “ - 5. = C. 43 .0 là ‘0 4” 1) ‘5 I.
0 4/) ‘./) C) = 0 /0 6) 0 0) . - C) C 44 0

I— ‘— ‘ 4/ 4) 6) 0 4) .— -.- 4) fl 0) 5- 41 0 0 00  a
‘S ‘0 cc) 4) ‘5 ‘0 0 - - 5. 4 1—  4-. 41 C C Cc 0 t - £ 6)
0 0 41 NJ .0 ‘0 là .~~ a. 4) 4-. -ç ~~ 0 4” C — - -

‘S — C S_ I n  (— 1. .— 4 Ia 3  . - c c)  C S - E  4) C , 0 C , 4 4 0
0 .-- C 41 I 0 .~ .4- 44 (7 4) 4) ~~~~U 0 L  C )1 4’ (.) O .  C.

/0 0 C C • I C) 4) là 0 4) 0 44 - .- 0 .~ 4-— 5” 0
‘S ‘S c— U -c- 0 .44 . C) .0 cfl L • là 3 ~4.’ 4- 144 0 I” 5, 0

.2 .2 ‘0 
~~ ~~~~~ ~‘ 0 / 5 c c~ ‘5 .  C . C - O 0 0. 4) 4) 4-C C.

E -‘— --- — 0411 4) 5 5, 14. C, 444 44là U 4/) - 4 fl
15 /0 41 1*1 4)) 0 44 #‘ 4) 4) /4) 4.7 .0 C 0 4 1 0 0  4) ~

) ‘0
-I-- I I I S. - 4) 0. +2 .0 ‘S -0 Cc 01 ‘S+’ 4-. C LI) I 4” 4) - 

- 
-

— 1.. I— 5. C. 0 cC £ w a a 0.) 1) ‘0 . DI~~ 0) ‘0 00 - 0 5. c’SJ NJ C),
4) 4) — 4) 4) 4) ‘444.  0 4) 4/ = 41 C. 41) C- 4) 0 0. I 444 ): 0 4,1 .3 544 -
S 0. ‘S 5 3. 0. (4) . 5, 0 0 C. 4) 1. 0 In 4) 1) .0 0 1-’ 0 ‘— C’)
CI 0. 5. 4) 0. 0. C) ‘0 /0 — 10 0 -4 4  0 41 0 3 / 1 C) 4) 0/ 0) 0 44 ,

0 0) .- 0 0 .- /0 U 14. c-. C. I. In .‘- 0 4) 4. 41 4.) ‘0 
cc

-.- ,— C3 E r  44~ l o s / S  .— -.- c 4)~~4 4 c c ) Qc ~~~~~ 00 L 4’ .— 0’ . ,  0
41 5. — I~ I- — — C C’) 5-. c-  4)) 03 - 4) 4) 41 là I = 3 -44 ’ C 4 4-. 4/ 44- / 4) ‘/ 4

~~~~~~~~~~~~~~~ ~~~~LI 34 34 0 2! 44) 0 2! 2! C54) U. 
~~~~/ 5 C  là 4) 4 4 0 )  ~7’ )  ~~~~~‘ 4 3  4 - l à

5- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .4 - C  U’) .I ’ 3 N J C Q )  -44

~e. ~~~ ~~. ~ .2~ .f. ~::~ 44~~E . ~~~~~~~~~ 4 1 . 4 0 / 4/, / 4 4 ÷ 4  . 3 0  •~~~~~~
4° - .0 - - là 0 Li) . 0 4) - Cc - C . 44 = 4) 4) C)

‘— C • — / 5 - , - /0 c-” r C) - L , . 4 )  — C 0. ” c. L —0 - 0 - - C  + 2 0  cc, C - 0 4” ‘0 C
NJ 0 NJ NJ IS 1’) NJ IS NJ 4) 401 41 NJ NJ 4110 10 ‘5 NJNJ 

- . . L C ) c -~~~~~0 - 5 . 4 4 c r  - C  - C .  0 0  -
14 ) 4 4 ’  (4) 1’) / 4 ) 4 4  440 (4) 41 4. In ‘/4 444 44-1 .- In • 4 j_  C. 0 1’)— 

‘0 .0 I 10 0 4 1 4 1  41 4 /0  ‘~~ 0 0
4) .0 0.-) -.- 0 3 17 C. p a 0.3 3 0.’-. 0 0 4) 4) III /044 a. 4-. 0 .0  0
E 5. C > C IS 4 4 0  -.- 4 4- CS 0 10 4-I

H 4/
0) 4 .0  0
4-~ ‘0 4) • ., -.. .s I’S

4-0 0.) 41 4) 4) 4/) . 4.
0 /4 4) ‘c) 41 0) 0) NJ /1/ 0: 44 /

7 “ 4- C. a. 0 ‘0 0 ‘0~~~ . ,- 4-’ ‘0‘0 4/1 0 ‘0 4” ‘0 5. .-- -0 -’- /0 /4) 0 fl 0)
‘0 Ci V ‘0 9.- ‘0 C. - a. 4) ‘4- -. 1.0 ‘0 C C- /3 ‘0 là ‘41 0) 5. 4) 0 0 C ~/ , /  4)0) là 0 ‘0 0 = C 0) 4- 05 6) S 0 44-) — . 4  CINJ I)) = 4’ 0 ‘0 ‘0 — /0 0 C’S /i) It) (.1 1 - 4/ . ’ 1” 44-.- .5.) Ccl Ci 7- 4-’ ‘0 ~~ U ~ ‘_-_ .0 ‘44 ‘0 .4.4 .4’ 0 Ic) 0U. C. 4) 0 1/) CC *1 cc-’ “4 44 c- 441 (4: 444 50 44 -_

7- “ -~~ U 0 4,) - - 4. . 4/ c”~ 5 — 1 4 0 1~—44 4’ ‘0 (7 0/ -c- V 1/1 40) 4!, (4, cc) = C 0 4) 1~ .—‘ / c ’ C U -r4 ’ -  0 7- 0: C. C ’— 4 4 4 4 . 0  ~~~~‘ 4 4 - ’ O /  4- 0
7- — ‘0 ILl 0 Sc) c- 4” /5 /0 0 - 4 4  LI) 0 4 ’  5 1/c )c)~~A) 4 /  0/ -I—7 4/) C. — 2: 4-’ 0 V - ’ - ‘- 0 ‘0 4 4 - 4 ) ’. 4.2! ‘ 0 / 0  4-’ ‘- - 4-’ Cc 141 0.c 4 4 3 : 4 4 4 ’  4) 4 ’  - .I 0 4 ) 44 I 5 c /C c -.. ~~~~~ 4) 44” C C.  0 - 4 . 4 1  1 / ),  44 / 4 / >  / 4 / 4 ) 0

c_I C. 2: - .44 c/I U - ‘. 0 10 0 44 cC) /3 .5 /44 / - / Ic) 5/) 4 ’  / ‘4 04) (0 0 0 . - - I—) 0 - - 0,4 C C / 41 0:
- 0 /l à  5 “ C .-- r-.. c _ c  44, I/l ~44’ 4 4 / 4 . cc) 44:  0 - I = — . 0/ - / C ci /0 C I- - ‘0 I”-’ cO 4) -,‘. cc, . 4) 44 ’ C 4- ’ — ci) 0) 0 ‘ 0 C

7- 0 0 17 0) C 0 c -C £7 ‘ccc 4/) 4) ‘-4 0) 1 4) ‘4/ 1- ’ ‘0 0 ‘4/ 0 4/44. C . .  ‘ - .C 0 0 F- C 4) 7 ,  4/ cc) 4)) 0 ‘0 Ic) C. 1
4. 01 5. C) P’ --- — 4- 0 a. .- 0. 4) 5. U ..- / 4~1 4) I/I 7

- D C  4)~~~ 0 4) “ I O C . > /)1 0 0  0 4 ) C  C C )  / 7 ’
U 0) ~- 41 4. 1/) 0 ‘5 . U ‘ 0) 0 Qj 0 4.1 0 1- ’ -c- / / C Ic) 4
0 40) 4. C 0 d l  4) 2! 44. Ci cc) 4) — 41 141 0 44 C) / 4  C. ‘1 0 0) 0
Z) 0) — 0 0. là - 0. 0.c ~‘ 4/) 0) cTh 1 /0 4/ 0.4 4. .— 0) 1.1 CC 0)
F- U -.— I.— 0 ‘0 0) 0 P 0) -~‘ 0 10 4) 1/5 .— 4- 0 1.5 C) ..“- là IS *4/0 41 là 3 Cc) C là 4-) C. C = C) C -.‘ 0 / / C 4) / 4  ‘0 / 0 ’—  I —
F- ‘4- 10 4.1 6) 0. .-‘ 4,) - C 4) /1) cc) U -- do = ‘5 7 /4/ 4’ 0 CC -/1) C. sI) 0 2! U C 4) 0 0 I- 01 /0 0.1 là /0 C ._ Ic) 0 / -
2: 41 /4 -  4) 4) 0. /0 IC 4,) C ‘ .0 4) 0: 4- - 4) 0 4) 0 ’-.’ .

