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ABSTRACT

This manual is intended for use in the design and construction of
cat hodic protection systens for the nitigation of corrosion of buried or
submerged nmetallic structures. Design of cathodic protection systens is
somewhat different than design of other electrical or nechanical systens
because it must be based upon |l ocal environmental conditions such as soi
resistivity. This manual presents criteria for cathodic protection, neth-
odol ogi es for the determ nation of required environnental conditions, neth-
odol ogi es for design of cathodic protection systens, exanples of typica
systens and design cal cul ations, installation and construction practices,
recormended initial system checkout procedures, and system mai nt enance
requi renents.
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FOREWORD

Thi s handbook has been devel oped from an evaluation of facilities in the

shore establishment, from surveys of the availability of new materials and
construction methods, and from sel ection of the best design practices of the
Naval Facilities Engi neering Conmmand ( NAVFACENGCOM), ot her Governnent

agenci es, and the private sector. This handbook was prepared using, to the
maxi mum ext ent feasible, national professional society, association, and
institute standards. Deviations fromthese criteria in the planning,

engi neering, design, and construction of Naval shore facilities cannot be made
wi t hout prior approval of NAVFACENGCOM HQ ( Code 04).

Desi gn cannot remmin static any nore than can the functions it serves or the
technol ogies it uses. Accordingly, reconendations for inprovenent are

encour aged and should be furnished to Naval Civil Engineering Laboratory, Code
L30, Port Huenene, CA 93043, tel ephone (805) 982-5743.

THI' S HANDBOOK SHALL NOT BE USED AS A REFERENCE DOCUMENT FOR PROCUREMENT OF
FACI LI TITES CONSTRUCTION. I T IS TO BE USED | N THE PURCHASE COF FACI LI TI ES
ENG NEERI NG STUDI ES AND DESI GN ( FI NAL PLANS, SPECI FI CATI ONS, AND COST

ESTI MATES). DO NOT REFERENCE I T IN M LI TARY OR FEDERAL SPECI FI CATI ONS OR
OTHER PROCUREMENT DOCUMENTS.
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Section 1: | NTRODUCTI ON

1.1 Scope. This handbook shall be used for the engi neering design of
cat hodic protection systens. Specifically described and di scussed are
criteria for cathodic protection, system design principles, system exanples
and their design steps, and econonm c analysis. To facilitate user
application, sections on installation and construction practices, system
checkout and initial adjustment, and system maintenance are incl uded.

1.2 Cancellation. This handbook supersedes the cathodic protection
i nformation of DM 4.06, Lightning and Cathodic Protection of Decenber 1979.

1.3 Rel at ed Techni cal Docunents. The foll ow ng publications should be
obtained to use with this docunent:

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

Under gr ound or Subnerged Pi pi ng Systens.

b) NACE Standard RP-02-85, Control of External Corrosion on
Metallic Buried, Partially Buried, or Subnmerged Liquid Storage Systens.

c) NACE Standard RP-50-72, Design., Installation and Mintenance of

| npressed Current Deep G oundbeds.

d) Naval Facilities Engineering Comrand ( NAVFAC) P-442, Econonic
Anal ysi s Handbook.
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Section 2: CATHODI C PROTECTI ON CONCEPTS

2.1 Corrosion as an Electrochem cal Process. Corrosion of nmetals is a
result of electrochem cal reactions. An electrochenm cal reaction is a
chemnical reaction acconpanied by a flow of electrical current.

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

t hrough el ectrochemical reactions is the free energy of the metal atons in
their netallic form All chemical systens tend to change so that the free
energy present is at a mnimum This is anal ogous to the flow of water
downhill to mnimze the free energy due to gravity. Mst engineering netals
are found in nature in a formwith low free energy. These netal ores are
chemni cal conmpounds consisting of the nmetal atons conbined with other atons
such as oxygen or sulfur. The process of breaking up these ores into their
nmetallic and non-nmetallic atonms involves an addition of energy in order to

free the netal atons fromthe natural, |ow energy content chenical conpounds.
The corrosion process is driven by the tendency of these nmetal atons to revert
to their natural state. |If corrosion products are analyzed, their chenica

conposition is usually identical to the ore fromwhich the netal was
originally obtained.

2.1.2 The Electrochemi cal Cell. Electrochem cal reactions occur through
a conbi nati on of chenical reactions and the exchange of electrical charges
(current) between areas where these chenical reactions are occurring. The
entire process is comonly known as an el ectrochenical cell. This process is
described in the follow ng paragraphs.

2.1.2.1 Conmponents of the Electrochemical Cell. Every electrochenical cel
consi sts of an anode, a cathode, an electrolyte and a netallic path for the
flow of electrical current between the anode and cathode. A schematic

el ectrochem cal cell is shown in Figure 1
2.1.2.2 Reactions in an Electrochem cal Cell. Chem cal oxidation occurs at
t he anode in an active electrochem cal cell. Chem cal oxidation is a reaction

where an atom or nol ecul e gives up electrons. The chem cal shorthand for a
typi cal oxidation reaction is:

EQUATI ON: M->M+ e (1)
wher e

M = met al at om

M = metal ion

e = el ectron

In this reaction the netal atom which in conbination with the other atons in
a piece of metal has high strength and other nmetallic properties, is
transformed into a netal ion which usually dissolves. The electronis

avail able for transfer to another site of |ower electrical potenti al



M L- HDBK- 1004/ 10

At the cathode in an active el ectrochem cal cell, chem ca
reducti on occurs. Chemcal reduction is a reaction where an atom or nol ecul e
gai ns electrons. The chem cal shorthand for a typical reduction reaction is:

EQUATI ON: R+ e ->FR (2)
wher e

R = positive ion in solution

e = el ectron

R = reduced atom

A reduced atom may either be discharged as a gas or may be deposited on the
cat hode. The electrolyte in an electrochenical cell serves as a source of
material for the chem cal reactions, a nediumfor the deposition of the
products of the chenical reactions, and a path for the flow of charged ions in
solution. The electron path, usually a netallic connection, is required so
that the el ectrons produced at the anode can flow fromthe anode to the sites
at the cathode where they are consumed. The electrochenical cell consists of
an anode where el ectrons are produced by a chenical reaction, a cathode where
el ectrons are consumed by a chenmical reaction different than the one occurring
at the anode, an electrolyte for the flow of ions, and a netallic path for the
flow of electrons (dc current).

Figure 2 shows an exanple of a corrosion cell where zinc is
connected to platinumin hydrochloric acid. The zinc corrodes at the anode,
hydrogen gas fornms at the cathode, and electric current flows through the
external electron path. This electric current can be nade to do useful work.
An ordinary dry cell battery is an electrochenmical cell. Wen in storage, the
el ectron path is not conpleted and the el ectrochem cal reaction which produces
the current is only allowed to proceed when the external netallic path is
conpl et ed.

2.2 The El ectrochenmical Basis for Cathodic Protection. Cathodic
protection utilizes a flow of direct current electricity to interfere with the
activity of the electrochem cal cell responsible for corrosion. As shown in
Figure 3, corrosion can be prevented by coupling a metal with a nore active
metal when both are imrersed in an electrolyte and connected with an externa
path. In this case the entire surface of the netal being protected becones a
cat hode; thus the term "cathodic protection."

2.2.1 Potentials Required for Cathodic Protection. Every netal inmmersed
in an el ectrolyte devel ops an el ectrochenical potential due to the free energy
of the atons in the netal. 1In order to prevent anodic reactions from
occurring due to el ectrochem cal reactions on that netal, electrons nust be
prevented fromleaving the nmetal. Since electrons can only flow froman area
of high (negative) potential to an area with | ower (negative) potential
connection of the metal to be protected to a source of nore negative el ectrons
can effectively prevent the anodic reaction on the netal to be protected and
can thus prevent corrosion. |In this case, the flow of electrons is fromthe
external source to the netal being protected. Conventional current flowis
described by the flow of imaginary positive charges in a direction opposite
the el ectron flow
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Si nce cathodic protection depends on the energy of electrons and
their tendency to flow only froman area of high (negative) potential to one
of lower (negative) potential, the principle of cathodic protection can also
be denonstrated through a hydraulic analogy (see Figure 4). |In this anal ogy
the surge tank is the netal to be protected. Flow fromthe surge tank is
prevented by coupling the tank to a supply of water at higher pressure,
| eaving the tank full

2.3 Practical Application of Cathodic Protection. Cathodic protection
is only one of many methods of corrosion control. Cathodic protection should
be eval uated as one alternative nethod to control corrosion in an overal
corrosion control program Application of cathodic protection should be

eval uated on the basis of technical feasibility, econom c analysis, and system
functional requirenments such as reliability and consequence of failure. In
some cases (e.g., underground pipelines), field experience has shown that

cat hodic protection is such an effective neans of providing the required

| evel s of safety in the operation of the systens that cathodic protection is
requi red by Federal regul ation.

2.3.1 When Cat hodic Protection Should Be Considered. Cathodic protection
shoul d be considered, possibly in conjunction with other forms of corrosion
control such as the application of protective coatings, wherever the systemis
exposed to an aggressive environment in such a manner that cathodic protection
is technically and economically feasible.

2.3.1.1 Where Feasible. Cathodic protection is primarily feasible when the
surfaces to be protected are buried or submerged. External surfaces of buried
metallic structures, surfaces of metal waterfront structures such as sheet
pilings or bearing piles, and the internal surfaces of tanks containing

el ectrol ytes such as water are applications where cathodic protection is

usual ly technically feasible and is comopnly utilized in protecting such
structures. Cathodic protection has linmited applicability on interna

surfaces of small dianmeter pipelines and other areas where ion flow in the
electrolyte is restricted by el ectrolyte resistance.

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

experience with simlar systenms in the vicinity of the construction site has
shown that the site conditions are aggressive based upon | eak and failure
records, cathodic protection should be provided as a nmeans of controlling
corrosion on the new system Cathodic protection is one of the few nmethods of
corrosion control that can be effectively used to control corrosion of

exi sting buried or subnerged netal surfaces. Thus, if |leak records on an

exi sting system show that corrosion is occurring, cathodic protection may be
applied to stop the corrosi on damage fromincreasing. Cathodic protection
can, however, only stop further corrosion fromoccurring and cannot restore
the material already |ost due to corrosion

2.3.1.3 As Required By Regulation. Regulations by the Departnent of
Transportation (DOT) have established standards for the transportati on of
certain |liquids and conpressed gas by pipelines in order to establish nininmm
| evel s of safety. These regulations require that these pipelines be protected
by cat hodic protection combined with other means of corrosion control such as
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protective coatings and el ectrical insulation. These regulations provide
excel | ent guidelines for the application of cathodic protection to buried and
submerged pipelines. The pertinent sections of these regulations are included
herei n as Appendi x E

Due to the safety and environmental consequences of systemfailure,
there are al so increasing nunbers of federal, state, and |ocal governnental
regul ati ons regarding the storage and transportation of certain materials that
require corrosion control. Mny of these regul ations either make the
application of cathodic protection mandatory on existing facilities as a
primary nmeans of corrosion control or allowit to be selected as a neans for
t he mandatory control of corrosion on new facilities.

2.3.2 Functional Requirenents for Cathodic Protection. 1In order to be
technically feasible, cathodic protection requires that the protected
structure be electrically continuous and i Mmersed in an electrol yte 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 netallic continuity provided by bolting, or welding of the
structure. Continuity is often achieved or insured by nmeans of electrica
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 inportant
factor in the determ nation of the need for cathodic protection and in the
desi gn of cathodic protection systens.

