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The Post—Doctoral Program at Rome Air Development Center is pursued via

Project 9567 under the direction of Dr. W. W. Everett , Jr . and Mr . J. Scherer .

The Post-Doctora l Program is a cooperative venture between RADC and the parti-

cipat ing universities : Syracuse Univ ersity (Department of Electrical and Com-

puter Eng ineering), the U. S. Air Force Academy (Department of Electrical Eng -

neering), Purdue University (Schoo l of Electrica l Eng ineering), University of

Kentuck y (Department of Electrica l Engineering), Georqia Inst itute of Technology

(Schoo l of Electrical Eng ineering), Clarkson College of Technology (Department

of Electrical Engineering), State University of New York at Buffalo (Department

of Electrica l Eng i neering), Florida Technolog ical University (Department of

Electrical Eng ineering), Florida Institute of Technology (College of Engineering),

Air Force Institute of Technology (Department of Electrical Eng ineering) , and the

Un i versity of Adelaide (Department of Electrical Engineer ing), in South Australia.

The Post-Doctora l Program provides, v ia contract , the opportun ity for faculty

and visiting faculty at the participating universities to spend a year full time

on exp loratory development and operational problem-solving efforts with the post-

doctorals sp litting their time between RADC (or the ultimate customer) and the

educational institutions.

This effort was conducted via RADC Job Order No. 9567 0006 for the

Federa l Aviation Administration . Mr. Fred Sakate was the FAA foca l point and

participated closely in the technica l coordination meeting s and cable testing

sess i ,ns.
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CHAPTER 1

Introduction

The work described in this report is part of a larger study program to

provide protection for communication electronics equipment again st transient

electromagnetic disturbances. Strong electromagnetic disturbances may be

caused by nearb y l ightn ing a c t i v i t i e s  or man-made e lect romagnet ic  pu lse s.

Current and voltage pulses are induced in nearb y cables running between

buildings or equipment enclosures . These currents and voltages are then

coupled into the terminal equi pment. Excessive interference in conventional

exposed m e t a l l i c  communication l ines  is ind icated unless adequate protect ion

measures are provided . This may require extra electromagnetic shielding of

certain i mportant communication lines and associated buildings housing sen-

sitive equipment and/or the installation of protective devices on certain

communication equi pment.

The larger stud y, known as the FAA Lig htning Protection Study , has

been performed by the Post-Doctoral Program throug h several of its member

universities for the Federal Aviation Administration . The institutions

inc lude the A i r  Force Ins t i tu te  of Technology, Florida Inst itute of Technology,

Georgia Institute of Technology , and Purdue Univers i t y . The ind iv idua l pa r-

ticipants in the FAA Li ghtning Protection Stud y are listed in Appendix C.

1. 1 FAA Li ghtning Protection Study

The FAA Li ghtning Protection Stud y consists of three technica l tasks :

( 1)  the de te r r i i na t ion  of the vo l tage and current leve ls  l i ke l y to be con—

ducted to FM equipment; (2) the de te rmina t ion  of the susceptibility leve l s

of FAA equ i 1n~.eri t; and (3) the determinat ion of li ghtn i ng protective dev i ces

that are avai l ab le tc reduce the levels of (1) to those permitted by (2).



These three tasks have been performed in para l le ’ w i t h  c lose i r t e r a c t io n  and
(1) (2) (3), (4)are essen t i a l l y comp leted . Appendix C 1 s’ s the schools

having primary respon s i b i l i t y  for each of the tasks.

This report is the resu l t  of the work done under the f i r s t  technica l  task .

This stud y is p r imar i l y concerned wi th the numer i ca l  anal ys i s  of the resul tant

c i r c u i t d is turbances caused by earth conduction effects of li ghtning discharges.

A numerical model is presen ted in this stud y to determine the amount of coupling

between a li ghtning discharge and an earth-return tr ar :-rii ssion line. Onl y the

detailed numerical calculations are to be reported in this report since the

theore t ical  founda t ion and anal ysis were presen ted in an earlier report . ’4
~

Ac tually, this work can be considered as an extension of that earlier report

since the earlier report only contained a description of the theory of li gh tning—

induced t rans ien ts ; whereas , this present report contai ns the applications of

that theory to a typical buried shielded transmission li n e .

1 .2 Probl em Statement

Numerous interference and protectio n prob ler .~s are encountered in the

developmen t and operation of extensive communic ation and ko~-J er syster~s .

These probl ems are caused by the inter nal coupling of such svster s with each

othe r and by the ex ternal presence of the earth which , in some measure , i s

involved as a return conductor. The earth also serves as a return conductor

for li gh tning c u rren t s , which often occasion disturbances i~ cor~-~c~n ica ’ i o n a nd

power c i r c u i t s . Lig htning d isturbanc es are lar qt ~l ’y a t’e- n~.-he r i c phenn- r~ena

gove rned by the ph ys ica l p roper t ies of the ai r . H evn ,.~~” , the L- ehi v ior and

effect s of the 1 i ghtn ing n’a r t Ie ~urface of he around in can’--jn c it ion and

power sy~ te”~s are primaril y earth conduction pr ehle r s cau ,-,ed y th ( finite

conductivity of the earth. Therefore , prohl er~ a ris e Fo t h in comunication

and powe r system circu i t s concerninq t I ~ pro t ecti or o1 trans ri ~~i - i - n  lines ana

2
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associated equip m ent aqainst interference and possible breakdown caused by

excessive vo l tage or cur rent surges induced by ligh tning discharges.

To deal adequatel y with such problems , i t is necessary  to consider

sol ut io n s to t he bas ic  proble m in which  the ea rt h , as well as conduc ting

current paths , are involved in the I i chtni n g d ischarg e. The anal y s i s  of

s uch problems is i nherently more comp lica ted than the problem of completel y

metal l ic Circuits embedded in an insulating med i um , since the great extent of

the earth necessitates the use of electromagnetic field theory, ra ther than

conven tional transmission line or circuit theory , in the solution of most

aspects of the problem. It is , therefore , necessary to restrict the anal ysis

to f a i r l y simple fundam ental cases , in wh ich  s imp l i f i e d  models  of the ear th ,

cable , and li gh tning channel geor-~et r i es  are used , on account of the complexities

that would otherwise arise. Therefore , i on iza t ion  e f fec t s ca u sed by hig h

indu ced vol t~~c; cS or electrol ytic actions are not considered . Also , the heter-

ogeneous character of the earth as a conductor and an electrolyte are not con-

s i d e red . Furthermore , the extreme l y variable nature of the lig htning c u rre nt s

and vo t tages are not considered ; however , typicall y ave rage va lues of che

li ghtning channel parameters are used.

1 .3 Overv i ew

This report is organized as follows .

F i rs t , ~he geometry of the cable and the li g htning channel are stated

in Chap ter 2 . Then , the basic equations which govern the behavior of the

elec tr orann etic disturbances caused by earth conduction effects of li ghtning

d ischa r~ es are summarized in Chapter 3. These equations were derived in the

e a r l i e r  theore t i ca l  anal ysis and are to be studied and programmed in this

presen t num er i cal ana~ y s i s . These equat ions inc l ude :  the f i e l ds  due to an

e lec t r i c  d i pole i n ree space; the fi e lds of a vertically or horizontall y

3



orien ted dipole above a flat earth ; the nutual coupling impedances between the

dipole-like li gh tning channel and a buried wire ; the equivalent distributed

transmission line formulas of the coup l ing phen omena; the induced electric

field in ten sity along the outer conductor of the cable for a lig htning stroke

to ground; the Green ’ s Functions for a distributed vo ltaqe or current source;

characteristic equation of the transmission line; the characteristic values of

the t rans m i ss ion  l i ne , e.g., the propaga tion constant and associated propagation

modes; th~ ind uced current and voltage surges on the outer armor of the cable;

the voltage and current standing Waves on the trans o ission lin e ;  the induced

current and voltage surges on the center conductor of the coaxial cable; and

the impedance transfer functions of an armored and shielded coaxial cable.