C’) 0 5— 14) - CD .3 11) 5)1 C) 4” ~‘ Cc V -.‘ 0 cc, 0 0 1/) C do 4, 0 Ii .4 / 7 ’cc) S F— LI) 4’ dO 44.’ 4-I C ~
.. >. I0 C 0 C 4’Sc’) 4) C. Li 4) ‘0 /4/ /0 4.1 15~~~ 0 I/I C, 44 1- , ‘45 - 4-0 4-. C) C 4-. 3 Ci 0: C. ).~ — 44/  -.— “ /1’ _ r-4 /~ / 50 4 /

0. 0 0’ LI- V 4) 0 0 0.) cc) 0)0 4) 4. 5’ ‘0 ~‘ C 4” 4-0. 0 2) t 2: Id) C. 0 = 13) 0 4/ 1 -C ‘0 .‘ 4 ’  — / / -
0 /0 3 2: /0 1/434- 4) 4- - C 44 cc) Id) 1-4 44 4’ , 1/ 44 ’
2! dl) .1/ - dO 11, c) C- .— 0 /0 4 1/1 - - ‘0 1) 0 ‘ ‘ 0 C
C /1/ 2! 7- Cc là 4) Cc 44/ . - 4.4 7- I.) 7 4 3 0) 1/ 1_’ 4/ ’  - 4’
I-’ 0’ 0 4) .‘.‘ I_i /~~ - = 1 ’ C F- ‘‘ c cc’ ‘41 /
c/I - . , Cc /0 C C 4— C~ ‘0 0 I 0 C- -— /0 , C ccc)

V ’ S  -1 0 4 4  .i ac .- :‘ L a c . 0  - /0 E C U  ‘ . / ‘ O  --
.3 ~-_ 5 1- 1 .-.. là - —  C. ,i V C. 41k-’ CL 41 Cd , ‘4 I” - 4
0. 3 . - 4] /1) = Cc -, Cc .“— ul l’#- - ‘4 4’ /1’ U 4” - 1 c c
2: ‘ . / 0 0  /44 0 at 4- III I’ I/I ~ Ccl 44’ ‘ - 0. 0 4’~ C a -  I0 I’ - 1 /0 / .0 4, C) Cd 0 1’ I Li 0’ O n  C- /0 .. * ‘~~ 

/ C) -
— 0’ 14) 0 ‘ ‘  41 4.-I 4 ) C . C  /0~~4 0 3 w  O loc ic • ‘ I I ’ . 

~~ 
c c) I —

F- .-— 4-. C I I  ‘0’ 1) ‘5 C. 4) 1.. C 7 4/1 4- 44) - /44 ‘0 , I’ N- 4 ’l/ I,
4 C I 14110 0 41.3 C cc) 41 0.)’. 4’ - I - ‘1 4/ N- - 4 , ’ -

2! 4(1 6) 41) 1”. 4) 0 Cc 4/ 4)~~~ 0) /5 0 - ‘ 445 4 - ,‘ • 4 -)I 1’ 0 Cl) ~.‘ 4.1 4 /4 c - I .4- 44 _ )1 0 4-’ Cc ‘ I I - C c)  44 ‘0 ~~~~./ /  C) - I2! NJ U / C/S III ‘0 . 1 5” 0 C . , - L , c 4 4 S / / / I 7 ’ .4C C Cl 41 ‘ c i  0 /0 4/ 0 cci 0 41 /5 /1 .-— ,C~ 4 , I C / I I - I -
LI U — ’  U II) 

‘Sc-’ C. I 0. 4 4-. 0 - 01 . I / ( c ’ :  4 .4 c
c_cc-, 4 / 4” 1) 0’ - /0 /4) ,‘ / / . ‘0 .1’ .~~~~ , ) 1  C /44 . - I’ I -

0. 2: C, — - ‘ 0 4. IC 4,) 4) ,~~~~~~ , -  C C. V ‘0 4. /1/ C I-’ C . 0 / ’ ’  ‘ . 7 1 / / c  7 / 0  - -
U 0. 0 / .3 /3 c a-’- .-“ / ‘11 (7 -a-- c / C )  4/ 1’ - - .1 43 - -

C 2: 0 0 Ci c c  44, ‘ Id -44 - 6 ) 4 ’  0 
- 

- ‘ c-’ C’ NJ c-’ 4 In - - 14)
4 44 IA 4- L ‘1 4) 1) #I CI I)) 4’ 4) - - - 441 . / 4~( / 4  ‘ 0 4  ( c C ’) ’ 4.4 10 .3 /5 — 4 4  ~

_- I I /~~ 4 4 4 4 / 44 - C ’ ’- 7 / 1  . . 4 / f l . 4 4  I41 C 7- C 1 - 4’ -

‘0 1.’ 4 4 1 *’ ( ‘ . 4 /  5 1 4 1 ‘
~~~~~~~~ . C . , ) , , ,  ‘ ‘7 - / 1 / / .4- ,- I’  • .4 _— - / -  4 / 4 / 4 / 4  NJ “-4/ 1- 4 - c  /1’ ’ • NJ 41’ - ‘ ‘4  I’44 a--

--— .4 -—— -I.. C /5 c I ) . - ’ ~ ‘5 -  - ( / 7 4 /  , . 4 , / / I  - ‘  • - I n .—’— CI S. I c) (44 C . c /  (‘I c c  41 (4) /44) ( .4 - I .’  14) C .‘— I I’) c /
5 ’ a 0 - / .1/ 4- - - ,  4- ‘ a’ ‘I I C , .  I’) C

Cl 1,11 0. *1 /1’ t c _ c . / 4/1 1) 11 - c 4 . II I C
-S C C l/S I~~~~~~~~ 4- 50 0 43’) 04 . 4 / - )  7

-502-

_ _ _ _



= 0’ S-I 0’
4/ 04 1 - C d )  4 - I S a - ’  IS
U c - . C 4 ) d,/ l à  4) 1.)

,— V = - 4. 4 , 4 )  c- 0 C cc) C 4-C
7 I C’S C ‘ 0 0  ‘S 00  ‘0 f l # IC. -~ - 4 ) 4 L OJ - 4) 4)

là It =0  0 10 C cc) 10 là 0 CC C Ii) 4-. 0 0) /

I
~~ 

‘ 0 4 4  In O ‘0 4 ) 4 -  4’

~~ 
4 4 0 4 1  0~~~ .~~~tc~~~~~~~ a--~~~ ~ c ’-

~~~~~~
4’ to~~~~o~~~ c- 

I- cc,

._‘14- C . . -  4 ) 4 )  C C, - l’ ’S dO a--. Ci ._ cA O, Ii O C  C~~~~~ C . / S ’ 0 I n . 4 /0( C 4 - 4 ) 4 4 5 . 0  0 1—

0 ) V O 4~ 
U I S C C In C 4 4 1- 4’~~~~~~~~~~~~ c - 4 ) ’ 0 / 0 / 0 C ) 4 ) O  / 0 ’ 3 - 4)