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 conmonly call ed
"anodes." As described bel ow, the anodes nmay be fabricated froman active
nmetal such as magnesium or zinc which provides a high potential source of

el ectrons through corrosion on its surface. The anodes may al so be fabricated
froma relatively inert material which has the ability to pass current from
its surface without being consuned 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 netal are
conmmonly called "sacrificial" or "galvanic" anodes, as the anode material is
sacrificed to protect the structure under protection. The inert anodes are
conmonly called "inpressed current" anodes as the external energy source is
used to inpress a current onto the structure under protection

2.3.2.4 Connection to Structure. The anodes nust be electrically connected
to the structure through a netallic connection in order to conplete the
circuit of the electrochem cal cell responsible for the protection of the
structure.

2.4 Sacrificial Anode Systens. Cathodic protection in the sacrificia
anode systemis essentially a controlled el ectrochem cal cell (see Figure 5).
Corrosion on the protected structure is shifted to the anode. The anode is
consunmed in the process but is designed and installed so that it is easily
repl aced when consunmed. Anode life of 10 to 15 years is comopn. Anode life
i s dependent upon the anpunt of current emtted by the anodes and their size.
If the cathodic protection systemis properly designed and installed, and if
it is properly maintained (including periodic replacenent of anodes as
necessary), the structure being protected is essentially immune to corrosive
attack and its lifetime is limted by other factors such as mnission

requi rements or mechani cal damage.
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2.4.1 Anode Materials. The materials used for sacrificial anodes ar
either relatively pure active metals such as zinc or magnesium, or alloys
magnesium or aluminum that have been specifically developed for use as
sacrificial anodes. In applications where the anodes are buried, a speci
chemical backfill material surrounds the anode iIn order to insure that th
anode will produce the desired output.

9
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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 nay be attached to the structure by
wel di ng or nechani cal connections. These should have a | ow resistance and
shoul d be insulated to prevent increased resistance or damage due to
corrosion. \Were anodes with cast-in straps are used, the straps should be
wel ded directly to the structure if possible, or, if welding is not possible,
used as locations for attachnents using nmechanical fasteners. A |ow

resi stance mechanically adequate attachnent is required for good protection
and resistance to nmechani cal damage. Welded connections are preferred to
avoid the increase in resistance that can occur w th mechani cal connections.

2.4.3 O her Requirenents. As for all systenms to be protected, the
structure being protected by sacrificial anodes nust be electrically
continuous. The system should also include test stations that are used to
noni tor the performance and to adjust the system for proper operation. As in
al |l nechanical and electrical systens, cathodic protection systens require
peri odi ¢ inspection, maintenance, and adjustnent for satisfactory operation.

2.5 | npressed Current Systens. Fromthe standpoint of the structure
bei ng protected, cathodic protection using the inpressed current nethod 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 electrochenical cell is
conpl eted through the soil. However, in the inpressed current system a

supply of direct electrical current is used to devel op the potentia

di fference between the anode and the structure being protected. Consunption
of the anode is not the driving force for the flowprotective current. A
properly designed, installed, and maintai ned i npressed current cathodic
protection systemis as effective as the gal vani c anode type of systemin
preventing corrosion of the structure being protected.

2.5.1 Anode Materials. The materials comonly used for inpressed current
cat hodi c protection have the capability of passing a current into the

envi ronnent wi thout being consuned at a high rate. Graphite and high silicon
cast iron are the nost commonly used inpressed current cathodic protection
anode materials; however, other materials such as magnetite, platinum and
new y devel oped oxide coated cerami c 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
uniform lowresistivity environment surrounding the anode; and to allow for
the venting of gasses produced at the anode surface.

2.5.2 Direct Current Power Source. The supply of direct electrica
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, thernoelectric cells, notor-generator sets, and wi nd-driven
generators may be used.

10
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2.5.3 Connection to Structure. |Inpressed current cathodic protection
anodes are normally supplied with integral lead wires. In inpressed current
cat hodi c protection systens, the anodes are connected to the positive termnina
of the rectifier and a wire connection is nmade between the negative termnina

of the rectifier and the structure to be protected. The lead wires are
connected to the cathodic protection system by wel ding or mechanica
connections. These should have a | ow resistance and should be insulated to
prevent increased resistance or danage due to corrosion. |In applications
where nultiple anodes are used, the individual anode | ead wires are often
attached to a | arger 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 cones in direct contact with the electrolyte. The
insulation on this cable is very critical and high quality insulation and care
ininstallation is required for this application

2.5.4 O her Requirenents. As for all systenms to be protected, the
structure being protected by inpressed current nmust be electrically
continuous. The system should also include test stations which are used to
noni tor the performance and to adjust the system for proper operation. As in
the case of sacrificial anode systens, inpressed current cathodic protection
systens require periodic inspection, maintenance, and adjustnment for

sati sfactory operation.

11
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Section 3: CRITERIA FOR CATHODI C PROTECTI ON

3.1 Introduction. Various methods are avail able for deternining
whet her the structure to be protected is being effectively protected through
t he application of cathodic protection. The technical basis for corrosion and

cathodic protection is electrochenical. Electrocheni cal methods of
determ ning the effectiveness of cathodic protection systems are the nost
wi dely used criteria for establishing the adequacy of the protection. In

addition to el ectrochem cal nethods, inspections to determ ne the actua
condition of the structure being protected can be used to deternine whether or
not effective protection has been achieved in the past. |If there is no attack
of the protected systemin an aggressive environment, then the protective
system has been functioning adequately. For buried or subnerged systens where
access is restricted, the electrochemcal criteria are nost w dely applied.

3.2 Electrical Criteria. For subnmerged and buried structures, criteria
based upon the el ectrochem cal potential of the surfaces of the structure to
be protected are the nost widely used criteria for determ ning whether or not
the structure is being effectively protected. |In making these el ectrochenica
potential neasurenments, as shown in Figure 6, a high inpedance voltnmeter is
used to neasure the difference in potential between the structure and a
reference el ectrode placed in contact with the electrolyte. For buried
structures, the copper/copper sul phate reference electrode is the reference
el ectrode nost commonly used for this purpose. For structures submerged in
seawater the silver/silver chloride reference electrode is commonly used.

O her reference el ectrodes can be used when appropriate. Potential readings
obt ai ned using any given reference el ectrode can be related to readings
obtained with other reference electrodes. 1In order to the assure that the
potential readings obtained are properly interpreted, the reference el ectrode
used should al ways be noted. Readings should be reported as "XX. XX V versus
YYY" where YYY is the reference el ectrode used to neasure the structure
potenti al .

As these potential neasurenents are nmost commonly used to neasure
the potential of buried pipelines they are comonly called "pipe-to-soi
potential s" even though they may refer to the wall of a water storage tank in
contact with potable water. The nore precise termfor these nmeasurements is
"structure-to-electrolyte potential."

3.3 Interpretation of Structure-to-Electrolyte Potential Readings. |In
order to determ ne whether or not a given surface is being adequately
protected, structure-to-electrolyte neasurements are taken at various

| ocations surrounding the structure. Based upon a conbi nation of corrosion

t heory, experinental and | aboratory tests, and nore inportantly, upon actua
field experience with a | arge nunber of protected structures, criteria for
interpreting these structure-to-electrolyte potentials have been devel oped.

3.3.1 Nat i onal Association of Corrosion Engineers (NACE) Standard RP-01-
69. The nost widely used criteria for evaluating structure-to-electrolyte
potentials have been included in the NACE Standard RP-01-69, Reconmended
Practice for Control of External Corrosion on Underground or Subnerged Piping

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

"No one criterion for evaluating the effectiveness of cathodic
protection has proved to be satisfactory for all conditions. Often a
combination of criteria i1s 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 foll ows:

a) -850 nV or nore negative with respect to a copper/copper
sul fate reference cell. This potential is neasured with the protective
current applied. For valid interpretation, the potential nmeasurenments nust be
corrected for IR drop through the electrolyte and netallic paths.

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

c) A potential at |east as negative as the potential established
by the E log | curve nethod.

d) A net protective current fromthe electrolyte into the surface
of the structure as determ ned by an earth current technique.

3.3.1.2 Criteria for Aluminum 100 nV or greater negative polarization
shift (refer to para. 3.3.1.1).

PRECAUTI ONARY NOTE

Excessive Voltages: |If cathodically protected
at voltages nore negative than -1.20 V neasured
bet ween the structure surface and a saturated
copper -copper sulfate reference el ectrode
contacting the electrolyte and conpensated for
the voltage (IR) drops other than those across
the structure-el ectrol yte boundary, may suffer
corrosion as the result of the build-up of

al kali on the metal surface. A voltage nore
negative than -1.20 V should not be used unl ess
previous test results indicate no appreciable
corrosion will occur in the particul ar

envi ronnent .

Al kaline Soil Conditions: Since alum num nmay
suffer fromcorrosion under high pH conditions
and since application of cathodic protection
tends to increase the pH at the netal surface,
careful investigation or testing should be nade
bef ore applying cathodic protection to stop
pitting attack on alum num structures in
environnents with a natural pH in excess of

8. 0.

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

3.3.1.4 Criteria for Dissimlar Metal Structures. A negative potentia
equal to that required for the nost anodic materials shoul d be maintained.
The potential should not exceed the maxi num al | owabl e potential for any
material (such as for aluminunm) in the system

3.3.2 O her Electrical Criteria. Criteria evaluation of the structure-
to-electrolyte potentials on other nmaterials have been devel oped but are not
i ncluded in NACE RP-01-69. The sane neasurenent techni ques and precautions
are applicable to these criteria as for those in NACE RP-01-693.

15
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3.3.2.1 Criteria for Lead. Criteria for lead shall be as follows:
a) -750 nV or nore negative with respect to a copper/copper
sulfate reference cell. This potential is neasured with the protective

current applied.

b) 100 mV or greater negative polarization shift measured between
the pipe surface and a stable reference el ectrode contacting the electrol yte.

NOTE: Wth the sane precautions regarding potentials over
1.2 V and contact with al kaline soils as those for
al um num

3.3.2.2 NACE RP-02-85. Criteria for the interpretation of structure-to-
el ectrolyte potentials on storage tanks are given in NACE RP-02-85 Control of
External Corrosion on Metallic Buried, Partially Buried, or Submerged Liquid
Storage Systens. The criteria in this reconmended practice refer to the
protection of steel structures and are essentially the sane as in NACE

RP-01- 69.

3.4 Failure Rate Analysis. Corrosion damage, as measured by frequency
of system failure, usually increases logarithmically with time after the first
occurrence of corrosion failure. Wen effective cathodic protection is
applied to a structure which has experienced corrosion damage, the frequency

of failures will be significantly reduced. However, due to the presence of
exi sting corrosion damage, the failure rate will not inmediately be reduced to
zero. Mechani cal danage and previously undetected corrosion rel ated 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 shoul d be kept for both protected and unprotected systens in
order to determ ne the need for cathodic protection and the effectiveness of
installed systens. A typical failure rate analysis is shown in Figure 7.

3.5 Nondestructive Testing of Facility. Periodic evaluation of the
condition of the protected systemcan al so be used to determ ne the adequacy
of the cathodic protection systeminstalled 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

i nspection, visual inspection 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

not ed.
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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 evaluatio
of these samples including visual observation and weight loss can be used
infer the corrosion activity of the structure being monitored.

