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FOREWORD
This handbook has been developed from an evaluation of facilities in the
shore establishment, from surveys of the availability of new materials and
construction methods, and from selection of the best design practices of the

lities Enzineerinz Command (NAVFACENGCOM), other Government
agencies, and the private sector. This handbook was prepared using, to the
maximum extent feasible, national professional society, association, and
institute standards. Deviations from these criteria in the planning,
engineering, design, and construction of Naval shore facilities cannot be made

X . mrd v amemasaara T ~AF NAUDANDMANANM LIN 70
without prior approval of NAVFACENGCOM HQ (Code 04).
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Design cannot remain static any more than can the functions it serves or
technologies it uses. Accordingly, recommendations for improvement are
encouraged and should be furnished to Naval Civil Engineering Laboratory, Code
L30, Port Hueneme, CA 93043, telephone (805) 982-5743.

THIS HANDBOOK SHALL NOT BE USED AS A REFERENCE DOCUMENT FOR PROCUREMENT OF
FACILITIES CONSTRUCTION. IT IS TC BE USED IN THE PURCHASE OF FACILITIES
ENGINEERING STUDIES AND DESIGN (FINAL PLANS, SPECIFICATIONS, AND COST
ESTIMATES). DO NOT REFERENCE IT IN MILITARY OR FEDERAL SPECIFICATIONS OR

OTHER PROCUREMENT DOCUMENTS.

<
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Power Distribution Systems

Switchgear and Relaying

400 Hz Medium Voltage Conversion/
Distribution and Low-Voltage
Utilization Systems

Lightning Protection
Wire Communication and Signal Systems

Energy Monitoring and Control Systems

Electrical Engineering Cathodic
Protection
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Section 1: INTRODUCTION

1.1 Scope. This handbook shall be used for the engineering design of
cathodic protection systems. Specifically described and discussed are
criteria for cathodic protection, system design principles, system examples
and their design steps, and economic analysis. To facilitate user
application, sections on installation and construction practices, system
checkout and initial adjustment, and system maintenance are included.

1.2 Cancellation. This handbook supersedes the cathodic protection
information of DM-4.06, Lightning and Cathodic Protection of December 1979.
1.3 Related Technical Documents. The following publications should be

obtained to use with this document:

a) National Association of Corrosion Engineers (NACE) Standard
RP-01-69 (1983 Rev), Recommended Practice for Control of External Corrosion on

Underground or Submerged Piping Systems.

b) NACE Standard RP-02-85, Control of External Corrosion on

Metallic Buried, Partially Buried, or Submerged Liquid Storage Systems.

c) NACE Standard RP-50-72, Design, Installation and Maintenance of
Impressed Current Deep Groundbeds.

d) Naval Facilities Engineering Command (NAVFAC) P-442, Economic
Analysis Handbook.
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Section 2: CATHODIC PROTECTION CONCEPTS

Lo B | ~ o

2.1 rrosion as an Electrochemical Process. Corrosion of meta
result of electrochemical reactions. An electrochemical reaction is a
chemical reaction accompanied by a flow of electrical current.

2.1.1 Driving Force. The driving force for the corrosion of metals

through electrochemical reactions is the free energy of the metal atoms in
their metallic form. All chemical systems tend to change so that the free
energy present is at a minimum. This is analogous to the flow of water

Anesmhi1T1 +a mifcmimicons ha Funn memnsrcsr Adicn +n ceomcedbee Moot aca~adema Ao wmatala
wWillii il LU ditilliloc LIl€ lLicTC CIICLsy aue o ELCVLL.Y I.'IUDI— UILELIICCL.LIIE mecLalLo

are found in nature in a form with low free energy. These metal ores are

chemical compounds consisting of the metal atoms combined with other atoms

such as oxygen or sulfur. The process of breaking up these ores into their
metallic and non-metallic atoms involves an addition of energy in order to
free the metal atoms from the natural, low energy content chemical compounds.
The corrosion process is driven by the tendency of these metal atoms to revert

to their natural state. 1If corrosion products are analyzed, their chemical
dant al to the ore from which the metal wags

aie a.\- - AT VAT AaViu wWeiaval IT T Lvaa wWoao

comnagition ig uguallv 4
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originally obtained.

2.1.2 The Electrochemical Cell. Electrochemical reactions occur through
a combination of chemical reactions and the exchange of electrical charges
(c
€

urrent) between areas where these chemical reactions are occurring. The

ntire process is commOﬁly <nown as an electrochemical cell. This process is
BN oD W A AW S AR wiibs A\ A A Lllb VﬂL ab Vll .
2.1.2.1 Components of the Electrochemical Cell. Every electrochemical cell

consists of an anode, a cathode, an electrolyte and a metallic path for the
flow of electrical current between the anode and cathode. A schematic
electrochemical cell is shown in Figure 1.

2 1 n 9 Doanntdrnma Jdoo am Rlantwanhacmdaanl a1 Mamnvnd aanl At AatdAanm AnAsiva o
L o A oL L ncawuv uwai L1D idll _all L icL LiuLliciiival wveJll, wiillival VAlLUuAaLiLIVLL VLeLuLlL D aL
the anode in an active electrochemical cell, Chemical oxidation is a reaction
where an atom or molecule gives up electrons. The chemical shorthand for a
typical oxidation reaction is:
EQUATION: M® ->M +e (1)
el e
nere

M° = metal atom

Mt = metal ion

e = electron

In this reaction the metal atom, which in combination with the other atoms in
a piece of metal has high strength and other metallic properties is

transformed into a metal ion which usually dissolves. The electron is
awatlahla Fav tvanafar +a amathav adta AF Tawrar alaatrianl mnatantial
avaiiawvic i1VvL LiailldoicL LU aliiviiicL DALT VUL 1UWLTL TiTLLLIAILVaAl puULTlivial.,.
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At the cathode in an active electrochemical cell, chemical
reduction occurs. Chemical reduction is a reaction where an atom or molecule
gains electrons. The chemical shorthand for a typical reduction reaction is:

EQUATION: Rt + e ->R° (2)
lu‘-\nvn

RY - positive ion in solution

e - electron

R® = reduced atom

A reduced atom may either be discharged as a gas or may be deposited on the
cathode. The electrolyte in an electrochemical cell serves as a source of

he chemical reactions, a medium for the deposition of the

~ ol

f the chemical reactions, and a path for the flow of charged ions in
solution. The electron path, usuallv a metallic connection, is required so
that the electrons produced at the anode can flow from the anode to the sites
at the cathode where they are consumed. The electrochemical cell consists of

an anode where electrons are produced by a chemical reaction, a cathode where

*
S

O rh

electrons are consumed by a chemical reaction different than the one occurring
at the anocde, an electrolyte for the flow of ions, and a metallic path for the

flow of electrons (dc current).

Figure 2 shows an example of a corrosion cell where zinc is
connected to platinum in hydrochloric acid. The zinc corrodes at the anode,
hydrogen gas forms at the cathode, and electric current flows through the
external electron path This electric current can be made to do useful work.
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2.2 The Electrochemical Basis for Cathodic Protection. Cathodic

protection utilizes a flow of direct current electricity to interfere with the
activity of the electrochemical cell responsible for corrosion. As shown in
Figure 3, corrosion can be prevented by coupling a metal with a more active

metal when both are immersed in an electrolyte and connected with an external

path. In this case the entire surface of the metal being protected becomes a
cathode; thus the term "cathodic protection."

[N

1

2.2.1 Potentials Reguired for Cathodic Protection. Every metal immersed
in an electrolyte develops an electrochemical potential due to the free energy
~Af el abamm $m tlha wmasad T wAn +n mvawrant anadia vanatrdian

UL LIl alLvuvlld> 411 LlieC w:‘-ﬂ&. 411 ULUcI. w“V PLCVCII\- aillvuiLe L Tauvuvaiviio 4L LVl
cccurring due to electrochemical reactions on that metal, electrons must be

prevented from leaving the metal. Since electrons can only flow from an area
of high (negative) potential to an area with lower (negative) potential,
connection of the metal to be protected to a source of more negative electrons
can effectively prevent the anodic reaction on the metal to be protected and
can thus prevent corrosion. In this case, the fiow of electrons is from the
external source to the metal being protected. Conventional current flow is

.
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Since cathodic protection depends on the energy of electrons and
their tendency to flow only from an area of high (negative) potential to one
of lower (negative) potential the principle of cathodic protection can also

AAAAA A el TherAaenaal 2 esam

be demomnstrated \.uxuu5u a u_yu:.auLLL. uua;ug_y {see I'Lsulc 4). In this analogy
the surge tank is the metal to be protected. Flow from the surge tank is
prevented by coupling the tank to a supply of water at higher pressure,
leaving the tank full.

2.3 Practical Appljication of Cathodic Protectjon. Cathodic protection
is only one of many methods of corrosion control. Cathodic protection should
be evaluated as one alternative method to control corrosion in an overall
corrosion control program. Application of cathodic protection should be
evaluated on the basis of technical feasibility, economic analysis, and system

functional requirements such as reliability and consequence of failure. In
some cases (e.g., underground pipelines), field experience has shown that
cathodic protection is such an effective means of providing the required
levels of safety in the operation of the systems that cathodic protection is

—— am 3 L. YN Y . _ Y ___

Lequlreu Dy reueral egulac1on

ion Should Re Considered. Cathodic
should be considered, poss iblv n conjunction with other forms of co
control such as the application of protective coatings, wherever the system is
exposed to an aggressive environment in such a manner that cathodic protection

is technically and economically feasible.

e |t
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metallic structures surfaces of metal waterfront structures such as sheet
pilings or bearing piles, and the internal surfaces of tanks containing
electrolytes such as water are applications where cathodic protection is
usually technically feasible and is commonly utilized in protecting such
structures. Cathodic protection has limited applicability on internal
surfaces of small diameter pipelines and other areas where ion flow in the

iR~
i0.i8
ces

electrolvte ic regtricted hu electrolvte resistance,

TaTLavay TOva av LT CaTvLiVa

2.3.1.2 When Indicated By Experience. When construction of a new buried or
submerged system is being planned, the corrosivity of the environment should
be considered as one of the factors in the design of the system. If

experience with similar systems in the vicinity of the construction site has
=L oo Al . Al _ P S U, I SO . === = mmm e 2o Lo _ 2 ____ . Y__1. ._ 31 £_ 2N . .._
S[0WII Lidal Lne site Cconailions are gg essive Dabeu UpoIl 1edK 4dllU Ldi1lule
records, cathodic protection should be provided as a means of controlling
corrosion on the new system. Cathodic protection is one of the few methods of

corrosion control that can be effectively used to control corrosion of
existing buried or submerged metal surfaces. Thus, if leak records on an
existing system show that corrosion is occurring, cathodic protection may be
applied to stop the corrosion damage from increasing. Cathodic protection
can, however, only stop further corrosion from occurring and cannot restore

thn matawdal ATlwander Tane Adicn +n Amnseenn 2~
Ci€ macerias alicauy 108¢C Que I—U COIXTOS10M.

2.3.1.3 As Required By Regulation. Regulations by the Department of
Transportation (DOT) have established standards for the transportation of
certain liquids and compressed gas by pipelines in order to establish minimum
levels of safety. These regulations require that these pipelines be protected
by cathodic protection combined with other means of corrosion control such as
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protective coatings and electrical insulation. These regulations provide
excellent guidelines for the application of cathodic protection to buried and
submerged pipelines. The pertinent sections of these regulations are included
herein as Appendix E.

Due to the safety and environmental consequences of system failure,
there are also increasing numbers of federal, state, and local governmental

regulations regarding the storage and transportation of certain materials that
require corrosion control. Many of these regulations either make the
application of cathodic protection mandatory on existing facilities as a
primary means of corrosion control or allow it to be selected as a means for
the mandatory control of corrosion on new facilities.

2 1 92 Fun

P APES B 4

technically fea

ional Requirements for Cathodic Protection. 1In order to be
ible, cathodic protection requires that the protected
structure be electrically continuous and immersed in an electrolyte of

sufficient volume to allow the distribution of current onto the structure.

2.3.2.1 Continuity. Electrical continuity of the structure to be protected
may be through metallic continuity provided by bolting, or welding of the
structure. Continuity is often achieved or insured by means of electrical
connections installed specifically to insure the effectiveness of cathodic

protection. These connections are commonly called "bonds.

2.3.2.2 Electrolyte. The electrolyte is commonly water or the water
contained in moist earth. The conductivity of the electrolyte is an important
factor in the determination of the need for cathodic protection and in the

E ~F -
uESLg" o1 caund

2.3.2.3 Source of Current. Cathodic protection also requires the presence
of a source of electrical current at the proper voltage or potential to
prevent attack on the structure. These sources of current are commonly called
"anodes."” As described below, the anodes may be fabricated from an active

P appprar B |

metal such as magnesium, or zinc which provides a high potential source of

electrons through corrosion on its surface. The anodes may also be fabricated
atively inert material which has the ability to pass current from

e without being consumed at a high rate but which requires the use
of an external energy source to increase the potential of the electrons
supplied to the structure being protected. Anodes made from active metal are
commonly called "sacrificial" or "galvanic" anodes, as the anode material is

sacrificed to protect the structure under protection. The inert anodes are

e a D iiemcaosa [ S [, ) TR -~ a——— P et 4
commonly called "impressed current" anodes as the external energy source is
used to impress a current onto the structure under protection.

2.3.2.4 Connection to Structure. The anodes must be electrically connected
to the structure through a metallic connection in order to complete the
circuit of the electrochemical cell responsible for the protection of the
structure.

2.4 Sacrificial Anode Systems. athodic protection in the sacrificial
anode system is essentially a controlled electrochemical cell (see Figure 5)

Corrosion on the protected structure is shifted to the anode. The anode is
consumed in the process but is designed and installed so that it is easily
replaced when consumed. Anode life of 10 to 15 years is common. Anode life

o
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[

s dependent upon the amount of current emitted by the anodes and their size.
If the cathodic protection system is properly designed and installed, and if
it is properly maintained (including periodic replacement of anodes as

necessary), the structure being protected is essentially immune to corrosive
attack and its lifetime is limited by other factors such as m

requirements or mechanical damage.

Direction of
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Rectifier or other exfernol\
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b N e
water \ & e B
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f 4 -
' s 4\ Positive lon" /\ ~
7 // - Electric current flowing N ~
| >~

- through the electrol yte -

Lo e
The ANODE of magnesium or The ANQDE of cast iron or other
other suitable metal which has suitable material which will best
a naturally higher potential than discharge the impressed current,
the metal being protected.

Figure 5
Sacrificial Anode Cathodic Protection/
Impressed Current Cathodic Protection

2.4.1 Anode Materjals. The materials used for sacrificial anodes are
either relatively pure active metals such as zinc or magnesium, or alloys of
magnesium or aluminum that have been specifically developed for use as
sacrificial anodes. 1In applications where the anodes are buried, a special
chemical backfill material surrounds the anode in order to insure that the
anode will produce the desired output.

O
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2.4.2 Connection to Structure. Sacrificial anodes are normally supplied
with either lead wires or cast-in straps to facilitate their connection to the
structure being protected. The lead wires may be attached to the structure by
welding or mechanical connections. These should have a low resistance and
should be insulated to prevent increased resistance or damage due to
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used as locations for attachments using mechanical fastener
resistance mechanically adequate attachment is required for good protection
and resistance to mechanical damage. Welded connections are preferred to

avoid the increase in resistance that can occur with mechanical connections.

2.4.3 Other Requirements. As for all systems to be protected, the
structure being protected by sacrificial anodes must be electrically
continuous. The system should also include test stations that are used to

monitor the performance and to adjust the system for proper operation. As in
all mechanical and electrical systems, cathodic protection systems require
periodic inspection, maintenance, and adjustment for satisfactory operation.

2.5 Impressed Current Systems. From the standpoint of the structure
being protected, cathodic protection using the impressed current method is
essentially the same as in the sacrificial anode system. As shown in Figure

5, the cathodic protection system supplies high energy electrons to the
structure being protected and the circuit of the electrochemical cell is
completed through the soil. However, in the impressed current system, a

supply of direct electrical current is used to develop the potential
difference between the anode and the structure being protected. Consumption
of the anode is not the driving force for the flow-protective current. A

properly designed, installed, and maintained impressed current cathodic
protection system is as effective as the galvanic anode type of system in
preventing corrosion of the structure being protected.

2.5.1 Anode Materials. The materials commonly used for impressed current
cathodic protection have the capability of passing a current into the
ut heineg consumed at a high rate. Granhite and h{ﬂh silicon

Tilip LULISWLTS Mapi: LT sicpiiliit a

t commonly used impressed current cathodic Drotection
anode materials however, other materials such as magnetite, platinum, and
newly developed oxide coated ceramic materials have been successfully used.
For buried anodes, a backfill consisting of carbonaceous material is normally
used: to decrease the electrical resistance of the anode; to provide a

M C

mo

’
uniform, low resistivity environment surrounding the anode; and to allow for
the venting of gasses produced at the ancde surface
2.5.2 Direct Current Power Source. The supply of direct electrical

current used to develop the potential difference between the anode and the
structure being protected is normally a rectifier which changes alternating
current to direct current of the appropriate voltage and current output.
However, in special applications, other direct current power sources such as

solar cells, thermoelectric cells, motor-generator sets, and wind-driven
generators may be used,
2.5.3 Connection to Structure. Impressed current cathodic protection

anodes are normally supplied with integral lead wires. In impressed current

[y
[«
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cathodic protection systems, the anodes are connected to the positive terminal
of the rectifier and a wire connection is made between the negative terminal
of the rectifier and the structure to be protected. The lead wires are

connected to the cathodic protection system by welding or mechanical
connactiagne Thaca chniild havae a law racicgtanca should be insulated t
Wikl W L AVIIO AMOUOIOV OllIVMLWG llQaVe a LU' ACOoi0ovalnve Cllu ﬂll\l ANA Ve ARMOUASG VS -~
prevent increased resistance or damage due to corrosion. In applications
where multiple anodes are used, the individual anode lead wires are often

attached to a larger header cable which is connected to the rectifier. As the
wire between the rectifier and the anode is under a high positive potential,
very rapid attack of the wire will occur where there is a break in the wire
insulation and the wire comes in direct contact with the electrolyte. The
insulation on this cable is very critical and high quality insulation and care

in installation is reguired for this avplication
&% AlD VAL LA VvAVIY 4w LG\IULLGU AVA il O ayvb‘bal—&\lll.
2.5.4 Other Requirements. As for all systems to be protected, the

structure being protected by impressed current must be electrically
continuous. The system should also include test stations which are used to
monitor the performance and to adjust the system for proper operation. As in
the case of sacritlclal anode systems, impressed current cathodic protection

24

s dic inspection, maintenance, and adjustment for
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Section 3: CRITERIA FOR CATHODIC PROTECTION

3.1 Introduction. Various methods are available for determining
whether the structure to be protected is being effectively protected through

rough
the application of cathodic protection. The technical basis for corrosion and
cathodic protection is electrochemical. Electrochemical methods of
determining the effectiveness of cathodic protection systems are the most
widely used criteria for establishing the adequacy of the protection. 1In

addition to electrochemical methods, inspections to determine the actual
condition of the structure being protected can be used to determine whether or
not effective protection has been achieved in the past. If there is no attack

of the protected system in an aggressive environment, then the protective
system has been functioning adequately. For buried or submerged systems where
access is restricted, the electrochemical criteria are most widely applied.
3.2 Electrical Criteria. For submerged and buried structures, criteria
based upon the electrochemical potential of the surfaces of the structure to

be Drotected are the most widn1v ugsed criteria for Anrnrmining whether or not
the structure is being effectively protected. In making these electrochemical

potential measurements, as shown in Figure 6, a high impedance voltmeter is
used to measure the difference in potential between the structure and a
reference electrode placed in contact with the electrolyte. For buried
structures, the copper/copper sulphate reference electrode is the reference

alantradas mant ~n~— ly
il
a

€.18CCIrsde mosT commo
seawater the silver/ Y
Other reference electrodes can be used when appropriate. Potential readings
obtained using any given reference electrode can be related to readings
obtained with other reference electrodes. In order to the assure that the
potential readings obtained are properly interpreted, the reference electrode
used should always be noted. Readings should be reported as "XX.XX V versus

YYY" where YYY is the reference electrode used to measure the structure

- P P
sea se or
ch ce elect

[a g}

u.
AV 7Y
ve

th o

As these potential measurements are most commonly used to measure
the potential of buried pipelines they are commonly called "pipe-to-soil
potentials” even though they may refer to the wall of a water storage tank in
contact with potable water. The more precise term for these measurements is

"structure-to-electrolyte potential
3.3 Interpretation of Structure-to-Electrolyte Potential Readings. In
order to determine whether or not a given surface is being adequately
protected, structure-to-electrolyte measurements are taken at various
locations surrounding the structure. Based upon a combination of corrosion
theory, experimental and laboratory tests, and more importantly, upon actual

field experience with a large number of protected structures, criteria for
interpreting these structure-to-electrolyte potentials have been developed.

3.3.1 National Assocjation of Corrosion Engineers (NACE) Standard RP-01-

69. The most widely used criteria for evaluating structure-to-electrolyte
potentials have been included in the NACE Standard RP-01-69, Recommended

Practice for Control of External Corrosion on Underground or Submerged Piping

Systems.

13
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Figure 6

Structure-to Electrolyte Potential Measurement

The following information and criteria are from the 1983 revision of NACE RP-
01-69.

"Voltage measurements on pipelines are to be made with the
reference electrode located on the electrolyte surface as close as practicable
to the pipeline. Such measurements on all other structures are to be made

with the reference electrode positioned as close as feasible to the structure
surface being investigated. Consideration should be given to voltage (IR)
drops other than those across the structure-electrolyte boundary, the presence
of dissimilar metals, and the influence of other structures for valid

interpretation of voltave measurements. "

"No one criterion for evaluating the effectiveness of cathodic
protection has proved to be satisfactory for all conditlons Often a

combination of criteria is needed for a single structure.

14
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3.3.1.1 Criteria for Steel. The criteria options for the cathodic
protection of steel and cast iron in soil and water are as follows:

a) -850 mV or more negative with respect to a copper/copper
sulfate reference cell. This potential is measured with the protective
current applied. For valid interpretation, the potential measurements must be
corrected for IR drop through the electrolyte and metallic paths.

b) 100 mV or greater negative polarization shift measured between
the pipe surface and a stable reference electrode contacting the electrolyte.
The formation or decay of this polarization can be used in this criterion.

c) A potential at least as negative as the potential established
by the E log I curve method.

d) A net protective current from the electrolyte into the surface
of the structure as determined by an earth current technique.

3.3.1.2 Criteria for Aluminum. 100 mV or greater negative polarization

i 3a
shift (refer to para. 3.3.1.1).

Excessive Voltage cathodically protected at
- 3 PN

s:
voltages more megative than -1.20 V measured between the
structure surface and a saturated copper-copper sulfate
reference electrode contacting the electrolyte and
compensated for the voltage (IR) drops other than those
across the structure-electrolyte boundary, may suffer
corrosion as the result of the build-up of alkali on the

metal surface. A voltage more negative than -1.20 V

b1 A et b ccmmnd eV o mmmeef e A A e VA 232 _ _a_
SiIUULU [IUL D€ USECU UIlless pPIrevious LeslL 1es5uUlls 1nuicacve
no appreciable corrosion will occur in the particular
environment.

Alkaline Soil Conditions: Since aluminum may suffer
from corrosion under high pH conditions and since
application of cathodic protection tends to increase the
pH at the metal surface, careful investigation or
testing should be made before applying cathodic
protection to stop nittina attack on aluminum structures

in environments with a natural pH in excess of 8.0.

3.3.1.3 riteria for Copper. 100 mV or greater negative polarization shift
(refer to para 3.3.1.1).

3.3.1.4 Criteria for Dissimilar Meta]l Structures. A negative potentia
equal to that required for the most anodic materials should be maintained.
The potential should not exceed the maximum allowable potential for any

material (such as for aluminum) in the system.

3.3.2 Other Electrical Criterja. Criteria evaluation of the structure-

to-electrolyte potentials on other materials have been developed but are not

[
n
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included in NACE RP-01-69. The same measurement techniques and precautions
are applicable to these criteria as for those in NACE RP-01-693.
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a for lead shall be as follows:

b) 100 mV or greater negative polarization shift measured between
the pipe surface and a stable reference electrode contacting the electrolyte.

NOTE: With the same precautions regardin

potentials over 1.2 V and contact with alkaline

soils as those for aluminum,
3.3.2.2 NACE RP-02-85. Criteria for the interpretation of structure-to-
electrolyte potentials on storage tanks are given in NACE RP-02-85 Control of
xternal Corrosion on uried, Partially Buried, or Submerged Liquid

Storage sttems The criteria in this recommended practice refer to the

ATA AT

protectlon of steel structures and are essentlally the same as in NACE

pDD_N1_£Q
N =-VLl~-0OJ,

of system failure, usually increases logarithmically with time after the first
occurrence of corrosion failure. When effective cathodic protection is
applied to a structure which has experienced corrosion damage, the frequency
However, due to the presence of

3.4 Failure Rate Analysis. Corrosion damage, as measured by frequency

existing corrosion damage, the failure rate will not immediately be reduced to
zero. Mechanical damage and previously undetected corrosion related damage
may still result in failure, but if effective cathodic protection is achieved,

corrosion failures should cease after a period of 1 or 2 years. Accurate
failure records should be kept for both protected and unprotected systems in
order to determine the need for cathodic protection and the effectiveness of
installed systems. A typical failure rate analysis is shown in Figure 7.

3.5 Nondestructive Testing of Facility. Periodic evaluation of the
condition of the protected system can also be used to determine the adequacy
of the cathodic protection system installed on the structure, or to establish
the need for protection.

3.5.1 Visual Analysis. If the surface of a structure is accessible or is
exposed for repairs, alterations, or specifically for the purposes of
1nspection visual 1nspect10n may be used to evaluate the need for protection
of the effectiveness of cathodic protection applied to the structure. Signs of
corrosion such as the presence of corrosion products, pitting, cracking,
reduction in physical size, or other evidence of deterioration should be
noted

16
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Failure Rate Versus Time

A variation of visual inspection is the installation of small metal

samples, or coupons, electrically connected to the structure at various
critical points on the structure. Periodic removal and evaluation of these
samples including visual cobservation and weight loss can be used to infer the
corrosion activity of the structure being monitored.

3.6 Consequences of Underprotection. If the measured potentials of a

structure are not as negative as required by one or more of the applicable
criteria for cathodic protection, some corrosion of the structure may occur.
However, the corrosion of the structure will be reduced in proportion to the
amount of current supplied. When only parts of the structure do not reach the

17
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desired criteria, those areas will corrode at a rate inversely proportional to
the current they receive. When partial protection occurs, corrosion is
reduced in those areas receiving partial protection but not totally stopped.

When protective currents are totally interrupted, corrosion will
usually return to a normal rate after a short period of time.
3.7 sequences Overprotect . In addition to the chemical

corrosion damage that can occur on aluminum and lead structures if limiting
potentials are exceeded in the negative direction, excessive negative
potentials can also damage other metals. In addition to being wasteful of
anode material or electrical power, excess potentials can cause disbondment o
protective coatings and can cause hydrogen embrittlement of certain types of

steels, especially high strength steels.

"‘b

3.7.1 Coatin ent. Excess cathodic protection potentials can
result in the generation of hydrogen gas. When the cathodic protection
potential reaches the polarized potential of -1.12 V (instant off), with

respect to a copper/copper sulfate reference electrode, the generation of
hydrogen gas will occur. When hydrogen gas is generated it is often trapped
between the coating and the surface and causes blisters and disbonding of the

coating.

Electrolyte can subsequently fill the gap between the coating and
the metal and, as the coating is an electrical insulator, sufficient current
for effective cathodic protection cannot reach the affected area and corrosion
will occur. Coating disbondment is a particular problem in water tanks. In
soil environments when high quality coatings are used, disbondment is seldom

encountered at potentials 1ess negative than -1.6 V (current on) or -1.12
polarized potential (instant off).

3.7.2 Hydrogen Embrittlement. The hydrogen produced when cathodic
protection currents are excessive can also result in the reduction of the
ductility of steel. This is particularly true for high strength steels (in
excess of 130,000 pounds per square inch (psi) yield strength).

s
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Section 4: CATHODIC PROTECTION SYSTEM DESIGN PRINCIPLES
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of corrosion of a wide variety of structures in a wide variety of
environments, each situation will require special consideration. There are
fundamental procedures that should be followed in each case. However, the
actual functioning of any cathodic protection system is dependent upon the
condition of the local environment at each point on the surface of the
structure to be protected, and upon the actual level of protective current

..... mwmmlh i L Al A A oo A o A _ 2 e oo —me a1 ___ 3 2 __
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considerations for the de esign of any cathodic protection system. While a good

approximation of the system require;ents can be obtained through field surveys
and a good approximation of current distribution can be made when allowances
are made for differing environments and interfering structures, the installed

system will, at a minimum, require initial adjustments to balance the system
and periodic adjustments to maintain that balance. In some cases,
particularly in the case of previously unknown interfering metallic structures

in the vicinity of the structure being protected, modifications to the
initially designed system may be required in order to achieve adequate
protection. The design and operation of cathodic protection systems is an

iterative procedure.

4.2 General Desi rocedure The general design procedure for both
mnnriflAaial amada amAd femmeracncond mccseeen ot mmrmbmemen o o fem T mam Tt +ln memmeanm
Sdalvililivial auuvuc Al Lupresd>tUu CulLLellt Sysieud 1S5 Siuilal LiILdLC LuE cuuuuut.
of protective current is determined, then the besgt means of applying the
current to the structure is established. In many cases both sacrificial and

impressed current systems are feasible and an initial approximate design is
prepared for each type of system in order to select the most appropriate type
of system for the particular application.

4.2.1 Drawings and Specifications. A review of pertinent drawings and

cpnl‘" ficatione for rha etrusturs haino nrotactad and for the cita chould ha
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made in order to obtain information necessary for the design of a cathodic
protection system. Actual conditions ("As-Built") should be verified since
structurally and operationally insignificant factors, such as contact between
buried structures (shorts), can have a great effect upon the operation of a
cathodic protection system.

H 2 1 1 Nrawince and Cnani{finatriane Far +ha Ctriiatiira +a ha Dratantad Tha
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size, shape, material, and surface condition of the structure to be protected
must be established in order to design an effective cathodic protection
system. The size and shape are usually established by the appropriate
drawings for the installation. The material and surface conditionms,
particularly the presence and quality of protective coatings, are usually
established by the specifications for the 1nstallation For a previously

£ +h *
i G [

4.2.1.2 Site Drawings. A site drawing including all other metallic
structures in the vicinity should also be reviewed to establish the presence
and locations of other structures which may affect the operation of the system
being designed.

[
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The presence of other cathodic protection systems in the area should be
particularly noted as the installation of an additional cathodic protection
system can affect the operation of existing systems. The review of the site
drawings should also include the location of sources of ac power for impressed
current systems and possible location of anode ground beds.

L.2.2 Field Surveygs. A field survey at th_ gite is

order to establish the actual environmental conditions which will
encountered. For submerged systems, all that is normally required is a water
analysis, or current requirement test, and a site survey to establish the
presence of interfering structures or other special circumstances. For buried
systems, more extensive information is required.

site usually req
.,_
e

-

ired in

£.2.2.1 Water Analysis. Samples of water should be analyzed for pH,
chloride, sulfate, and resistivity at a minimum. Other factors such as

hardness may be pertinent to the specific circumstance.

4.2.2.2 o haracteristics. For buried systems, soil characteristics
must be defined in order to establish the requirements for protection

Sulfide, sulfate, chloride, pH, and other chemical constituents will affect
the current requirements necessary for protection and protection criteria for
some materials. Current requirements for typical environments are given in
Tables 1 and 2. Protection criteria are given in para. 3.3.
Table 1
Current Requirements for Cathodic Protection of Bare Steel
ENVIRONMENT MILLIAMPERES PER
SQUARE FOOT (mA/ft?)
Soil with resistivity <1,000 ohm-cm 6.0 - 25.0
Soil with resistivity 1,000 - 10,000 ohm- 3.0 - 6.0
Soil with resistivity 10,000 - 30,000 ohm-cm 2.0 - 3.0
Scil with resistivity >30,000 ohm-cm 1.0 - 2.0
Highly aggressive soil with anaerobic bacteria 15.0 - 40.0
Still fresh water 2.0 - 4.0
Moving fresh water 4.0 - 6.0
Turbulent fresh water 5.0 - 15.0
Hot fresh water 5.0 - 15.0
Still seawater 1.0 - 3.0
Moving seawater 3.0 - 25.0
Concrete 0.5 - 1.5

N
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Table 2
Current Requirements for Cathodic Protection of Coated Steel

ENVIRONMENT MILLIAMPERES PER
SQUARE FOOT (mA/ft?)
Pipeline, epoxy or other high performance coating 0.001 - 0.005
Pipeiine, reinforced coal tar 0.005 - 0.025
Pipeline, grease coating with wrapper 0.05 - 0.150
Pipeline, asphalt mastic 1/2" thick 0.001 - 0.005
Pipeline, old asphalt, or other deteriorated coating 0.05 - 0.35
Pipeline, old paint coating 0.10 - 0.30
Tank bottoms 0.05 - 2.0
Tanks for cold potable water 0.05 - 2.0
Tanks for cold seawater 0.05 - 4.0
Turbulent cold water or hot potable water tanks 0.30 - 3.0
Steel sheet piling fresh water side .16 - 1.5
Steel sheet piling seawater side 0.10 - 2.0
Steel sheet piling soil side 0.05 -1.0
a) Soil resistivity is the single most important characteristic
used in the design of cathodic protection systems for buried structures. As
will be shown in sections to follow, protective current requirements,
sacrificial anode outputs, and impressed current anode bed resistance are all
dependent upon soil resistivity. Formerly, soil corrosivity and soil

being associated with low soil resistivity. However, due to frequent
exceptions to this relationship, soil resistivity alone is no longer
considered to be sufficient for establishing soil corrosivity.
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solution. Soil pH is a measurement of the pH of the water contained in the
soil. pH values range from 0 to 14 with 0 to 7 being acidic, 7 being neutral,

and 7 t; 14 being alkalin

c¢) Sulfide, sulfate, chloride, and other chemical constituents in
the soil may be important in the design of a cathodic protection system.
ce in the area has shown otherwise, analysls for sulfate,
hloride should be per 4 ne site P‘L‘iﬁ
n

o
P-4t

4.2.2.3 Current Requirement Tests. Current requirements for buried
structures are best determined by field tests. In these tests, a temporary
cathodic protection system is installed. Measurements of the currents
supplied and the structure-to-electrolyte potentials achieved are used to
establish the required current to protect the structure.

21
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4.2.2.4 o er Stru e ea. As the presence of
interfering structures is very important in the design of cathodic protection
systems, a site survey should be performed to locate any such structures.
Buried structures such as pipelines which have risers, valves, etc., in the
area can be traced using electronic tracers. The presence of buried
structures in the area that do not have anv surface indications are difficult
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to locate. This factor makes the maintenance of accurate activity records
showing all buried structures and utilities extremely important.

.5 A_gilghili;x_gf_gg_ﬂ__g; The availability of ac power at the site
be determined as the co f installing new ac powe iines may be an
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4.2.3 urre equirements. The most desirable means of determining the
amount of current required for protection of a structure is to measure the

actual amount of current required to achieve protection through installation
and operation of a temporary cathodic protection system as shown in Figure 8.
For the design of cathodic protection systems to be installed in conjunction
+

F a naw etrusntura tha
L & niewWw sTructure cae

wing Tables 1 and 2. T

uirements for uncoated steel scructures. 'The values are for coated steel
structures and include allowance for typical coating efficiencies.
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The total amount of current required is determined by multiplying

the “equired current density by the area of the structure to be protected. As
c

r
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protect a well coated structure can be two orders of magnitude less than the
current required to protect the same structure if it is uncoated. The reduced
amount of current required for the protection of well coated structures
reduces the cost of protection as well as reducing other problems such as
interference with other structures.

L 0 7 lmndnn ~nf Conwdflatol mne Toowancecnd Mieenms Curadtam Mar Annfafnn
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between using sacrificial anode or impressed current cathodic protection
petween using sacrificlal anode or 1im rotectlor

pressed current cathodic p

s, feasibility and cost. Often, a
cathodic protection system using both methods is designed for a given
structure and the systems are directly compared in order to select the most
appropriate type of system. Economic analysis to determine the least cost
system should inciude considerations of mission 1ife, operating costs,
maintenance costs, and cathodic protection system replacement costs as
appropriate. In general, systems with small stable current requirements (0.5
A or less per 100 lineal feet of structure) are more likely to be protected
using sacrificial anode type systems. Those structures with larger current
requirements (1 A or more per 100 lineal feet of structure), or where the
current requirements vary considerably with time, are more likely to be

protected using 1mpressed current systems. Other advantages of sacrificial

anode systems are the lesser amount of required maintenance and reduced levels
AfF fntavfFaoranna acganniatad wiech +ha VTaw Ativevanta and emall anada_ta_etritatiira
Vi AMLTLALATLTIIVLTE aoovLviaLTu witLl CiiT AVW LULLTIILO QGilU SUIGLd allivue LUTO VAU LULT
distances. Impressed current systems are generally used where amounts of
current larger than can be supplie by a sacrificial anode system are

required. This may be ¢ : to high electrolyte resistivity which limits
sacrificial anode output, or to high current requirements associated with
protection of large or poorly coated structures.

N
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Temporary Cathodic Protection System for
Determining Current Requirements
4.2.5 Basic Design Procedure for Sacrificial Anode Systems. For

sacrificial anode systems, the first step is the determination of the total
current required either from actual current requirement measurements or by
multiplying a typical current requirement by the surface area of the structure

s e

to be protected. Then the output of the sacrificial anodes to be used is

P PP QY YN | M e e ccmeeanT Voo eVt oo Lo oo o 271 wanndotdard e ™.~
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soil resistivity is an important factor in the design of a cathodic protection

system. A simplified expression that can be used to estimate the output of
sacrificial anodes is given below. This equation assumes that the structure
to be protected is in electrolyte resistivity above 500 ohms-centimeters
(ohms-cm) and that the anode-to-structure distance is 10 feet. A more
accurate determination of sacrificial anode output or the output of multiple
anodes can be determined using the methods outlined in Section 7.

EQUATION: { = -Q—T)LL (3)
where
i - anode current output (mA) of a single anode

C = a constant equal to the following:
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coated or bare structures

f = anode size factor from Table 3

y = structure potential factor from Table 4

P - electrolyte resistivity in ohms-cm

The number of anodes is then determined by dividing the total
current required by the output per anode. The expected anode life is
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material. Magnesium is consumed at a typical rate of 17 pounds per ampere
year (lbs/A yr), zinc at 26 lbs/A yr, and typical aluminum alloy anodes at 11
lbs/A yr. As the actual design is an iterative process, such factors as anode

size or material may be adjusted in order to optimize the system being
designed.

More precise calculations for the design of sacrificial anode
cathodic protection systems are given in Section 7. Examples of typical
designs using both sacrificial anode and impressed current systems are given
in Section 8
4.2.6 Basic Design Procedure for Impressed Current Systems. For the
design of impressed current systems three steps are taken.
4.2.6.1 Total Current Determination. The first step is the same as for
s-crificial anode systems, namely the determination of the total current

equired either from actual current requirement measurements or by multiplying

a éypical current requirement (from Tables 1 or 2) by the surface area of the
structure to be protected.
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Table 3
Galvanic Anode Size Factors

ANODE WEIGHT ANODES SIZE FACTOR
(1b) (£)
STANDARD ANODES
3 Packaged 0.53
5 Packaged 0.60
9 Packaged 0.71
17 Packaged 1.00
32 Packaged 1.06
50 Packaged - anode 1.09
8" diam x 16" long
50 Packaged - anode 1.29
5" x 5" x 31" long
LONG ANODES
9 Packaged - ancde 1.01
2.75" x 2.75" x 26"
10 Packaged - anode 1.71
1.5" x 1.5" x 72"
18 Packaged - anode 1.81
2" x 2" x 72"
20 Packaged - anode 1.60
2.5" x 2.5" x 60"
40 Packaged - anode 1.72
3.75" x 3.75" x 60"
42 Packaged - anode 1.90
3" x 3" x 78"
EXTRA LONG ANODES
15 Packaged - anode 2.61
1.6" diam x 120"
20 Packaged - anode 4.28
1.3" diam x 240"
25 Packaged - anode 2.81

2" diam x 120"

25
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Table 4
Structure Potential Factor
STRUCTURE-TO-ELECTROLYTE STRUCTURE FACTOR STRUCTURE FACTOR
POTENTIAL (VERSUS COPPER/ ) )
CoPP SULFATE) FOR MAGNESIUM FOR ZINC

-0.70 1.14 1.60

-0.80 1.07 1.20

-0.85 1.00 1.00

-0.90 0.93 0.80

-1.00 0.79 0.40

-1.10 0.64 0.00

-1.20 0.50 0.00

4.2.6.2 Total Resistance Determination. The next step in the design of

impressed current systems is the determination of the total circuit
resistance. This value is dependent on many factors as are described in
Section 6. In the majority of systems, the resistance of the anode or group

of anodes {(anode bed) is the controlling factor im the total circuit
resistance and is the factor most easily controlled by increasing the number
of anodes used. This is primarily a function of soil resistivity. The cost

of the number of anodes to be used is balanced against the cost of power
required and the cost of the rectifier which is determined by the current and

voltage requirements of the system. An anode bed resistance less than 2 ohms
is highly desirable. Also, high voltages can result in premature failure of
ystem components such as anode lead wires and should be avoided where

A simplified expression for estimating the resistance of standard
60-inch-long graphite anodes installed either vertically in 8- to 10-inch
diameter, 10-foot-deep backfilled holes or horizontally in 1-foot cross
section, backfilled with coke breeze, 10-foot-long trenches, 6 feet deep is
given below. When more than one anode is used in parallel to reduce circuit

resistance, the adjusting factor must be used to determine the total anode bed

PF PF
EQUATION: R - — _ - —
EQUATION: R 537 or Rﬁ 483 4)
where
- resistance of the vertical anode or bed

resistance of the horizontal anode or bed

mro 2
]

= electrolyte resistivity in ohms-cm
- adjusting factor for multiple anodes (F = 1.0 for a single

[-4 D
anode and for multiple anodes refer to Table 5).

26
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Table 5
Adjusting Factor for Multiple Anodes (F)
ANODE SPACING
NO. OF ANODES
IN PARALLEL 5 Feet 10 Feet 15 Feet 20 Feet 25 Feet
2 . 0.652 0.576 0.551 0.538 0.530
3 0.586 0.460 0.418 0.397 0.384
4 0.520 0.385 0.340 0.318 0.304
S 0.466 0.333 0.289 0.267 0.253
6 0.423 0.295 0.252 0.231 0.218
7 0.387 0.265 0.224 0.204 0.192
8 0.361 0.243 0.204 0.184 0.172
9 0.332 0.222 0.185 0.166 0.155
10 0.311 0.205 0.170 0.153 0.142
11 0.292 0.192 0.158 0.141 0.131
12 0.276 0.180 0.143 0.132 0.122
13 0.262 0.169 0.139 0,123 0.114
14 0.249 0.160 0.131 0.116 0.107
15 0.238 0.152 0.124 0.109 0.101
16 0.226 0.144 0.117 0.103 0.095
17 0.218 0.138 0.112 0.099 0.091
i8 0.209 0.132 0.107 0.094 0.086
19 0.202 0.127 0.102 0.05C 0.082
20 0.194 0.122 0.098 0.086 0.079
22 0.182 0.114 0.091 0.079 0.073
24 0.171 0.106 0.085 0.074 0.067
26 0.161 0.100 0.079 0.069 0.063
28 0.152 0.094 0.075 0.065 0.059
30 0.145 0.089 0.070 0.061 0.056

More precise methods for the calculation of anode resistance and
other components in the total circuit resistance are given in Section 6.

