BIRLER ]OHNSON.PE Enginvering Conullan! . s A

lSOIlAlCLAYl’LDf.i e SCHENECTADY.NY 12308

ﬂS:roS“f
April 18, 1580

Mr. Sexz DurelsveTy, Reactor Eng.
U.S. Kucleer Feruetory Com=.
Advisory Com=. O Reactor safeguards
Weshingten, D.C. 20555

Dear Mr. Dureiswexy:
RE: Proposed Regusatory Guide: -

"1ightaing Protection for
Nuclear Fower Plents”

1z supplement o W 1etter of April 1C, 1980, I have the following:

1. Some spelling hes been corrected o2 pege 31. The hend pripted peges
sterting with pege 33 heve beel typed.

Accordingly, pieese gsubstitute the attached typed peges 31-38 (penuzbere?)
for peges 31-L0 o=y report which ves enclosel with Jetter of April 10, .380C.

2. Un the subject of ground wires end shielding angle yhich is discussed

ir Sect. 3 oz pege £ of the proposed Feguletory Guide, I heve enclosed Att. No. 5
vhich eppeared in CIGRE Peper Fo. 33-01 of the 1065 Sessicn in Peris This
meteriel enlerges upen the reguired shielding angle &s & function of the mean
height of the ground wire and of the ¢ransrission line opereting voltage. See
Sest. 5 on Pege 11 of Att. No. 5, Shielding angle requirexzents 2 vell e&s

tover footing resistance and the application of counterpoise wvires wvere covered
pore recently in Chapter 5 of Ref. L.

Sipcerely YoOurs,

irfer Johnson

1BJ/14
Attechments:
8009100079 . THIS DOCUMENT CONTAINS
POOR QUALITY PAGES
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It is recogiized that o number of investigationt heve calculated and/or

measured estimates of mexirmum peak currents somewhat greater than the abcve.

Some of these are the following:

1.

Ref. 28 Kennedy Space Center depending upon assumptions aend
calculations the maximur crest currents in the three peaks are
given as followe:
Peek No. 1

a. 210 kA

b. 150 ki - 6L0O kA

¢. 150 kA or more
Peak Nc. 2

a. 200 - 870 kA
Peek No. 3

a. 66 - 280 k!
Ref. 15 Mount San Salvatore Lugano, Switzerland. Rare e
occurrence of & "Type IV Block Buster" current of 180 ki+
with e time to crest of 30 us.
Ref. 29 lightning current measurements on industrial chimneys
in Poland recorded four results above 150 kA, namely: 158, 181.7,
240, and 246 kA.
Ref. 30. Lightning current measuremerts in Czechoslovakie on high
objects ranging from L0 to 1L0 meters yielded a maximum velue
186 kA out of & totel of lLL records.
In Ref. 12 & maximum current of 160 kA+ wes indicated on a steck
of Anaconda Copper Mining Co. in Montane.
In Ref. 31 a maximum crest current of 300 kA+ is showm out of &

total of 25,296 first return strokes. The 50, 90, 98 and 99 cent

peints shov magnitudes of about 38, 80, 155, and 190 kA respectively.




Relati{ve to all the vario

{s the following excerpt from

us measurements and results obtained thereby

Ref. 32:

j 4.2, Distribution of lightning enrrent magniluats

Ax has

eonsidering the effer’s of

lightning
the most

megsurem
crilicism
gent 23]

cantly by

already been diseussed in Section 2, in
any of the lightning vver-
poitagr taducing mechanisms nod altempling o pre
aicl the probability of line insnlation flashover, one
‘ requires u camnledge o tae prnlmlnluy of orcur-

pence of lenyhtning currents of vurn magniludes.

To this end the resnlls of parions

been incorp wrated into pnumber of distributions of
carrent muagniludes, uf whirh probuabl;
representative 13 that derived by Pupu-
lunsky “8), ince it embodies the resulls of numerous
en's [rom a varicly of sites. A common
of all ol these meusurements is thut ther
are obtoineil from un-representati
as tall structures und mountain-t¢ p masts, and Sar-
amongst others, has demonsirated tha
such distributionis may well be influenced signift
tte structure heiyht concerned, although @
more recen’ study by Popolunsky does not suppor!

this servclion 26].

