














4. Movement of the pipeline due to expansion,
contraction, or internal pressure stresses.

5. Casing isolators being placed too far apart
or made of inferior materials.

In the event that a casing is found to be shorted
to the pipeline after construction activity in the
area has been completed, there are only two
acceptable alternatives which can be
considered:

1. Excavate the cased crossing, locate the
point of contact and clear it.

2. Pump a petrolatum or wax type product into
the entire annular space through the vent
pipes in order to inhibit corrosion.

Another approach that has been used in the
past is to allow the short to remain and to
increase the level of cathodic protection at the
pipe/casing interface area. This approach does
not preclude the possibility of corrosion of the
pipe within the casing if water has gotten inside
the annular space.

Casing isolation is one of the most important
items in a well designed pipeline system.
Therefore, great effort should be expended to
determine the most effective and economical
method of properly installing the spacers and
seals to avoid the possibility of future electrical
shorts due to improper installation.

ISOLATING JOINTS

What Does an Isolating Joint Do?

Isolating joints such as isolating flanges,
unions, and couplings are used to electrically
isolate various components of a pipeline

system.

They are often used to isolate a pipeline into
sections for cathodic protection purposes.

Applications of Isolating Joints

Isolating joints have numerous applications in

transmission and distribution piping systems.
The following is a list of some of the
applications of isolating joints:

-_—

Isolating old pipe from new pipe.
2. Isolating coated pipe from bare pipe.

3. Isolating copper or cast iron pipe from
carbon steel pipe.

4. Connecting two pipelines of different

ownership.

5. lIsolating distribution lines from
transmission lines.

6. Isolating compressor, regulator, and

distribution piping from the main line.

7. lIsolating river sections of

pipelines.

crossing

8. Isolating sections of piping to reduce the
magnitude and effects of stray currents.

9. Facilitating the location of contacts in
congested areas.

10. Protecting metering devices by isolating

the section of pipe on which the meter is

installed from the meter itself.

11. Isolating protected pipes from unprotected

pipes.
Isolating Flanges

The most commonly used isolating joint is the
isolating flange. Isolating flanges are available
in various sizes and configurations and are
constructed from a large variety of materials
designed for specific temperature, product and
pressure applications. Figure 6-10A shows an
illustration of a typical isolating flange
installation. An isolating flange has three (3)
isolating components. They are the gasket, the
sleeves, and the washers.
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A. Gaskets

Isolating gaskets are either conventional flat
gaskets manufactured of nonconductive
materials or gaskets consisting of
nonconductive retainer materials such as
phenolic or epoxy glass with special grooves to
accommodate O-ring or quad-ring seal
elements. They are usually 's" thick. Factors to
consider when selecting gaskets are the
material compatibility with the piping product
and external environment, temperature
limitations and sealing capabilities.

The following is a list of types of gaskets
commonly used to isolate flanges, along with a
brief description of their material composition,
configuration, and operating characteristics:

1. Full Face Gaskets (Type E)

Full face gaskets completely cover the
flange face from the flange base to the
outside diameter. Full face gaskets are used
on flat faced flanges, however, they can be
used with a raised face flange to eliminate
debris build up in raised areas that could
cause a short.

2. Ring Gasket (Type F)

Ring gaskets are designed to seat inside the
bolt circle and are commonly used with
raised face flanges.

3. Ring Type Joint (Type D)

The Ring Type Joint (RTJ) is an oval glass
epoxy or phenolic gasket designed to work
specifically with RTJ grooved flanges. RTJ
gaskets are sized by R numbers.

A filler gasket is sometimes used on the ID
of the RTJ gasket. This is to eliminate debris
bridging across and causing a short.

4. Type D - BX

BX gaskets are an octagonal shaped
phenolic or glass epoxy gasket designed to

work specifically with a BX grooved flange.
BX gaskets are machined from phenolic
tubing or glass epoxy materials.

As previously stated, gasket materials should
be selected based on operating requirements of
the pipe. Some of the gasket base materials
available are:

Paper (phenolic) with a seal element
Glass Epoxy with a seal element
Canvas Cotton Fabric (phenolic)
Neoprene Faced Phenolic

Silicon Glass with a seal element

B. Sleeves

Isolating sleeve materials are designed to fit
over standard bolts and within standard bolt
holes in flange faces. They are normally 1/32"
thick and commonly available in Mylar®, glass
epoxy, phenolic and polyethylene. When
feasible, they should be full length, extending
half way into the steel back-up washers on both
sides of the flange. Factors to consider when
selecting sleeve materials include: dielectric
strength, product compatibility, temperature
limits and physical strength with particular
attention to their resistance to cut-through from
the bolt threads. Mylar® and glass epoxy
sleeves typically provide good service in most
environments.

C. Washers

Isolating washers should fit under the steel
back-up washers and be sized to fit over the
isolating sleeve material within the flange "spot"
face. They should have the same ID and OD as
the back-up steel washers. Factors to consider
when selecting isolating washer materials
include: dielectric strength, compressive
strength, sheer strength, temperature limits and
compatibility to environment. Glass clad
phenolic or epoxy typically provide good
service.

Isolating gasket kits can also utilize a molded
one-piece sleeve and washer. The one-piece
sleeve and washer reduces possible error in
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washer-sleeve arrangement sequence and
allows the inspector to determine if the flange
has been properly isolated in one glance.

Installation of Isolating Flanges

Isolating flange kits can only be installed on
out-of-service pipes because the installation
requires the opening of pipeline flanges.
Isolating gaskets, bolt sleeves, and isolating
washers should be installed as per the
manufacturer's instructions and the following
recommendations:

1. Gasket inner diameter should be the same
or slightly smaller than the inner diameter of
flange.

2. For buried flanges, isolating washers should
be installed only on the unprotected side of
the flange, allowing cathodic protection to be
provided to studs or bolts.

3. Alignment pins are recommended when
possible and should be a minimum of 3/32"
(2.381 mm) larger than bolt size.

4. Itisimportant that after the isolating flange is
installed, the void area where the two flange
faces meet be taped with two layers of
plastic tape or equal. Alternatively, an
inhibited grease can be used to fill the void
area. This could avoid the accumulation of
debris, which may lead to electrical shorting
of the flange.

5. Replace any broken or cracked sleeves or
washers, as they will eventually result in an
electrical short and possibly product
leakage.

Upon completion of the isolating flange
installation, the flange should be tested for
effectiveness. Periodic maintenance/testing
should be conducted on accessible flanges
(aboveground and underground with test
points) and whenever a buried flange is
excavated.

Isolating Unions

Isolating unions are generally installed
aboveground to provide electrical isolation for
regulator stations, processing plants, gauge
lines, fuel supply lines, water lines, and other
pipeline applications.

Isolating unions are available for high and low
pressure applications.

They are comprised of two flanged bodies
which are screwed onto the end of the pipes to
be joined. One flanged end of each body is
externally threaded enabling the two sections to
be joined using a nut. The nut is isolated from
one of the flanged ends through the use of a
dielectric material. An O-ring or gasket may be
located between the two mating surfaces.

Various dielectric materials are used in the
construction of isolating unions, but the most
preferred material is nylon. These dielectric
materials are machined and/or molded in such
a fashion so that they will not be damaged
when the union is tightened. Figure 6-10B
shows a typical isolating union.

Isolating unions should be tested for
effectiveness upon completion of their
installation.

Isolating Couplings

The isolation of small low pressure piping (sizes
up to 2") is normally accomplished using fittings
with non-conductive interiors. These fittings are
normally constructed of cloth-based phenolic,
nylon, or Delrin® interior of a quality which
permits the machining of the couplings or
bushings.

Larger lines can be effectively isolated by the
use of compression - type couplings, with nylon
and/or rubber gaskets used to prevent electrical
contact between the two sections.

A short section of plastic pipe may also be used
as an isolator.
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Allinstallations should be tested prior to backfill
or upon completion of installation.

Testing Isolating Joints

Testing the effectiveness of the installed
isolating joint can be done using one or more of
the following methods:

Method No .1 - Interrupting Cathodic Protection
Source

This method consists of setting up a temporary
impressed current anode bed or utilizing an
existing impressed current cathodic protection
system anode bed.

Using the test set-up shown in Figure 6-11,
measure the pipe-to-soil potential on each side
of the isolating joint while interrupting the
current output of the source. Potential readings
should be taken on both sides of the joint using
a high resistance voltmeter with respect to a
close copper-copper sulfate reference
electrode.

If the isolating joint is effective, the potential on
the side of the joint which is connected to the
impressed current system will change as the
source is interrupted, while the potential of the
opposite will remain constant or shift in the
opposite direction. This method can be used for
underground as well as aboveground isolating
joints.

Method No. 2 - Testing for Shorted Bolts on
Isolating Flanges Using a High Resistance
Voltmeter

Referring to Figure 6-12, a battery or other
external DC source is connected across the
isolating joint. Moving from bolt to bolt, measure
the potential between the two ends of each bolt
while momentarily closing the switch. If a
potential swing is noted when the switch is
closed, this indicates that the bolt is shorted.
Satisfactory isolated bolts will show no potential
swing. This method can be wused on
aboveground joints or fully excavated
underground joints.

Method No. 3 - Testing for Shorted Bolts on
Isolating Flanges using a Magnetic Compass

As opposed to using a voltmeter, as described
in Method No. 2 above, a magnetic compass
can be used to locate shorted bolts. While
interrupting the DC source, the compass is
placed across the flange and moved from bolt
to bolt. The compass needle will be deflected
markedly at a shorted bolt because of the
magnetic field surrounding the bolt through
which current is flowing. If there is no deflection
of the compass needle as it is placed directly
above a bolt, this is a good indication that the
bolt is isolated. See Figure 6-13 for a typical
test set-up. This method can be used on fully
exposed joints.

In order to determine that the desired test
results can be achieved with the test set-up,
and that the current capacity of the DC power
supply is sufficient, the flanges can be
temporarily shorted with a screwdriver. If the
test set-up is valid, a deflection of the compass
should be noted as it is placed directly above
the screwdriver and the test current is applied.

Method No. 4 - Using Isolation Checker
Instrument

This method utilizes a test instrument known as
an isolation checker. The isolation checker, as
shown in Figure 6-14, has two test probes on
the outside of its casing. These two probes are
placed across the isolating joint and the meter
read. A full-scale deflection (high reading) on
the calibrated meter indicates that the joint is
effectively isolating. If, however, the joint is
shorted, the meter pointer will be deflected to or
near zero on the scale. This method can be
used in exposed joints.

Repair of Shorted Isolating Flange

If an isolating joint is found to be shorted/
defective it may be possible to repair it without
taking the line out of service. This is possible if
the shortis due to an isolating bolt sleeve which
has broken down or was improperly installed. If
this is the case, the shorted bolt can be
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removed and the isolation replaced or properly
reinstalled.

If an isolating flange is found to be shorted, and
the above test methods indicate a faulty gasket,
the line must be taken out of service and the
gasket replaced.

Before disassembling the joint for the
replacement of the gasket, a thorough visual
inspection of the joint should be conducted.
This inspection may lead to the discovery of
foreign material between the flange faces or the
existence of a metallic conductor across the
flanges, which may be shorting the joints.

TEST POINTS
The Purpose of Test Points

Test points are used to electrically contact a
buried pipeline to facilitate the monitoring of
cathodic protection levels and conducting tests
associated with corrosion control.

Ideally, test points should be conveniently
located and well constructed to provide years of
reliable service.

Types of Test Points

Each test point/station has a number of wires
connected to the pipeline(s) on which tests are
being performed. Usually, each wire is color
coded by some scheme developed internally by
the operating company. The color-coding is
used to identify the pipe (or pipes) the wires are
connected to and also to indicate the position of
each wire with respect to other wires on the
same pipe. Each company also develops
names for standard types of test stations. Thus,
a "Type 1" test station for company "A" may be
a "Type B" test station for company "C.”
Whichever way each type of test station is
designated, knowledge of the type of test
station and the wire identification code is
essential.

The following paragraphs contain a brief
description of the types of tests that can be

conducted at the different types of test stations.
1. Two-Wire Test Station

The two-wire test station is basically a
structure contacting test station. (See Figure
6-15).

