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ABSTRACT .

Concern has arisen over the possible effects of electric
and magnetic fields produced by EHV-UHV transmission lines.
Past and ongoing research concerning the electric and magnetic
field effects from EHV-UHV transmission lines was reviewed
as it pertaiﬁs'to the following areas: l)‘EIecfromagnetic
Interference, 2) Acoustic Noise, 3) Generation of Gaseous
Effluents, 4) Safety Considerations of Induced Voltages and
Currents. The intent of this review was to.identify the short
and long range research projects requlred to address these
areas.

The. research plan identifies and gives priority to twenty
programs in corona and coupling effects. 1In the case of the
corona effects, a number of programs were recommended for
acoustic noise and electromagnetic interference to delineate
improved power line design criteria in terms of social, mete-
orological, geographical and cost constraints. Only one pro-
ject is recommended in the case of ozone generation, because
the results of comprehensive analyses, laboratory studies and
field measurements have demonstrated that power lines do not

contribute significant quantities of ozone. In the case of
the coupling effects, a number of programs are recommended
for HVAC transmission lines to improve the theoretically de-

veloped de31gn guldpllnes by cons1der1ng practical constraints.

For HVDC transmission lines, programs are suggested to engender
a better theoretical understanding and practical measurements

capabilityifor the coupling mechanisms of the dc electric and
magnetic field with nearby objects. The interrelationship

of the programs and their role in a long-term research plan o

is also discussed. A
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COUPLING AND CORONA EFFECTS
RESEARCH PLAN FOR UHV
TRANSMISSION LINES

[

1., OVERVIEW

.1 Introduction

1
1.1.1 Background

There has been a significant increase in recent years
in the public concern for the environment and the effect
of mén's projects upon it., The environmental’consideratiqns
for high voltage overhead powerltransmission lines can bel
classified into the following categories:
1. | Coupling and corona effects of elect;ic and
magnetic fieids,
2. Biological effects of electric and magnetic figlds,
and 4 N
3. Asthetic aspects of the physical design of ;he
poWer line. | |
While considerable_research results are available in
the above areas, there is still need forqadditional data,
eépecially for fields from overhead transmission lines oper-
ating at voltages in excess of one milliqn volts,'which_will
become increasingly important in the ccntextcof future tech-
nology. Developing this data can be difficult and costly,
since many cpmplex phenomena and human value judgments are
invelved. To minimize these difficulties, a well planned
research program is necessary.
'In response to this need, this report identifies the

overall research necessary to address the problems initiated




.by the electric and magnetic fields acting on non-living
materials, such as air of'metal.. Tﬁis interaction creates
side-effects which in turn may have some social or biological
significance; Examples of these interactions include the
formation of corona, with attendent aéoustiéal and radio
noise, or induction of a potential on a vehicie, with the
possibility of shock. |

On the other hand, the effects of electric and magnetic
fields from transmission lineé4acting directly onAlife-forms,
sgch as animals and plants, have been considered on a édmpan-
ion program. This program, sponsored by EPRI, considered
the long-term research needed to address these directlbiolog~
ical effects of fields from transmission lines. Included
in that program were effects on patients with implanted car-

diac pacemakers.

1.1.2 Summary of the Project Effort

A state-of-the-art review was conducted in 6rder to
avoid duplicaﬁion'of effort and tb assure proper aséignment
of priorities. ' Under the sponsorship of the Enérgvaeééarch
and Developmént Administration; as part of this contract, é
work?hop was held at IIT Research Institute-on October 15v
and 16, 1975. During these two days, enginéérs and scien4A
tists ﬁhd have expertise in the approbriate fieids'of inter-
est ﬁrovidgd information for the state-of-the-art reﬁiew,
fér the assignment of priorities and for the development
of the recommended program plan. Appendix A lists the par-.

ticipants of this'wOrkshop who generously suﬁplied théir aid.
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1. . A review of past and ongoing programs,

2, The workshop at which approximately forty experts
from research centers, univefsities, government
and industry participated, and

- 3. Steering committee meetings and discussions with
participating working groups.

1.2 . Summary of the State-of-the-Art Appraisal

. The nonbiological effects of overhead -transmission lines
-are divided into two major categories: corbna'effects.and
coupling effects. ACorona~effects.are further subdivided

into acoustical noise (AN), electromagnetic interference ef-
fects and ozone. The coupling effects of High Yoltage Alter-
"nating Current (HVAC) lines are not identical with those of
High Voltage Direct Current (HVDC) lines; consequently, these
effects are each discussed separately. Each of the subdivi-
sions of nonbiological effects of overhead transmission

lines and, in some cases, certain aspects of each subdivision’

. - represents a highly specialized and sometimes thoroughly

developed scientific or engineering discipline. Accustics
.and radio‘noise are two of‘the more prominent examples of
such specialized disciplines.

Due to the‘large number of disciplines and the maturity
of many of these technologies, the review of the literature
and ongoing research was largely confined to references that
emphasize the point of view of power engineering. The litera-
ture search was completed in the Spring of 1975, and relied

heavily on the material identified on the companion EPRI



Major consideration was given to the nonbiological ef-
fects of electric and magnetic fields  from HVAC and HVDC over-
head lines, especially in the context of future designs--which
would operate above one million volts. Highlighted for dis-
cussion were acoustical noise, explosion/fire hazards and
ozone, Other related areas, such as electromagnetic inter-
ference, are also coansidered. for completeneSs. Intenﬁionally
deleted from consideration are coupling problems with other
utilities, advanced energy storage systems, power line tran-
sient effects, ground return corrosion problems, righﬁé—bf-
way sharing cqnsiderations, and future transmission systems.

In developing possible programs, the highest priority‘
has been given to areas in which risks or disturbances to
humans are likely, or where there might be a significant
economic impact. The scarcity of reliable informationbinl
the particular area of concern was also a factor in deter-
mining the level of program priority.

1.1.3 Objectives of the Overall Research Plan

The overall objective of the suggested 1ong;term re-
search plan is to develop a sufficient understanding of the
coupling and corona effects of overhead ﬁigh voltage power’
line fields to determine safe and compatible design criteria.

1.1.4 Basis for the Recommended Program

The recommended program was developed from data déveloped

during the state-of-the-art review in three major areas:



sponsored program mentioned in section 1.1.1. Only the

more recent publications were considered--espec¢ially summary
and review articles and articles that were originally written
in English, |

Unlike the case with several fields of endeavor;, most
of the present research activity is‘confinéd to a few major
centers, since such research requires substantial continuing
support and access to costly equipment. ~ Typically, this re-
search cuts across disciplinary lines, with its unifying -
element being the development of overhead transmission: line

design data at high operating voltages.

The detailed ‘appraisals of the state-of-the-arf in
sections 2, 3, 4 and 5 of this document consider each major'
discipline--ozone, acoustical‘noise,vradio'noiseiand electrié/
magnetic field coupling--as separate and complete sections.:
Each section has its own reference and illustration numbering
system, and its own bibliography (except section 4, for
the reasons cited therein) which inéludeS'the references
cited in the body of the text plus abstracts of the articles.
Following the appraisal of the state-of-the-art 'in each
section are the projects recommended for ongoing and future
work in that area., Section 6 discusses multipurpose pro-
grams, which cut across these disciplinary lines, that are
also recommended projects.

1.2.1 Acoustical Noise

Acoustical noise from high voltage overhead lines arises

from several sources, the most important of which are the




random sequences of corona pulses and, in the case of HVAC
lines, the spatial modulations of corona region by the line
voltage. Such noise.is generally of significance only near
the power line, HVAC noise is greater in foul weather; HVDC
noise is greater in fair weather. ‘
While it has been recognized for some time that audible
_noise is generated,from corona sources associated. with trans-
mission lines, the. expansion of EHV and UHV Systems has
caused increased focus on the.effects. Prediction techniques
and measurement methods have been developed to a point where
reasonable agreement exists between analytical and experi-
"mental results for representative fair and foul weather con-
ditions. -However, major problems remain in establishing a
relationship between the human responses to power-line noise
and the human respoﬁses to other ambient acoustical noise:
sources, The magnitude  and spectra from both types of noise
sdurces can fluctuate over wide ranges as a function of
weather, terrain and human activity. Consequently, the human
responses to varying-mixes of ambient and power-line noise
beéome an impoftant consideration in transmissionAline.dgsign.

1.2.2 Radio and Television Interference

Radio interference from transmission lines arises. from-
discrete source impulsive corona discharges. The inter-
ference effects are confined to the immediate vicinity of the
" power line. The physical nature of ‘the corona sources” are
such that HVAC RI is a foul weather phenomenon whereas HVDC

RI is a fair weather effect, These phenomena have been




studied extensively for several decades, so reliable pre-
diction methods are available for RI (Radio Interference) *
from HVAC lines, and to a lesser extent, TVI‘(ZeléXiSion'
Interference) from HVAC lines, and RI from HVDC lines. A
major problem area remains in the measurement of TVI, and
prediction of the higher frequency interference, especially
for HVDC lines,

1.2.3 Electric and Magnetic Coupling Effects

High level electric and magnetic field environments'
are also confined to the immediate4vicinicy of the power
line. Rigorous analytical techniques confirmed by measure-
ments-are available to predict the field from HVAC lines,.
On the other hand, only tentative; inexact methods ‘are
available for HVDC lines.

Coupling from HVAC lines can arise from three basic
mechanisms: 1) capacitance, 2) inductance, and 3) con-
ductance. By chese coupling mechanisms, the fields in the
immediate  vicinity of the power line are converted into
currents -and voltages by conducting objects.

These currents and voltages may be perceived by ani-
mals or humans, or may cause certain involuntary reflexes,
under unlikely circumstances. Such voltages, under highly
improbable circumstances, could cause fuel ignition.

While the theoretical aspects of HVAC coupling are well

understood, a major area of uncertainty exists in how this

coupling is affected by practical factors--such as weather,




. terrain, or obscure details of the field collector. An area
needing further refinement is how humans react to these

voltages and currents psychologically, physically and physio-

logically. Further work is also needed to understand concrete-

~ly the phenomena associated with the possibility of fuel ignition.

Instrumentation to measure HVAC line fields and re-
sulting currents or voltages is satisfactory.

In the case of HVDC lines, coupling arisés largely
from-air ion conduction currents. 1In general, the effects
are somewhat similar to coupling in HVAC lines except for
the drift of air ions. - These effects can be observed over

a greater area around the HVDC lines than the effects around
HVAC lines., As was the case in the prediction of fields,
the understanding of coupling phenomena and measurement
instrumentation for HVDC lines is embryonic compared with
HVAC lines, | |

1.2.4 OQzone

Interest in ozone generation by transmission lines is
prompted more by an acute awareness of the air pollution
problems in general rather than by realistic ;ppraisal of
the scientific data available. Although ozone generation
is generally‘associated with elecﬁrical discharges, labora-
tory studies and analyses have demonstrated that power lines
do not generate significant Quantities of ozone. These re-
sults have been confirmed in six field measurement4programs

'in which no measurable increase in the ozone concentration




near power lines was found. Instrumentation for ozone

measurement is adequate if properly used and maintained.

1.3 Summary of Projects Suitable for Immediate
Initiation

The short term plan identifies some twenty (20) pro-
grams which could be implemented within the next two years.
These programs‘a;e listed with‘briéf titles in Table 1, and
are described in detail .in their respective sections. The
short term programs are divided roughly into two major cate-
gories: (1) éorona effects, and (2) electric and magnetic
coupling effects.

In the case of corona effects, the only need in the
ozone area is to place the past work in perspectiye° In
the case of acoustical noise, the human response to pdwer
line noise received major emphasis. along with prediction
techniques appropriate for power lines operating aboVe'one
million volts. Recommended for electromagnetic interference
are measurement techniques and evaluation methods emphasizing
the higher frequeﬁcy and television interference aspects
oriented toward the higher frequency problems.

In the case of electromagnetic coupling, the programs
are divided into those associated with HVAC and those
associated withAHVDC«lines. This division is necessary
owing to the Qery large amount of aéta already available
concerning coupling effects from HVAC lines and relatively
sparse data available for HVDC lines. In the case of HVAC.

lines, the programs focus on certain potentially hazardous



TABLE 1

PROJECTS SUITABLE FOR EARLY INITIATION

Corona Erfect

Acoustlcal Noise
**% Acceptable Operating Condition Survey
*%* Psychoacoustical Response '
o Improved Prediction of AN for llnes above 1000 kV
Radio Interference/Television Interference
*% TVI Measurement Instrumentation
* TVI from HVDC Lines ‘
HVDC and HVAC SubjectiVe Respbnses to RI
* Prediction of VHF-UHF and Microwave Interference
Reradiation and Propagation
Ozone

* Summary and Perspective

Coupling Effects

*% Fuel Ignition
* Technology Trends in Perspective

* Subjective Responses to Non- Hazardous Currents

and Discharges

* "Let-go" and Discharge Safety Criteria

** Basic Understanding of HVDC Line Phenomena
* Experimental Coupling Studies for HVDC Lines
*% Instrumentation for HVDC Lines

Multidiscipline Programs
Measurement Van for AN and RI/TVI
Advance Techniques to Reduce Corona Effects
Transmission Line Environmental Effects Tradeoff
Reliability/Maintainability |

(** indicates highest priority, * priority)

10



conditions. In the case of HVDC lines, the recommended
programs‘emphasizéd the development of basic understanding ~-
of the electrification phenomena along with the deVelop; 
ment of the ‘supporting instrumentation. |

For reasons of economy and convenience, programs com-
bining several disciplines appear especially desirable in
the case of corona-related effects.

1.4 Long Term Plan

1.4.1 General Approach

The separation of nonbiological effects into corona

» and E&M ccupling categories provides the basis for the
long-term overall plan. Figure 1 illustrates how these
general considerations could lead to a long-term research
plan. For both general categories, the priority programs
are initiated first. In the case of HVDC progréms,
phenomenblogy, coupling and instrﬁﬁentation studies shouId 3
be largely completed before initiating additional HVDC re- '
search on an extensive basis. Specific programs concerning
HVDC hazards and psychobiological effects remain to be
identified as part of the basic HVDC theory, coupling and
instrumentation studies. Toward the eﬁddbf”the plan, con-
sideration can be given to péssible effects associated with
future transmission line systems, rights-of-way sharing, or
line induced transients. |

1.4.2 Milestones

Owing to the relatively advanced state-of-the-art con-

cerning HVAC nonbiological effects, very few program inter-
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dependencies exist. Therefore, any milestones associated
with this effort are to be developed largely on the basis
of individual priorities with due consideration to time,
funding and personnel limitations,

Assuming timely initiation and reasonable resources,
the following milestones seem reasoﬁable: |

lst Action The priority ac corona effects, priority
ac hazard/psychological effects, and HVDC
phenomena, coupling, and instrumentation
studies are initiated. ‘ '

2nd Action Interim results of the HVDC basic coupling
and instrumentation study will be made
available, and then the priority HVDC corona
effects studies will be initiated.

3rd Action Priority HVAC corona effects and the priority
HVAC hazards and psychological effects will .

- be completed. Lower priority HVAC programs
concerning corona effects and hazards and
psychological effects can be initiated.
Potential problems regarding hazards and
psychological effects with HVDC lines will ,
be identified and used as the basis for HVDC
psychological and hazards analysis studies.

4th Action All low priority HVAC corona and coupling
problems work will be completed. During this
fourth period, consideration can be given
to initiate relevant research concerning
future systems, power line transients effects
and other areas. :

1.4.3 Limitations

The plan recommends a comprehensive series of projects
which are felt to be the most cost-effective and defensible
way to develop the necessary environmental design criteria
for overhead high voltage power lines. It is also recognized'
that other time phasings or priorities can be set which may
be more appropriate. This document delineates the basic

framework from which a modified plan can be developed.
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2. CORONA EFFECTS--ACOUSTICAL NOISE

2.1 Introduction

2.1.1 Units of Measure

The'pasic‘unit used to measure sound is newtons per squere
meter (N/mz). ‘Since human beings can sense sonnds over a lerge
dynamic range, sound.levels are usually expressed in terms'of
decibels (dB) relative to 23’{.10;5 N/mz, which is considered to
be the threshoid of hearing;' The sound 1eQé1 inddB;(SsL.S'may
be determined by: - N | h

S.L. = 20 log10 (Sound Pressure in N/m27.20x10i6lN/m2)

The human ear does not have a consistent response over the
audio frequency range for a given sound pressure- consequently,
there are certaln welghtlng factors to take into account the |
variations in response. A human being also responds dlffer-
ently to different kinds of sounds; and there are ratlngschemes
to handle these variations as well. Some of the more common |
welghtlng and rating factors are presented in the follow1ng

sections.

2 1.2 Weighting Networks

The weighting networks specified by the Amerlcan Stan-
dards Assoc1atlon constitute the prevailing mode of frequency
spec1flcatlon in this country. These networks approx1mate the
varying perceived loudness that the human audltory systenlattrl-
butes to sound pressures of different frequenc1es Typlcal fre-
quency responsecurvesofvmlghtlngnetworkstnatmeetthellmlts

specified by reference 1 .are shown in Fig. 1 (as curves A, B,
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‘and C). Readings taken with A or B networks are not strictly
sound pressure levels beceuse of the weighting; they are there-
-fore termed sound levels.

As shown in Fig. 1, the C network discriminates only a-
gainsﬁ very low and very high frequencies, and is flat between
20 and 4000 Hz.

| The A scale is used most frequently to represent the re-
‘ sponse of the human ear to ordinary noise sources. It is the
standard reference for occupational noise exposure and many
derived, statistieal unitse |

Octave Bands

Another mefhod of classifying the frequency composition
of a noise consists of dividing the frequency. spectrum into
various octave bands, an octave being the band between any
two frequencies having a ratio of 2:1.

Twe sets of standard octave bands are currently in use.
The.newer and more commonly used set of standard octaves is
deflned by center frequencies as follows: -31.5, 63, 125, 250,
500, 1000, 2000, 4000, 8000, and 16,000 Hz. |

Octave bands are satisfactory from the viewpoint of
‘specifica;ion but are too wide for practical work in noise
eontfol. A complex noise source often has individual
-sources producing more than one frequency of noise within
a particular octave. A narrower frequency bandwidth is re-

quired to provide adequate definition of the noise produced.

16



L1

Relative Response- Decibels
N
o
1

Frequency Responses For SLM
Weighting Characteristics

-30| -

-351 -

..40 - —

-45 - | -
-50 ] | 1 | \ 1 L 0 _.
.20 50 - 100 200 - 500 1000 2000 5000 i0,000 20000

S ' Frequency - Hz S o

Fig. | FR}EQUEN‘CY RESPONSE CHARACTERISTICS IN THE. AMERICAN

'NATIONAL STANDARD SPECIFICATION FOR SOUND - LEVEL

METER, ANSI-SI1.4-1971




One~Third Cectave Bands

This mode of frequency analysis is a practical and
effective'comptomise between the rapid but inadequate
octave-band anaIYSiS'and the time-consuming but precise
'narrow-band analysis. The frequency spectrum is divided
into one-third octave bands in which the ratio of the
llmltlng frequencies is 2 1/3 or 1.2599.

Standard bands which are essentially one-third octaves,
have also been developed to provide for the repetltlon of
bands by multlples of 10. The ratio . of limiting frequencies

0.1 o 1.2589.

foctbandw1dths in this series is 10
One-third octaves are also designated by their geomet-

ric mean ftequencies, e.g., a 63, 80, or 100-Hz one-third

octave. Standard values for geometric mean frequencies are

those numbers whose mantissae of their common logarithms

are multiples of 0.1.

- A one-thitd‘octave is sufficiently narrow to define the
noise source adequately for most noise control work. Ro-
tating equipment characteristically produces noise at
multiples of the rotational frequency. Two prominent
soufces in the'eouipment seldom produce noise within the
same oneethird octave. Recorded spectrograms of one- thlrd
octaves are usually the same length as octave spectrograms.

For these reasons, the one-thlrd octave bandwidth is 1deally

suited for most specification purposes.
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Narrow Bands

Instrumentation is available for analysis of frequency

bands considerably smaller than an octave in width. Narrow

bands have either a constant bandwidth or, more frequently,
a constant-percentage bandwidth. With constant-percentage
bandwidths, each successive frequency band is larger than
the preceding band. Constant-percentage bandwidths have é
width which is a specified percentage (such as 5 or 8 per-
cent) of the geometric mean frequency of the band.

2.1.3 Other Rating Indices Used to Evaluate
Environmental Noise

Several indices have been developed to evaluate the
effective '"'moisiness' of different community environments.
These indices range from simple dBA short-duration readings
to 24-hour statistical averages. Several of the indices:
were developed ﬁo categorize aircraft noise effects. The
following guide is presented as a concise listing of ﬁhe
2.

major rating techniques.

A-weighted Sound Level (LA_or dBA)

2, 2
LA = 10 log]_o (PA/PO) (dB)

where pi is the mean square A-weighted sound pressure and

-3 N/mz.

Py is the reference sound pressure; Py, = 2 x 10
A-weighted levels are identified by the letter A following
the decibel symbol dBA, When the dBA value varies with
time, LlO’ L50 and L90 are sometimes used. These numbers

denote the dBA leyel which is exceeded 10, 50, and 90 percent

of the measuring time.
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The loudness level of a sound is numericalkyaequabnﬁdn#
the sound-pressure level in decibels of the 1000-cycle pure
tone judged by listeners to be equivalent in loudness.

.It i1s calculated by complex but standard procedures (see
PHL) . The unit is the phon. |

Perceived Noise Level (PNL)

A measure of the '"'nmoisiness'" of a complex sound is given
by the PNL which, for its calculation from physical data, is
pased on several standardized prbperties of the human heéring
system, such as the equal-noisiness contours and a band-
summation formula, determined by psychoacoustic methods.,

PNL is expressed in PNdB. It is closely related to the
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loudness level. PNL __ is the highest.level of a tran-
sient noise attained during any 0.5-second time period.
For typical noise spectra, PNL z~LA + 13.

Composite Noise Rating for Aircraft Noise (CNR)

CNR = PNL___ + 10 logyy(N4+16.7 N ) - 12 (dB)

where‘Nd is the number of noisy events during'the day (7 a.m.
to 10 p.m.) and N_ the number during the night.

Noise and Number Index (NNI)

NNI is similar to CNR apart from the coefficient of the
second term, which is 15 instead of 10. Hence NNI is more
strongly dependent on the number of events that is.reﬁuired
by energy averaging.

Effective Perceived Noise Level (EPNL)

EPNL is the maximum value of PNL during a noisy event’
weighted to take account of the event's duration and,‘where .
necessary, the presence of a prominent pure tone. It is
expressed in EPNdB.

Noise Exposure Forecast (NEF)

NEF = EPNL + 10 log;,(N4+16.7 N ) - 88 (dB)

Since L, , CNEL, NEF, CNR and NNI all vary at least ap-
proximately as log(energy) and incorporate broadly similar
day-night weighting, the following apprdximations can be
used for comparison purposes:

Ldn ~ CNEL = (NEF+35) = (CNR-35) = (NNI+25)
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2.1.4 Ambient Non-Power-Line Environments

The natural sources of acoustic noise in the environ;
ment are myriad. There is some noise associated with all
movement or. mechanical stressing of materials, and in the
normal-environment surrounding transmission lines, the
major noise. source is wind acting upon fixed objects. Some
additional noise will be from animals or insects, buf this
contribution may be small. The background noise wiil, of
course, be highly unpredictable since it is dependent upon
many variables, such as weather conditions., Therefore,
the natural background noise may vary from a minimum under
still, calm conditions to a maximum under conditions of a
thunderstorm or windstorm where there is thunder, heavy
rain, and high winds. The extreme variability of these
conditions makes statistical prediction of the background
noise at any particular location an extremely complicated
matter,

In addition, the man-made environment also contributes
to the background noise levels. All sorts.of operating
vehicles have intense noise aséociated with them.‘ Manufac-
turing facilities can produce high levels of noise in the
surrounding area. There are also background noises--people
shouting or talking--and noise sburces associated with

residential areas, such as power mowers or radios. Table 1
and Figure 2 show the range of the sound levels normally

encountered in common environments. Sound levels greater

22



¥4

TABLE 1--LEVELS OF SOME COMMON SOUNDS

SOUND PO

WER SOUND PRESSURE
_ LEVEL SOUND LEVEL '
SOUND POWER, dB PRESSURE, dB .
WATTS re 10712 wATT  N/m?  re 2 x 107 °N/m? SOUND SOURCE
3,000,000.0 200 1 atmosphere =~ 194 Saturn rocket.
’ 185 20000.0 180 ‘
175 170 .
30,000.0 165 2000.0 160 * Ram jet.
. 155 150 Turbo jet.
300.0 145 200.0 - 140 Propeller aircraft,
‘ 135 Threshold ‘of pain,
C 135 130 Pipe organ.
3.0 125 20.0 120 Riveter, chlpper
. 115 110 Punchpress
0.03. 105 2.0 100 Passing truck
95 : 90 Factory. '
0.0003 85 0.2 80 Noisy Offlce
; 75 70 o
0.000003 65 0.02 60 Conversational speech.
' 55 : 50 Private office.
0.00000003 45 0.002 40 Average residence.
: 35 30 Recording studio.
0.0000000003 25 0.0002 20 . Rustle of leaves. T
15 , 10 - Threshold of good hearing.
0.000000000003 5 0.00002 0 . Threshold of excellent

. youthful hearing.




