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FOREWORD

Sanguine System studies were initiated in 1967 to
determine che electromagnetic interference effects which might
be expected from an cperational Sanguine System. Much of the
necessary research and development has been completed, so that
it is now possible to recommend interference voltage thresholds
for several public utilities.

This report is a review and summary of the work completed
to date t« assess the interference potential of a Sanguine
System to roilocated pipeline systems. The work includes
theoretical analysis of the problem, parametric studies of the
influence of the important factors involved in ELF electro-
magnetic coupling between long conductors, assessment of the
potential of a Sanguine System to produ.2 corrosion on buried
pipes, and field studies of voltages induced on pipes by
commercial power systems.

The results of the work completed to date suggest an inter-
ference voltage threshold ~f 30 volte pipe-to-soil potential
at the Sanguine operating frequency. This threshold, when
generally applied, will ensure cthat excessive corrosiorn of pipe
materials will not occur, malfunction of electrically-operated
equipment will not be produced, and worker safety will be
maintained.

APPROVED : Respectfully submitted,
IIT RESEARCH INSTITUTE

b 10,4 Waldae

Ji J. Krstansky

« &sst, Dir. of Research Dr. D. A. Miller

Navy Program Office Program Manager

IIT RESEARCH INSTITUTE
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SECTION 1

OBJECTIVE AND SCOPE

1.1 INTRODUCTION

The Sanguine System is conceived as an Extremely Low Fre-
quency (ELF) Command and Control Communication (C3) System.(l)
Several definitive engineering studies have been completed
since 1967, and the basic concept for an operational system de-
sign is now well-established.(z’3 The completed system en-
gineering studies have been accompanied by comprehensive environ-
mental protection research and developmeat across a broad spectrum
of scientific, technical and public int:erest.(4

The primary technical reason for performing environmental
protection studies concurrent with conceptual. system studies is
that the ELF communications concept is based on the principle
of the earth-return antenna. This type of antenna not only
produces 2lectromagnetic fields in air, but produces fields in
the earth due to its ground currents. This being the case, it is
expected that ELF electromagnetic interference could be produced
(the extent of which is determined by basic system design concepts)
on other collocated systems which make functional use of the earth.
Examples of such systems are multi-grounded neutral power distri-
bution systeiss and telephone systems employing grounded ringers.

While the likelihood for interference between a Sanguine
System and other earth return type systems may be evident, .it
is less obvious that electromagnetic interference effects could
be produced on systems that are functionally nonelectric, but
are incidentally electrical conductors. For example, an ordinary
wire fence is not intended to operate electrically, but it is
nevertheless a conductive path between two points. A pipeline's
function is to transfer some material mass from one point to
another, but it alsc can provide a conductive path between two
points under some circ-mstances. These nonelectric systems
therefore must be considered in the Sanguine environmental
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protection program, This report summarizes in some detail

the research on pipeline interference performed between 1968

and 1971, and describes more completely the work done during
1972, The results obtained during the past four years also

are interpreted in terms of interference mitigation requirements
for pipelines in an ELF electromagnetic environment produced

by existing electrical sources (principally 60-Hz sources) and

a Sanguine System expected to operate at some frejuency less
than: 100 Hz,

1.2 OBJECTIVE

The objective of the Sanguine pipeline interference
research and engineering studies is five-fold:

a, describe the mechanisms by which a Sanguine
System could produce interference effects on
collocated pipeline systems;

b. identify the parameters of the Sanguine System
and the parameters of representative pipeline
systems which influence the interference produced
by the former on the latter;

¢c. define the nature of ELF interference effects
on pipelines;

d., 1identify practical interference mitigation
techniques in the event that some pipeline
mitigation might be required in a Sanguine-
generated electromagnetic environment;

e. accumulate and interpret sufficient data so
that realistic ELF interference thresholds can
be established for pipelines,

1.3 SCOPE

The mechanisms by which a Sanguine System could produce
interference effects on collocated pipeline systems were des-
cribed during studies conducted during 1968-1969,(3) phe con-
tributing parameters of both the Sanguine System, as then
defined, and representative pipeline systems were identified
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during the study. A summary of this study is included in
this report.

The nature of ELF interference effects on pipeline systems
also was defined during the 1968-1969 st:udies.(6 The
potential efrects included ac-induced pipe corrosion accelera-
tion, influence on personnel safety, and ordinary electrical
interference on control and monitoring devices. The likelihood
of these effects occurringon pipelines exposed to a Sanguine-
generated environment was investigated through laboratory
research and literature surveys (corrosion effects) and routine
engineering analyses (safety and equipment effects). The extent
of this work, and the significant conclusions, are reviewed
briefly in this report.

An initial). survey of interference mitigation techniques
likely to be useful for avoiding effects due to Sanguine-produced
interference also was included in the initial pipeline studies.(7)
In 1970, advanced Sanguine System design studies indicated that
additional attention should be given to Sanguine siting criteria
and updated design features as '"avoidance" mitigation possibilities.
Pipeline studies were then renewed early in 1971 in which parametric
analyses were stressed to depict interference mitigation possibilities
through system design anu emplacement studies.(s) The results cf
the 1971 work are summarized in this report.

Field studies were planned and conducted during 1971 to
accumulate information concerning ac-induced voltages on pipelines
under realistic conditions. An existing pipeline located near the
Sanguine Wisconsin Test Facility was selected for observation,
Voltages measured on this pipeline (the Ashland-Rib Leke Northern
Natural Gas Pipeline) were included in the 1971 report,(g) as were
data collected on two fuel gas pipelines in the State of Ohio,
These studies were expanded in 1972, The field work concentrated
on cwo pipelines located in or near the area of principal interest
as an operational Sanguine site in Wisconsin, The approximate
routes of these two pipelines are illustrated in Figure 1-1. The
Northern Natural pipeline is included in the sketch as w.1l, The

3
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FIGURE 1-1 APPROXIMATE LOCATIONS OF PIPELINES IN WISCONSIN
IN SANGUINE DEPLOYMENT AREA OF INTEREST i“
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Lakehead pipeline passes through the southsestern portion of

the area of interest, as shown 1n the map 1“sert The Williams
pipeline is located a few miles south of the area. There is
another pipeline along the eastern edge of the area, but arrange-
ments could not be made to include this pipeline in the 1972
survey. ' ) : K J

The ac-induced voltages measured on the Wisconsin pipélines
shown in Figure 1-1 are presented and discussed in this report.
The results are interpreted in terms of interference mitigation
requirements and recommended ,pipeline 1nterference voltage'®
thresholds for Project Sanguine.
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SECTION 2

REVIEW OF INTERFERENCE MECHANISMS

2.1 IRFINITE LINE THEORY

. The electric field due to an infinitely long straight wire
at the surface of the earth(l) is

. jg_[u
% E = --222 @-YYKI(YyD volt/meter
) Yy
where
‘w = 2=f
f = frequency (Hz)

= 1.257 x 107" hearys/meter (inductivity for free space)
separation in meters between the wires
= (jum.o")]'/2

Q <X «<¢Wo.
l

= conductivity of the earth in mhos/meter
Kl(z) = modified Bessel's function of the second kind and
- first order.

figure 2-1 is a graph of the rms electric field or voltage
gradient parallel to an infinitely long current-carrying wire
versus separation for two values of earth conductivity. For sepa-
ration distances greater than 5000 meters the rms fields differ
by a factor of ten; i.e., they are inversely proportional to the
earth conductivity assumed.

2.2 THE GRADIFNT WITHIN THE GRID

Consider an antenna system consisting of a grid of grounded
radiating elements as shown in Figure 2-2. The spacing between
elements is 5.0 miles, and the terminal grounds are located 2.5
miles from the edge radiating elements. The grounds are modeled

. as point sources at the surface of semi-infinite uniform earth.
,It. is assumed that 150 amperes of current at 45 Hz is used to drive
each line of the antenna and that all currents are in phase.
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Within any cell of the antenna array the electric field is
easily calculated in terams of orthogonal comporents parallel to

the sides of the square. It can be assumed that the field within

a square is due only to the radiating elements bounding the area.
Figure 2-2 shows the rms field parallel to one pair of sices as a
fuuction of separatioa from one of the sides. The curves are super-
positions of the fields from opposite sides of the square. Due to
symmetry the separation is only carried to 2.5 miles.

2.3 THE FIELD IN THE FRINGE AREA

The field pattern in the fringe area is calculated by super-
imposing the contributions from the radiating elements and the
points groum:.s. Figure 2-3 shows the antenna and a point outside
the anterna. It is assumed that the component E_ is due only to the
radiating elements parallsi to the vector Ey and that Ex is due en-
tirely to the iine of point grounds on that side of the antenna,
because the y-components of the fields from the point grounds cancel
to a great extent. The field (E = V2 [ +7) as a function of separa-
tion from the line of point grounds is inchded in the tigure. The
separation is measured along an extension of one of the antenna
elements because the component Ex is greatest in magnitude there for
small separations, and therefore gives 2 conservative value.