The de tails of the above theoret ical analysis were pre sented in the earlier

repor t. 
(4) 

The nu mbe rica l techniques used to compute the theoretical for-

mulas giv en above are discussed in Chapter 4. A li s t ing o~ the resulting

computer code is g iven in Appendix A. A typical sample of the input data i~

g iver in A pp endix B .

Fi nall y, the output r c - se l ts arc- disp l ayed in C~ ant er 5 via nu crous

grap hs of the time hist o ries and frequency spectra of t~ e re u l t Inc transient

current and voltaq e surges. Sane intermediate results are also presented .

4

_________ _-__ -~~~~~~~~~~~~~~~~~~~~~ ~~~~~ —- --_ ~~-——-“~~~. - - — - -
~~~~~ -



CHAPTER 2

Problem Geometr y and Pulse Model

2. 1 1~eome t ry

The geometry of the cable and the lightning channel are shown in

Fi gure 1.

The cable is buried at a uniform depth d below the surface of the

ear th. The cable is coaxial wi th an inner core , an inter mediate shield and

ar mor , and an outer sheath for corrosior and mechanical protection . The

cabl e has a length ~. and i5 terminated in typical load impedances Z~ a t each

end , which are qi-ounded to the armor and the shield.

A gro und stroke of l ig h tnin g carrying a total current I terminates at

a d i s tance y from the cable. The li gh tning channel is vertica l and extends

t o a hei ght h above the ground . The l i g h tning channel carries a typ ical

“doub!e exponential” re tu rn s t rok e curren t pulse , with a rise tine on the

orde r of 1 h s  and a decay tim e on the order of 50 LS. The peak current of

a typica l return stroke is on the order of 20 ((A.

2. 2 Pu ls e Model

The current pulses produced in a lk~htning s t roke may be closel y

rer e ;~ nted b y a  ‘ ‘double exponential’’ distribution

1( t) I
0
(e~~

t 
- e

t ) (1)

The ~u Is e rises rapdi l y to a peak value I at the time t and decays slcw - Iy

t ‘~ a ~~~~ 1 ~~ a c I a t t he t i me t , whe re c ~ 1
p d

-. ( t  ) I (e~ 
~I) - e~~

tP) (2)
r p
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c i  = I( t d ) = I
0
(e~~td - e~~

td) (3)

A relation between a, 1~, and t can be determined from the expression for

the ext remum

dI (t ) 
= 0 (4 )

t t =t p

which imp lies that

ale- e
(
~~~~

tp (~ )

or
— T t

-~e 
P

A relation between ~ , ~~~, t , and t
d 

may be ob tained from (2) and (3) ,

— t t d — .
~
td \ , —at ~~~tr~\

- e ) = c~e P - e V )

and ~ r ay be solved numerically from (5) and (7) once c , t , and t
d 

are

spec if i e r ~. A s rnp le and accurate  approx imat ion may be made by not ing that

t d 
> t .  Then ( 3) may be approx imated by

—
c i  I e dp 0

Combination of (2) and (3 ) ,  y i e l d s

I = i~~(l - 
~) e~~~p

An expression for a may be ob tained from (8) and (9),

ciin c + ln( l-~
.)

a = 
- 

(10)
p d

When t
d 

>> t , Ct << ~~~, the above equation nay be further simp li f ied ,

a = ( in c ) / ( t  - td
) (11 )

Know ing cx , a numerical va l ue for ~ may be calculated from (6) using, for

example , a Newton-Rap hson technique .

6



- - - - - -

Knowning the complete wave form 1(t) in the time — domain , the ‘ requency

spectrum i (w) of the current in the frequency — domain is deter m ined by

IL) = , ( 
1 

- 
1 (121

0 ci - jw - j w /

For a typ ica l  li ghtning stroke ,

t = 1 .2 ~.s

td 
= 50 ‘.s

and

= 20 ((A

Using the above parameters, the result ing wave for 1 (t) in the m e- 0 --a m

is shown gra phically in Figure 2; the resulting wave spectrum i (o) in t 1 ’ -

frequency— domain is shown grap h ica l l y in Fi gure 3.

The computer program superposes pulse trains of the above “doub l e

exponen tial ’’ form to model the prestrikes , the return stroke . and any sub-

sequent restrikes.

7
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CHAPTER 3

Disc ussion of Theoretical Results to be Programe d

The theoretical results of the earlier report are now summarized

and discussed . Detai led description of symbols and definition s of terms

can be found there .

3 .1 V ertica l Dipole (Free ~pace)

The curren t density J o f  a verticall y polarized point di pole with

a total current I a di stance z
0on the z ax i s in free space, as shown in

Fi gure 4, is app roxima ted by

J~~ z ldR. 5 (z-z
0) . (1 3 )

Then , the resulting Hertz p o tential II is

-jk
0
R

f l ; j ’
~~ ( 14 )

wher e the f ree spac e wave number k
0 Is given by

k
0 
= w / p 0c 0

and the dis tance R is g iven by

R = + (z-z
0
)2

Alternative l y, by a pplying a cylindrical Hanke l transformation ,

-
~~ -

~~ 
,z-z

1 1 =  z 
~~~~~ ( dr -1-- J

0(r p)e ° 0 (15)
0 1 0

where J0 is the Bessel fun ction of order zero and whe re the axial wave

num be r is defined by

/ 2 2
~‘r  - k 0

8
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Notice that there is no t~ dependence due to the axial symmetry of the qeor ‘ r i .

3.2 Vertica l Dipole (Above Flat Earth )

The Her tz potentials of a vertically polarized poin t di pole o-i th a te ta l

current I a distance z
0 

on the z ax is  above a f la t ear th, as shown in F i lu re i-5 ,

have the form

= ~ ~ 
dt J

0
(t p) (

~ e a
~~~~~L r(T )e a 

~ , ( z n O)  (17)

e = ~ ~ J
0
(t P) t(T)e m (z<o) ( 18)

where ~ a 
and ll~ e 

are , respective l y, the potentials in the air and in t r ic -

earth. Also , r is the reflection coefficient of the wave reflected from in:

air-earth interface and t is the transmission coefficient of the wave trans-

m it ted throug h the air-earth interface. From the boundary conditions on t 0
~

fields at the air-earth interface ,

2
k~~ -~.z

r ( T ) = i— 1 - 2 2 
a e 

2 e a 0 ( 1 9)
“a k~~ + k ~~ /

e a  a e

k
2 

-
~~ z

t(T)=2r 2 
a 

2 e a D  (20)
k E ~ + k f
e a  a~e

where the axial wave numbers ~ and ~ are defined by
a e

- / 2  2
= V T  - k

a a

= /~
2 

- k2

and where the wave numbers k and k are defined by
a e

k = k
0 

=

k = . /~~~. (u + j  !.)
e e e

9
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Al ternatel y, by applying a cy l i n d r i c a l  Hanke l t r an s fo rma t ion ,