4) C C ‘0 di la -.’ 0 0 di 4) .4- 44) 44 1)1 44 4) 04 1  4.5 5/, II là It U C. 5’ .,) 4,/ C) 10 IL, Cc = C’ , C c - .  ci

~~~~~~~~ ~~~-‘~~~4-’ 
~~~4) ‘

~~~~~~~~ o C . 4) 05’ 0
4) C C 5/, - 4’ 0 0 4) C. V Cc 0 4” cc) Ii C 4) 10 C /U 0 I n In 4 ‘ 0 c-’ c-_ 4) 0’ 41 C 4. 4. 0

— 44/ /5) C. 4’ 41 Ci 4- 0 l à- ’ -  4- Ii Id) 4) 0 . ‘0 4 4 4 0  It ‘4- 4) 0401  4) 4- 0) 4 ) 4’  0 4 ) l à c -  a’ 41
41 a’ 4) --’ 0. ‘4- C 0 0 ‘ 4 + 1  0 I’ 0~~~ 5 0 là là #1 0. /0 .- .0 41 4/ ‘0)’-) .4- C 0 C = ‘C c-- ID C’d

0 CI 41 0.là 44 0 —  cc = 0 0 - 0 44 0 0. 41 ‘4- ‘0 4 .  U 4) Id) Cc I C I”- /0 41 di’— 4- 0
IS - C. 0’ C là di -c - C 0 c.~ 4. 4’ 0 . 0  - c- I 41 /5 U cc) 44 = C) 3 C. I là CIn a-’ . 111 .4. 41 10 44
1 4 - 0 — C )  c - C / In C C  4 1 0 0 0 . 0 C c  cc, 4/ 4.4 0 4 ) 0 ) 4 -  f l a’’~ 40 4.- c O I n  . 4/ cc)
/5 C) 41 = 0 0  0 Ic) 4) 44 4) 44 44 C .44 100 41 4) In 0/0 .1 10 4) ~ / V - C. 44 Ii II) = Id)
0 4) 0  i .c-  4 . -c- 0 00 ,- 5. 44 . 4 - c -  1 . 4 /1 410 — C 0 4.1 44 4/ 44 0 4 )4 / 0 -C C Il/ I’ - 4/ 44

41 4) C là 4 1’0  là 44 CI 1 0 4 4  là a-— C. Cc 0. C - Cc -c- CC 0 C 401 U 44 0 ‘0 U 0 là 41 = ‘0 Nd .4. — 1
0 >c C. 0) C - CC CI cc i .-  4) -c- 0 41 .0 01 0 3 0. 4/ In 4-I 4- 0 C 0 C 0 -c- 4) ‘ Cc 0 3 44 C
C In -c- 0 C 4/ 1.5 00  04 4  4 ) 0 4 0  C O  4’ là 0 0  0 0 4.1 10 C. ‘0 . .’  0 >c-’  IS-, C 0: OlIn Cc Ii
0 6 ) 4 1  0 0 ) 1 0 1 0  ‘ 4 4 4 )  0 . I n I n I n 4 4 0’ 6 I  C l )  I CC  01 . 4 45 4 ) 4 4 4 - 5 0 0 .  4 ) 4 ) 5 4 ) 4 ) 4 1  4 0 /

0 4 1 0  CCCI.’ - 4 ) 4 ) C . 0 ) 4 ” 4 ) ( 1 E 
41 L d l c - ’ / 0 I C V I S C , C . C ) l àc - V I / Ic-’ In ’)

C 01 0 là C) 0 0 .  0. ci C. /1) CI In C. C — = -c- .‘- 0 In 4” là 0 ‘0 0 -_ fl là 4 , 4 1  CC C 4)
0) C C) C) V là I. Ii 0. -C 4) 0. 41 là C. 4) 0 44 — ‘0 di ccl 4) - C) là C) In cc) In 4) Cl)
44 — a. .4/ .0) 0 0. 41 ‘0 /5/ In 0 C 44 Cc- C I — 44 0—  In = V V 41 .41 cc, 4) .5)1 = 5. 0. I 0
In C . 0 ’ * I  U I n ’ OU  0 / d O  C.C 41 Cd 4 4 O I,/ 1 4 . 4 1  4 4 0’’O C O . I n I n Od OOLO #4 .4- 5 .0 4 ) 4) ,“ i,c
4 4 4 ) 0. ‘0 - 4. 5 4- 0 3 4 -1- 0 5 . 4 4 0 5  ‘4.1 0 . ‘ 0 I —’ O  #1 4) 4 1. 4 4 C 0 / 4 ) O C> 0) 4- 0
0 4 1 0 .0  0 4 1 4 ) - c -  c11 4 4 0  C 4-4 -c- 3 E C I c- I0 C’-J .C Cc _ C) II. ,_ I C . 4 - do c” C) 0 00 0 5 0  1* 4 =

4 ) 5  C. 4 4 0 )  IS l à0 . 4 1 I n ’ S O  D C l là ‘ 4 1 0 /  4 1 / 4 )  4 1 . 4 - c - V I P  4) 4) ...’ a. . C .
là V 4) 0.41 C) 41 I cc) 0 0 U 4- 41 9- 10 01 10 là cci 40 C) 0 — = = 40 41 4) 0,1*.. 41 4 , 5 ,  Cd /0 1-’
C - c - C c  0 , 4 1 5 .0 41 ‘SO C C C )  0 -.- 4 / C  4d 4 ) C O I A O I O  4 1 4 ) 4 1 4 1. 041 4 4 . - l àC  .1
C) 01.5 = It ‘S 4 1 1 C .  41 0 = 0) ,= 5. -.- 1/ 0 C. ‘0 C) là .0 Cd 44 4) 41 4) 0 It 0) 41 1’ 4? 0/

là 0 cc) .5 ,. 0/54/  0 0 0 ~ - là 4) +4 ci 0/ 0 4~ 4) IS — C-I 4 ) 4 1  Ia- ‘ 41 11) In -— U c-- 4/ là I0 4~1 44
a. V là~~~ C- Q I ’  Ia- .— -c- IO In 0 0 7 - 4 ) 4 - C .  c f l 0’ ”- C I S O. O ,C C .C 4 ) 0 4 ) 4 ) 4 1 4 1 4 40 / 0  cdl i.

4) 4 - l à  C J C . c - 1 0  - 4 4 C 4 1  0 #1 1 ) 4 4 4 5 C C )  4 )0  ,_.0- I-- > 4 4 - .’ C C . ) 4 ) l à 4- U 4 ) 4 -U~~~~~W U C L  ‘--‘ 0
a. 4- 4.4 4) = 0 0 / 4 0  C - 14) 0’4- /0 0 0 3 ‘00  0. ‘ ic -  ‘5. 0. 4.1 o ’ c -  I5~ 4 ) 0  4) /0 0
41 0 - — U ---‘ 0 Ic) W 1 ~~< ,~~~ 0 Ud s .  4 - IC ) CC 4 1 4 ) 4 - 4 1  — 0 1 4 1 C ,  > Oc dc C. ‘c- crc t
0’ 4) -c- .-. ,—‘ C  l à l àd  4- 0 0  V C 4 ) IcI CI C) 3 . — I n I n 0 ’ 4 -c - 4 4 C’ S C IO CL It C. 0 . 0 . 0 ) 0 1  C . C L
C) 41 4- 0 .4 -  0 41 In I nC  0 ” -  0) 00  C) U U 91 /0 IC C) 0 = 0 c -  4 1 4 0  / 0 0  U 41 C) 4/ — 4 ) 4 4

4) 4) -c- a. 44. 4) IS 5_ C,) Ii V ‘ 41 ‘0 = II IS là 0 0 4 / 4 0 4 1  là 44 ‘_ -— > ‘4. 4 ) 4 )  4) C, 0)44
4- ‘ U 0 U 0 #1 I/S 4- c/I .4- 0 4,10 C. It 41 41 C) 4) 4- 14. 41 C 14. 4 1 0 4 1 4 1  =~~c- C, 014) 4) ‘0 -— C 0 4- 0
0 4 4 C C )  4 1 4 ) 0 4 1  C I  5— C 0 0 0 0 D C  0 4 4 4 ) 4 ) 0 4 ) 44 ‘ 0 0 4 ) 3 4 . 1 . 4 1 0  3 4 -It  -I- C.

4 ) 0 .  - — 4 1 4 ) 0 )  Oc t ..) 101 0 0 / E a .d c O  ‘0 .4-  4 4 4 / I n f l O  4 ° c - 4 ) 4 ) C ) 4 ’ c -  C C .  C.

41 = ‘0 In - 0 -— U C — I CL 44 14444 -— 0 In CL Cc 4— 44 Inc-’ dO * ‘0  44 0 44 .5 là 0 U 0 0’ là I-
4 4 ’  C. C Ii 41 0 Ii 41 7- I 44 là 4 ) 4-  dl— 110 C — 0. 40 4) ~ - dI- 4 ) 4 -  4.1 I’- U là 5) 4- là 40 4- c/I 0
là 0 4 1 0  0 . 5 . 4 4 4 .  4 ) - c - I S >  C C )  41 4 10  0 4 1 4 - 0 1 0  1 00. -  S C ..  4~1 c-
In ‘0 U -— -c- CC 41 4) 4- V~~~’ ‘4 , 0  4) V 0 — = IS I ‘~~. D I”  .4. IS V = 10 C) = 4) 0 c- 40 / -

‘SO)  U 4- 4) I 4) 4” C. là 0 cii 4) 44 4/ 40 - 0’ CI 0. . /4- .5 .4(1 4- 41 là 44 0 là 0 .4 1  .5)) 4 , 4 )  C U - U
II) di) /5 .5) /0 - .0’ 0 40 CI U) 0 41 U In là C Cd 0 Ii = It 41 0 4 )  ‘0 -c- 1)1 0 -c- C. In ‘S In C C 0 cc’ - 4/.

~~ 11111 ~~~ 

:~ ~IH:I0IIHIO In
cc ~-

0 ci U-

g C 3 ~ ‘0 ‘S O S. ~~~~~~. “ > =
41 U 0 0 C .0 ’  0 Sd 4 / a .  — 1_c C In - I--’
0 = = -c- Ia- dO là 4 )4 -  C 4) 05~~ = 4-1-’ 44 - 4)

0% — ,— C) là .C ‘0 dO .0 ‘0 0’ 41 là C) I C 0. 44 — I;) C (4 44’

I’.) C /0 là In 5)) 0,1 U 0 0 — là C E 4) 0’ C C 4. C 1-’ 4- ‘4
4) 0 c - C )  4 4 .—  0 l . c - o l à  4 4 l 0~~~~~4 ) 0  41 0 ’ 0 0 ) 4 40 ’ 0 0 / 5  -

51, 0. .4, ‘0 -c- , .4- C c  0 0 .4-44 .4- 0 -c- — 4- 1C ) 0
1/41 44, cc) = /5., I 41 là 4/ 0. 1/) U 41 ci là -c- In I,) — 4- 1. - ‘ C- S C

.3 — — #1 -c- 144) -.— C dO 0. In ‘0 U 40 1. 5 0) dO C . 3 — 4 44
(5) cc) C) . C 4) 0 4 ) / Pc-’ dO 0) 41 IC O 0’ 010 1 0 4 4 c C / I -

7- I 0 Cd 4 4 4 )  0) c - C  4 4 4 4  C 01 44 5 4 / cs C -  St l - ’ ’i ci’

— là #1 4/ 0. . 15. 44 . C 4) 5 ‘0 C ‘0 44 - 5. 0 C .4’ /4 ’  cc) ‘0 In

‘0 là In I’) C- 0. 4) .41 0. ‘4, 0 C -— .4- 4) ‘4 1 C 4” - C

c.’) 4/ C 41 a— 0 41 là 41 C IS In là 0 4) 0 I/I Cc .‘ 4/ ‘ - 5. - ci

I/I Ia- . - C là = .4- 41 Cc) 0 0 CI 0 CL 44 1.1 0 c- 44 Cc 5- 4/ 4, 0

0 41 0) ‘4, C 1’ 4- 04 1  44) ‘ C. .0 .0 = 4/ ‘0 ‘0 CI .) .5 C 1/ 5) — 4 -

4~ 4- ‘0 0) dl) C) I 41 0 /1) 4- 0 V 44 0: ‘ — -— F- 4/C 4: ‘0 = - C

0 = ,— I”- 0 41 ‘0 I C. /1.1 di 5’) - ~- cc 0. C U C. /44 0 4/ là — . — 0

0 0’ 4) 0. ci) - I C 0 0 0  5-’ — C / 4,) 0 C ,~ 44 C C

— U .4/ I V .a- -— “— 4 0  ,~/ di) — 4) C ‘0 ‘I- /0 C ‘5— 1’ Ii /4. - 5. 4) 0 0 1’ , - -

— C C) -c- 41 4- là l à.  I 1-I C. (‘I ‘4 4- U - C C / I 4) 4 4 / .  Id) c-I (4 4) ‘4

— 44 I > 0 ’  -— C 4’ 1 0 4 4 1 0 4 )  c~~ f l . c - C . E  0 ‘S a - — C - I t  -~~~~~~ C c / C
0 0 0 )  U C d t  C ’ O O , , E o. 4 ) . - C S  U ~— f l 0  444 / 1 ,

4) 0 ‘4 ’ 0 = CI C C. Cc là /5/ I 0) di) 41 4-1 0 40 10 0 ’  ‘0 S - -

0. 4-, 44 0 0. U 0 9 C) U 44 _I = 44 = 41 CC .” — 5 0 0-’ Cc 44 ) 4) 4-

‘S In 5- -c- 41 0 4.- 01 C —I 4- -c- /0 ‘5— , /  41 4) 0 cc) L 1 4- -c - 4/

— Ci 0 4) In 4) C 544 C 7- 0~~-I 0 4) U do U did 4, Ic , , . , I .I c

0 
cc) 0 4)~~~~~~~~~~~~~~ 0 0 ~~~~~~~~~~~~~~ Q

’0
44 ~ -~~~~ ‘ ~

“~ t~ E ~ ~~ 0 . -’ C  0 ~~~~~~~~~~~~~~ ,. t~~
3 ’ 0 L I/ cC) c c - / S

C Cd 1 0 40 0 C C U4 4  CIlO C 4 ) .  S I / c  - / 4 , = 4) 4 ) I ’’~~~~ ( I C  0

1. fl ‘ 0’ ‘0 
C :- - C -- 0 II .5 10 C) 11 4 ‘0 / ci’ 441

do 

~ 3 ~~ ~~~~~ ~~~~~~~~~~~~~~ i~ ~~~~~~~
, .~

0 - , 4/ 40 I’C) cfl dO “1 ,44 , / Id ‘ ‘ 4 - C / I-’ .”  ‘4 . 7 4 4  . 0 4 ) 4 / 1 4 4  4)

U 4’ 1/ . 0 III U 4_I £7 ) I I — ¶ / II 0 CI - C s( C. 11 C S

C C - - 0 4 4  ‘D C II) . - / I . ’O .ITh, / Cc .a- . ’ O  /1 0 1 - 4 1 4 4  . CL,~~ -~~~~~~ 0 ’ ’

41 
~‘ ~~ -~~~~~ C 

0 0 4 4  Sd)

~ ‘~ ‘ 0 ’  “4 5 . 4 4  ~ , 0 4 .  - 
UI)  : 4  : c c 0  4 4 4 1 .  C’ 0) 1 / O E 4 )  

/
- 1) 0 61 dl) ,

~~ 
. 4 4 4 - 4 , 4 /  ‘4~~: ( • , )  5. Ci C ) L a -’ 4 1 .  4 1 4 / C

44 Cc (14 / 41 44 0. U 5 11 C ) 4 c ) .. . 4 4 1 c  ‘‘ - 1 /0 0 ’  ci ~~~— 4 - , -’ c  I — f l -  ‘ C
4 - In 

~, c ..~~C C ’ 4 Cc C, ~~~~~~~ ~ .

Ia- C 4) . , c  di V In 14’ 11 5 5” - 0 1 . 4 . 4 4 - c c ’S - 4 4 . .  -a- 40 (I , C - ’ 4, C

0. -c- a- I  “ 4 )  4.) 4) /S C 1 ° ’ - ~i( C O ~~’ 1] 1’ ’ a- ’ c” Li )I .c) ./ C, CL . 1 ’ C O

: ~~~ *4 C~ Ccf
/0) 

‘~ 

II ~~

-

- :‘~ 
~~~ ‘ ~ ~~~~~ 

- ~~~~~~ 
‘4 , I ( 4 - C c , I~~~ ’ 

