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This report was prepared by IIT Research Institute (IITRI) as an account
of work sponsored by the Electric Power Research Institute, Inc. (EPRI)
and the Pipeline Research Committee of the American Gas Association
(A.G.A.). Neither EPRI, A.G.A., PRC of A.G.A., members of EPRI, members
of PRC of A.G.A., IITRI, nor any person acting on behalf of eijther:

(a) makes any warranty or representation, express or implied, with re-
spect to the accuracy, completeness, or usefulness of the information
contained in this report, or that the use of any information, apparatus,
method, or process disclosed in this report may not infringe privately
owned rights; or (b) assume any liabilities with respect to the use of,
or for damages resulting from the use of, any information, apparatus,
method, or process disclosed in this report.




ABSTRACT

As a result of a program jointly funded by the Electric Power Research Institute
(EPRI) and the Pipeline Research Committee (PRC) of the American Gas Association
(A.G.A.), known data has been consolidated and a systematic investigation has been
made into the mutual effects of ac electric power transmission lines (power lines)
and natural gas transmission pipelines (pipelines) jointly sharing rights-of-way.
The results presented are of use to both the electric power and natural gas trans-
mission industries for addressing problems arising from a mutual coexistence.

Program objectives were:

1. to consolidate known data concerning mutual effects arising
from power lines and pipelines sharing a common right-of-
ways;
2. to develop a unified and systematic method for predicting electro-

magnetically induced voltages and currents on pipelines; and

3. to investigate mitigation techniques to minimize interference effects
upon pipeline and component reliability and personnel safety.

In the fulfillment of these objectives, new techniques for coupling prediction
and pipeline mitigation have been developed and other available data has been
collected and summarized.

The overall objective of the program was to develop a reference book which concisely
presented the coupling prediction and mitigation information derived in a manner
useful to both power and pipeline industry users in the design, construction and

operation of their respective systems.






EPRI PERSPECTIVE

PROJECT DESCRIPTION

This project was a joint effort by the Pipeline Research Committee of the A.G.A.
and EPRI to develop analytical techniques for determining the induced potential on
pipelines that parallel electric transmission lines. This is an area of interest
to both electrical system and pipeline operators.

The purpose of this project was to develop analytical methods for prediction and
mitigation of voltages induced on pipelines by nearby ac transmission lines.
Verification by actual tests was necessary. Further, analyses of ac corrosion
effects, personnel safety and pipeline component reliability were sought.

PROJECT OBJECTIVES

The contractor was asked to first assess commonly used methods to compute induced
voltages and to determine their accuracy and applicability. This was necessary
since considerable Titerature plainly states that calculations of pipeline volt-
ages are often different by a factor of 10 from measured voltages. The next step
was to develop valid analytical techniques that could be verified by both theory
and field tests. In a follow-on effort IITRI engineers were asked to develop
simplified methods of computing induced voltages that could be executed on a
programmable hand calculator. Then mitigation techniques were to be developed.

CONCLUSIONS AND RECOMMENDATIONS

The contractor did develop the required analytical techniques, which are reasonable
and supported by field test results. New mitigation methods were then developed
and old ones evaluated for their effectiveness. All of the mathematical analyses
were to be compared with several sets of data from field tests. The accounts of
these tests are well documented in this report.

The theoretical considerations are discussed in Volume 1 of this report. Included
are discussions on prediction, mitigation, personnel safety and pipeline suscep-
tibility. In Volume 2 techniques for performing the necessary calculations are



presented without proof or discussion. It is anticipated that Volume 2 will be .
useful as a workbook.

It was especially gratifying for those participating in the project to work in
the atmosphere of cooperation that existed between the two sponsors.

Richard E. Kennon, Program Manager
Electrical Systems Division ‘
EPRI
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FOREWORD

This two volume reference book is a result of a program jointly funded by the
Electric Power Research Institute (EPRI) and the Pipeline Research Committee (PRC)
of the American Gas Association (A.G.A.). This program has consolidated known data
and has made a systematic investigation into the mutual effects of ac electric
power transmission lines (power 1lines) and natural gas transmission pipelines
(pipelines) jointly sharing rights-of-way. The results presented here are of use
to both the electric power and natural gas transmission industries for addressing
problems arising from a mutual coexistence. Program objectives were:

1, to consolidate known data concerning mutual effects arising from
power Tines and pipelines sharing a common right-of-way.

2. to develop a unified and systematic method for predicting electro-
magnetically induced voltages and currents on pipelines; and

3. to investigate mitigation techniques to minimize interference ef-
fects upon pipeline and component reliability and personnel safety.

In the fulfillment of these objectives, new techniques for interference prediction
and mitigation have been developed and other available data has been collected and
summarized. The work performed during the program is presented in detail in
Volume 1 of this book.

The overall objective of the program was to develop a reference book to present
the information and the methodologies derived in a manner useful to both power

and pipeline industry users in the design, construction and operation of their

respective systems.

In compiling this book, advantage was taken of the knowledge available and appli-
cable information has been categorized and summarized for inclusion into this book.
However, in certain areas, existing gaps in knowledge became apparent, and origi-
nal research was conducted to advance the state-of-the-art. From this work,
several signif{cant accomplishments have resulted which have been verified by
field tests.
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° A method for the prediction of electromagnetically coupled pipeline
voltages and currents has been developed.

® Instrumentation has been developed for direct measurement of the
longitudinal electric field from a power 1ine.

° Techniques for the mitigation of induced interference on pipeline
systems have been investigated and design procedures for the opti-
mum jmplementation of these techniques have been developed.

The book consists of two volumes. Volume 1 contains detailed engineering analyses

encompassing the areas of:
] Interference lLevel Prediction
. Susceptibility Evaluation
® Mitigation Techniques

° Measurement Procedures

A complete summary of Volume 1 is presented in Volume 1.

Volume 2 is a much synopsized version of Volume 1. The intent of the second vol-
ume is to provide the user with a procedures manual which will allow him to deter- mi
mine interference levels and estimate mitigation design requirements in the field.
Hence, the material presented in this volume is restricted to coverage of objec-
tive 2 and a part of objective 3. More specifically, the following areas are
covered:
1. Procedures for calculation of electrostatically and electromagnet-
ically induced voltages and currents are presented in a concise man-

mer. Even though similar material exists in Volume 1, the presen-
tation here allows for more rapid access.

2. Discussion of mitigation procedures has been restricted to basic-
ally the use of grounding techniques. The reason for this approach
is that the user in the field is generally faced with an "after the
fact" situation. Other mitigation techniques such as pipeline and
power 1ine design modification are normally instituted during the plan-
ning stages of a project.

Liberal use of hand calculator programs, developed specifically for this book, is
suggested to ease computational complexity. Since the underlying theory is not
presented in this volume, it would be expected that the user have some familiarity
with the contents of Volume 1 in order to answer questions of procedures applica-
bility to the more difficult systems interaction situations.
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SUMMARY

INTRODUCTION

This reference book, in two volumes, is a result of a program jointly funded by
the Electric Power Research Institute (EPRI) and the Pipeline Research Committee
(PRC) of the American Gas Association (A.G.A.). This program has consolidated
known data and has made a systematic investigation into the mutual effects of

ac electric power transmission lines (power lines) and natural gas transmission
pipelines (pipelines) jointly sharing rights-of-way. The results of the program
are of use to both the electric power and natural gas transmission industries for
addressing problems arising from a mutual coexistence.

Program objectives were:

1. to consolidate known data concerning mutual effects arising from
power Tines and pipelines sharing a common corridor;

2. to develop a unified and systematic method for predicting electro-
magnetically induced voltages and currents on pipelines; and

3. to investigate mitigation techniques to minimize interference ef-
fects upon pipeline and component reliability and personnel safety.

The overall objective of the program was to develop a reference book to present
the information and the methodologies derived in a manner useful to both power
and pipeline industry users in the design, construction and operation of their
respective systems. In the fulfillment of these objectives, new techniques for
interference prediction and mitigation have been developed and other available
data has been collected and summarized. Complete reporting of the work performed
during the program is presented in Volume 1.

Advantage was taken of the knowledge available and applicable information has

been ordered and summarized for inclusion into this book. However, in certain
areas, existing gaps in knowledge became apparent, and original research was con-
ducted so as to advance the state-of-the-art. From this work, several significant
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original accomplishments have resulted which have been verified by field tests, ‘
namely,

° A method for the prediction of electromagnetically coupled pipeline
voltages and currents has been developed.

° Instrumentation has been developed for direct measurement of the
power line longitudinal electric field.

. Techniques for the mitigation of induced interference on pipeline
systems have been investigated and design procedures for the opti-
mum implementation of these techniques have been developed.

The book consists of two volumes. Volume 1 contains detailed engineering analy-
ses encompassing the areas of:

° Interference Level Prediction
° Susceptibility Evaluation
() Mitigation Techniques

. Measurement Procedures

Listings for a set of hand calculator (Texas Instruments TI-59) programs devel-
oped specifically for this project are also presented. These programs are de-
signed for use in predicting electromagnetic coupling levels and implementing
subsequent mitigation procedures.

Volume 2 is a much synopsized version of Volume 1. The intent of this volume is
to provide the user with a procedures manual which will allow him to predict in-
terference levels and estimate mitigation design requirements in the field. Hence,
the material presented in Volume 2 is restricted to coverage of objective 2 and

a part of objective 3. More specifically, the following areas are covered:

1.  Procedures for calculation of electrostatically and electromagnet-
ically induced voltages and currents are presented in a concise
manner. Even though similar material exists in Volume 1, the pre-
sentation here allows for more rapid access; and

2. Discussion of mitigation procedures has been restricted to basic-
ally the use of grounding techniques. The reason for this approach
is that the user in the field is generally faced with an "after the
fact" situation and other mitigation techniques such as pipeline
network design or power line phasing are best instituted during
the planning stages of a project.
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TASK REVIEW

One of the initial tasks in assembling information for incorporation into this
book was a literature search and review. Based on the results of this task,
deficiencies in theory and practices were identified. Thus, the initial thrust
was provided for the effort required to develop original information to comple-
ment this book. Highlights of the innovativework appearingin this book areas follows.

Interference Level Prediction

Electromagnetic Interference. Voltages and currents may be coupled into pipelines

by several mechanisms, i.e., capacitive (electrostatic) inductive (electromagnetic)
and resistive (conductive). Previously available techniques for the prediction of
electromagnetically coupled voltages have been largely inaccurate. The research
presented provides a unified and systematic solution to this prediction problem.
One of the important breakthroughs in developing the prediction theory was to

take advantage of the analogous electrical equivalence between a buried pipeline
and a classical transmission line. This permitted representation of the pipeline
by a Thevenin equivalent (electrical) circuit which, in turn, allowed prediction
of pipeline behavior in a given coupling environment.

The method developed allows the prediction of the location and magnitude of
coupled peak voltages all along a pipeline even for a complex interaction
geometry.

Electrostatic Coupling. In reviewing the literature, it was found that available
techniques for predicting electrostatic (above-ground pipeline) coupling levels
were quite adequate. Hence, the material assembled in this book is essentially

a compendium of existing information.

The two available analytical methods for predicting the voltages and shock cur-
rents electrostatically induced by electric power transmission lines on nearby
above-ground pipelines are summarized. The first approach, the network solution
method, translates the coupling problem to a circuit problem and solves the lat-
ter by inverting a potential coefficient matrix. This method involves consider-
able complexity for power lines with either multiple circuits or several shield
wires. The second approach, the voltage gradient method, develops approximations
for the peak voltage gradient and also the variation of the electrostatic field
with distance from the power Tine and uses these approximations to obtain the
pipeline induction effects.
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Transient Coupling. It has been found that 1little analysis has been attempted .
for the case of transient coupling to buried pipelines. All previous attempts

to estimate the inductive effects of power line faults have considered only 60 Hz

coupling to an above-ground conductor and adequate methods do not appear to be

available in the literature which are useful for calculating inductive coupling

to buried pipelines due to either 60 Hz or high frequency power line transients.

For the case of the above-ground conductor, electrostatic or capacitive coupling
determines the voltage induced when a switching or 1ightning induced transient
appears on a power line phase conductor, and analytical methods for solution of
this problem are available.

A very important transient effect is caused by the ground currents associated
with a phase-to-ground fault. The ground current produces large potentials
relative to remote earth on the power line structures. Formulas are available
for the potential of the faulted structure and the soil potential in its vicinity.
These results are used to estimate step and touch potentials and to find an upper
limit on the voltage across pipeline coatings.

Lightning Exposure Parameters. Probabilities for the pipeline lightning exposure
rate have been determined. An analytical/empirical expression for the relative
number of lightning strokes in the vicinity of the pipeline when on the same

right-of-way as a power line was developed.
It was found that the presence of a power line along the same right-of-way re-
duced the number of direct lightning strokes to buried natural gas transmission

pipelines.

Susceptibility Evaluation

The effect of coupled voltages and currents on pipeline component reliability,
pipe steel corrosion and related personnel hazards was reviewed. The results
are summarized below.

Pipeline Component Reliability. A review of the literature to assess the effects
of induced ac voltages on the reliability of pipeline components has yielded very
Tittle definitive data as to observed component susceptibility threshold Tevels.




Measured values of various voltages and currents on pipelines as obtained from a
search of the open literature were gathered to determine the range of the induced
levels and, thus, indicate the possible damage mechanisms that could occur. It
was found that the high voltages and currents produced during a fault condition
of a nearby power Tine can produce many types of damage to a pipeline and its
components. The pipeline components which are mainly damaged during a fault, as
reported in the literature, are pipeline coatings, the pipes themselves, insu-
lating joints, and cathodic protection facilities.

Corrosion Effects. Corrosion data for various ac current levels are available

from a number of sources. In general, inspection of the data from various in-
vestigators shows that test conditions were vastly different so that comparison

of various data sets could not be easily made. The available data, however, were
quantified according to the following variables: material, frequency, current
density, electrolyte characteristics, and length of test. The results show that
for ferrous materials at a frequency of 60 Hz, and for a wide variety of experi-
mental test conditions and electrolyte characteristics, the ac corrosion effect

on a Tong-term basis is approximately 0.01 to 0.1 percent of that of an equal
magnitude dc current. It also appears that the application of cathodic protection
will mitigate ac induced corrosion effects.

Electric Shock Effects on Humans. The work reported summarizes the effects of

electric shock on humans, and includes data on dc, 60 Hz, and impulse shocks.
Effects were evaluated by studying the available Titerature and presenting the
data obtained in a unified form. Major areas investigated were perception, let-
go, ventricular fibrillation, respiratory inhibition, and impulse current shocks.
While no conclusions have been made regarding safety thresholds, a procedure to
estimate potential effects is presented.

Mitigation Techniques

A review of previously available and a presentation of new design techniques for
pipeline mitigation are presented. Much of the new material in this book, e.g.,
pipeline network design and use of horizontal grounding electrodes has been veri-
fied experimentally and represents a body of original work. New results have
been obtained regarding design techniques for differently configured horizontal
ground mitigation electrodes, the use of voltage cancellation techniques and
requirements for pipeline mitigation over large distances.
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Mitigation Techniques for Above-Ground Pipelines. During the construction of a ‘
pipeline, it is possible that Tong sections of pipe may rest above the ground
surface. If the pipe is located near a high voltage ac power line, it can as-

sume a large voltage-to-ground. The voltage is due to the capacitances between
the power 1ine conductors and the pipe, and between the pipe and ground, which
form a capacitive voltage divider. Hazards caused by this voltage can be miti-
gated in three ways: (1) grounding of pipe sections; (2) bonding to the power
system ground; and (3) construction of ground mats. The important elements of
each mitigation approach are reviewed,

Mitigation Techniques for Buried Pipelines. Possibly the simplest technique is

that of providing adequate spacing between the respective transmission systems.
In the same vein, design of the pipeline network to minimize physical discontin-
uities is an extremely effective measure. Likewise, effective mitigation may be
obtained by grounding of the pipeline near voltage maxima if the grounding imped-
ance is significantly less than the pipeline characteristic impedance. Other
mitigation techniques also investigated have been optimum power line phase se-
quencing and the use of an auxiliary screening conductor,

Measurements

AC measurement techniques and the effects of ac induced interference on dc mea-
surements are reviewed. Knowledge of the magnitude and phase characteristics of
the longitudinal electric field due to a power transmission line is required in
order to predict electromagnetic coupling levels. Heretofore, instrumentation
for the direct measurement has not been available and such instrumentation has
been developed and field evaluated during the program.

A brief discussion of present practices with regard to ac field measurements is
also given. It is shown that care must be taken in making ac measurements, since
the accuracy of some measurements may be more affected than others. Two examples
are given: (1) measurement of ac pipe-to-soil potential which is essentially
unaffected by the presence of ac electric fields; and (2) measurement of ac pipe-
1ine current by the voltage drop technique which can present difficulties under
certain conditions.
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CONCLUSIONS

As a result of this program, available knowledge concerning mutual effects arising
from power lines and pipelines sharing a common utility corridor has been collected,
categorized, and summarized. In addition, new techniques for interference predic-
tion, pipeline interference mitigation, and longitudinal electric field measurements
have been developed.

This information is presented in this reference book as an aid to both power and

pipeline industry users in the design, construction and operation of their respec-
tive systems.
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Section 1

INTRODUCTION

OBJECTIVES

This reference book is a result of a program jointly funded and supervised by
the Electric Power Research Institute (EPRI) and the Pipeline Research Committee
(PRC) of the American Gas Association (A.G.A.). Program objectives were:
1. to consolidate known data concerning mutual effects arising from
electric power transmission lines (power Tines) and natural gas

transmission pipelines (pipelines) sharing a common right-of-way
(ROW) or utility corridor;

2. to develop a unified and systematic method for predicting electro-
magnetically induced voltages and currents on pipelines; and

3. to investigate mitigation techniques to minimize interference ef-
fects upon pipeline and component reljability and personnel safety.

In the fulfillment of these objectives, new techniques for interference prediction
and mitigation have been developed and other available data has been collected and
summarized., It is expected that the information presented will be useful to both
power and pipeline industry users in the design, construction and operation of
their respective systems in a state of coexistence.

PROLOGUE

The material presented herein is a combination of information obtained from
available sources and new techniques investigated and developed especially for
this book. Broadly, it may be characterized as follows:

. Interference Level Prediction
. Susceptibility Evaluation
) Mitigation Techniques

(Y Measurement Procedures
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One of the initial tasks in assembling information for incorporation into this ‘
book was a literature search and review. Based on the results of this task,

deficiencies in theory and practices were identified. Thusly, the initial thrust

was provided for the direction of the effort required to develop original infor-

mation to complement this book. Highlights of the innovative work appearing in

this book are as follows.

Interference Level Prediction

Electromagnetic Interference. Voltages and currents may be coupled into pipelines

by several mechanisms, i.e., capacitive (electrostatic) inductive (electromagnetic)
and resistive (conductive). Section 3 considers the electromagnetic coupling
process in considerable detail and represents a large portion of the original work
done for this book. Previously available techniques for the prediction of electro-
magnetically coupled voltages have been largely inaccurate, and the developments
presented here provide a unified and systematic solution to the prediction problem.
One of the important breakthroughs in developing the prediction theory was to ex-
pand upon the concept that an analogous electrical equivalence exists between a
buried pipeline and a classical transmission line.* This permitted representation
of the pipeline by a Thevenin equivalent (electrical) circuit which, in turn,
simplified the prediction of pipeline behavior in a given interference environment.

The essence of the approach is to model the pipeline as a classical transmission
Tine assuming a distributed source voltage which is proportional to the parallel
electric field existing at the pipeline.

The method developed allows prediction for coupled peak volitages ail along a long
length pipeline given the interaction geometry. Cases which can be handled by the
method are:

*In this book, the words "classical transmission line" will always be used in the
generic sense defined below:

A system of two conductors separated by a dielectric material, or a
single conductor with an earth return. The current flow in the system
is affected by a distributed series inductance and resistance; the volt-
age between the conductors acts across a distributed shunt capacitance
and conductance.
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° Parallel configuration of a pipeline and a power line
® Nonparallel or intersecting configurations
° Combinations of parallel and nonparalliel configurations
) Discontinuities such as
--power line transpositions
--power line terminations at a substation
--above/below ground junctions (pipelines)
--various pipeline terminations (insulators, etc.)
--variations in soil resistivity

® Combinations of multiple power Tines and pipelines.

The basic theory can be easily extended to the calculation of the induced voltage
distribution on a long pipeline which is composed of many buried and/or above
ground sections having differing orientations with respect to the electric power
line. The analysis is based upon the decomposition of the pipeline run into sec-
tions of uniform spatial properties, the replacement of pipeline sections by their
Thevenin equivalent circuits, and the recombination of adjacent sections. The
location of points along the pipeline of peak induced voltage can be found along
with their magnitudes. The derivation of the required electrical pipeline para-
meters for constructing an equivalent circuit is covered in Section 2.

Section 3 concludes with five examples of "case histories" showing practical
application and use of the developed theory.

Electrostatic Coupling. This coupling mechanism is reviewed in Section 4. In

reviewing the literature, it was found that available techniques for predicting
electrostatic (above-ground pipeline) coupling levels were quite adequate. Hence,
the material assembled in this section is essentially a compendium of existing

information.

The two available analytical methods for predicting the voltages and shock cur-
rents electrostatically induced by electric power transmission Tines on nearby
above-ground pipelines are summarized. The first approach, the network solution
method, translates the coupling problem to a circuit problem and solves the latter
by inverting a potential coefficient matrix. This method involves considerable
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complexity for power lines with either multiple circuits and/or several shield
wires. The second approach, the voltage gradient method, develops approximations
for the peak voltage gradient and also the variation of the electrostatic field
with distance from the power line and uses these approximations to obtain the
pipeline induction effects. This approach is useful for many different power
line configurations and is suitable for use with hand calculators.

Transient Coupling. Section 5 considers transients coupled to pipelines. It has
been found that very 1ittle analysis has been done for the case of transient cou-
pling to buried pipelines. All previous attempts to estimate the inductive ef-

fects of power line faults have considered only 60 Hz coupling to an above-ground
tonductor and adequate methods have not been discovered in the Titerature which
were useful for calculating inductive coupling to buried pipelines due to either
60 Hz or high frequency power line transients.

For the case of the above-ground conductor, electrostatic or capacitive coupling
determines the voltage induced when a switching or lightning induced transient
appears on a power line phase conductor. An equivalent circuit analysis is used
for solution. The transient becomes a double exponential time domain voltage
source. The coupling is modeled using phase wire-to-pipeline and pipeline-to-
ground capacitances. The latter is shunted by the internal impedance of a pipe-
line worker and/or by the impedance of a grounding electrode. The resulting
pipeline voltage transient is also expressed as an energy equivalent which can
be used to determine if a shock hazard exists.

A phase-to-ground fault is assumed as causing the principal transient problem in
the methods described for studying the effects of electromagnetic and ground cur-
rent coupling to pipelines. Transient electromagnetic or inductive coupling is
similar to steady state inductive coupling except that one phase conductor has a
much larger current than the others. Thus, the transient analysis may be based
on the analytical techniques described for steady state electromagnetic coupling.
The accuracy of this approach is dependent upon the bulk of the transient energy
being in the 60 Hz portion of the spectrum.

A very important transient effect is caused by the ground currents associated

with a phase-to-ground fault. The ground current produces large potentials rela-
tive to remote earth on the ac power line structures. Formulas are given for the
potential of the faulted structure and the soil potential in its vicinity. These
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results are used to estimate step and touch potentials and to find an upper
1imit on the voltage across pipeline coatings.

Lightning Exposure Parameters. Probabilities for pipeline 1ightning exposure
rate are determined in Section 6. An analytical/empirical expression was devel-

oped for the relative number of lightning strokes in the vicinity of the pipeline
when in proximity to the electric transmission system. For typical power line
parameters, the results show an approximate doubling of the Tlightning stroke
frequency due to the effective "gathering area" of the electrical transmission
system. However, it appears that the pipeline will in the net suffer less over-
all voltage stress because of the following factors:

1. Even though the near stroke frequency rate is higher, the presence

of the power line shield wires will cause the more severe strokes

to be captured, thus providing a "protective umbrella" for the
pipeline.

2. Additionally, ground jonization effects will mitigate against the
occurrence of severe pipeline stress due to 1ightning strokes if
the distance between the pipeline and the ground electrode, i.e.,
the power 1ine structure, is about 20 meters or more.

In essence then, it was found that the presence of a power line along the same
right-of-way actually reduced the number of direct Tightning strokes to buried

pipelines.

Susceptibility Evaluation

The effects of coupled voltages and currents on pipeline component reliability,
pipe steel corrosion and related personnel hazards are covered in Section 7.

Pipeline Component Reljability. A review of the literature to assess the effects
of induced ac voltages on the reliability of pipeline components has yielded very
1ittle definitive data as to observed component susceptibility threshold Tevels.

Measured values of various voltages and currents on pipelines as obtained from

a search of the open literature were initially gathered to determine the range of
the induced levels, and thusly, indicate the possible damage mechanisms that could
occur. It was found that abnormal conditions occurring on a power line can cause
much larger voltages and currents to be induced on nearby pipelines. One such
dominant condition is a fault whereby one phase of the power 1line becomes grounded.
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For this type of fault, very large current surges flow into the earth in the area
at which the fault occured, which are then coupled into a nearby pipeline.

The high voltages and currents produced during a fault condition of a nearby
power line can produce many types of damage (mostly due to arcing and heating)
to a pipeline and its components. The pipeline components which are mainly dam-
aged during a fault, as reported in the literature, are pipeline coatings, the
pipes themselves, and insulating joints such as flanges used along the pipeline.

Corrosion Effects. Corrosion data for various ac current levels are available

from a number of sources. In general, inspection of the data from various in-
vestigators shows that in many cases there was not only lack of consistency be-
tween the data from any one investigator, but also that test conditions were
vastly different so that direct comparison of various data sets could not be
easily made. The available data were quantified according to the following vari-
ables; material, frequency, current density, electrolyte characteristics, and
length of test. The results obtained showed that for ferrous materials at a
frequency of 60 Hz, and for a wide variety of experimental test conditions and
electrolyte characteristics, the ac corrosion effect on a long-term basis is
approximately 0.1 percent of that of an equal magnitude dc current. It also
appears that the application of an adequate cathodic protection level will tend
to mitigate ac induced corrosion effects.

Electric Shock Effects on Humans. The work reported summarizes the effects of

electric shock on humans, and includes data on dc, 60 Hz and impulse shocks.
Effects were evaluated by studying the available literature and presenting the
data obtained in a unified form. Major areas investigated were perception, let-
go, ventricular fibrillation, respiratory inhibition, and impulse current shocks.
While no conclusions have been made regarding safety thresholds, a procedure to
estimate potential effects is presented.

For example, to determine if personnel susceptibility exists in a given situation,
it is necessary to determine the voltage and current levels that can be coupled
from the system and compare these levels to the reported thresholds found in the
literature. The problem that exists when attempting this is that voltages are
the quantities usually measured or calculated for most systems, so these voltages
must be converted into body currents. The problem in converting these voltages

to currents is that the equivalent circuit used has resistances which are highly
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variable both from a physiological and an operational viewpoint. That is, not
only is the body resistance of a human highly variable, but there exists a wide
range of possible scenarios that could change these conditions. To take care of
such variability, worst case assumptions have been made so as to yield results
on the "safe" conservative side when using the equivalent circuit to estimate
coupling levels.

Mitigation Techniques

A review of previously available and a presentation of new design techniques for
pipeline mitigation are presented in Section 8. Much of the new material in this
section, e.g., pipeline network design and use of horizontal grounding electrodes
has been verified experimentally and represents a body of recent work completed
for this book. New results have been obtained regarding design techniques for
differently configured horizontal ground mitigation electrodes, the use of volt-
age cancellation techniques and requirements for pipeline mitigation over large
distances.

Other new techniques investigated and evaluated in Section 8 have been pipeline
network design for mitigation and electric transmission line design to reduce

electromagnetic coupling levels.

Mitigation Techniques for Above-Ground Pipelines. During the construction of a

pipeline, it is possible that long sections of pipe may rest on or above the
ground surface. If the pipe is located near a high voltage ac power line, it

can assume a large voltage-to-ground. The voltage is due to capacitances be-
tween the power line conductors and the pipe, and between the pipe and ground,
which form a capacitive voltage divider. This voltage can be mitigated in three
ways: namely, (1) grounding of long pipe sections; (2) bonding to the power sys-
tem ground; and (3) construction of ground mats. The important elements of each
mitigation approach are reviewed in the book.

Mitigation Techniques for Buried Pipelines. Possibly the simplest technique is

that of providing adequate spacing between the respective transmission systems.
In the same vein, design of the pipeline network to minimize physical discontinu-
ities is an extremely effective measure. Likewise, effective mitigation may be
obtained by grounding of the pipeline near voltage maxima if the ac grounding
impedance is significantly less than the pipeline characteristic impedance.
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Typical pipeline grounding systems discussed in the text are vertical anodes,

and horizontal conductors. Other mitigation techniques have also been investi-
gated such as optimum power 1line phase sequencing and inductive interference
mitigation by hanging an additional ground wire between adjacent structures below
the phase conductors. By varying the height of the structure wire, an optimum
interference reduction can be obtained for any phase configuration. However,
practical limitations limit the usefulness of this technique.

Measurements

AC measurement techniques and the effects of ac induced interference on standard
dc measurements are discussed in Section 9. Knowledge of the magnitude and phase
characteristics of the longitudinal electric field due to a power line is required
in order to predict electromagnetic coupling levels. Heretofore, instrumentation
for the direct measurement has not been available. Such instrumentation has
recently been developed and field evaluated, and is described in the text.

The material covers the use of probe wire techniques to determine: (1) longitudi-
nal electric fields which provide the basic voltage coupling mechanism on pipelines;
(2) the effect of the very high transverse electric fields present in the vicinity
of the power line upon the accuracy of the probe wire measurements; and (3) the

use of multi-point electrodes for obtaining grounding impedances.

A brief discussion of present practices with regard to ac field measurements is
also given. It is shown here that care must be taken in making ac measurements,
since the accuracy of some measurements may be more affected than others. Two
examples are given: (1) measurement of ac pipe-to-soil potential which is essen-
tially unaffected by the presence of ac electric fields; and (2) measurement of
ac pipeline current by the voltage drop technique which can present difficulties
under certain conditions.

Use of This Book

This volume contains the engineering analyses appropriate to the work performed.
With discrimination, it may be used in the manner of a text. However, it should
be expected that because of diverse engineering backgrounds, not all sections
will be assimilable with equal facility. In this subsection, a brief description
of each section and appendix is proffered, but perhaps what is more important for
the guidance of the reader, is that the interrelationships between the various

sections are given.
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Coupling. Interference coupling mechanisms are discussed in Sections 3 through 6.
Sections 4 through 6, i.e., electrostatic coupling, transient coupling and light-

ning exposure parameters are essentially self-contained and may be studied individ-
ually as the need arises.

Section 3 considers the prediction technique for steady state electromagnetic
coupling. Use of this prediction technique requires knowledge of the pipeline
equivalent circuit derivation, thus necessitating study of Section 2 as prepara-
tion. Appendices B and C can be considered supplemental to Section 3. Appendix B
discusses longitudinal electric field measurements made under a 345 kV power line.
It provides the reader with insight as to the temporal and spatial variations
occurring in the electric field in the vicinity of a power line. Appendix C uses
the method of symmetrical components to quantify the spatial variation in a more
elegant manner. It also introduces a probability model which explains the time
variations observed in electric field and pipeline voltages due to electric power
line current unbalances.

Section 3 concludes with five "case history" examples wherein the prediction
theory is applied in practical situations. Strict application of the theory
requires the use of complex algebra and in order to spare the engineer the manual
effort, required procedures have been programmed for the Texas Instruments TI-59
programmable desk hand calculator. Program descriptions and listings are pre-
sented in Appendix A.

When applying the prediction formulas to the situation where more than one con-
ductor carrying an induced current is present on the ROW, mutual coupling between
conductors must be considered. This effect is accounted for when using the hand
calculator program CURRENTS if the length of parallelism between conductors is
very large. For shorter parallel runs the currents computed by the program will
be in error and too large. Appendix D provides a mathematical derivation which
leads to a relatively simple remedyrequiring only a modification in the input-
ting of the impedance matrix terms to the program.

Susceptibility. This material is presented in Section 7 and is essentially self-
contained and independent of the other sections. It may be perused as the need

arises in order to identify potential hazards to pipeline components and personnel.
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Mitigation. Section 8 is a self-complete discourse on mitigation for electro-
static (above-ground), electromagnetic (below-ground) and transient coupling to
pipelines. Known mitigation techniques are reviewed and discussion and examples
of mitigation techniques recently investigated by IITRI such as pipeline network
design, horizontal grounding electrodes, power line phase sequencing, and the use
of grounded structure wires are given. The latter three techniques are discussed
more comprehensively in Appendices E, F and G, respectively. Appendix E describes
the Mojave Desert mitigation tests and the associated data reduction, while the
latter appendices are primarily analytical studies of the proposed techniques.

Measurements. AC measurements and possible ac interference to dc measurements
are discussed in Section 9 which is self-contained. Section 9 also discusses

the electric field measurement instrumentation developed during the program. This
instrumentation was used to obtain the electric field mapping discussed in
Appendix B.

This volume contains all the technical material generated throughout the program.
A synopsized and more direct presentation of the material pertaining to the pre-
diction of electromagnetic and electrostatic coupling and mitigation is bound
separately as Volume II.
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Section 2

PIPELINE ELECTRICAL PARAMETERS

INTRODUCTION

The voltage/current prediction techniques discussed in the following sections,
especially for the steady-state induction on a buried pipeline, are based upon
the treatment of the pipeline as a lossy transmission line. Hence, its terminal
behavior can be characterized from knowledge of its characteristic impedance, Z_,

0
and propagation constant, v.

In this section, computer generated graphs are presented from which nominal val-
ues of these parameters may readily be obtained for most pipelines of interest.
For situations where more accuracy is desired, the hand calculator program, PIPE,
(c.f. Appendix A) is available.

Analysis of a Classical Transmission Line with a Distributed Source

In the analysis of the coupling of electromagnetic fields to a transmission line,
the source of the voltage that drives the line is distributed along its length.
The transmission line with a distributed source voltage is, by definition, one
that has an increment of source voltage in each increment of line length. An
element, dx in length, of such a transmission line is illustrated in Figure 2-1.
Except for the source labeled EX in the figure, this transmission line is identi-
cal to classical transmission lines, and the techniques for determining the imped-
ance per unit length Z = R + jwlL and the admittance per unit length Y = G + jwC are
the same as for classical transmission lines. The source term EX has the dimen-
sions of electric field strength (V/m).

The differentiat equations for the voltage and current along the transmission line

of Figure 2-1, for harmonically varying signals (ert), are
dv  _
o - E -1z (2-1a)
dl _ -
x = - VY. (2-1b)
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By differentiating one and substituting the other, the second-order differential
equation can be obtained:

2 dE
d-v 2 X
— - YV = == (2-2a)
dX2 dx
2
d-I 2 .
— - ¥y I = -YE (2-2b)
dX2 X
where
vy = transmission 1line propagation constant
= VIV meters™l.
. E, dx 1+ S ax
— —_—
@ Z dx I
Vv Y dx V+dvd
dx ¥
- dx ¢|

Figure 2-1. Equivalent Transmission Line Circuit

Except for the terms containing Ex’ Equations 2-1 and 2-2 are identical to the
equations for the classical transmission line. Assuming the terminating imped-
ances Z1 at x = Xq and 22 at x = Xy (for X, > Xl)’ the solutions to Equations 2-2a
and 2-2b are

I(x) = [Kl + P(xj}e_Yx + [Kz + Q(x)}eYX amperes (2-3a)
)
V(x) = Zo§{K1 + P(x)]e'Yx - [KZ + Q(x)}eyx} volts (2-3b)
{ )
where
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Z = transmission line characteristic impedance

0
= v 17/Y ohms
A
P(x) = =5 e E_(s) ds (2-4a)
220 X
X1
1 X1 -Ys
Q(x) = EZE-J. e Ex(s) ds (2-4b)
X
Ex(s) = "undisturbed" electric field, i.e., the electric field that
would exist along and parallel to the original path of a
transmission line if the line were removed.
'sz sz
X, P,P(xX,)e -Q(x,)e
K, = o 1222 L (2-5a)
1 1 Y(Xz'xl) 'Y(Xz'xl)
e -p10,€
Yxl 'Yxl
Y%, 0,Q(x,)e *-P(x,)e
K, = poe 2 "1*Y71 2 (2-5b)
2 2 Y(Xz'xl) 'Y(Xz'xl)
e -01P5€
172
P12Po are reflection coefficients given by:
Z.,-7 2,1
1 7o 2 70
p R 2 ani P =TT (2_6)
1 Zl+Z0 2 22+Zo

Using Equations 2-3 to 2-6, this analysis permits a unified treatment of inductive
coupling to arbitrary above-ground and buried cables, conduits, and pipelines.
With this approach, the transmission line characteristics of the conductor are
accounted for by vy and Zo. Therefore, the application of this analysis to a
particular above-ground or buried pipeline is made simply by determining vy and Z0
of the pipeline, computing Ex(s) and inserting these data into the appropriate

coupling formula.

DETERMINATION OF THE TRANSMISSION LINE PARAMETERS OF A PIPELINE

The pipeline parameters, Zo (characteristic impedance), and y (propagation constant)
are required for use in the coupling formulas and equivalent circuits developed in
following sections of this book. Methods for determining these parameters are now
discussed.
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Above-Ground Pipeline

Propagation Constant. A simplified expression for the propagation constant, v,
of a pipeline of diameter, d, and height, h, above the ground may be derived (1).

-1 A
y = -wﬁﬁ © tan ( -1 1
21n [T d; 1+V2mh}
[ -1
* ‘631* TRV u%*“l_ m
L 2% h  “Th
Lo
. _-w/c ('1)+j2 {1"- '\/U)T }m-l
- 4h1 4 c 4hy
21n( 3 2in( 2}
; In 45.9
- -1
= 2B XI0 526 x 1078 1+—2%@ m (2-7)
1n(T) 21n ——
where
w = 21 - 60 Hz
- -7
My = 47 - 10 ° H/m
c = 3x 108 m/s
¢ = soil conductivity in mhos/m (10-4 <o < 10_1 is assumed.
This is equivalent to a soil resistivity in the range of
10% to 10° ohm-cm.)
_ 2
T, © uooh
y = a+jgm!

Example 2-1: The propagation constant of a 0.508 m (20 inch) diameter pipeline
located at a height of 1 m above 2-104 ohm-cm soil is to be determined.

4

Solution: The soil conductivity is simply o = 1/(2:10° ohm-cm) = 0.005 mho/m.
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From Eq. 2-7,

S 1n|—45.9 )ﬁ
y = 493 100 + 3 1.26-10°6 |1 + 1.04/91085 ‘
(o 508 ‘]“(0.508 -
~ 2.39-107 + j 3.24.10°% 7!
-4 -1

+ 5 3.24-1073 Kk

12

2.39-10

Characteristic Impedance. In a similar manner, a simplified expression for the
characteristic impedance, ZO, of an above-ground pipeline may be derived.

601n(4—h+ 30 Tn /1+ [z, 1
0 d wTh Wty

+ 3 30 tan”

~N
1]

ohms

1 -
(1+/§uTh)

60 1n[‘;—h)+ 30 1n

1 ) +3 30-(%{5) ohms

vah
~ 60 1n(%h—)+ 30 1n(i‘5/'0_9)- j 23.6 ohms (2-8)

Example 2-2: The characteristic impedance of the above-ground pipeline of
Example 2-1 is to be determined.

Solution: From Eq. 2-8,

~
2

4.1 45,9 .
0o ° 60 1n ‘m) + 30 In (m - Jj 23.6 ohms
123.8 + 194.3 - j 23.6 ohms
318.1 - j 23.6 ohms.

I3

R

Buried Pipeline

Buried Pipeline Propagation Constant, y. From (2), the following transcendental

equation for the propagation constant, vy, of a pipeline of radius, a, and burial
depth, h, is obtained:

Juwu

1 _ 0 1.85 _
’Y -Y——+—(ELY = Z_i + 2'”' ‘1n _2 - - (2 9)

a" A + Juu {0+ jue)
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where

2m * 60 Hz

4r - 1077 H/m
soil conductivity in mhos/m

soil permittivity in F/m

admittance (mhos) per meter of pipeline coating
pipeline internal impedance in ohms/m

Va2 + 452 m

Real(y) + j Im(y) = o + jB.

"

Hand calculator Program PIPE (c.f., Appendix A) solves Eq. 2-9 exactly using

Newton's method for specific pipeline cases. However, to allow the user to

obtain approximate data at a glance for a pipeline having nominal parameters,

this section now presents graphical results for y and ZO. The following

assumptions were made in developing these data:

The soijl permittivity, ¢, is equal to 350, where € is the

permittivity of free space.

The steel used for the pipeline has an average resistivity, Og >
equal to 1.7-10'7 ohm-m, and an average permeability, Mg s equal

to 300 g where Y, is the permeability of free space. The usual
pipe steel, depending upon chemical composition, may have a resis-
tivity of from 15 to 20 uQ-cm, and depending upon magnetizing force
a relative permeability of several hundred to a thousand or more.
The nominal values used here are sufficiently accurate for present
purposes, i.e., prediction of pipeline induced voltage levels.

The pipeline wall thickness, t, varies with the pipeline diameter,
D, as

t = 0.132 p0-421

where t and D are in inches.



4, The pipeline internal impedance, Zi = Ri + in, is given as a func-
tion of Pgs Ug> t, and D by the following expression derived from(3),

R 4sinh(t ) + sin(t )
R. = s . n n
i (2m)(0.0127D) cosh(tn) - cos(tn)
. Rs . s1nh(tn) - s1n(tn)
i {(2m)(0.0127D) cosh(tn) - cos(tn)
where
R = . .
s = Ym 60 Hz - - o
and
t-R
t = 0.0508 . —2
n P
s
5. h = 1 meter

The first assumption is completely non-critical because we < 0.0001 o at 60 Hz

for all values of o considered and for all possible values of €. The second,
third, and fourth assumptions apply to the pipe steel skin depth and its effect
upon Zi' Assumption 2 assigns average values of resistivity and permeability to
the pipe steel. Assumption 3 assigns pipe wall thicknesses based upon an expo-
nential curve fit to available data for standard pipe. Assumption 4 takes Zi to

be the unit length impedance of a thin walled tubular conductor where the wall
thickness is comparable to the electromagnetic skin depth. For practical purposes,
the results are relatively insensitive to the exact values chosen for wall thick-
ness and burial depth.

Real and Imaginary Parts of y. Figures 2-2 and 2-9 graph the results

obtained in the computer solution of Eq. 2-9 for the following soil re-
sistivities: 1 kQ-cm; 2 kQ-cm; 4 kQ-cm; 10 kQ-cm; 20 kQ-cm; 40 kQ-cm;
100 kQ-cm; and 200 kQ-cm. Each figure plots Real(y) and Im(y) as a func-
tion of pipe diameter from 2 inches to 48 inches for pipe coating resis-

tivities of zero (bare pipe), 1 ka-ft?, 10 ko-ftZ, 100 ka-ftZ, and

1 Mo-ft2,

The figures indicate that the principal effect of the pipe coating is
to decrease both Real(y) and Im(y) from the bare pipe values at any par-
ticular pipe diameter. As expected, well coated pipes having coating
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resistivities exceeding 100 kQ-ft2 have values of Real(y) and Im(y)
virtually unaffected by the resistivity of the surrounding soil. On
the other hand, bare or poorly coated pipes have values of vy that can
vary by as much as ten to one, depending upon the soil resistivity.

Example 2-3: The propagation constant of 0.508 m (20 inch) diameter pipeline
having a coating resistance of 5-104 ohms—ft2 and buried in 2'104 ohm-cm soil,
is to be estimated.

Solution: The soil conductivity is simply o = 1/(2-104 ohm-cm) = 0.005 mho/m.
Figure 2-6 is seen to give graphs of the real and imaginary parts of the propaga-
tion constant for this soil conductivity. In Figure 2-6, the curves for a coating
resistance of 50 kQ-ft2 are interpolated. At a pipe diameter of 20 inches, the
following propagation constant value is read off from the curves

1

12

0.27 + j 0.24 km~
a + jB

¥

This propagation constant value can be directly compared to that for the same
pipeline located 1 m above the earth's surface, obtained in Example 2-1. o for
the buried pipeline is seen to be 1000 times larger than o for the above-ground
pipeline; B is seen to be 75 times larger than that for the above-ground case.

Buried Pipeline Characteristic Impedance, Z . From (2), the following equation
relating the characteristic impedance, ZO, of a pipeline of radius, a, and bur-
ial depth, h, to its propagation constant, vy, is obtained:

i

= 1L -
Iy = ¥ v, " m(otjwe) (2-10)

1

where y is obtained by solving Eq. 2-9, and Yi’ a’, o, and ¢ are defined as before.

The solution of Eq. 2-10 has been programmed on a computer to obtain easily used
graphical results for Zo' Figures 2-10 to 2-17 graph these results for the same
set of soil resistivities and pipe coating resistivities used in the previous
graphs for the propagation constant.

The figures indicate that the principal effect of the pipe coating is to increase
both Rea]lzol and Im(Zo) from the bare pipe values at any particular pipe diameter.
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Well coated pipes having coating resistivities exceeding 100 kQ—ft2 have values of
Z0 virtually unaffected by the resistivity of the surrounding soil. On the other
hand, poorly coated pipes have values of Z0 that can vary by as much as ten to one,
depending upon the soil resistivity.

Example 2-4: The characteristic impedance of the buried pipeline of Example 2-3
is to be estimated.

Solution: Figure 2-14 gives the graphs of the real and imaginary parts of the
characteristic impedance for the 0.005 mhos/m soil conductivity. By interpola-
tion, the curves for a coating resistance of 50 kQ—ft2 are located. Values read
from the curves yield

Z0 = 1.1+ j 0.9 ohms.

FIELD ESTIMATION OF Zo

Knowledge of both the propagation constant vy, and the characteristic impedance Zo,
is necessary in order to determine the induced voltage profile on a pipeline. As

seen from the preceding graphs, determination of both quantities requires the pipe
coating resistivity to be known, which in many situations can only be estimated.

This problem of establishing the pipeline electrical parameters may be solved in
a practical manner for a pipeline wherein access to a reasonably good grounding
system, such as a road casing, is possible. At the location where the ground
system exists (this site must also be far enough away from any points of pipeline
discontinuity so that the characteristic impedance level is established), the
pipeline is shorted to ground and the drop in the pipeline induced voltage level
is measured along with the impedance of the ground to remote earth. Insertion of
these measured values into the pipeline Thevenin equivalent circuit (c.f. Section3)
will allow calculation of Zo’ Entering the preceding characteristic impedance
curves with this value of Zo’ allows an estimate for the coating resistivity to
be made. With this information, an estimate of the propagation constant can also
then be made using the preceding y curves.
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Section 3

TECHNIQUES FOR PREDICTING STEADY STATE PIPELINE VOLTAGES AND CURRENTS
DUE TO ELECTROMAGNETIC INDUCTION

INTRCDUCTION

This section presents a unified, analytical method for predicting the voltages

and currents induced by 60 Hz electromagnetic fields on buried and above-ground
pipelines. The approach allows the location and quantization of pipeline voltage
maxima using only a hand calculator. Complex ac power line features, such as
multiple circuits, shield wires, and phase transpositions can be modeled in a
systematic way. This approach promises to be more accurate than heretofore exist-
ing methods, and is easily applied to realistic pipeline cases. The prediction
method developed has been validated by field testing, as exemplified by the docu-
mented case histories presented later in the section.

This section first reviews and evaluates available analytical methods for predic-
tion of electromagnetic coupling to pipelines. Next, the basic elements of the
new approach are presented. Simplified equations and equivalent circuits are de-
rived to estimate the electromagnetic coupling for the following cases of pipeline
interaction geometry with an ac power line.

1. parallel configurations;

2. non-parallel or intersecting configurations;

3. combinations of parallel and non-parallel configurations and
power line discontinuities such as transpositions;

4. multiple power circuits and multiple pipelines.

REVIEW OF AVAILABLE ANALYTICAL TECHNIQUES

Methods Inappropriate To the Buried Pipeline Case

For many years, concern was directed to interference between overhead HVAC power
1ines and adjacent above-ground communication circuits. Equations presented orig-
inally by Westinghouse (1) have been used to predict the induced voltage per mile
on an above-ground conductor due to single-phase and three-phase power lines.
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An equivalent approach (2) used Carson's series (3) to compute the mutual imped-
ances between the power line conductors and the affected communications line. The
International Telegraph and Telephone Consultative Committee (CCITT) has summar-
ized available prediction and mitigation methods for induced voltages on above
ground conductors (4).

In one body of literature, these above-ground coupling equations have been applied
directly to the case of the buried pipeline (5-10). A1l of these papers determined
the induced pipeline voltage in the following general way:

Voo = flLd)L (3-1)

where Vmax is the maximum expected voltage; f is some function of power line cur-
rent, I, and distance, D, from the pipeline; and L is the length of the pipeline.
Uniformly, for long Tength pipelines, the values of pipeline voltage calculated
using this method are too high. Peabody and Verhiel acknowledge that with their
formula,

"....the actual field measurements are normally not more than 10 to 15
percent of the calculated values..." (5)

Aerospace Corporation concurs, saying that

"....it must be remembered that actual field measurements rarely exceed
10 percent of these calculated figures...” (10)

In order to apply this method to the buried pipeline case and still obtain useful
results, investigators have been successful in applying empirical methods based
upon years of extensive experience in the industry.

Methods Valid for the Buried Pipeline Case

The CCITT methods fail for the buried pipeline case simply because a buried pipe-
line differs electrically from an overhead conductor. A buried pipeline, either
bare or wrapped in an electrically insulating coating, has a finite resistance to
earth distributed over its entire length, whereas an overhead line, at most, has
point grounds at large intervals. To describe the distributed interaction between
a buried pipeline and its surrounding earth, factors such as pipeline diameter,
coating resistivity, earth resistivity, depth of burial, and pipe longitudinal
resistance and inductance must be taken into account.
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A second body of literature has attempted to construct such a realistic model of
inductive coupling to a buried pipeline (11-14). The analytical approach used in
these references considers a buried pipeline as a lossy transmission line with a
distributed voltage source function due to electromagnetic coupling.

None of these papers, however, presents enough details of the analysis to permit
extension of the results to several important cases of pipeline construction.
Further, none of these papers derives simplified methods suitable for the pre-
diction of electromagnetic coupling in a realistic multi-use corridor using only
a slide rule or hand calculator.

THE DISTRIBUTED SOURCE ANALYTICAL APPROACH

Summary

The analytical approach discussed here allows the prediction of inductive coupling
to both above-ground and buried pipelines using a single theory, the distributed
source analysis (15). Here, a pipeline and its nearby or surrounding earth form

a lossy transmission line characterized by the propagation constant, y, and the
characteristic impedance, Zo' The inductive coupling effect of a nearby power
1ine is included by defining a distributed voltage source function, EX(s)ds, along
the pipeline, where Ex(s) is the longitudinal driving electric field along and
parallel to the path of the pipeline.

As shown in Figure 3-1, specific pipeline coupling problems can be treated as
special cases of the general distributed source theory. The general theory is
first specialized with respect to the orientation of the pipeline section relative
to the adjacent power line:

1. Parallel case (pipeline section parallel to the power line);

2. Non-parallel case (pipeline section at an angle to, or inter-
secting the power line).

The theory is further specialized by grouping pipeline sections according to elec-
trical length, which allows simplifications of the analysis.

la, 2a. Electrically short case

0.1 {104 m, above-ground pipeline case}
L < 74T * (300 m, buried pipeline case

where L is the length of the pipeline section;



1b, 2b. Electrically long/lossy case

5 107 m, above-ground pipeline case
L>——(_Y~
Real(y 104 m, buried pipeline case

General Theory. for Single-Section Pipelines

1. Paralilel Case 2. Non-Parallel Case
a. Short b. Long/ a. Short b. Long/
Lossy Lossy
Thevenin Thevenin Thevenin Thevenin
Equivalent Equivalent Equivalent Equivalent
Circuit Circuit Circuit Circuit

Node Analysis of Arbitrary Pipeline/Powerline Co-Locations

Figure 3-1. Application of the Distributed
Source Analysis

The grouping of pipeline sections according to their electrical length is almost
the same as a grouping according to their buried or above-ground nature. This is
because almost all above-ground pipelines are found to be electrically short,
while almost all buried pipelines are found to be electrically long/lossy.

The terminal behavior of pipeline sections of classes la, 1lb, 2a, and 2b can be
described by simple Thevenin equivalent circuits. These circuits can be combined
to allow prediction of the inductive coupling to the arbitrary pipeline composed
of several connected, dissimilar sections.
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. The following information about a pipeline-power line system is required to ob-

tain numerical results using the distributed source analysis.

A.

Magn1tude and phase of the longitudinal driving electric field,

(s) due to the power line at the location of the pipeline, re-

qu1r1ng either

1. direct measurement of the field, or

2. estimation of the electric field, requiring knowledge of:

a. the separation of the pipeline from the power Tine at
each milepost of the pipeline;

b. the phasing of each circuit of the power line;

c. the positioning of each phase conductor and shield wire
(the latter is not required if each shield wire is either
insulated or grounded only at one point);

d. the Tocation of each power line discontinuity, such as
phase transpositions and substations.

P1pe11ne propagation constant, y, and characteristic impedance, Z s
requiring measurement or estimation of:

1. the pipeline diameter;

2. the conductivity of the pipeline coating;

3. the soil conductivity.

Pipeline network specifications:

1. position of pipeline insulators, ground beds, and junctions;

2. magnitude and phase of the pipeline impedance terminations
(ground beds and insulators).

The conclusions of this analysis are that induced voltage peaks are expected at

the following points in a pipeline run:

1.

Impedance termination (insulator or ground bed) of a long/lossy
section;

Junction between a long/lossy parallel section and a long/Tossy
non-parallel section;

Junction between two long/lossy parallel sections having different
separations from the power line;

Adjacent to a power line phase transposition or a substation where
phasing is altered in some way;

Junction between two long/lossy sections of differing electrical

characteristics (for example, at a high resistivity soil - low
resistivity soil transition).
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The magnitude of the voltage peak at any of these points is computed simply by
determining Thevenin equivalent circuits for the pipeline sections on either side
of the discontinuity.

Analytical Determinations of the Longitudinal
Electric Field Parallel to the Pipeline

The longitudinal driving electric field, Ex(s), is required for use in the cou-
pling formulas and equivalent circuits developed in this section. Methods for
analytically determining E. will now be discussed (16,17).

EX is generated by the Tinear superposition of the electric fields due to all
nearby current-carrying conductors. These conductors are classified into two
groups:

1. Active conductors (those designed to carry current) such as the
power line phase conductors; and

2. Passive conductors (those carrying current due to inductive cou-
pling) such as multiple-grounded power line shield wires, long
fence wires, telephone wires, railroad tracks, or other pipelines.

The passive conductors must be included in the analysis because they have been
shown to be significant contributors to electromagnetic coupling by power lines
(17). Since the currents in the passive conductors are initially unknown and
influence each other through mutual coupling, the solution for these currents
must be obtained by solving a set of complex-valued simultaneous equations de-
scribing the interactions, discussed below.

Approximation of the Currents in Long, Grounded Passive Conductors. Using Eq. 2-3a,
it may be shown that the induced current in a long, multiple-grounded passive con-
ductor is almost constant with position along the conductor, and is given by

-Icm zCm ¢ = E(Cmo) (3-2)
o Mo Mo
where
IC and ZC ¢ are, respectively the induced current and series self-
Mo Mo Mo
jmpedance per meter of the moth passive conductor, and E(Cm ) is the

0
driving electric field at the moth passive conductor.
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I can be approximated using the Carson coupling approach (18). With this

m
0

approach, E(Cm ) is taken as the summation of the electric field contributions

(o
of all of the adjacent current-carrying conductors, including power line phase

wires 1, 2, ..., N carrying currents I¢ , and passive conductors 1, 2, ..., mo-l,
n
m0+1, ...» M carrying currents IC .
m
E(Cm ) is therefore given by
0
M
E(C ) = E: 1z ¥ E: 1. 1 (3-3)
m o C ¢ c "t ¢
0 =1 n o mg'n =1 M mo m
mfmO

where Z is the Carson mutual impedance between the moth passive conductor

Cmoq)n
and the nth phase conductor, and ZC c is the Carson mutual impedance between

m.m
0

the moth passive conductor and the mth passive conductor (for m#mo). The set of

unknown currents in the passive conductors can be found by writing Eqs. 3-2 and

3-3 for each of the M conductors, and then solving the resulting system of simul-

taneous equations (show below).

2. 1. 4. 1. 4. +Z. .1 = -fz. 1 otz 1 4.4z 1
Gl G Thb G €16 Cu [ G0 ¢ Gty C1 ¢N]

2o 1. +2. 10 4. +2, 1, = -[z, 1 vz 1 +..417. 1
it Gb G Catm Cu [ G101 Cof2 & C20n ¢N]

Zo o lp +2p o010 4. 42, 1. = -z, 1. +2. 1 +..+2. I
Wht Tt G um Cm [ Cub1 01 Cuba o Cun ¢NJ
(3-4)

M unknown currents, I N known phase currents, I
unxnovn Cp — %
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A program for the TI-59 hand claculator which permits solution of the system of
Eq. 3-4 has been developed. This program, called CURRENTS, uses the Gauss-Seidel
iterative method to process as many as Tive unknown passive conductors adjacent

to 25 power line phase conductors, yielding both the magnitude and phase of each
unknown current. The Tisting for Program CURRENTS, as well as detailed usage
instructions, is included in Appendix A. For joint-use corridors having more than
five unknown passive -conductors, it has been found sufficiently accurate to use
Program CURRENTS to solve simultaneous equations for five-element sub-sets of
closely spaced passive conductors, and assume negligible coupling between the sub-
sets. A discussion of the usage of this program with actual case histories is
given later in the section.

Computation of Carson Mutual Impedances. As seen from the previous discussion,

Cm0¢n and ZCmoCm
ting up the system of equations for the set of unknown currents. A program for
the TI-59 calculator has also been developed that computes the Carson mutual im-
pedance between two adjacent, parallel, earth-return conductors using Carson's
infinite series. This program, called CARSON, computes and sums as many terms of
the Carson series as is required to achieve 0.1% accuracy. The program listing

and usage instructions are contained in Appendix A.

knowledge of the Carson mutual impedances Z is essential for set-

The Driving Electric Field. By Eg. 3-2, the longitudinal driving electric field
for a pipeline or other passive conductor is equal to the negative of the product
of the current, IC » obtained via Program CURRENTS times the conductor self imped-
For 3 power line shield wire, the self impedance can be computed

ance, Z .
CmCm

using the expression

+5.92.107°) + j {1.88-107° + 3.77-1‘0'5[2 n }795 + 1]} ohm/m
Cm
(3-5a)

where RC is the dc resistance per meter of the shield wire, re is the radius of
m m
the shield wire, and § is the earth electrical skin depth at 60 Hz given by

§ = == m (0 = soil conductivity) (3-5b)




For computational ease, the program SHIELD (c.f., Appendix A) has been written
to compute Zc c -
m'm

For a buried pipeline, the self impedance is equal to

(3-5c)

where v is the pipeline propagation constant and Z0 is its characteristic imped-
ance. These parameters may be found from the graphs in Section 2 or by means of
the Program PIPE,

Example 3-1: Set up and solve the system of simultaneous equations for the
approximate shield wire currents in a single-circuit, 3-phase power line with
two grounded shield wires. Assume no other conductors in the utility corridor.

Solution: Set up the system of Eq. 3-4 for the shield wires. At the first shield
wire:

z I. +12

1. ==z, 1 +z. 1 +z, 1 ]=V
G0 G Lbh G [C1¢1 9 O 92 G0 ¢4 L

At the second shield wire:

z I. +1

1. =-fz. 1 +z. 1 +1z7.. 1.17.
0170 TGL7G ['C2¢2 01 Caopd,  TCros ¢4 =Y,

Hence
V.Z. . V.1
R
IC1 2z [ P
€101 "Gl [TGC
and
VoZ. . +V. 2
2fcic, V1 fee,
1. =
c
2

2
JA VA -1z
CIC1 C2C2 [ CICJ

where it has been assumed that Z =1 .

C6 6

and IC , done here by hand, is made automatically by the program CURRENTS.
2

The solution for the currents IC
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The numerical values of Carson mutual impedances can be obtained by means of
Program CARSON. For distances less than about 300 meters (for 60 Hz induction)
the first term of the Carson series yields a reasonable approximation to the
mutual impedance value. Hence,

Z ~ 5.92.107° + § 3.77-107° |2 1n[-2738 ) 1 (3-6)
mo m

where § is defined by Eq. 3-5b and dC ¢ 1s the radial separation (in meters)

m._m
0

between conductors, Cm and Cm' For short distances, Eq. 3-6 provides a useful
0
check on the programming of Program CARSON.

Example 3-2: Compute the shield wire currents for the following power 1ine
geometry:

Single-circuit, flat configuration with two
symmetrically positioned grounded shield wires;

S So
I0Om

Sl’ 52 are 5/8" diameter conductors with 1 ohm
per mile dc resistance.

-1 909
I¢1 Ioe Io amps
1900 = ) )
I¢ - IoeJ120 Io( 0.5 + j0.866) amps
2
Jop 31200 o
I¢3 Ioe Io( 0.5 - j0.866) amps

Soil resistivity = 2-104 ohm-cm,

Figure 3-2 Power Line Geometry for Example 3-2
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Solution: First, compute the series impedance per meter of each shield wire,
using Eqs. 3-5a and 3-5b, or alternatively by means of Program SHIELD.

g = 1/(2-104 ohm-cm) = 0.005 mho/m
5 = j%%é%g = 917.8 m
RCl = RC2 = 1 ohm/mi = 1 ohm/1609 m = 6.215-10'4 ohm/m
rcl = rcz = b5/16 in, = 5/16 + 0.0254 m = 7.9»38'10-3 m
e < kg, - (6.214-107% + 5.92.107°) + j {}.88-10'5 +3.77-107°

[2 1n(5ﬁlﬁiﬂ?lzfg) ¥ 1} - (6.806 + j 9.177)-10™% ohm/m.
7.938-10

Next, compute the various Carson mutual impedances using Eq. 3-7, or Program
CARSON.

602105 s 5 [, 4 [0:79:917.8
zC1C2 = 5.92.107° + j 3.77-10 [2 1n( 2t ) + 1]

= (0.592 + 3 3.607)-10"% ohm/m
o o I, =1, o =L, . = 5.92:107°+j3.77-107
%14 Poly Ol 3%y

[2 1n(9:Z%L%lZ;§J + 1] = (0.592 + j 3.686)-10"% ohm/m
) 5. -5

o . I, o =5.92107 +j 3.77-10
931 %7

{2 1n(9;1%gg%%4§) + 1] = (0.592 + j 3.218)-10"% ohm/m
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Note that the formulas for IC and IC developed in Example 3-1 apply to the
1 2
power Tine geometry of this example. To apply these formulas, we must next

compute the quantities V1 and V2 defined in Example 3-1, using the values for

mutual impedance just calculated.

(0.592 + j 3.686) +
V1 = 10°4Io (0.592 + j 3.686)(-0.5 + j 0.866) +
(0.592 + j 3.218)(-0.5 - j 0.866)

- 10‘410 (-0.405 + j 0.234) volts/m

(0.592 + j 3.218) +
v, = 107*1  (0.592 + j 3.686)(-0.5 + j 0.866) +
(0.592 + j 3.686)(-0.5 - j 0.866)
= 100" (0 - j 0.468) volts/m

0

Finally, we can compute IC and IC using the formulas developed in Example 3-1.
1 2

10'81o [(-0.405 +3j 0.234)(6.806 + j 9.177) +]
(0 - § 0.468)(0.592 + j 3.607)
C1 1078 [(6.806 + j 9.177)% - (0.592 + j 3.607)

2]

i 0
= (‘0.0137 + j 0,0295)10 = (0.0325 eJ115 Io

10'810 [(0 - j 0.468)(6.806 + j 9.177) + }
I - (-0.45 + j 0.234)(0.592 + j 3.607)
C2 1078 [(6.806 + j 9.177)% - (0.592 + j 3.607)%]

3 0
= (-0.0411 - j 0,0180)1o = (.0449 eJ204 IO
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The solution for these currents could also have been obtained by means of the
Program CURRENTS.

The shield wire currents are seen to be of the order of 3 percent to 5 percent of
the power line current. These currents are comparable in magnitude to the expected
zero sequence current of the power line. Thus, the overall electromagnetic cou-
pling of the power line can be strongly influenced by the presence of grounded
shield wires.

Typical Longitudinal Electric Field Variation

Figure 3-3 depicts the typical variation of EX with separation from a one-ampere,
single-phase power line (at three earth conductivities, for separations up to
1000 m) (18). Normalized in this manner, the graphs of this figure are also
equivalent to graphs of the Carson mutual impedance versus separation. At large
separations, the real part of the mutual impedance begins to decrease from the
value given in Eq. 3-5c. However, the imaginary part decreases even faster so
that the Carson mutual impedance approaches a pure real number at spacings in
excess of several kilometers. The transition from a reactive to a resistive
mutual impedance indicates that the phase of the longitudinal electric field can
change by as much as 900 over the length of a pipeline approaching or intersect-
ing a power 1line. This phase behavior must be taken into account to allow the
accurate prediction of induced pipeline voltages.