-jk R -jk R

i a 
= 

~ 4! 
(e 

R
_
a 

+ 
e 

R 
- 

‘

~ a) 
(21)

-
~ e 

= ~ 4n~~ ~e 
(22)

where the distances R and R
’ 
a re d e f i ned by

R ~
‘
~2 + (z-z

0
)
2

2R =
~~ 

p + (z-i- z
0
)

and the term s P. and ~ are  d e f i n e d  bya e

e
—

~~~ ( z+ z  )
A = 2L 2f dr l  j ( I c ) a e a 0 

(23)a aj
0 0 k

2 
+ k

2
~e a  a e

+-
_
_ z z

= 2k 2J d Ir J ( t c )  ~~~~~~~~~
— e e 

e 
a 0 

(~~ )
e a 0 

+

The f irs t two ter~ s involvi ng R and R in (21) for 
~ a 

re p resen t the

fields d ue to the dipole and its image throug h a nerfectl y conducting earth.

The t€ ’r- s 2-. and 2- in (21) and (22) for ~T and IT are , re~ pt- c t ive I y, thea e — a  — e

corr .-’ t ion tern ’ in the air and in the earth , which account for the f i n i t e

c r d t i c t i v i t y  of the earth .

3.3 Ground Stroke

Thc Hertz potent ial 
~ 

in the earth due to a verti cal I i c h t n i n q  st roI~e

t o  qi - oun d ,- -lt h a total hei gh t h is deterHned by inle; r a t i n g  the Hertz ;-c tent i al

~ 
in th e earth alonq the z avis fran 0 to h , i .e.,
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h ° k
2 

~
S J~ 

dz ’ 
~ e 

= z 

~~ 
Jo 

dz If dt ~r J
0
(1~ -) 

k
2c + k 2( 

e e a

(25)

in the above expression , it is assumed that h >> 1 .

The corres~ondi ny electrostatic potential 
~ 

in the earth is

2 - ~ -

= 
~ e 

- 

~ 2~wc
0 

dTT J
0
(Tp) 

~a 
k
2
~ 

~~~~~ (z<o ) (26)

and the corresponding field inten sity E in the earth along the position of

the buried cable is

2 - ~-

E = E~~ = -j  
~~ 

f d~i
2 j

1 ~~~ 

~~~a 

e , (z< 0) (27)

where

/2 2
R =~~‘x + y

S S

3 .4 Governing Equations

3.4.1 Faraday ’s Law

When Faraday ’s Law

= - 
~~~~ 

dS - B (28)

C l

is app lied to the contour C
1 and the surface Si , as shown in Fi gure 6, the

rate of change of the voltage wave V along the cable is

dV(x ) = - jw~ (x) - E(x) (29)dx

where the voltage V and the potential ~~~, per unit length in the x-dir ection ,

are defined by

1 1

- ~~ — -~~~~~~~~_ .  - - _ . ~~~~~~~~~~~~~~~~~~ 
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V(x) dr E - dr E
n (3 0)

q (x ) = - 1:’ dr B~ 
- dr B~ . (3 1 )

3.4.2 Amperes ’ Law

When Amperes ’ Law

4
d 1 •  H =  iu~f5 d S .  D (32)

is applied to the contour C
2 and the surface S2, as shown in Fi gure 6b ,

the rate of change of the current I along the cable is

d i (x) 
= - jw~ E(x) (2trr ) (33)

where the current I , per unit length in the x direction , is defined by

1 (x) = ~~~d l -  H (34)

3.4.3 Transmission Line Model

The above equation s developed f rom Faraday ’s Law and Amperes ’ Law are

put into the form of the standard Tel egrapher ’s Equation on a distributed

t ransmiss ion  l ine

dV(x) = - Z 1 (x) + E
5 (35)

di (x) = - V V(x) (36)dx

where the series impedance Z and the parallel admit tance Y are def ned by

Z=  Z
L
+ Z

S

V = —i—
7
I

Th~ surface i mpedance Z~ and the long itudinal and transverse impedances

and Z1 are defined by

12 
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-

~~~~~~~

E’ (x)+E

s T T ~T 1 (x)

and

Z
L 

= 
~~ 

~(x) = ZL1 + Z
L2 

(40)

X z + 4
T dI (x) 

— 

TI T2
dx

I n  (39 ) ,  E’ denotes the secondary induced field due to the primary

return stroke field E .  The longitudinal impedance Z
L 

is later decomposed

in to the sum of two terms ZL 1 and Z
L2
. Similarl y, the transverse impedance

ZT is later decompo~ed into the sum of two terms Z11 and ZT2 .

Strictl y speaking, the i mpedances are functions of x. However , only a

moderate variation with respect to x ove r the major portions of the wire is

expected , except near the points where the current varies rapidl y. Further-

more , i t  can be shown that when the fields under consideration are travelling

waves , these i mpedances are trul y independent of x. Thus, a good approximation

to the impedances can be obtained by considering the natura l modes guided by

the coaxial conf iguration , as shown in Figure 7.

3.5 Natural Modes

To determine the exact form of the natura l modes , the potentials in the

earth , insulator , and outer armor of the wire are expanded as

Ii =J d~ F (~) 
j
0
(~~r)e~~~~ , (r< r ) (42)

!L~ 
= J d ~

[F’
~~
(
~
)J

ü (~ 1
r) 

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

e J :~ 
F
e
(
~
) H

0
(2)
(~ r)e~~~

x
,(r>ri ) (44)

where F , F ’ 1 , F”
~
, Fe 

are the unkno~-in expansion coefficients determi ned

13



from the dispersion rela tionship. The transverse wave numbers ~~~~~~ , f~

and 
~e 

are defined by

~~U) 
=

“2 2
= /k. —

where the wave numbers k , k ., and k
e 

are defined by

/
k = CJV ~ u~(t  + j  —

~
--)

U)

k. = ~~~~~~~ + j  ~ L)

=

The i mpedances Z~ , Z
L1 Z

L2~ 
ZT1 , and defined in (39)—(41) may be

expressed in terms of the unknown expansion coefficients F , F’ ,, F” ., and F :

JF (~ )r (r b)e J X cJ~
Z (x) ~ c 0 c 

.~~ (45)
2irb(n + 

~~~~~ I F ( ~~) T J
1 ~~~~~~~~~

and

Z (x)
L i 

2mb (-i +j . 
~~ I F ( ~ 

~~c~ i ~ ~~~~~~~~~
(1+6)