4.2.6.3 Voltage and Rectifier Determinatjon. Using the total circuit
resistance and the current required, the appropriate voltage for the rectifier
is then calculated using Ohm’'s law:

EQUATION: V=1IR (5
where

Vv = required voltage

I = required current

R = total circuit resistance
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In practice, a rectifier or other power supply is normally selected with a
capacity in excess of the required voltage and current in order to allow for
deterioration of coatings on the system, additions to the system, aging of the
power supply, and inaccuracies in the system design.

1= CL
o o
B0
[
(13]
o
1 Fh
R, ct

P
\S1 Y& § 1
of typical

[
ples
£ ressed current systems are given
in Section 8.

4.2.7 Analysis of Design Factors. The following factors should always be

analyzed when designing either type of cathodic protection system:

a) Anode-to-electrolyte resistance (sacrificial anode output).
This includes a determination of electrolyte resistivity, resistance (output)
of a single anode, the effects of anode configuration and spacing, the effects
of anode orientation, and the location of the anodes with respect to both the
structure being protected and other metallic structures in the area.

\ ¢ 1. ~ . . Y _ 21 1. 1e 0 e .

D) welgnt or anoae TO gilve lne requirea anoae iiie, in1s 1S mostc
fmnavretant Far hath tunoe ~Af cuvatama Nna Th /A vy far i ailimnan ract fran
iampOriaric 120 oluld Lypes Txi 3ySicns. vii€ 10/ YT ¥XOY 4igha S1.43i3800 Ca&aSUT 1I0n
anodes and 2.5 1lbs/A yr for graphite are typical consumption rates for

c) The use of special backfill surrounding the anodes. This is
usually justified by increased anode efficiency and should be used unless it
is shown to not be economically justified. Backfill is not required when
anodes are hung in water or installed at the bottom of bodies of water.

d) Effect of seasonal variations in electrolyte resistivity from
variations in soil conductivity due to moisture or in seawater due to runoff.

e) Cable resistance. In impressed current systems the size of
oulid be determined based upon the economic analysis of cable size

n 6.

f) Vulnerability to physical damage.

g) Location of structure to structure bonds and insulating joints.

h) Number, type, and location of test stations for initial
adjustment and periodic inspections for maintenance.

) Availability and cost of maintenance
4.3 Determination of Field Data. Data required for the design of

cathodic protection systems is normally obtained through a field survey. In
addition to field measurements, historical data such as soil resistivity
measurements, as well as pians, drawings, etc., concerning the site and other
i nmiiias s VT Aana_and 4 A —manee thn ol ~Ff sha asvratam 4 ha Aaclionad shaslAd ha
SLIUCLULES 10CdLEU dL UL IIEal LUE D1lLE VUL LIUC JSyditii LU UT UCSipgiicu dSlivuiu ve
reviewed. In general, however, specific field determinations of several
parameters will need to be determined in order to design an effective cathodic

protection system.

N
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4.3.1 ermi o lectro v
4.3.1.1 In Soils. Soil resistivity is best determined in situ using the
Wenner 4-pin method as shown in Figure 9. In this method, a current is passed
through two electrodes and a drop in potential through the soil due to the
passage of the current is measured with a second pair of electrodes. The
electrodes should be in a straight line. A specialized instrument is used to
supply the current and measure the potential drop. In order to reduce the

influence of any stray currents in the area and polarization at the

electrodes, alternating current is used in the instrument. The soil
resistivity is calculated from the indicated reading by using the following
formula:

a) Resistivity (ohms-cm) = 191.5 x pin spacing (feet) x meter
reading. Resistivity is measured either in ohms-cm or in ohms per cubic
centimeter (ohms/cm’), which are equivalent.

b) In the Wenner 4-pin method, the average resistivity of the soil
between the two center electrodes to a depth equal to the pin spacing is
measured. If the pin spacing is increased then the average soil resistivity

i
to a greater depth is measured. If the average resistivity increases as the
Pin spacing increases, there is a region of higher soil resistivity at depth.
If the average soil resistivity decreases with depth, there is a region of
lower soil resistivity at depth. Other instruments using the 2-pin method of
18

JL,

Vity measurement give less accurate results than the Wenner 4- pl.l'l

- A TEemd A A mananiiamae ~F alotdwrde
ny circumstances and are limited to measurement of resisctivity

OJ P""

tiv
only in the direct vicinity of the soil probe. Use of these instruments is
primarily limited to preliminary surveys.

c) When it is impractical to make field measurements of soil
resistivity, soil samples can be taken from an appropriate depth and the

resistivity of the sample can be determined by the use of a soil box. As
haenm 1In B4 ure 10 *ha m

the soil. The resistivity is calculated using constants furnished with the
particular size of soil box being used. Due to the disturbance of the soil
during sampling and possible drying out of the soil during shipment, this

method of soil resistivity measurement is less accurate than actual field

tests by the preferred Wenner 4-pin method. To minimize drying out of
they should be placed in plastic bags and sealed prior to shipment. S
resistivities contained in routine geological surveys are normally taken at

shallow depths and should not be used as a basis for cathodic protection
system designs.

4.3.1.2 Liquids. The resistivity of 1iquids can be measured using the

Wenner 4-pin method using a soil box or by using a conductivity meter which is
specifically designed for the measurement of the conductivity of solutions
Conductivity is the inverse of resistivity.

29
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4.3.2 emjc o e Env

4.3.2.1 pH. pH of either soil or water can affect the corrosivity of the
environment and the current required for cathodic protection. pH can be
measured using several methods. Chemical methods of measuring pH involve
either the use of pH measuring electrodes or indicators whose colors are

dependent on pH. A pH meter measures the difference in potential between a pH
insensitive reference electrode and an electrode whose potential is sensitive
to pH. Figure 11 shows a typical pH meter suitable for field use. Colored
indicators are normally used in the form of pH papers. The paper is wetted
ng measured nd the resulting color is compared with

'

Soil pH can also be measured using the antimony electrode method.
The potential of the metal antimony is sensitive to pH. The potential
difference between a pH insensitive electrode and a pH sensitive antimony
electrode can be used to measure pH. This method is particularly applicable
to the measurement of the pH of soils since it can be performed directly on
the surface of the soil. To measure the pH of
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the possible effects of stray soil currents the position of the electrodes is

reversed and the potential is again measured. There should be little or no

difference in the readings if there are no stray currents in the area. If the

readings differ by more than 10 mV the two readings should be averaged to

cancel the effect of the stray currents. The potential readings are converted
n
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Usually, pH at the surface of the ground is vastly different than
the pH at pipeline depth. Therefore, pH taken at the surface of the ground
has no value in determining the conditions at pipeline depth. All pH
measurements should be taken in the ditch at pipeline or tank depth, or soil

from borings at proposed pipe or tank depth could be analyzed for pH.

/A B Aatd e PR Py S Pnntdomcn Ao has mndesnn mAavan LA ~F
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structures d reduce cathedic protection current requirements, In the design
of cathodic protection systems, the condition of protective coatings is an

important factor. For buried structures the condition of the coating can be
determined by electrical testing. The effective electrical resistance of the
coating is determined by these tests. Instead of reporting the measurements
as coating resistance they are converted to conductivity per unit area, or
conductance. Coati ng conductance is measured by two methods: the short line

E
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8
z
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s
c:.
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4.3.3.1 Short Line Method. The short line method is used when an isolated
section of pipeline is available for testing. The test setup is shown in

an

Figure 13. 1In the snort line method, the te
: PP

the ratio between 4El and AE2 i ater than 1. 6 a correction factor from
Table 6 is applied by multiplying AE2 by the correction factor. Coating
conductance (pmhos/ft) is then calculated using the following formula:

ETNAITATTANAN AT e 1!\6 /T 7.1 AN /DN IO Tt 7\ 1L\
EAJUA L LUIN a1 X LU/ |(ALlL + afc/L) /<) 1e€nigin (1Iy) L9)
where

AEl = pipe-to-electrolyte potential with current off
AE2 = pipe-to-electrolyte potential with current on

Corrections Factors - Short Line Cocating Conductance
VOLTAGE CHANGE - 4E1/AE2)
RATIO FACTOR
1.6 0.91¢9
1.7 0.908
1.8 0.896
1.9 0.886
2.0 0.876
2.1 0.868
2.2 0.860
2.3 0.851
2.4 0.843
2.5 0.835
2.6 0.829
2.7 0.821
2.8 0.841
2.9 0.809
3.0 0.802
4.3.3.2 Long Line Method. The long line method is used when a section of

structure cannot be effectively isolated or when the AE1/AE2 ratio in the
short line method exceeds 3.0. The test setup for the long line method is
shown in Figure 14.
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In the long line method the test current is applied and the current
flowing through the pipe is determined at the two IR drop test points. The
structure-to-electrolyte potential at the two test points is measured with the

current on. The test current is interrupted and the change in current at the
two IR drop test points (4Il and aI2) as well as the change in potential at
the two potential test points (4El and 4E2) are measured. As in the short
line method, if AEl/AE2 is greater than 1.6, 4E2 should be multiplied by the
correction factor found in Table 6. If the ratio is greater than 3, the test
section should be shortened. The coating conductance (u/ft) is then

calculated using the following formula:
EQUATION: [(aI1 - aI2) x 106]/(AEavg x length (ft) (7

4.3.4 Continuity Testing. For existing structures, the continuity of the

structure must be evaluated in order to design an effective cathodic

protection system for the structure. If the structure is not continuous then
h

either continuity must be achieved hy the ingtallation of ggnt_;lnu_lt;v bonds or
the structure must be protected using independent cathodic protection systems
for each electrically 1solated section of the structure. Continuity may be

evaluated using several methods.

4.3.4.1 Method 1. The simplest method used to locate insulating or high
resistance joints is by making structure-to-electrolyte potential measurements
over the protected structure. As shown in Figure 15, all potentia

measurements past the insulating joint are actually average potentials of a
larger and larger section of the pipe section to which the meter is connected.
Thls method is subject to the influence of other structures in the area and
variations in environment along the structure and often is inconclusive.

4.3.4.2 Method 2. A more reliable method of continuity testing is
illustrated in Figure 16. 1In this method a current is applied to the
structure and the potential drop along the structure is measured. As shown in

Figure 17, high resistance joints are easily located using this method.

4.3.4.3 Method 3. A third method of continuity testing involves the use of
an audio frequency pipe locator. At a high resistance or open circuit joint
the pipe locator signals vary as shown in Figure 17 if a low frequency (audio
frequency) is used.

4.3.5 Insulation Testing. Insulating joints are occasionally used to
isolate sections of structures so that the protection of each section can be
handled separately. -

4.3.5.1 Buried Structu . For buried structures direct measurement of the

insulation resistance of a joint is difficult to determine because the

conductivity of the soil effectively bypasses the joint. Buried insulatin

flanges should always be equipped with test stations for testing of the jo
+ ne in

enulatrine inointe are shown in Figure 18.
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At the two-wire test station a test current of several A is
applied. If the measured potential on the supposedly isolated section does
not change, or if it changes to a more positive value when the test current is
applied, the insulation is effective. Speciai instruments have also been

spec11:1ca11y 0e51gnea o perrofm cne test OI 1nsu15c10n at two-wire test

stations. As previously shown, an audio frequency pipe locator can also be
used to inspect buried insulating connections A qnpr‘ln'l test instrument is

A4S PTTLL LDNL AT alisRasNai O ST LLAVANS. S spetliss Les

also commercially available for underground insulator testing.

4.3.5.2 Aboveground Structures. For aboveground insulating fittings more
direct methods can be used to test the effectiveness of the insulation. If

there is an appreciable potential difference (over 100 mV) between the
isolated sections, the insulation is effective. A flange insulation tester
(instrument) that uses high frequency skin effect current is preferred if

available.

As for buried insulating joints, special instruments have also been
developed for more precise measurement of aboveground insulating joints.

4.4 Corrosion Survey Checklist. In order to plan and design a cathodic
protection system for either an existing structure or for a structure to be
constructed, the checklists in Appendix A should be reviewed to identify the
need to determine information pertinent to the design.
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Section 5: PRECAUTIONS FOR CATHODIC PROTECTION SYSTEM DESIGN

5.1 oduction. Cathodic protection systems depend upon the
application of electrical currents to counterbalance the natural tendency of
metals to revert to their low energy combined states In addition to the

hazards involved with the operation of any electrical device, cathodic
protection systems may, through the flow of current in undesirable paths,
accelerate the corrosion of other structures in the vicinity of the structure
being protected. Potentials exceeding those given in para. 2 can result in

3.
system damage. Potentials less than those required for complete protection
usually result in some protection on most areas of the structure and do not

result in attack at rates greater than for completely unprotected structures
of similar materials and conditions.

5.2 Excessive Currents and Voltages. Flow of current in undesirable

paths is proportional to the total amount of current flowing in the cathodic

protection system, all other factors being equal Thus, protection of well
coated structures that require small amounts of current for protection will
cause fewer problems than protection of poorly coated or bare structures that
require substantially more current. Assuming that damaging potential levels

such as those resulting in coating damage or hydrogen embrittlement are not
reached, excessive currents will not cause deterioration of the structure
being protected but can cause severe localized attack of adjacent structures.

[ =4 ~n 1 Y oo L o L; o1 TP L£Y - L e ieman

5.2.1 Interference. The flow of current in undesirable paths resulting
in accelerated attack of adjacent structures is called "interference." The

adjacent structures are commonly called "foreign" structures. In Figures 19

1l y Call

and 20, the mechanisms of two typical situations resulting in interference are
illustrated.

In Figure 19, the undesired current flows through two buried
pipelines in the vicinity of the protected system. Corrosion is accelerated
at locations where positive ions are forced to enter the environment from the
metal surfaces. Although corrosion is not usually accelerated on the

protected structure, cathodic interference can disturb the desired current
distribution on the structure being protected and can reduce the amount of
protection being received in some areas to a level below that required for
complete protection. Corrosion occurs where the current leaves the structure
and enters the electrolyte. In some models of electricity, the flow of

n the ele sh the flow of imaginarv

positive ions in the electrolyte is used to establish the imaginary
positive charges in the metallic path used to describe conventional "current
flow." However, conventional current flow is widely used in the cathodic

protection industry and the flow of ions (positive) through the electrolyte
should be described for each situation in order to avoid confusion. This
description of electron and ion flow will be used throughout to explain what
is actually happening.

In Figure 20, the potential gradient surrounding an impressed
current anode results in an electron flow along a foreign structure. This
flow is described as positive ion (conventional) current flow from the anode,
through the electrolyte, to the pipe (cathode) and continuing on along the
pipe (imaginary) to the point of discharge (anode area) where accelerated

corrosion occurs.

Fiaii
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5.2.1.1 Detecting Interference. Cathodic protection interference problems
are most commonly detected through the measurement of structure-to-electrolyte
potentials and by the measurement of current flowing along a structure by
measuring the potential (IR) drop caused by the flow of the current through
the resistance of the structure.

Arnmrnae ] oy Atantad Aicerd o~ i wwm s om e s a e e PRy -4
Interference is most Cummuul] detected during the measurement of
structure-to-electrolyte potential measurements., Figure 21 shows a typical

ocations where structure-
to-electrolyte potentials have been measured. Table 7 shows the potential
measurements, which are also plotted in Figure 22. As can be seen in Figure
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Table 7
Results of Structure-to-Electrolyte
Pote al Measurements
POTENTIAL VERSUS POTENTIAL VERSUS

TEST POINT COPPER/COPPER TEST POINT COPPER/COPPER

SULFATE (V) SULFATE (V)
Pi -0.883 F1 -0.832
P2 -0.876 F2 -0.810
P3 -0.864 F3 -0.765
P4 -0.927 F4 -0.746
P5 -1.058 F5 -0.421
P6 -1.012 F6 -0.386
P7 -0.881 F7 -0.405
P8 -0.854 F8 -0.413
P9 -0.836 F9 -0.419

Another field measurement associated with interference is the
measurement of the current flowing through a structure. As shown in Figure
23, the procedure involves the measurement of the potential drop along a
section of the structure which is carrying the current. The section of
ructure is initially calibrated by passing a known current through the
tion using the outer set of test leads. Subsequent measurements of the
otential drop are then referred to the calibration factor for the structure
and the current is calculated. This measurement is called an IR drop test.
Test stations are commonly installed on long pipelines to measure the current
flowing in them in order to detect changes in the current which could be an
indication of either interference or problems with the cathodic protection

system on the pipeline.

s
p

5.2'1.2 (‘nnf‘rn" I\F Tnf‘nfreber}"n - Ancrln nnﬂ Tncatic . 'l'he single most
important factor in controlling interference is the location of the anode bed,.

In general, the remote anode beds commonly used in impressed current cathodic
protection systems cause more problems with interference than do sacrificial
anode systems where the anode-to-structure distances are usually in the order
of 10 feet or less and the driving potential is small (1 V or less). The

e FVlecmsmman ~e [ PP | P -

influence on foreign structures should be a primary consideration in
location of remote anode beds.

o
jog
o

5.2.1.3 Control of Interference - Direct Bonding. One method of correcting
interference is to bond the foreign structure to the protected structure. The
bonding can either be a direct low-resistance connection or a resistive bond.
Figure 24 shows correction of an interference problem by direct bonding.
Bonding both pipes together, essentially makes both pipes the protected
h

A test station is usually installed at such a location in order to eithe

verify the continuity of the bond, or to measure the current flowing through

the bond. To allow for future bonding and testing, a bond station should be
i

installed wherever pipelines cross and at other locations where interference
is possible.

43




Downloaded from http://www.everyspec.com

ey IR Drop Test Station

/

Test Span

Current = Voltage x Calibration Factor for Test Span

Figure 23
Measurement of Current Flow in Structure

/

—— t Foreign Line
‘_"\\\» .
N
N
Bond discharges current from \\\\
foreign line. Potential on \\\\
protected line will be re- ‘\\fkh
duced at crossing. vé@ct
‘\sz
Ly
'(QQ
~




Downloaded from http://www.everyspec.com

5.2.1.4 ontro ere - v . Direct bonding is
often not desirable either because the existing cathodic protection system
cannot supply enough current to protect both structures, or the foreign
structure is not owned by the same organization as the one supplying the
current and reducing the current flowing he foreign structure to
levels is desired. In this case, a resis bond is installed
structures and adjusted to supply only the correct amount of current to the
foreign structure to bring its potential to the same level as it would have
been without the protected structure in the vicinity. Figure 25 shows such an
installation and Figure 26 shows the potentials measured on both structures.
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Test stations are normally installed where resistive bonds are used in order
to facilitate testing of the corrective action and adjustment of the resistor.

4
The resistor may either be a commercially supplied wire wound adjustable
resistor of the proper resistance and current rating or may be fabricated from
nichrome resistance wire cut to suitable length in the field and wound into a
coil.

C.P. System Vari

Adjust resistor to bring foreign %
line to natural potential. Drop of ~~
potential on protected line at crossing
less than if direct bond used. e
Figure 25
Correction of Interference - Resistive Bonding

Adjustment of the resistor to correct the interference is
determined by installing a temporary resistive bond and measuring the current
through the resistor and the changes in potential achieved by the temporary
bonding. The correct value for the bond current can be approximated from
these measurements by using the following formula:

EQUATION: AEt/Id = 4Er/It and It = (4Er x Id)/4Et (8)
where

it = correct value of bond current

TA . mesesesmaaa - el el A e oo Lo .3

40U - curienc Lurougn Lemporary DOI11Ia

AETY - F fn -« F fr = chanoca in notential ranuired +n ~laar

Ly B ¥ -~ - \vll“llb\f abs vv\—vll»;n; LG"\‘LLG\‘ s wiAdSQA

interference

4Et = E fn - E frd = change in potential caused by temporary bond
E fn = natural potential of foreign structure

E fr = potential of foreign structure with no bond

E frd= potential of foreign structure with temporary bond
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Figure 26
Effects of Bonding on Interference Test Potentials
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For a permanent bond, the resistor is adjusted while measuring the potential
of the foreign line at the crossing. The amount of resistance is correct when
the foreign line potential is equal to E fn (natural potential).

Bonding, as shown in Figure 27, is also used to insure continuity
of buried structures both for the prevention of interference and for the

proper operation of cathodic protection systems.

5.2.1.5 Control of Interference - Sacrificial Anodes. In some cases, the

method used to control interference is to install a sacrificial anode on the

foreign structure. This could bring the potential of the foreign structure in
the vicinity of the protected structure to the same or higher potential as the
protected structure at the crossing, providing current to the foreign line in
the opposite direction as the interference current. If the foreign line is

well coated the magnesium anode may negate all interference current. If the
foreign line has poor coating or is bare and the interference is large, the
anode at the crossing will reduce or negate the interference at the crossing,
but 1nterference current will still flow from the foreign line at each side of
s connected. In summary an anode on the foreign 1ine at the

resistance bond may still be needed, U

interference is shown in Figure 28. The anode should be sized to provi
current in excess of the required bond current.

)

Effects of High Current Density. Excessive current density can

18]

1
3

.2.2
result in hydrogen embrittlement or coating disbondment (refer to para 3.7).
In many cases, improper location of the ground beds in an impressed current
system or interference from foreign structures can result in uneven current
distribution on the protected structure. In order to achieve protective

potentials in some areas of the structure, excessive potentials are

experienced in other areas of the structure. This situation can be corrected
by installing additional anodes or relocating the anode bed to achieve a more
even current distribution. In some cases, the structure can be separated into

5.2.3 ffects o te H. Aluminum and lead should not be

3 2
) 'y

re
il
=]
<

n tight soils such

tn cr
o <

ead
ed
fects

g
P f
t§

o

the alkali formed by esthodi p tection can wash away and the adverse e
of cathodic protection on lead and aluminum are reduced. Some types of
protective coatings, particularly the alkyds, can also be damaged by highly

alkaline environments.
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Bonding for Continuity
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Low pH (acidic) conditions can also cause problems with both

corrosion and cathodic protection. 1In soils with a pH lower than 3.0, current
Aoncfter vamiedvramanta £a =) P mm bl e o mde eV e L i A 1IN . . L2 _1
UCiiS ALy ITuiicuaciiles I0Y tine pLULt:L.LLUll UL Steel Can ve up L0 1V Limes s nign
as those required for protection of steel in neutral scil. These excessive

current requirements make cathodic protection in such environments difficult
and costly. The use of high quality coatings in conjunction with cathodic
protection in such environments is essential.

5.3 Hazards A i 1 with Cathodjc P ection. Cathodic protection
systems, like all other electrical systems, can be dangerous under some
circumetancesg Thev can, howsvar ha gafalv oper

LS1- 3 ¢ L6472 4Ty Ly aUwWC VYL, Saicaiy v

the proper precautions are taken in their design, ins
maintenance.

3.1 Explosive uaza;ds. In areas where flammable liquids or explosive

Tdmd A €eanl mtmanm o 2 Y
’ b‘dt are not iimited LU, rue. bLULusc Ldl.ulb, Luc.L terminais

ed current and sacrificial anode cathodic procectlon systems

and fueling areas, refineries, ammunition depots, and manholes (sewer gas).

As the protective currents used for cathodic protection flow through the
environment without inherently causing arcing or appreciable resistive
heating, cathodic protection can be safely used in such environments.

However, cathodic protection rectifiers to be used in such applications should

neAa Ton addl el P B Ry
ailca, 411 auuiliLivil

s , adii O
ngs In addition t ex;}lesi\rn linnid a

cause detonation of the blasting caps. Impressed current cathodic protection
systems should be turned off whenever there is blasting in the vicinity.

5.3.2 Bonding for Ejectrical Safety. Electrical bonding is often
required for Saf ty wh hiips, vehicles, or aircraft are fueled or loaded.
i

€y wnere Sui[‘) . oa

Any voltage gradient in the soil can result in a potential difference between
structures located at different points. These potential differences can
result in dangerous arcing. Cathodic protection systems can increase the
level of such voltage gradients. The normal electrical bonding used in such

circumstances is sufficient to mitigate this hazard.

(4 o) NP IS e - 32 A . % __ _ 3 L.__ o _ 3 2 -
ine Voitage graaients proauced by cathoaic protection systems can
also cause arcing when, during pipeline repairs, the pipeline is severed. A
temporary bond installed across the pipeline before cutting should be used to

prevent this hazard.

Interference caused by docking a vessel in the vicinity of a
cathodically protected pier or quaywall can cause accelerated attack on the
vessel (see Figure 25). This problem is normally prevented by using a direct
bond between the protected structure and the vessel (see Figure 30).
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Figure 29
Interference Due to Cathodic Protection of Quaywall

5.3.3 nduce ternat Currents. As is the case for any large
structure in the vicinity of ac electrical transmission lines, ac can be
induced on underground or aboveground components of cathodic protection
systems, including the structure being protected. This is particularly true
if the structure is well coated or isolated from the ground and is oriented
parallel to the transmission lines. Pipelines using the same right of way as
the transmission lines are particularly susceptible to induced ac voltages.
In addition to causing corrosion damage, these voltages can be dangerous to
personnel who may come in contact with the structure or cathodic protection
system. The location of the ac transmission lines should be noted during the
design of cathodic protection systems. The effects of induced currents and
relocation of either the transmission line or the planned system should also
be considered. Location of test stations in areas where induced currents may
exist should be particularly avoided. Induced currents should also be
considered when performing cathodic protection field surveys or other
electrical tests in the vicinity of ac transmission lines.
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Section 6: IMPRESSED CURRENT SYSTEM DESIGN

£ 1 Adecan e o mome ol Ve o T £V A M_ a4l _ 32 _ T _ s & __ MV _ & o e o
V.41 auvalitdpges Of Jumpressed LUIrene vatiloalc rrfoteClloIl oySLeums., ine
primary advantage of impressed current cathodic protection systems over
sacrificial anode cathodic protection systems is that the driving potential of

active metal. The ability to select appropriate driving potentials, and to
adjust the driving potential after system installation, gives the designer and
operator of impressed current cathodic protection systems additional

i 1 'ons The prlmary

S
cnaed 2l o daefoofo o _af_1 2 sl A _f__ O of___
yarl

L
ta
<

r
minimum of interference The variable driving Dotential available in
impressed current systems also allows the protection of structures in high
resistivity environments where the output of sacrificial anodes is severely
limited. The primary operational benefit of variable driving potential is the
ability to adjust the system for changes in soil resistivity, anode condition,

........ POX P o~ ) —-32 — - 1 S mi i A

- 2 . - P Ed - — . -
structure surface (coating) condition and additions to the structure.

6.2 Determination of Circujt Resistance. In the design of impressed
current cathodic protection systems (refer to para. 4.2.6), the first step is
the determination of the total current required for the system. This fixes
the output current required for the system power supply. The next step is the

determination of the required output or driving potential that will be

required. As the output current is fixed, the required driving potential will

kA Antnvrmfeomnd hee ol e ‘:—‘“:L —_—— e e e .2 al _ L _.l. sl _1 L ..
ygeclcrLuiliiceu vy L LoLtal ClICull resist4ance au1a e vdCk potielnitidl olierea

by the structure-to-anode potential. The equivalent circuit is shown in

Fizure 31. In most impressed current systems, the major factor in the

determination of the total circuit resistance is the anode-to-electrolyte

resistance.

6.2.1 Anode-to- Elgct;olxte Resistance, Also known as "ground bed

resistance,” this is often the highest resistance in the impressed current

math Aadda smwmAatbanntdne mercdomm ol emanod -

LatlivuiLe piructeciLivil ;ybbcm ClALCulL

6.2.1.1 Effect on System Design and Performance. As shown in Figure 31,

the anode-to-electrolyte resistance, if high, is the most important factor in
the determination of the driving potential required to provide the current
required for effective cathodic protection in impressed current cathodic
protection systems. Anode-to-electrolyte resistance can be varied within wide

11mlts Dy the use of different sized anodes and the use of muLtlple anodes.

The lowest anode-to-electrolyte resistance commensurate with total system cost
is desirable since it will reduce the power costs by lowering the output
potential of the power supply. This lower power supply output potential also
results in higher reliability for other system components, particularly the

insulation on cables, splices, and connections. In general, anode bed
resistances below 2 ohms are desirable.
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Figure 31
Equavalent Cathodic Protection Circuit

6.2.1.2 Calculation of Anode-to-Electrolyte Resistance. Anode-to-
electrolyte resistance can be computed from data on anode type, size, shape,

and configuration of multiple anode arrays plus the soil resistivity. First,

the type, size, and shape of the anode to be used is chosen. Then, the
resistance of a single anode to be used is calculated. Then the effect of the

use of multiple anodes is determined. However, as the actual environmental
resistivity may not be uniform, or may undergo seasonal variations, the
calculation of anode-to- electrolyte resistivity should only be considered to
be an approximation of the actual resistance to be encountered. This can
result in the actual driving potential required being somewhat different than

the potential calculated using the approximate anode bed resistance. Thus,
1 o]

after installation, the driving potential must be adjusted to give the
required current output. As the other potentials and resistances in the
cathodic protection circuit vary, the system will also require periodic
adjustments

6.2.1.3 Basic Equations. The formulae developed by H. B. Dwight for a
single cylindrical anode can be used to determine the anode-to-electrolyte

PR [ 2 .

resistance. The formula for a vertically oriented anode is:

EQUATION: R, = 0.0052 P/L x [1n(8L/d)-1]) (9)

un
£
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The formula for a horizontally oriented anode is:

UATION:
D = 0 NDN8) DP/T w 1nf(l412 1 4L7/C2 4 12 \;11 JAal 4 =/7 _ (a2 o T2\ _1 710\
l\l_l V.VvJL ‘/IJ N ALy l“'l.‘ w "'l.‘\n) L ¥ ’ j/ua[ v a/u \o T A )72 i \4+Vy
where
R, = electrolyte-to-anode resistance for a single vertical
i anode to a remote reference (ohms)
Rh - electrolyte-to-anode resistance for a single horizontal
anode to a remote reference (ohms)
D = AaAlantvrnlartna vracdat-derd s £ Abhn o )Y at tha Tanatian and
1 s = ULU\—!—LUL]LC chLDLLVA\' \VILD = blll[ aL LIIT AvuialLivil alu
depth of the anode
L - anode length or backfill column length if backfill is
used (feet)
- effective diameter of anode or backfill column (feet)
s - twice depth of anode (feet)
s n 1 2 P RN .1 2w ,, . ~ o . = - _
6.2.1.4 Simplified Expressions for Common Situations, For many common
afdtiiatrf{Aana tha el aht Farmmiclana hatra hoaon o{mnl1IfIaAd ey Amamhdndme tavrma and
SdLUuaLivilo, LIIT wwiopliL LULIIULGAaT lLlave ol B.I.HIPJ.LLLUU IJJ \—Ulllul.lll.lls LeLUD aiiu
eliminating terms that have insignificant values in most cases. Some of these
simplified formulae have been ziven in para. 4.2.6. In addition to these

simplified formulae, the following simplified formula is often used:

a) Resistance of a Single Vertical Anode

EQUATION: Rv - {(P/L)K {(11)
where
R, = electrolyte-to-anode resistance for a single vertical
M anode to remote reference (ohms)
P - electrolyte resistivity (ohms-cm) at the location and
depth of the anode
L = anode length (feet) or backfill column length if backfill
is used
K = shape function from table below where:
L/d = ratio of length-to-diameter of anode
L/d —K L/d K
1 0.008 16 0.0201
2 0.010 18 0.0207
3 0.012 20 0.0213
4 0.013 25 0.0224
5 0.0140 30 0.0234
6 0.0150 35 0.0242
7 0.0158 40 0.0249
8 0.0165 45 0.0255
9 0.0171 50 0.0261
10 0.0177 55 0.0266
12 0.0186 60 0.0270
14 0.0194
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b) Paralleling of Anodes. Common practice to reduce anode bed
resistance is to connect several anodes in parallel in a group. The
resistance of a group of anodes is less than the resistance for a single anode
but is greater than that calculated from the usual parallel resistance formula

due to interactions between the fields surrounding each anode. If the anodes
are arranged in a parallel row, the resistance of a group of anodes can be
approximated by the following formula:
EQUATION: R = (1/m)R, + P_F/S (12)
where
Rn = total anode-to-electrolyte resistance for a group of
vertical anodes, equally spaced and in a single row, to
remote reference (ohms)
n = number of anodes
R, = electrolyte-to-anode resistance for a single vertical
) anode to remote reference (ohms)
Ps - electrolyte resistivity (ohms-cm) with pin spacing equal
+a C
S = anode spacing (feet)
F = paralleling factor from table below:
n E n E
2 0.00261 12 0.00182
3 0.00289 14 0.00168
4 0.00283 16 0.00155
5 0.00268 18 0.00145
6 0.00252 20 0.00135
7 0.00237 22 0.00128
8 0.00224 24 0.00121
9 0.00212 26 0.00114
10 0.00201 28 0.00109
30 0.00104

If multiple rows of anodes are used where the spacing between rows is more
than 4 times the spacing between the anodes in each row, the usual parallel
resistance formula:

1/R = 1/R, + /R, + IR

c) Special Formula for Water Tanks. For water tanks where
circular arrays of anodes are commonly used and where the structure surrounds
the anodes and electrolyte, special formulae have been developed to calculate
the anode-to-electrolyte resistance. For a single cylindrical anode, the

?
e asems <Y R, e - Ta mom mam e m e A ssovad FeS a1 0]
formula developed by E. R. Shepard may be used. The formula is as follows

et h e e e
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EQUATION: R = 0.012 P log (D/d)/L (13)
where

R - anode-to-electrolvte recistance (ohme)

F ancde-to-electrolyte resistance (ohms)

P = water resistivity (ohms-cm)

L - length of a single anode (feet) (backfill is not used)

D/d = ratio of anode diameter (d) to tank diameter (D)
(same units for each)

The anodes are usually arranged in a circular array in the tank bowl. The
Amtdoiem A amatas AF Ll a avecnnr amee ko dadkaanndnad Lher Sl FaAalVlavedoms Fasemeelas
vplimung diaucier UL Lils ari Cdll be aeiLelLuliieu v Lae 1LU1l1u0wllily 10luuia.
EQUATION r = DN/2(® + N) (14)
where

r = radius of anode array (feet)

D = tank diameter (feet)

N g - mesmbhae Af acada o

Il o nunuelL vl allvues

If four or more anodes are used in a circular array, the following modified

Shepard formula should be used to calculate the resistance of the array:
EQUATION: R = 0.012 P log (D/a)/L (15)

where

S vvavw

o 1+ 1
multiplied bv the optimum diameter of the anode circle

Number of Factor for
Anodes Equivalent
in Circle Diameter
4 0.08
6 0.11
8 0.18
10 0.28
12 0.43
14 0.70
P - water resistivity (ohms-cm)
L = length of a single anode (feet)
D - tank diameter (feet)

6.2.1.5 Field Measurement. Calculations, as previously discussed, can give
good approximations of anode-to-electrolyte resistance under actual

mmen Al 3 IM.$1 . 0—1.-. AAAAA Thet1atLnaecen mnoem ha Aaffantdesralar tsond £av cswratam
COLlIUL L1IVUILID LIPS — €8€& C&a.1CulUi18C101IS T&n ve €lLiclLLllivEly USsEU 1UL Sysieuw

57



Downloaded from http://www.everyspec.com

design, if the environment is well known, the actual anode-to-electrolyte
resistance that is encountered is sometimes sufficiently different from the

calculated value to require adjustment or modification of the system he
actual anode-to-electrolyte resistance can aiso be determined by actual field

measurements,

a) Anode First Method. In this method of determining anode-to-
electrolyte resistance, the anodes are installed as designed and the actual
resistance between the anode or anode bed and the structure to be protected is
measured This measurement includes both the anode to electrolyte resiscance

AAAAAAA A Awmderdonn cmmntncmtdal n s+l sl cmermcmner cmecnes messmenTar manem o A daeead
Tequiied Griving poOceniciai SO Lnac e pioper power Supp.iy Cal o€ Oraered.
This is the most accurate method of siz ing the needed rectifier and should be
used where practical.

b) Power Supply First Method. In this method, the power supply is
ordered based upon the calculated circuit resistance and is installed and
connected to the structure. The anodes are installed as planned, but one at a
time. The total circuit resistance is calculated based upon the actual power

¢||nn1v output in amnarae and valte I1f additionz]l anodes are reguired in
suppl in amperes ang ve.tls. +I &CCliticna.l angges are requ in

order to achieve the desired anode-to-electrolyte resistance, they can be
installed at this time at a relatively low cost since the equipment required
for installation is on site and excavations for the anode lead cables are
open.

£ n 1 r ner_ . 0 w1 et n TLeosNvY e o ® .. 3 o o _TV__ o _
0.£.1.0 Lriec Oor acKriliil. bacCKriliil 1S very 1m rtant ana 1S usudilly used
A cuirvraAnn imnracead mirrant anndae {in AvAay A vaAdAiunasa anndAa-tnan_alantraluvtra
CC SUIrTCUnC 1mpressed current anties in orier To regfucle antie-to-caectreayte
resistivity, to increase porosity around the anodes to insure that any gasses

formed during operation will be properly vented, and to reduce polarization
effects and reduce localized dissolution of the anode. Under favorable
circumstances, the anode-to-electrolyte resistivity can be reduced to one-half
through the use of backfill. In extremely low resistance environments such as
seawater, graphite and high silicon cast iron anodes can be used without

hanlrF3I11 ¢ Aetlhaveed man donenrnmmnad acieeama memmdan mlhacelAd ATlevaer ha ssoad il
vatniiii, ULLICLWILIDT, JuplrLEDID>TU buLLClIL &ar1oaes DIIUULU CLWGJD Ut udcu waiulil

backfill, In high resistivity environments where the use of backfill is
impractical, graphite anodes should not be used. High silicon chromium
bearing cast iron (HSCBCI) anodes can be used with or without backfill in most
instances. The cost of using backfill should be evaluated on an economic
basis with the reduction in the power requirements or the number of anodes
required being the cost reduction factors. If the resistivity of the backfi
[y e e T P I o M R I S o t

2w NTaamem e mne s mm sl P Aasman &
4Ad 1SS Lliall vile- el Lllc hULL LESLSLLIVILY, L€l LUEe vuliapge uULuUp LiiLuupil

backfill becomes negligible.

a) Thus, the effective diameter of the anode is the diameter of
the backfill rather than the diameter of the anode itself. As can be
evaluated through calculation of anode-to-electrolyte resistance, this can
result in a significant reduction in anode-to-electrolyte resistance which can

h T PP < | 2 e | -2 . . Al PRI, W Py PR [, PURSINPNUIRY S | a~ll o o maad ana i PR JIpEY S
De Seérul 1mn reauci 18 tneée nunper o1 4dnoaues quul.x.eu, Lne Lequiieu UL.LVLHB
nntantial Anr hnt RarkkFi11l fFAvr imnracead ruivrrant anndaec i rnar onaceous
potential, or both Backfill for impressed current anodes is carbonaceous
material from several sources. It can be either coke breeze (crushed coke),

flake graphite, or round particle petroleum coke. Experience has shown that
round particle calcined petroleum coke has many advantages over coke breeze
made from coal. Specification "Loresco DW-2" or equal should be used for
surface anode beds and Loresco DW-3 or equal for deep anode beds. Because the

W
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material can be pumped and has good porosity and particle-to-particle contact,
round particle petroleum coke backfill is the most desirable material and its
higher cost will be justified for most installations, particularly for "deep
anodes."

b) 1In areas where the soil is extremely wet or loose, such as in a
swampy area, it may not be possible to properly install or tamp the backfill
material. Packaged anodes with the backfill contained in metal cylinders
(cans) surrounding the anodes may be useful in these circumstances but
increase the cost. Anodes prepackaged with backfill, usually contained in
metal cans which are rapidly corroded away during operation, are easier to
install than separate installation of anode and backfill. The prepackaged
anodes are higher in cost and have the following additional disadvantages:

(1) High unit weight reduces ease of handling.

(2) Possibility of voids developing in backfill during
transportation and handling.

(3) The critical anode cable and connection between the anode and
cable are hidden and difficult to inspect.

The choice of packaged versus unpackaged impressed current anodes must be made
based upon economics and local site conditions. Packaged anodes are usually
used only where unstable soil conditions exist, where the hole excavated for
installation caves in, and where prepackaged anodes are stocked for augmenting
systems.

6.2.2 ucture-to-Electrolyte Resistance. The structure-to-electrolyte
resistance is commonly disregarded in the design of impressed current cathodic
protection systems since it is usually very small with respect to the anode-
to-electrolyte resistance. When total circuit resistance is measured (refer
to para. 6.2.1.5), the structure-to-electrolyte resistance is included in the
value obtained.

6.2.3 Connecting Cable Resistance. The connecting cable resistance is

determined by the size and length of cables used. The selection of appropriate
wire sizes is described in para. 6.6.1.

6.2.4 Resistance of Connections and Splices. In addition to the fact

that connections and splices are sources of resistance in impressed current
cathodic protection systems, they are a site of failure. These connections
should be kept to an absolute minimum, and they should be very carefully
assembled, insulated, inspected, and installed. The cable from the positive
lead of the power source to the anodes carries a high positive charge and will
deteriorate rapidly at any point where the insulation is breached and the
conductor contacts the electrolyte. The number and location of each
connection should be installed per the system design and not at the discretion
of the installer.

6.3 Determination of Power Supply Requirements. The power supply

requirements, namely current and voltage, are determined by Ohm’s Law from the
required current for protection of the structure and the calculated or
measured total circuit resistance. The actual power supply requirement should
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allow for future loads and rectifier aging. Generally, a factor of 1.5 over
calculated output is used.

6.4 Selection of Power Supply Type. Any source of direct current of

appropriate voltage and current can be used as a source of power for impressed
current cathodic protection systems. The selection of power supply depends
upon local conditions at the site and should be evaluated based upon life
cycle cost including maintenance and availability of ac power or fuel.

6.4.1 Rectifiers. Rectifiers are by far the most commonly used power

supply type for impressed current cathodic protection systems. They are
available in a wide variety of types and capacities specifically designed and
constructed use in imptessed current cathodic protection system

H»

6.4.2 Thermoelectrjic Generators. These power supplies convert heat
directly into direct current electricity. This is accomplished through a

series of thermocouples which are heated at one end by burning a fuel and
cooled at the other, usually by cooling fins. Thermoelectric generators are
highly relisble since they have few, if any, moving parts. They are available
in sizes from 5 to 500 W. They are very expensive and should only be

i
considered for remote locations where electrical power is not available and
fuel is available. They are used as a power supply for impressed current
cathodic protection on remote pipelines where the product in the pipeline can
be used as a fuel.

6.4.3 Solar. A photovoltaic solar cell conm nlight directly into
direct current electricity. The cost per W is high but is decreasing as solar
cell technology is improved. Solar panels are used for cathodic protection
power supplies at remote sites where neither electrical power or fuel is

available. 1In order to supply current continuously, solar cells are used in a
system that supplies power to the system and recharges batteries when sunlight
is received. When sunlight is not being received, the batteries supply the
required current.