The additional possibility
tha! curren’ magnitude dis
characlrerist cs generally, may aiso vary through re:
gions of difiering thunderstorm severities. This las’
point may least become clarified by compering th:
established field studies such as Berger's
's of several field studies currently in
as lhese become available, in Italy, France
and South :.[rica.

results of

with the re:i

progress.

Liew ond Darveniza [15)

| tions in the choice of distribution can bring abon’
changes in the resulls of performance pr-diction
studics in cxcess of 200 p. cent. It i3 clear ' Loreinre
that until the situation is

| sumptions made about this paramecter in perfor-
mar.ce calcalalion can significantly influcnce the

.

resulls obla.ned.

ficud stndies have

ve situnations such

has ulso been raised (27
tributions and lightning

have shown that varia-

better resolved, tiie as-




In summery, the severity of the maximum peak currents in lightning strokes

20,33

eppears to be = function of letitude and altitude terminating structural

3 and other factors.

eonfiguration and height, geclogicel and atmospheric conditions,
On & more encompassing world wide basis, the foregoing "tolerances" might be increased
to ¢ 25 pe- cent for the measurements on the maximum peak stroke currents to trans-
mission structures, accounting for measurement accuracy, varietions in trausmission
systex configuration and veriations in systex environmentel expcsure. Depending upen
ones definition thereof, the maximur stroke currents can be considered a reletively
infrequent occurrence to transmission lines as a wvhole and more so to the vicinity of
generating stations.

To mitigete, nevertheless, concerns for e maximur stroke current terminetion on
phase conductors or equipment at the generating stetion and its vicinity, the security
and protection of the staticn end vicinity ageinst direct strokes can be enhanced by
one or the cther or both of the folloewing schemes:

1. Instell diverier rods with low footing resistances parallel to the line for
& to 1 mile in eddition to ground wires and tower mests with low tower footing resis-
tances. See Fig. 3 and Att. No. 3 (Ref. 20).

2. Instell e short length of ceble - & half mile or so - to intarconnect the

35 See Att. No. L (Ref. 35).

overhead line and the station.
The applicetion of surge arresters in stations postulates that ligbtning induced

surges enter the station as traveling waves over lines or cables., In this manner,

the surge impedances of the line and/or cable enter as basic factors in the protecticn

realized during arrester operation. A voltage reguletion effect is obteined in addition

to the establishment of predicteble arrester discharge currents. In turn, this enables

predictable arrester discharge voltages to be determined so that the required BIL

(Basic Impulse Insulation Iaevel__) withstend voltages of the insuletion structures can

be specified. The specified BIL includes & suitable margin on the arrester protective

level. This margin, for example, for transformers is at least 20-25 per cent and

lI-lllI1-Il-II'llIl!!ll!l----u----I-'-U---!?'-q-~n-q!ElII-Ir-rmﬂ----.--—-'r'”



recrgnizes the follewing: ™~
1. Possitle discharge currents in excess of the design value.

2. Seperation effects betweern arrester and protected equipment.
3. Deviations in arrester performance. (already inzluded in the arrester
discharge voltages)
%. Bingle and multistot strength of some equipments.
Accordingly, the standaerds and procedures documented in ANSI C62.1 and ANEI
C62.2 for the design, test and applicetion of surge arresters should still be

appliceble be:ein¥’5'37

This can be augmented and substantisted by some of the field
{investigations discussed hereefter on arrester discherge currents due to lightning in-
duced surges. In eddition, if necessary, modern station erresters based on e zinc
oxide materiel cen be reedily peralleled without series gaps in the columns. This
would enhance the security of arrester discharge currents per column ageinst exceeding
those currently in practice in the design, test and application of surge arresters.
There does not appear to be & need to use 200,000 amperes per arrester column as the

basis for the withstend design of the errester per se or of arrester prutected insu-

lation structures. )

In e proposed peper for the IEFE-SPM, co-euthored by the writer, the design,
development, field tests and service experience of & multi-columed Zn oxide pro-
tection device for EHV series cepacitors will be presented. The device consists of
porcelein columns connected in parsllel, each porcelain consisting of several paral-

lel colums of zinc oxide disks in series.