2.4 TYPICAL INDUCTIVE COUPLING CHARACTERISTICS

Inductive coupling occurs when pipelines are exposed to the
electric fields produced by an ELF earth return circuit such ac a
grounded neutral power line or a Sanguine antenna element. For
purposes of illustrating typical inductive coupling characteristics,
consider a 50-mile long, 10-inch dianeter pipeline exposed to a
pacallel Sanguine antenna operated at 150 amperes at 75 Hz. The
pipeline and antenna are five miles apart.

The gradient produced by the antenna along the pipeline is
iliustrated in the top sketch in Figure 2-4. If the voltage
between the pipe and earth were measured along the total length
of the pipe, the pipe-to-soil potential (p-s-p) would appear
typically like that shown in the second sketch. The current zlong
the pipe is a maximum at the center, where the pipe-to-soil

9
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potential is a miumimum.

2.5 TYPICAL CONDUCTIVE CHARACTERISTICS

The nature of the Jdistributed gradient along the length
of the illustrative 50-mile long, 1C-inch diameter pipeline
is shown in the top sketch of Figure 2-5. The source of the
gracient is a point ground coaducting 150 amperes at 75 Hz,
located 2.4 miles from the pipeline at milepost 24, The voltage
to ground, or the pipe-to-soil potential, produced along the
pipe by the point source is shown in the second sketch, while
the current along the pipe is depicted in the third sketch.
Notice that the voltage to ground due to the point source is a
maximum at the midpoint of the pipe, whereas this was a point
of minimum voltage to ground due to the antenna. The current
distribution on the pipe exhibits trends that are the inverse
of the voltage chkaracteristics..

2.6 SUPERIMPOSED EFFECTS

Tke interference produced by inductive coupling between
an ELF source (a Sanguine antenna, for example) and a pipeline,
and the energy on the pipeline from sources such as ground ter-
minals combine on the pipe to present the total interference.
The complexity of the supesrimposed effects depends upon the
electrical characteristics of the interference sources and the
relative orientation of the pipe with respect to these sources.
For example, the current in a Sanguine antenna will be much
larger than the current in a segment of the distributed ground
terminal planned for the Sanguine System. For most relative
pipeline oriertations in the fringe area the inductive contribution
from a North-South antenna will be accompanied by a conductive
contribution from East-West terminal grounds. Little or no
contribution from terminal grounds would be expected on a pipe-
line lying entirely within the system area.

2.7 COMPUTEK PREDICTION PROGRAMS

Although the superimposed effects of interference on pipelines
contributed by long wires (ancennas or power lines) and point

12
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sources or their eiectrical equivalent (terminal grounds)

maj; be complex in some given situation, they are not difficult
to compute. The computations may be time-consuming, however,
when the pipe is exposed to a grid of wires such as a Sanguine
anteana system and several terminal grounds. Computer programs
nave been developed so that calculations can be made efficiently.

The electrical effects on a buried conductor are longitudinal
current on the pipe which produces leakage current through the
pipe coating, and a distributed pipe-to-soil potential due to
the gradient along the pipe, as previously depicted. These
effects are relateé through the transmission line differential
equations.(2

The computer prediction of the effects from a Sanguine
antenna is based on several practical assumptions: the earth
is assumed to have a uniform resistivity; the pipeline is
modeled as a lossy transmission line. The pipeline parameters
taken into account are the diameter, coating resistance, depth
of burial, 1longitudinal resistance, and the resistivity of
the earth adjacent to the pipeline. These parameters together
with the frequency of excitation of the antenna are used to
estimate the shunt admittance and longitudinal impedance of the
pipeline.

Two different approaches to the solution of the transmission
line equations were developed and compared, In one approach
the pipeline is treated as a lumped parameter system. The second
approach involves the programming of the exact solution of the
transmission line equations. Good agreement has been obtained
between the programs.

The lumped parameter program predicts inductive and con-
ductive effects for the antenna and distributed antenna grounds
assuming a uniform, linear earth. The electromagnetic field is
predicted at points on the surface of the earth. This field
strength is assumed to be applied to the buried pipeline. The
pipeline is assumed to consist of equivalent linear segments with

14




each segment represented by lumped impedance along the line
and a lumped admittance to remote ground.

The exact solution program computes the voltage drop along
a given section of the pipe. When divided oy the distance over
which the drop occurs, the required potential gradient is
obtained. A closed form expression given by Lacey(3) for the
mutual impedance at large separations is used in the program
to avoid distance limitations. The program is capable of handling
layered earth models for conductive effects. The induced effects
are based on a homogeneous earth.

The shunt admittance and longitudinal impedance can be
changed in a piecewise fashion in both models, The various
parameters (coating resistance, adjacent earth resistivity,longi-
tudinal resistance) are permitted to assume different values
along different sections of the pipe. The reason the adjacent
soil resistivity is allowed to assume a different value is that
the shunt admittance is sensitive to this parameter,

A third program has also been developed for t!e purpose
of estimating interference effects on complicated networks of
pipelines. The program uses the exact solution program as a
subroutine and hence has all of its features. Outputs from the
network program are only the effects at the nodes (intersections
or terminations of pipelines). The distributed effects on any
pipe in the network can then be calculated in a separate run by
using either of the two basic programs.

REFERENCES

1, E.D. Sunde; Earth Conduction Effects in Transmission Systems;
D. Van Nostrand Co., New York, 1949,

2, 1Ibid.

3. L. J. Lacey; The Mutual Impedance of Earth-Return Circuits;
Proc. IEE, Part IV, p. 156; July 1952,
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SECTION 3

EFFECTIVE INTERFERENCE PARAMETERS

3.1 EFFECTS OF RELATIVE ORIENTATION

The relative orientation between a pipeline and a
Sanguine antenna, or antennas comprising a system, refers to
the angle described by the pipe and the antenna, and the dis-
tance from a point on the pipe to a point on the antenna.
Several relative angles must be considered in an analysis if
a grid of antennas is assumed since both North-South and East-
West antennas may contribute to the gradient along the pipeline
if the pipe is not parallel to one side of the antenna system.
Similarly, incremental separations may be necessary considera-
tions in analysis, 1In practice, it is simplest to consider each
contributing antenna in turn, Some basic interference behavior
related to orientation factors is discussed in following para-
graphs. The pipe-to-soil potential (p-s-p) distribution is used
for illustrative purposes,

The inductive p-s-p distribution along a pipeline is shown
as a function of relative angle in Figure 3-1., All other
parameters of interest are constants for the three cases depicted
in the sketch.

The upper diagram shows the p-s-p distribution (voltage to
ground along the pipe) when the illustrative pipeline is parallel
to an antenna., The locations of maximum voltage to ground shift
along the pipe when the pipe is rotated 34 degrees with respect
to the antenna, as shown in the center diagram. The distance
to thepipe from the antenna varies, but the pipe does not cross
the antenna. The amplitude of the maxima are much lower than
when the pipe was parallel to the antenna,

If the pipe 1s rotated only 17 degrees but is displaced so
that it crosses the antenna there is another shift in the locations

16




of the voltage peaks.' This is shown in the lower sketch of
Figure 3-1. There is also a substantial increase in the
amplitudes of the peaks.

3.2 EFFECTS OF PIPELINE PARAMETERS

It should be expected that the diameter of a pipe will
have some effect on the interference coupled from an ELF
current source to a pipeline. An increase in the pipe dia-
meter increases the area of the pipe exposed to the electric
field. As the diameter is increased the wall thickness of
the pipe ic increased for strength. Consequently, the longi-
tudinal impedance per unit length of pipe decreases. All
other factors of interest being constant, these changes mean
that longitudinal currents increase with pipe dianeter, leakage
current densities decrease, and pipe-to-soil potentials de-
crease in amplitude.

The effect of pipe diameter changes on pipe-to-soil
potential is illustrated in Figure 3-2. A more complex situ-
ation is illustrated here to depict a situation that is con-
ceivable in a Sanguine environment. The pipe is longer than the
antennas, is parallel to the North-South antenna, and crosses
the East-West antenana. The distributed ground terminal on the
right is much closer than the ground on the left, while the
upper and lower (north and south) ground systems are the same
distance from the pipe and equidistant from its midpoint.

Changes in the quality of pipeline coatings also are
predictable. High resistance coatings increase the pipe's
shunt impedance thereby reducing leakage currents to ground
while the voltage to ground, or the pipe-to-soil potential, is
increased by improved pipe coatings. The high resistance

coatings also reduce longitudinal currents generally. The effects
of pipeline coatings on these interference factors are illustrated
in Figure 3-3. All parameters of interest except coatiug quality

were assumed to be constants in developing the illustration.
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3.3 THE EFFECT OF SANGUINE SYSTEM FACTORS

Two Sanguine System operating factors are important in
determining the interference that might be coupled to
collocated pipelines: the antenna current and the syste=z
operating frequency.

The inductive coupling betweer a Sanguine antenna, or
any other ELF earth-return current source, and a pipeline
is directly proportional to the source current ampiitude.
The conductive effects on the pipeline produced by terainal
grounds also are directly proportioaal to current.

The effect of the source operating frequency is scmewhat
more complex than the effect of operating current. This
complexity is associated principally with the change in the
longitudinal impedance of the pipe as frequency is changed,
and the change in the electric field at the pipe location
due to the snurce. The latter is a function of both frequency
and separation between the source and the recipient.