Z ‘ - ~~~~~~~~~~~~ 
J F ( ~ )H (2) ( r c )e J~~ d~

L2~~ ’ - 

~~~~~~~~~~~~~ J F ( ~ ) f J 1 ~~~~~~~~~~~
and

- r ( F I ( r) [J  ~ c)-J 0(~ b)]+F’ .(~~)[V (f. c)-Y (f c)1 e~~~~ d~( — . 0 1  ~ I i 0 1  0 1
Il ~ - 

~:~~~
T
c~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~

~ F ~~~~~~~~~~~~~~~ c)e j - ,X ~~.

z () = ~~~~~~~~~ — 
e

Z~b (T +j ,
~ 
) ç~T F (c)J (~ b)e~~

”tdr
C c )  c c ~ 1 C
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‘

S

where

O +j W C ~c c 1 j  (F~ b)J0U~1 b) 
- J0U

b)J
1
(~ 1 b)C1

+jU)E
1 ~~ 1 c

= 
~ +jU)~ 

~ (5 1 )
c c 1 j  (E~ b)Y (~ 1

b) -
~~ 1 c 0

O +jW C ~
e e 1
C j  ~~ H 1

(2)
(~~c)J 0(~ 1

c) - H
0
(2)
(~~c)J 1 (E 1

c)

A
2 

= 
C +j WE ~ (5 2)
e e I

C +JU)C H 1
(2)

(~~C)y 0(~ 1 C) 
- HO

(2)(~e
c)V J

(~ i
c)

1 1 e

The p ropagation constant ~ determ i ned from the above expression s is

denoted by which is the eigenva l ue of the determ inant. Also , the depend-

ence of the expansion coefficients F.’ , Ft’, and F on F is attained , i.e.
e U)

the eigenfunctions of the determinant are

C ~~~~~ ~ J (~ b)I C C C I C (53)
F (c) 

= 
0

1
+jU)C

1 ~~ 
— FY

1 (~ 1
b )

F”(~) -(o +jwE ) ~ rj (~ b)C C C I c (54)_____ = 0
1
+jwC

1 ~ ~~~~~~~~~ 
ry 1 (~1b)

F ( ~) 0 +J UC ~ ~ J (~ b)[J (~; c) 
- rv (f; c)]

_ _ _  ... c c i c  1 c 0 1  0 1 (55)
F (~) 

(1
1
+jWC

1 
H
0~
2
~~~~~~~ [J

1
(Ej

1
b) - rV 1 (~1 b ) ]

U)

where

C C 1 J ~ b)J
0
(~ 1 b) 

- J0U
b)J 1

(E
1
b)

01
+jwC

1 ~~ 1 c
(5 6 )

C +jU)C ~~ .C C 
~ (~ b )V

0
(~ 1

b) - J
0
(~~b)V1

(~ 1 b)0
3
+j U)E

1 ~~ 1 c

When the current on the wire is a traveling wave of the form

-iC x
i (x) = 1

~ 
e 0 J d~ l 0

ô (~ -~0
)e~~~~ (~ 7)
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where is a constant , the remaining eigenfunction F is determined to be

I ~~~~~
F (

~ ) = 
0 (58)

v~Tr b(o +jw€: ) E J (~ b)
c c c 1 c

Therefore , due to the presence of the de l ta function in F , the integrals in

(45)-(49) for the impedances are easil y evaluated to g ive

F~ J0
(~ b)

Z = 
2Trb( C +jwc ) J (~ b) 

( s9)
c c 1 c

and

— 
~j W t )

1
(G

1
+j W E

1) 
F !(~ )[J0(~ 1 c)—J 0

(E 1 b)J 
+ F’.’

ZL I 
- 

2 7Tb(a +J cuE
~

) 
~~~~~~~~~~~~~ 

(60)

(2)
Jw p (o +Jwc ) F (~ ) H0 ~~e

d
ZL2 = 211b(cT +j~~ 

) F (ç) ~ J (F b) (6 1 )
C c c i  c

~~ 
—

~~ 0
and

— -l 
FI (?)[J

0
(f~1 c)-J0(~ 1

b)] + F’
~
’(t )[V

o
(E i

c)_ V
o
(E

i
b)J IZT1 - 

2~b(o +jU)c ) 
~c

F
w

J
l~~ c~~ 

-_

~~~~

— - -

~~~~~~~~~ 

, (62)

F (
~~
) H

0
(2)(~ c)

ZT2 = 2Trb(o +jU)e ) F (~ ) C J i
(
~~

b1 
(63)

~

3.6 Green ’s Functions

The voltage and current waves on the outermost conductor of a coaxial

transmission line e’ccited by a distributed voltage source due to a li ghtning

discharge are now sur~v’~ar i z ed .

The voltage V(x) and the current 1 (x) on the transmission line due to a

d i s t r i b u t e d  voltage source V (x ’) are determined by the superposition integrals

V( x ) = f dx ’G (x;x ’)V (x ’)  (64)
V

1 (x) = f dx ’G 1
(x ;x ’)V(x ’) (65)

- 0
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where V(x ’) is the field due to the lightning stroke , i .e.

V (x ’ )  E
5 

(66)

and the voltage Green ’s function G
~

(x ,x I) and the current Green ’ s function

G (x ,x ’) are known to be

r V(e~~’~ + r e
’
~~) (x < x ’) (67)

G (x,x ’) =
V 

L V+(e~~’X + ~e~~
X
e

2
~~ ) (x > x ’) (68)

~~~~~~~~~~ 

(e~~~ 
- F e ~~~) (x < x ’ ) (69)

G
1
(x ,x ’) =

~
4-_ (e ’

~ - F~e~~~e
2’
~~) (x > x ’) (70)

The unknown constants V~ , which are the magnitudes of the forward and

backward traveling waves , are determined from the boundary conditions i mposed

by t he con ti n u i ty of the cu r ren t wave and the discontinuity of the voltage

wave a t x = x ’ , i.e.

-
~~~~~~

‘ + +y~ ’ -2~ c-
= + 

e - e e (7 1 )

e+’~~ -v = - (72)

where the reflection coefficients F are defined by

z
_ 

- z
C (-7

~ )z + z
C

z+ 
- z

+ 

c (74 )
z + z c

and t he de ter m i n a n t I is defined by

I = - 2(1 -( ~ e
2
~
2’) (75)

The propagation Constant y and the Characteris tic i mpedance 2 are

d e f i ned by
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r~ 
- -- __

= \ Z  (7 6)

= ,~~~~~~ (77)

re the ~e r  i e s  i r-~~eda n ce 7 a n d  the shunt admi ttance V were defin ed

t- ar li er in (37) and (38).

3.7 Transfer Functions

Once the induced curr er -~ an~ vo it a- e sur-~e~, on the outer conductor

ç = ) of a coaxial cond ictor are ~nn- -.-n due to a nearby li g htning dis-

c h a r ge , the induced current and v o l t - - ,e surges on the inner conductor

= are deter~~ined via the use of the impedance transfer function s for

a coax ial cable , i.e.

E = z I + z . i . (78)
~~~~~ ee ext et nt

E 2. I + Z . . 1 (79)x ~~: te ext it t nt

where the internal and external impedances are defined by

1 L_ ee 
(80)

ee -j
~~ ~~~~ t

z . = —-L —~- ~~~ -
~~ 

(81 )
et —~~ir~~ 2-- 

~~_ c_ >

z . ~~~~~~~~~~~~~ (82)te — j . s 2n 
~
- 

-

— L 1z .. - j
~

-
~ 

2 — ;  1’

and

~ee 
= V

1
(ki <

)J
0
(kp ) + J

1
(k~~ )V

0
(kç >) (84 )

= “1 
(k ~- > ) J

0
(k p

>) J
1 
(k r )V

0
(k 1<) (85)

and

t = ‘
~l 

(k~~)V 1 
(k p ) — J

1 
(k 

~<h’1 
(k t~

) (86)

I’ = J
1 
(kp<

)V
1 
(ki-~

) - J
1 
(k ç~)V 1 

(k c<
) (87)
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Since the coaxial cable may be composed of severa l concentric shells

rather than just one , as depicted above , the above formulas may be used

recursively to obtain the current and voltages on the innermost cylinder due

to the current and voltages on the outermost cy linder .
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CHAPTER 4

The Computer Program

4.1 Introduction

The “LPS ” Program has been written in FORTRAN IV language for the

CDC Cyber 74 computer to produce solutions to the electromagnetic coup ling

problems which are outlined above .