6.4.4 Batteries. When current requirements are low, storage batteries
can be used to supply power for 1mpressed current cathodic protection systems
at remote sites. They must be periodically recharged and maintained.

6.4.5 Generators. Engine- or wind-driven generators can be used to

supply direct current power for impressed current cathodic protection systems
at sites where ac power is not available.

6.5 Rectifier Selection. The rectifier selected for a specific
impressed current cathedic pretectiep application must be matched to both the
electrical requirements and the environmental conditions at the site.

Rectifiers are available 1n many electrical types and specifically designed
for use in impressed current cathodic protection systems in many environments.

1o
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6.5.1 Rectifjer Compopnents. Figure 32 is a circuit diagram for a typical
single-phase full-wave bridge type rectifier showing the components found in

o A3 . 2Ls

most standard rectifiers of this type. The diagram also shows an external
switch and circuit protection device which is mandatory for all DOD rectifier
installations.

6.5.1.1 Iransformer Component. The transformer reduces the incoming

alternating current voltage to the alternmating current voltage required for
the operation of the rectifing component. In most impressed current cathodic
protection rectifiers, the voitage output from the secondary windings can be

varied by changing the effective number of secondary windings through a system
of connecting bars or "taps." Two sets of taps are normally present, one for

coarse adjustments and one for fine adjustments. By manipulation of these
taps, the voltage should be adjustable to vary the rectifier voltage from
zero, through at least 20 equal steps, to its maximum capacity.

5.1.2 Rectifying Elements. The alternating current from the secondary
windings of the transformer element is converted to direct current by the
rectifying elements or "stacks." The stack is an assembly of plates or diodes
and may be in several cgnfiguracig-s The most common rectifying elements are
selenium plate stacks and silicon diodes. Each has advantages and

disadvantages as discussed in para 6.5.3.8. The most common configurations
of rectifying elements are the single-phase bridge, single-phase center tap,

three-phase bridge, and three- phase wye. These arrangements are described in
detail in para. 6.5.2. The rectifying elements allow current to flow in one
direction only and produce a pulsating direct current. The rectifying

elements do allow a small amount of alternating current to pass. This
"ripple” is undesirable and should be held to low levels. Rectifiers are not
100 percent efficient in converting alternating current to direct current.
This is due to the presence of alternating current and to inherent losses in
the rectifying elements which result in heating of the stacks. Silicon
elements are more efficient than selenium elements at high output voltages but

are more susceptible to failure due to voltage overloads or surges. The
efficiency of a rectifying element is calculated by the following equation:

. dc output power
EQUATION: Efficiency (%) = — —— x 100 (16)

Typical efficiencies of single-phase rectifying elements are in the order of
60 to 75 percent but can be increased by filtering the output or by using a

three-phase circuit. Selection of appropriate circuit type is discussed in

para. 6.5.2. Selection of silicon versus selenium rectifying elements is

6.5.1.3 erload P on. Overload protection in the form of either
circuit breakers, fuses, or both should be used on all impressed current
rectifiers. In addition to protecting the circuits from overloads, circuit
breakers provide a convenient power switch for the unit. Circuit breakers are

most commonly used on the alternating current input to the rectifiers and
fuses are most commonly used on the direct current outputs. In addition to
circuit breakers and fuses, the rectifier should be furnished with lightning
arresters on both the ac input and dc output in order to prevent damage from
lightning strikes or other short duration power surges. The respective firing
voltages of the lightning arresters should be higher than the ac input and dc

o
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Single-Phase - Full-Wave Bridge Rectifier
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output voltage. Due to their susceptibility to damage from voltage surges,
silicon diodes shall also be protected by selenium surge cells or varistors
miting fuses against over- current surges. A high speed
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6.5.1.4 Meters. In order to conveniently measure the output current and
potential, the rectifier should be furnished with meters for reading these
values. The meter should not be continuously operating but should be switched
into the circuit as required. This not only protects the meter from
electrical damage from surges but, when the meter is reaa, it moves
indic
oft i u u

tential and current. Current is usually ng an external current
shunt. Output voltage and current can also be conveniently measured by the
use of portable meters used across the rectifier output and the current shunt.
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6.5.2 Standard Rectifjer Types

6§.5.2.1 Single-Phase Bridge. The circuit for this type of rectifier is
shown in Figure 32. This type of rectifier is the most commonly used type of
rectifier up to an output power of about 1,000 W. Above 1,000 W, the extra

cost of three-phase types is often Justified by the increased electrical
efficiency of the three-phase units. The rectifying unit consists of four
elements. If any one of the rectifying elements fails or changes resistance,
the other elements usually also fail. Current passes through pairs of the

rectifying elements through the external load (structure and anode circuit).
The active pair of elements alternates as the polarity of the alternating
current reverses while the other pair blocks the flow of current. The result
is full-wave rectified current as shown in Figure 33

6.5.2.2 Single-Phase Center Tap. The circuit of a single-phase center tap

rectifier is shown in Figure 34. This type of rectifier has only two
rectitying elements but produces full-wave rectified output. However since
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alternating current "ripple" than the single-phase type, only 4.5 percent.
Due to the reduction in alternating current ripple, three-phase bridge
rectifiers are more electrically efficient than the single-phase types, and

the extra initial cost of the unit is often justitied by savings in supplied
power, particularly for units of over 1,000 W capacity.
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Single-Phase - Center Tap Circuit
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Three-Phase Bridge Circuit
6.5.2.4 Three-Phase Wye. The circuit for a three-phase wye rectifier is
shown in Figure 36. This type of rectifier supplies half-wave rectified

current as shown in Figure 37. The power to the rectifier unit is supplied by
three separate windings on a transformer, but only three rectifying elements,
each in series with the output, are provided. This type of rectifier unit is
practical only for systems requiring low output voltages.
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developed for special applications. Some special rectifiers provide automatic
control of current to maintain a constant structure-to-electrolyte potential,
others provide a constant current over varying external circuit resistances,
or other features desirable in specific circumstances.

<
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fier is depicted by a block diagram in

Figure 38. A direct current input signal to the power amplifier is supplied
from an adjustable resistor in the output circuit. The power amplifier uses
this "feedback" signal to adjust the voltage supplied to the stack so that a
constant input signal and, therefore, a constant output current are supplied.
The power amplifier may either be of an electronic (silicon controlled
rectifier) or saturable reactor type.

h\ An automatic notential control rvnn is shown b

4381 Qe rv Aiv a4 (8203 ¢4 ~J is snown

in Figure 39. This type of unit uses the DOCential between the s
a reference electrode to control the output current of the unit. As in the
constant current type of rectifier, the power amplifier can be of the
electronic or saturable reactor type. These rectifiers are commonly used
where the current requirement or circuit resistance varies greatly with time

such as in the case of structure in an area with high periodic tidal currents
or a water storage tank where the water level changes considerably.
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c) Multicircuit constant current type is depicted by a circuit
diagram in Figure 40. This type of rectifier is designed to provide a small,

constant current in the order of 100 mA to a single anode. As the resistance
of the internal resistor is high when compared with the external circuit
) e} 1
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potential will to the line e to sup
output current. In this type of circuit, the structure is connected directly
to the neutral lead of the alternating current power supply. Due to problems
associated with stray currents and the possible presence of high voltages
external to the rectifier units, the use of this type of rectifier is not

recommended.
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Several standardized rectifiers have been developed for commercial
applications such as natural gas and electrical distribution system
protection. The use of a standardized unit allows for economy of production
and reduction in overall cost of the unit as well as the installation and
maintenance of the unit. Where a large number of similar capacity units are
to be used, the selection of a standardized type of rectifier should be
considered.

6.5.3 Rectifier Selection and Specifications. Rectifiers can either be
selected from "stock" units or can be custom manufactured to meet specific
electrical and site-related requirements. Many features are available either
as "add on’s" to stock units or in custom units.

AC

? Silicon Diode Resistor
I

l

L

-?;:378011 Surface

Figure 40
Multicircuit Constant Current Rectifier
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Avajlable Features. Features now available on most units include:

a) Constant voltage or current output

b) Multiple circuits in the same enclosure

c¢) Alr cooled or oil immersed

d) Any commercial input voltage

e) Three phase or single phase

f) Center tap or bridge

g) Wide range of output currents and voltages

h) Efficiency filters to reduce ac ripple

i} Interference noise filters

j) Explosion proof enclosures

k) Small arms proof enclosures

1) Lightning protection on both ac input and dc output

m) Surge protection on both ac input and dc output

n) Silicon diodes or selenium stacks

o) Painted or galvanized cases

P) Various mounting legs or brackets

q) Units designed for direct burial

r) External "on-off" indicators

s) Variety of price, quality and warranty

t) Maintenance free anodized aluminum enclosure
that should be considered in selecting appropriate features for a
application are given below.

Air Cooled Versus 0il Immersed. Rectifiers can be supplied as

either entirely air cooled, entirely oil immersed or with the stacks only oil

immersed.

ranad

-
repair.

Air-cooled units are lowest in cost and easiest

rravy Adl _Anala ssem d & crnanif sl ~ -
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to install and
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dirty atmospheric conditions are encountered or where explosive gasses may be

present.

The controls should not be immersed in the oil.

Air-cooled units

require more frequent maintenance to clean the air screens and other
components and are also susceptible to damage by insects an other pests.
Older oil-cooled units were supplied with oils containing polychlorinated
biphenyls (PCBs) which have been determined to be carcenogenic and are no

(=53
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longer supplied with new units. Units containing PCBs should be treated
according to current policy regarding PCBs.

6.5.3.3 Selecting ac Voltage. Select alternating current voltages of
almost any commercial power supply voltage. Units with either 115 V, 230-V or
440-V single-phase or 208-, 230-, or 440-V three-phase inputs are the most
common. Some units are supplied with dual input voltage selected by wiring
arrangements during installation. Choices between single-phase and
three-phase units should be based upon a balance between first cost and
efficiency as discussed in para. 6.4.2. The following table can be used to
select the combinations of rectifier capacity and input voltages which are
commonly most economical if a selection of supply voltages is available:

RECTIFIER dc SINGLE-PHASE THREE - PHASE
RATING (W) VOLTAGE VOLTAGE
Up to 2,700 115 208
2,700 to 5,400 230 230
5,400 to 7,500 440 230
over 7,500 440 440
6.5.3.4 dc Voltage and Current Output. Direct current voltage outputs from

8 to 120 V and current outputs from 4 A to 100 A are common. Almost any
current can be provided but it is generally best to select a smaller standard
size rectifier unit such as 20 A and use multiple units if very large amounts
of current are required. Many small units cause far less interference and
provide more uniform current distribution along the protected structure than
few large units.

6.5.3.5 Filters. Electrical filters are used to both increase the
efficiency of the rectifier by reducing alternating current ripple and to
reduce interference with communications equipment. Efficiency filters can
increase the efficiency of single-phase bridge type rectifiers by 10 to 14
percent and their use should be based upon a first cost versus operating
(power) cost basis. Efficiency filters are not commonly used with three-
phase rectifiers as the alternating current ripple in these units is
inherently low. Noise interference filters should be used when a large unit
is to be installed in the vicinity of communications lines or can be
retrofitted when noise problems are encountered and are significantly affected
by turning the unit on and off.

6.5.3.6 Explosion Proof Rectifiers. Rectifiers and other system components
such as switch and circuit breakers are available in explosion proof
enclosures conforming to Electrical Safety Standards for Class I Group D
hazardous conditions that may be encountered in fuel or natural gas storage or
distribution systems. Such enclosures should be specified whenever explosive
hazards may exist.
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6.5.3.7 Lightning Arresters. Lightning arresters should always be used on
both the ac input and dc output sides of rectifiers using silicon rectifying

elements. Their use on units using selenium elements is recommended in areas
where lightning strikes are frequen The arresters on the output should have

.
a firineg voltagse greater than the rectifier out
X R A =g A A
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6.5.3.8 Selenjum Versus Silicon Stacks. While some old installations used

copper oxide rectifying elements, modern units use either silicon or selenium
rectifying elements. 1In general, silicon units are used for larger units
where their higher efficiency is more important than their lower reliability.
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be reduced by variations in plate composition and "non-aging" stacks are
available. Aging rates are determined by operating temperatures that are a
function of current flow. The selection of a unit using selenium rectifying
elements which has a somewhat greater capacity than required will increase
stack life. The efficiency of selenium rectifying elements is a function of
operating voltage versus rated voltage as shown in Figure 41.

W

ilicon diodes are mounted in metal cases which are mounted on

LAk S CROTS Wiratod: Sa T aLldiLTSE P

either aluminum or copper plates to dissipate the heat generated during
operation. Silicon diodes do not age as do selenium stacks and, as shown in
Figure 42, are more efficient than selenium elements, particularly at higher
voltage ratings. Silicon rectifying elements are more subject to complete
failure from voltage surges which would only cause increased aging of selenium
gtanlra  Ciiernn mermataatd e b1 o Teonnee o oo ) SN :..... - amd A
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output of rectifiers using silicon diode rectifying elements.

6.5.3.9 Othe t . Other features listed in para. 6.5.3.1 are

available and should be selected as appropriate. In remote off-base areas,

small arms proof enclosures may be required based upon local experience.

Specifying clear anodized aluminum enclosure top coated with one clear coat of
1

Rpsiemem el . __

polyurethane will reduce maintenance painting.

6.5.3.10 Rectifier Alternating Current Rating. The ac current re

au
for a rectifier can be determined based upon rectifier output and effici ency
by the following formulae:

a) Single-Phase Rectifiers

EQUATION: Iac = (Edec x 1dc)/F x Eac (17)
where
Iac = alternating current requirement (A)
Edc = direct current output voltage
Idc = direct current output amperage
- el £2 e A LLL2 L nmas T4 Y
r = recuiilrierl eLLLLLe[le \A)
Far = altarnatine current valtace (ner nhace)
Eac alternating current voltage (per phase )

b) Three-Phase Rectifiers
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Efficiency Versus Voltage - Silicon Stacks

EQUATION: lac = (Edc x Ide)/(/3 x F x Eac) (18)
where

Jac = alternating current requirement (A)

Edc = direct current output voltage

Idc = direct current ocutput amperage

F - rectifier efficiency (%)

Eac = alternating current voltage (per phase to phase)

6.6 nodes for essed Current Systems. Although any electrically

conductive material can serve as an anode in an impressed current system,
anode materials that have a low rate of deterioration when passing current to
bl These anode materials are available
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of approximately 20 1bs/A yr. The most commonly usedfpurchased materials for
impressed current anodes are graphite, high silicon cast iron, high silicon
chromium bearing cast iron, aluminum, platinized titanium, platinized

tantalum, platinized niobium, and silverized lead. Newly developed anode
materials such as oxide coated ceramics show considerable promise and should
be evaluated based upon experience in similar applications, particularly if
the more commonly used anode materials have proven unsatisfactory in a
specific application
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6.6.1 Graphite Anodes. Graphite anodes are the most commonly used
material for impressed current anodes in underground applications. They are
made by fusing coke or carbon at high temperatures and are sealed from
moisture penetration by being 1mpregnated with a synthetic resin, wax, or

osity
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moisture Denetration 1nto the connection and must be strong to withstand
handling. The most important single improvement in high silicon cast iron and
graphite anodes is placing the lead wire connection in the center of the anode
instead of the end. This eliminates end-effect, where ends of the anode are

consumed 1- 1/2 times faster than the center. Although more expensive, the

tubular anodes will be $5 percent consume
erc

n L Q.

cnly 50 P ent consumed be
)
4

consumed bef
This also allows for a m
tubular form where the lead wire connection is located in the center. Typical
anodes, connections, and seals are shown in Figures 43 and 44.

6.6.1.1 Specificatjons. The following are typical specifications for
commercially available graphite anodes.

Comnositi

Impregnant (Linseed 0il Synthetic Resin or Wax) 6.5 wt X max
Ash 1.5 wt ¥ max
Moisture & Volatile Matter 0.5 wt ¥ max
Water Soluble Matter 1.0 wt ¥ max
Graphite Remainder
Phvsical Pronerties

Density 99.84 1b/cu ft max
Resistivity 0.0011 ohm-cm max

Mechanica] Requirements
Lead wire comnection strength 525 1b minimum

6.6.1.2 Available Sizes. Graphite anodes are commercially available in two
sizes:

Weight (1b) Diameter (in,) Length (in.,) Surface area (ft?)
27 3 60 4.0
68 4 80 7.1

The weights given are for the graphite only and do not include the weight of
the lead wire or connection.
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Figure 43
Anode-to-Cable Connection - Graphite Anode
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Eliminates premature failure due to ‘‘end effect’’ consumption.
Makes the anode-cable connection where moisture penetration
is least likely.

B sELr-TAPPING .
Provides the lowest possible resistance contact with the anode
material (10 times better than previous leaded connections).
Since torque is measured in the fabrication process, each anode
meets stringent quality control parameters.

= SUPER~SEALING WITH PROPRIETARY ADHESIVE
Resists moisture penetration.
Provides adhesion to both the graphite and HMW/PE wire insulation

(yes, it even adheres to high molecular weight polyethylene).
Stands up to extremely reactive substances, including nacent chiorine

BWHAT IS "END EFFECT" CONSUMPTION? _
fonic current discharge is approximately 12 times greater at both
ends than at the centrai barrei portion of an anode. Thus the anode
is consumed much more rapidly at the ends than at the center.
Placing the lead wire connection at the center of the anode
significantly increases the life of the anode since more than 95% of
ine graphite is usuaily consumed before the conneciion becomes
exposed. Hence CENTAP® anodes overcome the problem of

premature failure due to '‘end effect’’ consumption.

Figure 44
Center Connected Graphite Anode
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6.6.1.3 Characteristics. All products from the operation or deterioration
of graphite anodes are gasses. In fresh water or non-saline soil, the
principal gasses produced are carbon dioxide and oxygen. In saline soils or
in seawater, chlorine is also produced and is the major gas produced in

seawvater anpligatigns.

The gasses generated, if allowed to collect around the anode, can
displace moisture around the anode which results in a local increase is soil
resistivity and an increase in circuit resistance.

( 4L Nea

6.6.1. Operation. Graphite anodes must be installed and operated properly
in order to insure optimum performance and life,

a) Current Densities. The current densities in the following
table should not be exceeded in order to obtain optimum anode life:

RECOMMENDED MAXIMUM CURRENT DENSITY FOR GRAPHITE ANODES

SEAWATER FRESH WATER SOIL

Maximum Current

Density 3.75 0.25 1.0

(A/fe?)
Equivalent Current
on 3" x 60" Anode 15 A 1A 4 A
Equivalent Current
on 4" x 80" Anode 36.6 A 1.7 A 7.1 A

b) Operating Potentials. Since the potential difference between
steel and graphite is approximately 1.0 V with the graphite being the cathode,
this potential difference must be overcome before protective current will

begin to flow in the impressed current cathodic pfateetien system circuit.
This 1.0 V must be added to the other voltage and IR drop requirements during
the selection of proper power supply driving voltage

¢) Consumption Rates. Assuming uniform consumption, the rate of
deterioration of graphite anodes in soil and fresh water at current densities
not exceeding the values in the table above will be approximately 2.5 1bs/A
_'y'l‘. l.lle deterioration rate Iﬁ-f g‘r‘apnlce anodes in seawater ranges II'OII] L 6
lbs/A yr at current densities below 1 A/ft? to 2.5 lbs/A yr at current

densities of 3.75 A/ft?,

d) Need for Backfill. The deterioration of any point on a
graphite anode is proportional to the current density at that point. If the
resistivity of the environment at any one point is lower than the resistivity

at other points, the current density and attendant deterioration will be
higher there. This can result in uneven consumption and premature failure of
graphite anodes, particularly if the low resistivity area is near the top of

the anode. In this case, "necking" of the anode at the top occurs and the
connection to the lower portion of the anode is severed. The use of backfill
of uniform resistivity is used when graphite anodes are used in soil in order
to prevent uneven anode deterioration.
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6.6.2 High Silicon Cast Iron. Cast iron containing 14 to 15 percent
silicon and 3/4 to 1 percent other alloying elements such as manganese and
carbon, form a protective film of silicon dioxide when current is passed from
their surface into the environment. This film is stable in many environments,
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6.6.3.1 Specifications. The nominal composition of HSCBCI is as follows:
(conforms to ASTM Specification A518-GR.2)

ELEMENT PERCENT
Silicon 14,50
Chromium 4.50
Carbon 95
Manganese 0.75
Iron Remainder

The typical mechanical and physical properties of HSCBCI are as follows:

Tensile strength 15,000 psi
Compressive strength 100,000 psi
Hardness 520 Brinell
Specific gravity 7.0

Melting point 2,300 °F
Specific resistance 72 pohms/cu cm
Cocefficient of expansicon 7.33 pin /in./°F

The maximum acceptable resistance between the cable and the anode should be
0.01 ohms.
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6.6.3.2 vajlable S . HSCBCI anodes are available in a wide variety of
standard sizes and shapes as shown in Tables 8 and 9. Special configurations
can be produced at extra cost and are usually practical when standard anodes

have been shown to be unsatisfactory for a particular application and where a

181"09 number of qnpnin’l Dnnf{ n'"rnf'in“ anocdes are required. Ty?ical HSCRCI
anode confizurations are shown in Figures 45 through 49. The cable-to-anode

connection is, as in the case of all impressed current anodes, critical.
Three common methods of achieving the cable-to-anode connection and seal are
shown in Figures 50, 51, and 52. The use of the center connected tubular

anode as shown in Figure 53 is preferable as necking of the anode at the
connection point is avoided and life of the anode is extended 90 percent (50
percent ancde material expended before failure versus 95 percent anode
material expended before failure for center connected anode).

6.6.3.3 Operation. HSCBCI anodes are consumed at a rate of 1 1b/A yr when
used at a current not exceeding their nominal discharge rates. The potential
difference between steel and HSCBCI can be neglected in the selection of

impressed current rectifiers. HSCBCI anodes will operate without backfill in

most applications, but backfill will reduce the anode-to-electrolyte
resistance and extend the life of the anodes. Because metal-to-metal contact

1s made between the anode and the round particle calcined petroleum coke
breeze, the outside of the coke breeze becomes the anode. Also, the lower
output voltage required will save power and reduce the initial cost of the
rectifier unit. Because of these reasons, petroleum coke backfill is
recommended where it can be feasibly installed.

6.6.4 Aluminum. Aluminum anodes are sometimes used for the protection of
the interior of water storage tanks. They are consumed at a fairly high rate
of approximately 9 1lbs/A yr in most applications. The main advantages of
using aluminum anodes in the protection of water storage tanks is their low
cost, light weight and lack of water contamination from the products of
They are commonly used when seasonal 1cing of

e : to last 1 yea
ore commonly
be made
resistant to icing conditions.

6.6.5 Platinum. Pure platinum wire is sometimes used for impressed
current cathodic protection anodes where space is limited. Platinum is

essentially immune to deterioration in most applications. In seawater its
consumption rate at current densities as high as 500 A/ft* is 0.00001 1b/A yr
Due to the high cost of platinum, this material is more commonly used as a
thin coating on other metals as describ d in para. 6.6.6.

6.6.6 Platinized Anodes. Platinum can be bonded or deposited on other

materials for use as an impressed current cathodic protection anode. The
substrate materials, namely titanium, tantalum, and niobium have the special
characteristic of being covered with a uutai‘axly formed stable oxide film
which prevents current flow from their surfaces, even when exposed to high
anodic potentials. All of the current flows ﬁ:om the platinum coated portion
of the anode surface. These "platinized" anodes, although high in initial

unit cost, can be used at very high current densities and have had wide
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Table 8

Standard HSCBCI Anodes

NOMINAL AREA NOMINAL
ANODE SIZE WEIGHT SQ FT DISCHARGE-
TYPE in (MM) Ib (kg) M2 Amps SPECIAL FEATURES
B 1x60 i2 14 0.5 Each end enlarged to 1-1/2
(25 x 1,524) (5.4) 13 in. (38mm) dia with
cored opening for joining.
TAB 2-3/16 x 24 13 1.1 0.5-1.0 Lightweight fiexibie
{56 x 609 5.9 (10 assembly with continucus
cable.
TABB 2-21/23 x 24 18 14 0.5-1.0 Lightweight flexible
(67 x 60%) 8.2) {.13) assembly with
continuous cable.
CD 1-1/2 x 60 25 2.0 1.0 One end only enlarged
(38 x 1,524) (11.4) 19 to 2 in. (51mm) dia with
enrad onening for cahle
cored opening for cable
connection
TACD 2-3/16 x 60 32 2 2.5-3.0 Center connection in series
fEL w 1 EDAY 1A CN £ DELN e mantar Aanhla AF Ar Ana
OV X 1,044) Li4.0) &V Onl Cenier faoie Of Or one
lead only.
TA2A 2-3/16 x 42 23 2.0 1.5-2.0 Center connection in series
(56 x 1,067) (10.4) (.19) on coniinuous cabie or one
lead onlv.
bt 4
TAl 2-21/32 x 42 1 2.4 1.5-2.0 Center connection in series
(67 x 1,067) (14.1) (.22) on continuous cabie or one
lead only.
TAJA 4-3/4 x 24 31 2.5 1.5-2.0 Center connectior ‘n series
(121 x 609) (14.1) (.23) on continuous cabie or one
lead only.
D 2 x 60 44 2.5 1.5 Uniform 2 in. (51mm) dia with
(51 x 1,525) (20.0) (.24) cable connection on one
end oniy.
TAD 2-21/32 x 60 45 3.5 2.3-3.5 Center connection in series
(67 x 1,524) (20.4) (.32) on continuous cable or one
lead only.
TA2 2-3/16 x 84 46 4.0 3.0-4.0 Center connection in series
(56 x 2,133) (20.9) .37) on continuous cable or one
lead only.
M 2x60 60 2.8 2.0-2.5 Each end enlarged to 3 in
(51 x 1,524) (27.2) (.26) (76mm) dia with cord
opening for joining.
TAM 3-3/4 x 60 60 49 3.5-5.0 Center connection in series on
(95 x 1,524) (27.2) (.46) continuous cable or one lead only.

(]
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Table 8 (continued)
Standard HSCBCI Anodes

NOMINAL AREA NOMINAL
ANODE SIZE WEIGHT SQFT DISCHARGE-
TYPE in (MM) b (kg) M2 Amps SPECIAL FEATURES
( b (kg) M2 Amps
TA3 2-21/32 x 84 63 4.9 3.5-5.0 Center connection in
(67 x 2,133) (28.6) (.46) series on continuous
cable or one lead only.
J 3x36 80 2.5 2.5-3.0 One end only enlarged
(76 x 914) (36.3) (23) to 5 in (127mm) dia
w/cored opening for
cable connection.
TAJ 4-3/4 x 60 78 6.2 5.0-6.0 Center connection and
{(i21 x 1,524) {35.4) (.58) tubuiar design gives
greater surface area.
TA4 3-3/4 x 84 85 6.9 6.0-7.0 Center connection and
{95 x 2,133) (38.6) (.64) tubular design gives
greater surface area.
E 3x60 110 4 4-6 One end only enlarged
(76 x 1,524) (49.9) (.37) to 4 in (102mm) dia with
cored opemn,‘g for cable
connection.
TAE 4-3/4 x 60 125 6.2 6-8 Center connection eliminates
(121 x 1,524) {56.7) {.58) loss due to "end effect.”
TAS 4-3/4 x 84 110 8.7 6-8.5 Center connection eliminates
(121 x 2,133) (49.9) (.81 loss due to "end effect."
SM 4-1/2 x 60 220 5.5 5-8 Uniform 4-1/2 in (114mm) dia
(114 x 1,524) (99.9) (.51) with cored opening each end.
Permits 2 cable connections,
TASA 4-3/4 x 84 175 8.7 9-10 Center connection and tubular
(121 x 2,133) (79.4) (.81 design gives longer life.
FW 1-1/8 x 9 1 0.22 0.025 Lightweight flexible assembly
(29 x 229) (.5) .02) with continuous cable.
TAFW 2-3/16 x 8 4.3 0.38 0.40 x.xguuvcasut flexible assembly
(56 x 203) 1.9 (.04) with continuous cable.
G2 2x9 S 0.4 0.10 Inside conﬁ,guration permits
{51 x 229) {2.3) {.04) single center cable-to-anode
connection or continuous cable,
TAG 2-21/32 x 8 6 0.47 0.55 Center connection in series on
(67 x 203) 2.7) (.05) continuous cable or one lead only.
TAFWA 2-3/16 x 12 6.5 0.57 0.60 Center connection in series on
(56 x 304) 2.9 (.06) continuous cable or one lead only.
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Table 9
Special HSCBCI Anodes

NOMINAL WEIGHT
SIZE EACH AREA

TYPE (inches) (b) sq ft APPLICATION SPECIAL FEATURES

K-3 3x3 6 0.25 Small heat exchangers "Button" anode with
and like structures integral cast bolt
with limited mount- for attaching to
ing area. structure using

suitable gasket.

K-6 6 x2-1/2 16 0.5 Ship hull, lock gate, "Button" anode with
heat exchangers, or integral cast bolt
any other structure for attaching to
with large flat structure using
surface. suitable gasket.

K-12 12 x 3-7/16 53 1.0 Ship hull, lock gate, "Button” anode with
heat exchangers, or integral cast bolt
any other structure for attaching to
with large flat structure using
surface. suitable gasket.

Bridge 12 dia x 40 1.96 Bridge decks Lead-one end only.

Deck I 1-1/2

Bridge 9 oval x 6 0.74 Bridge decks Assembled in tandem

Deck I 9/16 on continuous no.

8/7 AWG cable.
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a) FLEXIBLE DUCT ANODE ASSEMBLY

Two Polyethylene
Compression Washers

Polyethylene Caulked Assem mbly

Plug Tinned PR

Cable, as o J
.f. "

Speci ied peo- M Seqling Compound
b) CROSS-SECTION OF TYPICAL DUCT ANODE

Figure 45
Duct Anode
Button Type Anode
_ Washer /
Bushing (Teflon Hull Painted with Vinyl

Insulating Sheet Coating on Hull

/ System Epoxy Resin
(Polyester Gloss)

Steel Strap

'_ Hull
-.-I :
"0 Ring, Rubber A Hull Liner
2% Cable

- Stuffing Tube

s Fill With Insulating Grease
When Installing
Washer, Corroslon-Res-stom Nu?,Corrosion-Resistont Steel
Steel

Flag Lug Bronze Cover

Figure 46
Button Anode
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DESCRIPTION
Anode - Wt 40 Lbs

Washer

Lead

LA W A\

Tubing

Epoxy Seal

Interface Sealant "F"

g —m e —m e e e o ——apy wawe—

Figure 47
Bridge Deck Anode - Type 1
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BRIDGE DECK ANODE
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ITEM DESCRIPTION
1 Anode Wt. 6 Lbg
2 8/7 Str. Cable, HMPE
3 Connector
4 Connector Pin
5 Spring
5 Washer
7. Mastic
Figure 48

Bridge Deck Anode - Type II
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Epoxy Seal
Mastic
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Cable
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Figure 49
Tubular Anode
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Interfaoce Sealant

v

Y 4
No. 8 AWG, 7-Strand I Heaot Shrinkable Etched
Copper Cable withe———nou_J _rl/Teﬂon (FEP) Tubing
HMWPE Insulation Epoxy Cap, 1" High

inimum, Integral with
5/424 /ZZ 2 }/ Extermal Seal on Anode
Note: ,//// ////‘

Resistance Across Cable (A
and Anode Should be No ¢ N Washer, 1/4" Thick

More Than 0.01 Ohms

Maximum é{\\j }‘ N

Pr—. o~ n .. .
~ Caulked Lead

M\\\\

W ires }\\\\\q
ANRNN

&\S\ Anode

Figure 50
Anode to Cable Connection - Epoxy Seal
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Interface
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Heat Shrinkable Etched
Teflon (FEP) Tubin

é

Interfoce Sealan

Potting
Compound  ————

Caulked
Lead

Tinned
Wires \\

NO. 8 AWG 7—Strand Cooop
. ! er C )
with HMWPE Insulation able

Annular Seal

Washer 1/4" Thick

Heat Shrinkable Etched
Teflon (FEP) Tubing

Anode

Figure 51
Anode to Cable Connection - Teflon Seal
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Durichlor 51 Type TA Tubular Anode b ra Cable
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Figure 52
Cente C onnecte d High Silicon Chromium
ring C Iron Anode
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application to service in tanks and other liquid handling systems as well as
in seawater. Their use in soils has been limited occasionally to deep well

applications.
6.6.6.1 Types. Platinized anodes are available in a wide variety o
and shapes. 8Sizes of standard platinized titanium anodes are shown
DIAMETER LENGTH EXTENDED LENGTH PLATINIZED LENGTH
_{n.)_ (in.) (in.) (in.)
3/4 20 15 6
3/4 12 7 3
3/4 23 18 9
3/4 20 15 S
1/2 20 15 6
1/2 17 12 5
1/2 23 18 9

A typical anode configuration is shown in Figure 53. Typical platinum

thicknesses of 100 pin. are used.

v insulati 1g LUredse
Standard /
Thermocouple /
Condulet Terminal /
He‘od / Wrap with One Loyer
\ / Pipt;- Dope Tape
\ / / Stmc\'uro Wwall

\ o/ / N

‘ [_ {_ “I“E Platinizeq Length

A
_3

M {ﬂ'&_df
1
k |- Standard H"mgs i ‘ / 6" o
]for Anode Mounting I /
[ —
1 Teflon Sleeve
- 20¢ -
Figure 5

Typical Plac1n1zea Anode

90




Downloaded from http://www.everyspec.com

MIL-HDBK-1004/10

6.6.6.2 Operation. Platinized anodes can be operated at very high current
densities (100 A/ft? are typical). The primary limitation of platinized
anodes is that the oxide film on the substrate can break down if excessive
anode-to-electrolyte voltages are encountered. The practical limit for
Pl@.tinized titanium is 12 Vv, Platinized nichium can be usged at ?nf‘n ale

high as 100 V. Since these anodes are small in size, their resistance-
to-electrolyte is high and therefore, higher voltages are required to obtain
high current.

6.6.7 lloyed lead. Lead alloyed with silver, antimony, or tin have been
used as anodes for impressed current cathodic protection systems in seawater.
The chief advantage of lead anodes is their low cost. The consumption rate
for silverized lead is 2- to 3-1lbs/A yr initially but drops off to
approximately 0.2 1lbs/A yr after 2 years. The current density from silverized

lead anodes is typically 10 A/ft?. Alloyed lead anodes have been unreliable
in many specific applications either because they failed to passivate and
their consumption rate remained in the 2-to 3-1bs/A yr range and they were
completely consumed, or they became so highly passivated that the

anode-to-electrolyte resistance increased substantially.
6.7 Other System Components. In addition to the source of power for

cathodic protection and the anodes used, cathodic protection systems contain
other important components. The entire system must be reliable in order to
provide effective protection.

ing Cables. The connecting cables used between the various
components of cathodic protection systems are vital to the proper performance
of the system. Any break in the primary circuit will result in failure of the
system and will require repair to restore the flow of protective current.
Breaks in the auxiliary connections such as those used to test the system will
also result in difficulties in proper adjustment and inspection of the system.
Proper selection of cable size, type

Av A med

£
LOT proper amna reliable

£ 7 1 Cannmant
C.7.4 Snnecc

i
syst
be used in anv cathodic prot

=e T 2l &3 Laotablas

t c
and difficulty in making welded connections associated with the use of
aluminum wires precludes their use in cathodic protection installations.

6.7.1.1 Factors to be Considered. Connecting cables should be selected
based upon consideration of the following factors:

a) Current carrying capacity

b) Voltage attenuation (IR Drop)

c) Mechanical strength

d) Economics (first cost versus power costs)

e) Dielectric strength of insulation

f) Durability (abrasion & cut resistance) of insulation

Standard wire sizes, weights, and breaking strengths are given in Table 10.

O
=
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Table 10
Standard Wire Characteristics
OVERALL APPROX. MAXIMUM
DIAMETER WEIGHT MAXTMUM MAXTMUM DC ALLOUABLE
SIZE NOT NOT BREAKING RESTSTANCE de
AWG INCLUDING INCLUDING STRENGTH AT 20 °C CURRENT
INSULATION INSULATION (1b) (ohms/M ft) CAPACITY
(in.) (1b/M ft) (A)
14 0.0726 12.68 130 2.5800 15
12 0.0915 26.16 207 1.6200 20
10 0.1160 32.06 32¢9 1.0200 30
8 0.1460 50.97 525 0.6400 45
6 0.1840 81.05 832 0.4030 65
4 0.2320 128.90 1320 0.2540 85
3 0.2600 162.50 1670 0.2010 100
2 0.2920 204 .90 2110 0.1590 115
1 0.3320 258.40 2660 0.1260 130
1/0 0.3730 325.80 3350 0.1000 150
2/0 0.4190 410.90 4230 0.0795 175
3/0 0.4700 518.10 5320 0.0631 200
4/0 0.5280 653.30 6453 0.0500 230
250 MCM 0.5750 771.90 7930 0.0423 255
6.7.1.2 Insulation. The connections between the cathodic protection power
source and the anodes are usually submerged or buried at least over part of
their length. These cables are extremely susceptible to failure as they are
operated at highly positive potentials. Any contact between the metallic

conductors and the environment will result in rapid deterioration of the
conductor and loss of continuity of the protective circuit. Anode lead wires
should never be used to suspend, carry, or install the anode except in water
storage tanks.

Hioch malass wafoht nalvarhuvlana (HUHMWUDPE)Y incuilatian as proven to
nign moielu WEigNntT pliyelnyailhie (alsrs, iNSU.Latifnl fiasS proven ¢
give satisfactory ser for the insulation of this critical connection in

cations. Where exposure to chlorine is encountered,
such as in seawater or in deep anode applications, chlorine resistant
insulation such as fluorinated ethylene propylene (FEP), tetrafluorethylene
(TFE), and polyvinylidene fluoride (PVF2) are used either singly or in
combinations with thicknesses of up to 0.150 inches. These materials are also

used over a primary insulation of extruded polyalkene, 0.30 inches thick, or
__________ A sl s 2 nnleat AF Miskh malantitlawr wafisht maluvatrhuylarma FAavr masnhanmiaal
dlt CUVELTCU wWililll &a Jabl\c‘— UL 1axli muicoeuial WCTALKELIL VULJCLIIJLCIIC AVLI udTLllalllival
protection.

A highly successful insulation for such highly critical
applications has been a system consisting of a 0.065-inch-thick high molecular
weight polyethylene outer jacket for abrasion resistance combined with a
0.040-inch-thick ethylene-monochlorotrifluroethylene copolymer (E-CTFE). For
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less critical applications such as the negative lead to the rectifier, test
wires and aboveground wiring, thermoplastic insulation (type TW), synthetic
rubber (RHW-USE), or polyethylene may be used.

&£ 7 1 2 DammmmacmAad AabhhTae Fawvr Canalfla AcmnVl i tfncne Danmacioan ~F

.7.1.3 AECOMmENded VGDLES LOL oPEeCLLAC APPLACALIONS. Decause o1
gsimilarities in required characterigtice of the varioueg connectine cahleg in
similarities in required characteristics of the various connecting cables in
many impressed current cathodic protection systems, general specifications for

cable sizes and types for many cathodic protection system requirements have
been established and are given below:

a) Test Wires: These wires carry only very small currents and, as

hey are themselves cathodically protected, insulation requirements are not
P S ] Cn12A mmcmens sof com = AT 10 i ATIN ool le seesema TIT DINY TIOTE e
Ciivial. PULLIU CUppeL wiled, 1w, 1o gau&e AWG Wiln L]PU AW, DNIW-UoL VUL
pelyethylene insulation should be used for this application unless otherwise
indicated by experience.

b) Bond Wires: These wires carry more current than test wires.
No. 4 AWG, 7-strand copper cable with Type TW, RHW-USE or polyethylene
insulation is recommended for all bonds unless a larger wire size is required
for current carrying capacity.

r\ Power anrﬂv to Structur
r

rFsJ v u\.a.

insulated 7-strand cable. usually in th : 2
The actual wire size should be determined by economic analysis as described in
para. 6.7.1.4 but wire no smaller than No. 4 AWG should be used because of

mechanical stength required.
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d) Power Supply to Anode Cable: The insulation in these cables is
Avitlanl LIMIIDE oot atd nem N 110 $mnlne kel am o mmdendmmesm 1o vamsdvrad Aem
CYriticasl. IWIWI L 1I1dUiallvull, V.11V 1LiICUuesS LILICK, a4d a ulilliimuwuig, 145 1Lcyuliicu ovn
these cables. The anode connection wire is usually No. 8 AWG with HMWPE
insulation. The wire used to interconnect the anodes and to connect the anode

bed with the power supply is commonly in the range of No. 2 AWG or larger.

The actual wire size should be selected based upon the economic analysis
described in para. 6.7.1.4 but should not be smaller than No. 4 AWG because of
strength.

£ 7 1 4 Pammamda ITdwa QF o M nmdoa ~F thn nnmemmantddnem hateranm ko

Qe/ 1. LLolvinie Wlle Jjoc. 40l DILLE VUL LIIC CUILITLLLIVIL DElLweril Lo
structure, anode bed, and power supply in impressed current cathedic
protection systems should be selected to minimize overall cost. This can be

y
determined by calculating the annual fixed cost of the selected wire and

comparing it with the cost of power losses for the system. When the annual
fixed cost and the cost associated with power losses are equal, their sum is
minimum and the most economical selection of wire size is confirmed. If the

power losses exceed the annual costs, a larger wire size is indicated; if the
mamamcsznl £2ernd mmnts swvnnad o cncecne VAo~ thnes o cnolantdnn AF o amallar wiva
aNiNualL 11Xed COSCs éXceeda utne poweLl 1U>DS, LIITCII 4 DSTILITCULLLVLIL VAL a dSualiiTci walico
size would be appropriate. The formula for determining power loss costs is:
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EQUATION: V = MK_ (19)
a
where
x nNn No-c -an
I -— VU,vo/0 1 N
v -— ID/R
and
V = annual cost of power losses ($)
1 - current flow (A)
R - resistance of 100 feet of cable
P = power cost (cents/kWh)
E = power source (rectifier) efficiency (X)
L = length of cable (feet)

Values for M for commonly used wire sizes and various currents from 10 to 100
A are given in Table 11.