As frequency is increased, the gradient along the pipeline
increases to some degree. However, the longitudinal impedance
of the pipe increases at a faster rate with frequency, so the
net effect of increasing frequency is a reduction in the pipe-
line interference voltages and currents. This holds true unless
the pipeline is quite close to the antenna (several hundred feet).
Then some increase in pipeline interference voltages and currents
might be expected. The changes in interference are not dramatic
at the currents, frequencies and separation distances associated
with Sanguine. For example, a change in interference amplitudes
of ten percent or less occur for changes in frequency from 45 Hz
to 75 Hz. Since tlicse changes are not dramatic, frequency can
be regarded for Sangiine System pipeline analysis as a minimal

influence on interfereuce.
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SECTION 4
ELF PIPELIYRE INTERFERENCE EFFECTS

4.1 CLASSIFICATION OF EFFECTS

The pipeline interference studies conductcd for Project
Sanguine since 1968 have provided sufficient information to
identify the types of effects which should be considered in an
ELF electromagnetic environment produced by the proposed Sanguine
communication system and other existing systems such as com-
mercial power transmission and distribation circuits. The
potential interference effects on pipelines to which attention
should be directed are:

a. the corrosion of pipe materials that might be
produced by ac inductive interference from Sanguine
antennas and/or ac conductive eifects from Sanguine
distributed ground terminals;

b. effects that might be produced on pipeline control
and monitoring electrically-operated equipment;

c. Any impact that Sanguine-associated electromagnetic
coupling might have on pipeline worker safety.

These three areas have received varying dcgrees of attention
during the past four years. Some additional detailed study
oriented toward associating these potential interference effects
to actual Sanguine System designs and operating site selection
will be performed during the project's Validation and Full-Scale
Development phases. The conclusions and other impressions which
have been developed from the work completed to date are summarized

in this section.

4.2 THE POTENTIAL FOR AC CORROSION

There is an extensive body of technical literature available
on natural and electrically-produced corrosion of metals buried
in the earth. For example, the National Bureau of Standards lists
more than 400 articies on this subject which were published

22
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between 1906 and 1956{1) As has happened in other technical
fields of interest, the literature since that time has grown
substantially. Clearly, it is beyond the scope of this report
to attempt a comprehensive review of so large and specialized
a boly of knowledge. Nevertheless, the work reported in the
past is important in understanding and estimating the pipeline
corrosion potential of the proposed Sanguine System, and there-
fore has been studied in considerable Zepth.

The definitive work by Kulnan(z) was used principally to
review the corrosion literature prior to 1960 and to ident:i
work that seemed pariiculariy pertineat to Sanguine. A search
was made of tb~ post-1960 literature to obtain recent data and
views regarding pipe corrosion attributed tc ac gradients and
earth currents. The fcllowing statements summarize the salient
points observed from studying the corrosicn literature:

a. metal buried in soils can be corroded by alternating
currents;

b. the rate of corrosion procuced opn most metals by alter-
nating currents is higher than the natural corrosion rate
of the metal in the same soil environment;

c. the rate of corrosion produced by ac is affected by the
current density produced on the metal, the frequency of
the current, the composition ¢f the metal, and the soil
chemistry;

d. all other factors being the same, corrosion produced by
alternating current is a small fraction of that produced
by the same magnitude of direct current. Generally the ac-
produced corrosion is only about 1-27 of that caused by dc;

e. the extrapolation of corrosion data obtained under
controlled or simulated conditions in the laboratory
to field problems must be made with care. Factors
which mitigate against direct application laboratory-
derived data to the field include:
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1. somewhat different chemical reactions
because constituents of soil in the
field cannot be duplicated entirely in
the laboratory, nor can the availability
of oxygen, hydrogen, or carbonates;

2. the rate of corrosion is a function of
exposure time. The short laboratory
exposure periods (several months at best)
produce much higher , arly rates than
should be expected in the field;

3. ursuspected direct currert outputs
produced bz iaboratory ac generators
can drzmatically affect corrosion rates
and entirely mask the actual rate
attributable to ac;

4, the efficiency of redeposition of metal
by alternating currents (metal removed
when the metal is anodic is redeposited
to some extent when the metal is cathodic)
often is lower in the laboratory than in
the field, This is generally the case
when simulated soils are used.

Some investigators suggest that the rate of
laboratory corrosion should be reduced to 0.4

to 0.8 for direct current corrosion in the field,
and to 0.1 to 0.01 for ac corrcsion for bare pipe;

the use of protective coatings on buried pipelines

to prevent corrosion must be considered in estimating
field corrosion rates, Little or no corrosion should
be expected during the ordinary life of the coating
except where the coating is punctured., The current
density at a puncture (a "holiday") will be much
higher than along protected surfaces, and therefore
corrosion will be higher, at least for some initial
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time, than one might expect froz the average
current density along the prectected pipe.

For some metals, however, the rate of corrosion
decreases as current density increases.

Item: (a) through (£) above should be recognized as useful
for general guidance in evaluating a potential ac-induced
corrosion problexm such as that associated with Sanguine. That
is, the statements are helpful in placing the potential for a
Sanguine System to enhance pipeline corrosion in perspective,
but they do not provide a sufficient basis for an in-Jepth
evaluation of the problem. The laboratory and field work per-
formed for Sanguine, the engineering studies completed to
date, and some recent literature concerning power line induction
under ordinary and fault conditions provide sufficient additional
insight to at least qualitatively address the corrosion question.

A series of laboratory tests were performed to determine
the corrosion rate of steel pipe material in simulated soils
under several conditions of exposure to ac voltages. The voltages
were not induced on the pipe samples, as would be the case if
buried pipes were exposed to Sanguine-generated gradients. The
voltages were applied to the metal samples directly with the
electrodes, as is generally done in laboratory experiments for
convenience. This difference is important in interpreting
laboratory results. Several other limitations typical of experi-
ments performed under controlled conditions also deserve
attention. The simulated soils should not be considered to repre-
sent actual soil chemistry conditions which may exist in reality
either in some large area or a smaller localized area. All
tests were conducted for short periods of time, the longest being
about two months for weight loss experiments. The purpose of the
tests was to obtain data for comparison with results cited ir the
literature, and therefore the likely presence of direct current
was considered to be no serious drawback. However, this factor
must be recalled when attempts are made to estimate the likelihood
of Sanguine-induced corrosion. Finally, the inhereiat limitations
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of laboratory amalysis techniques must be recognized. The
literature emphasizes these limitations, and there is no reason
to include them in detail in this report since the experiments
were not intended to produce data directly applicable to field
conditions.

The polarization behavior of several ordinary pipe metals
ja simulated soil of known characteristics and pH was determined
in an initial series of tests. The metals included new and
used bare metal and coated new metal. A manufactured holiday
was used with the coated material. The data from these tests
provided the information required to select appropriate alternating
voltages for ac exposure tests.

Using linear polarization techniques 1laboratory corrosion
rates were calculated for new metal exposed to alternmating vol-
tages of amplitudes between 0.4 and 3.0 volts rms. As mentioned
previously, any residual dc component from the laboratory generator
was ignored. The computed rates were practically independent of
the voltage level, and were highest for the lowest frequencies
used in the tests as shown below:

Frequency Laboratory Corrosion Rate of Bare Pipe Steel
No Voltage Applied 0.003 ips*(New) -- 0.03 ipy* (used)
15 ﬁz PP 0.05 - 0.08 P
45 0.03 - 0.06
60 0.03 - 0.05
75 0.01 - 0.04

ipy* = inches per year.

The rate of corrosion of the metal when voltage was applied

did not seem to depend very m'ich on the condition of the metal,
although an order of magnitude difference was computed with no
voltage present. There also is about an order of magnitude
increase in the rate when voltage was applied, bhased on the new
metal. Unrealistic rates were computed Zor the case of the
simulated holiday in the coated steel sample, so they are not
included in this summary. Those tests were performed both with
and without cathodic protection, but the results in all cases
were regarded as unsatisfactory at best. 1In all cases the soil
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resistivity was 400 ohm-cm (2.5 x 107! mho per meter
conductivity) with pH controlled at 6.5.

Weight loss experiments were performed with the metal
samples in the simulated laboratory soil exposed to the same
range of 60-Hz signals (0.4-3.0 volts, rms). Soil corditions
were the same as noted reviously except that the resistivity
was increased to 20,000 ohm-cm (or a conductivity of 5 x 10-3
mho per meter). Note that the linear polarization tests were
performed in a medium generally regarded as very corrosive
(400 ohm-cm) and slightly acid (pH of 6.5), while for weight
loss observations the medium was changed to mildly corrosive
(20,000 ohm-cm) with the same acidity.