QUALITATIVE
"DESCRIPTIONS

City Noise
(Downtown major
metropolis)

Very Noisy

:Noisy Urban

RESIDENTIAL

Small Town
a quiet

”(decibels)

suburban

Ldn

 DAY-NIGHT

SOUND LEVEL

OUTDOOR LOCATIONS
‘ L0S ANCELES-—3

floor apartment next
to freeway

LOS ANGELES--3/4mile from touchdown

: at major airport

,Los ANGELES--Downtown with some
nd construction activity
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|
8
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Fig. 2 OUTDOOR DAY-NIGHT SOUND LEVEL IN dB
(re 20 micropascals) AT VARIOUS LOCATIONS (Ref. 3)
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6 N/m?) are very common, and large

than 55 dB (re 20 x 10~
populations are exposed to noise that is over .
70 dB (re 20 x 107° N/m?). |

2.1.5 Biological and Social Aspects of Noise

At very high levels (>125 dB), noise can effect thé‘
whole human body. The effects of lower noise levels rénée.
~from hearing damage to annoyance.

The Federal EPA has-chosen Leq and Lyp tO défine néise
levels fqr.the protection of the public.3 In Table 2,
~ these levels are defiﬁedffor hearing loss effects, outdoor
activity annoyance,.and inddof activity-annoyénce.‘ Leq(24)
represents the equivalent A-wéighted sound level over a
24~hr period, while Ldn.represents ;he ﬁeé with a 10 dB
nighttime weighting. The EPA has deteérmined that virtually
the entirelU. S.~populétioniwi11.be protected agaiﬂst

hedaring loss if Leq(24):is less than 70 dB.
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Table 2

SUMMARY OF NOISE LEVELS IDENTIFIED AS REQUISITE TO PROTECT
PUBLIC HEALTH AND WELFARE WITH AN ADEQUATE MARGIN OF SAFETY

(REF. 3)

EFFECT . .

LEVEL

AREA

Heafing Losé

Leq(24) <70 dB

All areas

Outdoor activity
interference and
annoyance

Ldn <55 dB

Outdoors in residential
areas and farms and other
outdoor. areas where people
spend widely varying
amounts of time and other
places in which quiet is

a basis for use.

Outdoor areas where people
spend limited amounts of
time, such as school yards,
playgrounds, etc.

Indoor activity
interference and
annoyance

Leq(24) <45 dB

Lgn <45 dB

Indoor residential areas

Other indoor areas with
human activities such as
schools, etc.

Actual environmental noise levels vary considerably from

these EPA recommendations.

In Fig,

2, Ldn levels were pre-

sented for several urban and residential locations. Values

of the Ldn between 80 and 90 are possible near major free-

ways or airports. Note that the "small town" or ""quiet

suburban' location must be reached to achieve an L

26
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or less. For indoor loccations, a broad range of Leq values
are shown in Table 3. Again it is qecessary to be in a
rather quiet env1ronment (e g. normal speech dt 10 feet) ‘in

order to meet.the EPA criteria of Leq(24) <55 dBr

Table 3

| EQUIVALENT SOUND LEVELS IN DECIBELS
NORMALLY OCCURRING INDOORS (REF. 3)

SPACE : . . L

eq
- Small Store (1-5 clerks) 60
Large Store (more than 5 clerks) 65
Small Office (1-2 desks) ' L 58
Medium Office (3-10 desks) : 63 7
Large Office (more than 10 desks) : 67 -
Miscellaneous Business : . 63
Residences .
Typical movement of people-no TV or radio 40-45
Speech at 10 feet, normal voice . 55
TV listening at 10 feet, no other activity - 55-60

Stereo music ‘ - 50- 70

The EPA has estimated the‘number of people exposed to
various neise levels throughout the country. Approximately
. one'percent of the U. S. population is exposed to Ldn levels
over 75 dB. Finally, Table 4 shows a more detailed break-
down of the percentage of urban population which is exposed

to average Ldn values from 50 to 70 dB.




Table 4

ESTIMATED PERCENTAGE OF URBAN POPULATION (134 MILLION)
RESIDING IN AREAS WITH VARIOUS DAY-NIGHT NOISE LEVELS
TOGETHER WITH CUSTOMARY QUALITATIVE DESCRIPTION

: OF THE AREA (REF. . 3)

Average Census
Tract Popula-

: Estimated tion Density,
Typical Percentage Number of
_ Range Average of Urban People Per

Description Ldn in dB Ldn in dB Population Square Mile
Quiet 48-52 50 12 630
Suburban
Residential
Normal 53-57 55 21 2,000
Suburban ‘
Residential
Urban 58-62 60 28 6,300
Residential
Noisy Urban  63-67 65 19 20,000
Residential . i,
Very Noisy 68-72 70 7 63,000

Urban
Residential

During inclement weather under the center conductor,

the noise level produced by some transmission lines may

" reach an Lmax of 60 dB(A); so by EPA standards, the only

poséible effect that could be caused by the acoustical

- noise from these transmission lines is annoyance.
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2.2 Appraisal of State-of-the-Art

2.2.1 1Introduction

Acoustic noise is considered to be the limitiﬁg design
parameter for the &ésign of transmission lines fOr'vbltageé
of 500 kV or ovef;s' The electric power COmpaniés'énd ép-
propriate groups of the IEEE have recognized the probléms
and have sponsored and performed work in this area.
ExampleS'bf this concern are: The Panel on Acoustic Noise
in New York during 1971; the Power Apparatus and Systems
Group of the IEEE Committee Report of May and June, 1972;
the Task Force Report on Acoustic Noise from Power Lines,
givén in New York during'1975; and the Electric Power Re-
search Institute's (EPRI) Funded Research on HVAC Trans-
mission Lines during 1974, 4

The work to date has been generally in the area of'z‘
"hard data'"; that is, noise level measurements on the dBA(
scale, octave band measurement-or single frequency measure-
ment at 120 Hz and its harmonics.

2.2.2 Noise Generation Méechanisms

The generation of acoustic noise from transmission
lines is related to corona loss. EHV transmission lines
are designed to be essentially corona-free under fair
weather conditions. It is only when the surface gradient
is increased by rain, insects, or conductor damage that

corona becomes important.
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For EHVAC lings and above, there are three generation

mechanisms which produce audible noise.. The first mecha-
nism‘gives rise to the ''crackle" or high freqﬁency, broad-
Qanqvno;se_produced by random sequences of pulses of positive
polarity at the condﬁctor surface. These pulses occur when
the surﬁace gradient is increased by some foreign matter on
the conductor. Second, a "hum" is produced by the modula-
tion of corona development,at line conductors by the ac line
voltage. ISinqg the sound pressure level is considerably
higher from positive corona than from negative corona, the
hum is composed of 120 Hz and its multiples. The third
mechénism occurs when conductors vibrate and produce 2-5 Hz
modulation of audible noise. The'firét tﬁo mechanisms are
the primary sources of audible noise for HVAC systems. For
- HVDC systems, the "hum'" is not present, only the broadband
"ecrackle" and low frequency modulation.7

2.2.3 Environmental Effects

A goal for any transmission line might be thét the line
be less noisy than the background noise conditions. This
would be.éspecially true if reducing the noise from this
transmission line was not at the expense of other factors,
such as aesthetics or economics. Since both the background
noise and.transmission line noise are variable, it is im-
portant to consider their effects in perspective. It is
not clear if the line should, under all conditions, be

less noisy than the background.
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Audible noise from EHVAC lines is primarily a foul
weather problem., The noise mechanisms are present when
water dropé form on a conductor and corona is induced.
Therefore, EHVAC lines emit audible noise' during rain or
fog conditions and immediately after a rain when the lines
are still wet. The background noise levels associated with
weather conditions then play a significant role in assessing
the impact of HVAC audible noise. High ambient noise levels
would be associated with a heavy, windy rainstérm° A gentle,
light rain would be relatively quiet. Atmospheric éttenua-
tion of higher frequencies increases under fog conditions.
Wind conditions are especially important in méking aécurate'
noise level measurements. The post-rain condition is

.especially significant since rain and wind noise may be

completely eliminated. Then, HVAC audible néise must be
compared against typical background ﬁoise levels.: In a
rurai enVifonment, typical nighttime lgvels range'frbm

30-35 dBA. The relative impact of HVAC fair weather audible
noise must then.be evaluated ip this quiet environment.

Conversely, significant HVAC line audible noise over ambient

\
b3

10lse wiil<occur'only for shoft'periods after a rain.

Fig. 3 shows a typical transmission line noise profile.
The conditions necessary to produce significant EHVDC

audible noise over ambient noise are different. Dry-type

projections'on éonductors, rathérlthan water drops, are

the major source for HVDC audible noise. Therefore, HVDC

noise is a fair weather problem. Audible noise levels from
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HVDC systems under a spectrum of weather conditions is less
.well documented than that from HVAC systems under comparable
conditions. -The absence of a "hum' component of the noise
generated by EHVDC line makes comparison of the EHVAC lines™
difficult.. It has been stated that some people react differ-
ently to both types of noise.'8

2.2.4 Review of Literature

2.2.4.1 Introduction and Historical Review

The American literature regarding acoustic noise from
transmission lines is reviewed here to supply a context
for and historical insight to the development of the pro-
posed research plans. This review was not meant to be
exhaustive but only to identify areas for future work. -

While there exists a considerable body of'litefatufe
regarding corona losses on power lines and a large amount
of literature on the problems regarding ozone generated
by power lines, the amount of literature in the area of
acoustic noise from power lines is more limited. The num-
ber of current programs in this areé are also limited
at present. These projects are fepresented by General
Electric's Project UHV sponsored by EPRI,'Westihghouse's
Apple Grove Project,.partially.sponsored by American
Electric Power Corp. (AEP), and Bonneville Power Administra-
tion (BPA) The Dalles Project (EHVDC) also sponsored by
EPRI. Other measurements and analyses are being conducted
on behalf of Project UHV and various parties to the New’

York State Public Service Commission Hearing concerning a

[V}
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proposed EHVAC line. The Institute de Recherch de 1'Hydro

Québec (IREQ) has also been active in this area. University
studies exclusively concerned with acousﬁical noise have
been fuﬁded at Oregon State University and Massachusetts
Inseitute of Technology. The OSU study was funded by the
ADepartment of the Interior (BPA) and had S. A. Annestrand
and L. N. Stone as principal investigators. This project
was funded during 1973 and 1974 and no reference from this
_project in the literature could be found. A 1974-1975
MIT study under Dr. Wilson was sponsored by AEP.9
ihese‘studies have approached the problem of acoustic
noise in a semiempirical manner. First, the problem was
identified during the course of research into other corona
effects, then mechanisms were identified and studied,
methods to predict noise levels were confirmed and, lastly,
data were gathered on operational line configurations.
Because most of the AN studies were offshoots of other
investigations, it is difficult to divide the programs into
subheadings. For this reason, and because there are rela-
tively feW articles available, the literature reﬁiew is
organized chronologically.

2.2.4,2 Acoustic Measurements on Transmission Lines

‘One of the first groups to report on acoustical noise
' ' . . 10
from transmission lines was Taylor, Chartier and Rice.
These investigators conducted tests on the EHV corona

performance of lines and had considered some acoustic noise

generation effects., The major emphasis of this work was
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RI and corona loss. Some consideration was given to re-
ducing all corona effects by increasing the number of con-
ductors and the individual conductor diameters. Bundles
of 6 condugtors and subconductor diameters to.2.5 in, were
considered.

Acoustical noise effects continued to be the concern
of only those researchers working in the EHV corona effects
area. Those that were most active were some General
Electric engineers working on what was to become Project.

UHV. Juette and Zaffanellall’12

pubiished some.data from
Project UHV in 1970. This article gave RI and AN measure-
ments on some four conductor test cage measurements under
various weather conditions énd voltage gradients. In these
articles, Juette aﬁd Zaffanella postulate an experimental
relationship between RI and acoustic noise levels,

Later in 1973 Combér and Zaffanella13’]f4 presented a
semiempirical method of predicting the acoustic noise
generated by transmission lines. These papers used data
gathered on test cages and test lines to predict the acous-
tic performance of transmission lines as a function of sub-
conductor electric field gradient. These papers indicated
that the acoustic noise performance of a three-phase line
could be predicted by using single phase test cage data,
and they laid the foundation for use of the concept of
"generation quantity" for prediction of acoustical noise.

The generation quantity concept states that 'a subconductor

generates a certain acoustic noise power per unit length
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as a unique function of average voltage gradient at the

conductor. Thus the contribution from all the phases may
be added using the laws of acoustics to find the acoustic
noise at a point removed from the line. This concept of
""generation quantities'" had been first used to calculate
the radio noise from power lines.

This procedure was refined and extended by Comber and
Zaffanella4 in their work that was published in Chapter six

of the Transmission Line Reference Book 345 kV and Above,

which dealt with audible noise. This work was published
in ‘1975 and includes a section which deals with audible
noise generation as a function of subconductor voltage
gradient, conductor condition (wet or dry), weather condi-
tions and angle at which rain strikes the subconductor.
This procedure and the curves provide calculation of the
acoustic noise performance of any transmission line. The
authors also gi&e data on the 120 Hertz components. -This
work also contains some tentative annoyance evaluations

on the rating of transmission line noise. The authors
present a guideline which was first presented by Perry15
of BPA on the relationship of subscriber complaints to the
level of acoustic noise in dB(A). They also found that

B scale weighting gave the best corfelation to the subjec-
tive reaction of the observer-and that the modulation

of the noise by conductor vibration was unimportant to
Subjective responses. The authors noted that the an-

noyance engendered by the noise was dependant not only
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on the absolute value of the AN but also on the ambient
conditions, for example, AN was most annoyiﬁg under light
rain or fog conditions, In order to evaluate the iﬁpact
of AN more realistically, the authors pfesent an audible.
noise weather mddel and weather statistics for the couhtry.

While work was being done at Project UHV, work was being
carried out at Apple Grove by Westinghouse Electric with the
aid of the American Electric Power Service Corporation,

The work at Apple Grove was more operations-oriented than
the work at Project UHV. Kolcio et 31016 report the acoustic
noise results for the three test lines available theéere, i.e.,
line A (4 x 1.382 in), line B (4 x 1.96 in), and line C

(4 x 1.00 in). The paper cites that 26,400 out of 200,000
all-weather records were used to develop AN performance
curves for test lines A,'B, and C. This'repfesents a large
amount of data on the particular lines involved. The data
derived from those tests can be used to design lines having
similar configurations. The authors also show valuable

AN statistics on the test lines involved.

Work on EHV and UHVDC lines was being carried out on
the Dalles Project in Oregon under the sponsorship of the
Bonneville Power Authority and EPRI. The first AN tests

.were begun on the 5 mile DC test line in the fall of 196817
on a single conductor at +400 kV. Some foul weather tests
were done but detailed reports are not yet available.

The conclusion from these tests was that the dc line noise

is so low (less than 43 dB(A) for a bundled conductor under
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a hard rain worst-case for a dc line) that it would not be

annoying. As attention became focused on subjective effects,
more work was done in this area during 1974. 1In these short
studies, observers were exposed to AN from a 4 x 1.2 inch
bundle and 2 x 1.8 bundle for 350, 400, 450, 500, 550,

and 600 kV bipolar dc transmission lines.g’18

These obse;v—
- ers ranked thé noise from very quiet to intolerably noisy. .
The results of this study tended to show that because the
dc noise was unfamiliar it was more annoying. New techniques
seem to be required in order to evaluate fully the nuisance
value of the dc noise.

A major report is expected from BPA and EPRI during the
summer of 1976 that will contain new data on HVDC pdwer line

noise.

2.2.4.3 Psychoacoustics

As research continued into the AN aspects of EHV and
UHV transmission, it became apparént that the general |
public responds to the acoustic noise from EHV transmission
lines in a different manner than to other common man-made
noises like traffic and airplanes.lg’zo’Zl'z2

This problem is even more severe in the case of UHVDC
lines--data are lacking because a very limited population
has been exposed to these lines, |

A possible explanation is that annoyance'due to AN
from power lines is not measured very well by using the
sound rating systems preseﬁFly'in common use.lg These

systems include the dB(A) scale which was originally

intended to measure intelligibility in voice systems, the
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dB(B) scale, and special purpose rating écales like the
noise‘pollution level (NPL) or traffic noise index (TNI).

In order to try to resol&e these‘questions the Radio
Noise and Corona Subcommittee of the IEEE Power Engineering
Society's Trénsmiésion and Distribution Committee held a
July 17, 1974 Workshop on Psychoacoustics. This workshop
is the major source of literatﬁre dealing with the subjec-
tive effects of transmission line acoustical noise.
Although tﬁe proceedings of this workshop represent a fine
basisvto evaluate subjective effects, thére are still ques-
tions that must be answered.

Pearsons,21 in his article for this workshop, discusses
some research approaches that may be utilized to assess the
impact of AN from transmission lines. He suggests labora-
tory and survey studies to evaluate the annoyance potential
of this noise relative to other commonly encountered noises
such as traffic noises or office noises. He conjectures
that using detectability or recognizabilify as a measure-
ment criterion may lead to better measurement of annoyance.

Wells19 does a detailed éomparison of different sound
level measurements (dB(A),~dB(B), PNL, etc.) to an arbitrary
juror scale. The ?esults are given in Table 5. This data
indicates that dB(B) ﬁest correlates to annoyance, but it
must be noted that the subjects were tested in an anechoic
environment and the direct applicafion of this conclusion

to a real-life situation is a matter of conjecture.
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Table 5 Correlation .of Juror Ratings with Scund Levels
' at 120 and 240 Hertz, Various Sound Level
Meter Readings, Computed Perceived Noise
Level (PNL), Tone Corrected Perceived Noise
Level (PNLT),. and Annoyance Level (ANL) (Ref. 19)

Std. Dev  Range Correl Slope of

Measure (dB) (dB) Coeff Line
120~ 4.26 16.7 . 0.803 0.904
240~ 3.62 16.8 0.863 0.978
dB(C) 1.39 5.2 0.976 0.991
dB(B) .80 3.4 0.993 1.041
dB(A) 1.22 6.0 0.986 1.128
dB (D) 1.03 4.8 .0.990 1.132
PNL 1.00 5.2 0.990 1.126
PNLT 0.90 4.7 0.992 1.144
ANL 0.86 3.7 0.993 1.147

Wellé also considers the basic differences between AN
and other morevnormally considered environmental noise.
‘These include differences in time variation, in frequency,
and in statistics of the noise. Among his conclusions |
are: |

1. The value of a reasonably precise basic -
measure lies in the fact that if limits
are set using a poor measure, a trans-
mission line that exceeds the specified
limit may actually be rated by listeners
as much as 10 dB, or more, less objec-
tionable than one which does not exceed

. the limit, :

2. According to one study of UHV noise,
sound level A, dB(A), is only a fair
measure for this purpose. This study
suggests that dB(B) would be a some-
what better choice.

3. As far as actual human reaction to this
type of noise is concerned, . the analysis
of the subjective effects of time

. variability is expected to be more crit-
ical than the actual choice of a basic
measure.

4, Two measure variants, traffic noise in-
dex (TNI) and noise pollution level (NPL)
are shown to be poor choices as a means
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of rating time variability, because the
numerical value of these quantities can-
not be well correlated with human re-
sponse.

5. Another possible measure, noise complaint
rating (NCR), shows some promise. How-
ever, it is recognized that this also may
‘not be fully satisfactory.

6. It is suggested that a definitive re-
search effort be undertaken to determine
the optimum method of rating the time
variability of such noise. (Ref. 19)

Bragdon and Miller review the salient characteristics
of power line noise and compare the dB(A) levels of AN to
‘other environmental noise levels. Their conclusions are:

1, The intensity of corona noise relative
to other environmental noise sources
is relatively minor.

2. Currently the linear mileage exposure
to high voltage lines (500 kV and
above) compared to other environmental
noise sources constitutes a small de-
gree of exposure,

3. Corona audible noise is generally
audible only during rain or fog, a con-
dition which greatly reduces its en- -
vironmental impact.

4. Compared to other environmental sources,
corona audible noise maintains rela-
tively stable high frequency responses,
in contrast to other sources, which
experience a decrease in response above
2-5 kHz. At low frequencies, the re-
sponse is similar to other environmen- .
tal sources.

5. Theoretically, corona audible noise
functions as a line source. The fluc-
tuating temporal characteristics (dur-
ing rain) also result in spatial
variations.

6. The fluctuations (L;y - Lgg) of corona
audible noise are greater than most
environmental noise sources. In addi-
tion, corona noise is characterized by
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a rapid rate of change of fluctuations,
while other noise source variations are
"slow" with respect to the response time
of the human ear.

Although the present acoustical impact of
power transmission lines appears to be minor,
as the consumer demand for electrical energy
increases, there will be a greater require-
ment for high voltage power lines. This
demand will potentially increase population
and land use exposure, which may result in a
greater community impact. (Ref. 22)

Interest to resolve the psychoacoustic area is mounting,
as‘evidenéed by the inferaction of at least five major pro-
grams. The first, sponsored by ERA, is with the National
Buréau of Standards. The planned programs are expected
to be initiated soon by EPRI,

2.2.4.4 Conclusions and Consolidation of the
State-of-the-Art

At this time, there is a reasonably-sized body of data
on the acoustic performance of EHV/UHV transmission lines.
There are also fairly good methods existing to predict the
noise level frém these lines. The data from Project UHV,
Apple Grove and 1'Hydro-Quebec bear this out, |

However, data on and methodologiés for dc lines need
to be developed to ‘assure that the lines anno& the general
public as little as practicablé. Minimizing annoyance is
one of the major problems in AN technology today.,

Both EHVAC and EHVDC audible noise have unique charac-
teristics relative to cther commonly encountered environ-
mental noise. Simple,measufements of dBA or octave bands

which are usually used for regulatory purposes do not
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adequately predict  the impact of transmission line
noise. Other human‘feelings such as apprehension, anger,
security, or disinterest may influence an individual's
feaction fo audible'noise.

The exchange of information at the Workshop* pertinent
to ‘the acoustic noise aspects of transmission lines supported
the conclusions obtained by the literature search.

It was decided that transmission line acoustic méasure-
ments and theory are deficient in the following areas: '

1. The relationship between pure tones and
broadband noise relative to overall an-
noyance is not known. '

2. The influence of the background noise
on annoyance is not known. For example,
if the background is 20 dBA and the line
is 35 dBA, will the line noise be an-
noying compared with an ambient of 45 dBA
and a noise level of 60 dBA?

3. Precise correlation of acoustic noise
with weather conditions is not known,
e.g., AN with rain intensity, fog, snow,
and humidity.

4, The influence of load current on fair
and foul weather acoustic noise is not
known. A better statistical base should
be constructed.
The amount of information in the area of the acoustic noise
from HVDC lines is much less than that available for HVAC
lines. There has been very little published in the way of

data regarding the effects of voltage, altitude, and line

*Identified in Section 1 of this report.
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and conductor configuration. There is little information

available on the anncyance potential of a HVDC line versus a
HVAC 1line.

2.3 Research Program Plans for Acoustical Noise

Transmission lines, as presently designed, emanate sig-
nificant acoustic noise over ambient noisee only during periods
of fog, rain of snow. Under these conditions, the noise
levels in the line right-of-way may be as high as 60 dBA.
Usually, when the line noise is high, the ambient noise is
also high, as in the case of thunderstorms. or heavy rain.
However, thérevéan be exceptions--the line noisé can be
high and the ambient low, as for certain fogs or snowfalls.
These conditions will tend to make the line-related ncise
less annoying than other noises of the same amplitude but
having more of a temporal variation. “

It is with these considerations in mind that thé acoustic
noise froﬁ tfansmission lines must be evaluated. Some of the
questions that must be answered are:

How does this noise annoy the general public? What, if
any, changes in activity ﬁatterns are necessitafed by the .
presence of the noise? . What regulations must be written to
protect both the public and the power companies?

