


a d Y r-.; o =‘la 5 | R a
MIUATICHUIIAHIHHE I NNAVHUHNDAIN TV EIINYIA

iipsmnaaad lrlihusega

ANALYSIS OF INDUCED VOLTAGE ON NATURAL GAS PIPELINE

DUE TO HIGH VOLTAGE TRANSMISSION LINES

A1 OUNH

PATTANA INTANI

44045

a a da ) = == v a v a
Ineninus thiluaunilaveansanmimunangasSuanIimnssumansumdadn
muIvinnssulnih
U e o
TN Ingay
anDumalulatinszooundudinunmismanszil
N.1.2545

ISBN 974-324-013-6


CLP10
Textbox

CLP10
Textbox

CLP10
Textbox

CLP10
Textbox

CLP10
Textbox


ANALYSIS OF INDUCED VOLTAGE ON NATURAL GAS PIPELINE

DUE TO HIGH VOLTAGE TRANSMISSION LINES

PATTANA INTANI

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING IN ELECTRICAL ENGINEERING
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2002
ISBN 974-324-013-6


CLP10
Textbox


COPYRIGHT 2002
SCHOOL OF GRADUATE STUDIES

KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG


CLP10
Textbox

CLP10
Textbox


v YA a ¢ = s o P o da 4 v o P
HIVDIMNETHNUE N5 AT 1IZHUTIAMHUUIUTNNAVHUUNDAINMYTITNT A

riosninenuaa s ga

i WoRAU DUl
stierlszden 42061134

USuan IAINTSUANAATUN 1TUNA
MU Franssu v

.. 2545

=9 ¢ Y d = =
PINIHGAILANINNTNLE AL A ARl InBwna

r T
UNAAED

; - - d Aya ) d Qs Pe o A A d‘r‘ J [

oW1 3N NUT I i A uemM IR TR LT H NN RIRATN UL o I 1%

a oA [ = {1 1 o qﬂ ] d A 1%
sssunaiinannmodsIWisegs Fuiluwannvedsmasssumaihuriomaniinuaumy
51aagj’lﬁﬁumwmuﬁmmmmﬁ'ﬂﬂﬂmsqqamu’lumﬂmsnﬁuaw'lﬂﬁuRigth—ot‘-
way:ROW.) Taoldnguimuds i lumsadhanusraeameadamaniive 19 lums
= L4 o — o A A d? ' [ < a o 4 Y o ar
Sinseiussdumiivnhiifetuuurodemesssund  nnmatiadenan lRhmssanis

. . o - ~ o ar
Tsunsu AC mitigation  launmswann@wmuamandnieidu 6 ( VISUAL BASIC
i o ] o - o i ° A A 3 ' oY

VERSION 6) o lisunsungaoimsdinsieiussiumilonihiifatuuuviodanes
4 o " - 1 ar 1 ' [
finsvnusunuranods Taomiwnudnuas Inssaweamawas Tnswad nvesviodany

4 4 1 & ' @ 1 ° 4 Ve e '
fmsfAoundas Fawadi lduaasiiudussumiionhivegivdnvar Inswaiamada
aszuai lwalusnoda Anvevesiedimy anuanvewiodiMs uazduiuaudngaiivio
Nidaifinsvaadamailundn idashmanBundinusumssnnsusssumiionihleold

= ~ = : °
n5INATEIN NACE wunimnnudanaia 014 mediizua niminhllsunsy AC
3 ¥ . ¥ .
mitigation 71 1@ $aard198imsnaaeuiu InssaiehitinsaaaslFauiigaenssumunma
o ar g ar — o Ak ¥ o - 3/ - =) o GRS
Fandaszoas wudwswumioninldnnmsmuadiou Wyl luiiema@odumala
b

o - - ] ° 3 3 o
ninmida uashogauesinmiwusauil Idshinsuaaa b imuhannsniimsananouns
aumionirld Tavmsaaneuniawn I aauIv1i(Longitudinal  Electric  Field:LEF)

U o as ] [l _ " g 3 fa e
HAZNIAD5 2N 1A IR UNDAIMATITUMA  WuImsaanoum LEF Juagiudnyaiy

[ v

Tassad1aaad wasnIsAesLUUNS 18 IHAUNOAIN IBTITUFIA WUIINTAANDUUTIAU-
WignihAluelsy  A1eadIuNsaeNauUsSI ML MDURUAUFUDINT IR

L'l

v
o o

ANYAEMIAAAINT 1IAITIUNED



Thesis Title Analysis of Induced Voltage on Natural Gas Pipeline

due to High Voltage Transmission Lines

Student Mr.Pattana Intani

Student ID. 42061134

Degree Master of Engineering

Programme Electrical Engineering

Year 2002

Thesis Advisor Assoc. Prof. Siriwat Potivejkul
ABSTRACT

This thesis presents an analysis of an induced voltage on natural gas pipelines due to high voltage
transmission lines,  parallel with the pipeline in the right-of-way width (R.O.W width).
A mathematical model constructed, is based on the transmission line theory. The program, using
Visual Basics version 6, is implemented for analyzing the induced voltage on the pipeline with a
coating insulation as well as voltage mitigation techniques according to NACE standard. The
results show that an induced voltage depend on types of the power lines, current in transmission
lines, pipeline depth and terminal impedance. It is found that the analytical result has an error of
0.14%, compared with that from the NACE standard. It is found that the induced voltage
reducing Longitudinal Electric Field(LEF), and pipeline grounding. The results show the
mitigation of an induced voltage depends on mitigation factors, ground impedance and

grounding installation.
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= =1 T 3 1w ¥ 1 o
INAUMIN (2.35) uanaliifiudm LEF mdaau Yuagnumvenszualumedwazmiinyia-
' ¥ I £y
duRuAuFNUNATUITNI NAedgAMhMsAnsan aniulumsinsanszuonmsinsen
PONITY 2 AIUADMIND TN AU SUAVDIAUA LAz SIS ANV I ¥IaD LA S

Ve o
laeati



24.1.1 ﬁ]ﬁﬂﬂ‘i:llﬂ( Current Sequence )
lumswsanwavenszud luszuvdanwauvaniiyuwananuag12009m #1150
utanszuavesmva luudazvaidosnisansaneeniunszudesflszneutosamunanues

peaRdsznoUANIAg ( Symmetrical Component )"1ﬁ’ﬁ'mums (2.36)

I, 71 1[0
Igl=|1 & al|ln (2.36)
Ie 1 a a I,

fmuald a=1-120 uazi+a+a? =0
Iy Ao ﬂizllﬁﬁ1ﬁﬁﬁ"(‘u5 (Zero Sequence Current)
I, A9 NIzuAMAVUIN (Positive Sequence Current)

I, Ao NIzud a1RuaAY (Negative Sequence Current)

24.1.2 ﬂ1‘3"ﬁuﬁ]‘maguﬁuﬂ‘HCI;(Carson’s Mutual Impedance)

TumsiansanmiiyaduiuaudssnhsmoastuviodsmainouoniinuIuuuazi)

W
=1

] i + 3 9 o ar Y ar
anhegmuly  annsolszgna ldaumsvosmiduldas

D
2 =B Tt e, (2.37)
8 2n Di

Bis =660\/%_ (m) ; f=ﬂn1n3(Hz)

o=2af u=49m x 107 H/m
pﬁﬂ ANVAUMUTUWIZUD IAU (£2-m)
i AD A, B, and B
=Y - | Ed [ 1 e [ '
Z; Ao TR0 UNIAUT TN UNBAIN 1Y (©2)
-~ 1 R [ oY

Dy AD FTUZN NN IDINOIN 1Y (m)

A Vv 3 ) e | PR 3 e i [ ; L]
VINAUMSA (2.37) saa i munmMTaduReuFIIAATuI T N uEIR UNoa I vUDY
AUszoznssnInmuaanune A Iihvesszuuaanis tasmanudmIumMus uwIzBIAY

Wundn
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24.1.3 mﬂuﬁuﬁuﬂum Impedance Sequence )
H ' n': 1 " @ : o o a0 oA
Tuszuvdatiwlania lidumsadenonuuamuma daiulumsannumminyadui-
uauFnATuiin NN TzuAvR MU Ains I UgARdeIm i saniuudesmilafadiy
1 o ' — _ 4 i - J 4
adaonn aumsi (237) Ansaneglugidvesihmaduiivausfifaiuioninnszualu

i
Yo A

upazany laaatl

zo1 1§ 3172«
zZ, |=|1 a a?l|zg (2.38)
Z,| |1 @a? al|zc

) = o A o o
Zpfa wmduitaudiiionnnszuadaugud
- A oA 4 A o o
z, i 1I¥I00uALAUFTInINNTZUAS AN

- ) oS A o o
Z, 79 iwaduiuaudmiloannnszuamauay

— =1 0 @ o o = oA s o A «
VINTUNIIN  (2.38) L!f'fﬂQ1#!1’1'1&?]']ﬂ'J'liJﬁlJWHﬁ‘UENU'J%'JﬁﬂUW!lﬂu"ﬂ"ﬂlﬂﬂ%u!ﬁﬂﬁnﬂﬂsxl!ﬁ
o & LA

MAVAUINTLUATAVVIN  UAATTUANIAVAUNINAUMS (2.37) uaz (2.38) MWTONIAT LEF

MnavutpInnnszuavasanua luusasdu ldaeaunisy (2.39)

t

Zal 1l 3 Ity
LEF={Zg| |1 a? a || (2.39)
ZC 1 a a2 12

11. ~ ol a C‘ _ J 1 o o 1 o dy
VNN (2.39) Ansalivunnudiuives LEF inadulvoglugivesdiauaiee Tddai
LEF 21020 +1121 +I222 (2.40)
pe =] " i A a 4 1 i ]
aumish (2.40) uama UM LEF Minavwiioaninanvas I enumassnaudiomusa

LEF ’luéwﬁugmﬁ ARVVIN LAZAIRVAVABDINAVNITAINAILINIITANAT LEF lainaaniig

W [
augauaz iaugatiuiszu T



2.4.1.4 nizuaausa (Balance Phase Current)
ninaunsi (2.40) Tuannzaugan1ves LEF ?'lsf‘iﬂi’i’mﬁmmﬂns:uﬁﬁﬁuﬁuﬁua:LEF
ﬁuﬁﬂﬁusﬁamﬂﬂszsmﬁﬁuauﬁﬁ1m'ﬁnq‘uﬁ;ﬁaqmnfhﬂszuﬁﬁﬁuav HAZAYRINI AN
AudA A UgUIR M LEF ﬁaﬁm‘fuIuﬂsﬂns:uﬁﬁuaaﬂ:lﬁﬂﬁumm: LEF 1floannnszia

L'l L

A19VUINNIY F993N50HIA LEF TAdail

' ¥
lumsAnsanmaes LEF N5z0zn190onnnuuddode uuuidminwunmues z, = z, = Z.

° EY s - ' ' e ° ' 1 1w o 9
e Tiwanvnvesaums (2.41) Iinnduguisazi i ves LEF iawnduguddie

2.5 msaauuudiaeama lnvhweaneaanv(Pipelines Modeling)

b
~ -~ 1

TunisMmurams ssumiionhiinaduyunodami¥ss sunatissnnatode Wil
usaﬁuqqﬂ%%’U‘ﬁﬁwaﬁiau5qﬁumi’imﬁﬁaﬁm’fuﬁamﬁuﬁuﬂwﬁwa‘n'aﬁ'qﬁ’w Famduiiuaud
'naaﬁaﬁﬁwﬁuacjﬁ’nﬁwmmﬁuvhgmﬁﬂmwmvia ANUEN ANUNUIVBID MANVAIUNIU-
SuWizYeaRy MANIIMUSIMIzveUmEn Auneliadarvesie s lwiateitIdi e
Msfamnmms1mese et ars sunanioid ldhnsinsan Wi iines

wanaNinadomauRLAL YNNI

2.5.1 IN53@313U0INDAINIY
Tnssaveanadimalaoia luaedlddaningin 27 Falaseadvveiodamaes
Ysznovldae 3 daude 1 moelunedludruni g msuldmandoun daud 2 1umisved
¥ o o 1 - 'l o & = o o ' =1 - ~
WPamsvlFlumsauauiiamams lvavesiiada Tavia ldmlsve o dumaniloanni

' o I ¥ < 3/ YA —aq Y ¥ o f P

AnunumuaausIga lage uazlasasgaieAenuiuildlumsunaludunilves
szvutlostuaiinTaoia lUnuruveaiessiunon PE Fadoduilunwiuma Wi Fa0nTass

asveaedsmimiionnaiaiuiesiiouRonses Iihammsomamnniimesaian Idds

ao'luil
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ee®e o ,.-:é'_- s 5
|
d |
I valuan
Y auwuuvia

ci - ¥ ] oY -
suUN 2.7 Tn5adi19u0vi0adimss5 0%

<@

252 M1SAIIMHISIIINGS YOINDEIN 1%

' ° ' a s P o= | & A
‘ﬂTﬂTﬂEQﬂgH Q'UE]Q!ﬁ_l'ﬁ‘n'i_|‘E'T']3J'|'§ﬂﬂ11!'3@11?]1‘“15]111?]95'1]8\1“@?[\351“5 lﬂﬂﬁ!‘sau‘lﬂlﬂqu

5 v ek N e ' s
1. NAvesesumiuTans luiinsaoainsing

2. AwengaiidlunuiuveweduianuaudufSvumilourognainsg

3. lunnsanwavesszuvilesiuaiiv

- 4 0 "
MINIAIMIIIREI VB oTNBgAUA IRTIveINIsuNsTRINaY  lumsmimmsiinesang

113091 14 laomsldaouianes lunismuisminnaums laviugiu4]

y =J¥YZ

ZO=

BN

v A0 MIAINUNNISHNTVINaY
Z fin MOUNUAUTUDINGD
Y A9 AoniauausunIne

Z, Ao DuRLALTHaIIAYD YD

(2.42)

(2.43)



1

Y=Y+ mho/m
7 1.85
n———
2no, JDd
i 1.85
Z=Z; + IO i Ohm/m
2 D 2492
2
*x 4 *
Y, = 8.595*10 D -

R
AusorduAnaugmMoluveed st (Internal impedance) 1A010[5]

o (0L *by)* KI([*a;))+(KO(I *b;)* (T *a;))
([T *by)*KI(T*a; ))-(KI(T*by)* 11( T *ay))

Ohm/m

Taosmualy

. o
I 2mb,

a, =D-(t/2)
b; =D+t
Ko =97 X 1077 H/m unz v = joupo,

u, fin MstailmeliiaAvesneaama(Relative permeability)

1

X

pe AID AINIILATUMUT U IZNOAIN1H(Pipeline Resistivity)

1

o, Ao MA1v09AU (Earth Conductivity)

X

Z, fin MouAuauga 1o luvoanodana(Self Impedance)

I

1A

Z o MOUNLIAUTIINVDINDEIN1B(Total Impedance)

I

¥

= ' [~
Y Ao ﬂ1ui]ﬂ1J!!ﬂu=§'1!E)Qﬂﬂﬂdﬂ'l“ﬁ('fotal admittance )

P=Y o 1 ] z 3
Y; A0 muaﬂmmummu“lmamaﬂﬁw (Self admittance)

D

&

D Ao Lﬁuﬁmfj‘uﬁﬂmdﬁaﬁdfc{'w(Pipeline Diameter)

24

(2.44)

(2.45)

(2.46)

(2.47)
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2.6 unarju
qv i d Y 3 1 o as ~ o A a r; ] 4 A A
Tuuniilduaasliinudiaunsafiuans s o NNATLUUNTIN ¥ 553D
[ o A " o <t ¥ Y 9 - ) =)
vinenue s Ifhwsuga asdifieiiiuiemanuaziinuaudy TTasms¥mguieods ngvi-
M3ty uazngurees vnaumsilFumsanoausumiionhifiety mniinesninasde
o - o A o ' ' 9 [ a o
ussumilyniie mduinaudveaie tazimmny ey Fludmvesmnaiines
1 y far — ' . a A o ary " [ [
VBINBIUDYAUAININVBINTUNTVBIATY tazdRIAUFAUTUTAYDIDANY FIUUDIAUI
ThfiRadumunuasimetuiissnnmod s ageannsomdlasmsldoynsuves
od e " aiq 1 s :; o -4. =Y J s‘..l
midu meny Mihmunanaiiinadeusssumiioniniluwamsnnsziaiinatiionn
awda T MinaumswuhnsAnnamsussumiisnhidainnusudouwnnaniuie 18

" o - L f o ar ‘ﬂi o "-1. _ J ] 1, -
1709 uﬂuﬁmlﬁ’fﬂﬂummai’muiumﬁmumussmumummmﬂﬂmuuummﬁwrﬁsmm



UNN 3

M3 AANDUUITIAMIH UL INNDAVHUUNDTIM BEITNVIA

3.1 unih
o - o A a -; " [ a 4 @ o -
msaaneulswumilonhiifaiuuuviedenasssrumameiiunstlesiuduasioiey
=Y J v = o =Y le o o [ [l =y w Y]
mavufuFInvesdiaudsdwuazihpesnumiodenesssuma  Taondnmsaiannouussu
:i o c; =y J = ' ] ar a =3 q'a 9/ J 3/
misnhiedufemsdei Idihnszuraduasninduazmatiafitioulddomsaens a1y
o " [ ' 1 r o ar oo = ¥ " L] L8 a g < o
Auviadaiylumsaeviedsmetuszuunsnaiuiiuiiszdesderiuginsaindidnnsotind
' [ a o a o P [ [
seriienuning  Tavginsaisanseundiminidugdnsaidesnulyln ivdinszuaas
' 1 @ 4 a o ' i :
Fuaansauaeeu 1 Ifhnszuaaduruainsd FalvuEendl DC Isolation/AC Coupling
= ° v 9 da o a o ¥ v A
Device lugnmzmsmausmanuaunuvesginssisnnsedndmed dhnseueaadol
' 3
adwnegluimlulas Tevuannesuan a. dantulunmsmuiumduiuaudvesszuunsg
o & & ' ¥ < : . & = ¥ o
vz laifHlafamnam 1A A IUNIUYEY DC Isolation/AC Coupling Device @4 lunmilszuanslviiu

faMIAUIUABUNUAUTIAZYUIAYDINT 1IAT 1F IUMTaan DUl umToh

3.2 MSAANDUISIAMHHE IV UTIDEIM Y

yafine IiiRaussiumiienhgegaiegaiiviedama lideilo Fotulunsanneuise
Fumshnmsaensndassgainedemalideios Falumsidendnumzveansaniszinnld
Tumsaﬂwauusqﬁumﬁuaﬁwﬁua;jﬁué'ﬁﬂfhmz14iwwauseﬁ'umﬂmﬁﬂwmzﬁwmwia
nsMFAem e WumilsnhdeuhnmsAens g Fedasdusinanionisasdiumsan
nouLI UM (Voltage Mitigation Factor) Tagszuunsmaiminnfivisanluluineiinug
@l Idimsuoneeniii 2 SnuaEABNI1IRIBAGround rod) uaL N31H 13 (Ground wire)¥s

0‘: = = ' ar o 1 a I A af H
n3 'I'Zlﬁ‘ﬂ\i‘lﬂ‘lﬂ WUANULANAN ﬂu’luaﬂymz g113N m'sanuazmaummwﬁ mauﬂm‘lﬁsﬁumﬁ

3.2.1  NINATen (Groud rod)
Q. w s ¥ d o @ o A s i
M3AafInIAsoaLIad IRIAUAIg] 3.1 9INANHUZYDINT NATBAMIIZAUNIZANAS
v v ¥ ]
Tuusnanmuisommaiznuauldie  waz luwiziuuSnuNuauR iU v U

o =) s “a q’: o 1 = = aa o {
PIVIUIUHUIN %’Iﬂﬁﬂ'ﬂﬂwfﬂﬁﬂﬂﬁ\iﬂ‘i'}ﬂiBﬂf‘f'l‘iﬂiﬂlﬂlﬂutﬂuﬁﬁlﬁmUULﬂUQL‘ﬂ’Juu'lﬁ,ﬂﬂzﬂ'ﬁ 3.2
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Pipeline
- )
A
Ground L
Y
31 3.1 n317859A(Ground Rod)
Ziht LR
—} 1

Virt @ o [] Vinr @

314 3.2 2esisuRsanItiun g lumsAnnussuiivauan 15 lumsaaneunssumiionh

1R 3.2 WunseseudsaniiunlFlumsdsunaaneuusssumiioni Mz,
A - | L3 ot o o A " =) o A "
ABAIBUAUAUTYBINI1IAN IFTUMNITAANDU AIRULTIAUNANASON  Z, ADUSIAUTNANATON
Ed =] T adaa a o g 1 3 ya qq” & A
n31ad s urnlah lunsanduiuauguesnsalmguend Indduidn  ussduiian
" 4 = ¥ Aa A G4 =R o @ A "
aseunsNnszdmgennlUdie uazlunsdisuiiuaudyensnainuiuguiussuinnasoy
¥ ) ]
Z,, sefiandluguinnis 2 asdiinanuasamnAsaTdIuYeImMIaaneuLs I umiionh

v
1CERERY ST

3.2.1.1 9A51AIUNSAANDUNTIAU

[
=S {1

n'l () A " o =y ar ar
Tunsiinganviedsmas ludemioailumaninn  uuavedsmanansindinesnsn
wmeds uag ganinmsadumoiludu 9nanu hidenioinanamisonisidandiuns

ar o o ¥ <
aanouussnumteniilannaunis 3.1
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Vv, 1
e 3.1
] 1+ 0
2*Z,
d:; c; v d'l " a = ; r T
1Uﬂ5ﬂl'ﬂﬂﬂﬂiﬂﬁﬂkuﬂﬁ%ﬂﬁ‘nﬂmﬂ 'il'lﬂﬁﬂu')uﬂuiTJﬂTiﬂf]ﬂﬁ](lnsulator flange)
V 1
e 32
0 440
VA

