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In 1ightnin reiori, many uneiird ottes ave 

tued by i içhtn1n brikin the lines an arc.thT cross 

Insulators to grouni tough tine steel towers. In oases 

w1!ere the thunage to the insu1ator Is not permanent alAd 

pOer 1E restorei soon after the outage, it 1í necessary 

to irïpect tûe lines to determine where the fi1ure took 

place. r tìe 11:htninç current, that flows throh the 

tower 1e, Is sufficiently 1are the;. e are a fube 01' In- 

d1ctors that my be used foi InJ1cat1n tiie tower or t.ow- 

ers carrying current. 'Ith the followIng IndIctors, the 

11ghtn1n measured: 

1. Gener'l iectrio Indicator and Eurge-Crest Ammeter 

2, :VestInghouse 2iagyietic urge Front Recorier. 

Dut It has been found In the field that when the 
liohtnlnp, stroke is email or th stroke flashed over moro 

tftqfl on tower, these devices would not indicate the anount 

of currert. For this reason the Bonneville Power Aiminis- 

tration did some experimentin to develop BOEAS means of in- 
dic ting which tower was struck. Thile workirA at Creon 
tate College, to o some of their test1n, a met.od was 

developed that would ietoct theso lower values of lightning 
current. It IS the further development arid theory of oper- 

ation thet is used for the writint, of this thesis. The 

v'ork was carried out under the supervision of professors 
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F. Q. MoMlilan, E. C. starr, and A. L. Albert. The author 

wiøhe$ to exores hs thanks for the gutdanoe that wa 

1v to him and for the privIlege of working in coopera- 

tion with them. 

The author is alBo indebted to the other mernbera of 

the EleoLrica]. Engineering Departnent wI'o offerel encour- 

apenent when the froing as difficult, epecial1' to . H. 

Euins, who aided in the mathematical solutions of the 

indi oat or. 

Ian X. Johnson's nne shoul3 appoar on the title pase 
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duty before it could e completed. The work was then car- 

ried out on a cooperative basis by correspondence. The 

ni.aterial on skin ef f ect was completely workei out by 

r. Johnson. 
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DEVOPMENT OF 4 FLA}iOVER DTJCTOR 
AND ANALYZER FOR TRANBISf3 ION STRUCTURE 

LT RODUCT ION 

in oer to render conttnuou erviee to lte cueto- 

mers, it i n6ce8sar; for power companies to keep tLeir 

transmission lines in good repair. If 1ihtning strikes a 

line but is not of 3ufficien size to destroy the insula- 

tora, it is necesar:; for pitrolman to inspect the insu- 

).stors. If only s),i.rht thamae results it may not be 

vi3ib1P from the roun, even w1t1 th sid of fie11-:1azs- 

es. irA Euch cases it is 1esIrshie to lve a Uetector lo- 

cate3. at the base of all towers that may be e&s1lî read by 

tì ptro1rnin. The detector should be of such a deiE,n 

that to oot f )r installation on esch tower of a two or 

three 'tle txrismission line is not prohibitte. 

The detector uses a laminated, soft-iron slu1 to in- 

dicate when current has passed throur,h the tower leu. The 

soft-iron siuç, or link, 5t hereefter will hc referred 

to, has to be completely denanetized wren it is placed in 

the detector. Therefore, when current flows throuç1i the 

tower leg the link is magnetized ar the auount of residual 

manstsrn reeìnin in the link is an indication tkÀat cur- 

rent has flowed through the :letector. .fhis resival :tag- 

netism will. cause a compass needle to deflect from 1t6 

This link 1s the one used in the aeneral lectric Indi- 

estor. 
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normal poi'ition, thus telling the patrolman which tower 

has been stztok. If the coae indicates residual rÀ1agne 

tiExn, the link may be placed in retainer and sent to 

the laboratory where the burße-crest. amrieter le used to 

recox1 the reading of tne link. From thin read ing. the 

amount of tower current may be detrined. Ehe actual 

amount of current in the stroke lli be four ttiea the 

amount imtcated b? the detector since there are four 

paths to ground. 



UIRMEfT FOR THE IDEAL DETECOR 

AlthouEh the primary oonsIeration in the 3.esiRn of 

the detector will be to recox. litnin £trokee aii their 

maßnitucìe, t.here cre other factors that ßhoulci be consid- 

ered and incorporatel Into the deeirn of the detector. 

if t'e eteotor will regicter, her current flows due 

to the lowest yaba of liíhtntng vcltae recesr: o 

spark-over a etrIn of insulators, then 1t fu1fiiì its 

prirrary purpose. Appendix H shows tht the flashover vol- 

tages of a span of 16 units vrie with the rate of riBe of 

the f ront of the wave. The ariicunt of current that ill 

flow throogh the tower, when the voltp.e applìe. is a 

i. 1/2-40 rntoroeecor wave, will be i ,750 a1ipereB. One 

fourth of this currrit wfll flow through each lee, there- 

fore the detector ili have to in:5icte when. a current of 

1,]3 aperes flows in the tower leg. 

A eon conditIon that ruet e met by the lightning 

detector le that, of a flashover of the insulators due to 

Borre foreic'n c'bject. forin a pat aoroe tiì InE-ulaLre 

and a1lowtn the energy, stored in the li.rx to be d1Bchared 

to ground. In e flashover of this t:/pe the voltage 

acting would be the line to neutral voltac. The lraredance 

to such a discharge viould be onehalf of the line surge im- 

pedance plus the ground resistance. The calculations f' 



the current flowing are shown in Arpenix i. For a 230 

line, the current would be 627 amperes or l55 aìipere per 

les. 

In the cases nentioned above, it is possi.1e for the 

path across the insulators to become Ionized. if loniza- 

tion takes place and the line voltage is increasing then it 

is quite possible that a power-arc may follow. If a power- 

arc follows, the current will be alternatinE. in form and 

will tena to demagneLize any detector using a magnetic link 

a recorier. For this reason lt is necessary that the 

detector be desIgned for mtnIurn in1icatIon of an alterna- 

ting current. It has been founi that ñult currents, for 

230 Yv. line with steel towers, rarely exoee 4,800 amperes 

or a rrent per leg of 1,200 aueres. 

THE FLABHO1TER DPECT0R 

A photoph of the flashover detector mounted in 

place on a tower leg section is shown In figure 1. The 

detector is a closed loot oI heavy wire which has in one 

corner L) coil tri which the link is placed. ihe coil, cori- 

taming the link, is situated on the inside vertex of the 

anple iron where it Is shie11ed from the strong field 

which surrounds the tower leg durinr flash-over. The loop 

is located in a position as to Include large number of 

flux linkage for a given area. The magnetic link which 

resides in the coil v:ill give an indication 01' the peak 



Figure I. THE DETECTOR IN PLACE ON A SECTION OF TOWER LEG 
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ourrent flowing in the loop. Current flowing down the 

tower leg induces a current in the loop making the link 

reading an indication that current wa flowing to ground 

through the transi4ssion tower. 



ThEORTIOAL DLCtJION 

Two general types of current will be expectt a to 

flow in the tower when a lightning flashover occurs: 

First, the inulse current of reistively short tine dura 

tion and having a fast rate of rise; second, an a-o cur- 

rent of the power frequency flowing in the path ironized 

by the impulse. 

There are three sçeciti types of impulse currents to 

be considered in studying a lightning flasliover. 

1. The most common lightning our:ent is the type 

known as over-aemped, having a rapidly rising front and a 

relatively slow rete or decay. 

2. This wave has a rapidly ri8ing front an a rela- 

tively fast rate of decay. The origin of suoi a current 

could be from one such as type I, where the current in 

the tower bas built up to crest at the same time an adja- 

cent tower flashes over. i araliei th then been 

offered for the current and it decays rapidly. A current 

of this type could be represented by a critically damped 

impulse. 



3. Thi6 type considers the current which has sorne 

oscillation coupled with fast rates of rise and decay. 

Current of an osci11tory nnture is exected to cornprìse 

only a very Ernall percent of the total 11ghtnin currents. 

- A thernatical ane1ysi reautree two as3urnptions: 

that the parameters of the loop are luiïped; and that these 

parameters io not vary for a given type of curreiìt. hen 

the line is ori(íinally flashed over, whether bj 11Litrilng 

or by some other means, there will be a current wave of an 

Irnoulsive nature flowing down the tower. Once the arc has 

been established across the insulator string an a-c cur- 

rent is apt to flow to ground. with this type of flashover 

detector t;,e a-c follow-up will have a demagnetizing effect 

on tie link an9 in soins cases could completely wipe out the 

surge indication. Therefore tLe loop must be designed to 

keep this a-c curre:.t to a minimum. 

fhe ecivation for ec of the currents discussed above 

is as follows: 
Overdanied: 

¿ ,cP2t - p1t 
,. 

c E ) 
(1) 

hhere 

P1 - + ht 

p2 - (L - 



lo 

Critically dazuped: 

if t 

o 

R 
a 

Ooil1atory: 

i - (E t) 

Where _____________ 

, 

(R)2 

Gr' ccie a-o: 

: i 

'hero: 

E z Voltae apì1ied to ircuit volte 

L Tnuctance of surge oirdt, henrys 

:-L eei3tauce of surge c uit, ohma 

C : Cpacitane or surge circuit, farai 

i Jaximum wlue of a-c amperes 

i Tower ourront, amperes 

Figure 11 shows the iOO and tovr ard the repeotive 

pmeter ot' the loop tower. Th itage tnduc4 in 

the loop will epend upon tbe rt of change of t tower 
current. 

eL ; 

where : mutual iructanoe, }1rrrrs. 
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es 

Figure 2. EQUIVALENT TowER AND LOOP CIRCUITS 
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Usine the operator p the above equation ay 

be ritten: 

eL = p 1 

inoe there is no voltage source in the loop the in 

duced voltage must equal the voltage developed by the loop 

current. 

O ( + p L. ) i. + M p 1 (7) 
L L 

then, solv1ri for the loop current: 

______ 4 1t (e) 

+ P 

from equation (8) anti the four tower ourxent equ 

tioxu, the expresion for the loop current are derived in 

Appendix C. 

Overdanped 
1t 

i I C ____ C + 
L - i-'- o '- 

L 
1 + 

2 

Ô(p2 - ) _òtl (9) 

+ p1)(i )E 

J 

where R / L 
Lt 

Critically damped; 

4 (t.- t 2t)Ej 

L LL 
)2 

(10) 



Oci11atory: 

è -t E 

aò+a2 2 

- r sinQt+ òoost] (11) 
'C 

O cycle a-c: 

i_ 77 E 
3?? t 

(12) 

L ( à + j 3??) 

Equation (8) sLB that hon R i' eual to zero the 

loop current wIll be proportional to the t,oer current, 

For any other re1t.anoe the loop current will have a ne 

ative rate of ohane of the tower current. The noative 

loop current i definitely un:esi.rbIe heoauee it will tez 

to re.uce the link manet1sn left b the positive crest of 

loop current. 

The three surge currents and their corresponding loop 

currents have been plotted as functions of: time and are 

shown in figures 5, 6, and 7. The slow rate of decay of' 

overarnped tower current, shown in fiure 5, will induce 

a small negative current in the loop This characteris- 

tic lends itself well to nagnetic link recordiru. In the 

oritio1ly &3llped case tIte rate of decay of tke tower cur- 

rent is fast; this in5uces a large negatIve current in the 

loot. Tht negative current will remove more of the ine- 

tiam of the link than the overdampeci surge Tak1UT it more 
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difficult to record. The dtìgrun, fiurc 5, of the osct1- 

iatory loop current sow that there is a poss1bi1it' of 

the negative current beine large enough to completely de 

manetiv the link, it hae been previously atued that 

very few osci1ltory lihtnin fitrokes cccur. Therefore 

th criicallympod tower current has been chosen as the 

criterion of loop diri. 

In order to calculate the loop currents, it is necee- 

sary to determine the mutual inductance between tuo tower 

ler and the indictth Locp. The hapc of Dre tower leg 

and the type of current fliinr in the tower leg make it 

impossible to calculate or raeaeure tiì mutual inductance 

betw e en t he t ow er i e a nì the loop. 