2.3.1 Social Responses to Acoustic Noise from
Transmission Lines

Background

This program would be an effort to develop better insights
into human social responses to acoustic noise from transmis-

sion lines and, ultimately, to determine a method for evalu-
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ating the annoyance potential. The response to and attitude
of people living near existing power lines should be surveyed.
A major problem exists, however, in developing unbiased in--
formation in this manner.

Objective

The objective of this effort would be to obtain the
subjective responses of workers and people living near power
lines in an unbiased fashion.

The initial phase of the program_would be to explore the
feasibility of accomplishing this survey in an objective way.
Once this aspect has been completed, tﬁen the survey éhould.
be undertaken. Consideration should be given to methods of
comparing the annoyance dué to the UHVAC and UHVDC line
noise to other high level man-made sources, such as planes,
traffic, radios, etc. Special care should be taken so the-
effect of unrelated cofactors are eliminated. An example of
such a cofactor is the increased irritability of some pédple
during periods of low barometric pressure oécurriﬁg during
storms. During these periods, it is possible that these
people would be more annoyed by any source of noise.

As an example to accomplish this task, a transmission -
line that may be turned off during low load conditions could
be selected. This line will also run through.representative
urban and rural areas. Homes, offices, and other spaces near

this line would be selected as locations to monitor the
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ambient noise levels during normal and foul weather. To

assu;e proper base line data, measurements would be taken
w1th the transmission line turned on and off whenever pos-
Q1ble. Acoustical transmission characteristics of buildings
and building materials should be considered. |

The'Survey,would be supported by measurements of the
acoustical noise over a variety of meteorological conditions
froﬁ‘power lines located near~the interview area,

As ﬁhe procedures and methods for the evaluation of the
subjective responses become accepted, these methods may then

‘be extended to other operating voltages as well as to dc lines.

2.3.2 Psychoacoustical Responses Program

Background

The basic human responses to transmission line noises
are still unknown, especially in relation to the responses
to ether noises. Furthermore, the present sound rating
methods are not adequate to measure annoyance due to AN from
power lines.

AObjective

The objective of this program would be to quantize
human annoyance potential for transmission lines in rela-
tion to other ambient man-made noises., More specifically,
several questions should be addressed, such as the following.

How important is single frequency noise with respect to
overall annoyance?

What is the correlation between the AN measured in dB(A)
dB(B), etc. and actual annoyance?

What influence does background noise have on annoyance?
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What influence do single frequency components have on
annoyance? :

What is the optimum balance between "hum'" and "crackle"
noise components in terms of human annoyance, speech inter-
ference and sleep disturbance?

What is the relative noise impact of direct versus alter-
nating current UHV transmission lines for equivalent power
capacity?

Tasks

Two separate activities would be required to quantify
the effects of‘power—line noise on human behavior. First, a
series of experiments in which all indepehdent and dependent
variables are well coﬁtrolled and quantified will be used to
identify the threshold for human response for annoyance,
speech interference,»and sleep disturbance. Included in
these activities should be a field survey to verify the per-
sistence of these effects under conditions of conventional
exposure. Secondly, a rating system for realistic assessments
of noise effects would be developed and used to compare
transmission line noise to other types of environmental
noise,

In the initial experimental program, a test protocol
should be established by searching out and organizing any
data on how human behavior has been demonstrated to be.
effected by environmental stresses. The independent vari-
ables will include noise pfofiles and exposure patterns.
The dependent variables will include: risk-taking propen-
sities; frequency, magnitude and type of social interactions;

decision making effectiveness; and efficiency at performing

"complex time-shared psychomotor tasks.
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This information should be obtained from subjects

representing the general population with an adequately
designed sampling and experimental protocol, |

The results of the experiment would provide empiricall
evidence of the noise profiles which can affect human
behavior and responsiveness. By determining the threshold
for these effepts in the manner'described, we woﬁld have
reliable evidence which defines the conditions under which
‘noise affects behavior. This‘evidence should be compared to
the résults of field surveys to determine whether uncontrdlled
variables were affecting the survey fesults.

The results of the initial phase will be used to develop
a quantitative rating system fof environmental noise thét may
be used to rank all types of noises. The rating scale will be
used to make a compariscn of responses to high voltage trans-
mission line audible noise and more common noises to which
people are presently subjected.- This should provide informa-
tion on levels acceptable for the higher voltage lines'of the
future,

The methods formulated in the initial phases will also be
used to determine the relative tolerance to various noise ;
levels for anﬁoyance, speech interference and.sleep distur-
bance. The noise from compgrable sources will be measured
and these should include railroad lines, highways, airporfs,
‘and factories in both urban and rural settings., The ﬁoise
from operating traﬁsmission lines (ac and dc¢) in a variety of

operéting and meteorological conditions will similarly be
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recorded. These recordings would be used to simulate, on a
laboratory basis, the various noise levels to obtain relative
acceptable and tolerance ratings regarding transmission line

noise relative' to other noise sources developed.

2.3.3 Prediction of Acoustical Noise for
"Transmission Lines Above 800 kV

Background

As the operating voltages of power lines are increased,
improved methods of predicting fhe acoustical noise appear to
be highly desirable. For example, refinements of currently
used techniques, such as the incorporatidn of wind conditions
and the drop-size distributions for light-rains or fogs,
might permit a more rational basis for correlating power-
line noise than is presently possible by extension of cage
measurements. A more detailed development of noise outputs
in terms of a wider range of ‘weather conditioﬁs.could permit
a more valid statistical prediction of AN where statistics
of local weather conditions are employed.

Objective

It would be the objective of this effort to consider
improved methods of predicting the acoustical noise oﬁ both
ac and dc high voltage lines, particularly as éperating
voltages are increased above 800 kV.

The tasks would include measurements on operating lines
and test lines,; as weli as the evaluation and validation of

high voltage ac cage and high voltage dc test line results.
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Better methods to consider the effects of precipitation--

‘either rain or wet snow--would also be considered. The pre-

diction methods would also include geometry, and the conductor

design and compacting. The effect of conductor temperature

on minimizing the onset of acoustical noise or postponing it

should also be considered.

The specific tasks required for this program would be:

a.

an evaluation of the different analytical
and empirical techniques for calculating
the AN performance of transmission lines,
with the aim of providing reliable and

easy to use methods for design engineers;

a comprehensive theory to describe the noise
generation mechanisms for both the "hum" and
"crackle" components of transmission line
audible noise should be formulated. Theoretical
hypotheses must be tested against these data,

so that extrapolations can be made with con-
fidence for future operating configurations,

The relative importance of the modulation
effect and space charge effect in the genera-
tion of the second harmonic noise should be
studied,

The possibilities of other noise generation
mechanisms should be considered, such as con-
ductor vibrations.

The problem of standing wave formation on the
annoyance potential of transmission lines
should be studied.

Better statistical relations between acoustical
noise and the weather at particular locations
should be found.
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of these corona discharges can be best achieved by re-
duction of the surface gradients. This may be accom-
plished for a fixed voltage by either increasing the
conductor diameter or by using multi-conductor bundles.
The latter course is often followed but alternative means
of suppressing these discharges are desirable. This
‘paper describes some methods which have been tried, and
the measurements made of their effectiveness.

55




BIBLIOGRAPHY (Con't)

DiPolvere, E. J. '"Noise Regulations in the State of New

Jersey," in Psychoacoustics: Proceedings of a Workshop.
New York: Institute of Electrical and Electronics
Engineers, Inc., 1974,

ABSTRACT: The State Noise Control Act of 1971 was signed
into law by Governor Cahill in January 1972, It mandated
that the Department of Environmental Protection should
.ensure an environment free from noise which unnecessar-
ily degrades the quality of life; that the levels of noise
in the community have reached such a degree as to en-
danger the health, safety and welfare of the people of
this State as well as the integrity of the environment;
and that this threat can be abated by the adoption and
enforcement of noise standards embodied in regulations.
The definition of health herein used is as interpreted
by the World Health Organization as being, ''not merely
the absence of disease and infirmity, but rather a sense
of well-being."

The act goes on further to indicate that regulations
promulgated under the act be ''reasonable'" but does not
require economic or technical surveys be made of various
forms of noise prior to regulations. The emphasis is on
the protection of the community, not on what is in the
interest of the pollutors. In spite of this, the de-
partment has a policy of not promulgating unreasonable
regulations-we seldom go to court and even less frequently
‘lose. This is because we make our regulations reasonable
and, in addition, administrative procedures allow for a
compliance schedule.

Djuric, S. V. '"Comparative Outdoor Tests of Measurement

Microphones,'" in Psychoacoustics: Proceedings of a Work-
shop. New York: Institute of Electrical and Electronics
Engineers, Inc., 1974.

ABSTRACT: The measurements described in this paper are a
continuation of a series of tests done on ceramic micro-
phones. This time we investigated the influence of the
outdoor environment on two other types of measurement
microphones (electret condenser microphones and conven-
tional air condenser microphones) and compared them to
ceramic microphones,

The. microphones were located on the roof of the General
Radio Company building in Concord, Massachusetts., The
weather pattern around Concord represents rather well
different climatic zones in the United States. The win-
ters are long with a good average snowfall and a few

weeks of artic frost. Closeness to the ocean is respon-
sible for a fair amount of rain during the remaining three
seasons. Every summer brings in several weeks of very

hot and humid subtropical weather.
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of Environmental Noise Pollution in New York State,"
"in Psychoacoustics: Proceedings of a Workshop. New York:
IgStitute of Electrical and Electronics Engineers, Inc.,
1974, ‘

ABSTRACT: Noise produced by 765-kV transmission lines
during fog conditions (Apple Grove data) is analyzed to
determine the degree of interference with human activi-
ties, and the distances within which the New York State
proposed noise level standards would be exceeded. With-
in about 400 feet of the line, some speech interference
can be expected; sleep interference will extend to about
950 feet. The proposed noise level standards for com-
mercial areas and for residential areas during the day
are exceeded within 300 to 400 feet of the line. The
proposed nighttime noise level standards for residential
areas are exceeded within about 950 feet.

Griffiths, I. E. and Langdon, F. J. '"Subjective Responses
to Road Traffic Noise." Journal of Sound and Vibrations.
8, (1968), 1.

"Guide for the Measurement of Audible Noise from Transmis-
sion Lines." IEEE Transactions on Power Apparatus and
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Heroux, P, and Trinh, N, G. "A Statistical Study of Elec-
trical and Acoustical Characteristics of Pulsative
Corona.'" A paper presented at the IEEE Power Engineering
Society Winter Meeting in New York (January 25-30, 1976).

ABSTRACT: With the growing interest concerning audible
noise generated by corona discharges, a systematic study
has been carried out at IREQ to determine and correlate
the electricel and acoustical characteristics of pulsa-
tive corona at single discharge sites. Small protru-
sions of both spherical and conical shapes were placed
on a 12-cm sphere, in a point-to-plane test arrangement.

The shapes of current and sound pressure pulses were in-
vestigated., Also, the statistical distributions of dead-
time between consecutive pulses and pulse amplitude were
established automatically using a multichannel analyzer.:
The results obtained show that:

- typical wave shapes can be defined for both
the current and sound pressure pulses for
each polarity of the discharge;

- a correlation exists between the amplitudes
of the electrical and acoustical pulses;
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- the pulse successions that constitute a corona
regime can be described by a three-dimensional
"evacuation diagram" correlating the amplitude
of the current pulses and the associated
dead time;

- the frequency spectrum of the audible noise
generated from a single discharge source can
be evaluated from the Fourier transform of
the acoustical pulse and a spectral reparti-
tion derived from the evacuation diagram of
the corona regime.
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on People," in Psychoacoustics: Proceedings of a Workshop.

New York: Institute of Electrical and Electronics Engineers,
Inc., 1974,

ABSTRACT: This paper discusses research approaches which
could be employed to assess the impact of power line
noise. The approaches have been used successfully in
research involving the evaluation of other types of noise.
A method for determining the detectability of power line
noise is also presented.
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ABSTRACT: The design of EHV transmission lines is such
that under certain weather conditions corona discharges
occur on the conductor surface. Both electromagnetic and
acoustic energy are emitted resulting in radio and
television interference and audible noise. This presenta-
tion is concerned with the acoustic emission of the energy
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measurements. The paper also shows the latest techniques
for evaluating noise amplitude distribution.

Sforzini, M., et al. '"Acoustic Noise by AC Corona on Con-
ductors: Results of an Experimental Investigation in the
Anechoic Chamber.'" Paper T74 402-4 presented at the IEEE
PES Summer Meeting and Energy Resources Conference in
Anaheim, California (June 14-19, 1974).

Sforzini, M. '"Results of Audible Noise Field Measurements
Carried Out on HV and EHV Lines.'" A paper presented at
the IEEE Symposium on Audible Noise from HV Transmission
Lines in Dallas, Texas (June 1969).

59



BIBLIOGRAPHY (Con't)

Shankle, D, F, "RI Audible Noise, and Electrostatic Induc-

tion Problems. ‘A paper presented at the Westinghouse
1972 Electric Utility Engineering Conference (April 1972),

Shaw, E. A. G. '"Noise Pollution-What Can Be Done, Physics

Today 28, no. 1 (January 1975).

Strong, N. G., Davis, N, E. and Melville, D. R. G. "Visual,

Ultrav101et and Ultrasonic Display of Corona Fields in
Air, Proceedings of the Institute of Electrical En-
gineers (London) 117, mo. 7 (July 1970), 1453-1459.

ABSTRACT: Photographic techniques were devised to assist
in examining flashover behavior of insulators, and these
were developed to display the electric-field pattern by
photographing, in daylight, theudtraviolet portion of

the corona spectrum. Later, a special television camera
was used to enable the field phenomena to be observed
continuously. These techniques give more information
than can be obtained by normal methods of field analysis
or by visual observation in darkness. The ultraviolet
discharge is accompanied by ultrasonic noise, which has
been detected, and the characteristic ultrasonic patterns
for various gap geometries have been recorded. Both the
ultraviolet and ultrasonic techniques may be used to
determine corona inception in daylight, and both are

more sensitive and reliable than visual observation in
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ABSTRACT: The effect of surface wettability on foul
weather audible noise generation is experimentally in-
vestigated. Droplet formation is discussed in terms of
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ABSTRACT: Experimental and analytical investigations
into the problem of the aerodynamically induced oscil-
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ABSTRACT: The investigation is concerned with the clas-
sification of conductor galloping according to the vari-
ous observed forms of oscillations, explanation of this
phenomenon, major disadvantages resulting from its -
appearance, influence of the various factors affecting
it, as dependent on the environment, and design
characteristics of the lines. The measures to be taken
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3. CORONA EFFECTS--RADIO AND TELEVISION INTERFERENCE

.1 Introduction

3
3

.1.1 Units of Measure

The electromagnetic interference field is measured
in volts per meter. However, since most radio frequency
fields are quite weak, the reference level used is microvolts
rather than volts or kilovolts. 'In the case of continuous
wave sinusoidal signals, the measured levels are independent
of the bandwidth of the receiver, assuming proper initial
tuning. On the other hand, in the case of naturally wide-
band generated interference and some man-made interference,
the receiver's response in amplitude 1is préportional to the
square root of the operating bandwidth. In the case of im-
pulsive noise, the amplitude response over limited frequency
regions can be proportional to the bandwidth. Usually for
convenience, most of the natural and man-made interference
is generally related to the square root of the bandwidth.

3.1.2 Ambient Non-Power-Line Environments

Interference from all sources can be classified as
either active or passive. In the case of active inter-
ferencé, a signal source separate from that of the desired
signal produces an interfering waveform. In the case of
passive interference, only the desired signal source is
involved, but the propagation path is modified. A typical
example of passive interference is the ''ghost' generated

from rescattering of TV signals from high-rise buildings.
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Figure 1 presentsl’2 some typical levels of naturally

occurring radio frequency interference. Below approximately
10 megahertz, the main source of naturally occurring inter-
ference:arises from the impulsi&e radiated fields from
lightening discharges throughout the world. These are prop-
agated by ionospheric reflection. |

Man-made sources of interference may even be authorized
radiations, but are generally of a spurious nature. Impul-.
sive interference from automobile ignition systems, switch-
ing circuits, electric typewriters, and brush—type‘commu—
tators can also be radiated over wide areas.

The level of the ambient interference, either man-made
or natural, varies with location and is typically much
greater in metropolitan areas whefe considerable man-made
noise is present as opposed‘to the more quiet rural areas.
Some assessment of these ambient levels in metropolitan and
rural areas can be developed by noting the recommended field
intensity levels3 for radio broadcast signals necessary for
reliable service in different regions. These are as fol-
lows: 1)'a major metropolitan.business area, 80 to 94 dB
above a microvolt per meter; 2) a residential district of
the city, 66 to 80 dB above a microvolt per meter; and 3)

a rural area, 40 to 54 dB above a microvolt per meter.

The ambient noise levels can be inferred from the re-
quired signal-to-noise ratios to produce acceptable annoying
or almost unintelligible listening. Guidelines4 for such

signal/noise ratios are presented in Table 1. Using a 20 dB
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signal-to-noise ratio, an upper bound for typical ambient

man-made noise levels in metropolitan, suburban and ‘rural .
areas can be established and these valués are also plotted
in Figure 1. |
Table 1
SUBJECTIVE RESPONSES TO THE AUDIBLE

OUTPUT FROM A RADIO BROADCAST RECEIVER 4
FOR VARYING INPUT SIGNAL-TO-NOISE RATIOS

Signal/noise ratio Scales Reception quality
Logarithmic (dB) ' Linear Code Subjective Impression

30 32 -5 Interference not
. audible,. ‘
24 16 4 Interference just
perceptible,
18 , 8 3 Interference audible

but speech perfectly
" received,

12 4 2  Unacceptable for
music but speech
intelligible,

6 2 1 Speech understandable
: only with great con-
centration,

0 1 -0 Spokén work unintelli-
gible: noise swamps
speech totally.

3.1.3 Historical Appraisal

Radio noise and television interference are a’ corona-

induced phenomena and corona has been the éubject of

66




detailed studyvsince the early 1920's. However, the problems
associated with radio interference and later on television
interference were not serieusly addressed until the late
1940's with the advent of operating voltages in excess of-

250 kilovolts.%?

As the operating voltages increased, the
interference became an important factor in fhe design of

the transmission line and the choice of the route as well.
The state-of-the-art of radio interference from power lines
is now quite advanced, particularly in the areas of AM
broadcasting and lower shortwave bands; Considerable infor-
mation is available on the generation mechanism for this
interference, methods of measurement, and the line design

requirements for limiting this interference to acceptable

levels. The Transmission Line Reference Book, 345 Kilo-
3

volts and Above~ and Interferences Produced by Corona Ef-

fects of Electric Systems4 contain extensive bibliographies

summarizing the present state-of-the-art. The reader is
referred to those sources, which are sufficiently compre-
hensive to eliminate the need for a bibliography on the
topics in this document.

3.2 Interference Effects From High Voltage AC Lines

-

Interference effects from high voltage ac lines can

also be both active and passive. The active interference
is generated by impulsive kinds of corona discharges or the
so-called 'gap discharges' which also generate impulsive

currents, both of which lead to interference. Passive

67



‘interference is generated by transmission lines by the

rescattering of television signals causing ghosting.

In the case of passive interference, that is, rescat-
tering of incident energy by the power line or its towers,
and ‘the resulting ghosting or multipath problems, the basic
phenomena is well understood and analytical techniques of
varying reliability have been applied to predict this ef;
fectl Unfortunately, no solution has been found to prevent
reflections from many high buildings, towers and high'volt—
age lines for a given siting. Some options do exist in the
case of new lines wherein the routing and orientation of
the lines may be made in ways to prevent either high level
initial illumination or rescattering into populous regions.

Most of the complaints arise from viewers whose homes
are on .the transmitter side of the line.4 In this case, a
typical solution is the use of high gain antennas with a
high front to back ratio, such that the direct pickup from
the transmitter is enhanced while suppressing the rescat-
tered energy from the line.

" The interference problems are treated in two major
areas, the first is generally referred to as RI, meaning
radio interference applicable to frequencies below 10 mega-
hertz., The second category is referred to as TVI and is
applipable to interference generated above 30 megahertz

(and upwards into the lower microwave band).

68




3.2.,1 HVAC RI

Interference Generation Mechanisms

Below approximately 10 megahertz, -the impulsive corona
discharges are responsible for generating the bulk of the -
interference. The general nature of such pulses and the
related interference spectra are well understood. As with
all corona effects, the surface imperfections on the con-
ductor constitute a decisive working factor--the onset of
corona is much lower. in actual linesithan would be pre-
dicted for idealized conductors. Similarly, atmospheric
conditions also play a leading part by the introduction
of imperfections on tﬁe conductor--in the form of water
droplets.

According to one viewpoint, each site of the corona im- -
pulsive discharge along each conductor provides an incremen-
tal source generator which causes .the interference to propa-
gate along the power line. The total interference as. seen
at any particular point will, therefore, consist of contribu-
tions from many impulsive sources which probably extend over
some tens of kilometers. The basic modes of propagation
along polyphase lines can be treated in matrix form.4 Since
the radio interference is strongly dependent on the. meteoro-
logical conditions as well as the surface treatment of the
conductors, statistical accumulation of radio interferénce.
data is often required. Tﬁe reference meteorological con- -

ditions are of two categories, heavy rain and fair weather.
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The spectral content of the corona-induced pulses is

such that the high frequency content tends to fall off quite
. rapidly above approximately 1 megahertz, This fall-off is
reflected in the spectral content of the measured radio
noise as shown in Figure 2.4
Spectral components beldw about 10 megahertz are not
efficiently radiated from the power line. This occurs be-
cause the vertical dimensions, conductor separations, and
the size of discontinuities (such as drop-wires) are small
compared with the wavelength. Where an éntenna'is électri—
cally short (small éompared with a anelength),.efficieﬁt
radiation is not'possible. Since all vertically polarized
antenna like radiators on a transmission are electrically
short, the high intensity noise fields are confined to the
immediate vicinity of the line. Figure 3 presents a typical
lateral profile of the distribution Qf radio noise for a
4

horizontal conductor line.

Prediction Methods for RI

Both semiempirical and the quasi-analytical methods
have been perfected sufficiently that satisfactory predic-
tions of the radio interferencé levels for transmission
lines from 22 to 800 kilovolts are possible. The semi-
empirical method emphasizes data developed on the basis of
long-term recofdings under a variety of weather conditions,
whereas the quasi-analytical methods employ empirical test

results developed on small conductor bundles. These
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empirical small-line-segment results are then ‘employed using
rigorous analyses to predict the interference levels. There
are, however, some areas which need additional resolution.
These -include a better understanding of the relationship
between long line, short line and cage measurements,

Measurement Techniques for RI

Measurement equipment and methods have been refined
to a point where standards have been published by ANSTI,
CISPR and IEEE.”®:7

3.2.2 TVI and Microwave Interference

Interference caused by overhead high voltage ac lines
in the'FM and TV.broadcast bands, and possibly in the lower
microwave band, has“two aspects. The first aspect is active
interference which is prcduced by electrical discharges on
all parts of the line and the other is pass1ve interference
1nfroduced by rescattering which causes ghosting.

TVI Generation Mechanisms

In this particular band, interference is caused bcth
by the impulsive corona effects, which have spectral con-
tents "spilling over' into the TV and lower microwave band,
and by gap discharges. "Gap discharge" is a collective term
for the electrical breakdown of insulation between two
charged surfaces e.g.; sparks between two metal parts of
hardware items or smaller sparks between a metal part_and

an electrically charged insulating surface,
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TVI Prediction Methods

A general lack of refinement exists for TVI relative
to RI. This lack of development may be traced, in part,
to the apparent absence of problems in correctly designed
and maintained overhead lines. It has been stated that

when an overhead line has been correctly de-

signed to prevent radio interference in the

- frequency range or range around one megahertz,
interference problems above 30 megahertz will

be accidental. If interference happens, it

will, in most cases, be caused by sparks on

insulators and hardware, and seldom by micro-

sparks or corona. (Ref. 4) ‘

This statement may be applicable for typical receiving
conditions in the vicinity of a high voltage transmission
line. However, special situations may occur where a very
highly sensitive receiver is to be located near a high‘
voltage transmission line.8

To a limited extent, the methods developed for RI can
be extended to the TVI region. With decreasing reliability,
the predictive method may also be applied to the upper

microwave region,

Measurement Techniques

While standard radio frequency instrumentation is
9

available” which can make both narrow-band and broad-band
field intensity measurements in the television and lower
micfowave bands, corrélation of these measurements td the
subjective respoﬁses of viewers of television displays is
difficult. This arises because very little has been done

to date to develop this correlation. 1In addition, the

subjective response of the viewer to the types of noise
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generated by a transmission line is another unknown. This-
latter aspect however, is being addressed by the IEEE
Working Group on Corona and Radio Interference.10

3.3 Interference Effects From High Voltage DC Lines

The many factors appearing in tHe HVAC liﬁe.discussion
are equally applicable to HVDC lines. There are, however,
some“noticeable ex;ep;ions. Firét of all, owing to
slightiy different RI generation phenomenology, the foul
weather ;adio noise is usually lower than fair weather
radio interference.4 Also, there is little statiétical
~data regarding measurements from actual working lines, and
most of the prediction techniques are based on extensions
of the methods employed for ac lines. Thirdly, perhaps
owing to thevabsence of modulation by the 60 Hertz fre-
quency apd its harmonics, radio noise originating from HVDC
lines ié considerably less annoying to the average listener
than noise from HVAC lines of the same electric field in—‘
tensity. While the conductor voltage gradient is still a
useful criterion to estimate corona effects in the dc case,
some of the coroﬁa effects are influencgd by air ionms, wind
and huﬁidity more evidently than in the case of high voltage
ac, |

Little definitive information is available about the
TVI interference ffom HVDC lines. This lack of interest,
may, in part, be caused by the fewer circuit miles of HVDC

lines, and also because these lines are generally located
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in nonpopulous areas. Similarly, little has been done re-

garding the prediction of television interference from HVDC

lines.