Concurrent with the yeers of investigation on direct stroke lightning

currents, & number were conducted on arrester discherge currents, using the

same various arrey of instrumentetion as for direct strokes,

there is the fellowing:

Sysopsis: Dota have buen obiained durig
the past three vears on the magrotude aad
wave shape of hghtmng currents dicharged
by arresters 0 TV on wvueral sobdly
groundyd ncuiral cwomits ol the Amerwan
Gas and Letre Company systuom Lot
related measurements have becn obtamned
with the cachode-ray osoillagraph, the fol-
chronograph, and the surg. fremt recoruer
The masimum arrester-phase log current
secorded In this INVesHIgation was ie¥
@roperes with T per cent of the currents less
thas 1,000 amperes. The wave fronts of the
low-magnitude curtents werc. in generd
sbrupt. For crest magnitudes of over LIX6
amperes they ranged from two 1o over 25
microseconds to crest. Th® maumum rate
of rise recorded was 2.5%) amperes per
microsceond

The components in all discharges were of
relatively short duration, with times to half
walue sveraging 25 mucroseconds and witk
80 measurabie durations in excess of X

» de

Of the 18 arvestcr-phase legs studiec. all
but onc discharged at least once duning the
mvestigation  Nineteen of the 21 wparaie
records of discharges 1n three-phase arvester
banks had currents which, if armesters had
sot been installed, would have procuced
woltages in excess of the standare basic
tmpulse level for the voltage class of the ap-
paratus iovolved, so that failure of unpro-
tected equipment might have occurred

From Ref. 2L

ve rv e, P e - p



From Ref. 38 there are the following excerpts:

11 last report o wie ficld investipa-

tion of natural lightning on the 102-
kv transmission system of the American
Gas and Electric Company was presented
in a paper by the authors in 1942}
Since that time the ficld rescarch work
bas been continucd, although not as ex-
tensively as in the past, thie snajor project
being centered around lightnind condi-
tions at and cloec to the statinns them-
selves, with 3 smalier part of the work be-
ing done on the line to determine the rela-
tive efiectiveness of counterpoises and
ground rods.

The objective of this investigation was
to determine lightning conditions at ma-
jor stations where expensive electnc

ipment is Jocated, the failure of which
zuight have serious effects on equipsment,
system tion, and electric service.
With a better knowledge of the behavior
of lightning at stations, it should be pos-
sible more adequately 1€ protect impor-
tagt equipment from insulation damage.

The results of the feld study from 1942
to, and including part of, 1944 are pre-
sented and discussed in this paper.
data have been combined in most cases
with that previously obtained, in order
to offier & composite picture of all records
to date on the particular features studied.

Discussion of Special Records

Ia studying 8 large quanuty of sum-
-nadun-thummobu-md
during this investigalon. aa analvss of a

ical case may beof interest. lo Figure

* 8 are shown typical records of a bghitmns

disturbatce at the Koamoke 1325V sta-
oz Durning the servicing period of ap

3 two weeks. two hghtmag
storms were Teporied 1o (e general vi-
anity of the station From a study of the
lightaing currents recorded (Figure §),
it appears that there were five bpbtrung
strokes to the 132-kv systemn the gen-
eral vicnity of the staton. Three of
these strokes nere on tie Clavtor aircwit
onc between the first und fifth towers of
a6 4¥) ampenc< ar more, une betwecn the
fifth and seventh towers ui posutiy 30, 0m)
ampercs, and one stroke bevond the
seventh tower of 42.000 amperes or
higber. Cosductor owrents measured it

the Fiellsle cwemt 1 Jioate 4 peawid
struke heoand tower N oot TS wne The
absenre of ans ground wee ec s 0t
this line sucsests that the stuke o
Bave been seversl sTais det tower »
Oue stroae of at least! Y oaw) STDEISS W3S
pdicated Ly currents L the Tround W
nt the Reusens © This str.he
occurred betmeen 3.0 «ad 0500 iect
frora the stauon

Dusic s Wis &rstwrbante 12¢ manmum
e curwess recorded w2l 2 Timr amnere.
the matnum rate of “uit..€ chanige wu.
0 kv jer microsecond. the mavmu
voltage re.urded at the s1:%m ®as 475
kv, Nose of the Wree LoTejule Bans
ming Grresters 3t the stauon showed
measurable currents. altheugh it s Pos-
sible that the arresiers oresated but the
current was below tie measurement range
of the mstumests.