This makes it necessary to eterrnîne t itual in 

ductance by experimental means. Thie experimental deter- 

mination was done by uin a tower current that had a 

slow rate of decay. The linear part of the i 1/2 by 40 

data was used for obtaining this data. herefore it 1s 

necessary to solve the equation for the maximwn value of 

the loop current in ter" s of the mutual induct&ìce. This 

was done by plotting a curve of the loop current as a 

function of time. It was found that the loop current 

rea&ee a maximum at 0.7 microseconds. Substituting this 

value into the equation for the 1 1/2 40 loop current 
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and so1vin for :T is given be1os 

IL: _________ 
Pl 

--E' 
gP2t 

LLT(P2 - Pl) 4 o 
- 2 + 

t 

- - òti (13) 
* E 
(P,. ô) (p o 

The fo1ioin are the constants for te 1 1/2 - 40 

current: 

P1 : r()) x 106 

- 3.6 x iO6 

L : 13.88 x io-6 henries. 

For the original iron loop (o. 1) 

O : 0.2968 x i6 
: 1,28 x 1O henries 

R : 0.38 ohia 

Dy ubatttut1on the above equation reduces to: 

IL 
79.76 z (14) 

So1vin for M gives: 

M : it (79.76) x106 
(15) 

E 

From the above equation it is seen that the utual in- 

ductance Is a function of the loop current aad tic volta;e 

(E) a':olie1 to the section of the tower leg. 
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To obtain the value or loop currcrit it 1 neoeaary 

to refer to curves of ure-Crost '8mmetcr reading a a 

function of the applied voltage (Fie. 3, pase 17). From 

tLi ourve meure of tie amountof residual magnetiern 

is obtained for a given vú1tae. To obtcir tìe loop cur- 

rent it IB neceBary Lo refer to the curve of the urge 

Crest Arnrieter reYin, piotterl as a function of t-be boo 

current. This current was obtained for both a-c crest 

value for dc current and the two ourvee coincide. 

Then substituting this value of loop current anci its cor- 

respondinc voltage in eruatIon (l5 cives the value of 

utua1 inuctarxca. The Íollow1n table cives the values 

obtained by thi6 method: 

Tower voltage in Iv. 20 40 

ure crest 4imeter 1eadin 9.2 18.2 

Loop current in npe res 23.2 45.2 

utua1 Inductance in mlcrohenries 0.09 0.09 

Usint' this velue of mutual inductance, the loop our- 

rents were calculated an plotted as a runction o titro. 

These curves were olotted with their eorrespon$in tower 

currents. A maximum tower current of 1000 aperes was 

ehr)ouì 1.n each case to give a comparison for the respec- 

tive iorn currents. Both of these curves for each tower 

current are shown in figures 6, ad 7. 



25 

2O 
z 
o 
LU 

u1 
i- 

LU 

H 
(I) 

W 
o 

w 

W5 

'I 

I 1/2-40 

VOLTAGE CHARACTERISTICS 

FOR DETERMINATION OF MUTUAL INDUCTANCE 
US t NG 

IRON WIRE LOOP 0.144" DIAMETER 

lUll..... uuuuuuuuumuu 
....i..u..i..i.u... u... 
u.... .uu..............u..m. ...0 

U: _____ 
.u.i uau...uuuuuuunusuuu 
..au.u.....uuu..u.umus ..iui_____ .u..u.....u.n...... i.._ ..... ...iuu. _._..... ..u.uuuuuuui 

u.... ...w........_____ 
i....i..uui...uw.iEi_: r ...........unuu mu...iRuu.us.u.uurm _____ 
au.iusu.n .u...u.......i 

__... 
u 1.rduu I i j.raui_____ 

..mu . 

gurr 
......u... 
. E __ _____ :ru.p _____ .u.a 

-t .u...... ....._ __________ 
___________ UUURUIR4U _ __ --- 

_._.___...ii_! 
___ _fu,_1Il_w__-_ _ I J---. 

- ___ 
mii _ _ : __ 

a___uL_ -- ,qpm 
4i_N::i!iuIiliil u.n. ... - _ 

N--- .IwE_iiIi 
. _4 
r _____ _____ 1I -- 

-I- - .1_ 
o io 20 30 40 50 

APPLIED VOLT1AGE-KV. 
FIGURE 3 



MAGNETIZING CHARACTERISTICS OF 

THE G.E. SURGE-CREST AMMETER LINK 



o 
Woe oe 

I- 
z W 
ro 

F- ZQ 
a: 

W QQ o- o 
i-o 

o Jo 

OVERDAMPED TOWER CURRENT 

THE 

RESULTING LOOP CURRENT _ III -.--- ___ ITOWER-LEG -..-.- ¡9URRENT 

__ 
AND 

I 

__ __ ___ 

I -_____ __ .------.- 

_ _ _______ 
-N______________ _\ _ 

LLOOP CURRENT I 

_ 
____tH_____ -- 

2 4 6 8 IO 12 14 16 18 20 22 24 26 28 30 
TIME, MICROSECONDS 

FIGURE 5 



0 
(1)0 0 
wco 

o 
N- 

û- 

0 <0 
(O (1) 

LU0 z cru, 

Lii IJ 
cro 

.0 
(9 

1-ro 
z LUJO LUJO 

CJ 
cr 

o 
F-0 80 

CRITICALLY DAMPED TOWER CURRENT 

AND THE 

RESULTING LOOP CURRENT 

__ 

___ 

__ 

IuuuuuuuuuuII 

I IIII±C:: 
IL00PCURRENTI_ 

O 2 4 6 8 IO 12 14 16 (8 20 22 24 26 28 30 
TIME, MICROSECONDS 

FIGURE 6 



o 

o 

w 
Cfl5 

w W 
o-ox owo 

û- 

<2 z ozo 
° 
(!Q 

00 
F-o 0 

0 
I') 

p1 
11 
___iiiàiri 

I1I V'A______ 
'. - 

'i 

o 2 4 6 8 IO 2 14 16 18 20 22 24 26 28 30 
TIME, MICROSECONDS 

FIGURE 7 



22 

Exniriatioa of these curves how thai the maximum 

current will flow in th' loop when the tower current is 

overdmpo1. T1ir s naur9 . 1 3ince t}' .. o rate of rise of tìe 

front of ti e wve s greatest for ti is ovordape case and 

clooreases a3 the tower current apçroachcGthe pure oscilla.. 

tory case. The uvorarnpe tower current has another enar- 

acteristic tbat rxake lt sier to recori. tjk is uo to 

the slovi rate of decay of the tall of the wave v; ich induc- 

e 1esi currext into the loop. ith a stnall current in.. 

duced into the loop tere 111 'be Ieee ragnettm removed. 

The critically..damped tower currort wave has both a 

rapid rat e of rl s e a a rap Id ra t e cf d e cay. T b e ref ore, 

the first netive maximum current will remove pert of the 

rnagnetiari placed th the 1irk by th poit1ve flow of cur- 

rent. 
In the caee or the oecflat,rr tower current, the 

rate of rise r)f of tLe wave an t . e rate of de- 

cay of the tall cf the wave poroach the eerie value as 

the current ap roachec t.he pure oscilletory condition. If 

the tower urrerLt wer' to 'be oscillatory in nature, then 

all of the :naetlsm could be removed frofl te link if the 

tower currert le interrupted t the correct point of the 

cycle. 
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LIÌK CE/RACT'ICTIC$ 

Th orcr to better ur«teretand th operation of te 

loop, to netizînr c'neracteristice ot the 1111k will be 

dcueec1. If alternating ourrt flows tirough tLe 

tower then an a1terrtin. currert will te induoed. in the 

loop. the lInk le inl.tlally dernanot1zed, then the 

net11n curve wJl be tollowel up to reepectie peak value 

or currmt, A the current docreao, tie flux will. e- 

r:tcn the hvterei curve ad complete the hystere- 

Vu c-ide the current oee through one complete c;cle. 

lit case tur currer flo tirouh the tower, the 

flux in the lirk will incraee to the xirnui value ad 

drop hok n a hyetereel curve the tower current oee 

from zero to rnximurn. 1f the detector recorded only the 

front of the wave, then a eeure of the flux in t:c link 

woul9 be art thdication of the rate of rise of the tower 

current . Figure 8 shows tht phertornna b' icreis1n on 

the rnanetIzing curve from C) to rìd decrestng on the 

hysteresIs curve to po.nt 13. The vaiu C oul be the 

neaeure of the r4te o nec of the tower ctrent, but the 

loop cur'rent roverse ite dlrootlozì the tover current 

starte to eeay. This or . uEe the above curvc t exte1 

down to point C due to the niximum value of th nfive 

loop current. s the rtr' of chan.e o the tover current 

approaches zero, the loop current also approaches zero and 
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Figure 8. HYSTERESIS LooP FOR G.E. LINK 
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the flux will increase to point D on a now hysteresis cy- 

cle. This leaves a value O D which cannot be used for a 

calibration curvo since it cn be obtained by a nubor iÍ 

different values of tagnetizthg force. (i.e. curve OEFD). 

OPERATION OF THE ORIGINtL LOOP 

Usine the above values, the operation of the teoreti- 

cal loop will be discussed. The factors that will iriflu- 

ence the operation of t1e ioop a re 

1. The resistance and inductance of the lo. 

2. The amount of current induced in the loop by the 

front of the wave (the first positive peak cur- 

rent). 

3. The amount of current induced in the loop by the 

tail of the wave, (the first negative peak cur- 

rent). 

4. The use of rectifiers to illow the cu rrent to 

flow in only one direction. 

in 
order to show the effect of vry1n the ratio 

o : J ' a number of calculations for tie maxiiuun cur- 

rents 1n the loop have been made. The maximum currents, 

both for to first positivo and the negative maxiLiums, 

have been plotted as a function of The curvo of the 

first positive maximum currents, as a function of , is 

shown in figure 9, page 26. The curve of the first nega- 

Uve maximum currents as a function of , is shown in 



FIRST POSITIVE MAXIMUM LOOP CURRENT 

- -- -- 
r: ___ 
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ttgure ir, oage 28. In orer to show the value of ò 

ìich v111 Ive the best theorettoal operation, curve of 

te rtio of the first noative maximum to the first posi- 

tive aximum hs been plottel in f5.iure i]., page 29. This 

curve is coiled the per unit oscillation of the loop cur- 

rent, The equations used an1 samle calculation for thece 

curves are iven in Aopondix D. 

Usin; the per unit oscillation curve, tL.5 values of 

for the beet loop operation, may be selected. The rtio le 

a rixtmuru for a vzilue of 4.5 x io6. Thus any ioop op- 

erating in this region will have large negative current 

flowing which will remove part of the readin left by the 

positive flow of current, if tbe value of ô is decreased, 

the xsietance of the loop becomes so low that the follm- 

up a-o current will remove a considerable amount of the 

res i3ual. 

A number of loops were tested in order to find a val- 

ue of ô that woul allow the least value of negative max- 

imu2a current to flow and ïot be effected by tue a-o follow 

up, The characteristic curves of these loops are shown in 

Appendix E along wtb their corresponling data. 

Taking all factors into consideration, the tests have 

shown the loop givirw. the beet results is made of 17-at. 

duralumin, 0.125 inches in diameter with a coil of three 

turns for holding the link. This loop has a reading of 
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68.5 S.(.A. units t 6,000 aiìpere befor3 tiìe a-c follow.- 

up current is applìed. After 1,2U npere 13 apP11d to 

the tower 1e, the reading drops to 61.5 Units. s 

a oomprieon, to Illustrate how a ioop of u low v1ue of' 

( : o.o79) wouU respon1, t!i : 7 sIze ocnpor 
Ioop,of ceven turn$, rives a reaciInz of 73 units 

but drops to approxiae1' 31 when n a-c current of 1,200 

amperes follows the surge. 

All of the oharactertstic curves show te effect of 

the negative loop current. !t low tower currents, the 

loops have a linear response as the tower current In- 

creases the negatve portion of the loop currents becomes 

larEe eneug: to remove psrt of' the residual magnetism. 