A a A o et

Ao duRiuausn ¥ lunmsaaney
=} T =t
A

o e v
2 DUNLAUFAUTNUAVDIND

Zm
Zo

=1 Y -:; o ".1' v "o L4
Vo 7D !,Liﬁﬂulﬂuﬂ'lu"l‘nﬂﬂ‘ﬂmg'h.lﬂﬂﬂﬁ'nﬂ

=) o c; o cq. ' " o
Vin A0 LU USIUINVIDUUSADNT I

° ¥ iz ' & P a A Fe ' ' A ' a e '
ﬂ’]ﬂuﬂiﬂ Zp :J;Iﬂﬂﬂ"lz D ATDUNLAUBUDINDLUATATY 7D A UDAUALAUYYIDINDIN

o Vo ow ' Y ~ o A a J v v o J (]
aums3.Huaz(3.2)wmuldhdasdaumsaansuustumilsnihnnavuuuviedamsiueg
fudnuuzaiy lideesvesviadames sulaudueenindiasduiiuausuauiidvesvionsy

dc" [v] v = A J = " red :l.c:. r
Tunsdindandiumsaaneulauiuiusuilianiluluaasi biimsaanouuaz lunsainoas-
U o T " o 1 o 4 =y 5 i
drunsaanouusesuiiauiy 0 uaasihwssumilsnihiinaduuuiognaanauIunue
é s L] o L o o .= = é " a
Fevasrduaananul i lasasafum o NRIAUTYDINT1IATOABIA NI OMABUALAUTVDA

v
nsMasen lanse T

3.2.1.2 DUNUAUFYDINTIIAIOA
" a o o = " oA 4 o
TumsmimduRauTYeInsNasoa laena I lunmsinsanaduitauTYeINI 19709
a a W s a A a 1 - @
sionlgnnsanludneme IMinssuaasefeaunish (3.3) FeduRuauEN IR 9INMINITUIA
" ] £y Y] o 3 =Y =Y d 1 dy ¥ o = 1 o a A o a
nan higndeauiminie] suiuluinntiwusauil ldihmsinsgdasuiuaug lasinsanlu

Snvae A nszuaady ssaunisi (3.4-3.6) [6]

g Bt [Inﬁﬁl} Toviu (3.3)
ol a
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Yrod = yJj@io(o + joe) 143R5 (3.4)
1 Jopp ; (1.12) ATE Tork

z a——J— 1+ it ——t (0~ )~ N 35

Orod o 20 ( +J) n[a G)_lloO'J+( J)4 ( )
Z o

Zrod = Z0,0q Oth(Yroal) = Vzd—i"; Tonu (3.6)

- ¥ As' [ ci
Yroq 8 AFNNNIEGTUAIVDINAY

-~ e A o <
Zpa 9 MDUNLAUTUDING1INTOA

Zored N0 AIDUALALFAMENTAYDING1IATOA

- - P A oA s s 3 ¥ A A o
VINTUNIIN (3.4-3.6) ﬁ‘luﬁnmsﬂl‘i’ﬂumwmmummum‘umﬂinﬂmﬂ%:mu lﬁﬂauwuﬂum

4 7 W o o P
'Uﬂdﬂ‘i1'Jﬂ‘§ﬂﬂl'ﬂ‘l«§ﬁ~iﬂﬂ"llf)@ﬂ'ﬂijﬂ'|3 FIAHVDINT1INITDA LUDZ AIUD

<

322 9351013 (Ground wire)
o o o = e Yo = - ) ¥ aa =) P °
anvazvoInga i iunsnanldindnuivesdusioudlyminsaiduusinaimn
a o 7 o W o ? Y A ] Y o
ﬂ']ﬁﬂﬂﬂﬂﬂi'l')ﬂl'ﬂdﬂ]ﬂli.l?f'lN]iﬂﬂ]ﬂ"li!‘ﬂ'lzﬁﬁﬂi"l?ﬂiﬂﬂ1ﬂ 1uﬂ1ilﬁ"ﬁ]ﬂﬂizﬂ?10ﬂ513ﬂ135
[ ar -~ 4': ) P =4 o o o 1 [ o —
!!‘l,ldﬂ'f]ﬂl'ﬂ‘l-l 2 anwe Fl'f]ﬂ'l‘i!‘h’ﬂHﬂ@ﬂ‘i'I'JFIT‘IQFIﬂQﬂﬂT&‘U?JQﬂ‘i']'Jﬂhl'H ﬂﬂﬂﬂﬂﬁﬂ“}fl!ﬁﬂ\iﬂ\!gﬂ“

3.3 uaz M3a¥auaeNawvens 6 15 uanadagilii 3.4

;q 2L >|[

— ———fi
' X ELW ERW
[ |
_ _— >
ELP ERP

4 A ' Y . .
;ﬂn 33 M31¥ouaons199 135111 Center connection ground wire
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—e—e |
X B
[ ]
e ——— —
Eip Ege

gﬂ‘ﬁ 3.4 MIWOUADNI1IA 195111 End connection ground wire

3221 BATIEAIUNTAANDUIIIAY
= ¥V d o v ’q ¥ o v [ & ] = =
11317 3.3 nanaliiiudnuuzeansaons e 135 Idtuvodamadsesfivufo

M lumsTnszrinisaeans g Idnuviedemes IAuaafeg Ui 3.5

Pipeline
—§-
Y IRl T T IRl Y
L R
Mitigation wire

EH
—P

L 4
— P
B|—|

514 3.5 2esauyanlFlumsduanussiuanaseunsa 1§

o v = o @ ci o ¥ = Q@ d’
mu‘lmﬂumnmﬂ:ﬂmsaﬂmumaﬂumumuﬂﬁmqygﬂmwaﬁu FINWITANYD

¥ o A v 'd Y o nly
MUNTOHINNULTIAULY ﬂﬁaﬂi’nﬁﬂ’ﬁ I’I,ﬂﬁ‘ﬁu[‘fi]

(3.7
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é ﬂ.’ L o ﬂ'. L] J " L L]
Fanaumsn (3.7) wasaliiiudhusssuiianasounsa s Yusgiumvesnszumiaza
= Cd 0 v v o é 9 [ " ar c:; o
HOATAUYTEHINYIDAIMHUAZNTIIA 125 BI81ADINITMIDATIAINYBITsAUmTioni luvme
MmsaonsatuLssumtenhneuinmsaens g wvae i I ldimsdensaauisan

1dnnaumsi (3.8)

AZp(LEFg,, - LEFy,,)

+
Vm __ Zuw(LEFy, - LEFg,) —

V_
2 1+5{ZPV'”]

Zwa

" . " v .
Tunsdimsiweudons g iNgaEuAUMS 09ATUAATDINT A SAIR 3.4 A TaMISAT

[ Y A
fuveImsaaneu A naumsn (3.9)

. AZp(LEFg,)

Vo Zuw (LEFy, - LEFg, ) G9)
Vo s .
2\ ZwYp
fvuald

6 _ _e—QLYw
+ e 2lvw
A=(6+1e YW
c; =1 ¥ o [l s a o aa J J Ll
PINAUMN (3.8) uag (3.9) wwiuldhdasdiwvssmaansuussnumienihinnaiu Juey
fuf1 LEF % n3179 195 1agAILEF fviodems a1ouiiaus A1nanmsunsvesnauiazaay

o ad d’e’: = ' =}
g1UDING "t’lﬂ“l’l‘;'{ 1uﬂ3ﬂlﬂﬂ‘ﬂﬂm'}ﬁjﬂiﬂﬂ’lﬂ'ﬁ aUUNLAL 11Iﬂﬁﬁﬂ‘i$°fl“l]‘ﬁ'lﬂﬁu’mll.‘l.llﬂﬁﬂ

v
INEedImIIIeuTuNT Iy 1daail

Vi _ 1 (3.10)

nnauMsn (3.8) aunsadagllmiladeaumsi (.11
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Zw | (ELFRy - ELFy,)

Vi _ Zp (ELF,, - ELFg,) —_

Yo Zw , g Yw
ZP Yp

fmuala
ELF,, = ELFg,, - ELFy,,
ELF, = ELFg, - ELFy,
NNAUNITN (3.11) Wons e b3 Uanuengelim 6 51 wag 4 -1 NAaunThH

.11 asodou vl 18 uaumsi (3.12)

z,  LEF,
_VA: ﬂ (3.12)
Vo Zu, Yu

ZP Yp

3.2.2.2 9A51@8IHVD9 LEF
c:‘ d’! v Ae. J = i u’: o n’:’ o o
NAUNIN (3.12) H0991NAT LEF MUNATUNIITHURNIZVHIAMIHUAIUUNITNITA
meniFluIuSweedasdIusas1dIuYRIAT LEF veeavisuazning Msuanduauuaziia
WU AU IO AT IHIUYOIDUNUAUTUDITIINT 1IN ADDUNLAUTUDINDUAAIAIANNTT

(3.13)

_LEF, _ Re[ZwJ (3.13)
LEFP Zp

Zw =1 (] = [ ] Zw © Y1 a o 1 A A o
Re Z o mumwaaammmz—mwuﬂﬁlwmBmmmummm‘nmm:manwuﬂuwmmu
p P

ASAIAWNNY Z,, = Ry, + jX,, 408 Z, = R, + jX, 910AuM3H (3.13) ansaweu ldiu

- RypRp + XX
_LEFw: wip wSp (3.14)

LEFp Rp2+Xp2

4 ﬂ: 1 o r A o . Clv
nnaumMsi (3.14) WuaumsnlFlunismiAdasiaauees LEF (LEF,, /LEF, ) #30a51duil
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o o o ' o1 U — o 9 o l
wiudadmuadumislumsnemensnahaisweyyalaiisgilidasndiuves LEF 'y

AANUADINT

3.2.2.3 MSHMSANnmIzan

e . 5 . LEF Z. 1 4
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Function Ranges and Resolution Accuracy
VDC  B320.0 mV, 3.200V, 32.00V, 320.0V, 600V | (0.3%+11)
VAC  [B20.0 mV, 3.200V, 32.00V, 320.0V, 600V H12%+2)
ADC 32.00 mA, 320.0 mA +(11.5%+2)
AAC [(2.00mA, 320.0 mA H2.5% +2)

Resistance (320.00, 3.200 kohm, 32.00 kohm, +H0.5%+1)
Frequency

99.99 Hz, 999.9 Hz, 9.999 kHz, 20.00 kHz N/A
(V input)
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M990 4.7 HamsdausInmiio i

AU usaﬁ’umﬁmm (Volts)

fmsaneda | madih | madih | madladh | mddladh
60 MW. | 120MW. | 210MW. | 300 MW.

A 0.13 0.671 0.725 0.885

B 0.825 1.472 2.213 0.949

C 0.523 0.552 0.826 0.568

D 0.525 0.634 0.994 1.815

E 0.288 0.935 0.966 0.966
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Longitudinal electric field: LEF
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arduivla (Phase sequence)
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commercial aluminum wire 2.862[9] 3.0582
zin-coated steel wire 20.1[9] 21.384
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02 04 06 0B 1 12 14 16 18 2
dafluaaaunsd (cm)

). @urmguinal vio10 fivdionsng Ty

l'f_l'u Commercial aluminum wire
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Haamnaa RX,
waRmuay X R,

03

02 04 D8 OB 1 12 14 16 18 2
Safiuavarunsé (cm)

>
: foo o
¥). @uruguinaa vio1o fiadiensma Tl

Commercial hard drawn copper

x10 x10
2 ; 2
W %R,
18 \ 18
— == p,=l00-m
15 — - -p-l1000-m 16
s gy 1,000 Q-
& 14 Pe- 10000 G-m oL
o 12 12 <
f
g
2
e 1 1 a
g o« 00 &
g "l-- T——— z
06 R it 06
04 [T}
02 TEEES pa
0 0

1 15 :" 25 3 35 4 45 5
Safluasarunsing (cm)

¥
' ' a A
f). iuruguinaa vielo dudonsna 1fdlu

Zin-coated steel wire

x 10 x‘ld

1 1

03 09

08 08

07 07
><: ad:
& g 06>
2 2
g 05 0s g
-3 g
& o4 04 &
4 4

03 03

0.2 0.2

0.1 0.1

02 04 06 0B 1
Safluasaunsnd (cm)

12 14 16 18 2

¥ P . 2 4 ¢ Iﬁ
). ITUATUZUINANNND 20120003170 1’!‘.\'[ U

Commercial aluminum

b 10 x10
1 1
09 03
08 08
0.7 0.7
< o
e g6 06 X
2 | I - Z
aos| VvV oTvew 05 8
& &
@ 04 04 Z
4 4
03 —=—= p,=100-m S 03
— - - p=1000-m R
02 Pe= 1000 Q- m - 02
——— p,= 100000~ m Sl
0.1 0.1

02 04 06 08 1 12 14 16 18 2
Safluavaiunsid (cm)

; 24
9). @uruguinaiavio2o iindionsg 1y

Commercial hard drawn copper

oK

Haamuay X R,

HaAMuad R

‘1 !‘5 .2 1;5 3 3‘5 ‘d 45 5
Safluadanunsiig (cm)

¥
L] 1] - A
2). idusuguinaianiozo fadiensad 1fiflu

Zin-coated steel wire

4‘ o o 1 o ' ) g
§UN 6.55 AMFURUFITZHIRpXWAD RwXpyaaveaiduriugudnaia 10 uaz 20 1
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& g6 06 X
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Toow) T TR ENEIemme—ss 04 &
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03 -—= p,=100-m 3 03
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——— Py 100000~ m
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¥
1 L - A
n). WWukuguinainioso idiensng 1as iu

Commercial aluminum wire
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Q05 L 05 &
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02 ——— P,= L0000 m 02
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01 01
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¥). i@uruguinaiaieo iuiiens g 1fdu

Commercial hard drawn copper
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1 15 2 25 3 as 4 45 5
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). iduduguina1avio 30 fadionsnd hiilu

Zin-coated steel wire
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08 08
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& 07 07 o
zn xn
08 06
-
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s o5 05
B e S g
g e e 0 &
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03 —— = g=10G-m 03
— - g l000-m S
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0
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3. @uruguinanave 40 Tufiens g hiidu

Commercial aluminum
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Commercial hard drawn copper

x10 x10
2 \‘\. XDR,, 2
18 vl 18
L - == B~ 100-m

16 y — - -p=1000-m 18
><= 14 14 ;{’
o
o >
3 12 12 z
a el
5’ 1 N - ) 1 g
@ 08 R 08 @
X b - x
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04 ~Z fod
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‘1 I‘S li‘ 1‘5 3 2;5 4 45 15
Safiuasaunsnd (cm)
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9). ifuruguinaiaie 40 fdiensad Ty

Zin-coated steel wire

1 1 o . . ﬂu
31U 6.56 AWFERLTI LM IRpX WY RwXpyoaviarduriuguinata 30 uag 40 112
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° o - @ A [ A 4 e
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AIUNTAANDUUTIAUIM T

a o aa
AN 6.7 SAUNIHUIZAY

YA | AINNRIUNIY SAUBAN31299(cm)
TUNIZVDIAU Commercial hard Commercial Zin-coated steel
(2-m) drawn copper aluminum wire wire
10 0.71 0.9 2.6
100 0.72 0.94 2.61
10
1,000 0.73 0.98 2.62
10,000 0.74 1 2.66
10 0.79 1.03 29
100 0.81 1.05 2.94
20
1,000 0.82 1.06 2.97
10,000 0.86 1.11 3.08
10 0.82 1.07 3.01
100 0.85 1.09 3.07
30
1,000 0.86 111 3.11
10,000 0.91 1.18 3.27
10 0.83 1.08 3.04
100 0.86 1.1 3.11
40
1,000 0.87 1.2 3.15
10,000 0.93 1.3 3.33
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6552 MIHINNUBIIVBINTIIA NS (Mitigation conductor length)
TuMsN9IsuIANNE1Iv94n3126 T ausa 14 laedmualianueivesae
NIMIATANUEIING U 10 B9 1000 AT UAZAAILATYIUS I T vedTin 10, 100, 1,000
oz 10,000 Toriu-ns wazmnadurdiiguénaraiowiidy 10, 20, 30 uaz 40 112 uazA1voY

o ' ' E Z, E 4 a w o
BATIAIUYONAILEF fiD - = = Rel 2% |uay - =% =0 dewnal 1duanadazUi 6.57-6.68
E, z, E,

1317 6.57 - 6.68 uamsnUFIRUTsEIIAINEIvEINIF 12f Susasdiumsaaneu
usedumilenhuandadun  dsdnunensddums@oudeuuunsainiauei e
sinnsfrasziiuaueIfisns iiavesnunauadeuEoNs N
ANUENIYBIMNI 1A Iauda IdamAIe23992 19R11m01793 LAz 11n31/6.57-6.68 AR
FuRusszninanueivesns1a s fusasdaunmsaaneuus sdumiioniuaasdadu
fiu) é@ﬁﬂvmzﬂi'l’lﬁlﬂuﬂ’lﬂ%ﬂuﬁiﬂﬁ‘i}ﬂéutjﬂ*llﬂﬂﬂi'I’Jﬁll’il‘;( End connection ground wire)
a1 Innnsifunauenesesnsd lasiezthu 19 lumsaaneuus seumiien
111 uaglunsives Perpendicular connection ground wire 92 W915 M UNLOUNY End connection

: i E
ground wire 1UASAIN - =< =0

p

Pe= 10,000 Q-m
Pe= 1,000 2-m
- LEF,=0

~— LEFJLEF,=-Re(Z/2,)

wuAudunissauuy

End connection ground wire
wunaflumssauuy

Center connection ground wire
AU TUVIUI UL
wavsauluvia 100 k-ft?