3.4 Conclusion and Consolidation of the
State-of-the-Art

Both the state-of-the-art review and the discussions
at the workshop* clearly indicated that relatively little
additional research is required to resolve future problem
areas concerning radio interference. The exception to this
is the resolution of the subjective aspects of HVAC gen-
erated RI versus HVDC generated RI.

The power line represents a speéiél case for RI inasmuch
as the interference levels assdciated with the line are con-
fined largely to the rights-of-Way area. On the other hand,
other major sources of interference associated with non-
power-line situations.are such that this interference can
be radiated over a wide area and cause disruption of many
types of services. To control radiated interference over
wide areas, limits on the amount of radiation permissible
for such interference sources are sometimes necessary.

On the other hand, in the case of power liﬁes, owing
to the very restricted region where some interference may
be a broblem, issues more complex than just a choice between
simple interference or no interference must be considered.

. As is noted in Table 1 and Figure 1, various levels of desired

* Identified in Section 1 of this report.
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signal as well as non-power-line noise signals occur at
varying levels depending on the location and the nature of
the services. o

In addition to the foregoing technical factors,'sudh
human factors as density of the population in the areas
crossed by the lines may also be'imﬁortant from an economic
point of view. For example, where the power lines are run
in very sparsely populated areas, interferencg problems will
be rare, but could occur if the receiving site were located
next to the right-of-wayll In this case, iﬁ makes far more
economic sense. to relocate the antennas for this one re-
ceiver rather than to increase the cost of the transmission
1iné to a point where interference is negligible.

»As indiéated in the state-of-the-art review, andvas
similarly discﬁssed in the workshop, some additional work
is required ﬁo determine the active and passive interference
components in thé television and microwave bands. A prime
ﬁeed ié a measﬁrement instrument ﬁaving a meter indication.
that correlaﬁes well with the human subjecpive responseé to
powef—line interference and television displays. More com-
plete and thorough measurements of TVi frém high voltage
"dc lines, both teét and operating, are needed.

| Programs to resolve any miégivings about long line,
test and cage measurements were topics of diséussion at the

workshop. However, such considerations are better addressed
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within the context of a more general transmission lineldesign
program. These considerations still can be an important
consideration for the operating companies.

Specific problems associated with the TVI generated by
hardware items were also discussed at ﬁhe workshop. These
could. best be dealt with as parts of a general program for
improving reliability.

3.5 Research Program Plans for, Radio and TV Inter-
ference

3.5.1 TVI Measurement Instrumentation

Background

ABecaﬁse there is é lack of correlation between the
measurement indications of existing equipment and the sub-
jective responses of television'ﬁiewers, present measurements
of the amount of TVI from power lines are unsatisfactory.
Part of the problem lies in the basic design differences
Between the television sets and radio frequency measurement
iﬁsfrﬁﬁentation which generally relies on quasi-peak measure-
ments for the‘impulse noise generated in the TV Band. The
IEEE Wofking group is attempting to obtain a subjective
ratihg'factor by means of video tapes taken_of televisioﬁ‘
pictures with interference generated from power lineé. This
information may be used for the desigh of an alternate in-
strumentation which considers the subjective factors.

Objective |
The objective of the proposed effort would be to devel-

. . - N . . . *
Op measurement instrumentation having meter indication read-
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ings that correlate well with the human subjective responses
to power-linelinterference in television displays for both
HVAC and HVDC transmission lines.

The first task would considef the development of an
objective criterion of picture quality for under HVAC and -
HVDC TVI noise conditions. This criterion.would be used
to quantify viewer subjective responses on a statistical
basis. Ekisting television tapes and other data will be
employed. | |

The second task wduld consist of development of a proto-
type instrument. This will measure a quantity which is
as closely reiated as possible to the objective criterion
~ developed in the first tésk.

-3.5.2 TVI From HVDC Lines

Background

Television, UHF, and microwave interference from HVAC
lines are important considerations; and it appears.that
comparable interference generation from HVDC lines may also
occur. As of this date, extensive measurements of television,
UHF, and microwave interference from high voltage dc iineé
have not been made with suitable equipmént, under a variety
of meteorological and geographical conditions.

Objective _

It will be the objective of this effort to measure ﬁhe

TVI, UHF, and microwave interference from high volfage de

79




lines ‘under a variety of operating conditions for as many

conductor geometries and geographical locations as appro-
priate. |

Tasks

"Various mechanisms whicﬁ:generate TVI and related inter-
ference would be experimentally studied and supported by ° :
analyses where'appropriaté._ Equipment would be assembled
and used to locate faults which may cause the generation’
of TVI in hardware items. If fhe same mechanisms are not
evident for HVDC as they are for HVAC, then these various
mechanisms will also have to be experimentally identified.
Measurement techniques suitable to ﬁeasufe TVI from HVDC
lines will be developed based on HVAC TVI measurement in-
strumentation program results. Measurement data on test
operating lines.would be documented.

3.5.3 Prediction of VHF-UHF Microwave Interference

~
Background

Maﬁy important equipments designed for space, military
or civilian purposes may be 1ocated‘near power lines. ' These
equipments may be sensitive to unintentional interference
from the poﬁer lines in the VHF, UHF, and microwave bands.

To a limited.degree, techniques developed for RI, can
be extended into the TV, UHF, and microwave bands. The
-existing measurement data also appear inadequate to prpvide
a predictiop of interference in these‘bands, expecially for

lines operating above one million volts. Often, this type
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of interference is generated by hardware, and is a function:
of ‘the maintenance on the line. A major prediction probler‘n'~
is that each line may well be unique.

Objective

The objective of this effort will be to determine the
feasibility of a program to improve the reliability of pre-
diction for VHF, UHF, and microwave power line interference,
especially for lines above one million volts.

Tasks

Semiempirical and quasi-analytical prediction methods of
measuring interference in these bands would be considered.
Initial emphasis would be for HVAC lines. Commonalities in
hardware design and maintenance methods would be studied.
Based on the results of the feasibility study, a program
would be recommended to improve the prediction of the VHF,
UHF, and microwave interference from HVAC power lines and, |
if appropriate HVDC lines as well. This would consider line
designs necessary to obtain power transmission between 1 and
2 megavolts.

3.5.4 Subjective Responses to HVDC and HVAC RI

Background

The audio. output of radios experiencing radio fre-
quency interference from HVDC is different than the audio
output from comparable radio sets experiencing radio fre-
quency interference from HVAC power lines. Preliminary
evaluations of the subjective responses indicate a pre-

ference for the HVDC noise for otherwise comparable situa-
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tions. The differences may be partly attributed to the 120

or 60-Hertz components present in a radio interference from
HVAC power line.

Objective

The objective of this effort will be to correlate the
subjective responses of the degradation in the quality of"
AM radio reception due to RI from HVDC and HVAC power lines.

Data would be'developed which can be used as a basis
for comparing the radio noise generation of either HVAC or
HVDC power line system designs. The subjective responses
under varying EMI conditions would be taken with and without
radio signals of various types, such as speech patterns,
roék through classical music, and various types of program-
ming, from variety shows through newscasting,

3.5.5 Reradiation and Propagation

bBackground

Incremental radio, television, and UHF corona noise
sources excite transmission . lines phase-to-phase and phase-
to-ground in unique manners. The manner in which the exci-
tation takes place controls the way that the radio energy
propagates along the line and the wa§ it is subsequently
reradiated.

As the operating voltage of a transmission line in-
creases, the tower heights will increase similarly. The
presence of these higher towers also affects the way in

which energy is propagated and reradiated along the line,
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Rescattering of energy in the TV-band can introduce-
additional ghosting; and radio fréquency radiatien patterns
can also be distorted by situatirnig a power line near a’
broadcast station. ' Where a line changes ‘diréctidén or ‘where
discontinuities occur; such as for drop lines to transform--
ers, radiation can also ﬁake place.

Analytical techniques can be refined to characterize
TVI noise propagating along the line. Advances in scat-
tering theory and computation methods could be-applied to
provide a more reliable analysis. Similarly, while some
material has been published on passive interferénce, further
refinement can be accomplished by using recent advances in
numerical integration digital computation to include actual
tower and conductor geometry in calculations.

Objective 4

The objective of this effort would be to apply advanced
techniques to predict the radiation, rescattering, and prop-
agation characteristics of power lines,.

~Several major areas of endeavor are envisioned, and
these include: 1) rescattering of energy in the broadcast
band; 2) rescattering of energy in the TV and microwave
bands, either by the power line or the tower, as appropri-
ate; 3) the propagation of radio energy along the power line
as éffected by the conductor arrangement, tower design,
changes of direction, and drop wires to transformers. UHF

or microwave broadband RF, 100 to 1 scale model measurements
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would be used to supplement the analytical study. Measure-
ment of reflection from existing full ‘size structures would
be made to validate the results. If appropriate, the re-

sults of these measurements would be enlarged for use in

handbooks.
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4., - -CORONA EFFECTS--0ZONE

4,1 Introduction

4,1.1 Sources of Ozone and Related -Oxidants

There are.at least .three categories of ozone formation
which are .of interest: (1) photochemical formation in the‘
stratosphere; (2) photochemical production near the earth;
and (3) ozone generation associated with electrical dis-
charges.

Ozone.is formed in the-upper atmoéphere when solar
ultraviolet light causes the disassociation of the oxygen
mole-.cules.1 Originally, it ‘was believed that such a pro-
cess ‘does not contfibuté substantially to the ozone concen-
trations found near the ground; however, more recent data
indicates that this may not be true.z’3

Significant amounts of ozone are believed to be formed
near the ground by the action of ultraviolet radiation with
the gaseous emissions of combustion processes, such as auto-
mobile exhaust gases.l Contributions may also arise from
hydrocarbons emitted from natural sources.3 In this pro-
cess, the ozone concentrations tend to be much greater
during periods of intense sunlight that are coincident with
meteorological conditions which allow -accumulation of ihdus-
trial and automotive industrial waste gases, such as during
an inversion.

It -has been known for many years that electrical arcs
and corona discharges from electrical apparatus can create

ozone and, to a minor extent, other gases such as oxides of
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nitrogen. The process is quite compiek and is generally
rather inefficient in terms of total energy required during
actual process versus theoretical limit,.

Production of nitrogen oxides is more difficult elec-
trically in the corona discharge, since higher electron
energies are required. Thus, the yield of NOx is substan-
tially less than the yield of ozone.

Since ozone is one of the most reactive compounds
known, its concentration will continually decrease gnless
additional ozone is generated or transported to the area.
The presence of oxidgs of nitrogen, some spray can propel-
lants, carbon tetrachloride and other soﬁrces.of chlorine
and bromine can accelerate the recombination-of ozone both
near and well above the earth's surface.4 Near the earth's
surface, vegetation and other material can act to reduce
the concentration. -

Thus, the ozone concentration in any given area 1is a
delicate balance between the ozone formed or transportedA
and the destruction of ozone in that area. The decay rate
of ozone, and the factors which affect the rate, are of in-
terest in predicting ozone buildups near transmission lines.

4,1.2 Distribution and Concentration

Ozone has been recognized as a significant air pol-
lutant in urban areas, but it has not been until recently
that good comparative measurements over wide areas have
been developed over a year's time. - Recent papers by Stasiuk

and Coffeyz’3 discuss measurements in both urban and rural
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sites. These show a daily variation of the ozone concen-
trations iﬁ the urban areas which, surprisingly, do not
occur in the rural areés. The diurnal variations in the
metropolitan areas suggest the presence of some element
which accelerates the recombination procésé'during night-
time, Typical ozone concentrations measured on rural moun-
tain top locations dﬁring the iaté sﬁmmer monfhs range
from 30 ppb to 102 ppb. In the urban areas,‘the maximuﬁ
hourly average ozone concentration ranged froh‘BO ppb to
124 ppb. Note that the maximum valueé in both the rural
(in this case, two mountain tops) and urbah areas exceeded

3 It is suggested that

the air quality standard of 30 ppb.
the higher rural ozone levels are not primarily -due t6 the
transpért of ozone énd ozone precursorsAfrom other urban
areas, but could be due to naturally occuring phenomena,
such as photochemical generation from non-man-méde precur-
sors or tﬁe transpért of ozone from the stfatosphefeﬂto‘the
troposphere. These results raise questions about the cur-
rent strategy of céntrolling the ozone levels in urban
areas by limiting automotive and industrial gaseous emis-

sions.

4.1;3 Biological Importance

There are two major biological reasons why ozone 1is
of concern: (1) the destruction of ozone in'the strato-
sphere with the possible health consequences associated
with increased ultraviolet light (such as skin cancer) near

the earth's surface, and (2) the biological effects of
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abnormal concentration of ozone near the earth's surface.
Only:the latter is of interest in discussing power line
effects. The effects of ozone -and similar oxidants on hu-
mans; animals and vegetation has been presented in detail.6
This forms the Basis for the National Primary Air Quality
Standard for photochemical oxidants of an 80 ppb maximum

one~hour arithmetic mean concentration not to be exceeded

once a year.

4.1.4 Power-Line Implications

It has been known for a long time that ozone is gener-
ated from electrical corona aﬁd arc discharges. This prop-
erty has been utilized for commercial ozone generators
~and ozonizers. The fact that transmission lines might gen-
erate ozone was considered in 1956 for the first time in
conjunction with radio and TV interference tests on trans-
mission 1ines in a publication by Newell and Warburton,7
Liao, Keen and Powell8 investigated.corona and radio in-
fluence phenomena of thin wires in cylindrical cages and
notedlthat ozone had to be removed by the Eontinuous intro-
duction of fresh air. |

In the design of the early EHV lineé, the ozone gener-
ation was not considered to be a major problem.l While
ozone is usually noticeable by émell in high-voltage labora-
tories during repetitive testing, it wés-not noticed near
some of the éarly high voltage lines and stations since a
typical person can detect the smell oflozone in concentra-

tions as low as 20 to 50 ppb. This provided fairly good
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evidence that the overhead transmission lines would not
create an environmental ozone problem. This conciusion
was supported by simple analyses during the préliminary ‘
design for some early EHV transmission lines;l
Unfortunately, various episodes associated with air
pollution in general occurred in 1948 at Donora, Pennéyl-'
vania, and in 1952 in London. Although the problems were
air pollution from sources clearly not associated with power
lines, these episodes and others have created an acute
awareness of the air pollution problems. Consequently,
the question of generation of any pollutant, and ozone in
particular, by EHV transmission lines, has been raised as
a small part of this genefal environmental issue. As.a.
result, a number of power companies; particularly American -
Electric Power Service Corporation,lubegan to ﬁndertake
a comprehensive analytical .and laboratory field measurement
program to provide a more detailed analysis of the problem.

4.2 Appraisal of the State-of-the-Art

While considerable literature exists regarding .corona
losses on power lines, there are only approximately two
dozen papers which deal directly with the generation,
prediction and measurement of ozone from EHV power lines.
In addition, a number of current programs in this area are
fairly restricted. Typical of such programs is the one
being éonducted by Johrnis Hopkins for the State of Maryland.

_ Other measurements and analyses are being conducted on the
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part of Project UHV for HVAC lines and by Institute de

Recherche de 1'Hydro for HVDC lines. Parties to the New
York State Public Service Commission Hearing concerning
proposed EHV transmission lines are conducting limited inves-
tigations as well.

| Past  studies have approached the development of ‘the
concentration of ozone near transmission lines in a sequen-
tial manner involving laboratory studies and analyses, which
are then confirmed by means of field measurements. The
corona losses associated with transmission lines are deter-
mined and then efficiency with which ozone and other oxide
gases are generated is determined. Once the amount of gas
near the conductor is detérmiﬁed in terms of the conductor
geometry and operating voltages, the atmospheric diffusion
characteristics and ozone decay properties are investigated
to determine the possible ground-level concentrations.
Hopefully, the final result would be confirmed by a series
of field tests. Following the sequence of this scheme,
the papers are reviewed in terms of three major areas:

1. laborabory measurements;
2. prediction;
3. field measurements.

4.2.1 Laboratory Measurements

Laboratory measurements of the production of ozone as a
function of corona loss expressed in terms of the conductor
voltage gradient, conductor geometries, operating voltages, and

meteorological parameters have been reported in a series
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of six papers.. The most comprehensive study was that re-
ported by Scherer, Ware and Shih.l This paper reported

the results of a cbmprehensive program involving'laboratory
prediction and field measurements. The laboratory work

was conducted by Ion Physics Corporétion,'Améfican Electric
Power at Canton, Ohio and Westinghouse Electric Corporation.
Preliminary results of a detailed laBoratory study are re-
ported by Sebo, Sweeney, Heibel, and Frydman9 on a program
c9nducted for American Electric Power by the staff at Ohio
State. Roach, Chartier and Deitrich10 summarize extensive
laboratory and analytical work conducted by Westinghouse,

Frydman, and Shihll

report additional studies on the ef-
fects of the environment on ozone productionvwhich are based
on tests conducted at American Electric Power Sérvice Cbr-
poration's Canton laboratory. The more recent'péper by

12 provides a'éompre—

Sebo, Heibel, and Frydman and Shih,
hensive summary of the recent laboratory work conducted
at Ohio State University on ozone production rates for a
variety .of conductor geometries and weather coﬁditions.
Whitemorel3 investigated wind and humidity effects and
presented results comparable to those reborted by Scherer.5
The above laboratory studies established the ozone
production rate as a function of conductoi geometry, oper-

ating voltages and simulated weather conditions. The

following general conclusions were noted:
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i.

The ozone production rate is a function of the air
flow rate, is relatively insensitive to air temper-
ature, but is strongly dependént on the humidity.
The humidity has an adverse effect on the ozone
production rate.

The ratio of corona loss to ozone production is

constant only over a limited voltage region and

is different for specific conductor geometries.
For otherwise ideptical situations, the produc;ioﬁ
rate decreases with an increase in conductor diam-
eter.

The ozone prqduction rate is a strong function pf
the conductor voltage gradient and, over certain
regions, increases as a square of the conductor
gradient.

Ozone production is maximized during heavy rain,

The half-life of ozone was observed, on one experi-

ment, to be approximately 10 minutes. Under more

carefully controlled conditions, the half-life was

45 minutes and, under conditions of a water spray,
was 27 minutes.

Once ozone is formed, it has a tendency to diffuse
upward, possibly from convection currents intro-
duced by local conductor heating.

The nitrogen oxide production rate is considerably
less than that for the ozone, roughly 1/10th that

for ozone.
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4.2.2 Analytical Prediction’

Based on laboratory measurements, the analytical pre-
diction of ozohe concentrations near high voltage transmis-
sion lines has been considered in two papers--the first by
Scherer, Ware and Shihl and the second by Roach, -Chartier
and Deitrich.lov Essentially, the experimentally determined
ozone production rates over an incremental section of the
overhead conductors is then used in diffusion studies to
determine how the ozone diffuses or propagates to regions
near the ground. Air diffusion models which have been
developed over the last half century are used. However, to
use these models for ozone diffusion from extended transmis-
sion lines, some unrealistic assumptions must be made, such
as a very low velocity wind prevailing in one fixéd and
arbitrary direction over very long periods of time during
inclement weather. 1In addition, the recombination rate
of the ozone is also important, particularly during pre-
cipitation, but is not known. Existing calculations have
not considered decay rates.

Two limiting cases are considered, that is, where the
wind is perpendicular to the transmission 1ine,'énd where
the wind blows parallel to the transmissionvlihes. - It is
evident that in the latter case, for very low non-turbulent
wind coﬁditions blowing parallel to the.transmission line,
a prdgressive.accumulation along the line might occur
under certain idealized and hypothetical conditions. Even

under idealized conditions, certain data necessary for a
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precise calculation is missing, such as the recombination

time of ozone under conditions of precipitation. Further,
the hypothetical case in which the wind blows in a constant
direction with an invariant very low velocity parallel to
the line under conditions of heavy precipitation seldom,

if ever, occurs. (The ozone generation at the conductor .
is maximum during heavy rain.) The actual variations of
these meteorological parameters must be considered before

a realistic assessmenﬁ or calculation can be made,

A sample calculation for ozone concentrations, based
on hypothetical weather conditions, is presented in
Scherer.1 "The calculation is based on an assumed corona
loss level and production efficiency of the effluents, in-
corporated with the EHV transmission line configurations.

The key parameters are:

Operating Voltage: 765 kV rms line-line

Line Height: - 75 feet average (22.86 m)

Total Line Length: Transverse wind, infinite
longitudinal wind, 2.5
miles (4 km)

Produétion‘rate
of Total Oxidant: 0.08 oz/kWh (2.27 g/kWh)

Foul-weather
corona loss: (1) 79 kW/mi-3 phase
(49 kW/km-3 phase)
(2) 135 kW/mi-3 phase
(83.7 kW/km-3 phase)
The results of the maximum ground level concentrations

of the total oxidants are summarized as follows:
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TABLE 1
CALCULATED MAXIMUM GROUND-LEVEL

CONCENTRATIONS
Transverse Wind Speed ' - Maximum Concentration
(mph) : : ~_(ppm)
OIS (2
1 | 0.0007- . .. 0.0012
2 | 10.0003 0.0006
4 0.0002 0.0003
10 0.001 -~ 0.0001
Longitudinal Wind Speed Maximum Concentration
(mph) I __ (ppm)
| (1) . (2
1 0.0113 0.0193
2 . 0.0057 0.0097
v | 0.0028 © 0.0049
10 / 0.0011  0.0019

The authors state that the maximum concentrations for the
longitudinal wind'éése should probably be reduced by a fac-
tor of 4, since the diffusion calculations for the parallel
wind conditions are sensitive to the length of the line (or
the constancy of direction of the wind). - The reduction’bf'
ozone concentration due to. recombination was not inciuded'
in this analysis. |

A./Whitemore13 has made rough analyfical estimates of
the ézone contributed by power lines, and feports that

transmission lines appear to contribute only minimally to

local ozone levels in areas where transmission lines exist,

Ie
L

97



The plume dispersion theory and lab development of

ozone production rates have been used to estimate the ozone
concentrations near transmission lines. The more accurate
estimates are for the wind perpendicular to the transmis-
sion line. Unfortunately, the most important case is the
one in which ozone can be progfessively concentrated by a
wind blowing parallel to the transmission line. In this
instance, the inaccuracies embedded in assumptions are cum-
ulative as weil, and generally tend to increase calculated
values. As a consequence, parallel wind calculations made
to date may be regarded as plausible uppef bounds subject
to downward revision.

Major uncertainties or data yet to be considered in-
clude the following: 1) recombination rates of ozone
during precipitation, especially heavy rainfall; 2) statis-
tical variations in the wind velocity and direction during
various classes of precipitatidn and the use of these data
in calculations; 3).dispersive characteristics introduced
by actual terrain, vegetation and towers;A4) the tendancy
Qf ozone to rise; 5) the probability of certain weather
conditions favorable to high ozone Production and concen-
tration being considered in detail during the evaluation;
6) the presence of othef pollutants which ébuld accelerate
the recombination during inversions or stagnations.

4.2.3 TField Measurements

Results of six measurement programs concerning the

field measurement of ozone from overhead EHV lines are
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summarized in Table 2. In general, all measurements were
capable of resolving concentrations on the order of 2 ppb

to 5 ppb out of an ambient which generally ranged from 20

to 60 ppb. Also ndte that these represent the measurements
of five separate groups, three of which were not connected
with or sponsored by the power industfy. Some of the ﬁea-
surements were conducted over at ieast‘a two year period

of time at fixed locations, whereas others were conducted

in a variety of locations over shorter intervals. A typical
procédure is to determine the ambient levels by locating
measurement sites well away from or upwind of the power line,
and then comparing these results for locations near to and
downwind from the line. The conclusions of all of these
studies were that'the power line had no significant effect
on the ozone concentration in the area. During one pre-
1iminary study, only one measurement indicated a higher
ozone concentration and this could not be repeated.