The effect of the negative portion of thc loop cur- 

rent can be deoreised by ch9nging the number of turns in 

the loop. This is shown tri figure 12, page 31. The dur- 

alurnin wire, 17-st, 0.125 incnes In atarneter, was used and 

the nuher of turns varied from nire to two. inc turns 

was t:e maximuln nwriber of turns t1st cculd be used and not 

extend tie coil beyond the ends of the link. ine effect 

of' cbng1ng the amount of the link, covered by the coil, 

is shown in fIgure 14, Page 33. These curves, for both 

the fIve and aix turn colle, show that when to coil is 

cornpreesed and does not cover the entire link, the amount 
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LOOP CHARACTERISTICS 
TESTED WITH CRITICALLY DAMPED SURGE CURRENT 

TIME TO MAXIMUM, 2.3p SEC. /2 MAX., 6.25ji SEC. 
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LOOP CHARACTERISTICS 
TESTED WITH CRITICALLY DAMPED SURGE CURRENT 
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of residual rnanet1smn left 1 ie than I the coil ciers 

the entire link. 

The carcteristic cur of' the ortn1 iron loop, 

de3inei put Lrto operation by the Bonnev1ie Po'er 

AdminIstration, i shown In fiçure 15, pe 35. The ori- 

inl loop hal no lvanizi on its s4rfee, thrt'ore, 

to prevent rustiri oÍ the loops, they were gulvantzed. In 

80 doing they plaoe on t Burfce of the loop a con3uot- 

in medium that llowe1 the ne-stive current to remove a 

larger portion of the rnagntism. This effect is also 

shown In the copperweld wires that; WêFO tted. 

The iron ire loopa hav one advantage over the ether 

loops irA that tiiere is no resIdual manetis removc. vhen 

an alternatiri current flows Lì.rou t .e tover l. 
is due to the high reistance which ìvcs a high value of 

o. 
The characteru3tIo curve taken, usim the i 1,/2 - 40 

surge current, slio* the linear response over the rmo 

tested. lt was not possible to test with higher currents 

because of the limitations of the surge equtpment. 

rwo types of underdarped surge currents were used. 

One wes eliLtly underlaiiiped and the other was t.he 5Q 

oscillatory current for which the tower ad loop currents 

were plotted. For the first cace, figure page 75 
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howø that the negative loop current becomes large enou;h 

to reverce the rital ¡ngnetem after tie tower currert 
becomee greater than 5,500 aii'eree. For the Oc orol.ils- 

tory oase, the ne.t Ive loop cotro1 ti e reI.ua1 rnane- 

tiern CausIn' It to be negetive for all velues. 

SKIN EFFECT 

Another fector tI&t will effect the oertton of the 

loop Is the chance of tLo res 1etaoo an1 Inductance of the 

loop 3ue to skin effect. The 1i'htnin, flashoverdteotor 
loop coniucta very h1h speed i:npulse currents Iniuced in 

it by tie ai jacent tower leg. It la known that any con- 

ductor which carries rapIdly changing current Is subject 

to a cun:Itlon called skin effects. Therefore, to enable 

a 'ore coipiete analysis of loop problems a brief ctudy of 

the.e skin effects must be made. DrdinarIly skin effect 

studies are ma1e for conductors carryth.: hLh-frequenc' ai- 

torntIng current. But it will be silown that te eteep 

wave fronta of impulse currents aleo present an inportont 

nroble;. Ourrente of power frequencies alternate so slowly 

tLat compared to Induced :Liriitning impulses the: are almost 

the same as direct currént. .Liere1'ore, this study is di- 

rected naluly at tne impulse current. 

Previcuo eouations show how the induced loop current 

depends upon the resistance and inductance of the ioop. 

Then y having an underatandin or how tnese parameters 
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vary with ohntn current, a better overall understanding 

at loop performance may be had. 

Theoretìoa discussion of skin effects 
- -- - 

A wire of homoenious cross sectIon carrying direct 

current will have the seme current density thro . hout its 

entIre croes section, A unit length of wire nay be assumed 

to be made up of snall filaments 1l connected in parallel. 

Therefore, the voltage drop across all of tbe filaments 

will be the same, since the current density le uniform, 

each will carry the srme current and the total will be the 

summation of all of these small currents. The dc rei- 

tance of such & wire will be given by tie followln; 

R ohms (16) 

where R - res istanoe in ohmc 

p a resistivity 

I length 

A - Area of cross aection 

Now consider the caso of an alternating current in 

the wIre. In accordance with Lenz's law, the changing 

magnetic field., produced by tle aiterntlng current, will 

induce a voltage of such a direction as to oppose tus cur.. 

rent flow in the wire. There must still he the same vol.. 

tage drop across each filament of conductor hecauce they 

were asuined to be connected in parallel 



But a filament In the center of the wire will be sur- 

rounded by a greater number of' flux 1inkaec than a fila- 

ment at the eurface. Th1 rneane a ßreater induced voltago 

at tho center of the wire, which will in turn require a 

smaller ohmic drop to nake the total voltage drop in this 

filament equal to that on the surface. Since an ohiiic 

.rop depends upon the ngnitude of the current, it follows 

that the greatest amount of current must he flowing on the 

surface of le wire because the ohmic ïrop is greatest 

there. 

It Is now apparent that the resistance of a wire car- 

rying a-c must increase with frequency. This must be true 

because when freouency increases, nore of the current 

crowe toward ,he surface at the wire. This utilizes a 

smaller cross section area of the wire and as in equation 

(i) the resistance will be higher. 

Some very accurate formulae have been derivei for the 

a-c resistance an inductance of round wires. Te forilas 

for a sinusoidal current were relatively eas to derive 

because they involve simple functions ßut other types of 

current will present skin off oct problems as well. The ex- 

ponentIal current induced in the lightning flashover-de- 

teotor loop Is a very rapidly changing current and as such 

must be considered for skin effecth. It will not be at- 

tempted to derive any formulas for tese currents because 
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of' th1r extremely .ecmp1x cuattos. ince tese ooGJ1-. 

tion rnut be studied in order to explain trie operation 

or the loops, ari empirio1 method vt11 be usea. The çriph 

or figur? 16 shows how sine waves hiwe been assumed So 

that a definite frequency an 'be calculated for a given 

tine to maxir.zm. It hae been assuned that the time to 

ixmum of the exponential wave Ic he Game as 1/4 of a 

sine wave. Therefore, four times this time woull bc a 

full cycle an the reciprocal of 4 t would be the freqen- 

cy. similar assumption Is used when conaierin the de- 

caying wave for a given time, t1, to half maxtmun. In the 

later case a full c:cle is 8 t1 and the frequency is the 

of 8 

q = _t CY.Q_ (17) 

t : tine to max-micro second 

r cjcle (18) 
s t1 

t1: time to half decay micro second 

Although figure 16 is only an ap:roximation, it ;ìy 

be used to translate Impulse wave data to aDropriate 

frequencies of sine waves for use with a-c resietance and 

Inductance curves aria formuùts. Some formulas, which may 

be used to cilculate a-c resistance and inductance of 

homoe,!ious round wires, are as follows: 
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be'(q beri bir)J.ai1 (19) 2rr L [ber' (nr)]2 jbei' (nr)]2 J 

nFber nr) ber (r) br' (nr) bei' (nr)1 
zrwr1 i 

(20) 
L [ber' (nr)]' . [tei' (nr)]2 J 

where: 

: is1stivity of wire in oium-1eter8 

r = radius of wire in meters 

w 2irf angular velocity in rdians/seo. 

ber arid bei are bessel functions, real and 

irna g 1. na r;,' 

ber' arid beit are firßt darivatives 01' 

real sn imagirary bessel functions. 

nr: (21) 

where: 

J: permeability of wire 

The use of these formulas is very leborious 50 the 

curve of figure 2 has been included. hen using figure 17 

all that is necessary is to know the v1ues of nr for the 

desired frequencies an the ratIo. fl /; can be 1eter- 
70 ño 

mined. Euation (6) is used to calculate nr. 

Skin effects appiied j loops 

Figure 3 is a curve showin the calcub ted -c resis- 

tRflC(? 0f severil of the test ioops. These curves were 

calculated as outlined above irx were based upon the wire 
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diameter, resistivity, arid loop resistrrìce. 4ppenclix 2 

1ves resiitanee data f'or ail iop tetecI. he cal- 

CU1atïÖn aiume a wIre in free epace not affected by 

surroun.irs. But in the caso of the loop the tower 106 

may have sorìe proximity effect. Figure 18 does show h 

much reeistatce of tLe loop may chan6e with frequency, or 

with chane in the slope of the test weve. Consider the 

case of loor number 28 Ith the 1.5-40 second teet wave. 

From f iure 16 

T - 1.5 sec. 

50 eec. 

f = 166 kc 

f1: 3.12 kc 

From figure 18 the resstncee aree 

when f : 166 kc R = 0.024 ohus 

3.12 ko R : 0.0071 ohms 
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Calculated reeistance of 

Oata used fox' cixve f 

All ioopB have 7-turn 

Loop Loop Loop Resistivity 
.o.1 teric1 Resist- 0hïn-rnter 

ance x1O 
Ohms 

i iron 0.0185 

12 copper 0.0281 

10 copper 0.01093 

9 copper 0.00720 

14 'eld 3O 0.01199 

18 Aluminum 0.004496 

20 Alum1nun 0.007741 

23 buralumin 0.003843 
23t 

24 Duralumin 0.009514 
17-St 

28 :ur-1urn1n 0.007135 

rounì w 

coil B 

ire 
iadius 

ers 

xio7 

I re e 

rermea- A'G 
bility aire 

xiO'7 tz 

12.2 1.83 :6290 7 

1.77 0.510 :12.6 18 

l.(7 0.815 l2.6 14 

1.77 1,025 1,-6 12. 

3ae 1.5 Seo 1ote 9 

2.78 1.625 12.56 8 

3.31 1.30 12.56 10 

4.84 2,37 

-3.79 1.59 

4.40 1.59 

12.56 0.l87r. 

12.56 0.125n. 

12.56 O.l25iì. 

?ote: Data for Loop No. 14 curve was taken from tao paper 

, Copper (i)vered 3tee1 irc t RF' By 13. ii.. Teare and 

E. R. Sch,tz, July 1.944 iRE. 
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ThIE4 3how that the re1ta1ce of tv loop, after the 

wave crst hau3 paEied, Is only 34 of 'ihat it wa before 

the crest. Is te :nerely an pproxttiofl but it 1oe 

show how nuci the skin effect evn citer the resletanee of 

the loop ac the tower current wave paßee froA a steep 

front to a slowly decaying tail. 

fhe curvt of f1çure 2 showa that Inductance varies in 

a manner opposite to reeistncs, increasing wi .. t.h a ciecreese 

in frequency. 1hu lt appecrs that the loop desn f'ictor 
R 

o : is not linear with time. Thìreiore, decreases as 

the tower current wave psae fr)ffl front to tail. 

Equati ,. an (2), of th ct:ion "Mathematical 4nalysi& of the 

Loop,tt shows tt loop current will be increased at a 

given time when , l docreased. This Increae of loop cur.' 

rent 'will occur on the t.ati of the weve where loop current 

Is negEttve. The result of Rkin effeete Is to deceace 

at the tirie when the loop current has reversed, giving more 

demagnetizir effect to the lInk. Thie means a rnaller 

link recIing than wo.zl b obtIne' If remeind conitarit. 

The curve of figure 19 bac been olou1atd fro figure 

17. It shows how will vary wth frequency for c lven 

size anLt type of wire. SInce Lace r,, and,, are al]. 

constants, the retto R IL will vary as t function of 
a ac 

the square root or frequency. This bears out what has been 

said previously ahout the variation of Ò with frequency. 
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Soie cta on the effect o? freauncy upon hi-t1110 

onueto i br obtatnc fron te paptr 'C000er Cover- 

ed 5te1 Wro at Radio Freqwmoy" by 13. R. Toare nT . R. 

ctz, July 1944 iRE. From th1i .pi,or the curve of loop 

No. 14, tIç;ur 18, (#9 ooppere1d 30% wire) h en piot 

te1. It i intreßtinß to note tht tJ.e ane in reste- 

tance, wIth !reruenoy, te not ai reat for the nedtwn range 

a6 With the soid oncuct&m. Th:tn i true because cop.. 

pere1Ì wire, wit it ooper ekin, i oiu.ç to rry the 

rnajorti of the current on tbe urtace regardleßF of' fre 

quencv. The fet that o opoere11 w1r tnaintain a high 

rerdstnce t low frquenoy le Its moet Important feature 

here. ThIs means that tn3uoed sixty cyc1 currents 1l1 

be 1o", whIle part1on at Iapulee freauency is not Im- 

paired. 