Severa l factors were given consideration in the desi gn of the program .

Efficient coding was used to reduce computer run time as much as possible .

Full single word accuracy and , wher e necessar y, double precision accuracy

was utilized in the calculation of special functions . Sing le precision

accuracy on the Cy ber maintains fifteen digits of accuracy. Maximum use was

made of core storage . The sizes of the basic solution arrays (up to 100 x 100

comp l ex) were determined so that secondary storage devices such as tapes or

d i sk packs do not necessarily have to be utilized In running the prog ram.

4.2 Glossary of the Routines

The p rog ram operates via a MAIN program and numerous auxiliary routines ,

e.g., a runstream , program sequences , subrout ines , functions , and a library ,

which are listed in a flow chart contained in Figure 8. Standard I/O and

mathematical rout ines , e.g., intrinsic functions , are ass umed to be available

throug h the FORTRAN operating system.

Th e M A I N  program controls the overall runstream and sets up the parameter ,

type , and di mension statements and the comon blocks .

The runs t ream cal ls the p rogram sequences , which in turn cal l various

subroutines and functions . A library 0f special function s and operat ions was

developed to support the program.
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4~~ The l~~put Routine

Sut rou t ine PSIO reads the user ’ s control inform ation , prints out

~1 nd obtains Inform ation for all operations. The i nput cards and

th~’i r t~~rr- ats are listed in Table I.



CHAPTER 5

Numerica l Results

Several average li ghtning channel conditions and representa tive buried

cable geometries are examined . The results are convenientl y displayed via

numerous grap hs of the time histories (time-domain result s) and the frequency

spectra (frequency-domain results) of the resulting transient volt age and

current pulses.

In part i cu lar , a typica l RG-58/U coaxial cable buried one meter below

the ground in wet soil is considered . The cable is assumed to be shielded

and armored and is coated with a protective layer of in sulation. The radius

of the wire is 0.813 mm , the -f~ner and ou ter radii of the shields are , res-

pectively, 2 .953 mm and 3.953 mm , the inner and outer radii of the armo r are ,

respect ively, 4.953 mm and 5.953 mm , and the outer radius of the sheath is

6. 953 mm , The relative permeabi lities of all of the insulat ors and conductors

are assume d to be unity; whereas , the relative permittivities of the stabilized

pol yeth y lene spacers are assumed to be 2.26. The absolute conductivities

of the copper conductors are assumed to be 5.7 x lO~ mhos/m; the absolute

conductivities of the stabilized po l yethylene spacers are assumed to be

1 .0 x lO~~ mhos/m . The earth is assumed to be wet with relative permeability

1 .0, relative perm ittiv it y 5.0, and absolute conductivity 1.5 x l0~~ mhos/m .

A “double exponential” lightning channel pulse is assumed , with typical rise-

times and half-life decay time s on the order of 1.2 ~s and 50 i s , respectively.

A peak current of 20 KA is also assumed . The lightning channel is considered

to be vertical and , for comparison purposes , is assumed to terminate at d = 0 m ,

l0m , 5Cm , lOOm , 200m, 500m, 1km , 2km, 5km , and 10km from the cable , at a point

nea r the end of the cable. The cable is assumed to be 1 km in length.
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Particular attention is paid to the magnitudes of the vo l tage and current

waveforms at both ends of the line and at the middle of the line , i. e., at

x O m , 500 m , and I km.

As an examp le , Figures 9 through 16 contain plots of the computer output

which resulted from the Input data contained in Appendix B. In particular ,

Figure 9 show s the frequency— domain distributIon of the externa l excitation ,

i.e ., axial electric field on the outer conductor of the cable , as a function

of position at various frequencies due to the l ightning stroke directl y over

the load . Figure 10 shows the frequency—domain distribution of the induced

current transient on the outer conductor of the cable as a function of

position at various frequencies due to the di stributed externa l excitation

of the lightning stroke . Figure 11 shows the frequency spectrum of the trans-

fer ratio for the curren t or voltage between the inner and outer conductors

of the cable. Figure 12 shows the frequency—domain distribution of the inter-

nal excitation , I.e., the axial electric field on the inner conductor of the

cable , as a function of position at various frequencies due to the imperfect

shi eld i ng of the a rmor and the sh ield. Fi gures 13 and 14 show , respectively,

the frequency spectra of the current and voltage pulses on the inner conductor

of the cable; and , Fi gures 15 and 16 show , respectively, the time histories

of the current and voltage pu l ses on the inner conductor of the cable.

Table 2 contains the values of the peak current and voltage and the

rise times and the half-life decay times of the pu l ses on the inner conductor

of the cable at the loads , and at the midpoint of the cable as a function of the

distance of the li ghtnIng stroke from the cable with the other parameters of the

model held cons tant. The lightning stroke cocurs near the end of the cab le. The

program is capab le of varying all of the pa rameters in the model simu l taneousl y;

but , onl y this one case is stud i ed here. This case is of interest and is

- 

24



treatec~ in particular since it is very similar to the conditions w h i c h

ac tua i i y e> :ist duri n g a thunderstorm , i .e., the distance f ror-t t h e  c a b l e  to

the 1 igh tning stroke varies froir stroke to stroke; ~hereas , ii e rem ainin g

parameters of the model are fixed at the initi a l time of installation of

the system .

An examination of Table 2 reveals tha t the ability cf the l i gh tning

stroke to induce current and vo l tage transients oil the inner conductor

of the cable at the load decreases slowl y with ircre as iiiq distance between

the l ig htning stroke and the cable , as one would naturall y expect. We also

rote that there is relative ly little difference between the va l ues corresponding

to lightnin g strikes occuring nea r the ends and nea r t he  r i i ddle of the cable ,

~ i i ch  indicat es tha t the coup ling m echani sm is relatively insensitive to

axial disp lacements along the length of the cable .

The maximu m current and vo l tage peaks observed ott the inner conductor

of the cable at the load are 6~2 V and 13.1 A , and these maxima both occur

when the stroke is directl y over the cable.
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CHAPTER 6

Concl us ions

This report presen ts the numerical results of a i i ghtn i r i q 1-rotect ion

stud y w h i c h  was perforr ied for the Federa l Aviation Adm i nistr - at ion (FA ~)

In par ticular , th i s  st ud y co n s i d e r s  the l i ghtnin g induced transients

on a buried shielded and armored coaxial transmission l ir t e.

A ligh tning stroke to ground (not ar intr a or in ter cloud stroke) near

a buried coaxial cable can induce current and voltage r~urqes on the inner

core of the cable , even if the cabie has an outer armo r and an inner sb e ld .

The external coupling mechanis m , i.e ., from the terr - i nal ground point

of the ‘‘ver ticai’ ’ l i g h t ning channel to the outer cenductor of the cable ,

is ei ther arcing, i .e., by dielec tric breakdown t~~~rc  h the eart h to the

cable jacket , for  a ‘ ‘d i r e c t ’’ strike , or conductive eneri~~ation of the cabl e

jacket throug h the conductive earth , for an ‘‘indi r ect ’ s t r ii ~-e. The internal

coup l i n g  me c h a n i s m , i .e., from the outer jacket to tb c~ inne r core of the

cab l e , is cond uctive transfer through the various meta~ s k i n s and d i e l e c t r i c

spacers , i .e. , ski n effects , due to the fini t e cond u ctivit ie s o~ these ma ter i als.