TESTS PERFORMED:

P/S - The Pipe-to-Soil Potential
measurement is the primary test made at a
test station of this type. The procedure is as
follows:

P/S - Pipe-to-Soil, close - One terminal of
the voltmeter is connected to one of the test
wires. The reference electrode is placed
directly over the pipe and connected to the
other terminal of the voltmeter.

P/Sg - Pipe-to-Soil, remote - One terminal of
the voltmeter is connected to one of the test
wires. The reference electrode is placed via
a long wire at remote earth. The distance to
remote earth varies with the quality of the
pipe coating. It is a location outside of the
cathodic soil gradient caused by cathodic
protection or stray current entering the pipe.

2. IR Drop or Current Measuring Test Station

This four-wire test station is used for
measuring line current flow along a pipeline
(See Figure 6-16). The wires are color
coded or otherwise identified so that their
position on the pipe with respect to some
reference such as product flow is known.
When the 100 ft. (typical) span between the
inner wires is a calibrated span (See Figure
6-17) the calibration factor, K, can be
applied to the E, (actual) reading and the
magnitude of the line current flow in
amperes determined. The direction of line
current flow is also determined by observing
the polarity of the reading. In cathodic
protection testing convention, current flows
from (+) to (-). For the polarities indicated on
the sketch, a +E,, reading would indicate a
line current flow in the direction opposite to
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pipeline product flow.

To calibrate an IR drop span, carry out the
following procedure:

a. Connectthe circuit elements as shown on
diagram.

b. Close the switch (make contact to
ammeter negative terminal).

c. Immediately after the circuit is closed,
read current (I) and IR Drop (E,,)
simultaneously. Record the readings.

d. Open the switch (break contact).

e. Immediately after the circuit is opened,
read the current (1) and IR drop (E,,)
again. The current will be "0", but there
may be an IR drop (E,,) because of
existing line current flow.

f. Record these readings.

Repeat steps a, b, ¢, d, and e several
times in order to avoid possible errors. If
there are no apparent errors, and if the
readings vary slightly, (a normal
occurrence because of Dbattery
weakening) calculate average readings
for | and E,,,.

Calculate the calibration factor (K) as
follows:
Al

=E_ - amps /mv

[, -1
KZ on off
E -E

mv on

mv off mv

Applying typical numbers that might be
found on a 12-inch pipeline:

_ +40-0 40
"~ +16.5-(-0.05) 16.55

= 2.417 amps / mv

Note that there was some residual current
flow on the pipe after the circuit was opened
(Emv of Was not 0). Note also that the E,, .«
reading was of the opposite polarity,
indicating that the residual line current flow

(caused by factors other than the test
current) is flowing in the direction of line
product flow, as determined by the polarities
observed for this test.

The magnitude of the residual line current
flow is easily determined:

I=0.05mvx 2.417 amps/mv = 0.121 amps

A test station having only 1 wire on each
side of the measurement span can be used
in lieu of a four-wire calibrated span test
station. This requires the use of tables that
indicate the amount of current required for a
one millivolt drop for a given length, size and
wall thickness of pipe. Therefore, if the
spacing between the test wire connections is
known, and the pipe size and wall thickness
are known, the calibration factor of the
measurement span can be calculated.

. Isolating Joint Test Point

As mentioned earlier, isolating joints are
used to electrically isolate a pipe for cathodic
protection sectionalizing purposes, or when
ownership of the pipe changes, such as ata
delivery point at a gas metering station or oil
terminal. The inner wires on the diagram
(Figure 6-19) are usually heavier (for low
resistance purposes) in case it is necessary
to insert a resistance bond across the
isolator.

TESTS PERFORMED:

Pipe-to-soil potential (P/S) on each side of
the isolator

Internal Resistance (Ryr) of the isolator (for
checking isolation resistance) by:

Measurement of Resistance Across

Isolating Joint or

Pipe-to-Soil Measurement Method (Figure
6-20)

In an isolating joint, the effective internal
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resistance measured will be the sum of the
resistance to earth (Rc) of each pipe
section. These resistances are in series
with each other and in parallel with the
actual resistance of the isolating joint. The
resistance to earth of each pipe section is

shown in Figure 6-20 for illustrative

purposes.

Procedure:

a. Connect ammeter, battery and
voltmeter No. 1 as shown in Figure 6-
20.

b. Close switch (make contact).

c. Read current and pipe-to-soil potential
(P/S) values simultaneously. Record the
data.

d. Open switch (break contact).
e. Read current (should be "0") and
pipe-to-soil potential (P/S)

simultaneously. Record the data.

f. Repeat the last four steps several times
to ensure there are no errors.

g. Remove voltmeter No. 1. Connect

voltmeter No. 2 as shown.

h. Repeat the above procedure.

Calculation:
(P/S1on-P/SiorF)+ (P/S20n- P/ S20rF)
Rint =
lon — loFr
AP/S1+AP/S
Rint = B v E—

It is very important to make a sketch of the
polarities used for the test, because these
must be taken into account when algebraically
adding AP/S, and AP/S,. With the test
arrangement polarities as shown, AP/S, will
be of the opposite polarity to AP/S,.

In effect, with the polarities shown, pipe No. 2
is being made an anode with respect to pipe
No. 1 when the switch is closed (contact
made). Hence, cathodic protection is being
applied to pipe No. 1. The needle on voltmeter
No. 1 will move to the right, while the needle
of voltmeter No. 2 will move to the left.

Potential Across Joint Method

Where it is fairly certain that the isolator is
effective, the following procedure may be
used to determine resistance.

a. Connect ammeter, battery and voltmeter
No. 3 as shown in Figure 6-20.

b. Close switch (make contact).

c. Read current and values

simultaneously.

voltage

d. Open switch (break contact).

e. Read current (should be “0") and voltage
simultaneously.

f. Repeat the last four steps to ensure there
are no errors.
Calculation:

AVs3
Als

V3on- V3 oFF
Rint = =

lon - loFe

Note: In the absence of heavy stray current,
a reading other than 0 of V,; o, oOr a
voltmeter reading alone (without battery or
ammeter) is usually indicative of an effective
isolator.

4. Pipeline Casing Test Station (Figure 6-21)

Casings are used on pipelines where they
cross under railroads, highways or other
locations where heavy loads are expected.
Some authorities require casings in front of
schools (to carry product a distance away in
the event of carrier pipe rupture).
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Test stations are normally installed at
casings in various configurations. If the
casingis 50 feet long or longer, a test station
similar to the one shown in Figure 6-21 is
also installed at the other end of the casing.

Some casings are installed with vent pipes.
Sometimes there are vent pipes at one end
only, and sometimes there are vent pipes at
both ends. The vent pipe can serve as one
of the two wires connected to the casing.

TESTS PERFORMED:

P/S - Pipe-to-Soil Potential, as previously
described.

C/S - Casing-to-Soil Potential, as previously
described for pipelines.

R;.c - Pipe-to-Casing Resistance - The test
arrangement and procedures are exactly the
same as described for measuring the
internal resistance (R ;) of an isolating joint.

. Foreign Pipeline Crossing Test Station
(Figure 6-22)

For purposes of this discussion, a "foreign"
pipe is any pipe which is not electrically
connected to the pipe under test or under
cathodic protection.

Test stations are necessary at all crossings
of foreign pipelines. If cathodic protection is
applied to either one of the pipes, there is
always a possibility of stray current
interference and corrosion on the other pipe.
TESTS PERFORMED

P/S - Pipe-to-Soil Potential - Pipe under test
P/S - Pipe-to-Soil Potential - Foreign pipe
R - Internal resistance between pipes

Eoc - Open circuit potential between pipes

Combinations of these tests and the

calculations of the test results are used for
determining if stray current interference
exists, and if the interference exists, the
calculation of the resistance of the bond
required to clear the interference (Rgoyp) Can
be made (See Chapter No. 5).

Pipe-to-soil potential measurements at
foreign crossings should be made with the
reference electrode placed directly over the
crossing.

For Open Circuit potential tests, the
voltmeter is connected between one wire of
the pipe under test and one wire of the
foreign pipe, and the reading is taken.

. Galvanic Anode Test Station (Figure 6-23)

Galvanic cathodic protection anodes are
sometimes connected to pipes through test
stations so that their performance may be
monitored. Groups of galvanic anodes are
also sometimes connected to a single
header cable, which is usually brought up to
a test station for testing purposes.

TESTS PERFORMED:

P/S - Pipe-to-soil potential, with anodes
connected or disconnected. Pipe-to-soil
potentials are always measured through a
wire, which is not carrying current.

lavooe - Anode current. This is measured by
breaking the anode to pipe connection and
inserting an ammeter between the pipe wire
and the anode wire. Current flow through the
ammeter should be from pipe to anode. See
Figure 6-24 - Method A.

Depending on the resistance involved, the
ammeter resistance can significantly alter
the circuit resistance, resulting in a current
reading that is lower than the actual current.

Small current measuring shunts can be
permanently installed in test stations so that
the anode current can be measured by the
IR drop method without disturbing the anode
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circuit. (See Figure 6-24 - Method B). The
resistance of the chosen shunt should be
dependent upon the current anticipated at
the test station. Anode currents usually vary
between a few milliamperes up to several
hundred milliamperes, depending upon the
number of anodes and the soil resistivity.
The shunt must be selected to provide a
good indication on the millivoltmeter.

Installation of Test Points

Test points/stations should be located so that
they are readily accessible for testing. Test
stations can be either aboveground mounted or
flush mounted.

Flush mounted test stations are normally used
in areas where an aboveground mounted test
station may not be feasible due to vehicular
traffic in the area or due to right-of-way
limitations. Flush mounted test stations are less
vulnerable to vandalism and therefore, their use
in problem areas may be desirable. Figure 6-25
illustrates a typical flush mounted test station
installation.

Aboveground post mounted test stations, as
shown in Figure 6-26, are normally used on
cross country pipeline installations to facilitate
the locating of test points for testing.

Regardless of the type of test station installed,
the following basic installation practices should
be followed:

1. Test stations should be located as close as
possible to the pipeline(s) being tested,
preferably directly above it. This will reduce
the chances of test leads being damaged by
construction in the area of the pipeline.
Installation costs would also be reduced and
any required troubleshooting simplified.

2. Test lead connections to pipe should be
made using an exothermic weld process.
The weld connection should be thoroughly
inspected and tapped lightly with a
nonferrous metal hammer to make sure it is
secure.

3. Theweld and surrounding exposed pipe and
wire can be coated with one layer of cold
applied coal tar, followed by a 9 in. x 9 in.
layer of woven glass fiber. The glass fiber
should be worked into the coal tar. An
additional layer of coal tar followed by
additional glass fiber should be applied. A
final coat of coal tar should complete the
patch. If the pipe is coated, the patch should
overlap the coating all around a minimum of
2 inches. If the pipe is bare, the patch should
extend beyond all exposed copper wire and
weld material a minimum of 2 inches.

Other acceptable coating procedures can be
utilized as well as prefabricated patches
made by several manufacturers.

4. Sufficient slack should be left in the test

wires just below the test points, to prevent
any damage or breaks due to soil settlement
after backfill.

5. Any damage to test wire insulation during
installation must be repaired. Repairs should
be made using two half-lapped layers of
rubber electrical tape followed by two half-
lapped layers of plastic electrical tape.

6. Approximately 9 inches of coiled test wire

should be provided inside the test box so
that the wires can be raised out of the box
for testing.

7. Backfill for test wires should be free of

stones larger than "4 inch and other foreign
material which may damage the wire
insulation.

8. Accurate test station location drawings and

electrical termination details should be
prepared showing each test point. The
importance of color coding and recording
wires and their positions on the pipe cannot
be overemphasized. Inaccurate data may be
worst than none at all. Drawings should be
kept for permanent record, to be referred to
for future testing.
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CONCLUSIONS

Counter corrosion methods should be
considered when designing a new pipeline
installation. Corrosion control measures should
include, but not be limited to, the use of
protective coatings. A knowledgeable coatings
engineer should make the selection of the
protective coating system to be used. Cathodic
protection systems must be used in conjunction
with a good protective coating to ensure that
the pipeline meets its designed life expectancy.