After 1-1/2 to 2 months of exposure to the ac signals,
the laboratory corrosion rates for bare new pipe steel were
computed as follows:

Test Condition Laboratory Corrosion Rate of Bare New Metal

400 ohm-cm 20,000 ohm-cm
No Voltage Applied 0.0005 ipy* 0.0002 ipy*
004-300 VAC, 60 HZ - 0002"0003

*ipy = inches per year

There are several interesting observations that can be made
from these data, The laboratory corrosion rate of the metal
with no voltage applied was 0,003 ipy as computed from linear
polarization tests, but was 0,0005 ipy, or an order of magni-
tude lower as computed from weight loss after 52 days in 400
ohm-cm soil. The original data z2lso showed that the rate would
be 0.0003 after 109 days in the same soil. These results point
out the limitations that must be appreciated in interpreting
laboratory-derived data., The results also-show that there was
about a 2,5:1 difference in the rate of corrosion between the
very corrosive and slightly corrosive soils with no voltage
applied., Finally, the weight loss data predict a corrosion rate

that is lower, butnot significantly so, than the linear polariza-
tion data. However, it is important to recognize that the weight

loss data represent exposure times of two months or less,
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Finally, the weight loss-derived corrosion rates seemed to
corroborate the findings of others reported in the literature.
If one assumes that direct voltages of the same average
amplitude as the ac voltages were applied to the test samples,
much higher corrosion rates would be computed. The ac rates
in fact would be only 0.5 to 1.57 of the laboratory rates ex-
pected from dc exposure. This is consistent with the results

reported by others.

Recent laboratory tests performed by other investigators
should not be ignored in interpreting the rasults obtained for
Project Sanguine. The highly-regarded work of Brucknmer(3) is
particularly useful and interesting in this instance. Bruckner
used many innovative approaches in his experiments, took great
care in arranging and conducting his experiments and recognized
and identified for the reader the necessary limitations in
applying laboratory results to field conditions. For example,
the reported experiments were performed with'gradient electrode
cells" as well as with direct application of the voltage. That
is, a gradient was produced along the length of the test specimen
in some tests,

Bruckner observed that the corrosion rates attributable
to alternating currents for steel buried in soils of pH between
5.0 and 9.0 were between 0.0005 and 0.019 ipy for current densities
between 50 and 500 milliamperes per square inch when the initial
current density was maintained throughout the test run, The
higher rates corresponded to the higher current densities. The
corrosion rates of his controls in these tests were 00,0006 to 0.008
ipy. The controls were immersed in the same media as the exposed
samples so that they were exposed to the same temperature rises
as the electrically-exposed samples (the test cells were not the
induction type in this case). The investigator therefore con-
cluded that the data from the exposed samples represented
corrosion due to heating in the laboratory cells as well as to any
purely electrical effect. Other experiments were conducted to
isolate the corrosion contribution from local heating. The results
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of isothermal tests showed that weight loss of the samples due
to thermal activation was significant during laboratory tests

for ac corrosion, accounting possibly for as much as 507 of the
total evident loss,

Bruckner also observed that it was necessary to increase
the impressed voltage on his metal samples to maintain desired
current densities in the laboratory. The necessary voltage
increases often resulted in applied voltages of several hundred
volts during the late stages of testing. A series of constant
voltage tests was performed in which constant voltage was main-
tained to obtain data which might represent field corrosion rates
more realistically. It was observed that over a period of 5-7
weeks the initial current density was reduced by about 907 for
all densities used between 50 and 500 milliamperes per square
inch. The computed corrosion rates were only about 1/4 to 1/6
of those calculated for constant current tests,

It seems clear that the laboratory data from Project Sanguine
experiments can be interpreted realistically with reasonable
confidence by comparing the resulting data with the information
from the literature. When this is done, the following statements
seem to reasonably summarize the available information:

a, laboratory ac corrosion rates for bare pipe
steel (0,010 to 0.060 ipy between 45 and 75
Hz) are about the same as those reported by
others;

b, estimates of corrosion contributions from
residual dc effects and thermal activation
during laboratory tests suggest that field
ac corrosion rates should not exceed about
0.015 ipy for bare steel pine;

c. the 0,015 ipy corrosion rate appears to be
a conservative upper limit rate for buried
pipelines in which coating perforations
might be caused during installation or
deterioration after some period of years,
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This rate is considered to be conservative,
Bégagse it represents a condition where a constant
current density is required at the perforation

of about 500 milliamperes per square inch. Such
a high density is a very remote possibility from
Sanguine-induced currents for even a short period
of time;

d., the likelihood that inductive coupling between a
Sanguine antenna and a nearby coated pipeline
or conductive effects from Sanguine terminal grounds
could cause punctures in pipe coatings and thereby
produce significant localized current densities
also is remote.

Experience shows that coating breakdown requires
voltages in the order of several tens of thousands
of volts.(a's) Such induced voltage levels can be
produced by large power transmission faults which
result in several thousands of amperes of earth
currents, but would not be produced under any likely
circumstances by a Sanguine System;

e, it seems reasonable to conclude that a Sanguine-
generated contribution to the ELF electromagnetic
environment should not result in any significant
risk of advancing corrosion on collocated buried,
coated pipelines,

4,3 THE POTENTIAL FOR EQUIPMENT EFFECTS

There is a variety of electrically-operated equipment used
for control and monitoring functions on pipeline systems. Much
of this equipment is immune to ELF interference voltages produced
by power systems, and therefore would not be affected by a
Sanguine System either, This is particularly true of communica-
tions equipment which might be installed permanently along pipe-
line routes.

———

e TS
SEET O R

oA IR v e AT evegre RS
d s s A ST A P N A

v

SRR
SRR

Vet «

T ST
T e v O e USSP A




Cathode protection systems probably are the most common
electrically-operated devices used with pipelines. Two basic
types of systems are used. One type of scheme uses a "sacrificial"
anode to maintain the pipe-to-soil potential at a dc level which
prevents corrosion.from direct currents. The system works on
the galvanic couple principal. A metal dissimilar from that used
to manufacture the pipe is selected, and some amount of that
metal is buried near the installed pipeline. The natural galvanic
couple that is formed between the pipe and the selected "anode"
then protects the pipe from excessive corrosion.

The second type of cathodic protection system is a rectifier
system energized from conveniently-located power lines. This
system generally is installed near road crossings. The 60-Hz
voltage provided from the commercial power system is full-wave
rectified to provide the desired dc bias on the pipeline with
respect to earth, The location of the rectifier station and the
number of installations along a line depends on local conditions
contributing to the inductive coupling.

A general analysis of the sacrificial anode system of pipe
protection would provide little information concerning the Hkelihood
of Sanguine interference effects. Each system is designed and
installed on an individual case basis to provide a pipe bias of
-1.0 volt or less at the installation point. Any system of this
type which might be encountered in a Sanguine operating area
therefore should be studied separately for possible interference
effects.

The externally-powered rectifier system has been studied
as a class of device. Typically, the system includes an air-cooled
selenium stack, a full-wave bridge, a filter and lightning protection
cn both the input and output terminals., A maximum of 12 amperes
at 24 volts dc generally is available, but only a fraction of this
output is usually used, The most likely susceptible device is the
selenium stack which can be degraded if the inverse voltage rating
18 exceeded by more than about 10%. Since this rating usually
is 30-40 volts, it is clear that interference effects on cathode
protection devices could only occur for rather high pipe-to-soil

31




potentials. Sanguine-induced pipe-to-soil potentials of such
high magnitudes are most unlikely under reasonably-expected
situations.

Another class of electrical system often associated with
pipelines is the fuel flow telemetry system. This system
typically monitors the flow of the fuel in the pipe between
some reference point and the consumer via relaying circuits
on telephone lines. The balance of the telephone system is
sufficient to prevent the high transverse interference voltages
required to malfunction the telemetry dc relay (about 25 volts
minimum).

- 4,4 POTENTIAL SAFETY EFFECTS

Electrical safety near pipelines is associated principally
with the welfare of construction and repair workmen. Pipelines
are almost always coated and buried, or otherwise protected if
they are routed above ground level so that they are not accessible
to the general public, The pipeline industry has established
required practices to ensure worker safety from electrical hazards
because of the prevalent routing of pipelines adjacent or within
existing power systems rights-of-way,"‘ These practices
recognize the various modes by which voltages and currents may
be produced on pipelines from transmission line towers, grounds
or inductive coupling under both ordinary and fault conditions.
These ordinary practices are sufficient to avoid problems in a
Sanguine-generated environment, as is discussed in a later

section of this report concerned with pipeline interference thresholds.‘
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These sections may be as long as several miles.

Insulated joints are used in distribution system piping to
: Separate the systems into areas for cathodic protection purposes.
. The amount of underground congestion will determine the size of
the areas. Insulated areas may be limited to a few square blocks in
. "downtown" sections, but in outlying sections they may be much
larger.

On transmission lines either insulated standard flange
assemblies or pre-assembled devices of equivalent strength
are used. Distribution mains and large service lines may ase
insulated flanges, pre-assembled devices, or insulated mechanical
joints. Residential size service lines may be insulated at the
meter qith devices such as insulating bushings, unions, meter
bars, or meters with insulating swivels, Service insulation
at the .main, if necesesvy, may utilize insulating main tapping
fittiégs, bushings, or mechanical couplings. Some examples of
the v?rious devices are shown in Figure 5-1.