The formula for determining the annual cost of fixed charges is:
EQUATION: F=ESL (20)
where

F - annual fixed charges ($/yr)

E - estimated annual charges (see a) below)

S - initial cable cost (§/ft)

T _ Py Ue I PR Lo\

¥ b caovie .1¢e lg I (i)

a) The estimated a

of depreciation, interest, taxes, 1nsurance, operation, and maintenance. As
shown below, a value of 0.11 is typical for government installations where
taxes and insurance are not considered:

Depreciation = 0.02
Interest = 0.06
Taxes = 0
Ins"ranre = 0

Haintenance = 0.03

Total (E) = 0.11
6.7.2 Wire Splices and Copnections. Wire splices and connections are a
source of undesirable circuit resistance and are a weak point in the

reliability of the system since they often fail due to corrosion or mechanical
damage. The number of connections should be kept to an absolute minimum and
the type of connection used should have low resistance, high reliability, and
good resistance to corrosion. As described in para. 10.6, both mechanical
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Table 11
M Factors for Determining Economic Wire Size
(Cost of losses in 100 feet of copper cable at 1 cent per kWhr)

CURRENT (amps)
CABLE
SIZE 10 20 30 40 50 60 70 80 %0 100
10 0.893  3.57 8.04
8 0561 225 505 9.00 14.00
6 0360 1.44 324 576 900 13.00 17.64
4 0226 0905 203 362 565 814 1108 1446 1830  22.60
2 0.1424 0570 128 228 356  5.13 6.98 911 1154  14.24
1 0113 0451 102 181 282  4.06 5.54 7.24 9.15 1130
1/0 0.0893 0.357  0.804 1425 223 321 447 5.71 7.23 8.93
2/0 0.0710 0284 0639 1135 177 256 348 455 5.75 7.10
3/0 0.0562 0257 0506 0900 140  2.03 2.76 3.60 4.55 5.62
4/0 0.0446 0.178 0401 0715 1115 1.61 219 286 3.62 4.46
250 MCM 0.0378 0.i51 0.340 0605 0945 1.36 1.85 2.42 3.06 3.78
300 0.0316 0.1265 0284 0506 0790 1.14 1.55 2.02 2.56 3.16
350 0.0270 0.108 0243 0432 0675 0972 132 1.73 2.18 2.70
400 0.0237 0.0948 0213 0379 0593 0.854 116 1.52 1.92 2.37
450 0.0210 0.0840 0.189 0.336 0525 0755 1.03 1342 170 2.10
500 0.0189 0.0755 0.170 0302 0472 0.680 0925 121 153 1.89
550 0.0172 0.0689 0.155 0275 0430 0619 0842 110 1.39 1.72
600 0.0158 0.0632 0.142 0253 0395 0569 0775  1.01 1.28 1.58
650 0.0145 0.0580 0.1305 0232 0362 0522 0710 0928  1.17 145
700 0.0135 0.0540 0.1215 0216 0338 0.486 0661 0865 1.09 1.35
750 0.0126 0.0504 01132 0202 0315 0454 0616 0.805  1.02 1.26
1000  0.00945 0.0378 0.0970 0.151 0236 0340 0463 0.605 0765  0.945

connections and thermo-weld connections are used in the installation of
cathodic protection systems. Mechanical connections are less expensive than

D
thermo-weld connections but often have higher resistance and are more
susceptible to corrosion and mechanical damage. All connections must be
carefully insulated, particularly in the anode-to-power supply portion of the
circuit where any loss of insulation integrity will result in rapid system
failure. All connections in the power source to anode bed portion of the

a ade expressly for
thi nnection is less critical and either
epoxy encapsulation or 1nsu1atio with hot coal-tar enamel followed by
wrapping with pipeline felt may be used on this connection. The following

connections are required for impressed current systems:

a) Connection between power source and structure

h) C nd
[* ¥} o a

a
(=281
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c¢) Connection between anode header cable and each anode
d) Connection between cable and anode (usually factory made)
e) Necessary bonds and test wires

The need for additional connec 18 and splices should be carefully evaluated

The need for connections and splices should be carefull evaluated.
The location of all necessary splices and connections should be specifically
shown on the design drawings. The need for additional splices and connections
should be determined by the designer of the system and not be left to the
discretion of the installer.

6.7.3 Test Stations. There are six basic types of test stations used in
impressed current cathodic protection systems: the potential test station, the
soil contact test station, the line current (IR Drop) test station, the
insulating joint test station, the casing insulation test station, and the

bond test station. The wiring for each of these test stations is shown in
Figures 54 through 59. Test wires should be solid copper, No. 10 AWG, either
TW or RHW-USE insulated. If future bonding across flanges or between
structures may be required, 7-strand copper cables, No. 4 AWG or larger if
required, should be connected to the structure(s) and brought into a test

v Fuort

~ 11
Vi

Test stations may either be located flush with the surface of
pavement or soil as shown in Figure 54 or in an above grade test station as
shown in Figure 57, manufactured specifically for this purpose. Flush-mounted
test stations are preferred in paved areas or other areas where damage by

vehicles, etc., is anticipated. Above grade test stations are preferable in
unpaved areas. In addition to test stations, balancing resistors are
sometimes required when multiple anode beds are used with a single rectifier.
These resistors should be installed in an above grade terminal box as shown in
Figure 60. The location and wiring of all test stations should be included in

the system design. All test wires should be color coded, and marked with
noncorroding metal or plastic identification tags indicating what they are
connected to.

ct
[¢]
o

6.7.4 Bonds. Bonds between sections of the protected structure o

between the protected structure and a foreign structure should use 7-strand
copper cable, No. 4 AWG or larger insulated cable. All resistive bonds should
be brought into a test station for adjustment. Direct bonds may also be

brought into test stations if future adjustments or connections may be
required. All bond-to-structure connections should be made using thermo-weld
connections, insulated by epoxy encapsulation. Standard details for bonding
are shown in Figures 61 through 68.

6.7.5 Insulating Joints. Insulating joints between sections of a
structure are often installed in order to break (electrically) the structure
into sections that can be protected by independent cathodic protection

systems, or to separate sections that require cathodic protection from those
that do not. These joints can either be directly buried, be located in valve
pits, or be located above grade. If they are directly buried, they should be
furnished with a test station as described in para. 6.7.3, and shown in
Figures 69 through 72.
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Figure 54
Fiush-Mounted Potential Test Station
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Figure 55
Soil Contact Test Station
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Figure 56
IR Drop Test Station
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Figure 59
Bond Test Station
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Bond Cable Shall Be No. 4 AWG (21.2 mmz).
Cable Shall Be Stranded Copper and Unless
Otherwise Indicated, TW or THW is Acceptable.

~ Thermit Weld. Regular Welds Or Brazing
Are Not Acceptable.

Dresser Type Coupling.
Cover All Exposed Sur-
faces of Coupling and
Welds With an Electrical
Insulating Organic Coating.

l -l

Protected Line

Figure 61
Bonding of a Dresser-Style Coupling
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SEPARATE BONDING CABLES
(Two Welds Per Pipe Section)

Figure 62
Bonding Methods for Cast Iron Bell-and-Spigot Pipe
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2. Cover all Brazed or Welded Areas With

Waterproof Electrical Insulating Organic
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Bonding, the Entire Bond Should be Coated.

Figure 64
Electrical Bond
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Thermosetting-Resin Pipe Connection
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Figure 66

Clamp Type Bonding Joint
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Steel Pipe- f——See Enlarged
Detail
v —\
\J )
BONDING JOINT DETAIL
Rubb L

\ TN 1/4" (6.35 mm)

L—Joint Bond
Conductor

Cement Mortar ]
Lining "

—— N\ ——3/8" (9.525 mm)
2" Steel Rod Joint
(5 ?m) Bond Conductor
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(
JOINT BOND CONDUCTOR DETAIL

/
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Note:

All exposed metallic surface areas to be covered with electrical
insulating organic coating and/or wrapped with butyl rubber tape.

Figure 68
Welded Type Bonding Joint for S1lip-On
Pipe Installed Aboveground
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Precast Concrete Valve
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Locking Type, Cast Irom
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Figure 69
Test Box for an Insulating Fitting
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Section 7: SACRIFICIAL ANODE SYSTEM DESIGN

7.1 Theory of Operatjon. The basic principle of cathodic protection
using sacrificial anodes is the electrochemical cell (refer to para. 2.2). As

in the case of impressed current cathodic protection, high energy (potential)
electrons are forced to flow from the anode to the structure to be protected.
The structure-to-electrolyte potentials required for protection are identical
to those for impressed current cathodic protection systems. These potential
requirements are given in para. 3.2. The high potential electrons are

generated through the corrosion of an active metal such as magnesium or zinc
(refer to para. 3.2). In this type of system, the anode material is consumed,
or sacrificed in the process, and the anodes must be periodically replaced in

order to obtain continued protection. In order to minimize periodic anode

replacement, sufficient anode material is normally provided so that the anode

replacement interval is a desired number of years. Common practice for buried

systems is to design the system for a 10- to 15-year anode life. For

submerged systems, or for buried systems where anode replacement is difficule,
1

S
2 L La _!LA__}_
is often used as a ue51gn iteria.

7.1.1 Advantages of Sacrificial Anode Cathodic Protection Svstems. The
primary advantage of sacrificial anode cathodic protection systems over
impressed current cathodic protection systems is their simplicity and
reliability. There are fewer critical components such as rectifiers in
sacrificial anode systems The critical cable from the anode to the impressed

current anodes wh
2
L

maintain than impressed current cathodic protecc on systems. This is
particularly true for systems with small current requirements (0.5 A or less
per 100 lineal feet of structure). There are no power costs or costs
associated with furnishing power at a remote site associated with sacrificial
anode cathodic protection systems.

experienced when this type of system is used Sacrificial anode cathodic
protection systems are commonly of the distributed anode type. This is
usually necessary because of the limited driving potential of the anode
materials used.

7 1 n MY e mdercn e e e e L O a2 L2 2 _1 A I Mol AL Do oo 2 o O he o
/. 4.4 visauvalitapes L 04dCL111Cildl AINOUE LALIIVUIC ITOLEeCL1O0Il oySLems,

The primary disadvantages of sacrificial anode cathodic protection systems are
associated with the limited driving potential between the structure and the

anode materials used. This limits the current output of the anodes and
restricts the area of structure which can be protected using a single anode.
Anode consumption is also inherent in sacrificial anode systems and allowances
for periodic anode replacement must be made.

7 N a2 L2 2 " A - N _al 1 . PR J — PR DR
I/ .4 DACL 1L 1C1E1 ANOGE LAalLNoalC r'rotectlion oystem QESLgn rroceaures.
The basic principles for the design of sacrificial anode cathodic protection
systems are described in par 4.2, First, the total amount of current is
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anodes required and the life of the anodes is determined. If desired, the
system parameters (anode size or type) are adjusted to give desired system
performance, primarily to achieve desired anode life.

7.3 “ug term i na ti on Qf Qg irrent EQ qu 'i re g’ fQ L Ef o LEE [+] ﬁ iQ_ . The first §‘tép
in the design of sacrificial anode type cathodic protection systems (refer to
para, 4.2.6) is the determination of the total current required for the
system. This fixes the current to be supplied by the sacrificial anodes.

7.4 Determination of Anode Qutput. The output of a single anode in the

environment is determined. This may be determined by a simplified method

which uses standard factors for the type and size of anode to be used and for
the structure-to-electrolyte potential desired. Single anode output can also
be determined by using the driving potential between the anode and the
structure and the total circuit resistance. The anode-to-electrolyte
resistance is a major factor in most cases. This method is essentially

identical to the design procedure for impressed current systems.

7.4.1 im etho tuations. The formula given in
para. 4.2.5 can be used to estimate the output of zinc or magnesium anodes in
environments where the resistivity is above 500 ohm-cm. The following formula
gives a good approximation of current ocutput in many cases and can be used to
check the results of the more detailed procedure outlined in para. 7.4.2.
EQUATION: i = Cfy/P (21)
where

i = current output (mA)

c - material constant

f - size factor

y = potential factor

P - environmental resistivity
7.‘1‘.2 - Ae,_,j aL’o,, Y o I\,,;‘uL Y __ 2 __ _ ‘A_ode*L_-““-_t_‘(_’,-_L‘ n-_.l_..-ﬁ(_:_. As
in the case of impressed current systems, this method determines the total
resistance of the cathodic protection circuit including anode-to-electrolyte

resistance, structure-to-electrolyte resistance, and the resistance of all
electrical connections and splices. Then, using the difference between the
anode potential and the protected structure potential, the current output is
determined using Ohm’s Law.

7.4.2.1 Cajlculatio f Anode-to-Electroivte Resista . As in the case of
impressed current systems, the resistance between the anode and the
n nment is commonly the highest resistance in the cathodic protection

distance (10 feet or less) from the structure to be protected. The
anode-to-electrolyte resistance can be calculated using simplified equations
which are adapted to the most common situations, or the more complex but more
general basic equations.

114
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electrolyte resistance for a single vertical anode is given in para. 6 2.1.4.
This formula is valid for sacrificial and 1mpresseu current anodes. The basic
equaticns gi“en in para. 6.2.1.3 are valid for sacrificial anode and LﬁpréSSéu

current systems. In some cases, it is desirable to use groups of two or three
sacrificial anodes in order to provide the required current or anode life
using stock size anodes. In this case, the paralleling factors given in para.
6.2.1.4 can be used to calculate the equivalent resistance of the anodes in

parallel. In some cases where this method is used, an adjustable resistor or

nichrome wire resistor is installed in the anode-to-structure cable to limit
the current to the required value. 1In this case, the determination of the
anode-to-electrolyte resistance is used to calculate the value of the resistor
required.

7.4.2.2 Determination of Structure-to-Electrolyte Resistance. The

structure-to- electrolyte resistance is commonly disregarded in the design of
sacrificial anode cathodic protection systems since it is usually small with
respect to the anode-to-electrolyte resistance.

7 4L 2 12 CA...-.

7.4.2.3 onnecting Cable Resistance. The connecting cable resistance is
determined by the size and length of cables used. The selection of appropriate
wire sizes is described in para. 6.6.1. No. 12 AWG solid copper wires are

commonly supplied on sacrificial anodes and No. 10 AWG wires are commonly used
as connecting cables. These wires have a resistance of 1.02 and 1.62 ohms per
1,000 feet, respectively. Since connecting cables are short and currents are
low in most sacrificial anode cathodic protection systems, connecting cable
resistance can usually be neglected.

7.4.2.4 Resistance of Connections and Splices The nead to maintain low
.2.4 Resistance of Connections and Splices. The need to maintain low
resistance throughout the life of the sacrificial anode cathodic protection

system is more important than the initial resistance of connections. Although
deterioration of commnections in sacrificial anode cathodic protection systems
is protected, the connections are still subject to corrosion resulting in
increased resistance. As in the case of impressed current cathodic protection

systems, the number of connections should be kept to an absolute minimum, and
+hatw ahatt1ld o ervaver AaraficlTer mcane 1 - 3 mmceT e 3 L R - | mand Lemntnanl11 2

il SllvuiIu e velry Laicliully QSSUNULEU, Lllbuld\-cu, diiSpeciceu, anu liistaiieq,
The number and location of each connection should be installed per the system
design and not at the discretion of the installer.

7.4.2.5 Total Circuit Resistance. The total circuit resistance (usually
only the anode-to-electrolyte resistance is a major factor) is then determined

by adding all of the resistances of the circuit elements.

7.4.2.6 Anode-to-Structure Potemtial. The potential difference between the
anode and the protected structure is then determined. 1In most cases, the open
circuit anode potential and a structure potential (for steel) of -850 mV

versus copper/copper sulfate is used. Other structure potential criteria can
be used as necessary. Use of an anode potential lower than the open circuit
potential may be required when anode outputs are high as in very low
resistivity environments.

2 2 929 7 amm ol MNecdmmcad MNMecanan ML . A A s accaman - L ) S o o

7.4.2.7 Anode Output Current. The anode output current is then determined
from the circuit resistance and the structure-to-anode potential using Ohm's

Law.
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7.4.3 Field Measurement of Anode Qutput. Calculations, as in the case of

impressed current systems, can only give approximations of anode-to-
electrolyte resistance under actual conditions. While these calculations can
be used for an initial system design, the actual anode output encountered is

often sufficiently different from the calculated value to require adjustment
or modification of the system. This is more of a problem for sacrificial
ancde gystems than for impressed current systems since the output potential is

not adjustable in sacrificial anode systems. In areas where the soil

resistivity varies with location, a field measurement must be made at each

anode location. Often the only remedy for low anode output is to add

additional anodes to the system. High anode output can be remedied by

installing current limiting resistors in the anode lead wires, but this should
1

P . —

be avoided where possible. The actual anode output can best be deter

mmtbaenl £I1 .13 -
actual field measurements.

—_—=A W
nea oy

cr‘ -
<«

Anode output is best determined by installing an anode at the
actual site of the installation and attaching it to the structure to be
protected. The anode output is measured using a current shunt (0.0l or 0.1
ohm) installed in the anode lead wire. As a single anode is unlikely to

output for structure potential is usually required. This can be done using
the structure potential factor in the simplified equation given in pars.
4.2.5, or by determining the anode-to-electrolyte resistance based upon the
actual potential difference achieved and the anode output current.

7.5 erm on o de ed. After the output per
anode is determined, the number of anodes required for protection is
calculated. This is done by dividing the total output by the output per
anode. In practice, approximately 10 percent more anodes are installed to
allow for inaccuracies in system design, seasonal variations in anode output,
and decreased anode output as the anodes are consumed. Installation of a
limited percentage of additional anodes is not wasteful because, if the system
is properly adjusted, additional anodes simply result in longer anode life.

7.6 Determination of Anode Life. The anode life is calculated

1

based upon the current flow, anode weight, and anode efficiency. The
|
a

. |
100

calculation involves the number of ampere hours produced by an e per pound
on anode material consumed. Anode consumption can be calculated using the
FAMII1Q’
A W7 A BMNA A €A »
EQUATION W = YSI (22)
where

W - anode consumption in pounds

v - amcsmmbinee Af aranea

p & - Numoer oI ycu;:

s = ancde consumption rate in lbs/A yr

based upon actual anode efficiency
I - current output in amperes
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For some anode materials, the anode efficiency is dependent upon anode current
density as shown in Figure 73. For these materials, the anode consumption can
be calculated using the formula:

EQUATION: W = YSI/E (23)
where

W = anode consumption in pounds

Y = number of years

S = theoretical anode consumption rate in lbs/A yr

I - current output in A

E = anode efficiency

For the standard alloy magnesium material, the anode efficiency is essentially
constant above 250 mA/ft? of anode area. If the anode efficlency is low at
the anode current density at which it is operated, anode material is wasted
due to self corrosion. At an anode efficiency of 50 percent, one-half of the
anode material is consumed by self corrosion and one-half is consumed in
providing protective current. If the desired anode life is not obtained using
an initially selected anode material and size, a different sized anode or one
of a different material is substituted and the process repeated in an
iterative manner until a system with the desired characteristics is obtained.

7.7 easo Variatio de ut. Anode output will vary as the
resistivity of the environment changes. Seasonal variations associated with
soil moisture in buried systems or seawater dilution in estuaries may result
in changes in anode output. Fortunately, in most cases the current required
for protection is also reduced when the resistivity of the environment
increases so that this effect is partially self compensating. In some cases,
however, anode output will fall below or above the limits for protection and
the system will require seasonal adjustment or augmentation in order to
provide adequate protection.

7.8 acrif Anode Materjals

7.8.1 Magnesjum. Magnesium is the most commonly used sacrificial anode
material for the protection of buried structures. Magnesium anodes are also
used for the protection of the interiors of water tanks and heaters, heat
exchangers and condensers, and waterfront structures. Magnesium anodes are
available as castings and extrusions weighing from 1 to 200 pounds, and in a
wide variety of shapes (refer to para. 7.8.1.4). Two anode compositions are
commonly used. They are the standard alloy and a "high potential" alloy.
The composition of each alloy is given in para. 7.8.1.1.
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Anode Current Density, MA/Sq Ft

Figure 73
Efficiency Versus Current Density - Magnesium Anodes

7.8.1.1 Composition. The composition of both the standard alloy and high
potential magnesium alloy are given below:

Element Standard igh Potentia
Aluminum 5.3 - 6.7% 0.1%X max
Manganese 0.15% min 0.5 - 1.3%
Zinc 2.5 - 3.5% -
Copper 0.02X max 0.02X max
Silicon 0.1% max -
Iron 0.003X max 0.03% max
Nickel 0.002X min 0.001% max
Other metals 0.3% max 0.3% max total
0.05% max each
Magnesium Remainder Remainder
7.8.1.2 Anode Efficiency. The theoretical efficiency of magnesium is 1,000

ampere hours per pound or 8.8 lbs/A yr. The efficiency of magnesium alloys
used for cathodic protection seldom exceeds 65 percent of this theoretical
value due to self consumption. The efficiency of both the standard alloy and
high potential alloy magnesium alloys is dependent on the current densities on
their surfaces as shown in Figure 73. The efficiency of the standard alloy is
higher than the efficiency of the high potential alloy. Thus, the high
potential alloy should only be used when its higher driving potential is
required (usually in soil resistivities above 12,000 ohm-cm). For design
purposes, 50 percent is used for the efficiency of both types.
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7.8.1.3 Potentials. The open circuit potential of the standard alloy is
approximately -1.55 V versus copper/copper sulfate. The open circuit

potential of the high potential alloy is approximately -1.75 V versus
copper/copper sulfate.

7.8.1.4 Sizes. Magnesium anodes are available in a wide variety of sizes
and shapes as shown in Tables 12 through 17. In addition to the sizes shown,
magnesium alloy anode material is available as a "ribbon" anode which consists
of a 10-gauge steel wire surrounded by standard alloy magnesium 3/8 by 3/4

inch. nagnesium ribbon anodes are used in situations such as inside casings

L2 0" _ - s A e I 1 P N R

limited, or to protect small diameter utility

where the space available i

rahlae
wEAW A D .

wn

7.8.1.5 Current Qutput. Current output from magnesium anodes should be
determined from the formulae in para. 7.4.2 or by field measurement as
described in para. 7.4.3.

7.8.1.6 Backfill. For soil installations, the use of backfill is highly
desirable and is required in all cases. Composition of typical backfill
material for use with magnesium anodes is given below:

Gypsum 75%
Bentonite 20%
CAadlecen CQ..1 L6 [
oUuUlulll ouilL4ale =y

Anodes are available in prepackaged permeable cloth bags filled with prepared
backfill. Prepackaged anodes are commonly supplied with an outer impermeable
wrapping such as plastic. The impermeable wrapping must be removed from these
anodes prior to installation.

7.8.2 Zinc. Zinc anodes are commonly available in weights from 5 pounds
to 250 pounds in the form of plates, bars, and rods as described in Tables 18
through 21. Zinc is also available as ribbon anodes in 5/8- by 7/8-inch; 1/2-

nc
by 9/16 inch, and 11/32- by 15/32-inch sizes, each with a 1/10 inch- diameter
galvanized steel wire core. Zinc anodes are most commonly used in immersion
service either in fresh or salt water. They are, however, occasionally used
in the protection of buried structures when special circumstances are
encountered. Two zinc anode compositions are commonly available. They are a
standard alloy formulated for use in fresh water and soil and an alloy
qnpritﬂ'lv formulated for use in seawater The composition of these n'|1nve is

given in para. 7.8.2.1.

1=
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Table 12
Standard Alloy Magnesium Anodes - Standard
Sizes for Use in Soil

AIMIS L dd S MEV eSSl bwi\WVil

WEIGHT SIZE PACKAGED PACKAGED SIZE
(1b) (in.) WEIGHT (1h) (in.)
Fess N ’ N\ 7
3 I3 x3x5 8 5.25 x 8
5 3 x3x8 13 5.25 x 11.25
g 3x 3 x 14 27 5.25 x 20
10 1.5x15x 70 - -
12 4 x 4 x 12 32 7.5 x 18
16 2 x2x 60 - -
17! 4% 4x17 45 7.5 x 24
17 3 x 3 x 28 - -
32 5x 5 x 20-1/3 68 8.5 x 28
40 3 x 3 x 60 - -
S0 Sx5x 31 - -
50 7x7x 16 100 10 x 24
50 8 x 16 100 10 x 24
60 4 x 4 x 60 - -
IMost common size used.
NOTE: Core material for soil anodes is a
galvanized, open pitch, spiral-wound strip
270 2annl 3eandAdn AL amataw 313N 1 /’)=‘nnk
J/ U= A4A1I1CIL L1LI1DLUT Ulauciecl \4LWy, L/ &7 2Ll
outside diameter (od). Connecting wire for

soil anodes is a 10-foot length of
single-strand No. 12 American Wire Gage
(AWG) thermoplastic waterproof (TW)
insulated copper wire, silver-soldered to
the core with the joints sealed against
moisture. Special connecting wires or

[
N
=)
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Table 13
Standard Alloy Magnesium Anodes - Standard
Sizes for Use in Water
WEIGHT SIZE TYPE OF CORE
(1b) (in.)

20 x 3.5 x 26 3/4-in. diam galvanized pipe core,
flush ends.

50 7x7x16 Threaded 3/4-in. diam galvanized
pipe extending 1 inch both ends,
flush ends optional.

50 7 x 16 1/2-in. diam galvanized eyebolt core.

50 16 3/4-in. diam galvanized pipe core,
fiush ends

50 8 16 1/2-in. diam galvanized eyebolt core

100 7 x 32 3/4-in. diam galvanized pipe core,
flush ends.

100 7x7 x 32 1/2-in. diam galvanized eyebolt core.

100 R «~» 29 A/h-4n Al am onlwvani{oad nina ~rara

AUV v H L Jl“' 4Lk Al GlM baLVBlILhUU P-Ly‘; UL,
flush ends.

100 32 1/2-in. diam galvanized eyebolt core.

Table 14

SIZE TYPE OF CORE

{in.)
4 x 8x8 3/4-in. bolt
2 x9x 18 1/4- x 2-in. straps
4 x 9 x 18 1/2- x 2-in. straps
7 %9 x 18 3/4-in. bolt
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Table 15
Standard Alloy Magnesium Anodes - Elongated
WEIGHT SIZE PACKAGED PACKAGED SIZE
(1b) (in.) WEIGHT (1b) (in.)
1 1.32 x 12 6 3 x 15.5
3 2.35 x 10.5 10 4 x 14
5 2.63 x 14 14 4.5 x 18
9 2.49 x 28 37 5 x 33
17 2.86 x 40 60 5.5 x 46
32 3.75 x 44 96 6.5 x 50
50 4.58 x 46 120 7 x 52
Table 16

High Potential Alloy Magnesium Anodes - Standard
Sizes for Soil and Water

JEIGHT SIZE PACKAGED PACKAGED SIZE
(1) (in.) WEIGHT (1b) (in.)
3 3,75 x 3.75 x 5 12 6 x 10
5 3.75 x 3.75 x 7.5 17 6 x 12
9 2.75 x 2.75 x 26 35 6 x 31
9 3.75 x 3.75 x 13.25 27 6 x 17
12 3.75 x 3.75 x 18 36 6 x 23
14 2.75 x 2.75 x 41 50 6 x 46
14 3.75 x 3.75 x 21 42 6.5 x 26
17 2.795 x 2.75 x 50 60 6 x 55
17 3.75 x 3.75 x 26 45 6.5 x 29
20 2.5 x 2.5 x 59.25 70 5 x 66
24 4.5 x 4.5 x 23 60 7 x 30
32 5.5 x 5.5 x 21 74 8 x 28
40 3.75 x 3.75 x 59.25 105 6.5 x 66
48 5.5 x 5.5 x 30 100 8 x 38
48 8 x 16 100 12 x 25
60 4.5 x 4.5 x 80 - -

NOTE: Core material is a galvanized 20-gauge

perforated steel strip. Anodes longer than
24 inches have a 9-gauge core. The

connecting wire is a 10-foot length of
solid No. 12 AWG TW insulated copper wire,
silver-soldered to the core with joints
sealed against moisture. Special wires or
other lengths are available.
122
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Table 17
Standard Alloy Magnesium Anodes - Standard
Size Extruded Rod for Water Tanks
and Water Heaters

WEIGHT PER SIZE TYPE OF CORE
FOOT (1b)
0.36 0.75-in. diam x 1 ft to 20 ft 1/8-in. diam steel rod
0.45 0.84-in. diam x 1 ft to 20 ft 1/8-in. diam steel rod
0.68 1.05-in. diam x 1 ft to 20 ft 1/8-in. diam steel rod
1.06 1.315-in. diam x 1 ft te 20 ft 1/8-in. diam steel rod
1.50 1.561-in. diam x 1 ft to 20 ft 1/8-in. diam steel rod
2.50 2.024-in. diam x 1 ft to 20 ft 1/8-in. diam steel rod
Table 18
Zinc Anodes - Standard Sizes
for Underground or Fresh Water
WEIGHT NOMINAL
(1b) SIZE (in.)
5 l.4x1.4x9
18 1.4 x 1.4 x 36
27 1.4 x 1.4 x 48
30 1.6 x 1.4 x 60
30 2 x 2 x 30
50 2 x 2 x 48
60 2 x2x 60
NOTE: Core for standard anodes shown is 1/4-inch
diameter electrogalvanized mild steel rod
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Table 19
Zinc Anodes - Special Sizes for
Underground or Fresh Water

WEIGHT SIZE (in.) LENGTH (in.)
(1b/in.)
2.3 3x3 6 to 60
4.2 4 x 4 6 to 60
6.5 Sx5 6 to 48
12.8 7 x7 6 to 36
21.0 9x 9 12 to 24
26.0 10 x 10 9 to 24
NOTE: Core is 1/4-inch diameter electro-
galvanized mild steel rod. Also available
in 3/8-inch, 1/2-inch, or 5/8-inch
diameters
Table 20
Zinc Anodes - Standard Sizes
for Use in Seawater
WEIGHT (1b) SIZE (in.)
S 1.25 x 3 x 9
12 1.25 x 3 x 12
24 1.25 x 6 x 12
50 2 x 2 x 48
150 4 x 4 x 36
250 9 x 9 x 12
250 4 x 4 x 60

NOTE: The 24-pound and smaller anodes have
galvanized steel mounting straps. The
50-pound size has a 3/8-inch diameter

galvanized steel rod for core. Larger
sizes have 3/4-inch or 1-iﬁch diameter
galvanized steel pipe cores
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Table 21
Special Sizes for Use

Zinc Anodes -
in Seawater

WEIGHT SIZE (in.) LENGTH (in.)
(1b/in.)
0.5 l.4x1.4 6 to 60
1 2 x2 6 to 60
2.3 3x3 6 to 60
4.2 4 x 4 6 to 60
6.5 5x5 6 to 48
12.8 7 x 7 6 to 36
21.0 9 x 9 9 to 24
23.4 9 x 10 9 to 24
26.0 10 x 10 9 to 24

NOTE: A variety of cores are available with the
different sizes.

7.8.2.1 Composition. The compositions of the standard zinc alloy and the
alley formulated for use in seawater are given below:

Element Standard Alloy! Seawater Alloy?

Aluminum 0.005% max 0.10 - 0.50%

Cadmium 0.003% max 0.025 - 0.15%

Iron 0.00014% max 0.005% max

Lead 0.003% max 0.006% max

CAanema s Nn NNEwy _ ___

vuppelr - V.UVJAs HdX

Silicon - 0.125% max

Zinc Remainder Remainder
!Specification ASTM B-148, Type II
“Specification ASTM B-148, Type I; or MIL-A-18001H
7.8.2.2 Anode Efficiency. The theoretical anode consumption for zinc is
N2 [ 4 1L . /A PRp—, = == be B Xy 1 Py | S, — — A S rary 1 = 271 N\ Y o - J
23.5 lbs/A yr or 372 ampere hours per pound (A hr/lb). The efficiency of zinc
is greater than that of magnesium. The efficiency of zinc is commonly 90
percent to 95 percent regardless of current output. For design purposes, 90
percent is used for the efficiency of zinc.

7.8.2.3 Potentials. The open circuit potential of both commonly used zinc

anode materials is -1.10 V in most soils or natural waters. The relative

potential between zinc and iron is dependent upon temperature At

temperatures above ambient, the potential difference between the two materials
r otential ¢ Te
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above 140 degrees F. Zinc should not be used to protect steel in such cases
as hot water heaters.

7.8.2.4 Sizes. Both standard alloy and seawater type zinc anodes are
available in a wide variety of sizes and shapes. Anodes used in soil usually
have a galvanized mild steel rod core. This core is attached to the anode
cable during installation of the anode. In both fresh water and seawater
applications the anode is often attached directly to the structure to be
protected by welding or bolting the steel rod, pipe, or strap core to the
structure. When suspended in water, the core is extended by welding on a
steel extension. For suspended systems, the use of a cable continuity bond is
recommended to insure that the resistance between the anode and the structure
is minimized. Sizes and shapes of commercially available zinc alloys for
cathodic protection are given in Tables 16 through 19. In addition, zinc
ribbon anodes 5/8 by 7/8 inch weighing 1.2 pounds per foot (lb/ft) for
seawater use are available. Two sizes of zinc ribbon anodes are available in
the standard alloy: 1/2 by 9/16 inch weighing 0.6 1b/ft, and 11/32 by 15/32
inch weighing 0.25 1b/ft. All three of these commercially available zinc
ribbon anodes have a 1/10-inch steel core.

7.8.2.5 Current Qutput. The current output of zinc anodes may be
determined either by the calculations outlined in para. 7.4.2 or by field
measurements as described in para. 7.4.3. When used without backfill, zinc
anodes can become covered with nonconductive corrosion products which can
reduce their current output. Seawater alloy anodes are specially formulated
to reduce this tendency in seawater. When used in soil containing high levels
of oxygen, carbonates, or phosphates, backfill should be used with zinc anodes
in order to reduce the possibility of the buildup of these corrosion products.

7.8.2.6 Backfill. Two typical compositions of backfill used with zinc
anodes in soils are given below:

Material Type 1 Type 2
Hydrated gypsum 75% 50%
Bentonite 20% 50%
Sodium sulfate 5%
7.8.3 Aluminum. Aluminum sacrificial anodes are a more recent

development than either zinc or magnesium alloys. Their primary use is in the
protection of structures in seawater. However, there is a potential for their
use in fresh water or in soil. When the original anodes used are aluminum
alloy and their performance has been satisfactory they should be replaced with
anodes of the same type. Early formulations of aluminum alloys for use as a
sacrificial anode contained mercury. While the amount of mercury contained in
the alloy is small, the mercury tends to concentrate in the anode stubs which
remain after the bulk of the anode has been consumed. Precautions should be
taken during removal of the stubs, especially by methods which generate heat,
to prevent mercury poisoning. Mercury containing aluminum alloy anode stubs
must be disposed of properly.
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7.8.3.1 Composition. The compositions of most aluminum alloy anodes are
proprietary. Typical compositions of three proprietary alloys are given
below:

elow
Element Tvpe T Tvne IT Type III
Zinc 0.35% - 0.50% 3.5% - 5.0% 3.0%
Silicon 0.10% max - 0.1%
Mercury 0.035X - 0.048% 0.035X - 0.048% -
Indium - - 0.015%
Aluminum Remainder Remainder Remainder

The Type I alloy is formulated for submersion in full strength seawater. The
Type II alloy is formulated for use when the anode may become immersed in
bottom sediments. The Type III alloy is formulated for use in bottom
sediments, full strength seawater, or in brackish water.

7.8.3.2 Anode Efficiency. Type I aluminum anodes have a consumption rate
of approximately 1,250 A hrs/1b or 6.8 1lbs/A yr. Type II aluminum anodes in
bottom sediments have a reduced efficiency and a consumption rate of
approximately 770 A hrs/1b or 11.4 1bs/A yr. Type III aluminum anodes have a
consumption rate of approximately 1,150 A hrs/lb or 7.6 1lbs/A yr

7.8.3.3 otentials. potenti al of Type I and Type II aluminum anodes is
-1.10 V versus copper/co pp r sulfate. Type III anodes have a slightly higher
driving potential of -1.15 V versus copper/copper sulfate

7.8.3.4 Sizes. Aluminum alloy anodes have been developed primarily for the

protection of marine structures. They are available in a wide variety of
sizes and shapes as shown in Tables 22 through 26. The bracelet anodes
described in Table 24 are shown in Figure 74. These bracelet anodes are used

for the protection of submerged pipelines and may also be used on pipe

nildnos
PLiiiigsS.

7.8.3.5 Current Qutput. The current output of aluminum anodes can be
determined either by the calculations outlined in para. 7.4.2 or by field
measurements as described in para. 7.4.3. The current output for some sizes
of aluminum anodes is provided by anode manufacturers and is calculated using
an assumed structure potentiai of -850 mV versus copper/copper sulfate and an
environmental resistivity of 20 ohm-cm. These values should be considered as
estimates only and should be verified by calculations of tests.

7.9 Other System Components

7.9.1 onnect Wires. Proper selection of cable size, type of
insulation, and routing is necessary for proper and reliable system operation.
Only copper cables should be used in any cathodic protection installation.
High connection resistances and difficulty in making welded connections
associated with the use of aluminum wires precludes their use in cathodic
protectio

[
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Table 22
Aluminum Pier and Piling Anodes - Standard Sizes

L

w_l
Yy I o l
£ r~\ _——— g e = s = = = — T I/ — \I |n!-.. Atheeaica
(@) TYPE “E”"—-EYEBOLT CORE H H I viees vinsiwise
l spemﬁed,h follow-
- ing steel core size wil
i‘—s‘:—’i ________ TYPE “R"—-ROD - ———— — _"_ 6” -.l be iuﬁpiiea,
| | Type “E'"'—2” Eyebolt
ll___ | EE— Type “P"—STD 3/4” Pipe
l _ ] Type “R"'—~Y2” Dia. Rod
=3 —>|--————— TYPE“P"—PIPE— — ——— —— fe—3"—>|
ANODE NO. NOMINAL LENGTH WIDTH HEIGHT CORE TYPE
WEIGHT (1b) (in.) (in.) (in.)
A-240 240 24 10 10 E, P, or R
A-175 175 36 7 7 #
A-120 120 12 10 10 "
A-120-1 120 24 7 7 "
A-120-2 120 48 5 5 "
A-100 100 60 4 4 "
A-90 90 18 7 7 "
A-90-1 90 36 5 5 "
A-60 60 12 7 7 "
A-60-1 60 24 5 5 "
A-60-2 60 38 4 4 "
A-30 30 34 3 3 "

NOTE:

All dimensions and weights shown are nominal.
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Type I Aluminum Alloy Anodes - Standard Sizes
for Offshore Use

CORE |
TYPE | " Y _.| w |
| € vy i
A | e eyl Gsmm— @ ]
LY -T-
le Le
- —~y SECT. Y-¥
B* T LT T LT LT T s o o T T
I 4 1I_”
. 2
le
- . = A
o - T TS L T o T—o/,-
Cand CT i T
IJ 1’6"
e X > C—CORE —CT
! -2 TYPE
* TYPE B-GUSSETS OPTIONAL SECT z.z
Anode Net o L . . Steel Core
No. Al Kt.
Type Schedule
A 375 325 6-1/2" x 6-172" | 8* | 10* | - A 2" schedule 80 pipe
A B75 7285 9-1/2" x 9-1/2" | 8' | 10' | - A 4" schedule 80 pipe
B 385 325 6-1/2" x 6-1/2" | 8' | 10" | ~ B 2" schedule 80 pipe
B 910 725 9-1/2" x 9-1/2" | 8*' | 10" | - B 4" schedule 80 pipe
Internal Legs-Pipe
C 360 325 6-1/2" x 6" 8 77 | 5 c 2" x 2" x 1/6" angle 2" schedule 80
C 6405 370 6-172" x 6-1/2" | 8° 77 | B c 2" x 2" x 1/6" angle 2" schedule 80
CT 840 728 9-1/2" x 8-1/2" | 8' 77 | B cT "T" 4" D, x 5-1/6" W. | 4" schedule 80
(STGHF )
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Table 24
Type II1 Aluminum Alloy Anodes for Offshore Use

TYPE __ lw La I T T N I I
7 &~ Ty B D R Al
A - —-— - - - C-CC-ZCoC-oZ—T—=CofF/ B ]
L e Loy
il —~y SECT. Y-Y
H 1
B* | ——— oz T
U =
- |
,‘ —— L L P
T T T T ... ——T=/2-
CandC T I T
"t al - s _——TX
I I+ I |
- > C—CORE—CT
! X -z TYPE
. TYPE B. .
TYPE B Gussersoe:moml et orn. Stoo! Core SECT. Z-Z
Anode | Output | Net Nominal Steel Core
as PN RO, I La | Le X Legs-Pipe
nO. (amps ) Al RT. XN
Type Schedule
A 420 4.75 365 8" x 8" 5| 7 A 2-1/2" schedule 80
B 442 4.75 365 8" x 8" s ] 7|7 |8 2-1/3" schedule 80
C 406 &.75 365 8" x 7-i/¢" 5 L) z: C 3" x 3% x 1/4% Z2-1/2% schedule 80
A 469 5.33 408 8" x 7-1/2" é6'| 8 A 2-1/2" schedule 80
B 492 5.33 408 8" x 7-1/2" [ N 8 8’ B 2-1/2" schedule 80
C 453 5.33 408 8" x 7™ 6'} 5* | 3| c 3 x 3" x 1/4" 2-1/2" schedule 80
A 519 5.9 450 8" x 7-1/2" 7’| 9 A 2-1/2" schedule 80
B 542 5.90 450 8" x 7-1/2" 77| ot o' | B 2-1/2" schedule 80
C 503 5.90 450 8" x 6-1/2" 7] 6" |a' | c 3" x 3" x 1/4" Z-1/2" schedule 80
A 567 6.45 490 8" x 7" 8'| 10 A 2-1/2" schedule 80
B 590 6.45 490 8" x 7 8'| 10" [10' | B 2-1/2" schedule 80
C 548 6.45 490 8" x 6-1/2" 8 7 5 C 3 x 3" x 174" 2-1/2" schedule 80
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Table 24 (continued)
Type III Aluminum Alloy Anodes for Offshore Use

Steel Core
Anods | Output | Nt Nominal ta Le x i
Mo. ltampe) a1 we. o Lega-Pipe
Type Schedule
A TO0 7.0 535 8" x 7-1i/2" $'y 1i’ A %" acheduis 50
8 745 7.2 L343 ar x 7-172" o't 11" 11*'1 B 4" achedule 20
C &30 7.0 535 8" x 6-1/2" 9 8’ é' [ o4 " x B" x 1/64" 4" schedule 80
A 752 7.5 572 8" x 7-1/2" 10'}| 12 A 4" schedule 80
B 797 7.5 572 8" x 7-1/2" 10| 12*' | 12" B 4" schedule 80
C 673 7.5 572 8" x 6" 10’ 9 7 c 3" x 5" x 1/6¢" 4" schedule 80
A 80% 8.0 614 8" x 7-i/2" i1ty i3 A %" scheduls 80
B as4 8.0 €16 ar x 7-1/2" 111 12 1121 B 4" schedule 20
C 720 8.0 616 8" x 6" 11*'] 10 8' (o " x 8" x 1/6" 6" schedule BO
A 930 5.4 825 12" x 12" 5 7 A 4" schedule 80
B 975 5.4 825 12" x 12" 5 7 7 B %" schedule 80
C 896 5.4 825 12" x 11" 5’ %' 2’ c 3" x 5" x 1/4" 4" schedule 80
A 1025, &.© 215 jiI2" x 11" s 8' A %" schedule 80
B 1080 | 6.0 015 li2m » 11" 'l a1l al n 4" schadule 80
C 993 6.0 915 12" x 10-1/2" 6’ 5 3 Cc 3" x 5" x 174" 4 " schedule 80
A 1135 6.5 1000 12" x 11" 7' 9 A 4" schedule 80
B 1180 6.5 1000 12" x 11" 7' 9 9 B 4 schedule 80
C 1085 6.5 1000 12" x 10" 7 6’ LY (o " x B" x 174" 4" schedule 80
A 1288 7.0 1080 12" x 11" 8'l 10 A §" schedule 820
B 1350 7.0 1080 12" x 11" 8'| 10' |10 B 5" schedule 80
C 1211 7.0 1080 12" x 9" 8' 7' 5 [of 3-1/72" x 6" x 5/16" | 5" schedule 80
A 1409 7.7% 1180 12" x 10" 9't 11’ A 5" schedule 80
B 1471 7.75% 1180 12" x 10" 9'| 11" j11° B 5" schedule 80
C i3zi 7.75 ii80 iz¢ ¥+ 9° 8 é* C 3-1/72" x 6" x 5/18" | 5" schedule 80
A 15091 B8.25 1260 12" x 10" 10' ] 12 A §" achedule 80
B 1572 | 8.25 1260 | 12" x 10" 10°1 12° 112'I B 5" schedule 80
C 1411 8.25 1260 12" x 9" 10 9’ 7 [~ 3-1/2" x 6" x 5/16" | 5" schedule 80
A 1618 8.8 1348 12" x 10" 11'}] 13° A 5" schedule 80
B 1680 | 8.8 1348 | 12" x 10" 11| 13* 13| B 5" schedule 80
C 1508 | 8.8 1348 | 12" x 97 11°| 10° 8'] C 3-1/2" x 6" x 5/16” | B schedule 80
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Table 25

Aluminum Alloy Hull Anodes - Standard Sizes

(Types 1, II, and III)

r w i
CAT. NO. | = =N\ |
G-1-20H Y Ay 4 Y W
1%~
WT./ANODE |l
. )5
NOM. DIMENSIONS e ”e-
24" x5 x2%"
CURRENT RATING v~ / N\ |
4 AMPERE—YEAHD ey — 3-SR TStk . N
—-I ebe— | t*- Ty-
" = |
e IEIE/ 4 A \DDIJL
wm”
WT./ANODE \ [ J ) -
NOM. DIMENSIONS ta 24"

24" x 57 x 1'%,”

CURRENT RATING
3 AMPERE-YEARS

CAT. NO.
G-2-15H

WT./ANODE
15v2"lbs.