4;2.4' Measurement Methods

Until about five years ago, ozone monitoring instfu-
ments depended on the reaction of ozone with an aqueous
potassium iodide solution. The potassium iodide solution
would also react with other oxidants to record a total
oxidant concentration. Certaiﬁ other gases, i.e., sulfur
dioxide, could negatively affect the indicated ozone concen-
tration. Within the past five years, other instruments
have been developed which measure ozone in terms of certain

of its unique properties. Two gases, nitrogen oxide (NO)
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TABLE. 2

SUMMARY OF PUBLISHED OZONE MEASUREMENTS MADE NEAR AN EHV LINE o -

Investigator/ ' Line

Measurement Measurement _ R
Spensor Voltage - Period Locations Conclusions
Research Triangle Institute/ 14 230 kV  Merch 1971 Upwind, dowrwind, Power line had no signifi-
Envirormental Protection Agency beneath line, at cant effect on ozone
- ground level _concentration in area
Research Triangle Institute/ 15 . : '
Envirommental Protection Agency 00 kV  Aug-Sept 5 ground level No significant variation
1972 locations, upwind, introduced by line
downwind, beneath
_ line ‘
American Electric Power and 765 kv 10/18/70 to 20 locations- No ozone formation
Battelle/American Electric 10/21/71, but : attributed to power line
Powe r16' ' shorter inter- for variety of terrain
' : vals at any and weather
§ given location i
IITRI/ 17 138 kv, 4/1/71 to 4 locationms, High voltage transmission
Commorwealth Edison 345 kv 11/15/72, urban and lines up to 765 kV do mot
and periods of rural generate measurable ozone
} 765 kV 6 months above ambient under any
, . to 1 year weather condition
Chio State University/ ;q 765 kV 7 month contin- Up and downwind No measurable quantity of
American Electric Power ‘ uous in one in one general ozone within 2 ppb could
. - location before area be detected due to EHV
and after line line, either short or
. energization long term
Qak Ridge National 500 kv 4/6/72 Approx. dozen No increase in ozone con-
Labcra't“orylg o to locations near centration near line with
5/16/72 and distant one exception which was not

repeatable



and ethylene (C2H4) react with ozone to emit light in
proportion to the amount of ozone reacting. This
chemiluminescence principle is the basis for a number of K
instruments éurrently being manufactured. Ozone absorbs

a specific band of ultraviolet light. This characteristic
has been developed into another techniqﬁe for meaéuring
ozone in a 1 or 2 ppb range.

Currently, there are at least ten manufacturers con-
structing ozone monitoring équipment based on the above
principles. Each particuiar iﬁétrument will have certain
advantage; gnd disadvantages. None can be conéidered per-
fegt!ﬁlAli are subject to interference by other gases or
particulate matter to some degree. Suggested maintenancg
and serviéing vary with the instruments, sensing components,
and the sampling system, Accufacies of + 2_ppb are claimed
by the manufacturers, but only under ideal conditions such
"as might be obtained in the'laborétory° Field experience
has shown that instrument "A" does not‘alwéys read the same
as instrument '"'B"; it might read higher or lower depending
on atmospheric conditions. Studies have been made to pro-

"

vide "correction factors" for certain instruments compared
to the so-called prime standard. Yet these correction fac-
tors may not always be applicable ﬁo field measurements

made at low ozone levels (10 - 80 ppb), because the instru-

ments themselves can véry up to 8 ppb, when sampling a con-

stant ozone supply.
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Thus, short term studies of ozone concentrations near
HV lines must be viewed with caution unless the instrument
calibration and servicing record is fully documented.
Composite studies, using several instruments of the same
manufacturer,vare valid and currently provide the only method
of obtaining pertinent information. But because of these
instrument inadequacies, values obtained in one study should
not be considered absolute and compared with the so-called
absolute values of another study.

4.3 Conclusions and Consolidation of the
' State-of-the-Art

It should be noted that the values predicted by both

Schererl and‘Roacth

based on the laboratory measurements
and diffusion analyses are in the order of 1 ppb or less

for the transverse wind. Since the best measurement accu-'
racy for the conducted field tests was in the order of 2 ppb,
the more accurate theoretical predictions and measurement
results to daté are self-consistent.

During the WOrkshop,* the question was raised as to
whether additional measurements, such as exemplified in
Table 2, should be made. The conclusion was that a repeat’
of past measurements would not provide any significantly
new data. However, in lieu of such measurements, a program
was necessary to place in perspective all factors relevant

to ozone production by EHV lines. This program would exam-

ine existing data on ozone from all sources, 'specifically

*Identified in Section 1.0 of this report.
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in terms of power-line generation.' Secondly, it would con-
sider the needs for refining the analytical procedures in
terms of the unknowns previously discussed; and thirdly,

it would identify the experimental and analytical program
needed to resolve this area further both for exiéting and
future transmission lines.

‘ The question of improving existing measurement instru-
mentation was also raised during the workshop. It was con-
cluded that no effort should be recommended for this program
plan, since the problems with existing instruments are not
unique to the power transmission area., What problems re-
main, hqweVer, could be better addressed in the context of -
the overall air pollution oxidant problem,

It should be noted that no published.material was iden-
tified concerning ozone production for existing HVDC lines,
Corona losses on ac transmission lines are usually expressed

20 Such

as a function of conductor surface voltage gradient.
a procedure, in addition to beiné convenient, seems justi-
fied in the case of HVAC lines because the air ions are
confined to the immediate vicinity of the conductor. On
the other hand, in the case of HVDC bipolar lines, the air
ions may fill the interelectrode region around the lines.
Consequently, it is not possible to characterize HVDC line
corona losses, as is the case for HVAC, by the conductor

20

surface voltage gradient alone“" without inclusion of other

parameters, such as line height and especially pole spacing.
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Data presented by Sarma20 shows that, for the same conductor
voltage gradient, the corona loss is'a'strong function of
pole spacing. The concentrations of the air ions are also
influenced by the wind, and, consequently the corona losses
and ozone production rates,

4.4 Research Program Plans for Ozone

4.4.1 Background

Environmentalists have long been concerned about the
effects of high concentrations of ozone arising from various
sources. These fears have been automatically extended into
the power-line area without due consideration of the scien-
tific basis for this extension or for published data. Some
nonspecialists consider the present published data, which
show that power lines do not genefate measurable amounts of
ozone, to Be inadequate. However, a considerable amount of
published data is available which shows that the power lines,
as-preéently designed, do not make a significant contribu-
tion of ozone to the environment near ground levels, Con-
sideration could be given to conducting additional measure-
ments under a variety of meteorological conditions at
different locations. This approach, however, would probably
not allay the fears of the nonspecialists, since it would
undoubtedly repeat results found for previcus tests. ' What
is needed is a program which examines existing data on ozone,
both generally (from all sources) and specifically, in terms
of power-line generation, and which places all pertinent

factors in perspective.
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4.4.2 Objéctive

The objective of this program‘will be to place'in berf
spective all pertinent factors concerning the ozoﬁe genéfa-
tion mechanisms from non-power-line sources; as well as the
possible ozone genération by power lines, and to delineate
future work as requifed. |

4,4.3 Tasks

This study would summarize past studies and measurements
for power lines and, as well, the ozone generation and
recombination data pertinent to non-power-line ozone situa-
tions. The reliability of existing aata and scientific
information on ozone sources, recombination rates, and
meteorological factors would be carefully reviewed to deter-
mine where additional measurement studies or research should
be conducted. Consideration should be given to the need for
develo?ing additional baseline data by means of routine
or specially designed measurements of ozone on nearby exis-
ting power lines. The measurements associated with any
special conditions. which are pertinent either to validating
conclusions developed during the study or to allaying the
environmentalists' fears should also be considered.

Special problems, if any, associated with HVAC lines
over one million volts, should be addressed. Field measure-
ment problems and laboratory test and prediction techniques
pertinent to HVDC lines would be considered, especially for

HVDC lines for both bipolar and monopolar line designs.
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Consideration would also be given to sources of ozone
other than the conductors, such as from small gaps, on the

basis of a preliminary problem definition.
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5. ELECTRIC AND MAGNETIC FIELD COUPLING EFFECTS

This appraisal of the state-of-the-art begins with a
discussion of the more general considerations pertinent to
both HVAC and HVDC lines. These considerations include the
non-power-line and power-line electric and magnetic environ-
ments, future tranémission systems, conversion of electric
and magnetic fields into voltages and currents, and safe
levels for such voltages, currents or discharges. This
discussion is followed by separate sections which treat the
factors unique to: 1) HVAC electric field effects, 2) HVAC
magnetic field -and earth current effects, and 3) HVDC elec-
tric field effects. The appraisals are then followed by a
summary-discussion and the programs recommended for these
areas. |

5.1.1 Units of Measure

The magnetic and electric fields from transmission lines
are considered as separate and variably related entities,
since the near, nonpropagating fields are dominant. The
term "electromagnetic' is used here in its more common
meaning which encompasses all electric and magnetic field
phenomena--static electric and magnetic fields, interrelated
ac fields and propagating waves. The electric fields, either
de (static) or ac (time-varying) are discussed in terms of
the electric field intensity or voltage gradient in volts per
ﬁeter (V/m) or kilovolts per meter (kV/m). The magnetic

fields, either dc.(static) or ac (time-varying), are
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discussed in terms of the flux density, usually stated in

the familiar and still widely used term, gauss; however,
the MKS units will be employed jointly for graphs. Thé
magnetic field intensity in air that is necessary to pro-
duce one gauss is. measured as one oersted or about 80
amperes/meters in .the MKS unit 'system. To convert gauss
to Webers/m2 or Teslas, multiply gauss by 10‘4. For more
details on the usage of terms, reference to any number of
modern textbooksl on electromagnetic theory is suggested.

5.1.2 Ambient Non-Power-Line Environments

The most familiar naturally occurring field is the
earth's steady-state or direct current magnetic field, which
has a value of about 1/2 gauss, Superimposed on this field
are much smaller low-frequency variations called micropul-
sations.2

The naturally occufring dc electric field of the earth
is less well known, but can attain very significant and
large tfansitory values.2 The typical value cited is
130 V/m, with the earth negative with respect to the iono-
sphere. The earth and the ionosphere are regarded as two
plates of a gigantic capacitor. This capacitor is con- -
stantly being charged by the world-wide thunderstorm acti-
vity, and constantly being discharged by ions within the
air flowing between the earth and the ionosphere giving
rise to very small current flow.y

The static electric field can, under certain meteoro-

logical conditions, increase to very large values and can
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also reverse its polarity. In some areas of the world, -
such as northern West. Africa, the Harmattan dust haze caused
by winds blowing from the Sahara during the dry season, can
cause a negative charge to accumulate in the lower atmo-
sphere. This causes a regular daily polarity reversal of
the natural electric field which lasts for several hours
and produces field values as high as 1.5 kV/m. Similar
field reversals occur beneath thunderclouds with peak field
intensities of 3 kV/m or greater. On occasion, the field
strength on the ground beneath a thundercloud is suffi-
ciently great to cause visible corona at the tiﬁs of blades
of grass or at the tops of masts (known as St. Elmo's fire).

The static dc fields are greatly affected by the pre-
sence of air ions. These are, therefore, of importance when
considering fields from HVDC lines. Natural sources of air
ionization near the ground are from nuclear radiations  from
radon and thoron gases.2 At higher altitudes, the ioniza-
tion arises from the ultraviolet and shorter wavelength
radiations from the sun.

Another non-transmission line, static-type ambient
environment is the small-arc discharge orA"carpet shock",
This is important to place in perspective some of the elec-
tric field effects from transmission lines. During days
of loﬁ humidity, as a person walks across a rug, a charge
accumulates in hié body. This can build up to surpris-
ingly large vaiues, sufficient to cause potential differ-

ences in the order of 10,000 volts between the body and
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nearby grounded objects. The static field intensity near

the body surface, will range between 10 to 15 kilovolts per
meter.3 Near -the finger tips just before arc-over, this field
intensity obviously must surpass 2500 kilovolts per meter--
the voltage breakdown of air. The peak current flowing dur-
ing-arc-over may rise to a few tens of amperes. The energy

3 watt seconds or joules.

content can be-in excess of 10~
These discharges via humans have caused reliability problems
during the manufacture of transistors,4 and have caused explo-
sions in hospitals during anesthesia where combustible gases

2,6 As a result of such naturally occurring prob-

are -present.
lems, various mitigation techniques have been developed
which are also roughly applicable to the power-line situa- .
tion. These include the use of partially conductive soles
on shoes and conducting asphalt floors and a variety of
grounding techniques. Discharge currents can also be re-
duced by using insulated gloves or clothing materials.

In the case of power-line frequencies, the non-power-
line, man-made sources make the more significant substantial
contributions to the 50/60 Hertz electric and magnetic
field environment either in the home or industrial areas.

Table 1 summarizes some measurements made of the electric -

field intensity near household appliances,7
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TABLE 1

‘ 60 Hz ELECTRIC FIELDS
IN THE VICINITY OF ELECTRICAL APPLIANCES
(The measurements were made at a distance
~of 30 cm from appliances.)

Appliance : Electric Field

(volt/meter)
Electric Range 4
Toaster 40
Electric Blanket 250
Iron 60
Broiler 130
Hair Dryer ' 40
Vaporizer 40
Refrigerator 60
Color TV 30
Stereo 90
Coffee Pot 30
Vacuum Cleaner 16
Clock , 15
Hand Mixer © 50
Incandescent Light Bulb 2
Phonograph 40

Note that field intensities in the order of 250 V)m occur
at somé 30 centimeters disténce from the‘electrié bIanket,”
The field intensity exposures are probably greater next to
the blanket itself. The man-made 60 Hertz magnetic field
environments are summarized in Table 2.’ | |

TABLE 2

LOCALIZED 60 Hz MAGNETIC FLUX DENSITIES
PRODUCED BY SOME ELECTRICAL APPLIANCES

10-25 Gauss : 0.01-1.0 Gauss

325 Watt Soldering Gun Toy Auto Transformer

Magnetic Stirrer Garbage Disposal

‘Power Feeder Cable Clothes Dryer

Hair Dryer Black/White Television Set
Vacuum Cleaner

5-10 Gauss ) Heating Pad
Electric Toaster

Can Opener - Bell Transformer

140 Watt Soldering Gun
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3-10 Gauss f 0.01-0.1 Gauss

Fluorescent Desk Lamp Home Electric Service Unit
Kitchen Range ~  ° R Kitchen Fluorescent Lamp
Electric Shaver = - ' Dishwasher
, o ~ o Laundry Washer

1-5 Gauss . ‘Phonograph

T , Calculator
Bench Grinder .. .. . Electric Iron
Arc Welder .
Food Mixer 0.001-0.01 Gauss
Power Transformer’ N
Induction Motor ' Refrigerator

Color Television .Set
Food Blender '
Electric Drill
Portable Heater
Note that the strong fields greater than 1 gauss only occur
close to typical_hbusehold appliances. Howgvef; it is pos-
sible that the strong fields do interact with Substantial
portions of the human body, for example, in the case of a
portable hair dryer which is carried on a strap,apd Which‘
reséé against the chest.

| Ip'industrial situations, ‘both thg electric and magnetic
fiqld‘can exceed the intensities shown in Iables.2‘ang 1 in
thé working areas; although the strongest fields occur only
ir the immediate vicinity of the source equipment. Typical
high level sources, such as buses, cables, transformers, and
machinery, are found where large amounts of electrical
energy are transfefred (such as substations) or are bonSﬁﬁéd

(such as an aluminum reduction plant).
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5.1.3 Transmission Line Electric and Magnetic Field

Environments

5.1.3.1 HVAC Lines

The electromagnetic fields produced hear and within
the ground by the HVAC lines are discussed in terms of the
three primary environments: 1) vertical electric fields,
2) magnetic field, and 3) horizontal electric field. These
environments are considered, and typical electromagnetic
field values are given; in4the_sectiohe belcw° |

HVAC Vertical Electric Fields

Voltages applied to the phase wires of'the overhead
transmission line creates a time-varying charge distribution
on the conductors. The presence of these charges creates
an electric field which influences the position of charges on
nearby conductors. The vertical electric fields produced
by HVAC overhead transmission lines at-and near the surface
of the earth have been measured as well as calculated for
various 11ne helghts and line voltages. Generallzed methods
are available8 which allow this vertical electric field to
be .calculated for several common transmission line configura-
tions. Computer assieted calculatiohs based on rigorous
field theory which agree well with actual measurements have
also been made. Such approaches can include line sag;:tower

9 While actual fields are a

and ground conductivity effects.
complex function of line geometry--height, size and separa-
tion of conductors-—only a few examples of flelds from HVAC

lines will be given, since this area is well understood.
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Figures 1, 2 and 3 give the measured vertical electric

fields under a 60 Hz, 765 kV, and a 345 kV power transmission
line. These figures are adopted from a recent project10 at
IITRi. | | |

In the 51ng1e circuit transmission lines of these
figures 1t is seen that the maximum value of vertlcal elec—
tric flelds occurs in the region mldway between the towers,
near or under the outside phase wires of the lines. For the
measured fields under the 765 kV lines, this maximum field

was approximately 8.5 kV/m;

| HVAC'Magnetic Field

The currents fiowing in the phase wires generate a

magnetic field;vand, because of phase difference in the

respective currents, the orientation at the magnetic field,
rotates in space. This magnetic field vector at a point
near a three-phase transmission line is proportional to the
llne current and rotates in space at a 60 Hz rate. As the
vector rotates, the amplitude of the magnetlc field in a

given direction changes. The 60 Hz magnetic fields measured

under a 765 kVAand a 345 kV line at a height of approximately

1.5 meters above the ground are shown in Figure 4 and 5.10

In these figures, the 'vert" refers to the vertical magnetic
‘fieid COmnonent in a direction perpendicular to the transmis-
sion line, and "B horz. par.'" is the horizontal magnetic field
ccmncnent which is parallel tc the direction of the trans-

mission line.
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The line current shown in Figure 4 does not represent a
full load current. This current would normally be in the
1000 to 2000 ampere range and could be higher. For these
currents, and with the line height decreased to 13.7 meters,
the approximate maghetic field strength under the center

~‘:phase of the 765 kV line is shown in Table 3.

TABLE 3

APPROXIMATE MAGNETIC FIELD UNDER CENTER PHASE
OF 765 kV LINE

Line Height = 45 Feet (13.7 méters)

' Height of Measurement Above Ground = 1.5 Meters (5 Feet)

Current in One Phase Magnetic Field
of 765 kV Line Strength
1000 Amperes : 0.155 Gauss
2000 Amperes 0.310 Gauss

The line height of 13.7 meters is the height at the
point where the line sags closest to the ground. Sixty
Hertz magnetic fields of approximately one-third gauss can
be produced at ground level.

‘Rigorous field theory can be applied to compute the
magnetic field vector near HVAC lines. Simplified general-
ized curves for the magnetic field, such as are available
for electric field calculations,8 have yet to be developed

in handbook format.
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HVAC Horizontal Electric Field at Surfaces of Ground

Electric fields exist in the earth'beneath power trans-
mission lines. Some measurementslof'the horizontal components
of these 60 Hz electric fields have been made, and Tables 4,
5 from ref. 10 and 6 from ref. 7 summarize thisadata. -The
horizontal electric fields in the grouhd are devélOpedlfrom
currents flowing in that ground. These currents arisé from
three sources: 1) unbalanced, harmonic and fault cufrents
through power system earth counterpoises; 2) displacément )
currents collected by the ground from the time-varying
electric field; and 3) eddy currents induced in the soil by
the time-varying magnetic field.

The methods to predict these ground potentials for
idealized distributions of ground conducfivity and-permit—
tivity were .developed in the late 1920's and éver the 1930'8,

These' developments are summarized by Sundell,

The practical
thrust of this effort was‘to investigate grounding related

and inductive interferencé as might be experienced by a tele-
phone line from fields generated by power lines. Also of
interest is the computation of induced currents on pipelines
to estimate corrosion problems. Simplified methods for
realistic-situations to calculate field intensities and
currents in earfh as related to overhead fransmission lines
remain to be developed for handbook applicati§n° Interference

into other utilities and related situations, such as common

use of rights-of-way, are hot considered in this plan.
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TABLE 4

HORIZONTAL ELECTRIC FIELDS AS MEASURED AT
THE SURFACE OF THE GROUND UNDER THE CENTER PHASE
OF A 765 kV LINE

(For Line of Fig. 6 Carrying About 430 Amperes/phase)
LIhe‘Height at

Location of Electric Field Electric Field
Measuremen’. Parallel to Line Perpendicula: to Line
© feet millivolts/meter millivolts/meter
49 23 4.0
61 23.5 5.5
79 21 3.25
TABLE 5

HORIZONTAL ELECTRTC FIELDS AS MEASURED AT THE SURFACE
OF THE GROUND UNDER THE CENTER OF A 345 kV
DOUBLE CIRCUIT LINE

Distance from Ground
to Lowest Conductor Electric Field Electric Field
of Transmission Line Parallel to Line Perpendicular to Line

feet , millivolts/meter millivolts/meter
51 33.5 2.75
TABLE 6

HORIZONTAL ELECTRIC FIELDS AS
MEASURED AT THE SURFACE OF THE GROUND

Location Electric Field Intensity

volt/meter

138 kV Line, 66 Amperes 0.01

(Chicago, Illinois)

345 kV Line, Two 155 kV 0.01-0.12

Lines (New London, Conn.) 0.25-0.59

530 kV Line, 510 Amperes 0.014

(Portland, Oregon)

500 kV Line, 300 Amperes 0.015

(Portland, Oregon)

Electric Rail Lines, 25 Hz 0.002-0.11
(New England) . ~
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5.1.3.2 HVDC Transmission Liné‘EnvirOnments

The basic understanding of the electric fields from

HVDC lines is not as well developed as for HVAC lines, and
additional refinement is desirable. ‘The major complicating
factor in this understandiné is the ﬁresence of air ﬁbns
generatéd by corona, which modifies the conductivity of the
air in the vicinity of the HVDC line. The presence of the
unidirectional fields causes movément of the air ions toward
6ppositely polarized conductors. In the case of ac, it is
believedlthat fhe periodic reversal of polarity tendsito
prevent‘the air ions from leaﬁing the vicinity of thé conduc-
tor or corona sdurce.' For the dc éase, a distribution of
charges in space is formed near tﬁe line which controls the
electric field. The spatial distribution of the electric
field can be affected by meteorological conditions, such
as by the wind imparting an additional velocity.bias to fhé;
air ions.

~Figure 6 presents some preliminary data on the measured
‘eléctric field'? from a HVDC line for two different meteofo-
logical and line voltage conditions. Note the spatial shift
in the observed measuréments--which is probably introduced
by low velocity movement of air from the positiVé to nega-
tive conductors. The data is considered preliminary because
details of the measurement instruments have not been pub-

lished or discussed in the available literature.
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A simplified approximate theory is avail-

13,14,15,16,17
able which can be used to predict the long-term'average _
electric field strengths. -Figure 7 shows a comparison of the
results developed by the approximate analysislg and averege

measurement results for static wind conditions.

5.1.3.3 Future Transmission Systems

There is a clear trend tpward high operating voltages;
operating voltages in excess of 1,000 kV are being considered
for future systems. The general environment produced by
these lines will be comparable to those shown earlier.
However, the specific magnitudes may vary depending on con-
ductor geometry, line spacing and height, and operating |

voltages or currents. The use of '"shield wires' below the
phase wires is currently beingAconsidered on one of the

tasks at Project UHV, and has been considered previously

by experimenters at Apple Grove, and elsewhere. The objec-
tive is to reduce electric field strength to some predefer-
mined level while maintaining a better baianee befween other
operating parameters and construction cost trade-offs;"“
Closer spacing of'eOnductors and special geemetrical arrange-
ments for multiple circuit lines are also being considered

to reduce the field intensities at ground level,

Large magnetic field environments in the immediate

. vicinity of future underground cables are possible: These

cables are likely to carry large magnitude ac or dc currents,
These cables will probably be cooled or even operated at

temperatures where the cables are superconducting. The
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magnetic fields from these cables can be of very iarge and
significant levels if the cables do not employ magnetic field
shielding. In terms of present planning,'the‘cryogenically-'
cooled resistance-reduced lines may\Or may not employ
shielding. The superconducting aé‘lines that -are. to be
shielded will employ a superconduéting outer ‘¢oaxial shield,
Shielding_plans for dc superconducting lines are $Somewhat
indefinite at this point, but shielding may be required for
efficiency.