Cased crossings are used for mechanical
protection of a pipeline and isolating joints are
used to electrically separate sections of a
pipeline. Both of these appurtenances can short
out and tests should be conducted to ascertain
isolation. Test points are installed along a
pipeline to allow conducting tests. Others may
be required for cathodic protection purposes.

CORROSION CONTROL FOR PIPELINES
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CHAPTER 7

RECTIFIERS

INTRODUCTION

This chapter will discuss the basic operation of
rectifiers, preventive maintenance procedures
for rectifiers and important information that will
be very useful when purchasing rectifiers.

As previously discussed in Chapter 3 of this
course, the operation of an impressed current
cathodic protection system requires the use of
an external DC power source. The following
section will briefly review some of the cathodic
protection system power supplies that are
available for use.

CATHODIC PROTECTION SYSTEM POWER
SUPPLIES

As discussed in Chapter 3 of this course,
various types of equipment can be used to
provide DC power for impressed current
cathodic protection systems. These sources
include the following:

1. Rectifiers
This is the most commonly used DC source
for cathodic protection system applications.
A rectifier converts AC power to DC power.
2. Solar Power Supplies
These units are used in areas where
sunlightis available for a large percentage of
the time. Photovoltaic solar arrays convert
sunlight to DC power.

3. Thermoelectric Generators

Thermoelectric Generators produce power
by the direct conversion of heat into
electricity. Power is produced by maintaining
a temperature difference across a
thermopile, an assembly of semi-conductor
thermoelectric elements. Combustion of
Natural Gas or Propane provides the heat
while natural convection provides the cooling
required to create this temperature
differential.

4. Engine Generator Sets

These units consist of a fuel-powered engine
and an AC generator used to provide the
input power to a rectifier unit.

5. Turbine Generator Sets

Turbine generator sets utilize the product
flow or gas pressure in the pipeline to drive
a small turbine that in turn drives a DC
power generator.

6. Wind Powered Generators

These units are used in areas where a fairly
constant breeze/wind is blowing. The wind
drives a turbine assembly that in turn drives
a generator assembly that provides the input
to a rectifier unit.

REVIEW OF ELECTRICAL FUNDAMENTALS

Following is a review of the fundamentals
concerning the generation of AC power and its
conversion to DC power. The review of these
principals will help corrosion personnel
understand the operation of a cathodic
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protection rectifier.
THEORY

A rectifier converts or rectifies alternating
current (AC) electricity to direct current (DC).
DC currentis defined as a current that is always
flowing in the same direction. AC current on the
other hand is current which periodically
reverses its direction of flow. In the United
States, our AC power is supplied at a frequency
of 60 cycles per second, which means that the
direction of the current flow reverses every 8.33
milliseconds.

The following discussion will review the
principals of converting AC power to DC power.
During this discussion, we will be assuming
“conventional” current flow where current is
assumed to flow from positive to negative
through the load.

A relationship exists between electricity and
magnetism. This relationship provides the
means of converting electrical energy into
mechanical energy and vice versa. We can also
convert electrical quantities to magnetic and
back to electrical quantities again.

Current can be defined as the flow of electrons
through a conductor, and when current flows
through a conductor, a magnetic field is formed
around it. The direction of the invisible magnetic
lines of force can be determined by using the
“right hand thumb rule” as shown in Figure 7-1.
The magnitude and direction of the magnetic
field is directionally proportional to the amount
and direction of electric current flow.

An extension of the “right hand thumb rule” is
shown in Figure 7-2. When a current flows
through a coil of wire, an additive effect occurs
between adjacent turns of wire thus creating a
stronger magnetic field.

Just as current flow creates a magnetic field
around a conductor, magnetic lines of force
across a conductor creates a voltage or
electromotive force (EMF) in it. If there is an
electrical path or circuit, electrical current will

begin to flow. The direction of the EMF can be

determined using Fleming’s “3-Finger Rule” as
shown in Figure 7-3.

These relationships are always the same and
are used in the operation of generators, motors,
transformers, meters, and many other pieces of
electrical equipment. This is illustrated by
Figure 7-4. Figure 7-4A shows that a current is
induced or caused to flow when magnetic lines
of force are cut by a conductor. This principal is
used in the operation of a current generator that
converts mechanical energy to electrical
energy.

Figure 7-4B illustrates that when a current flows
in a magnetic field, a force is exerted on the
conductor. This is the opposite effect of that
shown in Figure 7-4A. Electrical energy is
converted to mechanical energy. This is the
principal behind the operation of an electric
motor.

If the magnetic field influencing the conductor
were changed in direction alternately, the
induced current in the conductor would be
alternating. This principal is used in the
operation of electric transformers and is
illustrated in Figure 7-4C. Figures 7-3 and 7-4
show how electrical current can be generated
by moving a conductor within a magnetic field,
cutting lines of flux. This principal can be
extended to generate alternating current.

AC power is generated as follows (refer to
Figure 7-5). Starting clockwise from the position
shown, “A” first moves up through the magnetic
field as “B” moves down until they have
exchanged positions. Continued rotation brings
‘A” down as “B” moves up, reversing the
polarity of the generated voltage. Each
revolution of this simple generator represents
one cycle of alternating current. Alternating
current is plotted with respect to time in the
form of a sinusoidal (sine) wave form, as shown
in the figure.

The frequency of the AC current refers to the
number of complete cycles per second (hertz).
Half a cycle is the period of time during which
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the AC flows in one direction before reversing.

Figure 7-6 shows a pure sine wave before and
after rectification. If rectification is perfect,
meaning there is no forward voltage drop
across the diodes used for rectification, certain
relationships will exist between the peak value
of the voltage waveform and the root mean
square value (RMS - see next paragraph) and
the DC average as shown in the figure. The
average value of the unrectified sine wave is
zero, and that is what a DC voltmeter would
read at the output of a sine wave source. The
rectified wave does have an average value that
can be measured with a DC voltmeter. This
average value can also be calculated by
multiplying the peak value of the full wave
rectified sine wave by 0.636.

A full wave rectified sine wave has been found
to produce more heat (dissipate power) in a
specific resistor than a pure DC voltage (as
produced by a battery) of the same average
value as the rectified sine wave. For this reason
another way of expressing the true value of the
waveform is expressed as the RMS value. RMS
stands for “root mean square”, which is a
mathematical description of the process used.
The value of the waveform is first squared.
Squaring the value of the waveform determines
its mean or average value. If this value were
used, it would be a voltage squared term. Since
an equivalent voltage is what is desired, the
square root must be taken, thus the meaning of
RMS.

When using the root mean square process for
a sine wave or a full wave rectified sine wave,
the RMS value is found to be 0.707 times the
peak value of the waveform. For a single phase
full wave rectifier, the RMS voltage value is
greater than the DC average by a factor of 1.11.

All of the factors discussed above with respect
to voltage are also valid for current calculations.
The RMS value of the current from a single
phase full wave rectifier is 1.11 times the DC
average value. Therefore, the total output
power from a single phase full wave rectifier
can be calculated as follows:

Total Power Output =
1.11 Epe X 1.11 Ipe = 1.23 Epe X I

Note: There is really 23% more power being
delivered from a single-phase full wave rectifier
than the DC values of the voltage and current
would indicate.

Since it is the average DC power which
contributes to the electrolytic polarization
necessary for cathodic protection, we state
conversion efficiency rather than rectification
efficiency. The maximum theoretical conversion
efficiency of a single phase full wave rectifier is
calculated as:

DC Power Outputx 100 Epc x Iocx 100
Total Power Output ~ 1.11Ebcx 1.11loc

=81%

This percentage can be increased by the use of
efficiency filters in the DC output circuit. Filters
reduce the amount of ripple voltage in the
output and are able to reduce the input power
of the rectifier while essentially maintaining the
same DC power output.

Note: The above formulas apply only to single
phase full wave rectifiers and cannot be used
for single phase half wave or three phase
circuits.

Rectifying Circuits

The following sections discuss the four most
commonly used rectifying circuits. These
circuits include the single-phase bridge, single
phase center-tap, three phase bridge, and the
three phase wye.

1. Single Phase Bridge

The rectifying stack in single phase bridge
consists of four legs. A leg is a circuit
element, which conducts or allows the flow
of current in only one direction. As AC is
applied to the stack, two of these legs are
used on each half cycle. Figure 7-7
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illustrates the wiring diagram and the
operation of the single phase bridge
rectifying circuit. The DC produced by a
single-phase bridge is not pure DC, as is a
battery output. It is a full wave pulsating
current.

. Single Phase Center-Tap

The single phase center-tap rectifying circuit,
as shown in Figure 7-8, also produces full
wave rectification. This center-tap
configuration however, requires only two
legs instead of four. Only one leg conducts
during each half cycle.

The single phase center-tap transformer is
larger in size than the single phase bridge
transformer and tapping is more difficult. Itis
however, an efficient circuit and offers many
design opportunities in rectifiers which are
electronically controlled and where tapping
is not required.

. Three Phase Bridge

The most commonly used circuit in cathodic
protection rectifiers when three phase power
is available, is the three phase rectifying
bridge circuit. This circuit consists of six
legs, but as with the single phase bridge,
only two legs conduct current at any specific
time. Figure 7-9 shows a typical three phase
bridge wiring diagram and associated
waveforms.

The three phase rectifying bridge circuit is
very efficient and seldom requires filtering.

. Three Phase Wye

The rectifying stack in a three phase wye
circuit consists of three legs, as illustrated in
Figure 7-10. The DC output of this circuit is
not as smooth as that of the three phase
bridge, but it is much better than that of the
single phase circuits.

The transformer for this type of rectifying
circuit requires more iron than other

rectifying circuits in order to prevent
saturation of the core. This is due to the
pulsating DC current present in each
winding.

Components of a Rectifier

A standard cathodic protection rectifier is
considered as being a simple electrical device.
The heart of the rectifier consists of the
transformer and the rectifying stack(s). These
two components alone could provide the DC
power required for a cathodic protection
system. Other components, or accessories, are
added to the unit to enhance its performance
and provide safety functions.

1. Circuit Breakers

The primary function of a circuit breaker is to
provide overload protection for the circuit in
which it is installed. It also serves as an on-
off switch for the unit.

There are three types of circuit breakers that
are commonly used in rectifiers. They are as
follows:

A. Thermal Breakers

These breakers are constructed with a
bimetallic element through which the circuit
current flows, with the breaker in the “On”
position. Should the current rating of the
breaker be exceeded, the heat generated
by the excessive current flow will cause the
two metals to expand. As a result of their
differing temperature coefficients, one
metal expands at a different rate than the
other. This causes the bonded metallic
strips to bend to one side, thus releasing a
movable contact and opening the circuit.
See Figure 7-11 for an illustration of a
typical thermal breaker.

A disadvantage of this type of breaker is
that it is very sensitive to ambient
temperatures, tending to respond (open)
quickly on warm days and slowly on cold
days. Often this type of breaker cannot be
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reset immediately after tripping because
it must be allowed to cool down.

. Thermal-Magnetic Breakers

The operation of the thermal-magnetic
breaker is nearly identical to that of the
thermal breaker. Figure 7-12 shows a
typical thermal magnetic breaker. Note
the magnetic plate attached to the
bimetal element. The purpose of this
magnetic plate is to speed up the opening
of the contacts in the event of a short
circuit or extremely large current surge. A
large surge of current will set up a
magnetic field around the plate, which
causes it to be attracted to another plate
located near it, immediately opening the
contact. During normal loads or light
overloads, the magnetic plate performs
no function whatsoever.

This type of breaker has a slower
reaction time than the fully magnetic
circuit breaker. For this reason they are
recommended for use on rectifiers that
will be interrupted during system testing,
as these breakers will not trip during
testing.

. Fully Magnetic Breaker

This type of breaker is considered the
most suitable for cathodic protection
rectifiers because it only responds to
overload currents. The current rating of
this type of breaker is determined by the
number of turns and wire size of the
magnetic coil which is wound around a
sealed tube in the circuit breaker, as
shown in Figure 7-13. This tube contains
an iron core retained by a compression
spring immersed in silicone fluid.