There are some disadvantages to using insulating devices

. in some cases. Since the device is an additional component in
the s&stem, it represents a potential problem source such as
a leak or failure point. The installation of the device during
qhe cqnstruction of a line is relatively simple and is not
costly., However, the cost and interruption of service to con-

; sumers may be prohibitive for installing an insulation device
in an exifting in-service line. For example, the total cost
of installation on a 6-inch diameter distribution line is about
'$1600 before the line is in service; the cost on a line in which
service is maintained by a temporary by-pass is more than $5000.

Respective costs on a 36-inch diameter transmission pipeline are
$7000 and $50,000.

The purpose of the insulating joint in mitigating interfer-
ence effects on pipelines from power systems or a Sanguine antenna
is to reduce the electrical length of the pipeline exposed to the
interference source., A given situation must be analyzed carefully,
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FIGURE 5-1 SOME EXAMPLES OF INSULATING DEVICES FOR PIPELINES

36




horever, because reducing the length of exposure can increase
rather than reduce tke overall effective coupling to the pipe.
An ex2mple is useiul i:. illustrating the undesirable change that
can occur.

Consider an 80-mile long pipeline exposed to a parallel
ELF current source that produces a uniform electric field in-
tensity of 1T volts per mile along the pipeline route. The
expected induced voltage (the pipe-to-soil potential) along the
pipe, as coaputed from the trans=ission line equation, is
plotted in Figure 5-2. The maximum induced voltage is about 24
volts to ground, appears near the ends of the pipeiine, and
there is at least 8 volts to ground along the last 3.2 miles
from either end (8% of the total length) of the pipe. If am
insulating joint was inserted at the midpoint of the pipe to
reduce the induced voltage, the characteristic on each of the
two pipe sections would be that shown for the 40-mile curve.
The maximum voltage remains at about 24 volts to ground, but
now appears at four points onthe pipe (the four end points)
instead of two. Furthermore, there is now 8 volts or more on
16% of the line (3i2.8 miles) rather than on 87 of the line.
As shown in Figure 5-2, adding more ifusulating joints may produce
more intense coupling rather than contribute to a solution.

The example illustrated here shows that it is important to
consider the distribution of pipe-to-soil potentials as well
as maximum amplitudes. As discussed in the next section of this
report, it may be preferable when selecting an interference
threshold for induced voltages on pipelines to use the voltage
distribution rather than the maximum amplitude as the governing
criterion.

5.3 PIPELINE EXTENSIONS

The overall increase in pipe-to-soil potentials along a
pipeline as the electrical length was reduced with insulating
joints (Figure 5-2) suggests that the voltage can be reduced in
some places by extending the length of the pipeline. While there
are obvious 1limitations to this technique in practice, it is
worth some attention. The advantage is that maximum voltages to

ground can be transferred from a functional section of a pipeline
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te a nonfunctioning portion. 7Tt is conceivable that the techni-
que could be preferred in some cases where mitigation might be
required on a large, in-service line. Favez and Gougeyil have
considered this technique in considerable analytical detail{l)
and Poh1(®) also has tabulated his analytical results to
illustrate the effectiveness of the pipe extension theory in
reducing the effects of pipe-to-soil potentials by changing the
distribution of the voltage along the line.

5.4 PARALLEL GUARD WIRES

Favez and Gougeuil observed during their aralysis of
coupling bhetween high voltage transmission lines and buried
pipelines that the presence of a grourded meutral wire was effective
in reducing the coupling between the twc systems. This being
the case, an experiment was performed to illustrate the reduction
in coupling that might - :cur if a bare wire was buried near to
and parallel with a pipeline. The guard wire was expected to
provide shielding for the pipe, the attenuation being a function
cf the mutual inductance between the wire and the pipe and the
resistance to ground of the wire. Attenuation would increase with
higher mutual inductance and lower ground resistance.

The experiments showed that the guard wire provided about
6 dB reduction in coupling between a high voltage transmission
line and the pipeline. An additional reduction was achieved when
the guard wire was connected to the pipeline. The connection was
made through spark gap devices to prevent upsetting the cathodic
protection system installed on the pipe. The reduction attributable
to connecting the wire to the pipe was about an additional 107%.

5.5 SOIL CHEMISTRY CHANGES

Bruckner(3) among others who have conducted corrosion experi-
ments under simulated soil conditions in the laboratory, has shown
that the constituents of the soil are important in determining the
corrosion rate of pipe steel. The chemical bacteriological and
oxidative constituents contribute to corrosion to some degree.

The chemical nature of the soil ne.r a pipeline can be changed to
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reduce ac corrosion. The abseace of bicarbonate ion provides

a significant reduction in the corrosion rate of steel. Any
change in the soil chexistry should be localized to the
vicinity of the pipe to prevent cther undesirable envircnmental
side effects.

5.6 INTERFERENCE AS A PROTECTION SOURCE

Cathodic protection of pipelines to »revent corrosion due
to direct currents in the earth is a standard practice in the
pipeline industry. The literature suggests that the principle
of cathodic protection was recognized as early as 1891,(4) and
practical approaches for pipeline protection were well-developed
between 1905 and 1920.(5'7) Recently it has been suggested by
a number of practitioners that ac-induced voltages can be used
to provide corrosion protection, and several experiments have
beers reported in the literature to demonstrate the practicality

of the suggestion.

Bruckner performed his tests in the laboratory wich a
sacrificial anode of magnesium. The rectified ac from the anode
provided cathodic protection as long as the ac current density |
did not exceed a value which caused polarity reversal between
the magnesium electrode and the pipe steel., A reversal in polarity
would result in upsetting the original dc circuit formed by the
glvanic couple and accelerate rather than inhibit corrosion. The
current density depended upon a variety of test conditions. The
experiment was successful in showing that ac interference could
be used, withiun certain limits, to develop the dc bias required
to protect a pipeline from electrically-accelerated corrosion,

Paver(s) reports that voltages to ground between 2 and 26
volts were measured along a 36-inch pipeline in Illinois., A
magnesium anode ground bed was constructed near the pipeline and
counection was made to the pipe through a diode bank. The system
was effective in protecting 12 miles of pipe for about 4 years,




Newly coastructed power transaission lines and substations
then changed the character of the area, and the protectica
system had to be changed to a rectifier systes.

The laboratory and field experiments reported in the
literature suggest that existing cathodic protection can be ased
to advancage in controlling ac-induced corrosion as long as the-
ac- current density does not exceed abcut 25 milliamperes per
square inch. For most pipelines this density is not exceeded
for induced pipe-to-soil potentials in the order of 50 to 60
volts.

Another instance of converting alternating interference
voltage to direct currenf'cathodic protection by rectification
has been reported by Bellassai.? An ac pipe-to-soil potential
of 8.5 volts was observed on a pipeline located in a salt
marsh in New Jersey. Field experiments and computations were
made that indicated the available interference voltage could
be used to provide about 3 volts of cathodic protection voltage.
A rectifier stack (5 amps, 15 volts dc rating) was connected
between the pipe and a ground bed consisting of interconnected
graphite ground rods. Ten rods, each 3 inches in diameter and
60 inches long, were spaced at 24-foot intervals and connected
together with 1/0'c0pper cable to construct the ground bed.
The measured rectified voltage was 2.8 volts. The rectifier

station was reported to be operating according to specification
after 18 months.

5.7 MITIGATION NEAR GROUND TERMINALS

Voltage differences between a pipeline and earth caused
bé increases in earth potential from ground terminals can be
minimized most easily by separating the pipeline from the ground
terminal as much as possible. Attaining maximum (and sufficient)
separation clearly has its limitations in practice, and the
utilities have studied alternative methods for reducing this type
of interference to pipelines.

Favez and Gougeuil provide a detailed mathematical model
41
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for determining the minimum separation between a pipeline and

. Various types of power syste= grounding arracgements. As an
extension of this work, these investigators considered several
alternatives wher minimum separation cannot be attained. One
alteraative is to modify the potential distribution in the
vicinity of the ground terminal. This can be done by constructing
asymmetrical grounding arrangements to reduce the potential near
the pipeline. Another method is to bury a sufficiently long bare
low impedance conductor near the termiral ground to localize the
otherwise distant equipotential lines. Model experiments indi-
cated that practical reductions in earth potential rise of about
one-thiréd should be obtainable.
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SECTION 6
MEASURED INDUCED VOLTAGES

6.1 REPORTS FROM THE LITERATURE

Several recent reports provide some insight regarding the
magnitudes of ac voltages induced on pipelines from commercial
rover systeas. This information is helpful in understanding
the likely impact of a Sanguine System on nearby pipelines and
in developing an interference threshold criterion for Sanguine-
induced voltages.

Measurements in Germany(l) during 1963-64 indicated that
voltages to ground as high as 40 volts at 50 Hz existed on pipe-
lines which were parallel for several kilometers to transmission
lines of 220 and 380 KV, The voltages were highest near the ends
of the pipeline, and were the magnitudes observed under normal
operating conditions of the power lines. In another investiga-
tion measured voltages on older pipelines under ordinary power
line conditions were extrapolated to show that up to 125 volts
might be expected under conditions of full power line capacity
(unfaulted).