The Tongitudinal electric field variation with separation as shown in Figure 3-3
is representative of only the simplest case, i.e., a single-phase power line.
Generally, the power line currents contributing to the distributed pipeline source
electric field will be components from up to several three-phase electric power
transmission circuits with shield wires. Hence, the electric field variation with
separation is more complex. Because of time-varying line current values and as-
sociated electric load unbalances, the resultant electric field may exhibit large
fluctuations, both in time and with separation distance. At best, these can only
be characterized in a probabilistic manner. Likewise, these fluctuations will
impose a time variation upon the induced pipeline voltage and current.

The properties of these fluctuations and their probabilistic characterization are
discussed in Appendices B and C, respectively.
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Summary of Calculator Method for
Determining Electric Field at the Pipeline

The previous subsections outline the analytical methodology for calculating the
driving electric field at the pipeline. 1In order to simplify the calculations,
use of the programs written for the TI-59 calculator is advisable. Briefly, the
procedure for determining the driving electric field using the programs is as
follows:

. Single Pipeline, Ungrounded Shield Wires

- Use the program CARSON to determine the appropriate mutual
impedances

- Calculate the electric field directly by means of the program,
FIELD

. One or More Pipelines, and/or Grounded Shield Wires

- Use the program CARSON to determine the appropriate mutual
impedances

- Use the program PIPE to determine the self-impedances of the
pipelines. Note: The self impedance is equal to y times ZO

- Calculate shield wire self impedance by means of the program,
SHIELD

- *Calculate the induced conductor currents using the program,
CURRENTS

- The driving electric field for a pipeline or other conductor
is equal to the product of the current obtained above times
the wire self impedance obtained from the program PIPE.

Application of the Distributed Source Analysis to
the Parallel Pipeline with Arbitrary Terminations

In the following analysis, the driving field, Ex(s), of Eq. 2-4 is assumed to
equal Eo’ a constant. This assumption is valid for above-ground and buried pipe-
Tines parallel to long power lines which continue significantly beyond the region

*If a conductor's length is short compared to |y|'1, its self impedance and the
mutual impedances to other conductors must be appropriately modified before run-
ning the program CURRENTS, c.f., Appendix D.

The program CURRENTS can only accommodate up to five unknown current-carrying con-

ductors. The Texas Gas Transmission Corporation, Memphis, Tennessee, case history
illustrates a procedure for increasing the number of unknowns that can be handled.
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of parallelism. The pipeline is assumed to extend from x = 0 to x = L meters,
as shown in Figure 3-4. At the end points, the pipeline is assumed to be con-
nected to remote earth through the grounding impedances Z1 and Zz. These ter-
minations may be realized by grounding systems (i.e., a ground rod array, ground-
ing cell, etc.), by connected non-parallel pipeline sections, or by insulating
joints. The analysis is sufficiently general to cover all possible grounding
impedances and pipeline lengths for single-section buried and above-ground paral-
lel pipelines. Non-parallel and mu]ti-sectionkpipe1ines will be discussed below.

General Solution for the Pipeline Potential. The analysis is begun by substituting
Ex(s) = Eo into Equations 2-4a and 2-4b to obtain

X
E
_ 1 YS _ 0 YX
P(x) = ———-Jf e'” E ds = (e'™-1) (3-7a)
ZZO 0 2yZ0
0
L E
QUx) = 5%—.j’ e Ve gds = 53 (e Y% a7y, (3-7b)
o/, 0

Next, the results of Equation 3-7 may be used to derive K1 and K2 of Equation 2-5.

’ 1B, [Dz(l-e_yL) + 1-et ( )
= 3'8a
7 I ST
12
’ Done'YL pl(l—e-YL) + l-eYL1 ( )
= 3-8b
2 2vL yL -yL
0 e’ -pp, € J

Substituting Ko K2, P(x), and Q(x) into Equation 2-3b, the general solution for
V(x) is obtained:

v Eo{[(1+p2)p1-<1+p1)eYL]-e‘YX -[(1+p1)pz-(1+o2)eYL]eY(X'L)} (3-9a)
x) = -9a
2v(e’" - P1P2 e

In terms of the terminating impedances Z, and Z,, V(x) is given by

vix) Eo{[22(Zl-Zo)-Zl(22+Zo)eYL]e'YX_[ZI(ZZ-ZO)-zz(zl+zo)eYL]ey(x-L)}
X

Y[(Zl+zo)(22+Zo)eYL'(Zl'Zo)(ZZ'Zo)e-YL] (3-9b)
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Fig. 3-4 GEOMETRY OF A SINGLE - SECTION, BURIED OR ABOVE-GROUND
PIPELINE PARALLEL TO A POWER LINE



At x = 0 or at x = L, it can be shown that the dependence of V(0) and V(L) upon
the terminating impedances, Z1 and ZZ’ respectively, can be modeled by Thevenin
equivalent circuits. For examplie, at x = 0,

V(0) = Vg, v (3-10a)

Vg = v(0) L
1
_ yL _ -yL
) EQ. . 222 (22+Zo)e —(22 Zo)e (3-100)
Ty yL L B
(ZZ+ZO)e -(22-20)e

and Ze is the Thevenin source impedance* given by

(22+Zd,)eYL+(22-ZO)e'YL 1
3] 0 YL 7 5 -yLJ
(Z +Zo)e (22 Lo)e

(3-10c)
2

Recognition of the ability to employ Thevenin decomposition procedures is of prime
importance since, in this way, the effect of the load impedance can be separated
from that of the distributed voltage sources along the pipe. Thus, the analysis

of a multi-section pipeline or a pipeline subject to sharpvariations inthe induced
field because of geometrical or electrical discontinuities can be treated by apply-
ing Thevenin procedures at the junctions or field discontinuities, as discussed
later in this section.

Equations 3-9 and 3-10 will now be simplified for the two most important pipeline
cases: the electrically short pipeline; and the electrically Tong/lossy pipeline.

*Note that Ze is exactly the input impedance of a transmission line of character-

istic impedance, Zo’ propagation constant, vy, and length, L, terminated by 22.
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The Electrically Short Pipeline. For this analysis, the Tlength, L, of an elec-
trically short pipeline satisfies the inequality

L < %;%-z 300 m (3-11)

The 1imit of L for electrical shortness can be obtained by computing representative
values of |y| using the calculator programs described later.

Subject to the inequality of Eq. 3-11, the first-order-correct approximations
yL
eiA = 1+ A forA = {yx (3-12)
v{x-L)

can be used with the assurance that the error introduced is of the order of only
10 percent. Substituting the approximations of Eq. 3-12 into the general solution
of Eq. 3-9 results in the following expression for the induced potential on a
parallel, electrically short pipeline:

L Zl
V(x) = Ej |x - 771 (3-13)

The potential is seen to vary linearly with distance from termination Zl’ as shown
in Figure 3-5a. The terminal values of V(x) are given by

z
o ] 1
V(o) = -EL i (3-14a)
2
Ly
V(L) = EL 7 (3-14b)

The dependence of V(0) and V(L) upon the values of 74 and 22 is modeled by the
Thevenin equivalent circuit of Figure 3-5b. 1In the figure, the Thevenin source
impedance, Ze, is shown equal to Zr’ the terminating impedance remote from the
observation point. The magnitude of the Thevenin voltage source, Ve, is p:opor-
tional to the length of the pipeline section. Ve assumes the "-" sign if E0 points
toward the remote termination, and the "+" sign if Eb points toward the Thevenin
observation point.
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V‘(rx)
EOL Z2 4
Z,+Z,
0 } — X
0 LZ,
Z,+Z,

—EL 2,

Z|+Zz

(a) Potential Distribution For Z,,Z,
Assumed To Be Purely Resistive

AN 0 Terminal At Either
x=0 Or x=L

Vg = % Eo'—C) *—___ - sign If E, Points Toward
The Remote Termination

L

(b) Thevenin Equivalent Circuit For The
Terminal Behavior Of The Pipeline

Fig.3-5 ELECTROMAGNETIC COUPLING TO AN
ELECTRICALLY SHORT PARALLEL PIPELINE
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The Electrically Long/Lossy Pipeline. The criterion for an electrically long/Tlossy
pipeline is defined as

L > 2/Real{y) = 10 km. (3-15)

Subject to this condition, it can be stated that

et = 0.1 << 1. (3-16)

The 1imit of L for large electrical length/loss is obtainable by computing repre-
sentative values of Re(y) using the calculator programs discussed later,

Using the inequality of Eq. 3-16, the general solution of Eq. 3-9 can be reduced
to obtain the following simple result for the induced potential on a parallel,
electrically long/lossy pipeline:
E z z
. o 1 . _-vx 2. Jv(x-L)
Vix) = — - — e t 547 e (3-17)

¥ Z1+Zo
The potential is seen to vary exponentially with distance from each termination,
as shown in Figure 3-6a. The terminal values of V(x) are given by

E
1 1
v(o) = 2. =V, = (3-18a)
Y L o I¥7
E Z z
2 2
V(L) = -2 - =V (3-18b)
Y T 6 I+,
E

where Ve =+ :?-15 the Thevenin voltage source with polarity as discussed below.

From Figure 3-6a, V(0) and V(L) are seen to be the maximum induced pipeline volt-
ages. These voltages are independent of pipeline length, assuming that the long/
lossy criterion is met. Further, the magnitude of each terminal voltage is fixed
by the local terminating impedance and is independent of the nature of the remote
terminating impedance.

The dependence of V(0) and V(L) upon the values of Z1 and Z2 is modeled by the
Thevenin equivalent circuit of Figure 3-6b. In the figure, the Thevenin source
impedance, Ze, is shown to equal Zo’ the characteristic impedance of the pipeline.
The magnitude of the Thevenin voltage source, Ve, is independent of pipeline length.
Ve assumes the "-" sign if Eﬁ points toward the remote termination.
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Effect of a Non-Constant Driving Electric Field

The driving electric field, Ex(s), can depend upon position along a pipeline which
does not parallel a power line or is adjacent to a power line electrical disconti-
nuity. Two situations commonly occur as diagrammed in Figure 3-7, namely

1. where a relatively short section of pipeline intersects the power
line by crossing the right-of-way, and ,

2. where a pipeline approaches or recedes from a power line without
actually crossing under the line.

Consider this latter case first.

The Long/Lossy Pipeline Approach Section. Upon entering or leaving a right-of-

way jointly shared with a power line, a pipeline is subject to a driving electric
field which is virtually zero at its remote termination and maximum at the joint
corridor. This behavior of the driving field permits simplification of Eq. 2-3
to 2-6, resulting in a convenient integral expression for the terminal character-
istics of a long/lossy pipeline approach section at its entry to the corridor.

For a long/lossy pipeline approach section of length, L, terminated by an arbitrary
Z1 at x = 0 far from the joint corridor, the effective remote termination sensed

at x = L (the entry to the corridor) is simply the pipeline characteristic imped-
ance, Zo. This is because the driving field falls to zero somewhere between x = 0
and x = L along the pipeline, allowing the portion of the pipeline subjected to
zero field to act as a characteristic impedance load for the portion being driven.
Thus, 1 of Eq. 2-6, and K1 of Eq. 2-ba are equal to zero.

Now, the Thevenin equivalent voltage source for the pipeline approach section, as
observed at x = L, the corridor entry point, is simply the open circuit pipe volt-
age at L:

Vy, = V(L)‘ (3-19a)

With Z, = =, p, of Eq. 2-6 is equal to 1. After computing K2, P(L), and Q(L) for

this case, Ve is found to be

L
vy = e‘YLf £, (s) e ds (3-19b)
Q
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This expression for Ve is directly useful in its integral form for practical prob-
lems, as is explicitly shown in the Mojave Desert case history reviewed later in
this section. It is understood that Ze is equal to Zo’ the pipe characteristic
impedance, because of the Tong/Tossy nature assumed for the approach section.

A convenient approximation to the integral of Eq. 3-19b may be found as follows:
Ex(s) will have its largest value at the point of closest approach of the angular
pipeline section to the power line. Call this distance, So. A convenient approx-
imation for the variation of the field is to assume that the magnitude of the field
varies inversely with the separation distance from the powerline, from S0 out to

a distance do’ At do’ it is assumed that the field is negligible in value. With
these assumptions, an approximate evaluation of Eq. 3-19b is

E (S )(d -S )
. x*%0’'%0 0
Vo ® “ T tans (3-20)

S_is the point of closest approach of the pipeline to the power line,
6 is the acute angle of the approach, and
d_is a variable dependent upon the power line tower geometry. For

practical situations, a reasonable value for d0 has been found to
be 300 meters.

1
o

For situations where S0 > 300 meters, a good approximation to Eq. 3-19b is Ve

The Intersecting Pipeline. This situation, as diagrammed in Figure 3-7a, can best

be handled by the node analysis considered in the following subsection. That is,
for any point along the pipeline section, a Thevenin equivalent circuit (c.f.,

Eq. 3-19 or 3-20) must be derived for each direction to either side of the point
in question and these equivalent circuits then combined by a node voltage analysis.

NODE ANALYSIS OF ARBITRARY PIPELINE/POWER LINE COLLOCATIONS

This section presents a computation method for the peak induced voltages on a
buried pipeline having multiple sections with differing orientations with respect
to an adjacent power line, or subject to pronounced variations of the driving field
due to power line discontinuities. The method is based upon Thevenin decomposition
procedures, leading to a node voltage analysis at pipeline or inducing field dis-
continuities.
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Figure 3-8a illustrates the connection of several arbitrary pipeline sections
adjacent to a power line with an electrical ‘discontinuity (phase transposition).
The peak induced voltages are computed by introducing a Thevenin observation

plane at each junction, M, between dissimilar pipeline sections or at disconti-
nuities of the driving field, as illustrated in Figure 3-8b. This placement of
the Thevenin plane is based upon the previous analyses which showed the generation
of exponential pipeline voltage peaks at all non-zero impedance terminations of

a long/lossy pipe section.

In Figure 3-8b, V and Z denotes the Thevenin source voltage and impedance,
®left Oleft
respectively, for the pipeline seen to the left of the observation point. Similarly,

Phase
Power Line Transposition
————
M1 M2
M M M

M -
, 0 Long/Lossy Sections: MoMl’MlMZ’ M3M5,M5M6
Mo Electrically Short: M2M3
(a) Locations of Thevenin Observation Planes
z z
Oeft M ORight
] . ]
L] 1 LT
v v
bLeft Zy ®Right

(b) Connected Thevenin Circuits for the Induced
Voltage Peak at Observation Plane M

Figure 3-8. Peak-Voltage Analysis of a
General Multi-Section Pipeline

Ve and Ze denote the Thevenin equivalent circuit of the pipeline to the
right right

right of the observation point. ZM denotes the mitigating grounding impedance

(if any) at M. The voltage peak, V(M), is given by
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v v
e1eft + eright
Z

z

0 0.3
V(M) = Jeft - r1%ht (3-21)
—_— b
Ly Iy L4
left right

where Ve and Ze can be obtained from the Thevenin equivalent circuits discussed
previously.

From Eq. 3-21, |V(M)] can equal zero if either

1. ZM =0, or (3-22a)

2.V Z = -V z
91eft Oright Opight °left. (3-22b)

For arbitrarily arranged sections of buried pipeline, Eq. 3-22b is virtually the same
as specifying an assembled pipeline with constant physical and electrical charac-
teristics, spatial orientation, and driving field distribution. In other words,

an induced voltage peak is expected on a buried pipeline whereone of these properties
changes abruptly, including the following points:

1. Junction between a long/lossy parallel section and a long/lossy
non-parallel section (point Ml);

2. Junction between two long/lossy parallel sections having different
separations from the power line (points M, and M3);

3. Adjacent to a power line phase transposition or a substation where
phasing is altered in some way (point M4);

4, Junction between two long/lossy sections of differing electrical
characteristics, for example, at a high resistivity soil - Tow
resistivity soil transposition (point M5);

5. Impedance termination (insulator or ground bed) of a long/lossy
section (point M6).

Points Ml’ M2, M3, and M6 are illustrative of pipeline orientation or termination
discontinuities; point M4 is illustrative of a discontinuity of the driving field;
and point M5 is illustrative of a discontinuity of the pipeline electrical charac-
teristics. The magnitude of the voltage peak at any of these points is computed
simply by applying Eq. 3-21 at the discontinuity to the Thevenin equivalent circuits
for the pipeline sections on either side. In this way, the use of a single node
equation, along with a collection of Thevenin equivalent pipeline circuits, is
sufficient to estimate the voltage peaks on an arbitrary multi-section, buried
pipeline.
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Example: Application to Coupling at a Phase Transposition

Buried pipelines passing near phase transposition points of a power line have been
observed to develop high induced voltages at the points of closest approach to the
transpositions (8,19). No satisfactory theory for this phenomenon has been found
in references reviewed to date. The phase transposition problem will be used as
an example of the application of the unified coupling theory presented in this
book.

The phase transposition is assumed to be as shown in Figure 3-9a. The following
phase conductor currents are assumed:

I1 - Io
- jl200 _ _ .

12 Io e = IO( 0.5 + j 0.866)
- -j1200 _ _ o

13 Io e IO( 0.5 - j 0.866)

To the left of the phase transposition, the undisturbed electric field at the
nearby buried pipeline is given by Eq. 3-6b (for the case of no power line shield
wires present) and by Eq. 3-5c¢ (for the Carson mutual impedances between the phase
conductors and the pipeline) as

I
)
o
w

I {5.92.107° + j 3.77-107°|21n

o * (-0.5 - j 0.866)

O
L
—

( ]
I §5.92.1o'5 +3j 3.77-107°|21n 0'795) ¥ 1]5 +
(o] dR \
L )
-5 -5{.. 10.798 ]
E =¢ 1 45.92:107> + j 3.77-107°|21n{= b+ (-0.5 + j 0.866) +
Oteft }
)

d d_d
= 3.77-107° 10-[1.732 1n(—5-) + 1n( S T)] (3-23a)
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Fig.3-9 PHASE TRANSPOSITION COUPLING EXAMPLE

3-29



To the right of 'the phase transposition, the undisturbed electric field at the
buried pipeline is given by Eqs. 3-6b and 3-5c, as

, . B} 1!
I, §5.92-10 %+ §3.77-10 5[21n(0}396) + 1 g - (-0.5 - j 0.866) +
R )
E, =(1, 5.92-10"° + j 3.77-10"5[21n(9i¥2§) + 18+
right S J
:
I {5.92-10'5 +3 3.77-10'5{21n(9i¥2§) +1 § . (-0.5 + j 0.866)
T )
d d_d
=3.77.107° 1_ - [1.732 1n[-L}+ 5 1n[-LR (3-23b)
0 d 2
R d
S
In general, E #E . From the coupling theory developed, the disconti-

Oright  %left
nuity in the electric field must generate an induced pipeline voltage peak at the

point of discontinuity (here, adjacent to the phase transposition). Introducing
an observation plane at this point, the Thevenin equivalent circuits for the bur-

ied pipeline are given in Figure 3-6b as:
Looking to the left:
E

0
left
v = + —= Z = 7. (3-24a)
Oeft Y left 0
Looking to the right:
Eo
Vg = - meht g = 7. (3-24b)
right i right 0
From Eq. 3-21, we have
‘EO /Y Eo /Y
left  , _ “rignt
Z i
- 0 0
Vo) = =TT
Zo ZM Zo
E, - E Zy
left  Oright | | i
| Y ) (Zo+2zM) (3-25a)

where ZM is the mitigation grounding impedance at Xoe Substituting the results
of Eq. 3-23 into Eq. 3-25a gives
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‘I. i -5 2 2
V(x)| = S Sa | Y n RSN g 1n(d—5 (3-25b)
Y(ZO+ZZM) de dp
where
dR = 100 m, ds 110 m, dT = 120 m;
Io = 200 amperes;
[y] = 2 x 107% w15 and
ZM = oo,
"Eq. 3-25b yields
lV(xo)l = 105 volts

as the value of the induced pipeline voltage at the point nearest the transposition.

For 2, = 1, IV(xo)l drops only slightly to 70 volts, thus showing the ineffective-
ness of even a relatively good grounding bed at Xo' The pipeline potential distri-
bution decays exponentially from |V(x0)| with increasing distance from X @S shown
in Figure 3-9b.

Alternative Method of Calculating Induced Pipeline Voltage

The transposition example presented again exemplifies the purely analytical approach
to the solution of the voltage prediction problem. An alternative and computation-
ally simpler approach is the use of the TI-59 hand calculator programs. Briefly,
the following procedure is applicable to finding the induced voltage at any loca-
tion along the pipeline.
1. Using the program PIPE, define the pipeline parameters.
2. Using the programs CARSON and CURRENTS for multiple pipelines or
CARSON and FIELD for single pipeline situations, derive the driving
electric source fields for the Thevenin equivalent circuits to
either side of the point.

3. Define the node voltages and impedances for the equivalent circuits
using the program THEVENIN,

4, Solve for the induced voltage at the point using the calculator
program NODE.

The utilization of these programs is illustrated in the next section, where several
"case histories” of induced pipeline voltage predictions are reviewed.

@
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CASE HISTORIES OF PIPELINE INDUCED VOLTAGE PREDICTIONS ‘

Five "case histories" of voltage prediction are presented here. The situations
analyzed are varied and thus provide a diverse set of illustrative examples. 1In
studying the examples, particular attention should be taken as to the approach to
the problem, the use of the hand calculator programs and, in particular, the use
of the Thevenin equivalent circuit concept.

A listing of the examples in the order they are presented and the principal points
of theory or prediction methodology they demonstrate is as follows:

° Southern California Gas Company Line 235, Mojave Desert, Needles,
California. This case history vividly shows the appearance of
voltage peaks at the locations predicted, i.e., points of physical
or electrical discontinuity. It also illustrates the simplicity
of the prediction methodology when successive points of disconti-
nuity are sufficiently separated so as to provide electrical
isolation. For such a situation, simple calculations are suffi-
cient and use of the hand calculator programs is not required.

) Northern I1linois Gas Company, Aurora, I1linois. The treatment for
this pipeline is essentially non-mathematical. The ROW is relative-
ly complex and the desire here was to illustrate the methodology to
be used for identifying the critical points of voltage induction by
inspection.

. Consumers Power Company Line 1800, Kalamazoo, Michigan. The mathe-
matical/hand calculator oriented approach is used here to derive
the pipeline voltage profile. The ROW configuration is relatively
simple, thus providing a good first introduction to obtaining mathe-
matical solutions. This case illustrates how to take into account
end terminations of the pipeline and evaluate their effects.

0 Texas Gas Transmission Corporation, Memphis, Tennessee. This case
history of voltage prediction is possibly the most complicated of
the set presented in that four gas pipelines are collocated with
several power circuits. The analysis becomes difficult because of
electrical interties between the pipelines at several locations.
The solution illustrates repeated use of the Thevenin equivalent
circuit concept to produce successive simplifications of the prob-
Tem.

. Consumers Power Company Karn-Weadock Line, Bay City, Michigan. The
solution of the induced voltage prediction problem for this crude
0il pipeline is obtained by an approach utilizing field measured
data as much as possible in contrast to the purely analytical solu-
tions presented for the previous case histories,
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Voltage Prediction
Southern California Gas Company Line 235, Needles, California

This case history vividly shows the appearance of voltage peaks at the locations
predicted, i.e., points of physical or electrical discontinuity. It also illus-
trates the simplicity of the prediction methodology when successive points of
discontinuity are sufficiently separated so as to provide electrical isolation.
For such a situation, simple hand calculations are sufficient and use of the
hand calculator programs is not required.

Corridor Description. The Southern California Edison 500 kV electric power trans-

mission line meets the Southern California Gas Company 34-inch diameter gas pipe-
line at pipeline milepost 47 (47 miles west of Needles, California) and leaves it
at milepost 101.7, as shown in Figure 3-10. The power line has & horizontal con-
figuration with a full clockwise (phase-sense) transposition at milepost 68 and
single-point-grounded 1ightning shield wires. During the test period, an average
loading of 700 amperes was reported for each phase conductor. No other power
lines, pipelines, or long conductors share the right-of-way.

Measurements performed during the tests indicated an average earth resistivity of
400 ohm-meter. Based upon furnished data, a value of 700 kQ-ft2 was assumed as the
average pipeline coating resistivity. Using these values as data input for the
pipeline parameter graphs of Section 2, the pipeline propagation constant, vy, was
obtained as (0.115 + j 0.096) km'1 = 0.15[592_km“1; and the pipeline characteris-
tic impedance, ZO, was obtained as (2.9 + j 2.4) ohms = 3.4/400 ohms. Alternative-
1y, the program PIPE may be used to find these parameters more accurately.

Voltage Peak Locations and Magnitudes. The node analysis discussed earlier in

the section predicts the appearance of separably calculable pipeline voltage peaks
at all discontinuities of a pipeline-power 1line geometry spaced by more than
2/Real(y) meters along the pipeline. Using the value of y obtained for the pipe-
Tine, all geometry discontinuities spaced by more than (2/0.115) km=17.4 km = 10
miles can be assumed to be locations of separable induced voltage peaks. These

discontinuities include:
1. Milepost 101.7 (near end of pipeline approach section);
2. Milepost 89 (separation change);

3. Milepost 78 (separation change);
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4. Milepost 68 (power line phase transposition);
5. Milepost 54 (separation change); and

6. Milepost 47 (near end of pipeline departure section).

The voltages at these points of electrical discontinuity were predicted by appli-
cation of Eq. 3-21 to the Thevenin equivalent pipeline circuits derived for either
direction from each of the points. The pipeline characteristics, y and Zo’ were
assumed constant with position along the pipeline, causing each Thevenin source
impedance to be fixed at Z0 (due to the Tong/lossy nature of the adjacent pipe
sections). Further, ZM was assumed to equal infinity at each Thevenin plane be-
cause no ac mitigating grounds were connected at the time to the pipeline, thus
simplifying the equation to

v + Vv

] S
V(M) = left 5 right (3-26)

To illustrate this approach, the predicted voltage peaks are calculated using
Eq. 3-26. Tables 3-1 and 3-2 1ist the results. The predicted electric fields
were based on the following power line geometry:

1. The geometric mean height of the phase conductor equal to 60 feet;
2. Distance between phase wires equal to 32 feet; and

3. Horizontal circuit configuration.

At a given distance measured from the center phase wire, insertion of the appro-
priate distances into the program CARSON yielded the mutual impedances between
each phase conductor and the pipeline (burial depth equal to three feet). The
following phase currents were then assumed:

1. Phase wire closest to pipeline: I = 700/+1209 amperes
2. Center phase wire: I = 700/-120° amperes
3. Farthest phase wire: I = 700/00  amperes

Program FIELD was then used to calculate the electric field using the above cur-
rents and the mutual impedances found by Program CARSON.
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Table 3-1
LONGITUDINAL ELECTRIC FIELD MAGNITUDE*

Distance from Center Phase Predicted Field Measured Field

(feet) (volts/km) (volts/km)
0 10.2 10.4
20 18.3 14.3
40 27.3 24.5
60 29.0 27.0
80 27.2 22.2
100 24,2 22.2
200 14.0 14.0
300 9.5 8.5
600 4.8 4.0
1000 2.9 1.6
5000 0.4 -
10,000 0.1 -

Table 3-2

ELECTRIC FIELD PHASE**

West of East of
Transposition Transposition
North of power line -1200 00
South of power line + 600 1800

*For the balance current case, |E,| was found to be the same for equal distances
both north and south of the power 1ine and also on both sides of the power line
transposition.

**Table 3-2 1ists the predicted phase of E, at distances between 60 feet and
2000 feet from the power line. The phase tended to remain relatively constant
at the tabulated values except for rapid variations directly under the power
Tine. The currentin the southernmost phasewire, IA,serves as the phase reference (¢=0°).

It was not possible to measure the absolute values of the electric field phase
relative to the reference phase current, Ip. However, phase measurements rela-
tjve to two ground locations were possible, and hence differences of the absolute
values listed in Table 2 were measurable. For example, confirmation of the phase
reversal occurring on opposite sides of the power line was readily obtained.
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Milepost 101.7. A voltage peak occurs here because of a corridor geo-
metric discontinuity, namely, the convergence of the pipeline and power
Tine at an angle of 450 to a separation of 200 feet (0.06 km). Based
upon a predicted longitudinal electric field of 14.0/-1200 V/km at this
separation, apply Egs. 3-20 and 3-18 to compute the two Thevenin volt-
age sources.

Looking to the west:

14/-120° x (0.3 - 0.06)

v = o = 0.8/-1200 volts
Bwest 4 x tan 45

Looking to the east:

-14/-1200

v = — 175 = 93.3/200 volts
feast 0.15/400 —_—

Combining the Thevenin equivalent circuits by using Eq. 3-26
[V(101.7)] = 0.5 x [(0.8/-1200 + 93.3/200)| = 46.3 volts

The actual measured pipeline voltage at this point was 46 volts.

Milepost 89. A voltage peak occurs here because of a corridor geometric
discontinuity, namely, the divergence of the pipeline and power line at
an angle of about 40 from a separation of 150 feet (0.046 km) to a sep-
aration of 3500 feet (1.07 km). Based upon a predicted electric field
of 18.0/-1200 V/km at the 150-foot separation, Eqs. 3-18 and 3-20 are
similarly applied to compute the Thevenin voltage sources.

Looking to the west:

18/-1209

) = == - 120.0/-160° volts
Owest 0.15/400 —

Looking to the east:

-18/-1200 x (0.3 - 0.046)

v o 5 = 16.3/600 volts
eeast 4 x tan 4 L=

Combining the Thevenin equivalent circuits:
|V(89)| = 0.5 x |(120/-160° + 16.3/600)| = 54.0 volts

The actual measured pipeline voltage at this point was 53 volts.
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Milepost 78. A voltage peak occurs here because of a corridor geometric
discontinuity, namely, the convergence of the pipeline and power line at
an angle of about 199 from a separation of 3500 feet (1.07 km) to a sep-
aration of 300 feet (0.092 km). Based upon a predicted electric field
of 9.5/-1200 V/km at the 300-foot separation, Eqs. 3-18 and 3-20 are
again used to compute the Thevenin voltage sources.

Looking to the west:

9.5/-120° x (0.3 - 0.092)
] > = 1,4/-1200 volts
ewest 4 x tan 190 e

Looking to the east:

-9,5/-1200

Oeast 0.15/400

v = 63.3/200 volts

Combining the Thevenin equivalent circuits:
|V(78)| = 0.5 x |(1.4/-120° + 63.3/20°)| = 31.1 volts

The actual measured pipeiine voltage at this point was 34 volts.

Milepost 68. A voltage peak occurs here because of a corridor elec-
trical discontinuity, namely, the power line transposition at a constant
separation of 300 feet (0.092 km). Based upon a predicted electric field
of 9.5/-1200 V/km at the 300-foot separation to the west of the trans-
position, and a predicted field of 9.5/00 V/km at the 300-foot separa-
tion to the east of the transposition, application of Eq. 3-18 yields
the Thevenin voltage sources.

Looking to the west:

9.5/-1200
v = s = 63.3/-1600 volts

¢}
Owest 0.15/40

Looking to the east:
-9.5/00
Vg * 0157400

east —_—

63.3/1400 volts

Combining the Thevenin equivalent circuits:
|v(68)| = 0.5 x |(63.3/-160°0 + 63.3/140°0)| = 54.8 volts

The actual measured pipeline voltage at this point was 54 volts.
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Milepost 54, A voltage peak occurs here because of a corridor geometric
discontinuity, namely, the divergence of the pipeline and power line from
a separation of 500 feet (0.15 km) to an average separation of about

1200 feet (0.37 km). Based upon a predicted electric field of 5.8/00
V/km at the 500-foot separation, and a predicted field of 2.4/00 V/km

at the 1200-foot separation, again applying Eq. 3-18, yields:

Looking to the west:

5.8/00

v = =y = 38.7/-400 volts
Bwest 0.15/40 —_

Looking to the east:

-2.4/0°

v = m—per = 16.0/1400 volts
eeast 0.15/40 —_—

Combining the Thevenin equivalent circuits:
|[V(54)] = 0.5 x |(38.7/-400 + 16.0/140°)| = 11.4 volts

The actual measured pipeline voltage at this point was 11 volts.

Milepost 47. A voltage peak occurs here because of a corridor geometric
discontinuity, namely, the divergence of the pipeline and power line at
an angle of 220 from a separation of 300 feet (0.092 km). Based upon a
predicted electric field of 9.5/00 V/km at this separation, Eqs. 3-18
and 3-20 give:

Looking to the west:

9.5/00

) = =77y = 63.3/-400 volts
ewest 0.15/400 —_—

Looking to the east:

-9.5/0° x (0.3 - 0.092)

v = 5 = 1,2/1800 vyolts
eeast 4 x tan 22 —

Combining the Thevenin equivalent circuits:

[V(47)| = 0.5 x |(63.3/-400 + 1.2/1800)| = 31.2 volts

The actual measured pipeline voltage at this point was 25 volts.
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Figure 3-11 plots both the measured ac voltage profile of the Mojave
pipeline and the predicted voltage peaks. The solid curve represents
voltages measured during the field test; the dashed curve is a set of
data (normalized to 700 amperes power line current) obtained by a
Southern California Gas Company survey. From this figure, it is appar-
ent that the prediction method succeeded in locating and quantizing
each of the pipeline voltage peaks with an error of less than + 20%.

In a dense urban environment, the prediction calculations would become
more complex, as shown in the following case histories, but would still
be within the scope of the distributed source theory and the program-
mable calculator programs.
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Figure 3-11. Mojave Desert Pipeline Voltage Profile

Induced Voltage Prediction
Northern I1linois Gas 36-Inch Aux Sable Pipeline, Aurora, I1linois

Introduction. The treatment for this pipeline is essentially non-mathematical.
The ROW is relatively complex and the desire here was to illustrate the method-
ology to be used for identifying the critical points of voltage induction by
inspection. Induced voltage predictions for the 36-inch Aux Sable 1line have been
made and the resulting voltage profile presented in Figure 3-14. The voltage pre-
dictions have been made on the basis of longitudinal electric field measurements
along the pipeline route in combination with an analytical model to obtain worst
case estimates. The following discusses field measurements and subsequent elec-
tric field calculations, both of which are plotted in Figure 3-13. Rationale for
derivation of the voltage profile is also presented.
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The pipeline section under consideration extends in a north-south direction for a
distance of approximately thirty miles. It leaves a synthetic gas plant (electri-
cally terminated in an insulator) at Station #00+00 and proceeds northward to a
valve site at Station #1661+00 where it likewise is terminated in an insulator.
The principal characteristics of the ROW profile are diagrammed in Figure 3-12.

It enters the Commonwealth Edison ROW at Station #62+100, where it encounters

four 345 kV vertical circuits and one 138 kV horizontal circuit as shown. In

the region from Station #167+70 to Station #740+54, a ten-inch diameter hydro-
carbon pipeline joins the ROW moving from one side of the ROW to the other and
back again, as shown. At Station #740+54, the two east towers and the ten-inch
hydrocarbon pipeline leave the ROW, and the Aux Sable pipeline crosses the ROW to
within thirty feet of the remaining westernmost tower. At Station #903+65, two
vertical 138 kV circuits enter the ROW. At Station #1046+50, the pipeline crosses
to between the two towers and a 34-inch Lakehead pipeline is encountered, which
lTeaves the ROW at approximately Station #1540+85.

Inspection of Figure 3-12 shows several electrical/physical discontinuities, thus
leading to the prediction of a 1ike number of voltage peaks on the pipeline.

Measured Longitudinal Electric Field. Measurement of the magnitude of the longi-
tudinal electric field existing along the pipeline route was made at the follow-

ing stations: 73+00, 114+20, 178+50, 335+00, 506+30, 640+00, 761+00, 836+50, 845+00,
960+00, 1118+48, 1123+00, 1302+00, 1488+00, 1606+60. The data are plotted in Fig-
ure 3-13,

Data were obtained with a HP3581A electronically tuned voltmeter which measured
the voltage drop in a 15-meter horizontal probe wire laid along the ROW and
grounded at both ends to a depth of approximately 18 inches. Electric field
strength was calculated by dividing the measured voltage by the length of the
probe wire.

Inspection of Figure 3-13 shows the field extant at approximately Station 62+00,
where the pipeline enters the Edison ROW. The field strength rises sharply at
approximately Station 500+00. This rise is primarily due to the reduction in
separation between the pipeline and the overhead transmission lines at this point.
The electric field drops to a much lower value at Station 640+00 because of the
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ten-inch hydrocarbon pipeline which leaves the ROW at Station 740+00. (A similar
drop at Station 334+00 is attributable to the particular power line current un-
balances at the time of the measurement.)

Measurements made at Stations 836+50 and 845+00 show a ten-to-one variation in
less than 1000 feet which can be attributable only to localized interference.
These measurements were made in proximity to the village of Plainfield pumping
station and possibly suffer interference from stray underground pipe currents.
Although these electric fields were in existence at the time of measurement,
because of their localized nature, their effect upon the resulting pipeline volt-
age would be small.

An extremely high electric field, again of a localized nature, was noted at
Station 1118+48. This field appears to be introduced by electric currents leak-
ing off of a grounded pipeline casing at this location. Apparently, the 34-inch
Lakehead pipeline sharing the Edison ROW is capacitively connected to the road
crossing casing at this point. To determine the effects of this current Teakage
induced electric field in detail would have required a more extensive set of
measurements in this area. However, it appears that because of the localized
nature of this electric field discontinuity, its effects upon the overall pipe-
line voltage profile will be superseded by higher magnitude effects arising from
the electric field discontinuity appearing at Station 1050+00. Hence, additional
measurements in this location would not be considered cost effective.

The electric field experiences a strength reduction in the vicinity of Station
1302+00 because of a phase transposition on a 138-kV circuit in this area. The
electric field from this Tocation to the insulator at Station 1618 is difficult
to measure with certainty because of the junction of many electrical transmission
circuits at Station 1606+00.

Computed Electric Field. In the interest of economy, magnitude only electric

field data were measured. In order not to predict unduly pessimistic induced
voltage levels on the pipeline, a knowledge of the phase of the electric field

is necessary. Hence, computations of the electric field expected along the ROW
were made using values for the electric transmission line phase currents existing
at the time measurements were made. These currents were monitored and recorded
by Commonwealth Edison on an hourly basis.
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The calculations were made by the use of Carson's mutual impedance formulas and ‘
the electric field contributions from the individual power line circuits were
vectorially added for the specific Tocations at which measurements were made
along the ROW. A plot of the calculated magnitude for the electric field is
also made in Figure 3-13 for comparison with the measured data. Except for a
few points which will be individually discussed, the calculated and measured
values generally agree. The shapes of the curves, however, are different. The
measured data points were arbitrarily connected by straight 1ines. However,
calculated data points were joined by step functions. The reason for this is
that along the ROW if the pipeline-power 1line physical geometry or electrical
coupling remains constant, then the electric field also is constant. However,
Tocations of electrical or physical discontinuity cause a relatively sudden
change in the electric field, as shown by the step function variations in Fig-
ure 3-13. The approximate locations of the significant discontinuities are:

Station No. Discontinuity
62+00 36-inch Aux Sable pipeline enters Edison ROW

167+00 10-inch Hydrocarbon pipeline enters ROW

270+00 10-inch Hydrocarbon 1ine crosses to far end of ROW

430+00 10-inch Hydrocarbon line crosses ROW, separation of
36-inch pipe from Edison tower reduced to 30 feet

740+00 Three electrical circuits Teave the ROW

900+00 Two 138-kV circuits enter the ROW

990+00 Transposition of phases on 138-kV circuit

1060+00 34-inch Lakehead pipeline enters ROW:
Aux Sable pipeline crosses to center of ROW

1220+00 138-kV circuit phase transposition

1390+00 138-kV circuit phase transposition

1618+00 Pipeline insulator.

The first and largest deviation in calculated electric field magnitude relative
to the measured value occurs between stations 62+00 and 167+00. The reason for
this deviation is that the calculation of the electric field is critically depen-
dent upon knowing the exact value of the electric circuit currents. Because of
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the vectorial nature of the electric field, calculation of its magnitude at times
involves the subtraction of two nearly equal large numbers and, hence, a small
error in one number can result in a much larger variation in the result. Recog-
nition of this fact and knowledge of the physical processes involved allows com-
pensation to be made, thus minimizing errors in subsequent voltage computations.
In general, heretofore, this effect has not been appreciated, thus leading to
apparent inconsistencies in the functional relationships between the sources of
the induced field, that is, the electric circuit's phase currents and the result-
ing pipeline voltages. This effect does not negate the theory, but yields an
explanation for observed variations. Progressing along the ROW, the one excep-
tion to the step function discontinuity rule is found in the Station 430+00-600+00
region. Here, the electric field strength diminishes in roughly linear fashion

to a low in the Station 600+00-730+00 region. This gradual reduction is a result
of induced current in the ten-inch hydrocarbon pipeline lying along the ROW. It
shows that multiple pipelines on the same ROW will, in general, cause a weakening
of the electric field at the other pipelines and, thus, effect a reduction in the
induced pipeline voltage. The plot for the calculated field shows that the extreme
variations experienced between Stations 836+00 and 845+00 cannot be accounted for
on the basis of purely inductive effects. Hence, it is believed that these varia-
tions are local effects due to the Plainfield Village pumping station and, as such,
do not impact the voltage calculations to a significant extent. The difference
between the calculated and measured electric field values in the region Stations
900+00-990+00 can be accounted for again by small variations in one or more of

the power 1line currents, and this deviation does not significantly impact the
induced voltage predictions.

Since differences in the computed and measured electric field magnitudes can be
accounted for, it is believed that calculated electric field phase information is
reasonably correct. Hence, the voltage profile discussed in the following sub-
section was based on the joint use of measured magnitude data and calculated
phase information.

Voltage Profile from Measured Data. A pipeline voltage profile determined from

the measured magnitude data and calculated phase is piotted as the dashed curve
in Figure 3-14. Inspection of the plot shows that peaks of induced voltage appear
at locations corresponding to power line-pipeline discontinuities with an exponen-
tial decay betweek peaks. If the discontinuities are reasonably separated, the

voltage peak is approximately equal to
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where E1 and E2 are, respectively, the vector electric fields on either side of
the discontinuity, and y is the pipeline propagation constant which is a function
of pipe steel parameters, pipe diameter, ground resistivity and especially of pipe
coating conductivity. Since E1 and E2 are vectors, their difference angle is of
extreme importance. For example, if it approaches zero, the resultant field will
be the difference of the two, thus resulting in a relatively low voltage at the
discontinuity. This point is exemplified at Station 900 since even though it is

a location of a discontinuity, the resultant voltage is low. However, when the
fields differ in angle by 180 degrees, then their effects are additive, thus
causing high induced voltages such as at Station 740.

Insulators appearing at the ends of the pipeline act as severe electrical discon-
tinuities and the voltage peak at an insulator may be approximated by

~ E -
ins ¥y (3-28)

where E is the electric field in the vicinity of the insulating junction.
The predicted voltage plot of Figure 3-14 covers the ROW from Station 00 to

Station 1618+00, which represents the region of highest induced voltages for the
pipeline,

Pipeline Propagation Constant. The previous calculations show that the induced
voltage peaks are an inverse function of the pipeline propagation constant, the

value of which is extremely sensitive to pipeline coating resistance. The curve
of Figure 3-14 is based on a value of |y| = 0.37 km™L, which conforms to a pipe-
line coating resistance of 100,000 ohms-ft™ for the pipe diameter and average
soil conditions. Although higher resistances are desirable when considering
cathodic protection requirements, they cause an increase in the induced pipeline
voltage. For example, a coating resistance of 200,000 ohm-ft2 would result in

a value of |y| = 0.25, and thusly increase predicted voltage levels in Figure3-14
by 48%; 300,000 ohms-ft“ would result in a value of [y| = 0.21 km'l, causing an
increase in predicted voltage levels of 76%.

The coating resistivity after construction is completed is difficult to predict.
For example, it has been reported that a coating with an average measured
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resistivity after burial of 200,000 ohms-ft2 in moderately conductive soil was
found to exhibit a high value of as much as 1,135,000 ohms-ft2 and a low value
of 10,000 ohms—ft2 over a short section.

"Worst Case" Voltage Profile. A pipeline situated on a ROW with electrical cir-

cuits is in a constantly changing electromagnetic environment. Hence, depending
upon the loading of the power lines, the degree of load unbalance, etc., the pipe-
line voltage at a given Tocation will vary in time, and significant changes can
occur in a time frame of hours or less. The profile determined from the measured
data nearly approximates the pipeline voltage which would have existed at the time
of electric field measurement. Some differences will exist because logistics
force measurements to be made over a period of time greater than the period of
"electrical stationarity" of the power line phase currents. An instantaneous
"snapshot" of the electric field over the complete 1ine length would provide the
necessary information for an exact profile determination. However, compensation
of data obtained in time sequence is possible.

It must be recognized that a dynamic situation exists on the ROW as regards
electromagnetic induction. Measurements made in a relatively short time frame
constitute only a single sampling of a time varying process; i.e., the voltage
profile can vary in time. Hence, to account for these variations, a "worst case"
profile has been computed for the condition of average load currents on the elec-
trical circuits carried on the ROW, but where peak unbalances in phase load cur-
rents for a given circuit of up to + 5% may be expected. (Such unbalanced condi-
tions generally are the principal cause of pipeline voltage fluctuations.)

Applying a probability model for the induction phenomena to this situation results
in the solid curve profile plotted in Figure 3-14. Since this curve more nearly
represents worst case conditions, it can be expected to always lie above the
dashed curve representing conditions at the time of measurement. One exception
to this rule is found at Station 430+00 and vicinity. Here, the "worst case"
computed curve lies below the voltage peak calculated from measured data. De-
tailed analytical investigation of the electrical characteristics of the discon-
tinuity at this Tocation has shown that the peak calculated from the measured
data is incorrect and appears because of a relatively significant change in power
1ine current between the times the electric field was measured at locations south
and north of Station 430+00, respectively.
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Voltage Profile
Consumer Power Company, Kalamazoo Line 1800 Pipeline

Introduction. The mathematical/hand calculator oriented approach is used here to
derive the pipeline voltage profile. The ROW configuration is relatively simple,
thus providing a good first introduction to obtaining mathematical solutions.
This case illustrates how to take into account end terminations of the pipeline
and evaluate their effects. Line 1800 is a 20-inch-diameter gas transmission
pipeline located north of Kalamazoo, Michigan. It runs approximately south to
north for a distance of 31.1 km, starting at the Plainwell valve site and termi-
nating at the 30th Street valve site at the north end. It parallels two 345 kV,
three-phase circuits for a distance of 27.1 km, starting at a distance of 3.0 km
north of the Plainwell valve site and ending at approximately 1 km south of the
30th Street valve site. For the region of parallelism, the average ROW profile
is shown in Figure 3-15.
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An ac pipeline voltage survey was made along this ROW at a time when the currents ‘
in the electric circuits were being monitored. Based upon the developed predic-

tion theory, a voltage profile was calculated. The calculated and measured pro-

files are plotted in Figure 3-16 and, as shown, good agreement between both plots

exists.

The pipeline is terminated at both ends in insulators with grounding cells across
the insulators. At the time of the survey, it appeared that the grounding cell at
the 30th Street valve site was partially shorted since bonding across the insulator
did not cause a significant redistribution in pipe voltage and current. Hence,

the pipeline at this location was electrically connected to a 24-inch pipeline
(which, in turn, was electrically bonded to another 16-inch pipeline).

At the Plainwell valve site, a relatively good grounding system exists to the
south of the pipeline insulator which is formed by the electrical connection of

a 12-inch pipeline, several ground rods at the valve site, and a tie-in to the
electrical power system neutral at this point. With the grounding cell connected
across the insulator, which is normal operation, the pipeline is well grounded at
the south end, and hence, mitigates ac induction at this end. The grounding cell
at this end was fairly well dried out, and hence, the pipeline experiences rela~
tively high voltage levels at the valve site if this bond is removed.

Inspection of Figure 3-16 shows the voltage reduction experienced by bonding
across the insulator and achieving pipeline grounding at this point. Experimen-
tal and calculated profiles agree excellently. At several points along the pipe-
1ine, magnesium anodes have been installed, but were disconnected while measure-
ments were being made. To test the effect of such anodes on the reduction of
induced ac voltages, measurements were also taken with a mag anode connected at
112th Street (~ 5 km north of Plainwell valve). A single anode will provide an
ac voltage reduction only at or near the point of connection, and the resulting
calculated and measured voltage Tevels are plotted as the diamond-shaped points
in the figure. In general, if voltage mitigation by means of mag anodes was de-
sired over a large distance, placement of successive anodes at distances much
less than Y'l, the pipeline propagation constant, would be necessary. This pro-
cedure would effect the equivalent of a pipe coating of lower resistivity and,
hence, uniformly reduce the voltage along the complete length of the pipeline.
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With the bond removed at Plainwell, the induced voltage levels at the north

end are not affected due to the attenuation of the pipeline. They rise, however,
at the south end due to the severe discontinuity the insulator presents to the
pipe. Inspection of the plots shows a deviation between measured and calculated
values at or near the Plainwell valve site. The discrepancy can be accounted for,
however, by the fact that for the calculations a perfect insulator was assumed
(infinite resistance), but obviously some leakage did occur across the existing
ground cell which resulted in measured voltages being somewhat smaller than the
calculated values.

The results plotted in Figure 3-16 verify the developed prediction technique.
Details of the calculations are described in the following sections.

Electric Field Calculation. The first step in predicting the voltage developed
on the pipeline is to determine the longitudinal electric field driving the pipe-

Tine. The procedure is as follows:

1. From Figure 3-15, determine the distances (using geometric mean height
of the conductors) from each of the six phase Tine conductors to the
shield wires and the pipeline. Also determine the distance between
each shield wire and the pipeline.

2. Using the mutual impedance program CARSON developed for the TI-59
programmable calculator, determine the mutual impedances between
the phase conductors, the shield wires and the pipeline. (An aver-
age ground resistivity of 400 ohms-meter is assumed.)

3. From available programs, calculate the self impedances of the
shield wires (c.f., program SHIELD) and the pipeline (c.f.,
program PIPE) calculated self impedances are: shield wire,
Z=2. 05/29 20 ohms/km; pipeline, Z = 0.596/77.69 ohms/km (The
shield wire dc resistance was assumed to be 1.727 x 10-3 ohms/m.
The radius of the shield wire is 4.978 x 10-3 m. The pipeline self
impedance is obtained by multiplying vy and Z, together These
latter parameters were obtained by means of program PIPE, with the
following input parameters: (1) pipe burial depth - 36 1nches,
(2) pipe thickness - 0.32 inch, (3) ground resistivity - 400 ohm-m,
(4) pipe steel re]at1ve permeability - 300, (5) pipe steel resistiv-

ity - 0.17 uQ-m, p1ps diameter - 20 inches, (7) coating resis-
tivity - 300,000 ohms fte. W1th these input parameters, calculated
pipeline parameters were: = 0.1397 + j 0.1129 km™* and

= 2.593 + j 2.075 ohms.)

4, Input the mutual and self impedances into the TI-59 program CURRENTS
and for an assumed set of power line currents determine the pipeline
current. Multiplication of the pipeline current and self impedance
yields the driving electric field at the pipeline. Calculations
were made assuming 50 amperes load in each phase conductor (phasing
sequence X, Y, Z: CCW). The hand calculator program CURRENTS yields
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a pipe current of 6.43/128.99 amperes, and hence, a source field
of Ey = 3.83/26.50 volts/km.* This value is obtained by multiply-
ing the negative of the pipe current times the pipe self impedance.

Pipeline Load Impedances

Plainwell Valve Site. Due to the fact that a complex grounding system

exists at the valve site, e.g., ground rods, pipelines, and a tie-in to
the electrical distribution system neutral, the grounding impedance was
measured rather than calculated. With a bond across the insulator, a
value of 0.15 ohm was measured. This measurement was made with a volt-
meter and ammeter and, hence, the grounding impedance phase was not
directly measurable. It was estimated to be in the vicinity of zero
degrees, i.e., primarily resistive, and subsequent calculations made
using this assumption yielded calculated voltage profiles commensurate
with measured values. The estimate was based on prior field experience
which has indicated that the impedance of short ground rods, lossy con-
ductors and so forth, tends to be primarily resistive. The ground bed
at this valve site is a composite of such grounds. With the bond re-
moved, an infinite load impedance was assumed, which the plots of Fig-
ure 3-16 show as being slightly in error; i.e., some leakage existed
through the nominally dry grounding cell.

Thirtieth Street Valve Site. The valve at this site is physically con-
nected to a 24-inch pipeline having a poorer coating (= 100,000 ohms-ft
and this pipeline, in turn, is electrically bonded to a 16-inch pipeline

2

with a coating resistivity of about the same magnitude. Hence, the Toad
impedance seen by the pipeline with a shorted insulator at the valve
site will be one-half of the parallel combination of the 16-inch and
24-inch pipeline characteristic impedances. This value was calculated
to be 0.506/38.40 ohms, and was found by the following procedure. When

*Loading on these circuits varied considerably during the course of the measure-
ments due to changes in current levels, line unbalances, and even in change of
direction of power flow for one of the circuits relative to the other. For the
variations observed within a 24-hour period, the pipe induced voltage could change
by factors of three to four higher or lower than the calculations presented here.
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an electrical bond is made to a pipeline extending for a significant
distance to either side of the bond, the input impedance into the bond
is equal to one-half of the pipeline characteristic impedances. By
bonding to two pipelines, the impedances looking into each of the pipe
bonds are in parallel. Hence, the effective impedance as seen by the
20-inch pipeline is the product of each external pipeline bond imped-
ance divided by their sum.

Equivalent Circuit Derivation. At each location along the pipeline for which a
voltage prediction is desired, Thevenin equivalent electric network circuits must

be derived looking in both directions along the pipeline from that location. These
equivalent circuits may then be combined as discussed in the following section,
to determine the voltage at that point.

To elucidate the procedure, a sample calculation for a point approximately 7.2 km
north of the Plainwell valve site (115th Street) will be made. (It will be assumed
that the bond across the Plainwell insulator is removed.)

Equivalent circuit derivation is accomplished through repeated use of program
THEVENIN, as follows.

To the North. The 30th Street valve site is approximately 23.9 km away
from the location. However, the pipeline follows the electric transmis-
sion for the first 22.9 km. Hence:

1. Find the input impedance to the pipeline at a point 1 km south of

the 30th Street valve. MWith the load impedance of 0.506/38.40 at
the valve site, the input impedance is calculated as 3.32/38.70 ohms.

2. This calculated impedance is then used as the load impedance for
the 22.9 km pipeline length. As previously determined, the driving
electric field is 3.83/26.50 volts/km, and using these parameters
in the THEVENIN program yields an equivalent circuit consisting of
a voltage generator of 22.1/-191.2 volts in series with an impedance
of 3.32/38.7 ohms.

To the South. The infinite impedance at the Plainwell valve site trans-
forms through the use of Program THEVENIN to an impedance of 6.23/5.149
at a point 3.0 km north of Plainwell (location where the pipeline first
contacts the power line). This impedance is then used as the load imped-
ance for the 4.4 km of pipeline extending from the point of first contact
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. to 115th Street. Usingthe previouslycalculated fieldof E0= 3.83/26.5+ 180°
results in an equivalent circuit generator of 11.5/19.99 volts in series
with 3.23/24.69 ohms using the THEVENIN program.

Pipeline Voltage Calculation. The pipeline voltage at this location is calculated

by combining the two equivalent circuits and calculating the resulting voltage at
the point of connection. To effect this solution easily, the hand calculator pro-
gram NODE is used. Inputting the equivalent circuit parameters into the program
yields a pipe voltage of 8.0/130.40 volts and a pipe current of 5.0/147.60 amperes.

The Program NODE also has the added capability of solving for the resulting
voltage with either a mitigation (ground) wire or anode connected to the pipe-
Tine at the Tocation. (When a ground or mitigation wire is not used, the imped-
ance [Zzl must be set to a high value for the program to yield a correct result.
A value of 10,000 or higher should be sufficient.)

Voltage Prediction
Texas Gas Transmission Corporation, Memphis, Tennessee

Introduction. This case history of voltage prediction is possibly the most compli-
cated of the set presented, in that four gas pipelines are collocated with several
power circuits. The analysis becomes difficult because of electrical interties
between the pipelines at several locations. The solution illustrates repeated use
of the Thevenin equivalent circuit concept to produce successive simplifications

of the problem. Near the city of Memphis, Tennessee, the Texas Gas Transmission
Corporation and the Memphis Gas, Light and Water Company share a common right-of-
way for a distance of approximately 1.9 km. Four pipelines and the two existing
power lines (three circuits) share the right-of-way. An additional power line
with two vertical circuits is planned for the near future on the west side of the
right-of-way, as shown in Figure 3-17. 1In this section, the right-of-way lies in
an almost north-south direction, from Highway 72 on the north end (Station #254+1377)
to Messick Road on the South (Station #253+984).

A study of the impact the new circuits will make on the induced pipeline voltage
distributions for both the steady state and transient conditions has been made.

Predicted Voltage Levels. Tabulated results of the steady state analyses and the

transient analyses made in the following subsections are summarized here.
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Steady State. Calculations for the peak voltages which occur at the

north and south ends of the parallel exposure were made for the follow-

ing conditions:

1. for the existing circuits (fully loaded, i.e., 1000 amperes for the
500 kV circuit and 200 amperes each for the 161 kV circuits) with

the cathodic protection (C.P.) bond wire connecting all four pipe-
lines at Poplar Pike - both connected and disconnected, and

2. for the fully loaded existing circuits plus the proposed circuits
loaded to 200 amperes each (Tables 3-3 and 3-4).

Transient Voltage Levels. For a single phase line to ground fault, the
worst case voltage stress across the pipeline coating is estimated at
6748 volts. Simultaneously, the pipe steel will rise to a level of

109 volts for the duration of the fault.

A station fault will cause an induced voltage to occur on all conductors
along the right-of-way, i.e., phase wires, shield wires and pipelines.
Due to the large number of conductors, an exact solution for the induced
voltage level on any one conductor is not possible with the presently
available hand calculator program. A worst case analysis, for example,
gives 665 volts on the 26-inch - #1 pipeline, but in practice it would
be expected that the actual voltage level would be a small fraction of
this value.

Summary of Results. A comparison of Tables 3-3 and 3-4 shows that the

addition of the proposed two circuits on the right-of-way primarily af-
fects the voltage levels on the 26-inch - #1 pipeline. The voltage
levels are increased from 19 to 27 volts at the south end of the expos-
ure, Messick Road, and from 15 to 20 volts at the north end at Highway
72 (CP bond connected). It should be noted, however, that these arenot
the highest voltage levels that can be experienced on the right-of-way.
Even with the existing circuits only in operation, a 1000 ampere load-
ing on the 500 kV TVA 1ine could induce higher levels on the 30-inch
and 36-inch lines (c.f., Messick Road).

The worst situation transient problem occurs with a single phase tower

fault in which a voltage stress of approximately 6700 volts is induced
across the pipe coating.
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Table 3-3
VOLTAGE LEVELS - EXISTING CIRCUITS

Messick Road Highway 72
Pipeline CP Bond In Bond Out CP Bond In Bond Qut
26" - #1 19V 20 V 15V 20V
26" - #2 36 33 19 36
30" 29 29 19 27
6" 38 29 6 27
Table 3-4

VOLTAGE LEVELS WITH PROPOSED CIRCUITS

Messick Road Highway 72
Pipeline CP Bond In Bond Out CP Bond In Bond Out
26" - #1 27 V 26 V 20 v 26 V
pe" - #2 39 36 25 36
30" 29 29 20 27
36" 38 29 5 27

Steady State Voltage Prediction. The analytical approach to the problem is gen-
erally dictated by the number of pipelines, the electrical bonds between them,

and the number of electrical circuits and associated unknown shield wire currents.
Referring to Figure 3-17, the right-of-way consists of (after installation of the
proposed tower) 15 phase current carrying conductors, 6 shield wires, and 4 pipe-
lines carrying unknown currents. In addition, as shown in Figure 3-18, the
following electrical bonds exist between the pipelines:

) 26-inch - #1 and 26-inch - #2 are electrically tied together at
approximately 2.15 km south of Messick Road (south end of parallel
exposure).

(] A1l four pipelines are tied together at a distance of 8.3 km south
of Messick Road.
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® A1l four pipelines are tied together at a distance 2.6 km north of
Highway 72 (north end of parallel exposure).

° A (removable) cathodic protection bond is made to all the pipelines
at Poplar Pike, a distance 0.45 km south of Highway 72.
A rigorous solution to the voltage prediction problem for this right-of-way re-
quires the simultaneous solution of equations for the ten unknown currents; this
is complicated by the fact that not only does inductive coupling occur between
the pipelines, but also direct coupling, as exemplified by the existing cross
ties and bond wires. Cost effectiveness requires simplification of the problem,
but in a proper manner so as not to compromise the solution. The approach used
may be outlined as follows. Program CURRENTS can solve for unknown currents in
up to five conductors in the presence of up to 25 known current-carrying conduc-
tors. In order not to exceed the program's capability, the following sub-set
problems were solved:
1. The shield wire currents (4) for the 161 kV circuits were obtained
by solving simultaneous equations, taking into account only the 12-
phase wires on the two towers. The rationale behind this approxi-
mation is that these shield wires are primarily driven by their own

phase wires, and hence, neglecting the other conductors (including
the pipelines) will not materially affect the solution.

2. Assuming that the 500 kV phase wires were the prime driving sources
for the shield wires mounted on the same tower, a solution for these
shield wire currents was then obtained.

The solutions thusly obtained for the six shield wire currents reduce the number
of unknowns to four (the pipeline currents), thus allowing the use of program
CURRENTS directly for their solution. (Since the parallel exposure length is
quite small, it would be necessary to input a modified set of mutual and self
jmpedances into the program, which is discussed in Appendix D.)

However, an alternative approach was used, namely considering each pipeline indi-
vidually, calculating the electric field, and hence, the voltage at each pipeline
ignoring mutual coupling effects between the pipes themselves. The reason for
this approach was that the pipeline(s) response to an individual electric circuit
was desired and proved simpler than successively re-inputting the calculator pro-
gram parameters. Generally, neglect of the mutual impedances between pipelines
would lead to relatively large errors in the predicted voltage level. 1In the
present situation this is allowable because (1) the short exposure length Timits
the individual pipe currents so that the electric fields produced by them are
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relatively small, and (2) because of 1ike phasing for the electrical circuits,
the electric field from the power lines is relatively large, thus tending to mask
the pipeline current contributions.

With the cathodic protection bond wires opened at Poplar Pike, calculation of the
voTtage profiles on each of the pipelines is relatively simple. Picking a point
of observation (generally, the north or south end exposure points since peak volt-
ages occur at these points), the equivalent circuit approach was used with numeri-
cal calculations made by means of the THEVENIN program. The principal point to
keep in mind is that since the pipelines are tied together both north and south

of the parallel exposure, they are not terminated in their characteristic imped-
ances, and the effective end loadings must be determined.

For the case where the cathodic protection bonds are connected at Poplar Pike,
the equivalent circuit voltage calculations become more difficult because this
is a Tocation along the parallel exposure. The procedure here is to find the
Thevenin circuit for each pipeline to the north and south of Poplar Pike and
parallel-connect all eight circuits. A Thevenin equivalent generator may then
be derived, i.e., the connected bond(s) voltage at Poplar Pike. The peak volt-
ages for each of the pipelines may then be calculated, e.g., from the south end
of the exposure looking north or the north end Tooking south, with the transmis-
sion line(s) terminated in the Poplar Pike Thevenin equivalent generator.

The intermediate calculations are discussed in the following subsections.

Pipe Parameter Calculations. Averaged pipe parameters were obtained assuming a

ground resistivity of 5000 ohm-cm and coating resistivities for all pipes of
100,000 ohms-ftz. The propagation constant and characteristic impedance for
each pipe was determined as,

.26 + j.20 1

Y .328/37.6°% km~

ZO

1.2+3j1

1.56/39.8 ohms
Even though the pipes varied in diameter, the same parameters were assumed for

all the pipes, since possibly unknown variations in the above resistivities could
supercede variations caused by the differences in the diameters.
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Shield Wire Current Calculations. Using the approximate method outlined previously,
the shield wire currents were calculated on the basis of 1000-ampere phase currents
in the 500 kV circuit and 200 ampere currents in the four remaining 161 kV circuits

(al1 circuits delivering power south). The Carson mutual impedance was calculated
between each phase wire and shield wire using the program CARSON. Solution of the
simultaneous equations for the unknown currents was made by the program CURRENTS.
Results are:

500 kV Circuit*

East Shield Wire: I = 27.7/214.49 amperes

West Shield Wire: I = 29.1/48.26° amperes

East (existing) 161 kV Tower**

East Shield Wire: I = 13.4/190.89 amperes

West Shield Wire: I 18.0/194.99 amperes

West (proposed) 161 kV Tower***

East Shield Wire: I = 9.6/207.2° amperes

West Shield Wire: I

6.8/202.70 amperes

Electric Field Calculations. The voltage appearing on any of the pipelines is
proportional to the driving electric field impinging upon the pipeline. For cal-
culating the electric field, the program CARSON was used to find the mutual imped-
ance between each pipe and all of the phase and shield wires. Because of the
short exposure length of the pipelines to the power lines, mutual coupling effects

between the pipelines themselves were ignored.

Calculated shield wire self impedance;
3

* 2.11/25.60 ohms/km (wire resistance = 1.85 x 10_° ohms/m;
wire radius = .44 x 10-2 m)

** 1,373/40.69 ohms/km  (wire resistance = 0.984 x 10'3 ohms/m;
wire radius = .55 x 10-2 m)

**%) 38/22.49 ohms/km (wire resistnace = 2.14 x 10'3 ohms/m;
- wire radius = .44 x 10-2 m).
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26-inch - #1 Pipeline. The electric field calculations for the phase

current Toading given in Figure 3-17 yield the following:

Partial electric field due to existing
161 kV circuit = 10.7/254.90 V/km,

Partial electric field due to proposed
161 kV circuit = 10.8/245.59 V/km.