3.6 Consequences of Underprotection. If the measured potentials o
structure are not as negative as required by one or more of the applicabl
criteria for cathodic protection, some corrosion of the structure may occ
However, the corrosion of the structure will be reduced in proportion to
amount of current supplied. When only parts of the structure do not reac
the

17



M L- HDBK- 1004/ 10

When protective currents are totally interrupted, corrosion wll
usually return to a nornmal rate after a short period of tine.

3.7 Consequences of Overprotection. |In addition to the chem ca
corrosi on danmage that can occur on alum numand | ead structures if limting
potentials are exceeded in the negative direction, excessive negative
potentials can al so damage other netals. |In addition to being wasteful of
anode material or electrical power, excess potentials can cause di sbondnent of
protective coatings and can cause hydrogen enbrittl enent of certain types of
steels, especially high strength steels.

3.7.1 Coati ng Di sbondnent. 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), wth
respect to a copper/copper sulfate reference el ectrode, the generation of
hydrogen gas will occur. Wen hydrogen gas is generated it is often trapped
bet ween the coating and the surface and causes blisters and di sbondi ng of the
coati ng.

El ectrol yte can subsequently fill the gap between the coating and
the netal 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 problemin water tanks. In
soi | environments when high quality coatings are used, disbondnment is sel dom
encountered at potentials |ess negative than -1.6 V (current on) or -1.12
pol ari zed potential (instant off).

3.7.2 Hydrogen Enbrittlenment. 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).
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Section 4: CATHODI C PROTECTI ON SYSTEM DESI GN PRI NCI PLES

4.1 Introduction. As cathodic protection is applied to the prevention
of corrosion of a wide variety of structures in a wide variety of
environnents, each situation will require special consideration. There are

fundanment al procedures that should be followed in each case. However, the
actual functioning of any cathodic protection systemis dependent upon the
condition of the local environnent at each point on the surface of the
structure to be protected, and upon the actual |evel of protective current
supplied to each point of the structure. A predesign survey, as outlined in
Appendi x A, is essential for determ ning environmental and structura

consi derations for the design of any cathodic protection system Wile a good
approxi mati on of the systemrequirenents can be obtained through field surveys
and a good approximati on of current distribution can be made when al | owances
are made for differing environnents and interfering structures, the installed
systemwi ll, at a mininum require initial adjustments to bal ance the system
and periodic adjustnments to naintain that balance. |In sone cases,
particularly in the case of previously unknown interfering metallic structures
in the vicinity of the structure being protected, nodifications to the
initially designed systemnay be required in order to achi eve adequate
protection. The design and operation of cathodic protection systens is an
iterative procedure.

4.2 General Design Procedures. The general design procedure for both
sacrificial anode and inpressed current systens is simlar. First the anount
of protective current is determ ned, then the best neans of applying the
current to the structure is established. |In many cases both sacrificial and
i mpressed current systens are feasible and an initial approximte design is
prepared for each type of systemin order to select the nost appropriate type
of system for the particular application.

4.2.1 Drawi ngs and Specifications. A review of pertinent draw ngs and
specifications for the structure being protected and for the site should be
made in order to obtain informati on 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
buri ed structures (shorts), can have a great effect upon the operation of a
cat hodi c protection system

4.2.1.1 Drawi ngs and Specifications for the Structure to be Protected. The
size, shape, material, and surface condition of the structure to be protected
nmust be established in order to design an effective cathodic protection
system The size and shape are usually established by the appropriate

drawi ngs for the installation. The material and surface conditions,
particularly the presence and quality of protective coatings, are usually
establ i shed by the specifications for the installation. For a previously
installed system the condition of the protective coatings my have to be
established during a field survey.

4.2.1.2 Site Drawings. A site drawing including all other netallic
structures in the vicinity should also be reviewed to establish the presence
and | ocations of other structures which may affect the operation of the system
bei ng desi gned.
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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 systenms. The review of the site
drawi ngs shoul d al so include the | ocation of sources of ac power for inpressed
current systenms and possible |ocation of anode ground beds.

4.2.2 Field Surveys. A field survey at the site is usually required in
order to establish the actual environmental conditions which will be
encountered. For subnmerged systens, all that is normally required is a water
anal ysis, or current requirenent test, and a site survey to establish the
presence of interfering structures or other special circunstances. For buried
systens, nore extensive information is required.

4.2.2.1 Water Analysis. Sanples of water should be anal yzed for pH
chloride, sulfate, and resistivity at a mnimum OQher factors such as
hardness may be pertinent to the specific circunstance.

4.2.2.2 Soil Characteristics. For buried systenms, soil characteristics
nmust be defined in order to establish the requirenents for protection
Sul fide, sulfate, chloride, pH and other chem cal constituents will affect

the current requirenents necessary for protection and protection criteria for
some materials. Current requirenents for typical environments are given in
Tables 1 and 2. Protection criteria are given in para. 3.3.

Table 1
Current Requirenents for Cathodic Protection of Bare Stee
ENVI RONVENT
M LLI AMPERES PER
SQUARE FOOT (mA/ft?2)

Soil with resistivity <1,000 ohmcm 6.0 - 25.0
Soil with resistivity 1,000 - 10,000 ohmcm 3.0 - 6.0
Soil with resistivity 10,000 - 30,000 ohmcm 2.0 - 3.0
Soil with resistivity >30,000 ohmcm 1.0 - 2.0
Hi ghly aggressive soil wi th anaerobic bacteria 15.0 - 40.0
Still fresh water 2.0 - 4.0
Movi ng fresh water 4.0 - 6.0
Tur bul ent fresh water 5.0 - 15.0
Hot fresh water 5.0 - 15.0
Still seawater 1.0 - 3.0
Movi ng seawat er 3.0 - 25.0
Concrete 0.5 - 1.5
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Table 2
Current Requirenents for Cathodic Protection of Coated Stee

ENVI RONMENT
M LLI AMPERES PER

SQUARE FOOT (mA/ ft2)
Pi pel i ne, epoxy or other high performance coating 0.001 - 0.005
Pi peline, reinforced coal tar 0.005 - 0.025
Pi pel i ne, grease coating with w apper 0.05 - 0.150
Pi pel i ne, asphalt mastic 1/2" thick 0.001 - 0.005
Pi peline, old asphalt, or other deteriorated coating 0.05 - 0.35
Pi peline, old paint coating 0.10 - 0.30
Tank bottons 0.05 - 2.0
Tanks for cold potable water 0.05 - 2.0
Tanks for cold seawater 0.05 - 4.0
Turbul ent cold water or hot potable water tanks 0.30 - 3.0
Steel sheet piling fresh water side 0.10 - 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 nost inmportant characteristic
used in the design of cathodic protection systens for buried structures. As
will be shown in sections to follow, protective current requirenents,
sacrificial anode outputs, and inpressed current anode bed resistance are al
dependent upon soil resistivity. Formerly, soil corrosivity and soi
resistivity were considered to be closely related with the highest corrosivity
bei ng associated with low soil resistivity. However, due to frequent
exceptions to this relationship, soil resistivity alone is no |onger
considered to be sufficient for establishing soil corrosivity.

b) pHis a neasure of the acidity or alkalinity of a water
solution. Soil pHis a nmeasurenment of the pH of the water contained in the
soil. pHvalues range fromO to 14 with 0 to 7 being acidic, 7 being neutral
and 7 to 14 being al kal i ne.

c) Sulfide, sulfate, chloride, and other chenical constituents in
the soil may be inportant in the design of a cathodic protection system
Unl ess experience in the area has shown otherw se, analysis for sulfate,
sul fide, and chloride should be performed on soil sanmples fromthe site prior
to system design.

4.2.2.3 Current Requirenent Tests. Current requirenents for buried
structures are best determned by field tests. 1In these tests, a tenporary
cathodic protection systemis installed. Measurenents of the currents
supplied and the structure-to-electrolyte potentials achieved are used to
establish the required current to protect the structure.

21



M L- HDBK- 1004/ 10

4.2.2. 4 Location of OGther Structures in the Area. As the presence of
interfering structures is very inmportant in the design of cathodic protection
systens, a site survey should be perfornmed to | ocate 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 any surface indications are difficult
to locate. This factor nakes the mai ntenance of accurate activity records
showi ng all buried structures and utilities extrenmely inportant.

4.2.2.5 Availability of ac Power. The availability of ac power at the site
shoul d be determined as the cost of installing new ac power lines nay be an

i mportant factor in determ ning whether a sacrificial or inpressed current
systemis the nost practical for a specific application

4.2.3 Current Requirenents. The nost desirable nmeans of determning the
amount of current required for protection of a structure is to nmeasure the
actual amount of current required to achieve protection through installation
and operation of a tenporary cathodic protection systemas shown in Figure 8.
For the design of cathodic protection systens to be installed in conjunction
with the installation of a new structure the current requirenents can be
estimated fromfollowing Tables 1 and 2. Table 1 gives typical current

requi rements for uncoated steel structures. The values are for coated stee
structures and include all owance for typical coating efficiencies.

The total anmpunt of current required is determ ned by multiplying
the required current density by the area of the structure to be protected. As
can be seen by conparing Table 1 with Table 2, the currents required to
protect a well coated structure can be two orders of mmgnitude | ess 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 problens such as
interference with other structures.

4.2. 4 Choice of Sacrificial or Inpressed Current System The decision
bet ween using sacrificial anode or inpressed current cathodic protection
systens is based upon two major factors, feasibility and cost. Often, a

cat hodi c protection systemusing both nethods is designed for a given
structure and the systens are directly conpared in order to select the nost
appropriate type of system Econonic analysis to determine the | east cost
system shoul d include considerations of mssion |ife, operating costs,

mai nt enance costs, and cathodic protection systemreplacenent costs as
appropriate. In general, systems with small stable current requirenents (0.5
A or less per 100 lineal feet of structure) are nore likely to be protected
using sacrificial anode type systens. Those structures with |arger current
requirements (1 A or nore per 100 lineal feet of structure), or where the
current requirenents vary considerably with tine, are nore likely to be
protected using inpressed current systens. O her advantages of sacrificia
anode systens are the | esser anount of required maintenance and reduced | evels
of interference associated with the |ow currents and smal |l anode-to-structure
di stances. Inpressed current systens are generally used where anounts of
current larger than can be supplied by a sacrificial anode system are
required. This may be due to high electrolyte resistivity which [imts
sacrificial anode output, or to high current requirements associated with
protection of large or poorly coated structures.
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4.2.5 Basic Design Procedure for Sacrificial Anode Systems. For
sacrificial anode systems, the first step is the determination of the tot
current required either from actual current requirement measurements or b
multiplying a typical current requirement by the surface area of the
structure to be protected. Then the output of the sacrificial anodes to
used is determined. This is usually calculated based upon soil resistivi
Thus, soil resistivity is an Important factor in the design of a cathodic
protection system. A simplified expression that can be used to estimate
output of sacrificial anodes i1s given below. This equation assumes that
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.