As long as the breaker operates within its
rating, the iron core will remain stationary.
Should an overload occur however, the
core will be drawn towards the poleface
on the end of the tube by the magnetic
action of the coil. The closer the core

comes to the poleface, the stronger the
magnetic pull becomes on the arm that
holds the contacts closed. The lever will
trip and the contact will open when the
magnetic pull becomes great enough.

Under short circuit conditions, the
magnetic action of the coil itself will trip
the breaker instantaneously. The
operation of this breaker is entirely
independent of temperature, making it
very suitable for various rectifier
applications.

Circuit breakers are normally placed in every
“hot” input line of a rectifier unit. In a 115 volt
single phase circuit, one breaker would be
placed in the “hot” line and none would be
required in the ground or neutral lead. For
higher single phase input voltages, such as
230, 460, etc., both input lines should be
protected with a breaker. Three phase units
should have breakers installed on all three input
lines.

It is recommended that circuit breakers always
be ganged (mechanically tied together) so that
when one breaker “trips”, the breakers on all
other input lines will be “tripped” or opened.
This will help prevent personal injury and/or
circuit damage.

2. Transformers

A transformer consists of a laminated iron
core with one or more coils of wire wound
around it as shown in Figure 7-14A. A
transformer is used to step up a voltage,
step down a voltage, or to isolate a voltage
from its source.

The primary winding of the transformer is
connected to the voltage source. The
secondary winding of the transformer
receives voltage from the primary winding
through magnetic coupling. An alternating
magnetic field is set up in the core when an
AC voltage is applied to the primary winding
of the transformer. The magnetic field
induces a voltage into the secondary
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winding at the same volts per turn ratio as
that of the primary. Therefore, the ratio of
secondary volts to secondary turns is the
same as the ratio of primary volts to primary
turns. This is only true under no-load
conditions. Under load conditions a reduced
voltage is seen on the secondary. This
reduced voltage is due primarily to losses in
the core and in the lamination.

Placing taps at intervals along the secondary
winding will produce or supply voltages
corresponding to the number of turns at
which they are connected. By locating the
taps in “coarse” and “fine” arrangements, it
is possible to produce a considerable
number of evenly spaced voltage
adjustments with relatively few taps.

The voltage output of the transformer can be
determined by using the following ratio:

Primary Voltage ~ Number of Turns on Primary
Secondary Voltage = Number of Turns on Secondary

Example:

An ideal transformer (no losses) has 10 turns
on the primary and 30 turns on the secondary
or output. A 120 volt, 60 cycles per second
(hertz) power supply, is connected to the
primary. The output voltage can be calculated
as follows:

Secondary Voltage =

Primary Voltage x Number of Turns on Secondary
Number of Turns on Primary

30x120
10

= 360 volts

The transformer in this example would be
referred to as a step-up transformer with a 1:3
turns ratio.

A desirable feature sometimes added to rectifier
transformers is a grounded shield. The
grounded shield is installed between the
primary and secondary windings, as shown in
Figure 7-14B, to intercept high voltage pulses
(switching surges or lightning initiated pulses).
These pulses could otherwise damage
rectifying elements, particularly silicon diodes.

3. Rectifying Elements

The function of a rectifying element or cell is to
allow current to flow in a circuit in only one
direction. This can be accomplished with the
use of various materials, but the most
commonly used materials in cathodic protection
rectifiers are selenium and silicon.

Selenium Cell

The selenium cell is generally made up of an
aluminum plate varying in size from 1 to 8
inches square, with a deposit of selenium
crystals covered with a metal film to provide a
contact area. Special processing creates a
barrier layer on the selenium side of the plate,
which prevents current from passing from the
selenium to the aluminum. Figure 7-15 shows
a typical selenium cell. Advantages of the use
of selenium stacks over silicon stacks are as
follows:

a. Selenium stacks will withstand surges due to
possible lightning strikes much better than
silicon stacks.

b. Selenium stacks are more economical in
lower voltage output circuits where current
requirements are small.

c. Selenium stacks can withstand severe short
term circuit overloads.

Some of the disadvantages associated with the
use of selenium stacks are:

a. High voltage and current output units are
very expensive due to the number of cells
which must be arranged in series and
parallel to achieve these ratings.
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b. Selenium stacks cannot be practically
replaced.

c. Maintaining an adequate stock of
replacement stacks can be expensive.

Silicon Diodes

Figure 7-16 illustrates a typical silicon diode
rectifying element. Unlike the selenium plate,
the silicon diode has a single crystalline
rectifying junction. The rectifying area of the
diode is many times smaller than that of the
selenium plate. As shown the figure, the diode
is manufactured in a physical configuration that
allows it to be installed in a tapped metal plate.
The mounting of the diode on the plate will
serve as heat sink which draws heat away from
the junction area thus increasing its power
handling capacity.

The following list indicates some of the
advantages of silicon diodes over selenium
stacks:

a. The use of silicon diodes in units providing
high current and voltage outputs is more
efficient and therefore, more economical.

b. Replacement cells are more easily installed
and stored.

c. Silicon diodes have a longer operating life
than selenium stacks.

Some of the disadvantages of silicon diodes
are:

a. Additional protection must be added to these
units to protect them from lightning strikes or
other overvoltages.

b. The use of silicon diodes may be more
expensive initially.

4. Accessory Equipment
Optional equipment such as meters, lightning

arresters, filters, and shunts can be supplied
with the rectifier unit.

Voltmeters and ammeters are normally installed
on the rectifier to facilitate the monitoring of its
voltage and current output. Sometimes, only
one meter is supplied which, through the use of
a selector switch, will read both volts and
amperes.

Lightning arresters are normally installed on
both the AC input and the DC output circuits of
the rectifier when, due to the location of the
unit, the possibility of lightning surges exists.
Lightning surges can enter the cathodic
protection rectifier from both the AC and DC
sides. Installation of lightning arresters will
prevent damage to the unit and its components
due to these surges.

Efficiency filters can be added to single phase
bridge and center-tap circuits. The filters
improve the conversion efficiency by reducing
the ripple component in the rectifier output.
Ripple in the output can be reduced as much as
20 to 25 percent.

Filters can be used to eliminate electronic
noise/interference on electronic circuits and at
the same time provide increased lightning
protection to the DC circuits of the unit. The
installation of these efficiency filters may
increase the cost of the rectifier, but in most
cases they will pay for themselves within the
first year of operation. Conversion efficiency is
usually increased by 10 to 15 percent.

Rectifier units can be provided with shunts
installed in series with the positive output
terminals of the unit. These shunts provide a
means of measuring the output current of the
rectifier, using a portable voltmeter, without
interrupting the service of the unit. The
size/rating of the shunt selected must be
compatible with the output rating of the rectifier.

The current output rating of the rectifier must
not exceed the ampere capacity of the shunt.
For example, a typical shunt installed at the
output of a rectifier rated 40 amps, would be
rated 50 amps — 100 millivolt. If an 8.7 millivolt
drop where measured across the shunt with a
voltmeter, the current output of the rectifier can
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be calculated as follows:

Ishunt  loutPut

Estunt  Ebrop

Solving for g eyt :

IsHUNT x EproP
loutPur = ———

EsHunt
| 50A><8.7mv_435A
SHUNT "~ oomy -+

TYPES OF RECTIFIERS

Cathodic protection rectifiers are available with
specialized features and in various
configurations/designs. The most commonly
used types of rectifiers are:

1. Air-Cooled Redctifier

This type of unit and its components are
enclosed in a steel enclosure with doors that
provide access to the unit for testing and
repairs. The bottom of the enclosure is
usually constructed of steel screening to
allow for the circulation of air. This type of
unit can either be wall, pole, or pedestal
mounted depending on the size and weight
of the unit. See Figure 7-17.

2. Oil-Cooled Redctifier

This type of rectifier is used in areas where
dust, salt air, corrosive fumes, or excessive
moisture may shorten the operating life of an
air-cooled wunit. The rectifier and its
components are installed in a steel
enclosure and are completely immersed in
oil, thus isolating them from extreme
environments.

Modified oil-cooled rectifiers are available
with explosion prooffittings. These explosion

proof rectifiers are for use in refineries,
chemical plants, and other areas where
explosive or flammable vapors, liquids or
powders are present.

Oil-cooled units are normally pedestal
mounted due to their weight. See Figure
7-18 for a typical oil-cooled rectifier detail.

3. Constant Current Rectifiers

These rectifiers have a special circuit that
enables the rectifier to provide a nearly
constant current output regardless of load
resistance. This type of unit is used in
applications where the load resistances
change drastically and the output current
would be exceeded with a normal rectifier. A
typical constant current rectifier circuit is
shown in Figure 7-19.

4. Automatic Potential Controlled Rectifiers

This type rectifier monitors the structure-to-
electrolyte potential and maintains it at a
desired level. The use of this type of rectifier
requires the use of a permanently installed
reference electrode and an additional test
wire connection to the structure. Both are
connected to a transistorized control circuit
as shown in Figure 7-20. The controller
adjusts the output voltage to keep the
reference cell potential at a preset desired
level. Automatic potential controlled rectifiers
are very useful in the control of corrosion on
structures such as water storage tanks,
harbor structures, and where it is necessary
or desirable to maintain a constant potential
on the structure.

PREVENTIVE MAINTENANCE

In order to maintain proper operation, rectifiers
should be inspected on a routine basis. DOT
regulated rectifiers must be inspected every
sixty days (not to exceed seventy-five days)
and this is usually sufficient to ensure that the
units are functioning properly. Units that are
located in areas that are prone to lightning
strikes or power surges may need to be
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inspected more frequently. This is necessary so
that loss of protection (as from a blown fuse or
component failure) will not go undetected for
long periods of time.

Where longer periods between inspections are
unavoidable for reasons such as system
remoteness or inaccessibility due to seasonal
weather conditions, units can be fitted with
remote monitoring units (RMU’s). RMU’s are
devices that can be programmed to download
data to computers in order to verify correct
operation.

Routine inspection of rectifiers consists
normally of reading the DC output voltmeter
and ammeter as well as reading the AC
kilowatt-hour meter (if one exists). Readings
should be recorded in a permanent log and
compared to previous readings to observe
unusual variations.

If, during maintenance rounds, a rectifier is
found to be off, the inspector should check to
see if the trouble is due to a blown fuse or a
tripped circuit breaker. These are the two most
common causes of rectifier malfunctions. If this
is the case, resetting the breaker or replacing
the fuse may be all that is required in order to
restore the rectifier to service.

If the inspector can restore the rectifier to
service he should do so. Regardless of whether
or not they can do so, the responsible corrosion
engineer should be notified as soon as possible
so that he can investigate the trouble and take
corrective action as required.

At least once per year all rectifiers should be
thoroughly inspected. Following is a typical list
of items that should be checked in order to
ensure that the rectifier continues to function

properly.

1. Clean and tighten all bolted current-carrying
connections.

2. Clean all ventilating screens in air-cooled
units so that airflow will be completely
unobstructed.

3. Check all meters for accuracy by using a
properly certified portable meter to “zero”
meters that are built into the rectifier unit.

4. Replace all wires on which the insulation has
been damaged.

5. If the unit is an oil immersed unit, the oil
level and cleanliness of the oil should be
checked. The oil should be clear and nearly
colorless. Failing oil is usually characterized
by a murky or cloudy appearance with loss
of transparency and should be replaced with
good grade oil. Facilities are available for
testing the oil and salvaging it by filtration
where practical.

6. Check all protective devices (fuses, circuit
breakers, and lightning arresters) to be sure
that they are undamaged and in satisfactory
operating condition. Defective devices
should be replaced immediately.

7. Turn the rectifier off and feel the
components. Watch for excessively hot
components or uneven heating of rectifier
stacks. Temperatures of electrical
connections are also important. No
component should be too hot to touch.

8. Inspect all components, including lightning
arresters, for signs of lightning damage — arc
traces across insulators or panels;
discolored parts. If their appearance has
been altered or if damage is suspected, the
component should be replaced.

9. Remove excessive dust accumulations and
any type of insect nests. Plug any holes
through which insects or rodents can enter
the rectifier.

The objective of any good maintenance
program should be the prevention of unit
failures before they occur, and prompt repair in
the event that a failure does occur.
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RECTIFIER EFFICIENCY

As rectifiers get older they tend to become less
efficient as the rectifier stacks age. At some
point, due to the decrease in efficiency, it may
become economical to replace the rectifying
stacks. Many manufacturers recommend stack
replacement when an efficiency drop of 20% is
experienced.