Partial electric field due to existing
500 kV circuit = 18.4/231.79 V/km.

Total electric field at pipeline = 39/243°,

Hence, addition of the proposed 161 kV circuits to the ROW will in-
crease the steady state voltage at the pipeline by approximately one-
third when the other circuits are fully Tloaded.

26-inch - #2 Pipeline.

Partial field due to existing 161 kV circuit
Partial field due to proposed 161 kV circuit
Partial field due to existing 500 kV circuit
Total field at pipeline

12.5/252.59 V/km.
4.54/274.40 V/km.
37.7/234.10 V/km.
53.5/241.50 V/km.

30-inch Pipeline.

Electric field due to 500 kV circuit = 38/240.79 V/km.

Electric field from other lines small.

36-inch Pipeline

Electric field due to 500 kV circuit = 35.7/56.99 V/km
Electric field from other lines small.

Voltage Calculations (Cathodic Protection Bond at Piplar Pike
Disconnected)

30-Inch/36-Inch Pipelines (Messick Road). The voltage calculations for
either pipeline are almost identical and will be made for one of the

pipelines only (30"). Due to all the pipelines being tied together at
2.6 km north of Highway 72, the load impedance for the pipeline seen

at this point is Zo/7‘ Using program THEVENIN, this load impedance
transforms into an impedance of 1.29/599 ohms at Highway 72. In turn,
for 1.9 km of pipe, this impedance is changed to a value of 1.614/47.90
ohms at Messick Road. The Thevenin open circuit voltage at this point
is found to be 58.8/48.20 volts.
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The program THEVENIN is used many times in this book and was used in
deriving the above equivalent circuit parameters. In order to keep the
case histories from becoming unduly lengthy, details of each calculation
are generally not given. However, as an illustrative example for aiding
reader comprehension, the steps leading to the above equivalent circuit
are presented here.

Two iterations of the program THEVENIN are required to arrive at the
result:

1. Find input impedance at Highway 72 looking to the north.

THEVENIN program inputs:

Real(y) = 0.26
Im(y) = 0.20
Rea](ZO) = 1.20
Im(ZO) = 1.0
[VL| =0 (power Tines not parallel to pipeline at 2.6 km
north of Highway 72)
Moo
|ZL| = 1,56 + 7 =.223 (with four pipelines tied together the
input impedance looking to the north at
2.6 km north of Highway 72 is Z /7, i.e.,
seven pipe characteristic 1mped3nces in
parallel)
= 0
ZEL. 39.8
E ] = 0
L = 2.6 km

Exercise of program THEVENIN yields a Thevenin voltage generator of 0/00
and a Thevenin impedance of 1.29/59° ohms. These quantities become VL
and ZL for the next iteration.

2. Find the Thevenin equivalent circuit Tooking to the north at Messick
Road. THEVENIN program inputs
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Real(y) = 0.26
Im(y) = 0.20

Rea1(ZO) = 1.20

Im(ZO) = 1.0
IVL‘ =0
o
1z, = 1.29
= 0
IEO( = 38 (electric field at 30" pipeline)
= o
ZEQ 240.7
L = 1.9 km

Exercise of program THEVENIN yields the Thevenin voltage of 58.8/48.20
volts and the Thevenin impedance of 1.614/47.99 ohms given previously.

The actual pipeline voltage at Messick Road is the open circuit Thevenin
voltage corrected for the voltage division occurring between the pipe
impedance (1.614/47.99) seen looking to the north of Messick Road and
the impedance looking to the south (1.59/39.60). The latter impedance
is obtained by calculating the input impedance of the pipe with a load
of 20/7 at a distance of 8.3 km. The resulting calculated voltage is
29.3/440 volts.

At the north end of the exposure, Highway 72, the voltage division im-
pedances are different, i.e., 1.29/590 to the north and 1.59/39.60 to
the south, yielding a computed voltage of approximately 26.7 volts.

26-Inch - #2 Pipeline. This pipeline is tied to 26-inch - #1 at approx-
imately 2.15 km south of Messick Road and to the other three lines at
2.6 km north of Highway 72. Such interconnection will tend to equalize

the peak voltages appearing at both ends of the parallel exposure.
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To compute the voltage at Messick Road, i.e., south end of the exposure, ‘
the following procedure is used:

Assume a load resistance of 20/3 at the tie-in point south of
Messick Road. The THEVENIN program transforms this impedance to
1.26/54.10 at Messick Road. In 1ike manner, as for the 30 and 36-
inch pipelines, the pipeline input impedance is calculated at
1.614/47.99 ohms, with an open circuit voltage generator 82.9/490
volts. Calculating the voltage division due to the two impedances
yields 36.4/52.50 volts. The voltage at the north end of the ex-
posure will be approximately the same.

26-Inch - #1 Pipeline. Because of the identical cross ties, the imped-

ance transformations are the same as for the 26-inch - #2 pipeline. The
electric field is less at this pipeline, resulting in a peak voltage at
both ends of approximately (39/53.5)36.4 - 26.5 volts.

Voltages (Cathodic Protection Bond Connected). The cathodic protection bond, when

connected, electrically ties all four pipelines together at Poplar Pike, and thus
causes a voltage and current redistribution among the pipelines. In order to cal-
culate the peak voltages on the individual pipelines, the following pracedure must
be used:

1. Calculate a Thevenin equivalent circuit for each pipeline looking

to the north and to the south of Poplar Pike, eight total, and con-
nect them in parallel using the program THEVENIN.

2. Recalculate a new Thevenin equivalent circuit for the above. This
circuit then acts as the load for each of the pipelines using pro-
gram THEVENIN.

3. Using the modified input parameters and the THEVENIN program, cal-
culate the voltage at the north or south terminal exposure points.

A rigorous calculation for the above is rather elaborate. However, the procedure
may be simplified as follows:

1. Assume that all lengths of pipeline have an input impedance equal
to their characteristic impedance. This yields a Thevenin equiva-
Tent circuit impedance of 20/8.

2. With equal impedance in each leg, the voltage at Poplar Pike may
be found by weighted averaging of the electric fields at the pipe-
lines. Hence,
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Vv = l

8 Eo. (1.2/-7.80 + .425/177.509) (3-29)

4
=1 !

i
where

1.2/-7.80 is the Thevenin equivalent generator voltage produced in a

pipeTine length of 1.45 km (distance to Messick Road from Poplar Pike)

for a driving electric field at the pipeline of 1/09 volt/km; 0.425/179.50

is the open circuit voltage generator for a pipeline length of 0.45 km

(distance to Highway 72) for a driving electric field of 1/00 volt/km;

and E0 is the electric field at the ith pipeline.

i

Solution of the previous equation yields a bond wire voltage of 9.2/233.20 volts
for the case where the proposed circuits are in operation. For the circuits
existing presently on the right-of-way, the bond voltage level is 7.7/232.80

when all circuits are fully loaded.

Using the THEVENIN program, the voltage Tevels at both ends of the exposure were
calculated for each pipeline for the electrical circuits existing at present and
also for the future case where the additional tower is placed on the right-of-way.
The program yielded the Thevenin resistance and the open circuit voltages for each
of the pipes and terminal points. The pipeline voltage was then computed assuming
voltage division through the following terminating impedances:

ggu ~ z%} 1.26/54.1° ohms at south end
30 1.59/39. 60

36" .59/39.69 ohms at south end
26" - #17

ggu B #2:' 1.29/590 ohms at north end.
36"

These computed results have been tabulated in Tables 3-3 and 3-4.

Transient Voltages. Due to right-of-way restrictions, the distance between the
power line structure footings and 26-inch - #1 pipeline become small at several
locations with a minimum separation of 16 feet. The magnitudes of the transient
voltages induced by conductive and inductive coupling are considered in this
section.
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Conductive Coupling. A phase-to-ground fault at a tower in close
proximity to the pipeline will cause a voltage gradient in the ground

which will stress the pipeline coating.

Data provided by Memphis Light, Gas and Water indicate a tower

to ground resistance of 3 ohms and a single phase-to-ground fault current
of 10,988 amperes. Because of the grounded shield wires, the fault cur-
rent will be divided between the tower and the shield wires. The imped-
ance to earth as seen from the faulted tower is

z = b VRT ZS
.5Y3 x 0.4

= ,55 Q (3-30)

where
RT is the tower to ground resistance, (3Q), and
ZS is the series impedance of the shield wires to the next tower -
estimated at .4 Q.

Because of the current division, the actual current flowing through the
tower ground is

I. = 2. 1.=-+22. 10988 = 2014 amperes. (3-31)

Using a dc approximation for the current distribution in the earth, the
voltage appearing at the pipeline coating is

4
Ip 1

Ve * B § d. (3-32)
i=1 !

where
p is the ground resistivity, and

di is the distance of each of the tower legs to the pipeline.

A worst case ground resistivity of 17,500 Q-cm will be assumed. (This
value was measured near Poplar Pike at a depth of 2'7".) The calculated
voltage at the pipe coating is,
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Ve = BN (175)(.489) = 6857 volts.

Due to conductive current leakage onto the pipe, the local potential of
the pipe steel will also rise, and may be calculated by the following

formula:
4
Y 1T
Vo = &L Y fvd, - Tn yd, + 0.116] (3-33)
i=1
where
y = (.26 + j .20) 1073 m'l, the pipeline propagation constant.

Assuming the worst case ground resistivity then yields

-3
(.328) {10 )(;715)(2014) [23.8]*

-
il

109 volts.

The calculated voltage stress across the pipeline coating is 6857 - 109
6748 volts.

Inductive Coupling of Transients. A single phase fault at a substation

represents the worst case. Data supplied give 2635 amperes as the worst
case current in one phase wire along the right-of-way. The worst case
condition of induced voltage on the pipeline would occur if only the
faulted phase conductor (the one closest to the pipeline) and a single
pipeline were present on the right-of-way. For this situation, a worst
case transient voltage of 665 volts could occur at the 26-inch - #1
pipeline (assuming coupling of all high frequency components to be the
same as the 60 Hz component). However, due to the multiplicity of
other conductors, i.e., phase wires, shield wires, pipelines on the
right-of-way, induced current division between conductors will cause
the actual induced voltage at any one conductor to be a small fraction
of the calculated worst case voltage.

*d1 =4.88m, d, = 12.13 m, d, = 7.81 m, d4 = 13.6 m.

3
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Voltage Prediction
Consumers Power Company Karn-Weadock Line, Bay City, Michigan

Introduction. The solution of the induced voltage prediction problem for this
crude oil pipeline is obtained by an approach utilizing field measured data as
much as possible in contrast to the purely analytical solutions presented for the
previous case histories. This 16" pipeline runs north and south approximately
10.6 km from the Karn-Weadock power plants on the north end to a tap site and

tank farm on the south end. It is terminated in an insulator and high resistance
grounding cell on the north end (Z0 + ) and an insulator and a low impedance
grounding cell at the south end. The principal right-of-way (ROW) characteristics
are diagrammed in Figure 3-19.

The pipeline shares the ROW with six 3¢ circuits. Starting from the west there
are two 138 kV horizontal circuits, each on an H-frame. Next, there are two ver-
tical circuits carried on a single tower with the west circuit at 46 kV and the
east circuit at 138 kV. The easternmost tower on the ROW carries two vertical
138 kV circuits. The pipeline ROW may be conveniently divided into five regions
on the basis of the principal interaction characteristics with the electric power
lines. These are as follows:

Region 1: 1In this region, the pipeline lies on the west end of the
ROW. The distance to the nearest structure varies, however,
and is equal to 70 feet in la; 190 feet in 1b, and approx-
imately 380 feet in lc. The extent of each region with
distances measured from the north terminus are as shown
in Figure 3-19.

2: The pipeline crosses over to the east side of the ROW and
hence is subject to a completely different excitation field.

3: The pipeline remains in the same position, but the 46 kV
circuit (second tower from right) leaves the ROW. The
excitation to the pipeline is only slightly changed be-
cause of "shielding" of the pipeline by the circuits on
the east tower,

4: The pipeline moves to the center of the ROW, i.e., between
the horizontal and vertical circuits, It experiences a
relatively large change in source driving field at this
point.

5: The pipeline remains in the same position, but the eastern-
most tower leaves the ROW. The excitation to the pipeline
is modified, but not significantly, due to "shielding" by
the single circuit remaining on the tower to the east. (This
condition prevails because the two circuits on the east tower
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REGION

(1a)
0<d<1.73 km

(Ib)
1.73<d <3.45 km

(lc)
3.45<d<5.6 km

(2)
56<d<6.5 km

(3)
6.5<d<7.4 km

(4)
7.4<d<8.64 km

(5)
8.64<d<10.6 km

¢ '. N .' . . . . | . i
L | . . | . )
L ] | . ole
L Pipeline
Fig.3-19 BAY CITY ROW PROFILE LOOKING NORTH
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in Region 4 are phased in partial opposition and, hence their
contribution to the total electric field at the pipeline is
small compared to that produced by the single circuit on the
adjoining tower.)

Pipeline Voltage Prediction Approach. A purely analytical approach to the pre-
diction of the pipeline voltage profile is primarily a two step process:

(1) calculate the driving source electric field at the pipeline; and (2) using
Thevenin equivalent circuits derived from the program THEVENIN, compute the volt-
age profile on a point-by-point basis. This procedure was followed, for example,
in the Texas Gas Transmission Corporation (Memphis, Tennessee) and the Consumer

Power Company (Kalamazoo, Michigan) case histories. For the situation where an
existing ROW does not have all the electric power circuits installed, for example,
and the effect of future circuits needs to be determined, then this purely analyt-
ical approach is necessary. However, in the present situation, where the power
lines are already installed on the ROW, a measurement approach to obtaining the
free field (Step 1)is possible and, especially in this case, desirable. The rea-
son for this is that the ROW illustrated in Figure 3-19 is quite complicated. For
example, up to 18 phase lines and six shield wires may exist on the ROW. In addi-
tion, although not shown in the figure, there is another 16-inch pipeline sharing
the ROW. Hence, there are eight unknown current-carrying conductors on the ROW
which require a simultaneous solution for the unknown currents. This exceeds the
capacity of the existing program CURRENTS; but as discussed in the Texas Gas
Transmission Corporation case history, this Timitation may be eliminated by solv-
ing for the shield wire currents on an individual piece-meal basis. However, as
shown in Figure 3-19, seven regions are distinguishable, thus requiring as many
sets of calculations; and in addition, the phase 1ine currents must be reasonably
well known for all conductors in order to proceed with the calculations. Hence,
the necessary calculations to typify this ROW are many and, at best, tedious.

An alternate and very viable approach to determine the driving electric field
for the pipeline is by direct measurement, using the electric field magnitude
and phase instrumentation developed during the program. An attractive feature
of this approach is that knowledge of the phase 1ine current values is not
necessary. In using this approach, however, the following considerations apply:
1. The voltage profile calculated using this approach may not be as
accurate as when using the calculative procedure. The reason for
this is that it may take a better part of a day to make all of the
measurements; and because line currents are dynamically varying,
the measurements may not be completely consistent with each other.

However, it appears in general that the resulting errors are at
acceptable levels (c.f., Figure 3-20).
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2. It is necessary to measure the pipeline driving electric field for
each location of the pipeline relative to the power 1ines. However,
the measurements cannot be made in the vicinity of the pipeline it-
self since the pipeline current will perturb the measurements.
Hence, the following procedure or a conceptually similar one may
be used. For example, to obtain an approximation to the pipeline
driving electric field in regions la, 1b and lc, measure the elec-
tric field at the same distances from the power lines in region 2,
since the pipeline has crossed over to the opposite side of the ROW.
Likewise, the driving electric field for the pipeline in region 2
can be approximated by measurements at the same location relative
to the power lines in any of the sub-regions of region 1. Similar
considerations hold for the other regions.

3. A common phase reference must be established between all the elec-
tric field measurements made in the different regions. This is
best accomplished by locating the equipment reference probe at the
same location relative to the power lines in each of the regions
that measurements are made. Two requirements must be made in
choosing the reference probe location: (1) the electric field at
the reference probe must be approximately the same, i.e., at least
the closest power line circuits must be the same for all regions,
and (2) the pipeline cannot be buried at this location in any of
the regions. Reference to Figure 3-19 shows that a location be-
tween the two westernmost structures will satisfy these require-
ments. In making the electric field measurements, the phase of
each measured field is known relative to the reference probe and,
hence, relative to any other measured electric field anywhere on
the ROW. Arbitrarily, any one of the measured fields (or the field
at the reference probe) may be assigned as the zero phase reference
and all other electric field phases adjusted in a corresponding
manner.

4. This measurement procedure is reasonably accurate (as in the situa-
tion here) if the presence of the subject pipeline on the ROW does
not significantly alter the currents in other conductors situated
on the ROW.

Measured Electric Source Fields. After adjusting the measured phase of the elec-
tric fields so as to be commensurable with a single phase reference common to all
regions, the values shown in Table 3-5 were obtained. (Note: The measured field
magnitudes are not modified in any way.)

Pipeline Parameters. Knowledge of the pipeline parameters, y, the propagation
constant and Zo’ the characteristic impedance,are necessary in order to calculate
the voltage profile. This, in turn, requires knowledge of the coating resistivity
which, at best, can only be estimated. An additional complication exists for

this Tline in that during construction, 17-pound magnesium anodes were installed
every one-quarter mile and are inaccessible for measurement. (With such a close
separation, the magnesium anodes in the aggregate act as a continuous holiday

and, hence, basically lower the average resistivity of the pipe coating.)
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Table 3-5
ELECTRIC FIELD MEASUREMENTS

Electric Field
Region (volts/km)
la 0<d< 1.73 km 7.0/10°
1b 1.73 < d < 3.45 km 4.0/ _0°
lc 3.5 < d < 5.6 km 1.2/-100
2 5.6 < d < 6.5 km 2.3/650
3 6.5 <d< 7.7 km ~ 2.3/650
4 7.4 <d < 8.64 km 7.0/1780
5 8.64 < d < 10.6 km ~ 7.0/1780

This problem of establishing the pipeline parameters was solved practically in
the following manner. At a point (far enough from either end so as to establish
the characteristic impedance Tevel) on the pipeline where a casing existed, the
pipeline was shorted to the casing and the drop in the induced voltage Tevel
measured along with the resistance of the casing to remote earth. For example,
it was found that for a casing of 1.3 ohms resistance, the pipeline voltage was
reduced to one-half. This established the pipeline characteristic impedance as
being approximately 2.6 ohms.

Using the hand calculator program PIPE, several trial runs were made with differ-
ent assumed values of coating resistivity. It was found that a coating resistiv-
ity of about 200,000 ohms-ft2 yielded a reasonably close approximation to the
measured pipeline impedance. Substituting this value back into the program re-

sulted in the following estimates for the pipeline parameters:

Y 0.1473 + j 0.1084 = 0.183/36.3° km-1

z

o 2.151 + j 1.586 = 2.67/36.39 ohms.
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Voltage Calculations. Using the established pipeline parameters and the measured

value of the source electric field, the induced voltage was calculated on a point-

by-point basis, and the results are plotted in Figure 3-20. A sample point calcu-
lation is given below for a distance of 5.6 km south of the north terminus.

Sample Voltage Calculation. As a first step, it is necessary to deter-

mine the Thevenin equivalent circuits to either side of the location.

Considering first the equivalent circuit looking to the north, the

following procedure is used.

1.

Assume 7, = «, because of the insulator at the north end of the
pipeline. Using the program THEVENIN, find the equivalent circuit
(to the north) at a distance of 1.73 km. Using the electric field
appropriate to region la yields a solution for the open circuit
voltage and Thevenin impedance as, Vg = 6.04/189.59 volts and

ZTH = 8.53/1.799 ohms, respectively.

Using the quantities Vgoc and Zty above for the load, program
THEVENIN is used to find the equivalent circuit into the pipeline
at the distance of 3.45 km. Using the driving source field appro-
priate to region 1b yields, V,. = 8.09/181.7° volts, and

ZTH = 4.44/6.819 ohms.

Using the values of Vgo¢ and Zy calculated in (2) as the load
termination, calculate the input equivalent circuit at a dis-
tance of 5.6 km. Using the driving source field appropriate
to region 1lc yields the (north) Thevenin equivalent circuit of
VOC = 6.84/173.39 volts and ZTH = 3.04/15.80 ohms.

To complete the prediction, the Thevenin equivalent circuit looking to
the south at the point 5.6 km must now be calculated. The procedure is
as follows:

1.

Assume a very low terminating impedance at the south end, i.e.,
Z = 0. Calculate the input impedance to the pipeline (to the
south) at a distance of 3.2 km from the south end (or 7.4 km from
the north end). Using the driving source field common to both
regions 4 and 5 yields, V__ = 21.5/172.10 volts, and ZTH = 1.50
/66.80 ohms. oc -

Using these computed values as the new load termination, the (south)
input equivalent circuit for the pipeline is calculated at 5.6 km.
The driving source field appropriate to regions 2 and 3 is used,
yielding values of VOC = 19.0/148.80 volts and ZTH = 2.17/59.5° ohms.

Using the north and south equivalent circuits just derived, the
program NODE results in a predicted voltage of 13.4 volts.
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Similar equivalent circuit calculations for other distances were made
and the predicted voltage profile for the pipeline is plotted in
Figure 3-20.

Critique. Comparison of the measured and predicted values of the pipeline volt-

age shows a very good agreement, in general. The largest discrepancy lies in the
region of from 1.5 to 2.5 km, and is presumed to occur because of a possible error
in the electric field phase differential between one or more regions. Such a re-
sult is not surprising since it took the better part of the day to make the elec-
tric field measurements; and because of the time-varying power line currents, all
the measurements were not necessarily commensurable.

A second deviation between the calculated and measured curves occurs at 7.4 km.
Here, theory indicates the occurrence of a peak, but unfortunately, a measurement
was not made close enough to the vicinity of the predicted peak to enable veri-
fication of its value. However, immediate data points on either side of the
indicated peak exhibit excellent agreement with predicted values.

In summary, this case history, as presented, illustrates a field measurement
oriented approach to the prediction of pipeline voltages. It is particularly
useful, as in this case, where the interaction geometry between multiple power
Tine circuits and the subject pipeline is varying, thus requiring many sets of
calculations to be made if a purely analytical approach were used. Its principal
benefits are that power line currents do not have to be known, and the interaction
of other conductors such as other buried pipelines is automatically taken into
account. The basic disadvantage to the method is that prediction errors can
creep in because of changing power line currents while measurements are being
made. However, as the results of this case history indicate, the prediction
accuracy obtained is still at an acceptable level.
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Section 4

SUMMARY OF ANALYTICAL METHODS FOR PREDICTING
ELECTROSTATIC COUPLING TO PIPELINES

INTRODUCTION

Two available analytical methods for predicting the voltages and shock currents
electrostatically induced by ac power 1lines on nearby above-ground pipelines are
summarized. The first approach, the network solution method, translates the cou-
pling problem to a circuit problem and solves the latter by inverting a potential
coefficient matrix. This method involves considerable compiexity for power lines
with either multiple circuits or several shield wires. The second approach, the
voltage gradient method, develops approximations for the variation of the electro-
static field with distance from the power line, and uses these approximations to
obtain the pipeline induction effects. This approach is useful for many different
power line configurations and is suitable for hand calculation.

NETWORK SOLUTION METHOD

It is often useful to interpret the electrostatic coupling problem in circuit
form, i.e., to reduce what is really a problem in electrostatic field theory to
one of network solution (1-3).

Figure 4-1 illustrates this interpretation for a pipeline parallel to an arbi-

trary configuration of N power line phase conductors and shield wires., In this
figure, C’mn is the capacitance/meter between the mth and nth conductors in the
presence of the other N-1 conductors. The current flow from the nth conductor

to the pipeline, the (N+1)th conductor, is simply

In,N+1 = (Vn- VN+1) ij’n,N+1 2 amps (4-1)

where w = 2760 sec'1 and & = pipeline Tength in meters. The total current flow
to the pipeline is thus
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N

I = jw? )

(v -v
N+1 L

1C novel (U N+1) amps. (4-2)
Because the pipeline is much closer to the ground than to any of the other
conductors,

C >> C'n n=1,2, ..., N. (4-3a)

N+1,N+1
Therefore, the capacitive reactance of the pipeline to ground is much less than
the capacitive reactances of any of the other conductors to the pipeline. Using

simple voltage divider arguments, we find that

|VN+1| << Ian, ne {np} = subscripts of the phase conductors (4-3b)

and approximate the current flow to the pipeline and the pipeline potential as

Inep = Juwt {g:}c nN+1 - Vo amps (4-4a)
p

v = N1 « 1 yc -V volts (4-4b)

W1 3kt Cveier oy ™R

Now, let us assume that the pipeline is suddenly grounded through R, the body
resistance of a pipeline worker. This grounding results in two electric shock
hazards for the worker. First, the energy stored in the pipeline capacitance-to-
ground is discharged through his body in a pulse having a maximum energy of

2 L 2 .
W = 2C' Wy & & 77— i ) c .V joules
max N+1,N+1 ! 'N+1 C N+1,N+1 3 n,N+1 'n
P (4-5a)
Second, a steady-state current having a maximum magnitude of
Iax = Iyggl = w2 {g:}cln,N+1 . an amps (4-5b)

p

flows through his body, assuming that contact with the pipeline is maintained.
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From Eq. 4-5, we see that knowledge of the set {Cln,N+1} is essentijal for the ‘
determination of pipeline shock effects using this method. This set can be

derived in the following way. First, we define the Maxwell potential coefficient

matrix, [P], for the system of Figure 4-1 using the equation

vy P P o P | [
Y Par P22 e Pan Q
- . . . . (4-6a)
_VN+1_ ‘PN+1,1 PNl L PN+1,N+1_ _Qs_
where Vl’ e e ey VN+1 are the phasor potentials of the conductors,
Ql’ e ey QN+1 are the phasor charges on the conductors and the elements of

are given by

Pan = ?ﬁ%—" In i;ﬁl)
o n
(4-6b)
1 'mn
P = «In
mn Zﬂeo Dmn
where
Hn = height of the nth conductor, in meters, above ground;
Dmn = distance between the mth and nth conductors, in meters;
D'mn = distance between the mth conductor and the image of the nth
conductor, in meters;
e, = free space permittivity = 8.85 x 10712 F/m
dn = diameter of the nth conductor, in meters, or the equivalent

diameter, deq’ of a bundle conductor, given by
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kd b 17k
_ subcon. )
deq = dpundle ( dundle ) m, (4-6c)

where dbund]e is the bundle circular diameter; dsubcon. js the subconductor

diameter; and k is the number of bundle subconductors.

Now the required capacitance matrix, [C'] is derived from Eq. 4-6a by left-
multiplying both sides by P17! to get

— -a1r —

Pli P2 s Prnn Yy 9
Par P2z s P . %
= . (4-7a)
Prenn Pt Ll Pewe] | e | _QN+1_
and using the general capacitance relation for a network,
c7 v = [q (4-7b)
to obtain the identity
(] = [, (4-7c)

To determine specific elements of [C'], namely {C'n N+1} we compute

(-1)" cofactor of P
= nNHL 2, 2, L, N4 (4-7d)

C 1
n,N+1 determinant of [P]

VOLTAGE GRADIENT METHOD
This method is used to avoid the matrix inversion calculations of Eq. 4-7.

Referring to Figure 4-1 and to the previous discussions the key simplifying
assumptions are (3-10)
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v = Eppp Hyep voltss C c (4-8)

N+1- N+1,N+1 N+1,N+1
where EN+1 is the ground-level transverse voltage gradient (in volts/meter) at

the pipeline location without the pipeline present, and CN+1 N+1 is the pipeline
capacitance to ground in the absence of the other conductors. Subject to these

assumptions, Eq. 4-5 becomes

e 2 2 .
wmax = 2C N+, N+ |VN+1| o~ 2CN+1,N+1 |EN+1 HN+1| joules (4-9a)
) \ 2
Imax = 9% 'nep ne1 [Vyer! WaCnyq N+ [Eney Hyepl amps (4-9b)
where
2neo
C = farads/m . (4-9c¢)
N+1,N+1 T (@, 1 /dv )

The problem of estimating the maximum shock energy and current is thus reduced to
one of estimating the unperturbed transverse voltage gradient at the pipeline.

NOTE: The unperturbed transverse voltage gradient, discussed in this
section, is not the same as the longitudinal driving electric field dis-
cussed in Section 3 for electromagnetic coupling. The transverse voltage gradient
results from the potential of the power 1ine conductors with respect to ground;
the longitudinal electric field results from the current flow through the power
line conductors.

Exact Computation of the Voltage Gradient

For the power line example of Figure 4-1, the voltage gradient at the adjacent
pipeline is given by (8):

1 NQHy
Enel = N nzl 2 volts/m (4-10)
n,N+1

where Q , H . D ., and e are as defined for Eq. 4-6. Because ['P]'1 must be
calculated to determine [Q] (as shown in Eq. 4-7a), this computation is virtually
identical to that of Eq. 4-7d and, therefore, is not easily performed by hand.
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For the voltage gradient method to be useful, methods for the approximation of
EN+1 are essential. These are now discussed.

Estimate of the Peak Voltage Gradient

A graphical method for the computation of Epk’ the peak value of EN+1 within the
power line right-of-way has been developed (8). Thismethod isapplicable tosingle
and double circuits with either flat, delta, or vertical configurations of the
phase conductors. The required data include the line-to-line voltage, the circu-
lar diameter of a conductor bundle, the phase conductor height and spacing, and
the phase sequence for the case of double circuits. The required graphical aids
for several single-circuit cases are depicted in Figure 4-2.

To illustrate this approach, we consider the computation of Epk for a power line
with the following characteristics:

1. Single circuit, flat configuration

2. Line-to-line voltage: V L= 500 kv

L
3. Bundle data: dbund]e = 0.46 m
dsubcon.= 0.043m

k =2

4, Phase-to-phase spacing: S = 10.67 m

5. Height of phase conductors: H = 10.67 m

Using Eq. 4-6¢c, we first calculate the equivalent bundlie diameter, deq’ as

d = 0.46

eq 0.46

1/2
2 x 0.043) - 0.199 (4-11a)

We also calculate two parameters:

H 10.67
= = 53.6
deq 0.199
S _ 10.67 _ -
7% I0eT - 1.0 (4-11b)
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Next, we use Figure 4-2a for the single circuit, flat configuration case. Enter-
ing the graph at the abscissa value H/de = 53.6, we intersect the curve having
the parameter S/H = 1.0 at the ordinate value of H-Epk/vLL =~ 0.17. Thus,

e . 2V V0.7 x 500
pk H 10.67

= 8.0 kV/m (4-11c)

The peak voltage gradient usually appears almost directly beneath the outer phase
conductor for a flat configuration. This method yields information only about
this worst-case pipeline position. The method does not describe the variation
of EN+1 with distance from the power line.

Estimate of the Variation of the Voltage Gradient with Distance

Straight-Line Approximation (Zone Diagram Method). A simple method to estimate
the variation of E, ; with distance from the power Tine has been developed (3).

This method uses straight lines to approximate the exactly computed curves of
EN+1 vs. distance for single circuit, flat configuration power lines. The for-
mulae for the straight lines are simple enough to be hand calculable, and yet
accurate enough to be highly useful. The required data include the line-to-line
voltage and the height and spacing of the phase conductors.

To illustrate this approach, Figure 4-3 depicts the straight-line approximation,
or zone diagram, for the variation of EN+1 near the 500 kV power Tine used in
the previous example. The exactly computed values of EN+1 are bounded by the
zone perimeter, which is defined in the general case by:

K

Epk = KV, Vpu /S H ’ kV/m (4-12a)

B = Ky Vo KV/m (4-12b)

DCo = K S + K5 m (4-12c)
B = K H7Z ku/md (4-12d)
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where

Epk = peak voltage gradient

ECo = cut-off voltage gradient
Dco = cut-off distance

B = zone s]qpe
VLL = line-to-1ine voltage (kV)

Vpu = per unit operating voltage of line (kV/kV)
S = phase-to-phase spacing (m)
H = phase conductor height {(m)
Kl'Ke = multiplying factors having the following dependence on VLL
i Ky Ko K3 K4 Kg Ke

345 0.255 1.692 0.89 2.055 12.21 23.34
500 0.307 1.742 1.18 1.604 17.89 37.04
765 0.308 1.682 2.00 1.491 20.20 72.98
1100 0.253 1.588 3.35 1.640 17.01 115.57

For the specific case of Figure 4-3, Eq. 4-12 yields

Epk * (0.307)(500) (1.0)(v10.67)(10.67)"1-742 = g8.11 Kkv/m
E,, = (1.18)(1.0) = 1.18 kV/m
Do, = (1.604)(10.67) + 17.89 = 35.00m

B = (37.04)/(10.67)% = 0.32 kV/m?

The value of E K calculated here differs from that obtained using the graphical
method (8) by only about 2 percent. However, in addition to Epk’ we now have

a useful estimate of the drop-off of EN+1 from Epk as the distance to the power
line increases up to D . Beyond D_, the zone diagram method (3) upper bound
for EN+1 is simply Eco’ which is independent of phase spacing and conductor height.
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Cut-0ff Zone Gradient Approximation. The zone defined by D z-Dco’ EN+1 5-Eco’
yields an upper bound for EN+1 that has no dependence on distance (3). However,
as seen in Figure 4-3, the exactly computed curve for EN+1 continues to decrease
in amplitude as D increases beyond Dco' A more useful bound for this case is

D
co _
Bl < ECO(D) , D>D (4-13)

which represents the drop-off of the gradient for a single phase conductor above
ground, as seen from Eq. 4-10.

Extension to Different Single and Double Circuit Conductor Configurations. An

extension of the zone approach to delta, inverted delta, single circuit vertical
configurations, and to center line symmetrical and center point symmetrical double
circuit configurations, shown in Figure 4-4 has been proposed (6). The recom-
mended procedure is as follows:

1. Determine VLL’ Vpu’ S, and H for the power 1line configuration
of interest, with S and H defined for the configuration as in
Figure 4-4.

D.__and B, using Eq. 4-12 and the parameters

2. Determine Epk’ Eco’ co

of Step 1 above.

3. For the configuration desired, multiply the values determined in
Step 2 by the following factors:

Multiplying Factors for
Phase Conductor Configuration Epk Eco Dco B
(a) Single circuit, flat 1.0 1.0 1.0 1.0
(b) Single circuit, delta 0.9 0.8 0.8 0.93
(c) Single circuit, inverted delta | 0.9 0.78 0.5 1.15
(d) Single circuit, vertical 1.0 0.4 0.6 1.03
(e) Double circuit, center line 1.3 0.5 0.8 1.3
symmetrical
(f) Double circuit, center point 0.84 0.5 0.75 1.0
symmetrical
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In this manner, the significantly different voltage gradient profiles of six ‘
power line configurations can be estimated by a single, hand calculable method.

Extension of the Non-Parallel Pipeline Case. If the pipeline is built in dif-
ferent sections or if it is not parallel to the power line, computations shouldbe
made for each section, accounting also for the phase of the ground voltage grad-
ient (8). This phase accounting requirement greatly complicates the computation
procedure because no zone diagrams for the phase of the gradient are available at
this time. Therefore, the profile of gradient phase along the pipeline must be
obtained by using Eq. 4-10, the exact formula. The recommended computation pro-
cedure is as follows.

1. Compute DCo for the power line.

2. Divide the pipeline run that is located less than Dco from the
power line into sections having AD = S, where AD is the change
of distance of the pipeline segment from the power 1line, and S is
the phase conductor spacing. Divide the pipeline run that is
located more than D._ from the power line into sections having

= 2 co
AD =S (D/DCO) .
3. Approximate Ql’ Q2, e QN by
rQ, ] C P p R I
1 11 12 R N 1
Q Par Pop -0 Poy )
= (4-14)
-Qn_ i PN,l PN;Z ... PN,N_ _VNJ
4. Compute the voltage gradient at the midpoint of each pipeline
section by
N Q H
= L _nn -
EN+1,1 = = )y volts/m (4-15)

& 2
o n=1 Dn,(N+1,'i)

where {Qn} has been determined in Step 3 above, and the subscript
N+1,i denotes the ith section of the pipeline (the (N+1)th
conductor).
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Compute the current flow to each pipeline section by using the
equation

Ine,i 7 9905 - Bygn o Pae,i

where {E } has been determined in Step 4, and Ci is the capaci-

N+1,1
tance-to-ground of the ith pipeline section given by

2ne K.

amps , (4-16)

C. = o0 1 farads. (4-17)

L CLTIRTENEI

Compute the total current flow to the pipeline

I = 7 Ine1,i mps, (4-18a)

N+1

and the total pipeline capacitance

CN+1,N+1 1

Compute the magnitude of the open circuit pipeline voltage, given
by

) Ci farads. (4-18b)

=  —=—— volts. (4-19)

v
oc wCN+1,N+1

Compute the maximum electric shock hazards:

) 2
Wrax = QCN+1,N+1 " Voc Joules;

(4-20a)

I = |IN+1I amperes. (4-20b)

max



SUMMARY

The available analytical methods for predicting the voltage and shock currents
electrostatically induced by power lines on nearby above-ground pipelines has

been summarized. Specifically, this section first reviewed the network solution
method, in which the electrostatic field problem posed by the power line-pipeline
geometry is reduced to a network analysis problem. Here, the interactions between
power line phase conductors, power line shield wires, and the adjacent pipeline
are modeled by computing equivalent capacitances between the respective conductors,
and solving the resulting capacitive network for the pipeline voltage and current.
Because computation of the capacitances requires the inversion of a fairly large
matrix, hand calculation can be difficult and time consuming with this approach.

The voltage gradient method allows an accurate approximation of electrostatically
induced pipeline voltage and current levels. This is accomplished by first deter-
mining the transverse voltage gradient at the pipeline location and then using
Eqs. 4-8 and 4-9b, to determine the voltage and current levels, respectively.

Methods for direct measurement of the transverse gradient are described elsewhere
(8-12). -
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Section 5

COUPLING OF POWER LINE TRANSIENTS TO PIPELINES

INTRODUCTION

The purpose of this section is to summarize available methods for predicting the
worst case voltages which could be induced on pipelines by power line transients.
These transients, which are a consequence of power Tine faults and Tine switching,
produce both 60 Hz and high frequency effects in the pipeline via three coupling
modes -- conductive, inductive and capacitive. Although large power line tran-
sients are relatively rare events, the resulting voltages coupled to an adjacent
pipeline are much larger than the voltages induced under normal operating condi-
tions. The higher voltages are a potential danger to pipeline workers and can
damage the pipeline insulation, the cathodic protection system, and even the pipe
itself.

A summary of the situations reviewed here with commentary is as follows.

Capacitive Coupling to Above Ground Pipelines

e Exact formulas for calculating the complete transient
waveform are available.

Inductive Coupling to Buried Pipelines

e The 60 Hz component of the induced transient can be computed by
the method used for steady state analysis.

e Development of computational methods for determining the higher
frequency components will require additional significant effort.
At the present, it is not known if the energy levels in these com-
ponents are of sufficient intensity to cause a hazard.

Conductive Coupling to-Buried Pipelines

e Formulas for step and touch potentials and the total pipeline
system induced voltage level are presented.
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Power Line Transients

There are two characteristics of power Tine transients that cause large signals
to be coupled to a pipeline. These are the abnormal amplitude of the voltage
and/or current in a phase conductor and the non-symmetrical excitation of the
power line phase and shield wire conductors. For example, the voltage on a phase
conductor during line switching is up to twice the normal operating level. When
a phase to ground fault occurs, the current in the faulted phase conductor is
typically five to fifty thousand amperes. This is at least ten times greater
than normal. Large fault currents return to the source through the ground and
the shield wires. Under the right circumstances, the shield wire fault current
is Targer than that normally in any phase conductor.

The duration of a power line fault is determined by the reaction time of the
overcurrent protection on the power line; this is typically 0.1 to 0.5 seconds or
6 to 30 cycles of the 60 Hz power. A1l types of transients have high frequency
components whose duration is usually less than 0.01 second. This is less than
one cycle of the 60 Hz power and not more than a small multiple of the time
required for a signal to propagate down the length of the power line. Thus, the
amplitude of a transient voltage coupled to a pipeline must be larger than the
amplitude of the steady state voltage for each to cause the same physiological
effects.

For a specific electric power line, values for the fault current, fault duration,
and the frequency of occurrence should be obtained from the designer or operator
of the power line. Similar data for line switching transients should also be
sought from the same sources.

Coupling Modes

As mentioned previously, there are three coupling modes to be considered. Induc-
tive or electromagnetic coupling and capacitive or electrostatic coupling are two
of the ways by which a power line transient interacts with a pipeline. Each of
these has been discussed in detail as a normal steady state coupling problem. In
this section, the discussion of these modes is restricted to describing how to
apply the steady state methods to the transient case, Recall that inductive
coupling is especially important for buried pipelines, although this mode can
also affect above ground pipelines. Capacitive coupling is the predominant mode
for the above ground pipeline.
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The new mode is called conductive or ground current (resistive) coupling. A Tine
fault to ground results in a large, short circuit current which returns to the
source through the earth and the shield wires. When it enters the earth, the
fault current raises the potential of Tocal ground relative to remote earth. The
first part of the conductive coupling discussion considers this potential differ-
ence and the part which appears across the pipeline coating. At some distance
from the location of the fault, there is no longer a voltage gradient across the
pipe's (imperfect) insulation, but there is a large fault current flowing on the
pipe. The magnitude of this current is also discussed.

Review of Available Methods for the Analysis of Transient Coupling

Very little analysis has been done for the case of transient coupling to pipelines.
However, there is considerable material concerning the effects of power line
transients on telecommunications cables and on workers near high voltage lines.
For example, the problem of the potential rise near an earth electrode due to a
fault current has been studied by several authors, each with different objectives.
Endrenyi (1) is concerned about the touch and step potential in the vicinity of a
tower and the hazards this presents to workers. His analysis considers both infi-
nite and finite electrical transmission lines, with shield wires, between the
fault and the Tine terminals. Pesonen, et al. (2), are interested in the effects
on telecommunications lines. Using formulas for infinite lines with and without
shield wires, the potential as a function of distance from the faulted tower is
derived. The potentials transferred to a communications system earth electrode
and to an uninsulated buried cable are given. A scale model experiment is dis-
cussed by Cherney (3) which shows the effect an uncoated pipeline has on the

earth potential rise. Cherney also presents some measurements, made during actual
fault tests, of the conductively coupled current on pipelines and shows that the
pipelines carry most of the ground current.

A1l previous attempts to estimate the inductive effects of power line faults have
considered only 60 Hz coupling to an above ground conductor. In particular,
Jaczewski and Pilatowicz (4) and Dubanton and Grand (5) have suggested revisions
to the C.C.I.T.T. Directives (6) to include the effects of shield wires on the
inductive coupling to telecommunications lines. Cherney (3) has estimated the
inductive coupling to an above ground pipeline using a very simple approach, based
on Carson's method, that ignores the small shield wire contribution. Fortunately,
the methods developed for the analysis of steady state inductive coupling can be



applied directly to the 60 Hz transient case if the power line conductor currents
are known. This method can treat both above ground and buried pipelines and in-
cludes the effects of shield wires, multiple circuits, phase transpositions and
pipeline insulators and grounds. No adequate methods are known for estimating
the high frequency inductive coupling to pipelines.

The capacitive coupling problem for a 60 Hz transient is also a simple extension
of the steady state case with proper choice of conductor potentials. The effects
of a fast rise time transient capacitively coupled to a vehicle are the subject of
a paper by Cosma and Yu (7). The method they used is similar to the steady state
calculation for an above ground pipeline,

TRANSIENT CAPACITIVE COUPLING

This subsection examines the capacitive or electrostatic coupling to an above
ground pipeline which is parallel to an ac power line which experiences a large
voltage transient on one of its phase conductors. An equivalent circuit is de-
veloped and used to find the voltage across and the current through the impedance
(this may be a person) which grounds the pipeline.

The methods used here are similar to those used by Cosma and Yu (7) who were con-
cerned with transient electrostatic effects on large vehicles.

Transient Voltage Source

Line Switching Transients. Line switching operations generally cause a high
voltage impulse to appear on the phase conductors of the power line. The peak
amplitude of the impulse is less than the insulation level and the over-voltage
protection level of the power line. One of these is usually set at about twice
the normal operating voltage. The switching impulse can rise to near its peak
amplitude in a time as short as one microsecond. Usually the impulse decays
rather slowly, dropping to 37 percent of its peak in about one millisecond.

An analytical expression which describes such an impulse is

-t/Tl -t/T2
V(t) = v (e -e ) (5-1)

where T1 = 10'6 seconds and T2 = 10'3 seconds are the time constants that describe
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the rise and fall of the pulse, respectively, and V0 is the peak amplitude of
the pulse.

In addition to the impulse described previously, line switching could result in

a non-symmetrical excitation of the power line. If only one phase conductor were
energized, then it could electrostatically induce a larger 60 Hz voltage on a
pipeline than would be induced by a symmetrically excited line. Since such cou-
pling can be treated using the steady state coupling analysis in Section 4, this
problem is not developed here.

Lightning Transients. A lightning stroke can also cause a high voltage impulse
to appear on a phase conductor. Because of the shorter duration of this transient,

the peak amplitude can be higher. The Timitations are the corona level and the
impulse insulation Tevel. The analytic expression of Eq. 5-1 can be used to de-
scribe Tightning impulses with typical values for the time constants being

T = 1.5 x 10°® seconds and T, = 4.5 x 10™° seconds.

Equivalent Circuit Analysis

Values for Circuit Elements. The basic circuit which is used to model the phase

wire, the pipeline and the impedance to ground is shown in Figure 5-la. The re-
sistance R can be the internal impedance of a pipeline worker who is in contact
with the pipeline and the ground, the impedance of a grounding rod or a parallel
combination of these two. The value of R for a worker can be estimated at
approximately 1500 ohms.

The capacitances C1 and C2, using Eq. 4-7 of Section 4, are

Cl = C 12 = -P12/K (5-2)
C, = C€7py = Pyy/K (5-3)
_ 2 . . .
where K = PHP12 'P12' The Maxwell potential coefficients are
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The appropriate dimensions are shown in Figure 5-1b. Usually it can be stated

2
that P11P12 >> P12, so that

= 1 ~__1_.= -
Cp = Cop=p—-=Cyhp > (5-5)

2 22
or simply that the pipeline capacitance to ground is not affected by the presence
of the other conductor.

The Circuit Equation. The analysis of the equivalent circuit is based on the
application of the Kirchoff current law. Recall that the current through a capa-
citor is C-dV/dt and that through a resistor is V/R. The basic equation states
that the current from the phase wire through C1 onto the pipeline is equal to the
current leaving the pipeline through 02 and R to ground; namely

24 TR - (5-6)

But the voltage V1 across C1 is equal to V, the source voltage in Eq. 5-1 less
the voltage V2 across C2‘ Thus, Eq. 5-6 becomes

dv

v v, Yy
1dt R

) —=

=€+ 6 &

2 (5-7)

which can be solved for V2.
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When V is given by Eq. 5-1 the solution to this differential equation is

o “t/T
_ bY% 1 1 11 -t/T
V2(t) = e, [I/Tl-l/T (Tl e “Te )
(5-8)
1 (1 ST e-t/T)]
VAPER VAR R T

where T = R(C1-+C2). Substitution of Egs. 5-1 and 5-8 into Eq. 5-7 shows that
this is a valid solution. This equation is easily evaluated using a (programmable)
calculator.

Calculation of Energy. The criterion for hazardous transient electrical shocks is
generally based on an energy threshold. The energy deposited in a worker is

A DI (5-9)

where Rb is the body resistance. This integration can be done numerically on a
programmable calculator or the long analytic expression in Reference 8 can be
evaluated.

TRANSIENT INDUCTIVE COUPLING

This section considers the inductive or electromagnetic coupling of power line
transients to pipelines. The method of analysis is quite similar to steady state
coupling except for the determination of the currents on the power 1ine conductors
and the shield wires. It is shown that the worst case, and thus the primary con-
cern, is the phase-to-ground fault which is characterized by a large 60 Hz current
in the faulted phase wire and with a return through the ground which includes the
pipeline. After the discussion of the coupling produced by the 60 Hz portion of the
transient, some comments are made concerning the coupling due to the high frequency
components of power Tine transients.

General Method for 60 Hz Transient Inductive Coupling

The analytical method presented in this section is suitable for the prediction
of inductive coupling to both above ground and buried pipelines. It is based on
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formulas for the induced voltages and currents on a transmission line, due to a
distributed interference source. This method was developed originally by Vance
and is applied to the pipeline case in Section 3 of this report. With this ap-
proach, worst case estimates can be made for the induced transient voltages and
currents on typical or actual pipelines. The important elements of this method
are summarized here, although details which are common to the steady state case
are not to be repeated. This method can be applied directly to the case where the
dominant source of interference is the large 60 Hz current in a phase wire due to
a ground fault.

Transmission Line Analysis with a Distributed Source. As established in the

analysis of steady state inductive coupling, transmission line methods are needed
to study the coupling onto pipelines from power Tines. There are several rea-
sons why these methods are appropriate. The first is that the coupled ac source
is a continuous or distributed source. It is not a discrete source that can be
handled with standard circuit theory. The second point to be made is that both
above ground and buried pipelines do form two conductor electrical transmission
lines with the pipe as one conductor and the earth as the return. And finally,
there are general and simplified methods for determining the voltages and currents
present on a transmission Tine due to a distributed source (see Section 2).

Pipeline Parameters. To perform a classical transmission line analysis on a pipe-
line, it is necessary that the transmission line parameters be known. These para-

meters are the characteristic impedance (Zo) and the propagation constant (vy).
Formulas for Z0 and y are given in Section 2 for both above-ground pipelines and

buried pipelines.

The Parallel Driving Electric Field. The formulas that predict inductive or
electromagnetic coupling require a knowledge of the parallel driving electric
field, Ex(s). The calculation for Ex(s) is accomplished by a linear super-
position of the electric fields due to all nearby current-carrying conductors.
For transient cases, as it was for steady state coupling, the currents in both
the phase conductors and the shield wires must be considered. In this section,
only the phase-to-ground fault is considered since this transient results in the
largest values of Ex(s).




Current on a Faulted Phase Conductor. The phase-to-ground fault is selected

as the worst case for transient 60 Hz inductive coupling because it results

in the largest and least symmetrical currents in the power line conductors.

The current in the faulted phase wire may be on the order of 10,000 amperes.
The presence of the pipeline is expected to increase the magnitude of the fault
current since it can decrease the impedance from the fault to remote earth.

For some proposed power lines the maximum fault current may be close to 100,000
amperes. In any case, the fault current is much larger than the normal cur-
rent. Although some of the current in the faulted phase wire is coupled to
other phase wires which are also carrying normal phase currents, for the pur-
poses of a worst case estimate, the fault currents in the nonfaulted conductors
can be neglected. The duration of a phase-to-ground fault is typically 0.1 to
0.5 seconds. The length of this interval is determined by the design of the
overcurrent protection devices used on the power line.

The location of the fault with respect to the terminals of the power line and
with respect to the natural gas pipeline cannot be specified. This is one more
factor that makes it difficult to state what the magnitude and duration of
phase-to-ground fault are. There will be a current in the faulted phase wire
between the fault and both ends of the transmission line unless one end has no
source of current available to it.

The single phase-to-ground fault is generally the most common type of fault.
The other types do not result in much greater inductive coupling. Phase-to-
phase faults result in significantly lower phase wire currents. Multiple
phase-to-ground faults have similar phase wire currents and similar symmetry
for a two phase fault and less effective symmetry for a three phase fault. As
a consequence of line switching operations there may also be short intervals
during which all three phases are not energized. Although this results in a
nonsymmetrical excitation of the power 1ine, the phase wire currents and
usually the durations, too, are less than the typical values given above for
the case of a phase-to-ground fault.

Currents in Other Conductors. A complete solution of the inductive coupling

problem requires that the contributions by all current carrying conductors
be taken into account. The simplest case and the one that results in the



greatest inductive coupling is when the pipeline section being studied is
far from ‘the fault and far from the power line substation. In this case,
the currents on the shield wires and the non-faulted phase wires are small
compared to that on the faulted phase conductor. At such a Tocation the
fault current is returning through the ground, including the pipeline. A
simple and reasonable approximation is to determine the parallel electric
field at the pipeline for this case using only the current in the faulted
phase. Note that a self-consistent matrix method would be needed to deter-
mine the current on the pipeline including the effects of currents induced
on the shield wires and other phase wires.

Whenever the pipeline section is taken to be near the fault or near a sub-

station, the shield wire currents are significant and should be included in
the calculation of the parallel electric field at the pipeline. The use of
a self-consistent matrix method would be the best way to determine current

on the pipeline.

In the immediate vicinity of the fault, a major portion of the fault current
may flow on the shield wires. In the case of a fault fed from both sides,
the shield wire current is only slightly less than the phase wire current,
and this current significantly reduces the electromagnetic coupling. However,
for a fault fed from one side only there is a shield wire current on both
sides of the fault and on each side its magnitude is almost half of the

fault current. In this case, there is shield wire current and no faulted
phase wire current on the unfed side of the fault. This situation produces
strong electromagnetic coupling, but not as great as the first case dis-
cussed. For any given situation, a division of the fault current between

the tower footings and the shield wires will occur and will depend (1) upon
where the shield wires are grounded, and (2) upon the relative resistances

of the parallel return current paths provided by the shield wires and through
the structure grounds.

The situation near a substation that is feeding the fault is similar to the
conditions near the fault. Namely, there may be almost as much current on
the shield wires as on the faulted phase conductor. If the pipeline is con-
nected to the substation ground, then there will be significant current on
the pipeline. In any event, the electromagnetic coupling is not greater for

a pipeline section near the substation than it is for a section lying between
the fault and substation.

5-11



Superposition of Parallel Electric Fields. Generally, the parallel electric

field, Ex(s), is found by summing the field due to each nearby current carry-
ing conductor. The field produced by the nth conductor is given by the prod-
uct of the conductor current, In’ and the Carson mutual impedance, an,
between the nth conductor and the pipeline. For the worst case calculation
being considered here, the only significant current is that in the faulted
phase. The value of an is about the same for all phase wires, so it makes
little difference which phase wire is assumed to carry the fault current.

Application of the General Method

In Section 3, two general applications of this method are discussed. The first
case applies when there is a constant parallel electric field, and the second
applies to the case where this field, as a function of position along the pipe-
line, is approximated by a linear decrementation out to approximately 300 meters.
The constant electric field approach can be used when there is little variation
in the magnitude of the interfering current, the power line conductor - pipeline
mutual impedance and the pipeline - earth transmission line parameters. These
conditions can be satisfied by a pipeline section which is parallel to the power
line. The ends of the pipeline section may be connected to remote earth by the

arbitrary impedances Z, and Z,. These impedances may be realized by a grounding

system, a connected noi-para]%e] pipeline section, or an insulating joint. As
shown in Section 3, the expressions for the constant field case are simplified
for the case of short pipeline sections and the case of long/lossy sections. A
Thevenin equivalent circuit is developed for both of these simplified cases.
Similarly, for cases such as non-parallel or an intersecting pipeline section,
simplified solutions may be obtained. Also, as shown in Section 3, the Thevenin
equivalent circuits of adjacent pipeline segments may be combined to give the

junction voltage.

The analysis of the voltages induced on a particular pipeline segment by a phase-
to-ground fault should use a value of the parallel electric field caused by a
fault which is far from the pipeline segment. The other parameters required are
similar to those needed for the steady state case. A realistic worst case value
for the pipeline voltage will be obtained using this method for all pipeline sec-
tions except those near substations. While this procedure may overestimate the
inductive coupling near substations, the additional complications of including
shield wire currents discourages this more accurate approach.
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Comments on Inductive Coupling Due to High Frequency Transients

A detailed examination of fault current or line switching transient waveforms
reveals that a wide range of higher frequencies are present in addition to the

60 Hz frequency of the ac generator. The power line transient caused by electro-
magnetic coupling from a nearby lightning stroke also has its energy distributed
over a wide range of high frequencies. There are two ways to solve a coupling
probiem when the excitation is due to a multi-frequency transient. In the first
approach, the coupling calculations are made in the frequency domain at many fre-
quencies. These results are then Fourier transformed into the time domain. The
other approach is to formulate the coupling problem in the time domain using as
an excitation some simple transient waveform such as a step function or a decaying
exponential.

In principle, the method used for steady state 60 Hz coupling can be used as the
basis for the frequency domain analysis of inductive coupling caused by a trans-
ient. However, almost every parameter used in the calculations will have a new
value at each of the new frequencies. Since the results must be Fourier trans-
formed, too, this type of calculation must be done on a large digital computer.

Time domain solutions have been developed for the coupling of an electromagnetic
plane wave transient to both above ground and buried conductors. These so]utions
are used to predict the currents induced on cables by the electromagnetic pulse
(EMP) that is produced by detonating a nuclear weapon. If these methods are
applied to the problem of transient inductive coupling to pipelines, the power
Tine transients must be converted into equivalent plane wave transient waveforms.
A method for performing this conversion would have to be developed. This approach
has promise for being a simple way to make transient calculations. One qualifi-
cation is that only simple excitations, such as step functions and decaying
exponentials, can be used to describe the incident transient waveform.

One of these methods should be used to determine whether high frequency inductive
coupling is as hazardous as the coupling due to the 60 Hz component of the phase-
to-ground fault. An analysis of this kind is beyond the scope of this book at
this point in time.
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GROUND CURRENT COUPLING

During a phase-to-ground fault, large currents may enter the ground near the fault
location (c.f. Figure5-2), and flow through the ground to the power line substations.
Eventually, if not immediately, a portion of this current flows along a pipeline
which is adjacent to the power line. This section shows that these ground cur-
rents produce significant voltages on the towers and in the surrounding earth. Some
or all of these potentials are transferred to nearby conductors which are in con-
tact with the ground, including pipelines. The effects discussed here are step and
touch potentials, which are a possible hazard to workers, and the voltage across
the pipe and its coating, which is important because high voltages can puncture
either the coating or the pipe or both. Although the greatest hazard is expected
to occur near a faulted tower, lesser hazards can occur near the substation and at
any location where the pipeline enters or departs the vicincity of the power line.
Since any tower can be the faulted one, these other locations for hazards can

never be the worst case.

Structure (Tower) Potentials

For ground fault conditions, large currents flow through the structures of the
power line. This current then goes into the earth through the tower ground
impedances. As shown in Figure 5-2, portions of the fault current, If, also flow
through the shield wires to adjacent towers before entering the ground. However,
the largest current usually flows through the tower where the fault occurs. This
current through the tower grounding impedance, called Zt in Figure 5-3, causes the
tower to assume a voltage, Vt’ with respect to remote earth. This voltage is
determined by the magnitude of the current, If, and the effective impedance of the
network of shield wire impedances and grounding impedances. It is assumed that
the magnitude of the current resulting from a phase-to-ground fault is known.

This discussion regarding the flow of current along shield wires and to towers
implicitly assumes grounding of the shield wires at each tower. Where this is

not the case, the apportionment of current between shield wires and adjacent tower
footings will be different, and must be calculated for each situation separately.

The effective impedance offered to a fault current can be computed using simple
circuit theory. Assume that all shield wire resistances per span, and tower
grounding resistances are equal, as shown in Figure 5-3, and let the number of
towers be very large. The input impedance to an infinite ladder network of Zs's
and Zt's,such as that to the right or left of the faulted tower, is

5-14



G1-§

Shield Wire
v—//

o —

-t

\

/

-

Ground

-\_________If _J

)

Phg_se

—

/&_____

r’ Faulted _1
— —

S S

t

t

///////jE/////
Pipeline

S LS

=

I; ~ 30KA (60Hz)

Duration ~ 0.3 Sec.

Fig. 5-2 PRINCIPLE OF CONDUCTIVE COUPLING



v Where Zg= 7524+ «/zszt +l,22

vf
4 !
z, i /5 2

Fig. 5-3 EQUIVALENT CIRCUIT FOR CONDUCTIVE CASE

5-16



/ 2
Z = ‘/ZZS+ ZSZt + %ZS (5-10)

o]

In general, ZS is much smaller than Zt so that Z_ is much smaller than Zt' That
is, the shield wires have significantly reduced the tower potentials. Results for
finite ladder networks and for lines with continuous counterpoises are given in
Reference 1.

Now the equivalent circuit can be simplified (see Figure 5-3) with the effective
impedance being one Zt in parallel with two Z_'s. Thus, the tower potential is
given by

_ -1 -
V, = 11/2, + 2/7.) (5-11)

For any tower other than the faulted one, the structure potential is smaller than
the value given by Eq. 5-11. Often a finite line is terminated in a substation
grounding impedance which is less than Z_. If so, then the value given by Eq. 5-11
is somewhat larger than would be obtained using a more detailed method.

The full tower potential would, in general, not be present as a threat to either
workers or to the pipeline. However, if spark gaps or polarization cells were
used to connect the pipeline to the power line ground, then the full tower poten-
tial could appear across the spark gap or across the polarization cell. Such con-
nections can be expected to reduce the tower grounding impedance. Consequently,
this analysis should take any such connections into account if they exist. This
is accomplished by using in Eqs. 5-10 and 5-11 a tower grounding impedance which
is one half of the characteristic impedance of the buried pipeline.

Step and Touch Potentials

A fraction of the tower potential can appear between the feet (a step potential)
or between a hand and a foot (a touch potential) of a worker. Both of these
potentials can be easily evaluated if some simplifying assumptions are made.

First, the tower ground is approximated by a hemispherical electrode with an

effective radius, Fa: Then the tower grounding impedance is given by

z, = (2nreo)'1 (5-12)
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where o is the soil conductivity. For a hemispherical electrode the soil poten-
tial with respect to remote earth is Vt (the potential of a faulted tower) for a

radius less than re,and for r larger than re

Vr = Vtre/r . (5-13)

This functional form, shown in Figure 5-4, is a good approximation to the soil
potential for a tower without a Tinear counterpoise. Whether this functional form
holds near a tower depends upon how the shape of the actual grounding electrode
compares to the assumed hemisphere. Frequently, the soil potential near the tower
is determined experimentally using a scale model of the actual grounding electrode
which is submerged in a water bath with the soil conductivity simulated by adding
an electrolyte. This approximation also breaks down very far from a tower, where
the potential due to other towers is significant.

The step potential at a distance, r, from a tower is

r
e

vstep T ¥(r-1) Vi (5-14)

when both feet are at a local soil potential. This result is obtained by subtrac-
ting the soil potential at r from the soil potential at a distance one meter closer
to the tower. If one foot is on a ground mat or other conducting surface, the

step potential is larger. Let the conducting surface have an effective radius of
ree It assumes the soil potential at its center. Then the step potential between
a location r meters away from the tower and the ground mat at a distance

r+ rc +1mis

Pe (rc+ 1)

Vstep = TOrEY TV T T Vv, - (5-15)

Equation 5-15 assumes that the ground mat does not disturb the potentials nearby
and it does not apply to a ground mat which is connected to a pipeline or some
other long conductor which is grounded at several locations. It is not easy to
predict the potential of the pipeline--it may be anywhere between zero and the
highest soil potential in the absence of the grounding electrodes. As a worst
case then, the step potential should be taken as the highest soil potential
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computed using Eq. 5-13. This worst case is realized if the worker is a distance
r from the tower and the pipe is grounded much farther away,or if the pipe is
grounded at "min and the worker is much farther away.

There is no touch potential when the worker is standing on a ground mat which is
connected to the object. Similarly, a well grounded object, having a grounding
electrode with a large horizontal area, has little or no touch potential. How-
ever, there is a significant touch potential when there is no ground mat or large
area grounding electrode. Assuming that the grounding of an object does not dis-
turb the nearby soil potentials, touch potentials can be calculated using Egs. 5-13
and 5-15. When the object being touched is small and is grounded r meters from
the tower so that it is at local soil potential, then Eq. 5-14 is the properchoice.
If the object being touched is large and is grounded at a distance re + 1 m from
the worker's location, then Eq. 5-15 is appropriate. And finally, an upper Timit
for touch potential to a pipeline or other long conductor which is grounded at

one or more locations is found by using the minimum pipeline - tower distance in
Eq. 5-13.

Potentials Across Pipeline Coatings

Because it is a good electrical conductor, a buried pipe with an insulating coating
cannot have as large a potential gradient as the soil near a faulted tower. This
means that there must be places where there is a large voltage across the pipeline
coating. Consider first the case of a long pipeline passing near a faulted tower
and which has no grounding electrodes near the towers. Then, it is reasonable to
assume that the pipeline potential is everywhere near that of remote earth so that
the voltage across the coating is approximately the same as the surface potential
given by Eq. 5-13. The maximum voltage across the coating is, therefore

r

'} = V(r.) = v, —£ (5-16)
c,max min t rmin
where r is the minimum distance between the pipeline and the faulted tower. It

min
is this maximum potential which should be used to determine whether the pipeline
coating would be punctured by the ground current transient.

Next, assume that a long pipeline has a grounding electrode at a distance r_ from
the faulted tower. The surface potential at the location of the grounding electrode
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determines the open circuit voltage that can be coupled to the pipeline via this
electrode. The actual potential at the connection between the pipe and the ground-
ing electrode is smalier, namely

r L1

e 0

r ) (Z + %7 ) ) (5-17)
0

The last term is the ratio of the load impedance (one half of the characteristic
impedance of a long buried pipeline as given in Eq. 5-13)to the total impedance,
which is the sum of the load impedance and the source impedance. The source
impedance is the impedance to remote earth of the grounding electrode, Zg. The
voltage across the pipeline coating is now

Ve = V(r) - Vg(rg) . (5-18)

The maximum voltage is somewhat less. The maximum reduction is 50 percent which
is achieved only when Vg(rg) is equal tolév(rmin).