Cfty
EQUATION: i = AAAAAAA
P

where

anode current output (mA) of a single anode

(@]
I

a constant equal to the following:
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Hi gh
St andard Pot ent i al Hi gh
Magnesi um  Magnesium  Purity
Zi nc Al | oy Al | oy Zi nc
For protection of 40, 000 96, 000 120, 000 40, 000
wel | coated structures
For protection of poorly 50, 000 120, 000 190, 000 50, 000

coated or bare structures

f anode size factor from Table 3

y = structure potential factor from Table 4

p electrolyte resistivity in ohnms-cm

The nunber of anodes is then determned by dividing the tota
current required by the output per anode. The expected anode life is
estimted based upon the practical deterioration rate for the sel ected anode
material. Magnesiumis consunmed at a typical rate of 17 pounds per anpere
year (Il bs/A yr), zinc at 26 I bs/A yr, and typical alum numalloy anodes at 11
| bs/A yr. As the actual design is an iterative process, such factors as anode
size or material may be adjusted in order to optinize the system being
desi gned.

More precise calculations for the design of sacrificial anode
cathodic protection systens are given in Section 7. Exanples of typica
desi gns using both sacrificial anode and inpressed current systens are given
in Section 8.

4.2.6 Basi c Design Procedure for Inpressed Current Systems. For the
design of inpressed current systens three steps are taken

4.2.6.1 Total Current Determ nation. The first step is the same as for
sacrificial anode systenms, namely the determination of the total current
required either fromactual current requirement nmeasurements or by nultiplying
a typical current requirenent (from Tables 1 or 2) by the surface area of the
structure to be protected.
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Table 3
Gal vani ¢ Anode Size Factors

ANCDE \AEI GHT ANODES SI ZE FACTOR
(1Db) (f)

STANDARD ANCDES

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" |ong
50 Packaged - anode 1.29
5" x 5" x 31" long
LONG ANODES
9 Packaged - anode 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 ANCDES
15 Packaged - anode 2.61
1.6" diamx 120"
20 Packaged - anode 4.28
1.3" diam x 240"
25 Packaged - anode 2.81

2" diam x 120"
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Tabl e 4
Structure Potential Factor
STRUCTURE- TO- ELECTROLYTE STRUCTURE FACTOR STRUCTURE FACTOR
POTENTI AL ( VERSUS COPPER/ (yY) (Y)
COPPER SULFATE) FOR MAGNESI UM FOR ZI NC
-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 Deternination. The next step in the design of

i mpressed current systens is the determination of the total circuit

resi stance. This value is dependent on many factors as are described in
Section 6. In the majority of systens, the resistance of the anode or group
of anodes (anode bed) is the controlling factor in the total circuit

resi stance and is the factor nost easily controlled by increasing the number
of anodes used. This is primarily a function of soil resistivity. The cost
of the nunber of anodes to be used is bal anced agai nst the cost of power
required and the cost of the rectifier which is determ ned by the current and
vol tage requirements of the system An anode bed resistance | ess than 2 ohns
is highly desirable. Also, high voltages can result in premature failure of
system conponents such as anode | ead wires and shoul d be avoi ded where
possi bl e.

A sinmplified expression for estimating the resistance of standard
60-inch-1ong graphite anodes installed either vertically in 8- to 10-inch
di ameter, 10-foot-deep backfilled holes or horizontally in 1-foot cross
section, backfilled with coke breeze, 10-foot-long trenches, 6 feet deep is
gi ven bel ow. \When nore than one anode is used in parallel to reduce circuit
resi stance, the adjusting factor nust be used to determ ne the total anode bed
resi stance:

-IL'U

EQUATI ON: R = 537 or RH = (4)

wher e
= resi stance of the vertical anode or bed

resi stance of the horizontal anode or bed

Py
I
1l

electrolyte resistivity in ohnms-cm
adjusting factor for nmultiple anodes (F = 1.0 for a single
anode and for multiple anodes refer to Table 5).

Mo
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Table 5
Adj usting Factor for Miltiple Anodes (F)
ANODE SPACI NG
NO. OF ANODES
I N 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
5 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
18 0. 209 0.132 0. 107 0. 094 0. 086
19 0. 202 0.127 0.102 0. 090 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 preci se nethods for the cal cul ati on of anode resistance and
ot her conmponents in the total circuit resistance are given in Section 6.

4.2.6.3 Vol tage and Rectifier Deternination. Using the total circuit
resi stance and the current required, the appropriate voltage for the rectifier
is then cal cul ated using Chnms | aw

EQUATI ON: V=1R (5)
wher e
requi red vol tage

requi red current
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.

More precise calculations for the design of inpressed current
cat hodic protection systens are given in Section 6. Exanples of typica
desi gns using both sacrificial anode and inpressed current systens are given
in Section 8.

4.2.7 Anal ysis of Design Factors. The followi ng factors should al ways be
anal yzed when designing either type of cathodic protection system

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

b) Weight of anode to give the required anode life. This is nost
i mportant for both types of systems. One Ib/A yr for high silicon cast iron
anodes and 2.5 I bs/A yr for graphite are typical consunption rates for
i mpressed current anodes.

c) The use of special backfill surrounding the anodes. This is
usual ly 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 noisture or in seawater due to runoff.

e) Cable resistance. |In inpressed current systems, the size of
cabl e used shoul d be determ ned based upon the econom c anal ysis of cable size
given in Section 6.

f) Wulnerability to physical damage.
g) Location of structure to structure bonds and insulating joints.

h) Nunber, type, and location of test stations for initia
adj ustment and periodi c inspections for maintenance.

i) Availability and cost of maintenance.

4.3 Determination of Field Data. Data required for the design of

cat hodic protection systens is normally obtained through a field survey. In
addition to field nmeasurenents, historical data such as soil resistivity
measurenents, as well as plans, draw ngs, etc., concerning the site and ot her
structures located at or near the site of the systemto be designed shoul d be
reviewed. |In general, however, specific field deterninations of severa
parameters will need to be deternmined in order to design an effective cathodic
protection system
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4.3.1 Determination of Electrolyte Resistivity
4.3.1.1 In Soils. Soil resistivity is best determined in situ using the
Wenner 4-pin nethod as shown in Figure 9. In this nmethod, a current is passed

t hrough two el ectrodes and a drop in potential through the soil due to the
passage of the current is neasured with a second pair of electrodes. The

el ectrodes should be in a straight line. A specialized instrunent is used to
supply the current and nmeasure the potential drop. |In order to reduce the

i nfl uence of any stray currents in the area and pol arization at the

el ectrodes, alternating current is used in the instrument. The soi
resistivity is calculated fromthe indicated reading by using the follow ng
formul a:

a) Resistivity (ohnms-cm = 191.5 x pin spacing (feet) x meter
reading. Resistivity is measured either in ohms-cmor in ohns per cubic
centineter (ohns/cn¥), which are equival ent.

b) In the Wenner 4-pin nethod, the average resistivity of the soi
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
to a greater depth is neasured. |f the average resistivity increases as the

pi n 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

| ower soil resistivity at depth. OQher instruments using the 2-pin nethod of
soil resistivity neasurenent give |less accurate results than the Wenner 4-pin
met hod in many circunmstances and are linited to nmeasurenent of resistivity
only in the direct vicinity of the soil probe. Use of these instrunents is
primarily limted to prelimnmnary surveys.

c) Wwen it is inpractical to make field measurenments of soi
resistivity, soil sanples can be taken from an appropriate depth and the
resistivity of the sanple can be determ ned by the use of a soil box. As
shown in Figure 10, the neasurenent nmade on the soil sanple is essentially the
4-pin nethod. Metal contacts in each end of the box are used to pass current
t hrough the sanple. Potential drop is nmeasured across probes inserted into
the soil. The resistivity is calculated using constants furnished with the
particul ar size of soil box being used. Due to the disturbance of the soi
during sanpling and possible drying out of the soil during shipnment, this
met hod of soil resistivity nmeasurenent is | ess accurate than actual field
tests by the preferred Wenner 4-pin method. To mninize drying out of sanples
t hey should be placed in plastic bags and sealed prior to shipnment. Soi
resistivities contained in routine geol ogi cal surveys are normally taken at
shal | ow dept hs and shoul d not be used as a basis for cathodic protection
syst em desi gns.

4.3.1.2 Liquids. The resistivity of liquids can be neasured using the
Wenner 4-pin nethod using a soil box or by using a conductivity nmeter which is
specifically designed for the neasurenent of the conductivity of solutions.
Conductivity is the inverse of resistivity.
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4.3.2 Cheni cal Analysis of the Environment

4.3.2.1 pH  pH of either soil or water can affect the corrosivity of the
environnent and the current required for cathodic protection. pH can be
measured using several nethods. Chenical nethods of measuring pH involve
either the use of pH nmeasuring el ectrodes or indicators whose colors are
dependent on pH. A pH neter neasures the difference in potential between a pH
i nsensitive reference el ectrode and an el ectrode whose potential is sensitive
to pH. Figure 11 shows a typical pH neter suitable for field use. Colored

i ndicators are normally used in the formof pH papers. The paper is wetted
with the solution being neasured and the resulting color is conpared with

col or standards to determ ne the pH

Soil pH can al so be neasured using the antinony el ectrode nethod.
The potential of the metal antinony is sensitive to pH  The potentia
di fference between a pH insensitive electrode and a pH sensitive antinony
el ectrode can be used to neasure pH This nethod is particularly applicable
to the measurenent of the pH of soils since it can be performed directly on
the surface of the soil. To measure the pH of a soil using an antinony
el ectrode, the antinmony el ectrode and a copper/copper sulfate electrode are
pl aced on the surface of the soil and the potential difference between the two
el ectrodes is measured using an electronic voltmeter. |n order to elimnate
the possible effects of stray soil currents, the position of the electrodes is
reversed and the potential is again neasured. There should be little or no
difference in the readings if there are no stray currents in the area. |If the
readi ngs differ by nore than 10 nV the two readi ngs should be averaged to
cancel the effect of the stray currents. The potential readings are converted
to pH val ues using the graph in Figure 12.

Usual |y, 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 deternmining the conditions at pipeline depth. Al pH
nmeasurenments should be taken in the ditch at pipeline or tank depth, or soi
from borings at proposed pipe or tank depth could be analyzed for pH

4.3.3 Coat i ng Conductance. Coatings can both reduce corrosion of
structures and reduce cathodic protection current requirements. |n the design
of cathodic protection systens, the condition of protective coatings is an

i mportant factor. For buried structures the condition of the coating can be
determ ned by electrical testing. The effective electrical resistance of the
coating is determined by these tests. Instead of reporting the neasurenments
as coating resistance they are converted to conductivity per unit area, or
conduct ance. Coating conductance is neasured by two methods: the short |ine
nmet hod, and the | ong |ine nethod.
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4.3.3.1 Short Line Method. The short line nethod is used when an isol ated
section of pipeline is available for testing. The test setup is shown in

Figure 13. In the short line method, the test current is applied then
interrupted. The difference between the applied and interrupted current is
al.  The change in structure-to-electrolyte potentials at the two test points
(sE1 and sE2), which occur when the current is interrupted, are neasured. |If

the rati o between aE1l and sE2 is greater than 1.6, a correction factor from
Table 6 is applied by nultiplying sE2 by the correction factor. Coating
conduct ance (umhos/ft) is then calculated using the follow ng formul a:

EQUATI ON: al x 10% [(aEl + sE2/2)/2] length (ft) (6)
wher e

sEl
AE2

pi pe-to-electrolyte potential with current off
pi pe-to-electrolyte potential with current on

Table 6
Corrections Factors - Short Line Coating Conductance

VOLTAGE CHANGCE - 4E1/aE2)

RATI O FACTOR
1.6 0.919
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 Iine method is used when a section of
structure cannot be effectively isolated or when the sE1/4E2 ratio in the
short |ine nethod exceeds 3.0. The test setup for the long line nmethod is
shown in Figure 14.
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In the long line method the test current is applied and the current
flowi ng through the pipe is determned at the two IR drop test points. The
structure-to-electrolyte potential at the two test points is neasured with the
current on. The test current is interrupted and the change in current at the
two IR drop test points (all and al2) as well as the change in potential at
the two potential test points (sEl and sE2) are neasured. As in the short
line nethod, if aEl/sE2 is greater than 1.6, aE2 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 (w/ft) is then
cal cul ated using the follow ng formul a:

EQUATI ON: [(a11 - al2) x 106]/(AEavg x length (ft) (7)
4.3.4 Continuity Testing. For existing structures, the continuity of the
structure nmust be evaluated in order to design an effective cathodic

protection systemfor the structure. |If the structure is not continuous then

either continuity must be achieved by the installation of continuity bonds or
the structure nust be protected using independent cathodic protection systens
for each electrically isolated section of the structure. Continuity may be
eval uat ed using several nethods.