An abrupt decrease in rectifier efficiency may
also indicate the unit is malfunctioning. In order
to detect any changes, the efficiency may be
calculated and recorded during periodic
inspection/maintenance.

The efficiency of a rectifier can be determined
by using the following formula:

Ebc x loc x 100%
3600KN

T

Efficiency -

Where:

Epc = DC output voltage measured across
the terminals

l,Lc= DC output current -calculated by
measuring the voltage across the total
output shunt, using a voltmeter, and
calculating the current.

K = K,of watt-hour meter. Shown on face of
watt-hour meter.

N = Number of revolutions of watt-hour
meter disk. For this method N =1.

T= Time for disk to make one revolution

Example:

The measured DC output of a rectifier is
12 amperes @ 32 volts. A watt-hour meter has
a constant (K) of 14, and it takes 89 seconds
for the disk to make one complete revolution.

32x12x100%
3600x 14 x 1

89

Note: When checking efficiency, care must
be taken so that the original load will be
duplicated at each efficiency check
because efficiency varies with output
voltage and current. If loading is not the
same, comparison with previously recorded
efficiencies will be meaningless.

Efficiency - =67.8%

RECTIFIER SELECTION

Selecting the correct rectifier is a very detailed
and important task. It is important to provide the
manufacturer with a specification which is as
detailed as possible. This will help assure that
the unit supplied is exactly that which is
required. The following list indicates the
minimum information that should be included in
a rectifier procurement specification.

1. AC Input — Specify voltage, number of
phases (single or three phase), and
frequency. Example: 480 volts, 3 phase, and
60 hertz.

2. DC Output — Specify in volts and amperes.
Remember to include spare capacity.

3. Rectifier Type — Air-cooled, oil cooled, oil
cooled and explosion proof, constant
current, or automatic potential controlled.

4. Rectifying Elements and Configuration —
Specify element: silicon or selenium. Specify
configuration: full wave bridge or full wave
center tap.

5. Mounting - Indicate desired mounting
hardware to be included for either pole, wall,
or pedestal mounting.

6. Operating Temperatures — Minimum and
maximum ambient operating temperatures.

7. Instruments — Voltmeter and ammeter.

RECTIFIERS
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Specify scales and accuracy.

8. Voltage and Current Control — Specify
number of transformer taps required for
manual adjustments.

9. Protective Devices — Specify ratings and
types of circuit breakers, fuses, lightning
arresters, and filters as required. Shielded
transformer winding if required.

10. Output Terminals — Specify number of
positive and negative terminals/circuits
required.

11. Shunts — Specify the number of shunts

required and their ratings.

When possible, units should be ordered from
the manufacturer’s standard line. Custom made
units will be more costly and delivery time may
be lengthy.

CONCLUSIONS

A cathodic protection rectifier converts AC
power into DC power, which is required for
cathodic protection of a metallic structure.

Typical rectifiers utilize either full wave bridge
or full wave center tap rectifying circuits with
selenium or silicon rectifying elements.

There are various types of rectifiers such as air
cooled, oil cooled, constant current, and
automatic potential controlled. Each type is
designed for wuse in a specific
environment/application. Rectifiers can be
purchased with optional features that will
facilitate testing during periodic maintenance,
protect the unit from power surges (lightning),
and increase its efficiency.

To make sure that the manufacturer supplies
the exact type of rectifier desired, a detailed
procurement specification should be written and
forwarded to the supplier. The effective
operation of the impressed current cathodic
protection system depends on the proper
operation of the rectifier. Therefore, a good

maintenance program should be developed to
help keep the rectifier operating. Malfunctioning
rectifiers should be repaired as soon as
possible, as long outages may be detrimental to
the protected structure. Rectifier
troubleshooting techniques will be discussed in
Chapter 8 of this course.
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CHAPTER 8

CATHODIC PROTECTION SYSTEM MAINTENANCE
AND TROUBLESHOOTING PROCEDURES

INTRODUCTION

Corrosion control measures as discussed in the
previous chapters, will be highly effective
providing they are properly designed and
installed as well as adequately maintained.
Without a suitable maintenance program, the
funds spentin the design and installation of any
corrosion control system could be wasted.
There have been many instances, for example,
of system Owners spending the money to have
a cathodic protection system designed and
installed on a section of their system without
establishing any procedures for looking after it.
Although the Owner may feel that his/her
corrosion related problems are over, this false
sense of security will be short-lived if corrosion
failures continue to occur. Although the
tendency is to blame the design, the fault in
most cases is simply the failure of keeping the

system(s)

operating continuously and

effectively. The purpose of this Chapter is to
present suggestions for maintenance programs
that will help keep corrosion control systems
operating at maximum effectiveness.

MAINTENANCE PROGRAM

A corrosion control system maintenance
program should include but not be limited to the
following items, as applicable:

1.

Periodic Surveys

Periodic Surveys are performed to
determine the status of cathodic protection
and related items. Periodic surveys will be

discussed in detail in one of the following
sections.

Coating Maintenance

Steps should be taken to maintain coating
systems on aboveground structures as well
as on buried or submerged structures.

Coating maintenance on buried or
submerged structures is more difficult to
perform, but steps can be effectively taken.
During normal operations of buried
structures such as pipelines, there are
frequent occasions when it is necessary to
uncover or make accessible various
appurtenances for other maintenance
work. This work may involve damage to or
removal of the coating.

Any apparent damage to the coating, be it
on a buried, submerged, or an
aboveground structure, should be repaired
or the coating replaced. Coating repair or
replacement should be of a quality at least
as good as the original coating system. In
addition, it is important that any repair
coating be compatible with the original
coating. Maintenance crews should be
trained in good coating application
procedures including allowing time for
certain materials to cure before backfilling,
care of materials, and compliance with the
manufacturer's specifications. As
previously discussed, when certain hot
applied enamels are used, particular care
is essential when heating small quantities
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to be sure that the material is not
overheated and rendered useless. If this
happens, much of the effectiveness of this
type of coating may be lost.

Keeping a factual performance record of
coating systems will help the corrosion
engineer to prepare and present
recommendations for materials to be used
for new construction. The general condition
of the coating system in terms of its
effective resistance-to-earth can be
obtained from the periodic corrosion
surveys. Other specific information may be
obtained by training all system
maintenance crews to report on coating
conditions whenever possible, such as
when coated pipelines are excavated.
Information to be included in such a report
is the date and specific location of the
work, coating type and description, and
other identifying information as available or
applicable. The report should also include
data on environmental conditions
surrounding the pipe/structure that could
have an adverse effect on the coating
system, evidence of soil stress effects,
bond quality, evidence of cold flow, and
evidence of moisture under the coating. If
there is evidence of corrosion damage at
coating faults (holidays), i.e., pitting, the
report should include data on the number
of pits, depth range and range of pit
diameters.

This information will enable the corrosion
engineer to assess the condition/quality of
the existing coating system and determine
what corrective measures are required, if
any.

Rectifier and Anode Bed Maintenance

Rectifier maintenance should be conducted
as discussed in the previous chapter.
Impressed current anode bed maintenance
is normally limited to the visual inspection
of the anode bed site during maintenance
rounds.

Any abnormal activity or occurrences
should be reported to the responsible
corrosion engineer as soon as possible so
that he or she can determine the effect, if
any, on the anode bed and take corrective
action as required. For example, if any part
of an anode bed is subject to washout by
storm water that will result in exposure of
the DC output cable(s), arrangements
should be made to have this area
inspected regularly and to have the
cable(s) recovered when necessary. This
should be done only after making sure that
there has been no damage to the cable
insulation. Any damage found should be
repaired. Keep in mind that if the anode
cable conductor is exposed to the
electrolyte, this then will discharge current
and eventually result in a cable break.
Corrective action should also be taken to
prevent re-exposure of the cable(s) if at all
possible.

If construction activity is to be performed in
the vicinity of an anode bed, the corrosion
engineer should have the location of the
anode bed staked out so that inadvertent
damage may be avoided.

If the construction activity involves the
installation of new underground or
submerged metallic structures, the
corrosion engineer should be notified. New
structures in the vicinity of the anode bed
may be subject to possible stray current
damage. Provisions should be made in the
design of the new structures so that there
are adequate facilities available to test for
and to mitigate stray current interference.

Galvanic Anode Maintenance

Other than routine electrical tests
conducted during periodic surveys,
maintenance of galvanic anode
installations, as in the impressed current
anode beds previously discussed, is limited
to visual observations by maintenance
personnel. When damage to anode lead
cables, anode header cable(s), pipeline
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lead wires, etc. is found, it should be
reported to the corrosion engineer so that
prompt repairs can be scheduled.

At test stations that contain galvanic
anodes, a clean connection must be
maintained between the anodes and the
structure. Because of the low driving
potentials associated with galvanic anodes,
any resistance in the connections can
cause a marked decrease in anode current
output. The connections should be
checked on an annual basis and cleaned
when required.

The use of a test station allows for the
measurement of polarized potentials onthe
structure as well as measurement of the
current output from the galvanic anode
system. Measurement of the anode system
current output will aid in determining both
the anode consumption rate and prediction
of expected service life.

Test Station Maintenance

Test stations are the principal means by
which the protection afforded to a structure
can be evaluated. If they are to continue to
fulfill this function, they must be maintained
in good order.

Test stations may, from time to time,
require replacement of box covers or cover
retention screens, cover gaskets or
terminal nuts or screws within the
receptacle. Occasionally, areceptacle may
be broken or missing as a result of
vandalism. Flush mounted or grade level
test stations often become filled with silt or
covered by paving material when located in
roadways. Efforts should be made to keep
these test points accessible for testing.
Corrosion personnel making routine
surveys should carry spare parts and
hardware so minor maintenance can be
performed while still on site. In this way,
especially on systems utilizing a large
number of test stations, this type of
maintenance can be kept up to date.

Screws should be kept greased for ease of
operation (using graphite lubricant or
petrolatum) and contacting surfaces in
electrical circuits should be kept clean to
ensure the lowest practicable contact
resistances.

If electrically discontinuous test leads are
found during periodic surveys or
troubleshooting testing, these test leads
should be replaced as soon as possible.
Leaving invalid test leads in place can lead
to erroneous data that may indicate a lack
of cathodic protection, a possible open
circuit, or other types of problems.

PERIODIC SURVEYS

Federal and State laws dictate what surveys
must be made on facilities such as gas piping,
oil lines and tanks containing hazardous
material. All cathodic protection systems need
to be tested periodically, however, and the
following data, as required and applicable,
should be taken at least on an annual basis.
The most common test employed to evaluate
the effectiveness of an existing cathodic
protection system is the structure-to-electrolyte
or pipe-to-soil potential measurement. In fact,
the majority of the existing criteria for
determining whether a structure is cathodically
protected are all based on the this particular
measurement.

1. A pipe-to-soil potential survey should be
conducted on the protected structure. The
potential survey is conducted using a high
resistance voltmeter and a portable
reference electrode. The reference electrode
should be placed directly above the pipe in
contact with the soil. Where the soil is dry,
the electrode should be dug in slightly. If the
soil is extremely dry, moisten the soil with
water to assure good reference cell contact
with the earth. It is important to minimize any
inaccuracy in the potential measurement by
insuring that the reference electrode is in
good contact with the electrolyte. There
should be no loose stone or debris between
the tip of the reference electrode and the
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soil. The presence of petroleum products or
chemical contaminants may also affect the
measurement. One method to verify that the
potential measured is an accurate reading is
to change the input resistances on an
analog voltmeter with this feature and
compare the potentials measured. If there is
both good reference cell contact and
structure contact, the potentials measured
should be very similar.

The conventional connection to the
voltmeter has the reference cell connected
to the positive terminal of the meter and the
structure to the negative terminal. This will
cause an "up scale" meter movement on an
analog meter. With the introduction of the
digital voltmeter, many corrosion personnel
reverse the connection so that a negative
value is displayed. Whatever polarity
connection is used, make certain to use it
consistently and to note on the data sheets
the method of connection used. Note: It is
good practice to check the meter reading on
two different meter scales when using an
analog meter to assure meter accuracy.