In particular , thes e l i ghtning induced suracs tenu to caun~ ex c e s s i v e

vol tages to appea r at the ends of the wires; and , th erefore , tcnd to cause

excessive currents to ~lo~; int i~ the terr -i nating equi rieri t loads. Obviousl y,

then , circ uit distrubances or failures are l i k e i y  to occur un le sc adequate

pro tective measures are provided .

Since there is a tendency to move from “hi gh voita~ e~ electron t~ h or

discrete transistor circuitr y to ‘‘low voltage ’ solid state integrated electronics ,

the surge protection of carbon blocks , neon b u l b s , ~-t c. . (device:-, ~-jhic h are

presentl y in service) may no lonqer be adequate.
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Table  1 . Lis t  ci Inpu t Cards  and Formats

Card ] Label Forma t

I MX ,JMX ,EM X 2 1 1 0 ,010.0
2 ML ,RL ,SL 110 ,2010 .0
3 ~ I N ,rAX ,MP 2C10 .O ,I l 0
1+ ND ,N D ,MXX 3 11 0
5 r- ! ( , U I  2 1 I c
6 IFT ,JFT 2 ) 1 0
7 N?1 ,MN 2 1 1 C
8 MLS ,N C O ,NTT ,t’IC I ,N I L ,MFT Et lO
0 RLS ,RC O ,RTT ,R C I ,RT I ,RFT 6 1 10

10 WL S ,W C O ,)IT T ,WC I ,WT [ ,W F T  6 110
II MR ,NG 2 1 1 0
12 N R ,I R  2 1 1 C
13 TPK 010 .0
11 Er~. 0 0 .1’
15 u _ - I
16 T M ,W~ 2 G l c .c-
17 N K ,NC 2 1 ) 0
18 PGPS ,PG rX ,PGRS 30 16 .0
19 PSPS ,DC PS ,DKPS ,M PS ,N~ S 3010 .0,2 1 1 0
20 PSRX ,DCR X ,DKRX ,1IRX ,NRX 3010.0 ,2 1 1 0
2 1 PSRS ,DCRS ,DKRS ,I-IRS ,NRS 3G10.O ,2 1 l 0
22 TSPS ,TRPS ,T L P c ,T P F S ,TCPS 5G1C - .0
23 T S R X ,TRRX ,T D RX ,T(PX ,TCRX 5010.0
21+ TSRS ,TRRS ,TD F S ,T 1 F S ,TC P.S 50 10.0
25 S I ,SF ,NS 201 0 .0, 1 1 0
26 X I ,XF ,NX G1O,O ,I l O
27 Y I ,YF ,NY 20 )0 .0 ,110
28 WI ,WF .NW 26 10.0 ,110
29 T I ,TF ,NT 2G 10 .0 ,I10
30 M S ,M X ,N X ,MW ,MT 5 1 1 0
3 1 I E I ,I E F ,U E I  3 1 1 0
32 IX I , I X F ,N X I  3 1 1 0
33 I ’Y I ,I Y F ,NY I 3 11 0
31~ I W I ,I WF ,NWI 3 1 10
35 IT I ,I T F ,NTI 3 11 0
36 RW C l 0 ~ C
37 P~ M ,RSP 2 0 10 ,0
38 RA M ,RAP 2010.0
39 R~ N 1 0 . 0
1+0 20 GlO.0

‘+ 1 0 10.0
1t ?  L ’ F E , E R E , 01 3010.0
1t 3 O P I ,FF I ,C I  3010.0

3010.0
1+5 IJ R2 ,IR? ,O 7 36 10,0
14 6 UFS ,LP-~~,0S 30 10.0
47 U R 1 ,F f’l,Ol 3G10~0

URW ,E RW ,OW 10 10.0
‘4 ’’ Z L t ~ 2010. 0
50 ZLP 2010,0

C - 2

ft

L - _ _  ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



LU LU LU LU LU LU LU LU LU

— —
I — — — — —

U) ) fr~ U) V) U) U) ~~ P’ 5- 5- 5- 5— ~/~
( U) U) ~~ U)- ~~ ~~LU P.- U) LU LU LU LU LU 5- 5- F- P.- 5’- 1/) (1) U) U) U) LU LU LU LU LU 5- 5’— 5- 5— 5—

C a: LU LU a: ~ ~ a: LU LU LU LU LU LU LU LU LU LU a: a: a: LU ~~ LU LU LUC I ‘ ‘—
~ ~.. a: a: c,. a.. a.. a. a.. a: a: a: a: a: a: a: a: a: a: a. a,.. a. a. a. a: a: a: a:

4 . 5  ~-
, v) 5— I-. 5-- F-- I — F-

C , —. .J z ~~ 5’- 5-.(Z < cZ< zC.~~~~~~ V) V) V) 5— 5--- ~x 5- 5-.. a: p—.~~— ~u ‘-‘~~ ‘ ‘ ‘ ‘-~~~~~~~L4.. u— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ >— LU I—— I—— >- LU 5-—-V(
~~ LU 3~ — — C) C) 

~~ ‘~~ ) ~~ LU 0 C) L) Z LU 0 0 ~~ Z LU C) C) L) Z < 51) L~ _J 
~~ <U) L) ..J Z

C) ~~ ~~ “- -~ -J (~ C~ (~ ~~.. 5.) L) LU ~~) 0.. 5.) ’.) LU ~~~ 0.. L) 5.) LU ~~) 5— — LU ~ ) C) 5— — LU ~~ C)—~~~~~
LU a~, a ~~ a : a :  C)~~~~ C ) Z C )a . , , a : C ) a .~~~~— — LU LU LU LU LU LU >- )- LU >- >- LU )- >-LU ~

— 5- 5- ~
— 5’- 5— ~~ U) U) U) U) < .~~ Ui LU U) <-<  LU LU U) < < L U  LU LU LU LU LU LU LU LU LU LU LUC) C ~~ ~~ _~ -~ 2: 2: _J -~ -J -J s~ t.) C) C) ...J 5.) 5.) 0 C) -~ 5.) L) C) Ci 2: 2: 2: 2: 2: 2: 2: 2: 2: 2: 

2: ~- ~~ ‘~~ ~ z 2: ~ a. a.. a. a. Ci Ci 2: 2: 0.. C) C) £ 2 :  0- C) Ci £ 2: 5— 5— 5— 5’- I- I— 5’- 5’- 5— 5-

L L  L 5.. L L 1.. L
5) 5) 5) 0) 5 ) 5 )0) os o o o C) 

v~ 
4 4 4

~~~~
( 0 (

~~~’0 (U
~~~—’~~ -’ (0 ’0 u (0 ( 0  (0 4—’ l—’ (D (0 (C -’-~~ 4~ (0 (0 (0 -6--’ 4— ( 0 0 ( 0  r,) ( 0 ( 0 ( 0 ( 0 ( 0 ( 0

~~~ C ( . ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 ) 5 ) C .~ ~~~~5 ) 5 ) 5 )5- L~~~ ~~~~~~~ 5.. 5.. 5 - 5 - 5 - 5 - . —.-- 5 - 5 - 5 - . —.— 5 - 5 - 5 - . —’--- 5 - 5 -  1-. L ( 5.. 5 - 5 - 5 - 5 -
5--

uI v )< 5.~) (I) VS VS >c >< >< U) Cl) U) (1) U) (I) (I) U) >( 5< >~ >~ 5<
C. CE a.. a. ,n Cl, a: CE CE >,, ~ a: a: a: U) Sd) C. ~~ 5-- C.. C. CL ~~ ‘-~ ~~~C 1 - 