Ldurugugnatavia 10 inchs

Voltage mitigation factor (V_/V,)

101 s .
10 16 1d

Mitigation conductor length (meters)

U7 6.57 anwduiuiszndennuenues N3 198 hinusanmsaaneunssiumiieni

¥ .
Y99¥i® 10 112 o men3 12911114 Commercial aluminum wire
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14 P, = 10,000 Q-m

S p.=10000-m

- LEF,=0

—————— ——  LEF,/LEF =-Re(Z,/Z,)

tduviuiluniseauuy

End connection ground wire
iduualunisdauny

Center connection ground wire
ATIUAEATUVIUIUNIY
uavauluvia 100 kQ-ft?

tduruaudnatovia 10 inchs

Voltage mitigation factor (V,/V,)

1d " 0 |
Mitigation conductor length (meters) |

-
o,

JUN 6,58 ANUFNRUTIEHIIAMNE1IVDI N512A 1IFHUTATINMIaANDULS WHTE D

Yo 10 117 o318 T4 Commercial hard drawn copper

LEF,=0

- LEF*/LEFP=-Re(waZp)
tduAuflunisaauuy

End connection ground wire
tduyaiunisdauuy

Center connection ground wire
ANUATUNIUAUNIY
wavauluvia 100 kQ-ft2

idusuAuinawvia 10 inchs

Voltage mitigation factor (V, /V,)

£
10 i e

1d 10 10
Mitigation conductor length (meters)

4:; @ o o i o o a 1 ©°
11]‘“ 6.59 ANUAUNWUTIZHINAIIUUIIVOY ﬂi'l'Jﬁ?l‘JSﬂ!Jﬂﬂ'i'lﬂTiflﬂﬂﬂu!lidﬂulHﬁU'JuT

YBIND 10 12 1HlBa0n3 128131 Zin-coated steel wire
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14

10¢

1UJ|-

10}

Voltage mitigation factor (V, /V,)

p.=10,000 Q-m

p=1000Q-m

LEF,,=0

@udumiunsaauuy
tdunatilunisaauny

ATUAIUMIUIUNY
wasauruvia 100 kQ-ft2

——  LEF,/LEF =-Re(Z,/Z,)

End connection ground wire

Center connection ground wire

tdurnuaubdnaiavia 20 inchs

10 =
10 1d

10

Mitigation conductor length (meters)

jUN 6.60 ANUFURUTIEHIAIWENIVE A51IA LIT AT IMIaANEULT WMo N

] Av psl o . v a
VYTIND 20 U7 mamﬂﬂsnmﬂu Commercial aluminum wire

16

Voltage mitigation factor (V, /V,)

10'

10

10}

1d 1d 16
Mitigation conductor length (meters)

—--— LEF,=0

—— LEF,/LEF =-Re(Z,/Z)
tduAmuniseauuy

End connection ground wire
tduuailunisdauny

Center connection ground wire
ATUETUMIUAIWIY
uavauuvia 100 kQ-ft?

tdudnuaudnaiavia 20 inchs

JUN 6.61 ANUANIUTsENIAIMEIYEL N31IA TR UEATIMIaANDULS WHMTTo NI

YDIND 20 12 lﬁﬂﬁwﬂ‘inﬂ"lﬂu Commercial hard drawn copper
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Voltage mitigation factor (V_/V,)

1d

3|

10

1d 1'6 1-6

Mitigation conductor length (meters)

P, = 10,000 -m

LEF,,=0

——  LEF,/LEF,=-Re(Z,/2,)

idududunisdauvu

End connection ground wire
tdunafunisdauuy

Center connection ground wire
ATINA UL N
wavauluvia 100 kQ-ft2

tduruaudnaiavia 20 inchs

JUN 6.62 ANUFRUTsTHIALEIIVEY N51IA LFHUBAsINTARNEUIS W LIM TN

Y9N0 20 117 iloenuns1aaiilu Zin-coated steel wire

Voltage mitigation factor (V. /V,)

1d
Wl N N
p=t00-m < NN
10°}
10° . .
10 1d 10

Mitigation conductor length (meters)

p, = 10,000 Q-m

-~ LER,=0
——  LEF,/LEF,=-Re(Z,/Z,)

tduAuiiunisaauyy

End connection ground wire
tduunailunisaauuy

Center connection ground wire
ATIUATUNTUI WY
wadauluvia 100 kQ-ft2

tdurnuaudnaiavia 30 inchs

a o o o . M fe w o - °
]"IJYI 6.63 ANUAVNUTIZHINNANUYIIVDY ﬂ'i']'Jﬂ1')iﬂ1l'f)ﬂﬁ']ﬂ'Iiﬁﬂ‘n'ﬂuuiﬁﬂulﬂut]')u’l

[ nv - o
YDIND 30 W2 Lﬁ'aﬁwnsnﬂxi‘lu Commercial aluminum wire
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1d

—~
=

£
& o
| -
&

4 |
o 10 F p=100-m
c
<]
-+
o
(=]
=
= 2
o 10}
o
3
(=)
>
10’ +
10 1d

1'6

Mitigation conductor length (meters)

— LEFy=0

——  LEF,/LEF,=Re(Z,/Z,)

tduuunisaauuy

End connection ground wire
iduyflunisaauuy

Center connection ground wire
ANUATUNIUT N
uavauiuvia 100 kQ-ft?

tdurududnaitova 30 inchs

- & o o ' 14 o o o as P °
i'l.l‘n 6.64 ANUAUNUDTIZTHINNAIUYIIVUDY ﬂS"I'Jﬂu]’.ﬁﬂ‘Uﬂﬂ'S-Iﬂﬁﬂﬂ‘l’li’)u!ﬁiﬂulﬁuﬂ'lu'l

Y94¥1® 30 117 1Hoauns sy Commercial hard drawn copper

Voltage mitigation factor (V /V,)

10’

1d

19

1d

Mitigation conductor length (meters)

p. = 10,000 Q-m

p. = 1,000 Q-m

LEF,,=0
——  LEF,/LEF =-Re(Z,/Z,)

iduuduniseauny

End connection ground wire
tdurviiunisdauuy

Center connection ground wire
ATIUATUVIUE WY
navauluvia 100 kQ-ft?

tduruquidnatovia 30 inchs

a e o ' M e o o ~ o
21.'“ 6.65 ANUAUNUBTIZHINNAIUYIIUDI ﬂ51'lﬂvl’1‘iﬂUElﬂ51ﬂ15ﬂﬂﬂﬂu1154ﬂu!ﬂuu1u1

v .
UBINY 30 U2 Iﬁﬂﬂ1ﬂﬂi1’]ﬂ(lﬁu Zin-coated steel wire



p,=10,000 2-m

1d

~——— LEF,=0

|
——  LEF, /LEF,=-Re(Z,/Z) ’
i
|
|
1
|
|

tduAmbunisaauuy

End connection ground wire
{ tduraiflunisaauny 1

10k Center connection ground wire |

ATTUATUNIUT WY

wavauluvia 100 kQ-ft?

tdurhuaudnatovia 40 inchs

Voltage mitigation factor (V, /V,)

3 i

10 . .
10 1d 1d

Mitigation conductor length (meters)

4 e o ' o o o o = ©
zﬂﬁ 6.66 ﬂ'J'llIfﬂ.IWNﬁ“i:iﬁ’ﬂQﬂ'}'HJU'I'J'U'E]Q ﬂi'l'Jﬂuhgﬂﬂ'i)ﬂ5‘]ﬂ1iaﬂﬂﬂu!ﬁ~iﬂu!ﬂuﬂiu1

1 q’ 4 o
VDIND 40 U7 Lﬁaﬁwﬂsnnﬁ]u Commercial aluminum wire

——~ LEF,=0

— LEFJLEF =-Re(Z,/Z,)
tdumiunisaauny

End connection ground wire

10l tdunadlunisaauuy ‘
Center connection ground wire !
AMUATUMUF WY |
yavauruvia 100 kQ-ft? '

Voltage mitigation factor (V. /V,)

tduriuguiinaivvia 40 inchs |

103 PR | e |

1d 1d 1d
Mitigation conductor length (meters)

4 o % ; o o o A
N 6,67 AMmudiuTszHINAIINEIYEY A58 hifudanmsaaneuussiumiioni

YDIND 40 17 loauns nﬁn"ﬂu Commercial hard drawn copper
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1d . p.=10.000Q-m

~—

=

>E

N

| .

8 10'F = LEF,=0

© p=10Q-m 7 NN

= ——  LEF,/LEF,=Re(Z,/Z,)
‘.8 idufiumilunsdauny

g End connection ground wire
2 3 tduraifluasaauuy

E 10} Center connection ground wire
g ANUATUMIUTUNTY

® wavauIuvia 100 kQ-ft2

§ tdurdnuduinawvia 40 inchs

3 J

10 110? 10
Mitigation conductor length (meters)

10

JUN 6.68 ANUAUTUT M1V 15197 LT UdATIMTaAnDULT IR LMTTENh

VY0 40 917 tiloeuns 191U Zin-coated steel wire

nnns gl 5.57-668 uaRRNIdNRLT s IEAsIMsaanouIs s AUy
112v0en3194 197 daduriuguinmsvosiodsfaiiauiifu1o, 20, 30 uaz 40 9 dnvae
mss‘?;a UABNI 1AM End connection ground wire 1@ Center connection ground wire ey
msnnsanutaiiu2 nadife

nﬁt‘ﬁ(LEFw/LEFp)=—Re(Zw/zp)wuiuﬁammmwmﬂsnﬁ nniusasimsan
NoUUTIEUMTi i anauaznsERn - AIRNUEIIMUSINZYEIMoNs 198 mA
ﬁmmuﬁumzﬂuaaﬁuﬁ?‘iuﬁni'iyuﬁ'ﬂsmﬁawaumqﬁumi’imﬁmzﬁmqqﬁuduﬁu taziio
'ummﬁmhugmﬁnmwmﬁaﬁfiuﬁ'nfuﬁﬁm1msaﬂwauusaﬁumﬁmﬂwﬁmﬁuazﬁmm
s lunisaamouuswumiionifoond

Tunsdl LEF, =0 fons1di lifawavosemnimanuansdansiiduilszwd
iennuu1avesmons 1FINTuSAs LM saANoUIs UMbz aaa st i
Fadasnsaaneusziiainiiiie 1 1nm 1A NI IMEIN TR TR IRY AL
auiAvediouaznsdiiina1uo1veans 1AM AUR AR IS I T v AU TR IR
ﬁ'ﬂs1ﬂ1Sﬂﬂwauusqﬁum‘f‘imﬁmzﬁthqi’jvu uaznnns miaas i TimsiFeda  Center

connection ground wire BAIINITAANDULTIAUIMTHUNNTATBINIINISABIVY End
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connection ground wire (HD49INAIBUNUAUTUDINTIIA IUNITABIVY Center connection

ground wirellif 10 UN 1A DUNLANFNABLIIVY End connection ground wire

o ur q‘ o

6.6 F139819N1ITAIHIUNITAANDUUITIAUIN LI
v L] ci ° o o a o a a d?
AIBENAN 6.1 TUMISAMUIVHIVUIAVDINT 1A 1LUNITAANDUUTIAUIMTHNDNNAYY
ioannanua Wi e 18 Taodmua lWanyazusamaaiinisinredni luuueu
AN 6.69 FeaNUILNITNWNINERNBBNTINULIANBE AU IMTENINgATIIA U
11 50 1786 S202W 9T 2H I UINBAVUUINBAITAUNIAY 10 13RS 1AUA15199 6.8 LAAITD

yavoumdwazioan1e

e
uuIviadafiny 77y,
7 77 s LTI,
490 m. N
I~ |
1 L :
""l EMF,, i EMF._ i
1
10.65m) 10.65m. f gw  taThin
= | 1 /e |
32.5m. ! £ | 1axe / v
i 2|1 Az //‘
i
v _awiy /7 P
) 0L>x Earth v wunvinaefina
/ ORIITR —
I 34 m. - . EMF, l | "W_’
70m. i 40 inch prowoe S B

3N 6.69 dnvaiz Inssaaendamzmsnamavion 1 Flumsdan



P 3/ a as A °
13191 6.8 ‘l!'ﬂy'ﬂ1‘]1%1Uﬂ1ﬁﬁﬂﬂﬂulliiﬂu!ﬂuﬂ?u1

SWwazdva f MU
[dur1guina e ana(D) 40 iia
STOUSHNITH NN UIE 1A (d) 10 1IN
AUANVIND(a) 1 s
ﬂ31qumﬁuﬁaﬁﬂ‘hxﬂaiﬂuméﬂ 32.5 (A3
| nszEvess o e 1 uouil
ANAvD s TSI 50 1359
ANNUMUMUT U ITVDIAY 100 Toru-1ns
useumiionhiige ludeifio 50 Taan
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nnanvaznse lassaamdaninisiaadnihlunnususzosisagi unnuude

a4 10 a3 ansanAl LEF 18310 6.70 szl@fmunaves LEF,, = 0 ifesninuuaviorin

DONUDNUUINUAN LA LEFRp =0.091 (V/km)/A Ngzoz 10 IWATVINUUIN WA 1INAITN 6.7

g v o o« . . . Y I o g (Y
N3N 19n519A 195110 Commercial aluminum wire 92 18A15ANIVOINT 1A 125 A UMAY

a,, = 1.1 cm eNUIsOMIAVBNBNALANTVOIEUNT 1NALBTDURLAUGRaaNTAYD v 1R9IA

m31¥Tsunsy AC Mitigation

Z,,=9.513¢-005 + 6.972¢-004i ToWu/1uA3

Z, - 6.482¢-005 + 4.868¢-004i ToWuauas

s a T U a oA é
VIHIUVTIVRIMOANTIHOUN LA U

Re[z—wj =1.433
Zp

oA lﬂ"’] HYB3IOYH 'Iﬂuh'h?‘hﬂ 1HHHED

LEF,
2= —Re[z—w]= 1.433
LEF,, Zp

LEF,, = 1.433* LEF, =1.433*0.091 (V/km)/A

=0.13 (V/km)/A
LEFp,, = LEF;,,= 0.13 (V/km)/A



204

vnnisdaaauy i in e onaas I usgaiide siinisitans1addeiian
LEFg,, = LEF;,= 0.13 (V/km)/A mﬂﬂﬂﬂgﬂﬁ 6.70 wuiwﬂﬁﬁ’mmiﬁminﬁﬁaﬁ
AWMU 17.5 nsonfanauedesezin ¥ LEFg, = LEF,,~ 0.13 (VAm)YA lumsan
euus Wumiionhiifaity Tasnstandnnasguues NACE feussdumiiuniiifaiy

doaluiny 15 v auiulums@ennianezmmsaaduioannounswumtioni ¥

¥
=

#ounsa1 15 12ad 1150111 1aaq

Vv

Yo 39 g
Vo, 50

(=1 1w ' o 4 o A a d? ..‘,’ = [
ﬂTﬂﬁuﬂ1illﬁﬂﬂ1ﬁlﬂu’J'l'E]ﬂ5'Iﬁ‘)u‘!]ﬂ\iﬂ1iﬂﬂ1ﬂ'€luﬂiiﬂulﬂﬁﬂ‘]‘u1ﬂLﬂﬂﬂuuuﬁ'ﬂﬁﬂﬂ1ﬁﬂﬂﬂ‘ﬂ

a : - o o o [ - o 1 ‘: d‘
0.3 muumnﬂﬂﬂgﬂw 6.66 ﬂ'i]'Jﬂkl’J‘Sﬂ‘UE]ﬂ'i'IﬂTiﬁﬁ‘ﬂﬂ“ulliﬂﬂulﬂUU'Ju'l‘UfNﬂG 40 U1 1Yo

v . '

fT]Uﬂ‘;“I’Jﬁ‘!.ﬁu Commercial aluminum wire ﬂz"lﬁmwunﬁuﬁ‘imgw(L) 350 wasAAue12 350

E & o v A A a
lljﬂilﬂuﬂ'ﬂlJUTJﬂ'J'xlT’TiN‘UENﬂ'J'mUTJVNﬂNﬂﬂ@uuﬂ'ﬁi‘]}'ﬂ?]ijﬂ'ﬁﬂid”]ﬂ@ 700 1UAINIIAA

ARzl 6.71

ﬂ‘ o = 3 .
0.06 | WNMIMIAAAI Ground wire

1
i
i
i
i
i
i
i
i

Longitudinal Electric field:LEF

@ Pipeline

T T T T T T T L

0 T T T T T T T e & T

-100-80 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90 100
Distance (meters)

3UN 6.70 u@AA1 LEF A 1miian15219m0n35 1280 Ui umian15219ve
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| L=035km. !
a = l.1lcm. e >
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® Voltape Peak Due To Physical or Electrical Discontinities
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gﬂﬁ .4.2 Normalize Longitudinal Electric Field[8]
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Discontity Wor st Case Induced Voltage
1. Pipeline Insulation]
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Foreword

Trms NACE Recommended Practce was prepared by Work Group
T-108-5a of Unt Commemee T-108 on interlerence Problems and s
ssued by NACE under the auspices of Group Comminiee T-10 on
Underground Comosion Control. It presents gudeknes and proce-
dures for use dunng Oesspn. construchon, operaton, and mainte-
nance of metalic structures and COTOSION coNtro! systems used to
maate the eftects of bghining and overhead ahemating curen (AC)
power lransmussion systems, Ths recommended practice s not
intended 10 supersege of redlace exishing electncal satety standaras.

As shared nghi-of-way and ullty comdor practices become
more common, AC mfluence on agd,acen metaliic structures will have
greater signiicance and personnel safety will become of greater
concemn. This document addresses problems pramarily caused by
proximity of metallic stru=iures to AC powered ransmussion systems.

NACE continues 10 recognze the need for a recommended
practice on this sutyect Al present, kmited documented expenence
s available Fulure deveiopment and held expenence should provide

adamonal nformation, procedures, and devices tor Unit Commitiee
T-108 to consider in future revisons of thes recommended practce

Thes recommended prachce should be used m conjuNCHion with
the reterences comained heremn. it does not designate procedures for
any specific sduaton.

The provisions of thus recommended practice should be apphed
under the duechon of compelert persons, who, by reason ol
knowieoge of the physical scences and the pnnaples of engineenng
anc mathematcs, acquued by prolessional educabtion and related
practical expenence, are gualifiec 10 engage n the practce of
comoson control on metalic structures. Such persons may be
registered professional engineers or persons recognzed as beng
qualihed or accredied &5 COMoSION specialsts by the Nabonal
Assocaton of Corrosion Eng s it ther professional activites
mclude sudable expenence in Cormosion control on metalbc struc-
wres

Section 1: Definitions

Definons presented in this gdocumen! penam 10 the application of
thus Standard onty Reference should be made to other ndustry
slandards where apprognate

AC Exposure—Ahlematng votages and cuments present on a
structure gue o the AC power system.

AC Power Structure—The structures assocaled with AC power
systems.

AC Power System—The components associated with the geners-
ton, transmission, and dstributon of alemating current.

Attected Structure—Pipes, cables, conduits, or other metaiic
structures exposed 10 the eftects of ahemating cument and/or
lghtning.

Bond— A low impedance connecton (usually metaliic) provided for
electrical contnuity.

Breakdown Potential — A potential n excess of the dielectric strength
of a bamer film, coabng. or other insulator.

Capacitive Coupling — The associabon of two or more circuits with
one another by means of a capacriance mutual fo the arcuits.

Coupling—The associabon of two or more arcuits Of systems in
such a way that energy may be transferred from one to another.

DC Decoupling Device—A device used in electrical circuits which
allows the flow of AC m both drections and stops or reduces
substantialty the flow of direct current (DC).

Dead Fromt Construction—A type of construction in which the
energued components are recessed of covered o preciude the
possibdrty of acooental contact with elements hawing electncal
potential.

Earth Current — Electncnty flowng in the earth.

Electnc Field—One of the elementary energy fieids in nature. s
tound in the wanity of an elecincalty charged body.

Electnic Potential — The voltage drfierence between two posnts,

Electric Shield —A housing, screen, or other obect, usually electr-
cally conductive, which is instalied 10 substantially reduce the eflects
of etecing lields on 0ne side Caused by Gevioes o Grcuits on the other
side of the shed.

Electrolytic Grounding Cell—A DC decoupiing device consisting of
two O more electrodes. commonly made of onc, installed at a fixed
spacng and resistively coupled through & prepared backfill moture

Fautt Current — A current that fiows from one conductor 10 ground or
to another conductor due 10 an abnormal connection (including an
arc) between the two. A faul curment flowing to ground may be called
a ground fautt current.

Ground — An electncal connection 1o earth.

Ground Current —Cument flowing to or from earth in a grounding
il

Grounded —Connected 10 earth or to some exiensive CONAUGING
body that serves instead of the earth, whether the connection
mtentional or accidental.

G Ek de Resista The ohmc resistance between a
grounding electrode and remote earth.

Ground Mat (Gradient Control Mat)—A system of bare conductors
on or below the surface of the earth, so arranged and interconnected
as © provide an area of equal potential withn the range of step
distances. (Metalic plates and grating of suntable area are common
forms of ground mats.)

Grounding Grid—A system of grounding electrodes consisting of
interconnected bare conductors buned in the earth to prowde a
common ekectnical ground.

inductive Coupling—The assoGiation of two or more circufs with
one another by means of the mutual nductance of the circuits

Lightning —An electne discharge that occurs n the atmosphere
between clouds or between couds and the earth.

Load Current—The mmmanACpowermu;munommmu
operabng condrbons.

Magnetic Field —One of the elementary energy fields in nature.
occurs i the wicinity of a magnetc body or current- carmying medm,

One Hand Testing Technique—A procedure m which only one
pregaraton (lest kead connection, eic.) is done at a rme, and each
operation is done with only one hand. The other hand is kept away

Polarization Cell—A DC decoupkng device consistng of two or



RP0177-83

more pairs of inern metalic plates iImmersed in an aqueous electro-
lyte. The electrical characteristics of the polarizabon cell are high
resistance 10 low DC potentials and low impedance to AC.

Potential —See Electric Potental

Potential Gradient—Change in the potential with respect to dis-
tance.

Reclosina Procedure—A procedure whach normally takes place
has tipped due to abnormal conditions such as surges, fauhs,
lightning strokes, etc.

Reference Electrode—A Oevice whose open circuit potential is
reproducibie under similar condmons of measurement.

Remote Earth—A locabon on the earth, tar enough from the aftected
structure that the soil potential gradsents associated with currents
enfering the earth from the affected structure are insignificant.

222

Resistive Coupling—The assocabon of two of more circuits with
one another by means of resistance (metalic or electrolytic) between
Shock Hazard—Considered to exist at an accessible part in a greunt
between the part and ground or other accessible pan if the open
cucuit AC potential is more than 30 volts (RMS) and capable of
delivering 5 milliamperes (mA) or more through 1500 ohms.,
Step Potential—The voltage difference between two points on the
earth’s surface separated by a distance of one pace, which will be
assumed 10 be ohe meter. calculated i the direction of maximum
potential gradient.

Surtace Potential Gradient—The siope of a potental profile, the
path of which intersects equipotental knes at nght angles.
Switching Surge — The transient wave of potential and current which
resuits from the sudden change of curent fliow caused by a switching
operation such as the opening or closing of a Grouit breaker.
Touch Potential—The potental difference between a metallc
structure and a point on the earth's surtace separated by a distance
equal to the normal maximum horizontal reach (approxmately one
meter).

Section 2: Exposures and Effects of Alternating Current and Lightning

2.1 Introduction

2.1.1 This section outlines the physical phenomena by which
metalic structures.

2.2 Resistive Coupling (Electrotytic)

221 Grounded structures of an AC power system share an
electrolytic environment with other underground or submerged
structures. Coupling effects may transfer AC energy to a
metallic structure in the earth in the form of altemating cument
or potential. Whenever a power system with a grounded neutral
has unbalanced conditions, current may flow m the earth.
Substantial currents in the earth may result from phase-to-
phase or phase-to-ground faults. A metallic structure in the
earth may camy part of this current. Also, a structure in the earth
coated with an insulating material may develop an AC potental
across the coating

2.3 Capacttive Coupling

23.1 The electc field associalec with potenhals on power
conductors can develop a potential on an inadequately grounded
structure in the vicinity of the power system. The potental which
the structure will attain due 10 capacttive coupling vanes with the
power conductor potental and depends on many factors
including the geometnc configurations of the structures m-
volved. Dunng construction, when the structure is above ground
or in an open trench, # may reach a dangerously high potental
When the structure is buned oOr submerged, the capaciive
coupling eftect usually s not significant.