In wew of the records cbiained @ thie
—-::t the foliowing statements seem
3. Where lightning strokes oceur wme
1,800 feet or more from 8 station. o the line
eonductors are sbiel Jec. mazmum bgstuite
eurrents 1o the hne wues &t the Staton ere
& the order of 3,700 amperes of iess
$.  Under the same conditions the 1ncomint
Bghining voltages are 00t & T c.ent to CauM
arrester operaliot 1B 10t sialiou
3. Rates o voltage change 3t the staton
pesulting from these pearby surges ranged
s high s 440 kv pes microsecona, shibousi !
the pearest stroke was prosably 1,80 feet |
distant  This feature 1.3y e igminea
o indicatiag that Diguer rated of weltage|
chaoge 8t the station May Occul. o they
strokes are peares Lhe slation |




Summary and Conclusioss

Prom the results of this ipvesugatios

data of whib Bbave beed
presested above, the following conclu
sous are draws

-G A w—

|
!

mwuu_-nyh-md.u‘m
et

5 The efect of multiple lines emanating
from & station in reducing the Lightming:

and arvester-dischasge cunents. anc
eonsequently the duty on the arresiers, 18
epparent

8 The matimum rate of voliage change
of lightning surges measured al & staton
way 810 kv per microsecond. the median
walue being 220 kv per microsecond

The maumum rate of voltage change due
W switching surges was 470 kv per pucro-
second and the median valve was 115 kv
per  microsecond When allowance: are
made for & reawnakic factor of safeiy, the
prosest geucraily Socepicty Lrw v per
mictosecond rate of rise for test specibica
On0s 00 APPAratus seems reasonabie

7. The rates of voltage change measured
withm 8 $tation Varec comseeraLih al
diflerent points Rates of chacge as bigh
o 40 by pe microsecond were odsverved
st one point in the Gtaton, whereas the rate
of voltage change at otber points was Delow
tbe range of measurement (ten kilovoits per

microsscond).  This indicates clearly tbe
L ing disturbances at five c;l;mﬂ necessity of keep'mg protective devices
over & lour-yea: e avrf-‘u"i | ood close to the equipment 1o be protected

esnee arTeSier operatios

oos
bighest lightong-arester current
. 4,100 amperes, althougt
uere oo the 132-kv sysiem one curTest
of 13,000 amperes was recorued

-

A No consistent .o was ohserved be.
tween lightaing currents 1o econductors and

the rates of woltage chaoge &t StaLon
entrances.

A The mavumum lightning voltage meas-
wred st any SUDSIALIOD was 525 kv wtb
5 per cert of the records 165 kv or grente:
Thus masimum voltage value is well below
the safe insulation streagth of modern 132
kv statwon equipment and within the range
eipected [rom the arrester protetion

10 s this iovestigatios no consiient
ip was found between hehining
currents and voltages at & station
Lightming currents in line eonduciors of
Viers, 8500, 8000, 7500, end 6500
smperes were recorded without any arrester
aperations recorded These were accom

Based on thes results and similar records

Danwdd by measared manmn rales of
of arvesier current wutaineyd by the authuey

L wlagt nse of 100 1n 1AU kv per macTo-

|

Wwith regerd to conclusion L, after some LO yeers of industry

scemvd The arrecters a1 the station whore
Js for distribguion and station-type g high<current records were ohiamed
Thrresiers of 63000 and 10V amycre et & gap breandonn of G5 kv

Inother v

Lghtnng<urtent drschatges are consuier Cotames grresters diwbargd where the

service experience, the high current short durstion test for station

valve arresters was reduced from 100 KA to 65 KA recently because 100 KA

vas considered to be an unreesonably high discharge current. It would

appear to be nearly impossible 1o get e current of 200 KA having any reasonable

rate-of-rise to flow through leads of prectical length.

Also with regard to eonclusion L, the 16,000 axpere record was the

result of & stroke within LOO feet of the station. ¢

e ———— T T———————— T—



Froz Ref. L there is the

following excerpt:

Similarly, for discharge currents in stations,
the dats are plotted as shown in Fig. 1.20 (5],
L o — o —
i 19,099 RECORDS —

2377 ARRESTER YEARS
i ]

i N
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Discharge Currents Measured Through

Lightning Arresterst iz Stationms.