~~~ ‘~ C - 1 ~~~~~~’ ’ 1 ’  I

‘S £1 - II 1 C 4 /5 - III - I’ -1. -44 1 44 ) / - - 1 C 4 ) , d  ‘0 ‘ l I t  ¶ 1 4 -

‘ii .,,‘ - 4 0 C I ~~ C ~~~~~~~~~~~~~~~~ 44 / , ~ , /1) 1(1 4)~ - - ‘I) (Id 4 0C c / /  -

5’ 
— ‘ 0 0  ‘ 0 ’  ‘ 5 / ’ 1 . 1  4 4 4 1 1 1 4/ 1 ’ ’ ~ - ‘1

— I 1W.) / 4 4  I.— cd) cc - (‘C 44 5) S I ‘ 4) ‘.1 / .— : 4 — . - - I’ I

(1 7’ ! !  - I 41 1111 - - - 1 l 1~~~~~~~. 1 - l S ’ 4  - I I
- / - - II) (4) )‘14 Cl I I”.) - I 0 C (‘.1 l, c ~~~~. . - I ’I 4. I’I (41 / 4, 4 . - C) - - C I - 1.

, :  ‘ I - c / I / c , -
/0 01 7 / 441 II 

I 4- 44 I - - 5 4. 
‘5 

II c~d 4 ’ ~~~~~~~~
C’ 4, , 4~/ ‘I I ‘C’ i s ,  - 4/ ’ 4 4 1 4 .  11) 1)1 - /

-503-
44 

~~~~~~~~~~~~~~~~~~~~~~~~~~ -a- -‘ ,~~ _ _



a-a- - C)19

V
.5 . a- I,) - -
I” C. cc) 4 ) U / / S C- In1’- , (  .~~~l ’  5 .5 /4.5 44 . 4 / .
4) 0 5 . 4 4 4 )  a-_ 4/ 

c - c - U  5~~~~ ¶ 3 0  C t  - 4 / .

~L 0 V C 30  It 41 cc
4) /0 = — -— 

I I, — - 41 +1 4) 5 * .d 5)~~~4 Cd CC . - .— a-~ - .~d — /
CI In In CL V 0 ‘C. In C, 4) a’ di 1411 ‘I ‘‘ -‘ . 0 ci’ - 41 C I - C — ¶3 44 - CI
/0 c - 4 1 C C C )  C,) 

~,
II~~;; 0~~ ~~~ 44 - a-- .a- 4) 5. 04 ~~~~~~~~~~~~~ 5 ‘0~~~ 4 - ) . , , -

0 — — U V 0 c- 0 C 1- là 1~/ — 
0. C 4) In 4 - I” d - d , c , ,- C , c  41

4.1 ‘0 1- ci C, 12 dO 0 V i-I U 1-’ 0 141 Cd ‘0 5 0 /0 0 0’ 4/1 £ — , - In C’ S 0 - , .  .1,

9 1 4 1  0 1 . 4 /0 0 1 ) 1 0  ~~~~~ 
~~~~~ 

. 0UO I i I,L U 3 a - i~ /
S I U C / C U  4 /C l . .  C/ V  c c lf l O C_cI C J  ~~~ C’ ~~~~~~~ : . c ’  ‘5 4-

~~
-; 

~~~~~~~~~~~~~~~~~~~~~U l à O. - 4- 4 ) 4 1 1 0  410 l O b  C / c - U .” l ” C C  
a--’ - - d\L 4 / 4 5 , ’ C  ‘ I

I 0 

~~~~~ 

~~~C) C ’  V

In’C’ CCI-’ -c- C) CI 4) 0) ‘- - 5.) ._ C l à 0 Is~~ IU / 0 d O 5 . C 0 .c 4) cc C, C i 4 ) 4 / ) 4 - ) 1 44C5 . 0 4 / C  5 / 04 ) 0 0 ’))’ 
C C O C ’ 0 O  a - ,’ C C  

- 
14 4 : 4  1/ Ci C

4-~~~~~~~~~ “~~~~~~ c - C l) 
~ 

~‘ 0 ~~ 4- ~~~~‘ 
4-

C I f l O d 0 0 0 00 L  4 ) 50  4,1 5  5 . 4 1 4 4 4 1 4 - C c.— ~~~~~~~~~~~~~~~~~~ 
U V C  ‘ / 1 0 0 .  I-

C) In 4) 0 V 0 S C) 0 C £1 dl,— .4- C ‘4— C C 0 ci — là -I— 4) Cl 2 CI ~ ‘ c 
C II 

-
a-- C C  0 4 1  a - C C C a .  I n C .  / 0 ’ 5 4 4 I n 1 5 C  4 1t 1 ’

SI II1 4 ) ’ 0 0 ’ c d O 4 - 4 -~~~~~5, 
44- c- C a -  > 1 - 0 5 .  

~
I,

~~
’4 -  

Ci c 5 C i 1 I n

2.~~~ 
‘0 C C )

~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~ ~~~~4) 

5) 
CI

C c - ’ O ~~~~~~ C” i- In 4)

~ 
-
~~~a-~ :~ - ~~~~~~l à. - V l à O C )t4 
O l à  0 4 / C ) .’- 

4 ) 4 1
I” 41 44 41 4) /0 C I V /0 V 4) 0 4) -C 5. 4) = I di C ‘S Ii 4) C I C - - - - , 4

I a -V L In c - O  C I C .’ In I-’ cc IO 4- 4) I 1 1c - l à C 7/  d O 4 ) U U 0 0

~~ 4)~~~~~4 ) 5 ) 4 ) I n c - -0 ¶
~ 

~~ 1!~
~~

‘ 0 O 5~~~~~~~~~~~~~~~~ .C C .c -  4-1) 5. 0 ~~~~~~~~~~~~ L1, S4 c-’~~~IIn C) 4) c-I.’