2.4 Inductive Coupling

24.1 AC flow n power conductors produces an allernating
magnetc held around these conductors. Thus, an AC potential
will be induced in an adjacent structure within thus magnetc
fieid, and curment may flow in that structure. The magnitude of
overall geometic configuration of the struclures mvolved, the

magnitude of the current in the power circuit, and any current
imbalance. If the curments in a three phase power sysiem are
equal (batanced) and the structure is equidistant from each of
the conductors, the total induced voltage would be zero. This,
however, is seidom the case. An induced AC voltage is usualty
present on the affected structure. Single phase arcuits normally
produce greater electromagnetic efiects than multiphase cx-
cuits. However, greater electromagnetically induced potentials

due to the resistive coupling of the aflected structure, allows AC
o flow between that structure and earth. This phenomenon,
combined with other factors, results in different values of AC
structure-to- soll potential along the attected structure

2.5 Power Arc

2.5.1 During a fauht-to-ground on an AC power system, the AC
power structures and surmounding earth may develop a twgh
potental with reference to remote earth. A long metalhc
structure, whether coated or bare, tends to remam at remote
earth potential. i the resultng potential to which the structure is
subyected exceeds breakdown potential of any circuit element,
a power arc can occur which will damage the arouit element(s).
Elements of specific concem include coating, insulating fitings,
bonas, fightning aresters and cathodic protection faciities.
2.6 Lightming

2.6.1 Lightning strikes on the power System can initiate fault
current conditions. Lightnmg strikes to a structure or 1o earth n
the wicinity of a structure can produce electrical effects semdar to
those caused by AC faufl currents. Lighthing may also strike a
metalkc structure at some pont remote from AC power systoms,
also with deletenous eftects.

2.7 Swatching Surges or Other Transeents

2.7.1 A switiching surge Or Other Tansien! may generate
abnormal currents or polentiais on A power System causng a
momentary increase in nductive and capacitive coupling on the
aftecled structures.
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Section 3: Design Considerations for Protective Devices

2.1 Introgucton

311 The purpose of this sechon 1s 10 describe vanous
protective devices used 1o miigate the AC effects on metaliic
struciures minimize damage 10 the structures, and reduce the
clecincal hazard 10 persons cormng in comacl with these
Lruciures

2 1.2 The methods histed in this section can be used to mitgate
the prodblems of power arang. hghtrung arcing, resistive cou-
pling, incuctive couplng. and capaciive couplng 22

3.2 Elecincal Stvelds

2.2 1 Steeids are intended to protect the structure from arcing
eflects whach may be produced i the earth between AC power
systems ang attected struciures, thus regucing the possibility of
punclunng the coating and/or struciure under surge condibons

3.2.2 Among the tactors which influence the design of electncal
sheelds are the exten! to which the structure s affected and the
magnitude of the elecincal potential between the stucture and
earth. These faclors vary rom one 10Cauon 10 another and mus!
be calcuiatec or determuned for each spedfic location.

3.2.2 Shwelds may coasist of one of more electodes mistalied
paralieling anc/or encirchng an affected structure a! specific
locations or along its entre length. Some types of shields, such
as those made of an anodic matenal, should be electrically
connected o the aflected structure. Shields of the paraliel or
encirchng anode type shall be connected to the structure at least
at the enc pasnts of the shreid. Shields construcied of materials
which are cathodic 1o the protected structure must be connected
10 the structure through a DC decoupling device.

324 Omer types of electnical shields can be designed for
protection agains! sumges on miscellaneous underground or
aboveground struciures. A long, buried, bare conductor can be
used efectively as a shweld.

3.3 Grounding Mats

3.3.1 Grounding mats, bonded to the structure, are used to
recuce electncal touch and step potentials in areas where
persons may come in comacl with a structure subject 1o
hazardous potentials. Permanent grounding mats, bonded to
the structure, may be used at valves. metallc vents, anc other
aboveground metallic appunenances.

3.32 Grounding mats should be large enough to extend through
and beyond the entre area on which persons may be standmng
when contacting the affected structure. They should be installed
close enough 10 the surtace so thal step and touch potentiais
are reduced tor individuals coming in contact with the structure.”

3.3.3 Grounding mats, regardiess of materials of construction,
shoulg be bonded 10 the structure, preferably al more than one
pont. If cathodic protection of the structure becomes difficult
because of shielding, a DC decouphing device may be instalied.
Connectons 1o the structure should be made above ground to
allow a means of testing for eftectrveness of the grounding mat
in reducing AC potentials and of their effects on the cathodic
protecbon system. Care should be taken 1o prevent the possible
establishment of detnmental galvanic cells between the ground-
ng mat and structures which are not cathodcally protected.

3.3.4 A bed of clean, well drained gravel can reduce the shock
hazard associaled with step and touch potentials. The thickness
of the bed should be no less than 3 in. (8 om) above grade.
Gravel should be a minimum of 1/2 in. (1.3 em) in diamaeter. The

NACF

hazards of step potentials at the eoge of a mat may be mitigated
by extending the gravel beyond the perimeter of the grounding
mat

3.4 Independent Structure Grounds

341 Wherever 2 metallic structure is installed which is not
etectncally connected 10 an existing grounded structure. it shall
have an independent grounding system. This grounding system
may consis! of one or mrve ground rods and interconneching
wires. Care shall be taken to interconnect property all compo-
nents of the structure to be grounded. Factors to be considered
m the design of the grounding system of an mndependent
structure inClude the resistivity of the soil anc the magnitude of
the induced potential and current which the designer expects
the structure 1o encounter under all possible condtions

3.4.2 Where an independent metallic structute or its grounding
system is in ciose proxmity 1o an existing grounded structure,
an etectnical hazard may develop for any person contacting both
structures and/or ther grounds simuktaneousty. In such cases,
both grounding systems should be connected, efther directly or
twough a DC decoupling device, uniess it is determined that
such a connection s undesirable. For more details on the
designing systems for independent structures, refer 10 Refer-
ence 1.

3.5 Bonding to Existing Stuctures

3.5.1 One available means of reducing induced AC potentals
on 3 structure involves bonding the structure to the power
system ground through adequately sized cables and decoupkng
devices. Such bonds may, under fault conditions, contribute 1o
increased potentials and currents on the affected structure for
the duration of the fautt. If the bonded structure is above ground,
or wel insulated from earth, elevaled potentials may be created
and exist tlemporarily along the entire length of the bonded
structure. in such instances, additional protective devices may
be required outside the immediate area of the origin of electrical
effects. Close coordination should be maintamed with all ather
utitbes i the area and especially with those utiibes 10 which
bond connections are proposed. The comesponding utilties
shal be notified in advance of the need to bond to their
structures and shall be fumished with cetails of the proposed
bonding arrangements. A utility may prefer 1o have the connec-
bon o its structures made by its own personnel.

3.6 Drstributed Anodes

3.6.1 Whenever distnbuted galvanic anodes are used as part of
the grounding system to reduce the AC potential between a
structure and earth, they should be instalied in ciose proximity
o the protected structure and away from power system
grounds. R may be desirable 1o connect anodes directly to the
affected structure, without test connections. Direct connection
reduces the number of points at which persons can come n
contact with the structure and offers the shonest path 1o ground.
Should it be desrabie for measurement purposes to disconnect
the crcuil the distributed grounding system and the structure,
the connection should be made in an accessible tes! box
Where galvanic anodes are used as part of a grounding system,
it is important to consider the usetul life of the electrode matenal,
Dsssipabon of the anode matenal will increase the grounding
System ressstance.

3.7 Casings

3.7.1 Bare casings may be deliberalely connecled to a coated
structure through 8 DC decoupiing device 10 lower e imped-
ance of the structure to earth during surge conditions and 10
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TABLE 1 — Maximum 60 Hz Fault Currents—Grounding Cables™
Cable Size Fault Time RMS Amperes Cabile Size Fault Time RMS Amperes
AWG Cycles Copper Aluminum AWG Cycles Copper Aluminum

1 15 10550 6500 an 15 26500 16500
30 7500 4600 30 18500 16500
60 £300 3200 60 13000 8000
10 15 16500 10500 410 15 30000 21000
30 11500 7500 0 21000 15000
60 8000 5300 60 15000 10000
20 15 21000 13000 250 MCM 15 35000 25000
30 15000 9000 30 25000 17500

60 10000 6500

("Based on 30 C ambient and a total temperature of 175 C established by Insulated Cable Engineers Associa-
tion (ICEA} for short circuit characteristic calculations for power cables. Values are approximately 57 1/2% of

fusing currents.

3.8 Connector (Electncal and Mechanical) and Conducior Szes

3.8.1 Al anodes, bonds, grounding devices, and jumpers must
have secure, reliable, low resistance connections to themsehves
and to the devices 1o which they are attached. Structure
members with rigid bolled, riveted. or welded connections may
be used in beu of a bonding cable for part or all of the circuit. For
adequate sizing of bonding cables, refer to Table 1 and Figures
1. 2, and 3. All cables, connections, and structural members
should be capable of withstanding the maximum anticipated
magnitude and duraton of the fault cuent.

3.8.2 Mechanical connections should be avorded, where prac-
tical, for the instaliation of permanent protective devices. Where
practical, field connecbons 1 the structure andror grounding
device shouid be made by the exothermic welding process.
However, compression-type connectors may be used for splices
on connecting wires. Mechanical connectors may be used for
temporary prolective measures, bul extreme care should be
1aken to avoid high resistance contacts. Soft soldered connec-
tions are not acceptable in grounding circufs.

3.9 insulating Joints

3.9.1 Insulating jomnts may be mstalled o isolate the structure
mto shorter electncal sectons or 1o solale a section adjacent 1o
an AC power system from the remamder of the structure
Insulating joints, nstalled in areas where a possibdity of damage
exsts due o nduced AC potentials or fauh currents, should be
Overwrapped with pipe coatng tape and have lightrung arrest-
ers, electrolydc grounding cells, or simiar protectve devices
instalied across the joints. The high threshold voltage charac-
terisics of hghtning arresters should be considered, and instal-
lavon should include personnel protection such as dead tront
construction. (Dunng the conducting mode of protective de-
vices, the AC solation prowded by insulating jnts does not
exst )

3.10 Elecrolync Grounding Celis, Polanzavon Celts, anc Other
Dewvices

3.10.1 The installation of electrolytic grounding cells, polanza-
uon celis. or other devices between the aflected structure and
suitable grounds should be considered where arcing and
mduced AC potentials could develop. Although they will not
eliminale the induced potentiais resutting during nommal opera-
vton and/or surge condibons, these devices will reduce the
possibiity ol arong and structure puncture

3.10.2 Where electrotytic grounding cefis, polanzaton cells, or
other devices are usec, they should be property sed. spaced,
and physically secured m a manner that wif safely conduct the
maximum amount of anbcipated suge cument. Cables connect-
iIng these dewvices 10 the structures shall be properly szed as
described in Paragraph 3.8.1. An adequately szed shunting
circuit shouid be provided to permit solation of the grounding
device during testng and maimenance.

3.11 Lightning Arresters

3.11.1 Lightnung ammesters may be used between structures and
ransmussion kine tower footing of grounding systems and
across pipeline nsulatng jonts. However, one reschon to the
use of hghtning arresters s that a potential dfference has to
deveiop before the arrester will break down. On certain types of
arresters, thus polental may be hgh enough b become
hazardous 1o persons coming in comact with the arrester.
Where hghtning amesters are usec, they shall be connected to
the structure through adequately szed cabies as mn Paragraph
3.8.1. Lightrung amesters should always be prowded with a
reliable low resistance ground connection. They should be
located close to the structure to be protected and have a short,
direct ground paih. An adequately sized shurting circuit shoukd
be provided to derma solaton of the grounding dewice duning
testng of mainienance

3.11.2 Cenain types of sefi-heahng bohtrung amesters may be
used In locabons where a combustible atmosphere s anba-
pated, but only d it can be determmed Mal the maxmum
possible power fault current will not exceed the design rating of
the arrester. Open spark gaps shall not be used in these
locauons

3.12 Stray Dwect Curren: Aseas

3.12.1 In areas where stray direct currents are present, gatvanic
anodes (inclucing those in electrotytic grounding cells), ground-
ing gnds, of grounds directly connected 10 the structure may
pck up stray owect currenl. Thes current could possibly dis-
charge directly 10 earth from the structure ai other locabons
resutting in cormoson of the structure at those points. Also, drect
current pickup by the structure could result n DC discharge to
earth through the galvanic anodes and/or groundeng devices,
resulting in increased consumpton of the anode material or
comosion of groundmg rods and an increase in therr effective
resistance 1o earth.
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Section 4: Personnel Protection

4.1 Introduchon

4.1.1 The purpose of this section 1s 10 recommend prachces that
will contnbute 10 the salety of persons who, dunng construcbon.
syslem operahon. COMOsION survey, oOf cathodic protection
mamienance of metalic svuctures, may be exposed 10 the
hazards of AC potentials on those structures. The possibility of
hazarags 1o personnel dunng construction and system operation,
due 1o comact with metalhc structures exposed to AC electrical
and/or hghtrung etfects, should be recognized and provisions
made 1o alleviate such hazards The severtty of the personnel
hazard s usually proportional to the magnitude of the potential
difference between the structure and the earth or between
separate structures. The severtty also depends on the duration
of the exposure. Before construction work is started, coording-
bon with the appropniate utiies in the area should be made so
that proper work procedures are established and the construc-
bon will not damage or interfere with other utiliies' equipment or
operations,

4.1.2 Each utility should be aware of the gthers’ facilites and
cocperate i the maigation of the electncal effects of one
mstallabon on the other. The maigation required for a specific
situayon should be based on safety considerabons with good
engineenng judgment used 1o balance cost against benefits.

4.1 3 Separation of facilities s generally etfective m reducing the
elecincal effects of one instaliavon on another.

4.2 Recogniton of Shock Hazards w Personnel

421 AC potentials on structures should be reduced 1o and
mamtained at safe levels 1o prevent shock hazards to person-
nel. The degree of shock hazard and the threshold levels of
current that can be lolerated by human beings depend on many
tactors. The possibility of shock trom lower voltages is the most
ditficult 10 assess. The degree of shock harard depends on
factors such as the vohtage level and duration of human
exposure, human body and skn conditions, and the path and
magnitude of any current conducted by the human body. The
magnitude of current conducted by the hurnan body is a function
of the intemal impedance of the volage source and of the
voliage impressed across the human body and the electrical
resistance of the body path. This resistance also depends on
the contaci resistance (i.e., wet or dry skin, standing on dry land
or in water) and on the current path through the body (i.e.
hand-to-foot, hand-to-hand, eic ).

4.2.1.1 The safe imits should be determined by qualified
personnel based on antcipaled exposure conditions. For
e purpose of this recommended practice, 30 voits AC
(RMS) open arcutt or a source cummernt capacity of 5 mA
o more, through 1500 ohms, will be considered 1o
constitute an anticipated shock hazard. Tables 2 and 3
inchcate the probable human resistance to electncal
current and current values affecting human beings

42 1.2 The begmning sensation of shock, which may
occyr at 1 10 B mA, may not be paintut or harmtul 10 a
human being but may lead to an accadent by causing
rapd involuntary movement of a person

4272 In areas of AC influence, a8 15 volt (RMS) or greater
voltage level measured between a structure and ground (or
some othar adjacent structure) should be considered an inch-
caton that further study is required.

TABLE 2 — Human Resistance to
Electrical Current™

Dry skin 1,000,000 to 5,000,000 ohms
Wet skin 1.000 ohms
Standing or lying in water 150 ohms
Internal body—hand to foot 400 to 500 ohms
Internal body—ear to ear (About) 100 ohms

MAccident Prevention Manual For Industrial Operations—
National Safety Council and Frank A Jenkins, "Hazards of
Low Voltage Electricity” U.S. Depantment of Labor Pam
phiet MP-8-0, {June, 1962).

4.2.3 Where the vokage level on a structure presents a shock
hazard, the voltage level should be reduced 1o safe levels by
taking remedial measures. In those cases where the vohage
level cannot be reduced 1o a safe level, other satety measures
shall be practiced 1o prevent shock to operatmg and mante-
nance personne! and to the public.

4.3 Construction

4.3.1 Severe hazarcs may exist dunng construction of tacidies
adjacent 10 AC power systems. A responsible person shall be n
charge of electncal safety. Thes person shall be fulty aware of
pmpelgrourﬂmmmdmdangersamied

aiso know the hazards of the construction equipment being
used as related to the “imit-of-the-approach” regulations gov-
eming them.“ He should be tumeshed with the instrumentatisn,
equipment, and authority required o implement and mamtan
safe working condions.

4.3.2 The potental difterence botween a structure and the earth
can be substantally reduced by appropriate grounding proce-
dures. The potential difference between structures can be
reduced Dy appropriate bonding procedures. The potential
difference between separale potts in the earth can be reduced
through the use of zppropnate grounding grids. The grounding
or bonding procedure for safe construction activities depends
upon the type, magnitude, and duration of the AC exposure.
Each situation should be analyzed by a competent person, and
sate operating procedures shoukd be employed during the entire
CONSruCtion operaton.

4.3.3 Durng the construchon of metaliic structures in areas of
AC influence. the following maumum protective requirernents
are prescnbed

(a) On long metalic structures paralielng AC power
systems, temporary electncal grounds shall be used
at intervals not greater than 300 m (1000 teet), with
the frst ground installed at the beginning of the
sechon, Unaefceﬂameofdms.aprmrumaybe

m}umgmwmmbeleﬁm

until immediately prior o backfilling. Suffient

urrm'ary grounds shall be mantained on each

porbon of the structure until adequate permanent
grounding connections have been made.

“*mwmummaedmuu&wmmmmm 434 Temporary grounding connections may be made 1o
transmission facility or block the reclosing features. The utility may ground rods, bare pipe casing, or other eppropnate grounds.
des-gmieumumuwhdeﬂwpropannpmgrm These These temporary grounding taciies are intended to reduce AC

possibilites should be explored with the electric utility. potentals Dwect connections made to the electical utifity’s

A~
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TABLE 3 — 60 Hz Alternating Cument Values

Atfecting Human Beings™

The following table shows the effect of various currents on the human body:

EHfects

Sensation of shock—Not painful; individual can let go a1 will;

Painlul shock— Individual can let go at will; muscuiar control

Paintul shock—Muscular control lost; cannot let go.

Painful shock—Severe muscular contractions; breathing dif-

Ventricular fibrillation—Death will result if prompt cardiac

Defibrillator shock must be applied to restore normal heart-

Current
1 MA or kess No sensation—Not felt
1 to8mA
muscular control not lost.
Bto15mA
not lost.
1510 20 mA
20 1o 50 mA
ticuft.
50 to 100 mA
(possible) massage not administered.
100 10 200 mA
(certain) beatl. Breathing probably stopped.

200 mA and over

Severe bums—Severe muscular conTactions; chest muscles
clamp heart and siop R dunng shock (ventnoular fibrllabon s
prevented). Breathing stopped—heart may start following shock, or
cardiac massage may be required.

MAccident Prevention Manual For Industrial Operations—National Safety Council.
W. B. Kouwenhoven, Ph.D,, “Treatment of Electric Shock” In Low Voitage Shock
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Hazards, The Johns Hopkins University, (June, 1962).

mmmmmmmm
abirty of a hazard duning switching surges, lightning strikes, or
mmwwymwmmwma
the grounding system is carrying AC.

4.3.501uesusedforbundngorlormmqmmdng
facilities should have good mechanical strength as well as
adequale conductivity. As a mirimum, copper conductor, #2
Amencan Wire Gage (AWG) stranded wekding cable or equiv-
alent, s recommended. Refer to Table 1 and Figures 1-3 for
cable szes adequate 10 conduct the anticipated fault current
satety.

4.3.6 Temporary cable connections 1o the affected structure and
to the grounding faciibes shall be securety made with clamps
Maaplyhmpressmemﬂhaveammcammmﬂy
equal 1o or greater than that of the grounding conductor. Clamps
memmmmmwmmm.

uJNlmmauemmumm
d'wd‘edbenmmmwyammednnicawmmly
sound and properly coated pnor to back filing.

438 The grounding cable shall first be aftached to the

structure. Removal shall be in reverse order. THE END CON-
NECTED TO THE GROUND SHALL BE REMOVED LAST.
Nom:hmmmmmm-em
pated in the bonding cable, the foliowing procedure s recom-
wam'dhxm‘onﬁspipe.

1. The pipe grounding clamp shall be connected to the
pepeiine.

2 The grounding cabie shall be connecled to the

4,3.sugmwmammmwﬂnemny
orundermesupervﬁmnfhemmmargedﬂecuml
safety.