Another interesting case involves a pipeline which has the same potential as the
tower. This is possible if a solid connection is made between the two or if a
spark gap, polarization cell or ionization of the soil causes a low impedance path
to be formed between them. Since the pipeline becomes a part of the tower ground,
the tower potential is reduced. However, the pipeline potential is reduced only
when there already is strong ground current coupling. For this case, the maximum
voltage across the pipeline coating is close to the tower potential with respect
to remote earth.

The calculation of the pipeline potential gets quite complicated if there are
many grounding electrodes near towers or if the pipe has a shield wire buried
with it. Some calculations of such potentials have been done by Personen, et ai
(2). In any event, it appears that V(rmin) is a useful approximation to the maxi-

mum voltage across the pipeline coating.

Current on a Long Pipeline

Between the fault location and the power 1ine substation, but relatively far from
both, there is a large current flowing in the earth. This current density in the
soil, 15, causes a surface electric field, e given by

5-21



(5-19)

where Oy is the soil conductivity. Similarly, fora buried pipeline there is an

electric field along the pipe given by

e = i /o (5-20)

where ip is the current density in the pipe and cp is the conductivity of the pipe.

Equilibrium is achieved when e_ is equal to e_ and, therefore

S p

iooo= i cp/c (5-21)

A typical value for op at 60 Hz is 3 x 105 mho/m which, although it is Tless than
the dc conductivity of the pipe, is many orders of magnitude larger than typical
soil conductivities. (A relatively large value of o is 10'2 mho/m.) Because of
the Targe conductivity ratio, a large fraction of the ground current is concen-
trated on the pipe. Using measurements made during staged fault tests, it has been
shown experimentally that essentially all of the ground current is on the

pipeline (3).

When e and ep are in equilibrium there are no hazards to workers or to the pipe-
line coating. The hazards occur when equilibrium does not exist, such as near the
fault, near the substation or near locations where the pipeline enters or leaves
the vicinity of the power 1ine. These other locations are not expected to be more
hazardous than the situations already discussed near a faulted tower.

SUMMARY AND CONCLUSIONS

The three coupling modes associated with induced transients on pipelines have been
considered. Computational methods for calculating transient voltage or current
levels for each case have been reviewed.

In the case of capacitive coupling to an above ground pipeline, exact methods are

available for calculating the voltage transient induced on the pipeline for the
cases of line switching and Tightning induced transients.
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The most severe inductive coupling to buried pipeline systems is caused by power
line phase conductor to ground faults. The induced transient on the pipeline can
easily be handled by techniques developed previously for the steady state coupling
calculations when considering the 60 Hz component of the transient. The higher
frequency components of the induced transient present a much more formidable prob-
lem and, in general, a simple method for determing their coupling factors is not
presently available. However, in concept, a solution can be found. The necessity
for having available such techniques has not been determined as yet. The question
to be answered is if sufficient higher frequency energy and/or voltage components
are coupled into the pipeline system to present a hazard to personnel safety or
component reliability.

During a phase-to-ground fault large currents may enter the ground near the fault
location. These ground currents produce significant potentials on the power line
structures and in the surrounding earth. Formulas for the touch and step poten-
tials and the (worst case) voltage developed across the pipeline and/or its
coating are developed.
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Section 6

LIGHTNING EXPOSURE PARAMETERS AND PROBABILITIES

INTRODUCTION

There are two main classes of lightning effects which are involved when under-
ground pipelines are located on common right-of-way (ROW) with overhead power
Tines:
1. Transient currents and voltages caused by direct strokes to the
shield wires or towers of the power line or to earth near the

pipeline. The time domain of these effects is measured in micro-
seconds {(us).

2. Transient ground fault currents arising from Tightning flashover
of the power Tine insulator strings. Fault durations are commonly
measured in milliseconds (ms).

In each of these classes, the mechanisms affecting the pipeline may be due to
either electromagnetic or conductive coupling, the Tatter representing a formi-
dable hazard to the protective coating of the pipeline. Coupling to the pipeline
is treated elsewhere in this book.

The primary purpose of this section is to provide data on the rate at which the
pipeline experiences these two lightning effects. Direct strokes to the shield
wires or structures are given by the factor, Ns’ expressed as the number of
strokes per 100 km-years. Calculation of the number of ground faults is a much
more difficult problem and has not been attempted here. However, if the power
line quality (performance order) is known, data is given from which it is possi-
ble to estimate the specific tripout rate for the line. For typical power line
parameters, results show that the lightning stroke frequency is increased in the
vicinity of the pipeline. However, because of certain mitigative effects, it
has been found that the presence of a power Tine actually reduces the frequency
of direct lightning strokes to buried pipelines.



Frequency of Occurrence

The frequency of occurrence of both classes of events is an important considera-
tion in the design of both electric power lines (1,2) and pipelines. In some
cases mean values are commonly used, while in others frequency distribution
curves or cumulative probability curves are required.

Direct Strokes

The correct technical term here should be "flashes" but the more familiar term
"direct strokes" will be used until discrimination is required. The basic data
required are:

TD the number of thunderdays per year

Ng the ground stroke density in strokes (km-2 yr_l) per sq km per year
NS the 1inear density of strokes to the towers and shield wires in
strokes 1072 (km'1 yr'l) per km per year.

Figure 6-1 illustrates these concepts and shows simplified formulas in current
use which relate the basic data.

Ny = 0.04 (Tp)1-3% (6-1)

for the continental United States. The value of Ns depends on the value of Ng
and the collection area for 100 kilometers of 1line determined by the relation

1

Collection area per 100 km = W 1071 km™2 (6-2)

where W is the effective collection "width" in meters and
W o= D+ agl-09 (6-3)

for a single circuit transmission line. As in Figure 6-1, H is the height of the
shield wires above ground and D is the separation between the two shield wires.
Thus, the linear stroke density is given by

Ng = N 1071 strokes/100 km-yr. (6-4)

Frequency Distribution of Lightning Current Amplitudes

Since different designs of electric power 1lines have differing critical or thresh-
old current amplitudes at and above which insulator flashover can occur, no sin-
gle threshold value can be assigned. Thus, a cumulative probability curve is.
required so that the flashover rate can be determined for the design threshold
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current of a specific power line. Figure6-2 shows such a curve ingeneralized form. ‘
Use of this chart requires a prior assignment of the median current amplitude
1(50%) and a value of S given by

Oy = In [1(16%)/1(50%)] (6-5)

for the particular distribution used. A currently-used common value of %1n is 0.9.
The value of the median current amplitude for bare earth is 13.0 kA and that for
the strikes to the shield wires of a power line depends on their height. An
empirical relation for this is

25 | p (6-6)

1(50%) = 13.0 + 0.07 AL
Tables 6-1 and 6-2 give typical collection widths W and linear flash density, Ns’
for high-voltage (HV), extra-high-voltage (EHV) and ultra-high-voltage (UHV) lines
for various mean heights, H, and thunderday levels, TD. The collection widths are
useful for comparison with widths of ROW, and the NS values are useful to deter-
mine the number of strokes attracted to the ROW, but at a known location.

Table 6-1

_MEAN TRANSVERSE EXPOSURE_
W FOR SHIELD WIRE HEIGHT H

HVY Lines EHV Lines UHV Lines
_H D = bm D = 15m D = 25m
10m 53m 63m 73m
20 107 117 127
30 163 173 183
40 220 230 240
50 279 289 299
60 338 348 358
70 398 408 418
80 459 469 479
90 521 531 541
100 583 593 603

For other than the average conditions tabulated, use the relation
1.09

W=D+4H
o
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Table 6-2

2 -1

LINEAR FLASH DENSITY TO SHIELD WIRES, NS - FLASHES 10~ km-1 yr
AS A FUNCTION OF MEAN SHIELD WIRE HEIGHT H AND ANNUAL THUNDERDAYS, TD

Mean Height of Shield Wires -H in Meters

1D Line 10 20 30 40 50 60 70 80 90 100
10 HY 4.8 9.6 14.6 19.8 25.0 30.4 35.8 41.2 46.4 52.4
EHY 5.7 10.5 15.5 20.7 26.0 31.3 36.7 42.2 47.8 53.4
URHV 6.6 11.4 16.4 21.6 26.9 32.2 37.6 43.0 48.6 54.2
20 HY 12.2 24.5 37.4 50.6 64.0 77.7 91.6 105.6 119.8 134.1
EHV 14.5 26.8 39.7 52.9 66.3 80.0 93.9 107.9 122.1 136.4
UHV 16.8 29.1 47.7 55.2 68.6 82.3 96.2 110.2 124.4 138.7
30 HY 20.7 41.6 63.4 85.8 108.6 131.8 155.3 179.1 203.2 227.4
EHY 24.6 45.5 67.3 89.7 112.5 135.7 158.2 183.0 207.0 231.3
UHV 28.5 49.4 71.2 93.6 116.4 139.6 163.1 186.9 211.0 235.2
40 HV 30.8 61.9 94.2 127.5 161.5 196.0 231.0 266.4 302.2 338.2
EHY 36.6 67.7 100.0 133.3 167.3 201.8 236.8 272.2 308.0 344.0
UHY 42.4 73.5 105.8 139.1 . 173.1 207.6 242.6 278.0 131.8 349.8
50 HY 41.8 83.9 127.7 172.8 218.9 265.7 313.1 361.0 409.5 458.4
EHV 49.7 91.8 135.6 180.8 226.8 273.6 321.0 368.9 417.4 466.3
UHY 57.6 99.7 143.5 188.5 234.7 281.5 328.9 376.8 425.3 474.2

NOTE: The average shield wire spacing, D, is taken as D(HV) = 5m, D(EHV) = 15m and D(UHV) = 25m.
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Table 6-2 (Cont.)

Mean Height of Shield Wires -H in Meters

D Line 10 20 30 40 50 60 70 80 30 100
60 HY 53.1 106.7 162.5 219.9 278.5 338.0 398.3 459.3 521.0 583.2
EHY 63.1 116.7 172.5 229.9 288.5 238.0 408.3 469.3 531.0 593.2
UHV 73.1 126.7 182.5 239.9 298.5 358.0 418.3 479.3 541.0 603.2
70 HY 65.8 132.3 201.5 272.7 345.3 419.1 493.9 569.5 646.0 723.2
EHY 78.2 144.7 213.9 285.1 357.7 431.5 506.3 581.9 658.4 735.6
URY 90.6 157.1 226.3 297.5 370.1 443.9 518.7 594.3 670.8 748.0
80 HY 78.6 159.9 240.5 325.4 412.2 500.2 589.5 679.8 771.1 863.1
EHY 94.1 172.7 255.3 340.2 427.0 515.0 604.3 694.6 785.9 877.9
URHY 108.2 187.5 270.1 355.0 441.8 529.8 619.1 708.4 800.7 892.7
90 HY 92.4 185.7 282.7 382.6 484 .6 588.1 693.0 799.2 906.5 1014.8
EHY 109.8 203.1 300.1 400.0 502.0 605.5 710.4 816.6 923.9 1032.2
UHY 127.2 220.5 317.5 417.4 519.4 622.9 727.8 834.0 941.3 1049.6
100 HY 106.2 213.4 325.0 439.8 557.0 676.0 796.6 918.5 1042.0 1166.0
EHY 126.2 233.4 325.0 459.,8 577.0 696.0 816.6 938.5 1062.0 1186.0
UHY 146.2 253.4 365.0 479.8 597.0 716.0 836.6 958.5 1082.0 1206.0
NOTE: The average shield wire spacing, D, is taken as D(HV) = 5m, D(EHV) = 15m and D(UHV) = 25m.



Lightning Ground Faults

In the case of ground faults caused by lightning, it is clear that the power line
introduces a new type of exposure. The analysis is complicated because of the com-
plexity introduced by the shield wires and the multiple tower grounding which
distribute the total fault current. These matters are considered elsewhere in

this book. Further, the estimation of the frequency of occurrence of lightning
faults is an extremely complex process for a particular line and is beyond the
scope of this investigation. Fortunately, however, a good overview of actual Tine
performance of EHV lines can be obtained from Table 6-3, taken from Reference 1.
For this table, the symbols S.T.R. (40) mean the “Specific Tripout Rate at

40 thunderdays per year." The "Pefformance Order" M is defined by the equation:

S.T.R. (40) = 2" (6-7)
Table 6-3
VALUES OF THE BINARY ORDER PERFQORMANCE
INDEX M WITH QUALITATIVE COMMENTS
Performance SLZ'R;1(49% Qualitative
Order M 10 “km “yr Comments
-4 0.00-0.0625 "Lightning proof"
-3 0.125 Superior grounding and shielding
-2% 0.250* Excellent grounding* and shielding
-1 0.500 Good grounding and shielding
0 1.00 Good or fair grounding
Fair or good shielding
1 2.00 Good grounding, fair shielding
2 4.00 Fair grounding, poor shielding
3 8.00 Poor grounding and/or poor shielding
4-5 16-32 Poor grounding, poor shielding
Tow insulation level or unshielded

Tines

*The median value of S.T.R. (40) for effectively-shielded lines of
15 countries participating in the CIGRE Survey (1) was 0.26.



Approaches to Mitigation

The basic requirement for protection of the pipeline or its coating from puncture
is the reduction of the current density in the soil to acceptable levels. Assuming
that there is some threshold Tevel, two fundamental approaches are possible:

1. Increasing depth of the pipeline
2. Diversion of external current away from the pipeline.

The first approach may be neither feasible nor economic. The second can sometimes
be accomplished by shielding. Buried shield wire systems have been employed for
large pre-stressed concrete water lines in soil of high resistivity. In such cases,
however, external current has sometimes been led periodically into the longitudinal
rebars in the region of lightning current ingress and out of the rebars at remote
regions. The following discussion indicates that the presence of an ac power

1ine can provide a form of shielding, provided that line stroke collection width,

W, available ROW and pipeline location are properly coordinated.

As the height of the shield wires increases, the collection width W increases and
is much larger than the ROW. The ROW, however, may be sufficiently small so that
the pipeline is well protected from direct high-current strokes to earth and simul-
taneously sufficiently large to permit locating the pipeline well away from the
tower grounding system so as to minimize the probability of sparking in the soil
from the tower ground to the pipeline. As an example of the possible appiication
of the foregoing relations, consider the following conditions (with TD = 40 yr_l)

Line ROW ﬂg ﬂs(no Tine) H W ﬂs(to line)
e 50m 5.8 29.0 30m  168m 97.4
UHV 100m 5.8 58.0 50m 299m 173.4

In the case of no power line, but the same ROW, the whole range of lightning cur-
rents can strike the earth near the pipeline with virtually certain puncture of
the protective coating. With the power line present, and proper location of the
pipeline, only the weakest strokes can penetrate the shielding afforded by the
shield wires and towers of the electric power line.

For this reasoning to be valid, something must be known of the soil jonization
characteristics. Table 6-4 has been prepared to give a preliminary illustration of
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the soil jonization radius and resulting tower footing resistance at crest current.

For this table, the soil breakdown gradient has been taken as 1 megavolt per meter
as a representative value. This results in the following relations

Resistivity Ionization Resistance at Crest
Ohm Meters Radius r Current T KA
100 0.126 19-° R = 126 170-°
1,000 0.400 10-° R = 398 170-°
10,000 1.260 19-° R = 1264 170+°

Since the ionization radius is a mean value that could be exceeded by localized
streamers and because of the field intensification caused by the proximity of the
pipeline, it is prudent to provide a large margin in the separation between the
outermost grounding element and the pipeline. A separation of perhaps 20 meters
would probably prove adequate for all but the highest earth resistivities and
lightning currents.

Table 6-4

THEORETICAL IONIZATION RADIUS (r) AND GROUNDING IMPEDANCE (R) AT CREST CURRENT
FOR A HEMISPHERICAL GROUND ELECTRODE IN HOMOGENEOUS SOIL HAVING A SOIL BREAK-
DOWN GRADIENT OF ONE MEGAVOLT PER METER

Crest 100 ohm meters 1000 ohm meters 10000 ohm meters
Current P(i) T R I R r R
kA (1) m ohms m ohms m ohms
0(2) 100 0.64 25.0 2.01 79.1 6.37 150.0
50 16 0.89 17.9 2.83 56.3 8.91 179.0
100 3.7 1.26 12.6 4.00 39.8 12.60 127.0
150 1.4 1.54 10.3 4.90 32.5 15.43 103.0
200 0.6 1.78 8.9 5.66 28.1 17.82 89.0
250 0.3 1.99 8.0 6.32 25.2 19.92 80.0
300 0.15 2.18 7.3 6.93 23.0 21.82 73.0

NOTE (1): Percent of strokes having current equal to or greater than value given.
For mean shield wire height of 40 meters, or 1{50%) equal to 20 KA.

NOTE (2): Metallic electrode without ionization.
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As an example of the use of these tables, consider the 250 kA current level. For
a resistivity of 1000 ohm meters, one would estimate that a soil striking radius
of 6.32 meters would be exceeded approximately 0.3% of the time. From Table 6-2
one can select, say, an EHV line of 40 m height in an area of 40 TD to obtain
133.3 strokes to the 1ine per 100 kilometer years. Thus the radius given would
be exceeded 0.003 x 133.3 or 0.4 times per 100 km-years; in other terms, once in
250 kilometers per year. A separation of 20 meters would provide a high degree
of safety from the type of direct contact considered here, but further analysis
and probably tests would be highly desirable to determine the current density
which the protective coating can accept without puncture.

The coordinated approach suggested above appears most promising, but requires
more detailed analysis after all aspects of transient and steady state exposures
have been placed in perspective.

SUMMARY AND CONCLUSIONS

It has been shown that for typical power line parameters, the frequency of direct
strokes in the vicinity of the pipeline may be increased by a factor on the order
of two to three. The number of power line ground faults caused by lightning
strokes is much more difficult to ascertain and is dependent upon the 1ine quali-
ty, exemplified by its "performance order" number. Data is given which allows
the Specific Tripout Rate to be calculated for a power line of known quality.

It was found, however, that the presence of a power 1line along the same right-of-
way, actually caused a reduction in effects caused by direct 1ightning strokes.
This is due to the fact that although the near stroke frequency rate is higher,
the presence of the power line shield wires causes the more severe strokes to be
captured by them, thus providing a "protective umbrella" for the pipeline.

In addition, ground ionization effects mitigate against the occurrence of severe
pipeline stress because of lightning strokes. Tabular data is given which allows
calculation of the ground ionization radius beyond which the effects are minimized.
In general, however, for most situations it may be assumed that if the pipeline is
situated 20 meters or more distant from a ground electrode, i.e., a structure
footing, the stress effects upon the pipeline are effectively eliminated.
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Section 7

PIPELINE SYSTEM SUSCEPTIBILITY

INTRODUCTION

General guidelines are presented in this section to assist the pipeline engineer
in properly evaluating the significance of the induced voltage levels. These
guidelines are developed through the presentation of actual field measurements
and experiences as reported in the literature. It is thought to be entirely
unrealistic to define specific interference thresholds and 1imit all pipe-to-
soil potentials to these levels. Each situation encountered by the pipeline
field engineer will be different and, therefore, will demand different judgements
as to whether further action is warranted to assure the reliable and safe opera-
tion of a given facility.

Specific topics reviewed are (1) ac corrosion effects, (2) damage thresholds of
pipelines and components, especially to transient voltages, and (3) safety hazards
to personnel.

AC CORROSION EFFECTS

To date, many investigators (1-8) have attempted to determine the corrosive

effects of induced ac voltages upon various metals. In general, the interpre-
tation of experimental results has been difficult, due to the fact that even a
slight change in the experimental conditions, unknown to the observer, could lead
to inconclusive or ambiguous resuits. For the most part, the experiments performed
by the various investigators involved the passage of an ac current through a set
of metal electrodes immersed in an electrolyte, thus comprising a galvanic cell.
For all but a few of the experiments reported in the Titerature, metal electrodes
were not cathodically protected.

Considering the case of most interest here, namely that of steel corroded by

60 Hz ac, the results of many experimenters may be summarized as: '"the
corrosiveness of an induced ac current is equal to approximately 0.1 percent of
an equivalent value dc current". The actual percentage value equivalency is a
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function of several factors such as electrolyte resistivity, the ac current
density level, etc. This equivalency statement effectively summarizes the
present state-of-the-art as regards the corrosive effects of induced ac voltages
and currents. A survey of available experimental data has been made and review
of this data indicates that further considerationofthe factors defining the
corrosion level would be desirable: (1) although the figure of 0.1 percent
‘equivalency is available, the user of this number can justiy feel uncomfortable
with regard to its applicability to all situations. Sparse experimental data
which is not substantiated by analysis can be subject to misinterpretation, and
(2) in practice, pipelines are generally cathodically protected, and the question
arises as to the interrelationships between dc corrosion, ac caused corrosion
and mitigation effectiveness due to the applied cathodic protection.

The analytical work presented in this subsection allows the interpretation of
available experimental results to situations where ac is present with cathodic
protection also applied. In addition, the analytical results corroborate the
percent ac current equivalency figure obtained experimentally.

Attempts to model the corrosion process have always been fraught with difficulties
due to the complex geometry and electrochemistry of the cell. Therefore, a
general analysis to evaluate the dc corrosion, for example, of a pipe]ine is not
available. To date corrosion estimates have been based on experimental results.
The intent of the study presented here is to provide a means of estimating the
corrosive effects of the induced ac. The results are limited because of the
simplified analysis employed which only considers the additional corrosion due

to induced ac for a given original (dc) corrosion level.

The analysis made to determine the corrosion due to induced ac is detailed in
the following subsection. The galvanic cell polarization diagram is used as a
basis for interpretation of the physical situation and formulation of the
solution.

In summary, the analysis derives an equation for the additional corrosion caused
by induced ac voltages for various levels of partial cathodic protection. Ex-
tension of this analysis for the zero applied cathodic protection case leads to
an approximate corroboration of the 0.1 percent ac current equivalency for iron
established experimentally. Due to necessary approximations, this analysis is
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limited to consideration of applied ac potentials and cathodic protection levels
(pipe-to-soil potential shifts) of approximately 150 mV or less. At this Tevel,
the applied cathodic protection is only partial and large increases in the cor-
rosion level are shown for small increases in the induced ac voltage. This result
is not borne out in practice because of the higher levels of cathodic protection
which are normally applied. Cathodic protection levels normally used tend to
negate the effects of ac on corrosion.

Review of Experimental Corrosion Data

In general, inspection of the data from various investigators (1-8) shows that in
many cases there was not only a lack of consistency between the data from any

one investigator, but also that test conditions were vastly different so that
comparison of various data sets could not be easily made. In attempting to
comparatively quantify the available data, the following variables were

initially considered.

1. Material - Although data are available on electrode material other
than ferrous, the effort here was restricted only to the effects

of ac current on ferrous materials.

2. Frequency - Not all experimenters considered the whole range of
possible frequencies of interest, but in many cases data were
available at frequencies other than 60 Hz. In general, the
higher the frequency of applied current, the Tower the corrosive
effects. For the present purpose, the analysis is restricted
to the 60 Hz data.

3. Current Density - It was found that almost without exception
the current density was considered as an independent variable
within an experiment. The general range of current densities
at which most experiments were performed ranged between 10 and
100 ma/cm4. Densities of this range will generally be experienced
at holidays in coated pipelines.

4. Electrolyte Characteristics - Among the various experimenters,
electrolytes ranging from real soil to various types of simulated
soils were used. The characteristics of the soils initially
considered important in assessing the data were:

--resistivity

--pH

--movement of electrolyte
--temperature of electrolyte
--diffusion characteristics

--oxygen content of electrolyte
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The measured corrosion rate was a function of all of these characteristics.
However, attempts at trying to categorize the trends in the corrosion rate with
these variables were not fruitful with inconsistencies readily apparent. Hence,
the data has been categorized only in the grossest sense, that is, the spread

of the data is herein reported without regard to experimental variables other

than the current density. Rather than plotting the data in terms of actual
corrosion rate, it was found convenient with regard to establishing a pattern to
normalize all of the data to the percentage of the equivalent dc current producing
the same amount of corrosion. Using the applied current density as an independent
variable, an equivalence plot of the ac corrosive effect for the data available

is given in Figure 7-1.

Most of the data were obtained by the coupon weight loss technique. The loss in
weight of a specimen is proportional to the corrosive effect of the current and
the percentage equivalence was calculated by dividing the observed weight loss
by the expected weight loss which would have occurred if the current were dc
rather than ac.

Weight loss for a dc current Tevel may be calculated from the standard electro-
chemical formula. For iron, the equivalence is that 1 mA/cm2 of applied dc
current will cause a removal of 9.13 gr‘ams/cm2 of active anode area per year.
Assuming uniform corrosion over the surface, this is also equivalent to a uniform
penetration of 456 mils per year (mpy).

The only exception to the coupon weight loss method for determining corrosion
was that of some of the data taken by Battelle Memorial Institute (3). The
corrosion rate of these data was obtained by a l1inear polarization technique
which resulted in a measure of the short term or near instantaneous corrosion
rate which tends to be higher in magnitude than that obtained by the weight loss
method. This differentiation was thought desirable for this particular set of
data due to expected higher corrosion rates because of the measurement technique

used.
Inspection of Figure 7-1 shows that the spread is approximately 2-1/2 orders of

magnitude for the plotted data. One pertinent characteristic of the various data
sets utilized in forming the plot and not specifically shown on the plot is that
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the length of tests varied from a minimum of about one hour for the linear polar-
ization measurement technique to a maximum of about 280 days for some of Bruckners'
data (1). It is generally found that if the corrosion rate is measured periodically
its value will decrease as time is increased. This is due to the build-up of
polarization films, etc., on the surface of the electrodes. In order to make a
better comparison of the available data and possibly reduce the spread of the

data, the experiments performed by each investigator were reviewed, and the

length of the experiment noted. The data was then normalized with respect to test
Tength. The normalization factor was variable and was weighted so as to reduce

all of the data to an equivalent long-term corrosion rate. For present purposes,
"long-term" is considered to be an experiment length on the order of 9-10 months.
After this length of time, it would be found, in general, that the corrosion rate
is reduced to a relatively low value compared to the initial rates, and would tend
to stay nominally constant thereafter.

To effect the necessary normalization, it was necessary to obtain a consistent

set of data from one experimenter where the only variable was test length.
Bruckner (1), fortunately, performed such a series of tests from which the necessary
information could be extracted. A typical set of data, plotting the measured
corrosion rate vs. the length of test is given in Figure 7-2. The data are
plotted for neutral soil (pH = 7). Several other data sets are available for
other soils, and inspection of these other data shows that a similar type of
variation is experienced, but with varying data rates as a function to time.
Hence, the graph of Figure 7-2 may be interpreted as an average type curve
indicative only of the trend to be expected. However, normalizing the original
data with respect to test length as per Figure 7-2 aids in providing a commonality
to the various data sets. The sample graph in Figure 7-2 shows that as the test
length is increased, the corrosion rate becomes asymptotic to 0.22 mg/day/in.z.
Hence, for any shorter test length, the normalization coefficient was found by
dividing the corrosion rate found for that particular test length by the above
asymptotic (long time) value. The set of normalization factors used for data

from various test lengths are given in Table 7-1.
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Table 7-1

TEST LENGTH NORMALIZATION FACTORS
(Measured corrosion rate to be divided by the appropriate factor)

Test Length Normalization Factor
> 280 days 1.0
144 1.44
84 2.0
56 2.6
46 2.9
28 3.6
7 5.8
3 6.4
1 hr, 12.0

Applying the normalization factors to the plotted data of Figure 7-1 yields
Figure 7-3. Inspection of the plot shows that the applied normalization (except
for the linear polarization data) has reduced the data spread. Hence, as an
overall estimate, it appears that for a wide variety of experimental test con-
ditions and electrolyte characteristics, the ac corrosion effect on a Tong-term
basis is approximately 0.01 to 0.1 percent of that of an equal magnitude of dc
current,

An analytical verification of this equivalency is derived using the small signal
analysis presented in the following section. There it is shown that the addi-
tional corrosion caused by the ac current could be due to the nonlinearity of the
anode current variation produced by the induced ac voltage.

Analysis for ac Corrosion

In this section, an analysis is made to evaluate the corrosive effects of low
levels of induced ac voltages. The analysis allows a combined evaluation to be
made; not only of the induced ac corrosion magnitude, but also of the effects of
varying the cathodic protection upon reducing the corrosion Tevel. The small
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signal analysis presented is useful for establishing the direction of trends, but
it is 1imited to quantitative consideration of induced ac voltages of less than
150 to 200 miTlivolts. The results of this analysis should be applicable to both
bare pipe and holidays in coated pipe.

Small Signal Analysis. The basis for this analysis is the corrosion cell polar-

ization curves, with a conceptual diagram shown in Figure 7-4. The variables in
the figure are defined as follows:

) e, - open circuit cathode voltage

) e, - open circuit anode voltage

. e, - corrosion potential

() 1c - corrosion current density

] Ae - pipe-to-soil potential shift with application of cathodic
protection

] ec ~ pipe-to-soil potential shift due to induced ac

° Eac - rms value of €ac

0 ido - applied cathodic protection current density

0 1a - anode (corrosion) current density

) ik - cathode current density

) Ba - Tafel slope of the anodic polarization curve

(] Bk - Tafel slope of the cathodic polarization curve.

The polarization curves shown in Figure 7-4 are plotted as a function of electrode
potential versus logarithm of the current density. Without an externally applied
cathodic protection current, the equilibrium condition for the cell exists at the
intersection of the anodic and cathodic polarization curves; namely, at a corro-
sion current density ic and a corrosion potential of e.- With the application of
a cathodic protection current of density, ido’ the corrosion current is reduced to
the value, ia' This in turn causes a pipe-to-soil potential shift of Ae which
establishes the new equilibrium operating point of the cell. Introduction of
either an ac current or voltage at the pipe will cause a shift in this equilibrium
point with a corresponding cyclical increase and decrease in the value of ia'



Potential - Volts

Galvanic

Fig. 7-4 REPRESENTATIVE POLARIZATION DIAGRAM
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Theoretically, an alternating current passing through the corrosion cell electrodes
will cause the disassociation of ions on the anodic half-cycle, and correspondingly,
a reversible reaction on the cathodic half-cycle. However, due to the nonlinearity
of the polarization curves, that is, they are a plot of linear voltage versus log
of current density, a nonsymmetrical electrode current will exist even though the
induced currents or voltages on the pipeline are sinusoidal and symmetrical with
respect to the equilibrium operating point. Hence, with the introduction of an

ac current upon the pipeline a corrosion component in addition to the original

dc corrosion will exist. The following analysis quantizes this effect for the

cases of no or partial cathodic protection of the cell.

Upon the application of the dc cathodic protection current, 1d0’ the pipeline
potential, €. + Ae must approach the open circuit anode voltage, e in order to
reduce the anodic corrosion current to a small value. In the situation where an
ac current is induced upon the pipeline, the total current will be the sum of the
original cathodic protection current ido plus an ac component. The sum current
density is given by

iy = 4ot ijc0s wt (7-1)

where 1m is the peak value of the induced ac current.

Referring to Figure 7-4 for the condition 1m # 0, it will be found that the
cathodic protection will be mitigated by the ac current and the anodic corrosion
current will correspondingly vary with id' Correspondingly, the pipe-to-soil
voltage changes by the amount, e

Under this condition, the anode current density is given by

0('|Ae| +te )/B

i.o= i 1 a (7-2)

a c ac

Likewise, the cathodic current density is equal to

o=, 10ll del - ey )/By (7-3)
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In general, the potential shift, Ae, for the small signal case will be on the order
of 100 to 200 millivolts, while Ba will have values for typical situations in the
region of 50 to 150 millivolts. Hence, the average anodic corrosion current for
€~ 0 will be generally one or more orders of magnitude less than the original
corrosion current without cathodic protection applied. Typical Bk values are 150

to 300 millivolts.

Since after the application of cathodic protection, the anode current density is
reduced to a very low value, the applied dc cathodic protection current is

L 10l2e]/8; (7-4)
[

o = Tkl

When an ac current is induced in the pipeline, at the pipe-to-soil interface, it
is driven into a nonlinear interface conductance, 9o which is in parallel with
an interface capacitance, C. The capacitance, C, acts as a shunt for the applied
current, since only current passing through go Causes a shift in operating point
defined by the curves in Figure 7-4. Hence, the greater the value of C, the less
the shift in the cell operating point for a fixed level of induced ac current.*
The current entering the electrode-electrolyte interface is equal to the sum of
the currents flowing through C and 9o° which is given by

. . de | . i
= g + i_cos wt = Cdt + i (7-5)

e

de lre| - eac)/Bk

.
+ T 10
Substituting Eq. 7-4 into 7-5 results in

de

: -e_ /B _
&t Tdo 10 "ac’ "k (7-6)

i + jcoswt = C
1do m

In Eq. 7-6, values of Bk are relatively high and hence, it will be assumed that
the exponent is relatively small. Therefore, the following expansion can be

utilized:

10%c/Bk ¥ 1 - 2.3%c Bk : (7-7)

*This appears to be a definite factor in producing a smaller corrosion rate at
higher frequencies.
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Substituting Eq. 7-7 into Eq. 7-6 and solving the differential equation yields,
for a steady state solution, the following:

imsin (wt + ¢)
Cac v 7 - > (7-8)
W)+ (2.3 14/8,)

where ¢ is an arbitrary phase angle.

The cell is moved from its dc equilibrium point by the ac current, causing anode
current to vary and thus effecting a change in cell corrosion current. From
Eq. 7-2 the anode current may be written as

o= i 10-10e 178, 108,78, (7-9)

For convenience, the right hand factor of Eq. 7-9 may be written as an exponential,

2.3e
10eac/Ba = exp {——E~—555] (7-10)
a

Eq. 7-8 and 7-10, after substitution into Eq. 7-9 yields

-|Ae imsin (wt + ¢)

iy = ic(10 B, ) exp > (7-11)
S e
2.3 Bk do
Eq. 7-11 may be simplified by using the following definition.
210 Ly ()2 1 9, (z)cos2ks (7-12)
0 k=1 2k
+2 3 9 (z)sin(2k-1)6

2k-1
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@

where
i = ST
i
jz = L
wB . C 2 B 2
a PR - G
(2.3) B do)
k
6 = wt+ ¢
and
J.(-) = Bessel function of it order.

i

A Bessel function of an imaginary argument may also be expressed in terms of the

modified Bessel function as follows:

3,(3z) = 3"1.(2)

modified Bessel function of nth order.

where In(-)

Substituting Eq. 7-12 and 7-13 into 7-11, yields

1.m
I
0( wB ¢12 B 2)
DN
2.3 BE do

i

-|2e]/8,

i = 410
a c

+2 I (‘1)k12k (

> > }-cos (2kwt + 2ko)
wB ¢ B
\/(—233') +(3Z—1d0)
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i
m

e
H— i
Bk do

wBaC

* sin (2k-1) (wt + ¢)

2

Eq. 7-14 is a sum of three terms; a time invariant component, ic, plus time
varying components appearing as modified Bessel functions of first or higher
order muitiplied by cosine or sine functions, respectively. The emphasis here
is on the dc component since this component causes the shift in the pipeline
operating point and a corresponding change in the cell corrosion. The time
varying current components because of waveform symmetry do not contribute to

the corrosion increase. As will be shown later, the observed increase in corro-
sion can be essentially accounted for by the dc component generated as a result

of waveform asymmetry.
Therefore, it can be assumed that the sinusoidal variations in the anode current
average out to zero over a cycle, and the corrosive effect of an ac induced

current upon the pipeline may be represented by,

i
io=di - 107ldel/By m (7-15)

a o} 0
w8 C\2 (8 2
a’|l Llfa,
2.3 Bk do

is given by Eq. 7-4.

where ido
Inspection of Eq. 7-15 shows that the anode current density is determined by
three factors. The first factor, ic, is the original corrosion current before
the application of cathodic protection. The second factor is in magnitude less
than or equal to one. It expresses the corrosion reduction obtained by the
cathodic protection. The third factor containing the modified Bessel function
of zero order, is equal to or greater than one and is a function of the induced
ac voltage on the pipeline. Hence, it defines the degradation suffered in
protection by the pipeline.



A plot of the modified Bessel function is given in Figure 7-5. Values were
obtained from (9).

The stimulus for this analysis was obtained from two articles appearing in a
foreign journal (10,11). In these papers, the possible anode current asymmetry as
a result of induced ac was recognized. Present work, however, extends the analy-
sis reported therein, and applies it directly to the pipeline situation.

Where it is more convenient to work with induced ac voltage levels, Eq. 7-15
may be expressed in terms of the rms value of e From Eq. 7-8, the rms value
equals

1m//?
ac (7-16)
2 . 2
vfwc) + (2.3 1d0/8k)
Substituting Eq. 7-16 into 7-15 yields
3.25E
. . -|Ae

i, = 1c'10| |78, . I, ——-—B—ﬂ) (7-17)

a

Equation 7-17 can be used only for determining the relative rather than absolute
effects of cathodic protection and ac voltages on the final corrosion current
since the initial corrosion current level, ic’ cannot be obtained analytically.
Determining ic analytically is a much more difficult problem which has not been
solved in general, and is beyond the scope of this analysis. Also, the analysis
is applicable to situations of very small applied ac voltage levels, i.e., on the
order of tens of millivolts. In practice it has been found, with the cathodic
protection levels usually applied, that corrision is not apparent even for induced
ac voltages orders of magnitude larger.

The results of this analysis are useful in that, as shown in the following deri-
vation, an analytical verification of the experimentally derived ac corrosion
current equivalency can be made.

AC Corrosion Current Equivalency. As mentioned previously, the general consensus
regarding the effects of ac current is that the current produces corrosion on
ferrous metals equivalent to 0.1 percent of an applied dc current of the same

7-17



Jo (ix) = Iylx)

100,000 F
10,000
1000 -
=
o
H
100
10
i ! 1 1 1 1 1 |
(0] 2 4 6 8 10 12 14
—>
X

Fig.7-5 PLOT OF MODIFIED BESSEL FUNCTION OF ZERO ORDER

7-18



magnitude. This equivalency is also a function of the applied current density.
In obtaining this value from data points such as those plotted in Figures 7-1 and
7-3, investigators generally measured the dc corrosion without the application of
cathodic protection. For a practical application as for a pipeline, this
equivalency ratio number will be a function of the applied cathodic protection.
With cathodic overprotection, this equivalency ratio will drop to zero.

In this section the equivalency ratio for the situation where no cathodic protec-
tion is applied is analytically derived for comparison to the empirical value.

This analysis is an extension of the previous small signal analysis. To set the
proper stage for the present analysis, it is desirable to review the concepts upon
which the previous analysis has been based. Initially, it was assumed that a
corrosion cell existed, which was at least partially cathodically protected.

To effect this cathodic protection, an initial dc current density, 1do’ was applied
to the corrosion cell. Then, if an ac current were induced on the pipeline, the
effective cathodic protection current entering the cell would no longer be steady,
but would vary at the frequency of the applied sinusoid. This change in the
cathodic protection current amplitude will cause an approximate sinusoidal shift
in the pipe-to-soil potential. Conversely, for the purpose of the present
analysis, it could have been assumed that an initial sinusoidal ac voltage was
induced on the pipeline, which would cause a sinusoidal shift in the cathodic
protection current applied to the corrosion cell.

Referring to the polarization diagram of Figure 7-4 it can be seen that due to the
nonlinearity of the polarization curves, i.e., a linear change in pipe-to-soil
potential causes a logarithmic change in the current density, a nonsinusoidal

anode current will be generated. This current will be asymmetrical with respect

to the operating point set by the applied cathodic protection. By means of Fourier
analysis, the nonsinusoidal anode current can be resolved into a dc component and

a set of harmonically related ac components. The present analysis assumes that the
net increase in corrosion is caused by the dc component only and that this dc
component accounts completely for the observed increase in cell corrosion. In this
manner, the 0.1 percent equivalency factor is analytically verified.

The starting point for the analysis is Eq. 7-15 assuming zero cathodic protection.
Therefore, assuming a value of Ae = 0 in Eq. 7-15 leads to,
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=i m P 1) (7-18)

a cC o0 cC o0
wg.C\e (8 2
__a_+_a__.-i)

2.3 B c

The equivalency between the ac and galvanic corrosion may be established by the

=~

following equation:
ia - ic
% Equivalency = 100{-———} (7-19)
i /2
m
Substituting Eq. 7-18 into 7-19 yields

IO(-)-l
% Equivalency = 100 1c _— (7-20)
1m//7

For values of the argument of the modified Bessel function of concern here (<4),
the following substitution may be used:

I() % 1+()° (7-21)
This substitution gives

100 v2(i /i)
% Equivalency = m_c (7-22)

For practical physical situations,

2 2
wB_C Ba)
(E%Tc) > (_ (7-23)
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and Eq. 7-23 becomes

i i
% Equivalency = 750 A c

7-24
o (7-24)

In Eq. 7-24 representative parameter values are:

. w = 2nf = 2w(60) = 377
] Ba = 100 mV
. C= 50x 107° F

The chosen value for Sa represents a middie of the range selection for anodic
polarization Tafel slopes. The choice of value for the double layer capacitance,
C, is somewhat more difficult, due to little available data for covering a variety
of conditions. The value assumed here was obtained from (12). Substituting these
values into Eq. 7-24 yields

% Equivalency = 0.21 1Ci (7-25)

m

where

i is the original dc corrosion current expressed in uamps/cm2 (luamp/cm2

s equivalent to a corrosion rate of 0.456 mpy for iron), and

. . . . 2
T is the induced ac current expressed in mA/cm .

Equation 7-25 is plotted in Figure 7-6 for two values of galvanic corrosion rates,
0.45 mpy and 4.5 mpy. At the higher applied current densities, the plots of Fig-
ure 7-6 indicate a higher percentage equivalency than the experimental data plot-
ted in Figure 7-1. However, Eq. 7-25 was derived on the basis of relatively gross
modeling of the electrochemical effects of the galvanic cell, and it is believed
that the correspondence between the derived and experimental number is relatively
good. In addition, the approximation used in Eq. 7-21 to expand the modified
Bessel function term 1imits the usefulness of Eq. 7-25 to maximum applied current
densities of about one to three mA/cmz. It is believed that the results plotted
in Figure 7-6 are significant in that they indicate that the increase in corrosion
caused by the application of an ac current can be accounted for by considering

the dc component generated because of waveform asymmetry, and the analytical re-
sult corroborates experimental data.
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PIPELINE COMPONENT SUSCEPTIBILITY

Both steady state and transient induced voltages and currents on pipelines can
affect the operation of or damage pipeline components and associated systems.
Such components include the pipe coating, the pipeline itself, insulating junc-
tions (flanges) used along the pipeline, the cathodic protection system and
communications systems used with the pipeline. This section summarizes the data
available in the open literature for both the magnitudes of measured voltages and
currents in pipelines, and also failure mechanisms and damage levels observed for
pipeline components.

Typical Measured Voltages and Currents on Pipelines

Measured values of various voltages and currents on pipelines as obtained from a
search of the open literature are presented in Table 7-2. This table presents a
summary of measured ac voltages and currents induced on pipelines during steady
state operation of nearby power lines. Inspection of these Tevels will aid in
determining the possible range of induced levels, and thusly, point to the types
of damage that could occur.

Abnormal conditions occurring on a power line can cause much larger voltages and
currents to be induced on nearby pipelines. One such dominant condition is a
fault whereby one phase of the electric power transmission 1ine becomes grounded.
For this type of fault, very large current surges flow into the earth in the area
at which the fault occurs, which are then coupled into a nearby pipeline. Light-
ning striking near a pipeline can also induce strong current surges in a pipeline.
Furthermore, it has been estimated that for lower transmission voltages, lightning
striking power lines causes 70 to 80 percent of the faults on these lines. In
this case, lightning can be an indirect cause of a current surge on a pipeline.
Distinguishing between pipeline current surges produced by power line faults and
those produced by lightning is a difficult task. The measured pipeline current
surge data found in the literature and reported here does not distinguish between
fault and Tightning caused surges. Table 7-3 Tists the available data for the
conditions and ranges of measured surge currents.

Maximum station fault currents for present day power systems are in the range of
50,000 amperes, with projections for future systems reaching 100,000 amperes (18-
20). A typical value may be on the order of 10,000 amperes. Although these
fault currents are large, a major portion of these fault currents can return to
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MEASURED VALUES OF STEADY STATE VOLTAGES AND CURRENTS ON

Table 7-2

AS DETERMINED FROM A LITERATURE SEARCH

PIPELINES

Electrical Pickup Condition
and Pipeline Location

Pipeline Parameters

Measured Values of ac
Electrical Parameters

Steady State Pickup Pipeline
Above Ground

3.5 mile section of 30-inch gas line
paralleling a 345 kV electrical trans-
mission Tine. Line was coated while
lying above the ditch and then coal-tar

and asbestos felt wrapped. Soil conditions
were predominantly Tow resistivity clay-

loam combinations with some very high
resistivity sand hills,

200 foot road-crossing section
on skids (sand hill).

e Pipe bare V= 2.2 volts
¢ Pipe primed V = 70 volts
(@ Pipe coated V = 120 volts
and wrapped
® Pipe coated, V = 1.0 volt (13)

wrapped and
grounded

16 inch oil T1ine supplying two genera-
ting stations and paralleling four
electrical transmission lines. Poly-
ken 980 coating, mill-applied, with
25. mil., adhesive backed polyethylene
outer wrap. Soil again predominantly
clay with some areas of higher
resistivity.

1000 foot welded section on skids

¢ Ground rod at north end,
voltage measured at south end,
V =17.8 volts
e Ground rod disconnected,
voltage measured at south end,
V = 225 volts (13).

300 foot welded section on skids.
o with two ground rods

V =1.0 volt
e with one ground rod
V=1.6 volts

e with no ground rods
V =13 volts (13)
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Table 7-2 (continued)

Electrical Pickup Condition
and Pipeline Location

Pipeline Parameters

Measured Values of ac
Electrical Parameters

Steady State Pickup Pipeline
Below Ground

Steel gas pipeline, coated with coal
tar enamel, glass and on outer wrap
of asbestos felt, with underground
flanged valves one flange of which is
insulated. One section of pipe runs
approximately 5 miles parallel to
several 115 kV transmission lines and
parailel to shorter runs of 34.5 kV
and 69 kV circuits. The electrical
transmission 1ines have a counterpoise
system,

o Currents flow between pipe and
counterpoise I= 2 amperes
(aver.) I = 10 amperes at
V = 15 volts (max. reading)(14)

e Pipe-to-soil measurements
I~ 4 amperes (average)
I=7.8 amperes at 11 voits
(max. reading)(14)

Pipeline running several miles parallel
to a double circuit power line in
Germany.

Measured maximum induced voltage (15)
Vv = 40 volts.

Pipeline running paraliel for about 50
miles to a 250 kV power line in the

western United States. The soil resis-
tivity ranged from 5 x 10° to 10° @ cm.

Measured voltage between pipe and
ground (15)
V = 60 voilts.

Coated gas pipeline which had under-
gone corrosion in a swampy soil.
Soil resistivity was 76 Q cm.

Pipe voltage = 8.5 volts (16)




the generating station by means of the shield wires and counterpoise systems
associated with the power lines. It has been estimated that for a station with
a 70,000 ampere fault current capability, the maximum current flowing into the
earth at a tower footing during a fault condition is 3000 amperes. A typical
value of such an earth current can be taken as 1000 amperes (18). Circuitry in
the power system clears the fault conditions in a short time.

In terms of voltage Tevels, the induced steady-state voltage on a pipeline seldom
exceeds 50 V ac although under certain conditions levels in the vicinity of 150 V
can occur. In contrast, for severe faults and a long parallel run next to a
nearby power line, exceedingly high voltages can be developed on the pipeline.
This voltage can be high enough to perforate a pipeline (5000 volts) or disturb
power feed converter circuitry {1500 volts) which is carried in the center of a
coaxial communication cable that, for some systems, is used in association with
the pipeline (22). Typical types of damage to pipelines and their associated
components due to induced ac voltages and currents are discussed in the following
section. It has been stated (21) that "Induced potentials from fault currents
generally do not exceed about 500 volts because the potential is limited by glow
discharges at coating holidays in the pipeline".

Failure Mechanisms and Damage Levels

Most of the damage to unmitigated pipelines and pipeline components produced by

ac electrical currents and voltages from nearby power lines occurs during fault
conditions of the power line. Steady state operation of the power lines, however,
does produce some deleterious effects on the pipeline and components.

Steady state ac potentials on pipelines can be annoying or hazardous to personnel
and may increase the rate of pipe corrosion, but do not appear to damage pipeline
coating (21) (at least for low voltages). Data and analysis from a report issued
by Battelle Memorial Institute indicates that degradation (shortening of operating
life) of certain cathodic protection rectifier designs might occur for ac pipeline
voltages much higher than 6.3 volts. Experimental testing and analysis would be
necessary to determine if such degradation would occur for a particular rectifier
design, pipeline ac potential and pipeline impedance (27). Another steady state
ac effect occurs when an internal resistive coating (formed by deposits from the
material carried within the pipeline) forms an electrical conducting bridge across
an insulating flange. Steady state currents flowing through this resistive bridge
can heat the flange insulation and eventually destroy the joint. Another undesir-
able steady state effect occurs when an ac potential on a coated buried pipeline
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MEASURED VALUES OF SURGE CURRENTS ON PIPELINES

Table 7-3

AS DETERMINED FROM A LITERATURE SEARCH

Electrical Pickup Condition
and Pipeline Location

Pipeline Parameters

Measured Values of ac
Electrical Parameters

Lightning and/or Fault of Nearby
HV Line Conditions.
Pipeline Below Ground.

Buried gas pipelines. Data for pipe-
lines varying in length from 8 miles
to 30 miles.

Surge currents measured on con-
ductors which were used to short
out an insulating joint. The
measured surge currents varied
from 100 amperes to 3100

amperes (17).

Buried gas pipeline 6 miles 1in
length.

Surge current measured flowing
through Thyrite Tightning
arrester. The measured surge
currents varied from 750 amperes
to 1800 amperes (17).




makes it difficult to extract the proper data when the pipeline is used as part
of a communications channel and data 1ink (15). This ac potential on a pipeline
can also make dc pipe-to-soil potential measurements (to determine the effective-
ness of cathodic protection systems) difficult (15).

The high voltages and currents produced during a fault condition on a nearby
power line can produce many types of damage (mostly due to arcing and heating)

to a pipeline and its components. The pipeline components which are mainly
damaged during a fault, as reported in the literature, are pipeline coatings, the
pipes themselves, and insulating joints such as flanges used along the pipeline.

Pipeline coatings can be punctured by the high voltages created during a fault
condition. The arc created by the high voltage can be so intense that it also
punctures a hole in the wall of the pipeline. These damage mechanisms are Tlisted
in Table 7-4 along with reported cases of this damage.

Voltage surges on pipelines produced by a fault or lightning can cause the degra-
dation of the insulation of an insulating flange. However, it appears that most
of the damage to an insulating flange is caused by arcing or breakdown across the
insulation of the flange. Such a breakdown can occur: first, across an air gap
between two metal parts of the flange; second, through the insulation of the

flange; third, through an external coating on the flange insulation, and finally,
through an internal coating formed on the insulation of the flange. Such a coat-

ing on the flange insulation will usually be composed of moisture, dirt or grease.

Many insulating joint failures attributed to "high voltage surges" or "lightning
surges" are probably due to these coatings. The types of damage which can happen
to an insulating flange are listed in Table 7-4 along with voltage test data for
some particular flanges. From the many types of insulating flange breakdown that
can occur, and from the Tow and high humidity voltage breakdown data given in
Table 7-4, it can be seen that it is difficult to predict the voltage failure
level of an insulating flange as installed in the field. A number of devices

are available commercially for mitigation of induced voltage surges.

Another damage mechanism can occur when large fault currents flow through a pipe-
1ine or other conductors. "Glow or arc discharges can occur in the earth or at
the conductor with sufficient energy release to crush buried coaxial cables or
ignite gas vapors" (22).
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Table 7-4

FAILURE MECHANISMS AND DAMAGE LEVELS OF PIPELINE COMPONENTS

Pipeline Component

Type of Damage

Reported Cases of Damage or Failure Levels

Coating on Puncture of Coating punctures have been found close to
Pipeline coating by areas where large currents are discharged
electric jnto the ground such as power line tower
arc (23,12,13) |footings (15).
A coated steel main after coating puncture
experienced five holes burned through
it when one phase wire of a high voltage
1ine broke and fell on an exposed end of
a steel road culvert laying parallel over
the buried main (25).
Pipeline Puncture of A coated steel main experienced five holes
pipe wall or burned through it when one phase wire
damage of pipe Jof a high voltage line broke and fell on an
metal (13,15) exposed end of a steel road culvert laying
(23-24) parallel over the buried main (25)
Tests under laboratory conditions with various
voltage levels indicate that 5 kV applied for
a period of 1 second will produce no metal
errosion on typical pipelines that 10 kV will
produce some corrosion but no perforation
after 1 second, and that 15 kV will perforate
the piping in less than 1 second of voltage
application (22).
Insulated eDeterioration [eTube Turn manufacturers test on insulated
Flange of insulation. | joint after assembly. Resistance greater

eBreakdown of
insulation
(weld bead may
be established
across flange).
eBreakdown (arc)
across air gap
between metal
parts of
flange.
eBreakdown
through an
internal
coating
eBreakdown
through an
external
coating (14-15)
(26-27).

than 25 megohms at 1000 volts dc.

eProchind insulated joint. 225 megohms insula-
tion resistance at 500 V, 50 Hz. 2500 volts
minimum perforation voltage (27).

elLaboratory tests on tube turns forged
flanges Part No. 6-mih, 150-round, material
A181-1 with Type B and C gasket kits. Under
normal room conditions breakdown voltage
was: Type B ~ 4000 volts, Type C ~ 2200-
2400 volts. After treatment at high humi-
dity, Type B sample failed by surface con-
ditions at several hundred volts (27).

etlectrical bridging of insulated flanges
occurs frequently in practice.
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SAFETY HAZARDS TO PERSONNEL

The presence of induced voltages and currents on a pipeline can also represent a
hazard to anyone who might make physical contact with the facility. This section
summarizes the effects of electric shock on humans and includes information at
dc, 60 Hz, and impulse shock. These effects have been identified by studying

the open literature and presenting the findings in a unified form.

Shock Effects

The effects of electric shock on humans may be divided into five areas in order

of increasing current: perception, let-go, tetanization, ventricular fibrilla-
tion, and respiratory inhibition. Perception is the response to the lowest value
of current and ranges from the subject feeling a slight tingling sensation at the
minimum detectable current to an unpleasant burning sensation at high levels.

The perception of the shock is dependent upon the path of the shock, i.e., whether
the contact points are at both hands, a hand and a foot, or otherwise, and the
magnitude of the shock current, among other factors. Perception currents are not
of themselves dangerous but, under some circumstances, may possibly cause "startle"
reflexes that may indirectly cause an accident. An example of this would be a

man who steps off a metallic ladder because he is startled by a mild shock from

a power tool he is using.

The next area of response is called let-go currents. These are currents that
are usually very painful, but are just under the Timits of currents that produce
tetanization of the muscles (condition wherein the muscles cannot be relaxed)
that control the 1imbs. Currents in excess of the let-go levels cause the sub-
ject to lose control of the muscles in the current path. It is plain that
tetanization is potentially dangerous, and possibly lethal, if the current path
is in the lung region and the current is maintained for a long enough period
(28).

Ventricular fibrillation is the next response area and it is a condition in
which the heart no longer is able to pump blood. Instead of contracting in a
coordinate, organized manner, the heart muscle fibers contract separately and
at different times. Once this condition is initiated in the human heart, the
heart cannot revert to normal operation of itself. Since ventricular fibril-
lation is the lethal effect with the least current level, the ventricular fib-
rillation threshold is important for safety considerations.
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Respiratory inhibition occurs at still higher current levels and under this con-
dition, the subject will cease breathing and his heart will stop during a very
severe electric shock and sometimes convulse. Although the subject's heart will
resume beating after the shock is stopped, he may not resume breathing indepen-
dently and may need artificial respiration. At still higher current levels, there
may be direct biological damage such as burns and nerve blocks.

Factors Determining Shock Severity. To properly evaluate the effects of any

electric current, the following factors must be considered:
) Current path in body
° Physical condition of subject
. Magnitude of the shock
. Duration of the shock
. Frequency of the current

Also, when considering a large population of subjects, one must also give consid-
eration to the amount of individual variability of human beings, i.e., individual
differences can and do have effects on how people react to stimuli.

Perception Limits.

Extensive work has been done (29) in the area of electric shock effects and re-
sults on the perception of 60 Hz currents are given by Figure 7-7. These tests
are the results from 167 male subjects who were exposed to 60 Hz commercial power
currents from hand to hand. The hand connections were over a large area so that
these data would be appropriate to a person grasping a power tool or a pipe. The
dotted 1ine in Figure 7-7 is the estimated value for women using a factor of 2/3
(this factor was obtained from the let-go testing reported later). Figure 7-7 is
used in the following manner: a percentage may be chosen in the vertical scale,
i.e., 5 percent, and the current is read from the horizontal scale; 0.65 mA for
men, 0.42 mA for women. This means that five percent of men will perceive a
current of 0.65 mA or less and an equal percentage of women will perceive a cur-
rent of 0.42 mA or less at 60 Hz. It should be mentioned that changes of frequency
and electrode shape will change the limits, i.e., either increasing or decreasing
the frequency will increase the perception current (the human body is most sensi-
tive to currents in the 50-60 Hz region), decreasing the contact area would de-
crease the perception current (current from a needle point would be easier to
sense), and current through a break in the skin is also easier to sense. Because
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of their small size and therefore higher current densities within their bodies
for the same total current, children are more sensitive to the electric currents.
In November, 1970, the American National Standards Institute (ANSI) established a
0.5 mA maximum allowable Teakage current for a two-wire portable device and a
0.75 mA maximum for heavy movable cord-connected appliances such as freezers and
air conditioners.

Let-Go Limits. The "let-go" threshold is defined as the highest rms current flow
in a hand-to-hand or hand-to-foot path during which the electrode held in a hand
may be released. This threshold is of extreme interest for two reasons: it de-
fines the minimum dangerous electric current for an uncontrolled situation and
yet, experiments can and have been undertaken with human volunteers under con-
trolled situations to identify values. In fact, Dalziel either alone or with
assistance (30-32) was responsible for extensive experimental work in this area
and is the only source of data on this phenomenon. Tests on 28 women and 134 men
for let-go current at 60 Hz have been documented with the results shown in Fig-
ure 7-8 (31,32). In these tests, the subjects held and then released a test elec-
trode consisting of a No. 6 copper wire. The circuit was completed by placing
the other hand and foot on a flat brass plate or alternately by clamping a con-
duction band 1lined with a saline-soaked gauze on the upper arm. The experimental
procedure consisted of first accustomizing the subjects to the sensations encoun-
tered and then applying the current and commanding a subject to release the wire.
If the subject was successful, the current was increased until the subject could
not release the wire. The end point was checked by several trails to eliminate
the effects of fatigue. The points in Figure 7-8 were taken with the subjects'
hands wet with salt water solution to secure uniform conditions and to reduce the
sensation of burning that caused high current densities at tender spots and at
the instant of releasing the electrode. Tests showed that the moisture conditions
at the point of contact and the size of the electrodes had no appreciable effect
on an individual's let-go current. Therefore, it is expected that the results
stated may be used to predict let-go currents safely with practical accuracy.
Figure 7-8 is used similarly to Figure 7-7 with the vertical scale giving the
percentage of the population that can't let go at a certain current level. For
example, 0.5 percent of the men tested could not release the electrode at a cur-
rent of 9 mA while 0.5 percent of women could not release 6 mA of 60 Hz current.
It should be noted that the curve for women is 2/3 the curve for men. This fac-
tor is used on the results of the perception tests previously conducted (29).
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A few cautions are required in order to interpret this let-go data in the proper
perspective. The let-go currents, in general, increased for both increasing size
and increasing muscle development. This implies that extreme caution must be used
in order to extend this data to children, invalids and other special populations.
In fact, there has been a reported case of a four year old boy having been killed
by being unable to release 8 mA of 60 Hz current (28). It has also been stated
that 50 percent of the safe let-go threshold for adult males or 4.5 mA would be a
reasonably safe 60 Hz 1imit for children (31).

The frequency of the applied voltage is also of critical interest, in that 50
and 60 Hz frequencies have the lowest let-go current. Frequencies both above
and below this range have higher let-go thresholds. For example, the dc thresh-
olds for let-go are five times higher and the thresholds at 2500 Hz are twice as
high (32).

One last point should be made about the data presented in the let-go section --
that is, the data was developed using an experimental set-up that may not apply
to all real situations. In the testing of the subject, the subject grasped the
electrode and the current was applied with a current-limited voltage source.
This is most typical of the case of a person grasping a tool and its insulation
fails slowly or he increases the pressure of his grip and the current increases.
In a different scenario, a person might brush against a source of voltage and
tend to jump back, thus protecting himself., It seems that the results presented
in Figure 7-8, therefore, are conservative on the side of safety.

Ventricular Fibrillation. Ventricular fibrillation is the condition of the heart

wherein it no longer pumps blood, but just undergoes uncoordinated asynchronous
contraction.

Ventricular fibrillation may be caused in a number of ways: it may be induced
by chemicals, as a result of a surgical procedure, or it may also be caused by
electrical current flowing through the heart (33-36).

Once a human heart undergoes ventricular fibrillation, it very rarely reverts
spontaneously to a normal heart rhythm, even after the current initiating the
fibrillation is removed. Special knowledge and equipment is needed within a

few minutes of the onset of fibrillation in order to save the victim's life.

Ventricular fibrillation is thought to be the most common mechanism of death

from electrical accidents,
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Ventricular fibrillation has received the most attention of all the electric
shock effects. The reason for this is that fibrillation may be induced by meth-
ods other than electric shock and extensive research was required to design elec-
tric defibrillators used to treat this condition. Due to the extreme danger to
the victims of ventricular fibrillation, experimentation on humans is impossible,
so all data regarding this condition has been developed using experimental ani-
mals with circulatory systems similar to man's and with similar body weights.
These animals included sheep, pigs and dogs, as well as smaller animals to study
the effects as a function of body weight.

It was found that as the body weight of the test species increased, the fibril-
lation threshold increased. However, it has been noticed that the threshold
tended to remain constant within the same species. The fibrillation thresholds
have a frequency sensitivity similar to let-go, that is, 60 Hz is the most lethal
frequency with dc and higher frequencies less dangerous.

Some of the first work reported in the United States was that by Ferris, et al
(33). This work used calves, sheep, pigs, dogs, cats, rabbits and guinea pigs

in an effort to identify minimum fibrillation thresholds for these species. As

a result of this work, it was found that the heart is susceptible to ventricular
fibrillation from electric shock for only about 20 percent of its cycle. It was
also determined that strong counter-shocks, well in excess of the fibrillation
threshold could restore an animal's heart that was undergoing ventricular fibril-
lation to normal functioning.

Additional studies (34) investigated both ventricular fibrillation in dogs as a
function of the phases of the heart cycle, and also ac closed chest defibriila-
tion. The results of this study produced data in the form of shock duration vs.
current for fibrillation. Most recent investigations (37) continued studies into
the effects of electric shock on the hearts of dogs.

Dalziel (35) analyzed the data from two of the above sources (33,34) and reduced

the data to the following equations:

I(3%) = 165 o yms (7-26)
VT

1(50%) = 446 ma rms (7-27)
YT
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where

I(%%) is the 60 Hz current between major extremities that cause
fibrillation in %% or less of the population

1(50%) 1is the 60 Hz current between major extremities that causes
fibrillation in 50% or less of the population.

T is the time in seconds the current is applied: this equation
applies for times greater than 0.0083 sec and less than 5 sec.

Lee (38) also analyzed the data from the same sources and disagreed with some of
the assumptions Dalziel used to formulate Eq. 7-26.

1. Dalziel used a typical human weight of 70 Kg; Lee felt that 50 Kg
would be more typical.

2. The investigations used quadrupeds which would give different cur-
rent distribution in the chest area than bipeds.

3. There has been some criticism (39) of Kowenhoven's results.

Lee suggested the following equation be used:

bs
I = ]'—g_—l— mA (7-28)
/T 8ms

Dalziel and Lee (40) reviewed data available to date (1968) (33,34,37) and modi-
fied Eq. 7-28 to:

5s
I = %%g for the 1/2% non-fibrillation current. (7-29)
8ms

which implies at least 99.5 percent of the population will not fibrillate with
the defined current. Comment to the paper (A.W. Smoot) stresses that this limit
applied to adults only, and care should be exercised before applying this data
to children. Whitaker (41) presents a 60 Hz fibrillation 1imit for children of
30 mA. A summary of this data is presented in Figure 7-9 which is taken from
(42).

Impulse Currents. Special considerations apply for shocks whose total time dura-

tions are much smaller than one heart cycle. These shocks are called impulse
shocks and only very 1ittle data is available on their effects either on
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. experimental animals or humans. Dalziel (43) reviewed data developed from var-
ious experimenters and accident reports to develop the data presented in Fig-
ure 7-10. The curve in this figure corresponds to a formula of

127 = 0.108 (7-30)

where

Ip is peak current of a single exponential discharge, and

T is the time constant of the discharge.

Conversion of Eq. 7-30 to energy requirements assuming a decaying exponential for
the current, gives

(o]

- 2
Wy J, IRt (7-31)
- L -t/T2
Wy fo (Ip e ) R dt
- 12 TR/2 = .054R
p b : b

where Rb is the victims body resjstance.

It should be stated that while impulse shocks of less than the magnitude stated
may not cause death, the side effects of these shocks are extreme and to be
avoided when at all possible. The possible side effects of these shocks are:
burns, headaches, semiconsciousness, intense muscle reactions, and unpleasant
sensations, possibly persisting for long periods.