These are lover than open
tion end overnead line
station are generally protected
wires. In this manner tae surge
traveling vave such

rural lines because the sta~
for st least % mile
vy overheal ground

vill originate as a
that the arrester discharge cur-

froz the

rent vill be licited by the surge impedance o©f the

line acting in series with the arrester

and by the possitle zultiple paths enco
It is to be recognized, howvever, that as

the magnitude of the
ic stations or on the line side of
increase due to the

station.
transmission veltages increase,
arrester currents
eircuit treckers mAY

valve eleaxent
untered in cthe

higher travel-

ing vave voltages which can be supported by the line

insulation and by the lover surge
due to conductor bundling.

Accordingly for effectively
KV, arrester discherge currents for the purpose

coordination ere increasingly grester with

higher sytex voltages.37

izpedance of the line

ghielded stetions at 362, 550 and 300

of insulaticn design and

These

arrester discharge currents are 10,000, 15,000 and 20,000 amperes gt line

voltages of 362, 550 end BOO XKV respectively.

 Hore LATEN
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APPENDIX 11

THE LICHTNING PERFORMANCE OF EHV LINES
by
EDWIN R WHITLHEAD. Ph. D

Professor of Electnical Engineening
Hinois Institute of Technology
Chicago. lllinois (U.S.A)

1. INTROI'LCTION

This report is a condensation of a paper of the same title presented and discussecd at
the 1967 meeting of exper.s sponsored by CIGRC Committee No, 8. Conclusions are based
on a study of 30 papers prior tc the meeting, several others brought to the attention of the
author at the meeting, and reflect much of the imerest.ag discussiun. In the interest of con-
serving space, only those references directly quoted are Lstec ar ine enc of the repor.

2. FRAMEWORK OF DISCUSSION

As a framework for discussion, it is useful to postulate an electrogeometrical model of
the electrical and geometrical situation, defined as exisuing at t = 0-, wherein the lightning

leader [1) is so oriented that a final step to earth [2', the shielding groundwire [3], or the
oF; g
phase conductor [4! is imminent, Such a model enables one to identify clearly the

2.1 Discharge Faths ‘

P (1, 2) - leader to earth
P (1, 3) - leader to shield wire or tower
P (1, 4) - leader to phase conductor

and to develop solutions for the

2.2 - System response for each discharge path in terms of a quasi-circuit model con-
fined to '"'near zone effects,

3. DISCHARGE PATHS AND SYSTEM RESPONSE

The scope of this summary does not nermit detailed discussion of the circuit model
for each of the three d.scharge paths. A brief discussion of each, emphasizing its relative
importance with respect to the performance of CHV lines, fcllows. o

3.1 Discharce path P (1. 2) to earth - Studies of the lichtning performance of distribution
and subtransmission lLines have resulted in renewec interest in the tneory and measurement of
lightning voltages on lines arising from lightning sirokes to earth near the line, Since such
a voltage arises primarily from cancellation of leader charge by the return channel, it will
be definecd here as the e component.

Taken alone, as arising from the P (1, 2) discharge path to earth, it is very generally
agreed that this component is not a significant factor in the lightning periormance of EHV
lines,

3.2 Dischurce path P (1, 3)7tn the shield (protective) wire - This discharpe path leads e
to the most involiwd response of the transmission line, which obviousiv accounts for the
research effort vapended during the past 40 years, Although more detailed discussion will be
deferred, it will be useful to deline five main voltage components which have becn examinvd

as eontributing to the voltage across the insulator string for a stroke to the tower or shicld
{ground’ wire,

3,2 1 e, & resistive component arising from the magnitude of the current.

1,2.2 e, an inductive component arising from the rate of ehante of the eurrent. ,_M

———
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3,2 3 e, an electric induction component arising from the integral of the current in the
leader -aurgc cancellation process.

3.2.4 e, the summation of reflect ons from adjacent towers.
3.2 5 e, the system frequency voltage to the tower.