A galvanized wire. is actually sîrnilar to the copper 

wela re because it is a bi-metaliI oonductor. The zinc 

öoatlng, thotczk1 no nearly as coridutIg a oper, 1l 

have a materi1 ftet upon the GperatiOtL of the iron wire 

loop. iut it Lapenii tat tue combination ui zinø oi iron 

actually Impeirs t'e efficiency of the loop (see 1oo 

charscteristics cìrec. . ie combthatlon oaueies the loop 

to tiave ratio which permite t.tic ratto of neçat5ve to 

positive loop current to be largo. As has been previously 

discussed, this conditIon will cause severe downward bend- 

Ing of the loop characteristic curvo. 



T U2 OF CT1FI TO !FJOVE THE FCT 

OF 14Hz ?TIV LOOP URRNT 

Ph prrrry purpose of thts work i to thvclop this 

type of llf,htning detector for ue a measuring device. 

The bf,ic reason why this could not bo accor1o11af1ed up to 

thts romnt i th removal of part of reidua1 manetim 

by the negtve port1oi of the loop ourrnt. Sn &ri ffork. 

to renov th effect iiet1iic reotifior 'was irìert i in 

8erie3 with recording loop. By doing th1 the cut re'it ware 

aiiowe to flow in on1 one 1irection. This type of urz.t 

was teStod uin t,hc critically dnped iwer current ard 

the characteristtc cu'vc i 6110'wn ort pase 51. This unit 

wou1 be vexy uieft.1 in deternir4in either the rate of 

rise or tìe rate of decay cf a ure curroi.t. lt would 

rnea3ure the xte of risc when th tront of the loop tLat 

WOE 1 b permitted to flow in the loop. In iJr man.. 
nr it eoul1 be umed nßure he rt of decay of the 

ure ourrert. The tin abjection to uin t in th1m rn&n.. 

nor i; that i;tnir current can flow fro,ù t.i e earth to 

c1out or in the oppolte irect%ou. I tìe loop wa de- 

n.gne to rneaaur the front cf wave flowing f ro emrt.h to 

cloue, it wouli block flati fictcrty the hack voltage, due 

to the ti]. or the vave. On the other hand, thc current 

wave w f1owin Íro a louc' to earth, he voitae irúaoed 
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by the front of the wave would be quite 1are compared to 

the voltage induced by the tail of the wave flowing in the 

0000slte irection. If the rectifier is iesined to with- 
stand all back voltaee, then it would involve a large 
rectifier or a corles of rectifiers. 

In order to prevent the destnction of snaìl rect 

fiers or the use of large rectifiers, another type of loop 

was des1ned. A picture of this loop is shown in fiure 2, 
page fla. Rather than ußing the rectifiers for blocking the 

voltae, they aro used to shunt the current throuyh one of 

two pat:s. lfl this loop there are two coils and two roe ti- 

fiers; one rectifier is set to allow the current due to 
the front of the wave to flow. The coil connected to this 
rectifier will give the rate of rise of the wave. The 

other is set to allow the current, due to the tail of the 

wave to pass, giving a measure of the rate of decay of the 
wave. 

The value of residual magnetism remaining in the link 
was shown to be a direct function of the uaximum current 
that flows in the loop. The current that flows in the loop 

is aetin as a result of the voitae impressed on the loop. 
This voltage is induee' in the ioop according, to the foi.- 

lowing equation: 

e : j (22) 
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vhere i î tLe current in trie tower, 

iß th mutual iniuctance between 

tte tower and te loop 

If the rate of change of the tower ourrent i ¡iaxi- 

mum, then the voltage induce1 in the loop ':ill be maxiniurn 

in value. If tbe loop ls composed of puro re81tarìce, the 

current flowing in th.e loop will be maximum when the in- 
duced voltage is maximum. Trie loop cannot be des1ned 

with zero Inluctance. Therefore, the maximum current that 
flows In the loop will lag behind the maximum voltage. The 

same factors will influence both the maximum current in- 

duced In the loop by the rate of rise of the wave and the 
rate of decay of the wave. 

It has been shown Lhat there is a direct relationship 
between the maximum rate of change of te tower current arid 

the amount of residual magnetism remaining in te link. 
This fsctor Is the reason why the loop using two rectifiers 
and two loops can be used to measure the type of wave that 
has pessed through the tower and the magnitude of the cur- 
rent. 

The type of wave flowing through the to;er may be de- 

ternined by the ratio of maximum rate of' rise of U e wave 

to the maximum rate of decay of the wave. ihis nt10 
should De eual to the ratio of larger surge crest ammeter 

reading to the smaller reading expressed in eauation form. 
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- (front) - larger .C.A. Reading 
k - aller 3.C.A. Reading 

dt (tail) 
TL e curve, figure 21, nage 54, gives this ratio 

as a function of the ratio of the t1;e to half v1ue 

to t'e time to ximum (t1). In order to determine the 

value of t1 and t2 it is necessary to obtain the maximum 

rate of change of the front of tie wave. This value is 

obtained from figure 23, page 57b, using tne larger link 

reauing and the ratio of t2 to t1 obtRined from figure 21. 

Knov'ing the maximum rete of change of the front of the 

front of the wave, the :naximum current f1owin le found 

from figure 24. Ihis curve gives the maximum rete of 

change of the front of the weve as a function of the maxi- 

mum current. This is a family of cuFVeE for Jifferent 

values 01' the ratio of t2 to t1. Ifter the Hctu1 rote of 

change of the front of the wave is found, lt is necessary 

to deterine the rte of change of the front of the wtìve 

for a maximum tower current of 1000 amperes holding the 

ratio of t2 to t1 constant. /ith this value of the rate of 

change of the front of the wave, the values of t1 and t2 

can be determined from f iure 25, page 57e. Theee values 

are obtilned at the point where the maximum rate of change 

of the front of the wave coincides with the v1ue of the 

ratio t2 to t1 obtained f rom figure 21. 
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Xnitpi e: 

tower is struck by lightning and the links are 

magnetized to the following values. 

1. 73.0 .C.A. units 

2. 10 .G.A. units 

For these values: 

11 = 7.3 

From figure 21, 

- 2.717 

From f iure 23* 

() 
dt uax 

From f igure 24: 

5.1 X iû9 amperes 
second 

The maximum loop current ie 4,700 amperes. 

At 1000 amperes teb value of () on the 

tr-) 

- : 2,717 curve is: 
ti 

1.09 arnoeres 

sec and 

Using this value and the value of t2/t1 : 2.717 on 

figure 25, the values of t an5 t2 are found to be: 

t1 2.5 

t2 6.8 

The above results show all the information necessary 

to iJentify tie type of wave an the maximum value of 
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current that has pased through tie conductor on which the 

inioator is nounted. 

There is one factor that prohibits the use of this 

analyzer for ail types of current wavea. It is the range 

of te sure crest ammeter. In oier to measure wave 

shapes that are overaanped it is necessary to irSVS a large 

ratio of This s ahon by the 1 1/2 - 40 wave which 

has a value of 17 equal to 205. This means that tte larger 

reading would have to have a magnitude of 205 and. the smal- 

1er a read in of one. This cannot be obtaIned on the pre- 

sent. instrument because LLe working range of the instrument 

is from 10 to 30. In order to exteiìd the range of the 

surge crest aaeter it wouir ieed two scales one of low 

sensitivity for use in reading large values and one of high 

sensitIvity for reading the smaller of the two values. 
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TESTED WITH CRITICALLY DAMPED SURGE CURRENT 

TINE TO MAXIMUM, 2.3p SEC. 1/2 MAX., 6.25ji SEC. 

1000 2000 3000 4000 5000 6000 
SURGE-CREST CURRENT, AMP. 

FIGURE 22 



I 

Figure 22a. THE DOUBLE RECTiFIER LOOP 
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The detector developed is a versatile instrninent in 

that it cn be used to measure a large range of currents. 

To measure low values of current, it is necessar to in- 

crease the area of the loop, permitting a greater flux 

linkage. To measure large values of current, the size of 

the loop is decreased in area, reducing tbe flux linkage. 

The detector may be used either as an thdicator or 

as an alalyzer. To use it as an indicator, the following 

loops are recommended: 

For values of currents between 400 and 1000 

amperes, the loop size should be approximately 

seven by thirteen inches, with a coil of eiht 
or nine turns. 

For values of currents of 6000 amperes or 

greater, the loop should be seven b: tùirteen 

inches, havin: only two or three trns ir tLe 

coil. 
The material that gives trie best results 

when an alternating current follows te flash- 

over, is l7-t duralumin, one eighth of an 

inch in diameter. 

To use the detect.or as an analyzer, it is necessary 

to use two coils and two roctifere. )ne for measuring 

tFe nate of rise of the currt wave; the other for 
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measuring the rate of decay of the current wave. The 

ratìo of the two readings will be equal to the ratio of 

te nximwn rate of rise of the wave to the iiaximum rate 

of deoay of the wave. Since this ratio defines the typo 

of curreìt wave, the iznituJe of the tower current can 

be detertne from a et of calibration curves. 

For use a an anal:rzer, the size aboula be severi by 

e1'bt inches with both coils having', seven turne. A loop 

of thIs size will measure currents f rom 800 to 8000 an- 

peres. 
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Loop A.W.G. 
o. No. 

or lnobeE 
in 

dlarncter 

1. 0.144 

2 0.144 

3 0.144 

A?PENTIX 

X DEX rr O LOOP T ET ED 

ito. of Loop Desoript&on 
turnE 

7 

7 

7 

4 0.144 7 

5 0.144 7 

6 0.144 7 

7 7 7 

8 7 7 

9 12 7 

10 14 7 

11 16 7 

12 18 7 

13 8 7 

14 9 7 

15 0.128 7 

16 0.128 7 

Oriina1 iron ioop 

íO. ï G1vanized iron Loop 

No. I Iron Loop after gal- 

varAizing removed 

No. II Gaîvriized iron loop 

No. II Iron loop 'with cop- 

prcoi1 (o. 6j 

o. :ri Iron loop nd cop- 

per (half ana I1f) 

Copper loop (o.7) with 

iron coil 

Copoer loop 

Copper loop 

Copper loop 

Copper ioop 

Copper loop 

Copper-weld loop 

Copp er-we1 1 oop 3O. 

plain iron tubing 

iron tubing with copper core 



Loop .W.G. No. of' 

No. No. turne 
or inoea 

th 

diameter 

17 5 7 

18 8 7 

19 7 

20 1C) 7 

21 16 8 

22 18 7 

23 0.187 7 

2 0.156 7 

26 0.125 9 

27 0.125 8 

28 0.125 7 

29 0.125 6 

30 0.125 5 

31 0.125 4 

32 0.125 3 

33 0.125 2 

33 a 0.125 7 

34 0.125 6 

35 0.125 5 

64 

Loop 
to.criptton 

A1uainurn str. 79 MCM 

Aluminum (Str. 262960 orn. 

3pec. Jonview cros1n, 
BJ'.$,) 

Aluminum (Special alloy tie 

wire (of't), B.í.A. 