4.3.4.1 Method 1. The sinplest method used to | ocate insulating or high
resi stance joints is by making structure-to-electrolyte potential measurenents
over the protected structure. As shown in Figure 15, all potentia
nmeasurenments past the insulating joint are actually average potentials of a

| arger and | arger section of the pipe section to which the nmeter is connected.
This method is subject to the influence of other structures in the area and
variations in environnent along the structure and often is inconclusive.

4.3.4.2 Method 2. A nore reliable method of continuity testing is
illustrated in Figure 16. |In this nmethod a current is applied to the
structure and the potential drop along the structure is neasured. As shown in
Figure 17, high resistance joints are easily | ocated using this nethod.

4.3.4.3 Method 3. A third nmethod of continuity testing involves the use of
an audi o 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 Insul ation Testing. Insulating joints are occasionally used to
i sol ate sections of structures so that the protection of each section can be
handl ed separately.

4.3.5.1 Buried Structures. For buried structures direct measurenent of the
i nsul ation resistance of a joint is difficult to determ ne because the
conductivity of the soil effectively bypasses the joint. Buried insulating

fl anges shoul d al ways be equi pped with test stations for testing of the joint.
Connections for testing insulating joints are shown in Figure 18.
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At the two-wire test station a test current of several Ais
applied. |If the neasured potential on the supposedly isolated section does
not change, or if it changes to a nore positive value when the test current is
applied, the insulation is effective. Special instruments have al so been
specifically designed to performthe test of insulation at two-wire test
stations. As previously shown, an audio frequency pipe |ocator can al so be
used to inspect buried insulating connections. A special test instrument is
al so commercially avail able for underground insul ator testing.

4.3.5.2 Aboveground Structures. For aboveground insulating fittings nore
direct nethods can be used to test the effectiveness of the insulation. |If
there is an appreciable potential difference (over 100 nV) between the

i sol ated sections, the insulation is effective. A flange insulation tester
(instrunent) that uses high frequency skin effect current is preferred if
avail abl e.

As for buried insulating joints, special instrunents have al so been
devel oped for nore precise measurenment of aboveground insulating joints.

4.4 Corrosion Survey Checklist. |In order to plan and design a cathodic
protection systemfor either an existing structure or for a structure to be
constructed, the checklists in Appendix A should be reviewed to identify the
need to deternine information pertinent to the design
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Section 5: PRECAUTI ONS FOR CATHODI C PROTECTI ON SYSTEM DESI GN

5.1 Introduction. Cathodic protection systens depend upon the
application of electrical currents to counterbal ance the natural tendency of
nmetals to revert to their | ow energy conbined states. |In addition to the

hazards involved with the operation of any electrical device, cathodic
protection systenms may, through the flow of current in undesirable paths,
accel erate the corrosion of other structures in the vicinity of the structure
being protected. Potentials exceeding those given in para. 3.2 can result in
system danage. Potentials |ess than those required for conplete protection
usual ly result in some protection on nost areas of the structure and do not
result in attack at rates greater than for conpletely unprotected structures
of similar materials and conditions.

5.2 Excessive Currents and Voltages. Flow of current in undesirable
paths is proportional to the total anobunt of current flowing in the cathodic
protection system all other factors being equal. Thus, protection of well

coated structures that require small anpunts of current for protection wll
cause fewer problenms than protection of poorly coated or bare structures that
require substantially nmore current. Assum ng that danmegi ng potential |evels
such as those resulting in coating damage or hydrogen enbrittlenent are not
reached, excessive currents will not cause deterioration of the structure
bei ng protected but can cause severe |localized attack of adjacent structures.

5.2.1 Interference. The flow of current in undesirable paths resulting
in accelerated attack of adjacent structures is called "interference." The
adj acent structures are commonly called "foreign" structures. |In Figures 19
and 20, the nechanisns 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 environnent fromthe
nmetal surfaces. Although corrosion is not usually accelerated on the
protected structure, cathodic interference can disturb the desired current
di stribution on the structure being protected and can reduce the amunt of
protection being received in sone areas to a |level below that required for
conplete protection. Corrosion occurs where the current |eaves the structure
and enters the electrolyte. |In some nodels of electricity, the flow of
positive ions in the electrolyte is used to establish the flow of imaginary
positive charges in the nmetallic path used to describe conventional "current
flow " However, conventional current flowis widely used in the cathodic
protection industry and the flow of ions (positive) through the electrolyte
shoul d 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 happeni ng.

In Figure 20, the potential gradient surrounding an inpressed
current anode results in an electron flow along a foreign structure. This
flow is described as positive ion (conventional) current flow fromthe anode,
t hrough the electrolyte, to the pipe (cathode) and continuing on along the
pi pe (i mginary) to the point of discharge (anode area) where accel erated
corrosion occurs.
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5.2.1.1 Detecting Interference. Cathodic protection interference problens
are nmost commonly detected through the measurement of structure-to-electrolyte
potentials and by the measurement of current flow ng along a structure by
measuring the potential (IR) drop caused by the flow of the current through
the resistance of the structure.

Interference is nmost commonly detected during the measurement of
structure-to-electrolyte potential measurements. Figure 21 shows a typica
situation where interference is occurring and shows |ocations where structure-
to-electrolyte potentials have been measured. Table 7 shows the potentia
measurenents, which are also plotted in Figure 22. As can be seen in Figure
23, the location of the foreign structure can be easily determned by its
influence on the protected structure. Likew se, the neasurenents taken on the
foreign structure clearly show the areas where the ions are picked up and
di schar ged
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Table 7
Results of Structure-to-Electrolyte
Potential Measurenents

POTENTI AL VERSUS POTENTI AL VERSUS

TEST PO NT COPPER/ COPPER TEST PO NT COPPER/ COPPER

SULFATE (V) SULFATE (V)
P1 -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

Anot her field measurenent associated with interference is the
measurement of the current flow ng through a structure. As shown in Figure
23, the procedure involves the nmeasurenent of the potential drop along a
section of the structure which is carrying the current. The section of
structure is initially calibrated by passing a known current through the
section using the outer set of test |eads. Subsequent mneasurenents of the
potential drop are then referred to the calibration factor for the structure
and the current is calculated. This nmeasurement is called an IR drop test.
Test stations are commonly installed on | ong pipelines to neasure the current
flowing in themin order to detect changes in the current which could be an
i ndi cation of either interference or problens with the cathodic protection
system on the pipeline.

5.2.1.2 Control of Interference - Anode Bed Location. The single nost

i mportant factor in controlling interference is the location of the anode bed.
In general, the renpte anode beds comonly used in inpressed current cathodic
protection systens cause nore problens with interference than do sacrificia
anode systens 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

i nfl uence on foreign structures should be a prinmary consideration in the

| ocati on of renote anode beds.

5.2.1.3 Control of Interference - Direct Bonding. One nethod of correcting
interference is to bond the foreign structure to the protected structure. The
bondi ng can either be a direct |owresistance connection or a resistive bond.
Figure 24 shows correction of an interference problem by direct bonding.
Bondi ng both pi pes together, essentially makes both pipes the protected line.
A test station is usually installed at such a location in order to either
verify the continuity of the bond, or to measure the current flow ng through
the bond. To allow for future bonding and testing, a bond station should be

i nstal |l ed wherever pipelines cross and at other |ocations where interference

i s possible.

43



MIL-HDBK-1004/10

Voltmeter
t? IR Drop Test Station

it

[ ¢ ]

Test Span |

Current = Voltage x Calibration Factor feor Test Span

Figure 23
Measuraement of Current Flow in Structure

C.P. System

Bond

Foreign Line

Bond discharges current from
foreign line. Potential on
protectad line will be re-
duced at crossing.

Figure 24
Correction of Interferencce - Direct Bonding

44




M L- HDBK- 1004/ 10

5.2.1.4 Control of Interference - Resistive Bonding. 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 sane organization as the one supplying the
current and reducing the current flowing to the foreign structure to m nimm
levels is desired. 1In this case, a resistive bond is installed between the
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 wi thout the protected structure in the vicinity. Figure 25 shows such an
installation and Figure 26 shows the potentials measured on both structures.
Test stations are normally installed where resistive bonds are used in order
to facilitate testing of the corrective action and adjustnment of the resistor
The resistor may either be a commercially supplied wire wound adj ustabl e

resi stor of the proper resistance and current rating or may be fabricated from
ni chrome resistance wire cut to suitable length in the field and wound into a
coil.

Figure 25
Correction of Interference - Resistive Bonding

Adj ust ment of the resistor to correct the interference is
determ ned by installing a tenporary resistive bond and nmeasuring the current
t hrough the resistor and the changes in potential achieved by the tenporary
bondi ng. The correct value for the bond current can be approxi mated from
t hese neasurenments by using the follow ng fornula:
EQUATI ON: aBt/1d = aEr/It and It = (aEr x Id)/aEt (8)
wher e

correct val ue of bond current

Id = current through tenporary bond

AEr = Efn - E fr = change in potential required to clear
interference

N= Efn - Efrd = change in potential caused by tenporary bond

natural potential of foreign structure
potential of foreign structure with no bond
d = potential of foreign structure with tenporary bond

45



MIL-HDBK-1004/10

.05V

.95V

.85V

LTS5V

.63V

.55V

.05V

.95V.

.85V

.75V

.65V

.55V

-
Protected Line
.
P
Foreign Line
1 3 1 'l ' i Kl i '] F|
Crossing
Before Bonding
-

Protected Line

" o—o——H——;\*,‘._.——G—-o__.

Natural
Potential
on Foreign

- '_‘_““‘——'/.\._-——o-—m:e——o

Crossing

After Bonding is Adjusted

Figure 26
Effects of Bonding on Interference Test Potentials

46




M L- HDBK- 1004/ 10

For a permanent bond, the resistor is adjusted while measuring the potentia
of the foreign Iine at the crossing. The ampbunt of resistance is correct when
the foreign line potential is equal to E fn (natural potential).

Bondi ng, 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 systens.

5.2.1.5 Control of Interference - Sacrificial Anodes. In sonme cases, the
met hod 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 foreignline is
wel | coated the nagnesi um anode nay 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 interference current will still flow fromthe foreign Iine at each side of
where the anode is connected. In summary, an anode on the foreign line at the
crossing will help and in sone cases conpletely cure the interference problem
but in other cases it will not conpletely solve the interference problemand a
resi stance bond may still be needed. Use of a sacrificial anode to contro
interference is shown in Figure 28. The anode should be sized to provide a
current in excess of the required bond current.