4.3.10 ! hazardous potentals are measured across an nsulat-
ing joint or flange, both s:des of the jomt or ange should be
grounced and/or bonded across. If required. a permanent band
shail be made betore the temporary bond is removed

4.3.11 Before the temporary grounding taciries are removed,
prommmustbemwelommuymeeﬂamof
AC potentals on the affected structure These provisions will
depenc on the type of cathodi rotechon, the type of structure,
and the anticipated magnaude of AC poteruais

4.3.12 Vehicles and other construchion equspmen are subsect t0
exising electncal safety regulabons where operated in the
vianry of tigh vohage AC lines *

4.3.12 1 Metallc constructon sheds of ratlers, lences, of
other temporary struciures shall be grounded ¢ sutyect 1o
AC influence.

4.3.13 The person in charge of electncal satety shoulkd commu-
nmmealbas:darymmuni?ymo&nguwmmmmr
hncszoascena:nmywﬁchmwﬁchmgmbeemclednumg
each work penod &mmmatmmmm
suspenoeddurmgmnscumonhours.wnwevafeme
possibdity of taking the power kne out of senace. He should also
wmmdmmmmmr,mmu-m
satety on the wotk site. He should order a drscontinuation of
construction dunng local electical storms

4.3.14 The use of electncally insulatng matenals for above
ground appurtenances such as vent pipes, conduts, and test
boxes may reduce shock harards m specfic mstances
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4.4 Operations and Mainenance 4.4 4 Tes! statons for cathodic protecton systems on structures

4.4.1 Mamtenance of structures and cathodc protecton facil-
ties under conditions that mciude AC potentials may require
special, precautions. Waming signs should be used as a
minimum precaution. All maintenance should be performed by
or under the supervision of a person famibar with the possible
hazards invoived. Maintenance personnel should be informed
of these hazards and of the safely procedures 10 foliow.

4.4.2 Testng of devices intended 10 imit AC potentials should
be in accordance with manufacturer's recommendations and
performed under the supervision of a person tamiliar with the
possible hazards mvolved. Belore connechons are made or
broken, tests should be conducted to determine that the
combustible vapor level is within safe fimits in those areas
where the presence of these vapors is suspected. No more than
one device imended 10 kmit the AC potential should be
disconnecied at any one ime. When a single protective device
is © be instalied, a temporary shunt bond, with or without
another decoupling device, must be established prior to remov-
ing the unit for service.

4.4.3 Testing of cathodic protection systems under the influence
of AC potentials should be performed by or under the supens-
sion of a qualifed person. In all cases, lests to detect AC
potentials shoukd be performed first, and the structure shall be
treated as 2 live electncal conductor until proven otherwise.
Cathodic protection records should inciude the resuts of these
fests.

that may at imes be subyect 1o AC polentals should have dead
front construchon to reduce the possibility of contacting ener-
gized test leads. Test stations empioying metallic pipes for
suppor should be of dead front constructon.

4.4.5 Sale work practices mus! include attaching all test leads
to the nstrument(s) first and then 10 the structute 10 be tested.
Leads should be removed from the structure first and from the
instrument(s) last.

4.4.6 When structures subject 10 AC infiuence are exposed for
the purpose of cutting, tappang. or separating, tests shali be
made 1o determine AC potentials or current to ground. In the
event that potentals or currents greater than those permitied by
Section 4.2 are found, appropriate remedial measures shatl be

- taken to reduce the AC effects to a safe level. In the event this

cannot be achseved, the structure shall be regarded as a hve
electrical conductor and treated accordingly. Solid bonding
ACross the point to be cut or the sechon to be removed shall be
established prior to separation, using as a minimum the cable
and clamps outined in Paragraphs 4.3.5 and 4.3.6.

4.4.7 On faciiibes carrying combustible liguds or gases. sale
10 be separated precede structure separation, regardiess of the
presence of AC.

Section 5: AC and Corrosion Control Considerations

5.1 Introduction

5.1.1 The purpose of this secbon s 1o recommend practices for
determuning e ievel of AC influence and kghtning effects to
which an existing metaliic structure may be subjected. This
section also outines | points for consa tion regarding
the efiects these potentials may have on corrosion control
systems and associated equipment.

5.2 Determmation of AC Influence and Lightning Eftects

521 A cathodc protection system design should mclude an
evaluation 10 estmate the level of AC potentials and currents
under normal conditions, fault conditions, and hghtning surges.
Since significant AC potentials may be encountered dunng hield
surveys, all personnel shall follow proper elecrical safety
procedures and treat the structure as a hive electncal conductor
unti proven otherwise.

522 Tests and mvestigabons 10 estimate the extent of AC
influence should include the following:

(a) Meeting with electnc utility personnel to determine
peak load condmions and maximum tault currents
and 10 discuss test procedures to be used in the
SuTvey.

(b) Electncal measurement of mduced AC potentals
between the aflected structure and ground.

(c) Electrical measwement of induced AC current on
the structure.

(d) Calculations of the potentals and currents 10 whuch
the structure may be subjected under normal and
tault conditions.®

5.2.3.1 The potential survey should be conducted using
a suitable AC vohtmeter of proper range. Contact ress-
tance of connections should be sufficiertty low to pre-
clude measurement errors due t0 the relationshp be-
tween extemnal crcull impedance and meter impedance.
Suttable references for measurements are:

(a) A metal rod @

(o) Bare pipelme casings, i adequately msu-
lated from the camer pipe.

(c) Tower legs or power system neutrals, if
close proximity to the affected structure.
(Meter connectons made 1o tower legs or
power system neutrals may presen! a hazard
during switching surges, ightning strikes, o
tault conditions. )

5.232 The presence of AC on a structure may be
Gelermined using a suitable AC voltmeter 1o measure IR
drop at the kne curenmt test statons. This method,
however, will give only an mndicabon of current low, and
cannot be ready converied 10 amperes because of the
AC impedance charactenstcs of ferromagnetic mater-
als. A clamp-on AC ammeler may be used to measure
cufrent n lemporary or permanent bond connechons

5233 Indicabons of AC power levels on atlected
structures may be obtamed by temporarity bonding the
structure 10 an adequate ground and measunng the
resuiting current flow with a clamp-on AC ammeter while
measuning the AC poteatial. Suftable temporary grounds
may be obtained by bonding 10 tower legs, power system

5.2.3 A survey should be conducted over those porbons of the
aflected structure where AC exposure has been noted or is
suspecied. The location and time that each measwrement was
laken should be recorded

“IFoliowing meler hookup, the reference rod should be inserted
deeper into the earth until no further potential NCrease is noted.
This will reduce the possitility Of high resistance comact emors in
the measurement.
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Allowable Short Circuit Currents For Insulated Copper Conductors
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FIGURE 3 — Allowable short circuit currents for insulated copper conductors.

Reprinted with permission from Insulated Cable Engineers Association (ICEA). Publication P-32-382, copyright
1969.



-+ e
y T
9 e
a1
=T t
=
1 N =
T (T t
w1 T T | 1)
St e
v L] [
- =
E o -
a o ~ +
£ t -
~ - ==
< A .=
T i —— -  e—— —
- — ™ b & -
S . - 1
B ——
G e
: = =
3 — - -
- <
o “!h;_,as_
~ - g —
T ~ - T
) |
1 o~ 577 :
3 ~ - e S
: /o : B LR B, L i
R %
e e (U SN SRS b Bl M e, " LA LAXY? 0. R i) L 7Y 2 I )
- o H i h T T ETSVIT g T T i
Bl m ~ T — —
e e — & 7 .
- - - —
— i
- 3
3
~
-
1
~-
- -
== e o |
e ——e e+ e e 1 - X il 3] 2
PR O L — : 0 L} AR B, | e
1.000 : —— -
.3 2 .3 S RIS B X B X H 1 “ S & T 8 %10 »

Faull Duraten (Seconds)

FIGURE 1 — Approximate current required to raise the temperature of stranded annealed soft drawn
copper cable 1zxzr¢snsqm-nansbaemunmmmaasmq

Figure is based on the assumption that no heat is radiated or
conducted from the cable 10 the surrounding media duning a
fault period. Electrical energy released in cable equals the
heat energy absorbed by the cabie:

IF AT = 1055 Q (watt seconds = BTU)

where | = lault current in amperes, R = average AC resist-
ance of conductor over temperature range T1t0 T2, T = faull
duration in seconds, and Q = heal energy in Brilish Thermal
Units.

Q = CM (T1- T2} (Thermodynamics)
where C = average specific heat of annealed soft drawn cop-
per over the temperature range T110 T2, M = mass of copper

in pounds, T1 and T2 = nitial and final temperatures in
degrees Fahrenheit, ¢ = 0.104, T1 = 68F, and T2 = 1300 F,

NACE

Average 60 Hz
Impedance
Conductor OhmsM000 Feet
¥ 6 AWG 0823
£2 AWG 0.366
€10 AWG 0.2295 °
#4500 AWG 0.1097
250 MCM 0.0968
500 MCM 0.0492
1000 MCM 0.0259
2000 MCM 00151
4000 MCM 0.00972

Note: Fusing current s 10% higher than current for 1232 F (685
C) temperature rise.



neutral, bare pipelne Casngs, Of ACTOSS 8N Insutating
mloewdlgrmmaedryuuh DCcr-nagabonds

523 4 Locanons indicating maximum AC potential and
current fiow valses dunng the survey discussed in
Paragraphs 523 through 5.2.3.2 should be surveyec
with recordng instuments for 8 penod of 24 hours or
unld the vanaton wih power kne load levels has been
estabisned '

524 In cesgning miligative measures, the lollowing power
sysiem parameters should be determined:
(@) Maximum operatimg and emergency load conduons.
(b} Maxmum single kne-to-ground fault current and
duratson.
fc) Maxmum phase-to-phase fault current and duration
(d) Type of grounaing system used.
5 3 Specal Conssgerations i Cathodec Protection Design
531 AC mfivence on the atiecled structure and its associated
cathodic protecton System should be considered.

532 Cathodic protechon survey instruments shouid have
suticent AC rejecton to provide accurate DC cata

MSurvey data, gathered in accordance with Paragraphs 5.2.3
Twough 5.2.3. 4. should be reviewed with electne wtility personne!
for the purpose of correlating with the power hne operating
condiions at the time of the survey.
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5.3.37T\eACwmﬂmnmmelowmmmyﬂon
© ground through cathod< protection equipment Curmrent
fiomng In the cathodic protechon Circums under norma! AC
power system Operating condmons may Cause suticient heating
o damage o destroy the equoment Heabng may be signif-
cantty reducec by the use of property designed senes nductive
reaclances andor shunt capacrive reaclances in the cathodc
protection circuns

5.331%mss@mwwmh¢mmam
surge protechon al the AC mput and DC outut connec:
2ONS.

5.3.3.2 Resistance bords for the purpose of DC mterer-
ence Mibganon should de designed for the maomum
normal AC and DC fiow in oroer 1o prevert damage 10 the
bond installation of polanzation cels o other devices n
paraliel with DC res:stance bonds may prevent damage
o bonCs. Istaliaton of semconductors n DT mterter-
ence bonas between cathodically protected structures
may result n undesirabie recticaton

5.2.3.2 When bonds 1o other struciures of grounds are
usec, polanzason cells or groundng cells should be
used, as required. in oroer 10 Mantan efectve levels of
cathodic protection

5.3.3 4 Semuconducior Crain switches for the mitigation
of stray DC trom tacton systems should be provided
with sutge curment protechon devices.

5.3.4 In DC stray cument areas. the Qrounding methods should
be chosen to avodd Creabng mierference probiems.

Section 6: Special Considerations in Operation and Maintenance
of Cathodic Protection and Safety Systems

€.1 Inoduction

€.1.1 The purpose of this sechon is 10 outhne safe maimenance
and testing procedures for cathodic protection systems on
sructures subject o AC influence.

€.2 Satety Measures for Op 1 and Mair = of Cathodic
Protecoon Systems

€.2.1 Cathodic protection rectiiers which are subject 1o damage
by adjacent electnc utility systems shoukd be checked for proper
operation at more frequent ntervals than rectifers not subject to
elecinc system influence

622 Cathodic protection testng of work of srniar nature
Should not be performed on a structure sutyect 1o influence by
an adjacen! electnic ity system dunng a penod of thunder-
S10am activity in e area

0.2.2 Where repcated recufer outages can be aftributed to
agjacent elecinc utilty system nfluences, positive measures
must be Llaken 10 mamtan continuous rectifier operanon. One or
more of the following migative measures may be employed:

(a) Sefi-heahng type kghtrung amesters across the AC
nput and DC output termenals.

(b) Heavy-Guty choke coils instalied in the AC and/or
DC leacs

6.2 4 I galvanic anodes are used 1or CathoC protection in an
area of AC influence, and # tes! stations are available, the

loliowing lests should be conducted during each structure
SUrvey using suftable instrumentabon”

(@) Measure and record both the AC and DC currents
from the anodes.

(b} Measure and recorc both the AC and DC structure-
to-50il potentials

€25 At all aboveground popeine metalic appurtenances,
devices used 10 keep the general public or hvestock from
coming INlo direct CONtact with the structure shall be examined
for effectiveness. f the devices are found 10 be neffective, they
shal be replacec or reparec mmmediately.

€2.6 In makang test connections tor electncal measurements,
ali test keads, clips. and tenmenais should be property insutated.
mmmmmmmmmm
connechons 1o the structre. When each test & completed,
remove the connectons from the structure before removing the
leac connechon rom the msrument. Alf test connections should
be made on 2 step-by-step basic, using 8 one-hand lesting
wechnique, :
6.27 When long test leads are laxd out near a power bne,
sgnficant potentals may be induced m these leads. The
hazards associaled with tus stuaton may be reduced by using
the lollowing procedures:

(a) Propery nsulate all test lead clips, terminals, and

WWeS.
(b) Avosd drrect contact with bare lest lkead terminals.

(c) Place the reference electrodes in position for mea-
surement prior to Makung any lest connections.
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(d) Connect the lead 10 the reference electrode and reet

the wire back 1o the test location.

(e) Connect the other test lead 10 the instrument and

then 10 the structure

) Connect the reference eolectrode lead to the
mstrument

(g) When the tests are complete, disconnect n reverse

order

6.2.8 No tool, instrument. or other impiement shall be handed at
any bme between a person standmgQ Over a ground mat or
groundng gnd and 8 person who is nOt over the mat or gnd.

6.29 Grounding facilities for the purpose of mitgating AC
eflects should be carefulty tested at regular intervals to ascer-

tain the imegrity of the grounding system.

6291 No disconnection or reconnection shall be ak
lowed when a flammable or explosive stmosphere is
suspected without first testing to ensure a safe atmos-
phere.

6.298.2 No one shall make comact with the structure,

emmd!recvyormﬂlms\m.m.gmﬁng
gnd s disconnected for lest purposes.

6.2.9.3 Measurement of resistance-to-earth of discon-
necied grounds shall be made promptty 10 mmimze
personnel harards

6210 ARl interference mitgaton dewices and les! equpment
should be mamtained N accordance with the manufacturer's

NStructons.

Reterences

1. IEEE Guide for Safety in Subsmon Grounding (IEEE Std.
80-1976), 1976. The Institute of Electrical and Electronics Engi-
neers, Inc. (IEEE). New York, NY.

2. Navonal Electncal Code, NFPA 70, 1881 Edttion, Nationa! Fire
Protecton Assoaation (NFDA), Quncy, MA. Also avaiabie from
American Nadonal Standards institute (ANST), New York, NY.

3. National Electncal Salety Code, ANSI C2-81, 1981,

4. Construction. Safety, and Heamth Regutatons, OSHA 2207, Pant

1926, 1974, Occupatonal Safety and Health Admeustabon
(OSHA), Washington, DC.

. Mutual Design Considerabons for Overhead AC Transmession

Uines and Gas Transmission Pipelines, Volume 1: Engineering
Analysis. and Volume 2: Prediction and Mitigaton Procedures,
AGA Catalog No. 151278, American Gas Assocation (AGA)
Ariington, VA: published in conjuncton with The Electnic Power
Research insutute (EPRI), 1978.

Additional Resources

1. Inductive Imerference Engmeerg Gude, March 1974, Bell
Telephone Laboratones, Mutray Hiis, NJ (Avaitable through local
Bedl Systern Inductrve Coordinator).

2. Recommended Practce OCC-77-3 tor the Mitigation of Alterna-
mg Currermt and Lightrung Effects n Metallic Structures and
Corrosion Controd Facimes, 1977, Canadian Gas Associaton,
Don Milis, Omano. Canada

3. The Efiects of Electncal Shock on Man, C F. Dalpel, 1956,

Transactions on Medical Electronics (PGME-S), Insttute of
Radso Engineers (IRE), now availabie from IEEE.

4. Westinghouse Transmession and Distribution Handbook, 1950,

Westinghouse Electric Comp., Relay-instrument Div., Newark, NJ

5. Shont Circut Charactenstics of Insulated Cable, Publication

P-32-382. revised 1969, repnnted 1973 and 1980, insulate Cable
Engmeers Assoaation, Inc. (ICEA), South Yarmouth, MA_
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Introduction to DC Isolation/AC Coupling Device

Use Of Decouplers For AC Voltage Mitigation

Introduction

AC voltage mtigation is primarity of concern when cathodically protected pipelines are adjacent lo
electric power distribution or transmission lines. If the voltage on the pipeline exceeds 15 volts,
mitigation may be warranted (NACE Standard RP0177-95, Section 5.2.1).

The general technique for miligating induced AC voltage is to connect the pipeline lo a suilable
grounding system so as to load the induced voltage source, thereby causing the voltage to collapse
to an insignificant value. This must be accomplished without affecting cathodic protection (CP)
levels. One method is to utilize anodic type materials for the grounding system, such as zinc,
because one can bond directly to zinc without significant affect on CP levels. Another method is to
bond 1o a grounding system through a decoupler, thereby enabling other materials to be used for the
grounding system because the grounding system is DC isolated from the pipeline. There are a
number of distinet advantages to using solid-state decouplers in the design of an AC mitigation
system as described in the DEI article ‘Induced AC Voltage On Pipelines: Mitigation Considerations
Using Solid-State DC IsolatiorvAC Coupling Devices.” It is suggested that this arlicle be read in
conjunction with this application note because it mentions other necessary considerations when
designing an AC mitigation system.

Product Description

The product primarily used for AC mitigation is the DEI solid-state Polarization Cell Replacement
because it has the ability to provide AC grounding and DC decoupling simultaneously under normal
operating conditions. On rare occaslons, the higher rated Isolator/Surge Protector (ISP) is required.
The designer of the grounding system for AC mitigation (a task generally referred to consultants who
have the necessary software and knowledge in designing such systems) has control over the
product ratings that will be required. When decouplers are incorporated into the overall design, the
following ratings must be determined in order to select the appropriale product model number.
namely. the steady-state AC current rating and the AC faull current rating. This information should
be available from the mitigation system designer.

In those cases where a user chooses to do their own AC mitigation design without the appropriate
software, DE| can provide general quidelines for selecting product ratings upon request.

The Polarization Cell Replacement is available in two versions. PCR models are listed for either
ordinary or Class [, Division 2 hazardous locations, and PCRH models are listed for Class I.
Division 1 hazardous locations. For most applications, the PCR model should be acceptable.

Darryland Bectncal Industnes Inc. P.O. Box 187 Stoughton. Wi 5358% US A
Tel €08-877-9300 Fax: 608-877-9920 e-mail: dea@daindand com Internet www dairyland com
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Product Ratings
The following table shows the standard PCR, PCRH, and ISP product ratings available.

Standard Product Ratings (1]

Description 3 PCR PCRH oVP
DC Blocking Voltage, -+ 125 -3/+1 -37+1 -3/+1
Volts -1+ 20 -21+2 -21+2 -21+2
60 Hz AC-RMS 30, b0, 90 45, 80 45 ol2l
Steady-Slate Current,
Amperes
50 HZ AC-RMS 25,50, 75 40, 70 40 ol
Steady-State Current,
Amperes
60 Hz AC-RMS Fault | 3.7.11, 14, 3.0.10.15 | 3.7,10, 15 3.7
Current @ 30 cycles, 30
KA
50 Hz AC-RMS Fault | 3.6, 10, 13, 35,9 14 35,914 35
Current @ 30 cycles, 28
kA
Lightning Current, kA 50, 75,100 100 100 100
{8 x 20 us waveform)

{1} Other options are available. Contact DE! if other ratings are required.
2] Not recommended where induced AC vdtage is present, or likely to be present in the future.

Product Options

When decouplers are used in AC miligation applications, they are normally connected in one of the
following ways: (1) from the pipeline to bare gradient control wires comprised of zinc, copper, or
other materials, (2) from the pipeline to an isolated ground bed {such as a gradient control mat used
at above ground appurtenances), or (3) across an insulated flange, one side of which is grounded.
On occasion, decouplers are also connected between the pipeline and an adjacent electric
transmission tower ground. This is a praclice that DEI does not recommend for reasons described
in the referenced arlicle. The PCR/PCRH catalog section in the DEI catalog describes product
installation and mounting options for typical installations.

Dairyland Electncal Industnes Inc. PO Box 187 Stoughton, Wi 53589 LIS A
Tel &0%-877-9970 Fax: 608-877-9920 e-mail: des@dainland oom Internet: www dairyland oom



DC Isolation/AC Coupling Device

31/ w.6.1 A10619g1n38! DC Isolation/AC Coupling Device

¥
11k iﬂﬂﬁ&qﬂﬂiiﬁ DC Isolation/AC Coupling Device

REEADE

40V AC to ground
-1.0V DC to reference cell
ZERO AC current
ZERO DC current

0.15V AC to ground

-1.0V DC to reference cell
15A AC flows to ground
ZERO DC current flows to ground

PCR drains 15A and has an AC impedence
of around 0.010 Ohm. Resulting AC voltage
isV=IR=0.15V. DC voltage is unaffected.