Respiratory Inhibition and Other Massive Current Effects. There have been cases
recorded wherein the victims were exposed to massive current shocks (over the
fibrillation threshold) and shown effects other than convulsion. This area has

not been researched to any great depth but some facts are known. Current levels
above the fibrillation current causes respiration to cease and to continue to
cease after the current has been removed. It has been stated (34) that current
paths in the spinal cord are most Tikely to cause this effect.
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Extreme convulsions may also occur under these conditions, which although are
rarely physically injurious to the victim, are very powerful and could be danger-
ous to those around him. Burns, both external and internal, may be experienced
and in extreme cases may cause death.

Predicting Threshold Levels for Electric Shock Effects

The previous subsections dealt with identifying the effect of electric shock as

a function of electric current. The problem that exists at this point is that
voltages are the quantities usually measured or calculated for most systems, so
these voltages must be converted into body currents. The problem in converting
these voltages to currents is that the circuit resistances are highly variable
both from a physiological and an operational viewpoint; that is, not only is the
body resistance of a human highly variable, but there exists a wide range of pos-
sible scenarios that could change these conditions. For example, a worker's hands
could be wet when he grasps an energized conductor or he could be wearing gloves,
but the question of whether these gloves were cotton or rubber would also have a
bearing on the problem.

Equivalent Circuit of a Person. Figure 7-11 shows an equivalent circuit for a

human coming in contact with a conductor with a voltage on it. An explanation
of the elements is as follows:

. Z,, is the total equivalent impedance of the worker (human). It is
composed of the following impedances:

--R. is the contact resistance of the voltage source to the skin
surface and will include the resistance of shoes, gloves, or
clothes, if appropriate.

--Rgf is the surface resistance of the person's skin. It is
usually very large, and hence, may be eliminated from any
analysis.

--Rg is the skin resistance and may be quite high in the case of
dry calloused hands, lower for sweat moistened hands or zero
for broken skin,

--Rp is the body resistance of a person.

Some commonly accepted values for the human related resistances are given in
Table 7-5.
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Table 7-5
RANGES OF VALUES FOR HUMAN RESISTANCE VALUES

Circuit Element Resistance Range (ohms) Reference No.

Contact Resistance Low (bare feet and wet hands) to

(RC) an open circuit (rubber gloves)

Skin Resistance 1000 @ (office worker) (45,46) (re-

(Rs) 240,000 9 (laborer) sistance across
head)

Body Resistance Approximately 500 @ {will drop (46)

(Rb) for higher current levels)

Predicting realistically the body impedance is almost impossible for the follow-
ing reasons: the skin resistances are variable from person to person and for the
same person at different times, and the contact and body resistances are a func-
tion of applied voltage; if the applied voltage is doubled, the current more than
doubles.

The problem of the resistances is generally soived by assuming a total resistance,
RS + Rb + Rc, for a human, of 1500 Q. This is a worst case analysis that takes
into account the possibility of a person having skin directly in contact with the
circuit or a bare skin contact with wet hands, respectively. Hence, RC is assumed
negligible.

Estimation procedures for determining potentially hazardous conditions can best
be presented by example. Steady state ac coupling will be covered first. Two

cases are of primary interest -- that of electrostatic coupling to above-ground
pipelines, and electromagnetic coupliing to buried pipelines.

Example - Electrostatic Coupling. The shock hazard for this situation

may be evaluated from the equivalent circuit of Figure 8-2b. The sever-
ity of the hazard is determined by the current Iw’ flowing in the worker
impedance, Zw'

The following quantities are defined:

° Iw = current flowing through worker - to be solved for.
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° Z = worker impedance = 1500 Q.

° Z = grounding impedance for mitigation technique. No
mitigation assumed initially (Zm = ),

° C_ = pipeline to ground capacitance. Its value is calculated
P9 from Eq. 4-9c. For the purpose of the present example, it
will be assumed that a one-meter diameter (D) pipe rests at
a height (H) of one meter above ground. It will be assumed

that the length (%) of pipe above the ground surface is

100 meters. Inserting these values into Eq. 4-9c, gives

21e % -12
- 0 _ 2n(8.85 x 10 "")100 _ -9 _
-1
Z = fC =
° pg (2m pg) 660 KQ
) Imax = maximum short circuit current that can be drained from the
pipe. This value may be calculated from Eq. 4-9b. Using
the parameters already chosen and also assuming a represen-
tative value for the open circuit voltage of the pipe (ETH)
equal to 10,000 volts, yields,
_ _ -6 4 _ -
Imax = wchg ETH = 2m60(.004 x 10 ") 10" = .015 = 15 mA (7-33)

Inspection of the equivalent circuit of Figure 8-2b shows that for the
assumed condition, Zw << Zpg << Zm, then

L, = L. . (7-34)

Estimation of the potential hazard may be made by referring to the data
presented earlier in this section. For example, referring to Figure7-8,
it can be estimated that the calculated current level of 15 mA is such
that approximately 40 percent of the male population will not be able

to Tet go of the pipeline once they make contact.

Referring to Figure 7-8, it is seen that a more desirable current level
would be, for example, 6 mA (I(0.5%) for women). To reduce Iw to this
value requires the incorporation of a mitigation measure for which the
grounding impedance, obtained from the circuit of Figure 8-2b is less
than or equal to

LW Zw _ (6x1073)1500
T

max~ Lw (15-6)10"3

L < = 1000 ohms . (7-35)

m —1
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Example - Electromagnetic Coupling. Shock severity for buried pipelines
may be estimated using the equivalent circuit of Figure 8-14B in combina-
tion with Figure 7-11, and the values of Table 7-5, defining Zw. For

this case

° Ve = induced voltage on pipeline without mitigation. A spe-
cific formula for calculation of this voltage cannot be
given since its value is a complicated function of the
power line and pipeline parameters and their interacting
geometry. A representative worst case value will be
assumed to be 100 volts.

. Ze=Z0 = pipeline characteristic impedance. This may be on the
order of two ohms for representative pipelines and soils.

) Zw = worker's impedance = 1500 ohms.

° Zm = mitigation grounding impedance taken as infinite for

first calculation.
From Figure 8-14,

_ 0 _ 100
W Z, T ZFI500(1)

= 66.7 mA . (7-36)

Comparison with previous results shows this level to be hazardous.
Hence, a mitigation technique should be used.

Solving the above equation for Zm gives

;. Iw (szo)
m Ve- Iw(Zoi-Zw)

(7-37)

To limit the worker current to 6 mA or less, as before, requires

-3
7 < 6x 10 _3(1500) 2 = 0.20 ohms.
M = 100- 6x107° (2+1500)

This impedance value is very low and, hence, imposes a much more strin-
gent requirement on the mitigation method grounding impedance than that
of the previous example.
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Impulse Hazard Calculation. A worker touching an above ground pipeline that is
charged through its capacitance to ground, Cpg’ may experience an impulse type
shock. An equivalent circuit which defines the shock hazard for this situation is
shown in Figure 7-12. The shock hazard resulting from a current impulse is
primarily a function of the energy absorbed by the body during the duration of the
shock. The maximum allowable energy level is a function of the body resistance
and has been defined by Eq. 7-31. The potential shock hazard may be found by
determining the energy stored in the pipe-to-ground capacitance and comparing

this value to that of Eq. 7-31. (This is a worst case condition which assumes

R << Rb).

Example - Impulse Hazard. The energy stored in the pipeline capacitance may

be found from Eq. 4-9a, namely,
W = 2C__ |E H|2 joules (7-38)
pg ' T

The values used in the previous electrostatic example may be used here. That

is:

%C 4 x 1070 uF

P9

E_H 104 volts

T

Substituting these values into Eq. 7-38 gives

W= 4x10° (10M% = 0.4 joules

From Eq. 7-31 assuming a body resistance of 1500 ohms it is found that the
tolerable energy level in the body is

Wb = .054 (1500) = 81 joules

Since wb > W, a serious shock hazard does not exist. If, on the other hand, w:>wb

then mitigation would be necessary. An obvious means would be to ground the
pipeline through a impedance Zm’ which would act essentially as a discharge path
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Fig. 7-12 IMPULSE CURRENT CIRCUIT
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for the pipe to ground capacitance, and hence, its value would not be critical.

Generally, a more critical grounding requirement exists with regard to limiting
the steady state current flow through the body, and required grounding impedance

as calculated by Eq. 7-35 is satisfactory also for mitigation of an impulse

waveform.
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Section 8

TECHNIQUES FOR MITIGATION OF 60 Hz COUPLING
TO ADJACENT PIPELINE SYSTEMS

INTRODUCTION

This section discusses the various mitigation techniques which can be employed to
reduce 60 Hz electrostatic, electromagnetic and ground current coupling to an ad-
jacent pipeline system consisting of buried and above-ground sections. The tech-
niques include those which have been used extensively in the past with good re-
sults. In addition, this section includes a group of new techniques for overall
joint corridor design and pipeline grounding which have been developed specifi-
cally for this book by application of the theory of Section 3 and by field test
experiments.

This section is organized by separating the discussion of electrostatic, electro-
magnetic and ground current coupling mitigation into three distinct subsections.
Recognizing that a pipeline can be subject to all three types of coupling at the
same time, a discussion of what is called multi-mode coupling is provided for
unification of the techniques. Certain mitigation techniques, such as the use of
independent ground beds and ground mats, which can be beneficial for all types of
coupling are discussed in detail in one subsection and referenced briefly in the
others.

REVIEW OF THE CONSEQUENCES OF AC COUPLING

Electrostatic (Capacitive) Coupling Mode

During the construction of a pipeline, it is possible that long sections of pipe
may rest above the ground surface. If the pipe is located near a high voltage
power line, it can assume a large voltage to ground. The voltage is due to the
capacitances between the power line conductors and the pipe, and between the pipe
and ground, which form a capacitive voltage divider. A pipeline worker acciden-
tally grounding the pipe through his body faces two hazards.

1. The energy stored in the pipeline capacitance to ground is dis-

charged through the body of the worker in the form of an expo-
nentially decaying pulse. If there is sufficient stored energy,



this discharge can be painful or even fatal (1). Additional hazard

arises from the possible ignition of volatile liquids such as gaso-
1ine stored near the point of discharge (2).

2. If contact with the pipe is not broken, a steady-state current flows

through the body of the worker. If the current is large enough,
injury or death can result (3).

Electromagnetic {Inductive) Coupling Mode

Voltages and currents can be induced on a buried or above-ground pipeline by the
coupling of the electromagnetic fields generated by a nearby power line. The
following pipeline and personnel hazards can be present due to this coupling mode.

1.  The induced ac voltage can enhance the corrosion of a non-protected
pipeline by an electrochemical effect.

2. Cathodic protection devices, communications equipment, and other
types of electronic equipment associated with monitoring the pipe-
Tine behavior can be upset by high Tevels of induced ac voltage.

3. A pipeline worker accidentally grounding the pipe through his body
faces the hazard of electric shock due to steady current flow, if
contact with the pipe is not broken. Like the electrostatic cou-
pling case, injury or death can result if the current is large
enough.

Ground Current (Conductive) Coupling Mode

When a ground current condition occurs on an electric power line during switching
surges, lightning strikes, and faults, a portion of the current is discharged from
each structure (and from the counterpoise system, if present) to earth. The pos-
sibly high current densities adjacent to the footings can generate high ac poten-
tial gradients in the surrounding soil. The following pipeline and personnel
hazards can be present, due to this coupling mode.

1. If a buried, coated pipeline lies within the field of influence of
the ground current, a high voltage can be impressed across the pipe
coating, since the underlying steel is at a potential representative
of remote earth. This voltage can damage the coating at existing
imperfections by creating arcs. At coating potentials exceeding
15 kV, puncture of the pipe steel itself is possible (4).

2. If the grounding system of an above ground or buried pipeline lies
within the field of influence of the ground current, a high voltage
can be applied to the adjacent pipeline sections. This means that
a whole pipeline system under construction (above ground) can be
elevated to a dangerous potential if a single pipeline ground is
influenced by ground current. Similarly, buried pipe sections with-
in about 10 km of the influenced pipe ground can present a hazard.
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MITIGATION OF ELECTROSTATIC COUPLING

Spacing of the Pipeline from the Power Line

Where possible, electrostatic coupling of a power line to an adjacent above-
ground pipeline can be mitigated simply by locating the pipeline as far as pos-
sible from the affecting power line. As shown in Section 4, the intensity of
electrostatic coupling is directly dependent upon the magnitude of the transverse
electric field generated by the power line. The method of McCauley (5) as exten-
ded by Procario and Sebo (6) was shown to be useful for estimating the variation
of this electric field with distance from the power line. This method uses
straight lines to approximate the exactly computed curves of transverse electric
field vs distance from several common phase conductor configurations. These
straight lines represent upper bounds for the expected electric field, and thus,
can be used to estimate the worst-case electrostatic coupling at each distance
from the power line.

From Figure 4-3 it is seen that electrostatic coupling decreases markedly past the

McCauley cut-off distance, D falling off approximately as the inverse square

co’
of the separation. Thus, if possible, it is desirable to maintain a separation of
at least DCo between a power Tine and an above-ground pipeline to achieve a sig-

nificant reduction of the level of electrostatic coupling.

Pipeline Grounding

As shown in Figure 8-1, the hazards due to ac coupling to an above-ground pipe-
line can be mitigated by grounding long pipe sections using independent ground
beds, and by installing ground mats at points of possible human contact with the
pipe. Basic considerations for the application of these techniques are now
summarized.

Independent Ground Beds. Mitigation of the electrostatic discharge pulse through

a pipeline worker touching an above-ground pipeline can be achieved by grounding
the pipeline through an impedance, Zm’ having a much smaller magnitude than that
of Z__, the impedance of the pipeline-to-ground capacitance. Reference (7) suggests
that a value of ]Zml as large as 105 ohms is low enough to meet this goal.
However, this value is much too large to be of use 1in reducing the shock

hazard due to steady-state current flow. As shown in Figure 8-2, mitigation of
this hazard requires that |Zm| be much less than |Zw|, the impedance of the cur-
rent path through the body of the pipeline worker. In this way, Zm can divert
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most of the shock current sourced by the high impedance, Zpg, away from the .
worker in a current divider action. The required value of Zm is given by

7 = I—X’—— yi (8-1a)

where ImaX is the maximum steady state current available from the pipe, and Iw is

the maximum permissible steady state current through the worker.

To estimate the value of Zm needed to mitigate the worst case, Iw is taken as the
current level, 9 mA (8) at which 0.5% of the men tested cannot achieve let-go, and
Zw is taken as the wet skin body impedance, 1500 ohms (9), resulting in
Zm(worst case) = 1%3599— ohms ‘ (8-1b)
max
where Imax is given in mA and is assumed to be much greater than Iw(worst case) =

9 mA.

Zm can be realized by installing one or more vertical or horizontal grounding con-
ductors, forming a ground bed independent of the power line ground, as discussed
in a later subsection.

The installation of independent ground beds for mitigation of electrostatic cou-
pling can Tead to the inadvertent generation of pipeline voltage hazards due to
electromagnetic and ground current coupling. This possibility is illustrated in
Figure 8-3. After grounding the pipe at point A with impedance Zm,A’ an electric
shock hazard at point W exists due to the inductively-coupled voltage, EoLAW’
developed along the length of pipe between the ground and the worker. Addition
of a ground at the intermediate point, B, serves to reduce (but not eliminate)
this hazard.

Further, grounding the pipe at point A or B can lead to elevation of the pipe
potential if the ground systems are subject to earth current flow. Here the earth
current results in the ground systems being raised to the potentials Vg,A and
Vg,B’ respectively. Additional hazard exists if the worker stands in an earth
current area and is himself elevated to the potential Vg,w relative to remote
earth, and 1ikely, the pipe. As computed later in this section, earth potentials
can range above 100 volts for representative values of ground resistivity, earth

current magnitude, and distance from the current grounding area. ‘
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Problems associated with installing independent ground beds can be mitigated or .
avoided by proper positioning of the beds relative to the power 1line, as illus-

trated in Figure 8-4. The goal of this positioning is to minimize the earth

potential at the location of each ground bed, and the electromagnetically-induced

pipeline voltage between adjacent ground beds.

Inadvertent ground current coupling can be minimized by installing the ground beds
outside the zone of hazardous earth potentials occurring during power 1ine faults.
The boundary of this zone is a function of the fault current capacity of the power
line, the nature of the power line grounding system (structure footings and/or
counterpoise), and the earth resistivity. The variation of earth potential with
distance from the fault point is discussed later in this section. In general,
ground beds should be installed midway between power line structures and as far

as practicable from the power line. In this way, the earth potential at each
ground bed is low at all times, and a worker contacting the pipe during a ground
current condition can be endangered only if his local earth potential is high, i.e.,
if he is located in a ground current area. Because most of the above-ground pipe-
line is probably outside of ground current areas, such a placement of ground beds
provides for the protection of the maximum number of pipeline personnel.

Inadvertent electromagnetic coupling can be reduced by installing the ground beds
at intervals of the power line span length. By selecting an ac impedance value of
about 30 ohms for each bed, a net pipe leakage resistance to remote earth of about
10 ohms/km is achieved, which is comparable to the leakage resistance of a well-
insulated buried pipeline. In effect, the periodic grounding, or impedance load-
ing on an above-ground pipe results in an inductive coupling problem similar to
that which would exist if the same pipe section were buried.

Mitigation is completed by installing a low impedance ground at each end of the
pipe to reduce the voltage peaks which result there. The ac impedance of these
pipe-end ground beds should be 2 ohms or less to achieve an effective overall
potential reduction.

Bonding to Structure Grounds. At times, it may seem convenient to achieve the
grounding of a pipeline by connecting it to nearby power line structure grounding
systems. However, this procedure is not always recommended because of personnel
and pipeline hazards which may result during fault conditions of the power line.
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Connection of an above-ground or buried pipeline to a power line ground can
result in the elevation of the pipeline potential to dangerous levels during power
line fault conditions. The flow of fault current to ground through the affected
power Tine towers results in the tower footings being placed at a high potential
with respect to remote earth, and the application of this potential to any metal
structure that is connected to the tower footings. As computed later in this
section, this potential can range above 1000 volts for representative values of
earth resistivity and fault current magnitude. This high voltage can be applied
to the entirety of an above-ground pipeline connected to a tower footing,
endangering pipeline workers or other personnel contacting the pipe metal during
the fault. The resulting hazards can be mitigated only by providing ground mats,
as discussed in the following subsection, at each location of possible human con-
tact with the pipeline.

Connection of buried pipeline sections to a power line ground can also result in
puncture of either the pipeline coating or steel during power line fault con-
ditions. The flow of fault current to remote earth is channeled through the
buried pipeline, which acts as a virtual counterpoise for the power 1ine because
of its bonding to the tower footings. At points somewhat removed from the affec-
ted towers, the fault current carried by the pipeline can jump off to the sur-
rounding low potential earth. Fault current jump-off points are marked by pipe-
Tine coating punctures and possibly even pipeline steel punctures (if the current
densities are high enough). Mitigation of this hazard is possible only by avoid-
ing any direct connections between the buried pipeline and the power 1line grounds.

Ground Mats. Mitigation of multi-mode coupling to a pipeline under construction
can be realized easily and effectively by installing ground mats at all worker
locations. These mats, bonded to the pipe, serve to reduce touch and step
voltages in areas where persons can come in contact with the pipe. These mats
can be portable steel mesh grids laid on the ground at welding positions, and
connected with a cable to the pipe. At permanent exposed pipeline appurtenances,
such as valves, metallic vents, and corrosion control test points, ground mats
can be constructed of strip galvanic anode material buried in a spiral pattern
just below the surface and connected to the pipeline electrically. By using
galvanic anode material, such mats reinforce any cathodic protection systems on
the pipeline rather than contribute to the pipeline corrosion problem, as would
be the case if copper grounding were used.
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With mats so installed and connected, the earth contacted by themat is at virtually
the same potential as the pipe. In this way, a worker touching the pipe is assured
that the potential appearing between his hands and feet is only that which is
developed across the metal of the mat, regardless of the mode of ac interference
affecting the pipe. This effective shunting of the worker by a metal conductor
provides protection for very severe cases of coupling, such as occur during 1ight-
ning strikes and faults. It is especially useful for pipes subject to simultaneous
interference by electrostatic, electromagnetic, and earth-current coupling.

Ground mats should be designed large enough to cover the entire area on which
persons can stand while either touching the pipe or contacting it with metal tools
or equipment. Each mat should be bonded to the pipe at more than one point to
provide protection against mechanical or electrical failure of one bond. Step
potentials at the edges of each mat can be mitigated by providing a layer of
clean, well-drained gravel beneath the mat and extending the gravel beyond the
perimeter of the mat. This serves to reduce the conductivity of the material
beneath the mat, and to provide a buffer zone between the earth and the ground
mat.

Power Line Screening Conductors

Studies have been performed which evaluated the electrostatic coupling mitigation
effectiveness of installing grounded screening conductors under the phase wires of
horizontal-configuration power lines (5). Two different screen conductor positions
were examined. 1In the first case, the conductor was erected at the horizontal
distance from the center of the phase at which peak electrostatic effects occur.

In the second case, the conductor was erected just inside the edge of the power
line right-of-way. In each case, a 500 kV Tine operating at 1.1 p.u. was used.

The phase wire height was 13.72 m (45 ft), and the phase spacing was 8.69 m

(28.5 ft). The maximum electrostatic field was found to occur at about 12.0 m

(40 ft) from the center phase without ground wires.

For the first case, a 9.5 mm (0.375 in.) diameter screen conductor was placed
12.0 m from the center phase and its height was varied between 6.1 m (20 ft) and
9.1 m (30 ft). It was found that the height of the screen conductor was not a
major factor in its effectiveness. For all heights, the maximum electrostatic

field was reduced by about 28 percent.
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For the second case, the same screen conductor was placed at a distance of 22.86 m
(75 ft) from the center phase. Once again, the effectiveness was fairly insensi-

tive to height, with a reduction of induced field of about 26 percent at the edge

of the power line right-of-way.

The results showed that aerial screening conductors can have some use in reducing
electrostatic fields. Multiple screening conductors may be even more effective
than single conductors for particular power line cases. Most recent work in this
area is reviewed in (10).

MITIGATION OF ELECTROMAGNETIC COUPLING

This subsection discusses the various mitigation techniques which can be employed
to reduce 60 Hz ac electromagnetic coupling to a pipeline system consisting of
arbitrary buried and above-ground sections. These techniques include:

1. Design of a joint pipeline/power line corridor for minimum
electromagnetic coupling;

2. Pipeline grounding methods;

Use of screening conductors;

S w

Use of insulating devices; and

5. Use of pipeline extensions.

0f the above techniques, the first was recently derived from the basic theory of
Section 3. The remaining techniques have been employed in the past, but evidently
not optimally. This subsection will discuss optimization of these methods consis-
tent with the developed theory.

It should be emphasized that the electromagnetic coupling mitigation concepts
discussed in this section have been verified by field tests conducted specifically
for inclusion in this manual. These tests involved Southern California Gas
Company Line 235, a 34-inch diameter gas transmission pipeline extending from
Newberry to Needles, California. This pipeline shares a right-of-way with a
Southern California Edison Company 500 kV ac power transmission 1ine for 54 miles
and is subject to considerable electromagnetic induction. The illustrative
examples discussed in this section are taken directly from the results of the

Mojave field tests.
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Design of a Joint Pipeline/Power Line Corridor for Minimum
Electromagnetic Coupling

Design Goals. As stated in Section 3, pipeline voltage peaks due to electromag-
netic coupling should appear at any physical discontinuity of the pipeline and at
any abrupt change of the longitudinal driving electric field at the pipeline
Tocation. In the first case, the peak voltage is proportional to the driving
field at the pipeline; in the second case, the peak voltage is proportional to the
Tocal field discontinuity. For purposes of mitigation of electromagnetic coupling,
a joint-use corridor would ideally be designed with power 1ines generating minimal
driving electric fields of constant magnitude and phase; with pipelines having
constant physical characteristics and no insulators or junctions; and with con-
stant separations between each user of the corridor. Then, induced voltage peaks
would appear only at the entry and exit point of each pipeline from the corridor,
where the continuity of the joint corridor is necessarily disturbed. (These peaks
could be mitigated using lTow-impedance grounding systems).

The optimum electromagnetic design of a joint-use corridor can be summarized con-
cisely by stating the following design goals for the corridor:

A. Minimize any change of separation between a pipeline and a power Tline.

B. Minimize the use of pipeline insulating joints. If such a joint is
necessary, place a low-ac-impedance ground cell across it.

C. Minimize the combination of long above-ground and buried sections
in a single pipeline run.

D. Minimize the use of power line phase transpositions or phase changes
at substations.

E. Use the center-point-symmetric phase sequence for all double-vertical
configuration power line circuits.

Example of a Joint-Use Corridor Design. The following discussion concerning the

joint-use corridor extending from Newberry to Needles, California, will illustrate
many of the basic corridor design principles just summarized.

The Southern California Edison 500 kV electric power transmission line meets the
Southern California Gas Company 34-inch diameter gas pipeline at pipeline milepost
47 (47 miles west of Needles, California) and leaves it at milepost 101.7, as
shown in Figure 8-5. The power line has a horizontal configuration with a full
clockwise (phase-sense) transposition at milepost 68 and single-point-grounded
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lightning shield wires. During the test period, an average loading of 700 amperes
was reported for each phase conductor. No other power Tines, pipelines, or long
conductors share the right-of-way.

Measurements performed during the test indicated an average earth res1st1v1ty of
of 400 ohm-meter. Based upon furnished data, a value of 700 kQ- £t was assumed
as the average pipeline coating resistivity. Using these values as data for

the pipeline characteristics program PIPE, the pipeline propagation constant v,
was computed as (0.115+ jO.096) km'1 = 0,15/400 km'l; and the pipeline charac-
teristic impedance, Z0 was computed as (2.9+ j2.4) ohms = 3.8/40°0 ohms. The
location of the voltage peaks and their magnitudes were calculated for this pipe-
line in Section 3.

It was shown that separably calculable pipeline voltage peaks at all discontinu-
ities of a pipeline-power line geometry spaced by more than 2/Real(y) meters along
the pipeline could be expected. Using the computed value of vy, all geometry dis-
continuities spaced by more than {2/0.115) km = 17.4 km = 10 miles were assumed

to be Tocations of separable induced voltage peaks. These discontinuities
included:

1. Milepost 101.7 (near end of pipeline approach sectionj;
2. Milepost 89 (separation change);

3. Milepost 78 (separation change); |

4. Milepost 68 (power line phase transposition);

5. Milepost 54 (separation change}); and

6. Milepost 47 (near end of pipeline departure section).

The voltages at these mileposts were predicted by applying the simplified equation
developed in Section 3, namely

Ve +V6
v(M) = left right . (8-2)
2

The predicted and measured voltage peaks are summarized in Table 8-1.
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Table 8-1

MOJAVE DESERT PIPELINE VOLTAGE PEAKS

Predicted Voltage Measured Voltage
Milepost (volts) (volts)
101.7 46.3 46
89 54.0 53
78 31.1 34
68 54.8 54
54 11.4 11
47 31.2 25

Figure 8-6 plots both the measured ac voltage profile of the Mojave pipeline and
the predicted voltage peaks. The solid curve represents voltages measured during
the field test; the dashed curve is a set of data (normalized to 700 amperes power
Tine current) obtained by a Southern California Gas Company survey. From this
figure, it is apparent that the prediction method succeeded in locating and quan-
titizing each of the pipeline voltage peaks with an error of less than + 20%.
This implies the correctness of the corridor design goals of this section in
optimizing a given right-of-way for minimum inductive coupling. In a dense urban
environment, the prediction calculations would become more complex, but would
still be within the scope of the distributed source theory and programmable
calculator programs discussed in Appendix A.

Electric Field Reduction

For purposes of electromagnetic coupling mitigation, a power Tine would ideally
be designed to generate only a minimal, but constant, driving field at the Toca-
tion of the adjacent pipeline. To strengthen this concept, computer analyses
were performed to investigate the effect of conductor phasing and shielding upon
the driving electric field profile. This subsection summarizes the results of
these analyses.

Optimized Phase Sequencing. For certain ac power line configurations, it is pos-

sible to minimize the driving electric field within the right-of-way by proper
sequencing of the phase conductors (11,12)j. The effectiveness of such phase
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sequencing has been studied for three common power line geometries. The results
indicate that for certain geometries and proper phase conductor sequencing, the
induced electric field levels can be significantly reduced. This technique is
especially appropriate for single vertical circuits, particularly the double
circuit configuration.

The analysis of this mitigation technique was accomplished in two basic steps.
First, for a given power line geometry, Carson's infinite series approach and
lTinear circuit analysis were combined to determine the induced currents in the
two lightning shield wires. The mutual interaction between these two wires was
included in the analysis, requiring the solution of two simultaneous equations.
Second, using superposition theory and Carson's infinite series, the field con-
tribution from each current-carrying wire was computed and summed to provide the
total Tongitudinal electric field at arbitrary distances from the power line. In
all cases, the Carson mutual impedances were calculated to better than 0.1%
accuracy. These steps were then repeated for each geometry and conductor phasing
examined.

The first power line geometry considered is that shown in Figure 8-7, the single
circuit horizontal with two multiple grounded 1ightning shield wires.

LEFT 40'|Sa. RIGHT

§\\\\\’\K\\\\\\\\\\\\\\\\\\\\\\\Q NOTE: VERTICAL NOT TO SCALE

Figure 8-7. Single Circuit Horizontal Geometry
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There are six possible phase sequences for this geometry, separable into two cate-
gories--clockwise (cw) and counterclockwise (ccw) sequences. Referring to the
phase conductors from left to right in Figure 8-7, and letting "A" denote the 0°
phase, "B" denote the +120° phase, and "C" denote the -120° phase, we have

cw_sequences CCW_sequences
ACB BCA
BAC CAB
CBA ABC

At a fixed observation point, p, on one side of the power 1line it can be shown
analytically that all three cw sequences produce the same longitudinal electric
field magnitude, Ecw(p); and all three ccw sequences produce the field magnitude,
Eccw(p). However, E_.
be exploited to obtain a field reduction at the pipeline location through proper

(p) does not equal Ecw(p), in general. This difference can

choice of either a cw or ccw sequence. For example, Table 8-2 lists values of the
electric field computed to the right of the power line of Figure 8-7, assuming an
earth resistivity of 33.30-m and equal phase currents of 100 amperes per conductor.

Table 8-2

CHOICE OF CW OR CCW SEQUENCE FOR BALANCED HORIZONTAL CIRCUIT
(Right of Power Line)

Distance From E Mitigation Advantage
Center Phase cw CcCcw of CCW Sequence
(feet) (V/km) (V/km) (percent)
0 2.25 2.25 0.0
50 5.21 5.02 3.6
100 4.90 4.72 3.9
150 3.68 3.51 4.6
200 2.87 2.71 5.6
250 2.32 2.18 6.0
300 1.95 1.81 7.2
350 1.67 1.55 7.2
400 1.46 1.34 8.2
450 1.29 1.18 8.5
500 1.15 1.05 8.7
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From the table, it is seen that the electric field exposure levels can be reduced
by as much as 8.7 percent simply by choosing the proper phase sequence. Since the
voltage induced on the pipeline is directly proportional to the electric field,

it too can be reduced by this same percentage. However, if the shield wiresare not
continuous and periodically grounded as assumed in the above analysis, then there
is no significant advantage of one phase sequence over another.

The second geometry considered is that shown in Figure 8-8, the single circuit ver-
tical, with two multiple-grounded 1ightning shield wires. Similar to the single
circuit horizontal, this configuration has six possible phase combinations separ-
able into the cw and ccw sequences. Referring to the phase conductors from top

to bottom in Figure 8-8, the phase combinations ACB, BAC, and CBA are again defined
as clockwise while BCA, CAB, and ABC are defined as counterclockwise.

als
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Figure 8-8. Single Circuit Vertical Geometry

At a fixed observation point, p, on one side of the power line, it can be shown
that all three cw sequences produce the same longitudinal electric field magni-
tude, Ecw(p), while all three ccw sequences produce the field magnitude, Eccw(p)’
not equal to Ecw(p). Again, the difference in fields can be exploited to obtain
mitigation. Table 8-3 lists values of the electric field computed to the right
of the power line of Figure 8-8, assuming an earth resistivity of 33.3 Q-m and
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Table 8-3

CHOICE OF CW OR CCW SEQUENCE FOR BALANCED VERTICAL CIRCUIT
(Right of Power Line)

Distance From Mitigation Advantage

Center Phase lEcw‘ l ccw| of CW Sequence
(feet) (V/km) (V/km) (percent)
0 4.61 4.83 4.6
50 2.20 2.41 8.7
100 1.14 1.32 13.6
150 0.80 0.95 15.8
200 0.64 0.76 15.8
250 0.55 0.64 14.1
300 0.48 0.56 14.3
350 0.43 0.50 14.0
400 0.39 0.45 13.3
450 0.36 0.41 12.2
500 0.33 0.38 13.2

equal phase currents of 100 amperes per conductor. From the table, it is seen
that the electric field exposure levels, and thus, induced pipeline voltages, can
be reduced by as much as 15 percent simply by choosing the proper phase sequence.
However, if the shield wires are not continuous and periodically grounded as
assumed in the above analysis, then there is no significant advantage of one
phase sequence over another.

The third geometry considered is that shown in Figure 8-9, the double circuit
vertical with two multiple-grounded shield wires. Assuming a balanced current
flow, there is a total of 36 possible phase sequences for this configuration.

0f this number, there are five separate sets of phase combinations, as shown in
Table 8-4: the center point symmetric; the full roll; the partial roll (upper);
the partial roll (lower); and the center line symmetric. For each set, the elec-
tric field magnitude is approximately constant for the distinct phase sequences
which comprise the set. However, significant differences exist in the electric
field magnitudes generated by separate sets. These differences can be exploited
to obtain mitigation of pipeline voltages.
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For example, Table 8-5 Tists values of the longitudinal electric field computed
to the right of the power line of Figure 8-9, assuming an earth resistivity of
33.3 Q-m and equal phase currents of 100 amperes per conductor. From the table,
it is seen that the electric field levels, and thus, induced pipeline voltages,
can be reduced by as much as 60 to 90 percent over the right-of-way by choosing
the center point symmetric phasing instead of any of the others. This reduction
is significant when it is realized that it is solely a result of power line
phasing. It is a consequence of the physical interaction of the induced electric
fields from all of the power line conductors.

Installation of Auxiliary Grounded Wire. A second electric field reduction
technique is the usage of an auxiliary grounded wire installed between the power
Tine towers (10). The purpose of this wire is to induce an additional component
of longitudinal electric field 180 degrees out of phase with the existing field,
causing field cancellation. This cancellation can occur only when the current
induced in the auxiliary wire is of a favorable magnitude and phase. The desira-
ble parameters for the induced current are attained through the proper positioning
of the wire relative to the phase conductors and shield wires.
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Table 8-4

POSSIBLE PHASE SEQUENCES FOR A DOUBLE CIRCUIT VERTICAL CONFIGURATION

A—-A
B—8B
c—¢C

Center-Point Symmetric

A C A B B C
B;><{B C;><EC A;><{A
C A B A C B

and the 3 right-to-left mirror images;

Full Roll

A B c B C C A

C A A;;ZfB CEf;;A Azf;;B

B C C A A B B C
and the 6 right-to-left mirror images;

Partial Roll (Upper)

A B A C B C
B:><iA C:><:A C:><:B

C—cC B—B A—-A

and the 3 right-to-left mirror images;

Partial Roll (Lower)

A—A B—2B C—¢
B C A C A B
C:><:B C:><:A B:><:A
and the 3 right-to-left mirror images;

Center Line Symmetric

A—A B—-8B B—B c—¢C
c—¢C A—A C—¢C A—A
B—B c—¢C A—A B—B
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Table 8-5
CHOICE OF PHASE SEQUENCE FOR THE BALANCED DOUBLE CIRCUIT VERTICAL GEOMETRY OF FIGURE 8-9

Longitudinal Electric Field Magnitude (V/km)

Distance From Mitigation Advantage

Center Line Center Point Partial-Roll Partial-Roll Center-Line of Center-point
(feet) Symmetric Full-Ro11 (upper) (Tower) Symmetric Symmetric Phasing
0 0.7 4.3 8.0 7.35 9.1 85 - 90%
100 0.3 0.9 1.9 2.2 2.5 65 - 90%
200 0.2 0.5 1.0 1.25 1.4 65 - 85%
300 0.15 0.4 0.75 0.9 1.0 60 - 85%
400 0.15 0.35 0.6 0.75 0.85 60 - 85%
500 0.1 0.3 0.5 0.65 0.7 60 - 85%
Best _ Worst

Phasing Phasing



The effectiveness of this technique has been studied for three common power line
geometries. The results indicate that the extra grounded wire can provide a sub-
stantial reduction of the Tongitudinal electric field for vertical circuits. How-
ever, its mitigation effect can be sensitive to the 1oading conditions of the power
line, which Timits the usefulness of this technique.

A computer program that was available for calculation of the Tongitudinal electric
field was modified for this analysis to include the effects of the auxiliary wire.
Again, a two-step analysis was used for each power line configuration. First,
Carson's theory and linear circuit analysis were combined to determine the induced
currents in the two shield wires and the auxiliary wire. The mutual interaction
between these three wires was included and required the solution of three simul-
taneous equations. Second, using superposition theory and Carson series, the
field contribution from each phase conductor and shield wire was calculated and
summed to provide the complete induced electric field. By making this calcula-
tion with and without the presence of the auxiliary wire, it was possible to
evaluate the effectiveness of this mitigation technique. This procedure was then
repeated for each power Tine geometry and conductor phasing examined.

The first geometry considered is that shown in Figure 8-7, the single circuit
horizontal with two multiple-grounded shield wires. (The optimum phasing of this
circuit was discussed previously in this section.) A single, auxiliary grounded
wire was assumed to exist in various vertical planes defined within the bounds of
the tower structure. The wire was then assumed to be located at different heights
within each plane. A comparison of the original longitudinal electric field to
the field with the auxiliary wire present could then be made.

Figure 8-10 illustrates the effect of placing a grounded auxiliary wire at the
outer right edge of the power line structures (65 feet to the right of the cen-
ter line), as calculated at two points: (1) 200 feet to the right of the center
1ine; and (2) 200 feet to the left of the center line. For this example, an earth
resistivity of 33.3 Q-m was assumed, along with balanced phase conductor currents.
From the figure, it is seen that the maximum field reduction about 25%, occurs to
the right of the power 1line for an auxiliary wire height of 49 feet. However, an
equivalent field increase is seen to occur to the left of the power Tine.
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Modelling of the auxiliary wires in several other vertical planes gave results
similar to those of Figure 8-10., Mitigation greater than 25% could be obtained
only if the auxiliary wire was assumed to be within six feet of a phase conductor.
Under these circumstances, a field reduction of about 50% was possible. However,
this placement may be unrealistic if the insulation characteristics of the power
1ine are to be preserved.

Overall, a grounded auxiliary wire can be expected to provide about a 25%
reduction in the longitudinal electric field on one side of a single circuit
horizontal power 1ine. This reduction is accompanied by a corresponding increase
of the field level on the opposite side of the power 1ine. The most favorable
heights for the auxiliary wire are approximately the same as the phase conductor
height, thus placing the practicality of this technique in question.

The second geometry considered is that shown in Figure 8-8, the single circuit
vertical with two multiple-grounded lightning shield wires. (The optimum phasing
of this circuit was discussed previously in this section.) A single, auxiliary
grounded wire was assumed to exist in the vertical plane S as shown in the figure.
The total longitudinal electric field was computed for the wire at different
heights within the plane and compared to the results of the power line without
the auxiliary wire.

Figure 8-11 illustrates the effect of the auxiliary wire as observed at two
points: (1) 200 feet to the right of the S plane; and (2) 200 feet to the left
of the S plane. For this example, an earth resistivity of 33.3 Q-m was assumed,
along with balanced phase conductor currents. From the figure, it is seen that
the maximum field reduction is about 75% to the right of the power line, and
about 60% to the left of the power line, for a wire height of 26 feet.

Figure 8-11 illustrates that there is an optimum height for placing the grounded
auxiliary wire. (Of course, this height depends upon the power line geometry.)
Above this height, the effectiveness of the wire in reducing the electric field
diminishes to the point where all mitigation properties are lost. For the exam-
ple presented, this point is at 43 feet. A wire located still higher carries
current with a phase characteristic resembling that of the 1ightning shield wire
currents, and accordingly, tends to reinforce the existing longitudinal electric
field.
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To illustrate the sensitivity of this mitigation technique to phase current un-
balance, several simple situations were considered. Figure 8-12 presents the
results of this analysis. The geometry of Figure 8-8 was employed with a base
current of 100 amperes. The center phase conductor current was assumed to be
constant for all of the calculations. There was an assumed 0, +5, +10, and +15
percent phase unbalance between the current in the top and bottom phase conduc-
tors relative to the center phase current. The effectiveness of the grounded
wire in reducing the electric field was determined at four perpendicular separa-
tion distances: 0, 100, 200 and 500 feet on either side of the power line. The
mitigation wire was assumed to be iocated at the optimum height of 26 feet as
determined from Figure 8-11 for balanced phase currents. Figure 8-12a presents
the results for both sides of the power 1ine when the largest current is in the
bottom phase conductor, and Figure 8-12b when the largest current is in the top
phase conductor. It is believed that most power line loading characteristics
fall within the current unbalances assumed here.

Two significant conclusions result from the theoretical analysis as seen in
Figure 8-12. First, the effectiveness of the grounded wire is very sensitive to
the phase currents. Small unbalances in the power line loading cause a severe
deterioration in the degree of mitigation provided by the grounded wire. For
power lines having time-dependent current unbalances, it would be difficult to
design a wire placement achieving a satisfactory mitigation at all times of the
day.

It is also seen that the ability of the grounded wire to reduce the electric
field is a function of the separation distance between the power Tine and the
field observation point. For balanced currents, the mitigation technique be-
comes less effective as the field point approaches the power line. But once
even a small amount of unbalance is experienced, the effectiveness of the tech-
nique is reduced to 20 percent or less for all separation distances.

Because of these facts it appears unfeasible to consider this mitigation approach
for the single circuit vertical geometry. The cost for such a wire versus its
poor reliability and sensitivity to current unbalance indicate that other
approaches should be considered.

The third geometry considered is that shown in Figure 8-9, the double circuit ver-
tical with two multiple-grounded 1ightning shield wires. (The optimum phasing
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of this circuit was discussed previously in this section.) A single, auxiliary
grounded wire was assumed to exist in the center plane of the power line. The
total longitudinal electric field was computed for the wire at different heights
within the plane and compared to the results for the power line without the
auxiliary wire.

Computations indicated that, when optimally placed, the grounded wire could re-
duce the longitudinal electric field by more than 50% for each of the phase
sequences of Table 8-4. A maximum mitigation greater than 95% was found for the
center-point symmetric configuration.

Although this reduction in the electric field is significant, the mitigation
effect can rapidly deteriorate with just a small current unbalance, similar to

the single vertical circuit case. Four simple current-unbalance combinations were
considered for the center-point symmetric configuration, assuming a + 5% current
variation about the center phase conductors and a base current of 100 amperes.

The four possible current combinations were then analyzed with the grounded wire
located at the optimum height of 43 feet. Table 8-6 clearly shows the sensitivity
of this mitigation technique to small changes in the phase current. As indicated,
even though it is possible for the magnitude of the electric field to be reduced
by more than 95% for balanced phase currents, it is also possible for an actual
jncrease in the magnitude of the electric field at the same field point for only
a small perturbation of the phase currents.

The sensitivity of this theoretically analyzed mitigation technique to even small
current variations leads to the conclusion that it is not economically or prac-
tically feasible to implenent in field situations. Although it has been shown
that the technique can provide significant nulling of the electric field under
certain fortuitous conditions, this reduction is accompanied by unacceptable
sensitivity to changing load conditions and reliability limitations.

Pipeline Grounding Methods

As shown in Figure 8-13, the pipeline and personnel hazards due to electromagnet-
ic coupling to buried pipeline can be mitigated by grounding the pipe using either
independent ground beds, distributed anodes, or horizontal ground wires, and by
installing ground mats at points of possible human contact. Basic considerations
for the appliications of these techniques are now summarized.
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Table 8-6

EFFECT OF CURRENT UNBALANCE ON PERFORMANCE OF GROUNDED AUXILIARY WIRE
FOR A CENTER-POINT SYMMETRIC, DOUBLE CIRCUIT VERTICAL GEOMETRY

Reduction in Electric Field (%)

Left of Right of
Phase Currents Power Line Power Line
100 100
Nominal
100 100 currents 68 > 95
100 100
105 105
100 100 85 70
95 95
95 95
100 100 -14 74
(increase)
105 105
95 105
100 100 17 17
105 95
105 95
100 100 2 1
95 105

8-32



€e-8

Spiral Ground Mgt At

- Exposed Appurtenance T T ZE
/ N
g ‘ =
N ——— = -
D T - \
i & ———zZ == \
Buried F &&Qlie? e :_n
T gl | SEET Sehee i S \
Pipeline e ——zZTITE \ \\ \ \ \L L1
——zzzE=-7 s \ AL 1
————— === ! NP R /
- - 1
\ : : /‘ independent
; I / Muitiple — Connected Ground Bed
! Horizontal Ground

Distributed Anodes Conductor

Fig. 8-13. APPLICATION OF GROUNDING TECHNIQUES FOR  MITIGATION
OF ELECTROMAGNETIC COUPLING TO A BURIED PIPELINE



Grounding Requirements. The most effective location for a grounding installation ‘
on a buried pipeline is at a point where the induced voltage is maximum. A good

ground established at such a point serves to null the local exponential voltage
distribution. However, the mitigating effects of this ground installation are

negligible at an adjacent voltage peak located more than 2/Real(y) m away, where vy

is the propagation constant of a buried pipeline. Therefore, a ground should be

established at each induced voltage maximum.

To effectively reduce the induced ac potential on a long buried pipeline of charac-
teristic impedance, Zo’ by connecting the mitigating, grounding impedance, Zm’ the
condition

1z, | < |Zo| x 2 ohms (8-3a)

must be achieved. Grounding impedances exceeding |Zo| are essentially useless for
mitigation in this case. Grounding impedances much less than |Zo| reduce the
local pipeline voltage by

% reduction = 100 (1 -‘——*) . (8-3b)

The grounding requirement of Eq. 8-3a. is much more demanding than that for miti-
gation of electrostatic coupling to an above-ground pipeline. The combination of
possibly high values of pipe source voltage, V , and Tow values of pipe source
impedance, Zo’ serves to create severe shock hazards. Using the equivalent cir-
cuit of Figure 8-14, the shock current, Iw’ through the worker can be shown to

equal

where Zw is the impedance of the current path through the worker. Mitigation of
IW requires values of Zm significantly less than Zo' This compares to the miti-
gation requirement of Eq. 8-la, which states that Zm need only be Tess than Zw for

mitigation of electrostatic shock hazards for the above-ground pipelines.
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Two general types of independent grounding systems, namely vertical anodes and
horizontal conductors (including casings), have found extensive use in realizing
the low impedance grounds required for mitigation of electromagnetic coupling to
buried pipelines. In addition, ground mats have been used to protect personnel

at exposed pipeline appurtenances. The following subsections summarize the charac-
teristics of the various Tow impedance grounding systems, and briefly review the
use of grounding mats.

Vertical Anodes. A vertical anode grounding system can be realized with either a

single deep anode or several distributed anodes. One possible single deep anode
system consists of a steel casing containing cathodic protection type anodes in

a carbonaceous backfill (12). Here, the bottom portion of the steel casing which
contains the anode and backfill can be below the normal water table, allowing a
Tow impedance ground to be obtained quite easily.

A vertical ground rod and its surrounding earth form a lossy transmission line
characterized by the propagation factor, Yrod® and the characteristic impedance,
Zorod- The ac ground impedance, Zrod’ is simply the input impedance of this lossy
transmission line. It is incorrect to assume that Zrod is equal to the dc

grounding resistance, R As will be shown below, the transmission 1line charac-

rod’
teristics of a vertical ground rod significantly affect is performance.

For a vertical ground rod radius, a, the propagation factor is given by (13,14)

rod //jwuo(o*-jwe) m~L

0.0154-(1+3j)-v/5 m~l, at 60 Hz

14

where w = 2uf; My = 47r10'7 H/m; ¢ = soil conductivity in mhos/m; €= soil permit-
tivity in F/m; and o >> we is assumed. The characteristic impedance is given by
(14)

.1 /% . 1.12 LT
ZOY‘Od = 2%V 72g [(1+J)'-|n mpo—o + (l—J)'—4-] ohms
(8-6)
51.6

-3
2.44-10 {(1-+j)-1n +(1-3) %%} ohms at 60 Hz

avo
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‘ The ac grounding impedance of a single, electrically short vertical ground rod of
radius, a, and length, L, is given by (14)

YA = 7 coth (y_ ,L) =~ Z /y . L ohms
rod %nod rod Orod rod
(8-7)
_0.159 51.6\ . T
iy [1n = -J 7 } ohms at 60 Hz
where
a<<lL<<§ = 2 - 64.9 m = soil electrical skin depth (8-8)
WH 4O avo

The In term of Eq. 8-7 is usually of the order of 10, so that Zac is almost a pure
resistance. For comparison, the dc resistance of the same ground rod is given by
(13)

Rog = =22 [ (35 - 1] omms (8-9)

Equation 8-7 yields values of Zrod significantly higher than the values of Rrod
obtained from Equation 8-9.

Example: Compute the 60 Hz ac grounding impedance of a 6-foot long, l-inch
diameter, vertical ground rod installed in soil having a resistivity equal to 100

ohm-m. Also, compute the dc resistance of this ground rod.

Solution: First, convert all quantities to the proper metric units.

L = 6 feet = 1.83m
a = 0.51inch = 0.0127 m
o = 1/(100 ohm-m) = 0.010 mhos/m

From Eq. 8-7 we compute
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rod

0.159 [1n ( 51.6 -
(0.010)(1.83) 0.0127/0.010

[

8.69 (10.6-3j0.785) ohms

R

(92.1-3j6.8) ohms

From Eq. 8-9, we compute

|Zrod| is seen to equal 2.0 times R

rod

0.159 | 80.83) |
(0.01)(1.83) 0.0127

8.69 (6.36-1) = 46.6 ohms.

rod’

Multiple Vertical Anodes. The use of a single deep

j-%}] ohms

anode may be uneconomical in

regions where the earth conductivity is Tow and buried rock strata make deep

drilling difficult.

In such cases, the use of multiple, short, distributed mag-

nesium or zinc cathodic protection anodes may be indicated (15).

A.

For vertical anodes grouped together 1in a

distinct bed (arranged)

on a straight line or circle) with the spacing between the rods
equal to the length of the rods, the net ac grounding impedance is
approximated by the following table (established for dc resistance

(13)).
No. of Rods Approximate Net
in Bed ac Grounding Z
1 Zr‘od

2 0.58 x Zod

4 0.36 x Zrod

8 0.20 x Zrod

10 0.16 x Z,, 4

20 0.09 x Z,, 4

50 0.04 x Z,. 4

For vertical anodes distributed uniformly

along a short (< 300 m)

stretch of a buried pipeline, the ac grounding impedance is simply
the grounding impedance of one anode divided by the total number of

anodes.
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For vertical anodes distributed uniformly along a length (> 3 km)
stretch of buried pipeline, Eq. 8-3b does not precisely describe

the mitigation effect. Wave propagation effects within the groun-
ded section must be taken into account. The value of the propagation
constant, Yi? of the pipeline section with anodes is estimated as

VY
Yo=Y Y (8-10a)

where v and Y are the propagation constant and admittance to remote
earth, respectively, of the pipeline section before mitigation, and
Yn is the mitigating admittance per km provided by the distributed
anodes. The reduction in voltage is estimated as

2

% reduction 100 (1 - ‘;Y—p
m

100 (1——1——)
Ym

1+T

(8-10b)

1]

Equation 8-10b indicates that appreciable mitigation is obtained
for this case only if the net mitigating admittance per km is much
greater than Y, which is of the order of 0.1 mhos/km for a typical,
moderately well insulated, buried pipeline.

Example: Vertical anodes with an ac grounding impedance of 50
ohms are installed at regular intervals of 20 m along a buried pipe-
Tine having a Y value of 0.1 mhos/km. Estimate the resulting miti-
gation.

Solution: Each anode presents an ac grounding admittance of
1/50 mhos. At a spacing of 20 m between anodes, there are a total
of 50 anodes per km. Thus,

= anodes 1 mho _ mho
Yo = %0 m - 50 anode - km

Using Eq. 8-10b, the percent mitigation is estimated as

100 (1_ ___1__)

v1+1/0.1

12

% reduction

70%

I
—
o
o

—

—

1

R
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Horizontal Conductors. A horizontal ground wire and its surrounding earth form a
wire? and the

o,wire’ wire* 'S simply
the input impedance of this Tossy transmission line. It is incorrect to assume

that Zwire wire’
below, the transmission line characteristics of a horizontal grounding wire sig-

lossy transmission line characterized by the propagation factor, vy
characteristic impedance, Z The ac grounding impedance, Z

is equal to the dc grounding resistance, R As will be shown

nificantly affect its performance.

Further, horizontal ground conductors can be subject to the same driving electric
field generated by the adjacent power line as the pipeline is exposed to. There-
fore, ground wires can develop appreciable terminal voltages which must be
accounted for in computations of the expected mitigation. Additional factors
involve the effects of resistive and inductive coupling between long ground wires
and the nearby pipeline. Al1 of these factors are highly dependent upon the
specific orientation of the ground wire relative to the power line and the pipe-
line. Reference will be made to Figure 8-15, which shows four common types of
horizontal ground wire installations, and to Figure 8-16, which shows the elec-
trical equivalent circuit for each type of installation.*

Mitigation Wire Perpendicular to the Pipeline. This ground wire config-
uration, denoted as A in Figure 8-15, is the simplest to analyze because

the perpendicular configuration serves to minimize inductive and conductive
coupling between the wire, pipeline, and power line. In this configuration,

the wire acts only as the grounding impedance, Z for the pipeline, as

wire’
shown in Figure 8-16b. The overall mitigation effect is computed in 3 steps.

1.  Apply the calculator program WIRE, documented in Appendix A, to

determine the propagation constant, Yuire® and characteristic

impedance, Z This program is suitable for wires of arbi-

o,wire’
trary electrical conductivity and permeability, and diameters up

to one inch, for the full range of possible earth resistivities.
The program achieves this degree of generality by solving the Sunde
transcendental equation (Eq. 2-9 of Section 2) for the case

Y. = = (8-11a)

*The design procedures for the different types of mitigation wires considered
here were developed from field tests made in December 1977 on the Southern
California Gas Company Line 235 extending from Needles to Newberry, California.
Detailed test procedures and data reduction are presented in Appendix E.
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2
- 1 1 ,a . Wy
; =7 [1 + EE'(ﬁ) ] g ohms/meter (8-11b)

ot

where a is the wire radius, and § = wire skin depth = (nofu) 2.

2. Apply the calculator program THEVENIN, documented in Appendix A,

to determine Zwire by using Yyire and Zo,wire as data inputs. This

program is suitable for wires of arbitrary length and having arbi-
trary far-end impedance loads. The program achieves this degree
of generality by solving the impedance-transformation equation of
an electrical transmission line (Eq. 3-10c).

3. Apply the calculator program NODE, (see Appendix A) to determine
the unknown node voltage, Vmit’ of Figure 8-16b. Here, Z

Zpipe’ and Vpipe
the pipeline voltage after connection of the horizontal ground wire.

The values of Vpipe and Zpipe are available in the Mojave Desert

case history (c.f. Section 3). The proper values to be used are
those appropriate to the equivalent circuit at milepost 101.7.

wire’
are used as data inputs. This gives the value of

Figure 8-17 illustrates the importance of accounting for the transmission
line properties of a ground wire when determining its mitigation effective-
ness. Here, the straight line plots the dc resistance of an experimental
wire installed at the Mojave test site, as computed using the most common
grounding formula,

R = £ (1n-§& - 1) (8-12)

where p = ground resistivity; £ = length of wire; and a = radius of wire.
» obtained using the computer programs

The curve plots the value of Zwire
WIRE and THEVENIN discussed above. Finally, the solid squares represent
values of grounding impedance actually measured during the field test.
It is seen that the experimental results agree extremely well with the
results of the transmission line approach of the TI-59 programs, which
predicts a leveling off of the grounding impedance at Z as the

o,wire
). Hence, for a given grounding instal-

wire length exceeds 1/Rea1(ywire
lation, there is an optimum length (in the vicinity of the knee of the
curve) where the mitigation-efficiency/cost ratio is greatest. Thus,
indiscrimately lengthening a perpendicular ground wire may not neces-
sarily be cost effective. This is in sharp contrast to results implied
by the dc grounding resistance formula, which is evidently useful only

for small-to-moderate conductor lengths.
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End-Connected Parallel Ground Wire. This ground wire configuration,

denoted as B in Figure 8-15, requires additional analysis steps to ac-
count for the effects of a voltage build-up on the ground wire due to

its parallelism with the power line and mutual coupling between the pipe-
line and the ground wire. In this configuration, the wire acts as both

the grounding impedance, Z , and the voltage source, Vw » as shown

. wire ire
in Figure 8-16c. The overall mitigation effect is computed in six steps:

1. Apply the calculator program CARSON (see_Appendix A) to determine
the mutual impedances between the power 1ine phase conductors and
each passive-multiple-grounded conductor sharing the right-of-way,
including the pipeline to be mitigated and the ground wire. Repeat
the procedure to determine the mutual impedances between all passive
multiple-grounded conductors on the right-of-way.

2. Apply the calculator program CURRENTS (see Appendix A) to determine
the maximum currents within the pipeline to be mitigated and other
passive conductors on the right-of-way under the influence of the
power line, the ground wire, and each other.

3. Apply the calculator program FIELD (see Appendix A) to determine
the driving electric field at the ground wire location. This pro-
gram forms and then sums (current) x (mutual impedance) products
determined using the data inputs of Steps 1 and 2. Contributors
to this field include the power Tine phase wires and other current
carrying conductors in the vicinity.

4. Apply the calculator program WIRE to determine the propagation
constant and characteristic impedance of the ground wire.

5. Apply the calculator program THEVENIN to determine Z and V

using the results of Steps 3 and 4 as data inputs. wire

wire

6. Apply the calculator program NODE to determine Vmit of Figure 8-16c¢.
wire® Vwire’ Zpipe’ and V are used as data inputs. The
same values for Vpipe and Zpipe

wire example are used here, since connection of this wire is also
made to the pipe at milepost 101.7.

Here, Z pipe
as in the previous perpendicular

For best results with this ground wire configuration, the phase of Vwire
should equal that of Vpipe + 1809 in order to achieve a voltage cancel-
lation effect at Vmit' This is illustrated in Figure 8-16¢ by the choice
of signs of the Vwire and Vpipe voltage sources. In the ideal case,
Vire/ Lwire = 'Vpipe/zpipe’ so that Vi.¢
voltage properties can be adjusted by choosing the wire length and sepa-
ration from the power line. However, this usually does not give enough
adjustment range to attain the ideal case. Additional adjustment can be

= 0. The wire impedance and

8-46



realized by either a continuous or lumped inductive loading of the
ground wire to alter its transmission line characteristics. Program
WIRE is structured to permit data input of the average added inductive
resistance per kilometer due to inductive loading to allow rapid calcu-
lation of the new wire propagation constant and characteristic impedance.

/Z ratio.

Then, program THEVENIN can be used to compute the new V wire

wire
The chief effect of connecting a long, parallel ground wire and an adja-
cent pipeline with multiple ties (indicated by the dashed lines of the

B configuration of Figure 8-15) is the reduction of the effective V
and Zwire
tions where voltage cancellation at vmit
such ties are used, they should be spaced no closer than 1/Real(y

wire
, in a manner discussed below. This can be useful under condi-

is not deemed important. If

)

wire
for maximum effect at minimum cost.

Center-Connected Parallel Ground Wire. This ground wire configuration,

denoted as C in Figure 8-15, is aimed at achieving minimum values of

vwire and Zwire
easily understood by examining the equivalent mitigation circuit shown

for any given length of wire. Its performance is most

in Figure 8-16d. From this figure, it is seen that the center connec-

tion causes the effective V to equal zero because of the bucking

wire
effect of Vwire,]eft and Vwire,righ?‘ Further, the effective Zwire is
seen to equal the parallel combination of Zwire,]eft and Zwire,right.

This value is always less than the grounding impedance for the wire when
used in an end-connected manner for mitigation because of the leveling
off of the impedance curve with length. (In effect, two short wires
give a lower grounding impedance than one long wire having the combined
length of the short wires).

The mitigation effect of this ground wire configuration can be computed
d Zo,wire; then
3 and finally

simply by applying program WIRE to determine vy
applying THEVENIN to determine Zwire,]ef wire,righ
applying NODE. 1In applying NODE, the voltage sources Vwire left and

need not be known specifically because of their self-cancel-

wire an
tandZ

Vwire,right
1ing effect. So that a value of zero volts can be assumed for both.

Thus, in many respects, calculation of the mitigation effectiveness of
a center-connected parallel ground wire is the same as for the perpen-
dicular ground wire.
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Back-to-Back Parallel Ground Wire.* This ground configuration, denoted as D

in Figure 8-15, is aimed at achieving simultaneously a maximum value of Vwire

wire for a given length of wire. This ismade possible
by moving one ground wire leg to the opposite side of a horizontal configur-

and a minimum value of Z

ation power line, so that the fields driving the two legs are equal in mag-
. 0] . .

nitude but 180~ out of phase. Thus, as shown in Figure 8-16e, Vwire,]eft

and Vwire right reinforce each other instead of bucking, allowing a maximum

cancellation effect at Vmit' Similar to the center-connected parallel ground

wire, the effective Z is seen to equal the parallel combination of

and Z

wire
Zwire,]eft wire,right’

The mitigation effect of this ground wire configuration can be computed by
treating the left and right halves of the ground wire as two distinct end-
connected parallel ground wires, and combining the results for V
and V Zwire,right’ using program NODE.

wire,left?

Zwire,]eft wire,right’

Exampie. An example of the design calculations for a back-to-back
mitigation wire arrangement is presented here. This design was originally
proposed for installation on the Southern California Gas Company Line 235
for mitigation of the voltage peak at Milepost 101.7. A more detailed
analysis of this mitigation wire design concept is given in Appendix E. The
physical installation of the wire is shown in Figure 8-18. The design com-
putations involve the following steps.

Computation of Z The first part of this analysis requires

pipe and Vpipe'
computation of the Thevenin equivalent source impedance, Z

pipe’ and source

voltage, V » of the pipeline at Milepost 101.7. The computation involves

pipe
the following steps:

a. Assumption of a 700 kQ-—ft2 pipe coating resistivity, a 40 kQ - cm
earth resistivity, and a 700 ampere balanced power line current
loading;

b. Use of the computer program CARSON applying the exact Carson's
infinite series to calculate the driving electric field at
the pipeline as being equal to 14 volts/km at a phase of -122.60
relative to the power 1ine currents;

*Best applicability for mitigation of the effects of power lines having a
combination of configurations and phase sequences yielding an electric field

with a phase difference of approximately 180° from one side of the power line
to the other.
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c. Interpolation of the graphs of Figure 2-7 (Section 2) to obtain
the pipeline propagation constant equal to 0.115+ j0.096) km™ .

d. Computation of Vpipe as
-0.5 x 14.0/-122.69
= = 46.7/17.69 volt
Voipe (0.115+ 3 0.096) {11.62 volts
using Eq. 3-18a and the condition that Z1 = Zo'

e. Interpolation of the graphs of Figure 2-23 to obtain the pipeline
characteristic impedance, Zo’ equal to (2.9 + j 2.4)Q;

f. Computation of Z = 0.5 Zo’ or

pipe

Zpipe = 0.5 (2.9+j2.4)=(1.45+j1.2)0 = 1.88/39.690.

The pipeline section to the west of Milepost 101.7 is assumed to be suf-
ficiently far from the power line so that it experiences little or no
induced voltage pickup. This pipeline section thus serves as a charac-
teristic impedance load for the section to the right of Milepost 101.7,
which is influenced by the power 1line. Therefore, a multiplying factor
of 0.5 is introduced into the calculations for Vpipe (Step d) and Zpipe
(Step f) to take into account the ZO loading effect of the west section
upon both the Thevenin source voltage and the pipe source impedance to
the east which is also equal to Zo' The Thevenin equivalent resistance
is equal to the parallel combination of both impedances and, hence, equal
to 0.5 Zo. Due to voltage divider action, the source voltage is likewise
reduced by a factor of one-half,

Computation of Z This part of the analysis computes the

wire and Vwire'
Thevenin equivalent source impedance, Z

wire> and source voltage, V ...,

of the mitigating wire. The computation involves the following steps.

a. Assumption of a wire burial depth of one foot, a 40 kQ-cm soil
resistivity at the wire and a 700 ampere balanced power 1line
current loading;

b. Use of the CARSON computer program (listed in Appendix A) applying
the exact Carson's infinite series to calculate the driving
electric field at the wire as being equal to 29.2 volts/km at a
phase of -121.50 relative to the power line currents.

c. Use of the computer program WIRE solving the Sunde propagation con-
stant equation to obtain the propagation constant of the mitigating
wire, equal to (1.137 + j 1.022) km ! and the wire characteristic
impedance, equal to (1.122 + j 0.816) Q. Calculations were made for
a 0.372-inch diameter bare Aluminum wire loaded at the rate of 1.5Q-km.
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d. Use of the THEVENIN program (1isted in Appendix A) to obtain

- ° D A
Zipe = 1-259/32.30 @, and V. o (normalized to a power line

field of 1 volt/km) = .573/-15.80 volts.

e. Computation of V as

wire

Vwire = .573/-15.80 x 29.2/-121.5° = 16.7/-173.3° volts
In this analysis, the entire length of the mitigating wire is assumed
to be influenced by a constant power line field of 29.2 volts/km. The
effects of reduced electric field near the 1350 angle "corner" of the
power line are not included.