5.2.2 Effects of High Current Density. Excessive current density can
result in hydrogen enbrittlenent or coating di sbondment (refer to para 3.7).
In many cases, inproper location of the ground beds in an inpressed current
systemor interference fromforeign structures can result in uneven current

di stribution 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 nore
even current distribution. 1In sone cases, the structure can be separated into
sections and the current distribution inmproved by the installation of
resistive connections between the structure and the rectifier. Excessive
potentials are sel dom experienced in sacrificial anode systens but if

experi enced can usually be corrected through the installation of resistors in
sel ected anode | ead wres.

5.2.3 Effects of Electrolyte pH  Aluminum and | ead shoul d not be
cathodically protected in sone environnents where the pHis greater (nore
al kaline) than 8.0 (refer to paras. 3.3.1.2 and 3.3.2.1). 1In tight soils such

as clay, the alkali formed around the cathode by cathodic protection wll
increase the pHto very high | evels and cause severe chenical attack on |ead
and alumi num \Were the electrolyte is water which is noving and exchanged,
the al kali fornmed by cathodic protection can wash away and the adverse effects
of cathodic protection on | ead and al um num are reduced. Some types of
protective coatings, particularly the al kyds, can al so be danaged by highly

al kal i ne envi ronnents.
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Low pH (acidic) conditions can al so cause problens with both

corrosion and cathodic protection. 1In soils with a pHIower than 3.0, current
density requirenents for the protection of steel can be up to 10 tines as high
as those required for protection of steel in neutral soil. These excessive

current requirenents make cathodic protection in such environments difficult
and costly. The use of high quality coatings in conjunction with cathodic
protection in such environnents is essenti al

5.3 Hazards Associated with Cathodic Protection. Cathodic protection
systens, like all other electrical systens, can be dangerous under sone
circunmst ances. They can, however, be safely operated under nost conditions if
t he proper precautions are taken in their design, installation, operation, and
mai nt enance.

5.3.1 Expl osi ve Hazards. |In areas where flamable |iquids or explosive
gasses nmay be present, consideration should be given to the proper design of
both inpressed current and sacrificial anode cathodic protection systens.

Such areas include, but are not limted to, fuel storage farms, fuel terninals
and fueling areas, refineries, amunition depots, and nmanhol es (sewer gas).

As the protective currents used for cathodic protection flow through the
environnent wi thout inherently causing arcing or appreciable resistive
heating, cathodic protection can be safely used in such environnments.

However, cathodic protection rectifiers to be used in such applications should
be special oil-inmrersed expl osion-proof types, or should be |ocated outside of
t he hazardous area. |In addition, all connections should be made in expl osion-
proof housings. |In addition to explosive liquid and gas situations, currents
frominpressed current systenms can be picked up on blasting | eads and coul d
cause detonation of the blasting caps. |Inpressed current cathodic protection
systens shoul d be turned off whenever there is blasting in the vicinity.

5.3.2 Bondi ng for Electrical Safety. Electrical bonding is often
required for safety where ships, vehicles, or aircraft are fuel ed or |oaded.
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 systens can increase the

| evel of such voltage gradients. The normal electrical bonding used in such
circunmstances is sufficient to nmtigate this hazard.

The vol tage gradi ents produced by cathodic protection systens can
al so 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
cat hodically protected pier or quaywall can cause accelerated attack on the
vessel (see Figure 29). This problemis 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 Induced Alternating Currents. As is the case for any large struct
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 i1s particularly true if th
structure is well coated or isolated from the ground and is oriented
parallel to the transmission lines. Pipelines using the same right of wa
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 iIn 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 i1nduced currents and relocation of either the transmission lin
or the planned system should also be considered. Location of test statio
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: | MPRESSED CURRENT SYSTEM DESI GN

6.1 Advant ages of Inpressed Current Cathodic Protection Systens. The
pri mary advantage of inpressed current cathodic protection systens over
sacrificial anode cathodic protection systens is that the driving potential of
the inpressed current systens is not limted by the corrosion potential of an
active netal. The ability to select appropriate driving potentials, and to
adjust the driving potential after systeminstallation, gives the designer and
operator of inpressed current cathodic protection systens additiona
flexibility to conpensate for changing environmental conditions. The primary
advant age of this variable driving potential in the design of inpressed
current cathodic protection systens is the ability to select the |ocation of

t he anode beds for an optinmumdistribution of protective current with a

m ni mum of interference. The variable driving potential available in

i mpressed current systens also allows the protection of structures in high
resistivity environments where the output of sacrificial anodes is severely
limted. The primary operational benefit of variable driving potential is the
ability to adjust the systemfor changes in soil resistivity, anode condition,
structure surface (coating) condition and additions to the structure.

6.2 Determination of Circuit Resistance. In the design of inpressed
current cathodic protection systens (refer to para. 4.2.6), the first step is
the deternmination of the total current required for the system This fixes
the output current required for the system power supply. The next step is the
determ nati on of the required output or driving potential that will be
required. As the output current is fixed, the required driving potential wll
be deternmined by the total circuit resistance and the back potential offered
by the structure-to-anode potential. The equivalent circuit is shown in
Figure 31. In nost inpressed current systens, the major factor in the

determ nation of the total circuit resistance is the anode-to-electrolyte

resi stance.

6.2.1 Anode-to-El ectrol yte Resistance. Al so known as "ground bed
resi stance," this is often the highest resistance in the inpressed current
cat hodic protection systemcircuit.

6.2.1.1 Ef fect on System Design and Performance. As shown in Figure 31

t he anode-to-electrolyte resistance, if high, is the nost inportant factor in
the deternination of the driving potential required to provide the current
required for effective cathodic protection in inpressed current cathodic
protection systens. Anode-to-electrolyte resistance can be varied within w de
limts by the use of different sized anodes and the use of multiple anodes.
The | owest anode-to-el ectrol yte resistance comensurate with total system cost
is desirable since it will reduce the power costs by |owering the output
potential of the power supply. This |ower power supply output potential also
results in higher reliability for other system conponents, particularly the

i nsul ation on cables, splices, and connections. In general, anode bed

resi stances bel ow 2 ohnms are desirable.

53



MIL-HDBK-1004/10

e ]
] Cathodic

Protection

System Anode-to-
Driving Structure
Potential Potential

— 1| F iy
[ l

A A

Anode-to- Structure-to- External
Electrolyte Electrolyte Circuit

! Resistance Resistance Resistance

Figure 31
Equaval ent Cathodic Protection Crcuit

6.2.1.2 Calculation of Anode-to-FElectrolyte Resistance. Anode-to-

el ectrolyte resistance can be conputed 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 determned. However, as the actual environmenta
resistivity may not be uniform or may undergo seasonal variations, the

cal cul ation 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 approxi mate anode bed resistance. Thus
after installation, the driving potential nust be adjusted to give the
required current output. As the other potentials and resistances in the
cathodic protection circuit vary, the systemw !l also require periodic

adj ust ment s.

6.2.1.3 Basic Eauations. The formul ae devel oped by H B. Dwaight for a
single cylindrical anode can be used to determne the anode-to-electrolyte
resistance. The formula for a vertically oriented anode is:

EQUATI ON: R, = 0.0052 P/L x ([ln(8L/d)-1] (9)
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The formula for a horizontally oriented anode is:

EQUATI ON
1
Rh = 0.0052 P/L x In{[4L2 + 4L(S* + L2)’%/ds} + s/L - (s2 +L2)%-1 (10)
wher e
R = el ectrol yte-to-anode resistance for a single vertica
v anode to a remote reference (ohns)
Rh = el ectrol yte-to-anode resistance for a single horizonta
anode to a remote reference (ohns)
P = electrolyte resistivity (ohms-cm at the | ocation and
depth of the anode
L = anode length or backfill colum length if backfill is
used (feet)
d = ef fective di ameter of anode or backfill colum (feet)
S = twi ce depth of anode (feet)
6.2.1.4 Sinplified Expressions for Conmon Situations. For nmany comon

situations, the Dwight formul ae have been sinplified by conbining terns and
elimnating terns that have insignificant values in nost cases. Sone of these
simplified fornmul ae have been given in para. 4.2.6. In addition to these
simplified fornulae, the following sinplified formula is often used:

a) Resistance of a Single Vertical Anode

EQUATI ON: RV = (PIL)K (11)
wher e
R = el ectrol yte-to-anode resistance for a single vertica
v anode to renote reference (ohns)
P = electrolyte resistivity (ohms-cm at the | ocation and
depth of the anode
L = anode length (feet) or backfill columm length if backfil
is used
K shape function fromtabl e bel ow where:

L/d rati o of length-to-di aneter 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. Conmon practice to reduce anode bed
resi stance is to connect several anodes in parallel in a group. The
resi stance of a group of anodes is |less than the resistance for a single anode
but is greater than that calculated fromthe 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
approxi mated by the followi ng fornula:

EQUATI ON: Rn = (1/n)RV + PSF/S (12)
wher e
Rn = total anode-to-electrolyte resistance for a group of

vertical anodes, equally spaced and in a single row, to
renote reference (ohns)

n = nunmber of anodes
R = el ectrol yte-to-anode resistance for a single vertica

v anode to renote reference (ohns)
P = electrolyte resistivity (ohms-cnm) with pin spacing equa

S to S

S = anode spacing (feet)

F = paral l eling factor fromtable bel ow
n F 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 nultiple rows of anodes are used where the spacing between rows is nore
than 4 tines the spaci ng between the anodes in each row, the usual paralle
resi stance fornul a:

1/R = 1/Rl + 1/R2 + 1/R3 + 1/R4 + ... may be used.

c) Special Formula for Water Tanks. For water tanks where
circular arrays of anodes are commonly used and where the structure surrounds
t he anodes and el ectrol yte, special formul ae have been devel oped to cal cul ate
t he anode-to-electrolyte resistance. For a single cylindrical anode, the
formul a devel oped by E. R Shepard nmay be used. The formula is as follows:
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EQUATI ON: R = 0.012 Plog (Dd)/L (13)
wher e

R = anode-to-el ectrol yte resi stance (ohns)

P = water resistivity (ohms-cm

L = l ength of a single anode (feet) (backfill is not used)

Dd = rati o of anode dianeter (d) to tank dianeter (D)

(same units for each)
The anodes are usually arranged in a circular array in the tank bow. The
optimum di anmeter of this array can be determ ned by the follow ng fornula:
EQUATI ON
r = DN2(B + N (14)

wher e

r
D
N

radi us of anode array (feet)
tank dianmeter (feet)
nunber of anodes

If four or nore anodes are used in a circular array, the follow ng nodified
Shepard formul a should be used to calcul ate the resistance of the array:

EQUATI ON: R = 0.012 Plog (Da)/L (15)
wher e
a = factor for equivalent dianeter fromtable bel ow

mul tiplied by the opti mum di ameter of the anode circle
(cal cul ated previously)

Nunber of Factor for
Anodes Equi val ent
in Circle Di anet er

4 0.08

6 0.11

8 0.18

10 0.28

12 0.43

14 0.70

P = water resistivity (ohnms-cm
L = | ength of a single anode (feet)
D = tank diameter (feet)
6.2.1.5 Field Measurenent. Calcul ations, as previously discussed, can give

good approxi mati ons of anode-to-el ectrol yte resistance under actua
conditions. While these calculations can be effectively used for system
design, if the environment is well known, the actual anode-to-electrolyte
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resi stance that is encountered is sonetinmes sufficiently different fromthe
cal cul ated value to require adjustnment or nodification of the system The
actual anode-to-electrolyte resistance can also be determ ned by actual field
measur ement s.

a) Anode First Method. In this nmethod of determ ning anode-to-
el ectrolyte resistance, the anodes are installed as designed and the actua
resi stance between the anode or anode bed and the structure to be protected is
measured. This measurenent includes both the anode-to-electrolyte resistance
and the structure-to-electrolyte resistance and can be used to determine the
required driving potential so that the proper power supply can be ordered.
This is the nmost accurate method of sizing the needed rectifier and should be
used where practi cal

b) Power Supply First Method. |In this nethod, 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 cal cul ated based upon the actual power
supply output in anperes and volts. |If additional anodes are required in
order to achieve the desired anode-to-el ectrolyte resistance, they can be
installed at this time at a relatively |ow cost since the equi pnent required
for installation is on site and excavations for the anode | ead cables are
open.