Alurnin'm str. #2 Sparate 

Copper 

Copper 

17..St. Duralumin 

43t . Du raluuin 

17...St. Duralumin 

17-8t Dur1um1n 

17..St. Duralumin 

17...St. Durelumin 

37..St. Duralumin 

17..ßt. Duralumin 

17-St. Duralunin 

17St. Duralumin 

24..St. Duralumin 

24-St Duralumin 

24-St. Duralumin 
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Loop A.W.G. No. of Loop 
NO. NO. turne Description 

or inches 
i.n 

t5 larneter 

36 0.125 4 24-Zt. Duralumin 

37 0.125 3 24-Et. ?'raiumin 

38 0.144 7 iron wire loop o. III 

39 0.144 7 aivanizing reiìoved 

40 0.144 7 Annealed 11000 1' 

4]. 0.125 7 l7-t. :ura1umjr wlth 

Singlo ?ectifier 

42 0.125 2 coilB of l7-t. Duralumin with 

7 turns two ret1fiers 

43 8 2 coflEi of Copper with two ree- 

'f turns tif iers 



APPENDIX B 

D.0 F2ISTAiC OF LOOPS 

Loop Reststivity Loop Reiit- 

;:o. 1!1 oh: ance in ohne 

per foot 

i 0.00435 

2 O.c)0327 

3 0.00347 0.0185 

4 
0.014756 

5 0.00322 0.01367 

6 o.00167 0.00711 

7 0.00161 0.006322 

8 0.000498 

9 0.00159 0.007204 

10 0.0025 0.010928 

11 0.00402 0.017624 

12 0.00638 0.028105 

13 0.0016 0.006998 

11 0.00269 0.001199 

15 0.00864 0.03670 

16 0.00166 o.o07o8 

17 0.00054 0.002497 

18 0.00102 0.004496 

19 0.00102 0.004959 

20 0.0019 0.007741 

21 0.00402 0.01756 

22 .00538 0.02793 

23 0.000836 0.003843 

24 0.002213 0.039514 

25 0.000777 0.00330 

26 0.031692 0.007319 

27 0.001692 0.007293 

29 0.001692 0.007135 

29 0.001692 0.006955 

30 0.001692 0.006710 

31 0.001692 O.o0643i 

32 0.001692 0.006238 

33 0.001692 o.006i4o 

34 0.002213 0.008782 

35 0.002213 0.008715 

36 0.002213 0.008277 

37 
0.002?13 0.007853 



APPENDIX C 

DERI VAT ION OF ThE UAT IONS 
s'OR LOOP CURRENT 

The general equation for' loop current (equation 8, 

page 12) is stited as follows: 
IMP i 

= - [(P JÏj c-1 

1. The derivation of the loop current equation for an 

overdamped. tower current: 

Let i ( 
L c-2 - 
Where: P1 and 2 are the exponents which deter- 

mine the wave shape 

E = voltage of exciting circuit 

L : inductance of tower circuit 

substituting equation (2) in equation (1) gives: 

M :1 1T c-3 

The loop is a simple RL circuit so the transtent 

will be of the form: 

òt 
it : AE C-4 

Where: A is a constant 

o-t 
Then equation (3) may be written: 

T pl cPlt _c.P2t 
L (P òL L 

(c: C ) + AE 
L 



;there: P2 - P1 2Q 

This may now be expanded for the va1ue of and 22, 

t 
E 12 

- 
- 2LLL b 

E21t 2 P2t 

P2 + 

itt the instant just after time equals zero: 

- M P2] 
O - 

- 2'LLL Lr - P2+ò] 

ME I1 
A 

?LLL []+? - 

r 
- 2 'LLL 

L 
+ + 

'E 
c-6 

iow the equation for the loop curret will be ob- 

c-7 

c-8 

c-9 

tamed by substttutin equation (9) into equation (6). 

E r_PlfIlt4 P2P2t o 

- 2'LLL L21° (+ 
J 

c-10 

2, The derivation of the loop current equation for a 

oriticnlly drnped tower current.; 

L et 

r -(Lt 
i : tE c-l]. 

Substituting equation (11) in equation (1) 31ve6: 

:: 

." 

L 
)LLL 

E ' + A E o-12 
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Where: o (toar circuit nuantitles) 

lUe coefficient of the transient term can not be 

solved from the initial conditions because of the variable, 

t, appearin in the coefficient of the first term, qua- 

tion (12) may be solved by the use of a Laplacian trans- 

form, which transforms the time function to a function of 

P, and gives a solution which includes the transient term. 

I 

t E 
J. c-13 

(p + a)2 

Then the Z.... transform of equation (12) becomes: 

1L : 
¼. (P + 

V 
OE 

V 

- p 

- LLL (p+ ò)(p +a)2 
c...14 

Now using, the formula for the inverse transform 

B (P) Kai (f ) 

c-15 
X 

From equation (14) 

A (P) : p 

B (P) : (P +ò) (p #a) (k +c') 

Since B(P) coLtains repeated roots, equation (li) 

cVfl be uscI to solve only the (P+ ò) factor. The follow- 

Ing equation muet be used to solve for the repeated roots: 
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I 2 
11m )_.._ 

tX' 
E I 

' c-ic 

L r3(P) J) 
Then the mplete solution for eQuation (14) will be: 

* )2E+ 11m [ 

: Et4 o )E 

r 2t'òtò) 
LL Ç.- J 

o-17 

3, The derivation of the loop current eauaton for an os- 

dilatory tower current, 

L et i ; [ 
- 

a in t] 

Where: 
i R21/2 f-_ - 

'LIC 4L2 

c-18 

(tower oirci1t quantities) 

Substitutth equation (18) in equation (1) gives; 

1- _______ 1_OEt i 
LL;. (i 

[E am t] + A E c-19 

as in part 2, the Lpiacion transform muet be 

used to obtain a solution of ecuation (19), usine 

the -transforxn: 

i E 
(t 

am t i o-20 
4 (P+ a 



7]. 

equatIon (19) becomes: 

T1 e.21 
+ b) (i'+ ' )22 

nd when factore.t equals: 

'V - P l'lT- 
- (t' + o P- (- +i ) P 3 

c22 
ow by the use or equation (15) the Irivere trans- 

form rnsy be wrItten: 

L = 
[1E_òt C2 E 

j)t 03 
c-23 

Where: 

cl: +i) 
- U-t-t- 1 - - , C- ò+ a+ -2ò 

C : --' 
2 , * \? ' - . J , Öl " - , + ) +t 

- _-a,+ 
c-25 

-2 ( j CL i ò) 

- ---- -- i) - C- 
3 

- ______________ 
+i) c26 
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The complex menbere in tLe exponente or equation 
(23) must be eliminated o the tir'8t step is to obtain the 
common denomtritor of the last two terns. 

ja2 
(ò2+ C22 ô) 

The enomi.nator on be factored out since it 
apeers iii C1. LASt C4 be this constant. 

C14: () 2 + a2 (2 - 2a ô ) c..28 

But equatIon (27) can bo further simplified by 

mu1tip1yin out the terms of the numerator and fac- 
toring, Then the foi1owin re1atonhipi. are useful 
for simplification, 

sin t : -1/2 j ( 
& 

E 
t) c-29 

0sQ t ; 1/2 ( Et + 
t) 

Then the aimolified form cf ecu.tior (27) is te fol- 
i ins: 

E_at + £ '+ 2) 
2 t _ò CO8 t c-31 

C4 

The final equation :!or cirrentin the loo i 

i : 
M t:ÒE_òt4_at .aÒ+&2+2 aint+(Òoost 

L L11C4 L Q 



APPENDIX D 

OEALCULAT iON FOR OSCILLATION USING THE 
CRITICALLYDA1fl TOWER CURRENT AVE 

he the c,rrent in the tower le or1tic11y- 

dnmped the equation for the current is: 

iTt 
The reeultiri current in the loop will be 

d-1 

_ME I òt -ct i 

(ò..còt+a2t)j 
d2 

lt was shown ori pae2O the loop current will oscil- 

late whor' a critically damped tower ørrent f1ow. x- 

minE; the part of te eçuation within the brackets ho 

that the tine to maximums depenzìs upon the ratio 

Uein'ç values of ò wIthin the range of the loops, the maxi- 

mum value can be osiculated by assuin values of time and 

plotting the ou rront as a functIon of tine. 

The inor'tant points are the first positive raximuiì, 

the first negative maximum an the ratio of the negative 

maximum to tie positive maximum. 

The following data were used in making the calcula- 

tiens g 

a : - = 0,43x10 

I_kr 
s 5,93 X 10_6 henries 
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5.1 obIns 

E : 7,0)O volts 
ç 

M 0.09 x 1O 

TIBULA T ION OF THE T IME TO POS IT IVE 

AND NEGATIVE MAXIMUM 

TIme to Maximum 
in ;icroseeonas 

b x 106 os1tive ;::eCative 

0.01 2.3 23 

0.03 2.2 18 

0.0961 2.0 15 

0.18 10.8 

0.22 10 

0.2968 1.5 9 

0.6 1.2 7 

0.961 0.9 6 

Tabulation of the positive maximum currents as a 

function of' and LL' L in a1crohenrie; ô x io6. 

L 0.8 0.9 1.0 1.1 1.2 1.3 
Loop Current in Amperes 

0.010 111.72 99.31 89.37 81.25 74.48 68.75 

0.030 108.20 96.20 86.60 78.O 72.10 b6.60 
0.0961 98.80 87.82 79.04 71.o5 65.87 bO.78 
0.297 81.01 72.01 64.81 58.91 54.01 49.84 

0.600 63.30 56.20 o.6O 46.00 42.20 38,90 

0.961 )1.26 45.56 41.01 37.28 34.16 31.54 

Tabulation of the negative maximum currents as a 

io6. function of and L. L In microiaenries; ò x 
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L 0.8 0.9 1.0 1.1 1.2 1.3 

o Loop Current In Imperes 

0.010 5.82 .17 
4,7 4.23 3.88 3.58 

0.030 13.38 11.89 10.7fl 9.73 8.2 8.23 

0,0961 24.28 21.58 19.43 17.66 16.19 14.94 

0.180 27.34 24.31 21.87 19.88 18.22 16.82 

0.220 27.D2 24.46 22.02 20.01 18.3k lo.93 

0,297 26.93 23.94 21.54 19.58 17.95 16.57 
0,600 21.33 18.96 17.06 15.51 14.21 13.12 

0.961 ls.99 14,21 12.79 11.63 10.66 9.84 

In equation o..2 It o ri be seen tt the ratio of the 

negative maximum to the postti maximum, called the per 

unit oscillation, is dependent cnly upon the terìie inside 

of the bracket, 

of ò 

Tabulation of the per unit oscillatIon as a function 

Ose ills t1on 
x io6 rer unit 

0,01 0.0521 
0.02 0,0950 
0.03 0.1235 
0,06 0.1900 
0.1 0.2460 
0.2 0.310 
0.3 0.336 
0.4 0.345 
0.5 0.345 
0.7 0.331 
0.8 0.323 
0.961 0.312 
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LOOP CHARACTERISTICS 
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LOOP CHARACTERISTICS 

TESTED WITH OVERDAMPED CURRENT 
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LOOP CHARACTERISTICS 

TESTED WITH UNDERDAMPED CURRENT WAVE 
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APPENDIX E 

DATA FO LOOP CHARACTERITICa 
TESTED ITH A CRIT IC LLY T ¡PED TOWER CURRENT 

Tor Corrected Current surge Surie 

Voltage TcMer in Crest Crest 

in Volte Ter Arneter eter 
Kilovolts In Leg Reading Reading 

'i1ovolts In Mter 
Kiloainpereß 1200 Ape 

ORIGINAL IRON LOOP 

15 14.5 2.038 23 22.2 

1.2 14.7 2.11t 22.5 21. 

24.5 23.4 3.369 1.5 30.5 

?4.6 23.5 3.384 33 32 

28.9 27.9 .O1t 4.4 
34 32,7 4.708 38 37 

34.1 32.8 4.723 39 35 

38.2 36.5 5.256 38 37 

,8.4 36.9 5.3i3 40 38.8 

42.8 41 5.904 39 38 

42.8 41 5.904 39 33 

46.2 44.2 6.364 39 38 

46.2 44.2 6.364 40.5 39.4 

GILVA N I VL) IRON LOQF 

4.4 4.3 .619 13 12 

¿4.9 4.8 .691 1A.D 

7.5 7.2 1.035 19 

7.8 7.5 1.ORO 19.5 18.5 
12.2 11.7 1.684 24. 23.5 

12.3 11.8 1.699 26 25 

16.1 1'2.5 2.ç32 30 29 

16.2 15.5 2.232 30 29 

16.5 
16.6 

i.6 
1 

2.246 
2.304 

28 
29 

2 
2 

19.2 18.5 2.664 31 30 

19.3 18.6 2.678 32 

26.3 25.2 3.623 30.5 29.5 

26.3 25.2 3.628 30.5 29.5 

30.2 29,1 4.190 29 20 

30.3 29.2 4.204 28.5 27.5 

33.9 32.5 ¿,630 30 29 

34.2 32.8 4.723 26.5 25.5 
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Tower Crrected urrent ure surge 
Voltae Ter in Crest Crest 

in Voltage [ower mmeter Â ::oter 

Kilovolts in Leg Reading Read in 
Ki1ovolt in Mter 

Kiloamperes 1200 Jm 
a-c 

G!LVANIZED IRO LOOP (e ont.) 