Computation of Vmi This part of the analysis is the computation of
This computation

.
the voltage at Milepost 101.7 after mitigation, V

mit’
involves simply joining the two Thevenin equivalent circuits for the
pipeline and mitigation wire, respectively, and solving a single node
equation (the program NODE may be used here) for the voltage at the

junction. This results in

v - VwireX Zpipe * Vpipex Zwire

mit Z . + 7 .
pipe wire
(16.7/-137.30)(1.88/39.60) + (46.7/17.69)(1.259/32.30)
(1.88/39,60 + 1.259/32.30)

11.6/-14.20 volts.

Computation of Vmit - Complete System. In this computation, the values

of V .
pipe
each leg of the mitigation system are located in a mirror image config-

and Zpipe remain unchanged. The individual wires comprising

uration about the power 1line structure. The electric fields driving

the respective wires, therefore, are 1800 out of phase. However, be-
cause the direction of the wires from the point of pipe connection,
relative to the power line electric fields, differ by 1800, the induced
voltages in each leg are identical. Therefore, the open circuit Thevenin
voltage for both wires connected together is equal to Vwire as derived
previously. However, relative to earth, the input impedances of the
wires are in parallel after connection, and Zwire for the complete sys-
tem is one-half of the previous value, or 0.630/32.39., The mitigated

value for the complete system then becomes
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(16.7[—137.30)(1.88/39.60) + (46.7/17.69)(.63/32.30)
mit 1.88/39.60 + .63/32.30

6.8/-68.19 volts

Complete Pipeline Mitigation. The previous discussions were directed toward con-

sidering each mitigation wire individually and, hence, mitigation at a single
point on the pipeline. In general, due to multiple physical or electrical dis-
continuities along the right-of-way, a pipeline will develop a number of induced
voltage peaks. Installation of a single mitigation wire may reduce the local
pipeline voltages but leave the other peaks unaffected. In fact, slight increases
of the pipeline voltage may be caused a few miles from the grounding point due to
the discontinuity of the corridor geometry introduced by the ground wire itself.
However, as discussed below, experimental results show that complete pipeline
mitigation is possible by mitigating successive voltage peaks individually.

An assessment of the possibility of complete pipeline mitigation, obtained by
direct measurements at the Mojave test site, is summarized in Figure 8-19. The
upper graph shows the mitigation obtained by installing a 2.25 km (7400 ft) total
length, back-to-back parallel ground wire at Milepost 101.7. The wire was stranded
aluminum, 9.4 mm (0.37 in.) diameter, and buried at a depth of 30 cm (1 ft) along
two paths parallel to the power line and 18.3 m (60 ft) to either side of the power
Tine center phase. From the figure, it is seen that the original voltage peak at
Milepost 101.7 of nearly 50 volts was reduced by about 90% by installing this
ground wire, representing a virtually complete mitigation. In fact, some mitiga-
tion was recorded at Milepost 89. However, although not necessarily serious, an
increase in the induced voltage was measured in the region between the two peaks.
This is reminiscent of the balloon effect-- i.e., "squeeze" the pipeline voltage

at one point and it enlarges somewhat at other points.

The Tower graph of Figure 8-19 shows the extra mitigation obtained by installing
an additional 0.8 km (2600 ft) total length, center-connected parallel ground wire
at Milepost 89. This wire was solid aluminum, 3.0 mm (0.12 in) diameter, and bur-
jed at a depth of 5 cm (2 in) along a path parallel to the power line and 30 m
(100 ft) from the center phase. From the figure, it is seen that the combined
mitigation system at Mileposts 101.7 and 89 succeeded in pipeline voltage reduc-
tion not only at the peaks, but at intermediate locations as well, Hence, it has
been demonstrated that by a reasonable placement of mitigation wires at points of
corridor discontinuity, long lengths of pipeline can be mitigated effectively.
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Grounding Mats. Protection against electric shock can be provided by installing

ground mats at all exposed pipeline appurtenances, such as valves or metallic
risers. As discussed previcusly in this section, such mats can be constructed of
strip galvanic anode material buried in a spiral pattern just below the surface
and connected to the pipeline electrically. In general, ground mats provide local
protection at exposed appurtenances against electric shock caused by unequal pipe
and soil potentials. The use of ground mats is not a substitute for a well-de-
signed, low impedance pipeline grounding system designed to reduce pipe voltages
over significant portions of the pipeline.

Use of Screening Conductors

Above-Ground Screen Conductor. The electromagnetic coupling mitigation effective-

ness of installing a grounded wire under the phase conductors of a power line has
been investigated (11). The wire was assumed to be either a single conductor or
a bundle conductor connected electrically to each tower at a constant height, and
centered beneath the phases. Calculations showed that such a grounded conductor
could reduce electromagnetic coupling. An optimum height for reduction of the
coupling, was found by calculation. For example, a twin bundle conductor with

an effective diameter of 0.116 m and a resistance of 0.135 ohms/km was computed
to have a mitigation of about 95% when placed at a height of 5 to 7 m under a
double circuit 150 kV power line. An optimum inductive coupling reduction was
possible for each phase conductor configuration studied.

However, as discussed previously in detail in this section, calculations performed
especially for this book have demonstrated the great sensitivity of this technique
to power Tine current unbalances. The reader is referred to the previous discus-
sions.

Buried Screen Conductor. An investigation of the electromagnetic coupling miti-

gation effectiveness of burying a conductor parallel to a buried pipeline has been
completed (4). Experimental studies on a scale model provided an estimate of the
magnitude of the mitigation possible under varying conditions of earth conductivity,
conductivity of the coating of the conductor, and spacing between the conductor

and the pipeline. It was found that the screening increased as the mutual induc-
tance of the conductor and the pipeline increased, and as the conductivity of the
screen conductor coating increased. However, this reference did not provide enough
data to allow assessment of the results for immediate application to pipeline

systems.
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Use of Insulating Devices

Risers and Vent Pipes. Insulating materials may be used in place of steel in some
cases where the danger of high ac pipeline potentials is known to be a factor. As

an example, vent pipes accessible to the public may be constructed of plastic to
eliminate the possibility of electric shock should a high potential exist on the
casing pipe. Riser conduit may be plastic; junction boxes may be plastic or plas-
tic coated; terminal blocks may be "dead front", requiring the insertion of con-
tact making plugs in order to connect leads to the carrier pipe.

Joints. Insulating joints are used on pipelines to electrically separate sections
of the Tine from terminal facilities and pumping systems. They are also used to
divide the 1ine into sections so that the development of contacts with other
structures or the failure of cathodic protection facilities are confined to a
single section. These sections can be as long as several miles.

In the past, insulating joints have been used to attempt mitigation of ac inter-
ference effects on pipelines by reduction of the electrical length of the pipeline
exposed to the interference source. Indeed, the use of insulating joints exclu-
sivley to systematically bound pipeline voltages has been investigated (17).
However, a given pipeline situation must be analyzed carefully because the intro-
duction of insultating joints may worsen, rather than mitigate, the interference
problem, i.e., buried pipeline sections longer than Z/Rea](Y)pipe m should

develop exponential voltage peaks at the locations of the insulators. Thus, while
a long pipeline might have only two voltage peaks (at its ends) the insertion of
an insulator at the midpoint of the pipeline could cause a third voltage peak to

appear at the location of the new insulator.

To avoid the generation of induced voltage peaks at pipeline insulators, a low
impedance polarization cell should be connected across each insulator. In this
way, direct current required for cathodic protection could be confined to the
desired pipeline section, but no pipeline discontinuities would be presented to
the 60 Hz electromagnetic field and, thus, no spurious induced voltage peaks
would be generated. Installation of polarization cells at each insulator would
have the additional advantage of providing protection from insulator flashover
during fault conditions of the power 1ine. Additional insulator protection can
be provided by installing lightning arrestors with a threshold of no more than
150 volts across each insulator-polarization cell parallel combination.
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Pipeline Extensions

The appearance of exponential induced voltage peaks at the ends of a parallel,
buried pipeline (as discussed in 4, 18) suggests that the pipeline potential dis-
tribution can be altered for mitigation purposes by simply extending the pipe.

In this way, the locations of the voltage peaks might be shifted from an access-
ible, or functional, section to an inaccessible, or non-functional section. The
induced potentials at the original endpoints of the pipe section could be reduced

by as much as 63% for each extension of the pipe by 1/Real(y) beyond the

pipe
original end points. While there are obvious Timitations to this technique in
practice, it is conceivable that it couldbe preferred in some cases where miti-

gation is required on a large, in-service line.

MITIGATION OF GROUND CURRENT COUPLING

Spacing of the Pipeline from the AC Power Line

Where possible, ground current coupling of an ac power line to an adjacent pipe-
1ine can be mitigated simply by locating the pipeline (and any pipeline grounding
electrodes) as far as possible from the affecting power line towers. In this
way, the pipe-to-soil potential is minimized, and the twin hazards of electric
shock and pipeline coating punctures are reduced. The variation of the earth
potential with distance from a power line is now reviewed.

Power Line with No Counterpoise. Assuming that I

g,n’ the ground current flowing
to earth through the footing of the nth power line tower is known or can be cal-
culated using the methods of Section 5, the tower footing potential for the
homogeneous earth case is given by

(8-13a)

where ¢ is the earth conductivity and " is the radius of an equivalent hemi-
spherical electrode having the same ground resistance as the tower. g is of the
order of2 to 3 m for an average single or double circuit tower, but may be 6 to 10
m for bridge type towers with multiple tower legs (20). For earth conductivities
in the range of 0.05 - 0.0005 mhos/m, footing potentials calculated using Eq.
8-13a can lie in the range of 0.32 I o 160 1 .n° It is seen that footing
potentials can reach the kilovolt level under fairly common ground current and
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earth conductivity conditions. The earth potential at a radial distance, r, from
the tower is related to the footing potential by

lu(r)| = |un|-7" volts (8-13b)

for the homogeneous earth case.

Equation 8-13b indicates that the potential of homogeneous earth under ground cur-
rent conditions is an inverse function of the distance from the tower. Measure-
ments have shown that this decrease law is correct for r exceeding about 3rn (4).
However, the results are very different if the ground is not homogeneous. For
example, a more rapid decrease with distance is observed for soils whose lower
stratum conductivity is greater than the surface stratum conductivity. The
structure of this ground concentrates the currents towards the deep strata and
considerably increases the potential gradients in the near vicinity of the tower.
On the other hand, if a tower stands on high conductivity ground superposed on
Tow conductivity ground, the voltage decrease as a function of the distance can
be much slower than than given in Eq. 8-13b.

Power Line With Continuous Counterpoise. Reference 20 states that in the pres-
ence of both structure grounds and counterpoise conductors, the largest part of
the ground current is discharged by the counterpoise. Therefore, the grounding
impedance of a power line with counterpoise is essentially that of the counter-
poise itself. Assuming that the counterpoise is realized by a single, bare,
buried wire connecting each tower footing, and that a ground current condition
occurs midway in the power line run, the impedance to remote earth presented to
the ground current is 0.5 Zo,wire’ where Zo,wire is the ac grounding impedance
observed at the end of a bare, horizontal, buried wire having a length greater
than 2/Real (Ywire)‘ The potential of the counterpoise and the connected tower
footings in the current grounding area is estimated as:

lUcI = 0.5 Ig Zo,wire|
(8-14a)
-3
2.45x 10 72.7
= |l | =——=——— 1n volts
1| 242 | 221
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where Ig is the total ground current,<3{s the (homogeneous) earth conductivity,
and a' = v/2ah, where a is the radius of the counterpoise conductor and h is its
burial depth. For earth conductivities in the range of 0.05 - 0.0005 mhos/m,
potentials calculated using Eq. 8-14a can lie in the range of 0.1Ig - 1.019.
These potentials are significantly less than those calculated for the no-counter-
poise case. The peak earth potential at a separation, d, from the counterpoise
is approximated using the decrease law for a buried horizontal wire discharging
direct current (13):

1n( /s2+d? + 8
V% +d? - §

lu(d)| = |[U_ ] volts (8-14b)
2 1n(%?] ¢

where & is the earth electrical skin depth (equal to 65/v/c meters at 60 Hz).

Equation 8-14b assumes that the counterpoise has an effective length of § on each
side of the grounding mid-point. This decrease law should be accurate enough (in
homogeneous soils) to aliow the safe placement of a buried pipeline. However, as
for the no counterpoise case, an inhomogeneous ground can have significant effects
on the potential distribution function that cannot be readily analyzed.

Buried Screen Conductor

Laboratory experiments investigating the mitigation of ground current coupling by
burying a bare conductor parallel to an affected pipeline have been reported (4).
The experiments measured the voltage distribution in simulated soils having a
conductivity in the range of 0.1 - 0.0003 mhos/m by employing a 1 m diameter
electrolytic tank. Results indicated that a bare conductor can appreciably re-
duce the ground potential within a distance of about 5 m from it. Increasing the
length of the conductor served to accentuate the mitigation. A simulated 600 m
long conductor was found to reduce its local soil potential by about 70%; a 6 km
long conductor achieved better than 95% reduction. No confirming field tests of
these results were reported, however. Connection of the pipeline to the bare
conductor by means of spark gaps was suggested as a means of limiting the voltage
across the pipe coating during extreme fault conditions without disturbing the
normal cathodic protection system of the pipeline.
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Grounding Mats

Protection against electric shock can be provided by installing ground mats at all
exposed pipeline appurtenances, such as valves or metallic risers. As discussed
previously in this section, such mats can be constructed of strip galvanic anode
material buried in a spiral pattern just below the surface and connected to the
pipeline electrically. In general, ground mats provide local protection at ex-
posed appurtenances against electric shock caused by unequal pipe and soil poten-
tials. Ground mats will not protect either the pipeline coating or steel from
puncture during severe faults.
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Section 9

TECHNIQUES FOR MEASURING THE LEVEL OF INDUCTIVE COUPLING TO PIPELINES

INTRODUCTION

This section presents techniques for the measurement of the longitudinal electric
field from an electric power transmission line, the effective ac earth conductivity
for an inhomogeneous earth, and the impedance of grounding systems. These tech-
niques are important for predicting the level of inductive coupling to pipelines.
Included in the discussion are the use of probe wire techniques to determine
longitudinal electric fields, the effect of transverse electric fields (electro-
static coupling) upon the accuracy of probe wire measurements, and auxiliary
grounding system methods to obtain grounding impedances. This section also dis-
cusses methods for measuring induced voltages and currents on existing pipelines.
Measurements of ac pipe-to-soil voltage and pipe current are discussed in the
context of traditional dc measurements. Here, it is shown that the accuracy of
voltage measurements is unaffected by extraneous field pick-up, but the accuracy
of current measurements may be impaired by such pick-up. Lastly, the effects of
induced ac on dc measurements are reviewed.

MEASUREMENT OF LONGITUDINAL ELECTRIC FIELDS DUE TO POWER LINES

As shown in Section 3, the prediction of the inductive interference to a pipeline
caused by a nearby high voltage ac power line requires knowledge of Ex(s), the
driving electric field along and parallel to the path of the pipeline. This
section discusses techniques for an approximate* measurement of Ex along the
path. For all cases where Ex is not constant with position along the pipeline,
knowledge of the phase as well as the magnitude of Ex is required for evaluation
of the inductive coupling to the pipeline using the analyses of Section 3.

*The electric field measured along the ROW with the pipeline absent is the
"undisturbed" electric field. Once a pipeline is buried, it will carry an
induced current which will cause a change in the induced currents flowing in
other grounded conductors. The resultant electric field at the Tocation of
the pipeline is thusly modified and in actuality is the "driving" field for
the pipeline. Voltage predictions based on "undisturbed" field measurements
are generally of acceptable accuracy.
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Basic Probe Wire Technique

Reference (1) reports the use of a probe wire to determine the magnitude of the
longitudinal mutual impedance between a power line and a telephone circuit.
This measurement is equivalent to determining IEX[ due to the power line at the
location of the telephone line. Therefore, the details of the probe wire tech-
nique are of relevance to the pipeline interference problem.

As shown in Figure 9-la, the probe wire is simply an insulated wire laid on the
earth parallel to the proposed pipeline path and grounded at both ends with
driven, vertical rods. The open-circuit voltage, Voc’ developed by the probe
wire is sensed by a high-input-impedance, frequency-selective voltmeter placed
between one ground rod and the end of the wire. Assuming no local ground poten-
tial rise due to earth currents, no effects due to transverse electric fields
(electrostatic coupling), and a short enough probe wire length, L, (30 meters or
less) so that Ex is approximately constant over the length of the probe wire,

VOC can be determined by solving the equivalent circuit of Figure 9-1b. Equating
voltage drops around the single loop of the circuit yields

VOC = IV(Zgl + 292) - EXL (9-1a)

where IV is the input current drawn by the voltmeter, and Zg and Zg are the
1 2
earthing impedances of ground rods #1 and #2, respectively., For Iv =~ 0, Eq.9-1a

reduces to

VOC = —EXL (9-1b)

and therefore,

EX = -VOC/L. (9-1c)

The use of a standard voltmeter with no phase reference implies that only the

magnitude of VOC is sensed. Hence, only the magnitude of EX is obtained:

= |V_|/L. (9-1d)

OCI

Problems With the Basic Probe Wire Technique

Measurement Error Due to Electrostatic Coupling. Electrostatic coupling to the
probe wire can cause the voltmeter to sense a value of Voc that is not due solely
to Ex‘ As shown in Figure 9-1c, the effect of electrostatic coupling can be
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modeled by introducing a probe wire current source, I » and capacitance-to-

max
ground, Cg’ in parallel with Zg . Using Eq. 4-9 of Section 4:
2
ZWEO
Cg = WAy L F (9-2a)
Lax = Zﬂfcg-ﬁt-H amps (9-2b)

where H is the height of the probe wire above the effective earth plane, d is the
diameter of the probe wire, and Et is the transverse electric field at the probe
wire. Assuming that H/d = 1,

Cg = 40 L pF (9-3a)
XC = 1/(2m-60-C_) = 66/L MQ (9-3b)
9
9
- .10-8
Iax = 1.5°10° L E, H amps. (9-3c)

From Eq. 9-3, it is seen that the reactance of the probe wire capacitance-to-
ground, XC » 1s much larger than easily realizable values of ground impedance,
G

Z . Therefore, virtually all of I flows through Z_, yielding an electro-
g max 95

static interference voltage of Imax Zg . The ratio of the desired to undesired
components of V_ s simply 2
LanT
Vinductive - ExL - 6.7-10 (Ex/Et) (9-4)
Velectrostatic 1.5°1070 L E, H Z g,

9

The "signal-to-noise" ratio of Eq. 9-4 is seen to be a function of the ratio of
longitudinal to transverse electric fields, the height of the probe wire above
ground, and the grounding impedance of the probe wire. This ratio is independent
of the length of the probe wire. For a typical case near a high voltage ac power
line, Ex/Et = 10-6, Heffective = 10_2 m, and Zg = 100 ohms, yielding a signal-to-
noise ratio of about 70. This ratio can be degraded in cases of low-conductivity

soil, where H and Zg are increased above these nominal values.

effective

Lack of EX Phase Information. The EX phase information necessary for the analyses
of Section 3 is not provided by the basic probe wire technique, which measures
only the magnitude of Ex’ as shown in Eq. 9-1d. Because the phase of E, is a
function of separation from the interfering power line and earth conductivity,

it cannot be assumed to be constant over the length of the pipeline.
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Figure 3-3 illustrates a typical variation of the real and imaginary components
of EX with distance from an interfering single-phase power line carrying a cur-
rent of 1 ampere at phase angle 00 (1). Near the power line, the imaginary part
of EX is much greater than the real part and, therefore, the phase of EX is
almost 900 with respect to the effective source current. As the separation in-
creases, the imaginary part decreases at a faster rate than the real part. Thus,
far from the power line, the real part dominates and the phase of EX approaches
00. The separation at which the curves of the imaginary and real parts cross is
seen to decrease at high earth conductivities. A pipeline at an angle to this
power line, or a pipeline having sections at several different, but constant
separations from this power line, can thus be influenced by longitudinal electric
fields varying in phase from 00 to 90° relative to the power line current.

It must be noted that the earth inhomogeneities such as horizontal or vertical
stratification can cause the components of EX to fall off with distance at dif-
ferent rates than those of Figure 3-3. Field testing of the magnitude and phase
of EX is necessary if reasonably accurate predictions of inductive coupling are
required.

Instrumentation Developed for Electric Field Measurement

System Description. Because of the problems associated with the basic probe wire
concept, an instrumentation system was developed for longitudinal electric field

measurement since off-the-shelf equipment was not available,

Figure 9-2 shows an electrical schematic diagram of the measurement system. It
consists of two long wire probes, 11 and 12, each grounded at the far end. A high
impedance (grounded) voltmeter is put in series with each wire. The ground rod
impedances to remote earth are shown in the diagram as Zg. Lengths 21 and %, are
not critical and typically 15 meters has been used. In normal operation of the
system when mapping the electric field, line 21 is run at ground surface level
parallel to and several hundred feet from the power line. The voltage induced

in this line is used as a phase reference for the electric field measurements
made subsequently on both sides .of the power line. The reference voltage is
monitored by a high impedance voltmeter such as a Hewlett-Packard HP3581 or
HP403. This allows a continuous check on variations in power line loading which
will alter the readings. When using a voltmeter such as the HP403, because of
its wide bandwidth, an RC filter must be connected in series with the meter to
eliminate AM broadcast station and other interference.
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The filter is a five-section RC Tow pass filter with the gain characteristics
shown in Figure 9-3. Replicates of this filter are also used at both voltage
input terminals to the HP3575 Gain-Phase Meter. The filter has a loss of 10 dB
at 60 Hertz, which has been found to be acceptable. The measured attenuation at
1 kHz is 66 dB and the response rolls off at 100 dB per decade at higher frequen-
cies.

When making voltage measurements, the field probe, 95 is set at the desired

(variable) distance from the HVAC transmission line and the earth current induced
x2£2’ read as VB on the HP3575 Gain Phase Meter. The reference voltage,
VR’ is carried by a two-conductor shielded twisted pair cable, through an isola-

voltage E

tion transformer and filter to the reference channel (A) input of the Gain-Phase
Meter. The transformer is required in order to isolate the earth grounds assoc-
jated with the probes, 21 and 22, respectively. Without this isolation, cross
coupling between the two probes would occur, thus giving erroneous readings.
Another advantage to use of the isolation transformer is that extraneous common
mode interfering signals coupled into the twisted pair line are cancelled by the
differential input presented by the transformer.

Data obtained from the Gain Phase Meter are: (1) the voltage, VA’ which is
approximately equal to VR and, hence, proportional to the magnitude of the elec-
tric field at the reference Tlocation |EX1|; (2) the voltage, Vgs which is pro-
portional to the remote electric field magnitude, [Ele; and (3) the phase angle
between the electric fields, EX1 and Ex2' Data collected for a mapping of the
longitudinal electric field under a 345 kV power line are discussed in Appendix B.

The preceding discussion outlines the operation of the measurement system. In
concept it is simple but, unfortunately, much more difficult to implement in
practice, due to the fact that these measurements are being made in the presence
of a much larger vertical electric field. For example, a typical longitudinal
E-field amplitude may be on the order of 5 mV/m, while the vertical field at the
same point may be 5 kV/m, a million times stronger. Hence, in order to obtain
meaningful measurements, a carefully planned shielding arrangement is necessary.

Practical Difficulties. In making either one of the probe measurements, the

following circuit parameter values are representative:
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E. = Tlongitudinal electric field - 5 mV/m
L = probe wire length - 15 m
Z_ = ground rod impedance - 500 ohms

R, = voltmeter resistance - 1 megohm,

For these values, the current induced in the probe wire is

L
I, = —2—— =0.075 uA (9-5)

The probe wire will also have a current coupled into it through the electrostatic
vertical E field as calculated by the following equation.

Imax an-Cg-Et-H amperes

where
f = 60 Hz
Et = electrostatic field strength - V/m
= height of probe wire above ground - m
C_ = capacitance of probe wire to ground - F

= 40 x 10'12 L Farads (for a wire of length L on the ground)

Representative values are as follows:

-10
C = 6x10 F
g
Et = 5 kV/m
= 10_3 m.
Hence
Imax = 1.13 yA. (9-6b)

The ratio of ImaX to IL is 15. Hence, the voltmeter reading, which is propor-
tional to the current flowing in the probe wire, will be proportional to the
electrostatic electric field rather than the desired longitudinal field. 1In
order to obtain an accurate longitudinal field reading, the current, Imax’ must
be reduced by a factor of at least 100 to possibly 1000 or more, which implies a
shielding requirement of 40 to 60 dB.
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The probe wire is not the only means of unwanted electrostatic field pickup.
Other paths of ingress are (1) the voltmeter case, (2) connecting wires to ground
rods, and (3) the twisted wire pair linking the reference and data channels.
System shielding required to circumvent this extraneous pickup problem is dis-
cussed in the next section.

System Shielding. Electrostatic shielding for the measurement system is outlined

schematically in Figures 9-4 through 9-6. Figures 9-4 and 9-5 show alternative
reference channel configurations for use with the data channel shown in Figure 9-6.
Choice of either the HP3581 or HP403 arrangement is primarily dictated by voltmeter
availability, but the HP3581 is preferred because of its phase Tocked loop and
narrow tunable bandpass.

The success of the measurement system lies primarily in following religiously the
following grounding and shielding rules:

1. The remote end (away from voltmeters) of a probe wire must be
grounded with no other shield or ground at that point.

2. At the near end (at voltmeter connection) of the probe, the nega-
tive side of the voltmeter (and usually its case also due to
internal connections) must also be grounded in a singular manner.

3. Considering the reference channel, a shielded wire (coax) is used
for the probe wire and the shield must be connected to the metal
box shielding the voltmeter. In turn, the shield for the twisted
pair link between the reference and data channels must also be
connected to this box. The box physically contains the voltmeter
and filter, if used, and acts as an electrostatic shield for the
voltmeter. However, the voltmeter must be electrically insulated
from the box.

4. This electrically connected combination of reference probe shield,
voltmeter shield box and twisted pair shield must be grounded at a
single point separate from the voltmeter case and probe grounds.

A convenient grounding point has been found to be the probe wire
shield at approximately its mid-point.

These rules are exemplified by the arrangements shown in Figures 9-4 and 9-5. 1In
Figure 9-6, which outlines the data channel configuration, identically the same
grounding rules are followed. However, in order not to couple the electrostatic
grounding systems of the two channels, it is necessary to break and separate the
shield of the twisted pair link connecting the two channels. A convenient point
has been found to be roughly at the mid-point and a shield separation of approxi-
mately a quarter of an inch is sufficient to eliminate the possibility of inad-
vertently shorting the two ends of the separated shield.
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In summary, four separate grounding systems are used.
. The reference channel probe-voltmeter combination
] The reference channel electrostatic shield
. The data channel probe-voltmeter combination

° The data channel electrostatic shield.

To implement these grounding arrangements simultaneously using standard coaxial
cable and connectors requires that at times a single ground connection run may
be alternately carried on either a coaxial cable shield or on the cable center
wire. As shown in the previous figures, special boxes have been fabricated to
accomplish the required transitions.

MEASUREMENT OF THE EFFECTIVE AC EARTH

CONDUCTIVITY FOR AN INHOMOGENEOUS EARTH

The measurement of Ex’ the undisturbed electric field parallel to a pipeline path,
can involve considerable field testing activities for a realistic pipeline-power
line configuration. Complete testing for a pipeline might not be feasible,
especially in the planning stage when several different routes could be under
consideration. Analytical approximation of Ex’ using the developed hand calcu-
lator program, presents a less expensive alternative. However, such an approxi-
mation must necessarily be based upon the assumption of a uniform earth of finite
conductivity, o, because detailed information on the horizontal and vertical
stratification of the earth is generally not known. Therefore, it is important
to have an experimental method for determining an effective o value that, when
used in the approximation method, yields accurate estimates of EX for an inhomo-
geneous earth.

References (1) and (3) report the use of the probe wire technique of Figure 9-la
to determine the effective earth conductivity. The two steps in this determina-

tion are as follows:

1. |E_| parallel to the disturbing power line is measured at several
diStances from the power line. Misleading results caused by
buried water mains, sewer lines, and other parasitics must be
avoided. The test results for |E_| are then graphed as a function
of distance from the power line. X



2. The test results are analyzed statistically to fit the infinite
line theory model for mutual impedance. This is accomplished by
fitting the graphed test data with a curve computed using Carson's
equation for the mutual impedance between two infinitely Tlong con-
ductors near the earth's surface (1). The earth conductivity value
used in Carson's equation is varied until the best fit to the test
data is obtained. The best fit is determined by defining an error
quantity, ERRORi, for the ith data point:

ERROR; = |EX’1.| - IFy,i(0)] (9-7)
where
EX i measured electric field at the ith separation from
? the power line
FX 1.(cr) = electric field at the ith separation from the

power 1line predicted by the Carson equation assum-
ing an earth conductivity of o

and then minimizing the error in the least-mean-square sense of
all i by varying o.

Figure 9-7 shows an example of the measurement of the effective earth conductiv-
ity using this curve-fitting procedure (3). Here the magnitude of the electric
field parallel to a buried (depth = 30 inches), 6.7 mile long, single-phase,
earth-return, test source is plotted as a function of separation distance for

an excitation frequency of 39 Hz. These data are normalized to a current of
one ampere, and are given in units of volts/1000 feet. The scatter in these
measurements is due mainly to variations in the earth conductivity immediately
under the test sites. The solid curve represents the best Carson model curve-
fit, using the least-mean-square criterion. This line corresponds to an effec-
tive earth conductivity of 3.6]-10'4 mhos/meter. Therefore, in all subsequent
computations of inductive coupling, this value of o could be used with the
assurance that the average properties of the ground had been well characterized
up to as much as 10,000 feet from the test source.

MEASUREMENT OF THE IMPEDANCE OF GROUNDING SYSTEMS

Reference (4) reports techniques for the measurement of the dc resistance of
grounding systems. These techniques are now summarized and expanded to encompass
measurement of ac grounding impedances.

Use of Auxiliary Grounding Systems

The unknown impedance of a grounding system can be determined by installing (for
measurement purposes) either one or two auxiliary grounds and measuring the
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impedances observed directly between the grounding systems. As shown below, a
single auxiliary ground is sufficient if its impedance is known; two auxiliary
grounds are required if neither of their impedances is known before the test.

Single-Auxiliary-Ground Test. Here, auxiliary ground system, A, with a known

self-impedance to remote earth, ZAA’ is temporarily installed at a distance,
dlA’ from the ground system to be tested, 1. Using appropriate instrumentation
(discussed in the next section), the impedance observed between 1 and A, Zy_p»
is measured. From the relation

Zl-A = le + ZAA - ZzlA’ (9-8a)

the unknown grounding impedance, le, is given by

z = 7

1 + 27

Z (9-8b)

1-A 1A © “AA°

where Z1A is the mutual impedance between grounds 1 and A. Because Z1A is usually
difficult to characterize, Z;; is calculable only if the condition 2[ZlA| <
|Zl—A - ZAA' is satisfied. This can be accomplished simply by making d1A large
compared to the physical dimension of either grounds 1 or A.

Basic Double-Auxiliary-Ground Test. Here, auxiliary ground systems, A and B,

with unknown self-impedances to remote earth, ZAA and ZBB’ are temporarily in-

stalled at distances d,, and d from the unknown ground, 1, and at a distance

1A 1B
dAB from each other. The impedances, Zl—A’ Zl-B’ and ZA—B’ observed between the

three grounds are measured. From the relations

fon = It an m 2 (9-92)

Zip = 11t Zgg - 2y (9-90)

‘a8 = an * g 2lppe (9-9¢)
le is determined by eliminating the unknowns, ZAA and ZBB’ to obtain

Zip 7 Iy gt 2y g - Ty * (Zgp * Iig - Zpg)s (9-10)
where ZlA’ Z1B and ZAB are the mutual impedances between the three grounds. Be-

cause these mutual impedances are usually difficult to characterize, le is cal-
culable only if the condition [Z;, + Z;p - Zp| <hH|Zy_p* Iy - Ipgl is
satisfied. This condition is achievable in two ways:
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1. By making d , and d 1arge compared to the physical dimen-
sions of e1%ﬁer 6§ounds 1, A or B so that each mutual impedance
is much less than any of the direct impedances;

2. By spacing the grounds according to the relation

so that effective cancellation of the mutual impedance term of
Eq. 9-10 is achieved, i.e.,

LipntZig=Zpg = O

When the grounds are placed on a straight line so that d1A + dAB =
dlB’ the above relation is satisfied when

- 1 - 5. 1.62 (9-11)

dpg

Using the double-auxiliary-ground test, Z;; can be determined without direct
knowledge of either the self-impedance of the auxiliary grounds or the mutual
impedances . between the grounds.

Modified Double-Auxiliary-Ground Test. Auxiliary ground systems, A and B, are

installed as for the basic double-auxiliary-ground test. Now, however, a current,

I is applied between grounds 1 and B, and the voltage, Vl-A induced by this

1-B>
current between grounds 1 and A, is measured. 211 is then given by
)
_ 1-A
T oT gt Rt fe  fa (9-12

Again, mutual impedance effects can be minimized by arranging the grounds along
a straight line in accordance with Eq. 9-11 so that ZlA + Z1B - ZAB = 0.

Testing of Counterpoise-Type Grounds. In the testing of counterpoise-type grounds

(long, horizontal buried wires or extensive distributed ground beds), substantial
spacing between auxiliary grounds is required to minimize mutual impedance effects
and allow accurate measurements. Here, it is desirable to position the two
auxiliary grounds on opposite sides of the ground to be tested to reduce the
mutual impedance between the auxiliary grounds. As an alternative to using
auxiliary grounds, it might be possible to open the counterpoise near its mid-
point and measure the impedance between the two halves. Without mutual effects,
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the measured impedance would simply be four times the actual value of le. Be-

cause of mutual effects, the measured impedance is approximately 3.3 times le.

Instrumentation for Grounding System Measurements

Measurements of the dc resistance of grounding systems can be made using only a
battery to drive currents between the auxiliary and test grounds, an ammeter to
measure the applied currents, and a sensitive voltmeter to measure the resulting
potentials. A high resistance voltmeter is used to minimize the effects of the
resistance of connecting wires. This method can lead to appreciable error, how-
ever, when the spacing between grounds is Targe. Then, the dc voltage to be
measured is probably comparable to spurious dc voltages due to stray earth cur-
rents or galvanic electrode potential differences.

To eliminate the effects of stray dc voltages, instruments are commercially
available which commutate the applied test current and sense the resulting volt-
age drop only at the commutating frequency. This frequency selectivity also
provides rejection of stray ac voltages that differ in frequency from that of

the test current. These instruments provide a current circuit and a voltage
circuit so coupled that a direct reading of the magnitude of the grounding imped-
ance at the commutating frequency is given in ohms. However, no information con-
cerning the phase of the grounding impedance is provided.

In principle, precise measurements of grounding impedance magnitude and phase at
the power line frequency can be made by using a low-frequency gain-phase meter
such as the Hewlett Packard Model 3575A, discussed previously in this section,
in combination with a 60 Hz current source. Here, the current waveform would be
sampled by Channel A (the phase reference channel) of the instrument, and the
induced voltage would be fed into Channel B (the test channel). The complex-
valued ratio, B/A, could then be immediately read from the digital display.

CONSIDERATIONS IN AC SCALAR MEASUREMENTS

Introduction

Occasions will arise in the field where measurements of induced ac voltages,
pipeline currents, etc., will be desired. To determine the appropriate measure-
ment procedures, problems, accuracies, etc., for a wide variety of measurements,

a scope of effort beyond that presented here is required. However, two contrasting

9-19



examples are given here which in a succinct manner show that each type of pipe-
line system interference measurement must be evaluated separately -

For example, the first situation discussed is that of performing an ac pipe-to-
soil measurement. Inspection of the situation shows that this measurement may
be accomplished in the traditional manner without problems by substituting a
(tuned) ac high impedance voltmeter in place of the usually used dc voltmeter.

In contrast, the next example discussed is that of attempting to determine pipe
current by means of the established voltage drop method. Here, it is shown that

external fields can influence the accuracy of the measurement.

AC Pipe-to-Soil Measurement

The measurement may be diagrammed as shown in Figure 9-8a. The following quan-
tities may be defined:

Vp-s = ac pipe-to-soil voltage

€ induced pipeline voltage

Zp = pipeline impedance

ZM = internal voltmeter impedance

VOC = measured pipe-to-soil potential = ZMIM

IM = current drawn by voltmeter

EXL = inductjve pickup on voltmeter leads =

electric field strength x lead length

Zg = measurement circuit grounding impedance

Cg = capacitance-to-ground
Imax = electrostatic interference pickup current.

Referring to the figure, the following expression may be derived for the potential
as read by the voltmeter:

ZM
v = (v + EXL) + 1

——— (9-13)
oc ZM + Zg p-s

max Zg
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Using a high impedance voltmeter, ZM >> ng even for relatively poor grounding
impedances. Evaluating Imax from Eq. 9-3c, the term Imax Zg is of the order
of several hundred millivolts for representative cases. Parallel to the elec-
tric transmission line, EX may be of the (worst-case) order of 50 volts/km.
The length of the measurement lead to remote earth could be as long as, say,
30 meters. Hence, EXL at a maximum will be of the order of a volt or so. In
general, ac pipe-to-soil measurement values of interest are at least ten or
more times this value and therefore,

Yoo = vp-s (9-14)

If Tow value measurements are desired, proper positioning of the remote earth
lead relative to the electric transmission line, i.e., as perpendicular as
possible, should allow reasonable measurement accuracies down to the low volts
range. An additional source of error should be recognized when measuring ac
pipe-to-soil voltages with rectifier type voltmeters, e.g., Simpson, Triplett,
etc. These instruments actually measure the dc component of the rectified ac
pipeline voltage. Cathodic protection on the pipeline will simultaneously be

read by the meter, thus causing a large percentage error at low ac voltage levels.

Pipe Current Measurement

A common technique for the measurement of pipe current (dc) is to measure the
voltage drop along a long section of pipe and knowing the pipe resistance, cal-
culate the pipe current. An immediate problem in adapting this type of measure-
ment to the ac case is that the pipe impedance at 60 Hz may not be as accurately
known as its dc resistance. Barring this problem, the equivalent circuit for
this type of measurement is shown in Figure 9-8b. Here, it is assumed that the
test leads are connected to the pipeline, separated by a distance, L; the pipe-
line series resistance (impedance) per length L is R, and the corresponding shunt
pipeline conductance is G. Referring to the equivalent circuit (Figure 9-8b) for
this measurement, it is seen that a voltage equal to EXL is induced along the
pipeline, and a voltage E;L in the measurement test leads. In general, the
value of E; is dependent upon the physical position of the test Teads. This
electric field is made up of two components: (1) that caused by the net zero

sequence electric transmission line current, I_, and (2) that caused by the

0
induced pipe current, Ip.

*When using a high impedance voltmeter, the type of material used for the
ground rod will not affect the accuracy of the measurements.
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The field will be calculated here for the simplest geometry, i.e., for parallel
electric and natural gas transmission lines and test lead arrangements.

At the test lead position, the parallel electric field component caused by I0 is

Juwp I
- 070 2
By = 2 " (——I"r (9-15)
0
where
p. is the permeability of free space

(4]
I' is the complex earth propagation constant, and

r. is the distance from the electric transmission line effective phase
center and the test position.

The electric field due to the induced pipe current is
J

jop I
= 0 2
Ep = __ZTT_E In (1_. rp) (9-16)

where rp is the radial separation of the test leads and the pipeline.

Assuming the use of a high impedance voltmeter for the measurement, (IM = 0),
allows the open circuit measurement voltage to be written as

<
1]

E’°L+ 1 ZL -EL
X p X

EX = EX - Ep’ and

N
il

the pipe impedance defined below. (In the above equation it is
implicitly assumed that I .. <<Ip).

It may be shown that the pipe impedance is

Jwu
- 0 2 -
7 = o Tn (Fa ) + Zi (9-18

where
Zi is the internal self-impedance of the pipe, and

a is the pipe radius.
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Substituting Eqs. 9-15, 9-16, and 9-18 into Eq. 9-17, gives

Jwu r
vV o= [ °© 1n (ER)+ zi] IL (9-19)

2m p

The usual procedure for determining the pipeline current is to divide the measured
voltage, V, by the pipe internal impedance, ZiL. Doing this in the above equation

results in
Jwp r
= _9 _B -
Ip|ca1cu- Ip [1 * oz, In (a )] (9-20)
Tated 1

Hence, a measurement error exists given by

Jwn r
ERROR = mf’ n (—aﬁ) (9-21)
b |

For measurement leads above the ground, the distance rp may be as large as several
pipe radii. The pipeline self-impedance will generally be of the order of a frac-
tion of an ohm per kilometer, and hence, the error as calculated by Eq. 9-21 can
be an appreciable percentage of the pipe current.

On the other hand, especially for a coated pipeline, such current measurement test
leads, if available, are installed at the time the pipeline is built. Such leads
are run alongside the pipe and are brought out to the surface at a junction box.
For this situation, rp ~ 3, and the measurement error as given by Eq. 9-21 reduces
to zero.

Hence, for this type of ac measurement, test leads placement has an effect upon
the measurement accuracy. Although the measurement error as given by Eq. 9-21
theoretically reduces to zero for r_ = a, trouble has been encountered with the
use of this technique in the field. Dunbar (5), has experimented with this mea-
surement under carefully controlled conditions and has noticed a nonlinear rela-
tionship occurring between the measured voltage drop and the pipeline current.
Bower (6), has pointed out that measurement errors could also occur because of
non-symmetrical distribution of the current on the surface of the pipe.
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DC SCALAR MEASUREMENTS

Introduction

The making of dc pipeline system measurements in the presence of induced ac volt-
ages and currents gives rise to two questions: (1) Can the instrumentation be
damaged? and (2) Is the accuracy of the measurements affected? To answer these
questions, a search of the open literature was made and knowledgeable people in
the industry were contacted.

The literature search extending back over a period of 16 years yielded relatively
Tittle in the way of information with regard to these problem areas. It would
appear that measurement problems arising in the field are fixed as they occur and
generally not reported in the Titerature. Hence, the following information ob-
tained has been primarily obtained through personal contacts.

DC Measurements Interference

For dc measurements in the presence of steady 60 Hertz, it appears that low pass
filters are generally used with the instrumentation, e.g., voltmeters, thus
eliminating problems with either measurement accuracy or potential damage. Re-
sistivity measurements made with, e.g., a Vibroground, are seemingly immune to
the presence of ac due to the fact that the operation of the instrument, i.e.,
current interruption at 97 Hz effectively acts as a built-in filter for the
induced 60 Hz currents.

Hence, it would appear that once the presence of induced 60 Hz is recognized,
potential problems can be relatively easily suppressed. Information to the
contrary has not been evident in this study.

During times that system transients occur, dc measurements, if being made, will

not be affected as regards accuracy, since a transient is of short duration. A
more important problem is that of instrumentation damage due to transient phenomena.
Occasionally, instrumentation left permanently connected has been damaged but
generally it is not obvious what precipitated the damage. Transient recording
instrumentation which can be used for long-term unattended operations is not
available as off-the-shelf equipment, and hence, transient occurrence due to

direct lightning strokes or power system faults is not separately identifiable.
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Therefore, it would appear that where transient induced damage does occur to .
permanently wired instrumentation, the fixes are made on an individual basis,
e.g., grounding through spark gaps, and so forth.
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Appendix A

PROGRAMS DEVELOPED
FOR THE TEXAS INSTRUMENTS MODEL TI-59 HAND CALCULATOR

INTRODUCTION

This appendix presents eight programs for the Texas Instruments Model TI-59 pro-
grammable hand calculator that are used to implement the analytical methods of
this book. These programs ailow the simple and rapid computation of pipeline
electrical parameters, driving fields, and induced voltages by applying sophis-
ticated numerical techniques that would normally require a large-scale computer.
Essentially no manipulation of complex numbers is required by the user, greatly
reducing the possibility of error.

The eight programs included in this appendix are as follows:

1. Program CARSON. This program computes the mutual impedance between
?ara11e1 egrth—return conductors using Carson's infinite series
c.f., A-3).

2. Program CURRENTS. This program computes the currents in earth
return conductors adjacent to a power line that can influence the
driving field at the pipeline of interest (c.f., A-10).

3. Program PIPE. This program computes the propagation constant and
characteristic impedance of a buried pipeline having arbitrary
characteristics (c.f., A-18).

4. Program WIRE. This program computes the propagation constant and
characteristic impedance of a horizontal buried ground wire having
arbitrary characteristics (c.f., A-25).

5.  Program THEVENIN. This program computes the Thevenin equivalent
circuit for the terminal behavior of an earth-return conductor
parallel to a power line (c.f., A-32).

6. Program NODE. This program computes the node (pipeline) voltage
and branch (pipeline) currents for three Thevenin equivalent

circuits connected at one common point (c.f., A-38).

7.  Program FIELD. This program computes the driving field at an earth-
return conductor, given a knowledge of the currents in adjacent
earth-return conductors and the mutual impedance between each
adjacent conductor and the conductor of interest (c.f., A-45).

8.  Program SHIELD. This program computes the series impedance of a
power Tine shield wire, for use in Program CURRENTS (c.f., A-49).

A-1



Examples of applications of these programs are found in the case histories
discussed in Section 3. A1l programs include specific instructions for usage, as
well as listings of the programming steps. Each can be permanently recorded on
magnetic cards which can be used repeatedly. The Texas Instruments TI-59 calculator
was specifically chosen for this application because of the large number of avail-

able programming steps.
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Program CARSON

Program CARSON computes the mutual impedance between adjacent, parallel, earth-
return conductors using Carson's infinite series. This program can be used by
the technician in the field to determine Carson mutual impedances to better than
0.1 percent accuracy, regardless of earth resistivity conditions, conductor con-
figuration (either aerial or buried), and conductor separation.

This program, documented using Figure A-1, Tables A-la and A-1b, computes and
sums as many terms of the Carson series as is required to achieve the desired
accuracy, using the recursive algorithm of Dommel (1). The program can be per-
manently recorded on two magnetic cards.

Figure A-1 details the conductor geometry assumed for this program and defines

the essential data parameters keyed in by the user. Table A-la provides a step-
by-step instruction procedure for the use of the program. Table A-1b is a

printer 1isting of the key sequences needed initially to program the magnetic
cards. This table indicates the five digit code number and the printer Tisting
associated with each key sequence to allow the user to rapidly verify the accuracy
of his program procedure. (Tables of key sequence code numbers and printer list-
ings are given on pages V-50 and VI-6, respectively, of the Texas Instruments
owner's manual for the TI-59, "Personal Programming").
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Table A-1la
INSTRUCTIONS FOR PROGRAM CARSON

Press CLR. Then, press 3 Op 17.

Press 1. Then, insert bank #1 into the card reader.
Press 2. Then, insert bank #2 into the card reader.
Press 3. Then, insert bank #3 into the card reader.

Key p (in ohm-meters) into the display. Then, press A.
Key ha (in feet) into the display. Then, press B.
Key hb (in feet) into the display. Then, press C.
Key d (in feet) into the display. Then, press D.

Press E. Then, wait for the display to unblank. The waiting time
ranges from 24 seconds to 104 seconds, depending upon the number
of Carson's series terms computed. The display then shows IZab]
in ohms/km.

Press xZot to display [, in degrees.

NOTE: If the PC-100A printer is used, Izabi and /7., will be
printed out automatically and labelled as "ZMAG" and "ZPHA",
respectively. The solution will further be labelled "SERIES
solution" or "ASYMPTOTIC SOLUTION" depending upon the com-
putation method employed by the calculator.

If Z

ab
simply return to Step 3 and key in the appropriate values (in any
order). Then, do Steps 4 and 5.

is desired for different values of either p, ha’ hb’ or d,
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Table A-1b (continued)
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Table A-1b (continued)

PROGRAM CARSON
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Table A-1b (continued)

PROGRAM CARSON
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Program CURRENTS

Program CURRENTS computes the currents in earth return conductors adjacent and
parallel to a multiple phase conductor power line. These conductors may be either
above or buried below ground. Representative types are power line shield wires,
fence wires, telephone wires, railroad tracks, or buried pipelines of sufficient
length to significantly modify the total parallel electric field influencing the
pipeline of interest. Since these earth return conductors affect each other as
well as being affected by the power line, the solution is obtained by solving a
set of simultaneous equations describing the mutual interactions. The solution
algorithm is the Gauss-Seidel iterative method described by Carnahan et al (2).
The use of the algorithm allows the TI-59 to process a system as complex as five
unknown earth return conductors adjacent to 25 power line phase conductors,
yielding both the magnitude and phase of each unknown current. The program allows
the specification of a desired current magnitude accuracy, AI. The calculator
continues computations until either this accuracy criterion is fulfilled for each
of the unknown currents, or until ten iterations have been completed. The pro-
gram can be permanently recorded on one magnetic card.

Figure A-2 details the conductor geometry assumed for the program and defines the
essential data parameters keyed in by the user. Here, phase conductor currents
are assumed to be known and unaffected by the adjacent conductor currents.

Carson mutual impedances are assumed to have been computed previously using
Program CARSON, already presented. Conductor self impedances are required to

be inputted into the program and are found as follows. The self impedance per
kilometer of an above ground conductor is given by Program SHIELD, to be discussed
later in this appendix. The self impedance per kilometer of a buried conductor
is obtained by using either Program PIPE or Program WIRE also discussed later.
Table A-Za provides a step-by-step instruction procedure for the use of the
program. Tables A-2b and A-2c are printer listings of the key sequences needed
initially to program the magnetic card.
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¢I —’. /

N phase conductors with known
currents, T (qb, ) J I(¢N), and

with an arbitrary configuration

M adjacent earth-return con-

ductors with unknown currents,
I (C)),..., IT(Cy) and with

an arbitrary configuration

Also known:

Carson mutual impedances, Z(Cj, ¢, );
N\
Carson mutual impedances, Z{(C;, Cj); O‘— Cm (M<5)

Self -impedances, Z(C;,C;)

7 7 7 7 7 7 7 7 7 77 7
Earth

Figure A-2. Conductor Geometry for Program CURRENTS



Table A-2a
INSTRUCTIONS FOR PROGRAM CURRENTS

1. Press CLR., Then, press 9 Op 17.
2. Press 1. Then, insert bank #1 into the card reader.

3. Key N (an integer from 1 to 25) into the display. Then, press A.
Key M (an integer from 1 to 5) into the display. Then, press R/S.
Key AI (in amperes) into the display. Then, press R/S.

NOTE: To Timit the program running time but yet achieve good
accuracy, choose Al to be about 0.1% of the typical phase
conductor current.

4.  Key |I(ﬂ1)l (in amperes) into the display. Then, press B.

Key [}(ﬂl) (in degrees) into the display. Then, press R/S.
Repeat the preceding two steps for each of the other phase
conductor currents, I(ﬂz) cees I(ﬂN).

5. Key |Z(C1,ﬂ1)| (in ohms/km) into the display. Then, press C.
Key ZZ(CI,QI) (in degrees) into the display. Then, press R/S.
Repeat the preceding two steps for Z(Cl,ﬂz), cees Z(Cl,ﬂN).
Repeat the preceding three steps for each of the other earth
return conductors, CZ’ cees CM'

6. Key in the mutual impedance matrix of the system of earth-return
conductors, in the following way:

Key .in Press Key,in Press ... etc.

o l K
12 c, | @chlcl > 17 e, @chlcz e, @’ch

|
Izc2§1| C@izczc1 > 2] @)izczc2 e @—c Cy

etc. ... = l

@ /ZCM 1 > |ZcMc2‘ @)izcmc2 |ZCMCMI @LZCMCM

L -

Here, ZC.C. for i # j is the Carson mutual impedance between earth-
return cdnductors Ci and Cj' For i ZC C. is the series self
impedance of earth-return conductor C1 A11 %agn1tudes are in ohms/
km; all phase angles are in degrees.
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10.

Table A-2a (Continued)
INSTRUCTIONS FOR PROGRAM CURRENTS

Press E and wait 15 seconds for the display to unblank.
Press CLR. Then, press 1 and insert bank #1' into the card reader.

Press A. Then, wait for the display to unblank. The waiting time
ranges from 2 minutes to 15 minutes, depending upon the number of
adjacent earth-return conductors computed. When the display un-
blanks, the presence of a 1 indicates that the problem has been
solved with the specified accuracy, AI; a 0 indicates that the
algorithm did not converge to within the accuracy bound.

To display the currents of the earth return conductors, perform
the following operations.

Press Display

RCL 80 [1(c)| (amps)
RCL 85 /1(C;)  (degrees)
RCL 81 |1(C,) | (amps)
RCL 86 ZJ(CZ) (degrees)
RCL 84 II(éS)I (amps)
RCL 89 [}(CS) (degrees

A-13
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Table A-2b (continued)
PROGRAM CURRENTS: BANK #1

Display Display Key

LT T T 0
ot o ol e

Al



Display Key
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PROGRAM CURRENTS: BANK #1'
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Table A-2¢ (continued)

BANK #1'

PROGRAM CURRENTS
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Program PIPE

Program PIPE computes the propagation constant, vy, the induced voltage constant,
1/|y], and the characteristic impedance, ZO, of a buried pipeline having arbitrary
characteristics. This program accurately accounts for the following pipeline or
soil variables: pipe burial depth, pipe diameter, pipe wall thickness, pipe steel
relative permeability, pipe steel resistivity, pipe coating resistivity, and earth
resistivity. The computation method employed for vy is a Newton's method solution
of Eq. 2-9, a complex-valued transcendental equation. Newton's method is described
in general by Carnahan et al (3). After computing y, the program proceeds to
determine ZO by solving Eq. 2-10. Given the accuracy of the input data and the
underlying Sunde theory (4), this overall procedure introduces virtually zero
additional error. The pipe self impedance can then be calculated by forming the
product yZO. The program can be permanently recorded on two magnetic cards.

Figure A-3 details the pipeline geometry assumed for this program and defines

the essential data parameters keyed in by the user. Table A-3a provides a step
by step instruction procedure for the use of the program. Table A-3b is a prin-
ter listing of the key sequences needed initially to program the magnetic cards.
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Earth's Surface

NS S

pe (Earth Resistivity)

H, Burial Depth is (Pipe Steel Rel. Permeability)
' P s (Pipe Steel Resistivity)

D, Pipe Diameter T, Pipe wall R,Pipe Coating
Thickness Resistivity

Buried Pipeline

Figure A-3. Pipeline/Earth Geometry for Program PIPE
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10.

Table A-3a
INSTRUCTIONS FOR PROGRAM PIPE

Press CLR. Then, press 3 Op 17.

Press 1. Then, insert bank #1 into the card reader.
Press 2. Then, insert bank #2 into the card reader.
Press 3. Then, insert bank #3 into the card reader.

Press A.

Key H (in inches) into the display. Then, Press B.

Key D (in inches) into the display. Then, press B.

Key T (in inches) into the display. Then, press B.

Key Pq (in ohm-meters) into the display. Then, press B.

Key Hg (dimensionless) into the display. Then, press B.

Key o (in microohm-meters) into the display. Then, press B.
R (

Key in ki]oohm-ftz) into the display. Then, press B.

Press C. Wait 34 seconds for the display to unbiank. The dis-
played number is the first iteration estimate of the exact value
of Real(y) in nepers/km. To display the first-iteration estimate
of Im(y) in radians/km, press xg't.

Press D. Wait 22 seconds for the display to unblank. The dis-
played number is the second-iteration estimate of Real{y). Press
X't to display the second-iteration estimate of Im(y).

Repeat Step 6 until two successive values of Real(y) are identical.
The final values of Real(y) and Im(y) are the exact values desired.

Press R/S to display 1/|v].

Press R/S. Wait 4 seconds for the display to unblank. The dis-
played number is Rea](Zo) in ohms. Press xZJt to display Im(Zo)
in ohms.

To compute vy, 1/|y|, and Z0 for a different pipe, return to Step 3.

NOTE: If the PC-100A printer is used, each iteration's results
for Real(y) and Im(y) will be printed out automatically and
lTabeled as “"GAMR" and "GAMI", respectively. Further, the
quantity 1/]y] will be printed out and labeled as "INVG".
Finally, the quantities Real(Z,) and Im(Zy) will be printed
out and labeled as "ZOR" and "ZOI", respectively.
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PROGRAM PIPE

Rey

la

Dis

Display Key

Display Key

Key

Display

. o
R | O T
[ [

DROR AR o o
b ol O N i B

A8 N T B I BN
IO IO I o T

[ax el TN YW IR AN IR N e ol Vs ol P ]
o B I T ol o o O e o I R 1 B}

L wed 0] L
b s e

el g el vt

g e 0
i ol

el e e gl

L7 w0 o 0 0T
[T T VO Vs O T

e o] ] ed el

SO N o T Y T o T I 0
L P e P P fow P P [

B B T e B e R B e R |

e Y L = I d ot B o R RS |
P So e T 0 o -~ O e T 1 I Y OO B e B IR R
[N L1 [ w

el
Lo RN W TN Y

o

P R RN R D B0 B P CN [ e B BN [ T B B B R et 0] 0L T ] 0 Y ) T e [ 1ol U M. [T
o I T I T U T S oo M g TN o I o B oo o B T CO D D T e T O (o] s B e N n

e 08 T % S Tl ¥ N O O ] et S]]
o o P R e gl (X8 ]

of e et ool o] gk el ] e med gl peeed

el

.

Lo [ ] ed 1] [ wont I b T T
S I R L T s Y R W T S N R s B T | I i
L [

+ o

D e TR RN B g ] LA ORI R T R I T B B T}

Domn T o N o T ot 8 KTy o Y

D I 0T sl T e U TS
DO I o B S e R R

D o BN o o A I O I

L7 L7 B W T
_i..__.....__.....__....,__{x_

)
e LR D e

C - e
s NSV offe O ST

[ S| LU W

M K

© ] g et O O i I X
O S O

s O St I Sy S o

1 et £ ) o
A &

[ W e

A-21



Key

Display

Key

od [ W] e
e LD e o fre et e ] £
[0 iy 8

200
| e

S R R R Ot A I o T I I e

oo T OO

SO I Ty

sl v I
T

Table A-3b (continued)

PROGRAM PIPE

Displa

Display Key

Key

la

A-22

Dis

I O R R BRI B o P R O )

DO IO ¥ [ B B




Table A-3b (continued)
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Table A-3b (continued)
PROGRAM PIPE
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Program WIRE

Program WIRE computes the propagation constant, y, the induced voltage constant,
1/|v|, and the characteristic impedance, Zo, of a bare horizontal, buried ground
wire having arbitrary characteristics. This program accurately accounts for the
following wire or soil variables: wire burial depth, wire diameter, wire relative
permeability, wire resistivity, wire series inductive and resistive loading, and
earth resistivity. The computation method employed for vy is a Newton's method
solution of Eq. 2-9. After computing vy, the program proceeds to determine Z0 by
solving Eq. 2-10. The wire self impedance can then be calculated by forming the
product yZo.

Figure A-4 details the ground wire geometry assumed for this program and defines
the essential data parameters keyed in by the user. Table A-4a provides a step
by step instruction procedure for the use of the program. Table A-4b is a prin-
ter listing of the key sequences needed initially to program the magnetic cards.
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Earth's Surface

/ / / / / / /

Po > Earth Resistivity

H, Burial Depth
He » Conductor relative
permeablllty

Pc , Conductor resistivity

AY - LY AY o M.

4L¢ AN N 3, AY AY
?
D, Wire Diameter

RL’ Wire Resistive Loading

Bare Ground Wire XL’ Wire Inductive Loading

Figure A-4. Ground Wire/Earth Geometry for Program WIRE
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10.

Table A-4a
INSTRUCTIONS FOR PROGRAM WIRE

Press CLR. Then, press 3 Op 17.

Press Then, insert bank #1 into the card reader.

Press Then, insert bank #2 into the card reader.

1
2
Press 3. Then, insert bank #3 into the card reader.
Press A

Key (in inches) into the display. Then, press B.

H
Key D (in inches) into the display (D < 1"). Then, press B.
e

Key e (in ohm-meters) into the display. Then, press B.
Key He (dimensionless) into the display. Then, press B.
Key oc (in microohm-meters) into the display. Then, press B.
Key RL (in ohms/meter) into the display. Then, press B.
Key XL (in ohms/meter) into the display. Then, press B.

NOTE: R and XL equal zero for a ground wire with no

artificial series inductive loading.
Press C. Wait 28 seconds for the display to unblank. The dis-
played number is the first-iteration estimate of the exact value

of Real(y) in nepers/km. To display the first-iteration estimate
of Im(y) in radians/km, press xc't.

Press D. Wait 22 seconds for the display to unblank. The dis-
played number is the second-iteration estimate of Real(y). Press
xZt to display the second-iteration estimate of Im(vy).

Repeat Step 6 until two successive values of Real(y) are identical.
The final values of Real(y) and Im(y) are the exact values desired.

Press R/S to display 1/]|v].

Press R/S. Wait 4 seconds for the display to unblank. The dis-
played number is Rea](Zo) in ohms. Press xZ't to display Im(Zo)
in ohms.

To compute v, 1/|y|, and Zy for a different wire, return to Step 3.

NOTE: If the PC-100A printer is used, each iteration's results
for Real(y) and Im(y) will be printed out automatically and
labeled as "GAMR" and "GAMI", respectively. Further, the
quantity 1/|y| will be printed out and labeled as "INVG".
Finally, the quantities Rea](Zo) and Im(ZO) will be printed
out and labeled as "ZOR" and "ZOI", respectively.
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Table A-4b (continued)
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Table A-4b (continued)

PROGRAM WIRE

lay Key

isp

Ke D

ispla

D

isplay Key

D

Key

ispla

D

DRI ALY B W WS

[

v W D T

N

A et ] D g

A-30



Table A-4b (continued)
PROGRAM WIRE

Display Key Display Key

=

A-31



Program THEVENIN

Program THEVENIN computes the Thevenin equivalent circuit for the terminal behavior
of an arbitrary pipeline or ground wire parallel to a power line, The nature of

the conductor is specified for the program simply by inputting the conductor's
propagation constant, y , and characteristic impedance, Zo’ determined using either
Program PIPE or Program WIRE. The quantities VL and ZL are determined by the geo-
metry and characteristics of the pipeline network. Usually, in finding the pipeline
voltage at a given locatjon several iterations of the THEVENIN program are necessary
to transform remote impedance terminations and voltage pick-up along the pipeline
into the local Thevenin equivalent circuit. Generally, the Ve and Ze found from

and Z, for a successive iteration.

exercising the program will become the VL L

The computation method for‘the complex-valued Thevenin source impedance involves
the solution of Eq. 3-10c. The complex-valued Thevenin source voltage is computed
using Eq. 3-10b for the case x = 0 and Z, = », The program can be permanently

1
recorded on one magnetic card.

Figure A-5 details the geometry of the earth return conductor assumed for this
program and defines the essential data parameters keyed in by the user. Table
A-5a provides a step-by-step instruction procedure for the use of the program.
Table A-5b is a printer listing of the key sequences needed initially to program
the magnetic card.
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Earth-return Conductor Having A
Complex -Valued Propagation Constant,
Y, And Characteristic Impedance, Z,

Thevenin Source
impedance, 29 (Ohms)

E. (VoltZ/km)

(o)

o L(km) —]
) Complex 2
Vg (Volts), Thevenin zL(ohms);

Source Voltage

43 (Volts) C)

' '

Remote Earth Remote Earth

Figure A-5. Conductor Geometry for Program THEVENIN
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Table A-b5a
INSTRUCTIONS FOR PROGRAM THEVENIN

Press CLR. Then, press 3 Op 17.

Press 1. Then, insert bank #1 into the card reader.
Press 2. Then, insert bank #2 into the card reader.

Press A.

Key Real{y) (in nepers/km) into the display. Then, press B.
Key Im(y) (in radians/km) into the display. Then, press B.
Key Rea](Zo) (in ohms) into the display. Then, press B.

Key Im(ZO) (jn ohms) into the display. Then, press B.

Key |VL| (in volts) into the display. Then, press B.

Key gyL in degrees) into the display. Then, press B.

Key [ZL[ in ohms) into the display. Then, press B.

Key |E0| in volts/km) into the display. Then, press B.
Key LEO
Key L (in km) into the display. Then, press C and wait 17 seconds

for the display to unblank. The display then shows lZel in ohms.
To then display Lze in degrees, press x;ft.

(
(
Key LZL (in degrees) into the display. Then, press B.
(
(

in degrees) into the display. Then, press B.

Press R/S and wait 9 seconds for the display to unblank. The dis-
play then shows lVe| in volts. To then display Zye in degrees,
press xJ't.

If results are desired for a different value of L, simply repeat

Steps 5 and 6. Otherwise, begin at Step 3.

NOTE: If the PC-100A printer is used, [Zel and /Z, will be printed
out automatically and labeled as "ZMAG" and "ZPHA", respec-
tively. Further, |Ve| and /V, will be printed out and
labeled as "VMAG" and "VPHA", respectively.
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Table A-5b
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Table A-5b (continued)
PROGRAM THEVENIN

Display Key Display Key Display Key
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Table A-5b (continued)
PROGRAM THEVENIN
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Program NODE

This program computes the node voltage and branch currents for three Thevenin
equivalent circuits connected together at a common point. The circuit geometry
is shown in Figure A-6.

This program is the last one usually used when computing the pipeline voltage at

a specified location. When doing so the procedure is to first find the Thevenin
equivalent circuits Tooking in both directions from the location. Then as shown

in Figure A-6, V1 and Z1 represent the Thevenin equivalent circuit parameters to
one side of the location of voltage computation, and V3 and Z3, Tikewise, represent
the circuit parameters looking in the other direction. V2 and 22 represent the
Thevenin parameters for a mitigation grounding wire if connected at this point.