6.2.1.6 Effect of Backfill. Backfill is very inportant and is usually used
to surround inpressed current anodes in order to reduce anode-to-electrolyte
resistivity, to increase porosity around the anodes to insure that any gasses
formed during operation will be properly vented, and to reduce pol arization
effects and reduce localized dissolution of the anode. Under favorable
circumst ances, the anode-to-electrolyte resistivity can be reduced to one-half
t hrough the use of backfill. 1In extrenely |ow resistance environments such as
seawat er, graphite and high silicon cast iron anodes can be used w t hout
backfill; otherw se, inpressed current anodes shoul d al ways be used with
backfill. In high resistivity environments where the use of backfill is

i mpractical, graphite anodes should not be used. High silicon chrom um
bearing cast iron (HSCBClI) anodes can be used with or w thout backfill in nost
i nstances. The cost of using backfill should be evaluated on an econom c
basis with the reduction in the power requirements or the nunber of anodes
requi red being the cost reduction factors. |If the resistivity of the backfil
is less than one-tenth the soil resistivity, then the voltage drop through the
backfill becones negli gi bl e.

a) Thus, the effective diameter of the anode is the dianeter of
the backfill rather than the dianmeter of the anode itself. As can be
eval uated through cal cul ati on of anode-to-electrolyte resistance, this can
result in a significant reduction in anode-to-electrolyte resistance which can
be useful in reducing the nunber of anodes required, the required driving
potential, or both. Backfill for inpressed current anodes is carbonaceous
material from several sources. It can be either coke breeze (crushed coke),
flake graphite, or round particle petrol eum coke. Experience has shown that
round particle calcined petrol eum coke has many advant ages over coke breeze
made from coal. Specification "Loresco DW2" or equal should be used for
surface anode beds and Loresco DW3 or equal for deep anode beds. Because the
mat eri al can be punped and has good porosity and particle-to-particle contact,

round particle petrol eum coke backfill is the nost desirable material and its
hi gher cost will be justified for npst installations, particularly for "deep
anodes. "
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b) 1In areas where the soil is extrenmely wet or |oose, such as in a
swanpy area, it may not be possible to properly install or tanp the backfil
material. Packaged anodes with the backfill contained in nmetal cylinders
(cans) surrounding the anodes may be useful in these circunstances but
i ncrease 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 foll owi ng additional disadvantages:
(1) High unit weight reduces ease of handling.

(2) Possibility of voids devel oping 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 choi ce of packaged versus unpackaged i npressed current anodes nust be nade
based upon econonics 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 augnmenting
syst ens.

6.2.2 Structure-to-El ectrolyte Resistance. The structure-to-electrolyte
resi stance is comonly disregarded in the design of inpressed current cathodic
protection systens since it is usually very small with respect to the anode-
to-electrolyte resistance. When total circuit resistance is neasured (refer
to para. 6.2.1.5), the structure-to-electrolyte resistance is included in the
val ue obt ai ned.

6.2.3 Connecting Cabl e Resistance. The connecting cable resistance is
determ ned by the size and |l ength of cables used. The sel ection of appropriate
wire sizes is described in para. 6.6.1.

6.2.4 Resi stance of Connections and Splices. In addition to the fact

t hat connections and splices are sources of resistance in inpressed current
cat hodic protection systens, they are a site of failure. These connections
shoul d be kept to an absolute nininmum and they should be very carefully
assenbl ed, insulated, inspected, and installed. The cable fromthe positive

| ead of the power source to the anodes carries a high positive charge and wll
deteriorate rapidly at any point where the insulation is breached and the
conductor contacts the electrolyte. The nunber and | ocation of each
connection should be installed per the system design and not at the discretion
of the installer.

6.3 Determ nati on of Power Supply Requirenments. The power supply

requi rements, nanmely current and voltage, are determined by Chms Law fromthe
required current for protection of the structure and the cal cul ated or
measured total circuit resistance. The actual power supply requirenent shoul d
allow for future |loads and rectifier aging. GCenerally, a factor of 1.5 over
cal cul ated output is used.
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6.4 Sel ection of Power Supply Type. Any source of direct current of
appropriate voltage and current can be used as a source of power for inpressed
current cathodic protection systens. The selection of power supply depends
upon | ocal conditions at the site and shoul d be eval uated based upon life
cycl e cost including maintenance and availability of ac power or fuel

6.4.1 Rectifiers. Rectifiers are by far the nbst comonly used power
supply type for inpressed current cathodic protection systens. They are
available in a wide variety of types and capacities specifically designed and
constructed for use in inpressed current cathodic protection systens. The
nost comonly used type of rectifier has an adjustable step down transforner,
rectifying units (stacks), meters, circuit breakers, lightning arresters,
current measuring shunts, and transforner adjusting points (taps), all in one
case.

6.4.2 Thernoel ectric Generators. These power supplies convert heat
directly into direct current electricity. This is acconplished through a
series of thernocoupl es which are heated at one end by burning a fuel and
cooled at the other, usually by cooling fins. Thernoelectric generators are
highly reliable since they have few, if any, nmoving parts. They are avail able
in sizes from5 to 500 W They are very expensive and should only be
considered for renote |ocations where electrical power is not available and
fuel is available. They are used as a power supply for inpressed current

cat hodic protection on renote pipelines where the product in the pipeline can
be used as a fuel

6.4.3 Solar. A photovoltaic solar cell converts sunlight directly into
direct current electricity. The cost per Wis high but is decreasing as sol ar
cell technology is inproved. Solar panels are used for cathodic protection
power supplies at renpte sites where neither electrical power or fuel is
available. In order to supply current continuously, solar cells are used in a
systemthat 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 | ow, storage batteries
can be used to supply power for inpressed current cathodic protection systens
at remote sites. They nust be periodically recharged and mai nt ai ned.

6.4.5 Generators. Engine- or wind-driven generators can be used to
supply direct current power for inpressed current cathodic protection systens
at sites where ac power is not avail able.

6.5 Rectifier Selection. The rectifier selected for a specific

i mpressed current cathodic protection application nmust be matched to both the
el ectrical requirements and the environmental conditions at the site.
Rectifiers are available in many electrical types and specifically designed
for use in inpressed current cathodic protection systens in many environnments.
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6.5.1 Rectifier Conponents. Figure 32 is a circuit diagramfor a typica
si ngl e-phase full-wave bridge type rectifier showi ng the conmponents found in
nost standard rectifiers of this type. The diagram al so shows an externa
switch and circuit protection device which is mandatory for all DOD rectifier
installations.

6.5.1.1 Transfornmer Conponent. The transformer reduces the incom ng
alternating current voltage to the alternating current voltage required for
the operation of the rectifing conponent. In nost inpressed current cathodic
protection rectifiers, the voltage output fromthe secondary w ndi ngs can be
varied by changing the effective nunber of secondary w ndings through a system
of connecting bars or "taps." Two sets of taps are normally present, one for
coarse adjustments and one for fine adjustnments. By manipul ati on of these
taps, the voltage should be adjustable to vary the rectifier voltage from
zero, through at |east 20 equal steps, to its nmaxi mum capacity.

6.5.1.2 Rectifying Elements. The alternating current fromthe secondary
wi ndi ngs of the transforner elenment is converted to direct current by the
rectifying elements or "stacks." The stack is an assenbly of plates or diodes

and may be in several configurations. The npbst commopn rectifying elenments are
sel enium pl ate stacks and silicon diodes. Each has advantages and

di sadvant ages as discussed in para. 6.5.3.8. The npst conmon configurations
of rectifying elenents are the single-phase bridge, single-phase center tap

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

el ements do allow a small anmount of alternating current to pass. This
“ripple" is undesirable and should be held to |low |l evels. 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 |osses in
the rectifying elenments which result in heating of the stacks. Silicon

el ements are nore efficient than seleniumelenments at hi gh output voltages but
are nore susceptible to failure due to voltage overl oads or surges. The
efficiency of a rectifying elenent is calculated by the followi ng equation

dc out put power
ac i nput power

EQUATI ON: Efficiency (% 100 (16)

Typi cal 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
t hree-phase circuit. Selection of appropriate circuit type is discussed in
para. 6.5.2. Selection of silicon versus seleniumrectifying elenents is

di scussed in detail in para. 6.5.3.8.

6.5.1.3 Overload Protection. Overload protection in the form of either
circuit breakers, fuses, or both should be used on all inpressed current
rectifiers. 1In addition to protecting the circuits fromoverloads, circuit

breakers provide a conveni ent power switch for the unit. Circuit breakers are
nost comonly used on the alternating current input to the rectifiers and
fuses are nost conmonly used on the direct current outputs. |In addition to
circuit breakers and fuses, the rectifier should be furnished with Iightning
arresters on both the ac input and dc output in order to prevent danage from
lightning strikes or other short duration power surges. The respective firing
vol tages of the lightning arresters should be higher than the ac input and dc
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out put voltage. Due to their susceptibility to damage from vol t age surges,
silicon diodes shall also be protected by seleniumsurge cells or varistors
and by current limting fuses against over-current surges. A high speed
rectifier fuse should be installed in one leg of the ac secondary and one in
t he dc negative output |eg.

6.5.1.4 Meters. |In order to conveniently nmeasure the output current and
potential, the rectifier should be furnished with nmeters for reading these

val ues. The nmeter should not be continuously operating but should be switched
into the circuit as required. This not only protects the nmeter from

el ectrical damage from surges but, when the nmeter is read, it noves from zero
to the indicated reading. Frozen nmeter novenents are easily detected in this
manner. Often, one nmeter and a two position switch are used to nmeasure both
potential and current. Current is usually measured using an external current
shunt. CQutput voltage and current can al so be conveniently nmeasured by the
use of portable nmeters used across the rectifier output and the current shunt.

6.5.2 St andard Rectifier Types

6.5.2.1 Si ngl e- Phase Bridge. The circuit for this type of rectifier is
shown in Figure 32. This type of rectifier is the nost comonly 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 electrica
efficiency of the three-phase units. The rectifying unit consists of four
elements. |f any one of the rectifying elenents fails or changes resistance,
the other elenments usually also fail. Current passes through pairs of the
rectifying elements through the external |oad (structure and anode circuit).
The active pair of elenents 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 Si ngl e- Phase Center Tap. The circuit of a single-phase center tap
rectifier is shown in Figure 34. This type of rectifier has only two
rectifying el ements but produces full-wave rectified output. However, since
only one-half of the transformer output is applied to the |oad, the
transformer required is considerably heavier and nore costly than in

si ngl e-phase bridge type units. This type of unit is also |less sensitive to
adj ustment than the single-phase bridge type; however, it is electrically nore
efficient.