In general, it appears possible to design EHV lines for excellent performance for lightning
strokes to earth via the P (1, 3) path to the shield wire where low-voltage tower footing resis-
tances, obtained at the tower, lie in the range of 0 - 25 ohms. The meaning of the term

o Yeycellent'' and Other necessary cond.tions modifying this conclusion will be developed later,

3.3 Discharge path P (1, 4) to the phase conductor - Until recently, this mode of discharge
was widely believed to be so unlkely that it could be neglected for lines having a shielding
(protective) angle of 30 degrees or less, The relatively poor performance of early postaar EHV
lines in the U.S.A. with shialding angles of 25 - 35 degrees and low ground resistances threw
serious doubt on this assumption, and an extensive statistical study of the performance of lines
in the U.S.S.R. [1) supported the view that shielding failure might account in large measure
for the relatively poor performance. Subseguent statistical stud.es of H\ and EHV lines in th:
1'.8.A. [2 and U.S.S.R. [5) as well as that of CIGRL Committee No. 9 (6 have provided add:-
tiona. support for this view, The Edison Electric Ins:itute of the U.S.A. is presently conduct.ng
a large-scale five-vear study of the 'Mechanism of Lightning Strokes to Transmission Lines
consisting of a three-phase program of investigation involving (a) statistical analysis of line per-
formance as related to (b) an analytical model of shielding behaviour, and (c) instrumentation
of 433 miles of HV and EHV lines tc distinguish shielding failure from backflash sparkovers
[4). These and other earlier stucies show that there is a critical relation requiring decreasing
shielding angie with mean shield wire height which results in "effective shielding''. The term

‘ "effective shielding’’, as used here, refers to a condition achieved within the framework of
an anaiytical model whose mean geometrical and electrical parameters lead to ""zero expectatic.:
of shielding failures. Since the relevant parameters must have some dispersion about their
means, one cannot refer to 'perfect shielding’ in this connection.

"

4. EVALUATION OF LIGHTNING PERFORMANCE LEVELS

Before proceeding with a more detailed discussion of lightning performance as related
to the discharge paths and the relative role of the several voliage components, it will be
convenient to establish an index nuinbe - which immediately characterizes the performance level
under discussion and serves to clarify the conclusions to follow.

The performance of lines is commonly expressec as the number of lightning tripouts per
100 line length units per year. A logical quick reference index is the power of 10 which
describes the order of the performance. Thus one may define
'; Specific performance = 10" = tripouts per 100 length units per year.

The tabulation below is expressly applicable to shielded HV and EHV lines, and the qua-
litative descriptive adjectives are to be regardec as those of the author and not of Committee

No. 8.
Table I
Exponent Specific Lightning Qualitative
M Performancve Classification
- 2 0.00 -- 0,05 Exceptional
e -1 - 0,06 -- 0,59 " Excellent
0 0.60 -- 5,99 Common
+ 1 6.00 or more Poor

Practical results from lightning research can best be achieved if it is always kept in
mind that deductions from them mus! be consistent with the actual behaviour of existing lines.
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Moreover, one mus! be orepared 10
single preferred soluu

shield wire heights,

Data for 50 transinission lines,

s which appear theoretically attractive.
large sample of line performacce for lines of varying shielding

Table 1

115 kV to 230 kV,

in

regions having 35-30 thunderstorm days per year, Rel-

erences 2] and [3] 64,000 lan-years,

Tripouts adjusiec to 40 T.D. per vear,

Characteristics

Tripouts per 100
miles per year

Tripouts per 100

kilometers per vear

Mile years
Kilometer years

Basic insulation
level-BIL

Mean shield wire
height-feet

Mean shield wire
height-meters

Mean shielding
angle-degrees

Mean ground
resiztance-chms
(35 Ynes)

Minimum

One Line

0.00

0.00

210

950

42

13

52,000 mi, -year,

Average Maximum
All Lines One Line
0.175 0.50
0.108 0.31
1040 6500
1675 10460
1300 1625
69 110
21 34
18 39
23 94

0

find a complex of causes for line performance and avoid
Table Il presents a reasonably
(protective) angle and mean

Table III has been taken from reference [5] for 500 kV lines in the U.S.S.R. in regions e
having 20-25 thunders ~m dayvs per year. In order to avoid excessive adjustment, the data
presented here have been adjusted to 30 thunderstorm days.