- — ., £ ~- L CE -~ ~~ ~“ Li ~~ C.. 0.~ U) Li -~~ CI- 0. (I) 5-) )
~ ~~ (I) C( ~~ C. 5-) U) a: CE 5-SO , — ‘- - -~ ‘- .~ C. C . C CE Ci Ci 2: 0- C) C) 3. Ci Ci 2: 5— 5--- 5— 5— 5— 5— I— P.- 5—

-)

:IP~ 2 : 2 :  
LU ~ELI~ i~i~LI~U J~~~~ C)~~~~

(I) F- C) a: 2 : 2 :  _i L U L U C )~~~~~~~~~~~~~ L U 5 - _ i V S _ i V S a : I , a : Q Q~~~~~~a.~~~~~
W

— LU
o i l  L U — _ i Z 5< C ) Ha .~~~~~ F-~~~~~~~~ D < > a :~~~~~~~~~~~~~~~ . F - 0 a : 0 a : Z~~~Z C ) F - <~~~~ < 0 Z <

<a: _
~~~~)~~- s..)P-- — a:

5-i LU LU LU 5-i LU
— — 5— 5’— I— >- 5-) ...J C) LU 5- lU LU LU LU Li Li LU Ci C) C) C) C) C) I— 5— 5— I- - - 5— 5-— LU 

C)
— 0 0 0_ i  ..J _J 0 < <~~~ Z - - C) C) C) C) C) LU LU Li LU LU LU 0 a: a: a: a: a:

2: Z J - J a . - L ) F-~~~~

L ~. 5. L L L L L L L L LL L L L 5 -~~~~~~
5 - 5 -

~~ C ‘0 4-’ ‘0 (0 ‘V (U 4-’ 4.’ 4~I 4.’ 4-~ -~~ 41 4.4 4.’ 41 4.4 41 4.1 4.4 4.’ 1_S 41 4.’ 4.4 4.4 4.4 .-4 4-1 4.1 4.4 4.4 4.4

—I C ._ 5 ) C 5 ) 0 ) 5 5 0 ) C C C C C C._ . _ C C C C C C C E C C C C C C C C ~~~~~E E .E .E

C - 3

- 
-
~~ : - 

~~~~~ - - 

—~~~~~~~
-

-
- -

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



2 : 2 : 2 :  C i O C )
-.J ...J ...j

I— p- I -< <- <0 0 0  L U U J LU UJ W LLJ
a : a : a :

>- >_ >- >- >. >-> -  )- >- >- >- >- >- >- >- )- > - >-  >- >- >-
5 - 5 - 5 - -  p- 5-- 5-5-  5- 5- 5- 5— 5— P.- I- 1- 5— 5- 5— 5- 5— 5— U)

~ I 5- ._i > > _i > > ._J > > _i > _i > >SI-s 51) 2 :: : - U)
01 Li LU — _ i C E _ ii_ i
~ I 0- 2: a. LU — LU — Li — Li — LU — Li — ~~~ LU — ~~~ LU —00  2: £ 2 :  0 £ Z 0 2 :  2: 0 2 :  Z 0 2 :  2: 0 2 :  2: 0 .2: 2: 0 Li 5.)— LU ~ .i -J a: a: ~— a: a: z a: .- z a: a: z a: a: a: a: 2: a: a: z a: a: z z51)2: S1) L&J W L.J 0 0<  UJ L U O L UW O U J L U O I . I JIU O I.LJ I QO L U L U O U . JL UO < <U

1 
— LU a: — — 2: LU 2: 0- 0-5 . )  Q. a. 5.) 0- 0- Li 0. 0. Li 0.. 0. Li 0.. 0- 5-) 0- 0- Li C) C)

LU 5- X LU 2: 2: a: 2: 0 IU U)— 0 ~~~~U)Ifl < <U)  — U J UJ L U W L U W L U W L U L U WW W L U L U L U L U U) L U L UL U0 - a .
5-> >5— > > 5 ->  > 5’-- > > I- > > 5-- > >5— > >5- £ £a :<  a : U ) v) s n U ) v , u ,  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~L U — ..iUJ~~~~~~~~~ ’~~~ —

2 : —  2 :0 0 0 0  C ) C ) 0- 0 - V S _ i L U U ) _ i _ i U ) . J_ J U ) .~~~ J U ) _ i_ i U ) . . J....JU)<<I — <Li Li LU U) LU Li LU Li LU U) Li LU Li LU Li LU 0 02: — LU 2: a: a: a: < a: a: <a :  a: <a :  a: <a :  a: <a :  a: <a :  a: < —i ~i

1 t . L 5 -  X X0 ) 5 )— —
I 0. 0.

C C C C 5) 0 )0) ~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
I 

1

4 J 4 ~~
4 4 ( V ( U (0 (0 ‘ 0 ’ 0 ’ 0 ’ 0 ’ V ’ 0 ’ 0 U I V  ‘ V ’ V I V S V ’ V ’ V ’ 0 ( 0 ( 0 ( 0 ( 0 ( 0 ( 0 m (U m E  ~

.... .— .— .~~~~5 - 5 - L 5 -

~l 
LU L U U )  — —  < <  C’- 4 C ~i U ) v)  — —  £ 0 . .- — — —

-~~ 5— 5’- p - i  U) ‘- - - a: a: Ci U, ~~ LU 0 ~~ LU C l~J C ~~ U) C) 
~~ LU 0 ~~ LU 0 ~~ W C) NJ p~ 4-)O z — — z a: a. CC- -~01 1 C-)

L 0

I 
~~ LI (U LU

U)
2:
0

Cl 2: —

o >. 0 5— U ) >-I I U) LU LU Li Ui 0 2: Li — 2 :  < 2 :  LU 2: LU 5-)
2: 

~~ 
U ) Z > - V) 5 1) 2 :  5 -05- 0 -5 0  ~ I Z> -

5— 0 51) 0 ‘l — Z o u . i L i o  0 0  >- < — Z 0 - 2 : 0 - L U L i
< — 0 — - C )  I - 0Z ~~~~ Z Z  Z — Z ZL i

5 - 5 - 5 - 2 : 5- 0 2 :  — — < O ’UJ < U) <5 - 0 02 :  — < ) C - — —  — —  0’ 5-)