34.2 32.8 4.723 27 26 
34.2 32.8 4.723 26 25 
34.5 33.1 4.766 27 26 
39.2 37.5 5.400 23 22 
39.2 37.5 5.400 24 23 
4.2 44.2 6.364 18 17 
46.2 44.2 6.364 18 17 

GíLV IZING RE .OVET) 

10.0 9.6 1.382 17 16 

10.7 10.1 1.454 19 13 
26.3 25.1 3.614 35 34 
26.5 25.3 3.643 43 41.9 
27 25.9 3.729 36 35 

37.7 35.8 5.155 43 41.9 

37.7 35.8 5.155 40 3.9 
38 36.1 5.198 40 38.9 
45.9 44 6.336 38 37 
45.9 44 6.336 38.5 37.5 

0ME..ADE LO3P (StreBs Re:1'ovcd 

3.7 8.4 1.209 13.1 ìo ata 
8.9 8.5 1.224 14 

12.'! 12.2 1.756 20 
12.8 12.3 1.771 20.5 
15.4 14.9 2.145 24 
15.5 15 2.160 28.5 
15.5 15 2.160 24 
28.2 28.1 4.046 42.5 
28,3 27,2 3.916 3.5 
28.3 27,2 3.916 35 

32.6 31.1 4.478 49 

32. 31.1 4.472 39 

32.7 31.2 4.482 38 

38.4 3.8 5.299 37.5 
38.8 37.1 5.342 37 

39.4 37.6 5.414 35 



Tcer Corrected 
Voitae Tower 

VoItae 
i1ovoïta in 

Kil oi,ol tE 

Current ure 
in Crest 

Tover ¿nieter 
Le Readtn 

iii 

Kil oampe rea 

r:DE LOOP (Stree Removed) (cont.) 

39.3 37.5 5.400 35.5 

44.4 42.5 6.120 34 

45.5 42.6 6.134 35 

OLT TRON LOOP (rc)ppER COIL) 

78 

u r e 

C r st 
Aa:iet er 
Read in 
After 

1200 Amps 
C 

No Data 

8.2 8 1.152 15. 14.5 

8.? 8 1.l2 it 15 

22.1 20.1 2.894 31 30 

22.5 20.7 2.980 2 25 

22.5 20.7 2.980 32 31 

32 30.6 4.406 39 38 

33 31.5 4.536 38 37 

42.3 40.3 5.803 36 35 

42.4 4o.4 5.817 39. 33.5 

42.1 40.2 5.788 36.' 3.5 
47,3 45.2 6.5O 33 34 

47.6 45.5 6.552 35 34 

COPPER LOOP ¡o. 7 

2.46 2.4 .345 12 5.25 

2.55 2.4 .345 12.5 5.5 

4.4 4.3 .619 20 8.7 
4L 4.3 .6l9 20 

7.2 7 1.008 30 12.9 

7.3 7.1 1.022 29.5 

11.7 11.2 1.612 44 19 

11.9 
12.6 

11.6 
12.4 

1.670 
1.78D 

43., 
43 

18.7 
18.5 

17.1 16.6 2.390 )7 

17.3 16.8 2.419 57 24.5 

22.1 21.5 3.067 64 17.4 

22,3 21.5 3.096 6 17.4 

26.2 25.2 3.628 66 18.3 

29.3 28.1 4.046 65 17.8 

29.4 28.2 4.060 66 18.3 

29.4 28.2 4.060 67 28.7 



To»?er Corrected 
Voltae Toor 

in 
ilovoltz in 

K1 oolt 

rs 

Curront Surge 
In Croet Crest 

Ametor Aeter 
Leg Read in Reading 
In After 

K1oarpez1e 1200 Amps 
.. o 

COPPER LOOP No 7 (e ont.) 

33,3 32.2 4.636 67 28.7 
33. 32.3 4.61 70 30 
3.2 34.8 5.011 4.5 19.2 
36.9 35.1+ 5.097 7 32.2 
37 35.5 5.112 68 292 
37 35.5 5.112 71 30.4 
37 35.5 5.312 75 32.2 
41.8 40 5.760 71 30.4 
45 43.1 6.206 74 31.7 
45.2 43.3 6.235 7c, 30 
45.2 43.3 6.235 7 32.2 

COPPER LOOP No. 12 

8.3 8.1 1.166 27 22.5 
9.3 9 1.296 29 24.3 
26.3 25.2 3.E28 65 54.6 
26.7 2,.6 3.686 63 2.8 
2.7 25.6 3.636 62 52.1 
36.3 34.8 5.011 69.5 58.4 
36.7 34.4 4.953 69 57.9 
43 1.2 5.932 69.5 58.4 
43. 41.4 5.961 70 68.8 
1+6.4 44.4 6.393 70 68.8 

6.4o8 b9 53.4 

COiER LOOP No. 14 

12.1 11.9 1.699 35.5 31. 
1 .2 11.9 1.713 36 31. 
22. 21.5 3.096 56 49.3 
22.8 21.9 3.153 48.8 
30 28.8 4.147 62.5 55 
30.2 29 4.176 62.5 55 
38,2 36.2 5.212 65 57.25 
38.2 36.2 5.212 65 57.25 
45.6 43.7 6.292 65 57.25 

45.7 43.8 63O7 6s.5 57.7 
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Tower Corrected 3rrent urge surge 
Voltge ìower in cre;t CeEt 

Voitae ower zneter 
Kilovolts in Le eadinS ìeatng 

Kilovolts in 1203 Amps 
Kiloamperee ac 

COPiFt LOOP No, 16 

11.6 Ii 1.584 31 29.1 
11.9 11.3 1.627 31 29.1 
12.9 12.3 1.771 23 21.6 
22.) 21.6 3.110 51 48 
22,7 21.5 3.139 51 48 
28.4 27.2 3.916 56 52.2 
28.7 2(.5 3.960 56.5 
36 34.3 .939 
36.3 34.6 4.982 59 55,5 
3.3 34.6 4.982 54.5 
4s.5 3.6 6.278 7 53.6 

43.7 5.292 57 53.6 

COPPER LOOP No. 18 

8.5 8.3 1.195 25 24.7 
7.4 7.1 1.022 23 22.7 

22,7 20.9 3,309 46 45.4 
23 21.2 3.052 48 
33.5 :2 4.608 51 50.3 
35 33.4 4.809 50 ¿49,3 
35.2 33.6 4.838 51 50.3 
42., 4o.3 5.803 43 47.4 
42.4 40,4 5.817 49.5 48.8 

44.6 b.422 4.4 
46.7 44.7 6.436 49 48.4 

COPi'ER WELD LOO? No. 8 

8.5 
8.7 

8 
8.2 

1.152 31.5 
31 

27.4 
26,9 

9.4 9 1.296 33.5 29.1 
19.7 18.8 2.707 57 49.5 
19.7 18.8 2.707 7 49.5 

19.6 2.822 58 50.4 
24.6 23.5 3.384 63 4.8 
2.7 23.6 3.398 64 55.6 

J 
f. 

34.8 33.2 4.t8o 66 7.4 
40.:) 38.8 .587 65 6.5 



Corrøcted 
Voltage Tows 

Voltce 
Kil cvolt8 

Kil ovolt 

Current 
in rt 

Tower rnneter Ameter 
Lg Red1nS 
in 1200 Aznps 

Kiloanperes 

COPPER WL1) LOOP No. 8 (dont.) 

4o5 38.8 5.5J7 65 56.5 
40.5 38.8 5.587 65 56.5 
44.1 42. 6.07u 64 

42.6 fc.134 6,5 5.2 

LIN IRON TUBING 

14 13.4 1.929 21 
14.5 14 2.016 23.5 
14. 14 .o16 
26.7 25.7 3.700 35 
26. 25.8 3.715 31 
26.q 25.9 3.729 36 
37.1 3.4 5.097 40.5 
37.1 35.4 5.097 38 
37.2 35.5 5.1.L2 
44.5 42.4 6.105 30 

42.5 6.120 56 

IRON TUBING 7iTE C0PPT;R CL 
13 12.7 1.828 21.5 
13.7 13 1.872 24 
13.9 13.2 1.900 21.5 
28.7 27.2 3.916 4û 
28.3 27.6 .974 34 
28.9 27.7 3.988 36 
29 27.8 4.003 
:9.8 T8 5,472 37 
40 38.2 5.500 40 
40.1 38.3 5.515 7.5 
40.7 4.9 6.177 36 
44.8 43 6.192 34,5 
44.8 43 6.192 

ALUINUM STR. 795 MCM 

iO ffect 

Ci 1'fect 

6 5.8 .635 24.5 12.8 
6.2 6 .864 24.5 12.8 
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Tower Corrected. Current 3urge surge 
Voltge Tower in Crest Crest 

in Voltage Tower neter Ammeter 
Kilovolts in Leg ieading Reading 

Kilovolts in 1200 Amps 
Kiloamperes ac 

ALUMINUM STR. 795 (cont.) 

11.7 11.1 1.598 40.5 20.3 
11.7 11.1 1.98 41 2l. 
12.2 11.8 1.699 41.1 21.6 
25 24 3.456 66.5 34.9 
25.1 24.1 3.470 66 34.6 
25.3 24.3 3.499 66.5 34.9 
34.1 32.7 4.708 70.5 36.9 
45.7 43.8 6.307 70 36.7 

17-3t. DURALUMIN 0.187 (7 turns) 

5.0 4.8 .691 21 14.1 
5 4.8 .691 21 14.1 
5.3 5 .720 22 14.9 
6.2 6 .864 25 13.9 

13.3 12.2 1.756 46 31.2 
13.4 12.3 1.771 46 31.2 
13.6 12.5 1.800 46 31.2 

19.1 18.2 2.620 57.5 39 
19.2 18.3 2.635 57 3r.7 

19. 18.3 2,635 57 .7 
25 24 3,456 65 44.2 
25,3 24.3 3.499 64.5 43.8 
25.3 24.3 3,499 614.5 43,8 
33.8 32.3 4.651 69 46.8 
34. 32.5 4.680 68 46.2 
34.2 32.7 4.708 69 46.8 
34.2 32.7 4.708 69 46.8 
44 42.1 6.062 68.5 
'44 42.1 6.062 63.5 46.5 
44 42.1 6.062 69 46.8 

17-bt. DURALU:I 0.125 (9 turns) 