Figure 8-1 depicts how a potential survey is
sometimes conducted over a long length of
pipeline. During this type of survey,
potentials are taken along the length of the
pipeline and then plotted as a function of
structure-to-earth potential versus reference
cell location. The connection to the structure
under test can be a valve, riser pipe, test
station, etc., any place that is electrically
continuous with that portion of pipe being
evaluated. It is important to insure that the
structure under evaluation is electrically
continuous for the length of pipe to be
surveyed. Potentials measured on the other
side of an electrically discontinuous point
such as an isolating flange, are essentially
potentials measured to remote earth and are
not indicative of the actual pipe-to-soil
potential.

During the potential survey, the ground
voltage coupling value can be calculated if it
is possible to interrupt the current source(s).

Figure 8-2 shows the method for interrupting
a rectified system. The ground voltage
coupling value represents the effective
structure to earth resistance and provides
historical data on changes in system
parameters such as failures at isolating
joints. Using the change in the potential
readings measured while interrupting the
current, and the value of the current, the
ground voltage coupling is calculated. The
ground voltage coupling is equal to the
potential change (AV) divided by the output
current (1). The units are volts/amps.

The ground voltage coupling can be used to
determine the amount of current required to
change the potential of a protected structure.

EXAMPLE

The current output of a rectifier is 3 amps.
Measured pipe-to-soil potentials are -0.82 V On
and -0.65 V Off with the rectifier output
interrupted. Determine the additional amount of
current required (Al,,) to raise the On potential
of the structure to -0.85 V (AV, 4, = 0.03V).

Step #1 - Calculate the potential change (AV):
AV =V -V 4
=-0.82 - (-0.65) = 0.17 volt

Step #2 - Calculate the ground voltage coupling
(Ry):
AV 0.17V
Rvg = =

I 3A

= 0.057 volts / amp or ohms

Step #3 - Calculate the additional current
required to raise the On potential of the
structure to the 0.85 volt value:

lhog = Aqud B 0.03 volts
“~ Ry  0.057 volts/ amp
= 0.53 amps

CATHODIC PROTECTION SYSTEM MAINTENANCE AND TROUBLESHOOTING PROCEDURES

8-4



REFERENCE
ELECTRODE
(TYP.)

E POSITION POSITION POSITION

HIGH RESISTANCE

VOLTMETER \

\"

+)

[TEST STATION

PIPE-TO-SOIL POTENTIAL SURVEY

FIGURE 8-1

L PIPELINE



TO INTERRUPT THE AC POWER,—™ > [/ 7‘
REMOVE ONE OF THE TAP LINK BARS 0 0
AND CONNECT INTERRUPTER. THIS
CAN ONLY BE DONE WITH A SINGLE
PHASE RECTIFIER.

/
- .
CIRCUIT " |[on]on %0 |6 & o < TAP SETTING
BREAKERS co G| ©° CONTROLS
/ °° @ o2
OUTPUT _— COARSE  FINE
FUSE
‘/\/4—0\\
DUAL METER |\, vours
AMPS & VOLTS M@S < METER SWITCH
%SOMV15AMPSHM RECTIFIER
OUTPUT
DC CURRENT % TERMINALS
INTERRUPTER \ . NECATVE POSTIVE —
(=) le_e| (+) |©

\//

<—— CABLE TO ANODE BED

INSTALLATION OF THE CURRENT RECORD THE RECTIFIER
INTERRUPTER AT EITHER THE AC TAPS CURRENT OUTPUT WITH AND
ORIN ADC LEG WILL INTERRUPT THE WITHOUT THE INTERRUPTER
DC CURRENT OUTPUT. IN THE CIRCUIT.

INTERRUPTING A RECTIFIER

FIGURE 8-2



2. On coated structures, data required for the

calculation of effective coating resistance
should be taken. Although not essential, this
information is valuable for monitoring the
performance of a specific coating system.

This measure of coating effectiveness or
quality is based on considering the
resistance-to-earth of the line as if it were
comprised of many parallel resistances,
each section having a surface area of one
square foot.

The quality of the coating (average
resistance = R,) can be calculated using the
following formula:

R. = R,y X Surface Area of the Structure

Normally, good construction practices will
result in average coating resistance values
of 300,000 ohm-ft2 and greater, upon
completion of the installation. The
acceptable resistance value for a given set
of conditions is a function of various factors
and must be determined by experience and
the judgement of the corrosion engineer.
One of the most influential factors is soil
resistivity. For example, a line laid in 1000
ohm-cm soil will have a lower average
coating resistance than an identical line laid
in 10,000 ohm-cm soil.

EXAMPLE

A 12-inch pipeline has a line resistance
(ground voltage coupling, R,;) of 8 ohms.
The length of the pipeline is 32,000 feet.
Determine the average coating resistance.

Step #1 - Calculate total surface area (SA)
of the pipeline.

SA = Il x diameter (ft) x length(ft)
= (3.14) x (1) x 32,000 = 100,480 ft2

Step #2 - Calculate average coating
resistance (R,).

R. =R, x Surface Area = 8 x 100,480
= 803,840 ohm-ft?

The sample calculated resistance indicates
a coating of good quality.

. At each rectifier installation, DC current and

voltage should be measured. See Figures
8-3 and 8-4 for the methods to measure the
rectifier voltage and current. The kilowatt
hour meter reading should be taken and the
rectifier efficiency calculated, as described in
an earlier chapter. The rectifier should be
visually examined for any signs of damage
such as a burnt or blistered stack, loose
wiring connections, missing equipment
locks, etc. If it is an air-cooled unit, the
bottom screen should be free of any
obstructions. If it is an oil-cooled unit, check
the oil level and examine the oil for any
evidence of foreign material such as water
or debris.

. At other DC power sources, the DC current

and voltage as well as pertinent
supplementary information that may apply to
the particular power source should be taken.

. Data to calculate the resistance of each

impressed current anode bed should be
taken.

. The current output and resistance of each

galvanic anode installation should be
measured. The current output of the anode
is measured by placing an ammeterin series
with the anode lead, as shown in Figure 8-5,
or by connecting a voltmeter across current
shunts installed in an anode distribution box
as shown in Figure 8-6.

. Potentials of the protected pipeline and of

foreign lines at any crossing points should
also be measured. Where intersystem bonds
exist, measure the bond current and
direction of current flow.

. At pipeline cased crossings, the resistance

between carrier pipe and casing should be
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measured plus the potential to a close
reference electrode of both the pipeline and
casing.

9. In dynamic stray current areas, verify that
bonds, electrolysis switches or other
corrective measures are operating properly
and are providing the required degree of
protection. In those areas, recording
voltmeters should be used for potential and
current measurements.

10. Verify that isolating joints are effective and
that any protective lightning arresters,
spark gaps or grounding cells are
performing their function effectively.

11. In an impressed current anode system
measure the current output of each anode
at the anode distribution box, if available.
Again, see Figure 8-6 for the proper meter
connections.

12. Verify continuity between structures where
jumpers were installed as part of the
cathodic protection system.

13. Make notes on maintenance records of any
special physical features associated with
the corrosion control system. Maintain
these notes with the associated circuits.

The corrosion engineer should establish as part
of his/her maintenance program a list
containing the items listed above that are
applicable to each installation/system, and the
frequency at which each test should be
performed.

In addition to the complete annual survey, a
recheck of protective potentials may be made at
intermediate intervals. The need for
intermediate surveys may be a matter based on
operating experience. In general, intermediate
surveys are usually conducted in congested
areas where stray current interference may be
a problem, or where particularly critical or
hazardous environmental conditions exist. At
areas that are considered critical, more frequent
checks should be made.

The above compiled data should be recorded in
a permanent log so that previous survey data
can be compared and analyzed. As soon as a
periodic survey is completed, data should be
analyzed promptly. The data can be
computerized. With the use of the proper
software, the computer can compare the data
with that of previous surveys and indicate the
problem areas. Corrective action should be
taken immediately.

The importance of clear, accurate, and
understandable data cannot be over-
emphasized. Record all pertinentinformation on
approved forms. Field sketches that may
accompany data sheets must be as complete
as possible with dimensions given to
"permanent” objects. Data sheets should make
sense and be clear enough to be analyzed well
after the fieldwork has been completed.

Information to be included on the data sheets:

» Date and time taken (and by whom)

» Structure/circuit designation

» Where/at what point on the structure
(sketches are often necessary with
dimensions to "permanent” objects)

* Instruments used with model and serial
numbers

» Polarity of all measurements (+/-)

» Meter scale used for each reading

e Shunt used

» Under what conditions was the data taken:
» Redctifier On/Off
* Bonds In/Out
» Current source
» Type of reference cell and its placement
» Soil conditions: wet, dry, frozen
* Any other unusual conditions that are

pertinent
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REPAIRS AND/OR REPLACEMENTS

Based on data compiled during the periodic
survey or as a result of routine maintenance, it
may be deemed necessary to repair and/or
replace various cathodic protection system
components. Following is a brief discussion of
repairs and/or replacements that may be
required on a typical cathodic protection
system.

1. Coatings

While recoating a buried structure such as a
pipeline is expensive, it may be necessary in
some instances. This is apt to be true where
coating deterioration has been severe over a
length of a pipeline or part of a structure due to
unusual environmental conditions. If
deterioration has been great enough to divert
so much of the cathodic protection current that
satisfactory protection of other parts of the
structure has been lost, recoating the defective
section could restore effective levels of cathodic
protection to the entire structure with no change
in the cathodic protection system. The
economic justification for recoating versus
simply adding local cathodic protection in the
effected area would have to be studied by the
corrosion engineer in each such instance. The
material used for recoating buried structures
should be selected specifically for its ability to
stand up under the particular environmental
conditions encountered. It is probable that the
original coating, assuming that it was properly
applied, was not a suitable selection for
conditions in that environment.

Coating damage/failure on aboveground
structures detected by maintenance personnel
and reported to the corrosion engineer should
be repaired or replaced promptly to maintain
the integrity of the structure. Coating repair or
replacement shall be made as per coating
manufacturer's guidelines/recommendations.

2. Rectifiers

As previously discussed, any wires or
components found to be damaged during

maintenance checks of a rectifier should be
repaired or replaced. If the reason for rectifier
malfunction is not apparent, the following typical
rectifier troubleshooting procedures should be
followed.

a) Rectifier Troubleshooting Precautions

The following precautions should be
observed when troubleshooting rectifiers:

1) Turn rectifier unit OFF when handling
components within the unit. Open the AC
disconnect switch ahead of the rectifier
as well as the internal circuit breakers.

2) Consult the rectifier wiring diagram
BEFORE starting to troubleshoot.

3) Make certain that meters used in
troubleshooting are properly connected.
The voltmeter should be connected
across the points where the voltage is to
be measured, while the ammeter should
be placed in series with the circuit being
tested. A millivoltmeter, when used to
measure output current, should be
connected across the terminals on the
rectifier shunt. Correct polarity must be
observed when using DC instruments.
Turn the rectifier OFF before using an
ohmmeter to avoid harming the
instrument.

b) Troubleshooting Equipment

The following equipmentis required for basic
troubleshooting:

1) A multimeter for reading AC and DC
voltages and DC current up to 10
amperes. This meter should also be
capable of resistance measurements.

2) A millivoltmeter that can be used for
checking rectifier DC output current by
measuring the millivolt drop across the
shunt on the rectifier panel.

tools,

3) Miscellaneous small shorting
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c) Simple

cables and several jumper leads
approximately three (3) feet long with
booted alligator clips are also needed.

Rectifier
Techniques

Troubleshooting

Many rectifier malfunctions have symptoms
that are obvious. The obvious should never
be overlooked. Strange odors, loose
connections, charred components, signs of
arcing, loose connections, etc., indicate
problems which do not require elaborate test
procedures to wuncover. Some helpful
troubleshooting techniques are:

1) If there is no current or voltage at the
output terminals, the trouble and remedy
may be:

a) Breaker tripped (or fuse blown). If
apparently due to steady over-load,
reduce the output slightly. If the breaker
continues to trip or the fuse continues to
blow even with the output reduced, the
cause may be a short circuit in some
component. Isolate the component and
repair or replace as required.