JU# .62 ANBUZMIAAAY DC Isolation/AC Coupling Device
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-34 17.407 15.329 12%
=33 17.832 15.717 12%
-32 18.264 16.113 12%
-31 18.703 16.516 12%
-30 19.148 16.925 12%
29 19.599 17.340 12%
-28 20.055 17.759 11%
-27 20.515 18.183 11%
-26 20977 18.610 11%
-25 21.442 19.040 11%
-24 21.907 19.470 11%
-23 22372 19.901 11%
=22 22.835 20.330 11%
=21 23.294 20.756 11%
-20 23.748 21.178 11%
-19 24.196 21.59%4 11%
-18 24.635 22.002 11%
-17 25.064 22.402 11%
-16 25.481 22.790 11%
< 25.884 23.165 11%
-14 26.271 23.526 10%
-13 26.641 23.870 10%
-12 26.991 24.196 10%




-6 28.594 25.690 10%
-5 28.766 25.849 10%
-4 28.907 25.981 10%
-3 29.018 26.084 10%
-2 29.098 26.158 10%
-1 29.146 26.203 10%
0 29.162 26.218 10%
1 29.146 26.203 10%
2 29.098 26.158 10%
3 29.018 26.084 10%
4 28.907 25.981 10%
5 28.766 25.849 10%
6 28.594 25.690 10%
7 28.393 25.503 10%
8 28.164 25.289 10%
9 27.908 25.051 10%
10 27.626 24.738 10%
11 27.320 24.503 10%
12 26.991 24.196 10%
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19190 H.6.1 (91D)
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sty
™

-35

-34 17.407 15329 15.171 13% 1%
-33 17.832 15717 15519 13% 1%
-32 18.264 16.113 15871 13% o
31 18.703 16516 16.227 13% 246
-30 19.148 16925 16587 3% %
-29 19599 17340 16950 14% 26
-28 20055 17.759 17316 14% 24
-27 20515 18.183 17.682 14% 3o
-26 20977 18610 18.050 14% o
-25 21.442 19.040 18417 14% 3%
-24 21907 19.470 18.782 14% o
-23 2372 19901 19.146 14% b %03
22 22835 20330 19505 15% 2
21 23294 20.756 19.860 15% P
-20 23.748 21.178 20.209 15% )
-19 24.196 21594 20551 15% S
-18 24.635 22,002 20.884 15% Fo
-17 25.064 22402 21207 15% F4
-16 25481 22.790 21519 16% o
-15 25.884 23.165 213819 16% 0
-14 26271 23526 22.104 16% Fo
-13 26.641 23.870 22375 16% o
-12 26991 24.196 22.630 16% o
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14 26271 23.526 22.104 16% 6%
15 25.884 23.165 21819 16% 6%
16 25.481 22790 21.519 16% 6%
17 25.064 22.402 21207 15% P
18 24,635 22.002 20.884 15% %
19 24.196 21.594 20.551 15% %
20 23.748 21.178 20209 15% 0
21 23294 20.756 19.860 15% o
2 22835 20330 19.505 15% Do
3 237 19.901 19.146 14% &
24 21.907 19.470 18.782 14% &
25 21442 19.040 18417 14% %
26 20977 18.610 18.050 14% %
27 20515 18.183 17.682 14% %
28 20.055 17.759 17316 14% %%
29 19.599 17.340 16950 14% %
30 19.148 16.925 16.587 13% %
31 18.703 16516 16227 13% o
k?, 18264 16.113 15.871 13% %%
3 17.832 15717 15.519 13% 1%
M 17.407 15329 15.171 13% 1%
35 16.990 14.948 14.829 13% 1%
wmay 15% %




A15140 1.6.1 (AD)

—
b

RS oY

-11 27320 24503 22868 P
-10 27626 247788 23088 16% Po
=4 27908 25051 23289 1% T
8 28.164 25289 23471 I P
-7 28393 25503 23632 1% Th
© 285%4 25690 23773 1% T
5 287766 25.849 23.893 1P 8%
<4 28907 25981 23991 174 &o
3 29018 26084 24068 1% &
2 20.098 26.158 24123 %% &
-} 29.146 26203 24.156 17% o
0 29.162 26218 24.167 1% &
1 29.146 26203 24.156 P &%
2 29098 26.158 24123 17 8%
3 29018 26084 24.068 1% &
4 28907 25981 23991 1% 8
5 287766 25849 23893 1673 &
6 28594 25690 2773 1P P
7 28393 25503 23632 1% P
& R.164 25289 23471 17% T
8 27908 25051 23289 17 T
10 27626 24788 23088 16% o
11 27320 24503 22868 16% To
2 26991 24.196 22630 16% 0

242



A15190 #.6.1 (AD)
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fiies
35 16990 14948 121.829 9.698 8% 35% 35%
-4 17407 15329 15.171 9921 B% 35% 35%
33 17.832 15.717 15519 10.148 43% 35% 35%
-32 18264 16.113 15871 10377 43% 3% 35%
-31 18.703 16516 16227 10.608 8% X% 35%
-30 19.148 16925 16.587 10.841 3% X% 35%
-29 19599 | 17340 16950 11.074 $% 36% 35%
-28 20055 17.759 17316 11307 44% X% 35%
27 20515 18.183 17.682 11.540 4% 3% 35%
-26 20977 18610 18.050 11.771 M 3% 35%
-25 21442 19.040 18417 12.000 4% 3% 35%
-24 21907 19470 18.782 12226 % 3% 35%
-23 22372 19.901 19.146 12,448 % 3% 35%
22 22835 20330 19.505 12.664 45% 38% 35%
21 23294 20756 19.860 12.875 45% 8% 35%
20 23748 21.178 20209 13.078 45% 3% 35%
-19 24.196 21.594 20.551 13273 45% 3%% 35%
-18 24635 22002 20884 13458 45% 3%% 36%
-17 25064 22402 21207 13.634 46% 3% 36%
-16 25481 | 22790 | 21519 13.798 46% 3% 36%
-15 25.884 23.165 21.819 13.949 46% A% 36%
-14 26271 23526 22104 14.088 46% A% 36%
-13 26641 | 23870 | 22375 14214 47% &% 36%
-12 26991 | 2419 | 22630 14325 &T% 41% 3%




A15147 #1.6.1 (AD)

244

11 27320 | 24503 | 2868 | 14421 &% 41% 3%
-10 27626 | 24788 | 23088 | 14503 &% 41% 3%
27908 | 25051 | 23289 | 14571 4% 2% 3%

8 W164 | 25289 | 23471 | 14613 8% 2% 3%
7 28393 | 25503 | 23632 | 14662 &% 8% 3%
© 28504 | 25690 | 23773 | 14687 &% 8% 38%
5 W766 | 25849 | 23893 | 14698 % 8% 3%
4 8907 | 25981 | 23991 | 14697 % 8% %
3 2018 | 26084 | 24068 | 14684 % % 3%
) 0098 | 26158 | 24123 | 14660 0% 4% 3%
1 2146 | 26203 | 2415 | 14625 W &% %%
0 2162 | 26218 | 24167 | 14581 W A% A%

1 2146 | 26203 | 2415 | 14527 0% 45% A%

2 29098 | 26158 | 24123 | 14465 e 4% A%

3 2018 | 26084 | 24068 | 14395 W 4% A%

4 28907 | 25981 | 291 | 14317 Wo 4% A%

5 W66 | 25849 | 23893 | 14231 51% &% &%

6 28504 | 25690 | 2773 | 14138 51% 4% 41%

7 28393 | 25503 | 23632 | 14037 51% 4% 41%

8 B164 | 25289 | 23471 | 13929 51% &% 41%

9 27908 | 25051 | 23289 | 13814 51% 4% 41%

10 27626 | 24788 | 23088 | 13690 o 4% 4%
1 27320 | 24503 | 2868 | 13560 0% 4% 4%
12 2691 | 2419 | 2630 | 13421 o 4% 41%




15137 H.6.1 (AD)
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18 24635 | 22002 | 20884 | 12440 | 0% 8% A%
19 24196 | 21504 | 20551 | 12255 | 4% 8% &%
2 %748 | 21178 | 20200 | 12064 | 4% 8% %
21 23294 | 2075 | 19860 | 11869 | 4% 8% %
2 0835 | 20330 | 19505 | 11669 | 4% 4% A%
P 2372 | 1991 | 19046 | 11467 | 4% % &%
2% 21907 | 19470 | 18782 | 11261 4% 2% &%
25 20442 | 19040 | 18417 | 11054 | 4% 2% %
% 20977 | 18610 | 18050 | 10845 | 48% 2% av%
7 20515 | 18183 | 17682 | 10635 | 48% 2% &%
28 20055 | 17759 | 17316 | 10424 | as% 4% %
2 1959 | 17340 | 16950 | 10214 | 48% 41% &%
0 19148 | 16925 | 16587 | 10004 | 4%% 4% %
31 18703 | 16516 | 16227 | 979 8% 41% A%
2 18264 | 16113 | 15871 | 9589 4% &% &%
B 17832 | 15717 | 15519 | 9384 4% A% &%
U 17407 | 15329 | 15171 | 9.8l 4% A% %%
35 1699 | 14948 | 14820 | 8981 7% % 9%
may 48% 41% 3%




M5 W.6.1 (D)

-3¢ [17.407]15.329{15.171{ 9.921 { 9.181 | 43% | 35% | 35% | 7%
33 |17.832]15.717{15.519] 10.148 | 9.384 | 43% | 35% | 35% | 8%
32 |18.264]16.113]15.871| 10.377] 9.589 | 43% | 36% | 35% | 8%
31 [18.703] 16.516]16.227] 10.608 | 9.796 | 43% | 36% | 35% | 8%
-30  |19.148]16.925|16.587| 10.841 { 10.004| 43% | 36% | 35% | 8%
29 |19.599]17.340{16.950] 11.074 | 10214| 43% | 36% | 35% | 8%
28 20.055|17.759{17.316] 11.307 | 10.424| 44% | 36% | 35% | 8%
-27  {20.515{18.183[17.682| 11.540 | 10.635| 44% | 37% | 35% | 8%
26 [20.977]18.610{18.050] 11.771 | 10.845| 44% | 37% | 35% | 8%
25 {21.442]19.040{18.417| 12.000 | 11.054| 44% | 37% | 35% | 8%
24 |21.907|19.470{18.782| 12.226 | 11.261| 44% | 37% | 35% | 8%
-23  {22.372{19.901|19.146| 12.448 | 11.467| 44% | 37% | 35% | 8%
22 |22.835{20.330{19.505| 12.664 | 11.669| 45% | 38% | 35% | 8%
21 |23.294]20.756]19.860 12.875 | 11.869| 45% | 38% | 35% | 8%
20 |23.748(21.178{20.209] 13.078 | 12.064| 45% | 38% | 35% | 8%
19 |24.19621.594(20.551] 13.273 | 12.255| 45% | 39% | 35% | 8%
-18 |24.635|22.002|20.884] 13.458 | 12.440| 45% | 39% | 36% | 8%
-17  |25.064|22.402(21.207] 13.634| 12.620| 46% | 39% | 36% | 7%
-16  |25.481{22.790{21.519] 13.798 | 12.794| 46% | 39% | 36% | 7%
-15  |25.884123.165{21.819] 13.949 | 12.962| 46% | 40% | 36% | 7%
-14  |26.271]23.526]22.104| 14.088 | 13.122| 46% | 40% | 36% | 7%
13 |26.641]23.870122.375) 14214 [ 13275 | 47% | 40% | 36% | 7%
12 {26.991(24.196(22.630{ 14.325 | 13.421] 47% | 41% | 37% | 6%
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M3190 K.6.1 (4D)

11 |27.320]24.503{22.868] 14.421 [13.560| 47% | 41% | 37% | 6%
-10 |27.626]24.788{23.088| 14.503 [ 13.690| 48% | 41% | 37% | 6%
-9 127.908]25.051{23.289] 14571 13.814| a8% | 42% | 37% | 5%
-8 {28.164]25.289{23.471| 14.623 | 13.929| 48% | 42% | 38% | 5%
-7 |28.393]25.503]23.632] 14.662| 14.037] 48% | 43% | 38% | 4%
6 |28.594]25.690(23.773| 14.687 | 14.138 | 49% | 43% | 38% | 4%
-5 |28.766|25.849|23.893| 14.698 | 14231 49% | 43% | 38% | 3%
-4 [28.907{25.981{23.991) 14.697 | 14.317] 49% | 43% | 39% | 3%
-3 |29.01826.084124.068] 14.684 14395 | 49% | 44% | 39% | 2%
2 |29.098]26.158|24.123| 14.660 | 14.465| 50% | 44% | 39% | 1%
-1 [29.146{26.203{24.156] 14.625|14.527] 50% | 44% | 39% | 1%
0 [29.162{26.218{24.167] 14.581 | 14.581] 50% | 44% | 40% | 0%
1 |29.146]26.203|24.156] 14.527 | 14.625| 50% | 45% | 40% | -1%
2 |29.098126.158|24.123| 14.465 | 14.660| 50% | 45% | 40% | -1%
3 [29.018]26.084{24.068] 14.395| 14.684| 50% | 45% | 40% | -2%
4 [28.907[25.981{23.901] 14317 14.697] 50% | 45% | 40% | -3%
5 |28.766]25.849[23.893] 14.231 | 14.698| 51% | 45% | 40% | -3%
6 [28.594]25.690(23.773] 14.138 | 14.687] 51% | 45% | 41% | -a%
7 |28.393|25.503 |23.632] 14.037| 14.662| 51% | 45% | 41% | -a%
8 [28.164[25.289[23.471] 13.929| 14.623] 51% | 45% | 41% | -5%
9 127.908]25.051{23.289] 13.814 | 14.571] 51% | 45% | 41% | -5%
10 {27.626]24.788{23.088] 13.690 | 14.503 | 50% | 45% | 41% | -6%
11 |27.320{24.503|22.868{ 13.560 | 14.421| 50% | 45% | 41% | -6%
12 |26.991]24.196]22.630] 13.421 | 14325] 50% | 45% | 41% | -7%
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A15197 H.6.1 (AD)

13 {26.641{23870{22.375] 13.275 | 14.214] 50% | 44% | 41% | -7%
14 26271]23.526]22.104] 13.122 | 14.088 | 50% | 44% | 41% | -7%
15 |25.884123.165{21.819] 12.962| 13.949] 50% | 44% | 41% | -8%
16 {25.4811{22.790|21.519] 12.794{ 13.798 | 50% | 44% | 41% | -8%
17 |25.064{22.402{21.207] 12.620| 13.634| 50% | 44% | 40% | -8%
18 |24.635]22.002{20.884| 12.440| 13.458 | 50% | 43% | 40% | -8%
19  |24.196|21.594]20.551] 12.255| 13273 | 49% | 43% | 40% | -8%
20 |23.748{21.178{20209] 12.064| 13.078] 49% | 43% | 40% | -8%
21 {23.29420.756{19.860{ 11.869| 12.875] 49% | 43% | 40% | -8%
22 [22835{20330{19.505| 11.669 | 12.664| 49% | 43% | 40% | -9%
23 {22372]19.901{19.146{ 11.467{ 12.448 | 49% | 42% | 40% | -9%
24 [21.907]19.470{18.782] 11.261 | 12.226 | 49% | 42% | 40% | -9%
25  |21.442]19.040|18.417| 11.054| 12.000| 48% | 42% | 40% | -9%
26 {20977]18.610]18.050| 10.845| 11.771] 48% | 42% | 40% | -9%
27 {20515{18.183{17.682] 10.635 | 11.540| 48% | 42% | 40% | -9%
28 [20.055{17.759]17.316) 10.424 | 11307 48% | 41% | 40% | -8%
29 |19.599|17.340{16.950] 10.214] 11.074| 48% | 41% | 40% | -8%
30 {19.148]16.925|16.587] 10.004] 10.841 | 48% | 41% | 40% | -8%
31 {18.703] 16.516[16.227| 9.796 | 10.608 | 48% | 41% | 40% | -8%
32 |18264]16.113{15.871] 9.589 | 10.377| 47% | 40% | 40% | -8%
33 |17.832] 15717 15.519] 9.384 | 10.148] 47% | 40% | 40% | -8%
34 [17.407{15329(15.171{ 9.181 | 9.921 | 47% | 40% | 39% | -8%
35 |16.990] 14.94814.820] 8.981 | 9.698 | 47% | 40% | 39% | -8%
way | o | as% | 41% | 38% | o%
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MT19A 1.6.1 (AD)

249

34 17407[15329| 15.171 | 9921 | 9.181 | 4.539 | 74% | 70% | 70% | 54% | 51%
33 17832{15.717] 15519 | 10.148] 9.384 | 4.600 | 74% | 71% | 70% | 55% | 51%
32 |18264]16.113| 15871 {10377] 9.589 | 4.658 | 74% | 71% | 71% | 55% | 51%
-31 |18.703] 16.516] 16.227]10.608] 9.796 | 4712 | 75% | 71% | 71% | 56% | 52%
30 {19.148] 16925 16.587{ 10841 10.004] 4762 | 75% | 72% | 71% | s6% | s2%
29 119.599]17.340| 16.950{ 11.074] 10214{ 4808 { 75% | 72% | 72% | 57% | 53%
28 120.055]17.759] 17.316] 11.307] 10424] 4848 | 76% | 73% | 72% | 57% | s3%
27 {20515]18.183{ 17.682 | 11.540 10.635| 4.881 | 76% | 73% | 72% | 58% | 54%
26 {20977|18.610|18.050|11.771{10.845 4907 | 77% | 74% | 73% | 58% | 55%
25 121.442{19.040 18.417 [ 12.000] 11.054] 4925 | 77% | 74% | 73% | 59% | 55%
24 121.907| 19.470] 18.782 | 12.226{ 11.261] 4934 | 77% | 75% | 74% | 60% | 56%
23 {22372/ 19901 19.146 | 12.448| 11.467| 4934 | 78% | 75% | 74% | 60% | 57%
22 [22835]20330 19.505 { 12.664| 11.669] 4922 | 78% | 76% | 75% | 61% | 58%
21 [23294]20756] 19.860 {12.875| 11.869| 4899 | 79% | 76% | 75% | 62% | 59%
20 123.74821.178] 20209 | 13.078| 12.064] 4.862 | 80% | 77% | 76% | 63% | 60%
19 {24.19621.594]20.551{13.273{ 12.255] 4.813 | 80% | 78% | 77% | 64% | 61%
18 24.635]22.002{ 20884 {13.458] 12.440| 4748 | 81% | 78% | 77% | 65% | 62%
17 |25.064]22.402{21.207 | 13.634] 12.620] 4.669 | 81% | 79% | 78% | 66% | 63%
-16  {25481}22.790(21.51913.798{ 12.794| 4.574 | 82% | 80% | 79% | 67% | 64%
-15  |25.884]23.165]21.819{13.949|12.962| 4.463 | 83% | 81% | 80% | 68% | 66%
-14 |26271]23.526]22.104{14.088] 13.122] 4335 | 83% | 82% | 80% | 69% | 67%
13 [26.641]23.870]22.375 | 14214|13275] 4.192 | 84% | 82% | 81% | 71% | 68%
‘12 |26.991{24.196{ 22.630| 14.325] 13.421] 4.033 | 85% | 83% | 82% | 72% | 70%




AN W.6.1 (AD)

84%
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11 {27320 24.503{ 22.868 83% | 3% | 2%
10 |27.626]24.788] 23.088 | 14.503{ 13.690] 3.673 | 87% | 85% | 84% | 75% | 73% |
-9 |27.908]25.051]23289|14.571{13.814] 3.475 | 88% | 86% | 85% | 76% | 75%
-8 {28.16 125289 23.471| 14.62 | 13.93 | 3269 | 88% | 87% | 86% | 78% | 77%
-7 | 2839 {25503)23.632| 14.66 | 1404 | 3.058 | 89% | 88% | 87% | 79% | 78%
6 |2859 2569 )23.773] 1469 | 14.14 | 2.848 | 90% | 89% | 88% | 81% | 80%
-5 {2877]25849(23.893| 147 | 1423 | 2644 91% | 90% | 89% | 82% | 81%
-4 [2891{25981{23.991( 147 | 1432 | 2.456 | 92% | 91% | 90% | 83% { 83%
-3 12902 {26.084]24.068 | 1468 | 144 |2292] 92% | 91% | 90% | 84% | 84%
2 29.1 |26.158]24.123] 14.66 | 1447 | 2.163 | 93% | 92% | 91% | 85% | 85%
1 | 2915 |26203| 24.156 | 1463 | 1453 | 2.08 | 93% | 92% | 91% | 86% | 86%
0 |29.1626218{24.167{ 14.58 | 14.58 | 2051 93% | 92% | 92% | 86% | 86%
1 |29.15]26203]|24.156| 14.53 | 1463 | 2.08 | 93% | 92% | 91% | 86% | 86%
2 29.1 |26.158]24.123{ 1447 | 14.66 | 2.163 | 93% | 92% | 91% | 85% | 85%
3 {2902 26084{24.068| 144 | 1468 | 2292 92% | 91% | 90% | 84% | 84%
4 ]2891{25981]23.991] 1432 | 147 | 2.456 | 92% | 91% | 90% | 83% | 83%
5 128.77]25849(23.893] 1423 | 147 | 2.644] 91% | 90% | 89% | 81% | 82%
6 | 2859 2569{23.773] 14.14 | 14.69 | 2.848 | 90% | 89% | 88% | 80% | 81%
7 12839 (25503|23.632| 14.04 | 14.66 | 3.058 | 89% | 88% | 87% | 78% | 79%
8 ]28.16]25289{23.471] 1393 | 1462 | 3269 | 88% | 87% | 86% | 77% | 78%
9 | 2791 {25.051)23289] 13.81 | 14.57 | 3.475 | 88% | 86% | 85% | 75% | 76%
10 | 2763 {24.78823.088 13.69 | 14.5 | 3.673 | 87% | 85% | 84% | 73% | 75%
11 |2732]24503| 22868 1356 | 1442 | 386 | 86% | 84% | 83% | 72% | 73%
12 |2699]24196) 2263 | 1342 | 1432 [ 4033 | 85% | 83% | 82% | 0% | 72%