~~ ~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~ 4 ) 8 C~ C ) .’ .’  0.1 41 4)

41) Cd .0) - 14.. V 41 4) là In . = 14, 4) ~~‘0 5. .~~~ E .c- di - 
4) d0~ C C 44 C 41-I 4) £ + 11/ )l)

‘
~~~~~~~~ 

~~~ +)0’  15)) ‘0 
0 4 1 4 10  Cl

411. 4 1 0 ( 3 — 4 ) 4 )  ~~ 41 >‘5 - Ii C ) C  r~~~~4 ) C L ” 4 - 2~ o~~ 
0 1 o~~a-~~~~~ 01~~~ 

10

~~ di ‘1)
C - - 5., .‘I 4) - - ‘41 ci) Cc CI - di CI) — /) - 4/ d./ S. 1 1 1 ) 1  4/ I C
C c ~~~/ / .fl S C / a- - 44 .1/ / 4 ) 444 1, 11 /i l-, C. 1.I c 0 5 . I 4  = 4 4 / ) ,4/ > 1 1 5 1 4 1 .  / Cl -

C I d’) ‘0 dl 4/i I. ci 0 . ,
~~~~~~~~~ I’5J CI C )/ C) I ’ 44/ 1 ), II 44

5 4- .- -— - ICC U - / a-’ I’ 14 .‘ - I-I ¶1 c / 1) /0 / 5  CI - 0/ 1 C ”
0 / I ‘ I’ ~‘_ ~~ c’ a- - 4) ‘I— 4 / I / I” I ’ .11 1 ’ SC 0 I C I S 3 l ’ /  411 -

- — /0 - . 5 /  4) ID a--’ c c , 44 ‘5 / / 0 5 /5 . ‘0 CCiI / I  dl , ‘I) ) ~~~~/ c / ~~ - — / 4- 4- -
I 1’) 4.. ¶11 ‘11, U— C  o s / I - ’ 4 C C / 1 - /’~~~~~ c- C 5’ I’ - ‘ a / c  ‘l-

cc) / 4 ) 4 4  1 4)/ Il L D c - / IS I n C  / 1 .  C 1 1 1 1 41 4 4 1 d ’ ”  10 )1 1 / - 4 ’  — - - 1 4 ’- - /
0 ) CI’ I C) 1- ,/  Cd 4 d I ’ c c) 0 I - I - II c c  ‘11 - l . c ’ ‘ 5 ~~~~1’
= c , / 4 , d  4) / 1  Xl ¶ 4 C’ ‘ I. II C In , -, CI 5 II 4) 4- : / 1 ’  4- 1 1 4 - I c ) , - -SI ./

/1) +1 - d d l  1.1 4 - . . 4 / 5 4 - I ’ C) )I ,i c ,l, c l , ,  C) / 4 4 1  I ’ ‘) /l/ 5 ’ I ~~~44 /1  . 1 ,
4-) 4/ d l  - /5 I 1 ’ / I  ci d l  I - c l -lI 44 4 5 . 11 4  I I  - - 5 1 0 4 1 1 / 1  - , , , 1’ ci - - c c

4 ’ / O d l  c~~ C c - i - ‘ / 4  C C  d c l ’  C) ‘0 II c.~ I ’ ,

1/) 0 — Ci 4 / ’  41 .14 4) 0) cdl /14 )I ,.,  - 4/ 1 4 1 11 1 1 1 4 ’ C II - ‘
5. 4) C-I I / I’ Cd I C 44 5’ 01 C’ , 41) 11 - - - d / ) , 5 5 ~~ I ’ d I . 4 I  (I’ S I -/ I Xl
4/ ¶3 II / , ‘ d I C I )  / I 4.’ C) C . ‘ , C I ~~ ’ C . CI /11 c - / 4 - . ’ 1 44 c / d  1- C ‘ c It c -

C~~~~~ C,I /)  
,~ i- . . —  d i d ) )  - -  1 1 5 0 1  , c / / , ’ 4 . . C  I -lI d

- 01-  - .11 0’ I .  ci/~~ I
C CI I. ,d l It / I  .4 1 / I l ,., II L I  - 4- - 1 - - C I ’ 1’ d l  ‘ ‘  4’
a- ’ C 0 4 1  4 4 4 41/ 1 1 1 / I’   I— c C / I d ’  11

I— ,, 4 ‘1

I ’ , -2 .51 - 44 4 - ‘ ‘ / 4 / C  . 1 , 4 ’  4 1 - I  S -

1:1 ‘I I  c •~~~dl~ ’ , C ~d ~
-504- 

“0’a-~~~~~a- ,a-,. -- . a-’~~~~~~~~~~~~~~~~~~~~~~~~ -- — . ’ -”.- .- —  



-~~~~ ‘0a-’-- - - 1-’~~~~~~~~- - ---’.-.-- - --~~~~~ — a - ’ - ~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _

~~

L~~c-~ C~~~ c/S 4 - l à 4 /~~~~~C -.’ 4 / - c -~~~ 
0 W ~~~~~~~~ C~~~~

4- In C V CI Ill I’ll = In ‘0 = c-’ /0 41 0’ 5/) 0 C.’ U 4) /4 là C 1,1 U 41 4/ dl a 0 Cc / 4 5 4 ,,1/ 5  - — 5 4 4 — 4 / .  U I l à 4 )- C  0’ 0 .C . 4 4 1  a-i C ‘ O C O U C U 4 4  ‘ 5) C 4 ) .- C , 9 0. ( C  ‘ . ~C 5 . 5 .  U U C C ~ 4 / I c - ’ L I n  44 . 4 1 4 1  5 .4 4 )  4 1= 0 / 1. 1  4 / 1 . 4 / C O  0~~ ’ 4 ) ’a - - C’ O O U  /3 / 0 4 ) 4 / 1  c - - c ’10 0 ’ S O O  C 1 0 4 )  4 4 /  0 4 1  01— 44- 4 ) 4 14 1 0 4 1 0 . 4 ) 0 .  4.1 0 , / U 5 ._ .I-I 4/ 0 3  — l0 4 l~ C / I ’0’ -— c-’ 0 0 di 4- 0. = LI) 4— .— Ci C) V Z In 5— 0’ :  C -a-’ I n  4 / I n V C ,,- -I- 40 In c-’ In LI, 4 / C  cii0 l àC I .- , — O V O  41 co / D In 4 / C  I I_I O O c d S . C C O C 4 ) 4 /  4 ) 5  • V Vf l  0 5 ’ -  3 . 4 ,CI ID là /4.. 4.- U = V là ‘0 U 41 In di ,) .I) U d., /0 l~’ 13 -I-- C 44- Cci~ 14 4  dO ‘0 0 1) CS — I U14/I — ‘5 44 0 4) 4/ U 41. 0 -— 0)) ‘0 Cl ‘~ 0. — 4/ 4) 4) “4 CI) 4) C- ‘0 0 CI = l1’l In U ,. 4/4 4 -~- V 0 UC I l à/0 . . c - C . ._  . 0 4 1  . 7- (3 ‘ 4 ) 4 4 l à I n 4 / 4 / 4 ) 4 ) 5 .  - ) ~ 5 . 4 ) .a-’ W a - - ’ C ,o ‘ ‘ 0  40 , CI1 S4-1, / 00  4/ 4) U ‘0 4 4 4 -  1’) /4 I) /0 I~) 1. 11) 0 0’ .41 CL, CC 3 .41 .41 4 / V a - ’  0’ 44 U 5’. 4/ — 0 0’ 0/ C — C9.1 4) 41 - ‘  4/ ci 0. 0, 41 -c- U 41 4) 0 ‘4- là C) là 41 là 4, C / V  -— 4/ cc-I là 44/ C 41 4 ’  - . -,) In E a - c -’ O.  4 4 5 . 5  0 4 /  >. 0 4 / U ’ S  4 ) 0’ C -  CI.~~U In I n  C 0 C C / c l ,— C E c 0 dO
’S C 4 / c 0  C 0  0 0  - C.C I c i I 4- ’ S 4 - 5 . 4 4  0 I~~~3 4 - 4 ) 4 ) l à  4 - 1 — 4 4 - 1 1 44 .47- - — — = C. 4 1 - —  1/) C) 41 a— 4) C C) C) 0) 0’ ‘I- 415.) 41 0/ 0  0 ‘0 5. c i a - - a (44 0 0 4-I In - - C ’ 1) 5 1 ’ - -

4- 4) /14/ 44 4/ ’  . 4 /do a- 4/ 5. C ”  0 4) . 40’ V 0 140  )) 44 ‘ C) c-S 0 ‘ C / /  cC S /0 4/ 5. 0 0  4 1 0  41/ 4/ ‘ 0 1 )  4/ 4 ) - IC 
~) Cl . 4 ’  c i  o x - ,,CI 0. là 0 5. C 0’ 4) C /1 Ii U ccci /4 - - a-—. 4 , 44 .— — 4) . - - a- ’ c 5 . - C’14/1 -.‘ /0 U 4) -— 4/ U a 4 _  /0 c/S 14/ /0 -.‘ 4 — C 4/: 1’ a-— /1 ~- / /  /4. — U O U  — C  414 .1 0 Id  I n 0 • C la In ’+_ l” d 0 C /  a — a - ’ c S t l ac ‘ 0 )0 .  / 4 5 / C  I C _ cCSc. c/S -— là di cc) 4/ dSL 1” 5/1 5. 4/4 a- 01 “‘. 41 = I” Ia- 4 ’ 5. 41 ,) /1’ C CI £7 S ,— ‘5 C I’ Cl’ 5/ - - /4 - C lIa- 

~~ 
0.41 a’, 4/ /4, 4- c” ~ — -~~ ~~ 

Cl ‘0 ‘ - I/IS Cl - - . 
- 

ci — C’S I - 5 > 0  ‘ C 4/c - - 4/ 0
0 0 0 / CL / 0 / i  C ‘ 4 , )  0 , .’ — / 0 —  c - c -/ C  ‘U I ’ ‘ 5 : 1 / 4 .— U ~~~~~~~~~~~ (