Measurements were made in France(z) on a 700-mm diameter
gas pipeline which was close to and essentially parallel to a
150 KV line for a distance of about 8 kilometers. The power line
was not equipped with a returned neutral, but one of the phase
conductors was used in this manner during the reported investi-
gations. The results showed that the distributed pipe-to-soil
potentials were between 60 and 250 volts (per 1000 amperes of
short-circuit current) without the returned neutral and were 40
to 190 volts (per 1000 amperes) when the synthesized neutral
wire was used. The pipe was electrically continuous beyond the
exposure to the power line and on the average the distance between
the pipe and the line was about 150 meters. The power line fre-
quency was 50 Hz. Voltages in excess of 400 volts were observed
when the pipeline was terminated at one end within the span of
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the power line exposure. These results compared very well with
theory, which predicts more coupling when the interference
source is not equipped with a return wire and when the -

pipeline is not continuous beyond the span of parallel exposure,

A measurement of 60 volts to ground was recorded in California(B)
where a power iine and a pipeline crossed after a parallel exposure
of 40 to 50 miles. The power line was rated at 250 KV, Levels
of 20 to 30 volts were reported on pipelines which were parallel
to other 210 and 250 KV lines.

As discussed in Section 5 of this report, the Northern
I1linois Gas Company has measured 60 Hz voltages to ground of 2
to 26 volts along a 36-inch diameter pipeline.

5.2 MEASURED VOLTAGES ON WISCONSIN PIPELINES

Figure 1-1 showed an area in Wisconsin that is one of several
candidate areas for an operational Sanguine System. The area
exhibits many characteristics that nake it the preferable candidate
Sanguine site on purely technical grounds. Several pipelines in
or near this area were selected for field study, the purpose being
to describe the existing 60-Hz induced voltages on those lines,
to compare the measured data on a qualitative basis with expected
60-Hz levels, and to obtain information from which Sanguine inter-
ference thresholds could be derived.

It is instructive to consider the nature of the Wisconsin
area as regards pipeline induced voltages prior to presenting and
discussing measured data, The literature referred to in several.
previous sections of this report indicates that substantial voltages
might be expected on pipelines that are parallel and close to high
capacity power transmission lines, A study of the Wisconsin area shows
that the three pipelines available for study generally are not ex-
posed in this way, There is some exposure to transmission lines
of lower rating (less than 150 KV in most cases), and parallel
situations do not exist for more than several miles in any one place.
Therefore, voltages induced onthe pipelines were not expected to
be very high compared with some measures reported in the literature.
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The Wisconsin pipelines are exposed to many power distri-
bution lines, most of which are the single phase, multigrounded
neutral type. The grounded neutral current in this type of
system is often significant, and therefore it should be expected
that these circuits would contribute measurable induced voltages
if they were close to pipelines. This would be particularly
true if power system pole grounds were located near to the pipe.
Some numerical examples are helpful in illustrating these ex-
pectations, For convenience, the examples provided by peabody
and Verheil(4) are used for this purpose.

The illustration and accompanying equations in Figure 6-1
can be vsed to compute the induced voltage on a pipeline from a
single phase power line. If the load current is 30 amperes the
line with the ungrounded neutral will induce only 0.5 volt per
mile on the pipeline., The induced voltage from the same current
in the line when the neutral wire is grounded is 20 volts per
mile., The soil resistivity is assumed to be 10° ohm-meters
in these computations,

Figure 6-2 provides the illustration and equations for
computing the induced voltage on the pipeline from a three-phase
power line. A reasonable assumption for the zero-sequence current
for the line without the neutral is 10 amperes, The induced
voltage on the pipeline is 18 volts per mile for a soil resistivity
of 103 ohm-meters or almost the same as that produced by the
grounded neutral single phase line conducting 30 amperes, If the
three phase line is operated with a neutral so that there is some
earth return, the phase wire current is important. If the current
is 250 amperes the induced voltage would be 13 volts per mile of
exposure,

The equations used in the numerical examples are conservative
approximatations for idealized conditions, Actual voltages would
undoubtedly be substantially smaller than computed magnitudes, The
examples are sufficient, however, to illustrate that measurable

voltages should be expected in the field, and that actual amplitudes
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B._..._ Pipe

Single Phase Line with Metallic Neutral

v, =3.279 £ 110 2% yolts
x =3 B0 14 10810 7

! Vi = Induced Voltage per mile

f = System frequency (assumed to be 60 Hz)

I, = Phase Current in amperes rms

D,y = Distance from conductor to pipe line
Da!x = Digtance from neutral to pipe line

Single Phase Line with Earth Return

D
v, = I, & [ 0954 + 1.279 log,, V:'E] volts

in vhich D, 18 the distance of the return current in the earth
to the pip&8¥line. D_ 1is the equivalent depth of the earth return
current below the oufgoing conductor and can be determined from:

De - 216{% feet
in which p 18 the soil resistivity in ohm-cm.

FIGURE 6-1 ILLUSTRATION FOR COMPUTING INDUCED VOLTAGE ON A
PIPELINE FROM A SINGLE PHASE POWER LINE
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Three Phase iine without Neutral

V= I | .286 (g + 3.8382 (Sp) log, Dex volts

X 0
- S
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in which I0 is the zero sequence current.

Three Phase Line with Partial Earth Return

D
£ . £ ex

D
ex ex
10810 ﬁ-g; + IC 1°g10 Fﬂ; volts

in which D, is the same parameter as in Figure 6-1.

FIGURE 6-2 ILLUSTRATION FOR COMPUTING INDUCED VOLTAGE ON A
PIPELINE FROM A THREE PHASE POWER LINE
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will depend on the type of pover system that is near the pipe-

line as well as the distance between the byotnis‘.

It is impractical to attempt to predict the expected induced '
voltages on pipelines exposed to many power lines with various
orientations to the pipes. However, one can reasonably expect to
observe certain trends to be evident in measured,data obtained
in some area of interest. For.the candidate-Sanguine site in

Wisconsin for example, the - -following was expécted: . ;

a., the highest induced voltages were expected on
the pipeline along the -southern fringe of the
area and the southern portion. of the line
through the eastern part of the avrea;

b. the lowest voltages were expected to appear ,
on the northern cortien of the pipelines in the
eastern part of the area and the western fringe
of the area; i

! : i

c. maximum voltaée amplitudes were expected near

pipeline terminations and.other placés where
power system grounds were located;

d. induced voltaées were expécted to be between
about 0,01 volt and 10 volts maximum at 60 Hz,

The expected areas of highest induced voltages were based
first on the locations of highest social activity, since these
areas generally represent centers for stgnificant‘power'system
loads. Population centers in the Wisconsin area of interest
generally are located along State Highway 13 from Park Falls south,
along U.S. Highway 8, and along State Highway 29 between Eau Claire
and Wausau, The Williams Brothers pipeliné between Eau Cléire and
Wausau has a diameter of 8 inches, while the Northern Natural
Pipeline diameter is 10 inches north of Park Falls and 4 inches to
the south, The Lakehead pipeline diameter is 34 inches, Therefore
one might expect the trends indicated in .(a) above for these conditions.

The northern portion of the Wisconsin area is sparsely populated,
and much of the area is classified as National Forest. The population
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density on the westerz side (near the 34-inch line) is less
than that:along Bighway 13 ia the east. These conditions
suggest the trends noted in (b) above even though the Lakehead

pipelin? diameter is much larger than that of the Northera_
Natuaral Line.

Pipelihe terzinations such as insulated joints generally
are found near population centers where electrical loads are
greatest. This is the basis for expecting higher voltages near
these;places than along the line between population centers.

An exception to this trend might be expected at the northern end
of the’Northern Natural line. The line terminates in an isolated

area of the'Bad River Indian Reservation where few electrical loads
are located.

The expected voltage amplitudes were estimated from the
reported measured voltages by others along pipelines severely
exposed to high voltage transmission lines, and computed values
.such as those discussed on previous pages.

Voltages induced on the Northern Natural Rib Lake pipeline

. by nearby power systems were measured during the summer of 1971.
i

The voltages were measured at the overating frequency of 60 Hz,
and the second (120 Hz) and third (180 Hz) harmonics of the power
system frequency. Similar measurements were made on the Lakehead
line and the Williams Brothers line (refer to Figure 1-1) during
the 1972 summer season, The measurements were made at road

crossings and other convenient places where the pipelines were
equipped with vent pipes and voltage terminal blocks for monitoring
dc pipe-to-éoil potentials, Voltage was measured between the
terminal block and a 0.5-inch copper-clad (4-foot long) grounding
rod with a high impedance electronic voltmeter, The voltmeter was
calibrated and tuned to the frequency of interest in each case,

The Qoltage across the two pipeline terminals also was measured
with the voltmeter at each location. A typical test arrangment

is illustrated in iigure 6-3,
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The approximate route of the Korthern Natural pipeline
between Odanah and Rib Lake is shown in Figure 6-4. The measure-
sent locations are indicated on the map. The pipe-to-soil
potentials measured at 60 Hz at these locations are listed in
Table 6-1, and an envelope of the observations is plotted in
Figure 6-5.