Representative environments pertinent to these future
systems are not known; and, therefore, program plans for this
new technique are not considered. It should be noted, how-
ever, that if the on-the-ground or buried cables are not
shielded, strong magnetic field levels in excess of one gauss
are possible in the immediate vicinity of the cabiéa These
strong magﬁetic field levels might then create unique environ-
mental situations as yet unassessed.

5.2 Coupling and Effects

5.2.1 Introductidn

Electric and magnetic field coupling effects genérally'
arise from.a transfer of energy or power from an energized
transmission line to some other partially or fully conducting
object, animal or system, such as a fence, pipeline, auto-
mobile, or adjacent parallel low-voltage transmission line.
In most cases, this energy transfer is of little concern
unless it triggers or enhances some other often overlooked

-~
phenomenon, such as explosions, corrosion or physical shocks,
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These effects can be grouped into three major categories
in terms of their dominant coupling modes as follows: .

1. Capacitive coupling via displacement currents and

related ac electric fields;

2., inductive coupling via the ac magnetic fields;

3. . conductive coupling via ac or dc ground currents

~and, in the case of HVDC lines, conduction currents
via air ions.
In many cases, coupling can usually arise from two or more of
the above modes, especially for larger distributed conducting
~metallic systems, such as a lower voltage transmission line
paralleling an energized high voltage line.

There are a number of situations in which an electrified
conducting object is of interest. One situation involves
mobile collectors, such as humans, animals, automobiles, farm
machinery, irrigation piping or construction equipment, and
the other situation involves fixed conducting installations,
such as fences{ metallic features in nearby buildings, anten-
na towers, or adjacent transmission lines., Special situations
also arise during the construction of new transmission lines,
pipelines, or metalwork near energized lines.

Summary of Possible Effects

Electric field effects fall into two broad areas:
1) direct effects on humans, animals and plants; and
2) indirect effects via modification of the field into
currents and voltages by conducting ijects. The direct

effects of electric fields have been considered in detail
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during a companion  EPRI spohsored project18 and will not be
discussed further. In this report, the indirect effects of.
the fields, expressed in.terms of volﬁagés and currents, are
of prime interest; and these will be discussed in terms of .
both biological and honQbiological effects. The human con-
siderations include bothAperééptual (such as annoyance or
pain) and hazardous aspécts (sﬁéﬁ as muscle paralysis by
electric currents). Other important conéiderations deal
witﬁ possible, yet highly unlikely, fire or ekﬁlosibn_ﬁézérds°
The direct bioiogical effects of Voltages”aﬁd currehts'.
have been considered in the context of electrical apparatus
rather than with specific environmental situations fouﬁd at
ground level near high-voltage transmission lines. The
effects are discussed in terms of body currents-which‘mayAbe.
either steady-state (such as a continuous 60 Hertz current
flowing through the body) or transient (such as the rapiai
discharge of a capacitor through the body). The effects have
been classified as either primary or secondary, but'agrEement
about how these classifications are defined seems to Be
lacking. A simpler categorization might be: 1) psycholog-
ical--simple perception, annoyance, and pain; 2)~reveréib1e
physiological--involuntary reflexes such aSAinability-to
release a clasped current-carrying éonductor; énd 3) poten-
tially irreversible physiologicall;burns or ventricular fi-
brillation. Numerous publications on the ranges of values
related to these'effects have been made. Table 7 is a sum-

mary of recently published data summarized by the IEEE
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TABLE 7

BIOLOGICAL EFFECTS THRESHOLDS FOR

BODY CURRENTS AND SHOCKS

Current Criteria19

Current in Milliamperes

Direct
Current
Effect Men Women
1. No sensation on hand 1 0.6
2, Slight tingling. Per-
ception threshold 5.2 3.5
3. Shock--not painful
and muscular control
not lost 9 6
4, Painful shock--
painful but muscular
control not lost 62 41
5. Painful shock--
let-go threshold 76 51
6. Painful and severe
shock muscular con-
tractions, breathing
Qifficult 90 60
7. Possible ventricular
fibrillation from
short shocks:
a) Shock duration
0.03 sec 1300 1300
b) Shock duration
3.0 sec 500 500
c) Certain Ventricular
“fibrillation (if
shock duration is
over one heart
beat interval) 1375 1375

Energy Criteria

Skin burn 0.8 Joules/CmZ
Involuntary
Reaction 0.25 Joules
Ventricular
Fibrillation 25-50 Joules
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60 Hertz
RMS
Men Wome
0.4 0.3
1.1 0.7
1.8 1.2
9 6
16.0 10.5
23 15
1000 1000
100 100
275 275
(ref. 20)
(ref. 20)

(ref. 19)




19, and the involuntary

20

Working.Group on ES and EM Effects
.reaction and burn daéa from an AEC publication.
Some limited data has also been develbped8 on the
psychological effects, some as a.result of the'IEEE s§onsored
field days.21 | | u
Possible non-biological effects include improbaﬁlé fires
or explosions. Direct 60 Hertz or harmonic interféfeﬁcéwinto
other utilities--pipelines, communications ciféuits‘or
railway signaling--are long recognized probiemé which are
understood. ~Obscure-changes in non-power-line technology‘
may introduce potential problems in'critical installations,

near power lines.

’ Ongoing Efforts

" The efforts at Project UHV are directed toward advancing
transmission operating voltages into the 1500 kV range. Re-
sults to date were recently published in the "Transmission
Line Reference Book, 345 kV and Above"8 for HVAC 1lines.
Currently; Bonneville Power Administration (BPA) is com-
pleting a final report on research for HVDC lines. IREQ
(Institut de Recherche de 1'Hydro-Quebec) is undeftaking a
related program concerning very high voltége dc lines,

ITT Research Institute is undertaking the develépﬁent of
material oﬁ the coupling effects of HVAC lines into gas
pipelines. All of the above programs are sponsored by at
least in part EPRI. The National Bureau of Standards, undér
ERDA sponsorship, is developing a facility to evaluate and

calibrate power frequency field intensity measurement equip-
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ment. To insure consistent measurement of the electric
field, EPRI recently conducted a workshop which resulted
in a recommended E field measurement reporting format.

Other programs are underway to measure field intensities
or coupling effects unique to specific lines either exiéting
or proposed. Examples of these are the measurement and
evaluation pfogram by the EPA of the U.S. Govérnment, by IITRI
for Commonwealth Edisén, and By Westinghouse in support of
the hearings being held before the New York State Public
Service Commission, concerning a proposed EHV line.

The IEEE Working Group on ES and EM Effects of the
Power Engineering Society is a professional group with a
continuing interest in this area. This group has published

19,22

position papers on electric and magnetic field coupling

problems and has sponsored 'field days'" at high voltage test

line facilities to demonstrate various coupling effects and

21

to collect preliminary data. This group has also supplied

guidance on the consideration of electric field effects in power
line clearance requirements.19

5.2.2 HVAC Coupling and Effects

5.2.2.1 Basic Coupling Mechanisms

Basic Electrification Mechanisms for HVAC Lines

When ac voltages are applied to phase wires, a time-
varying charge distribution on the phase wires is created.
This charge distribution generates electric fields in the
vicinity of the overhead transmission line. These time-

varying fields cause related charge distribution changes or
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current flo&s on nearby conducting objects. These changes
cause currents and voltages to appear on the conducting
objects.

This phenomena is well understood and has been treated
on both rigorous and practical basis.?’;9’21’22’23’24
Simply sPéaking{ any conductiﬁg or partially éqnducting
object, either an animal or Vehicle,finteréeﬁfs a certéin
amount of the "displécement_éﬁ}rént"ior capacitively-coupled
current flowing between thé phase wires and ground. If the
object is insulated from ground, it will also tend to develop
some potential with respect to ground, depending on the
impedance of the insulator to ground.

From these considerations, a Thevenin or Norton equiva-i'
lent circuit can be developed as. shown in Figure 8. These
models will then be discussed within the context of aéditiéﬁ;
al research requirehents. In Figure 8, only the parameters
which can be calculated are shown. Voc’ Isc’ and Ca are
complex functions of the geometry of the conducting'objects
with respect to the transmission line.

Voo 1s the open circuit voltage of the Thevenin equivalent
circuit, and Isc is the related Thevenin equivalent short cir-
cuit current. Ca and Ra represent the source impedance of
the Thevenin equivalent as parallel connected lumped parameter
elements.

If the size of the object is small compared with the

height of the transmission line, and is near -the ground, the

value of Voo is roughly proportional to the average height,
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It has been sthn8 that a' monopole (a rod-like antenna
just above and perpendicular to the ground) which is elec-
trically short (small compared to a wavelength) can be
characterized by a Thevenin equivalent circuit employing
lumped parameter elements, such as shown in Figure 8. The
results sho&-that VOC is related to the vgrtical electric
field intensity as follows:

VOC = Evhe’

where ”he" is the effective height of the rod, and "EV" is
the vertical electric field intensity.

For electrically short antennas, he = h/2, where h
is the physical height.

Ca may be calculated as follows:8

kh

“a 2 2n/ar)

where "GMR" is the electrostatic geometric mean radius, and
"k'" is a constant,

For example, consider a long thin conducting rod, almost
touching, but perpendicular to the ground, and ideally
insulated. 1If a very high impedance voltmeter is used to:
measure the potentiél of the rod to ground, the recorded
potential will double if the length of the rod is doubled,
since Voo us directly proportional to h. The short circuit
current, Isc’ is more roughly proportional to the general .
size or "apparent area'" of the object. For example, in the
case of the idealized rod, if both the height and diameter

are doubled, ISC is increased by a factor of four,
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This may be demonstrated by noting that as all dimen-

sions are doubled, Voo 1s doubled, and the source impedance
Z—F_%_ﬁ— is halved.  (f is the frequency of the applied
a

electric field.) This is also true of a flat, ideally insu-
lated plate near the ground, where, if all the dimensions
are doubled, the Isc is approximately quadrupled.

The source impedance, formed by Ca and Ra,min parallel,

is an even more complex function of the geometry, but gener-

-ally decreases (with an increase in Ca) with overall size.

In the case of HVAC lines, Ra arises from a finite air con-
ductivity but is so large it need not be considered further;
however, it is important for HVDC lines.

On the other hand, as noted earlier,-figorous analytical
techniques and good realistic approximations, supported by

numerous experimental test results, are available to calcu-

late Voc’ the idealized open circuit voltage, and Iéc’ the

-idealized or short circuit current, and Ca’ the source imped-

ance of an ideally insulated conducting object, such as a
vehicle. The principal areas of uncertainties are indicated
in Figure,9,.in terms of the Thevenin Equivalent Circuit.
These are introduced by: 1) the actual impedance of the
insulator,. such as the tires of the vehicle; 2) by the imped-
ance of the receptor (such as a human touching the truck);
and 3) the response of the receptor, such as annoyance, for

a human.
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5.2.2.,2 Voltage Dominant Effects--Psycho-Electric

Physical Factors

One power-line effect which is quité significant is
similar to that of a'nofmally.encountered minor shock
experienced on a dry day by a person walking on a rug and
‘thén touching a grounded metal object éuéh as a door knob,
electric 1igﬁt‘switch 6fzaﬁ elevator call button. Just
befofe touching the grounded object, a small arc jumps from
the;finger tip td the metal 6bject. In most'cases this is
just a disagreeable event that can often be painful. A
‘similar arc-over self-discharge can occur beneath power lines
betﬁeen the finger of a person wearing shoes with insulated
soles, and a grounded metal object, or between insulated con-
ductor nearby the power line, and a grounded human. However,
the mechanism for charging or electrifying the conductive
objects, like the human body beneath the HVAC powerAline is
different, as previously discusséd. Also, the number of arc-
overs are more numerous for the HVAC line case between the
time the first arc is initially established and the time the
finger makes firm contact or is withdrawn. This effect is
important and must be placed in perspective by reviewing the
normally encounteréd carpet arc discharges.

"At this point, it is worthwhile to review some of the
physical factors which control the nature of a capactive
spark discharge. These may be better understood by rgferring

to Figure 9. VL’ the load voltage, R the time and volt-

arc’

age dependent arc:fesistance, and the impedance of the soles -
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of the shoes are controlling factors. If, in the case of a
vehicle, the tires are conducting as they normally are, Véc
will be reduced to the smaller value of V;, the voltage

across the load. The body current during discharge,'IL, as
well as the joule energy transfer, is partially limited by the
impedance of the soles of the shoes to ground. This impedance
is much higher where thick crepe rubber soles are worn rather

than very thin highly conducting soles.

Dominant Thresholds

The arc-discharge related effects on humans from elec-
trified objectélnearby an HVAC line are more related to the
psychological responses than to any established hazard.
Specifically, when a grounded person touches an électrified
objéct, such as a truck under an HVAC line, a series of small
arcs occurs prior to firm contact. The energy for these arcs
is supplied by the stored energy in the shunt capacity of the
electrified object charged to the value of Vi. This energy
is replenished each 60 Hertz half-cycle through C_, and this
tends to prolong the series of arcs. After firm contact is
made with the vehicle, a continuous ac current will flow
through the body.

It can be shown for most situations that the let-go
threshold is exceeded prior to other thresholds as the field
intensity beneath a HVAC line is increased. For example,
the maximum suggested 60 Hertz body current "let—gq" crite-
rion allowable via the hands is 5 miliiamperés for chil-

25,26

dren. The threshold value for single very short
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pulse’discha;ggs has been determined to be approximately
254to”56;j6ules using the ventricular fibrillation criterion,
and 6.25 jéules for involunfary reflexes. 1In the case of
lSOVmeter_long, ideally insulated fence, in an 11 kV/m field,
Voc for Fhis fence would be‘approximately 11 kilovolts
'W;th é ISc of 5 milliamperes, at a capacity of approximately
i,bOO pF és taken from the example of referenée 8. Stored
energy at the peak of the discharge can be computed to be
approximately 60 millijoules. Since the calculated 60 milli-
joule energy is some 400 to 800 times below. the safe thresh-
old of 25 to 50 joules for the pulse ventricular'fibrilla-
tion criterion, and several times below the 0.25 joule
criterion for involuntary movement, the 5 milliampere "1e;;go"
current which will be discussed later becomes the most likely
limiting physiological criterion.

| In the case of voltage dominant effects--éhe subjective
responses to short duration discharges are of most interest
since these may be experienced at or below both the "let-go"
thresholds and perception levels for steady-state body
currents. The human psychological responses to spark-like
veryﬂshort pulse discharges, range from simple perception,
annoyance, and pain, and possibly include certain involuntary
reactions under unanticipated conditions,

The perception-annoyance-pain levels have been-investie

gated by‘a number of researchers using a limited number of

8,21,27,28,29

subjects. Frequently, the actual field condi-

tions were simulated in the laboratory using questionable
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techniques and procedures. In some cases, only dc charged
capacitors were employed:. In others, methods to-directly
relate observed responses were not reported. Eualuation of
the subjective aspects of transient pulses where percepticn,
annoyance, pain, and surprise involuﬁtary reactions is also
a strong function of the psychological conditioniné or the
subject. For example, in the case of "let- go" current tests,
higher "let-go" thresholds could be observed where the sub-
ject was challenged by means of a small wager. Also, the
tests published to date have not related in detdil the
responses relative to the small arc discharges.which ere
naturally encountered, such as carpet shocks. |
Quantitative measures of reliability and productiuity
in a working environment which includes arc-discharges
are possible. ' Such measures would include psychomotcr skills,
decision making, and cognitive functions. Such an apuroach
has been used to evaluate the effects of annoying acoustlcal
working env1ronments | -
One non-subjective response for impulse discharges which
could be considered as a more definitive criterion is dermal
tissue damage which arises in the vicinity of the arc dis-

charges. One investigator29

has briefly considered this skin
damage, but only for a very limited range of capacitances
and charging voltages, using animal test subjects. A level

of 0.8 J/cm2 is noted in another publicaticn.20
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Unknown Factors Yet to be Assessgd

%roﬁ Figu:e 9 it can be seen that a number of variables
which can affect the thresholds are not easily idealized in
terms of the electric field near the ground and the response
of the recebtor to small arc discharges. These variables are
the impedance.of the insulator (such as the tires of the
trgck), the resistance of the arc and duration, Rarc’ the.
skip resistapce, Rskin’ body resistance, Rbody’ spreading
resistance (increase in resistance due to a limited contact

area), R and the impedance of the footwear,

spreading’ Rshoes’

to ground. All of these physical factors are strongly in-
fluenced by a wide variety of non-idealizable conditions,

in particular, weather (such as wind, precipitation and
humidity), soil conditions (such as soil dampness, spongi-
ness, conduﬁtivity) or the kinds of cloth worn (such as
leathep versué rubber soles on the shoes). Another factor
may be how rapidly firm contact is established. Many of
these factors, fortunately, are subject .to measurement.,

These measurements have yet to be made in detail and tabulated
on a statistically significant basis as a function of the
terrain, Weather, clothing, vehicle size, and vehicle insula-
tion. The sociological and physchological unknowns must also
be assessed in terms of subject--sex, age, and background.

5.2.2.3 Cufrent Dominant Effects--"Let-Gof

Physical Factors

As noted earlier, the physiological response which is

dominant for HVAC lines arises from the passage of steady-
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state current through the human body. This occurs when an
electrified object, such as a vehicle beneath a power line is
firmly gfasped, and the subject makes ngdzcontgct witbiphe
ground. As the electric field intensity is increased, this
current increases until(current is perceived,and inyoluntary
reflexes are noted. The first important one is the "let-go"
current,

| Reference to Figure 9 illustrates some of the domipaht
parameters. Factors which reduce the level of this current
include a lower value of insulation impedance, such.as.the
usually conducting tires, and higher values for skin resis-
tance, épreading resistance, and impedances to ground yia the

shoes.

"Let-Go" Criterion Not Directly Applicable .

It should be'noted that the ''let-go'" current ﬁhresholds
were initially developed for a non-power-line industrial |
equipment situation. The 'let-go" current tests were intend-
ed to simulate a bare-footed electrical worker standing in
salt water firmly grasping an uninsulated salt-water wetted
metallic set of pliers connected to a current or voltage
source, As noted in Table 7, ;he first serious biological
effect encountered is the inability td ""let go' or release
the grasp of the pliers. This threshold is 9 milliamperes
for men, 6 milliamperes for women, and has been recommended

26 Othef steady-

to be about 5 milliamperes for children.
state current thresholds as noted in Table 7 exist. Since
these are much higher than the "lét-go" threshold, they will

not be considered further. .
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Féctors'Néeding Development

THe'foregoing considefations, despite the unknowns, have
been uséd on a theoretical basis to develop'a'guiae for the
maximum field intensities. Since the isc can be analytically
éxpfesséd in terms of field intensity and vehicle or coliec—
tor geometry, the maximum field is calculated on the basis of
producing body currents just below the '"let-go'" current.
threshold. 1In some calculations,8’26 any specific value for
body resistance is ignored, since this value is difficﬁlt
to determine. Also, any finite value for insulation resis-
tance (the resistance to ground) is chosen fo be infinite
(i..e., ignored) since data on this parameter is not avail;
able.

Safe yet realistic valueé for the total body impedance,
VL/IL of Figure 9, have been suggested25 to be in the order
of 1500 ohms. The value is comparable to that noted by

Dalziel30

for the resistance between a hand wetted with salt
water holding a conductor and the feet when immersed in a
metal pan 3/4" full of salt water. Values for skin resistance

have been noted31

to range from 1000 to 10,000 ohms in con-
text of a body resistance of 500 ohms.

This 1500 ohm iower bound on4a total body resistahce
and 5 milliampere ''let-go' thresholds imply an applied
voltage of oﬁiy 7-1/2 volts. This voltage value seems low
to many who hav? worked with electrical equipment, and have

repeatedly touched terminals at somewhat higher voltages.

" This can be explained by noting that the'"let—go“ thresholds
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were developed in a 'special way32

- which may not be directly
relatable tO“thevtransmission line environmental conditidns°
Dufing'these tests, human subjects grasped a conductor and-
the current increased through the conductor to a point where
an attempt was made to release the conductor. If released;
the test was repeated by attempting a similar release as the
current was incfeased,but at a higher current level. Thus,

it may be conjectured that, as the voltages and currents were
progressively increased, the resistance of the skin during
any given test had an opportunity to‘decrease SO’loﬁg as
contaét was maintained. The skin or total bddy resistance
seems to be -an inverse function of the appiied voltage and
duration of the applied voltage. .The basis fof this has been
noted by several experimenters, especially Dalziel:

Huﬁan tissue has a negative resistance character-
istic, i.e., the body resistance decreases with
both increasing current and with increasing time
of contact, with the result that doubling the
voltage more than doubles the current. (Ref. 33)
Others have coﬁsideréd thé nonlineér behaviof of skin or.body

. 1
re31stance3

, and it would appear that this factor is subject
to wide variations.

The "spreading resistance" of a human to ground arising
from the finite contact area of the foot or shoe to a par-
tially conducting earth is alsé impoftant° Some additional

current limitation is also possible if spreading resistance

factors are entailed.
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.-These foregoing test conditions are contrasted to the
power line electric field situation where a person might
touch a truck beneath the power line. 1In this case, a
charged capacitor is first discharged into the body, possibly
causing a retraction of the hand. Even if a grasp contact
were made, the skin resistance may not break down sufficient-
ly to prevent rapid release of the grip, assuming that the:

. observation regarding the time-dependent nature of the skin
resistance 1is correct.

5.2.2.4 Combined HVAC Electric Field, Magnetic Field,
Earth Current and Earth Potential Effects

The previous diséuséion conéerned effects largely unique
to the electric field.' However,~mahy effects oécur which
aré not necessarily specific to the electric field, and may
also be induced by magnetic fields and earth potentials as
follows:
1. cqupliﬁg largely via induction into partially
grounded parallel circuits of potentially
hazardous voltages and currents;

deveiopment of high electric fields in the

N

ground via conduction currents, especially
neér grounding rods;

3. coupling into othef utilities and services,
such as buried pipes, .railroad catenaries,
'cdmmunication circuits via distributed coupling

of the electric and magnetic fields.
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Many of the coupling problems, analytical approaches
and methods of resolution have been discussed in detail in a
summary paper prepared by the Working Group on EM and ES

Effects of the IEEE.34

Major difficulties arise in the case
of very long conductors close to the gréund, such as an
insulated, above-ground fence wire which parallels a trans-
mission line.and which is only grounded at one end. Both
by induction and earth potential gradients, the potentials
develop at the end of the fence opposite the ground, which
could prove troublesome in terms of the biological hazards
previously discussed. Most of the problems generally
occurred during construction, such as a lower voltage line
adjacent an energized line or during the erection of per-
manent fixtures such as fences. In the case of fixed

installations, the normal practice is to use multiple grounds

which would alleviate the problem,

Effects in the Vicinity of Ground Réds

The IEEE'summafy paper34 also considers earth potential
gradients, particularly in the context of earth currents near
ground rods during fault conditions, where earth potentials
are developed under unique conditions such as very dry higH
resistance soils. Such special cases are not considered in

the development of this research plan.

Coupling into Other Services

Coupling via capacitive, inductive or conductive mech-

anisms into other services, such as pipelines, railway
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catenaries, communication circuits, has, as mentioned
earlier, been the subject of investigationsll which began
in the late 1920's. These coupling problems into other
utilities or services are not considered further in this
plan. The relationship of past work and current problems
may be sufficiently complex to justify a separate develop-
ment of a research plan.

Modern electronic equipment which could be installed
in buildings or enclosures off the transmission line right-
~of-way may be sensitive to 60 Hertz interference. Documen-
tation is néeded for the degree of this susceptibility and-
the amount of shielding provided by the buildings.

Fire and Explosions

A possible effect is the undesired ignition of fuel
vapors and other flammable mixtures by small amounts of
electrical energy, usually in the form of arcs. The arc
may bg energized from metallic collectors, such as vehicles
or fences drawing energy from either the electric or mag-
netic fields. The principal area of concern arises from
electric field coupling effects; although the other mech-
anisms are conceévable,_these are highly unlikely.