If none exists, then 22 should be inputted into the program as a large number,

say 10,000 or more ohms in order to obtain correct results.

It should be noted that while instruction 5 computes the pipeline voltage at the
desired Tlocation, the succeeding instructions allow for calculation of the pipe
and grounding wire currents at the same site.

A step-by-step instruction procedure is detailed in Table A-6a, with the program-
ming keystrokes listed in Table A-6b. The program can be permanently recorded on
one magnetic card.
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Figure A-6.

Circuit Geometry for Program NODE
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Table A-6a
INSTRUCTIONS FOR PROGRAM NODE

Press CLR. Then, press 3 Op 17.

Press 1. Then, insert bank #1 into the card reader.
Press 2. Then, insert bank #2 into the card reader.

Press A.

Key IVll (in volts) into the display. Then, press B.
Key lyl (in degrees) into the display. Then, press B.
Key ]Zl| (in ohms) into the display. Then, press B,
Key 1}1 (in degrees) into the display. Then, press B.
Key |V2| (in volts) into the display. Then, press B.
Key /¥, (in degrees) into the display. Then, press B.
Key |22| (in ohms) into the display. Then, press B.
Key LZZ (in degrees) into the display. Then, press B.
Key |V3| (in volts) into the display. Then, press B.
Key 1y3 (in degrees) into the display. Then, press B.
Key |Z3| (in ohms) 1into the display. Then, press B.
Key 123 (in degrees) into the display. Then, press B.

Press C. Wait 16 seconds for the display to unblank. The display
then shows |[V| in volts. Press xZt to display /V in degrees.

Press R/S. Wait 8 seconds for the display to unblank. The display
then shows |11[ in amps. Press xZ't to display /1, in degrees.

Press R/S. Wait 6 seconds for the display to unblank. The display
then shows llzl in amps. Press xg't to display /1, in degrees.

Press R/S. Wait 6 seconds for the display to unblank. The display
then shows |I3| in amps. Press xZ't to display /I, in degrees.

To compute V, I., I2, and I3 for a different set of Thevenin circuits,
mhwntosmpé.

NOTE: If the PC-100A printer is used, all answers are printed out
automatically and labeled as follows:

Quantity Label
|V] VMAG
JA) VPHA
1| |11
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Table A-6a (Continued)
INSTRUCTIONS FOR PROGRAM NODE

Quantity Label
11 /11
11, 12|
/1, /12
1, 13]
/15 /13

A-41



Table A-6b
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Table A-6b (continued)
PROGRAM NODE

Display Key Display Key Display Display Key
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Table A-6b (continued) ‘
PROGRAM NODE

Display Key Display Key
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Program FIELD

This program derives the driving electric field at a location due to any number of
parallel current-carrying conductors at other locations assuming that the currents
and Carson mutual impedances are known. The conductor geometry is shown in Figure
A-7.

Table A-7a is a step-by-step instruction procedure for the use of this program.
Table A-7b is a 1listing of the key strokes required for initial programming. One
magnetic card is required for recording this program.
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Figure A-7. Conductor Geometry for Program FIELD
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Table A-7a
INSTRUCTIONS FOR PROGRAM FIELD

Press CLR. Then, press 6 Op 17.

Press 1. Then, insert bank #1 into the card reader.
Press A.

Key |Ill (in amps) into the display. Then, press B.
Key [}1 (in degrees) into the display. Then, press C.

Key |Z in ohms/km) into the display. Then, press D.

1xl (
Key /Z1x (in degrees) into the display. Then, press E.
Wait 5 seconds for the display to unblank. The displayed
number is |Ey| in volts/km, the magnitude of the total
driving electric field at x. Press xZt to display /E

in degrees. X

If the field contribution due to another current-carrying
conductor is to be summed, repeat Steps 4, 5, 6, and 7 for
the new conductor. The display will always show the running
total at the end of Step 7.

If an entirely different conductor configuration is to be
considered, return to Step 3.

NOTE: If the PC-100A printer is used, |EX| and /E_will be
printed out automatically and labeled as "EMAG" and
"EPHA", respectively.
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Table A-7b

PROGRAM FIELD
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Program SHIELD

This program computes the series self impedance of a power 1ine shield wire using
Eq. 3-5a. Table A-8a is a step-by-step instruction procedure for the use of this
program. Table A-8b is a listing of the key strokes required for initial program-
ming. One magnetic card is needed for recording this program.
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Table A-8a
INSTRUCTIONS FOR PROGRAM SHIELD

Press CLR. Then, press 6 Op 17.
Press 1. Then, insert bank #1 into the card reader.
Press A.

Key R, the series dc resistance of the shield wire (in ohms/mile)
into the display. Then, press B.

Key D, the diameter of the shield wire (in inches) into the display.
Then, press B.

Key pe, the earth resistivity (in ohm-meters) into the display.
Then, press B.

Press C. Wait 5 seconds for the display to unblank. The display
then shows \Zsl, the magnitude of the shield wire self impedance
(in ohms/km).” Press xot to display LZS in degrees.

For a different shield wire, return to Step 3.

NOTE: If the PC-100A printer is used, |ZS] and /Z_ will be
printed out automatically and labeled as "ZMAG" and
"ZPHA", respectively.
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APPENDIX B

LONGITUDINAL ELECTRIC FIELD CHARACTERISTICS IN THE VICINITY
OF A THREE PHASE POWER LINE

INTRODUCTION

As shown by the theory of Section 3, the longitudinal electric field at a field
point is the vector sum of the phase and shield wire current phasors multiplied
by their respective Carson's coupling impedances. (An analogous analysis using
the method of symmetrical components with probabilistic extensions is presented
in the following appendix.)

Because of changing geometry with distance, varying phase currents, etc., the
electric field is both spatially and temporally varying. Instrumentation (dis-
cussed in Section 9) has been developed which allows measurement of both the
magnitude and the relative phase of the electric field, thus enabling direct
comparison of the results obtained from theory with that of experimentation.
This appendix discusses some of the early measurements made with the new in-
strumentation. It shows the development of a methodology for making such mea-
surements and also provides an acquaintanceship with the variations observed in
the electric field distribution.

Measurements were made under a 345 kV (Commonwealth Edison Company) horizontal
power line near Joliet, Il1linois. The line geometry is illustrated in Figure B-1.

Both the magnitude and relative phase of the electric field as a function of per-
pendicular distance to the transmission Tine were measured to a maximum distance
of one thousand feet on either side of the line.

Figures B-2 and B-3 present a set of test resulits for both the magnitude and
phase of the low impedance longitudinal electric field as a function of distance
from the power line. These results will be discussed and compared to some
analytical predictions made in the following appendix.
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For the particular set of measurements shown in Figures B-2 and B-3, the refer-
ence signal for the measurement instrumentation was obtained by sampling directly
below the center phase wire.

During the course of making the measurements, it was found that wind variability
and velocity can be important in relation to an electric field measurement. The
wind can cause the phase conductors to sway by as much as eight feet at midspan
over a relatively long period in an approximately horizontal plane. This sway,
in turn, can cause the short term reference signal phase to vary by as much as
20 to 30 degrees. Thus, during any given measurement, the relative phase between
the reference location and the field point will vary within some range which is
a function of the degree of phase conductor motion and the phasing sequence of
the transmission line. This fact is illustrated by the relative phase plot pre-
sented in Figure B-3, which presents the phase measurements as a range rather
than a single value, and it has been verified that this variability in the phase
measurements is directly caused by wind induced motion of the phase conductors.
In order to minimize this problem for measurements invalving relative phase of
the electric field, it is necessary that the reference signal be located at a
relatively large distance from the line, i.e., at a distance in excess of several
hundred feet to either side of the electric power line.

COMPARISON OF FIELD DATA WITH AN ANALYTICAL MODEL

In order to evaluate the accuracy of the field data obtained with the developed
instrumentation, a comparison of the data with an analytical modeling of the dis-
tributed electrical field was made early in the program. An available computer
program was modified and the line was modeled with calculations made on a large
computer. (Similar results may now be obtained on a point by point basis using
the hand calculator programs CARSON and FIELD presented in Appendix A).

Inspection of Figure B-2 shows that the electric field is not symmetrical with
respect to the transmission line. Contributing factors to this asymmetry are
line current and phase unbalances and, to a lesser extent, the influence of
shield wire currents and variability introduced by the wind. It is difficult to
extricate asymmetry effects due to phase current unbalances. Figure B-4 illu-
strates the effect that a three percent phase unbalance on any one phase of the
345 kV line can have on the magnitude of the electric field. A plus or minus
three percent phase unbalance was assumed to occur on one phase at a time of the
three phase circuit. An envelope for the field strength variability was thus
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generated and is presented in Figure B-4. It represents the range that the elec-
tric field can experience due to the assumed line current unbalances. Also shown
in this figure is a normalized curve of the field data presented in Figure B-2.
As can be seen, the data falls within this envelope, but the actual currents are
not known to the required accuracy to analytically reproduce the measured elec-
tric field profile.

The wind has a smaller effect on the measured magnitude of the electric field,

even though it is very significant when trying to obtain phase information. As
the wind varies, it causes the phase and shield wires to also vary in distance

from the field point. Field measurements for this power line indicate that dy-
namic changes in geometry cause the magnitude of the electric field to vary on

the order of five percent or less.

Figure B-5 presents the phase envelope which corresponds to the electric field

envelope shown in Figure B-4. This figure indicates the range of variation in

the relative phase to be significant for the assumed current unbalance of three
percent in one phase conductor. Combining the uncertainty in current magnitude
along with phase unbalance and wind variability complicates the situation even

more sO.

The conclusion to be reached with respect to the comparison of field data and
analytical results presented here are that: (1) a successful match between ex-
perimental data and analysis has been obtained; (2) discrepancies can be ac-
counted for (e.g., the effects of line current and phase unbalances); and (3) the
instrumentation developed allows measurement of both the magnitude and relative
phase of the longitudinal field in the presence of a much stronger vertical
electrostatic field.



8-4

- +180°

Measured =
Data Range +90°
Southeast
10' 102 10
it e s 0 1 1 110 6 0 0 1 0 1 Ata b b 0 2 1 1 A A2t 2 b bk 1 L. i 1 1 012 L L. A Lt 121019
103 102 10'
Distance From Center Conductor (Feet) -~

Northwest

_900

—-180°

Measured
Data Range

Fig.B-5 RANGE OF RELATIVE PHASE MEASUREMENT DUE TO LINE CURRENT UNBALANCE



Appendix C

CALCULATION OF ELECTROMAGNETIC INDUCTION FROM AC POWER LINES
BY THE METHOD OF SYMMETRICAL COMPONENTS

INTROBUCTION

Because of the sharing of common corridors by buried pipelines and power Tines,
induced voltages have been measured on the pipelines. One of the principal ob-
jectives of this program has been to evolve a procedure for the calculation and
prediction of these voltages.

Induced pipeline voltage prediction is a two-step process, namely,

1. Given the ac power line parameters and interaction geometry,
calculate the Tongitudinal electric field at the pipeline position.

2. Considering the pipeline as a distributed parameter electrical
transmission line with distributed excitation (the longitudinal
electric field) calculate the induced voltage.

The tenets appropriate to the latter step, i.e., given the electric field one
calculates the induced voltage, are covered in Section 3. One of the principal
conclusions that can be drawn is that contrary to results published previously in
the literature, the induced voltage is less than predicted and not, in general,
linearly proportional to pipeline length. Experimental confirmation of these
facts has been obtained through measurements made in the Mojave desert on the
Southern California Gas Company 34-inch Needles to Newberry pipeline.

A generalized technique for calculation of the longitudinal electric field has
been developed as a consequence of this work and is presented in this appendix.
Heretofore, it has been generally assumed that the longitudinal electric field
component was equal to the product of the zero sequence transmission line current
and the Carson mutual impedance (1). Using the technique of symmetrical compon-
ents (2), it is shown here that the above procedure is correct only under rather
restrictive conditions.
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Equipments for measurement of both the magnitude and phase of the longitudinal
electric field which were developed have been discussed in Section 9. Using these
equipments, electric field measurements have been made on several ac power lines
and the data compared with computer-generated electric field profiles. Appendix B
discussed results obtained for a 345 kV transmission line located south of Chicago.
Excellent corroboration of computed results with experimental data were obtained.

However, results of field measurements generally made are not always as encour-
aging in that reasonable agreement between computed and measured data is not al-
ways obtained. Most perplexing, for example, is that measurements made on the
same transmission line can track a computer-generated electric field profile for
some part of the day and not track for the remainder. It has been found, for
example, that with apparently the same transmission line current loading, the
electric field magnitude can vary by a factor of three, four or more at the same
location over the course of a few hours.

The solution to this consternating problem has been found in the fact that the
electric field at a given location is the phasor sum of the individual trans-
mission line currents and the induced shield wire currents weighted by Carson's
mutual impedances. Although not immediately apparent, it appears that for typical
power line geometries, the magnitude of the electric field at a distance on the
order of a few hundred feet from the power line is an extremely sensitive function

of the degree of unbalance between phase currents -- especially for single circuits.

Given the right set of conditions, a line current unbalance of a few percent can
produce, for example, a null in the electric field at a given location. As the
degree or sense of the line current unbalance changes in time, a corresponding
change in the electric field can be observed.

Line current unbalance for a power line circuit generally averages only a few per-
cent, but is random in nature. 1In the following analysis, it is shown that the
symmetrical component electric field solution can be decomposed into two parts;
that is, the sum of deterministic and random components. The deterministic solu-
tion can be computer calculated once the interaction geometry is known. The random
component can be calculated by the application of probability techniques.

For single circuit lines which are not too highly unbalanced, the deterministic
electric field component will be dominant. As the number of power line circuits
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increases on a single right-of-way, it is expected that for disparate phase se-
quencing of the circuits, the deterministic component will become smaller and will
tend to be dominated by the random component.

Application of Symmetrical Components

A single circuit power line either in the horizontal or vertical configuration is
composed of three phase current lines, and generally two shield wires which will
carry induced currents if grounded at more than one point.

The three power line phase currents, in general, will be an unbalanced set of
positive sequence current vectors, I, I, and IC. The shield wires will carry
induced currents, I, and IsZ’ respectively. Hence, the longitudinal electric
field at a point may be calculated by the vector sum

E o= Tl + LZy + T2+ 102 + 1pLe) (C-1)

where the impedances are the Carson mutual impedances between the observation point
and the corresponding wire.

The impedances Za’ Zb and Zc constitute an unbalanced set which can be resolved
into the following vector operator symmetrical components.

= 1

z, = 3 (I30,+7) (c-2)
_ 1 2

Z1 = 3 (Za+aZb+a ZC) (Cc-3)
21 2

22 = §-(Za+a Zb+aZC) (C-4)

where
4 = Q23 (C-5)

The phase currents may likewise be resolved into the set:

_ 1 -
I, = 3 (Ia+Ib+IC) (C-6)
1. = L(1_+al +a%1) (C-7)
1 3 a b c

_ 1 2
I, = §-(Ia+a Ib+aIC) (C-8)
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It can be shown (2) that the sequence components of the current weighted by the
mutual impedances and the symmetrical components of the electric field are related

by

E0 = IOZ0 + 1122 + 1221 (C-9)
E1 = IOZ1 + Ilzo + 1222 (c-10)
E2 = 1022 + 11Z1 + 1220 - (C-11)

Eo’ E1 and E2 are respectively, the zero sequence, positive sequence, and negative
sequence electric field components at the observation point. Since they consti-
tute a symmetrical component set, i.e.,

2. -
E, +af) +a%E, = 0 (c-12)

2
E2 + aE2 + a E2

in
o

(C-13)

the remaining contributions to the electric field are the zero sequence and shield
wire components. Hence

z

E sl “s2

3Eo + ISl ZSl + 1

+ 1,1 (C-14)

3(Iozo+1122+1221) * Isl z s2 “s2

sl

The free longitudinal electric field generated by the phase currents Ia’ Ib’ and
IC is equal to

E Ia Za +1,2,°+1 7° (C-15)

sl b"b c ¢

and

E Ia Za + 1.7 + Ic Z (C-16)

s2 b™b c

at the location of shield wires No. 1 and No. 2, respectively. These fields act

as distributed sources causing the induction of the respective shield wire currents,
ISl and 152. Za‘, Zb‘ and Zc’ are the Carson mutual impedances between the indi-
vidual phase wires and the first shield wire. The double primed set is likewise

the mutual impedances relative to the second shield wire.
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The solution set for the shield wire current is

E I (C-17)

s1 ° "Il mp s

E =

s2 © "Il Z7p I (C-18)

where Zy4 and Z,, are the Carson self impedances of the shield wires and 29 is

the Carson mutual impedance between the wires.

Solution of Eqs. C~17 and C-18 for the shield wire currents yields

Zon E . - 2z., E
1 _ 22 sl 12 "s2 (C-19)

sl 2
292 7%11 %22

and
z E -z E
Isz - 11 252 12 “sl (c-20)
212 411 %2

Analogous to the derivation (Eq. C-9) for the distant observation point, the
electric fields, ESl and E52 may be expressed as zero sequence electric field
components of the phase wire currents. Hence,

ESl = 3(IOZ0 + 1122’ + 1221 ) (C-21)
where
-~ - _]-_ -, Eed -~ -
Z0 3 (Za + Zb + ZC ) (c-22)
7.0 = Lz -+az”+a%2) (C-23)
1 3 'Ta b c
2,0 = L0+ a% 7 +ar”) (C-24)
2 3 ‘Ta b c
and
Es2 = 3 (IOZO” + 1122" + 1221") (C-25)
with
. _1_ 7 -, -~ PN -
Zo = 3 (Za + Zb + Zc ) (Cc-26)
z - l (Z 44 aZ Ry a2z 1;) (C"27)
1 3 ‘Ta b c
Z - l (Z 4 4+ azz -, + aZ 4/) (C-28)
2 3 a b c
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Substituting Eqs. C-21 and C-25 into Eqs. C-19 and C-20, and making use of the
fact that the shield wires are usually identical, thus gives

201 % Zy, = Z (C-29)

yielding
-151(212+zss) = 3 (IOZO’ + 1122’ + 1221’) (C-30)
-152(212+zss) = 3 (IOZO” + 1122" + 1221”) (C-31)

Substitution of Eqs. C-30 and C-31 into Eq. C-14 yields for the total electric
field including skywire components:

E = 3102O + 3Ilz2 + 31221 (C-32)
where
1 .1°+71 ,1°
- = 1 "o s2 "0
Z = 1 -2 (C-33)
) 0 2y, + Zgg
Ve 4
z .1, +7 ,1
L 2
7 sz -SL1_ 5271 (C-34)
12 SS
Z, = I, - 251222 :'252 i (c-35)
12 SS

Equation C-32 may be evaluated for various situations.

Case 1. Equal Phase Currents. For this situation, Ia = Ib = IC, and the total
electric field is a result of only the positive sequence current, i.e.,

E = 31 (C-36)

122
Case la. At Far Distances. As the distance to the observation point increases,
Za o Zb o Zc' By definition, 1 + a + a2 = 0, and therefore, 22 + 0. In addition,

Zsl = Z52

= Zs‘ Hence,
ZS (
E = -31 ——————————) (2,7 + 2,77) C-37)
1 (212 * sz 2 2

Case 1b. Single Point Grounded Shield Wires. For this situation, the equivalent
effect is for Zog > Hence,

E = 0. (C-38)
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Case 2. Unbalanced Phase Currents. The complete solution is given by Eq. C-32.

+ 31,z

E 122 ¥ 31574

I

31020 + 31

Case 2a. At Large Distances. Here, Z1 -~ Q, Z2 + 0 and ZSl > Z52 > Zs' For this

case, Eq. C-32 may be put into the form

00 + z

Es1 * B2
E = 317 -f{-=>2—-S5¢17 (c-39)
Z12 SS s

Case 2b. Single Point Grounded Shield Wire. This, again, is equivalent to

-+ o in Eq. C-39, resulting in

E = SIOZO. (C-40)

z
SS

In much of the literature, Eq. C-40 is presented as representing the electromag-
netically induced electric field component. As apparent from the present analysis,
its applicability is limited to a rather restrictive situation. Applicability of
Eq. C-40, depending upon the exact geometry, may require a distance greater than
several hundred meters, which is generally in excess of the right-of-way width.
Hence, Eq. C-40 alone is almost never applicable to the situation of ac power line
and pipeline interaction.

Electric Field Fluctuations

For an exactly known set of phase currents and a given interaction geometry, the
electric field at a point may be calculated by means of either Eq. C-1 or Eq. C-32
which are fully equivalent. Because of numerical complexity, these calculations
have usually been made on a computer, but the developed hand calculator programs
are adequate. Hereafter, the solution for the electric field thusly obtained,
will be termed the deterministic solution.

Unfortunately, the exact phase currents are never exactly known. Not only does
the average power line loading vary with time, but in addition the degree of un-
balance between the individual phase currents varies with time. The electric
field which exists along the right-of-way and causing induced pipeline voltages
is a sensitive function of both types of phase current variations. For example,
the strength of the electric field is directly proportional to the phase current
magnitude, but varijations in the electric field of over a range as much as four-
to-one have been seen experimentally for changes in current balance conditions
too small to be read with significance at the electric power company monitoring
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substation. This may be somewhat of an extreme example but, in general, material
fluctuations in electric field strength can occur because of phase current varia-
tions. The instantaneous values of the phase currents are generally never known
exactly, but the statistical parameters associated with the variations are charac-
terizable. Hence, in order to adequately define the electric field, it must be
treated as a random variable.

Phase Current Statistics

It has been observed experimentally and subsequently verified by repeated computer
trial runs that relatively small variations (on the order of a few percent) in the
Tine currents' magnitude and phase balance causes significant changes in the elec-
tric field. Attempts to correlate observed electric field fluctuations with Tine
current unbalances were not always directly successful. While line current mag-
nitude data are usually available, phase unbalance of the transmission 1ine must
be inferred. To calculate phase unbalance directly, both real and reactive powers
must be known for each phase line, and usually these data are measured only for
the transmission line as a whole.

Observations made have shown that, for what appears to be a common situation,
magnitude differences of three to five percent occur randomly. Also, phase
difference between lines is not exactly maintained at 1200, but varies by + 2
to 3 degrees which, on a percentage basis, is about the same level as that
observed for the line current magnitude unbalance. However, unbalances as high
as 10-15 percent may not be too uncommon.

In order to derive a probabilistic model for electric field fluctuations, based
on observation, the following premises have been advanced for the properties of
the phase current random variables.

(] It is assumed that line current variations are independent between
phases.

. For a single phase line it will be assumed that the phase and
magnitude variations are independent.

(] It will be assumed that the magnitude deviation from the balanced
condition for the ith line current can be characterized by a ran-
dom variable, Xj. Xj will be at the same phase angle as the line
current. Its range 1s assumed to be + Al with a uniform probabil-
ity distribution.
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° The phase unbalance between lines will be characterized by the
random variable, Y;, which is in phase quadrature with X;. Y
is assumed to have the same range and type of probability density
function as Xj.

In general, there is some arbitrariness in the above assumptions. For example,
the choice of a uniform probability density function can only be justified on
intuitive grounds. However, due to the simultaneous additive action of several
variables, especially when muitiple power line circuits are considered, the
validity of the central Timit theorem will bend to make the computed statistics
of the electric field a weak function of the original assumptions.

Expressing the random variable character of the line currents as per the previous
assumptions yields the following equation set.

Probability Distribution for the Electric Field

I, = Il +x +3vy, (C-41)
2 2 .2

I, = a%|I | +a + 3§ ay, (C-42)

I, = a|Ic| tax, tJay, (C-43)

where without loss in generality, Ia has been assumed to be the reference vector,
and the balanced condition magnitudes of the line currents are

1,1 = A1pl = 11 = 1 (C-44)

The symmetrical component current vectors then become

_ 1 2 . 2 )
I0 = 3 [(xa+a xb+axc) + J(ya+a yb+ayc)] (C-45)
1 .
I, = 3 [(3II| + (xgtxptx, ) + J(ya+yb+yc)} (C-46)
I, = 1 (x_+ax +a2x )+ j{y_+ay +a2 ) (C-47)
2 3 a b c a dpTe Ve

Denoting the statistical mean of a random variable by E[-], it may be shown that
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where

1

rm
—
x
N
—— e )
tH

3 (EI¥] + E[4)

2

(1% + 3 (1] + Ey))

(E[x?] + E[y?])

W=

o

- E[xbz] - E[x

—
]

Ely,’] = Ely, 2] = Ely ’]

(C-48)

(C-49)

(C-50)

(C-51)

(C-52)

(C-53)

(C-54)

(C-55)

(C-56)

(C-57)

(C-58)

The random character of the electric field may be exemplified by expressing it

as a sum of two components, i.e., deterministic and random terms. Hence,

E =

Substituting Egs.

m
|

Hence,

m
i

and

ED + ER

C-45 through C-47 into Eq. C-32 gives

c c
3|I|z2 + 31z, +(Z X; * ] Z yi)
i=a i=a

3|1]z, = E[E]

(C-59)

z, + 31221 (C-60)

(C-61)



2

m
1

2 .
R Bxa+a xptax.) + J(yray ty )iz, (C-62)
+ [(xa+xb+xc) + j(ya+yb+yc)}z2

2 . 2
+ [(xa+axb+a x.) * ly tay ta yc)Jz1

Also

E[ER] 0 (c-63)

i
-

and using relationships C-48 through C-56 gives

- ]

3(Ex?] + E[yZ])([zO]2 + [2,1°

1]

+ [2,]%) (C-64)

From Eq. C-62 it is seen that the random variable ER is the sum of in-phase and
quadrature components with respective variances (as shown by Eq. C-64) of
2

var(, = 3 EDXCT (12,12 + [2)0% + [2,)%) (C-65)

2 2 2 2
Var4y 3 Ely"T ([z,]7 + (271" + [2,17) (C-66)
As stated previously, observation indicates that

ExC] = ElyY) (c-67)

Since both variables are assumed to be uniformly distributed, then

Al Ao
Elx’] = E[y°] = Je:jf W dy = é%— (c-68)
AL J

Hence, the variance of either the in-phase or quadrature components is,
2 ~2 12 2 2
o- = Al (|zo| + |zl| + i22| ) (C-69)

For these conditions it may be shown (3) that the envelope of the electric field,
|E|] is a Rician distributed random variable with probability density function
given by
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IE| €12+ e8] [ 16 £y
p(IE]) = —5 exp [— o I 52 (C-70)

20 o]
for

|E|

| v
o

The cumulative probability distribution function of |E| may be found through
integration of Eq. C-70. In general, the probability that |E| is Tess than some
value E is given by

E
p(JE| <E) = f p([E]) d[g] (c-71)
0

A convenient closed form solution for Eq. C-71 is not available, and hence, a
graphical solution is given in Figure C-1. Figure C-1 is used in the following
manner:
1. Calculate the absolute value of the deterministic component |Ep| from
Eq. C-61. Because of numerical complexity, a programmable calcula-

tor or computer solution is best. Eq. C-1 may also be used for
this calculation if balanced currents are assumed.

2. By taking the square root of the result, obtain the standard devia-
tion of the random component from Eq. C-69.

3. Form the radio, Ep/o and use the appropriate curve in Figure C-1,
interpolating if necessary.

4, For a chosen probability Tevel, the value of the normalized varia-
ble, V, may then be found.

5. The corresponding value of the electric field is then equal to
E = oV. The chosen probability level then indicates the probabil-
ity that the electric field will have a value less than or equal
to the number calculated above.

Critique

The introduction of a random component to the longitudinal electric field is a
new concept. It was found to be necessary because of the large sensitivity of
the electric field magnitude to relatively small and often not discernible on a
significant level phase current unbalance.

To someone unfamiliar with the probability concept, a "worst case" approach, if
reasonably "bounded" would appear more comfortable. For the single circuit case,
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which up to this point has been the only one considered, such an approach is al-
most tenable. For example, by making a number of computer runs and varying the
input data, i.e., the phase current values, it is possible to obtain an estimate
of the worst case. By inspection of results and judicious "tweaking" of the
change in variables on a succeeding computer run, a reasonable estimate of a
transmission line's behavior may be obtained in a dozen tries or so. However,

in the case of multiple circuits on a common right-of-way, where the number of
input variables may be in the twenties or thirties, such a cut and try procedure
is completely unattractive. In this situation, there will exist an almost random
state of current unbalances between the circuits, and a probability model is quite
well representative of the state of affairs.

The ratio, |ED|/0, which determines the appropriate curve to use in Figure C-1
is a function only of interaction geometry and the maximum percentage of current
unbalance for a particular transmission line. This can be seen from the follow-
ing form for the ratio,

W E
| DI lz,]
— =3 2 - (c-72)
12,17 + 12,17 + 12,1%]"
0 1 2
where ¢ is fractional line unbalance defined as
c = AI/|I] (C-73)

In the vicinity close to the transmission 1line, the impedances, Zys 275 and z,
are approximately of the same order of magnitude, thus making the ratio IEDI/G
large, and the amount of randomness small. With a reasonable high degree of
probability, the value of the electric field will be close to ED' At large dis-
tances, z) =2, > 0, and the level of randomness becomes higher, but at the same
time the overall magnitude of the field becomes smaller with increasing distance.

EXTENSIONS TO MULTIPLE POWER LINE CIRCUITS

The preceding development was made for a single three-phase circuit in either a
vertical or horizontal configuration with two grounded shield wires. Usually,
more than one circuit is present on a right-of-way, particularly in the vertical
configuration where two circuits are generally placed on a single structure.
Hence, it is desirable to extend the previous analysis to the multiple circuit
situation.
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Electric Field for Two Three-Phase Circuits

Consider the situation where two three-phase circuits exist, one carrying phase
currents Ia’ Ib and Ic as before, and the other carrying IX, Iy and IZ. For

convenience, it will be assumed that Ia and Ix represent currents in the closest
conductors to the point of observation for each of the respective circuits, and
I and IZ are the currents carried in farthest conductors of each of the respec-

c
tive circuits.

Analogously to Eq. C-1, the electric field for two circuits sharing a common pair
of shield wires is

E = IaZa + Ibe + ICZc + IXZX
+ 17 + IZZ +1 72 +1 1 (C-74)
Yy Z 5151 %2%2

Here it is assumed that the six phase currents are known and, hence, mutual cou-
pling effects between the circuits themselves may be ignored. Egs. C-17 through
C-20 may also be used here for calculation of the induced shield wire currents.
<H0wever, the free electric fields at the shield wires become

Esl = L2+ LZ7,7+ 12
+LTOH LT 1T (C-75)
and
Es2 = LI+ L7771 Z
+ 1.2 +12°"+127."" (C-76)
XX Yy z°z

In these and succeeding equations, the terms with subscripts a, b, ¢ are defined
as in the preceding development and the subscripted x, y, z terms for the second
three-phase circuit are defined in similar fashion.

In analogy with Eqs. C-21 and C-25, the above electric fields may be expressed in
terms of symmetrical components. Hence,

-

on ¥ I1a Zop * Top Z1p)

-

ax Lix

Es1 = 31 Z Lip

+ 3(1I 1., Z ) (C-77)

ox Zox * Iy oy * 1
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- -

--

3(Toa Zop * 11a Zop + Top Z9p)

+ 3(1I

n.

-

oX Zox ¥ lix Zox *

-~

Ix Z1x)

(C-78)

Where the second of the double subscripts, A and X, indicate terms pertaining to

the first and second circuits, respectively.

The equivalents to Eqs. C-30 and C-31 are

-1 (212+Zss)

51

Analogously with Eq.

where

E

i

-

3(1I

+ 3(IOX Z

3(IoA YA

+ 3(1

-

ox tlix Zox *

-

ox Lox ¥

C-32, the total

-

I

Py

-

I1X ZZX + 1

electric field becomes

3TonZop t 3 I3p 20 %3
3ok Zox * 3 Iy Byt
7 Zsl Zon * Lsp ZoA
oA 219 * 24
;51 hat st
1A 212 * Zss
;L1 Tant s2 o
2A 2 + Zoo
7 . Zsl ZoX Z52 Z0X
oX 212 tZgs
;L1 hix t Ese iy
1X Zy5 + Z o
,Ls1 Tax * Za Pox
2X Zy5 + Z o

C-16

o Zon * T1a Zon * Top Zqp)

2X

2X

I

3

-

-

Zyy)

-~

on t I1a Zon * Toa Z1p)

P

Z1X

)

2A Z1A

Tox 21x
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(C-80)
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Effects of Circuit's Phase Sequence

The "total electric field as defined by Eq. C-81 contains three more degrees of
freedom than that for a single circuit, thus making the situation more cdmp1ex,
but also allowing several choices for phase sequencing of the circuits. In the
single circuit situation, choice of a positive or negative phase sequence for the
circuit or choice of a particular line for the reference phase has very little
effect upon the magnitude of the electric field over the right-of-way. The
presence of multiple-grounded shield wires will cause minor changes; the basic
effect is to shift the electric field phase in space by fixed amounts which, in
jtself, does not heavily influence the voltage level induced on a pipeline.

For two or more circuits, however, this is not the case. If, for example, the

‘'same phase sequence is used for both circuits, the electric field may be enhanced

at a distant point. On the other hand, proper choice of the phase sequence can
cause a cancellation of the (deterministic) electric field for equal current load-
ing in each circuit. As will be shown in the following development, the random
component of the field does not cancel out.

From Eq. C-81, the terms contributing to the deterministic electric field are

£ 3 z 3 (C-88)

D Tia Zoa * 3 11y 2
The deterministic component is predominant at close distances to the electric
transmission line and in this region the shield wire contribution to the field

is small enough to be ignored. Hence, examine the condition

Ehn = 31 0 (C-89)

D 1 foa t 3 iy fpy T
The above equation implies that both circuits are of a positive phase sequence,
and it can be shown that no combination of line choice for the reference phase
of either circuit yields a null condition, although electric field magnitude will
vary with choice. The same considerations hold also if both circuits are
negatively phase sequenced.

On the other hand, consider the situation where one circuit - say A - is posi-
tively sequenced and the x circuit in the opposite sense. The condition for
cancellation of the deterministic electric field then becomes

I 0 (C-90)

La Zia * Iox L1 <
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Expressing this condition in terms of the original line current and Carson's
mutual impedances gives

2 2
(Ia tal +a Ic)(za+a Z, +a zc)

2 2
+ (I +a Iy + a IZ)(Zx + a Zy + a ZZ)

X =0 (C-91)

For the physical geometry described previously, that is, phase wires a of circuit
A and X of circuit X as being closest to the point of observation, and ¢ and z be-
ing the farthest, the following approximate relationships may be assumed from
physical symmetry.

Z, * ZC = Zb + Zy = Za + ZZ (C-92)

Equation C-91 may be put into the form

2

2
(Ia4-a Ib +a IC) Za + ZZ (a I +a Iy + IZ)

2 2
+ (a Ia + Ib + a Ic) zb + zy (a IX + Iy + a IZ)

2

2
+ (a I, +a’l

bt Ic) ZC + ZX (IX +a Iy + a IZ) =0 (C-93)

Involving Eq. C-92, Eq. C-93 becomes identically zero for the following solution

set,
IX = IC (C-94)
Iy = Ib (Cc-95)
IZ = Ia (C-96)

Hence, a center symmetric phasing of the circuits produces a minimal deterministic
electric field in space to the extent that Eq. C-92 holds true and both circuits
carry equal currents. It can also be shown that for this arrangement of phases,

the free electric fields, ES and Es at the shield wires will substantially be
1 2
reduced, thus also minimizing the shield wire contribution to the electric field.

The random component of the electric field for this situation can be shown to have
a zero mean value. In a parallel manner to Eq. C-69, the standard deviation of
the combined circuits may be written as
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h
2 2 2 2 2
CalIgl™ (zgpl™ + 1zg8l" * 125017)
AlTA oA 1A 2A (c-97)
2 2 2 2 2
+# OxITyl™ Czggl™ + 2y 17+ lzpy0)
where C, and C, are the peak fractional current fluctuation, and IIA] and |IX|

are the balanced current Toads for the respective circuits.

For circuits with equal average loading and unbalance conditions,

‘A

12

Cy=2¢C (C-98)

|1

R

Al [Tyl = (1] (C-99)

and Eq. C-97 becomes

5
o = 201 (7% + 17,17 + T5,1%) (c-100)
where
2 2
_ lzal™ + lzpxl
)2 - oA o (c-101)
—2 |21A|2 + lzlxlz
z = (c-102)
1 2
" 202+ l25y]
z + |z
" - A (C-103)

For the dual circuit case, if the proper phasing sequences are chosen, ED approaches
zero, and the principal contributor to the electric field is the random component.
Hence, in Figure C-1, the appropriate probability curve for use tends toward the
ED/o = 0 curve. If an unfavorable phase sequence combination is used, ED, as
before, may be computed and the correct curve in Figure C-1 determined.

Extension to Multiple Circuits

A quite common situation found on a single right-of-way is where several structures
exist with each carrying more than one circuit. Each structure may carry a pair
of shield wires and because of mutual coupling effects between circuits, a simul-
taneous set of equations must be solved to obtain each shield wire current in the
presence of the other shield and phase wires. As the number of structures and,



hence, circuits increase, a larger and larger computer capacity is required for
solution and effort surpasses the capability of the programmable hand held cal-
culator rather quickly.

With sufficient effort it is possible to write a computer program large enough to
handle any situation, but a review of the results presented raises the question as
to the worth of such an endeavor. For example, the phase sequence of the circuits
will differ from circuit to circuit, and the tendency will be for the deterministic
component of the electric field to become small relative to the random component.
This would especially be true for the situation where each pair of circuits on a
tower exhibited center symmetry relative to each other, and the overall phase
sequence was shifted (transposed) relative to circuits on adjacent towers.

For the situation where a sub-optimum phasing condition exists, it has been found
that a reasonable approximation to the electric field may be obtained by ignoring
mutual coupling effects between circuits on adjacent structures. This allows
calculation of the electric field at a point due to the phase and shield wires on
a single structure using the programmable calculator program WIRE. The total
deterministic electric field may then be found by superposition of the individual
components.

In order to use the graphs of Figure C-1, it is necessary to determine the stan-
dard deviation of the random field component. Since the line current fluctuations
between tower circuits are independent, the resulting standard deviation for N
structures may be determined by

N 1 :
g = (Z 01.2)2 (C-104)
i1

where 04 for a pair of circuits on a single structure is defined by Eq. C-97.

For equal circuit currents and a reasonable lateral displacement of towers on the
right-of-way, say on the order of 100 feet, the above equation may be approximated
by

o = YN 0y (C-105)

where o4 is the standard deviation for the closest structure as determined from
Eq. C-97, and N is the number of structures. Here, it is assumed that the point
of observation lies completely to one side of the towers.
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In summary, it can be seen that as the number of power Tine circuits increases on

the -right-of-way, the inducing electric field will have an increasingly larger

random component and thus cause larger random fluctuations in the pipeline voltage.
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Appendix D
MUTUAL COUPLING BETWEEN BURIED PIPELINES

INTRODUCTION

For a single buried pipeline, the calculation of induced voltages and currents
from single or multiple power lines on same right-of-way (ROW) is relatively
straightforward. Basically, it must be recognized that induced voltage peaks will
occur at points of either physical discontinuity between the pipeline and power
line, or points of electric field discontinuity. The application of relatively
simple formulae to these points allows calculation of the induced voltage levels.

When more than one pipeline is buried on the same ROW, mutual coupling effects
cause a redistribution of the induced currents in the pipeline. Hence, the prob-
lem of calculating the induced current (voltage) is many times more complicated
because the driving source electric field at the pipeline is simply not the free
field of the power line.

For the situation where the pipelines (in a broad generic sense this can also in-
clude the power line shield wires and other conductors) are in a non-conductive
media, infinite in length and paralleling the power line, the solution for the
individual pipeline/conductor currents can be obtained by the simultaneous solu-
tion of a set of N equations corresponding to the N unknown currents. The hand
calculator program CURRENTS was written to solve such a set of equations for up
to five unknown currents in the presence of up to 25 driving sources. However,
application of this program can lead to gross error if the length of conductor
parallelism is short, and if conductive paths occur between the buried conductors.

This appendix addresses these problems with the resulting analysis showing that

simple correction factors can be obtained which will allow the application of the
existing calculator program to the "short parallelism" case with excellent results.
Initially, the coupling problem for the infinite length, non-conductive media
situation is reviewed. The two and three mutually coupled pipeline cases are
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covered, showing the analyses used for derivation of the calculator program. Then
mutual coupling in conductive media, i.e., the earth, is considered. The first
case analyzed is the coupling of two parallel (to each other and the power line)
conductors, one infinite in length and the other short. The result obtained for
this case can be easily extended to the situation where both conductors are in-
finite in length. Surprisingly enough, when this is done, it is found that the
result is identical to that obtained in the previous subsection, where non-con-
ductive media were considered. Reflection upon this point impels one to accept
the correctness of the results because the voltage on an infinite length pipeline
will approach zero, since with all conductors at the same voltage, conductive
currents will not flow between them. This is true even with uncoated {pipe) con-
ductors. For the case where one conductor is short, it is found that conductive
currents will flow when the conductors are bare.

The next situation analyzed is that of two short pipelines paralleling the power
line. Again, for this situation conductive currents will flow in the case of bare
conductors.

On the basis of the results obtained for these two cases analyzed, adaptation of
the hand calculator program to the case of multiple coated variable length pipe-

lines on the same ROW has been made.

MULTIPLE CONDUCTORS-NON-CONDUCTIVE MEDIA

Two Infinite Length Conductors

Consjder two infinijte length conductors lying parallel to a power line. As-
sume that the free electric field {when the conductors are absent) at each con-
ductor is EOi and Eoé, respectively. These fields will result in internal driving
sources at each conductor of E01 = -Eoi and E02 = -Eoé. From coupled circuit
theory, the following equations may be written

= Z,.1. +1

1111 * 21200 (D-1a)

Eo1

u

Zyo1, * 22212 (D-1b)

Ep2
where le is the internal impedance of conductor #1 including the earth return,
222 is the internal impedance of conductor #2 including the earth return, and
le is the Carson mutual impedance between the two conductors with earth return.



The solution for the currents in each conductor is

12
(Egp - 7, Egz)
I1 = > (D-2a)
2,,(1-k 2)
z
12
(Egg - 7, Egp)
I = 5 (D-2b)
Zyp(1-k ")

where kL is defined as the mutual inductive coupling coefficient equal to

JA
k = __1_2___. (D-3)

L /2

11 222

The value of kL is always less than or equal to one, and for typical pipeline ROW
situations will be on the order of one-half.

Three Infinite Length Condcutors

For this situation, the corresponding equations are:

Eor = Zp1lp * Lpply * 2505 (D-4a)
Boz = Ziply ¥ Ipply * Z5515 (D-4b)
Boz = i3l * Zp3lp * Z3305 (D-4c)

where the mutual impedances 213 and 223 are defined between conductors one and
three and two and three, respectively, and 233 is the internal impedance of con-
ductor three.
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Such a set of simultaneous equations may best be solved by special techniques such
as the application of the well known Cramer's Rule which solves each current as the
ratio of two determinants. As the number of unknowns increases, the solution be-
comes rapidly Taborious and resort had best be made to obtain a computer solution.
An equivalent, but more efficient evaluation technique (Gauss-Seidel) was used in
providing a hand calculator solution for up to five unknown currents simultaneously.

TWO PARALLEL CONDUCTOR COUPLING IN CONDUCTIVE MEDIA

Case 1 -- One Infinite Length and One Short Conductor

This case considers two earth return conductors (pipelines) on the same ROW with
both immersed in a conductive media, i.e., buried. The first conductor is assumed
to be infinite in Tength and parallel to a power 1line, thus resulting in an in-
ternal driving source for the conductor of Eé(x), where x is the longitudinal dis-
tance along the conductor. The second conductor is assumed parallel to the first
for a distance, %, entering the ROW at x = -2/2 and leaving at x = +2/2. The in-
ternal driving source for this conductor due to the power line free electric field
is assumed to be Eg(x). A solution for the two conductor currents, namely Il(x)
and Iz(x) are required where both conductive and inductive coupling between con-
ductors is possible.

A convenient starting point for this analysis is Eq. 5.50 of (1). In this equation,
presented below, a general solution for two conductors coupled in a conductive
media, but both infinite in length is given. An extension of this general solution
will be required for solution of the problem of concern here. The generalized solu-
tion is, in conductor #1

o o] 0
A,es - A e
L,(x) = J 2°1 122 ixu 4, (D-5a)
o B85 81

It should be noted that the notation used in this appendix follows that of
reference (1), and hence deviates somewhat from that used throughout the rest
of the book. This allows the reader to more easily follow the theory leading
to Eq. D-5. The principal deviation in notation is that I' is used rather than
v for conductor propagation constant. Other modifications are obvious from the
text.
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‘ and for conductor #2

I,(x)

where

12

127

12

12

01

02

il

]

k5
(Z15¥15)

e

(Z13/Y11)
(Zpa/¥25)"

1
2

[iwv(o-*iwk)]

D-5

(D-5b)

(D-6a)

(D-6b)

(D-6¢)

(D-6d)

(D-6e)

(D-6f)

(D-69)

(D-6h)

(D-61)

(D-65)

(D-6k)



é%- j Eg (v)eT™™W 4y (D-61)
é%— J Eg (v)e "W dy (D-6m)

The above quantities may be physically interpreted as follows

complex propagation constant for conductor 1

complex propagation constant for conductor 2

complex joint propagation constant for conductors 1 and 2
characteristic impedance of conductor 1

characteristic impedance of conductor 2

internal impedance of conductor 1 including earth return
internal impedance of conductor 2 including earth return
leakage admittance to remote earth for conductor 1

Teakage admittance to remote earth for conductor 2

media leakage admittance between conductors

media propagation constant

/-1

radian frequency

inductance constant, 411'x10—7 henry/m
media conductivity

2

capacitive constant, 8.85x 101 farad/m

radial distance between conductors

Fourier transform of the source electric field within conductor 1

Fourier transform of the source electric field within conductor 2
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The first step towards evaluation of these parameters is the solution of the
following transcendental equations for Fl and Fz, respectively.

7., + 1w 1n[——(—1'ﬁ——] (D-7a)
a

2 [ -1 1 1.12
ré vy, : In |
1 1 (o + iwk) T a )} il 2m 5 s
].Y +P1)

1”1

and

|
N
+

2 -1 1 1.12 iwv 1.85
T2 [Yz Yot taky M an—zi] i2 " 2r ‘"{——’“T/z] (0-7b)

2 2
az(Y + Fz )

where a;, a,are the radius of respective conductors when conductors are at the
surface (for burial depth, d, a is replaced by (a2-+4d2)%); Y1,Y2 are the coat-
ing admittances of the respective conductors; and 211,212 are the internal impe-
dances of the conductors not including earth return path.

Solution of Eq. D-7 for Pl and F2 allows solution for le, 222, Y., and Y., as

11 22
follows.
7 = 7.+ dwv ]n[____l;gi___ﬁ_} (D-8a)
11 i1 2m 2 (Y247, 2)%
2., = 7., +3W 1n{ 1.85 ] (D-8b)
22 i2 21 N .
ay(y2+T,%)

Y = |y, 71y 1 n [1‘12])—1 (D-9a)
11 1 (o + wk) Flal
Y, = ‘v Lyl n [{12] B (D-9b)
22 2 (o + 1wk ) anz

An alternative and much simpler method exists for calculating the above constants
since graphical solutions for the buried pipeline parameters are available in Sec-
tion 2. The corresponding le or 222, and Y11 or Y22 may be found for the re-
spective conductors as follows:

D-7



Ny

N
1}

(T Zp) (D-10a)

Ny

=<
t

(I‘/ZO) (D-10b)
The solutions for the remaining parameters are then more or less straightforward.

Solution for Current in Short Conductor. The denominator of Eq. D-5b, after sub-

stitution of Eq. D-6, may be written as

A2 = -1 -1 2 2V (12 2Y - 12(42 2 2} -
T TR {(u #1,2) (02 +T,2) - u2(u2 4T ,2) (D-11)

where

1
2

Yooy
[ Y11 Yo

B = (———) (D-12)
Y102

and is defined as the conductive coupling coefficient.
The polynomial of Eq. D-11 may be factored as

(2 #7,2) (U2 +T,2) = p2(u2 4T, 2)2 = (L-p2) (u24y,2) (2 4v,2)  (D-13)

where Y1 and Y, are coupied propagation constants equal to:

2 2 2 _ 9,2 2
[ (I’1 +T, 2u I‘lz)
) 2(1-1?)
Y2
+/(r12+r22-2u2r122)2 - 4(1-u?) (T 2T,2 - w2 ,") (0-18)
- 2(1-n?) )
Substitution of Eq. D-13 into Eq. D-5b yields
®  ixu 0 0
I(x) "1 Y22 J( e hep-tpe) (D-15)
2 (T-u?)

(u? +Y12)(u2 +Y22)

=00
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Decomposing the integrand into partial fractions then yields

o

. . 0
Lix) = Yi1 Y22 e 1Xu ] aixu A, i
2 (1T-u2)(y;2-v,2) (u2+y,2) (U2 +v;2) ” 0

~-Q0

Define:

Y .
EpV) = {7 _uz)%$11 ) ’ [Al(“)eg(“) -app(uef(u)| e o
(D-17)

Then taking the Fourier transform of both sides of the above equation yields

1- 2 2 _ 2 ® .
o " vp0) J E,(v)e Y dv (D-18)

0
Bi8p-A10e 7,

-00

Substituting D-18 into D-16 results in

(o) o
I(x) = 7%%— [ Ey(v) dv J (e1(x u - efxvl ) du (D-19)

(U2 +v,%)  (u2+y,?)

Performing the inner integration then gives

=Y, | x=v| -¥q | x=v]
PZ l (e 2 e 1

T, - 7 ) E2(v) dv (D-20)

where Ez(v) remains to be evaluated. It is the impressed electric field in con-
ductor 2, due in part to the power line free electric field Eg and partly due to
the field resulting from current in conductor #1.
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Substitution of D-6 into D-17 yields

= 1 0 2 2 'i(V'X)U
E2(v) (y12-Y22)(1 PV J Ez(x) dx J (u 4—P1 e du
- - (D-21)
_ 1 0 2 oy T (v=X)u
AN TR R J E;(x) dx , (U2 +T15%)e du
Evalution of the inner integrals in D-21 gives
'y 0
= 25(v-x) = §°*(v-
B0 = T [7)26(v-x) = 6" (v=x)]| EX(x) dx
© (D-22)
11 0
m [r),280v-%) - 677 (v=x)] E0(x) ax

where &§(v-x) is the Dirac delta impulse function, and §”°“(v-x) is the second

derivative of the Dirac delta function. Completing the integrations in Eq. D-22
gives

O;;
r yA E5 (v)
_ 1 0 12 .0 2
AU (e (e gEZ(V)_TﬂEl(V)g CERRrRICRT]
011
Y..EX (V)
1171
* le(le' Yzz)(l 'Uz) (D-ZB)

where the double prime indicates the second derivative with respect to v.

Further evaluation of E2(v) requires the assumption of known forms for E? and Eg.
For the case of conductors parallel to the electric power line, the electric

source field at conductor #1, i.e., the infinite length 1ine is:
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= constant (D-24a)

and for the electric source field at conductor #2,

N O

sg [U(VHL/Z) - U(v-JL/Z)} (D-24b)

where eg is a constant and U(:) is the unit step function.

The step function factor in Eq. D-24b is necessary because of the fact that the
distance over which the parallelism exists for the shorter conductor is of length,

%. Equation D-24a shows that E? {(v) = 0, and therefore Eq. D-23 becomes

_ I’ 0,y _ f12 0 5 )
SR A A T M A el L G RO SR M

This equation, as it stands, assumes implicitly that the additive electric field
at conductor #2, due to current in conductor #1, is (-Z12/211)E?(v) for

-» < y < », since the first conductor is infinite in length. Due to the fact that
conductor #2 is only of length, 2, a field of magnitude (ZIZ/ZZZ)E?(V) must be
added to the driving field Ez(v) for the regions v <-%/2 and v > %/2.

Therefore, Eq. D-25 must be modified to

_ I
Eplv) = (v;2-v,2)(1-12) -

nN O

(v) - 72 E3(v) + 522 EQ(v) [u(v - 2/2) + U(-v-2/2)]§

_12_} -2 (%) {u(v-2/2)+U(-V'“/25§]

(D-26)
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. @

Performing the indicated differentiation and remembering the fact that E? (v)
results in

r.2 Z
_ 1 0 12 -0
Ez(v) = (le_ Y22)(1-u2) EEZ(V) -—ZTI E].(V) [U(V"‘Q,/Z) - U(V—SL/Z)]%
(D-27)
P Z
- T, AT %ES () - 72 E)w) [s(v+2/72) -6’(v-2/2)]§

Substituting assumed values for Eg(v) and E?(v) from Eq. D-24 then gives

r z
- 1 0 712 0
EZ(V) = (YI_YZ Y(1-12) ;(Ez-——zll 81) [U(V+2/2) - U(V—JL/Z)]}
(D-28)
z
1 0 712 0Oyf.- .
S T, T )gkz—zzelﬂé(v+wz)-s(v-wzﬂ§

Substitution of Eq. D-28 in Eq. D-20 yields for the current in the short conductor,

Z;. 2/2
r,r,2(ed - 12 0y Y, | x-v| -Yq [ x-v]
271 72 le 1 o 2 o 1
IZ(X) h 2202 (YZZ‘YZZ)(l'UZ) Yz B Yl dv
-/2
(D-29)
Z

0 712 0
I, (e,-5—¢7)
2\ 72 le 1

o x=vl sy x-vly
f(ez e 1

2 AT [\, J [ tver2)-57a72)) v
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Carrying out the integrations gives,

z
0 “12 0
Tplep -7 ¢p)
L(x) = 274 L R
02 Y]. 'Y2 )( =~ H )
Y, (&/24x) -y, (8/2-x) -y, (&/2+x) -y (&/2-X)
.FZ[L__z__e 2 e 2 e ! pe 1
Livpz vp2 7,2 Y22 Y12 12 j
-y (&/2-x) =y (8/24x) Y, (4/2-x) 'Y2(2/2+X)] (D-30)
-le +e -e -e }

Equation D-30 is the complete solution for the current in the short conductor for
-2/2 < x < /2. It is interesting to find the limiting solution as & » =, i.e.,
both conductors infinite. Equation D-30 then becomes

JA
0 "12 0
le"l (62—2—11' 81)
I2<x) 202(1-u2) 1127,2 (D-31)
Insertion of Eq. D-14 into the above results in
Z
(e3- 12 D)
2 le 1
Iz(x) = (D-32)
21’1 L
7 (1-o12 )
T 2
22 Fl F2
which then, by Eq. D-6, can be put into the form
Z
(e9- 22 &0
2 le 1
Iz(x) = 77 (D-33)

which is identical to Eq. D-2b for eg = E02 and e? = EOl' This shows that as the

parallel exposures of both conductors becomes very large, the mutual coupling
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between them becomes purely inductive and independent of the fact that the
intervening medium is conductive.

Again considering the short length conductor, inspection of the appropriate
current equation, i.e., Eq. D-30, shows a complexity which does not allow a quick
or computationally easy assessment of its significance to be made. The complexity
of the equation is due to the fact that conductive coupling has been accounted for
through the presence of the factors u, Y1» Yoo In dealing with coexistent bare
conductors on the same ROW, for example, the assessment of the impact of mutual
coupling would require use of the equation in its present form.

The key as to the significance of the conductive coupling component relative to
inductive coupling contribution lies in the value of the conductive coupling
coefficient, u, as defined by Eq. D-12. A quick calculation of this coefficient
shows that when both conductors are bare, its value can easily be larger than one-
half, dependent upon earth conductivity, their separation, and so forth. On the
other hand, if both pipelines are coated, even if only moderately well, p < 0.1

is a conservative estimate. In general, it would be expected to be much smaller.
Therefore, restricting the analysis to coated conductors (pipelines) ensures the
condition

p? << 1 (D~-34a)
and from Eq. D-14
i = h (D-34b)

Y, = T (D-34c)

Since the majority of present day pipelines, for example, are generally reason-
ably well coated, the condition of Eq. D-34 appears not as restrictive when con-
sidering parallel pipelines on the same ROW.

Applying Eq. D-34 to Eq. D-30 yields

0 0 T (%/2-x) T, (&/2+
ey - (@) el ] . Ne X)+e 2 (4/24%)

Z -
21129

22‘1
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This equation will be further examined in the last subsection of this appendix,
where modifications to the existing hand calculator mutual coupling program will
be derived so as to allow its use for evaluation of mutual coupling effects. 1In
the special case where le << 1, the following simplification is obtained by
series expansion of the exponentials.

0 0
eo - (Z4,/2,,) € 1)
L(x) = . 12 %122 L ( § ) (D-35b)
z (1- ——————)
22 111 L5,

Solution for Current in Long Conductor. The generalized solution of this con-

ductor is given by Eq. D-5a as

= e. du (D-5a)

Following a procedure similar to that for the short conductor, it may be shown
that the current may be expressed as

(x) L _Iw : _Y1|X-Vl e_Y2|X_V| (v) (D-36)
I.(x) = - E,(v dv -36
1 2Ly ) 3! Y7 1

(2]

where El(v) is the source generator for conductor #1 in the presence of the elec-
tric transmission line free field and the current carrying second conductor is
equal to

y p .
_ 22 0 0
Ej(v) = (T30 (v, 2-7,7) j’pz(u)elhﬁ -Alzhﬁez(uﬂ IUW gy (D-37)
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With the substitution of the appropriate quantities from Eq. D-6 the above equation
may be put into the form

o] Y .
SN Tl-uz)%YZZ-YﬁT /[(“2”22)‘*(1)(“)'Y—i"(uz”lzz)eg(“)] ™ du

(o 0]

- 1 » 0
B (1-u2)(Y22-Y12) f[Fzzé(v—X)—a (v—x)]El(x) dx

[o¢]

Y r
22 , B 0
- vlz(l-UZ)(yzz_le)! [rlzza(v-x) -8 (v-x)] Ey)(x) dx  (D-38)

Performing the indicated integration gives

) Ip? iEo ‘12 0 }
B lv) = (2= 2T -u2) l(v)"Z'z.g 2(V)
2 (v) Vo0ED (V)

(D-39)

+

- (v,2 -y A1 -2) V1,02 -7 201 -12)

Further evaluation of Eq. D-39 requires that the "free" fields at the conductors
be known. As before, it will be assumed that

E?(v) = e? (a constant) (D-40a)
and
Eg(v) = eg [U(v-+£/2) - U(v-K/Z)] (D-40b)

which after substitution into Eq. D-39 gives
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Iy? z
E) < -yi(l oy Jel- 72 €5 [U(v+2/2) - U(v - 2/2])

2pto 87 (v+2/2) = 87(v - 2/2)]

le(l "Uz) (Yzz - le) (D-41)

Y
+

Substituting Eq. D-41 in D-5a gives

0 Y1|x il

172%1 [ )
i) = 2245, (v,% - v 2) (1 -u2) ( Y, av
/2y |x-v] -y, | x-v|
) 1% eo(Z1/257) e ! e ° dv
27 (v, 2 -7, 2)(1-12) Y ) Y
012"~ "1 2 1 2
“Yq | %- vl 'Y | x-v|
Y22F1€2 j ( 1 2
2201Y12(Y22'Y12) 1 U—y YZ
- [s7(vras2) - 87(v-2/2)] dv (D-42)

Evaluation of the integrals yields, for the region -2/2 < x < £/2

T.T eo

1.(x) = 12 1 2 _ 2
1 225, (vp2-v{2)(1-u2) )yy2  v,2

0 -y, (x+2/2)
[Ty (Z1p/255)e; 2 2 e b
221 (v, 2 - v 2)(1-12) )v2 ° v,2 Y;2
-v,(%/2 - x) - Yo (x+2/2) ~¥,(2/2 - x)
1 7) 2
e e e
- 2 - 2 + 2
Y1 Yo Y2 B

Y 1.0 -y, (x+2/2) -Yl(%/Z—X)

22 172 -e -e (D"‘43)
I A SRl )
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For the region x < -%/2,

0
L) = ITp%) 2 2
1 2201(Y22'Y1W1'U27 le Y22

0 =¥ (-2/2-x) -y, (%/2-x) -v,(%/2-x)
Il (21517550 e ! e ! Le ?
2201(Y22 - le) (]- - Uz) le Y12 Yzz

0
Y20T15

2 - -112
27451Y1,(7,2 -7 2) (1 -n2)

=Y, (~2/2-x)
o 2

+

2
Y2

-, (-2/2-x) -Yl(R/Z-X)§ (D-44)
e -e

and for the region x> %/2

2 0
Lix) = 1T 2 2
1 2201(Y22'Y12)(1 'Uj)— Y12 Y22

0 -y, (x-2/2) -y, (x+2/2)  -v,(x-2/2)
Ty (T1p/2p)e e | e 1 e ?
2201(Y22 - lem - U‘ZY le le Y22
_YZ(X+£/2) Y, T eo
- . 22.1%1
le 2201Y12(Y22'Y12)(1 - u2)

g -y, (x-2/2) -Yl(x+2/2)§
. la -e (D-45)
For the regions distant .from the short conductor, i.e., x < -2/2 and x > 2/2,

the exponential terms in the respectively appropriate equations, D-44 and D-45,
approach zero rapidly as the observation points x moves away from the ends of the
short conductor. The remaining term is

0 | - 7ol
Iloep 1" vy

Ix) = 225, (v, =¥ 2 )1 -12) (D-46)
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By Egs. D-6 and D-14, the above equation may be put into the form

)

1,(x) = — (D-47)
; {1_1;_]
11 ZIIZZZJ

which is the current expected if only one conductor were present on the ROW. In
addition, Eq. D-47 is independent of conductive coupling effects and is accurate
for both coated and bare conductors.

In the region, -2/2 < x < /2, the current I1 is modified due to the presence of
the second conductor as shown by Eq. D-43. With some manipulation, it may be put
into the form

0 ‘%12
9- 72 5
I.(x) = 22 D-48
1) = (D-48)
2(1- 12)
u\" " 7,Z,,

where

+

¥, He-Yz(xﬂ/Z) e'YZ(Q/Z-X)}

219 © Z12§1 ‘[2‘(“y12‘-y22Y

v,2 Y,2 vy (x+/2) -y (8/2-x)
o e || e (D-452)

Equation D-49a is computationally formidable as it stands. However, it may be

simplified considerably in some cases.
1. If £ »

2127 I (D-49b)
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2. If similarly coated pipelines are present on the ROW, then

.2 << T

then

-T(x+2/2) -T(8/2 - x)
212 = 212 ;1 - —e——r——— [2+1"(X+9,/2)] - g___&______ [Z-F(X-JL/Z)]E

(D-49¢)
3. If 2 ~ 0, then

12

3 )
‘2.7 12 (2‘(r‘1“‘+ r‘z)') (D-49d)

and for similar pipeline when 2 is small, Fl = Fz = T, and

4o 7, = 1, | (D-49e)

Case 2 -- Two Short Parallel Conductors

The case considered here is that of two parallel conductors entering the power line
ROW at x = -2/2 and leaving at x = +2/2. Paralleling the previous development, the
free driving fields at conductors #1 and #2 are

E(v) = &) Uv+w2) - u(v-2/2)] (D-50a)
EQ(v) = e [U(v+2/2) - U(v-2/2)] (D-50b)
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Because of the symmetry of the problem, the current in either conductor may be
solved and the other conductor may be written by inspection. The solution for the
current in Conductor 2 will, however, be obtained explicitly.

Substituting Eq. D-50 and Eq. D-23 yields

T 2(8 . 1=
1
) = A [u(v+2/2) - u(v-2/2)]

(0 Y11 0
€ v 1)
- (YIZ-Y2%§11-UZ) [5'(V*‘2/2) - 5'(V-2/2)] (D-51)

Substituting Eq. D-51 into Eq. D-20 gives

YA
0_ ~12 0y, 2, 2
(e 7= 101 ™,
I(x) = 11
2 ) ) z
2222(Y1 'Y2 )(1‘

2
12
L1125

(2/2+x) (2/2-x)

iy, iy,
) _27._ _27 _ & _ & + -
Yo Y Y22 Y22 le le

-y (&/2+x) -YI(Z/Z-X)§
e e

-1 (#/2+x) -y, (#/2-x) -Y,(2/2+x)
e + e - e -

e (D-52)

-Y2<z/z-x)§

For at least one conductor reasonably well insulated, the conditions, Eq. D-34,
may be assumed. Then Eq. D-52 becomes
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0 To(2/24X)  -yo(2/2-X) A2 0
£ 2 2 Z 1
= 2 e + e - 11
I,(x) = - 1-
2 7 2 Z,,2
Zyp(1- 73 J Zyy(1- 75—
11722 11722
T 2
T,(4/24%)  T,(4/2-x)) |1 - 72— |
1 -8 + e lg
‘ -T2
2 ’
I
T 2
T (0/24x) T, (4/2-x) 1--1
1 1 T
_ & + e ( 12 ) (D_53)
Pl
2 1 —Eﬁif
)
For coated conductors it may be assumed that
2 2
F12 >> Fl , and
2 2
F1p® << %
Equation D-53 then becomes
€ -F2(1/2+X) -F2(2/2—x)
- e + e
I,(x) 5 [1 - J
2 Z 2
Zyp(1-75
11722
f12 0
le 1 F12 —T2(2/2+x) —F2(2/2—x)
) Z1p° [1 T 2rz-TA | "e
Zyp(l-775—)
11722
2 - - -
. I (2/2+x) , T1(#/2ex) (D-54)
2(T 2-T,7) € €
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Equation D-54 is complicated as it stands, and does not yield readily to mathe-

matical computation except possibly on a computer. However, for the conditions,
Fll > 2 and rzz > 2, the infinite length situation (i.e., Eq. D-2b) may be used

with reasonable error. For short pipeline exposures, e.g., P12< 1 and Fzz <1,

considerable simplification of Eq. D-54 occurs by using the series expansion for
the exponentials. In this case, Eq. D-54 becomes

[eo e N eo]
2 " T \TTFr; | f1| T8
I(x) = Lo L ¢ (—g ) (D-55)
Zy(1- 75
11722

Inspection of Eq. D-55 shows that the effect of reducing the paraliel exposure
length is essentially to modify the mutual and self impedances of the coupled
conductors, with respect to their values when the parallel exposures are infinite.
Consequences of this modification are discussed in the following subsection.