7.4 7.1 1.022 28 2.1 
7.5 7.2 1.036 28.5 22.5 

7.9 7.7 1.108 29 22.9 

18.2 17.6 2.534 3 41.8 

18.2 17.6 2.534 53 41.8 



Ter Correctot Current ure ure 
Volte Tower in Creit Orect 

in Voltage Tower P4rwneter Amtneter 
Kilovolts in Leg Reading Reading 

Kilovolts in 1200 Amps 
Ki1oanperes a..o 

17 St. DURALUMIN 0.125 (9 turns) (cont.) 

24 23 3.312 58.5 46.1 

24.4 23.5 3.384 58 45.7 

30 28.7 4.132 60 47.3 

30.5 29.4 4.233 50 47.3 

35.4 34 4.896 60.5 47.7 

37,5 35.9 5.169 60.5 

37.6 36 5.184 60.5 
42.5 40.7 5,860 59 46.5 

43.2 41.5 5.976 59 4.5.5 

43.5 41.8 6.019 59 46.5 

47.5 h5.5 6.552 58 45.7 

45.5 6.552 58 45.7 

8 TURNE 

5.7 5.5 792 23 18.8 

5.8 5.6 .806 23 18.8 

6.5 6.3 .907 26 21.2 

14.5 
14.5 

13.9 
13.9 

2,001 
2.001 

47 
46.5 

33.4 
38 

24.5 3.5 3.384 sO 49 

24.9 23.9 3.'41 60 49 

32 30.8 4.435 62 50.7 

32.3 31.1 4.478 62 0.7 

41.9 40 .760 61 49.7 

41.9 40 D.76O 61 49.7 

47.6 45.6 6.66 60 49 

47.6 45.6 6.65 60 49 

7 TURNS 

9.9 9.5 1.368 33.5 28 

10 9.6 1.382 34.5 28.8 

22.2 21.2 3.052 8 48.3 

22.6 21.6 3.110 8 48.3 

22.7 21.7 3.124 8 49.3 

)d.4 31 4.464 62 51.7 

32.7 31.3 4.507 62 51.7 

48.3 46.3 6.667 60 50.1 
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Tower Corrected Current surge $urge 
Voltge T:er in Crest Crest 

in Voltage Tier Ammeter Ammeter 
Kilovolts in Leg Reading Reading 

Kilovolts in 1200 Amps 
Kiloamperes a-c 

7 TURNS (cont.) 

48.3 46.3 6.667 60.5 50.4 

6 TURNS 

8.9 8.5 1.224 29 24.5 
8.9 8.5 1.224 2) 24.5 

9.3 9 1.296 30.5 25.7 

10 9.6 1.382 33 27.8 
10.7 10.3 1.483 34.5 29.2 
13.2 12.7 1.828 41 
13.6 13 1.872 42 3.3 
17.6 17 .448 51.5 43.3 
17.8 17.2 2.476 l.5 43. 
18.5 17.8 2.63 53 44.5 
23.5 22.5 .24O 60 o.4 
23.6 22.5 3240 60 50.4 
27.8 26.5 38l6 64 53.8 
31 29.8 4.291 65 
31.4 30.2 4.348 65 54.7 
37.6 36 5,184 o.5 55.8 
37.8 36.2 5,212 66.5 55.8 
47.2 45.2 6 .508 66 55.4 
48 46.1 6,638 66 

6 TU RNS - C 0iLP RESE D 

13.7 13.3 1.915 45 6.3 
13.9 13.5 1.944 46 37 
38.4 36.7 5.234 62 50 
38,4 36.7 5.284 62. 50.4 
47.5 45.s 6.552 60 48.4 
47.5 45.5 6.552 61 49.2 

5 TURNS E)crrJDD 

10.8 10.3 1.183 33 27.8 
11 10.5 l.Dl2 33.5 28.2 
21.1 20.2 2.908 55 46.2 
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Tower Corrected Current Surge $ure 
Voltae Ter In Crest Crest 

in Voltage Tower rieter Arneter 
Kilovolts In Leg ReaIIng heading 

Kilovolts in 1200 Amps 
Iciloamperes 

5 TURN-EXTNDED (cont.) 

21.2 20.3 2.923 56 47 

3.6 :5:.1 4.766 65 54.7 

3 33.5 4.824 65 54.7 

41.5 39.7 5.716 66 5.4 
41.5 39.7 5.716 65.5 55 

47.7 45.7 6,580 64.5 54,2 

48 46 6.624 64 53.8 

5 TURNS.00MPRE55ED 

8.5 8.1 1.166 30 24,2 

8.8 6.4 1.209 30 24.2 

10.5 10 1 1 '4.0 34 27.5 
17 16.3 2.347 50 40.3 

17 16.3 2.347 50 40.3 

29.6 2.2 4.060 60 8.4 
30 28.8 4.147 60.5 8,8 
ko 38.2 5.500 61 49.2 

40.4 38.6 5.558 60.5 43.8 

40.5 38.7 5.572 60 48.4 
6.480 60 48.4 

48 46 6.624 60 48.4 

4 TURNBEXT ENDED 

7.6 7.2 1.036 22.5 19.3 
9,14 8.0 1.152 23.5 20.7 
8.4 8.0 1.152 25.5 20.7 

23.3 22.6 3.254 56 49.2 

23.4 22.6 
'4.3t3 

5 49.2 
31.5 30.3 64.5 5.6 
31.8 30.6 4.406 65 57.1 

41 39.3 5.659 & 59.7 
42 40.2 5.738 63 59.7 
43.3 4:;.3 6.667 60 59.7 
48.4 46.4 6.681 60 59.7 



Tower Corrected Currsnt .ure ure 
Voltare Tower in Cr,t Crest 

in oltac Tower Auìneter ¿eter 
Kilovolts ifl Re3in headinß 

KI1GVOÌtEI ifl 1200 mpe 
Ki1o:npores a.o 

3 TURN6E)CJEt0ED 

9 8.6 1.238 21.5 19.4 
9.2 8.9 1 .281 22 19 . 

10.3 9.9 1.425 24 21.6 
19.2 13.5 2.h64 42 37.8 
19.5 13.8 2.707 42.5 38.3 
26.1 25.1 3.614 53 47.7 
2t.5 25.5 3.b72 3 4j.7 

34 4.896 63 36.7 
35.4 34 4.896 63 7 
42.3 43.4 5.817 67 60.2 
42.5 4o.6 5.846 68 61.2 
48.3 46.3 6.667 69 62 
48.) 46 3 6.667 68 61.2 
48.3 46.3 6.667 69 62 

2 TURNB..ECrE.r)ED 

7,2 6.9 193 !3.5 12,5 
7.4 7.3. 1.022 14 13 
7.7 7.3 1 .051 15 13.8 
17.2 16.5 2.376 3 25.8 
17.8 17.1 2.462 29 25.7 
31 29.6 4.291 47 43.3 
31.7 33.4 4h37'? 43 5 447 
31.6 30.5 4.392 49 45.2 
33.9 37.2 5.356 55 50.7 
39 37,3 5.371 56 
40.2 3.5 f3,544 5.5 51.2 
43.5 41.6 .990 60 55.3 
44 42.2 6.076 50 55. 
47.5 kS.5 6.s52 64.3 59.4 
47.8 4.0 6.595 64 59 

17-3t. DURALUMIN, 0.125" vith 5in1e iectÍier in Loop 

4.2 4.0 .940 13.5 
4.2 4.0 .940 13.5 

1.0 1.128 10.5 
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To:er Ccrrectod 
Voltage Jower 

in Voltae 
îÇtlovoit in 

Kil ovolt a 

Curent 
in Cre6t 

Tover Pdmmeter 
Leg 
in 

Kil oníperea 

i7t. DURA1dJTiL, 0,125" with Single Rectifier in Loop 
(cont.) 

7.15 7.2 1.690 26.5 
8.9 F3,5 1.996 33 
9.1 3.7 2.045 34.5 
12.0 11.5 '.7O0 

12.8 1.4 2.'1 
. 55.8 

lc.9 12.5 2.35 
1G 3_513 3.595 '68 

16.7 16 :5.6o 74 
17 16.4 3.75O 79 
17.3 17.6 4.3O off ca1e 
19.5 18.6 4.)70 83 
2.2 21.3 5,OOu 95 
22.5 21.6 5.075 92 
23,4 22.5 5.280 off Eoale 
24.0 23 5.400 lOc 

25 2i 5.t340 off .ale 
25,2 24.2 5.680 off ecale 
25. 24.5 5.750 off ecale 

Tower Gorectea Current urge 
Voltage 'ower in Crest Cret 

in Vii.age Power Aaìter Atnmeter 
iiïovolts in Leg Reading Reading 

Kilovolte j :Iner 
Kiiotrperea Link iir*k 

17-8t. DURALUi,iN, 0.125" with t.wo Rectif e'a an Two Colle 

7.7 7.2 1.692 19.3 0 
S.r; 8.1 1.93d 21.5 0 

11.8 10.3 2.420 3O. 5 
12 10.5 2.468 32.5 5 
1f5.5 14.9 3.500 40.5 16 
16 15.2 3.570 42,2 16 
18 17.3 4.070 Ü.5 13.5 



Tccer Gorrectod Gurrcnt 
Voltaç Ter in 

in Voltae Tower 
Ki1ovolt3 in Le 

Kilovolts 
Ktloaiaperes 

$urge 3urRc 
Crest Crest 

Amiìeter Amzìeter 
Resdinç Reatin 
Inner 
Link Link 

17-St. DURkLJ1I, 0.125" iti two Rectifiers and. Two Coils 
(cont..) 

18.5 17.7 4.1O 51 18.5 
21.9 21 4.930 63,5 19 
22.4 21.5 5,050 63.5 25 
22. 21.ò 5.3(5 63. 25. 
26.4 25.]. 5.9O 72.5 20.5 
26.5 25. 5.9tO 7.5 2.0 

io. 8 COPPER COIL with Two Rntifiera an Two Coils 

3. .5 0.322 ( 10 
3.9 3.7 O.b69 O 10 
7.3. 6.7 1.573 0 21 
8J. 7.8 1.831 0 24 

II 10.5 2.465 0 31 
11.6 11.2 2.630 0 3.5 
15 14.4 3.385 10 44 
3.5.4 14.8 3.475 ic 42 
15.8 1.1 3.5I5 11 4 
20.8 20 4.b95 16 52 
21.5 20.7 4.860 24 53 
22 21.2 4.75 2 



L)ATA FOR LOOP CHA EACTERIT 109 

TESTED W 12H AN OVEAMPED TOVER CURRENT WAVE 

(1 1/2 40) 

Tower Corrected Current Sur&e 
Voltage Toer in Crest 

1.n Voltae Tower Ammeter 
Kilovolts in Leg Reat1n 

flovolts In 
KU ornpere9 

HLW LOOP 

12.8 12.4 240 8 

14.4 13.7 266 10.5 
14.6 13.9 269 10.5 
23.5 22.4 434 15 
24 23.1 448 15 
24.2 23.3 452 16 
30.2 29.1 564 19 
30.3 29.2 566 19.5 
30.5 29.4 570 20.5 
30.6 29.5 572 20 
32.5 31.2 605 19.5 
32.8 31.5 611 20.5 

39.5 37.8 73) 24.5 
40.2 38.5 747 24 
40.2 305 747 24,5 
43.4 41.5 805 26 
43.7 41.8 811 27 

43.8 41.9 813 26.5 
45.8 43.8 850 26 

46.2 44.2 857 26 

OLI) LOOP 

16.2 
16.3 
23.9 
24 i 
33. 
33.3 
41.6 
41.8 
45.2 
45.3 
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Ta«er Corrected Current Surge 
Voltac.e rower in Crest 

in Voltae Tower Ammeter 
Kilov1t in ieg Reading 

Kilovolts in 
Kil oaiiìp eres 

'Thf) ir 
L 'J. 

14.3 13.7 266 10 
14.4 13.8 268 11 
22.4 21.3 413 14.5 
22.4 21.3 413 15 
27.2 26.2 508 17.5 
27.8 26.8 520 19 
34.2 32.8 636 22 
34,4 33 640 21.5 
41.2 39.4 764 24.5 
41.2 39.4 764 22 
41.2 39.4 764 25 
45.3 43.4 842 24 
45.3 43.4 842 25.5 
45.3 43.4 842 26.5 

COPPER LOOP NO. 7 

16.6 16. 310 12.5 
17. 16.4 318 12.5 
26.3 34.6 671 22.5 
26.4 25.2 489 17.5 
26,5 25.3 491 18 
36.2 34.5 669 21 
42 40.2 780 24 
42 40.2 790 25 
45.2 43.2 838 26 
45.2 43.2 838 27.5 

HOME MADE 

20.4 19.5 378 10 
20.5 19.6 380 10.5 
35 33.5 650 15 
35 33.5 650 17 
45.2 43.2 338 18.5 
45.2 43.2 838 19.5 

STRIS5 RN 3V D 

17.2 15.6 322 5 
17.3 16.7 324 7 
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Tower Corrected 
Volta6e i' ow or 

in Voitae 
Kilovolts in 

Kilovolts 

STRES$ REMOV (cont.) 