5- LU 5- — 0 —  0- U) LU LU LU LU 5- 2: LU — — — LU LU Li LU a. U) LU a. U) LU LU LU
U Z < <~~~~~~~~~< U ) 5-~~~~W~~~~~~ Z ~~~< — — L . J  L i F - W U )5 - U ) U ) 5 - U ) W~~~< L i 5-~~~~U ) 5 - a: o —  a :o’ — U i  5 - 5 - 5 -~~~ )<- ‘- 0 —  0 —  a:o’

~~~ 
a: Ui < “~ ~~~~~~ ~~ 0- “~ 5-- 0 0  a: o — 0  5-) 51) U) LU 2: >< 0 00  00  a:
< U)  5-) _J 2: )< 0 C- C. _i ...J LU ...J I— )< 0 0  a: — Li ...J 0. _J a. -5 LU
F- — LU ~~ 0 -~i LU J 0- < a: < a: < a: Ui a. LU 5- < a: < a:.< a:

~~ — ..J UJ —~~~l U J -- ’~~J W
— . . J L U -...J U. 5 - <~~~~5- < a i 5- < 0 5 U J L U L i L i W 5- <~~~~5 - < U~~5 - <a~~F- <I ~~~~~~~~~~~~~~~~~~~~~~~~~ _ Z z _ Z z _ z z oo c s c o — 2 : z — zX — Z 2 : — Z

1 X Z Z Z X — Z Z— ~~~~Z ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Z — ~~~~Z- -~~ _ L U Z — L UZ — L U Z2 : 2 : Z Z ZL&.Z L U Z ’ -~~~~- Z 5--

5.. 5-
5- 5- 5) 5)

5 ) 5 ) C~~~~~~~~~~~~~~~~~ C C C C C r C CC E C C E ~~~~~~~~E C

5) 5) CS CS C S C S C S C S C S C ) C S C S C S C S C ) C ) C )~~~~~OS ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~4.? 4..I 41 4) 4) 1) 4) 4) 4) 44 44 44 44 44 44 4) 4) 
~~— — 4 ~ ‘ 0 ( V~~~

I 5 ) 5 ) 5 ) 5 ) 5 ) 5 ) 5 ) C V 5 ) C  ~~~~~~~~~ 5- %.. .~~~ %_ L . — — — . — .— .— — .-
5. 5- 5- 5- 5. L 5. — 1. 5-

UI I
l ~~~~~~~~ — L U — — L U — — C E — — L U

~I 1
v , a : o a . s a— LU ( n— L U ) (  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

i ~~ 5- 5 - 5 - 5 - 5 - U ) U ) Z 5 <) ’ (Z Z~~~~~~ Z 5 - F - Z Z Z Z Z Z — — Z ZZ

C - 4



- - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~

U) Sn U)~~~ Sn U) 4) U) Sn 5/) U)
0- 0- 0- 0- 0- 0- 0- 0- 0-C) 0 0 U) u-~ 0 C) 0 04-a —

C) Sn 4) 5/) 4) 44, Sn 5/) 
-

~~

- -

~~;
- 

~~~0 0. 0- 0- 0- 0- 0- 0- 0- 0-C) 4-’ 0 0 0 0 0 i~A U) LA LA LI)5- — LA LI) I.”) U) LA .0 -1’- -.0 -4’ -0’0
4-’ — — -— — — — — — — — —U
0 (5 N- (4 — 0)4) C-4 N. — (“1 0’) N- ‘ . —C 0. LI) -~~ sO C”) ~~~ C”) N- sQ • N0 — 0. ‘.0 sO U) -~ N LA
U in — — — — —  — — — —

5- — Sn Sn sn SI) Sn U) 41) 4) SI) In5) 0 0- 0- 0- 0- 0- 0- 0- 0- 0- 0-C > ~~ 0 C) 0 LA 11’) Ci C) 0 LI) LA

•E 
— 1-’ 0’) 0’) 0) 0’) 0) 0’) 0) N- 0’) 0)

4) 5) E 5/) 54) 54) in U) 5/) fl (I) Sn 5/)
Q~ C) 3. 0- 0- 0- 0- 0- 0- 0- 0. 0-(5 C) ~ C) C) C) 0 C) C) Ci 0 CO4-5 54) CC) C’) C”) CC) C”) IV) C”) 5”) CC’) C’)C —o 0
>5/) (5 -~~ C) 0) 505) 4) 4’ C)) C)) C.’) LI) ~~) . . U) —

U’ 3. N- ‘.0 N- -0’ 0) CC) N- sQ • Al— 0 ‘.0 sO U) .4’ c’~4 — U) — —0 — —
3. 44) 41) U) fl ifl in U’ 1) 5/, 4)

0- 0- 0- 0- 0- 0- 0- 0- 0-5) -D LI’) .4) U) U) I!) 
~~ C) C) C) C)

4.4 .4~ .4 -.4 -0’ .4’ LA U) U) LA LA

54.. 4/) (I) 4) (1) Sn in u~ U) U) Sfl0 3. 0- 0- 0- 0- 0- 0- 0- 0- 0-E 4 LA LI’) U’) LI) LA LI’) U) LI) LI’) LA4) C
— —  

4) .i( C)(0 (1’) 0 C), N- ‘.0 C’) r- ’)4) ~~ N- C) • C) C’) 0(0 3. (‘4 ~~ — .4’ ‘.3 U) C- (‘4U 0 — ~-. — ~~ U’) (‘4 — NJ C)5) — — — —-— — 

in 4) U) SI) Sn US Sn II) U) 4)4) 0- 0. 0- 0- ,— 0- 0- 0-D C) C C LI) U’) C C) C) C)4)

‘5- C —
— C) U) U~ Sn in Sn Sn U) U) Sn in(5 C) 3. 0- 0- 0- 0- 0- 0- 0- 0- 0- 0-Ci 4-’ C) Ci C) C) C 5-1) 5.’) LI) LI’) LA

— U) LI’) U’) U’) L”) .4’ -4’ .4’ 4’ .0’-C — — — — — — — — — — —C
(5 5,5’) -4-.41 c-.a -~• 45 — 0 CC) C’) .— N- Li N- IV) 05) 5) • • Li CO N- — (‘4 C CE 0. C’) (C’) —

— — — CC-I LI’) (‘4 — 0 C)4-i — —  — — — - -— — —- —
5) 4) 4) 4) 5/) 4) 4) 4) 5/) 4) 4)(s1 ‘P 0- 0- 0- 0- 0- 0- 0- 0- 0- 0--‘ 0 C C C) C C) C) C C C 

• in — — —-- — — —4) 0.
C) C E in 1) fl 4) 4) in sn 4) Is, in(5 (5 C) C. 0- 0- 0- 0- 0- 0- 0- 0- 0- 0-4) C) 4) U’) U’) LA U) LA U) LA LA U) LI’)LA -4’ .4- 4’ .4’ 4 .4’ .4’ .4’ 4’ 4’0
> 4-S — _ ___ __ — — — —— — —  —C

5) .
~ ‘.0C 5- (5 ‘5’) 0 N- -~ C”)(5 5— 0) C.’-) — N- N— (‘4 • •0 0. LA U) — Li — N (‘4 • ,Q 04) 0 — (‘4 N N — — U) (‘1 LiC

4) — ---— —— — — — - -~~~~~~~~~~~ ___ . — —5- 4) 4) U) in U) fl in U) U) in5-. 0- 0- 0- 0- 0- 0- 0- 0- 0- 0-0 D LA LA U) LA U) 0 0 0 0 C)0 4) 
~~ 0’) 0) C’) 0’) 0) 

U) U) (I) Sn in Sn U) US (I) Sna. 0- 0- 0- 0- 0- 0- 0- 0- 0-C 0. LI) LI~) 0) U) LA LA LA LA U) U’)0 4-’ (‘4 C’.i (‘4 (‘.4 (‘4 (‘4 ( 4  C.4 N C’J
Al

~~~ U’)4) .
~ LA .4’ —— 15 II) N (C) 0’) ~~ N- so U’) CO —.0 5/) i-.”s 0 ~~ C) C(0 0. ‘0 50 — C”) I. ’ 

— (C) IV) C”) (“1 — N- CC’) 0 0 0

-
~~ 0 0 0 0 0 0 C) 0 0 0

— U) 0 0 0 0 Ci 0 0

C — 5 MiS GOV PIMSNI PRINTIN G OSCICI 4 5 72 4 Cr .  .,

- - ‘~~ 
‘ -~ - . - - - ::~ —

--