NOM. DIMENSIONS
21" x5 x1%”

sinale lonaitudinal stran
single longitudinal strap

1My~

—=fw— —=hute— )
(1] ]
H 1 &
e H ~ \
( ) -
10
N /J\ |
o n
]

21%”
- |
lﬁ I N\ 1%
[ =1"R - L hY
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Table 26
Aluminum Alloy Bracelet Anode - Standard Sizes

NUMBER OF NOMINAL PIPE
SEGMENTS DIAMETER
(in.)
4 20 - 36
4L or 6 30 - 36
6 30 - 54
6 or 8 40 - 54
8 40 - 72

The maximum arc length of each segment ranges

yuc
from about 14 inches to about 27 inches.

Each segment has embedded in it as least one
circumferentially oriented steel core.

7.9.1.1 Determination of Connecting Wire Size and Type. As the currents in
sacrificial anode cathodic protection systems are usually quite low, the size
of conductors is normally more a function of mechanical strength than of
resistance. In systems where sacrificial anodes are used as distributed

anodes along the protected structure and are connected to a collector wire,
the collector wire size should be No. 10 AWG. No. 12 AWG wire is the minimum
size that should be used on individual anodes.
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As connecting wires in sacrificial anode cathodic protection
systems are themselves cathodically protected, insulation is not as critical
as in portions of impressed current cathodic protection systems. Type TV,
Type RHW-USE, or polyethylene insulation may be used. Anode lead wires should

never be used to suspend, carry, or install the anode. Anode cables are
commonily No. 12 AWG with Type TW insulation. Unless otherwise necessary, other
connecting wires should be No. 12 AWG solid copper for single anodes.

When currents larger than 1 A flow in any portion of a sacrificial
anode circuit, the most economic wire size should be determined using the
methods outlined in para. 6.7.1.4. Instead of the cost of power used in the
determination of economic wire size for impressed current cathodic protection

-

sys‘tems, the cost of additional anodes to overcome the resistive iosses should
ne

)
)
7]
r

"h
t
r o

7.9.2 Connections and Splices. Wire splices and connections (refer to
para. 6.7.2) should be kept to an absolute minimum and the type of connection
used should have both low resistance, high reliability, and good resistance to
corrosion. Connections should be made using either exothermic or mechanical

connections (refer to para. 10.6). Insulation of underground connections
should be made by using encapsulation in epoxy or insulation with hot coal-tar
enamel followed by wrapping with pipeline felt. Above grade connections, such
as in test stations, are usually mechanical connections and should be
carefully taped in order to prevent corrosion due to the entry of moisture

a) The following connections are required for sacrificial anode
systems:

/'\
\/
(@]
[«)
o
(¢]
ct
b
[¢]

(2) Connection between cable and anode (usually factory made
or connection is attached to cast-in-core)

(3) Necessary bonds and test wires

The need for additional connections and splices should be carefully evaluated.
As in the case for impressed current systems, the location of all necessary
splices and connections should be specifically shown on the design drawings.
The need for additional splices and connections should be determined by the
designer of the system and not left to the discretion of the installer.

7.9.3 Bonds and Insulating Jojnts. Bonds and insulating joints are
required for some sacrificial anode cathodic protection systems. Guidelines
presented in paras. 6.7.4. and 6.7.5 should be used for all bonds and
insulating joints

7.9.4 Test Station Location and Function. The most common type of test

station used in sacrificial anode cathodic protection systems is the current-
potential test station shown in Figure 75. In this test station, the anode
lead wire is connected to the structure lead using a 0 01 ohm resistor (shunt)

e S A A A A" b I yTO Y s T T TTT AT T T T T T [ A R TR TAR1TTr 1
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be used as a spare if the primary structure connection is damaged. Test
stations for sacrificial anode cathodic protection systems can either be of
the flushmounted or above grade type as described in para. 6.7.3. If

flush-mounted test stations are used, the soil exposed in the bottom of the
tect station can be uged to measure the gtructure-t e]ectrolyt,:g pgt.:entiglg

LEOSLT Svavali Lall T =~ =LaRLCLRLE LeLEBCLELO

Location of such test stations directly over the structure is often
advantageous as any IR drops due to current flowing through the soil are
minimized. Other test stations used in sacrificial anode cathodic protection
systems are: the potential test station, the soil contact test station, the
line current (IR Drop) test station, the insulating joint test station, the
casing insulation test station, and the bond test station. These test
stations are identical to those described in para. 6.7.3.

7.9.5 Backfill. The use of backfill in soil applications for the types
of anode materials used in sacrificial anode cathodic protection systems is
described in the section on each anode material. When prepackaged anodes are
used, the impermeable wrapping must be removed from these anodes prior to

installation.

No. 12 AWG
Potential Current Shunt

Test Wire ///
\ 4

\\\er//,No. 12 AWG Anode Lead Wire

No. 12 AWG
Connection -
\\\\ Wire
K\_//) Exothermic Welds
@
Structure B
&
Figure 75

Current-Potential Test Station
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Section 8: TYPICAL CATHODIC PROTECTION SYSTEMS

R 1 Diacrame of Cathodic Protection Svetame In F‘{g\ifnc 76 t roug Qﬁ’
Cox W 411 DApuUitS /U LUHIOUERH U
typical cathodic protection system installations are shown. Features of these

designs may be applicable to he design of similar systems‘with similar
applications.

Note: The design for each specific application

[
w
~J
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Figure 76
Typical Building Underground Heat and Water Lines
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Figure 77
Impressed Current Point Type Cathodic Protection
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Figure 78

Galvanic Anode Type Cathodic Protection for Coated

Underground Sewage Lift Station
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POTH e
Positive ~  Negative Return Cable from
Collector Cables k\/S'eel Pile Network
Suppiying DC N
to Anodes \

. "\
Typical Massive A e )l/"/
Qainforcad Concrata Pt

TWIwOw WV TSI

Foundation :

l ]>\ ‘“Yu : il,

L~ i

l
| %
| urg I\
Hollow Steel Piles, 16" Diometer, ‘/[ | HSCBCI| Anodes Placed
Supporting Foundations ——————am| | Between Piles and 2'

Below Bottom of
Foundation, Each Anode
Protecting Two Piles

Figure 81
Cathodic Protection of Foundation Pile

0

Rectifier /./ '

.,

Xl TN

w X/ ,

Thermit Weld
*
\
<€

Negative Leod
to Tank

Reciifier

Figure 82
mpressed Current Cathodic Protection for Existing On-Grade Storage Tank
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Thermut Welq_, \(,/ — [~ ~ N Anode - Installed
Negative Cable / 7 T . \_~ Horizontally

To Tank \q )(\
I, 100 ' \ \‘
Q

./‘7~Anode Header
/ ,

Cable

Rectifier Tank
+5 “\_/,‘ Gr;de
\
N O\ ¥ a\)
R Anode 4'
N\
\ e e—

Anode l‘@er Cable

Figure 83
Impressed Current Cathodic Protection with Horizomtal
Anodes for On-Grade Storage Tank - New Installation
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Figure 84

On-Grade Fresh Water Tank Using Suspended Anodes
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together to produce lengths 7-1/2 feet long.
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Figure 85

Open Water Box Cooler
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1.315" dia. steel cored magnesium
Horizontal tanks only support anode - thread 1" NPS one end
anode with 1/2 section of 2"
pipe x 3" welded to head /

W) <)
~ O N\ )
7 N

\/
Section A-A

VY ws e fw by

Y%\ { 1-1/4" xIHy 1/2 Coupling
. Welded to Head
A

-
LA

1" Plug

| [Sanacceee
/

Anode with/Steel Core

\
1]

1" x 1-1/4" Red. Bushing

SN

Figure 86
Horizontal Hot Water Tank - Magnesium Anode
Instailation
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Figure 87
Impressed Current Cathodic Protection System for
Sheet Piling for Wharf Construction
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Figure 88
Suspended Anode Cathodic Protection for H-Piling in Seawater
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Figure 91
Elevated Fresh Water Tank Using Suspended Anodes
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Cathodic Protection of Tanks using Rigid
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Figure 93
Cathodic Protection of Hydraulic Elevator Cylinders
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Hydraulic Hoist Cylinder
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Section 9: CATHODIC PROTECTION SYSTEM DESIGN EXAMPLES

5.1 Introduction. The following examples illustrate the application of
the design principles outlined in Sections 4, 6, and 7. They are intended to
illustrate the design methods to be uged and are not standard designs. 1In

these examples, interference to or from foreign structures is not considered.
In practice, the design should be based upon field measurements whenever
possible and not on calculated estimates. In some examples, more detailed and
rigorous calculations than actually required are presented for illustrative

purposes. Shorter, more simplified calculations would give equally applicable
estimates, but should only be used once the basic concept of the process is

understood. It must be remembered that all cathodic protection system designs
make many assumptions, such as uniform environmental resistivity, which may or

may not prove to be true When the system is installed, it will require
adjustment and possible modification in order for effective protection to be
achieved. In congested areas, interference problems are often difficult to
correct and optimum levels of protection may not be practically achieved. 1In

such cases, cathodic protection will reduce the incidence and degree of
. n e

Twelve examples are provided:
a) Elevated steel water tank.

b) Elevated steel water tank where ice is expected.

w

tanl ocag main
LS = — § 6GD ma iLil.,.

d) Natural gas distribution system.
e) Hot water storage tank.

f) Underground steel storage tank.

g) Steam heat distribution system.

h) Aircraft multiple hydrant refueling system.

i) Steel sheet piling in seawater (galvanic anodes).
j) Steel sheet piling in seawater (impressed current).
k) Steel H piling in seawater (galvanic anodes)

1) Steel H piling in seawater (impressed current).

9.2 Elevated Steel Water Tank. This impressed current design is for a
tank that has not been built; hence, it is not possible to determine current
requirements, etc., by actual measurement. Calculated estimates are used.

b
w
w
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2.1 Design Data

a) Tank capacity - 500,000 gallons
b) Tank height (from ground to bottom of bowl) - 115 feet

amatay af tanlk - S faatr
SamT L-Ta Vi vauis Y ATEw

[¢]
N

(=]

e

35 feet

d) High water level in tank

e) Overall depth of tank - 39 feet

. 19 £ _ .
ne - 11 1eev

]
A
<
[,])
lad
cr
(2
(¢l
]
r-l
[
L)
=l
@
[
(=]
o)
@
(30

g) Riser pipe diameter - 5 feet
h) Shape of tank - Ellipsoidal, both top and bottom

i) All internal surfaces are uncoated

/Et?

) Naci m
] Le81 oo/

] on
J &t

k) Electric power available 120/240 V ac, single-phase
1) String-type HSCBCI anodes are used

m) Design life - 10 years

n) Water resistivity - 4,000 ohm-cm

o) Tank water must not be subject to freezing

p) Assumed deterioration rate - 1.0 lbs/A yr

a) Anode aefficioncyv (accimad) - 50 narcent
q) Anocde elficiency (assumeg) 2L percent
.2.2 Computations

a) Area of wetted surface of tank bowl (see Figure 97):
{1) Top section (T):

AT =~ 2 @ rx (approximate)

where
r = 28 feet (radius of tank)
x = 10 feet
AT = 2 x 3,1416 x 28 x 10 f£¢?
AT = 1759 ft?

[
wn
(22}
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Figure 97
Segmented Elevated Tank for Area Calculations

(2) Center section {C):
A = 2mrh
c
where
r = 28 feet (radius of tank)
h = 11 feet
Ac - 2 x 3.1416 x 28 x 11 ft?
A = 1,935 ft?
c
(3) Bottom section (B):
Ag = J2 Trl/a + 1
where
r = 28 feet (radius of tank)
a = 14 feet
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.= J2 3.1416 x 28 /14 + 28

2. Nno2
-~ v i1% T [LO

A, = 3,894 ft?
{(4) Therefore:
AT - 1,759 ft?
AC = 1,935 f¢?
Ag - 3,894 ft?
(5) Total = 7,588 ft? (wetted area of tank bowl).

b) Area of riser pipe:

Agp = 2mry hy

r. = 2.5

I~
[
[}
"t
”~~
-1
»
R
| by
7
.}
-”
1
by
n
D
*
N’

R
h, = 115 feet (height of riser)
AR = Z x 3.1416 x 2.5 feet x 115 feet
AR = 1,806 ft?

c¢) Maximum design current for tank:

I, = 2.0 mA/ft? x 7,588 ft?

d) Maximum design current for riser:
I, = 2.0 mA/ft? x 1,806 ft?
I_. = 3,612 mA or 3.6 A

e) Minimum weight of tank anode material:

W = YSI/E
where
W = weight of anode material
v —_ Annd e 120
i = uUesipil 11lice
S = anode deterioration rate
I = maximum design current
E = anode efficiency

[
w
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Y = 10 years

S « 1.0 1bs/A yr

E = 0.50

i = 15.2 A

¥ = 10x101x152/0.50 1b
U = 304 pounds

f) Minimum weight of riser anode material:

W = YSIJE

where
Y = 10 years
S = 1.0 1bs/A yr
I = 3.62A
E = 0.50
W = 10 x 1.0 % 3.62/0.50 1b
W = 72.4 1b

g) Radius of main anode circle:
r = (DN)/2(W+N)
where

D = 56 feet

N = 10 (assumed number of anodes)
r = 56 x 10/2(3.1416 + 10)

r = 560/26.28

r = 21.3 feet, use 22 feet

(1) Circumferential spacing:

Ny

¢ = (27r)/N
where
r = 22 feet (radius of anode circle)
N = 10 (assumed number of anodes)
C = 2 x 3.1416 x 22/10
C = 13.8 feet, use 14 feet
(2) Cord spacing is approximately the same as circumferential
14 feet will be used (see Figure 98)

[
wn
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i
Anode Spacing for E

i) Selection of main anodes:

(1) Size of anode units selected is 1-1/8-inch outside
diameter by 3/4-inch inside diameter by 9 inches long. This is a standard
sausage-type anode that weighs 1 pound, and has an effective surface area of
0.25 ft?,

(2) The minimum number of anode units per anode string, based
on a required weight of 304 pounds and 10 anode strings is computed as
follows:

number of units = 304/(10 x

1) = 30.4; say 31 units per strin

(3) Because the internal tank surfaces are uncoated, a maximum
structure-to-electrolyte voltage is not a limiting factor. However, because
it is desired to hold the anode current at or below the manufacturers

recommended discharge rate of 0.025 A per anode for this type anode, the
minimum number of ancdes will be 15.2 A/10 x 0.025 A = 60.8. Use “ anodes
per string. This number of anodes per string is not practical for the bowl

since the distance between the anode hanger and the bottom of tank is only 28
feet. Table 27 shows the maximum recommended current discharge per anode for
various types of anodes to ensure a 10-year minimum life. Using type B anode,
three anodes per string are required. The manufacturer does not recommend
more than two type B anodes per string assembly because of their fragile
nature. Therefore, the best choice of anode for the main anode strings is
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type C or type CDD. Type CDD is recommended because the lead wire connection
is protected longer by the thicker wall of the enlarged ends. Two type CDD
anodes per string provide a current capacity of 2 A x 10 strings = 20 A.
These anodes are spaced as shown in Figure 99.

NOTE: The anodes chosen in this example were
chosen to show the analogy that must be
used in designing cathodic protection.
With the advent of newer center comnnected
tubular anodes, anode type TAFW, 2-3/16
inch by 8 inch, weighing 4.3 pounds each,
should be used instead of CDD anodes.

Table 27
Technical Data - Commonly Used HSCBCI Anodes
ANODE WEIGHT ANODE MAX. AREA MAX. CURRENT
TYPE SIZE (in.) (1b) DISCHARGE (ft?) DENSITY
(A) (A/ft?)

TA-FW 2-3/16 x 8 4.3 0.025 0.22 0.1
Fw! 1-1/8 OD x 9 1 0.025 0.2 0.1
Fc? 1-1/2 x 9 4 0.075 0.3 0.25
G-2 2 0D x 9 5 0.100 0.4 0.25
G-2-1/2 2-1/2 x 9 9 0.20 0.5 0.40
B34 1 x 60 12 0.50 1.4 0.36
c 1-1/2 x 60 25 1.00 2.0 0.50
cop? 1-1/2 x 60 26 1.00 2.0 0.50
M3 2 x 60 60 2.5 2.8 0.9
SM 4-1/2 x 60 20 10.0 5.5 1.8
K-6 6 x 2-1/2 16 0.225 0.5 0.45
K-12 12 x 3-7/16 53 0.80 1.0 0.80
B-30 1 x 30 7 0.25 0.7 0.36
TA-2 2-3/16 x 84 46 6.4 4.0 1.6

1

For elevated fresh water tank.
2For distributed system in ground trench.
3Each end enlarged with cored opening for wire.

“Not more than 2 anodes per assembly.
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(4) Anode current density is computed as follows:
Output = 15.2/2 x 10 x 2 = 0.38 A/ft?
j) Resistance of main anodes
R = (0.012P log D/a)/L

where

P = 4,000 ohm-cm

D = 56 feet

L=2x5 feet = 10 feet

a =44 x 0.275 = 12,1 feet (0.275-equivalent diameter

factor from curve) (see Figure 100)

R = (0.012 x 4,000 log 56/12.1)/10

R = 48 log 4.628/10

R = 3.19 ohms
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(1) However, the /é ratio of two 1-1/2-inch diameter by
60-inch long anodes in tandem is less than 100 and thus the fringe factor must

be used.

L/d = (2 x 60)/1.5
L/d - 80 < 100
(9) Th Frinoa factar fram surva Fioura 101 carrecnondine to
\LI ALIS ‘-LL‘I&" e A WA de e VR WAL V% & ‘bu..‘ T A vv‘&v“rv‘.v‘llb -\
his L/d ratio is 0.95.

R (adjusted) = 3.19 x 0.95
R = 3.03 ohms

k) Stub anodes:

(1) In the design of an elevated water tank, the need for stub
anodes must be justified. The main anode radius has been calculated to be 22
feet. The main anodes are spaced to provide approximately the same distance
from the sides and the bottom of the tank. The main anodes will protect a
length along the tank bottom equal to 1-1/2 times the spacing of the anode

from the bottom.

(2) The anode suspension arrangement for the tank under
consideration is shown in Figure 99. Thus, it can be seen that stub anodes

are required for this de sign. Ten stub anodes are arranged equally spaced on
a circumference that has a radius of 8 feet in a manner illustrated in Figure
98. For smaller diameter tanks, stub anodes may not be required.
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1) Current division between main and stub anodes:

(1) Area of tank bottom protected by stub anodes (see

Figure 99):

where
9\
\&«/
(3)
(4)

m) Rec
L

2.2 . p2

2

tn

]
»
-

-
S’

»
[

2 13 feet (radius of protected segment)

3.1416 (169 - 6.25)
3.1416 x 162.75
stub

anodes:

Maximum current for

I_=15.2 - 1.02

voltace rating:
ltage ratin g:

Electrical conductor to main anodes.

Wire size No.

0.159 ohm/1,000 feet (refer to Table 10), estimated length 200 feet:

—~
ro
~r

where

(3)

R = 200/1000 x ©0.159 = 0.032
Uoltage drop in main anode feeder:
E = IR

I =14.2 A

R = 0,032 ohm

E = 14.2 x 0.032

E=0.45V

165

2 AWG,
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where
I =-14.2 A
R = 3.03 ohms
E=14.2 x 3.03
E=43.0V
(L) Tatal waltace Aran in mafn anada ~{ircoudit
\+) aftaas VOitage GITPp ili maailli aNiCGe TiIduac

ET = 0.45 + 43.0

E, = 43.45 or 45 V

Use a multipiying factor of 1.5, or 67.5 V.

(5) The nea
L2) e nesa

r Yeila
above requirement is a single-phase, 80-V unit,

n) Selection of stub anodes. Because it is desirable to use as
small an anode as possible without exceeding the manufacturers recommended

Output = 1.02/(10 x 0.03) = 0.34 A/ft?

Because this exceeds the recommended maximum anode current density (refer to
Table 27), the type B anode is the best choice.

where
P = 4,000 ohm-cm
D = 56 feet
L =5 feet
a =16 x 0,275 = 4 .4 feet (factor from Figure 100)
R = (0.012 x 4,000 log 56/4.4)/5
R = 48 log 12.73/5
R = 48 x 1.105/5
R = 10.6 ohms
L/d = 60/1 = 60<100
Frin factor from curve Figure 101, 0.90 R (adjusted) = 10.6 x

p) Voltage drop in stub anode circuit:

(1) Electrical conductor to stub anodes. Wire size No. 2 AWG,
0.159 ohms/1,000 feet (refer to Table 10), estimated length 200 feet:
D = /90N /71 NNNY +« N 1580 = N N2 Al
0n \‘UV/L,UVV} A V.dALJI7 & V.VJIL UL
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(2) Voltage drop in stub anode feeder.

E=-1IR

......

wlcClLC
I1=-1.02A
R = 0.032 ohm
E=1.02 x 0.032
E=0.033V

(3) Voltage drop in anode suspension conductors. Estimated

length 50 feet, No. 2 AWC (refer te Table 10), 0.159 ohms/1.000 feet:
R = (50/1,000) x 0.159 = 0.008 ohm
E = IR
where
I1=1.02/10 =0.102 A
R = 0.008 ohm
E=1.02 x 0.008
E = negligible
(4) Voltage drop through stub anodes:
E - 1IR
where
I =-1.02A
R = 9.54 ohms
E=1.02 x 9.5
E=9.73V
(5) Total voltage drop in stub anode circuit.
E, = 0.033 + 9.73
I S
E.=9.76 V
T 7

(6) Since the stub anode voltage is below the 45V calculated
for the main tank anode circuit, the necessary current adjustment can be
accomplished through a variable resistor in the stub anode circuit.

q) Stub anode circuit variable resistor:

(1) Criteria for variable resistor. The resistor should be
capable of carrying the maximum anode circuit current and have sufficient
resistance to reduce anode current by one-half when full rectifier voltage is
applied to the anode circuit

p—l
o
~4
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(2) Stub anode circuit data:
Rectifier output = 80 V
Anode current - 1.02 A
Anode resistance = 5.54 ohms
(3) Variable resistor rating:
R = E/I
where
E=80V
I =1.02/2 or 0,51 A
R = 80/0.51
R = 156.9 ohms

Ohmic value of resistor = 156.9 - 9.54 = 147.4 ohms
Wattage rating of resistor, (1.02)? x 147.4 = 153.4 W

o tha ohaus
ize EGEtius tne above
r

r) Resistance of riser anodes. 1In order to get the maximum
desired current in the riser (3.62 A), the resistance limit is calculated as
follows:

R =E/1I
where
E=43.45V
I =3.62A
R = 43.5/3.62
R =12.0 ohms

(1) Type FW (1-1/8-inch by 9-inch) string type anodes cannot
be used in the riser because the maximum anode current discharge of 0.025 A
per anode would be exceeded. The number of type FW anodes required would be
ntinuous throughout the riser. This is excessive. The best choice

1 +

riser SCrlng is the cype G-2 (L inch [2)4 §- 1ncn) nlgn-

o
o
%
]
3
Q.
0
=}

(2) Number of units required:

R = (0.012P log D/d)/L
L = (0.012P log D/d)R

168
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where
= 4,000 ohm-cm
= 5 feet
= 2 inches or 0.166 feet
= 12 ohm

s

(0.012 x 4,000 log 5/0.166)12
= (48 x log 30.1)/12

- (48 x 1,479)/12

= 5.92 feet

Hrrr®aoy
]

Number of units = 5.92/0.75 = 7.9 or 8 units

der to get proper current distribution in the riser pipe, the anode units
should not be placed too far apart. t is generally considered that each
anode unit protects a length along the riser pipe equal to 1-1/2 times the

spacing of the anode from the riser pipe wall.

h D
L4 | 4
1 i

Riser height = 115 feet

Spacing (center of anode to tank wall) = 2.5 feet

Length of riser protected by one anode = 1.5 x 2.5 = 3.75 feet
Number of units required = 115/3.75 = 30.7 or 31 units.

To satisfy the maximum anode discharge current for a G-2 anode:
3.62 A/0.1 amp = 36
Therefore, 36 anodes are needed instead of 31 or 8.
(3) Anode resistance based on the use of 36 anode units:
R = (0.012P log D/d)/L
where

= 4,000 ohm-cm

= 5 feet

= 2 inches or 0.166 feet

36 x 9 inches = 324 inches or 27 feet
~- (0.012 x 4,000 log 5/0.166)/27

= 48 log 30.1/27

= 2.63 ohms

rs

e

oA~ ol ~ Pl = -
L]

L/d ratio for the riser anode string is 324/2 or 162; thus no
fringe factor correction is applied.

t) Voltage drop in riser anode circuit:

(1) Electrical conductor to riser anodes. Wire size No. 2
AWG, 0.159 ohms/1,000 feet (refer to Table 10), estimated length 200 feet:

R = 200/1,000 x 0.159 = 0.032 ohm

[
[+
\O

SESE AR
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Voltage drop in riser anode feeder:
E = IR

I=-3.62aA

R = 0.032 ohm

E - 3,62 x 0.032

E=20.116 V

Voltage drop in riser anode suspension cables. Wire size

0. 2 AWG, 0.159 ohm/1,000 feet (refer to Table 10), estimated length 130

R =130/1,000 x 0,159 = 0,02 ohm

E = IR

I =3.62/2 = 1.81 A average (single current does not
flow the full length of the anode string)

R = 0.02 ohm

E=1.81 %002

E=0.06V

Voltage drop through riser anodes:

E = IR

I =-3.62A

R = 2.63 ohms

E=3.62x 2.63

E=9.52V

Total voltage drop in riser anode circuit

E. = 0.116 + 0.04 + 9.52

E.=9.69V

1. = -

£ _
C Lor tne
e

re

e
" et

-~ S
eria
tor

n

Riser anode circuit data:

Rectifier output, 80 V
Anode current, 3.62 A
Anode resistance = 2.6

+ 0.03Z + 0.02 = 2.68

W
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(3) Variable resistor rating:

R = E/I
where
E=80V
I =3.62/2 =1.81 A
R - 80/1.81
R = 44.2 ohms

Ohmic value of resistor = 44.2 - 2.68 = 41.5 ohms.
Wattage rating of resistor = (3.62)® x 41.5 = 543.8 W

(Resistor should reduce anode current by one-half when full rectifier voltage
is applied.)

The nearest commercially available resistor size that meets the
above requirements is a 750-W, 50-ohm, 3.87-A resistor. This rheostat is 10
inches in diameter and 3 inches in depth, and fairly expensive. This rheostat

will not fit into most rectifier cases. In addition, the power consumed by
the rheostat is considerable. This power creates substantial heat that may
damage components within the rectifier case unless adequate ventilation is
provided. The problems associated with using a large rheostat can be
eliminated by using a separate rectifier for the riser anodes. Although
initial cost may be slightly high, power savings will be substantial and

Anmngn 'h}r 'hnnf' u{ll be avcided_

v) Sizing rectifier for riser:
(1) Requirements:

dc current output = 3.62 A
Anode circuit resistance = 2.68 ohms
dc voltage required = IR = 3.62 x 2.68 E = 9.70 V

(2) Rectifier rating. Standard ratings for a rectifier in
this size class are 18 V, 4 A.

w) Rectifier dc rating for bowl. Voltage output as previously
determined, 80 V. Current rating is 15.2 A. The nearest commercially
available rectifier meeting the above requirements is 80 V, 16 A.

<

Xx) Wire sizes and types. All positive feeder and suspension
cables (rectifier to anodes) must be No. 2 AWG, HMWPE insulated copper cable.
To avoid complication, the negative rectifier cable (rectifier to structure)
must be the same size and type (see Figure 102).

y) Discussion of the design:
(1) The design points out the disadvantages of achieving

corrosion control through cathodic protection without the aid of a protective
coating. When the interior of a tank is coated, the current requirement is

171
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reduced from 60 to 80 percent. On large tanks without coating, larger size

and more expensive anodes, wire, and rectifier units must be used. In

addition, the power consumed by the uncoated tank is far greater. These

additional costs usually exceed the cost of a quality coating system over a
f i

10-year period. Corrosion above the water line of a water storage tank is
usually severe because of the corrosive nature of condensation. For this
reason, protective coatings must be used above the water line on both large
and small water storage tanks to mitigate corrosion.

Junction Box
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Figure 102

= TOo

Elevated Steel Water Tank Showing Rectifier and Anode Arrangement
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(2) For further assistance and guidance in the design of
cathodic protection systems for elevated cold water storage tanks, see Figures
102 through 104.

(3) The HSCBCI anodes were selected for this particular design
purely for illustrative purposes. It does not mean that this material is
superior to other types of anode material. Other acceptable anode materials
include aluminum and platinized titanium or niobjium. With the advent of newer
tubular center connected anodes, the designer should choose these anodes over
the end connected in most cases because of their higher current capability and
longer life.

(4) For this design, silicon cells should be specified for the
rectifier that protects the bowl and selenium cells should be specified for
the rectifier that protects the riser. Silicon cells operate more efficiently
at high dc output voltages than selenium cells do but require elaborate surge
and overload protection. This protection is not economical in the low power
consuming units. A guide for selection of rectifying cells is as follows:

Use silicon cells for single-phase rectifiers operated above 72 V dc or
three-phase rectifiers operated above 90 V dc. Use newer nonaging selenium
for single-phase rectifiers operated below 72 V dc or three-phase rectifiers

operated below 90 V dc.

9.3 Elevated Water Tank (Where Ice is Expected). Impressed current

cathodic protection is designed for an elevated water as shown in Figure 105.

The tank is already built, and current requirement tests have been made.

Arnandace misat At ha ocrvianan AnA Fram +tha +tanl +anf hanaiiaea
NDIIVUTO MUO LV 1LIiVLWL wToT auayc‘lucu AL VU LT Gl AVVLA , vewauoo

feet thick) covers the water surface during winter. The weight of this ice
could not be tolerated on the anode cables, so another method of support is
used. Button anodes must be mounted on the floor of the tank and lightweight
platinized titanium anodes must be suspended in the riser from the tank
bottom.

haawrr $ra fyin A 2
neavy 1C8 (Up ¢ &£
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Figure 103
Hand Hole and Anode Suspension Detail for Elevated Water Tank
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Figure 104
Riser Anode Suspension Detail for Elevated Water Tank
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Figure 105
Dimensions: Elevated Steel Water Tank
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Design Data

a)

b)

(¢]
~

h)

i)

Tank height (from ground to bottom of bowl) - 37 feet

Tank diameter - 24 feet
High water level in tank - 34.5 feet

Overall depth of tank - 34.5 feet
Vertical shell height - 22.5 feet

Riser pipe diameter - 4 feet

All internal surfaces are uncoated

Current required for protection - Bowl-7.0 A, Riser-1.0 A

Y ) .

Electrical power available - 120/240 V

Design life 15 years

Water resistivity - 4,000 ohm-cm

Computations

ac

3

s1n

gle phase

a) Minimum weight of button anode material required for tank:
W = YSI/E
where
Y = 15 years
S = 1.0 1bs/A yr
I=-7.0A
E = 0.50
W /18 o 1 N e 7T NI/INI/ND BN
W= (10 X 1.VUX /.U/Uju.ov
W = 210 pounds

b) Number of

tank anodes.

N = 210/55 = 3.82 (use 4 anodes)

176

Button anodes weigh 55 pounds:
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¢) Minimum weight of riser anode material required for riser:

W = YSI/E
where
Y = 15 years
S = 1.32 x 10-5 1bs/A yr
I=-10A
E=0.50
W= (15 x 1.32 x 10-5 x 1.0)/0.50
W = 3.96 x 10* pounds
d) Number of riser ancdes. Platinized titanium wir 0 l-inch
diameter, 3 feet long, with 0.001-inch-thick platinum over titanium will be
used for each anode. The weight of platinum on each anode is 8.8 x 103

pounds:
N = (3.96 x 10%)/(8.8 x 10°) = 4.5 (use 5 anodes)

e) Location of anodes (see Figure 106):

are mounted on the base of the tank at a
distance of 1/4 the tank diameter (6 feet) from the center. They are mounted
on metal angles and plates welded to the tank bottom; polyethylene insulation
is required to separate the anode from the metal mounting. Riser anodes are
suspended in the center of the riser pipe, spliced to a No. 4 AWG cable. The
top anode is placed 1 foot from the tank base. The remaining four anodes are

spaced at 4-foot intervals.

(2) Each button anode has its own No. 8 AWG, 7-strand copper
cable (HMWPE) run in conduit to a resistor box mounted at eye level on a tank
leg. The riser anode’s one No. 4, AWG, 7-strand cable is run in conduit to
the resistor box. If required to get proper current output, a resistor must
be installed in the riser anode circuit at the time of rectifier sizing. The
rectifier must be sized once the anodes are installed and must be mounted at

eye level adjacent to the resistor box.

.4 teel Ga in. Impressed current cathodic protection is designed
nch welded gas main shown in Figure 107. This pipeline is not
so measurements may not be made.
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Button Anode Locations
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\ X
\
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Y ! ‘\Tc% Ancds Wirs 4o C
Anode—{.”?
Cable
.!_“g— Splice in Epoxy Resin
Factory U
Button Anode/‘_\'/ ;r:sfglled
N YSPolyethylene
‘/ E!ﬂ, \ ,/
L Hi N\ &

'@~ Steel Plate, Weld to End of Angle

|_- Polyethylene
271 Steel Plate

E;_Coble-to-Anode Connection,

.': = Brazed and Coated with Epoxy

Angie Piate
A4 ae -~
Mounting —

— Pipe Welded to Angle

- Water=-Tight Seal

T'.'Anode Cable
Button Anode Mounting
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\
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Figure 106
Cathodic Protection for Tanks Using Rigid-Mounted
Button-Type Anodes and Platinized Titanium Wire
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Above-Grade
Tank ~a,

Four 2 Inch Dia.
x 60 Inch Long
HSCBCI Anodes in —

\7{ '/‘\
100’
Carbonaceous Backfill

No. 2 AWG,HMWP \

Conductor
Single Phase, 115-Volt AC Rectifier,
Rated ot 8 Amp,, 8 Volts DCs  Mount
Rectifier on Pole Adjocent to Electrical
Distribution System

6800 Feet
Coated 6 Inch

Welded Steel
@ Gas Main

Insulating Joint

«a— Pumphouse

Figure 107
Cathodic Protection System for Gas Main

179




Downloaded from http://www.everyspec.com

9.4.1 esign Dat
a) Average soil resistivity, 2,000 ohm-cm.
b) Pipe size, 6-inch outside diameter.

c) Pipe length, 6,800 feet.

d) Design for 15-year life,.

e) Design for 2 mA/ft*® of bare pipe.

;]
~r

Decion for 90 nercent nnnf‘lng n‘FFin‘lnnny bhased on ex

g) The pipeline must be isolated from the pumphouse with an
insulating joint on the main line inside the pumphouse.

h) HSCBCI anodes must be used with carbonaceous backfiil

i) The pipe ig coated with hot-applied coal-tar enamel and
holiday checked before installation

k) Electric power is available at 120/240 V ac, singie phase, from
a nearby overhead distribution system.
9.4.2 Computations

a) Outside area of gas main:

Pipe size - 6 inches (nominal)
Pipe length - 6,800 feet
Pipe area - 6,800 x 1,734 = 11,791 f¢t?

A AapT Gaiva -~

()]

b) Area of bare pipe to be cathodically protected based on 90
percent coating efficiency:

1 x0.1
<

£a2
L

A =11

A
A =

.-l [l
~d N
W O

1
c) Protective current required based on 2 mA/ft? of bare metal:

I =-1,179 x 2
I =2,358 mA or 2.36 A

d) Ground bed design:

”~~

1) size, 2-inch x 60-inch (backfilled 10-inch x
84-inch), spaced 20 feet apart.
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(2) Resistance of a single anode to earth:

4
R, L K
where
P = earth resistivity, ohm-cm
K = shape function (refer to para. 6.2.1.4a)
L = backfilled anode length
where
P = 2,000 ohm-cm
L = 7.0 feet
K = 0.0167 (refer to para. 6.2.1.4a)
L/D = 84 inches/10 inches backfill size
Rv = 2,000 x 0.167/7.0 ohms
R. = 4.77 ohms
v

(3) Number of anodes required. It was stated in the design
data that the anode bed resistance is not to exceed 2 ohms. Anode size used
is 2-inch diameter x 60 inches long with carbonaceous backfill having overall
dimensions of 10-inch diameter x 84 inches long and spaced 20 feet apart:

R = (I/mR, + Pp/S

where
Rn = anode bed resistance
= number of anodes
Rv = single anode resistance
Ps = earth resistivity with pin spacing equal to §
p = paralleling factor (refer to para. 6.2.1.4b)
S = spacing between adjacent anodes
where
R = 2 ohms
n
R. = 4.77 ohms
v
Ps = 2,000 ohm-cm
S = 20 feet
NOTE: p is a function of n as referred in para. 6.2.1.4b) and n
is the number of anodes which are determined by trial and
error.
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Try n = 4 anodes,

p = 0.00283 (refer to para. 6.2.1.4b)
4 = 4.77/(2-0283)

4 = 4.77/1.717

4 = 2.78 (not very close)

Trv n = 3 anodes,.
Iry n 3 anodes,

p = 0.00289 (refer to para. 6.2.1.4b)
3 =14.77/(2-0.289)

3 =4.77/1.711

3 =2.75%

This is the closest possible. 1In order to keep total resistance
below 2.0 ohms, use 3 anodes.

(4) Actual resistance:
Rn - (1/n)Rv - Psp/S

R, = (1/3)4.77 + 2,000 (0.00289)/20

3 =
R3 =1.59 + 0.29
R3 = 1.87 ohms which is below 2.0

(]
A
3
[#]
ct

(1) Weight of anode unit, 60 pounds (size 2 inches x 60
inches)

(2) Total weight = 3 x 60 = 180 pounds

Ly}
~

eoretical life

W = YSI/E
Rearranging gives

-y . 1m

Y = WE/SI

[
[:]
oS
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tage rating.

2.08 ohms.

R, =2.0+0.080 = 2.08 ohms:

Circuit resistance,
E=2.36 x2.08V
E=4.9 0or 5.0V
E=50x1.5=8.0V

Rectifier rating

)

(3) Voltage rating:

(2

h)
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(4) The commercial size rectifier meeting the above
requirements is 115-V, single-phase, selenium, and full-wave bridge type unit
having a dc output of 8 A, and 8 V.

i) Rectifier Location. Mount the rectifier at eye level on a
mnmavata mAala adlanac;mt o aem mesd nbldan aernmbhiand ATanmntwdaanal Aol d e marm b nom
STparave pulc UJG\-CIIL LU a J\Lbl—&ll& VveELIICaU TiCLlLililal yidLiivuLiLiVILL a_yb\.cul
9.5 Gas Distribution System. Galvanic cathodic protection is designed

for a gas distribution system in a housing area as shown in Figure 108.

®
e
3
®
g
3/4%g F 3/4Y i'g
4 2 |
1-1/24 3 1-1/2"
Phiiip Street
2" y 2” l"
1", d o i {’ s
‘ AN e A San -_— ~ s b |
Vad [~ J/‘ “ J/‘ -
= a iy
= Hollywood St, o <
IEEIIHEZIIRES > [
1"gllo | (0| _-a= s o
Al ARG HEES 1-1/2% r L
& J Quincy| Street
—.. 2!‘/ ]ll_/. l”/
: 1-1/2" 1-1/2"| bp
Lofayette Streat ol
" m m Piping is Coated and Wrapped,
>
3/4f Y ,’ b3 ¥ ’ Screwed Connection. Blocks
* Are 300 Feet Square.

Figure 108
Layout of Gas Piping in Residential District
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9.5.1 Design Data
a) Average soil resistivity, 4,500 ohm-cm.
b) Design for 90 percent coating efficiency, based on experience.
c¢) Design for 15-year life.
d) Design for 2 mA/ft? of bare pipe.
e) Packaged type magnesium anodes must be used.

f) Insul nr{nc c

coupli
are electrically 1solat from

r d on all gervice taps. The maing

ing e 1 aps
all other metal structures in the area.

- n

g) All pipe was precoated at the factory and wrapped with asbestos
felt. The coating was tested over the trench for holidays and defects
corrected. The coating is considered to be better than 99.5 percent perfect
at the time of installation.

9.5.2 Computations

a) Total outside area of piping:

Pipe Size Pipe Length Pipe Area Area of Fipe

fie £ EeN /€62 /13~ £o0 7E£62 N

\4ii1. ) \+L) \4ibC /41111 LUy \LtL )

3 600 0.916 550

2 1,500 0.622 933

1-1/2 1,800 0.499 898

1 2,400 0.344 826

3/4 3,900 0.278 1,084
Tatal area of nine i ft2 4 292
lotal area of pipe 1in ft

b) Area of bare pipe to be cathodically protected based on 90
percent coating efficiency:

c) Maximum protective current required based on 2 mA/ft? of bare

metal.
I =2 x 429
I =858 mA or 0.858 A
4) VWeight of ancde material required based on maximum current
requirement and 15-year life

W = YSI/E
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Y = 15 years

S - 8.8 1bs/A yr

I =0.858 A

E = 0.50 efficiency

W= (15% 8.8 x 0.858)/0.50 pounds
W = 227 pounds

It should be noted that the 227 pounds are based on an output current of 0.86
A for the full design life of the cathodic protection system, 15 years.