~~~~~
C

, C ~ CI C. ., >  /5 4.7- r C- C I’ II.- N. Li 5. C) — là C’ I- ’ 1, 5- 44 ’  cc) -— 5/ 4) di d)1 a-— — a-” 1’ // 4) 0 ,~ - - 1W C) 0 V 4/~ / / ‘044  /4- C / /  1.1 U/ 5/ C- V 4/ 5. - ‘0 a- ’ - - 0 - - Ic- 4- 4/ 5. .4/4/ 1-l It • V 5 . O C  C 0 . .  0 4 4  - - 1 2 4 4 * 3  0 ) 5 - 4 . 4 /4 1 0  _ U  : 4 ’ . 6/ )/ Cc c l C i s  0 -a-- S- .41 In 4) - In 0,1 0 4) 1/ Xl 44 a _ C 41 C~ 1-’ 0 0 C. 4) - ‘ 4-- )1 0 I~) U ‘1/ 0. 4/- 5.1C C Cl In 4) 4/ 0 4. 44 I ’ 5- 4) dO /S/ C S I/I 0 -— 4- C/ -I - - 4/4 - 4/ C I1 4) 4/ ‘I 44 C .44D a - — 4 - C  U 5 . U .- 0 4 1  C’ - 0 >  S C O t T / -v I- . - - I ’ 5 /  U - C . ’ ,) 41 4’ c - ) f l S 4 C . 4= c” - c- 4 ) 5 0 1 4 . 3 0 1 . 1 4 4  - 3.) 0 44 C 4 0/ 4- 5’ 1/ 0 5 10 CL- ‘a- - ‘ c-S ‘0 4 a - ’  C / :I t ’ll / 1 /,) C) O U J C ’ O a-’.’ ) 1/ 1 , 4 1 -  4) CI/ 4) C cdl 4 411 4 - I~ l l I n .44 4 I L ~~~~~~~~
, - -4 4 / 4 4 4 4  0 0  4) 4) 4 1 4 ) 4 / C ’ .- / l l a cl, C / 4 / . L  b V ,- L’ I  did 0 . 0  4 / - c-— d1C ,C’ cc) 4/ .1’) C c- 4) 4/ 0 I, In 1’ 5 C 51 Cd C 44 1,1 , /I~ 4) 4- 4/ 0 V C 4 4 U 1  ‘4’ 4 ’ 135 4/ 5 ‘14/ 4’ c~C. 5 . 0 04 1 5  /0 4- 1 10 ,  C .  0 I nc ’ C d  - ,,. / 4 l à In a —  c n C 4 4 / t 4- d i d , ’ l ) I4 C L t ’ C . /4 1 4 13 0 ’  41 C C C ’  . ‘ S I , 4/) C C c .’-. CX 4 S I C , - - - ‘  4 / V  I__ ’O .’ c -’ C  I / Il — I 4 ~~ l~ C ’4) 0, U — — In - 0 11 44 - .- ‘0 Cl - 41 4— 4- . ‘ 41 41 /0 444  - - * - - 41 5 / 4’ - - -4 / E Q / C I n c 54. C l à )  ‘ ‘ C - C l ’  5 4 1 1 41 5. C ’ d_ .C 44 13 4/, 4 ) 5 . . , . 4 / c c )  4 . 5 1 / 5, C cl’ C ’ c/IU di In C .4’ C — 4/ /1/ CS C 0 IC ‘1 /4/ 1.- 41 a

~ 0 0 /4’ 1.) - — In 0 , ,  - , In ID S I C ’ 4 , 4 / C ‘0C I ., 0 a - ’ 4 1 C — l à C  tl ,, ’) . C .  0 .— 44 5.1 4/’ O s .” / 5 0 ) 1 5 / I t  11 1. I- ’ C - -V C. In 4/ ‘0 c’I ‘~ Cd c ’  I/I c.’- C .4’ / 14 41 , ( 4 5- 41 1/ c-- 41 ~~ S /0 - - ._ 
p a- c It4 / C  l ._ In~~ _ ’ l~~lI 0 0/ / 4/ - - - la- 1’1a- O O C  4 - c - ’  5 l ’ O . 5 .  cI C C d 4 4 / 4 /  - o rV o I l  ‘00 t / S c c 4/ c I t  L 1 d l C 4 c-. 4/ .0 C 1 00 .  1 .  /0 - - V I I )’  0,4 .0 4/ c / c C )  5 , 1— C -.’ ’. ‘UI— Ic- I 5. /1  41 4/ ‘I) 0 0 là = ‘0 I_I / l/ C 4 1’ C ~~~~~ U 4/ 41 >0  c-’ /4 ..- I’ - C C 4) -4 1 4 1 1 5 5 1 5 . 5 .1 5 . 1 5  0 c - ’ i’ 4 / C r c- C, .--’ I / I-’ C a--’ U 0 4 / 4 4 1 -0 4 1  ‘~~~~~~ l_ 

“ C 4 40 4 4 d 1  V Cc) 1411 4) /5 0 S 5. 4) 1’ C) I/i /1, — ,4’ a— - / II- I/I/ O 5. 43  4 — 0 .  CI 4) 0 ci I) - Ic-” 55) 4/ 4/ 5 4 1 4 ) 0 5 .  0 . 0 4 40 4 0 c - 4 / , . -  I l l’  I ’ - ‘l’ - c - Inc i  c - C  . 5 4 1 -, c -  / 5 1  , /  -41 C U Cc - - -— c - ’  )41 C 41 1. I— CI I - ‘Cd - /1) & 1 di 4) — I ‘0 4/ lad 0 ‘ - .4’ - 4 4 4  ‘1 II I - II4 ) 1 2 / 0- 0  0 4 , 5 . 4 / l I -IS 4 ) 0 .0 4 -  4 4 1  ‘ 0 / 0 4 / C c -  Clc , - ) ’ 5 . 4 )  C’ - C - In > 0 1 / I _c.  . 0 041 41 0. C Ia- ‘0 4/ 41 CI c- - C II S - - - - L là ‘0 5 CC SI — 4 ‘ I / - S ’  I/ -Ii CC 0. a--’ IC II. d i D  4’ 4 / 0  0 ‘ C) I_I I~ - C) - c S ~~cc) C’ -c) ‘1 0 5 4) Cl ‘ 1 1 444 . 1 / C  — 1/L i _ C- /I U 0 4 1 4 / C  4 4 4 1 C ) / 0 4 ) C C  C l - I c - I ’ ll l ’ 4 )  ‘I) dS C~~ 0 1 1 4 4 4 /  II 4- 1 10 —  0 C 0. In 4 ’ ‘ /0 /4 ( 1  là 5 / d ’ ) I C I C )J C ’ rS ’ ’/ c -’ Id , / 0 ’  4/ C 141 - ~ d ‘ . S) - ‘I -C 44 0 ‘a- 4/ — -— I.’ 4) c- SI a-_ .44 / 41 . 4 - 4 ) 4 /  1,411 / - - In -II 5. 4, CC - . 4 /  0U c-’ a-— c c  V 4/ 40 0 4) _ 41 a-’ )I ‘14 5 Ci ccc C C 4 44 ‘1 44 14) - ‘ - .  41~ C’ C I IS d l  dl, - - / C -C d i ’ 4 . -  1 =  ‘- 41 C I l à L I’ )  , / 0 4 1 ’. C I ’ , S / 4 0  C — . 4 4  C *~~0 / I/ c~~~/ S /44 5 — S  - / 0 ,:~~ c), 44‘c) 4/ I’ I — 4 1 4 )  c / c > - ,  ~C .l) c,c , 0 l 0 I4) C 4/ 4 ( . ‘ C ’  ‘ C - I C ) C,, 4/I C 5 c - 4 -C 0) C = 0) 4. 4) / 7 11 4 41 5. 4) 0 5 , 1 0  34~~/c là 5 ~ ‘ C - CS 1/  . 1  0 ’ . ‘I ‘14 C04 /  V C 0 t C c  C S C 44 41 C - 41’ C U Xl . In 4/ 1 44 ’ 41 - c 41 1/ 5’ -c)i-I C 0 U) C C_I ‘ ‘ I I ’ S ’  C 0 ‘ C c  4/ - -~~ L /  51 4) 4) 1 / S , ~/ 4  : - 3 - C’ 0 4- 4’ - , II UV V 0 51 0 11 -- 5 - 41 1’-’ -, C C o’ 5 ‘ -  CI’ d ’  S/I V U ‘IC- - 4/ C 44 4- 1 5 / 1 ( I) II4) 4 ) 4 1  4/ / /  - ‘ 4 / ’ 4 C~ — -  /S~~~~~In d i 4 ) ) . _ c/ _ 5 4 /  CC C O  c , l c d - /U0 ) V 1 5E C  ‘ 0 1 1 £ 11 /~~‘4 3 l1 Ic- p
II I n l à 4 1  1) 0 IS 41 D C ’  — II