A study of the data listed ir. the table and illustrated
in the grapih shows that the results observed along the pipeline
are coasistent with expectations. With only two exceptions,
the voltages observed north of Park Falls (locations 1-22) were
less than one volt. The exceptions were near a cathode pro-
tection station near the Village of Butternut. There is a
small electric substation in the vicinity. Most of the power
distribution lines along this portion of the pipeline are either
7.2 KV or 12.4 KV, and the few transmission lires appeared to
be 33 KV. 1In any event, there are few parallel exposures of
significant length in the vicinity.

Commencing n2ar Park Falls and continuing to about Pren-
tice the pipeiiue is relatively close to and often parallel to
a 33 KV power transmission lire. The lines cross several times,
and in some places the rights of way are adjacent. There are
several power substations near the pipeline, and electrical loads
on the power lines are probably quite variable and substantial.
Ther. is significant industrial activity along Highway 13 in
this area. The data from the pipeline would seem to reflect these
circumstances. The highest pipe-to-soil potentials were observed
along this portion of the line. The measured voltages varied
between 1.2 and 6.3 volts, rms (locations 23-36). The pipeline
and the transmission line cross on & diagonal, incidentally,
between locations 27 and 28, where the highest voltages were
measuared.

The voltages between the pipe and earth were lower between
Prentice and the terminating town border station near Rib Lake,
but were not as low as those measured along the northern end
of the line. The amplitudes suggest the type of activity evident
in this region.

51

_ B T e s o Vv iy
-




PR PO N

: L ¢ ?m falls

i 1)
Ol
_“ .

1

 em———
- .

! ©
. . Catawts
. Txenvan] 3 ’ ’
- Heoke
~ -
L v 34} 13
o ‘
g TN G
' )
1

e Nere e eere e e an - o
n
Jort®) Rovee
L3
Craties'
[ - i

FIGURE 6-4  LOCATION OF MEASUREMENT POINTS ALONG THE
NORTHERN NATURAL GAS PIPELINE

52




01°'T1 (A 0%9°0
00°¢ 18/ 069°0
o%'T oy ov°1
0€L*0 6t 066°0
028°0 8¢ 06°T
068°0 LE 00%°0
08°¢ 9¢ GC1°0
00°'¢€ 11 091°0
0z*'y e 06S°0
0¢°'9 €€ ove*o
06°'S A3 100°0
e1'? Te 0c¢°0
0s'% 013 %S0°0
09°'Y 63 SH1°0
00°9 8¢ 09¢°0
0€°9 LT 0L0°0
0s°*Yy 92 3T0A €S0°0
0s°¢ 174 e3e(q ON
¢e'1 V14 BleQ ON
08°'T €¢ ITOA 0€C°0
3T0A 00€°0 (44 B3ed ON
(swx) dg-S=d JuTod 383], (swx) g-s-d

O N OGN ONOONO
L e B B B B B I PPN

NN N O N O

jutod 3s9]

(=9 HANOIJ :JF¥) DIV 9IN ANV HYNVJO NIAMIED ANITAIId

TVENLYN NYJHLYON HHLI ONOTV SIVIINAIOJ TIO0S

~0L~3dId ZH

=09 dRANSVIN T1-9 91qey

53




o - N
i —e s
7] § :
g 2: : % _ _ :
> i | :
& NN 171111///k
3 : ///f |
g 1 s a7/, 77/ 00 -
8 0.8 —- - —— I . f |
3] | i 7 //// . !
B 0.6 WA
: ]/1[/ /////: ‘ )
2 0.4 //A/////// S ;
g ' 1/ % ;
N N |
; ! :
oo | e b
i i |
! :
e ' ! i ]
25 30 35 40 45 50

FIGURE 6-5

MEASUREMENT LOCATION ALONG PIPE

ENVELOPE OF MEASURED INDUCED VOLTAGES
ALONG THE NORTHERN NATURAL PIPELINE

54




The voltages measured along the northern portion of the
Lakehead 34-inch line between Superior and Vesper were expected
to approximate those measured on the northern segment of the Rit
Lake Branch of the Northern Natural Line. The voltages to the
South of about Hayward were expected to be about the same, and
possibly somewhat lower than those along the southern segment
of the Rib Lake Branch. The reasons for expecting these kinds
of voltages were stated previously. Thus, not as many locations
were selected for measurement along the Lakehead line since it
was felt that the induced 60-Hz voltages could be characterized
quite well from a few measurements and the experience on the
Northern Natural Line.

The data collection points used during 1972 on the Lakehead
Line are shown in Figure 6-6, and the measurcments at 60-Hz
are listed in Table 6-2. The data are not graphically illustrated

because tnere is not sufficient information for a meaningful
envelope.

The measured 60-Hz voltages listed in Table 6-2 show that
the voltages on the Lakehead Line were between C.1 and 1.0 volt
as expected. These levels are comparable to voltages measured
on the northern portion of the Northern Natural pipeline, also
as erpected. The measurement at Location 6 was considerably
higher, and no likely reason was evident. The very low level
at Location 8 was not surprising, since no power line was evident
in the vicinity. The higher level at Location 9 was not surprising,
since a single phase power line from the nearby village terminated
near the pipe, and the voltage on the pipe should be higher for
this reason along. A pole ground near the pipe at location 11 is
likewise viewed as the principal contribution co the level
measured at that point,

The approximate location of tlie Williams Brothers pipeline
between Bateman and Rothchild (near Eau Claire and Wausau,
respectively) is shown in Figure 6-7. The measured 60-Hz data
obtained in 1972 are listed in Table 6-3.
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~- The measured voltages clearly illustrate effects which
should be expected when a pipeline is exposed to many identi-
fiable (but not cotally definable) power lines. The voltages

to ground generally were in the 1-10 volt range, as expected.
Thepipsiine is close to a parallel 69 KV power transmission

1line along much of the observed route. The power line crosses

tt- pipeline on a diagonal between Locations 7 and 8, being

south of the pipeline tou the west and north of the line to the
cast. The angle between the lines on crcssing is small, The
pipeline is crossed by power distribution circuits at right
angles at almost every road crossing in the north-south direction.
Most of these circuits are 7.2 KV lines with multigrounded neuiral
wires., In summary, the amplitudes of the measured voliages are
in the range of expectation, and illustrate effects of exposure
to many widely-dispersed power lines and close proximity to a
power transmission line.
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SECTION 7

RECOMMENDED INTERFERENCE THRESHOLDS

7.1 THRESHOLDS FOR PIPELINE EQUIPMENT

While there is a variety of communications and other types
of monitoring equipment that might be used along pipelines, the
most common device to be expected is the cathode protector. A
single interference threshold is unnecessary for other equip-
ment, since the sensitivity of such devices to electromagnetic
interference depends upon operating and design characteristics.
It is not difficult to analyze these characteristics to deter-
mine whether interference effects are likely; therefore, it is
recommended that no interference threshold be adopted as appli-
cable to pipeline-associated monitcring devices., Instead, it
is believed preferable to perform an engineering analysis for
each case of equipment exposure which might be enccuntered in
a Sanguine operating area, Other studies performed to evaluate
the total environmental impact of a Sanguine System show that
ELF interference is an unlikely problem except for power and
telephone lines, and occasional situations are best handled on
e case-by~-case basis, 1In any event, any necessary interference
mitigation would not represent a significant economic or system
impact for either the government or pipeline operators.

Cathode protecticn devices operate on the rectification
principle. The types of rectifiers used along pipelines
genurally are rated at about 24 volts dc output, The inverse
roltage rating is usually about 30 to 40 veolts, and rectifiers
can withstand over voltages of at least 10 percent without damage,
The inverse rating is much highex than the 200-400 millivolt
Sanguine interfaerence threshold for power service lines, and
thevefore iaterference from a Sanguine System to powerline-fed
cathode protection devices shoizld not be expected,
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A 30-volt interference threshold at the terminals of the
rectifier unit is recommended, for cagﬁode protection systems
which use a sacrificial anode. This leve] will not exceed the
inverse voltage rating of most rectifiers, and therefore will:
not damage the unit. The threshold should be'lowe;ed in any

case where the rating of the installation is less .than 30 volts. !

It is not expected that 30 volts would appear at rectifier
terminals from a Sanguine System. b )

7.2 THRESHOLDS FOR CORROSION PROTECTION

As discussed in Section 4 of this report, a study of the
literature and laboratory investigations indicate that signi-
ficant corrosion attributable to pc-induced voltages from a
Sanguine System or ordinary 60-Hz power lines i§ not expected ,
on coated pipelines.' Extrapolating laboratory-derived data to
the field suggests that an upper limit of 30 volts of Sanguine-
induced voltage on a buried, epated pipeiine;should not cause
corrosion problems. in most soils. It is therefore recommended
that a 30-volt limit be suggested to pipeline operators :as the
level at which additional analysis and testing (if necessary)
be performed to ascertain whether,ingerference mitigation
techniques should be considerec. o :

7.3 THRESHOLDS FOR SAFETY .

The third intevference concerxh for pipeline systems is
worker safety. Expected leakage currents for given pipeline
coatings were presented previouély.in Figure 3-3, Coating'
of resistance between 20,000 and 300,000 ohms per ' square foot
represent the range of vdlues typically used in practice. 'A

resistance of 10,000 chms pei square foot %s regarded as a good

estimate for an uncvated pipe several years after installation.
Present practice is to avoid burying bare pipe. Study of ‘ ‘
Figure 3-3 shows that a pipe-to-soil potential of 10 volts.on

a 10-inch diameter pipe with 20,000 ohms per, square foot coating

produces a leakage current of 3 milliamperes per équare foot.
Higher quality coatings produce less icurrent with even higher
pipe-to-soil potentials.