It has been postulated that when a truck is refueled
beneath a power line, an arc can be developed between the
gasoline can spout and the filler pipe on the vehicle. This
arc could conceivably supply sufficient energy to ignite fuel
vapors which could lead to an explosion. Similar situations
can be conjectured for other flammable mixtures or for

explosives,
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Some of the uncertainties previousiy discussed regarding
insulator impedance (such as the tire‘impedance of a vehicle)
apply here. AFurther;'only a‘limited range of mixtures of
fuel vapors and air.aré easily ignited. The amount of |
enérgy required, even for the more easily ignitable mixtures,
is still significant and is increased for féalistic shapes
and distances between the electrodes--whichAestabiishes the
arc. The larger the electrodes, the more easily the elec-
trodes tend to dissipate the heat of the arc, and more
enérgy will be required to ignite'the mixtures. Thus, the
minimum air energy for actual ignitionJundef fueling condi-
tions will be significantly increased over the published
minimum energieé.3S

Another uncertainty is the establishment of‘éasily,
ignited mixtures in the vicinity of the arc; and’more
importantly, some éhance spatial distribution of the mixtures
which would permit propagation of'the flame into reservoirs
of combustible material. Preliminary studies to date8 have
shown that simultaneous occurrence of all factors necessary
to caﬁéé an explosion are highly improbable. In addition,
human perception}of‘spark discharges are also likely before
refueling and these should provide a healthy warning not to
refuel. No incident where refueling vehicles beneath power

lines has caused a fire has been reported in the literature.
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5.2.2.5 High Voltage AC Instrumentation

Principel fectors of intereet in:the environment include
the electric field, the magnetic field, and earth potential
gredients in the vicinity of the power 1ines. Thevearth
parameters such as conductivity and perm1tt1v1ty at 60 Hertz
and related harmonlcs are also of interest.

Techniques to measure these fields or parameters:ere
aveilable and well understood, at least within:limited
circles. To provide proper information dissemination‘QfAt.
these techniques, the IEEE Working Group on ES ‘and EM Effects

has sponsored fleld days at test line facilities. 2;

During
these field days, measurement of electric and magnetic fields
and uther related measurements are demonstrated. Methods to
calibrate the instruments were. also discussed. At least two
manufacturers offer electric field measurement equipment,

and equipment to measure ground resistance parameters is
among etandard.manufactured items.

Special setups are sometimes required ;b measure the
open circuit voltages or short circuit currents but these can
be easily accomplished with existing state-of-the-art
equipment. Some imprevement in all equipment, however, is
reQuired to make this equipment less dependent on periodic
calibration,.more weather resistant and less.subject to human

error.
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5.2.3 HVDC Coupling and Effects

5.2.3.1 Basic Coupling Mechanisms-

Electric field induced air-ion current effects predomin-
ate for HVDC lines. Magnetic field levels produced by these
lines are comparable with the earth's magnetic field. Also,
the time rate of change of these fields is quite small, such
that any inductive coupling effects are generally negligible.

Another coupling mode associated with HVDC lines can-
arise due to earth potentials when the line is connected in
the monopolar configuration. This mode of'operation, however,
is not anticipated for any substantial time duration in the
United States and therefore will not be considered further
in the development of the research plan.

Application of the dc potential to a bipolar overhead
HVDC line causes charges of opposite polarity to appear on
the wires. These charges produce very intense field grad-
ients in the vicinity of the conductor and other nearby
metallic objects. These field intensities produce ions,36
possibly at local minute corona points. The presence of
thé unidirectional field causes movement of air ions toward
‘opboéitely polarized conductors. The presence of the air
ions causes the air to conduct, thereby permitting current
flow between the conductors as well as between the ground
and conductors..

This current fiow is similar to the displacement current

flow under HVAC lines in that it serves as the source of
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coupling between the line and an object. The exact mechanisms

and phenomena are not well quantified. However, as the height
of an inéulated conducting object is increased, the value
of'Voc will be increased.36 See Figure 8. In addition,
the amount of ion current intercepted may be roughly pro-
_'portional to the area under the line, as was the case for

:tﬁe HVAC systems. An equivalent circuit, for coupling ef-
fects similar to that shown in Figure 8, also appears plau-
sible; however, present theory has not justified such a cir-
cuit on a rigorous basis.

Another factor which is .not at all pfesent in the case

of HVAC lines is the drift of an ion well away from the line.
The air ions are believed to have a fairly long life, perhaps
on the order of several minutes. The air ions are not always
swept from one conductor to the other, but can be blown away
from the power line over considerable distances causing the
so-called "ion drift." The presence of these air ions. has
been detected in excess of several hundred feet away from
the rights-of-way of HVDC lines. These air ions upon en-
countering a conducting object either charge the object if |
insulated, or cauée a current to flow if the'object is

grounded,

5.2.3.2 Voltage Dominant Effects

As was the case for‘HVAC lines, an important effect is
the sudden discharge of current from a charged gapacitor
'into the humén body. While much remains to be learned, it

is probable that all the mechanisms and uncertainties asso-
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ciated with the HVAC discharges also apply in the case for -
HVDC l1lines. However, several tests under HVDC lines indi-

~cate some significant differences such as:
a) slow charging rate
b) effect of finite value of normal insulation

c) discharge occurs infrequently (not every 1/120
of a second as is the case for HVAC)

One notable difference is the potential to which én insulatgd
object, such as a human on highly noﬁ-conductiﬁg footwear
(i.e., crepe rubber soled shoes), can be achieved. Values

in e#cesslof several tens of kilovolts have been nb;ed37

lfof individuals walking in crepe rubber soles beneath HVDC
test lines. Even voltages in excess of 100 kv during abnormal
corona conditions have been noted on very well-insulated

38 Such high volt-

metal objects near HVDC test apparatus,
ages are expected to be rare under actual operating line
conditions because of the slow charging rate;

This suggests that the major problems regarding bio-
logical effects of HVDC lines will inciﬁde.the capacitor
discharge phenomenon.

Although impulse current discharges of fairly substantial
‘joule values are unlikely for metal objects wifh normal iﬁ— |
sulation of reasonable size in the vicinity of HVDC 1ines,
neverthéless; thought should be given to reevaluating the
hazard thresholds associated with impulse currents.

In the area of pofentially hazardous effects for capac-

itive discharges, the literature searched to date provided
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only limited data on involuntary reflexes, such as jerking
an arm away from the source of the shock. The one

reference noted19

a 0.25 joule threshold for involuntary
movement,

Such reflexes if unexpected, could cause falls from
ladders.’ This aspect is well recognized by power‘eompanies,
and it is a standard procedure to ground all metallic con-
ductors on flxed 1nsta11atlons in the vicinity of a power
llne._ Relatlvely lower energy shocks are encountered only
in the case of mobile collectors which are at ground level.
Typical mobile collectors, sueh as discussed in the example
presented elsewhere,8 produee joule energies in the order of
5 millijoules for HVAC lines—-which is some 50 times iess
thanvthe 0.25 joule level, previously noted. Hewever, for
HVDC, high values could occur only in specral,'low proba-
bility situations.

Aside from the 1nvoluntary movement criterion of 0.25
Joules the next threshold of importance for HVDC lines
is the single—pnlse capacitive discharge of 20 to 50 joules
to cause ventricular fibrillation. However, it should be
notedvthat the joule energy threshold fer capacitive discharges
56 joules, has been extrapolated from data developed during
tests on animals and other closely related data such as
threshold responses to short sequences of 60 Hertz currents
to cause flbrlllatlon or the current and energy requlred

to deflbrlllate the heart 31

0

Based on one publlshed com-

ment, 4 the number of tests which were conducted appeared
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to be sufficient to address indirectly any potential probleﬁ
associated with the vulnerable period of the heart. Caﬁaci-
tive discharges synchronized with the R-wave to occurlin the
vulnerable period of the heart have not been made.41
While power-line transient problems are excluded from
consideration here, it should be noted that power line
transients arising from distant lightning strokes striking
a line can induce substantial capacitively couples energy

' . : . 39
onto vehicles near power lines.

Here, very short dura-
tion but high level discharges could occur into humans‘
touching the vehicles. This possibility, though'remote,
places great importance on the extrapolations discussed

in the previous paragraph.

5.2.3.3 Current Dominant Effects

In the case of HVDC lines, not much is known about the
steady-state current which can be intercepted by a con-
ducting object and possibly flow into the human body,

37,42 Typical

although some limited tests have been made.
maximum currents appear to be below any thresholds of signi-
ficance such as '"let-go" for a human in contact with a
fairly large conducting metal object insulated from ground.
However, the detailed .conditions under which these purrent
values were observed were not reported, and obviously addi-
tional effort, and publiéation is required before firm

conclusions can be drawn regarding the direct current shock

hazards.’
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5.2.3.4 Combined HVDC Electric Field and Current
Coupling Effects

' As was the case for the HVAC lines, the possibility
that an arc discharge created by HVDC field and air ions
igniting flammable mixtures also exists. In this case,
factors which influence the ignition of the flammable mix-
tures and propagation of a flame would be comparable to
those previously discussed for the HVAC situation. One
nseable difference is that the arc can be struck only in-
frequently, since it may take several seconds to several
minutes for the air ions to recharge the capacitance fofmed
between  the insulated object and ground. This is in con-
trast to the HVAC case wherein the charge in the capacitor
can be replenished once every half-cycle of the 60 Hertz
rate.

5.2.3.5 HYDC Instrumentation

HVDC instrumentation is embryonic compared with the
development of HVAC instrumentation. Electric field in-
tensity meters which are capable of measuring the HVDC
electric fields are available from commercial sources. How-
ever, the operation of this equipment in the presence of
high air ion currents has yet to be investigated in the
power line énvironment. Use of more sophisticated electric
field mills which measure both electric field intensity and
the so-called "J current" (which is the air ion current
expressed as a current-density) have yet to be made. Modi-

fication of the conventional field mills to measure both
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the field intensity and the '"J current" simultaneously
is possible.

The nature of the air ions has yet to be explored.
The mass and charges of the air ions could be of biological
interest. The life time of the air ions may also be impor-
4tant, particularly in situations where ions are collected
at some distance away from the power line.

5.3 Conclusions and Consolidation of the
State-of-the-Art

The exchange of inférmation developed'at the workshop*
confirmed the conclusions resulting from the survey of the
literature. For HVAC no additional research was ﬁeeded
to calculate the fields from overhead lines, to improve
the instrumentation or to predict the coupling mechanisms
on an idealizéd basis. The pfincipal problems in the HVAC
casé appeared to be associated with key'parameters which
cannot be analytically predicted. 'These include the im-
pedance of insulation (such as the resistance of tires to
ground) and the response of typical receptors, such as
humans or flammable mixtures.

It was generally agreed that additional HVAC effects
work was needed in the three major areas as.follows:

1) determinihg "let-go" and capacitive discharge safety
thresholds specifically related to power line énvironmental

éituations; 2) developing flammable mixture ignition hazard -

*Identified in Section 1 of this report.
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probabilities and identifying other effects of changing non-
power-line technology; and 3) ascertaining psychoelectrical
responses of annoyance, perception and pain,

There was also reasonable agreement between the results
of the workshop and the review of the literatﬁre regarding
HVDC line effects, 1In short, the HVDC state-of-the-art is
quite primitive compared to HVAC. While some of the
existing and current studies can be drawn upon, additional
effort is obviously required to expand'the basic under-
sténding of how the fields and currents néar the ground
are generated, how these fields and currents couple into
systems; and lastly, ho& to iﬁstrument.the measurements
of thé fields, air ion currents; and air conductivity.

i5.4 Research Progrém Plans for Electric and
‘ Magnetic Effects

5.4.1 Fire, Explosions and Other Hazards
in Perspective :

Background

Under contrived conditions, it is possible to demon-
strate the ignition of fuels and other flammable mixtures
underneath power lines. However, in practice, the possi-

bility is extremely remote, since critical mixtures, or

chance situations necessary to cause a hazardous situation
are very unlikely fo occur, In addition, the parameters
necessary to generate the voltage buildup which would
cause an arc with sufficient energy.to result in an explo-
sion are similarly unlikely. Howéver, a complete hazard

analysis which indicates the pfobabilities of explosion
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for different kinds of fuel conditions, meteorological
conditions, source voltages and energies and hazard
scenarios appears to be desirable. Ignition threshold data
.pertinent to power-line arcs also appear to be inadequate.
| Objective

The primary objective of this effort would be tb develop
statiétical data on fuel ignifion and related liquids be-
neath HVAC power lines.

Tasks

Ignition threshold data based on laboratory tests
relevant to real-life conditions would be developed. Sta-‘ )
tistical data would be amassed on the degree to which it is
possible to generate the necessary voltages and energiés to
provide ignitiom. 'Séenarios leading to a potentially haz-.
ardous condition would be explored, and the probabilities
of a hazardous occurrence would be assessed. These will in-
clude vehicle refueling combustible particulate situations,.
and use of electroexplosive pyrotechniéal devices.,
Field experiments would be conducted for several repre-
sentative situations to validate the conclusions.

5.4.2 Non-Power-Line Technology Trend Analysis

Various technological, economic and social non-power-
line changes are bringing about possible annoying or haz-
ardous conditions. For example, tires can nbw be .purchased
which employ silicon rather than carbon filler. This in-
créases the resistivity of the tire significantly. Hospi-

tals are being sites near power lines. Reliance on highly
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susceptible digital circuits for critical functions 1is
growing at's number of sites near power lines.
| -Objective | |

The obJectlve of effort would be to assess the criti-
cal factors in the non-power-line changing technology and
social conditions, and to recommend remedial actlon.

The Lasks for this project are by necessity vague but
duringAthis effort non-power-line technology would be sur-
veyed to identify potentially hazardous trends. Laboratory
measurements to illustrate possible problems would be con- |
ducted on a preliﬁinary basis. Actions by professional
sssieties anq‘industries, possibly by the government, would
be idenfified to resolve potential problem areas. Wherever
possible, low cost techniques such as labeling and educa-
tioﬁal spﬁroaches would be emphasized.

5.4.3 Psychological Responses to Nonhazardous Currents
and Discharges

Background

The prompt or acute responses to currents and discharges
rangé frqm simple perception through annoyancé to cata-
strophic hazards such as ventricular fibrillation. The
prompt catastrophic effects of either currents or discharges
haveAbeen investigated. The non-prompt, long term, or chron-
ic possible biological effects of currents or voltages are
addressed in programs recommended for the EPRI program on

possible biological effects. However, the annoyance and
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'perception levels of arc discharges and leakage currents

associated with power lines need to be further explored
and compared to those of non-power-line sources.

Past efforts in the annoyance/perception levels have
included brief studies performed at Project UHV and
during various IEEE field days. Comparable studies for
arc disgharges arising from HVDC lines have not been under-
taken. Comprehensive, definitive stﬁdies that account for
all factors are needed.. The major need is to provide quanti-
tative measures rather than relying exclusively on subjec-
tive data.

Objective

The objective of this effort would be to obtain data
which places the human responses to nonhazardous currents
and discharges from 6bjects near HVAC power lines in per-
spective with shocks from non-power-line sources. This
information would then be used in design of transmission -
‘lines.

It is envisioned that four major areaé would be con-
sidered: 1) survey of power line and agricultural_workers;
2) development of the technology to measure the ambient
HVAC power line and non-power-line‘leakage and discharge
type environment in households, factories, farms near and
distant to transmission lines, 3) devélopment of relative
.annoyance rating factors, and 4) the developmeht of quanti-

tative response measures,
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" The survey would include responses of power line and
agricultural workers who may be subJect to leakage or small
arc discharges.’ The perceptualiresponses and possible
psychologlcal adJustment of these workers to the leakage
currents and env1ronments w111 be con51dered |

The ambient spark and leakage current environments would
dlso be measured. These would include spark discharges such
as carpet shocks; sperk discharges from automobile igni; N
'tions,'sf television sets while ﬁﬁder’repair and related
situétiens; Sources, either power-line 1nduced or other-
wise, in households, farms and factories will be 1dent1f1ed
and statistically characterized. While Underwriters Labora-
tory:ﬁrovides some limitation on leakage currents from cur-
rent equipments, ambient leakage current measurements from
present and old equipments would also be considered, and
these would include appiiances, radios, motors, desk lamps,
and similar equipments;

Based on the ambient measurements, relative rating
factors of a general annoyance level in the existing en-
vironments would be developed using human subjects. Also,
in theTabsence of comperative environments, similar rating
levels would be based on design tests which eliminate
preferential biases. ‘The statistical characteristics of
various voltage sources having different capacities and
joule energy stbrege levels would be developed. Based on

the foregoing factors, a psychoelectrical response to non- '
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circuit continuous current flowing through a human touching
the electrified object. The maximum safe value of con-
tinuous body current is termed 'let-go' current. The value
assumed for this ''let-go'" current is crucial in determining
the maximum electric field for a given collector. The
body' clirrent’ is alsd a function of 'Sther” factérs ) suchlas on
the impedance to ground, soil conditions, and weather,

These factors may also be critical in determining maximum

allowable fields for a given collector.
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Cépacitor—like discharges may control the biologiéal

effect for.HVDC:iiﬁesﬂ Theéé in turn'may provide some
limitétién for the maximum allowéble fields and air ion
currents for a given collector in the case of HVDC lines.

Some reservations have been voiced about extending
the existing body current data, particularly on "let-go"
current thresholds to children, since a numbér'of‘éSsump-
tions regarding body weight and geometry are involved.
Ih!édditiOn,.the curtent "let-go'" test data on adults only
considers allow“voltage source, whereas a current source
better characterizes the transmission iine siﬁuation. In
this more realistic situation, electrical sparking wili
tend to prevent a person from clasping an electrified object.

Single-pulse capacitor discharge ventricular fibril-
lation thresholds have been extrapolated from short-duration
bursts of 60. Hertz current on quadfipeds. Further review
may be needed in view of the critical nature.of the effect
and uncertainties involved. Additional data on involuntary
reaction and burns is sparse and further refinement appears
desirable. |

. Objective

The primary objective of this effort would be to relate
the existing biological current, voltage or shock criteria
more adequately to the overhead power line situation with
emphasis on.possiblé effects on children° A secondary
objective would be to-evolve experimenfai approaches to

extend existing data.
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Tasks

The effort would be initiated by a careful study of
past and, possibly, related ongoing work., Data on all perti-
nent serious incidents would be accumulated for guidance.

Statistical data on non-biological parameters which .
control body currents, either continuous or transient,‘would
be. developed. These would include data on various collectors,
soil'and terrain factors, and meteorological coﬁditions
for both HVAC and HVDC lines.

Body current tests using human subjects would be ﬁade'
to determine the validity of the existing "let-go' thresholds
for HVAC power line situations. This would includé statisti-
cal data on skin resistance, body resistance, footwear
impedance, and spreading resistanceAin terms of age, sex,
body weight, terrain and weather. |

The data on '"let-go' current and the extrapolation
rationale for children would be reviewed in light of pre-
viously developed data.. Further tests, involving human
subjects at current levels above 'let-go" thresholds would
be devised if required. Limited tests, using animal sub-
jects to confirm assumptions or data may be conducted as
required.

A detailed review of past and present efforts regarding
unipolar, capacitive diécharge biological effects would be
made. Préliminary tests using animal subjects would be con-

ducted to evaluate existing unipolar pulse-current criteria.




For some tests, pulses would be triggered to fall within
the vulnerable period of heart., More elaborate tests will
be delineated as appropriate.

:‘Special situations within and just beyond the right-
of—WayA%euld also be considered. This would include pos-
sible ﬁroblems with living or work patterns and home
deSLgn features

5.4.5 Ba31c Analyt1ca1 Understandlngfof High Voltage
- DC Electrostatic Etffects

Background

.. The fields beneath the high voltage dc power line are
controlled not only by the geometry of the conductors and
the operating potentials, but also by the generation and
distribuﬁion of the ions in the air. The. presence of air
ions also controls the amount of charge or voltage assumed
by insulated objects in the immediate vicinity or, in some
cases, at great distance from the line. Meteorological
factors such as wind direction and velocity can also play
a major role. Very little information of a definitive
nature has been published on the electrostatic environment
‘near a high voltage dc line. While some efforts are cur-
rently under way, it appears that these recent and past on-
going studies should be greatly augmented to resolve the
nature of the environment near a high voltage dc line.

Objective.
The objective would be to develop a basic understanding
of HVDC line phenomena to predict the pertinent environmen-

tal factors and coupling results.
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Tasks

Several complementary But somewhat overlapping parallel
studies to permit peer review and discussion are recom-
mended to determine the environmental effects associated .
with the high voltage dc power line. The following areas
would be addressed, among others: generation mechanism for
the air ibns, methods of predicting the air conductivity,
air ion density and resultant field intensities aé a func-
tion of conductor geometry, operating voltages, meteorologi-
cal conditions, and corona losses. The ion current produc-
tion parameters and recombination rates would also be
considered. At least one of the recommended programs would
consider the use of sophisticated computer programs which
are capable of developing the necessary parameters for any
arbitrary conductor geometry, tower spacing, positioning,
size or shape. Methods for predicting the voltages ap-
pearing on insulated objects near and distant the line
as a function of the‘line parameters, meteorological con-
ditions would also be considered.

5.4.6 Experimental Coupling Studies for HVDC

Background

Very little information of a definitive nature has
been published concerning measurement of HVDC electrostatic
coupling'effects. While some efforts are currently under
way, these should be greatly augménted to resolve a number
of problem areas. A series of carefully planned and exe-
cuted experimental studies is required which considers the

i
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coupling characteristics of fields and air ions near HVDC
lines. Statistical data regarding all of the variable
factors are also needed.

Objective 4

It would be the objective of this effort to identify
and characterize statistically the pertinent coupling fea-
turés near a HVDC line using 1arge1y.experimental tech-
niques, supplemented by simple analyses.

The effects of meteorological parameter, terrain,
conductor geometry, and operating voltages would be con-
sidered. Thé pickup characteristics of typical collectors
as é function of weather conditions would also be considered,
preferably on a statiétiqal basis. Utilizing the interim
and'final results of the analytical studies wherever pos-
sible,'theicoupl;ng effects would be statistically charac-.
terized. |

5.4.7 Instrumentation for HVDC

Background

While some instrumentation has been employed to measure
field gradients below HVDC lines, the present instrumenta-
tion appears to be unduly sensitive to variations in
meteorological parameters, In addition, there has been
some concern expressed that present instrumentation may
be inaccurate in regions of high air ion densities. Instru-
menfs employed for power-line measurements have not con--

sidered the air conductivity or various concentrations of
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air ions with different masses or polarities. Special
problems are indicated in the measurement of aif ions in
the presence of véry high electrostatic fields.

Objective

The objective of this effort would be to develop and
validate the measurement instrumentation~and techniques
necessary to characterize the design parameter for the
ES coupiiﬁg effects of HVDC lines.’ |

Tasks

Several studies which, fo some extent, are complemen-
tary, aré necessary to develop the necessary instrumenta-
tion and techniques. This would permit peer review and
adequate discussion of various alternative appréaches.
This effort would include a thorough review of related
disciplines to adapt poésible existing measurement methods.
After. thorough study of alternatives, prototypes of médels'
would be built, tested and compared. The instruments wouid
consider the measurement of the electric field in a con-
ducting medium, the measurement of air conductivity, the
measurement of air-ion current and the measurement of
air ions having'different masses and-polarities, all.in
the presence of strong electrostatic fields. Microwave
or optical methods to measure the air ions or air con-

ductivity may also be considered.
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Meeting and International Symposium on High Power Testing
in Portland, Oregon (July 18-23, 1971). :

ABSTRACT: This paper summarizes effects of various AC
shock currents on humans and animals and cites a number
of practical situations, associated with high voltage
transmission which may lead to shock hazard. The
material presented is limited to electrostatically in-
duced voltages and currents. A companion paper describes

methods of solving problems in electrostatic coupling,

Barthold, L. 0., et al. "Electrostatic Effects of Overhead
Transmission Lines, Part II--Methods of Calculation,"
Paper no. 71 TP 645-PWR presented at the IEEE Summer
Meeting and International Symposium on High Power Testing
in Portland, Oregon (July 18-23, 1971).

ABSTRACT: This paper interprets electrostatically
coupled objects in circuit form, reduces the problem to
Thevenin equivalents and develops practical methods for
computing such equivalents., Means for representing
irregularly shaped objects, both by analytical and analog
methods are discussed. A companion paper describes the
effects of induced currents on humans and animals, and
cites examples of hazards sometimes encountered in
operation of high voltage lines.

Bracken, T. D. '"Field Measurements and Calculations of _
. Electrostatic Effects of Overhead Transmission Lines."
Paper no. F 75 573-6 presented at the IEEE PES Summer
- Meeting in San Francisco, California (July 20-25, 1975).

ABSTRACT: The results of an electrostatic measurements
program held in conjunction with the IEEE Working Group
on E/S and E/M Effects of Transmission Lines and attended
by representatives of several organizations are presented.
Measurements were made at ground level under an energized
525-kV line of electric field intensity, of induced cur-
rents and voltages on objects, and of perception and
annoyance levels of men, women, and children for steady
state and transient shocks. Three types of field
strength meter were employed. They gave consistent
readings in agreement with predicted field strength.
Analytical estimates of short circuit currents for
various objects are in agreement with measured values.
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ABSTRACT: An important phase of the investigative work
preparatory to the operation and maintenance of the’
Pacific Northwest-Southwest dc intertie is the develop-
ment of safe working procedures. This paper describes
the 'laboratory and field tests performed to determine
the dc characteristics of hotline tools, and to gain
more knowledge of certain phenomena peculiar to dc
systems which may influence maintenance procedures.