15197 N.6.1 (D)

251

[ 2664 2387 | 22375 | 1328 | 1421 | 4.092| 84% | 82% 1 71%
14 |{2627{23526{22.104 13.12 | 1409 | 4335 | 83% | 82% | 80% | 67% | 69%
15 | 2588|23.165|21819| 12.96 | 1395 | 4463 | 83% | 81% | 80% | 66% | 68%
16 | 2548] 2279 | 21519 12.79| 138 | 4574 | 82% | 80% | 9% | 64% | 67%
17 {2506 {22402{21.207{ 12.62 | 13.63 | 4669 81% | 79% | 78% | 63% | 66%
18 | 2464 |22.002{20884 | 1244 | 13.46 | 4748 | 81% | 78% | 7% | 62% | 65%
19 242 21.594| 20.551] 1225 1327] 4813| 80% | 78% | 77% | 61% | 64%
20 | 2375] 21.178] 20209 12.06] 13.08 4.862| 80% | 77% | 76% | 60% | 63%
21 | 2329{20756| 19.86] 1187 1287 4899 79% | 76% | 75% | 59% | 62%
22 | 2283 2033| 19505 11.67] 12.66] 4922 78% | 76% | 75% | 58% | 61%
23 | 2237] 19.901] 19.146 11.47| 12.45 4.934) 8% | 75% | 74% | 57% | 60%
24 | 2191 1947| 18.782| 1126 12.23| 4934 7% | 75% | 74% | 56% | 60%
25 | 2144 1904 18417 1105| 12| 4925 77% | 74% | 3% { 55% | 59%
26 | 2098 18.61] 1805 1084 11.77] 4907 77% | 7a% | 13% | 55% | 58%
27 | 2051] 18.183) 17.682 10.63| 11.54] 4.881| 76% | 73% | 72% | 54% | 58%
28 | 2005| 17.759| 17316 1042 11.31| 4.848] 76% | 73% | 72% | 53% | 57%
29 196] 1734 1695 1021] 1107 4808] 75% | 72% | 72% | 53% | 57%
30 | 19.15] 16925| 16587) 10| 1084 4762 75% | T2% | 71% | 52% | 56%
31 18.7] 16.516| 16227| 9.796| 10.61| 4712 75% | 71% | 71% | 52% | 56%
32 | 18.26] 16.113] 15871| 9.589| 1038| 4658 74% | 71% | 71% | 51% | 55%
33 | 1783 15.717) 15519] 9384 1015 46| 74% | 71% | 70% | 51% | 55%
3¢ | 17.41] 15329 15.171) 9.181] 9.921| 4.539] 74% | 70% | 70% | 51% | 54%
35 | 16.99] 14948| 14:829) 8.981] 9.698 4.476| 74% | 70% | 70% | 50% | 54%
way R 82% | 80% | 79% | 6% | 66%
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42995
-35 | 8.205| 7.336 | 7.305 | 5.100 | 5.118 | 3.516 | 7.414 | 7.135 | 6.019
-34 | 8.400 | 7.510 | 7.471 | 5209 | 5.224 | 3.573 | 7.596 | 7.308 | 6.161
-33 | 8.598 | 7.688 | 7.640 | 5320 | 5.332 | 3.631 | 7.782 | 7.484 | 6.306
32 | 8.800 | 7.870 | 7.811 | 5.433 | 5.441 | 3.689 | 7.972 | 7.665 | 6.454
31 | 9.006 | 8.055 | 7.986 | 5.547 | 5.553 | 3.747 | 8.166 | 7.849 | 6.605
30 | 9215 | 8244 | 8.164 | 5.664 | 5.665 | 3.806 | 8.364 | 8.036 | 6.759
29 | 9.428 | 8.436 | 8.344 | 5.782 | 5.780 | 3.865 | 8.565 | 8.226 | 6.915
28 | 9.644 | 8.630 | 8.526 { 5.902 | 5.895 | 3.925 | 8.769 { 8.420 | 7.074
27 | 9862 | 8828 | 8.710 | 6.023 | 6.012 | 3.984 | 8.977{ 8.617 | 7.234
26 | 10083 9.028 | 8.897 | 6.146 | 6.130 | 4.045 | 9.187 | 8.815 | 7.397
25 |10307] 9231 | 9.084 | 6270 | 6.248 | 4.105 | 9.400 | 9.016 | 7.562
24 [10532] 9.435 | 9.273 | 6.395 | 6.368 | 4.166 | 9.614 | 9.219 | 7.728
23 |10758] 9.641 | 9.462 | 6.520 | 6.488 | 4.227 | 9.830 | 9.423 | 7.895
22 |10.985] 9.847 | 9.652 | 6.647 | 6.608 | 4.289 | 10.047] 9.628 | 8.063
21 {11.211]10.054] 9.841 | 6.773 | 6.729 | 4.351 | 10.264] 9.833 | 8.232
-20 [ 11.43710260| 10029 6.900 | 6.849 | 4.413 | 10.481 | 10.038 | 8.400
-19 | 11.662{10.465]| 10.216] 7.026 | 6.970 | 4.476 | 10.696 | 10.242| 8.567
-18 | 11.884] 10.669| 10.401| 7.152 | 7.089 | 4.540 | 10.910| 10.444| 8.734
-17 {12.103{10.870| 10.584| 7.276 | 7.207 | 4.604 | 11.122 10.643 | 8.898
-16  {12.318{11.068{ 10.762| 7.399 | 7.324 | 4.668 | 11.329] 10.839 | 9.061
-15 | 12528 11.261] 10.937] 7.520 | 7.440 | 4.734 [ 11.532] 11.030] 9.220
-14 | 12.731] 11.450| 11.106] 7.638 | 7.553 | 4.799 | 11.729] 11.216] 9.375
13 | 12.928] 11.631| 11.270] 7.753 | 7.663 | 4.865 | 11.920] 11.395] 9.525
12 {13.116] 11.806 | 11.426] 7.865 | 7.771 | 4.932 { 12.102] 11.567] 9.670
-1t | 13294 11.972] 11.575) 7.972 | 7.875 | 4.999 | 12.276] 11.731] 9.809
-10 | 13.462]12.129{ 11.716| 8.075 | 7.975 | 5.066 | 12.439] 11.884| 9.941
9 {13.618{12.275{ 11.847] 8.172 | 8.070 | 5.133 | 12.592| 12.027{ 10.065




MINN H.6.2 (7D)

ey

8 | 13.761] 12.409] 11.967] 8.263 | 8.161 | 5.199 | 12.732] 12.159 | 10.181
7 {13.890] 12,531 12.077| 8.348 | 8.245 | 5.265 { 12.858{ 12.277] 10.286
6 |14.004]12.639]12.175| 8.426 | 8.324 | 5.330 | 12.970] 12.382 | 10382
-5 |14.102]12.733] 12.260| 8.496 | 8.396 | 5.394 | 13.067] 12.472| 10.467
-4 14.183 | 12.812] 12.332{ 8.557 | 8.461 | 5.456 { 13.147] 12.547] 10.540
-3 |14248]12.874] 12.390{ 8.611 | 8.518 | 5.515 | 13.211] 12.606| 10.601
2 |14294)12.921]12.434 8.655 | 8.567 | 5.572 [ 13.258 | 12.649] 10.649
-1 [ 14.322{12.950| 12.464] 8.690 | 8.607 | 5.626 | 13.286] 12.674] 10.684
0 |14331]12.963|12.478] 8.715 | 8.639 | 5.676 | 13297 12.683 10.706
1 {14322 12.958] 12,478 8.731 | 8.661 | 5.722 | 13290 12.674] 10714
2 |14294]12.936] 12.462| 8.736 | 8.674 | 5.763 | 13.264] 12.649 | 10.709
3 |14247]12.897] 12.432| 8.732 | 8.677 | 5.799 | 13.221] 12.606] 10.690
4 |14.183{12.842|12.387] 8.717 | 8.670 | 5.829 | 13.160] 12.547| 10.658
5 [14.102{12.770] 12.328] 8.693 | 8.654 | 5.854 | 13.083] 12.472] 10612
6 |14.004]12.684]12.254] 8.659 | 8.628 | 5.872 | 12.989 12.382] 10.554
7 |13.890] 12.582] 12.168] 8.616 | 8.593 | 5.884 | 12.880] 12.277] 10.483
8 [ 13.761]12.467] 12.069| 8.564 | 8.548 | 5.890 | 12.756 | 12.158 | 10.401
9 |13.618]12.338] 11.957] 8.503 | 8.494 | 5.889 | 12.619] 12.027] 10307
10 |13.462|12.198]11.835| 8.434 | 8.432 | 5.881 | 12.470] 11.884] 10204
11 {13294 12.047{ 11.702| 8.357 | 8.362 | 5.867 | 12.309] 11.730] 10.090
12 |13.116] 11.886{ 11.560| 8.273 | 8.284 | 5.846 | 12.138] 11.567| 9.967
13 |12.928{11.716] 11.409 8.183 | 8.199 | 5.820 | 11957 11.395] 9.837
14 |12.731]11.538] 11.251| 8.086 | 8.107 | 5.787 | 11769 11.216] 9.699
15 12.5284 11.3541 11.085| 7.984 | 8.010 | 5.749 {11.574{ 11.030] 9.555
16 [12.318]11.164] 10914] 7.877 | 7.907 | 5.706 | 11373] 10.838] 9.405
17 |12.103]10.969| 10.738| 7.766 | 7.800 | 5.658 | 11.167| 10.643] 9.250
18 | 11.884]10.770] 10.557] 7.651 | 7.688 | 5.605 | 10.958 | 10.443] 9.092

253



MM H.6.2 (AB)

19 | 11.662{10.569] 10373 7.533 | 7.573 | 5.548 | 10.746 | 10.242| 8.930
20 | 11.437{10365|10.186| 7.412 | 7.454 | 5.487 {10.531{ 10.038| 8.766
21 [11211f10.161] 9997 | 7.289 | 7.333 | 5.423 { 10.316] 9.833 | 8.599
22 | 10.984] 9.955 | 9.807 | 7.164 | 7.210 | 5.356 | 10.100] 9.628 | 8.432
23 |10.758] 9.749 | 9.616 | 7.038 | 7.085 | 5.286 | 9.884 | 9.423 | 8.264
24 [10.532{ 9.544 | 9.425 | 6911 | 6.960 | 5213 | 9.669 | 9.219 | 8.095
25 [10307] 9.341 | 9235 | 6.784 | 6.833 | 5.139 | 9.455 | 9.016 | 7.927
26 [10.083] 9.138 | 9.045 | 6.656 | 6.706 | 5.063 | 9.243 | 8.815 | 7.760
27 | 9.862 | 8.938 | 8.856 | 6.529 | 6.579 | 4.986 | 9.034 | 8.616 | 7.593
28 | 9.643 | 8739 | 8.669 | 6.402 | 6.452 | 4.908 | 8.827 | 8.420 | 7.428
29 | 9427 8544 | 8.483 | 6.276 | 6.326 | 4.828 | 8.623 | 8.226 | 7.265
30 [ 9.215{ 8351 | 8.300 | 6.150 | 6.201 | 4.749 | 8.422 | 8.036 | 7.104
31 | 9.005 | 8.162 | 8.120 | 6.026 | 6.076 | 4.668 | 8.224 | 7.848 | 6.945
32 | 85800 | 7.975 | 7.942 | 5.903 | 5.953 | 4.588 | 8.030 | 7.664 | 6.789
33 | 8.597) 7.792 | 7.766 | 5.782 | 5.831 | 4.508 | 7.840 | 7.484 | 6.635
34 {8399 7.613 | 7.594 | 5.662 | 5.711 | 4.427 | 7.654 | 7.307 | 6.484
35 | 8205 | 7.437 { 7.425 { 5.545 | 5.592 | 4.348 | 7.471 | 7.134 | 6335

254



M54 W.6.2 (AD)

35 | 3.689 ] 5.297 | 3.082 | 7.367 | 5.984 | 7.091 | 5.280 | 3.630 | 3.039
34 {3770 | 5.412 { 3.137{ 7.542 | 6.129 | 7.255 | 5.396 | 3.701 | 3.083 |
33 | 385215530 3.193 | 7.721 | 6.278 | 7.421 | 5.515 | 3.773 | 3.128
32 3937 5.649 | 3.250 | 7.904 | 6.429 | 7.591 | 5.635 | 3.847 | 3.173
31 | 4.023{5.770 | 3.307 | 8.091 | 6.585 | 7.764 | 5.757 | 3.921 | 3.217
-30 | 4111 | 5.892 | 3.365 | 8.280 | 6.743 | 7.939 { 5.881 | 3.997 | 3.261
29 | 4201 | 6.017 | 3.423 | 8.473 | 6.905 | 8.117 | 6.007 | 4.074 | 3.305
28 | 4293 | 6.142 | 3.482 | 8.669 | 7.070 | 8.297 | 6.135 | 4152 | 3.349
27 | 4386 6.269 | 3.542 | 8.868 | 7.237 | 8.479 | 6.263 | 4.231 | 3392
226 | 4481 6.397 | 3.602 | 9.069 | 7.408 | 8.663 | 6.393 { 4312 | 3.436
25 | 4577 6.526 | 3.663 | 9.272 | 7.580 | 8.848 | 6.524 | 4393 | 3.479
24 | 4676 | 6.656 | 3.7124 | 9.477 | 7.755 | 9.034 | 6.656 | 4.476 | 3.522
23 | 4775 | 6.786 { 3.786 | 9.684 | 7.932 | 9.221 | 6.788 | 4.560 | 3.565
22 | 4876 | 6.916 | 3.849 | 9.891 | 8.109 | 9.408 | 6.921 | 4.644 | 3.607
21 | 4977 | 7.045 | 3.912 | 10.098 | 8.288 | 9.595 | 7.053 | 4.730 | 3.650
20 | 5.080 | 7.175 | 3.976 | 10.304| 8.468 | 9.780 | 7.184 | 4.816 | 3.693
19 | 5.183 | 7.303 | 4.040 | 10510 8.647 | 9.964 | 7315 | 4.903 | 3.735
18 | 5287 | 7.430 | 4.105 | 10.714] 8.825 | 10.146] 7.424 | 4.990 | 3.778
-17 | 5.391 | 7.556 | 4.170 { 10.915] 9.002 | 10.325] 7.571 | 5.078 | 3.821
-16 54951 7.679 | 4235 | 11.113{ 9.176 | 10.500{ 7.695 | 5.165 | 3.865
-15 | 5.598 | 7.800 | 4301 | 11.306] 9.348 | 10.670] 7.817 | 5.253 | 3.908
14 | 5700 | 7.918 | 4367 | 11.493] 9.516 | 10.835] 7.935 | 5.341 | 3.953
13 | 5.801 | 8.032 | 4.433 | 11.675] 9.679 | 10.994] 8.048 | 5.428 | 3.998
12 | 5899 | 8.142 { 4.499 { 11.849] 9.836 | 11.146[ 8.157 | 5.514 | 4.044
11 | 5996 | 8247 | 4.564 | 12.014] 9.986 | 11.290] 8261 | 5.598 | 4.090
-10 | 6089 | 8347 | 4629 | 12.170] 10.129] 11.425 | 8358 | 5.682 | 4.138
9 | 6180 | 8.441 | 4.694 | 12.315] 10263 ] 11.550] 8.449 | 5.763 | 4.186

255



M3197 K62 (AD)

-8 | 6.266 | 8.529 | 4.757 | 12.448| 10.387 | 11.665] 8.533 | 5.842 | 4.235
-7 | 6348 { 8.610 | 4.819 { 12.569| 10.501| 11.768 | 8.609 | 5.918 | 4.284
6 | 6424 8.684 | 4.879 | 12.676| 10.603 | 11.859| 8.677 | 5.991 | 4.334
-5 | 6.495 | 8.750 | 4.938 | 12.768 | 10.693 | 11.937| 8.736 | 6.059 | 4.384
-4 | 6.560 { 8.807 { 4.994 | 12.845(10.770| 12.002| 8.786 | 6.124 | 4.433
-3 ] 6619 | 8.855 | 5.047 | 12.907| 10.833 | 12.053 | 8.826 | 6.183 | 4.482
2 | 6.670 | 8.894 | 5.096 | 12.952] 10.881 | 12.090| 8.857 | 6.238 | 4.531
-1 | 6.714 | 8924 | 5.142 | 12.980] 10.915| 12.112| 8.877 | 6.286 | 4.577
0 | 6.750 | 8.943 | 5.184 | 12.99110.934 12.120{ 8.888 | 6.328 | 4.622
1 | 6778 | 8.953 | 5222 | 12.985| 10938 12.112| 8.888 | 6.364 | 4.665
2 | 6797 | 8.952 | 5.254 | 12.962{10.927| 12.090| 8.878 | 6.393 | 4.705
3 | 6808|8941 | 5.282 |12.922{10.900| 12.053| 8.858 | 6.414 | 4.742
4 | 681189205303 |12.865({10.859|12.002{ 8.828 | 6.428 | 4.775
5 | 6.805 ] 8.889 | 5319 | 12.793/10.804 11.937| 8.789 | 6.434 | 4.804
6 | 6790 | 8.847 | 5329 | 12.705]10.735| 11.859 | 8.740 | 6.433 | 4.828
7 | 6768 | 8.796 | 5333 | 12.602| 10.653| 11.768| 8.682 | 6.424 | 4.848
8 | 6737 8.736 | 5331 | 12.486| 10.558 | 11.665| 8.616 | 6.408 | 4.863
9 | 6698 8.667 | 5323 | 12.356] 10.452| 11.550| 8.541 | 6.384 | 4.872
10 | 6.652 | 8.589 | 5.308 | 12.215) 10.335| 11.425| 8.459 | 6.352 | 4.876
11 [ 6599 | 8.503 | 5.288 | 12.063|10.208 | 11.290 8.370 | 6.314 | 4.875
12 | 6540 | 8.411 | 5262 | 11.901]10.073 | 11.146| 8.274 | 6.270 | 4.869
13 16474 8311 | 5230 |11.730| 9.929 | 10.994| 8.173 | 6.219 | 4.857
14 | 6.402 | 8205 | 5.194 | 11.551| 9.779 | 10.835| 8.066 | 6.162 | 4.840
15 | 6326 | 8.004 | 5.152 {11366 9.623 [10670| 7.954 | 6.100 | 4.818
16 | 6245 | 7.978 | 5.106 | 11175 9.462 | 10.500| 7.838 | 6.034 | 4.792
17 1 6.160 | 7.858 | 5.055 | 10.979] 9.296 | 10.325| 7.719 | 5.962 | 4.761
18 | 6.071 | 7.734 | 5.001 | 10.780{ 9.127 | 10.146| 7.597 | 5.887 | 4.725

256



M5 6.2 (AD)

19 5979 | 7.606 | 4.943 | 10577 8.955 | 9.964 | 7.472 | 5.809 | 4.686
20 | 5884|7477 4882 {10373 ] 8.782 | 9.780 | 7.344 | 5.727 | 4683
21 | 57871 7345 | 4819 | 10.167] 8.607 | 9.505 | 7.216 | 5.643 | 4.507
22 | 5689|7212 4753 | 9.960 | 8.432 | 9.408 | 7.086 | 5.556 | 4.548
23 | 5580 7.078 | 4.684 | 9.754 | 8.257 | 9.221 | 6.955 | 5.468 | 4.496
24 {5488 | 6943 | 4.614 | 9.548 | 8.082 | 9.034 | 6.824 | 5.378 | 4.441
25 | 5387 | 6.308 | 4543 | 9.343 | 7.908 | 8.848 | 6.604 | 5.287 | 4385
26 | 5.285 | 6.673 | 4.470 | 9.140 | 7.735 | 8.662 | 6.563 | 5.195 | 4.327
27 | 5183 | 6.539 | 4397 | 8.938 | 7.565 | 8.479 | 6.433 | 5.103 | 4.267
28 | 5.081 | 6.405 | 4322 | 8.739 | 7.396 | 8.296 | 6.304 | 5.010 | 4.205
29 | 4980 | 6273 | 4248 | 8.543 | 7.220 | 8.116 | 6.175 | 4918 | 4.143
30 | 4879 | 6.142 | 4.173 | 8349 | 7.065 | 7.939 | 6.048 | 4.825 | 4.079
31 {4780 6.012 | 4.097 | 8.159 | 6.903 | 7.763 | 5.923 | 4.733 | 4.015
32 4.681 5.7383 4023 7.9-7-2 6.745_ 7591 5.799 | 4.642 | 3.951
33 | 4583 5757 | 3.948 | 7.788 | 6.589 | 7.421 | 5.677 | 4.551 | 3.886
34 | 4487|5633 | 3.874 | 7.608 | 6.437 | 7.255 | 5.557 | 4.462 | 3.821
35 | 4392 5510 | 3.800 | 7.431 | 6.287 | 7.091 | 5.438 | 4.373 | 3.756