62

TS

Hrse




Other 'studies conducted for Project Sanguine environmental

impact assessment refer to the scientific literature which cites
a current of 9 milliamperes as the let-go level for 99.5 percent

- of the adult male population. Using this figure, a conservative
induced voltaée—to-ground threshold for pipelines is 30 volts on
a 10-inch pipe. This threshold would produce less than 9 milli-

' amperés on larger diameter pipes (see Figure 3-3), but somewhat
more current for smaller pipes with poor coating. The latter
lsit‘.ua't:i.on would probably be rarely encountered and the threshold
could be reduced if necessary.

Another ﬁethod for determining a conservative safe voltage
threshold can be used, The maximum induced voltage from a
Sanguine System can be computed from the equation 1

| ' E ax = Ig (Rg + Ro + Ry)volts

where in this case

I_ = the safe current level, given as 5
i : milliamperes in Reference 1

R_ = the body resistance, given as a minimum value
B of 800 ohms in Section C11.5 of Reference 1

' kc = the earth/body contact resistance, estimated
as 9,100 ohms

Rw'=.resistance of the pipe being contacted, and
‘assumed to be zero.

Then for worker safety:

t - - 3 3
Epax 5107~ (9.9x10°)

E ax =50 volts
Sincela lower voltage value results when the characteristics
of the pipe are considered, it is recommended that an induced
voltage-to-ground threshold for worker safety of 30 volts be
adopted generally, with voltages not in excess of 50 volts
permitted under extraordinary (localized) circumstances.,
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7.4 PIPELINE CONSTRUCTION SAFETY

Voltages induced on pipelines by a Sanguine System would
be no different from those produced by commercial power systems,
Voltages produced on pipes near Sanguine ground terminals also
would be no different than those produced near power system
grounds, Therefore the same construction safety practices
- adopted by the pipeline industry should be applied in the Sanguine
operating area when pipelines are being replaced or initially
installed. While these practices may vary between companies,
the general precautions provided by Paver2 appear to be useful
in a Sanguine-generated electromagnetic environment.

REFERENCES

1, Sanguine System Final Environmental Impact Statement for
Research, Development, Test and Evaluation (Validation and
Full-Scale Development); Naval Electronic Systems Command,
Annex C-11; April 1972,

2. E.C, Paver; Effects of Induced Current on a Pipeline;
HateﬁiaIs Protection and Performance, Vol, 10, No. 6,
March 1971,

64




SECTION 8
CONCLUSIONS

8.1 INTERFERENCE MECHANISMS

Existing theories which describe electromagnctic coupling
between a long current-conducting source (a Sanguine antenna)
and a colocated long conductor (2 pipeline, for example) are
applicabie to Project Sanguine. The equations developed from
these theories can be used . estimate pipeline voltages and
currents under all practical circumstances. For example, the
lengths of the lines can vary, the distance and relative
orientations between the lines can change, and the lines can
be buried or be overhead. Theoretically-derived estimates can
be validated by field experiments on existing pipelines without
modifying or disturbing the pipelines.

Computer programs have been developed for calculating
electromagnetic fields within the grid formed by an
array of Sanguine antennas, and the fields in the fringe area
of the grid. The programs apply these gradients to a pipeline
of interest to derive the inductive (S .nguine antenna) and con-
ductive (Sanguine ground terminal) voltages and currents on the
pipe, and superimposes these effects to produce the total con-
tribution on the pipe.

8.2 INTERFERENCE PARAMETERS

The parameters involved in electromagnetic coupling between
a Sanguine System and a pipeline have been defined. The Sanguine
System parameters include:

a, antenna current
b. antenna frequency

c. antenna location (distance, orientation with
respect to the pipeline).

The important pipeline parameters are:

a. pipe diameter (longitudinal impedaace)
b. pipeline coating
c. pipeline length,
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The effect of each of these parameters on electromagnetic
coupling can be studied with the computer programs developed
for Project Sznguine.

8.3 INTERFERENCE EFFECTS

The effects which generally might be expected from electric
currents and ~'oltages induced on pipelines and associated
system equipment include accelerated corrosion of the pipeline
material, malfunction of electrically-operated equipment, and
impact on worker safety. The degree to which any of these
effects might occur are closely related to the frequency of the
interference signal,

Since a Sanguine System would operate in the Extremely Low
Frequency (ELF) band, the effects noted in the previous para-
graph are not expected to be significant, or are :zxpected to
approximate the effects produced by commercial power systems. It
is estimated that the corrosion of bare pipes in most soils
attributable to as much as 30 volts induction by a Sanguine System
would not exceed 0.015 inch per year. Since most buried metal
pipes are coated, this rate of corrosion would be possible only
where the pipe coating was punctured or otherwise deteriorated
so that the metal is in intimate contact with soil., The corrosion
rate would be reduced over a period of time even in this case.

Malfunction of electrically-operated equipment used on
pipelines is not expected from Sanguine-generated interference
voltages. Much of the equipment is inherently immune to voltages
at extremely low frequencies, or would be protected from Sanguine-
induced voltages by the low interference thresholds established
for commercial power service lines (nominally 200 millivolts),
Cathodic protection schemes based on the use of sacrificial
anodes should not be disturbed by Sanguine voltages in the 30-40
volt range. Voltages of this magnitude are not expected.

The safety of pipeline workers would not be impaired in a
Sanguine-generated electromagnetic environment., The coupling
between Sanguine System elements and piping systems is no different
than that which occurs between commercial power lines and pipelines.
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Ordinary safe working practices adopted by the pipeline industry
are sufficient in a Sanguine environment.

8.4 MITIGATION TECHNIQUES

It is unlikely that significant interference effects would
be produced on pipelines by a Sanguine System. There are three
factors associated with Sanguine that are helpful in minimizing
these effects. The Sanguine operating frequency is relatively
high so that corrosion is not enhanced. The antenna current
(150 amps, nominal) has been selected so that inductive coupling
is not severe. Antenna placement can be selected to obtain
near-optimum spacing between antennas and pipelines, thereby
further reducing coupling.

Mitigation techniques have been identified so that any
isolated situation requiring reduction of pipeline interference
voltages can be accommodated. Insulating devices can be used
to reduce the electrical length of a pipeline and thus change
the voltage distribution along the pipe in instances where
excessive voltages might appear. An alternative is to use a
nonfunctional extension of the pipeline to achieve essentially
the same result,

Parallel, bu~ied guard wires can be used to reduce coupling
between Sanguine System elements and pipelines. This technique
could be useful in maintaining pipe-to-soil potentials below
those magnitudes that might cause excessive pipe corrosion in
some soils., Soil chemistry changes might also be useful in
localized cases to prevent corrosion,

Voltages produced by a Sanguine System could be useful in
providing cathodic protection for pipelines. Protective schemes
have been developed to use powerline-induced signals in this way,
and may provide a favorable means of pipe corrosion protection
in a Sanguine operating area as well.
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8.5 MEASURED INDUCED VOLTAGES

Voltages induced on pipelines from commercial power systems
have been reported in the literature, and have been measured on
pipelines in the candidate Sanguine operating area in Wisconsin,
These data have been helpful in understanding the amount of
electromagnetic coupling one might expect in the field from certain
conditions (type of exposure, presence of grounding systems, etc.).
The data ottained in Wisconsin depict the voltages presently
existing on pipelines, and therefore will be helpful in the future
in assessing the impact a Sanguine System would have on existing
pipelines. Finally, the field exercises showed that induced
voltages can be measured on emplaced pipelines without disturbing
the line in any way.

8.6 RECOMMENDED INTERFERENCE THRESHOLD

Based on the studies of the effects of induced voltages and
currents on pipeline systems, it is recommended ¢‘hat an interfer-
ence voltage threshold of 30 volts be considered for pipeline
systems collocated with a Sanguine System, This threshold zhould
be applied generally, but it should be recogn:ized that isolated
cases may be encountered tinere some change in the threshold may
be useful. Two examples illustrate tnis point. A situation
could exist where a pipe is equipped with a cathode protection
unit that is affected by 30 volts but not by 20 volts. Some local
form of mitigation might be preferabl: to a significanc change in
pipeline construction or a relocation of the Sanguire antenna
element. '"Local" mitigation in this sense could be a change in
the rectifier unit of the cathodic protector, or conversion to
a method which uses the interference voltage to produce corrosion
protection, Another example might be ar instance where a 50-volt
signal is induced on a large diameter pipe located in soil which
is essentially noncorrosive., Although the signal is higher than
the preferred 30-volt maximum, accelerated corrosion would be a
remote likelihood, and it might be better to avcid mitigation in
this case.
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The recommended 30-volt interference voltage threshold
is based on avoiding significant pipe material corrosion,
preventing malfunction of electrically-operated devices used
on pipeline systems, and maintaining safe conditions for
pipeline workers during initial construction or subsequent
system repair.
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