Comsa, R. P. and Yu, L.. "Transient Electrostatic Induction
by EHV Transmission Lines.'" IEEE Transactions on Power
Apparatus and Systems PAS-88, no. 1Z (December 1969),
1783-1787.

ABSTRACT: Transient electrostatic induction by EHV lines
on objects such as large vehicles is studied. Attention
is drawn to the need of further investigation with regard
to hazards to persons touching the object and being sub-
mitted to current pulses of very short duration. An
analytical expression for the electrostatically induced
voltage wave is derived. The calculated numerical values
are checked. experimentally on the air model and the
results show good agreement,

Dalziel, C. F. 'Dangerous Electric Currents.'" Transactions

of the AIEE 65 (August/September 1946), 579-585.

ABSTRACT: This paper discusses lethal electric currents
and their accompanying physiological effects, and inter-
prets the data of a previous paper in accordance with an
original method of analysis. found useful by the author

in his own investigations of let-go currents. The present

analysis concerns itself with threshold currents likely
to produce instantaneous electrocution in one-half per
cent of a large group of normal men. Although the con-
clusions are derived from tests made on animals, it is
believed that the results may be indicative of what might
be expected to occur in man. The majority of the work is
based on experiments made at 60 cycles with shock dura-
tions of 0.03 to 3.0 seconds. Predictions of lethal

currents for both direct current and capacitor discharges,

while more speculative because of the limited data avail-
able, are included because of their importance due to the
greatly increased use of direct current and electronic
equipment,

190



BIBLIOGRAPHY (Con't)

'+ Dalziel, C, F. '"The Effects of Electric Shock on Man."
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ABSTRACT: A long standing expert on electric-shock
hazards summarizes the studies that determined the
effective body impedance under varying conditions. He
describes perception currents, reaction currents, let-

go currents, and fibrillating currents. Turning to means
for reduc1ng low-voltage (120-240-volt) hazards, double
insulation, shock limitation, isolation transformers, and
the use of either high frequency or direct current are
discussed for various environments. Macroshock is always
a hazard in the home, in industry, and in the hospital.
But the extreme vulnerablllty to microshock of patients
with cardiac catheters, for example, requires spec1a1
precautions in intensive-care and coronary-care units.
Equipment such as the ground-fault interrupter (GFI)

and a special isolation transformer are cited.

Dalziel, C. F. '"Reevaluation of Lethal Electric Currents,"
IEEE Transactions on Industry and General Applications
IGA-4, no. 5 (September/October 1968), 467-476.

ABSTRACT: Low-frequency electric currents of a few
milliamperes through the body cause muscular contrac-
tions. In the arm current may make a subject unable to
let go of a live conductors highest currents which 99.5
per cent of men and 99.5 per cent of women are able to
let go have been shown to be 9 and 6 respectlvely Cur-
rents somewhat larger than this, passing across the chest
may arrest respiration leading to unconsciousness, and
even death.

Dalzlel C. F. "A Study of the Hazards of Impulse Currents."
AIEE Transactions (October 1953,) 1032-1043.

ABSTRACT: Correlation of research from scientific labora-
tories in Europe and America, together with accident
records obtained from several nations, permits tentative
criteria for the hazard from short shocks and impulse
discharges. The hazard from short shocks, those obtain-
able from both power frequency circuits and apparatus
capable of producing impulses, is believed primarily to
exist because of the energy contalned in the discharge;
the crest of the initial current, quantity in the pulse,
and shock duration being related quantities of secondary
importance. Formulas for reducing the electric shock
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hazard to the proposed criteria for safety are derived

for both surge discharges and impulses of an oscillatory
‘nature. Applications of the formulas are illustrated with
examples., It is anticipated that this study may be of
value in establishing the hazard from industrial equip-
ment capable of producing impulses, or in reducing the
hazard; in evaluating the effectiveness of lightning
grounds; and in other similar applications.
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Dalziel, C. F. and Massoglia, F. P. 'Let-Go Currents and
Voltages.'" AIEE Transactions II (May 1956), 49-56.

ABSTRACT: Let-go current curves are presented for com-
mercial 60-cycle-a-c and for direct current. New data
are presented which confirm previously published let-go
current curves for direct currents having various amounts
of a-c ripple content, together with new data for 60-

" cycle a-c let-go voltages. The voltage analysis is ex-
tended to cover direct current, thus rounding out the
subject of let-go hazards. Reasonable safe let-go cur-
rents and voltages are computed from tests made on sub-
stantial numbers of normal, healthy individuals. It is
believed that reasonably safe limits may be based on the
predicted response for 99% per cent of a large group.
The probability of receiving dangerous electric shocks
must be anticipated, and preventive measures must be
considered vital ingredients in the design of machines,
in the framing of operating instructions, and in work
procedures.

Dalziel, C. F., Ogden, E. and Abbott, C. E. "Effect of
Frequency on Let-Go Currents.'" AIEE Transactions 62
(December 1943), 745-750.

ABSTRACT: This paper on electric shock covers the sub-
ject of sine-wave let-go currents for both men and women:
and contains an analysis which permits improved accuracy
in predicting the response for large groups based on
experiments made on a relatively small number of sub-
jects. It should be of especial interest to persons who
have had accidents in which they barely escaped "freezing'
to an electrified conductor and also to those interested
in electrical safety. The range of frequencies covered
is from 5 to 10,000 cycles and also direct current., The
paper is the most comprehensive treatment of the subject
yet published as the analysis permits predicting currents
of a specified degree of safety for both men and women
for this wide frequency range.
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Practical Problems, Safeguards, and Methods of Calcula-
tion." Paper no. T73 441-3 presented at the IEEE PES Sum-
mer Meeting & EHV/UHV Conference in Vancouver, British
Columbia (July 15-20, 1973). '

ABSTRACT: This paper summarizes practical problems
associated with electromagnetic currents induced by high
voltage transmission lines. It deals with the safeguards
necessary to counteract these currents and develops a
method of calculation of electromagnetically induced
voltages and currents.

Ferris, L. P., et al. "Effect of Electric Shock on the
Heart." A paper presented at the AIEE Summer Convention
in Pasadena, California (June 22-26, 1936).

Keesey, J. C. and Letcher, F. S. "Human Thresholds of
Electric Shock at Power Transmission Frequencies.'" Arch.
Environ. Health 21 (October 1970), 547-552. i

ABSTRACT: Reliable quantitative data. about electric shock
to humans at power transmission frequencies are available
for three physiological responses to electrical stimula-
tion: perception, uncontrollable muscular contraction,

and death. Some humans can perceive less than 0.5 ma

of 50 to 60 Hertz currents, depending upon the type of
hand contact made with an electrically energized circuit,
Most adult male workers should be able to release 9 ma

of 50 to 60 Hertz current. A safety threshold of 5 ma,
recommended for the general population including children,
1s based upon the conclusion that current in excess of
release threshold should be regarded as hazardous and
potentially lethal. Relevant threshold conditions
include body size, current pathway, contact duration, and
‘total resistance. Voltages calculated from reliable
experimental data on effective currents and expected
resistences are lower than voltages generally recommended
to be safe.

Kouwenhoven, W. B., et al. "Effect on Breathing of an
Electric Shock Applied to the Extremities." Paper no.
T71 087-0 presented at the IEEE PES Winter Meeting in
New York (January 30-February 4, 1972). .

ABSTRACT: Electric shock frequently causes the arrest
of breathing. This paper reports on an experimental
investigation of this phenomenon. A convulsion is a
likely consequence of a high voltage shock applied to
the extremities. It is suggested that this convulsion
may be responsible for breathing failure.
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lation." Paper no. 55-95 presented at the AIEE Winter

General Meeting in New York (January 31-February 4, 1955).

Lee, W. R. '"Death from Electric Shock." Proceedings of the

IEEE 113, no. 1 (January 1966), 144-148"

ABSTRACT: Recent studies have advanced our knowledge of
the: mechanisms of death from electric shock. It is known
that biological effects are related to the passage of
current rather than to applied voltage. The paper
considers only the fatalities resulting from accidents

at power frequencies. There are three possible mechan-
isms of death: ventricular fibrillation (incordinate
action of the heart), respiratory arrest (at one time
believed to be very common, and hence the usual advice
on artificial respiration) and asphyxia resulting from

a prolonged 'hold-on' type of shock passing across the
chest. Unfortunately the appearances at post mortem

do not help to distinguish between these different
mechanisms of death, and so reliance must be placed on
circumstantial evidence, in which the pathway of the
current through the body is important. It is probable
that the great majority of electrical fatalities are due
to ventricular fibrillation, which brings the circulation
to a standstill. The currents and times necessary to
produce this effect have been suggested; but in deriving
these, certain assumptions have been made. These assump-
tions are discussed, for it is important to recognise
them when assessing the use of devices such as earth-
leakage circuit breakers.

Lee, W. R. 'Deaths from Electric Shock in 1962 and 1963."

British Medical Journal 2 (September 11, 1965), 616-619,

McCauley, T. M. "EHV and UHV Electrostatic Effects: Simpli-

fied Design Calculations and Preventive Measures.'" IEEE
Transactions on Power Apparatus and Systems PAS-94, no. 6
(November/December 1975), 2057-2073.

ABSTRACT: Approximate formulae are developed for pre-
dicting overhead transmission line electrostatic effects.
These formulae, which are based on numerous computer
simulations, allow slide rule calculations of sufficient
accuracy for preliminary design work. Measures to re-
duce electrostatic effects, such as increasing conductor
height or erecting shield wires are compared. Shield
wires are found to be quite effective.
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Murakushi, Y., Amano, Y., and Sakamoto, Y. "A Study on the
Voltage Induction Phenomenon Due to Ion Flow on the
Objects Under the HVDC Transmission Lines. Paper
no. A 75 562-9 presented at the IEEE PES Summer Meeting
in San Francisco, California (July 20-25, 1975).

ABSTRACT: The static induction in ac UHV and EHV over-
head transmission lines is one of the important factors
in determining the minimum height of transmission line
conductor above ground to eliminate the electric shock
hazard to the people under the line.

With the progress of studies on UHV dc¢ transmission, it
has been revealed that appreciably high voltages were
induced on human ‘bodies under the 600 kV full scale test
line at Shiobara Station of this Institute. Because of
the scarcity of reports available on dc induction, the
mechanism of induction and the levels of induced voltages
had been almost unknown.

For the purpose of clarifying this phenomenon, the authors
conducted a basic indoor experiments and tests using test
lines. It is identified that the mechanism of the
phenomenon is quite different from that of ac static
induction, that is, particles charged by the corona
dlscharge on the surface of the conductor carry the

charge to the objects under the line. They designated
this phenomenon "ion flow induction'. Actual examples

of such induced voltages will be described below.

Rene, J. and Comsa, R. P. '"Computer Analysis of Electro-
statically Induced Currents on Finite Objects by EHV
Transmission Lines.'" TEEE Transactions on Power Apparatus
and Systems PAS-87, no. 4 (April 1968), 997-1002.

ABSTRACT: A method is presented which allows the evalua-
tion of electrostatlcally induced currents by EHV trans-
mission lines in objects where. fringing effects are not
negligible and consequently the problem cannot be reduced
to the two-dimensional case. A digital program is de-
veloped based mainly on experimental results obtained.

on an air model, the wvalidity of which is shown by com-
parison with measurements made in the field and in the
electrolytic tank. General equations are derived based
on these results and a digital program is establlshed for
their solutions.

Sarma, M. P. and Janischewskyj, W. '"Analysis of Corona
Losses on DC Transmission Lines: I--Unipolar Lines."
IEEE Transactions on Power Apparatus and Systems PAS-88,
no. > (May 1969), 718-731.
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ABSTRACT: Theoretical calculation of corona losses for
practical unipolar dc transmission line configurations
presents considerable difficulty because of the nonlinear
nature of the equations describing the space-charge fields,
The application of numerical methods to obtain solutions
of practical interest is discussed. One of the diffi-
culties in the analysis of space-charge fields is the
determination of the actual charge distribution around

the conductor in the corona. A numerical iterative
methcd of computing this charge distribution is presented.
The method is applicable to any general configuration

for which the space-charge-free field can be calculated.
The line-to-plane configuration is considered. A method
of including the effect of conductor surface irregular-
ities in the theoretical calculation of corona losses

is outlined, and it is suggested that, by the same method,
Popkov's formula mav also be modified to make it appli-
cable to lines with practical transmission-line conductors.
Calculations by the method of analysis developed as well
as by the modified Popkov equation are compared with
experimental results.

Sarma, M. P. and Janischewskyj, W. '"Analysis of Corona
Losses on DC Transmission Lines: Part II--Bipolar Lines."
IEEE Transactions on Power Apparatus and Systems PAS-88,
no. 10 (October 1969), 1476-1491.

ABSTRACT: As in the case of unipolar corona, theoretical
calculation of corona losses for bipolar dc transmission
line configurations involves the analysis of the nonlinear
ionized field in the interelectrode region. However,

the complexity of the analysis is increased considerably
because of the presence of ions of both polarities in the
region,

The problem of the bipolar dc ionized field is stated

in terms of the defining equations, and the difficulties
of obtaining analytical solutions are discussed. A nu-
merical method of solving the equations applicable to any
general bipolar conductor configuration is proposed. By
making appropriate simplifying assumptions, the essentially
two-dimensional field is reduced to its equivalent one-
dimensional form, and the complex problem of the ionized
.field is transformed into one of solving a set. of two-
point nonlinear boundary value problems along a number

of flux lines of the space-charge-free field. The
boundary value problems necessitate the solution of two
simultaneous nonlinear equations, and the numerical itera-
tive methods of solving these equations are described.
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The proposed analysis is applied to a simple bipolar

dc transmission line configuration, and it is shown that
the. theoretical calculations are in good agreement with
experimental results obtained on a full-scale outdoor
test line.

Sarma, M. P. and Janischewskyj, W. "Corona Loss Character-

istics of Practical HVDC Transmission Lines, Part I:
Unipolar Lines.” IEEE Transactions on Power Apparatus

and Systems PAS-89, no. 5 (May/June 1970), 360-867.

ABSTRACT: The method of calculating corona losses,
developed for unipolar operation mode, is used in the
paper to study corona loss characteristics of several
practical HVDC transmission lines., Detailed results

on the influence of various line parameters upon corona
loss characteristics of monopolar lines with single as
well as bundle conductors, of homopolar lines, and of
monopolar lines with overhead ground wires are given.

Sarma, M. P. and Janischewskyj, W. ''Corona Loss Character-
istics of Practical HVDC Transmission Lines, Part II:
Bipolar Lines.'" Paper no, 70 TP 638-PWR presented
at the IEEE Summer Power Meeting and EHV Conference in
Los Angeles, California (June 12-17, 1970).

ABSTRACT: The theoretical analysis of bipolar corona
developed by the authors in an earlier paper is applied
to study the corona loss characteristics of practical
bipolar HVDC transmission lines. Detailed results of
the influence of the line parameters on the corona loss
characteristics of single-conductor as well as of
bundle-conductor bipolar lines are given in the paper.

Spiegel, R. J. "Electromagnetic Fields in the Near Vicinity
"of Transmission Line Towers.'" Paper no. F 76 204-8
presented at the IEEE PES Winter Meeting in New York
(January 1976).

ABSTRACT: Electromagnetic fields in close proximity

to transmission line towers are calculated using moment
method procedures. The method of moments is especially
suited to precblems which involve electromagnetic. coupling
to metal.objects and, in principle, most any type geo-
metry can be solved. Generally, this technique involves
the solution of an intergral equation for the current
and charge induced on the object by an external field.
Metal transmission line towers are modeled as a col-
lection of straight cylindrical sections of varying
radii. Because the wavelength of a 60 Hz field is much
larger than the cross sectional area of the segments,
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the problem can be categorized as ''scattering by thin
wires'". The current and charge distributions induced

on a 230/138 kV double circuit transmission line tower
are calculated. Utilization is made of the induced cur-
rent and charge for the purpose of determining the fields
near the tower. Comparison is also made between calcu-
lated and measured near fields.

Tranen, J. D. and Wilson, G. L. "Electrostatically Induced
Voltages and Currents on Conducting Objects Under EHV
Transmission Lines.' IEEE Transactions on Power Apparatus

and Systems PAS-90, no. 2 (March/April 197/1), 768.

ABSTRACT: A study is made of the steady state short cir-
cuit IS and open circuit voltage, Voc’ to ground

c’ :
for conducting objects under E.H.V. transmission lines.
This is carried out in a computer program and on a scaled
down laboratory model of a transmission line. 1In addi-
tion, tests are conducted at the American Electric Power
Service Corporation and Westinghouse Electric Corporation
E.H.V. test site at Apple Grove, West Virginia. The
Apple Grove results are used for comparison with the
other two approaches. Values of Isc within a few per-

cent of the field data and of VOC within about 30 per-

cent are predicted by the computer program. For the

transmission line model, the measured values of Isc are

within a few percent of the Apple Grove measurements and
the values of VOC are within approximately 15 percent.
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. 6. MULTIPURPOSE PROGRAMS .

A number of projects were suggested which involved more
than one discipline or 6bjéctive and which could be more eco-
nomicéily conducted as ﬁuitiburpose programs. These include
exempIéry meaSUrement van fofﬁthé RI, TVI, and acoustical
noise data COliéction, special studies to reduce all corona
effects, trénsmiSSidn line effects trade-off studies for
both Cofbna and cdupliﬁg phenomena, ‘and a reliability/
maintainability evaluation for corona-related éffecté.

"Dufing the“bekshdp;*_sévefal projects to evaluate
or imbfoVe the hiéh-vditage cége‘measuremeﬁt fechniques
were considered. 'Later, these were reconsidered and droppéd'
from immediate consideration. Most of thé difficulties with'
HVACtcage'measﬁremeﬁtS'are sufficiénfly well understood
that more ovérfiding éonsidérétibﬁs influéhce any choice
betweeﬁﬁthisvtechnidue and-dthéis for the evaluation of
corona effects. 'Iﬁ the case of HVDC lines, the basic under-
standing of voltage gradiént and air-ion phenomena is too
premature to initiate any'cage evaluation studies at this
‘time.

6.1 Exemplary Measurement Van

Background

Baseline data on corona effects, such as acoustical

noise and electromagnetic interference, are needed to

*Described in Section 1 of this report.
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upgrade the accuracy and utilization of corona test cage
and testlline results. The IEEE Working Group on. Corona
and Radio Noise is accumulating such information, but so

far their efforts have not achieved the desired goals due

.to & lack of manpower and, possibly, the nonstandard mea-

surement equipment. Currently, a number of ntility‘com-
penies are considering designing and building meesutement
vans which could be used to conduct acousticelvnoiee (AN) -
an& electromagnetic interference (EMI) meesurements at a
number oflsites. .This will require some engineering effort
on the part of each individual utility and mey not result
in the same type cf measurement equipment being employed
by  different utilities.. | |

To minimize the required design effort on the4part of
each individual utility, and tonassure measurement uni-
formity, the design for an exemplary Qan should be made° 
Based on this design, a minimum of engineering on the pert
of each utility Would be required and wonld result}in the |
same measurement instrumentation being used.

Objective-

It would be the objective of this effort to develop
engineering design specifications for an exemplery van to
measure acoustical noise, electromagnetic interference and
other key nafameters. |

An exemplary measurement van/trailer would be designed

and built which will measure AN and EMI along with their
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relative parameters, such as drop size distribution of rain
and field interactions. The specific tasks. would include
the following: (1) coordinating,with_interested and con-
tributing groups, such as the IEEE Working Group on Corona
and Radio Noise, staff membefs at various utilities, and
ke& members at government agencies; (2) conduéting a survey
of the existing practices by various utilities and labora-
tories; (3) conducting a survey of existing measurement
equipment and recording apparatus; (&) developing'an inte-
grated overall measurement design plan and recommended
measurement procedures; (5) implementing this design in one
exemplary trailer or van model; and (6) conducting demon-
stration measurements.

6.2 Special Techniques to Reduce Corona Effects

Bagkground

A number»of techniques have been or are under consider-
ation to redqu the overall corona effects, particularly
those occurring during foul weather. Techniques currently
~being considered include surface aging, wetability and
configuration modification, and techniques to reduce the
accumulation of surface wéter along the line.

Objective

It would be the objective of this effort to initiate,
on a case-by-case basis, feasibility .studies to develop
additional or improved corona effect suppression techniques. : -
Another objective would be to evaluate the existing promising

approaches in greater detail.
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Tasks
The tasks on'this.effort'cannot be defined since these
would be dependent on the proposed techniques.

6.3 Transmission Line Effects Trade-0ff Study

Background

A variety of design options exist which will-meét cer-
tain trade-off criteria. For example, if it is desirable
to reduce the voltage gradient near ground level, this can
be done by placing the conductors closer (within limits im-
posed by other factors) together or by using a shield or
guard wires. "'However, such a procedure increases the voltage
gradient near the conductors which, in turn, increases corona
effects. At some additional expense, the conductor size can
be increased to reduce the gradient near the conductor. But
it is not always clear whether such a procedure is worth the
cost, because certain corona effects are not always reduced
in proportion té the local conductor gradient due to.the
increase in conductor surface area.

Objective

It would be the objective to characterize transmission .
line side effects and design options and to conduct repre-
sentative trade-off analysis.

Tasks

The following tasks are envisioned. (1) The various
mitigation techniques to suppress transmission line effects
would be surveyed. These would include conduqtorlgeometry;-

wire size, strand treatment, location of conductors, use of
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guard wires or other field cancéling techniques;'and‘
variation of the'cohdﬁctor héight. (2) The various trans-
mission liné’side effects would be Surveyed, and pertinent
criteria for these side effects established. This would”ﬁ
include corona effects, electric and magnetic coupling.
-effects, and related biological influences, if any.
(3) These factors would be analytically characterized to
develop various design trade-offs in terms of economical
(or factors which could lead to relatively quick ecohqhic
asséssment)'mitigation approaches and transmission line
% effects criteria. (4) Trade-off studies for representative
| situations would be conducted. (5) Cbmputer programs and
other analytical tools would be documented and published.

6.4 Reliability and Maintainability

Background

In some instances, it has been found that a signifi-
cant cost iteﬁ in the maintenance of power lines is
associated with the television interference genefated by
hardware, and possibly by insulator strings. At this point,
little is known about how the hardware or insulator strings
deteriorate to create gap type interferences or other
reliability problems. A general study abpears to be desir-
able, therefore, to minimize maintenance costs by developing
a better understanding of how hardware designs create tele-

vision interference or degrade in the long-term,




Objective ‘

It would be thenobjective of thié study to develop a
better undgrstanding of the role of insulators and other
hardware in producing interference and to reduce mainte-
nance costs.

The basig reliability and interference features of
hardware and insulators which may ultimately contribute to
interference problems through bad maintenance, poor instal-
lation, or initial design, would be investigated. If appro-
priate, a recommendation would be made for future work to

expand results into handbook form.
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APPENDIX A

Participants of the Ad Hoc Workshop

We would like to acknowledge gratefully those indi-
viduals who gave presentations during the ERDA—IITRI Ad
Hoc Workshop. |

These individuals and the titles of their presentations
follow in order of their preéentation:

Robert W. Flugum ERDA
'""Role of ERDA and Objectives of the
Ad Hoc Meeting" :

Dr. Harry Kornberg, Frank S. Young- -EPRI
"Function and Objectives of EPRI"

Dr. W. Janischewskyj-University of Toronto
YRole and Activities of the IEEE Working
Group on Corona, Subcommittee on Radlo
Interference from Transmission Lines"

E. Lambert-Pacific Gas and Electric
"Role and Activities of the IEEE E/S and
E/M Effect of Transmission Lines Working
Group"

Samuel E. Probst-OTP
"Role of the Office of Telecommunications
Policy" '

David Janes-EPA
"Role of Environmental Protection Agency"

Arthur Wall FCC
_ "Role of FcC"

Dr. Gilles-G. Cloutler-Hydro Quebec
"Activities of IREQ"

Dan C. H. Shih-AEP

"State-of-the-Art: ' Ozone From Transmission
Lines" '
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R. M. Morris-National Research Council

of Canada
"State-of-the-Art:

Transmission Lines'"

Vern Chartier-BPA
"State-of-the-Art:

Acoustic Noise from

Radio and TV Interference

from Transmission Lines'"

- Dr. D. Deno-Project UHV (G.E. Co.)
"State-of-the-Art: Electromagnetic Fields
from UHVAC Transmission Lines'

Dan Bracken-BPA
"State-of-the-Art:

Electric Fields from

UHVDC Transmission Lines'

Donald Batorsky-Bell Laboratories
"Special Problems: Co-Location of Utilities"

The attendees were as follows:
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