Strictly speaking, this is not the true condition, because current output
following a new installation is much iess due to the high coating efficiency.
The average current requirement at first may be as low as 0.03 mA/ft* of pipe

PNy
aLca.

e) Current output of a single 17-pound standard packaged magnesium
anode to ground:

[
1
Q)

ty/P

(@]
1

120,000, constant for well-coated structures using
magnesium

f = 1.00, (refer to Table 3)

y = 1.00, (refer to Table &)

P = 4,500 ohm-cm

i = 120,000 x 1.00 x 1.00/4,500
i =26.7 mA

Because the structure is well coated, the anode spacing is
relatively great. Therefore, the "multiplying factor for magnesium anode
groups" (refer to Table 5) is not used.

£) Number of aneodes (n).

where

= 858 mA
26.7 mA

- 858/26.7
32.1 (use 32 anodes)

- I ]
|

3
1

g) Anode distribution:

(1) Area of pi

<
]
T
]
<
ct
(]
¢]
ct
o

A = 4,288/32
A = 134 ft? /anode

Fﬂ
(4]
($))



9.6

Downloaded from http://www.everyspec.com

(2) Division of anodes:
Pipe Size Pipe Area Pipe Length Number of Anode
{(in.) (fe*) (ft) Anodes (£
3 550 600 4 150
2 933 1,500 7 214
1-1/2 898 1,800 7 257
1 826 2,400 6 400
3/4 1,084 2,900 8 362
Total number of anodes 32

Black Iron. Hot Water Storage Tank.

Impressed current cathodic

protection is designed for the interior of a black iron, hot water storage
tank shown in Figure 109.

’
Y
£

Watertight Connector for

Cable, Male Hub 1/2" X

Reducer, 3" Male to /SN \
1/2" Female ~~__ [ ?J \l
000 Gallon Hot Water Tank PR i /
' Long x 46" Diameter -\ J /

d

\

)

v
N\

— T' 3 4+
/ l 1’ spllgg /'I \ ; lank WOH)
/ l l | \ Weld 3" Pipe
[ § _HsceC! | [ | | Coupling to Tank
{ I Anode | | | wall
\ ’ i v . |/
\-2. ) : ‘ z % - + Rectifier
1 -
l E___J
\\\\\\\\\\\\\\\\\\\\\\\
| WA W L U U N N YR Y W M R O R vy

Figure 109

Cathodic Protection for Black Iron, Hot Water Storage Tank
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™o
a

O
[oA)
-
i

gn
a) Tank capacity, 1,000 gallons.

b) Tank dimensions, 46 inches in diameter by 12 feet long.
¢) Tank is mounted horizontally.

d) Water resistivity is 8,600 ohm-cm with a pH value of 8.7.

e) Tank interior surface is bare and water temperature is
maintained at 180 degrees F (82.2 degrees C).

f) Design for maximum current density of 5 mA/ft? .
8 vears.

vears.
h) Use HSCBCI anodes.

i) Alternating current is available at 1i5 V ac, single p

O
[ A)
N
C’
C
c
(o
(7]
ct
pebe
C)

a) Interior area of tank:

A, = 2rr: + wdlL

where
r = 1.92 feet
d = 3.83 feet
L = 12 feet
AT = 2 x 3.1416 x (1.92)* + 3.1416 x 3.83 x 12
AL = 167.5 ft?
b) Maximum protective current required:

I =167.5 x5
I = 838 mA or 0.84 A

c¢) Minimum weight of anode material for 5-year life:

"T h ol
= YSI/E

Y = 5 years

S = 1.0 1bs/A yr

I = 0.84 amp

E = 0.50 efficiency
W=25x1.0x 0.84 pounds/0.50
W = 8.4 pounds
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d) Number of anodes required. Anode size of 1-1/2 inches in
Al amatav her O Jdamnabhnan Tawmae cond bdo o mmesemde cmml o maTamsad an el e
“dliaciolr vy 7 111UHEDS 1Vl wel lll.lls ‘0 pU Nia8 €eacn 18 seiecCced S LII® muS L
suitable size. 1In order to get proper current distribution, three anodes are
required.

R = 0.012ZP log (D/d)/

where
P = 8,600 ohm-cm
D = 3.83 feet, tank diameter
d =1-1/2 inches or 0.125 foot, anode diameter
L = 9 inches or 0.75 foot, anode length
R =0.012 x 8,600 log (3.83/0.125)/0.75
R =103.2 x log 30.64/0.75
R = 103.2 x 1.486/0.75
R = 204.5 ohms

This resistance must be corrected by the fringe factor because they
are short anodes. The fringe factor is 0.48 from the curve in Figure 101 for
an L/d = 9/1.5 = 6:

R = 204.5 x 0.48
R = 98.2 ohms

f) Resistance of 3 anode group:

n Q
n o

[
~~
()
<
o3
<4
~~
"y
b
T
N’
~

n v

where

n = number of anodes
D . emam o d oo ey P R R R PR Py g PN PrROUpEg. [pis
!\v Ledlils>sid ILB’LU'ELCLLLULyLC UL 4a b.l.llslt: al1iouce
P = electrolyte resistivity

p = "paralleling factor" (from para. 6.2.1.4b)
S = spacing between anodes (feet)

R = 1/3(98.2) + (8,600 x 0.00289/4)

=]

n

K
n

20 o2 L ___
= J0.74 onms

g) Rectifier rating:

(=24

(1) E =1IR
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where

- 0.8 A

= 38.94 ohms
= 0.84 x 38.94
- 327V

motm X

(2) To allow for rectifier aging and film formation, it is
considered good practice to use a 1.5 multiplying factor.

E=1.5%x32.7=49.1V

(3) The nearest commercially available rectifier size meeting
the above requirements is a 60-V, 4-amp, single-phase unit.

h) Rectifier location. Locate the rectifier adjacent to tank for
the following reasons:

(1) Usually cheaper to install.
(2) Easier to maintain.
(3) Keeps dc voltage drop to a minimum.
i) dc circuit conductors:
(1) External to tank: Use No. 2 AWG, HMWPE.
(2) Interior of tank: Use No. 8 AWG, HMWPE.
No stressing or bending of the cable should be permitted.
9.7 Underground Steel Storage Tank. Galvanic cathodic protection is
designed for an underground steel storage tank as shown in Figure 110. The
tank is already installed and current requirement tests have been made.
9.7.1 Design Data
a) Tank diameter, 12 feet.
b) Tank length, 40 feet.
c) Design for 80 percent coating efficiency, based on experience.
d) Design for 15-year life.
e) Current requirements, 0.7 A.
f) Packaged, 17-pound standard magnesium anodes must be used.

g) The tank is adequately insulated from foreign structures.
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Grade
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.~ Underground Steel Tank —
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Figure 110
Galvanic Anode Cathodic Protection of Underground Steel Storage Tank
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9.7.2 Computatjions
a) Minimum weight of anodes required for tank:

W = YSI/E

B E MmN
[}
o
U~

b) Number of magnesium anodes:
N = 184.8/17 = 10.9 (use 12 anodes for symmetry).

Anodes are placed as shown in Figure 110.

9.8 Heating Distribution System. Impressed current cathodic protection
is designed for a well coated buried heating distribution system as shown in

Figure 111. The distribution system has not yet been installed, so current
requirements, etc., cannot be made. Rectifier size need not be calculated,
because it is sized in the field after installation of anodes.

(o} [+] 1 ™n_ _. 2 Y ™o
J.0.1 U lg“ vat
a) Average soil resistivity, 1,000 ohm-cm.

b) Design for 80 percent coating efficiency, based on experience.
c) Design for 4 mA/ft? of bare metal heating conduits.

PR n Thnd ennd o -
a) Ground bed resistance must not exceed 1.5 ohms

f) Design for 15-year life.

g) Insulating joints must be provided on both steam and condensate
lines at the first flange connection inside of all buildis

h

1) All conduit must be metallically bonded to

manhole.

i) All conduit is precoated at the factory and at no time is it
holiday-checked.
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Section 1
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N y d
TQ‘B" Condensate Section 3 | ot i 1
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Figure iil
Impressed Current Cathodic Protection for Heating Conduit System

Computations

a) Total outside area of conduit. Because the gauge of the metal
from which the conduit is fabricated ranges between 14 and 16, the outside
diameter of the pipe is comsidered to be the same as the inside diameter.

(1) Steam conduit:
Conduit Size Conduit Length Conduit Area Area of Conduit

(in.) (fv) (ft* /1lin ft) (fe?)

14 1,700 3.67 6,239

12 1,125 3.14 3,533

1,525 2.62 3,996
Total area of steam conduit 13,768
(2) Condensate return conduit:
Conduit Size Conduit Length Conduit Area Area of Conduit

(in.) (ft) (ft? /1in ft) (fe*)

8 1,700 2.09 3,5
6 2,650 1.57 4 161
Total area of condensate return conduit 7,714
Total ocutside area of all conduit 21,482
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b) Area of bare pipe to be cathodically protected based on 80
percent coating efficiency:

c) Maximum protective current required based on 4 mA/ft’ of bare

metal:
I =4,296 x 4
I =17,184 ma or 17.2 A
AN Mavimiim wadaoht AF anada matavrial Far 18 wvanre 1{fa-
-y AlGNALIMNIN WO A KILIL UL GALIVUES ImGaLTili ial AV & CaiLd AAAC .,
(1) Graphite anodes are used.
(2) Average deterioration rate of graphite is 2.0 mA/ft?
(3) Maximum weight of anode material required:
J = VST /R
w L\JL/U
where
Y = 15 years
S =2.0 mA/ft?
I=17.2 A
E = 0.50 efficiency
Wa=15%x2.0x 17.2/0.5 pounds
W = 1,032 pounds
9.8.3 Groundbed Design

h by 60-inch (backfilled 10-inch by 84-inch)
c

R. = PK/L
where
P - 1,000 ohm-cm
L = 7.0 feet (backfilled size)
K = 0.0167, L/d = 8.4 (refer to para. 6.2.1.4 a)
R, = 1,000 x 0.0167/7.0
R_= 2.39 ohms

<
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c) Number of anodes required. The low resistance (2.39 ohms) of a
single anode and the large weight of anode material required (1,032 pounds)
for a 15- year 1ife indicate that the Cﬁﬁtrﬁllxﬁg factor is the amount of anode

material, not ground bed resistance. The minimum number of anodes required
is:

N = 1,032/25 = 41.3 or 41 anodes

These are arranged in a distributed ground bed as shown in Figure

111 based on the following estimates:
d) Anode distribution:

(1) Area of conduit in sections 1 through 6:

Section Length (f¢t) e t?
i 1,760 3,553 + 6,239 = 9,792
2 sS00 785 + 1,310 - 2,095
3 1,125 1,766 + 3,533 = 5,299
4 350 550 + 917 = 1,467
5 400 628 + 1,048 = 1,676
6 275 432 + 721 = 1,153
(2) Area of conduit protected by one anogde:
A = 21,482/41
A = 524 ft? /anode
(3) Division of anodes:
Section 1 - 9,792/524 = 19 anodes
Section 2 - 2,095/524 = 4 anodes
Section 3 - 5,299/524 = 10 anodes
Section 4 - 1,467/524 = 3 anodes
Section 5 - 1,676/524 = 3 anodes
Section 6 - 1,153/524 = 2 anodes
9.8.4 Rectifier location. Locate the rectifier in front of the
administration building as shown in Figure 111. The rectifier is sized after
anodes are installed.
9.9 Aircraft Multiple Hydranr Refueling Svstem. Galvanic cathodic
protection is designed for a standard aircraft hydrant refueling system as
shown in Figure 112. This design is for a system not yet installed.
9.9.1 Design Data
a) Average soil resistivity is 5,000 ohm-cm
b) Design for 90 percent coating efficiency, based on experience.

c) Design for 15-year life.

-
0
un
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d) Design for 1 mA/ft? of bare pipe after polarization.

e) Magnesium packaged type anodes must be used.

f) System is adequately insulated from foreign structures.

g) All pipe was mill-coated with hot applied coal-tar enamel and
wrapped with asbestos felt. Coating was tested over the trench for holidays,

and defects were corrected. Coating is assumed better than 99.5 percent
perfect at installation.

9.9.2 Computatjions. (See Figure 112)

a) Total outside area of liquid fuel piping serving the hydrant
refueling area:

Pipe Size (in) Pipe Lengt t Pipe Area (ft?/ft)
3 (defueling header) 2 x 293 = 586 586 x 0.916 = 537
6 (defueling return) 90 90 x 1.734 = 156
8 (refueling header) 2 x 293 = 586 586 x 2.258 = 1,323
10 (supply line) 90 90 x 2.814 = 253
6 (hydrant laterals) 3 x 960 = 2,880 2,880 x 1.734 =~ 4,995
Total area of POL pipe in ft? 7,264

b) Area of bare pipe based on 90 percent coating efficiency
(coating efficiency deteriorates from 99.5 percent to 90 percent in the
15-year life of the cathodic protection system):

A = 7,264 x 0.1
A = 726 ft?

¢) Maximum current required based on 1 mA/ft? of bare pipe:

I =1.0mA/ft* x 726 ft?
I =726 mA or 0.73 A
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W = YSI/E
where
Y = 15 years
S = 8.8 lbhg/A vr
S 8.8 1lbs/A yr
E = 0.50 efficiency
I =0.73A
We=15x 8.8 x 0.73/0.50
W = 193 pounds
It should be noted that the 133 pounds arrived at above is based on
an output current of 0.73 A for the full designed 11fe of the cathedic

protection system, 15 years. Strictly speaking, this is not the case because
the current output following a new installation is much less due to the high

coating efficiency. The average current requirement at first may be as low as
0.015 mA/ft? of pipe.

e) Current output of a single 9-pound packaged, "high-potential”
magnesium anode:
i = Cfy/P
where
C = 120,000, constant for magnesium on well-coated
structures
£ = 0.71, anode size factor (refer to Table 3)
y = 1.00, structure potential factor (refer to Table 4)
P = 5,000 ohm-cm, soil resistivity
i= 120 000 x 0.71 x 1.00/5,000
i=17.0 mA
Because the structure is well coated, the anode spacing is
relatively great. Therefore, the multiplying factor for magnesium anode
groups is not used.

f) Number of anodes (n):

n=1/1i
where
I = 726 mA, total current required
i = 17.0 mA, current output of one anode
n = 726/17
n = 42.7 (use 43 anodes)
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g) Anode distribution:
(1) Area of pipe protected by one anode:

A=7
A=1

264/43, total area divided by number of anodes
[+]

€62 Janada
S / DLIVUC

’
£
()

(2) Division of anodes:

Laterals 4,994/169 = 30 anodes

Header 1,860/169 = 11 anodes

Supply and return lines 410/165 = 2 anodes
9.10 Steel Sheet Piling in Seawater (Galvanic Anodes). Galvanic anode

cathodic protection is provided for a 1,000-foot-long steel sheet piling
bulkhead as shown in Figure 113. The well coated bulkhead has been installed
and the capability for underwater welding is not available for attachment of
the anodes directly to the structure.

9.10.

1 1 ad atn
s i PR S A aca

a) Seawater resistivity - 22 ohm-cm.

b) Soil resistivity on front side of bulkhead - 250 ohm-cm.

c) Soil resistivity on shore side of bulkhead - 1,000 o
d) Design for 0.5 mA/ft? for area below high tide level, 0.2

mA/ft? in mud at front face of bulkhead, and 0.05 mA/ft? in the soil on the
shore side of the bulkhead.

e) Type III aluminum anodes, buried at the base of the bulkhead
used to protect the front side of the bulkhead as direct attachment to

manadhla

r da mnar
1 15 LvLe puUSSiIviC,

f) 50-pound standard alloy magnesium anodes will be used to
protect the shore side of the bulkhead.

g) Design for 15-year anode life.

W

\ Tha alan
Ly iliT T©iTC

wdanl A~
Licai CUll

bonding will be required.

=
O
0
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9.10.2 uta
a) Total submerged area of bulkhead:

ry _ ~ -
Area of P
inea

e
linesal
Area in water = 2.96 x 36 x 1,000 = 106,560 ft?

Area in mud (front) = 2.96 x 15 x 1000 = 44,400 ft?

Area on shore side =

sheet piling: 2.96 % 56 x 1000 = 165,760 ft?
tie backs: 1" diam x 3.14/144 in® . /ft* x 24
long x 100 = 365 ft?
total = 165,760 + 365 = 166,125 ft?
b) Protective current required on front side:
in water - 106,560 ft* x 0.5 mA/ft? = 53.28 A
in mud - 44,400 ft* x 0.2 mA/ft? = 8.88 A
total - 53.28 + 8.88 = 62.16 A
c) Protective current required on shore side

166,125 ft* x 0.05 mA/ft? = 8.3 A
d) Output from Type A420 Type III aluminum alloy anodes is 4.75 A
(refer to Table 24).
Number of anodes re
N = I/i
where

= number of anodes required

= current requirement (A)

LTl qRRLLTameit Ny
output per anode (A)
- 62.16/4.75
= 13.08 (say 13)

e 2
]

e) Minimum weight of anodes required for 15 year life:

W = VYQT
w ios

N
o
b
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where

weight of anodes required

= 15 years

7.6 1bs/A yr (in this case includes efficiency factor)
62.16 A

15 x 7.6 x 62.16 = 7086

£HOWKE
1

Each anode weighs 365 pounds, thus for the desired system life, the required
number of anodes is:

7086/365 = 19.4 (say 20)

There is an option to either select anodes with less output per pound of
material or use 20 anodes. Conservative design using 20 anodes was selected.

f) Output from 32-pound magnesium anodes on shore side:

i = Cfy/p
where
i = current output in mA
C = 120,000 constant for well coated structures using

magnesium

f = 1.06 anode size factor (refer to Table 3)

y = 1.0 structural potential factor (refer to Table 4)
p = 1,000 ohm-cm, soil resistivity

i - (120,000 x 1.06 x 1.00)/1,000

i =127.2 mA

g) Number of anodes required for current output:
N~-1/i

where

N = number of anodes required
1 current requirement (A)
i = output per anode (A)
N
N

8.3/0.127
= 65.35 (say 66 anodes)

h) Minimum weight of anodes required for 15-year life.

W = YSI/E

202
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where

W = weight of anodes required

Y = 15 years

C =08 8 1ha /A vr

>4 V.o I.Ua/n J&

I =-8.3A

E = 60X anode efficiency (see Figure 73)

W= (15x 8.8 x 8.3)/60%

W = 1826
As shown below, the system can be limited either by anode output or anode
weight. Sixty-six anodes each weighing 32 pounds have a total weigh of 2,080
pounds and will thus provide the desired anode life. Fifty 32-pound anodes

weigh 1,600 pounds, thus the system will be limited by the weight of the
anodes for the desired system life.

9.11 Steel Sheet Pjling in Seawater (I ssed Current). The same
installation as described in para. 9.10 is to be protected using an impressed
Yl b ab of 1+

9.11.1 Desipgn Data. Structure and environment are identical to those in
a) Sled-mounted HSCBCI anodes are to be used for the front side of

b) Vertical HSCBCI anodes are to be used on the shore side of the
bulkhead.

c) Separate rectifiers are to be used for the front and shore
sides of the piers. Electric power 120/240 V ac is available at locations
along bulkhead.

(=%

) Anode bed resistances must not exceed 2 ohms.

9.11.2 Computations
a) Anode sled design (seawater side):
Select 2- by 60-foot anode as shown in Figure 89.

Since the anode will be immersed in water, the formula for a vertical anode
can be used:

R = (P/L)/K
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wnere
R = electrolyte-to-anode resistance for a single
horizontal anode
P = 250-ohm centimeter soil resistivity
L = 5-foot anode length
K = 0.0234 factor for length to diameter (refer to

para. 6.2.1.4)
(250/5) x (0.0234)

N&IV/ <7 &

1.17

w
'

b) Minimum weight of anodes required for 15-year life (front

side):
W= YSI
where
W = weight of anodes required
Y = 15 years
S = 1 Ibs/A yr (in this case includes efficiency factor)
I =-57.13 A
13

=15 x 1 x 57.13 = 857 pounds

Each anode weighs 44 pounds, thus for the desired system life, the required
number of anodes is:

857/464 = 19.5 (say 20)

c¢) Number of anodes required for current output (front side):

N=1I/i
where
N = number of anodes required
I = current requirement (A)
i = output per anode (A)
N = 57.3/1.5
N = 38.2 (say 40)

Thus, the number of anodes will be limited by the output per anode.

d) Resistance of dc circuit. Resistance of the anodes is
negligible because the 40 anodes, each with a resistance of 1.17 ohms, will be
in parallel. Resistance of the feeder conductor (1,000 feet of HMWPE Size #4)

is 6.254 ohms (refer to Table 10). Resistance of the 1,000-foot #4 bond
header is also 0.254 ohms:

[/ W
24 onms

N

Rf = 0.
R = 0.254 o

n Jv.

R, = R, + R_ = 0.508 ohms

s
(&

N

N
(o]
&
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e) Sizing rectifier requirements:

dc current - 57.13 A
t resi

tan
-
i

1
. d

s ce - 0.5
IR 5 3 x 0.5

A standard rectifier in this range has an output of 90 A at 42

f) Anode bed design (shore side):

distributed ancde system should be

Compare resistances of single anodes with and without backfill:

Without backfill:
R= (P/L)X

wais i O

R = electrolyte-to-anode resistance for a single vertical

anode.

P = 1,000-ohm cm soil resistivity

L = 5-foot anode length

K = 0.0234 factor for length to diameter (re
6.2.1.4)

R = (1000/5)0.0234

R = 4.68

With 10-inch diameter backfill in hole:

R = (P/L)K

anode
= 1,000-ohm cm soil resistivity
10-foot backfill length

fadl illa -
]

o
[

Since backfill is required to reduce the resistance below 2 ohms, backfill is

required.

g) Minimum weight of anodes required for 15-year life (shore

side).

N
(@]
w
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where
W = weight of anodes required
Y = 15 years
S = 1 1bs/A yr (in this case includes efficiency factor)
I=-8.34A
W=15x1x8.3=124.5 pounds

Each anode weighs 44 pounds, thus for the desired system life, the required
number of anodes is:

124.5/44 = 2.8 (say 3)

h) Number of anodes required for current output (shore side):

N=1I/1
where
AT ——al o ws =l e L B -t masd e A
N = 11 DEL 0L 4dl0oues precygulicu
T = rcurrant ranniramant (A)
I current requirement (A)
i = output per anode (A
N =28.3/1.5
N = 5.5 (say 6)

Thus, the number of anodes will be lIimited by the output per anode.
i) Resistance of dc circuit:
Resistance of six anodes is:

1/R - 1/1.86 + 1/1.86 + 1/1.86 + 1/1.86 + 1/1.86 + 1/1.86

R = $.310 ohms
Resistance of feeder conductor 1,000 feet of HMWPE Size #4 (0.254 ohms per M
feet) (refer to Table 10):

R = 0.254

Requirements:

dc current - 8.3 A

Anode circuit resistance - 0.564 ohms
68

7y

1 1 . o) n ~ ~ )
ac voiltage = IK = 5.3 X VU.004 = 4,

r in thig range

ie ge
of this system is shown

A standard rectif
installation

(1]
(=]
(5,
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9.12 Steel H Pilin n _Seawater (Galvanic Anodes Galvanic anode
cathodic protection is provided for a 200-foot-long, 50 foot-wide pier

supported by H piling as shown in Figure 115. The pilings are coated to the
jow tide level but are uncoated below the low tide level. A system whic ch can
1 fomantnallad and maintainad withant divers {S desired

v AlIDVLALILTU QlLIV LLUGAMVG ALY VY A AR WA we A YV e e e -
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Coated From Deck
to MLLW
MLLW N\
ja—20 '~
[ ) /
| ,//
A =/
Zi'
18 WF Pilings
-T
I H LA} H LA} L] H H L) L H
30" T
] H H H H H H H H H H
X
Figure 115
Pier Supported by H Piling for Para. 9.12
9.12.1 Design Data
a) Seawater registivity - 22 ohm-cm.
b) Design for 2 mA/ft? between low tide level and the bottom, 1
mA/ft? in the mud.
c) Type I aluminum anodes, suspended from the pier deck will be
used.
d) The structure-to-electrolyte potential for the protected
structure will be -850 mV.
e) Design for 10-year anode life.
f) Electrical continuity between piling and the deck reinforcement
is good and no additional bonding will be required.
9.12.2 Computations
a) Total submerged area of pilings:

Area of 18 WF pilings is 7 ft* per lineal
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Area in water = 20 x 40 x 7 = 5,600 ft?
Area in mud = 20 x 25 x 7 = 3,500 f¢?

b) Protective current required:
In water - 5,600 ft* x 2 mA/ft? = 11.2 A
In mud - 3,500 ft? x 1 mA/ft? = 3.5 A

Total = 14.7 A

c) Minimum weight of anodee required for 10-vear anode life:
W = YSI
where

W = weight of anodes required

Y = 10 vears

S = 7.6 1bs/A yr (includes efficiency factor)
I = 14.7 A current required

W=10x 7.6 x 14.7 = 1,117.2 pounds

A 10 bents it is desirable for current distribution to have at
VTt memm cemmda cmme boe s [y " 19N ;e mmn A= e L simnd 2 &L
i1€asti vlie allvuc pclr vell. 401US , 14V~ POoOUIIU 4II0UUES SI1UULU DE udScu 11 Lle
current output per anode is sufficient

d) Current output per anode:
Resistance of a single vertical anode (refer to para. 6.2.1.4)
R, = (P/L)K
where

electrolyte-to-anode resistance

_tiw <.F
]

= electrolyte resistivity
= anode length
= shape functien

For A-120 anodes (refer to Table 22)

Rv = 22/1(0.008) = 0.176 ohms

=
O
L& ]

R, = 22/2(0.012) = 0.132 ohms

onms

For A-120-2 anodes (refer to Table 22)
R 7 3

L BV VAN E oY ~ AN ~ Fa¥e )
KV = LL/4(VU.VULl/) = U.UY
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oo aman e

or each anode type:

For A-120

'
3
1

0.25/0.176 = 1.42 A

(+ -]
\O

[
1
b
»
»

0.25/0.132

For A-120-2

I =E/R=20.25/0.132 = 2.69 A

As the required output from each anode is 1.47 A, the A-120-1
anodes should be selected. The anodes should be installed in a manner similar
to that shown in Figure 79.
9.13 Steel H Piling in Seawater (Impressed Current). The same structure
as in para. 9.12 is to be protected using an impressed current system.
9.13.1 Design Data

a) Seawater resistivity - 22 ohm-cm

b) Design for 2 mA/ft? between low tide level and the bottom, 1

c¢) HSCBCI anodes, suspended from the pier deck, will be used
d) The structure-to-electrolyte potential for the protected
structure will be -850 mV,

e) Electrical continuity between piling and the deck reinforcement
is good and no additional bonding will be required.

9.13.2 Computations
a) Total current requirement will be the same as in para. 9.12

Total = 14.7 A

b) As in the previous example, one anode will be used per bent for
proper current distribution. The resistance of a single anode is:

Resistance of a single vertical anode (refer to para. 6.2.1.4)
R, = (P/L)K
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where

= electrolyte resistivity
= anode length
= shape function

3
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]
(]
=
[y}
(¢l
cr
[a]
(o]}
'-l
|
cr
a
(]
(2
Q
L
[+
o
Q
[«%
®
[a]
[ ]
o
[
-]}
cr

For 2- by 60-inch anodes:

c) Weight of anodes required:

W = YSI

weight of anodes required

10 years

1 1bs/A yr (includes efficiency factor)
14.7 A current required

= W0
1

W=10 x 1 x 14.7 = 147 pounds
Each 2- by 60-inch anode weighs 44 pounds, thus ten anodes would
have a life significantly longer than 10 years

d) Resistance of dc circuit:

The resistance for ten widely spaced anodes is

1/R = 1/0,103 + 170,103 + 170,103 + 170,103 + 170,103 + 170,103 + 170,103
1/0.103 + 1/0.103 + 1/0.103

R = 0.010 ohms

Resistance of feeder conductor: 200 feet of HMWPE Size #4 (0.Z254

ohms per M feet) (refer to Table 10):
R =0.254 x 0.2 = 0.05 ohms

e) Sizing of rectifier:

Requirements:
Al riivvant - 14 7 A
AL UL ATCLI = A~y .7 o

Anode circuit resistance - (0.01 + 0.05) = 0.06
dc voltage = IR+3 = (14.7 x 0.06) +3 = 3.882 (say 4)

A standard rectifier in this range has an output of 18 A at 4 V. Figure 88
shows a typical installation of impressed current anodes on a pier structure.
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Section 10: INSTALLATION AND CONSTRUCTION PRACTICES

10.1 Factorse tao Consider., Cathodic protection gystems, and the

structure to be protected, must be properly installed in order for effective
protection to be achieved. NACE Standards RP-02-85 and RP-01-69 include
guidelines for installation of such systenms.

Particuiar attention shoulid be paid to maintaining the condition of
the coating on the structure and maintaining the structural continuity and

isnlation reauired for nroner cathaodic nrataction evetem oneration, If the

............ qraaTe AaPL paVPpTLi CRLaVes PFrveveTeavis wyew e Vpealava

coating on a structure is damaged (or absent). cathodic protection
requirements will increase dramatically. A well-coated structure will often
require only 1 percent or less of the current required to protect the same
structure if bare. Sacrificial anode systems, which cannot be easily adjusted

mavEaremanman 4 F W cmntd o mermbmvn Ammm e mmtr el el mommnnd £ mntd e [ o P,
performance if the coating system does not meet original specificatic Uper
bonds and shorts to other structurec are common cauges of inadeguate

damage. Careful inspection during the entire construction process, both of
the cathodic protection system and of the structures to be protected are vital
to the successful application of cathodic protection.

10.2 Planning of Construction. The most important factor in the

n]nnnino of construction of facilitiege that include cathadic nrnrnor{nn ic the

------- o L2 S -0 5) § -2 aBLiacdtals LISV sl aRST St aS aVETEraVil o T

planning of inspections to insure that coatings are properly applied and not
damaged during construction, and that proper isolation and bonding are
achieved. For buried structures, these inspections must be performed before
backfilling. Once the structure or other system components are buried,
identification and correction of any discrepancies is difficult.

10.3 Pineline Coatingo, Interference ?reblems are gevere for lone
structures such as pipelines. It is highly desirable to reduce the amount of
current required to protect pipelines to the lowest levels possible. High
quality coatings, properly selected and applied, and installation of the line
without damaging the coating is vital to achieving protection at the low
current levels desired. Often, coating application and prevention of damage
during installation are more important than the materials used.

10.3.1 Over-the-Ditch Coating. Over-the-ditch coating systems have the
advantage of reducing handling of the coated pipe before installation. Over-
the-ditch coating is best used when long sections of pipeline are to be
installed in open areas under mild weather conditions. Depending on curing

time for the coating, the pipe may either be lowered directly into the ditch
after coating or may be held on skids until the coating is properly cured
before lowering it into the ditch. If the pipe is lowered into the ditch

sTaiVviT AVWTLIALE inte

directly after coating, the inspector should electrically inspect each section
using a holiday detector or "jeep" immediately before backfilling. If the
pipeline is held on skids, the skids should be padded to prevent coating
damage. Damage caused by skids must be patched before inspection of the
coating, lowering of pipeline into the ditch, and backfilling.

1in 2 9 Vard AnnldaAd CAaard en AfF ward Ay mill annliad AAaatinece {e
AN o . 4 CLL \A HEELéCU VVGI—LIIS. AT “wuoo Vi aQalLu VvL A A A GPPLLGU \'UGI-LI.IBD -
preferred over field applied coatings since bhetter surface preparation and
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application are normally achieved under the more controlled conditions at a
stationary plant. The coating should be inspected upon receipt at the
construction site when unloading. Inspections should be performed immediately
prior to placing the pipe in the ditch after all joint and field patches have

) . DY
veell maue,

10.3.3 Joint and Damage Repajir. Joints and field repairs should be made
with coatings compatible with the primary coating system used. Joints and
field patches should be carefully inspected before placing the pipe in the
ditch.

10.3.4 Inspection. Electric Holiday Detectors should be used for all
coating inspections. If properly used they can detect flaws in the coating
which may not be visible. In addition to the uss of the Holiday Detector, the
inspector should also make detailed visual inspection of the coatings and
occasional measurements of the bond strength. Visual inspection should also

include observation of the following:
a) surface preparation and coating - if practical

b) handling of the pipe

c) lowerine of tha n
c) loweriln g ¢l the P

d) backfilling operations

Any material, even the highest quality, when applied and handled carelessly
will perform poorly, but a marginal quality material will perform well when
carefully applied and installed.

10.4 Coatings for Other Structures. Coatings on other structures are
aua

equally critical when the cathodic protection system relies on the quality of
the coating to achieve protective potentials with the available system
current. Inspections during surface preparation, coating, handling,

placement, and backfilling are vital to the performance of the overall system.

10.5 Pipeline Installation. The use of casings to give mechanical
protection to the pipeline at grade crossings, etc., is sometimes required by
law, code, or physical condition. The use of casings should be avoided
wherever possible due to the difficulty of protecting the pipeline within the
casing and difficulties in maintaining isolation between the casing and the
pipeline. The use of proper techniques when foreign pipeline crossings are
made is necessary to minimize interference. Insulating joints should be
properly installed. Effectiveness is achieved using adequate test and bonding
stations.

10.5.1 Casings. Casings should be uncoated. The casing should be
isolated from the pipeline with insulators and cradles which must be properly
installed. The annular space at the ends of the casing should be sealed to
prevent the entry of moisture between the casing and pipe. Extra thickness of
coating on the pipeline for the section to be placed inside the casing may be
required in order to prevent damage to the coating when the pipe is pulled
into the casing. The annular space between the casing and the pipe must be
kept dry until it is sealed. Casing-to-pipe resistance should be measured. A
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test station should be installed at the casing for future measurements.
Figure 116 shows a test station for casing isolation testing.

10.5.2 Foreign Pipeline Crossings. Newly installed pipelines are commonly
installied under existing lines. The owner of the foreign line should be
contacted to obtain permission to install test leads and possibly to coat a
ahart+ cantian Af tha faraisn 1<|nn Qinra anlutiane ta nrahlame at farafion
SLEV A W % w WA VAE A ki Lvhv‘bll A b i% &AMV BV AWMYALVIMS - rbvu;v-—n & Lv‘.‘—‘.bll
crossings require cooperative effgzcs effective coordination is essential.

a
As discussed in Section 13 of this handbook corrosion coordinating committees
have been established in many areas to facilitate coordination of such
efforts. Clearance of 2 feet between all lines at crossings is recommended.
If 1-foot clearance cannot be obtained, the use of an insulating mat as shown

in Figure 63 is required. Direct contact between lines should be avoided at
~almact mear oo Tormtallatd nicn ~nf Lommeslatbdeoa o at awanadoaca da vransmmandaA
ailluuds L ﬂll_y CUB L 4il3Laliativlll UL lnsuiavi 15 LS 4L LCiVddLIIgDdS 45 LG\-UIIIIIICAIUI:U
if substantial earth currents are detected in the area or if a new coated line
is crossing a poorly coated or uncoated line. Installation of test stations

with provisions for bonding at all crossings is essential.

i l ) Paving )

Figure 116
Test Station for Under-Road Casing Isolation

1N & 1 Trmattlatrdms Tadmeao Teonomessl atdaomns v donlatineg Iainte miiet ha
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selected so that the materials are compatible with the service environment.

Isolation of steam conduits is especially troublesome. Isolating couplings
must be properly assembled and tested to insure that they will be effective.
When used on welded pipelines, short "spools" of pipe should be welded to each
flange. The flange should then be assembled and the section welded 1nto the

pipeline. This will prevent mechanical damage to the lnsulatlng JO

canmmmnd atand s2al . . ~ | ) R i L L1 L . a3 __fal L .32 L. . __ .
assoclated witn misalignment. rianges snouiad pe téstea wiin a raaio rrequency
runa dnaiilatrian ahanltay afravr accamhly 4 fncuiira that thav have hean nranarlvy
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assembled. Effectiveness of buried flanges must be verified by impressing a
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potential on one side of the flange and measuring the change in potential on
the other side of the flange. If little or no potential change is noted, the
isolating flange is effective. Test stations with provisions for future
bonding should be installed at each buried insulating flange.

10.5.4 Bonds. Bonds between structure sections and to foreign structures
should be made with No. 4 AWG, 7-strand insulated cable unless larger cable is
required. Each bond should be brought into a test station to determine bond

4
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10.6 Electrical Connections. Electrical connections to the structure
are commonly made using thermo-weld techniques. The connections should be
inspected visually before and after insulation is applied. If safety or other
conditions preclude the use of the thermo-weld process on site, the leads
should be attached to metal tabs by thermo-welding and the tabs either
soldered or mechanically attached to the structure. All electrical
connections should be insulated. Other electrical connections should be
thermo-welded where practical as thic method of connection is extremely
reliable. Mechanical connections should be of the proper type for the
intended use and should be properly assembled. All connections should be
inspected before and after insulation.

10.7 est Statjons. As described in paras. 6.7.3 and 7.10.4, test
stations are required for initial test and adjustment of the cathodic
protection systems, and for future inspection and maintenance. Attachment of
"spare"” test leads to buried structures is recommended as excavation to
reconnect test leads is expensive. All test station leads should be either
color coded or labeled with a metal or plastic tag. The connections to the
structure should be inspected prior to burial of the structure. Whenever the
structure will be located under a paved area, or whenever paving is installed
over a protected structure, soil contact test stations as shown in Figure 56
should be installed.

10.8 Sacrificial Anode Installation. Sacrificial anodes should always
be installed at least 3 feet below grade whenever possible. The top of the
anode should be at least as deep as the structure to be protected. Horizontal
sacrificial anode installations should be used only if obstructions such as
rock outcrops preclude vertical installations. Anodes suspended in water
should be installed according to the system design and a cable connection
between the structure and the suspension link is normally required. Anode
iead wires should never be used to suspend, carry, or instalil the anode.

10.8.1 Vertical. As shown in Figure 117, sacrificial anodes are commonly
installed vertically in augered holes. If caving or unstable soil conditions
are encountered, a thin metal (stovepipe) casing may be used. Anodes should
be located on alternating sides of the pipe when possible to reduce
interference and allow for more even current distribution. Any impermeable
wrapping should be removed from packaged anodes prior to placing them in the
holes. The cloth bag used with packaged anodes should be carefully handled as
loss of backfiil wiil resuit in reduced anode output. The anodes should be
lowered into the holes either by hand, or by the use of a line attached to
either the anode, if bare, or the top of the bag of backfill. The anode lead
cable should not be used to lower the anode into the hole as the anode-to-
cable connection is easily damaged. Sufficient slack should be left in the
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anode cable to prevent strain on the cable. All connections should be

properly made and inspected before the installation is buried. If packaged
anodes are not used and special backfill is required, it should be poured into

the holes as the anodes are installed. Anode holes should be backfilled with
fine soil free of stones or other debris. Sand should not be used. The
backfill should be placed in 6-inch lifts and each 1lift tamped into place to
eliminate voids.

Backfill with Excavated

Lead Wire Trench - .
and Bell Hole Area Soil, Rocks Removed
\ \ ,Finished Grade
— S v Y d
L AN ’ NN
I \\ 3 Slack in Thermimﬂeld \
3 \ N%n. Lead Wire and Coat

™~
/I
s

/)98

Figure 117
Vertical Sacrificial Anode Installation

an o ” " ___® __ _ __ . _1 ey _ __ 9 a 1 2 __ 1Y . ~ T e =2 L2 2 1 PP 2
10.8.2 Horizontal. orizontal installation of sacrificial anodes is
sometimes required due to cobstructions or to limitations in right of way.
Where obstructions are encountered, the anode may be installed as shown in

Figure 118. Where right of way problems are encountered, the anodes may be
installed vertically below the pipe or structure as shown in Figure 119.

10.9 Impressed Current Anode Installation. Selection of sites for the
rectifiers, anode beds, test stations, and other components of an impressed
current cathodic protection system should be made during the system design.

As in the case of sacrificial anode systems, impressed current systems must be
carefully installed in order to operate properly and reliably. The most

common type of impressed current anode installation is vertical. Horizontal
installations are sometimes used if obstructions are encountered or if near
surface soil resistivities are sufficiently low. Deep well anode
installations are used to reduce interference effects or to reach low
vaonlatdwrdtwr ondl Aemn A

TanA
1€S515LlviLy dSVU1Lll, ANIOGE i1&éaa w

install anode.
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Backfill with Excavated Soil,
Lead Wire Trench Rocks Removed Finished

and Bell Hole Area\‘ & Grade

777777 V/f[//////

Rock or Other
QObstructions

ThermimNeld /
and Coat

NN N N

Packaged Magnesium
\ Anode, Bottom Never
Higher than Pipe Bottom

Slock in Lead Wire

Figure 118
Horizontal Sacrificial Anode Installation When
Obstruction is Encountered

Lead Wire
and Bell Hole Finished Grade

Magnesium
Anodes
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Backfill After 7,7 | 77 Packaged 7

Anode is Installed

Figure 119
Horizontal Sacrificial Anode Installation -
Limited Right-of-Way
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10.9.1 y;;;iggl This is the most common type of impressed current anode
1nsca11at1o Both graphite and HSCBCI anodes are brittle and must be
mmrafic1Ver A1 tm cmvvnsencmd honaleoc oa M ccmada aahla 4o caredanlarle arana
decLuL.L] Halljuicu LU piTcvelu uxcm&c. AL GLVUT LaULT 4D palL Livuialira pLrvuc
to failure if the insulation is damaged in any way and particular care must be

exercised in handling the anode leads. As impressed current cathodic
protection anodes are generally longer than sacrificial anodes, excavation of
holes for them is often more difficult. ®Jetting" of bare anodes is sometimes
possible in sandy soils using equipment specially designed for this purpose.
If caving of the hole is encountered, either the use of a packaged "canned”

I 1 - e a1 L 8 Y. N at 0 __ ___ o _1 - _____2___®m __ _2__ < r _
anode complete with backfill, or a thin metal "stovepipe" casing may be
necessary. If bare anodes are used, the backfill should be added as soon as
the gpgdes are nlaced The backfill should be well tamped to insure good

within a few inches of grade unless coarse gravel is available for this
purpose. This is to allow the gasses generated during system operation to be
properly vented. A typical vertical anode installation using a bare HSCBCI
anode with bac 0. A typical vertical installation
of a "canned" H gure 121

Figure 120.
o .. T2
5 in Fi

10.9.2 Horizontal. Horizontal installations of impressed current anodes
are less expensive than vertical anodes. Horizontal installations may be
necessary when obstructions or other soil conditions make augering of deep
holes difficult. Horizontal installations are also used where soil
resistivities are very low and the increased resistance of the horizontal

installation is not significant. A typical horizontal installation of a
HSCBCI anode is shown in Figure 122. A minimum of 2 feet of burial for all
cables and 3 feet of burial for the anode is recommended. The excavation

should be partially filled with backfill before the anode is placed. After
the anode 1is placed, the remainder of the backfill should be added and tamped
into place. 1If backfill is not required, soil free from stones or debris
should be used to fill the excavation. Again, it must be remembered that
impressed current anodes, and particularly the anode leads, are susceptible to

[o] . t T c
are severe, anode beds are sometimes installed deep below the surface. This
causes the current flow to become more vertical and reduces interference
between horizontally displaced structures. Deep anodes are also used where
the resistivity of the soil near the surface is high. Anodes installed deeper

In some installations where interference problems

than 50 feet are calied "deep® anodes. Specialized equipment and skiil is
e e an A £ Al f_ e V1T _ et L Al an macmmada aeseracr Tomaotallatdinm AF Aoann
requiread 10I Lile 1nStalldlloll 0L sucili an amnovue airiray ilidlLailativil VL uecpy
anode systems is described in NACE Standard RP-50-72. Type TAD HSCBCI or
center tapped 3- by 60-inch graphite are suitable for such installations.
Newly developed deep anode systems using platinized anodes show considerable

promise for such applications. A typical deep anode system using HSCBCI
anodes is shown in Figures 123 and 124.
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Figure 124
Deep Anode Installation Details
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10.9.4 Other Anode Types. Button anodes and platinized anodes are
commonly mounted directly on the structure. Their installation requires that
the anode element be electrically isolated from the structure so that the
protective current will flow through the electrolyte. Maintaining this

isolation rpnnirng that the anodeg be mounted in "'"".da:‘.ce with the

manufacturer s instructions for the specific type and size of anode being
used. In addition, a high quality protection coating or plastic shield is
often required in the vicinity of a flush-mounted anode in order to insure
proper current distribution Anodes suspended in vater should never be

lines or net bags. Nylon and polypropylene are commonly use
C

10.9.5 Connectjions. All connections between the anodes and rectifier in
impressed current cathodic protection systems are extremely critical. The
number and location of all connections and splices should be kept to a minimum
and should be installed according to the design and not left to the discretion
of the installer. Thermo-weld connections are preferred, although mechanical
connections may be used. All of the connections in contact with the

electrolyte should be encapsulated using epoxy material.