Table I

Lightning tripouts for 500 kV lines in the U.S.S.R.
from reference [5) adjusted to 30 thunderstorm days
per vear. 37780 kilometer ye~rs or 23400 mile vears

Specific tripouts

per 100
kilometers miles
0.15 0.24

*) In exceptional cases this angle might be as hirh as 30 deo.

| ————

Oteund Ground Wire
resistance ,
height meters
ohms
under 5 under 30

. S ———

Shield
angle

degrees
20(")

__-—_—-w"
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Tables 1l and Il demonstrate conclusively that it is possible to obtain "excellent’ lightning
performance, of order M = = 1, over a wide range of basic insulation, geographic location, and
thunderstorm exposure. One may reasonably make the necessary assumption that such lines are
"effectively shielded and ther compare their height-shielding angle envelope with that deduced
from theoretical models for an 'expectation’ of zero shieldirg failures. Fin:lly, nne should then
sompare these relations with those for lines which have been found experimentally to have expe-
rienced shielding failures.

e 5. REQUIREMENTS FOR EFFECTIVE SHIELDING

Modern electrogeometrical models relate the strike distance from the tip of the lightning
stroke leader to the prospective stroke current 1o earth and proceed along geometrical lines
to determine the critical relation between mean shielding angle and mean ground (shield) wire
beight. While this approach forms the common background of various recent studies, substantial
differences arise in basic assumptions anc in the versatilitv of the analytical models employed,
It is not possible to explore these dif‘erences here, but one important point should be stressed.
"Effective shielding’ refers to an expectauion of zero shielding failures derived from the elec-
trogeometrical model using a geomeiry determined by the mean positions of the shield wire,
the phase conductor, and the earth surface. Serious errors in shielding design may result if
care is not taken to dc this. Subst ni.a. departures {rom mean concitions as, for example,
in localized mountainous terrain or high river crossings may justdy special treatment. In the
approach of reference (4], pcssible departures of elecirical parameters {rom assumed mean
values and the effect of trees and other deviations {from a smcoth earth surface are subsumed
in a calibration constant K, whose value is determined by the envelop of the height- angle data

‘ for the lines of Table IL

Tentative height-angle guidelines were presented in the form of curves in the full paper
discussed at the Copenhagen meseting. In the interest of space conscrvation here, only two of
the tentative guidelines are given in tabular form in Table IV, In effect, the height-angle
relation envelopes for the effectively shieided lines of Table 1l have been extrapolated to the
electrogeometry of EHV lines through the mechanism of an analytical model.

Table IV -~

Tentative guide for effective shielding of 345 kV
and 500 kV lines from reference 4

Line Basic insulation Conductor surge Calibration

kV level - kV impedance - ohms Constant

345 1600 400 0.8
. 500 1800 360 0.9

Mean shield
wire height

in meters 0 25 30 33 s & N B

Mean shield 31 22 14 7 0 -9 - 15 =~ 22 (345 kV)
angle in

degrees 35 27 21 14 8 2 - 6 =~ 10 (500 kV)

' . DISCUSSION

The preceding paragraphs have indicated that the discharge path P (1, 2) is innocuous
and that the path P (1, 4) is avoidable to a high degree of confidence, If lines are to be age-
signed for reliable performance of order M = = 1, it will be necessary to continue our study
of the response of the line to the discharge path P (1, 3) to the shield (ground) wire. There
is, however, a conforting difference in the present gituation from that prevailing in the past,
The study of effectively shielded lines, even over a reasonably broad range of grounding con-
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ditions, should reduce the tripout range to the order of M = 0 or M = - 1 so that comparison
of research results and statistical studies should be more meamngful,

In diretting attention to this aspect of the problem, those attending the experts meeting
found it useful to discuss in some detail the ole played by the several voltage components of
section 3.2, and other related topics as outlined below

6.1 - The resistive component e bears a relationship to the tower current which may vary
from a simple ohmic one at low voliages to non-linear and/or time-variant forms, depending
upon the resistivity, permittivity and electric breakdown gradient of the scil as well as the °
geometry and physical extent of the tower grounding system. The two principal departures
from simple ohmic form are illustrated by :

6.1.1 - A non-linear relation, for localized grounding systems, of the form
e = Ki{
where n is less than unity when the voltage exceeds the breakdown voltage for the grounding
systern and breakdown time is neglected.
6.1.2 - A time-varying relation for distributed grounding systems, of the form
e, =I[R_+ (R - R, exp (- t/T)

where ] is assumed constant and T is a time constant depending upon the resistivity and per-
mittivity of the scil and the geometry of the grounding system. The effect of time-varying
current is included through the superposition integral, R. is the initial surge impedance and
R_ the final resistance to grounc.