Current 
in 

T cv e r 

in 
r.il oarnpere 

Su re 
Crest 

Miraeter 
Read in 

27 25.9 1O2 12 
27.4 25.2 508 12 
36.2 314.3 665 
36.7 35 679 16 
41.4 39.5 766 17.5 
41.4 39.5 766 18.5 
45.2 43.3 Mo 20 
45.2 43.3 840 20 

0RIGIiÂL LOOP 

15.1 14.6 1.567 20 
15.2 1.7' 1.577 19.5 
25.3 24.5 2.629 36 
25.5 2I..7 2.651 35 
38.4 36.7 3.939 49 
38.4 36.7 3.939 49 
38.2 36.5 3.917 48 
1)8.6 36.9 3.939 49 
36.6 36.9 3.960 49 
45.4 43.5 4.669 54 
45.5 43.6 4.679 

NEW LOOP 

11.5 11 1.180 25.5 
22.2 21.1 2.264 37 22.4 21.3 2.286 35.5 
31.3 30 3.220 41 
32.4 31.2 3.348 

4.164 
42 

40.4 38.8 
40.4 8.8 4.164 
45.4 4,.5 4.669 3Ó 
45,4 4).5 4.669 38 
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Tower Corrected Current Surge 
Voltape Tower in Creet 

in Volte Tower Arnnieter 
Kilovolt in Le Reading 

Kilovolta in 
Kil oamp eres 

THE FOLLOWIN3 S3OPS ÇRE TEST:::iJ ITH 5OAObCILLATOR 

tURRENT WAVE 

NE LOOP NO. 3. 

1.1 io.g 3.741 .17 
11.3 11 3.810 .16 
18. 17.4 6.027 -21 
18. 17.4 6.027 
31.4 3O. 10.461 -16 
31.4 30.2 10.461 -19 
4.1 41,4 14.341 .21.5 
4.2 41,5 14.375 .1.5 

O1Uí1NAL LOOP 

6,2 2,147 -13 
o.5 6,2 2.147 -13 

17.3 16.8 5.819 -24 
17.3 16,3 5.819 .25 
27,8 26,7 9.249 .23,5 
27,8 26,7 9.249 .24 
37,5 36. 12.470 -15 
37.5 36. 12.470 -19 

THE FOLLOWING LOOP WERE TESTED WITH 7 OSCILLATORY 

OLJRiENT WAVE 

13002 

4,2 4.1 0.696 13.5 4b 4,3 0.730 14,5 
8 2 7 .9 1 341 + 20 
8.2 7,9 1.341 +21 

15.6 15,0 2.547 +24 
15.8 15.2 2.581 +22 
21 20.1 3.413 
21.1 20,2 3.430 +22 
25.1 24.1 4.092 + 23 
25.2 24.2 4.109 20.5 
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Tower Corrected 
Voltae Tower 

in Voltage 
Kiiovolt3 in 

Kil 0V oit S 

N1 LOOP (cont.) 

Current 
in 

T ow e r 
L cg 
in 

Kil oanperea 

3urge 
Crest 

Armeter 
Readîrg 

33,7 32,5 5.518 0 
33.8 32.5 5.518 o 

40.2 6.826 - 
42 40.2 6.826 22.5 

QRIC7KAL LOOP 

1 6.1 1.036 11 
(.4 '.1 1.036 i2.5 

18.4 17.6 2.988 
18.5 17.7 3.005 +26 
31.3 29.9 5.077 +29.5 
31.3 29.9 5.077 +30 
31.! 30 5.094 +29 
31.5 30.1 5.111 +33 
42 40.2 6.826 23,5 
42 40.2 6.826 +25 

40.2 6.826 +27 



AP±'ENDIX F 

RADIO FREQUENCY BRIDGE A$UREMEN8 

OF LOOPS TTEI) 

Loop r R L 
No. In in in 

kilo.. ohrn8 micro- 
cycles heneries 

I 500 0.7 1.0245 0.6832 
I 500 0.7 1.0152 O6894 
2 1000 0.5 0.9013 0.5547 
2 800 0f4 0.8705 0.4595 
2 600 0.35 0.8543 0.4097 
2 400 0.3 0.8704 0.3447 
2 400 0.3 0.867 0.3460 
3 500 0.69 1.0500 0.671 
4 500 0.3 0.8652 0.3467 
5 500 0.5 0!9351 0.5075 
6 500 0.3 0.9046 0.331 
7 OO 0.3 1.00148 0.2985 
8 500 0.1 0,885 0.0789 
9 500 04 1.1613 0,086? 

10 500 0,12 1.1253 0.1066 
II 500 0,15 1,1626 0.1188 
12 500 0.2 1,3649 0,1465 
13 500 0.1 0.9716 0.1029 
14 500 0,1 1.033 1.0968 
15 500 0,7 1.0644 0.6576 
16 500 0.7 1,0338 0.6770 
17 500 0,16 0.9106 0,1757 
18 500 0,18 1.0025 0,1796 
19 5ÇO 0.1 0.9565 o.1o45 
20 500 0,22 1,0789 0,2039 
21 500 0,15 1.232 0.1217 
22 500 0,20 1.263 0.1583 
23 400 Q.? 0.860 0.1162 
23 500 0.1 0.8389 0.1192 
23 600 0.13 0.851 0,l,27 
23 700 0.1) 0.855 0.17)4 
23 800 0,18 o.833 0,2110 
23 900 0,20 0.850 0,2353 
24 500 0.05 0.9357 0.0534 
24 500 0.15 0.9189 0.1632 
24 600 0.15 0.9375 0,1600 
24 600 0,15 0.968) 0,1549 
24 700 0.10 0.9636 0.1038 
24 700 0.17 0.9545 0.1781 
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Loop f R L 
No. in in in 

kilo- ohms micro- 
cycles henries 

24 800 0.19 0.9169 0.2072 
24 800 0.20 0.9453 0.2116 

24 900 0.20 0.9311 0.2148 

24 900 0.24 0.9395 0.2554 

24 1000 0.24 0.9506 0.2525 

24 1000 0.25 0.9540 0.2620 

24 1000 0.25 0.942 0.2654 

24 500 0.10 0.90 0.1053 
24 400 0.1 0.940 0.1064 
25 900 0.22 0.9277 0.2371 

25 800 0.20 0.923 0.2166 

25 700 0.18 0.9129 0.1972 
25 600 0.15 0.9367 0.1601 
25 500 0.12 0.9060 0.1324 
25 400 0.10 0.9377 0.1066 



APPENDIX G 

TABLE II 

RESISTANCE AND INDU0AtCZ 

1ASURMEN$ FOR 

IRON LOOP 

Radio Froauencî ride 

fin Rtn Ltn 
ki1ocyc1e ohrw niicrohenere 

1000 1.0 0.9341 
900 1,0 0.9341 
800 0.9 0.9337 
700 0.8 0.9334 
600 o.? 0.8537 
500 0.7 0.9423 
400 0.6 1.027 
300 0.5 1.028 
200 ,.4 0.771 
1000 1.0 1.0148 
600 0.8 1.0259 
400 o.6 1.0729 

200 0.4 1.0747 
300 0.5 1.121 

Unlvereal Bridge 

50 o.3o6 1.812 

17 0.166 2.31 
10 0.1285 2.64 

7 0.109 2.96 
4 0.0885 3.57 
2 0.0711 4.62 
1 0.0581 5.795 
0.7 0.0516 6.95 
0.4 8.97 
L).2 0.0417 10.4 
0.4 8.22 

General Radio 1000 Cycle Bridge 

1000 0.06 7 

1000 0*07 7.5 
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Ose iii ographio Method 

fth Rin Lin 
kilocycles ohms microheneries 

60 0.0375 33.1 
60 0.0331 31.0 

180 0.0501 26.5 
180 0.0508 22.6 
180 0.0505 19.3 
300 0.0326 26.4 
300 0,0802 19.2 
300 0,0758 16.5 
420 0,0704 17.3 



APPENDIX H 

CALCULATIONS 0F MINIMUM CURRENT THAI' $OtLZ) FLOW !thEN 

INSULATORS ARE FLASHED OVER ON A 230 KV LINE 

Tts voltaße necessary to f1ashover a $trin of 16 

insulators varia with the type of wave applied.. The fol- 

lowing vc1u are those used in ratine insulators for corn- 

pa neon: 

Type of Wave 

1 x 5 micro seoon. 

1 1/2 x 40 

60 cycle 

Flash..over Voltae 

1,775 Y. 

1,425 Kv, 

1,240 Kv. 

If the line i struck at the midpoInt between two 

towers, the line impedance (Z) plus the tower foot resis- 

tance (Rg) will be the oppoíition to the flow of current. 

At mIdpoint there are two paths for the current to flow, 

therefore, one half of i used. The equation for tho 

tower current ta: 

I- E0 

T + R 

Where: 

Z : 500 ohrrn 

= 50 ohiia 

1,425 x 
- 

Q 50 

'T 4750 amperes 

'r 

I 2 
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3ince there are four tower legs in parallel, the cur- 

rent through each leg will be eno fourth of the total cur- 

rent. 

Current per leg 

Current per leg 7.59I anpe rea 
- 4 

I-3 

Current por leg 1188 amperes 

The second case, whore the flash-over of the meula- 

tore is irdtiated by a foreign object, the obove equation 

will be used by the line peek voltage, to neutral, will be 

u a ed. 

Peak Voltage 

Peak Voltate 

Peak Voltage 

- ELine 

3 

230 2 

3 

: 
187.7 Kv. 

T 187.7 
£ 300 

= 627. amo eres 

or a current per leg of 156.5 amperes. 

I-4 



.(P1E1DIX I 

FIELD RESULTS 

The fo11owin data were obt1ned y the Bonneville 

Pcwer Administration. Ihe loop ue1 wa nad.e of 0.144 thch 

diameter iron guy wire1 Durin th 1944 lihtnin season 

tìey had 1000 of these loeps In service. 

The following outagee oeurred nd were lo3'ed by the 

rnp.netio 1tnk 

¡4n Towç jo. Ph8s 14n*. Charged nrks 

Coulee- 359 Top Yea Insulators 
spokane flashed on both 
#3 & '4 linee. 

4 2%3254 Top Lea 2ower 23 con- 
ductor pitted. 

4 21O21l Top Yes 

4 186-187 Top Ye Conductor pitted 

3 187 Top Yes Spill gaps show- 
ed power burns. 

143 C Lee Direct stroke to 
t ow er. 

4 141 Tor1 Yes 

3 & 4 335-336 Top Yes Date 8-31-i4 

3 345-346 Top Yes Date 8-23-44 

There were two other flashovers on these lines in 

which It appears that the links did not perform as anti- 

olpated. 



APPENDIX J 

zRIMErAL l'ROCEDU 

1xpertmenta1 tte were conduoted for th purpose ot 

etudythg the operation of loops under ooxid1tion simulating 

an aotua3. lightri1r: flaah..ovor. I he inpulse onertor 

hOEwn in figure i was used ror the surge tests. the tin- 

pulse circuit consists of the following: surge cspacitorB 

conieøteit to have one rntcrofarad at 50 kv, damping res- 

tor (adjustable), toot aection of tranamia8ion tower 

leg (5U anEle iron), and non-tnduetive shunt. Thedampin 

resistor nade posi1e the selection of desired wave 

shapee The nagnitude of the surge current was determin ed 

by ca1cu1tione baaed on tppiied voltage and circuit impo 

dance. Rad10-frequency br1de measurements wer useì as a 

bat for all surge circuit a1ouiations. îs a thek on 

the calculated uro urrent an osoillocope waz connec- 

ted. across the non-inductive shunt throu a, coaxial cable. 

The raBurenienta obtine in tki mariner oteckxi ravorably 

with the calculated currents o the latter were conatdered 

auffictently 9curte. 

After the surge was applied and the amount of residu- 

al Tnanet3.srn rccordedI the a-c follow-up current was im 

pressed on the tower leg. Conditions simulating the a-o 

follow-up of a lightning flahover were obtainea by paas 

ing heavy a-c currents through the tower leg. For this 
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purpose a trn$1'orer, having a htì cirrent ooity, 

was conìetcd .trect1y across the tower leg. The trnp- 

rormer was fed by a variable voltae source 30 that the 

tower current up from zero to 1200 Tnperee arìl then re- 

duclnß to zero again. Link readings taIen before 

after the a-c indicate how much manetiern had been re- 

iìoved. 