10.10 mpressed Current Rectifier Installation. Rectifiers are usually

either pole mounted or pad-mounted units. They should be installed according

dance applicabl 11 ctrical. Even though
ir r

ui
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ion.

t
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T
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» cr
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, wir
with a fuse 1tch to allow disconnection of power to t e rectif Typ
pole mounted and pad mounted rectifier installations are shown in Figures 125
and 126.
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Section 11: SYSTEM CHECKOUT AND INITIAL ADJUSTMENTS

1i.1 Introduction. After a cathodic protection system is instalied, it
must be checked out to determine if protective potentials have been achieved

without interference to other gtructuree in the vicinitv Initial tegtino

- waalime addLT AL ATLTLLCT VEiiT e STLAWMLLWATE 4l VI vawvesiavg e s A a A Y S

should be considered to be part of the system design and installation and
should be the responsibility of the designer of the system. The structure-
to-electrolyte potential measurement is the basic measurement that is used to
determine if proper levels of protection have been achieved. The -850 mV or

100 mv negative polarization shift criteria (refer to para. 3.3.1) are
........ A Lmee mmenVeectef e ol ol AL el e e AL ALl AL . e b b L e e b o
chuuuncuucu 1UL €valuatlvull Ul Lilc TliiTecLliveliess UL callivulce pirLuLecuavil Sybbﬁlﬂb
on steel structures, Problems with interference can be identified during the
initial system checkout and should be corrected as soon as possible to prevent
premature failure.

11.2 Initial Potential Survey. Structure-to-electrolyte potentials

should be measured at each test station or test point. Due to polarization

effects, these potentials may change substantially within the first year of
incfn11nf‘{nn and should be checked monthlv for the first 3 months then

Asses wima ate s i wiile GV eala TRITLARTL wmviiviiay —ias A aa Vainaio ,  wasTas

quarterly for the remainder of the first year. Low potential readings may be
due to inadequate protective current flow, coating damage, or interference.
Sacrificial anode output currents should be measured at each potential current
test station since anode current measurements can be used to determine the
cause of low potential readings and to better estimate sacrificial anode

-

consumption rates. Ano 10uld also be read mo
months and then gquarterly for the duration of the first year
11.3 Detection and Correction of Interference. Interference is normally

detected by analysis of structure-to-electrolyte potentials made during
initial system checkout. Unusually high or low potential readings are found
over points where current is either entering or leaving the structure.
Methods of detecting and correcting interference problems in cathodic

nratantinan cvetame ara Aacarihad in nava S 2 1
PEOLElCiOnN SHSLCS &€ GeSiridceld ain parXa. J.c.a.

11.4 Adjustment of Impressed Current Systems. Adjustment of rectifier
output is the most common adjustment made in impressed current cathodic

protection systems. Underprotection or overprotection can be corrected by
adjusting rectifier output if the structure-to- electrolyte potentials are

fairly uniform over the structure and the required output is within the
rnanand v I\F tha rantifiar Dant{Fia Attt ahalAd At ramif{ra Frafn‘anf-
\vﬂt-’“\—&\- A il ACVwvLVCALALACL .. ‘\cb\—‘.l.&c‘ vubyub allvub“ Ilvl— I.c\‘ b o A A LLN

adjustment as system changes that can be corrected by rectifier adjustment
occur slowly. Improper system potentials may also be the result of unusual
seasonal conditions and may be self correcting.

11.4.1 Uneven Structure-To-Electrolyte Potentjals. If the structure-to-
electrolyte potentials are vastly uneven, overprotection or underprotection in

enama avraae 1in Ardar +a anhiava sYoper natantiale $n
SVIIT GaiLvTao 4dll VAWUTL WV awviiivcvoe P Uycl. PU\'CIA\'LG 2>
|

In this case, if interference is not nresent

5 mavy ra

outp
anodes in the areas of over protection will have to be reduced. If the anodes
are connected through resistors, resistor adjustment may be adequate. If the
structure is protected by impressed systems with point ground beds,

underprotected areas may have to be improved by the addition of impressed
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current anode beds in appropriate locations. If the anodes are not connected
through resistors, resistors may be added. Protective output can be increased
or decreased locally by installing additional anodes or disconnecting anodes
as necessary.

L 92 Dantifiar Unltawa and Cuvvrant Canand e

protection reduction of svstem resistance bv the installution of additional
anodes may be appropriate. If the current capacity of the rectifier proves
inadequate, and correction of any interference or shorts does not result in
adequate protection over a period of 1 year, then additional current must be
talling an additional rectifier in parallel wlth the
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r, or insta 1iﬁg a larger capacity re tifié‘f in place of the

11.5 Adjustment of Sacrificial Anode Systems. Overprotection in
sacrificial anode cathodic protection systems is rare as the open circuit
(maximum) potential of most anode materials is normally less than that
potential considered to be excessive. Potentials more negative than those

PR N

required for protection are, however, wasteful and will result
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If the current 1ncreases to give adequate protection hen high soil
resistivity problems have been confirmed. If lowering the soil resistivity in
the vicinity of the anodes does not result in increased anode output, then
high circuit resistance may be the problem and all leads and connections

should be checked. If all leads and connections are all rlgnt and the output
1A

is still too low, then more anodes are required to provide additional current.
In the case of an impressed system, the rectifier voltage may be increased.
11.5.2 Inadequate Protection at Designed Current Levels. If a situation

is encountered where anode current output is within design limits and adequate
protection is not obtained, the current required for protection may be more
than originally anticipated. This may be due to interference, unusually

corrosive soil conditions, a poorly performing coating on the structure, or a
b mandnd AL Vi bnd n £l TELE e Lt manEmannanm e hoasneor mnceanntad oo
SIUILEU ULCICLLLLIC LitilIly. il ﬂlly ANLECLICICIICE [1ad veell LviirtiiLtEu anu
inadequate protection is still encountered, either more anodes will have to be
installed, or the rectifier current output will have to be increased, or both.
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Section 12: MAINTAINING CATHODIC PROTECTION SYSTEMS

12.1 Introduction. 1In order to provide the increased structural
lifetime and reliability intended, cathodic protection systems must be
monitored and maintained. Economic analysis, made at the time when cathodic
protection was selected as a means of corrosion control, should have included
the cost of periodic monitoring and maintenance.

12.2 Rannirad Pavriadis Mand{tavrine and Maintenance. The effectiveness of
cathodic protection systems usually changes with time. The consumption of

both sacrificial and impressed current anodes can result in decreased anode
output which results in inadequate protection. Deterioration of cable
insulation or connections can result in increased circuit resistance with
similar effects. Rectifier output may be reduced by aging of the stacks, or

may be completely interrupted by electrical failure. The corrosion
environment may change if there is a change in drainage patterns or the area

around an anode is paved reducing local soil moisture content. Construction
of additional structures or modification to existing structures in the area
may result in interference.

12.3 Design Data Required for t aintenance. In order for a
cathodic protection system to be effectively monitored and maintained, the
parameters used in the design of the system and the "as built" configuration
of the system must be known

12.3.1 Drawings. "As built" drawings of the cathodic protection system

and the structure being protected should be available as well as drawings of
other structures in the area which might cause interference problems. The
cathodic protection system drawings should include, as a minimum, the location

and configuration of all test stations, the location and type of all anodes
and rectifiers, and the location of n11 connections and insulating joints.

iers, and the location connections insulating
These drawings should be periodically updated to show any changes made to the
cathodic protection system, the structure being protected, or nearby

structures.

12.3.2 tem Data. The following system design parameters should be
recorded and kept with the system drawings in order to properly monitor and
maintain the cathodic protection system

12.3.2.1 Design Potentials. The desired potentials used in the design of
the cathodic protection system should be indicated. In some cases, different
criteria may be used to establish minimum protective potentials at different

o .1

locations of the same structure.

12.3.2.2 Current Qutput. The design current outputs of rectifi
sacrificial anodes in the system should be recorde This data is mo
important in the initial system checkout but may also be used to evaluate

discrepancies in structure-to-electrolyte potential readings.

(34
n
ﬂ
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12.3.2.3 System Settings and Potential Readings. The initial system
settings and potential readings should be recorded. Changes to the system,
such as rectifier adjustment, should be periodically recorded as described in
paras. 12.4 and 12.5. Potential readings taken both at the time of initial
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system adjustment and during periodic monitoring should be recorded as
described in paras. 12.4 and 12.5 in order to detect trends in the readings.
Changes in potential readings are often more important than the actual values
themselves in determining the cause of improper system operation.

12.3.2.4 Rectifier Instructions. In order that all rectifiers in the system
can be properly maintained, adjusted, and repaired, instructions for the
rectifiers must be retained. An original copy should be retained in the
maintenance files and a copy should be kept within the rectifier enclosure for
field reference.

12.4 Basic Maintenance Requirements. Basic maintenance requirements are

as follows:

a) Monthly. Take rectifier panel meter and tap setting readings.
Record readings (see sample form - Figure 127). Check rectifier connections.

b) Quarterly. Take structure-to-electrolyte potential readings at
selected locations (not less than four points per system). The test points
should include:

(1) the point of least negative potential,
(2) the point of highest negative potential, and

(3) two points of least negative potential not the same as
(1). Record readings (see sample form - Figure 128). Inspect anode-to-
structure connections in galvanic anode systems quarterly.

c) Annually. Inspect submerged sacrificial and impressed current
anodes for consumption. Inspect test stations for broken wires, loose

+4 * +h a
connections or other damage. Make structure-tc-electrolyte pctential readings

at all test points and submit data in accordance with Agency instructions.

In addition to the basic requirements listed above, opportunities
to inspect buried or otherwise inaccessible structure surfaces should be used
to inspect the surfaces for evidences of corrosion or coating deterioration.
Such opportunities may be presented by construction or maintenance in the
vicinity of the protected structure.

12.5 Guidance for Maintenance

12.5.1 ency Maintenance and Ope ons s. Agency Maintenance and

Operation Manuals, (MO-306, Corrosjon Prevention and Control, and MO-307,
athodic Protection Systems t ) give current guidance for the

maintenance and operation of cathodic protection systems and provide
information on other methods of corrosion control.
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CATHODIC PROTECTION

STRUCTURE-TO-ELECTRODE POTENTIAL
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12.5.2 ons. Department of Transportation Regulations
(Appendix E) also give guidelines for the establishment of an effective
inspection and maintenance program for cathodic protection systems.

12.5.3 AC ta . NACE Standards RP-02-85, RP-01-69, and RP-50-72,
also include guidelines for the monitoring and maintenance of cathodic

protection systems or components.
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Section 13: ECONOMIC ANALYSIS

Cathodic protection is a form of corrosion control. Economic
analysis is a tool that allows an evaluation of system performance (with or
without cathodic protection), sc that an assessment =may be made in the context

s

a £
safety, health, and operational necessity.

13.2 Economic Analysis Process. The economic analysis process consists
of six steps (refer to NAVFAC P-442):

a) Define the objective
b) Generate alternatives

c) Formulate assumptions

d) Determine costs and benefits

o

las]
~r

Perform sensitivity analysis

SIX STEPS OF ECONOMIC ANALYSIS

2] 1 AAMDADL
LU ARD

OBJECTIVE | ALTERNATIVES%-; ASSUMPTIONS }—>{ COST/BENEFIT [— COSTS/BENEFITS

I\ | i
\ , | )
\___ SENSITIVITY

ANALYSIS

The drawing above summarizes the process. All six steps must be performed to
prepare a thorough and objective analysis.
13.2.1 Define the Objective. The objective statement should state the

purpose of the analysis. For example: provide a water pipeline, 4 inches in
diameter and 10,000 feet long. It should be unbiased, well-defined and
incorporate a measurable standard of performance.
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13.2.2 GCenerate Alternatives. After the objective statement is defined,
all feasible alternatives should be generated that will meet that objective.
"Undesirable” alternatives should also be considered. They may provide

additional information that can be utilized by the decision-maker.

13.2.3 Formulate Assumptions. The economic process invoives estimates of
SRS [ IO POy . 2o e cismmated meme AFEan merndt ha mada
luture expenaiilures anag uncervainiy. i11us, ass PLLIULIS ULLEI WUudL Ut umauc il
order to analyze various alternatives. Assumptions should be clearly defined
and documented. Thorough documentation requires that all sources be cited
13.2.4 nd Be . The determination of costs and

benefits requires collection and analysis of data. Data must be analyzed for
the entire economic life of the proposal. This requires discounting of the

estimated future costs and benefits and a determination of the period of time
to be analyzed. The specific factors limiting the duration of economic life
are as follows (refer to NAVFAC P-442):

a) The mission life, or period over which a need for the asset(s)
is anticipated;

, or period before obsolescence would
dictate replacement of the existing (or prospective) asset(s).

The economic life is defined as the period of time during which a proposal
2 A

provides a positive benefit to the Navy (refer to NAVFAC P-442). ithough the
physical 1life of an asset may be quite long, the mission or technological life
is constrained to a shorter period of time (25 years maximum). Anticipated
need of an asset and possible obsolescence are difficult to predict. The
economic life is determined to be the least of the mission life physical

life, and technological life. The method of discounting, used to determine
the present value of costs and benefits, also suggests that 25 years be the
maximum economic life. Refer to Appendix B for economic life guidelines.

an n 2 By ~ - ~ s _ PO S R = 1 TY e 2oV e b maed o1 o T el ae
13.24.4.1 LOsts. Cost estlimates pliace a 4aollar vaiue On maitériais, 1aoor,
maintenance, and acquisition of a proposed alternative. Discounting of these
valueg allows life cycle costing of that alternative. To compute present
values, a 10 percent discount rate is assumed and is used for most Government

investments. This discount rate accounts for the general inflation rate
(refer to NAVFAC P-442). See Appendixes C and D for project year discount
factors and present value formulae. Life cycle cost in an economic analysis
is the total cost to the Government of acquisition of ownership of an

alternative over its full life (refer to NAVFAC P-442). One caveat, sunk
costs that have occurred before the decision point (time of analysis), are not
to be considered, These include costs that have already been spent, such as
research and development and previous acquisition of an asset.

a) One-time costs are costs that occur at one point in time or at
different values over an extended period of time (economic life). Examples

are acquisition costs, research and development (after the decision point),
and terminal or salvage value of asset at the end of its economic life.
Recurring annual costs are costs that occur annually over an extended peried
238
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of time (economic life). Examples are personnel costs, operating costs, and
maintenance.

b) Deprecilation has no effect on cash flow for Government
investments (refer to NAVFAC P-442),

¢) Inflation costs are measured in constant dollars, or in terms
of a base year (year 0 of the analysis). When costs of labor and materials
are expected to rise (or lower) with the general inflation rate, no special
treatment of inflation is needed. As stated in para. 13.2.4.1, the use of a
discount factor of 10 percent adjusts for the general inflation rate.
Occasionally, cost estimates need special treatment. For example, oil prices
escalated faster than the general inflation rate in the 1970s. A thorough
treatment of inflation can be found in Chapter VII of NAVFAC P-442.

d) Cost source data should always be documented for each cost
element of the economic analysis. The specific data source, method of data
derivation (if applicable), and an assessment of the accuracy of the cost
element are required (refer to NAVFAC P-442). -

13.2.4.2 Benefits. Benefits are an important consideration in the economic
"process., NAVFAC P-442 specifies four types of benefits:

a) Direqt cost savings

b) Efficlency/productivity increases
c¢) Other quantifiable output measures
d) Nonquantifiable output measures

Special caution must be taken when evaluating benefits. All potential
benefits must be identified for each alternative and quantified whenever
possible. Unquantifiable benefits must also be identified. A qualitative
statement will provide the decislon-maker with additional information.
Document negative aspects as well. Most important, source data should always
be documented. A thorough treatment of benefit documentation can be found in
Chapter V of NAVFAC P-442. '

13.2.5 Compare Costs and Benefits and Rank Alternatives. After the costs
and benefits are determined, a comparison of the alternatives should be

produced. Alternatives are to be ranked based on economic desirability.

13.2.6 Perform Sensitivity Analysis. Sensitivity analysis provides
feedback within the economic process (see drawing in para. 13.2). A double
check on the assumptions gives credibility to the final results. It further
refines the assumptions and indicates which values are sensitive to change.
In this way, the decislon-maker can be certain that all relevant information
has been considered. A thorough treatment of sensitivity analysis can be
found in Chapter VI of NAVFAC P-442.

13.3 Design of Cathodic Protection Systeins. Once a facility has been

funded, design alternatives must be examined. Design analysis follows the
economic methodology of Section 13. It is the responsibility of the Navy to
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have a thorough knowledge of corrosion control and to implement the best
strategy. The six-step economic process facilitates this goal. The following
examples i1llustrate this process.

13.4 Economic Analysis - Example 1

- n 2 - ~e o s - - *Y . & L L s L AL b nee ]
153.4.1 Ybjectlive. insctall a wvater plpe e, & 1ncnes 1in aiameceér &na

1N NNN ot Vs

1V ,VUVV lLEeCcL 1011y

13.4.2 Alternatives

a) Steel line without cathodic prétection

cathodic protection
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This list is not exhaustive. All feasible alternatives should be examined
that will meet the objective. For clarity of demonstration, only three
alternatives will be considered in this example.
13.4.3 Assumptions

a) The soil resistivity is equal to 5,000 ohm-cm, pH 6, which is a
moderately aggressive corrosion environment

b) The economic life of a water pipeline is 25 years. It is
assumed that no salvage value will be remitted in year 25 unless total
replacement is cost justified at that point in time.

c¢) The predicted number of leaks due to corrosion failures on the
steel line without cathodic protection increases exponentially after the first
leak in year 15. This prediction is based on historical data and technical
expertise

d) The predicted number of leaks on the steel line with cathodic
protection is zero. Continued maintenance and protection is assumed. A major
rehabilitation of the system is required every 15 years. This prediction is
based on historical data and technical expertise.

e) The predicted number of repairs due to mechanical damage on the
plastic line is two per year. This prediction is based on historical data and
technical expertise.

f) To compute present values, a 10 percent rate is assumed

g) This analysis requires no special treatment of inflation.
13.4.4 Cost/Benefit Analysis
13.4.4.1 Cost - Alternative 1--Steel Line W out Cathodic Protection. Cost
of steel line without cathodic protection - $320,000. Cost to repair leaks -

@ $6,000 each.
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Years
0123456789 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25
vy
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S - 2§ x
52
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v
$320K
Alternative 1
Project Cost Amount Discount Discounted
Year(s) Element One-Time Recurring Factor Cost
0 Installation $320,000 1.000 $320,000
1-14 none
15 Repair leaks 6,000 0.251 1,506
16 Repair leaks 6,000 0.228 1,368
17 Repair leaks 12,000 0.208 2,496
18 Repair leaks 12,000 0.189 2,268
19 Repair leaks 18,000 0.172 3,096
20 Repair leaks 18,000 0.156 2,808
21 Repair leaks 24,000 0.142 3,408
22 Repair leaks 30,000 0.129 3,870
23 Repair leaks 36,000 0.117 4,212
27 Danadiv lanlo L9 NNN n 1n7 L 1.0/
o l\cyﬂ&l. dTCAnS <L, VVVY V.davi/ vy
25 Repair leaks 54,000 0.097 5,238
Total Net Present Value Cost: $354,764
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13.4.4.2 Cost - Alternative 2--Steel Line with Cathodic Protectjon. Cost of
steel line with cathodic protection - $332,800. Annual cost of cathodic
system maintenance - $1,800. Major rehabilitationm of cathodic protection
svetem everv 15 vearsgs - S$4 300
system every 15 years - $4,300

Years

01234567 89 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

i \ v
3 Q1 ¥ TAar Farh Vaar ¢l QU TAaws Lasnh Vaaoa
YL.UN UL nalii i1c<al Yv1.0N TVl Lacir 1eair
n-- $6.1K
&)
| |
$333K
Alternative 2
Project Cost Amount Discount  Discounted
Year(s) Element One-Time Recurring Factor Cost
0 Installation $332,800 1.000 $332,800
1-25 Maintenance $1,800 9.524 17,143
15 Rehabilitation $4,300 0.251 1,079
Total Net Present Value Cost: §351,022

13.4.4.3 Cost - Alternative 3--Plastic Line. Cost of plastic line -

$256,000. Cost to repair leaks - @ $6,000 each.

Years
0123456789 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25
: | ~
(& I $12K For Each Year

$256K

N
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Alternative 3
Project Cost Amount Discount Discounted
Year(s) Element One-Time Recurring Factor Cost
0 Installation $256,000 1.000 $256,000
1-25 Repair leaks $12,000 9.524 114,288
Total Net Present Value Costs $370,288

13.4.4.4 Benefits. A significant benefit of utilizing cathodic protection
is that, at the end of the economic life of the structure, the structure
remains in functional condition and can be maintained in that condition
essentially indefinitely at low cost.

13.4.5 Compare Costs/Benefits

é) Alternative 1 - Net present value = $354,764

- ~

]

b) Alternative Z - Net present value = $351,02
c) Alternative 3 - Net present value = $370, 288

Alternative 2, steel line with cathodic protection, suggests the least life-
cycle cost proposal.

13.5 Economic Analysis - Example 2

17 5§ 1 NDhiartive Tnetall a fusl F{Pn1inn’ R inchoce in diameter and
...... Objective. Install a fuel pipeline inches in diameter and
15,000 feet long.

13;5.2 Alternative

a) Steel line without cathodic protection.

13.5.3 Assumptions

a) The soil resistivity is equal to 5,000 ohm-cm, pH 6, which is a
moderately aggressive corrosion environment.

R Tha armranAamisa 13 Fa AF o Fr1al ninaldrma fe¢ 28 vanre T+ $e

UI ALACT CLWwVIIVIMA . A A A = VAT A yl—v‘:&&llc - ) e I L — % SS IY A ps}
assumed that no salvage value will be remitted in year 25 unless total
replacement is cost justified at that point in time
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c) The predicted number of leaks on the steel line without
cathodic protection increases exponentially after the first leak in year 10.
This prediction is based on historical data and technical expertise.

d) The predicted number of leaks on the steel line with cathodic
protection is zero. Continued maintenance and protection is assumed. A major
rehabilitation of the system is required every 15 years. This prediction is

Leoecad ~« L

a 10 percent discount rate is
assumed.

f) Costs of labor and materials rise (or lower) with the general
inflation rate. Cost of fuel, however, requires special treatment when

determining the value lost (disbenefit) from a pipeline leak. Otherwise, this
analysis requires no special treatment of inflation.

13.5.4.1 Cost - Alternative 1--Steel Line Without Cathodic Protection. Cost
of steel line without cathodic protection - $960,000. Cost to repair leaks -

Years

0 1 2 3 456 7 8 9 101112131415 16 17 18 192021 22 23 24 25
I | T

$10K *=

$10K +——

$10K +—
$20K emmnem

$20K emmm———
$20K e

sa;oK A r————————
$30K e

$IOK <t mermmsee e

Costs

$40K
$40K
50K

(]
.

$60K

$70K

r
"

$90K

$660K
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Project Cost Amount Discount Discounted
Year(s) Element One-Time Recurring Factor Cost

0 Installation $960,000 1.000 $ 960,000
1-9 none

10 Repair leaks 10,000 0.405 4,050

11 Repair leaks 10,000 0.368 3,680

12 Repair leaks 10,000 0.334 3,340

13 Repair leaks 10,000 0.304 3,040

14 Repair leaks 20,000 0.276 5,520

15 Repair leaks 20,000 0.251 5,020

16 Repair leaks 20,000 0.228 4,560

17 Repair leaks 30,000 0.208 6,240

18 Repair leaks 30,000 0.189 5,670

19 Repair leaks 30,000 0.172 5,160

20 Repair leaks 40,000 0.156 6,240

21 Repair leaks 40,000 0.142 5,680

22 Repair leaks 50,000 0.129 6,450

23 Repair leaks 60,000 0.117 7,020

24 Repair leaks 70,000 0.107 7,490

25 Repair leaks 90,000 0.097 8,730

Total Net Present Value Cost $1,047,890

13.5.4.2 Cost - Alternative 2--Steel Line With Cathodic Protection. Cost of

steel line with cathodic protection - $§998,000.
system maintenance - $3,500.

Sysicu ©vely 15

...... €19 NN

n
yraLrs = 91l,VVvV,
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13.5.5

)
/

b)

Alternative 2,
the least life-cycle cost proposal.

Alternative 1

fdiacvaniavay

< ~ 3 v A

Years
01 23 456 7 8 9 10111213141516 17 18 1920212223 2425
S~ / l \ . __/
o e | $2.5K for each Year
% $2.5K for each Year l
8 |
$14.5K
$998K
Alternative 2
Project Cost Amount Discount Discounted
Year(s)  Element One-Time Recurring Factor Cost
0 Installation $958,000 1.000 $998,000
1-25 Maintenance $2,500 9.524 23,810
15 Rehabilitation 12,000 0.251 3,012
Total Net Present Value Cost: $§1,024,822
13.5.4.3 Benefits. As in the case of the waterline in the previous example,

a significant benefit of cathodic protection is that the function of the line
is maintained.

Compare Costs/Benefits

- Net present val

e = $1,047,890

Alternative 2 - Net present value = $1,024,822

installation of a steel line with cathodic protection, suggests
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13.5.6 c ons and Recomme . In addition to the economic
benefits of protection, addition factors such as safety, reliable operation
loss of product, environmental poliution and regulation indicate that cathodic
protection should be installed.

13.6 onomic s _-

13.6.1 Objective. Install a steel (fuel) pipeline, using cathodic
protection, 8 inches in diameter and 15,000 feet long.

13.6.2 Altern
a) Impressed current cathodic protection system
b) Galvanic anode cathodic protection system

A

ssumptions

[
w
()Y
w

L
~r

The soil resistivity is equal to 5,000 o

dile 5014 1eS15L1VIL -1_

moderately aggressive corrosion environment

m-cm, pH 6, which is a

1 s Ty TE2

b) The economic life of a fuel pipeline is 25 years. It is
assumed that no salvage value will be remitted in year 25 unless total

e e A o A

replacement is cost justified at that point in time.

c) The predicted number of leaks on a steel fuel line with
impressed current cathodic protection is zero. Continued protection and

mafdntranansaa {a acaiimad Danaiv AfF +tha vantifiar o vranmiivad avavy 1N vaave
alaldliivclialivco 4D AGAOoDuUITU, ‘\.CPGLL Vi LIIT LTLuLlilaTlL 40 LCHULLCU CVCL] PRV caLo.
Replacement of the anodes is required every 20 years This prediction is
based on historical data and technical expertise.

d) The predicted number of leaks on a steel fuel line with
galvanic anode cathodic protection is zero. Continued protection and

maintenance is assumed. A major rehabilitation of the system is required
avaeryv 15 vaare Thia nradiatianm ia hacad arn hictarianl Anta and tacshnisal
e veliy 4J yvaio 41110 PpPLETULLLILIVUILI 1O vadtu VUll 1ii1divliilital uata allvu Locuiuuiiical
expertise.

e) To compute present values, a 10 percent discount rate is

assumed.

f) Costs of labor and materials rise (or lower) with the general
inflation rate. Cost of fuel, however, requires special treatment when
determining the value lost (disbenefit) from a pipeline leak. Otherwise, this
analysis requires no special treatment of inflation.

13.6.4 Cost/Benefit Analysis

13.6.4.1 Cost - Alternative 1--Impressed Current Cathodic Protection. Cost
AfF otand TEeonn wrd ‘—k $ emnem am Aad Asseresn ar o 4= 2on Qo0 NNnnNn A vsneny 1 Aot ~F
VUL oSLLCTL 1111 wiltlll Lulyl. cu LULLCIIL byb Lem - Q’?O,UUU. ALl 4L CUDL UL

se ua
d cathodic protection system - $4,200. Cost to
years - $1,500. Cost to replace anodes every 20

maintenance with impres
repair rectifier every
years - $8,000.
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Years
01 2 3 4546 7 8 9 101112131415 16 17 18 19 2021 2223 24 25
\——Y__'/ $5.7K Y Y
% $4.2K for each Year $4.2K for each Year $4.2K for each Year
3 $13.7K
$998K
Alternative 1
Project Cost Amount Discount Discounted
Year(s) Element One-Time Recurring Factor Cost
0 Installation $998,000 1.000 $ 998,000
1-25 Maintenance $4,200 9.524 40,001
10 Repair/rectifier 1,500 0.405 607
20 Repair/rectifier 1,500 0.156 234
20 Replace/anodes 8,000 0.156 1,248
Total Net Present Value Cost: $1,040,090
13.6.4.2 Cost - Alternative 2--Galvanic Anode System. Cost of steel line

with galvanic anode system - $986,000.
maintenance - $3,800.

every 15 years - $12,000.

Annual cost of galvanic anode system
Major rehabilitation of cathodic protection system

Years
0 1 23 456 7 8 9 101112131415 16 17 18 19 20 21 22 23 24 25
\ W
" Y
‘g $3.8K for each Year $3.8K for each Year
o
$15.8K

$333K
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Alternative 2

Project Cost Amount Discount Digcounted
Year(s) Element One-Time Recurring Factor Cost
0 Installation $986,000 1.000 $ 986,000
i-25 Maintenance $3,800 9.524 36,191
15 Rehabilitation 12,000 0.251 3,012

ad , YV

Total Net Present Value: $1,025,203

13.6.5 Compare Costs/Benefits

Vo tlo 1

a) Alternative 1 - Net present value = $1,040,090

b) Alternative 2 - Net present value = $1,025,203

Alternative 2, installation of a steel line, with a galvanic anode cathodic
protection system, suggests the least life-cycle cost proposal.

13.7 Economic Analysis - Example 4

13.7.1 Objective. Determine whether cathodic protection should be
continued on a steel fuel pipeline, 8 inches in diameter and 15,000 feet long.

a) Cathodic protection system maintenance continued.
b) Cathodic protection system maintenance discontinued.

13.7.3 Assumptions

a) Same assumptions as in para. 13.5.3.

b) Next major rehabilitation, on existing line, required in 7
years.
3.7

1
i

IA ~/n $ s Tewrod o
B d LUDL/ D 1 AL HDllalysSl

13.7.4.1 Cost - Alternative 1--Cathodic Protectjion System Maintenance

Continued. Annual cost of cathodic protection system maintenance - $3,500.
Major rehabilitation of cathodic protection system every 15 years - $12,000.
Salvage value of steel line - $24,000.
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Years

01 23 456 7 89 1011121314151617 181920212223 2425

~ - 1 =
\ - 1 [y r3
~——— | ~—— |
©u ¢ BEW far PN -2V PN L v $3.5K for
WA TIN TS 23.5K 10 n | Py b JI.ON TOI
§ each Year I toach rodl Ieach Year
$i15.5K $15.5K
Alternative 1
Project  Cost Amount Digcount Discounted
Year({s) Element One-Time Recurring Factor Cost
1-25 Maintenance $3,500 9.524 $33,334
7 Rehabilitation $12,000 0.538 65,456
22 Rehabilitation 12,000 0.129 1,548
Total Net Present Value Cost: $41,338
13.7.4.2 Cost - Alternative 2--Cathodic Protectjon System Maintenance
Discontinued. Cost to repair leaks - @ $10,000 each Salvage value of steel
line - $24,000

Years
0123 45¢6 7 89 101112 1314 15 16 17 18 19 20 21 22 23 24 25
[ T TTT 1]
| I )
" ARRERE
8 *fggl ||
LR VN
| : 8 |
S
3!
3
>°¢
8,.
S
3
X
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Alternative 2

Project Cost Amount Discount Discounted
Year(s) Element One-Time Recurring Factor Cost
0-14 none
15 Repair leaks $10,000 0.251 $2,510
16 Repair leaks 10,000 0.228 2,280
17 Repair leaks 20,000 0.208 4,160
18 Repair leaks 20,000 0.189 3,780
19 Repair leaks 30,000 0.172 5,160
20 Repair leaks $30,000 0.156 $4,680
21 Repair leaks 40,000 0.142 5,680
22 Repair leaks 50,000 0.129 6,450
23 Repair leaks 60,000 0.117 7,020
24 Repair leaks 70,000 0.107 7,490
25 Repair leaks 90,000 0.097 8,730
Total Net Present Value: $57,940
13.7.5 Compare Benefits and Costs
a) Alternative 1 - Net present value = $41,338
b) Alternative 2 - Net present value = $57,940
Alternative 1, continued cathodic protection, suggests the least life-cycle
cost proposal
13.8 Economic Analysis Goal. The goal of the economic process is to

provide quantitative information in an unbiased manner and to provide the
decision-maker with relevant information. Adhering to the six-step economic

nnnnnnnn 221 I B

g
process wiii meet tr

= o=
1LS poal.
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Section 14: CORROSION COORDINATING COMMITTEE PARTICIPATION

i4.1 Introductijon. In order to reduce the adverse effects of
interference from cathodic protection systems in congested areas, corrosion

coordinatine committeas have heen sgtasbhliched in almosgt everv area of the
ceeorcinating commitieses nave Deen estaciisned 1n 2a.m:eeEt every area oI tne

United States and Canada as well as in major industrial or metropolitan areas
in foreign countries.

14.2 Functions of Corrosion Coordinating Committees. The purpose of

these committees is to serve as a clearlng house® for information regaralng
T O

-~ — i e o m A S
UCLIIUULC proLecul

14.3 Operation of the Committees. Anyone planning, installing, or

modifying cathodic protection systems, underground structures, or potential
sources of stray currents in the area covered is expected to notify the
appropriate corrosion coordinating committee(s). Members of the committees
are representatives of all interested parties in the area. The committees
have no power to enforce procedures or regulations but they are responsible
for ectabhlichine notification nrocedurec and thev accigt in es h]ichipa tect

aVi TSSLaVassiiily sV vazalSLalVi PFevYLetULiTSs S0 LA TJ =SS aASS 2l -——-————..—

programs and maintaining pertinent records in their areas.

14.4 Locations of Committees. Most corrosion coordinating committees,
both in the United States and in foreign countries, are affiliated with the
National Association of Corrosion Engineers. A list of the currently

_____ PR S K o, I A mmme L micamstnamnt AELLL A mee
UPCLdL.LuE Couul Lees, Lllbluulllg Lllt: niames ullu uuulcbbcb OL Curirenc UiLLrLiCcELD>,
from the National Acecociation of Corrosion Eneineers, P.0O. Rox

T AR LAV A AASSUVlaTvabVa: Va VLAV oSa

i
can be ohtained
on

218340, Houst Texas, 77218.
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APPENDIX A

SECTION A - NEW CONSTRUCTION
1. Meeting With Architect/Engineer (A/E) or Owner:

a. Description of facilities to be constructed:

1)

g HM®MLO oD
N N N N o N

h)
1)

(2)

a)
b)
c)
d)
e)
)
)

gQ rh

(3)
a)

b)

What is included?

Pilings

Bulkheads

Building structural members
Other

Materials to be used and where?

Steel
Cast iron
Lead
Concrete

Construction methods specified:

Coatings - Types?
Insulation between structures?
Are special fills being used?

Road and railroad r-n,ein_gs? Are

they insulated?

Type pipe joints - weld, flange, dresser, other?

Type grounding connecting cables?

Layout of structures (distance between those of varying

materials, etc.)?

L]
; [
w
®
Jbe
o]
e
o)
n
rt
o
=
p—

r location, 1Is it objectionable to
abovegrade test stations, etc., in or near them?
Pavement - Its location and type. What buried facilities

will be placed under it?
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APPENDIX A (continued)
b. Get complete drawings of all facilities:

(1) The following are usually included:

b) Mechanical

c) Communications

d) Fire protection

e) Piling

f) Fuel systems

g) Storage tank
(2) Be sure they are the latest.
(3) Ask to be kept advised of any changes.

c. Get the following information on ownership of facilities:

71y
\i)

el

(2) Where does utility’s ownership and plant’s jurisdiction begin?

(3) Will the utility install insulation?

o

d. What life does the owner expect from facilities? How many years?

1)
b
4
o

f. Are any facilities extremely critical? (No failures of any kind to be
tolerated because of costs or hazard.)

g. Is direct current being used anywhere in this plant or nearby? Get:

(1) Complete information on where and why
(2) Wiring diagrams and schematics

(3) Method of grounding.

e Conducted:

a. Soil Resistivity. 1If site is uniform, take 5-foot and 10-foot (usual
depth of buried structures) readings at suitably spaced grid (20-foot
to 100-foot readings may be required). Do not exceed 100-foot spacing

£ 22 Ao Ao

with vlbrogrouna instrument. If route of piping or structure is
known, follow the route Take readings of fill, if any.

b. Soil pH. Take pH at same places as resistivity, if soil is moist.
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APPENDIX A (continued)

Soil Samples and Water Samples (Steam Riser, etc.). Take samples for
sulfides and sulfate (and pH) at representative grid locations

(minimum of eix)
{minimum of gilX).

Stray Currents. Using two copper sulfate cells, take soil potential
profile readings in a rosette pattern as necessary.

>
3
D
]

ntact corrosion or maintenance engineersg o erators in the area

LSail L S LNNLTNENNE S2p~====2 ¥= erators 1 Ll

including the:
(1) 0il transmission pipelines.
(2) Gas transmission pipelines.

(3) Gas distribution company.

(4) Telephone company.

(5) Water department.

{6) Electrical power company.

(7) Manufacturing plants in the area.
(8) Corrosion Coordinating Committee.

(9) Railroad (Do nearby railroads have signal system? Electrical
propulsion - ac or dc?).

Data or Information to Get From Corrosion or Maintenance Engineers:

(1) Failure and corrosion experience.

(2) 1s cathodic protection being used? Type? Rectifier locations?

~
w
~r
o

ersonnel to contact for coordination tests - names addresses

saxa e contact oy coordinatlon LesLs lales ;

and telephone numbers.

(4) Place and time of Coordinating Committee meeting.

(5) 1Is stray current a problem? Its source? What structures have been
affected?

”~~
o
St

Are deicing salts used in streets?
(7) Are underground structures coated? Which ones? Type coating?

(8) Get drawings and other location information
the area. Mark those protected and locat

257




(9

~
[
(=]
~

”~
(=t
Lt

o

.~
N>
S

(3)

Downloaded from http://www.everyspec.com

APPENDIX A (continued)

Are other new facilities planned for this area? Utilities,
pipelines, etc.

N - G

out what facilities are to be covered by this investigation.
get data on all other facilities in the area.

Look for the following:

a) Gas

T\ Y _ A .

D) wacter

¢) Buried electrical and grounding systems
d) Buried communications or signal systems
e) Tanks

f) Pilings

g) Bulkheads
h) Building structural members

2\ Nal - oa
1) Utner

What materials have been used and where:

a) Steel

b) Cast iron
c) Lead

d) Concrete

a) Coannar
<y LCpper

f) Aluminum
g) Other

Construction methods used:

aj Coatings - Types?

b) Insulation between structures?

c) Are special fills being used?

d) Road and railroad casings? Are they insulated?

e) Type of pipe joints - weld, flange, dresser, other?

f) Type of grounding connecting cables?

g) Layout of structures (distance between those of varying
materials, etc.)?

i) Lawns - Their location. Is it objectionable to install
abovegrade test stations, etc., in or near them?

j) Pavement - Its location and type. What buried facilities will

be placed under it?

(2]
W
0
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APPENDIX A (continued)

1=\ 2 mewn Semmde oo=d . -—manm & am 211 ad o mdad ateiiatiivan?d
Ny nave LeE3L wWilted veell 4l Laiicu 11 WULLCU dDLiULLULTD]
1) UWhere can connectiong to buried structures be made? Exposed
valves, sections of pipe, etc.
b. Get complete drawings of all facilities:
(1) The following are usually inciuded:
a) Electrical
h) Mechanical
c¢) Communications
d) Fire protection
e) Piling
f) Fuel systems
g) Storage tanks
(2) Ra cure thev are the latect
\N*J ATV mERA waaJ -~ AW AV~
(3) Ask to be kept advised of any changes.
(4) Test station locations.
(5) Test station wiring diagrams.
(6) Insulation joint locations.
(7) 1Insulation joint types.
c. Get the foliowing information on ownership of facilities:
(1) Gas, water, power, telephone, etc. - Which are to be included in

project? Which are "utility owned?"

(2) Where does utility’'s ownership end and plant’'s jurisdiction
begin?

(3) Will the utility install insulation?
(4) Are utility companies using cathodic protection?

(5) Have the utility companies made any tests or investigations on
the systems covered by this survey?

TYL. _a V12O 2 Al _ — e e e b L. L. 2V 2
wnat l1Lille aoes Liie owinel expecti 110m rdcliiiiies

.

e. What does a corrosion failure cost? (Each type facility.)

f. Are any facilities extremely critical? (No failures of any kind to be
tolerated because of cost or hazard.)

g. Have any corrosion failures been experienced?

(1) How manv?
\N=/ - m——7 "
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APPENDIX A (continued)
(2) when {(dates)?
(3) Where? (Mark on drawings.)
(4) What was their appearance?
h. Have other failures occurred? {Investigate to be sure they were not
really corrosion.)
1. 1Is direct current being used anyvhere in this plant or nearby? Get:
(1) Complete information on where and why.

(2) Wiring diagrams and schematics.

{(3) Method of grounding.

J. Are any abandoned facilities located in the vicinity? (Metal pipes,
etc., may be used as ground beds.) Are they connected or to be
connected to anything else.

k. Are additional facilities planned? (Immediate or long range.) If so,
get the following information:

(1) Type and methods of construction.
(2) Probable location.
(3) How will they be connected to existing facilities?

(4) Will direct current be used?

Field Tests That Should Be Copducted:
a. Soil resistivicty. If site is uniform, take 5-foot and 10-foot (usual

................ , tak 10-fo {us
depth of buried structures) readings at sulcably spaced grid (20-foot
and 100-foot readings may be required). Do not exceed 100-foot
spacing with vibroground instrument. If route of piping or structure

{s known, follow the route. Take readings of fill, if any.

b. Soll pH. Take pH samples at same places as resistivity, if scil is
moist.