C c i c i
’S L  S ’ I 5 5 4  - C/ c’ 1 1 . 1 5 , , . ‘ ‘ - 0 5 3 1 5 V~~ ‘ . 4 1 1 5 3 4 )  / 41 . 1 . 1 4 4/ I c c c C / / / f l C I/ d L  1 1 1 4 ) 5 1  ,, ‘ c c ) ll C~, c l 5 .  / ~~~ . ‘ “ ‘ C 4 -  / 0 / 0  1”’ CC -0 C. C. - I - II 0 ,1, 5) C ‘1) / — Ci ‘4 4 44 C’ 1/ di I ‘

~ 
C’ ‘ ‘ V 4/ , - C’ r ~ ‘ - - ° - I’ 0’ I C)5 4/ 4,1 C 3 :4 ’ • 4 ‘4- . : 4 ’ , I . c i l,’ — C - 4 II 1 /  ‘ 4  ,: ‘ , ll C - ‘ ‘ C , a- / d  U . 4 - . - 0 f l 4 4 I’~~~~~41 41 0 là , s 4  - C XI - , / /  S Ii 4/. I ’ l ’  ‘ 4 -  ‘ ‘ - - - C 4,-  C ~~‘ c-, C — C) l u / 4 4 .  l~ Sc- Cd /C 0 C’ l 1  - P ¶ 4) ‘~ II - III ,/ ‘ .14 4 41) ‘_ C - 1~ - C d l  / 1 - a-- /1 4.4 C - 0 4 - I / I - In CII /— - . E — C  ,‘ C 4 L L) C - ‘ -— V C L ‘ C L C : . . — , /  4/ , 5 / 1 _ 4 C, L. , 4 C ’ I~ 4 , 4 - 4 / 4 1 — C  ‘IC. -

4)
4 - )- - - ‘ 1. / I  11.4 C r ’  I - C c - S c -- I >  ( C  .I ’ l / , c C  I ) .’ - C I d 4 / C I l/ 4- ,~~ f l 4 )_ .’

In C L V  4- 1/ .- 4/ - / C ‘ , 1 , ~~,n I’  ~I C,) ( I’  I - :/ ~ 4 :1’ 41 a- - C 4 ci a- - 0 a- ‘V -
In di CL ‘9 C) -U C C Ia- /0 5 ‘dl C C ‘ / 0  ‘4’ 0 cli ) 4 - S

In 41 In I 1 4/ / S 1 :1, 1 / 4 1 Ic- . ‘I i I’ 4) In C I / I l  c- It Xi ‘ /1 1 44 1/  ‘9 Cl ‘ ,/ - cil 44Q I n  4, II) I l~~~ c) ~ I I d dfl , 4 ’ I n ,_ .— II / I4 c d 4 / . c ) C)I 4) 1fl :/ 4- 0 1 0 C C- c r 1 1 >  / / 0 1  I j ’ . c - I d — I ‘CI4 1 4~~ 4 1 C C )  - 1/1 0 4) . 1  4 ) l l 4 / d i I  - C- C~~~ - -  4/ 4 1 4 -  ‘0 . / : d /  l I d - / I , . In ’ ’  I
/5 5. 41 4, 0) 111 4) - - - - III  C 1 0’ C -- CIX I I I  = : C 0 111 C , - CU - ‘ . I - -, / I’ a-’ -c - _ II)4, 4) 41 4.4 41 - ‘  a- . / 4,1 4 1 1 4 — 14/4 4 / I.’ /~~~~~~~ / ‘ ‘ C / 1  Ci 1 4 ’ 4 ’  , 4/~ I” IIn 44 IS Xl Cl’ / I ‘11 4/ ‘~ 1’- I’ )/ d / ~~~~~d~ I I  II /11 - / () C C’ - - 0 0 ‘ 1 4 1  I’ I - , It I

C ‘4” c-’ C Ci / I - — I~~~’ / 4 - 4 I  : ‘ 4 / .  - II -1’ c O t / I  1” ‘15 1 - C ‘ : -  151 ,~~~ 1’ L 0 10 _ C  41 41 d5 1’ cc) - 41 411 • l ~~~~~~~~~~~ 0 1 5 : I C d i c c l l’  4 / c )  1 4 1  O D I di ll ‘ l ’ I d d i  I I / , , , 4 1 , ,

-505-

-I

~

’- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---, a’— -’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -.- -_ _ _ _



-
~

c-- ‘ - -~~~~~~~ ‘-, _ c- a,
,, --- ~~~~~~~~~~~~~~~~~~~~~~~~ - c -  -*‘

0
04 ) 0

* ) C .  4 1 4 4  44
0 0  0 11’
4/ Cd,
C4 l 9- 0

C C  4 ) 4 4  -
C- .-’ c- -

0 /V  0 5 /  c-I
V S  U c -  .4-
4 ) 0  41 4. - ) -

C - C .  I— ;
C. 141l 0 / I S  - - C
4 / C  = 0 .  .~ .4’
/ 0 - c -  C a-— -
0 5 .  ‘ c - C .  9 5 0 -.,)
3 0  0 < 4 1 1 1 1
4 .0  4) .4 .

0 4) cc

_ 4 )  --- C
>14 1  --‘
C -a-- 0.— C.
c - / 0  = 0 . 4 )

o c
0 C c  4 1 - c -

d1_ ._ . C4 )
4 / 0  4 ./ U S
41 C. 41 cc.

4 10  0 . 4 1  -
-c- 4 / 5 ,  a-I

4 / C )  I do O

0 4 )  V C
4 - 1 4 1  .I

4) 014~~~Cd

~~~

~~~~ ~~‘a’ 04 1  0 . 4 / 5
dc-I / S  C 4 1

a” ‘0 0 0 .
~~~~

Cl —— ~~~~0’c -

0 a- 
I
14 ~

-

4/ .0 L
a-’ 

U I ’ ~ :~. - - 0
4

/ c

Cl 4 5  - ~lJ 0 0’ .- , ~ ‘ ‘~ 4’ - ~~~~~- ~~~~ II

‘lI d/ Cc ’S’ C & c- Cc c U’ a-- &_ CV ‘15 S/ c I I~~~I// / C

-11 0 c ,, -d C C - 01 - C U C 0 C I  ‘1 5/ I - I - / S 5/ 5 ‘1/

C .  44/ - I’  I / I ’ C I  * c / C  a C )  c c c- - . 4  - ~‘ 04C4- ’c C 4 ’ - 4 ’ II, -1( 5 ~~~ /S 4 ’ 0  C ~ - - - , I

15 I ’ / c  cc . 0 / C  C i )  In c s/ C C I ’  5 . 4 1 /  D C  I ’ ’I &

C /1, / £1 Ci 0 0 11  0 di - C .  C 4’ dl ’ c-c / 1 ’ C’ / - I~ ‘I
— -‘U Cl 4) I’ C C C- - II dl) CI’ - U C / 0 / - - c- 1/ ,~‘ ‘ l C  -

- 1’ .” C - - 0 c- I C I ’ 1 . 4  1 > C I ’ 41 ,1 5 / 1 / ) - ‘44 -I,
C S _ - co C~~~~ I’) I  0 C 5 . ’ o C ~~~~~~ I ’ S  4 - 4 4  I / I - C ’ , c - I l  I I I ’

- 4 1 0 .  4 4 / 0 a - O S  ‘I ‘ ~~~c - /  r n a - c  C :)/ S I I  - , -
4 4 ’ 41 C) 4- / . C S 4 1 ’  — - c- C’ - /  C 4/: U_ -I ’  C ’  dl - - - 4’

- I C) - 4 4) 44 0 Cl ‘I Xi C ’ I d  - 4/ ¶ 1  C CII a a- / 1  ~I ci Ci a- 4 1-

/4 4/ ’  a ‘14 C 4/ 5 - c- In -C In Ci 41 5/ - C 0 1 4 4  Xl - & c c  4- —

C 0 U) l 4 - / 4 / S  - 5 ( 1 .  I ’ S  - C / a -  1 0
- - c) 4 - 0 : 1 - 444 1 I— 4/ c 1. 1/ /1/ 5. 1’ I C 4) - -  Cd CC II

C / C S  - ‘0 1 ‘ d I - / 0 d / 4 .  4 / S C  C c  11, I - c c - c ,) In C 4/
cc” 15 0 4/~ ‘111 “ / 4 4  0 /  - / I’ - ‘ 1 0/ 0 0 - I ’ ’ I ” • . I 

cc l c I - -
C 0 - 4- ‘. * . - C- . Cl I-’ l/ / . 4 1  C I

dl a- C ‘a- — 0 4 / / C d  I - I’ . - ‘ 4/. C ‘~~~~~~~~- ‘ / I ’ / / c ,• / -
III ‘I- Il ‘ 0  I , ,, , . 4 I C 1 . C  1 :44 11 1 ’ , C) I 4) ‘ II . . : ~ - 4/

- - 0 1 1. ’ 1 S I . , ’). ’ 15 4/: / c ‘ ‘ C -  0 - =  Cl 4 .  1 - & 3 11 4-
. -  4 ) 4 / 4 /  ‘0 -C ’ - ” l ’  ,~ d “ I . ’ . 41 11 ,  ‘ ‘ ‘ - /

la- I C 4/ ~- I) ‘ . 1 ’ .,, , .  . 
1

/ •,) 
I
~ 

I’ 
/ 1  - 4 / -

- 
) ‘ C  C) I44 ~ 

1j’
~ 

‘I SI’ H ‘ 
~, 

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

- . 
~~~~~ ~~~~