257



M1 W62 (AD)

35 | 5424 3.961 | 5.497 | 4.154 | 1.614 | 1.840 | 5.384 | 5.465 | 3.904
-34 | 5568 | 4.075 | 5.634 | 4.253 | 1.656 | 1.865 | 5.528 | 5.606 | 4.008
33 | 5715 | 4193 | 5.775 | 4354 | 1.700 | 1889 | 5.676 | 5.751 | 4115
32 | 5.866] 4315 | 5920 | 4.457 | 1.745 | 1.913 | 5.829 | 5.899 | 4.225
-31 | 6.021 { 4.440 | 6.066 | 4.561 | 1.792 | 1.936 | 5.985 | 6.050 | 4.338
30 | 6179 | 4.569 | 6216 | 4.667 | 1.840 | 1.958 { 6.144 | 6.205 | 4.454
29 | 6340|4701 | 6369 | 4775 | 1.891 | 1.980 | 6.307 | 6.364 | 4.573
28 | 6.505 | 4.837 | 6.523 | 4.885 | 1.943 | 2.001 | 6.474 | 6.525 | 4.694
27 | 6673 | 4976 | 6.680 | 4.996 | 1.998 | 2.022 | 6.644 | 6.689 | 4.819
26 | 6843 | 5.118 | 6.839 | 5.107 | 2.054 | 2.041 | 6.817 | 6.856 | 4.945
225 | 7.017] 5.263 | 7.000 | 5.220 | 2.112 | 2.060 ] 6.993 | 7.005 | 5.074
24 17192 ) 5411 | 7.162 | 5334 | 2.172 | 2.078 | 7.172 | 7.196 | 5.205
23 | 7.369 | 5.561 | 7.325 | 5.447 | 2.234 | 2.005 | 7.352 | 7.369 | 5.338
22 | 7548 | 5.714 | 7.489 | 5.561 | 2.298 | 2.111 | 7.534 | 7.543 | 5.4m2
21 | 7.728 | 5.868 | 7.652 | 5.675 | 2.364 | 2.127 ]| 7.718 | 7.718 | 5.608
20 | 7.908 | 6.024 | 7.815 | 5.788 | 2.432 | 2.141 | 7.902 | 7.893 | 5.745
-19 | 8.088 | 6.180 | 7.977 | 5.900 | 2.501 | 2.155 | 8.086 | 8.068 | 5.882
18 | 82676337 8.138 | 6.010 | 2.571 | 2.169 | 8.269 | 8.242 | 6.019
-17 | 8.445 | 6.494 | 8.296 | 6.119 | 2.643 | 2.181 | 8.451 | 8.414 | 6.155
-16 | 8.620 | 6.649 | 8.451 | 6225 | 2.717 | 2.194 | 8.631 { 8.584 | 6.291
15 {8793 | 6.802 | 8.602 | 6.328 | 2.791 | 2.206 | 8.808 | 8.750 | 6.425
14 | 8.961 | 6953 | 8.749 | 6.427 | 2.865 | 2.218 | 8.980 | 8.912 | 6.556
13 | 9124 7.101 | 8.890 | 6.523 | 2.941 | 2.231 | 9.148 | 9.069 | 6.685 |
12 | 9.281 | 7.244 { 9.026 | 6.614 { 3.016 | 2.244 | 9309 | 9.220 | 6.810
11 19431 7.381 | 9.154 | 6.699 | 3.091 | 2.258 | 9.464 | 9.364 | 6.930
10 | 9573 ) 7.512 | 9274 | 6.779 | 3.165 | 2.272 | 9.610 | 9.499 | 7.046
-9 | 9.706 | 7.637 | 9.386 | 6.853 | 3.238 | 2.288 | 9.747 { 9.626 | 7.155

258



M99 W.6.2 (AD)

-8 | 9829 7.752 | 9.488 | 6.920 | 3.310 | 2.305 | 9.874 | 9.743 | 7.258
7 {9941 7859 | 9.580 | 6.979 | 3.379 | 2.324 | 9.990 | 9.849 | 7.353
-6 |10.041] 7.956 | 9.661 | 7.031 | 3.446 | 2.344 | 10.093] 9.942 | 7.440
-5 |10.128] 8.042 | 9.731 | 7.075 | 3.511 | 2.366 | 10.184] 10.024] 7.519
-4 {10202] 8.116 | 9.789 | 7.111 | 3.571 | 2.390 | 10260 10.092] 7.588
-3 110263] 8.179 | 9.834 | 7.138 | 3.628 | 2.415 { 10.323] 10.145{ 7.647
2 110308] 8.228 | 9.866 | 7.156 | 3.681 | 2.442 | 10.370] 10.185| 7.696
-1 10338 8.265 | 9.886 | 7.165 | 3.729 | 2.470 | 10.401] 10.210] 7.734
0 |10354] 8.288 | 9.892 | 7.165 | 3.772 | 2.498 { 10.417] 10219} 7.760
1 |10354] 8297 { 9.884 | 7.157 | 3.810 | 2.528 { 10.417] 10214 7.776
2 |10338] 8293 | 9.864 | 7.139 | 3.842 | 2.557 | 10.402{ 10.193] 7.780
3 110308 8.275 | 9.830 | 7.113 | 3.867 | 2.586 | 10.370) 10.157| 7.772
4 |10262] 8244 | 9.784 | 7.079 | 3.887 | 2.614 | 10324 10.107] 7.754
5 |10203] 8201 | 9.725 | 7.036 | 3.901 | 2.641 | 10263] 10.043] 7.724
6 |10.129] 8.145 | 9.655 | 6.985 | 3.908 | 2.667 | 10.187] 9.966 | 7.683
7 10042 8.077 | 9.573 | 6.927 | 3.909 | 2.690 | 10.098| 9.876 | 7.632
8 | 9944|7998 9.481 | 6.862 | 3.904 { 2.710 | 9.997 { 9.773 | 7.571
9 9833 7.909 | 9379 ] 6.791 | 3.803 | 2.728 | 9.883 | 9.660 | 7.501
10 | 9.712 | 7.811 | 9267 ] 6.713 | 3.876 | 2.743 | 9.759 | 9.537 | 7.422
11 | 9582 7.704 | 9.147 | 6.631 | 3.853 | 2.755 | 9.625 | 9.404 | 7335
12 | 94421 7.590 | 9.020 | 6.543 | 3.825 | 2.763 | 9.482 | 9.263 | 7.241
13 | 9205 | 7.463 | 8.886 | 6.450 | 3.793 | 2.768 | 9332 | 9.115 | 7.140
14 | 9142 | 7.341 | 8.746 | 6.354 | 3.756 | 2.770 | 9.174 | 8.960 | 7.033
15 | 8983 | 7.209 | 8.600{ 6.254 | 3.715 | 2.768 | 9.011 | 8.801 | 6.921
16 | 8819 | 7.072 | 8.451 | 6.151 | 3.670 | 2.762 | 8.843 | 8.636 | 6.804
17 | 8651|6933 | 8.298 | 6.045 | 3.621 | 2.754 | 8.672 | 8.469 | 6.684
18 | 8.480 | 6.790 | 8.141 | 5.938 | 3.570 | 2.742 | 8.497 | 8.208 | 6.560
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M3 H.6.2 (7D)

19 {83061 6.646 | 7.983 { 5.829 | 3.516 | 2.728 { 8.320 | 8.126 | 6.434
20 | 8.132{ 6.500 { 7.823 | 5.719 | 3.460 | 2.710 | 8.142 { 7.953 | 6.306
21 | 79561 6354 | 7.662 | 5.608 | 3.403 | 2.690 | 7.963 | 7.779 | 6.177
22 | 7.780 | 6.208 | 7.501 | 5.497 | 3.343 | 2.667 | 7.784 | 7.605 | 6.047
23 {7.605{ 6.062 | 7340 | 5.385 | 3.283 | 2.643 | 7.605 | 7.432 | 5.916
24 {7430 5918 | 7.479 | 5.274 | 3.221 | 2616 | 7.427 | 7.259 | 5.786
25 {7257} 5774 ] 7.019 | 5.163 | 3.159 | 2.588 | 7.251 | 7.089 | 5.656
26 | 7.085 | 5.632 | 6.860 | 5.053 ] 3.097 | 2.557 | 7.077 | 6.920 | 5.527
27 |6916{ 5.492 | 6.704 | 4.944 | 3.035 | 2.526 | 6.905 { 6.754 | 5.399
28 | 6.749 | 5354 6.549 | 4.836 | 2.972 | 2.493 | 6736 | 6.590 | 5272
29 | 6584} 5218 6396 | 4729 | 2.910 | 2.450 | 6.569 | 6.428 | 5.147
30 | 6423 5085] 6.245 | 4.624 | 2.848 | 2.424 | 6.406 | 6.270 | 5.004
31 | 6.264] 4955 | 6.097 | 4520 { 2.786 | 2.389 | 6.245 | 6.115 | 4.903
32 | 6.109] 4827 | 59521 2.418 | 2.726 | 2.353 | 6.088 | 5.963 | 4.784
33 | 5.956 | 4703 | 5.809 | 4.318 | 2.666 | 2.316 | 5.935 | 5.814 | 4.667
34 | 5808 | 4.581 | 5670 | 4219 | 2.607 | 2.279 | 5.785 | 5.669 | 4.553
35 | 5662 4462 | 5533 | 4.123 | 2.548 | 2.242 | 5.638 | 5.527 | 4.441
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MINN W62 (ABD)

4.123

1.840

4.062

3.556

3.507 ;

0.630

-35 | 1.581
-34 {1626 | 4219 | 1.876 | 4.187 | 3.669 | 3.610 | 2.130 { 2.201 | 0.643 |
33 1167314318 | 1.913 | 4315 3.786 | 3.716 | 2.192 | 2.269 | 0.656 |
32 | 1.721 | 4418 | 1.951 | 4.448 | 3.906 | 3.825 | 2.255 | 2.338 | 0.669
-3t | 1772 { 4.520 | 1.990 | 4.584 | 4.030 | 3.937 | 2.321 | 2.410 | 0.681
-30 | 1.825 | 4.624 | 2.028 | 4.725 | 4.158 | 4.052 | 2.388 | 2.483 | 0.693
29 | 1.880 | 4729 | 2.068 | 4.869 | 4.280 | 4.171 | 2.457 | 2.559 | 0.705
28 | 1.938 | 4.836 | 2.108 | 5.017 | 4.424 | 4.291 | 2.527 | 2.636 | 0.716
27 | 1.997{ 4944 | 2.149{ 5.168 | 4.562 | 4.415 | 2.599 { 2.714 { 0.727
26 | 2059 | 5053 | 2.190 | 5323 | 4703 | asa1 | 2.672 | 2.794 | 0.737
25 | 2.023 ] 5.163 | 2231 | 5.481 | 4847 | 4669 | 2.747 | 2.876 | 0.746
24 | 2190 | 5.274 | 2.274 | 5.642 | 4.994 | 4.799 | 2.823 | 2.958 | 0.754 |
-23 | 2.258 | 5385 { 2.316 { 5.805 { 5.144 | 4.931 { 2.899 { 3.042 | 0.761
22 | 23295497 | 2359 | 5.970 | 5.295 | 5.065 | 2.977 { 3.126 | 0.767
-21 | 2.402 | 5.608 | 2.402 | 6.138 | 5.449 | 5.199 | 3.055 | 3.211 | 0.771
-20 | 2.476 | 5.719 | 2.445 | 6.306 | 5.603 | 5.334 | 3.133 | 3.296 | 0.774
19 | 2552|5829 | 2.488 | 6.475 | 5.758 | 5.470 | 3.212 | 3.382 | 0.775
18 | 2.630 | 5.938 | 2.532 ] 6.644 | 5913 | 5.605 | 3.290 | 3.467 | 0.775
-17 | 2.709 | 6.045 | 2.575 | 6.812 | 6.068 | 5.739 | 3367 | 3.551 | 0.772
-16 | 2.789 | 6.151 | 2.618 | 6979 | 6.221 | 5.872 { 3.444 | 3.634 | 0.768
s | 2869 | 6254 | 2.661 | 7.143 | 6.373 | 6.002 | 3.519 | 3.716 | 0.761
14 12950 | 6.354 ] 2.703 | 7.304 | 6.521 | 6.130 | 3.592 | 3.796 | 0.753
-13 | 3.030 | 6.450 | 2.745 | 7.461 | 6.666 | 6.255 | 3.663 | 3.874 | 0.742
-12 | 3.110] 6543 { 2786 { 7.613 | 6.806 | 6.375 | 3.732 | 3.950 | 0.730
11 13189 | 6.631 | 2.827 | 7.759 | 6.940 | 6.490 | 3.797 | 4.022 | 0.715
-10 | 3267 6.714 | 2.867 | 7.898 | 7.068 | 6.599 | 3.858 | 4.090 | 0.699
-9 {3342 6.791{ 2.905 | 8.028 | 7.188 | 6.702 | 3.916 | 4.155 | 0.682
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A15197 H.62 (FB)

-8 |3415] 6.862 | 2.943 | 8.150 | 7.300 | 6.798 | 3.969 | 4.215 | 0.664
-7 {3486 6.927{ 2979 | 8.261 { 7.402 | 6.886 | 4.018 | 4.270 | 0.646
-6 |3.55316.985 ] 3.013 | 8361 7.494 | 6.965 | 4.061 | 4.320 | 0.627
-5 | 3.616 ] 7.036 | 3.046 | 8.449 | 7.575 | 7.035 | 4.099 | 4.364 | 0.610
-4 | 3674|7079 3.077| 8525 | 7.644 | 7.095 | 4.131 | 4.403 | 0.595
-3 {3729 7.113 | 3.106 | 8.587 | 7.701 | 7.145 | 4.158 | 4.435 | 0.582
2 1377717139 3.132 | 8.636 | 7.745 | 7.184 | 4.178 | 4.460 | 0.572
-1 | 3821 ] 7.157 | 3.157 | 8.670 | 7.776 | 7.213 | 4.192 | 4.479 | 0.565
0 |3859{7165|3.178{ 8.690 | 7.793 | 7.230 { 4.199 | 4.491 | 0.563
1 {3891 7.165 { 3.197 | 8.695 | 7.796 | 7.236 | 4.200 | 4.496 | 0.565
2 | 3916 7.156 | 3.213 | 8.685 ] 7.786 | 7.230 | 4.195 | 4.494 | 0.572
3 13935} 7.138 | 3.225 | 8.661 | 7.763 | 7.213 | 4.183 | 4.484 | 0.582
4 {3948 7.111 { 3.234 | 8.623 | 7.726 | 7.186 | 4.166 | 4.468 | 0.595
5 | 3955{7.075 | 3240 | 8.571 | 7.676 | 7.148 | 4.142 | 4.445 | 0.610
6 | 3.955]7.031 | 3.242 | 8506 | 7.615 | 7.099 | 4.113 | 4.416 | 0.627
7 | 3.949 | 6.979 | 3.241 | 8.429 | 7.541 | 7.041 | 4.078 | 4.330 | 0.646
8 |3.937{6920 | 3.236 | 8339 | 7.457 | 6973 | 4.039 | 4.338 | 0.664
9 |3919] 6853|3227 8239 | 7.363 | 6.896 | 3.994 | 4.200 | 0.682
10 |3.895] 6779 | 3.214 | 8.129 | 7.260 | 6.812 | 3.945 | 4.237 | 0.699
11 | 3.866 | 6.699 | 3.198 | 8.010 | 7.149 | 6.720 | 3.892 | 4.179 | 0.715
12 {3833 6614 3.179 | 7.883 | 7.030 | 6.621 | 3.835 | 4.117 | 0.729
13 |3.794) 65231 3.157] 7.749 | 6.905 | 6.517 | 3.775 | 4.051 | 0.742
14 | 3.752| 6.427 | 3.131 | 7.608 | 6.774 | 6.407 | 3.712 | 3.981 | 0.753
15 {3706 | 6328 | 3.102 | 7.462 { 6.639 | 6.293 | 3.646 | 3.908 | 0.761
16 | 3.656 | 6225 | 3.071 | 7.312 | 6.500 | 6.175 | 3.579 | 3.832 | 0.768
17 13603 ] 6.119 | 3.037 | 7.159 | 6.358 | 6.054 | 3.509 | 3.754 | 0.772
18 | 3.548 | 6.010{ 3.001 | 7.003 | 6.214 | 5.930 | 3.430 | 3.675 | 0.774
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A1519N W.6.2 (AB)

19 | 3.491] 5.900 | 2.963 | 6.846 | 6.068 | 5.805 | 3.367 | 3.504 | 0.775
20 {3431 5788 | 2.923 | 6.687 | 5.922 | 5.678 | 3.294 { 3.513 | 0.774
21 | 3375675 | 2.882 | 6.527 | 5.775 | 5.550 | 3221 { 3.430 { 0.771
22 |3.308) 5561 | 2.839 | 6.368 | 5.629 | 5.422 | 3.148 | 3.348 | 0.767
23 | 3246 | 5.447 | 2.795 | 6210 | 5.483 | 5.204 | 3.074 | 3.265 | 0.761
24 {3182 5333 | 2750 | 6.053 | 5.339 | 5.167 | 3.001 | 3.183 | 0.754
25 | 3118|5220 2704 | 5897 | 5.197 | 5.041 | 2.929 | 3.102 | 0.746
26 | 3.054 ] 5.107 | 2.658 | 5.743 | 5.057 | 4.916 | 2.857 | 3.001 | 0.737
27 | 2990 { 4995 | 2.612{ 5.592 | 4.918 | 4792 | 2.786 | 2.941 | 0.727
28 | 2.926 | 4885 | 2.565 | 5.443 | 4.783 | 4.670 | 2.716 | 2.863 | 0.716
29 | 2:863| 4775 | 2.518 | 5.297 | 4.650 | 4.550 | 2.648 | 2.786 | 0.705
30 | 2.800 ] 4.667 | 2.471 | 5.154 | 4.520 | 4.433 | 2.580 | 2.710 | 0.693
31 | 2738 | 4561 | 2.424 | 5.014 | 4393 | 4317 2.513 { 2.635 | 0.681
32 | 2677 4.456 | 2378 | 4.877 | 4269 | 4204 | 2.448 | 2.563 | 0.669
33 | 2616 | 4354 | 2331 | 4.743 | 4.148 | 4.003 | 2385 | 2.492 | 0.656
34 | 2.557| 4253 | 2.285 | 4.613 | 4.031 ] 3.985 | 2323 | 2.422 | 0.643
35 | 2.498{ 4.154 { 2.240 | 4.486 | 3.916 | 3.880 | 2.262 | 2.355 | 0.630
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s1 A B 34 |0.114+0.101i| 2.672 + 2.356i 0 2672 +2.356i
s2 B c 34 |0.114+0.101i| 2672 + 2.356i [2.672 + 2.356i] 2672 + 2.3561
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Calculations of Induced Voltage on Gas Pipelines due to High-voltage Transmission line
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Abstract

This paper presents the calculation model of induced
voltage on underground natural gas pipeline due to magnetic fields
from high voltage transmission lines which place in parallel with
natural gas pipelines in the right-of-way width (R.O.W width). A
mathematics model in based on transmission line theory. The
program using MATLAB version 5.3 is implemented for
analyzing various parameters effecting induced voltage on steel
pipeline with coating insulation . The calculated voltage results are
compared with the resistance measurement ones which are very

close.

Keywords:  Interference due to transmission line, natural gas
pipelines, induce voltage on pipeline
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Analysis of Longitudinal Electric Field due to High Voltage Transmissions Lines

Affecting on Induced Voltage on Buried Natural Gas Pipeline.
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(Longitudinal Electric Field: LEF) nifdouinlasmunszuaves
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500 kV nunlassadwmaaluszuy 500 kv filimsianed

o . - A a e A
ilunaueu adrei LEF inaigaidenSoufouiussuudu

Abstract

An induced voltage at the buried natural gas pipeline can
occur due to the effect of magnetic fields from high voltage
transmission lines within the Right - of - Way (ROW). The Induced
voltage is functions of the longitudinal electric field(LEF) which
depends on  the transmission line current. The paper presents the
analysis of the
showed in a form of LEF per phase current. It is found that

LEF by configuration of tower . Results are

transmission line systems consist of more than single circuits can
reduce LEF by suitable of phase arrangement. Also consideration
of LEF applied to realistic application of tower in Thailand such as
69kv, 115kV, 230kV and S00kV system arc performed. The
analysis shows that the horizontal 500KV towers generates the
highest LEF compared with other configurations.

Keywords: Longitudinal Electric fields, Induce Vollage,

High Voltage, Transmission Line
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