¢, Soil samples and water samples (steam riser, etc.). Take samples for
sulfides and sulfate (and pH) at representative grid locations,
(Minlpum of six.)

d. Structure-to-soil voltage (at discretion of engineer):

(1) A thorough test of bare structure requires one over structure and
one on each side every 25 feet.

{2) Coated structure - less frequent readings are needed.
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APPENDIX A (continued)
e on every structu
(1) Always test external circuit resistance.
(2) Correct readings if necessary.

(3) Be sure to indicate polarity of all readings.

Voltage between structures. Test voltage between all metallic
structures (Be sure to indicate polarity of each reading.)

Insulating joint - Test resistance of all known joints and look for
others. Use four connections (two on each side of joint) with DC
method.

For mechanical pipe joints:

(1) Test each piping system to find out if mechanical joints exist.

(2) Test representative number of mechanical joints to determine
quantitative resistance per joint.

(3) Be sure to use the fou

Electrical and communications cables in duct:

(1) All electrical tests at each manhole:
a) As in b, e, and f above.
b) Be sure to v a

b) Be sure
duct systems.

(2) Visually inspect all hardware in each manhole:

a) Brackets

T\ n._ 2_

D) DONAs

c) Condition of cables

d) Note material of each component and its condition
e) Note fastening methods and insulation between components

Investigate stray current:

(1) tray currents must be indicated by abnormal structure-to-soil
voltages or IR drop. (Either steady or fluctuating.)

(2) 1If stray current is suspected, investigate:
a) Any possible source of direct current in the area.
b) Operating cathodic protection.

ry Y -

Have suspected source turned off and on to establish its affect
on

-
n any structure.

~
w
~r
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APPENDIX A (continued)

Get additional IR drop and voltage readings to establish circuit.

Current requirement test (for cathodic protection). At least cursory
current requirement tests should usually be conducted if there is any
chance of using cathodic protection at the site.

()
(2)

For
(L
(2)

(3)
(4)

Test using an artificial ground bed for both magnesium anode and
impressed current designs.
Extent of testing is determined by the scope of work laid out by
the client. (Is all design data to be included with this
survey?)
existing cathodic protection:
Visually inspect all equipment.

Test to determine protection being given and possible
interference to other structures.

Get operating record.

Find out when installed and turned on.

Miscellaneous - Note any other corrosion problems (chemical, water,
atmospheric, etc.) that could use further detailed study.

3. Consulting Work To Be Accomplished:

a.

Contact all plant personnel who have knowledge of structures being
studied and get all possible information from them.

Contact corrosion and maintenance engineers or operators in the area,
including the:

(1)
(2)
(3
(4)
(5)
(6)
(N
(8)
(9)

0il transmission pipelines.

Gas transmission pipelines.

Gas distribution company.

Telephone company.

Water department.

Electrical power company.

Manufacturing plants in the area.

Corrosion Coordinating Committee.

Railroad (Do nearby railroads have signal systems? Electrical

propulsion - AC or DC?)
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APPENDIX A (continued)

Data to get from those contacted in b above:

(1)
(2)
(3)

(4)
(5)

(6)
(7)
(8)

(9

Failure and corrosion experience.

Is cathodic protection being used? Type? Rectifier locations?

Personnel to contact for coordination tests - names, addresses,

and

telephone numbers.

Place and time of Coordinating Committee meetings.

Is stray current a problem? Its source? What structures have been
affected?

Are

Are

Get
the

Are

deicing salts used in streets?
underground structures coated? Which ones? Type coating?

drawings or other location information on all structures in
area. Mark those protected and locations of rectifiers.

other new facilities planned for this area? Utilities,

pipelines, etc.

(10) Will these new facilities be coated and cathodically protected?

(11) Is it objectionable to use impressed current cathodic protection?
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APPENDIX B
ECONOMIC LIFE GUIDELINES*

To provide a basis for comparison between competing projects, economic lives
are established for the general investment classifications listed below.
These are guidelines to be used in the absence of better information.
However, due to the constraints of mission life and technological life, the
economic life chosen should pot exceed the applicable figure below.

1. ADP Equipment........... ... ittt ennenns 8 years

2. Buildings

a,. Permanent............oiiuiitiinnnnnnnnnnnennnns 25 years
b. Semipermanent, nonwood....................... 25 years
c. Semipermanent, wood............ ... i, 20 years
d. Temporary or rehabilitated................... 15 years
3. Operating Equipment................ciinnnnnnnn 25 years

4., Utilities, Plants, and Utility
Distribution Systems............... . it 25 years

(This category includes investment projects for electricity,
water, gas, telephone, and similar utilities.)

5. Energy Conserving Assets

a. Insulation, solar screens, heat recovery

systems, and solar energy installatioms...... 25 years
b. Energy Monitoring and Control Systems........ 15 years
c. Controls (e.g., thermostats, limit switches,

automatic ignition devices, clocks,
photocells, flow controls, temperature
SENSOLS, L. )it in i etntneennnnneneenennnnns 15 years

d. Refrigeration compressors.................... 15 years

*Source: NAVFAC P-442, Economic Analysis Handbook.
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APPENDIX C

Table A

PRESENT VALUE OF §1 (Single
Amount--to be used when cash
flows accrue in varying

amnintea
amlui

PRESENT VALUE OF $1 (Cumulative
Uniform Series--to be
used when cash flows accrue

—mema  mammezan 1w

) "N —— -~ - e mae )
Lll tne same mount eacn Yyearir)

Project

_Year 102 102
1 0.954 0.954
2 0.867 1.821
3 0.788 2.609
4 0.717 3.326
5 0.652 3.977
6 0.592 4.570
7 0.538 5.108
8 0.489 5.597
9 0.445 6.042
10 0.405 6.447
11 0.368 6.815
12 0.334 7.149
13 0.304 7.453
14 0.276 7.729
15 0.251 7.980
16 0.228 8.209
17 0.208 8.416
18 0.189 8.605
19 0.172 8.777
20 0.156 8.933
21 0.142 9.074
22 0.129 9.203
23 0.117 9.320
24 0.107 9.427
25 0.097 9.524
26 0.088 9.612
27 0.080 9.692
28 0.073 9.765
29 0.066 9.831
30 0.060 9.891
NOTE: Table A factors are based ¢on tinuous compounding at

a 10 percent effective annual discount rate, assuming

Table A factors are approximated by an arithmetic
average of beginning and end of year single amount

factors found in standard pr

nt value tables. Table

B factors represent the cumu tiVé sum of Table A
factors through any given project year. Formulae for
these factors are provided in Appendix D
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APPENDIX D

PRESENT VALUE FORMULAE

Project Year 10 Percent Discount Factors
Table A Single Amount Factor:

- 0.1/r(1.1)"

b, = (" - Ly/re™ - [(1.1D™1)/r.1)"
where
n = number of years

e = 2.718281828459...,
the base of the natural logarithms

r = In(l +R) = 1In(l.1) = 0.09531018..., and
R = 0.10, the effective annual discount rate
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APPENDIX E

DOT REGULATIONS

Subpart I-Requirements for
Corrosion Control

Source: Amdt. 192-4, 36 FR 12302, June 30, 1971, unless otherwise noted.
¢ 192.451 Scope.

(a) This subpart prescribes minimum requirements for the protection
of metallic pipelines from external, internal, and atmospheric corrosion.

[Amdt. 192-4, 36 FR 12302, June 30, 1971, as amended by Amdt. 192-27, 41 FR
34606, Aug. 16, 1976; Amdt. 192-33, 43 FR 39389, Sept. 5, 1978]

¢ 192.452 Applicability to converted pipelines.

Notwithstanding the date the pipeline was installed or any earlier
deadlines for compliance, each pipeline which qualifies for use under this
part in accordance with ¢ 192.14 must meet the requirements of this subpart
specifically applicable to pipelines installed before August 1, 1971, and all
other applicable requirements within 1 year after the pipeline is readied for
service. However, the requirements of this subpart specifically applicable to
pipeline installed after July 31, 1971, apply if the pipeline substantially
meets those requirements before it is readied for service or it is a segment
which is replaced, relocated, or substantially altered.

[Amdt. 192-30, 42 FR 60148, Nov. 25, 1977)

¢ 192.453 General.

Each operator shall establish procedures to implement the
requirements of this subpart. These procedures, including those for the
design, installation, operation and maintenance of cathodic protection
systems, must be carried out by, or under the direction of, a person qualified
by experience and training in pipeline corrosion control methods.

¢ 192.455 External corrosion control: Buried or submerged pipeline installed
after July 31, 1971.

(a) Except as provided in paragraphs (b), (c), and (f) of this
section, each buried or submerged pipeline installed after July 31, 1971, must
be protected against external corrosion, including the following:

(1) It must have an external protective coating meeting the

requirements of ¢ 192.461.
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APPENDIX E (continued)

(2) It must have a cathodic protection system designed to
protect the pipeline in its entirety in accordance with this subpart,
installed and placed in operation within one year after completion of
construction.

(b) An operator need not comply with paragraph (a) of this section,
if the operator can demonstrate by tests, investigation, or experience in the
area of application, including, as a minimum, soil resistivity measurements
and tests for corrosion accelerating bacteria, that a corrosive environment
does not exist. However, within 6 months after an installation made pursuant
to the preceding sentence, the operator shall conduct tests, including pipe-
to-soil potential measurements with respect to either a continuous reference
electrode or an electrode using close spacing, not to exceed 20 feet, and soil
resistivity measurments at potential profile peak locations, to adequately
evaluate the potential profile along the entire pipeline. If the tests made
indicate that a corrosive condition exists, the pipeline must be cathodically
protected in accordance with paragraph (a)(2) of this section.

(c) An operator need not comply with paragraph (a) of this section,
if the operator can demonstrate by tests, investigation, or experience that-

(1) For
exist; or

(2) For a temporary pipeline with an operating period of
service not to exceed 5 years beyond installation, corrosion during the 5-year
period of service of the pipeline will not be detrimental to public safety.

(d) Notwithstanding the provisions of paragraph (b) or (c) of this
section, if a pipeline is externally coated, it must be cathodically protected
in accordance with paragraph (a)(2) of this section.

(e) Aluminum may not be installed in a buried or submerged pipeline
if that aluminum is exposed to an environment with a natural pH in excess of
8, unless tests or experience indicate its suitability in the particular
environment involved.

(f) This section does not apply to electrically isolated, metal
alloy fittings in plastic pipelines if:

(1) For the size fitting to be used, and operator can show by
tests, investigation, or experience in the area of application that adequate
corrosion control provided by alloyage; and

(2) The fitting is designed to prevent leakage caused by localized
corrosion pitting.

[Amdt. 192-4, 36 FR 12302, June 30, 1971, as amended at Amdt. 192-28, 42 FR
35654, July 11, 1977; Amdt. 192-39, 47 FR 9844, Mar. 8, 1982]
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APPENDIX E (continued)

corrosion control: Buried or submerged pipeiines instaliled

(a) Except for buried piping at compressor, regulator, and
measuring stations, each buried or submerged transmission line installed
before August 1, 1971, that has an effective external coating must be
cathodically protected along the entire area that is effectively coated, in
accordance with this subpart. 1 this subpart, a pipeline

..... | T P, _tt-ALx__ PR | e _at _ 2L 8. __ .t ae _ - A a2
uueb not nav aIl eliecillve exiterinal coating 11 1ts catnoaic procecc:Lon current
requirements are substantially the same as i{f it were bare. The operator
shall make tests to determine the cathodic protection current requirements

(b) Except for cast iron or ductile iron, each of the following
buried or submerged pipelines installed before August 1, 1971, must be
cathodically protected in accordance with this subpart in areas in which
active corrosion is found:

(1)
(2)

measuring stations.

Bare or ineffectively coated transmission lines.

Bare or coated pipes at compressor, regulator, and

(3) Bare or coated distribution lines. The operator shall
determine the areas of active corrosion by electrical survey, or where
electrical survey is impractical, by the study of corrosion and leak history
records, by leak detection survey, or by other means.

active corrosion means
could result in a condition

(c) For the purpose of this subpart,
continuing corrosion which, unless controlled,
that is detrimental to public safety.
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pipeline is exposed, the exposed portion must be examined for evidence of
external corrosion if the pipe is bare, or if the coating is deteriorated. If
external corrosion is found remedial action must be taken to the extent
required by ¢ 192.483 and the applicable paragraphs of ¢¢p 192.485,
192-487.487, or 192.489.
¢ 192-461 External corrosion control: Protective coating.

(a) Each external protective coating, whether conductive or

insulating, applied

for the purpose of external corrosion control must:

N
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(1) Be applied on a properly prepared surface;

(2) Have sufficient adhesion to the metal surface to
effectively resist underfilm migration moisture;

(3) Be sufficiently ductile to resist cracking;

(4) Have sufficient strength to resist damage due to handling
and soil stress; and

(5) Have properties compatible with any supplemental cathodic
protection.

(b) Each external protective coating which is an electrically
insulating type must also have low moisture absorption and high electrical
resistance.

(c) Each external protective coating must be inspected just prior
to lowering the pipe into the ditch and backfilling, and any damage
detrimental to effective corrosion control must be repaired.

£ AN\ - P e Y N
{d) Each external t

ach exter
resulting from adverse ditc
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~t €rn
conditions or damage from supporting blocks.

(e) If coated pipe is installed by boring, driving, or other
similar method, precautions must be taken to minimize damage to the coating
during installation.

(a) Each cathodic protection system required by this subpart must
provide a level of cathodic protection that complies with one or more of the
applicable criteria contained in Appendix D of this part. If none of these
criteria is applicable, the cathodic protection system must provide a level of
cathodic protection at least equal to that provided by compliance with one or
more of these criteria.

(b) If amphoteric metals are included in a buried or submerged
pipeline containing a metal of different anodic potential-
(1) The amphoteric metals must be electrically isolated from
the remainder of the pipeline and cathodically protected; or

(2) The entire buried or submerged pipeline must be
cathodically protected at a cathodic potential that meets the requirements of
Appendix D of this part for amphoteric metals.

(¢) The amount of cathodic p rotection must be controlled so as not

to damage the protective coating or the pipe.
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¢ 192 465 External corrosion contrel

ftarine
- %

-
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(a) Each pipeline that is under cathodic protection must be tested
at least once each calendar year, but with intervals not exceeding 15 months,
to determine whether the cathodic protection meets the requirements of ¢
192.463. However, if tests at those intervals are impractical for separately

’
protected short sections of mains or transmission iines, not in excess of 100
feet, or separately protected service lines, these pipelines may be surveyed
on a sampling basis. At least 10 percent of these protected structures,

distributed over the entire system must be surveyed each calendar year, with a
different 10 percent checked each subsequent year, so that the entire system
is tested in each 10-year period.

(b) Each cathodic protection rectifier or other impressed current
power source must be inspected six times each calendar year, but with
intervals ncot exceeding 2-1/2 months, to insure that it is operating.

(c) Each reverse current switch, each diode, and each interference
bond whose failure would jeopardize structure protection must be electrically
checked for proper performance six times each calendar year, but with
intervals not exceeding 2-1/2 months. Each other interference bond must be
checked at least once each caiendar year, but with intervals not exceeding 15

~ 1o

(d) Each operator shall take prompt remedial action to correct any
deficiencies indicated by the monitoring.

(e) After the initial evaluation required by paragraphs (b) and (c)
5 and paragraph (b) of 192.457, each operator shall, at intervals
' revaluate its unprotected pipelines and cathodically

L .
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The operator chall determine the

corrosion by electrical survey, or where electrical s y is impractical, by
the study of corrosion and leak history records, by leak detection survey, or
by other means.
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¢ 192.467 External corrosion control: Electrical isolation.

(a) Each buried or submerged pipeline must be electrically isolated
from other unaergrouna metallic structures, unless the pipeline and the other

......... - an PPy T 1 1 PRy = . _al =13 .
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einele unit

SalipaT miiat.

(b) One or more insulating devices must be installed where
electrical isolation of a portion of a pipeline is necessary to facilitate the
application of corrosion control.

N
~J
W




Downloaded from http://www.everyspec.com

MIL-HDBK-1004/10

APPENDIX E (continued)

(c) Except for unprotected copper inserted in ferrous pipe, each
pipeline must be electrically isolated from metallic casings that are a part
of the underground system. However, if isolation is not achieved because it
is impractical, other measures must be taken to minimize corrosion of the
pipeline inside the casing.

(d) Inspection and electrical tests must be made to assure that
electrical isolation is adequate.

(e) An insulating device may not be installed in an area where a
combustibie atmosphere is anticipated unless precaution are taken to prevent
arcing.

(f) Where a pipeline is located in close proximity to electrical
transmission tower footings, ground cables or counterpoise, or in other areas
where fault currents or unusual risk of lightning may be anticipated, it must
be provided with protection against damage due to fault currents or lightning,
and protective measures must also be taken at insulating devices.

Am $52-4, 36

{Amdt. 1 'R
39390, Sept. 5, 1978

a2_171 2.7 D
JL~II, I I'N

¢ 192.469 External corrosion control: Test stations.

Each pipeline under cathodic protection required by this subpart
must have sufficient test stations or other contact points for electrical

mansiiramant & Aatavrmi +h A £
measurement TO Gelermine Thne agGequaly of cathedic ?rctection.

[Amdt. 192-27, 41 FR 34606, Aug. 16, 1976]

¢ 192.471 External corrosion control: Test leads.

(b) Each test lead wire must be attached to the pipeline so as to
minimize stress concentration on the pipe.

(¢) Each bared test lead wire and bared metallic area at point of

connection to the pipeline must be coated with an electrical insulating
material compatible with the pipe coating and the insulation on the wire.

276
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(a) Each operator whose pipeline system is subjected to stray
currents shall have in effect continuing program to minimize the detrimental
effects of such currents.

(b) Each impressed current type cathodic protection system or
galvanic anode system must be designed and installed so as the minimize any

adverce effecte on exigting adiacent undersround maetallis etructurag,

Veawe Caawo e TCRAS Vel WL JULTILY VISV A RSV W BV CWAeSAT B LVa RS Led o

(Amdt. 192-4, 36 FR 12302, June 30, 1971, as amended by Amdt. 192-33, 43 FR
39390, Sept. 5, 1978]
@ 192.475 Internal corrosion control: General.

{a) Corrosive gas may not be transported by pipeline, unless the
corrosive effect of the gas on the pipeline has been investigated and steps
have been taken to minimize internal corrosion

(b) Whenever any pipe is removed from a pipeline for any reason,
the internal surface must be inspected for evidence of corrosion. If internal
corrosion is found. -

(1) The adia
extent of internal corrosion:

(2) Replacement must be made to the extent required by the
applicable paragraphs of ¢¢ 192.485, 192.487, or 192.489; and

(c) Gas containing more than 0.1 grain of hydrogen sulfide per 100
standard cubic feet may not be stored in pipe-type or bottle-type holders.

[Amdt. 192-4, 36 FR 12302, June 30, 1971, as amended by Amdt. 192-33, 43 FR

39390, Sept. 5, 1978]

¢ 192.477 Internal corrosion control: Monitoring.

If corrosive gas is being transported, coupons or other suitable
means must be used to determine the effectiveness of the steps taken to

minimize internal corrosion. Each coupon or other means of monitoring
{intarnal snvrracian miietr ha Ahansnlad tera Fimaes anarh Aalandar wvanr hett wieh
AMVTCAIMGL VWWALVOAVIL MMUO W VT LviiCuUnTW - wAINT O Cawvii valilvilvual CaiL WAL WA L
intervals not exceeding 7-1/2 months

[Amdt. 192-33, 43 FR 39390, Sept. 5, 1978]
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¢ 192.479 Atmospheric corrosion control: General.

(a) Pipelines installed after July 31, 1971. Each aboveground
pipeline or portion of a pipeline installed after July 31, 1971 that is
exposed to the atmosphere must be cleaned and either coated or jacketed with a
material suitable for the prevention of atmospheric corrosion. An operator
need not comply with this paragraph, if the operator can demonstrate by test,
investigation, or experience in the area of application, that a corrosive
atmosphere does not exist. )

(b) Pipelines installed before August 1, 1971. Each operator
having an above-ground pipeline or portion of a pipeline installed before
August 1, 1971 that is exposed to the atmosphere, shall-

(1) Determine the areas of atmospheric corrosion on the
pipeline;

(2) 1f atmospheric corrosion is found, take remedial measures
to the extent required by the applicable paragraphs of ¢¢ 192.485, 192.487, or
192.489; and

(3) Clean and either coat or jacket the areas of atmospheric
corrosion on the pipeline with a material suitable for the prevention at
atmospheric corrosion.

[Amdt. 192-4, 36 FR 12302, June 30, 1971, as amended by Amdt. 192-33, 43 FR
39390, Sept. 5, 1978]

¢ 192.481 Atmospheric corrosion control: Monitoring.

After meeting the requirements of ¢ 192.479 (a) and (b), each
operator shall, at intervals not exceeding 3 years for onshore pipelines and
at least once each calendar year, but with intervals not exceeding 15 months,
for offshore pipelines, re-evaluate each pipeline that is exposed to the
atmosphere and take remedial action whenever necessary to maintain protection
against atmospheric corrosion.

{Amdt. 192-33, 43 FR 39390, Sept. 5, 1978]

¢ 192.483 Remedial measures: General.

(a) Each segment of metallic pipe that replaces pipe removed from a
buried or submerged pipeline because of external corrosion must have a
properly prepared surface and must be provided with an external protective
coating that meets the requirements of ¢ 192.461.

(b) Each segment of metallic pipe that replaces pipe removed from a

buried or submerged pipeline because of external corrosion must be
cathodically protected in accordance with this subpart.
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{(c) Except for cast iron or ductile e, each segm

buried or submerged pipe that is required to be repaired because of external
corrosion must be cathodically protected in accordanc su

@ 192.485 Remedial measures: Transmission lines.

(a) General corrosion. Each segment of transmi

>d
for the maximum allowable operating pressure of the pipeline must be replaced
or the operating pressure reduced commensurate with the strength of the pipe
based on actual remaining wall thickness. However, if the area of general
corrosion is small, the corroded pipe may be tepaired. Corrosion pitting so
Arlacatey ovatiemad ao +0n FLo a0 &Ll 1T a4 a1 —

closely grouped as to affect the overall strength of the pipe is considered
general corrosion for the purpose of this paragraph.

(b) Localized corrosion pitting. Each segment of transmission line
pipe with localized corrosion pitting to a degree where leakage might result
must be replaced or repaired, or the operating pressure must be reduced
commensurate with the strength of the pipe, based on the actual remaining wall

[Amdt. 192-4, 36 FR 12302, June 30, 1971, as amended by
39390, Sept. 5, 1978]

@ 192.487 Remedial wmeasures: Distribution linmes other than cast iren or
ductile iron lines.

(a) General corrosion. Except for cast iron or ductile iron pipe,
each segment of generally corroded distribution line pipe with a remaining
wall thickness less than that required for the maximum allowable operating

pressure of the pipeline, or a remaining wall thickness less than 30 percent
of the nominal wall thickness, must be replaced. However, if the area of
general corrosion is small, the corroded pipe may be repaired. Corrosion
pitting so closely grouped as to affect the overall strength of the pipe is
considered general corrosion for the purpose of this paragraph

(b) Localized corrosion pitting. Except for cast iron or ductile

iron pipe, each segment of distribution line pipe with localized corrosion
pitting to a degree where leakage might result must be replaced or repaired.

@ 192.489 Remedial measures: Cast iron and ductile iron pipelines.

(a) General graphitization Each segment of cast iron or ductile
ron pipe on h general graphitization is found to a degree where a

arna midolht waoee h S ceced hhn amct
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(b) Localized graphitization. Each segment of cast iron or ductile
iron pipe on which localized graphitization is found to a degree where any
leakage might result, must be replaced or repairsd or sealed by intermal

sealing methods adequate to prevent or arrest any leakage.

¢ 192.491 Corrosion control records

(a) Each operator shall maintain records or maps to show the
location of cathodically protected piping, cathodic protection facilities,

cther than unreccrded galvanic ancdes installed before August 1, 1971, and

neighboring structures bonded to the cathodic protection system.

(b) Each of the following records must be retained for as long as
the pipeline remains in service:

(1) Each record or map required by paragraph (a) of this

section

(2) Records of each test, survey, or inspection required by
this subpart, in sufficient detail to demonstrate the adequacy of corrosion
control measures or that a corrosive condition does not exist.

[Amdt. 192-4, 36 FR 12302, June 30, 1971, as amended by Amdt. 192-33, 43 FR
39390, Sept. 5, 1978]

Appendix D - Criteria For Cathodic Protection And Determination Of
Measurements

I. Criteria for cathodic protection
A. Steel, cast iron, and ductile iron structures.

(1) A negative (cathodic) voltage of at least 0.85 volt, with
reference to a saturated copper-copper sulfate half cell. Determination of
this voltage must be made with the protective current applied, and in
accordance with sections II and IV of this appendix.

(2) A negative (cathodic) voltage shift of at least 300 millivolts.
Determination of this voltage shift must be made with the protective current
applied, and in accordance with sections II and IV of this appendix. This
criterion of voitage shift applies to structures not in contact with metals of
different anodic potentials.

(3) A minimum negative (cathodic) polarization voltage shift of 100

millivolts. This polarization voltage shift must be determined in accordance
with sections III and IV of this appendix.
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establiched at the beginning of the Tafel segment of the E-log-I curve, This
voltage must be measured in accordance with section IV of this appendix.

(5) A net protective current from the electrolyte into the
structure surface as measured by an earth current technique applied at
predetermined current discharge (anodic) points of the structure.

B. Aluminum gt

(1) Except as provided in paragraphs (3) and (4) of this paragraph,
a minimum negative (cathodic) voltage shift of 150 millivolts, produced by the
application of protective current. The voltage shift must be determined in
accordance with sections II and IV of this appendix.

(2) Except as rnvidgd in paragrap nh (3) and (4) of thigs parag raph

a
L) Lxcept rov a paragrapn (2) an ls paragr
sh

a minimum negative (cathodic) polarization voltage shift of 100 millivolts
This polarization voltage shift must be determined in accordance with sections
IIT1 and IV of this appendix.

(3) Notwithstanding the aliternative minimum criteria in paragraphs
(1) and (2) of this paragraph, aluminum, if cathodically protected at voltages

in excess of 1,20 volte as meacsured with reference to a copper-copper sulfate

half cell, in accordance with section IV of this appendix, and compensated for
the voltage (IR) drops other than those across the structure-electrolyte
boundary may suffer corrosion resulting from the build-up of alkali on the
metal surface. A voltage in excess of 1.20 volts may not be used unless
previous test results indicate no appreciable corrosion will occur in the

<
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(4) Since aluminum may suffer from corrosion under high pH
conditions, and since application of cathodic protection tends to increase the
pH at the metal surface, careful investigation or testing must be made before
applying cathodic protection to stop pitting attack on aluminum structures in
environments with a natural pH in excess of 8.

C. Conner ctru
voltage shift of 100 millivolts This polarization v oltaze shift must be
determined in accordance with sections III and IV of this appendix.

D. Metals of different anodic potentials. A negative (cathodic)

voltage, measured in accordance with section IV of this append1x equal to
b emmmead wen A Lmer el e e n AL L a1 L Al o A —eo PR PR P | TL
Liiac chuLLcu 4051l LII® mUSL IMVULC meLdalr i1n une byat.em llluh\. UC maincaineda. L
amphoteric structures are involved that could be damaged by high alkalinity
covered by paragraphs (3) and (4) of paragraph B of this section they must be

electrically isolated with insulting flanges, or the equivalent.
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I1. Interpretation of voltage measurement. Voltage (IR) drops other than
those across the structure-electrolyte boundary must be considered for valid

interpretation of the voltage measurement in paragraphs A{l) and (2) and
paragraph B{(l) of section I of this appendix.

shift must be determined by interrupting the protective current and measuring
the polarization decay. When the current is initially interrupted, an
immediate voltage shift occurs. The voltage reading after the immediate shift
must be used as the base reading from which to measure polarization decay in

i

________ nsAN e N _ L YT AL &l -____

paragraphs A(3), B(2), and C of section I of this appendix.

I1I. Determination of polarization voltage shift. The polarization voltage

IV. Reference half cells. A. Except as provided in par ranhs B and C of
this section, negative (cathodic) voltage must be neaaured between the
structure surface and a saturated copper-copper sulfate half cell contacting

the electrolyte.

B Other standard reference half cells may be substituted for the
saturated copper-copper sulfate half cell. Two commonly used reference half
cells are listed below along with their voltage equivalent to -0.85 volt as
referred to a saturated copper-copper sulfate half cell

(1) Saturated KCl calomel half cell: -0.78 volt.

(2) Silver-silver chloride half cell used in sea water: -0.80 volt.

C In addition to the standard reference half cells, an alternate
metallic material or structure may be used in place of the saturated
copper-copper sulfate half cell if its potential stability is assured and if

its voltage equivalent referred to a saturated copper-copper sulfate half cell
is established.

{Amdt. 192-4, 36 FR 12305, June 30, 1971]

@ 195.236 External corrosion protection.

Each component in the pipeline system must be provided with protection
against external corrosion.

¢ 195.238 Ext

(a) No pipeline system component may be buried or submerged unless that
component has an external protective coating that-

(1) 1Is designed to mitigate corrosion of the buried or submerged

component;
(2) Has sufficient adhesion to the metal surface to prevent
underfilm migration of moisture;
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(3) 1Is sufficiently ductile to resist cracking;
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(5) Supports any supplemental cathodic protection.

In addition, if an insulating-type coating is used it must have low moisture
absorption and provide high electrical resistance.

(b) All pipe coating must be inspected just prior to lowering the pipe
into the ditch or submerging the pipe, and any damage discovered must be re-
paired.

A 1TNC L, YA, ) p o P, N L2 — a a ® a
@ 1705.2444 LaitnoaliC protecrion system.

(a) A cathodic protection system must be installed for all buried or
submerged facilities to mitigate corrosion that might result in structural
failure. A test procedure must be developed to determine whether adequate

cathodic protection has been achieved.

(b) A catho di ptotection system must be installed not later than 1 year
o i

@ 195.244 Test leads.

(a) Except for offshore pipelines, electrical test leads used for
corrosion control or electrolysis testing must be installed at intervals
frequent enougn to obtain electrical measurements indicating the adequacy of

2
-L1

(1) Enough looping or slack must be provided to prevent test leads
from being unduly stressed or broken during backfilling.

w A2A merAaSTAa A = a s

to the pipe so as to prevent stress

(3) Each lead installed in a conduit must be suitably insulated
from the conduit.

A 10c 211 ~_
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(a) No operator may operate an interstate PiP31 ne

________ J | 3R 8- = | $3 8L &

i
or an intrastate pipeline after October 19, 1988, that has an effective
external surface coating material, unless that pipeline is cathodically

N
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protected. This paragraph does not apply to breakout tank areas and buried

pumping station piping. For the purposes of this subpart, a pipeline does not
have an effective external coating and shall be considered bare, if the
cathodic protection current requirements are substantially the same as if it
were bare

(b) Each operator shall electrically inspect each bare interstate pipe-
line before April 1, 1975, and each bare intrastate pipeline before October

1ne operator may not increase its established operating pressure on a sécticﬁ
of bare pipeline until the section has been so slectrically inspected. In any
areas where active corrosion is found, the operator shall provide cathodic
protection. Section 195.416 (f) and (g) apply to all apply to all corroded
pipe that is found.

(c) Each operator shall electrically inspect all breakout tank areas and
buried pumping station piping on interstate pipelines before April 1, 1973,

. U _ e s L O A a2 DN 1000 _ - -~ ) -~
and on intrastate pipelines before October 20, 1988 as to the need for
cathodic protection, and cathodic protection shall be provided where
necessarv

[Amdt. 195-33, 50 FR 15899, Apr. 23, 1985; 50 FR 38660, Sept. 24, 1985]

(a) Each operator shall, at intervals not exceeding 15 months, but at
least once each calendar year, conduct tests on each underground facility in
its pipeline systems that is under cathodic protection to determine whether
the protection is adequate.

PR ERY PO T T T, a2 Al e e VT3 el A L aatlhl L

(D) racn operator snall maintain the test leaads requirea 1or catnodic
protection in such a condition that electrical measurements can be cbtained te
ensure adequate protection,

(¢) Each operator shall, at intervals not exceeding 2-1/2 months, but at
least six times each calendar year, inspect each of its cathodic protection
rectifiers.

(d) Each operator shall, at intervals not exceeding 5 years,
electrically inspect the bare pipe in its pipeline system that is not
cathodically protected and must study leak records for that pipe to determine
if additional protection is needed.

(e) Whenever any buried pipe is exposed for any reason, the operator
shall examine the pipe for evidence of external corrosion. If the operator
finds that there is active corrosion, that the surface of the pipe is

1
1

generally pitted, or that corrosion has caused a leak, it shall investigate
further to determine the extent of the corrosion.
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(f) Any pipe that is found to be generaiiy corroded so that the
remaining wall thickness is less than the minimum thickness required by the
pipe specification tolerances must either be replaced with coated pipe that
meets the requirements of the part or, if the area is small, must be repaired.
However, the operator need not replace generally corroded pipe if the
operating pressure is reduced to be commensurate with the limits on operating
pressure specified in this subpart, based on the actual remaining wall

thickness.

{ea) Tf larnnalisad mrarvracinn nitrine {o Faind ¢ta avietr A a dacraan whara
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leakage might result, the pipe must be replaced or repaired, or the operating

pPressure must be reduced commensurate with the strength of the pipe base on
the actual remaining wall thickness in the pits.

———af . . L A === PR S

vention of atmospheric corrosion, and, maintain this protection for, each
component in its pipeline system that is exposed to the atmosphere.

)

(h) Each operator shall clean, coat with material suitable for the pre-
o

[Amdt. 195-22, 46 FR 38360, July 27, 1981, as amended by Amdt, 195-24, 47 FR
46852, Oct. 21, 1982; Amdt. 195-31, 49 FR 36384, Sept. 17, 1984]

¢ 195.418 Internal

(a) No operator may transport any hazardous liquid that would corrode
the pipe or other components of its pipeline system, unless it has
investigated the corrosive effect of the hazardous liquid on the system and
has taken adequate steps to mitigate corrosion.

(b) If corrosion inhibitors are used to mitigate internal corrosion the
operator shall use inhibitors in sufficient quantity to protect the entire

part of the system that the inhibitors are designed to protect and shall also
use coupons or other monitoring equipment to determine their effectiveness.

(c) The operator shall, at intervals not exceeding 7-1/2 months, but at
least twice each calendar year, examine coupons or other types of monitoring
amiinmant A Aatarmina +tha affoantisvranace AF +ha nhihditrAare Ar tha aviant AF
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any corrosion.

(d) Whenever any pipe is removed from the pipeline for any reason, the
operator must inspect the internal surface for evidence of corrosion. If the
pipe is generally corroded such that the remaining wall thickness is less than
the minimum thickness required by the pipe specification tolerances, the
operator shall investigate adjacent pipe to determine the extent of the
corrosion. The corroded pipe must be replaced with pipe that meets the

requirements of this part or, based on the actual remaining wall thickness,
the operating pressure must be reduced to be commensurate with the limits on

operating pressure specified in the subpart.

{amdc. 195-22, 46 FR 38360, July 27, 1981, as amended by Amdt. 195-Z0B, 46 FR
20099 Yealae 2N 10061 A 3o 10 N1 .77 ™ J LOLCN e P S N1 170091
QO7LL . Jul.y 2V, 1704, U 1L7J~L%4, %/ I'NN %00Jc, VCL L4 S 1.70(.]
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(Unless otherwise indicated, copies are available from National Association of
Corrosion Engineers (NACE), P.O. Box 218340, Houston, Texas 77218.)
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GLOSSARY

Alkyds. A family of protective coatings based upon the use of alkyd resins.

Anaerobic. Free of air or uncombined oxygen; anaerobic bacteria are those
that do not use oxygen in their life cycle.

Anmilar Qnara a canaratian ha aon n rvlindrisral Aamnanante
NV ar SPateS. -1€ separaticn Detween TwWe Cy.ingricas compenents

Anode. The electrode in an electrolytic cell at which oxidation is the
principal reaction. (Electrons flow away from the anode in the external
circuit. It is usually the electrode where corrosion occurs and metal ions
enter soiution.)
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e energy
the anode in an electrochemical cell and the surrounding environment.
Anodjc 1. When used to compare the potentials of two metals or a direction of
change of potential, the more negative.

Anodic A phenomenon occuring at the anode of an electrochemical cell such
as anodic polarization

As-Built. A drawing which reflects tha actual configuration of a structure
when completed.

=3

ASTM. American Society of Testing and Materials.

AWG. American Wire Gauge - a standard system for measuring the conductor size
in electrical wires and cables,

Backfill. Material used to refill an excavation. Usually material used to
t+ i

!-\ y o carnrifisial or 4

ivAe @ CDavisrsivia

r afitha
used to refill the ditch surroundi

Bentonite. A natural clay. 1In sacrificial anodes, it is commonly used as a
component of the backfill around the anode.
Brinell. A measurement of metal hardness performed using a standard method.

rbonaceous. Having a high content of carbon such as carbonaceous backfill.

enic. Cancer causing such as carcenogenic compounds.

Cast-In Core. Same as cast-in straps.
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Cast-In Straps. Metal (usually steel) sections placed inside sacrificial
anodes during the casting process which are used for attaching the anodes to
the structure to be protected.

Cathodic 1. When used to compare the potentials of two metals or a direction
of change of potential, the more positive.

Cathodic 2. A phenomenon occuring at the cathode of an electrochemical cell
such as cathodic polarization (antonym: anodic).

Cathodic Protection. A technique to prevent the corrosion of a metal surface
by making that surface the cathode of an electrochemical cell.

Corrosivity. A measurement of the tendency of an environment to cause
corrosion such as in a high corrosivity soil.

Dielectric. A nonconductor of electricity or insulator.
Disbondment. Separation between a coating and substrate.

EFD. Engineering Field Division - An organization within the Naval Facilities
Engineering Command responsible for functions in and located within a specific
geogrpahical area.

Electrochemical. A phenomenon where chemical change occurs through the
indirect exchange of electrons.

ectrogalvanized. Coated with zinc in an electroplating process.
Electrogalvanized zinc coatings are usually much thinner than hot-dip
galvanized zinc coatings.

Electrolyte. A chemical substance or mixture, usually liquid, containing ions
that migrate in an electric field. Usually refers to the soil or liquid ad-

jacent to and in contact with a buried or submerged metallic structure, in-
cluding the moisture or other chemicals contained in it.

Ellipsojdal. Having the shape generated through the rotation of an ellipse.

Embrittlement. Causing a loss of ductility such as hydrogen embrittlement
where the introduction of hydrogen into a metal reduces its ductility.

Extrusions. Materials formed by forcing the material through an orifice or
die.

FEP. Flourinated Ethylene Propylene - An insulating polymer.
ow- tective Current. Th

or ions in an electrolyte wh
a structure.

movement of electrons in an ele
_ i )

& moasloo
e cauno

Flush-Mounted. Attached very close to or touching the surface.
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Full-Wave. In a rectifier, the production of pulsating direct current from
th the positive and negative portions of the alternating current input. See
1

i

bo
r r
nalr-wave.

a
Galvanic. Pertaining to the electrochemical interaction between two metals
such as in galvanic couple or galvanic series.

Galvanic Anode. A metal which, because of its relative position in the
galvanic series, provides sacrificial protection to metal or metals that are
more noble in the series, when coupled in an electrolyte. The anodes are the

in Aana tvna aAf srathadis nratantrian
4il VT L PPT Vi LaluiivVualr pavieLvvawvia,

Groundbed. An array of anodes, usually impressed current type, used in a
cathodic protection system.

Half-Wave. In a rectifier, the production of pulsating direct current from
only the positive or negative portion of ihé altéf ating current input. See
FI‘1 1 -LTatro

HMWPE. High molecular weight polethylene. A high performance insulating
material used for electrical cables.

HSCBCI. High silicon-chromium bearing cast iron. A material used as an
impressed current cathodic protection system anode.

-]

on. An electrically charged atom or molecule.
kWwh. Kilowatt-hour. A measurement of electrical power consumption.

Magnetite. A form of iron oxide. Sometimes used for an impressed current
anode.

Mastic. A thick coating or sealing material.

cromhos. A measurement of electrical conductivity. A mho is a reciprocal
ohm, a measurement of electric resistance.

Mill-Coated. Coated in a factory (antonym: field-coated).
Milliampere. One thousandth of an ampere. A measurement of electric current.

MV. Millivolt. One thousandth of a volt, a measurement of electric
potential.

NACE National Association of Corrosion Engineers.

NAVFAC. Naval Facilities Engineering Command.

Nichrome. An alloy of iron, nickel, and chromium which is used for wires with
high electrical resistance.
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Ohm-Centimeter. A measurement of bulk electrical resistivity of a material.
A material having a resistance of one ohm when measured across opposite faces
of a one centimeter cube has a resistivity of one ohm-centimeter. Equivalent
to ohms per cubic centimeter.

Qut-of-Phase. In alternating current electricity having the opposite
polarity.
Over-The-Ditch-Coating. A field applied coating applied immediately before

placing the pipe in the excavation.

Pad-Mounted. Usually refers to electrical equipment mounted on a raised
foundation near ground level.

Passivate. A reduction in the current flow from an electrode due to either
the flow of electric current, the formation of an insulating corrosion
product, or a change in environment.

pH. A measurement of acidity or alkalinity of a solution. Specifically the
negative logarithm of the hydrogen ion concentration. Ranges from 0 to 14
with 7 being neutral, lower than 7 acidic, and higher than 7 alkaline.

Photovoltaic. Capable of generating electric current directly from lig

Platinized. Coated with platinum. A family of impressed current anodes use
platinum coatings over an inert substrate.

POL. Petroleum oil, lubricant. An acronym used for petroleum fuels and
lubricants.

Pole-Mounted. Usually refers to electrical equipment mounted on a service
pole.

Polyalkene. A type of insulating material based upon polymerization of alkene
molecules.

olychlorinated Biphen CBs). Chemical compounds formerly used as
insulating and cooling liquids in electrical equipment. Due to their

carcenogenic properties, they are no longer used in new equipment.

Pol o ene. An insulating material based upon polymerization of propylene
molecules.

PVF2. A type of polyvinyl flouride used as an insulating material.

Quaywall. A waterfront structure consisting of a bulkhead.
Recalcined. Refers to carbonaceous material which has been reheated to drive

off additional volatile material subsequent to the initial heating process
which changes coal to coke.
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Retrofit. To modify an original construction.

Silverjzed. A type of lead with high silver content which is used as an
impressed current anode.

Strrurturs-tn-Electralvta Patantial (A1en etrurntura-tnan-enil P\nfﬂnfin1 ar
Structure-to-Electrelvte Potential. (Also structure-to-geil potential or
pipe-to-soil potential) The voltage difference between a buried metallic
structure and the electrolyte which surrounds it as measured with respect to a

reference electrode in contact with the electrolyte.

Sulphate. An ion containing one sulfur atom and four oxygen atoms. Also a
“hemical compound containin ions.

&
TFE. Tetrafluroethylene. A type of electrical insulating material.

Thermocouple. A combination of two metals which produce a potential
difference between them, which is proportional to temperature.

Thermoelectric. Capable of generating electric current directly from heat.

Thermo-Welding. A technique which is used to join metals wherein an
exothermic chemical reaction produces molten metal.

Wye. A method of connection of three-phase electrical circuits where all
three phases are connected to a single point.
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