Deviations from these characteristic forms occur because of time lag of breakdown in 6. 1.1
and because of soil breakdown effects in €. 1.2. The first is an unfavourable deviation, while the
second is a favourable one.

Where resistances are moderate, some experts prefer to use low-voltage resistances
as linear values in order to obtain conservative estirnates of performance, Spe~:-' cases of

the relation 6.1.2 arise when long vertical conductors are used to reach ar .. stratum
of low resistivity soil through a high resistivity overburden, "Crow-foot" ‘istrik. , ~ounding
systems in the surface layer have been found effective in improvir? the L “ .ance,

6.2 - The inductive component ¢ has been the object of recent studies ranging from

those based on electromagnetic field theory to those employing spatial and temporal scale models,

The existence of current wave fronts with maximum rate of rise a: current crest causes the
resistive and inductive voltage components to add in unfavourable time relation. It is possible
that such a combination may account for rare lightning tripouts in the presence of effective .
chxeldmg It should be stressed here that the ratio of e, to the rate of rise of current .s an
"equivalent inductance'’ parameter which should be that denved from electromagnetic theorw
and the use of the superposition integral or from appropriate tests, The indiscriminate use

of handbook formulae is to be discouraged.

6.3 - The leader charge-cancellation component e o s discussed here, represents only
that part of the "induced” conductor voltage accompa’:vmg the retarded release of charge bound
on the conductor at t = 0-, Because of the relatively slow rate of rise of current, it is believed
that the contribution from magnetic effects is generally negligible. While several investigators
have calculated induced voltages for the stroke to earth, few have attempted to calculate this
component for the stroke to the tower or ground wire. There is substantial difference of opinioy
as to the magnitude and effect of this component, and it is here that one may suggest funher‘
theoretical and experimental studies,

6.4 - It is believed that the summation of reflections, as represented by the component
e  probably plays a marginal role in the performance of EIIV lines in view of the insulation
levels and ground resistances which are likely to prevail, If this is not the case, then modelling
techniques will probably be required for useful study of this component,

o
6.5 - The instamtuncons walo, oty i nnrm]‘lﬁ-l---;'wW«

.
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easily be included in performance estimates. As operating voltages rise, the marginal role
of this component may assume greater significance.

6.6 - Table V shows the results of estimates of the performance of EHV lines based
on the following simplifying assumptions :

Effective shielding

Strokes to ground wire --- 62 per 100 kilometers per year

. No midspan flashovers

Thunderstorm days -- 30 per year

Current probability curve (Burgsdor?) (1).

Non-linear concentrated grounding, uniformly distributec

Concave current wave front T = 4 u sec. T = 0.4

Equivalent tower inductance L = 20 microhenrys

Electric induction comporent € = 0.7 MV at 100 kA

Surge impedance coupling 0.25
Table V

Insulator sparkovers per year

c R BIL Sparkovers per
fﬁ'ﬂi MV 100 kilometers 100 miles
20 2.0 0.2 0.3
10 1.8 0.2 0.3
10 1.6 0.4 C.6
5 1.6 0,2 0.3

These estimates are meaningful only to the degree that they sugges:! the same order
of performance as shown in Tables II and III for lines defined as effectively shielded. Much
more detailed calculation would be necessary 10 attempt the minimization of indicated diffe-
rences,

<M

c 7. CONCLUSIONS

Based on the foregoing review of more than 50 modern references, as modified by dis-
cussion at the Copenhagen meeting of experts, the following conclusions appear to be well
founded :

7.1 - The lightning discharge path to earth P (1, 2), critically near the line, does not
{nduce insulator voitages which are a significant factor in the lightning performance of EHV
lines,

7.2 - The discharge path.to the phase conductor P (1, 4), by shielding failure, cons-
| titutes the major threat to the lightning performance of CHYV lines. Fortunately, this threat
. can be effectively overcome by placing the shield (ground) wires with the shielding (protective)
angle in proper relation to shield wire height, The mean positions of the shield wire, phase
conductor, and earth must be used in establishing effective shielding and the structural design
then adjusted accordingly.

7.3 - Although it is clear that effective shielding has been, and thereofore can be, obtained,
the optimum height-ancle relation remains the subject of intensive analytical, statistical, and
experimental investigation,