If the breaker trips occasionally for no
obvious reason, the cause may be:

» line voltage surges
* intermittent short circuits

Check for loose connections or brackets.
Check connections using an ohmmeter
while moving leads, connectors, etc. Check
that power is turned OFF before using
ohmmeter.

2) No AC line voltage. Check with AC
voltmeter at rectifier input terminals. Do
not overlook the possibility that the AC
panel-board circuit breaker may have
tripped.

3) Open circuited component or connection:

a) Check all connections, fine and course

transformer tap adjustments and stack
connections.

b) Rectifier stacks. Use an AC voltmeter to
check if voltage is being supplied to the
rectifying elements. If so, they may be
open-circuited and should be checked
using an ohmmeter and, if required,
replaced.

4) Defective Meters

Faulty meters may give the indication that
the unit is not operating properly when
indeed it is. The rectifier meters should
be checked with portable meters known
to be accurate.

5) Defective Transformer

If AC line voltage, as checked with an AC
voltmeter, is being applied to the primary
of the transformer, but none is present at
the secondary, check to see whether
there is an audible hum coming from the
transformer. If so, the primary is
operating, but the secondary is probably
open.

6) If DC voltage is measured at the output
terminals of the rectifier but no current
output is measured, there is an open in
one of the external DC leads. In order to
determine which external DC lead is
open, proceed with the following steps:

e Turn off power to the rectifier.
Disconnect the positive (+) lead from
the rectifier and install a temporary
jumper cable from the (+) output lug to
some type of grounded structure,
other than the pipeline to which the
rectifier is connected, which can be
used as a temporary anode. This
would include structures such as a
copper ground wire installed at the
rectifier pole or a metal fence or
guardrail. Reduce the AC tap settings
to their lowest setting to prevent
exceeding the rectifier rating. Restore
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power to the rectifier and measure the
resultant current output. Increase the
tap settings one increment at a time
until the current can be measured.

» Ifinstalling a temporary anode jumper
does not result in rectifier current, the
problem may be in the structure lead.
Reconnect the (+) lead wire and
disconnect the structure (-) lead and
install a temporary jumper cable from
the (-) output lug to the pipeline.
Restore power to the rectifier and
measure the resultant current output.
It is often convenient to have a
structure connection point readily
available near a rectifier in order to
troubleshoot a rectifier system.

As previously indicated, most rectifier troubles
are simple to detect and do not require
extensive detailed troubleshooting procedures.
If, however, the trouble is more difficult to locate
it is usually better to systematically isolate the
rectifier components until the defective part is
found. See Figure 8-7 for a wiring schematic of
a typical three-phase rectifier. The same
schematic applies to a single phase rectifier
although it is simplified since it will have only
one transformer.

3. Impressed Current Anode Beds

Impressed current anode bed failure is
usually a result of one of the following:

a) Broken or damaged anode leads or
header cable

b) Physically damaged or broken anodes
¢) Consumed anodes

Probably the most common reasons for
premature failure are broken or damaged
anode lead or header cables. These failures
can often be tied to construction activity in
close vicinity to the anode bed or to
improperly made cable splices. All splices
must be made completely waterproof using

encapsulating resin splice kits or similar
insulation.

Anodes may be damaged or broken during
installation or as a result of construction
activity near the anode bed. Damaged or
broken anodes are not usually worth
repairing and should be replaced. From a
technical point of view, a consumed anode
should not be considered a failure even
though it will no longer provide adequate
levels of cathodic protection current. Ideally,
anode life calculations should have been
conducted during system design so that
anodes can be replaced before they are
completely consumed or consumed to a
point where they can no longer provide
adequate protection.

. Galvanic Anodes

As galvanic anodes approach the end of
their useful life, current output will diminish.
Replacement will be required when they no
longer can furnish enough current to
maintain protective potentials on the
structure. Current output should be
measured during annual surveys at those
installations having test points installed for
that purpose.

A marked decrease in the output of a
galvanic anode which, based on anode life
calculations, is not reaching the end of its life
may be an indication of a broken header
cable, lead cable, or possibly a physically
damaged anode. As is the case with
impressed current anode beds, header and
lead cables can become damaged or
broken. Repair or replace damaged cables
as required, to restore system operation.
Like impressed current anodes, physically
damaged anodes should be replaced.

. Test Stations

Broken wires at test stations can be hard to
repair if the break location is not accessible.
Test wires may snap if sufficient slack was
not provided during installation to allow for
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soil settlement.

Occasionally, an open circuit indication at
the test station may be the result of a
defective or improperly made exothermic
weld connection of the test lead to the
structure.

At locations where the test station is located
close to a buried structure, the excavation
required to locate and repair the damage
(unless the structure is very deep) is a
relatively simple job requiring one relatively
small excavation. If the break is in a long
wire span, however, the question of where to
dig becomes more difficult and additional
tests are required to determine the location
of the break.

Where the wire has been broken and pulled
apart, the break in most cases can be
located by conducting an "over-the-wire"
survey using a pipe locator, see Figure 8-8.
This is done by connecting the wire being
tested to the pipe locator transmitter terminal
labeled "pipe" and connecting the terminal
labeled "ground" to a separate ground such
as a ground rod. When the pipe locator
transmitter is turned on, an audio frequency
signal is transmitted along the wire being
tested. Walking over the route of the wire
carrying the pipe locator audio receiver, an
audio signal will be heard. The audio signal
level will gradually decrease as the distance
from the transmitter increases. An abrupt
decrease or loss of the audio signal will
indicate the point of the wire break.

If the "over-the-wire" survey does not detect
a break in the wire, the route of the wire
must be excavated to locate the break.
Excavation should start at the connection of
the wire to the structure point so that the
possibility of a defective exothermic weld
connection can be ruled out. If the wire
break is in the long lead wires used for
millivolt measurements, it may prove to be
more economical to install a new two wire
test station at the point where the long lead
connections were originally made. This is in

lieu of excavating along the length of the
pipeline to find the wire break. Testing done
in the future would then require the use of a
wire reel extended along the ground
between the two test stations.

Where two test wires are thought to be shorted
below ground at a test station, the distance
from the terminal board to the point of the short
circuit may be determined by measuring the
resistance between the two wires, see Figure
8-9. Knowing the wire size, the resistance per
foot for that particular size can be obtained from
an electrical handbook or a cable
manufacturer's manual. Based on this
resistance, it is possible to calculate the
number of feet of wire from the terminal board
to the short circuit and back. Half of this length
will be the distance from the terminal board to
the short circuit.

EXAMPLE

Using an ohmmeter, the resistance between
terminals 1 and 2 is measured at the test
station shown in Figure 8-9. The measured
resistance is 0.074 ohm. According to an
electrical handbook, the resistance of No. 12
AWG wire is 0.00162 ohm/ft. Locate the short
as follows:

Distance (x) = 2 (measured resistance/wire

resistance)
2 (0.074/0.00162)
22.84 ft.

The point at which the wires are shorted
together is approximately 23 ft. from the test
point terminals.

On occasion, test wires are found to be in
contact or shorted to the test station conduit.
This usually occurs where the wires emerge
from the conduit edges that have not been
properly reamed to eliminate sharp edges. This
is usually a result of incomplete provisions in
the installation specifications or inadequate
inspection during construction.
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Test station repairs should be made as soon as
possible. Failure to repair test stations may lead
to cathodic protection system problems going
undetected for long periods of time.

TESTS USED IN CATHODIC PROTECTION
SYSTEM TROUBLESHOOTING

Percent Leakage Current Tests

Due to lightning or other causes, isolating joints
or fittings may become partially or completely
shorted. Because the integrity of these devices
is generally critical to the proper operation of
the cathodic protection system, they must be
tested periodically. In order to measure
accurately the percent of leakage, a test set-up
similar to that shown in Figure 8-10 is used.

A calibration current (l,) from an external DC
source must be provided. This current is
allowed to flow through a short section of the
pipeline and return as shown in the figure.

Begin the test by measuring any voltage drop
present in the calibration section (E,). Then
connect the calibration current (I;). The current
flow will cause a voltage drop (Ex). Both the
current flow and its associated voltage drop are
measured so that a calibration factor for the test
set-up can be calculated using the following
formula:

calibration current

K /mv) =
(@mp/mv) = = libration voltage drop
or
Ik
K =
Ex - E1

Using the external DC source again, make
connections to the pipe as shown in the figure
to enable test current to flow from one side of
the isolating joint to the other. The voltage drop
across the calibrated section (E;gs7), and the
test current (l;gsr) are then measured. The
percent leakage through this isolating joint can
then be calculated using these measured

values and the previously calculated calibration
factor as follows:

K x (Erest - E1)

[TesT

Percent Leakage = x 100

EXAMPLE

A calibration current of 34 amperes (ly) is
allowed to flow from the line side of the isolating
joint through the pipeline causing a voltage
drop of 28 millivolts (Ey). A test current of 5
amperes (lrgsr) is allowed to flow across the
isolating joint through the pipe causing a
voltage drop of 4.7 millivolts (Egsr). Determine
the percent leakage current. E, was found to be
1.0 mV.

Step #1 - Calculate the calibration factor (k):

Ik 34

K= e E = 28.1

=1.26 amps/mv

Step #2 - Calculate percent leakage current:

K x (Etest - E1)

ItesT

Percent Leakage = x 100

1.26 x (4.7-1)
- x 100

Percent Leakage=  93.2%

System Current Profile

The plotting of the system current profile can
help to isolate a corrosion problem area within
a system. The current profile is developed using
millivolt drop measurements along the pipeline
system.

The current profile is a plot of test station
location versus percent test current. The current
profile of a pipeline section with a perfect
coating and no electrical contact with foreign
structures would look like the plot shown in
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Figure 8-11.

This plot shows that a uniform amount of
current is entering onto the pipeline per unit
length of pipe.

Figure 8-12 shows a more typical current profile
of a protected pipeline section. The profile,
when analyzed, provides the following
information:

1. The large drop of current between test
stations C and D (dashed line ) indicates
that a large amount of current is flowing onto
the pipeline in this area. This may be a result
of physical contact with a foreign structure.
In the case of a "short" to another
underground metallic structure, there will be
very little to no current from the protection
system on the other side of the contact
point. Current will pick up on the lower
resistant structure such as a bare water
distribution pipe and return to the source via
the metallic contact point.

2. The large drop of current and the increased
slope of the plot between test stations C and
B (solid line) indicates that a coating
problem exists in this area. A larger
percentage of the current will be required to
protect the bare steel in that particular area.

After problem areas are located through the use
of the current profile, further tests should be
conducted in these areas. These tests should
include the use of special electronic equipment
such as short locators and/or surface potential
survey techniques, or more extensive mill-volt
drop tests.

To determine the amount of current, the
resistance of the pipeline span must first be
calculated as shown for the Percent Leakage
Test. Figure 8-13 depicts the typical testing
arrangement for the calculation of resistance for
a particular pipeline span. To insure the
accuracy of the calibration factor, it is
recommended that four (4) separate
connections be made to the structure under
test. The calibration test begins with the

connection of a power source such as a 12-volt
battery in series with an ammeter. The source
of current is then interrupted and the resulting
voltage drop caused by the current flow is then
measured between the inside test wire
connections. Calculation of the calibration
factor or "K" factor is determined by dividing the
change in the test current by the change in the
voltage drop. This calculated K factor then
becomes part of the permanent record of the
pipeline system. Any future testing which
requires determination of the amount of current
flow on the pipeline at this particular point can
use this K factor to calculate the current flow.
This is provided that the voltage drop is
measured across the same original inside test
wires. The original calibration test should be
repeated a sufficient number of times to insure
that the data is accurate, particularly in stray
current areas. The units for the K factor are in
amps/mV. See Figure 8-14 for a typical millivolt
drop test.

The direction of current flow can be determined
by noting which polarity connection on the
voltmeter results in a positive meter deflection.
The direction of current flow will be from
positive to negative. Therefore, if the upstream
test lead is connected to the positive terminal of
the voltmeter and the resulting voltage drop has
a positive polarity, then the direction of current
flow is upstream to downstream.