~ ~,:. C I I  
~~~~ 

.l’ , I ’ C . 4 IC I ’ c I c - . 4 4  
‘
~~

‘ ) ‘ In - L  I/ ~ - -

~~~~~~~~~~~~ 
)44 .: }  4 4/4~ I d I~, 41- -Il 

II , 
~~~~ 

. 1
.1 * , ‘ , L  I

II

~: 
- C 

‘1

II) I- 4-~~~~~~44 - :Id ~~~~~ ~~~~~~~~ ~ ~
“
~~~- ~. - ‘

~ 
;, ~~~~ ~~~~~ 

~~~~~

-506-

_ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘_-“‘ ~~~~~~~~~~~ .‘ .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _



—~ -~ _“ 4 . .. -’— -- -. ---I/ I’ -...’ - _  --~~~~~~ -C- ,-_ _— - —. .-’- ~~~~ - I - ’ - ’C’a -~-

2 N ,~~
. N - -;1~~~~

\ I ’  ‘, ~~ ;u ~~’~ i t : ~-YI 1rc’ r1 O~ C~’ C’.. IPUT P CO ’-~TP 2 L LE D

i~U I L T ~I I 1JC J ’[~~- ’ 0 \ T I C~ C ’J I P ~-~I.~N’I’

Ja’~es L. 9owe and Edward Jalman

pQIg~~r~ Requlator Company

N o r t h b r o o k , I l l i no i s

presented ~t

Federal Aviation Administ ration — Florida Institute of Technolo”i ’c.’
Worksho p on Grounding ~nd Li qhtn ing Protec t ion

April 1977

-507-

—-0’ 0’—c- ---.-a’/- ’c/.-a’--_— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—.  “ “ ‘ “~~~~~~~~~~~~~ ‘ a-



c-_c-.-’ . ~~~~~~~~~~~~~~~~~~~~ ‘~~~~~~~~ “ -“ _- _,S. ’a’ _.-,c-c-s_a- ,-cc_ --~~~~_ -, ,,
~~~~~~

‘ “ -“c-~ ‘~~~~~ lc-l ’~ a-’ 5 ’~~~~~~l’ll ._ _  .‘_ a-l .’ - —  _ , _ _ a’ _c- ’_• _._,__ -I~~l0’~0”'’ -

TRANSIENT AND SURGE PROTECTION OF COMPU TER CON TROLLED B U I L D I N G
AUTOMATION EQU I PMENT

BY
Jaxnes L. Howe and Edward Dalinan

DESCRIPTIOI-~ OF TYPICAL POWER S iNSTALLATION
1. Serial trunk line

2 wire
Tone signaling
50K baud transmission

Party line
Half duplex transmission

Terminate d in 600 ohm characteristic impe danc e
2. Accensor trunk

1i~ wire unbalanced
Party line
Unterminated

Hall duplex transmission

3, Sensor and control lines
Contact sensing
Analog
Control

lJl~ I/o Bus
5. AC Power
6. Cabine’Ls and panels

IDENTIFICATION OF TRANSIENTS VS FUNCTIONS

1. Data and acquisition line

Induced tr~in~ icnts

Induced lightning strikes

RFI
2. Power

Induced tr~ansien ts
Lightning ~~r i kes
RF and tone ~i~~n~ lin~

3, Cabinetr\’

St a t i c
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1. Induced
A il~an mad ’

Large equ i.pment beh~’~ turned on and off

R ( 1 a y ~ or . nduc t i .ve  devises heinz turned off

Electric arc welders

High voltae~e and/or current power lines

RF equi~ rnent

B Nature

Induced lii~htnin~
Direct li:’,l tning strikes

2. Static

A Direct (pushbutton)

B Ind i rec t  ( i n iu c e d  f i e l d )
W AVE SHAPE S

1. Power lines
Low impedance
Rise time 1—2 us typical

Fall t ime 50 us typical
Crest 2K V typical

These types of t ransients  are genera l ly  not a d e q u a t e l y  sup-
~~~~~~~~~~~~~~~~ ~r’~ ~.ost power supplies.

2. Da’t~4 a c q u i sit i o n  l ines
A Parallel t r ans fe r  l ines

Line impedance abou t- 150 ohms
rI —i >. len~ t}i about  25 f e e t
Ri , L; c t 1fl1 abou t 2 us typical
Fall time abou t 1, 000 us typ ica l
Crest .1 NV typical

B Tone tr ansmiss ion  l i n e s
600 ohm i, -,-n ic a i impedance

Rise tin~I’S 1-2 us typical

Fall time 2,000 us typ ica l
C r e s t  up to 10 NV

C DC current. loops

LO Op CUrr€ - f l ’ t  20-60 V~A with  d c - vi c e  char act (~r~ st ies  of
150 ohm s
Rise t ime  1—7 us t 1v t , i C a .l
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Fall t :.‘ 000 us ~v 1~Ical
C i - e st  ~~~~ ~y p~ ca1
Thc- s e  ~ j f l~,l1~ are  C ( / f l~~c 1 I .t 1 1 y  t v.1 ted na i r  b alanc e - i  l i ne s

}‘~-~OT~ C T i 0~-
1. .J ’Sf l

A Cons ~’ ; - t ~~~:1 a t s y t l l m s  level

B .; tr ’ss .~ at  d I S  t - ’i ge  , b C :4 kh d e c  tr i c al  an ~c~~b:~~~ c’~1
C ~‘U I t d t ~~5 t J~~(’ t~ ~ 1T’5 Ofl S c V S  te~~n 1uV ~~1
D V e r i f y  1 - iL~ f i e lU  t e st

2. ‘.:i~~’1’ ’ ~~~~~

A I o’1d1cc:r i i  n C U _ c l n t l l y  p o in t

B - ;w i t c h c . ’ on p~incl ~’- - n d  c a b i n e t s
C I/o lin es  en t ry  to cabine t
D Proper s-ys tern ~ rou~ i i i  n~
E Float  si, ’mc,.tl r o ’ sn-~s

F Cabi~ict C c-s is~n ~ or Li an-J i’i -4 1

no un - ; ro on ie d  s e c t i o n s  suck .  as doors or panels
3. Sh i c i d in ~’,

A Run  l ines  in  ~ rou~ ~€ d  m e t r ~1 con,isi  t.
P Soparat c  Pow ei’  and  t’r~~nsa1 s- s io n  1 nes Ha. of 6 i n .
C U s e  ~ rcn n \I; i re or s ’~ ield ‘Ib o v e  b ur i e - l  cah1~’ as s}i ci

4 •  (‘ ro ri 4/ i ’~~
‘
I
’ Conn ~’c t : ‘ i . ie lds  t o  ea r th  1~Oun- ,1 not  si 1 - - round

P F1~ oat ~nal ~ rou~
C A ll par r l i n e s  r e st  i n c lu d e  a ser~~r~~~t d c’O~~th - r o u n i

Wfl’e 5 1 1 5  PUfl i n  t - l . e  s srne  C Cr ’ l Ui t
p r;/ t 1, 1 , F ( ’ S p 1 5 h f l~~ r~ 1~~t p n o e  r i . Ca i i d  bc tb o u t  . oLi:.s :~.ay .

a ‘t ‘thc (y’ ( U. i I C I  FO is ( i n c c e ’i  ~
‘ \\ l . c t c cC ) a  C c )

C ~‘~~~~~e - ~ -~ s~ -.ou ld ~~~~~ r r o u n ) 1 L C I

F :‘:x Ln ina -t. i~~1-, of bU~~ ] c j 1 f l, aa-~ if iJ,r ~‘- ‘1 i 1 ii5 a- C O I C  U’

Used , ( r u c h  as b-,:’sH ~ fl C~ oc d ~~C - ’ r I n t  ,- ‘l ’ O U S  / • \lI’

5. El I ( 1  
~~~ ca~ p0-c l-er  I.

A 1 d f l ~~ - .1 ~~~~ 00 1

B D a t a  ~i - ’ q u i s i t i on  I
Gas ssr - ,-~ ’- ,~ i- c’e~- ~ ul’ .
Cpt’cL-i 1. icri S i t )  S r c f l l l ! I  j~~~~~~ 4 . 1 l ,I d

‘
‘

5 ’  t t I  ), 1 * )  / 1  I ~ tF~ S t  (‘S l / ’
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Optical couplers

Optical transmission

M EASUR iNG TECHNI QUE

1. Test equ i pment

Trans ien t  and surge genera to r

Test probe representing the charge on a human body used

2. Test appl ied

Power l ines

Transmiss ion lines

Data a c q u i s i t i o n  lines

E- f i e ld

H-f ie ld
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