SUMMARY OF RESULTS

The analysis of the previous two sections shows that the current in a conductor
depends upon the length of its exposure to the power lines and also upon the
length of other conductors on the same ROW. Inspection of the results shows that
changes in the induced current in a conductor can be equivalently accounted for
by appropriately modifying the self and mutual impedances of the conductors de-
fined for the infinite length exposure situation, i.e., the Carson's impedances.
The hand calculator program CURRENTS essentially solves the following matrix for
the unknown conductor currents assuming infinite length exposures.

. i 1117
I I Lip - Iy £
I i 7 Z e2
2 21 Lo 2n 0
= . . ) ; ] (D-56)
n
In an Zn2 Znn €0
L L _ I N
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where the impedance matrix [Z ] is entered manually into the calculator. Because
a linear isotropic medium can generally be assumed between the infinite length
conductors, the following relationship holds for the mutual impedance

Z.. = 1Z.. (D-57)

If the existing calculator program is used for situations where infinite length
exposures are not encountered, it will be found that calculated conductor current
values will be considerably in error (on the high side). Results of this analysis
yields the rationale for proper modification of the calculator program inputs.
This is done as follows:

Review of Case 1

When a long conductor (#1) is coupled to a short length conductor (#2), comparison
of Eq. D-35b with the infinite length solution (Eq. D-2b) shows that the proper
value of induced current is obtained for the following self impedance modification.

Zop

222 > -_FZQ'_ (D—58&)
5

The mutual impedance between conductor #2 and conductor #1, i.e., 221 remains
unchanged. Hence,

(D-58b)

Inspection of Egs. D-48 and D-49d show that for conductor #1, the self impedance
remains unchanged, i.e.,
le > le (D-58¢)

while

r.r
12 % -
212 7 12 (F1+-r2) 2 (D-584)
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Review of Case 2

When two short conductors are coupled together, Eq. D-55 shows that

11 (D-59%a)

22 T (D-59b)

12 7 \T+T, ) 212 (D-59¢)

T
Zy, > 212(—-——F . ) (D-59d)

By modifying the impedance matrix as shown by Egs. D-58 and D-59, the hand calcul-
ator program may be used for the situation where both Tong and short length
couplings are experienced on the same ROW.

Example. As an example of this procedure, the following example may be
considered. Assume that four conductors have parallel exposures on the same ROW

as follows:
#1 - very long length (infinite)
#2 - very long length (infinite)
#3 - short length (&)
#4 - short length (%)

If all four conductors were infinite in length, the following impedance matrix
would be entered into the calculator.
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11

212

113

Z14

12

Z92

%

Loy

213 Zyy |
23 Loy
Z33 Z34
L34 Zyg

where it has been assumed that zij =7

Jir

(D-60a)

However for the situation considered, based on Eqs. D-58 and D-59, the following
modified matrix would be entered into the hand calculator program

-

I

12

13

Z14

L

REFERENCES

12

22

23

24

r.T
13 ) 1'4
7., |23 o2 z ( %/2
13|77+, 14| T T,
I.T r.T
'3 2Ta
z (—————)z/z 7 %/2
23 | T 7T, 24 | T,+T,
T
4
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L3 ( T+, ) Zyg /(FWZ)
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Appendix E
MOJAVE DESERT MITIGATION TESTS

INTRODUCTION

In mid-December 1977 a series of mitigation tests was carried out on the Southern
California Gas Company 34-inch pipe 235 at Mileposts 101.7 and 88.7. At both loca-
tions a physical discontinuity occurs between the pipeline and the adjacent over-
head power line, as shown in Figure E-1. Hence, these are sites of induced voltage
peaks averaging in the neighborhood of 46 volts for a power 1line loading of 700 A.

The purpose of this series of tests was to verify design principles which had been
developed for the horizontal type of mitigation electrode (connection made to pipe-
line). This type of electrode is also known as a counterpoise or shield wire, for
configurations where no direct connection is made to the pipeline. As diagrammed
in Figure E-1, a total of six separate mitigation wires were installed and tested.
The details of the installations and their test objectives are summarized below.

Test Wire #1. This was a temporary installation at Milepost 101.7 of a 3.2 mm
diameter aluminum wire having a maximum length of 2 km and at a nominal 5 cm depth.
As shown in Figure E-1, the wire was installed perpendicular to the pipeline in
order to minimize inductive and conductive coupling between the wire and pipeline,
and also inductive coupling between the wire and overhead power line. In this
configuration the wire acted as a grounding impedance for the pipeline. Tests
with this wire consisted of connecting the wire to the pipeline and measuring the
input impedance of the wire as a function of length. The purposes of these tests
were: (1) to verify that as the length of the wire is increased its input imped-
ance approaches the characteristic impedance asymptotically, and (2) to act as a
control for subsequent related tests.

The principal conclusion derived from tests made using this wire is that the
commonly accepted result that the grounding resistance of mitigation wire is
inversely proportional to its length is correct only for moderate or shorter
lengths; that is, increasing the length beyond a certain point will not result
in a corresponding increase in mitigation effectiveness.
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Test Wire #2. This was a temporary installation of a 3 mm diameter aluminum wire,
1.77 km in length, at a burial depth of 5 cm. The wire was laid parallel to the
pipe at a distance of 45 m, but in a direction away from the region of parallel
exposure to the power line. Hence, coupling to the power line was kept to a minimum
and primarily conductive and inductive coupling to the pipeline was obtained. By
comparison of the.performance of this wire with the test wire #1 configuration of
the same lengths the magnitude of these coupling effects could be estimated. Experi-
mental results, which are corroborated by the analysis of Appendix D show that for

a reasonably well coated pipeline conductive coupling effects are negligible.

Hence, mitigation wire design may be made on the basis of considering inductive
coupling effects alone.

Test Wire #3. This wire was identical to wire #2 except that it was buried parallel
to the pipeline at a distance of approximately six meters. This test wire showed
that if the piepline is reasonably well coated, inductive effects predominate even
at such a small separation. Hence, the achievement of good mitigation with the
electrode confined to the ROW is possible. As a matter of fact, this wire was more
effective in pipeline mitigation than wire #2 or #1 but the result was mostly
attributable to the fact that this wire was lying in soil of Tower resistivity,

thus effectively reducing its grounding impedance.

Test Wire #4. This wire was of larger diameter than the previous wires in anticipa-
tion of its being a part of a more or less permanent installation. It was a 9.4 mm
diameter aluminum wire, 1.25 km in length, buried at a nominal depth of 30 cm. It
was placed parallel to the power line (between the power and pipe lines) at a
distance of 18.3 m from the center phase wire of the power line. The purpose of
this installation was to verify that the overhead power line induced a voltage in
mitigation wire of such polarity as to aid, in addition to its low grounding
resistance, in providing mitigation to the pipeline,

Also, because of its position, coupling of the wire to the pipeline was small, and
the results of this test were used as a control for the following test wire measure-
ments.

Test Wire #5. This wire was identical to test wire #4 except that it was placed
parallel to the pipeline as shown and at a distance of 18.3 meters from the center
phase wire in the direction away from the pipeline. The purpose of this installa-
tion was to evaluate conductive and inductive coupling effects to the pipeline and
also to confirm the back-to-back mitigation concept developed during the program.
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As with previous parallel wire installations, it was found that conductive
coupling effects are negligible.

Test Wire #6. This mitigation wire was placed at Milepost 88.7, the location of

the next voltage peak on the pipeline. The purpose of this installation was to
verify that successive voltage peaks and intermediate voltage points could be
mitigated by the placement of mitigation electrodes at consecutive points of physical
or electrical discontinuity. This installation was temporary, consisting of a 3 mm
diameter aluminum wire, 0.8 km in lenath, at a burial depth of 5 cm. It was

placed at a distance of 30 meters and parallel to the pipeline. This wire was fed

at the center, thus effectively placing both halves in parallel. This reduced the
wire input resistance by a factor of two which yielded a higher mitigation effective-
ness for a given length wire than obtained for the other test configurations (except
for the back-to-back arrangement where test wires #4 and #5 were tied together).

The working principles, the design concepts and the test results are best explained
in terms of electrical equivalent circuits which are discussed in the following
section. However, as an aid to understanding the theory of the grounded horizontal
electrode, the following basic principles should be remembered:

1. The electrode, by virtue of its distributed leakages>acts as a Tow
impedance connection to remote earth. However,

2. Mutual inductive coupling between the power line, the pipe-
line and the mitigation wire will induce a voltage in the
mitigation wire.

3. This voltage may effectively increase or decrease the effective wire
impedance depending upon the interaction geometry, the wire and
pipeline parameters, and the power 1ine phasing.

MITIGATION WIRE (ELECTRODE) EQUIVALENT CIRCUITS

The theory and analysis of operation of the test wires is best explained in terms
of electrical equivalent circuits for the test wires and the pipeline. The equiva-
lent circuits are diagrammed in Figures E-2 and E-3 and are discussed individually
in the following section.

Figure E-2a shows the electrical equivalent for the pipeline alone at Milepost
101.7. In the figure, E0 is the electric field at the pipeline and vy is the
pipeline propagation constant. Hence, the pipeline is driven by an equivalent
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voltage generator of Eo/y having an internal impedance of Z0 ohms, i.e., its
characteristic impedance. Since the power line leaves the pipeline ROW at this
point, the equivalent circuit is completed by terminating the pipeline in its
characteristic impedance, Zo‘ Therefore, the induced pipe voltage at this loca-
tion is Vp = Eo/Zy.

From the discussion in Section 3 of this pipeline's characteristics, it may be
found that the following values apply for a nominal 700-ampere electric trans-
mission Tine loading: |E | = [14/-122.6] = 14 V/km and independent of loading,
|y| = |0.115 + j .096| = ]0.15| and Zo = 3.76/39.6°9. Hence, Vp = 46 volts.

Test Wire #1

Due to its physical placement, this test wire acts effectively as grounding imped-
ance Zw’ when connected to the pipeline. The mitigated pipeline voltage, Vm’ can
be calculated from the equivalent circuit of Figure E-2b and is equal to:

v Zw
= (E-1)
m Zw + 20/2

The value of Zw is a function of its length as plotted in Figure E-4. As shown
by the data points in the figure, the input impedance of the wire was measured
for several lengths. Using classical transmission line theory, the wire input
impedance was calculated as a function of length and is plotted in the figure.
Excellent agreement is obtained with the experimental data points. The proced-
ure used in calculating the input impedance was as follows:
1. Sunde's transcendental equation was solved to obtain the mitiga-
tion wire propagation constant, y,. However, since the wire is
circular in cross-section rather ¥han tubular as is the pipeline,

the following formula was used for the wire internal impedance,

Zi'

2
= 1 1l qa Wl -
Zi = wazo [1 * 78 (6) ] * gy ohms/meter (E-2)

. -y
where a is the wire radius and & = skin depth = (wofu) -

This formula has been programmed into the program WIRE, thus
allowing the solution for Yy to be obtained directly.
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2. The characteristic impedance of the wire, Zpow, can then be
obtained by means of the same program (cf. WIRE).

Although the burial depth of the mitigation wire was nominaliy 5
cm, the actual depth varied from approximately twice that in
several places to effectively near surface burial in many places.
This was due to the fact that burial in this region was in dry
Toose sand which could not be adequately compacted after burial
with the equipment used. Hence, in deriving the wire parameters
Yy and Zgy, @ burial depth equal to zero was assumed, and in fact,
this assumption yielded the best fit to the experimental data.
For the nominal (measured) ground resistivity of 200 ohm-meters
measured in the region of this wire, the solution of Sunde's
transcendental equation by program WIRE, yielded:

2.093 + j 0.312 km~!

<
1

(E-3a)

N
1l

ow 1.698 + j 0.235 ohms. (E-3b)

The test wire considered as classical transmission 1ine is characterized completely
by the above parameters. Hence, assuming a far end infinite terminating impedance,
the input impedance, as seen at the pipeline, may be calculated. The impedance
calculations were made using the program THEVENIN. The results are plotted in
Figure E-4 and agree excellently with the measured data points.

The principal feature of the plot in Figure E-4 is that as the length of the
grounding wire increases, the grounding impedance of the wire does not decrease
indefinitely, but approaches asymptotically the characteristic impedance of the
wire. Hence, for a given grounding installation, there is an optimum length (in
the vicinity of the knee of the curve) where the mitigation efficiency-cost ratio
will be largest. Therefore, indiscriminately increasing the length of a grounding
wire may not be necessarily cost effective.

This result is in sharp constrast with that obtained from use of the dc grounding
resistance formula commonly employed, namely, for a horizontal wire lying on the
surface of the earth,

[ 2%
R = £ 1(—-)-1 -
8 {na ) (E-4)
where
p = ground resistivity
= Tength of wire
a = vradius of wire
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A plot of Eq. E-4 is also made in Figure E-4. It can be seen that the above formula
is accurate only for moderate conductor lengths. Eq. E-4 was originally derived
under the premise that the voltage drop along the conductor may be neglected. This
assumption is only true for conductor Tengths short enough where the longitudinal
resistance of the wire is of the order or smaller than the resistance of the wire

to remote earth.

The calculated voltage, Vm’ also corresponded well with measured data. For
example, for a length of 2 km, the calculator program, THEVENIN, gives a

wire input impedance of 1.714/Z;§§P ohms. From the equivalent circuit of Figure
E-2b and the mitigation Eq. E-1,

JA
W
= (E-S)
’ ZW + 20/2 '

1.714/7.85°
1.714/7.85° + 1.88/39.6°

)
_m
)

P

0.495

For this length of wire, measured data yields lvpl = 45 volts, Jvml = 22 volts,
and hence, |Vp/Vm| = 0.49, or a one percent difference (such close agreement should

be regarded as coincidence since the voltmeters used were not accurate to this degree).

Excellent agreement between measured and calculated values of lel were also obtained
for a range of wire lengths down to 0.4 km, where a mitigated to unmitigated pipeline
voltage ratio of approximately 0.6 was obtained.

Test Wire #2

The equivalent electrical circuit for test wire #2 is shown in Figure E-2c. For

this wire, due to mutual inductive coupling between the mitigation wire and the por-
tion of the pipeline west of Milepost 101.7, two current-controlled dependent voltage
generators are added to the circuit, i.e., e; and e,. Voltage e arises because of
the current carried in the pipeline west of Milepost 101.7 and generator, s because

of the current drained by the mitigation wire after connection to the pipe.

Generator Voltage, e This voltage is generated by the current flowing in the

pipeline west of Milepost 101.7 which, according to the mesh currents designated
in Figure E-2c, is (i_ - 1w). The electric field produced at the mitigation wire

because of this current is Zw -1 Because of the relatively small pipeline

p (1P W)'



propagation constant, this electric field is essentially constant for the length
of the mitigation wire. For a constant electric field along a conductor which is
open circuited at both ends, the voltage at the far end (x = L) may be found from
the following equation as

2
-y l_

- Ew [1—6 v ]

V(L) = vl v | (E-6)
W h-e W ]

where
Ew = pr(1p-1w)
pr = the Carson mutual impedance between the wire and the pipeline.

(This value for the mutual impedance is commensurate with the
value obtained in Appendix D, i.e., Eq. D-58b.)

In Eq. E-6, L = 1.77 km, and from Eq. E-3 it can be seen that the produce wa >> 1.
Hence, Eq. E-6 becomes

since V(L) represents the open circuit Thevenin equivalent voltage for the miti-
gation wire before connection to the pipe.

Generator Voltage, e;, The voltage e, is genérated by the electric field produced

at the pipeline by the drain-off current carried by the mitigation wire. Due to
Teakage to earth along the bare mitigation wire this current is a function of the
distance along the wire from the point of connection to the pipeline. It varies
in magnitude from a value 1w’ as defined by the Milepost 101.7 equivalent circuit
of Figure E-2c to a value of zero at the far end. A linear approximation to the
current which simplifies the problem considerably is to assume a constant value
equal to iw/2 over the length of the wire, The electric field at the pipeline

is then approximately equal to pr/‘%N/Zr Since for this case ywyL/(yw+y) <1
(c.f., Eq. D~15a), a modified value of pr, the Carson mutual impedance must be
used. Equation D-58d (Appendix D) shows Z W Z wyL. Then the open circuit Thevenin
voltage at the pipeline, e,, may be found from Eq. 3-9a of Section 3 by assuming
x = L, and that the pipeline is terminated in its own characteristic impedance.
Hence,
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Z vyLi -y L
2 4v
W
and since y L >>1
Z i yL
o ~ PW W (E-8b)
2 4\W

Circuit Solution. Writing the mesh equations for the equivaient circuit of Figure

E-2c, gives

(oL 1oL Lo YL, YL/ Ar) i = 0 (E-9a)
(-2z )i, + (Zo-Zp, /v )1 = -Ejly (E-9b)
1Z,| ~ 49 (E-10a)
1zl ~ 29 (E-10b)
12/ |~ +18 (E-10c)
|2/ %y | =208 (E-10d)
[yL| ~ .26 (E-10e)

Eq. E-9 may then be simplified to
ZoTp - (ZO+ZW)1W = 0 (E-11)

—2201p + Zolw = -Eo/y

Solving Eq. E-11 yields



E

. 0
j _ (E-12)
w y(zo + ZZW)
71 +1 E
P 0 w' Y%
and
Eo Zw YP Zw
V = = (E-14a)
m y(Zo+22W) 412w+20/2)
since
Eo
= 9 E-14b
v, 2y ( )

Eq. E-14ais identical to Eq. E-1, showing that for this case, where the inductive
coupling is small, the horizontal wire lying parallel to the pipeline along the ROW
will yield essentially the same mitigation performance as the perpendicular wire (#1).
This result is correct only if the conductive coupling between the pipeline and
mitigation wire is negligible. This is the situation here, since it can be shown
that for one of the conductors reasonably well coated, e.g., the pipeline, that the
coefficient of conductive coupling as defined by Eq. D-12 (Appendix D) is much
smaller than one. This condition was verified indirectly in that for all the test
wires after inductive effects were taken into account, no evidence of conductive
coupling effects could be found.

For this test wire mutual coupling effects between the wire and the pipeline were
small enough to be ignored when calculating the pipeline and mitigation wire
currents. Hence, the value of the open circuited induced voltage, ey in the
mitigation wire is found to be a small fraction of the mitigated voltage.
Therefore, the mutual inductive coupling effects in this case do not reduce the
effectiveness of the mitigation wire even though the wire is placed parallel to

the pipeline along the same ROW. This conclusion is verified by the following
sample calculation.
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Sample Calculation. The map of Figure E-1 shows that the wire was placed

parallel to the pipeline except for a perpendicular 46 m section which connected
the wire to the pipeline. This perpendicular section was actually part of Test
Wire #1 lying in sand with a near-surface resistivity of about 200 ohms/meter,
However, ground resistivity in the parallel section increased rapidly towards the
west to values of 400 to 600 ohms/meter. Hence, an average ground resistivity
over the path of this wire of 400 ohms/meter has been assumed. Using this value
in the solution of Sunde's transcendental equation yields the following parameters
for the test wire:

1.460 + j 0.223 (E-15a)

<
1

~N
1]

ow 2.437 + j 0.343 (E-15b)

Using these parameters in the calculator program THEVENIN yields the result
that, for the 1.77 km length of wire, the input impedance is

z, = 2.47/7.5° (£-16)

Substituting Eq. E-16 and the appropriate pipeline parameters into Eq. E-12, E-13,
and E-14 gives

14/-122.6
io- (E-17)
Yo (.15/39.9) [3.76/39.6 + 2(2.48)/7.5°]

11.1/176.2 amperes

(3.76/39.6 + 2.48/7.5) 14/-122.6 ( ,
i - E-18)
P (3.76/39.6 + 2(2.48)/7.5) - (.15/39.9)(3.76/39.6)

17.8/163.5 amperes

14/-122.6
v, o= (E-19)
.15/39.9 (3.76/39.6 + 2(2.48)/7.5)
= 27.6/-176.3°



and

v, = 46.7/-162.5° (E-20)

Using the calculator program CARSON, the pipeline mitigation wire mutual impedance
is found as

Zow = .279/77.7° (E-21)

and from Eq. E-7,

.279/77.7(17.8/163.5 - 11.1/176.2)
€1 7 1,360 ¥ 3 0.223 (E-22)

1.4/-146.8°

The value of e is approximately five percent of the calculated value of Vm' Hence,
the approximations leading to Eq. E-11 can cause a five percent error in computed
quantities, which is considered acceptable. For example, because e
voltage with respect to the wire current, it would be expected that 1w would be
about five percent lower than actually calculated, i.e., 11.1 + 1.05 = 10.6 amperes.

is a bucking

Field Measurements. In December 1977, data were taken on the mitigation wire

before and after connection to the pipeline. During the period data were taken

the power line was carrying somewhat less than the nominal 700 amperes, i.e.,
giving a pipeline voltage, Vp, of 41.5 volts rather than 46.7 volts. Hence,

since the calculations made here are based on a 700 ampere loading, the field data
must be multiplied by the factor 46.7 + 41.5 = 1.125 to obtain the proper normali-
zation. Measured quantities were as follows,with the calculated values alongside

in parentheses.

Vp = 41.5 x 1.125 = 46.7 (normalized value)
Vm = 23.5 x 1.125 = 26.4 V (27.6 V)
Iw = 9,3 x1.125 = 10.5 A (10.6 A)

|e11 = 1.95 x 1.125 = 2.2 V (1.4 V).
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Except for the open circuit mitigation wire voltage, eys the data are in excellent
agreement with calculated data. It was noted in the field, however, that the value
of e would vary over a period of a day quite significantly, up to 60-80 percent
without corresponding changes in the other data. Such a variation in e is not
considered significant because of the low value of €3 that is, stray fields from
circuits miles away could account for variations at such low voltage levels. The
phase difference between the pipe voltage and the mitigation wire open circuit
voltage was also measured at the time with the wire 23.60 positive with respect

to the pipe. Comparison of Eqs. E-20 and E-22 gives an answer of 15.70, which

is reasonably accurate considering the possibility of stray fields.

Test Wire #3

The intent of this wire was to check for conductive coupling effects. However,
none were experimentally apparent as would be expected from considerations given
in Appendix D.

For this wire, inductive coupling effects were of the same order as for test
wire #2, even though the distance to pipeline was reduced to approximately six
meters. Although the mutual impedance, pr, increased to 0.40/81.59 ohms, this
wire was lying in soil with a resistivity of approximately 200 ohms/meter. Thus,
the wire parameters, Yu and Zow’ for this wire were similar to those for test
wire #1. Hence, the ratio, Ipr/ywl is approximately 0.19 for both test wires

#2 and #3. Therefore, with a few percent error, mutually coupled inductive
effects can be ignored, and the mitigation effectiveness is primarily due to

the input impedance of the test wire,

Measurements made on this wire under several conditions showed a |Vm/Vp| ratio
ranging from 0.48 to 0.51, which is commensurate with the result calculated for
test wire #1 (c.f., Eq. E-5).

Test Wire #4

This wire did not parallel the pipeline, thus reducing mutual coupling effects to
negligible proportions. However, it paralleled the power line and thus a
voltage, e, Was induced on the wire as shown in the equivalent circuit of

Figure E-3a.

A trial design for this wire was discussed in Section 8. The design was based
upon the assumption of a 40 k2 - cm ground resistivity which was found to be
incorrect from measurements made after burial of the wire.
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. Revised design parameters, the design procedure and accompanying field measurement
data are as follows:

Pipeline Parameters.

1. Assumption of a 700 kQ—ft2 pipe coating resistivity, a 40 kQ-cm
earth resistivity along the pipeline route, and a 700 ampere
balanced power Tine current loading.

2. Use of the calculator program CARSON to calculate the driving
electric field, E_, at the pipeline as being equal to 14 volts/
km at a phase of =122.60 relative to the power line currents.

3. Interpolation of the graphs of Figure 2-7 to obtain the pipe-
line propagation constant, vy, equal to (0.115 + j 2.4)Q.

Mitigation Wire Parameters. This part of the analysis computes the Thevenin

equivalent source impedance, Zw’ and source voltage, ey The computation involves
the following steps:

1. Assumption of a wire burial depth of one foot, a 10 kQ - cm
soil resistivity at the wire and a 700 ampere balanced power
line current loading.

2. Use of calculator program CARSON to calculate the driving
electric field at the wire as being equal to 19.5 V/km at a
phase angle of -122.1° relative to the power line currents
(note: since the mitigation wire extends over several power
line tower spans, the geometric mean heigpt of the power line

wires must be used, i.e., h = (hmaX hmin)?).

3. Use of the calculator program WIRE to obtain the propagation
constant of the mitigation wire, v, equal to (1.662 + j .806)
km-1, and the wire characteristic impedance, Zows €qual to
(0.369 + j 0.154)Q. Calculations were made for a 0.372 inch
diameter bare aluminum wire without inductive loading. Pre-
vious calculations used in the example of Section 8 assumed
inductive loading of this wire. However, because of terrain
features, and the method used for wire laying, it was decided
not to continuously load the wire inductively because of
possible multiple point wire breakage. (Some testing done
with a single coil inductance placed at the end of the wire
will be discussed later).



4. Use of the prggram THEVENIN to obtain Z = 0.394/20,9° Q and
= 9.4/44.2"

Computation of Vm and iw' From the equivalent circuit of Figure E-2d, analysis

yields,
E
e,
w © Z, 2/2
46.7/-162.2 - (9.4)/44.20
= T.394/20.99) + 1.88/39.6
= 24.5/165.7 amperes (E-23)
and
Vm = iwzw + ey

= (24.5/165.7) (.394/20.9) + 9.4/44.2

= 9.65/186.6 + 9.4/44.2

= 6.1/117.6 volts (E-24)

Measured data (normalized to a 700 ampere power line Toading) were Vm = 6.8 volts
and iw = 24.6 amperes, thus showing excellent agreement. The measured value of
e, was 9.8 volts.

Inductive Loading of Mitigation Wire. Equation E-24 shows a mitigated pipeline
voltage of 6.1 volts with the voltage components, (inw) and e 142.4° out of

phase. If, however, these components were 180° out of phase, then near cancel-
lation would occur and Vm would approach zero. The concept of inductive loading

of the mitigation wire arose in an attempt to force such a condition in the field.

Analysis of the equivalent circuit shows that the condition Vm = 0 requires that

eW/Zw = -Eo/yZO. The right hand side of the equation is a function of the pipe-

line and power line characteristics and, hence, is fixed. However, continuous

or near continuous loading of the mitigation wire, for example, by inserting many
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small coils on a repetitive basis in series with the mitigation wire would effect
a modification of its internal impedance and, hence, its propagation constant and
characteristic impedance. These parameter changes would, in turn, result in a
more favorable ratio, ew/Zw. Due to the crude wire installation method used and
the minimal time available, it was decided to forego the continuous loading and
secure a more advantageous ratio by loading with a single coil placed at the near
end of the wire which would modify the value of Zw only. Based upon the ground
resistivity value assumed in the Section 8 example, a coil was designed which
would theoretically reduce the pipeline voltage by an additional 25 percent.

(L = 1658 uH, wl = 0.625Q.)

Due to the fact that the actual ground resistivity was much Tower than assumed,
the coil reactance was significantly larger than the wire input impedance and
insertion of the coil increased the pipeline voltage by 18 percent. If it were
not for the fact that simultaneously a more favorable phase angle relationship
was indeed achieved, a more detrimental effect would have occurred. Hence, al-
though an improvement was not observed directly, the performance that resulted
can be accounted for by the equivalent circuit theory presented here. Therefore,
it is believed that a proof of concept was obtained.

Test Wire #5

As shown in Figure E-1, this test wire was buried parallel to the pipeline and
east of Milepost 101.7. Originally planned to be 1.25 km long, its actual length
was approximately one km, due to a surveying error. As assumed in Section 8,
this wire was to be essentially a mirror image of test wire #4 and, hence, ulti-
mately to be used in a back-to-back arrangement with wire #4.

The soil resistivity in the region of this wire was approximately 30 k¢-cm, giving
the following transmission 1line parameters to the wire: Yy = 957+ 3 .492 km'l;

ZOW = .664 + j .292 ohms. Use of the program THEVENIN yields an input impedance

for the 1 km length of wire as Zw = .852/9.6° and a terminal voltace of .472(—184.1o
for an internal source electric field of 1 volt/km directed in an easterly

direction.

The equivalent circuit for the mitigation wire connected to the pipeline at Mile-
post 101.7 is shown in Figure E-3b. Here, two current-controlled dependent volt-
age generators are introduced into the circuit to account for mutual coupling



effects between the pipeline and the mitigation wire. Voltage generator e, is .
small compared to the pipeline driving generator, Eo/y, and may generally be ig-
nored. (It is a function of 1w’ the mitigation wire current, which is a decreas-
ing function along the wire, and the pipeline-wire mutual impedance, which is
smaller than the Carson mutual impedance due to the shortness of the wire length
(c.f., Eq. D-58d.) These factors combine to make the voltage relatively small.
The voltage e is a function of the pipeline current i_ east of Milepost 101.7.
Values for the circuit voltage generators are derived as follows. As before,
EO/Y = (14/-122.6) + (.15/39.9) = 93.3/-162.5 volts. Then, using program CARSON,
the free electric field (due to the power line phase currents only) at the
mitigation wire was calculated to be 19.5/57.90 volts/km at a 700 ampere loading.
For the generator polarity shown in the circuit

e, = (19.5/57.99) (.472/-184.20 + 180°)= 9.2/53.7° volts (E-25)

The voltage e is equal to

= 4 - 0 -
e, 1prW(.472/ 184.2°) (E-26a)
where Z W is the wire to pipeline Carson mutual impedance calculated to be
0.239/75.6% ohms. e, then becomes

e, = ip(.112/—108.60) (E-26b)

Before connection of the mitigation wire to the pipeline, an induced voltage can
be measured to ground at the near end of the wire equal to € + e Under this
condition, 1p = E0/2yZ0 = (12.4£202.10, Hence,

efe; = 9.2/53.7°+[(12.4/-202.0°) - (.112/-108.69)] (E-27)

10.6/53.1° volts.
A voltage of 9.9 volts was measured in the field.

After connection of the mitigation wire to the pipeline, a mesh current solution
for the equivalent circuit yields,

iw = 21.3/174.29 amperes (E-28a)
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ip = 22.8/165.49 amperes (E-28b)
the mitigated voltage, Vm is

- ;s = 0 _
v (1p 1W)zo 13.9/143.29 volts. (E-28c)

Pipeline current could not be directly measured in the field. However, measured
values of iw and Vm were 20.2 amperes and 15.3 volts, respectively, which are
within 10 percent or less of the calculated values.

Back-to-Back Arrangement. The equivalent electrical circuit for the back-to-back

connection of test wires #4 and #5 is shown in Figure E-3c. Rigorous solution of
this circuit is tedious and based upon the results just obtained for the individ-
ual wire analyses is probably unwarranted. The previous analyses showed that e,
was very small compared to Eo/y and could be ignored. In addition, e, was consid-
erably smaller than ey’ and if a somewhat larger error than 15 percent was toler-
able in predicting the mitigated voltage, it could also be ignored. The important
fact to be remembered here is that the back-to-back arrangement utiiizing the
phase reversal inherent in switching a wire from one side of the power

line to the other side results in €1 > Cu2- The equivalent circuit of

of Figure E-3c may then be simplified to that of Figure E-3a, where e, = €1 % &0
and Zw is equal to the parallel combination of Zwl and Zw2' Hence, taking the
average value of el and €2 gives ey = 9.3/480 and for L= .852/9.69 and

sz = ,394/20.99, the value of Zw is .271/17.39. Solving the equivalent circuit
of Figure E-3a for the mitigated pipeline voltage then gives, Vm - 6.6/96.50,

This compares well with the value of 6.0 volts obtained by direct measurement.
Even though the simplifications noted above have been made, it is apparent that
the accuracy of the calculation is acceptable.

Test Wire #6

This wire was originally designed to be the least ambitious in that its length
was the shortest (0.8 km) and the purpose of the installation was to show that
mitigation of successive voltage peaks was possible. Yet, on a per unit length
basis, it out-performed most other test wires (because of the center connection,
a relatively Tow input resistance was obtained).
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Its chief distinguishing feature was that connection to the pipe was made at

the wire center, but without the phase reversal as obtained in the back-to-back
arrangement at Milepost 101.7. The equivalent circuit for this test wire is
similar to that for the back-to-back arrangement, except that an additional cur-
rent controlled voltage generator is required in the extreme left circuit branch
between the elements €, and sz. However, because of the short length of each
leg (0.4 km), it will be found that the voltages induced in the test wires due
to current flowing in the pipeline will be relatively small and, hence, this
generator and the generator e, may be ignored. The generated voltages, el

ew2’ caused by the direct field from the power Tine will be in phase oposition
and, hence, will cancel out in the Thevenin equivalent circuit for both legs of
the mitigation wire. Therefore, the mitigation wire can be approximated by a
simple impedance consisting of the parallel combination of the input impedance
of each Teg.

Input Resistance. Even though designed as a temporary installation, the burial
depth of the wire averaged about four to six inches. The soil resistivity in
this area averaged 35,000 @-cm. Computation of the mitigation wire parameters
%or these factors yielded, Yy = 2,174+ 30.193 km'1 and ZOw = 1,825+ j0.142 ohms.

Computation of the input impedance of the mitigation wire (both legs effectively
in parallel) using the THEVENIN program gives Zw = 1.3/1.26° ohms. This computed
value compares excellently with a measured value of 17.2V + 13.3A = 1.29 ohms.

Since the mitigation wire is shunted across the pipeline, the mitigation factor is

Zw 1.3/1.26

- = = - 0 -
772+ 1, T88/39.6 + T.3/T.26 - 0-43/-22.99 . (E-29)

Field measurements indicated that a mitigated voltage at this location of 17.2 V
exists with an unmitigated pipeline voltage of 48 V for a factor of .358. This
represents actually a voltage level 20 percent Tower than that calculated by

Eq. E-29. This result is surprising in that previous calculations have shown a
much closer correspondence to measured values. In addition, a much closer cor-
respondence would be expected since the calculated and measured values of Zw
agree almost exactly. '
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Since the only other variable in Eq. E-29 is the pipeline characteristic imped-
ance, it would appear that its value is higher at Milepost 88.7 than at Milepost
101.7. A somewhat higher ground resistivity and, possibly, a better pipeline
coating in this region could account for an increase in Zo' The value of Z0 can
be estimated indirectly by calculating v from the measured voltage profile along
the pipeline. From a previous pipeline voltage survey it was ascertained that
the value of vy was approximately 19 percent smaller at Milepost 88.7 than at
Milepost 101.7. Since the pipe internal impedance tends to stay relatively con-
stant, it can then be inferred that the value of Zo at Milepost 88.7 is commen-
surately higher. Increasing the value of Z0 by this amount in Eq. E-29 results
in a mitigation factor of 0.39. Using this factor, the difference between the
predicted and the measured mitigated voltage on the pipeline is on the order of
8 percent.

Complete Pipeline Mitigation

The previously discussions were directed towards considering each mitigation wire
individually and, hence, mitigation at a single point on the pipeline. In general,
due to physical or electrical discontinuities along the ROW, a pipeline will de-
velop a number of induced voltage peaks. To show that successive voltage peaks

can be mitigated successfully, and hence, a complete pipeline,mitigation test wire #6
at Milepost 38.7 was used in conjunction with the back-to-back arrangement (test wires
#4 and #5) at Milepost 101.7. The results show that complete pipeline mitigation

is possible by mitigating successive peaks individually. However, it must be
cautioned that the incorporation of 'a mitigation wire at an induced voltage peak

can, in itself, act as a discontinuity and hence affect the voltage level at an-
other location along the pipeline. The magnitude and locations of such effects

can readily be ascertained (although possibly somewhat laboriously) using classical
electrical transmission line theory.

Such computations were not made, but a qualitative assessment of these effects
were obtained by direct measurement which are summarized in the graphs of Fig-
ure 5. The upper graph shows the mitigation obtained using the back-to-back
arrangements at Milepost 101.7. Here it is seen that the voltage peak at Mile-
post 101.7 is essentially mitigated and, in fact, some mitigation is achieved at
Milepost 88.7. However, although not necessarily serious, an increase in the
induced voltage occurs in a region between the two peaks. This is due to the
fact that a relatively large amount of mitigation is occurring at Milepost 101.7,
and hence, a rather severe discontinuity is presented to the pipeline at this
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Tocation. Somewhat of a "balloon" effect occurs -- a squeeze at one point causes a
size increase at another. However, this effect can be reduced or eliminated entirely

by Timiting the amount of mitigation secured at a given location.

The Tower graph of Figure E-5 shows the mitigation achievable using test wires

at both Tocations. The plot readily demonstrates that successive voltage peaks
can be mitigated not only at the peaks, but at intermediate locations as well.
(Data were not obtained east of Milepost 84 because of poor terrain that required
a four-wheel drive vehicle which was not obtainable at the time.) Hence, by a
reasonable placement of mitigation wires at points of discontinuity, Tong lengths
of pipeline can be mitigated effectively.
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APPENDIX F

PHASE SEQUENCING AS A METHOD OF REDUCING THE
INDUCED ELECTRIC FIELD LEVELS ON A POWER LINE RIGHT OF WAY

INTRODUCTION

For certain ac power line configurations it is possible to sequence the phase con-
ductors in such a manner so as to minimize the induced electric field on the right
of way (1,2). The effectiveness of such phase sequencing has been studied for
three common power line geometries. The results indicate that for certain geome-
tries and proper phase conductor sequencing, the induced electric field levels

can be significantly reduced. The technique is especially appropriate for ver-
tically stacked circuits, particularly the double circuit configuration.

SINGLE CIRCUIT HORIZONTAL GEOMETRY

The first geometry considered is that presented in Figure F-1, the single circuit
horizontal. There are six possible phase sequences for this geometry. Let A
represent the 0° phase conductor, B the +120°, and C the -120° conductors, respec-
tively. The six phase combinations can then be placed into one of two possible
categories - the clockwise and counterclock sequences. In Figure F-1, referring
to the phase conductors from left to right, the phase combinations ACB, BAC and
CBA are defined as clockwise, while ABC, BCA and CAB are counterclockwise. The
electric field induced by a clockwise sequence is the mirror image of that pro-
duced by a counterclockwise sequence under balanced loading conditions. For each
of the phase combinations within each classification, the magnitude of the elec-
tric field is the same and the phase is shifted + 120 degrees at a given field
point.

Using the power line geometry of Figure F-1, a comparison of the induced electric
fields at equidistant locations to either side of the power line is presented in
Table F-1. These results are for a clockwise phase sequence and equal phase cur-
rents of one hundred amperes per conductor. For the balanced counterclockwise
phase sequence, the results would be the reverse of those presented in this table.



Note: Drawing not
to scale

Figure F-1. Horizontal Power Line Geometry

Table F-1
CLOCKWISE PHASE SEQUENCE FOR BALANCED HORIZONTAL CIRCUIT

Distance from Ecw - Ecw -
Center Phase Right Side Left Side Percent
(feet) (V/m) (V/m) Difference
0 .00225 .00225 0.0

50 .00521 .00502 4,65
100 .00490 .00472 3.88
150 .00368 .00351 4.62
200 .00287 .00271 5.57
250 .00232 .00218 6.03
300 .00195 .00181 7.18
350 .00167 .00155 7.19
400 .00146 .00134 8.2
450 .00129 .00118 8.53
500 .00115 .00105 8.7
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As these results indicate, by placing the pipeline on the proper side of the
power line right of way, the electric field exposure levels can be reduced by as
much as 8.7 percent. Since the voltage induced on the pipeline is directly pro-
portional to the electric field, it too can be reduced by this same percentage.
If the skywires are not continuous and periodically grounded as assumed in the
above analysis, then there is no significant advantage of one phase sequence over
another. Under these circumstances the magnitude of the electric field is essen-
tially equal on either side of the power line and the relative phase between the
two field locations is approximately 180 degrees.

SINGLE CIRCUIT VERTICAL GEOMETRY

The single circuit vertical configuration analyzed is shown in Figure F-2. This
configuration also has six possible phase combinations. These, again, can be
classified into one of two possible categories, clockwise or counterclockwise
phase sequencing. From Figure F-2, referring to the phase conductors from top to
bottom, the phase combinations ACB, BAC and CBA are again defined as clockwise
while ABC, BCA and CAB as counterclockwise. Within each of these two classifi-
cations, the electric fields are very similar. Their magnitudes are identical
but their phases are shifted by + 120 degrees. There isn't a simple mirror image
relationship between the two phase groups as was the case for the balanced single
horizontal circuit. Although the peak values of the electric field reverse to
the opposite side of the power line, the magnitude is as much as five percent
greater for the counterclockwise sequence as compared to that for the clockwise
case. The relative phase between groups is also no longer + 120 degrees but
rather some intermediate value. These differences are directly due to the asym-
metrical geometry characteristic of a single circuit vertical. By switching from
a clockwise to a counterclockwise phase sequence, the required line symmetry is
not present and, therefore, a mirror image electric field will not be induced.

Table F-2 presents the induced electric fields for both sides of the power line
with a clockwise phase sequence and balanced currents of 100 amperes per phase
conductor. As Table F-2 indicates, an induced voltage reduction of nearly 15 per-
cent would be possible by merely placing the pipeline on the right side of the
power 1ine rather than the left for a clockwise phase sequence and assuming the
geometry of Figure F-2. The reverse placement would be required for a counter-
clockwise phase sequence. This voltage reduction is significant when it is
realized that it is solely a result of locating the pipeline on a particular side
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Figure F-2. Single Circuit Vertical Geometry

Table F-2

CLOCKWISE PHASE SEQUENCE FOR SINGLE CIRCUIT VERTICAL GEOMETRY
AND BALANCED LOAD CURRENTS

Distance from Ecw - Eew -
Center Phase Right Side Left Side Percent
(feet) (V/m) (v/m) Difference
0 .00461 .00461 0.0

50 .00220 .00232 5.17
100 .00114 .00129 11.63
150 .00080 .00093 13.98
200 .00064 .00075 14.67
250 .00055 .00063 12.7
300 .00048 .00055 12.73
350 .00043 .00049 12.25
400 .00039 .00044 11.36
450 .00036 .00041 12.2
500 .00033 .00037 10.8



of the right of way. It is a consequence of the physical interaction of the in-
duced electric fields from all the power line conductors.

DOUBLE CIRCUIT VERTICAL GEOMETRY

The double circuit vertical geometry studied is shown in Figure F-3. Assuming a
balanced current flow, there are thirty-six possible phase sequences for this con-
figuration. Of this total number of phase combinations there are five sets of six
each which are closely related and two additional sets of three each. Within each
set of six phase combinations, three are exact mirror images of the other three in
the set. For the three phase sequences which form a subset, the electric field
magnitude is constant and the relative phases are 120 degrees apart. Table F-3
lists the possible sets of phase sequences and their corresponding mirror image
sequences where appropriate.

The induced electric fields associated with the first five sets of phase sequences
presented in Table F-3 are asymmetrical about the power line. Therefore, for a
given phase sequence and balanced currents, the electric field levels can be
smaller on one side of the power line right of way than on the other. Table F-4
presents the relative electric field values for one phase sequence from each of
the seven possible categories. These values were calculated using the power Tine
geometry of Figure F-3 and assuming 100 amperes per phase wire. As this table
illustrates, for a given phase sequence there is usually an optimum side of the
right of way to Tocate the pipeline. Since the induced voltage on the pipeline
is directly proportional to the electric field exposure levels, putting the pipe
on that side of the right of way with smaller electric field values will result
in Tower induced voltage levels on the pipeline.

Table F-4 also clearly illustrates the advantage of some phase sequences over
others in reducing the electric field Tevels across the entire powerline right of
way. A comparison of phase sequences ABC CBA and ABC ABC indicates that the in-
duced electric field can be reduced by over 92 percent directly under the power
line and from 80 to 90 percent off to either side of the right of way by employing
the former phase combination. Using this same phase sequence can result in a simi-
lar percentage decrease in the voltage levels induced on a buried pipeline. There-
fore, when possible, simple consideration as to the manner in which the phase
conductors are sequenced can significantiy aid in reducing the voitage levels

which could be induced on an adjacent pipeline. These reductions are the result
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Figure F-3. Double Circuit Vertical Geometry

ABC
ACB
ABC
ACB
ACB
ACB
ABC

Table F-3
POSSIBLE PHASE SEQUENCES FOR A DOUBLE CIRCUIT VERTICAL GEQOMETRY

Mirror Image

*
Phase Sequence Phase Sequence

CBA, BAC ACB, CAB BAC ACB BCA, CBA ABC, BAC CAB
BAC, CBA CBA, BAC ACB ACB CBA, CBA ACB, BAC BAC
CAB, BCA BCA, CAB ABC ABC BCA, BCA ABC, CAB CAB
ABC, CBA CAB, BAC BCA ABC ACB, BCA BAC, CAB CBA
CAB, CBA BCA, BAC ABC ABC BAC, BCA CBA, CAB ACB
ACB, CBA BAC, BAC CBA None

ABC, BCA CAB, CAB BCA None

*From Figure F-3,phase is defined sequentially by conductors 123 456.



Table F-4

ELECTRIC FIELD LEVELS FOR THE POSSIBLE PHASE SEQUENCES OF A

BALANCE LOADED DOUBLE

CIRCUIT VERTICAL GEOMETRY (100 AMP/PHASE CONDUCTOR)

Distance from Power Line - Feet

phasel 0 100 200
Sequence ER EL % A ER EL % A ER EL % A
ABC CBA .00069 .00069 O .00029 .00045 35.6 .00019 .00022 13.6
ACB BAC .00432 .00432 0 .00107 .00148 27.7 .00058 .00084 31.0
ABC CAB .00456 .00456 O .00089 .00164 45.7 .00052 .00089 41.6
ACB ABC .00735 .00735 .00221 .00238 7.1 .00123 .00138 11.5
ACB CAB .00800 .00800 .00188 .00219 14.2 .00102 .00121 15.7
ACB ACB .00865 .00865 O .00246 .00246 0 .00139 .00139 0
ABC ABC .00913 .00913 O .00251 .00251 0 .00140 .00140 0

Distance from Power Line - Feet

Phasel 300 400 500
Seguence ER EL % A ER EL % A ER EL % A
ABC CBA .00015 .00016 6.3 .00013 .00014 7.1 .00011 .00012 8.3
ACB BAC .00043 .00062 30.6 .00035 .00049 28.6 .00030 .00041 26.8
ABC CAB .00040 .00064 37.5 .00033 .00051 35.3 .00029 .00043 32.6
ACB ABC .00091 .00104 12.5 .00075 .00084 10.7 .00063 .00070 10.0
ACB CAB .00075 .00088 14.8 .00061 .00071 14.1 .00051 .00059 13.6
ACB ACB .00104 .00104 0 .00084 .00084 0 .00071 .00071 0
ABC ABC .00104 .00104 0 .00084 .00084 0 .00071 .00071 0

lphase Sequence is defined from Figure F-3 as 123 456,

ER
EL
B\

|[E| Right side of power Tine.
|E| Left side of power line
(1 - ER/EL) X 100.



of taking advantage of the physical interaction of the power line conductors and ’
placing the pipeline in those regions where these interactions are most advan-
tageous for minimizing the induced voltage levels on the pipeline.
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APPENDIX G

THE EFFECTIVENESS OF A GROUNDED STRUCTURE WIRE IN REDUCING
THE INDUCTIVE ELECTRIC FIELD IN THE VICINITY OF A POWER LINE ROW

INTRODUCTION

One of the mitigation techniques considered to reduce the induced voltage levels
along a gas pipeline is the placement of a periodically grounded wire on the power
Tine structure (tower) (1). It was felt that the verification of this mitigation
method through the construction of such a wire on an existing power line would be
costly. Therefore, it was decided to first analytically determine the effective-
ness of this technique. If then proven feasible and potentially useful, a series
of practical experiments would have been developed to demonstrate the mitigation
approach. Unfortunately, as shown in the following analysis, this mitigation tech-
nique js of limited utility.

Three basic power line configurations were studied. The single circuit horizon-
tal, single circuit vertical and double circuit vertical geometries were analyzed
for both balanced and unbalanced power line current situations. In summary, the
studies have indicated that even though the grounded structure wire can provide a
substantial reduction in the induced electric field under certain situations, its
effectiveness rapidly deteriorates for the dynamically changing Toad conditions of
a power line. It has been analytically determined that the wire positfon is very
sensitive to power line current unbalance conditions. A wire designed to provide
more than a 95 percent reduction in the electric field at a given range when phase
currents are balanced can deteriorate in performance to the point where it actually
causes greater electric fields to exist at the same location under some unbalance
conditions. Such a drastic change in performance can be obtained for as little

as a five percent current unbalance between phases.

MITIGATION WIRE DESIGN CONCEPT

The purpose of the grounded wire strung on the power Tine structures is to induce
an additional component of electric field in the earth 180 degrees out of phase to
the existing electric field. This cancellation can occur only when the current
induced in the grounded wire is of a favorable magnitude and phase. The desirable
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parameters for the induced current are attained through the proper positioning of
the wire relative to the tower mounted phase and shield wires. If the wire is con-
fined to the immediate vicinity of the tower structure, it may not be possible to
obtain the required current to cause a significant reduction in the electric field.
In fact, if the wire is improperly positioned, it can actually cause an enhance-
ment of the electric field within the entire powerline right of way.

It has been determined that this mitigation technique is more effective for some
power line geometries than others. The range in the phase of the induced current
in the grounded wire is most significant in determining how effective the wire will
be in reducing the electric field. For horizontal circuits, the induced current
phase is not very sensitive to changes in height while the opposite is true for
vertical circuits. Because of this, induced electric field cancellation from a
vertical circuit is more easily attainable by using the concept than for a hori-
zontal configuration.

The effectiveness of the grounded structure wire is a function of many parameters.
Among the most important are: the geometry of the power line including physical
distances and phasing, height of the grounded wire above earth, degree of current
unbalance, and distance between the power line and the field point. It will be
shown that just small perturbations in these parameters cause large variations in
the effectivensss of this mitigation technique.

Analytical Approach

The analysis of this mitigation technique was accomplished in two basic steps.
First, for a given power line geometry, Carson's theory and linear circuit analy-
sis were combined to determine the induced currents in the two shield wires and
the grounded structure wire. The mutual interaction between these three wires had
to be included in the analysis, and required the solution of three simultaneous
equations.

Once these currents were determined, it was then possible to obtain the total
induced electric field at any particular distance. Using superposition theory
and Carson's equations, the contribution from each current source was determined
and combined to provide the complete induced electric field. By making this
calculation with and without the presence of the grounded mitigation wire, it was
possible to perform an analytical evaluation of the effectiveness of the mitiga-
tion technique.
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Single Circuit Horizontal Geometry

The grounded structure wire is least effective for reducing the electric field
associated with horizontal circuit geometries. The horizontal configuration shown
in Figure G-1 was investigated. A single grounded wire was assumed to exist in
various vertical planes defined within the bounds of the tower structure. The

wire was then assumed to be located at different heights within each plane. A
comparison of the original electric field and the total field with the wire present
could then be made.

Note: Drawing not
to scale

e————67.2' — 54

Figure G-1. Single Circuit Horizontal Geometry

Figure G-2 presents the phase of the original electric field for both sides of

the power line right of way. These profiles are for a balanced phase current
situation and include the effects of the shield wire conductors 4 and 5 as defined
in Figure G-1. It is obvious that once outside the immediate vicinity of the power
line, the phase is relatively constant out to a distance of 1000 feet. The sig-
nificant point shown in Figure G-2 is that the phase for either side of the power
line is very different. In fact, the phase changes by approximately 180 degrees
for field points on opposite sides of the power line. Therefore, it is impossible
to obtain the proper induced current in the grounded wire to reduce the electric
field on both sides of the right of way. As stated earlier, the purpose of the
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grounded wire is to induce an electric field with the reverse phase of the undis-
turbed situation. But, for the horizontal geometry, because of the nature of

the induced electric field on either side of the power line, it is impossible to
induce a current in the grounded mitigation wire to effectively reduce the elec-
tric field across the entire right of way.

The large phase shift associated with the electric fields induced on either side
of the power line right of way is characteristic of horizontal circuits. In
simple terms, the large relative phase difference is due to the fact that the
power line conductors lay in planes parallel to the plane in which the electric
field profiles are being determined (the surface of the earth). Upon passing
under the power line and proceeding off to either side, the dominating source
current is of a different relative phase. This phase difference is propagated
through the mutual impedance between the power line and the field point, and
results in the large phase shift observed in the electric field upon passing

under the power line.

Figure G-3 illustrates the effectiveness of a grounded wire located at the extreme
outer right edge of the transmission line towers as a function of wire height.
This example is for an assumed balanced case of 100 amperes per phase conductor.
The currents in the two shield wires will vary over a limited range as the height
of the grounded wire is changed due to the mutual interactions between these
grounded conductors. As can be seen from this figure, the maximum attainable
mitigation is less than 30 percent. It is also observed that even though the
total electric field is reduced on the one side of the power 1ine right of way,
it is increased on the opposite side of the right of way as predicted. This
result could prove to be very undesirable if other utilities or long conductors
existed on this opposite side of the power line right of way.

The mitigation wire was also placed in various other vertical planes and results
similar to those presented in Figure G-3 were obtained. The only exception was
when the mitigation wire was assumed to be very close (less than two meters) to

a phase conductor. Under these circumstances, a field reduction of about 50 per-
cent was possible. It is unrealistic though to assume the placement of a
grounded wire at such a close spacing to a phase conductor. Therefore, this
degree of mitigation is not considered reflective of the general behavior of the
technique and will not be considered as such.
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The current induced in the grounded mitigation wire as a function of height for
the example just considered is presented in Figure G-4. Maximum current is
induced in the grounded wire when its height is comparable to that of the phase
conductors. This is to be expected since at this height it is nearest the phase
wires and thus maximum coupling can occur. As this figure also illustrates, the
phase does not change very much over the full range of heights considered. This
is the basic reason that the technique is not effective for horizontal circuits.
Within the confines of the power line structure it is not possible to obtain the
proper phase characteristics for the induced current to cause a significant can-
cellation of the original electric field. If the mitigation wire were placed in

a different vertical plane, the shapes of these curves would change little. The
phase curve would be biased up or down, depending upon which plane is chosen. Be-
cause of the configuration of the power line, it is impossible to obtain the proper
physical characteristics for the current induced in the grounded wire to signifi-
cantly reduce the electric field levels along the power line right of way.

In summary, it has been shown that the grounded mitigation wire can be expected to
provide small to moderate reductions in the electric field from a horizontal cir-
cuit. These reductions are also accompanied by corresponding increases in the
electric field levels on the opposite side of the power line. Also, the most
favorable heights for the mitigation wire are approximately the same as the phase
conductor height, and the practicality of placing a grounded wire in this area is
very questionable. For these reasons, the technique is not considered very amen-
able to implementation or effective in reducing the Tongitudinal electric fields
associated with horizontal ac power line geometries.

Single Circuit Vertical Geometry

The next power line geometry considered was that shown in Figure G-5, the single
vertical circuit. The analysis will be very helpful in understanding the double
circuit vertical which is a much more common power transmission line geometry.
Vertical circuits, in general, are much more adaptable to this mitigation tech-
nique. Both the physical placement of the grounded wire and the degree of miti-
gation are significantly improved over that of the horizontal circuit power line.
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Figure G-5. Single Circuit Vertical Geometry

Even though it is possible to reduce the induced electric fields by as much as
90 percent for a single circuit vertical case, the reliability of the mitigation
is unsatisfactory due to the sensitivity of the technique to small unbalances in
the phase currents. It is this inherent sensitivity which detracts from the ef-
fectiveness of this mitigation approach, especially for vertical circuits.

Figure G-6 shows characteristic phase profiles of the original electric field for

a balanced current situation assuming the geometry of Figure G-5. It is immediately
apparent that the phase is very similar on either side of the power line. This is
true over the complete range of distances out to 1000 feet. The relative phase
difference is never more than 10 to 15 degrees over the entire region. Therefore,
it appears that a grounded wire with the proper induced current could very well in-
duce a secondary electric field in the earth to partially cancel the original elec-
tric field within the entire powerline right of way.

This phase distribution is quite different than that previously presented for the
horizontal geometry as shown in Figure G-2. This is because the power line geometry
is approximately symmetric to either side of the power line. For equal separations
to either side of the power line, the distances to the current sources are almost
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jdentical. Therefore, only small relative phase differences will occur in the in-
duced electric field. This is in contrast to the horizontal circuit where the en-
tire orientation of the current sources change for equidistant field points on
ejther side of the power line.

For vertical circuits, the sequencing of the phase wires on the tower is also very
jmportant. The use of sequencing as a mitigation technique is discussed in Appen-
dix F. For purposes of this discussion, it is sufficient to state that for single
circuit vertical configurations there are two classes of phase sequencing, clock-
wise and counterclockwise. Of the six possible phase combinations for this case,
three fall into one class and the remainder into the other class. For balanced
phase currents, the electric field directly under the phase conductors is about
4.5 percent greater for the counterclockwise case. It has also been determined
that the mitigation wire is slightly more effective for the clockwise phase se-
guencing. For example, with a grounded mitigation wire located in the plane S as
defined in Figure G-5, the clockwise sequence can be as much as 20 percent more
effective in reducing the electric field levels assuming balanced phase currents.

Figure G-7 presents the effectiveness of the mitigation wire for a clockwise phase
sequence as a function of height above ground. The grounded wire is in the verti-
cal plane S as shown in Figure G-5. The phase currents Il, 12 and I3 are assumed
balanced. The shield wire currents 14 and 15 are coupled to the mitigation wire
through their mutual contact with the earth. Therefore, they will vary as the
height of the wire is changed.

This figure illustrates that there is an optimum height for placing the grounded
mitigation wire. For the balanced current situation presented here, that height
is about eight meters. Of course, this value will change depending upon the power
1ine geometry. It can also be seen that as the wire height is increased the ef-
fectiveness of the wire in reducing the electric field becomes less. Eventually,
a height is reached after which there is no longer a reduction in the electric
field. For the example presented this is about 13 meters. After this point, the
current induced in the wire actually contributes to the original electric field,
causing it to become larger. In this region the current induced in the grounded
mitigation wire acquires characteristics similar to the shield wire currents and
accordingly behaves as an additional interfering source.
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Figure G-8 illustrates the behavior of the current induced in the grounded wire as
a function of the height above ground. The phase of the current is very sensitive
to height. This is true for the same reason that the phase of the induced electric
field varied over such an extent across the horizontal circuit (see Figure G-2).
The induced current profile is in a plane parallel to that of the conductors and,
therefore, the dominating current will vary depending upon the relative physical
position of the grounded wire to the power line conductors. It is for this reason
that the grounded wire is more effective for the vertical circuit. It is possible
to achieve a much wider range of phase in the current of the wire as a function of
height and thus induce an optimal secondary electric field in the earth to counter-
act the original field.

Finally, to illustrate the sensitivity of this mitigation technique to phase cur-
rent unbalance, several simple situations were considered. Figure G-9 presents

the results of this analysis. The geometry of Figure G-5 was employed with a base
current of 100 amperes. The center phase conductor current was assumed to be con-
stant for all of the calculations. There was an assumed 0, + 5, + 10, and + 15
percent phase unbalance between the currents in the outer phase conductors rela-
tive to the center phase current. The effectiveness of the grounded wire in re-
ducing the electric field was determined at four perpendicular separation distances;
i.e., 0, 100, 200 and 500 feet on either side of the power line. The mitigation
wire was assumed to be located at the optimum height of eight meters as determined
from Figure G-7 for balanced phase currents. Figure G-9a and b present the results
for both sides of the power line when the largest current is in the bottom phase
conductor, and Figure G-9c and d when the largest current is in the top phase con-
ductor. It is assumed that most power line loading characteristics fall within

the current unbalances considered here.

Several significant conclusions can be drawn from Figure G-9. First, the effec-
tiveness of the grounded wire is very sensitive to current changes. Small un-
balances in the power line loading cause a severe deterioration in the degree of
mitigation provided by the grounded wire. During the course of each day it is
expected that power lines will always experience some degree of current change,
causing some unbalance which will be essentially random in nature. It would then
be almost meaningless to design the mitigation wire placement for some current
load on each phase line because it may only be experienced for a fraction of the
day. For the remainder of the time, the mitigation wire effectiveness would be
variable.
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It is also seen that the ability of the grounded wire to reduce the electric
field is a function of the separation distance between the power line and the
field point. For balanced currents, the mitigation technique becomes less and
less effective as the field point approaches the power line. But once even a
small amount of unbalance is experienced, the effectiveness of the technique is
reduced to 20 percent or less for all separation distances.

Because of these facts it appears unfeasible to consider this mitigation approach
for the single circuit vertical geometry. The cost for such a wire versus its

poor reliability and sensitivity to current unbalance indicate that other approaches
should be considered.

Double Circuit Vertical Geometry

The final transmission line geometry considered is the double circuit vertical as
shown in Figure G-10. The steady-state induced electric fields for multiple cir-
cuits are generally smaller than for single circuit situations. This has been
verified analytically and is also manifested by the observation that pipelines
sharing rights of way with double vertical circuits experience lower levels of in-
duced voltage along their exposure length. The basic reason for this general re-
duction in the electric field levels relates to the vectorial interaction of the
component electric fields due to the individual current sources. As the number of
c¢ircuits sharing a given right of way increases, it can be expected that the average
induced electric field strength will become less if the phase sequences of the in-
dividual circuits vary.

Figure G-10. Double Circuit Vertical Geometry
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Phase sequencing is discussed in Appendix F. Briefly, for the double circuit ver-
tical there are 36 different phase combinations. For the balanced current situation
it can be shown that there are actually only 12 basic configurations with the re-
mainder shifted + 120 degrees. From these fundamental configurations it can be
shown that five sets represent mirror image situations. Therefore, for the bal-
anced case, there are seven basic possible electric field profiles.

For the balanced case, Table G-1 presents the optimum height of the grounded wire
to provide a maximum reduction in the induced electric field 200 feet on either
side of the power Tine. As can be seen, this height varies not only from one phase
combination to another, but also for which side the power line right of way the
field is to be reduced. From Table G-1 it can be seen that the second set of phase
combinations with a grounded mitigation wire at 13 meters provides the largest re-
duction in the electric field. Under these conditions it is possible to achieve
greater than a 95 percent reduction in the field level under the assumption of
balanced phase currents.

Table G-1
OPTIMAL WIRE HEIGHT FOR BALANCED DOUBLE CIRCUIT VERTICAL GEOMETRY

Mitigation Effectiveness

Optimum Height Percent
Phase Sequence (123 456) (meters) (at 200 feet)
(Mirror Image Sequence)
A =09 B = 1200, C = -120° Right Left Right Left
ABC ACB, BCA BAC, CAB CBA 8 8 58.3 56.1
1 (ACB ABC, BAC BCA, CBA CAB) 8 8 56.1 58.3
ABC CBA, BCA ACB, CAB BAC 12,14 13 68.4 >95.0
2 (CBA ABC, ACB BCA, BAC CAB) 13 12,14 >95.0 68.4
ABC CAB, BCA BCA, CAB ABC 10 9 67.3 42.7
3 (ABC BCA, BCA ABC, CAB CAB) 9 10 42.7 67.3
ABC BAC, BCA CBA, CAB ACB 8 7,8 78.5 61.8
4 (BAC ABC, CBA BCA, ACB CAB) 7,8 8 61.8 78.5
ACB BAC, CBA CBA, BAC ACB 9 8 72.4 59.5
5 (ACB CBA, CBA ACB, BAC BAC) 8 9 59.5 72.4
6 ABC ABC, BCA CAB, CAB BCA 9 9 52.9 52.9
7 ACB ACB, CBA BAC, BAC CBA 8 8 72.7 72.7
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Although this reduction in the electric field is significant, Table G-2 demon-
strates how rapidly the situation can deteriorate with just a small current
unbalance. Four simple current unbalance combinations were considered for this
analysis. A + 5 percent current variation about the center phase conductors was
assumed with a base current of 100 amperes. The four possible current combina-
tions were then analyzed with the grounded wire located at the optimum height of
13 meters. Table G-2 clearly shows the sensitivity of this mitigation technique
to small changes in the phase current. As indicated, even though it is possible
for the magnitude of the electric field to be reduced by more than 95 percent
for balanced phase currents, it is also possible for an actual increase in the
magnitude of the electric field at the same field point for only a small pertur-
bation of the phase currents.

Table G-2

EFFECT OF CURRENT UNBALANCE ON PERFORMANCE
OF GROUNDED MITIGATION WIRE FOR A DOUBLE CIRCUIT VERTICAL

Percent Reduction in
Electric Field

Phase1 Currents

(123 456) Right Lort
o5 100 105 e 143
105 100 '35 14 1.8
195 100 105 16.7 17.1
105 100 95 69.6 4.6
100 100 100 - 95.0 8.4

1For Phase Sequence ACB BCA.

The sensitivity of this mitigation technique to even small current variations
leads to the conclusion that it is not economically or practically feasible to
implement in field situations. Although it has been shown that the technique can
provide significant nulling of the electric field under certain fortuitous
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conditions, this reduction is accompanied by reliability limitations and unaccept-
able sensitivity to changing load conditions.
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