Knowing the direction of the current flow is
always useful information, particularly when
tracing galvanic currents caused by an
underground contact to another metallic
structure. In this case the ultimate goal of the
testing is to determine the point of contact or
"short" and eliminate it. Endwise galvanic
current flow on a structure can be tracked by
measuring voltage drops along the structure at
various points where a physical connection to
the structure can be made. Provided that your
structure is electrically continuous, the point of
underground contact will be between those two
test locations where the polarity of the
measured voltage drop will reverse.

When combined with ground voltage coupling
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measurements (R,,), the data obtained can be
used to calculate the resistance to earth of
either the entire piping system or of individual
sections of pipe within the system. By
incorporating Ohm's Law, Kirchhoff's current
law, and current profile measurements, data
can be compiled. When making these
calculations it is important to remember that
calculations involving the entire system must
use total system current and voltage
measurements. On the other hand, data
calculations for individual sections must
incorporate only the current and voltage
measurements obtained in that section of the
system.

Surface Potential Surveys

Surface potential surveys are conducted using
two identical reference electrodes and a high
resistance voltmeter. The potential measured
between the electrodes, due to a test or
protective current applied to the structure under
test, can be used to locate coating holidays or
anodes.

Holiday (cathodic) gradients are caused by the
flow of current onto a pipeline, leading to
voltage drops in the earth. If cathodic protection
current is applied to the pipeline that has
holidays, about one-half of the total voltage
drop will occur within one foot of the pipe
surface, see Figure 8-15.

The voltage gradients caused by an anode(s)
dissipating current will follow the same pattern
as at a holiday except the directions will be
reversed. The largest gradient potential will be
measured closest to the operating anode.

Surface potential surveys used to locate
holidays or anodes can be conducted using
either the one electrode or two electrode
method. Both surveys are commonly referred to
as a "cell to cell" surveys and both surveys use
two identical reference electrodes. In the one
electrode survey, one reference electrode
remains stationary while the other electrode is
moved during testing. During the two electrode
survey, both reference cells are moved. When

two reference electrodes are both moved, it is
important to retain the same separation
between electrodes as well as the same polarity
configuration. In this case the polarity sign of
the potential difference measured will change
once both electrodes are past either the coating
fault or anode. The use of these two methods is
illustrated in the following examples.

Example # 1 - Measuring Holiday Gradients

Referring to Figure 8-16, the two methods of
surface potentials can be used to measure the
holiday voltage gradients caused by a test
current applied at the isolating flange which
changes the pipe-to-soil potential by 2.0 volts.

First, using the one electrode method, the
positive or stationary electrode is place at point
J. The moving or negative electrode is placed at
point H. The measured potential difference at
this point is +0.08 volt. Subsequent testing
consists of moving the negative electrode to
points G through A and measuring the potential
at these various points with respect to the
reference left in place at point J. These
readings will become more positive. In this
example, the potential difference between
points J and A is +0.50 volt. As the negative
electrode is moved past point A through points
B through H and the potential differences are
measured, the readings become less positive.
Plotting both sets of potential measurements on
a graph will indicate the location of the holiday.
The location of the holiday will coincide with
that of the most positive potential
measurement.

The second method, the two electrode method,
involves moving both the positive and negative
electrodes. A test current is applied at the
isolating joint as previously illustrated in Figure
8-16. A potential difference of +0.06 volt is
measured when the positive electrode is placed
at point H and the negative electrode at point G.
The positive electrode is placed at point G and
the negative electrode at point F for the second
reading. The positive electrode is then placed
at point F and the negative electrode at point E
for the third reading. All subsequent readings
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must follow this same pattern. The sixth reading
will be the highest positive reading (+0.170
volt), which is measured with the positive
electrode at point A and the negative electrode
at point B. The seventh reading taken between
points A and B, with the positive electrode at
point A and the negative electrode at point B,
will be a negative reading (-0.170 volt).

The change in the potential measurement from
positive to negative indicates a closure of
current around the coating holiday. A potential
reading of zero would be obtained if the positive
and negative electrodes were placed at point B
on either side of point A directly over the
holiday. The most positive and most negative
readings will be located on each side of the
holiday and the zero reading directly above its
center.

Figure 8-17 illustrates the two graphs obtained
when plotting the data from the examples
discussed above. The top graph represents the
readings from the one electrode method. Using
this method, if one holiday exists on a pipeline,
a definite peak will show on the plot. However,
if there are two or more holidays located close
together, the resulting graph will not show two
or more definitive peaks. Rather, the graph will
indicate a holiday that is approximately 5 to 10
feet long. A base line is defined by the absence
of significant peaks on the graph. The
magnitude of peaks on the graph will be
proportional to the size of the holiday.

The lower graph represents the data obtained
using the two electrode method. As opposed to
the single electrode method, the two electrode
method will show definite peaks for multiple
holidays that are located in close proximity to
each other.

Example #2 - Locating Anodes

Figure 8-18 illustrates the typical voltage
gradients created around an operating anode
buried in the earth. These gradients follow the
same pattern as those found at a coating fault
except that the direction of the gradient field is
reversed. Using the one electrode method, the

stationary or negative electrode is placed
between 50 and 100 feet away from the anode
string. The moving or positive electrode is
placed above the anode string and then moved
along its length. Positive potential peaks will be
observed over each anode. If the anode output
is interrupted, the potential changes will be
related to the pattern of current discharge of the
anodes into the earth. A potential change of
+1.30 volts is measured between the negative
and positive electrodes located at points J and
H respectively. When moving the positive
electrode over points G through A and
measuring the potentials with respect to point J,
the readings will be come more positive. The
measured potential in this example between
points J and A is +8.30 volts. Moving the
positive electrode over points B through H and
again measuring the potential difference with
respect to point J, the readings will become
less positive.

As stated earlier, when using the two electrode
method, both the positive and negative
electrodes must be moved with each reading.
With the anode output interrupted and the
positive electrode at point G and the negative
electrode at point H, the potential difference is
+0.50 volt. Refer again to Figure 8-18.
Subsequent readings must follow the same
pattern as that discussed in Example # 1. A
positive potential of +2.50 volts is measured at
the sixth location with the positive electrode at
point A and the negative electrode at point B.
The seventh reading between points A and B
with the positive electrode on B and the
negative electrode on A will give a negative
reading of 2.50 volts. If the positive and
negative electrodes are placed at both points B,
on either side of point A directly over the anode,
the measured potential difference will be zero.
The area between the most positive and the
most negative readings will be over the anode.
A zero potential difference will be over the
anode. Figure 8-19 shows the data plotted for
both types of survey. The spacing between
each anode can be determined from the graph.
The top graph represents the data from the one
electrode method. The high positive readings or
peaks occur directly over the anodes. This type
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of survey can be helpful when trying to locate a
break in an anode string since it can identify the
last operating anode. The data obtained using
the two electrode method is shown in the
bottom graph of Figure 8-19.

The one electrode and the two electrode
surveys are useful in locating individual
galvanic anodes directly connected to a
pipeline. By interrupting the test current across
an isolating joint, the galvanic anodes will
appear as large holidays on the pipeline.

There are times when a break in an anode
cable is excavated but it is not known whether
this is the first break in the cable from the
rectifier and that there is power to this point.
One way to determine that there are not other
breaks in the cable between this point and the
rectifier is to measure the potential-to-earth of
the cable at this point to a standard reference
electrode and compare this value to the
operating voltage output of the rectifier. These
two values should be similar. Proper safety
precautions should be taken when connecting
to the anode cable in the ditch and a high
output rectifier should be adjusted to a lower
setting for this testing.

Another type of potential survey that uses two
reference electrodes is known as a side drain
survey that is often used to delineate possible
areas of active corrosion, particularly on bare or
poorly coated pipe. For this survey the first
electrode is placed directly above the pipe, in
contact with the soil. The second electrode is
placed in contact with the soil at a 90-degree
angle to the pipe at a distance approximately
equal to 2% times the pipe depth. During
testing, the electrode placed directly above the
pipe should be connected to the positive
terminal of the voltmeter and the other
electrode to the negative terminal. Positive
side-drain readings indicate that current is
being discharged from the pipe at this point,
making it an anodic area. Negative side-drain
readings normally indicate that current is
flowing towards or onto the pipe at this point,
making it a cathodic area. The side-drain
measurements should be continued at no more

than 5-foot intervals. Tests must be made on
both sides of the pipe, until the extent of the
possible problem section has been determined.
However, under certain conditions a relatively
strong localized anodic cell could exist on the
bottom of the pipe with the top of the pipe
serving as a cathode and negative side-drain
readings could be measured while severe
corrosion is actually occurring on the bottom of
the pipe at this location.
Testing for Pipelines in Contact with
Casings

Two types of contacts are typically considered
when evaluating whether a pipeline is in contact
with its casing. These two types are known as
either an electrolytic or metallic contact. An
electrolytic contact refers to a situation where
the annular space between the pipeline and the
casing is filled with water or some combination
of electrolyte that provides a low resistant path
between the carrier pipe and the casing. A
metallic contact refers to the situation where the
carrier pipe is in direct metallic contact with the
casing. There is also the case where both of
these situations are present at the same time.

A low resistant contact between the carrier pipe
and the casing will affect the operation of a
cathodic protection system. The casing is a
large bare section of steel pipe that will act as
a large coating holiday that may divert current
away from any local coating holidays on the
carrier pipe. The return path for the cathodic
protection current will be through the low
resistant electrolyte in the annular space
between the two structures or through the point
of metallic contact. Therefore, piping with
coating faults near a "shorted" casing may not
receive the proper current density required for
protection. A "shorted" casing will also diminish
the amount of current attenuation from a
protection system since the current will be
drawn to this rather large coating fault.

Any areas of bare metal found at coating faults
on the carrier pipe inside of a casing filled with
electrolyte will require protection against
corrosion. In this instance, cathodic protection
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current must pass from the earth to the casing,
through the electrolyte, and then on to the pipe.
This series of resistances causes a voltage
drop that may result in less than adequate
protection.

Identifying possible "shorted" casings is usually
accomplished through a comparison of the
"on/off" structure-to-earth potentials of both the
carrier pipe and the casing. Usually there is a
significant potential difference between the
carrier pipe and the isolated casing when the
carrier pipe is well coated and the casing is
bare. These potential differences become less
when the carrier pipe is poorly coated and the
surrounding soil is of low resistivity. When both
the carrier pipe and the casing exhibit the same
potential values there is a strong indication that
some type of "short" is present.

Another indication of a "shorted" casing is a
significant change in the amount of current flow
measured on the pipeline at a point on the far
side of the casing from the cathodic protection
system. If the carrier pipe has a fairly uniform
coating, the amount of current measured along
the pipeline should gradually decrease as the
distance from the cathodic protection system
becomes greater. However, since a "shorted"
casing has the same effect as a large coating
fault, there should be a significant decrease in
the amount of current measured on the far side
of the casing. This difference in the amount of
line current measured on both sides of the
casing would be approximately equal to the
amount of protective current going to the
"shorted" casing. This measurement of line
current should be made with the test current
interrupted.

One field test that can be performed to
determine whether a casing is "shorted" to the
carrier pipe involves using the casing as a
temporary anode bed. In this instance the
casing is deliberately depolarized as current is
discharged from the casing into the earth and
then on to the carrier pipe. The indication that
the casing is isolated from the carrier pipe is
given by casing potential readings becoming
less negative with increasing amounts of test

current. The carrier pipe potential readings can
vary in either direction, however if the two
structures are not in metallic contact, the
potentials measured on the carrier pipe will
probably become more negative with increasing
amounts of test current. Figure 8-20 depicts this
particular testing arrangement.

CONCLUSIONS

The establishment of a cathodic protection
maintenance program is vital if the system is to
operate as intended. A system that is not
properly maintained will undoubtedly
experience premature failure.

Any system malfunctions detected during
periodic surveys or maintenance operations
should be repaired as soon as possible. A
system that is malfunctioning or not operating
for an extended period of time may be
detrimental to the protected structure.

This Chapter has presented some
troubleshooting techniques that can help
corrosion personnel to determine where the
problem may be in a cathodic protection system
that is not functioning properly. The use of
these techniques and the implementation of
subsequent repairs will result in reducing the
down time of the cathodic protection system to
a minimum.
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