6.5.2.3 Three- Phase Bridge. The circuit for a three-phase bridge rectifier
is shown in Figure 35. The circuit operates |ike three conbined single-phase
bridge circuits that share a pair of diodes with one of the other three
bridges. There are three secondary windings in the transforner that produce
out - of - phase alternating current supplied to each pair of rectifying el enents.
Thi s out-of-phase rel ationship produces a direct current output with | ess
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 nore electrically efficient than the single-phase types, and
the extra initial cost of the unit is often justified by savings in supplied
power, particularly for units of over 1,000 Wcapacity.
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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.

6.5.2.5 Special Rectifjer Types. Several special types of rectifiers,

specifically designed for use in cathodic protection systems have been
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.

a) A constant current rectifier 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.

b) An automatic potential control type is shown by a block diagram
in Figure 39. This type of unit uses the potential between the structure and
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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Constant Potential Rectifier
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c) Multicircult 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 extern
circuit resistance, the output current is controlled by the value of this
resistor. The output potential will vary up to the line voltage to suppl
the specified 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 thi
type of rectifier is not recommended.

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 simila
capacity units are to be used, the selection of a standardized type of
rectifier should be considered.

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

110 V AC
9 Silicon Diode Resistor

e ae, o -y

ISR A T b e e
A CHR AN | T-1.1 5 § & £-% SERPESNES

;T$*338011 Surface

T R Medule, LTI
S Impressed
Current
Tank Anode
Figure 40

Multicircuit Constant Current Rectifier
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6.5.3.1 Avai |l abl e Features. Features now avail able on nost units incl ude:

a) Constant voltage or current output

b) Miltiple circuits in the sanme encl osure

c) Air cooled or oil imersed

d) Any commercial input voltage

e) Three phase or single phase

f) Center tap or bridge

g) Wde range of output currents and voltages

h) Efficiency filters to reduce ac ripple

i) Interference noise filters

j) Explosion proof enclosures

k) Small arns proof enclosures

) Lightning protection on both ac input and dc out put
m Surge protection on both ac input and dc out put
n) Silicon diodes or sel enium stacks

0) Painted or gal vani zed cases

p) Various nounting |legs or brackets

g) Units designed for direct buria

ry External "on-off" indicators

s) Variety of price, quality and warranty

t) Maintenance free anodi zed al um num encl osure

Factors that should be considered in selecting appropriate features for a
specific application are given bel ow

6.5.3.2 Air Cooled Versus G 1 Imersed. Rectifiers can be supplied as
either entirely air cooled, entirely oil imersed or with the stacks only oi
i mersed. Air-cooled units are lowest in cost and easiest to install and
repair. However, oil-cooled units should be specified where corrosive or
dirty atnmospheric conditions are encountered or where expl osive gasses may be
present. The controls should not be imersed in the oil. Air-cooled units
require nore frequent mai ntenance to clean the air screens and ot her
conponents and are al so susceptible to danage by insects an other pests.

O der oil-cooled units were supplied with oils containing polychlorinated

bi phenyl s (PCBs) whi ch have been determ ned to be carcenogenic and are no

| onger supplied with new units. Units containing PCBs should be treated
according to current policy regardi ng PCBs.
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6.5.3.3 Sel ecting ac Voltage. Select alternating current voltages of

al nost any commerci al power supply voltage. Units with either 115 V, 230-V or
440-V singl e-phase or 208-, 230-, or 440-V three-phase inputs are the nost
conmon. Sonme units are supplied with dual input voltage selected by wring
arrangenents during installation. Choices between single-phase and

t hr ee- phase units should be based upon a bal ance between first cost and
efficiency as discussed in para. 6.4.2. The followi ng table can be used to
sel ect the conbinations of rectifier capacity and input voltages which are
conmonly nost economical if a selection of supply voltages is avail able:

RECTI FI ER dc S| NGLE- PHASE THREE- PHASE
RATI NG (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 Qutput. Direct current voltage outputs from

8 to 120 V and current outputs from4 Ato 100 A are comon. Al nost any
current can be provided but it is generally best to select a snaller 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 nore uniformcurrent distribution along the protected structure than
few | arge 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 comunications equipment. Efficiency filters can

i ncrease 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 |ow
Noi se interference filters should be used when a large unit is to be installed
in the vicinity of conmunications |ines or can be retrofitted when noise

probl ems are encountered and are significantly affected by turning the unit on
and of f.

6.5.3.6 Expl osi on Proof Rectifiers. Rectifiers and other system conponents
such as switch and circuit breakers are available in expl osi on proof

encl osures conformng to Electrical Safety Standards for Class | Goup D
hazardous conditions that nay be encountered in fuel or natural gas storage or
di stribution systems. Such encl osures should be specified whenever explosive
hazards may exi st.
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6.5.3.7 Li ghtning Arresters. Lightning arresters should al ways be used on
both the ac input and dc output sides of rectifiers using silicon rectifying
el ements. Their use on units using seleniumelenments is recommended in areas
where lightning strikes are frequent. The arresters on the output should have
a firing voltage greater than the rectifier output voltages.

6.5.3.8 Sel eni um Versus Silicon Stacks. Wile some old installations used
copper oxide rectifying elements, nodern units use either silicon or selenium
rectifying elements. |n general, silicon units are used for larger units

where their higher efficiency is nore inportant than their lower reliability.

Ordinary sel enium stacks deteriorate with tine. This "aging" can
be reduced by variations in plate conposition and "non-agi ng" stacks are
avail able. Aging rates are determ ned by operating tenperatures that are a
function of current flow. The selection of a unit using seleniumrectifying
el ements which has a sonmewhat greater capacity than required will increase
stack life. The efficiency of seleniumrectifying elements is a function of
operating voltage versus rated voltage as shown in Figure 41.

Silicon diodes are nounted in metal cases which are nounted on
ei ther alum num or copper plates to dissipate the heat generated during
operation. Silicon diodes do not age as do sel enium stacks and, as shown in
Figure 42, are nore efficient than sel eniumel enents, particularly at higher
voltage ratings. Silicon rectifying elenments are nore subject to conplete
failure fromvoltage surges which would only cause increased agi ng of sel enium
stacks. Surge protection should always be used on both the ac input and dc
out put of rectifiers using silicon diode rectifying el ements.

6.5.3.9 O her Options. Oher features listed in para. 6.5.3.1 are
avai | abl e and shoul d be sel ected as appropriate. |In renote off-base areas,
smal | arms proof enclosures may be required based upon | ocal experience.

Speci fying cl ear anodi zed al um num encl osure top coated with one clear coat of
pol yuret hane wi |l reduce mai ntenance pai nting.

6.5.3.10 Rectifier Alternating Current Rating. The ac current requirenent
for a rectifier can be determ ned based upon rectifier output and efficiency
by the follow ng fornul ae:

a) Single-Phase Rectifiers
EQUATI ON: lac = (Edc x ldc)/F x Eac (17)
wher e

I ac alternating current requirement (A)

Edc = direct current output voltage
ldc = direct current output anperage
F = rectifier efficiency (%
Eac = alternating current voltage (per phase)

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

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

Jac = alternating current requirement (A)

Edc = direct current output voltage

Idc = direct current output amperage

F = rectifier efficiency (X)

Eac = alternating current voltage (per phase to phase)

6.6 Anodes for Impressed 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
the environment are mechanically durable. These anode materials are available
in a form and size suitable for application in impressed current cathodic
protection systems at a low cost. While abandoned "in-place" steel such as
pipelines and rails can, and are, used as anodes, they are consumed at a rate
of approximately 20 1lbs/A yr. The most commonly used purchased 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 G aphite Anodes. G aphite anodes are the npst comonly used
material for inpressed current anodes in underground applications. They are
made by fusing coke or carbon at high tenmperatures and are sealed from

noi sture penetration by being inpregnated with a synthetic resin, wax, or
linseed oil to reduce porosity and increase oxidation resistance. An

i nsul ated copper cable is attached to the anode internally for electrica
connection to the rectifier. This connection nust be well sealed to prevent
noi sture penetration into the connection and nust be strong to wthstand
handl i ng. The npbst inportant single inprovenent 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 elimnates end-effect, where ends of the anode are
consunmed 1-1/2 tines faster than the center. Although nore expensive, the

anode life is nearly doubled (tubular anodes will be 95 percent consuned,

wher eas end connected anodes will be only 50 percent consuned before the
anode-to-lead wire connection is lost). This also allows for a nore effective
seal of the lead wire connection. Nearly all anode sizes are available in

tubul ar formwhere the |l ead wire connection is located in the center. Typica
anodes, connections, and seals are shown in Figures 43 and 44.

6.6.1.1 Specifications. The follow ng are typical specifications for
conmerci al ly avail abl e graphite anodes.
Conposi tion
| mpregnant (Linseed O 1 Synthetic Resin or Wx) 6.5 wt % max
Ash 1.5 wt % max
Moi sture & Volatile Mtter 0.5 wt % max
Water Sol uble Matter 1.0 wt % max
Graphite Remai nder
Physi cal Properties
Density 99.84 Ib/cu ft max
Resistivity 0. 0011 ohm cm max
Mechani cal Requirenents
Lead wire connection strength 525 | b mi ni mum
6.6.1.2 Available Sizes. G aphite anodes are commercially available in two

Weight (Ib) Dianeter (in.) Length (in.)
Surface area (ft?2)

27 3 60 4.0
68 4 80 7.1

The wei ghts given are for the graphite only and do not include the weight of
the lead wire or connection.
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M CENTER-CONNEGTING
Eiiminates premature fadlure due to "end effect” consumption,
Makes ihe anode-cable connection where moisture penetraion
is least likely.

B sELr-TAPPING
Provides the lowest possibie resistance cantact with the ancde
material (10 iimes better than previgus teaded connections).
Since torque is measured in the fabrication process. each anode
mears stringent quality control parameters,

. SUPER-SEALING WITH PROPRIETARY ADHESIVE
Resists moisture penetration.
Provides adhesion tc both the graphite and HMW/FE wire insulation
{yes, it even adheres to high molecular weight polyethylenel.
Stands up 10 extremety reactive subsiances, including nacent chiorne.

WWHAT IS "END EFFECT" CONSUMPTION?
lenic current discharge 15 appreximataly * 2 tmes greater at both
ends than at the central barrel portion of an ancde. Thus the anage
i§ consumed much more rapidly at the ends than at the center.
Placing the lead wire conrection al the center ot the anogs
significantly increases the life of the anode since more than 95% of
the graphite is usually consumed before the cennection becomes
exposed. Hence, CENTAP? znodes overcome *he problem of
premature failure gue 1o ‘end effect” consumption.

Figure 44
Center Connected Graphite Anode
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6.6.1.3 Characteristics. Al products fromthe operation or deterioration
of graphite anodes are gasses. |In fresh water or non-saline soil, the
princi pal gasses produced are carbon di oxi de and oxygen. |In saline soils or

in seawater, chlorine is also produced and is the major gas produced in
seawat er applications.

The gasses generated, if allowed to collect around the anode, can
di spl ace noi sture around the anode which results in a local increase is soi
resistivity and an increase in circuit resistance.

6.6.1.4 Operation. Graphite anodes nmust be installed and operated properly
in order to insure optinum performance and life.

a) Current Densities. The current densities in the follow ng
tabl e shoul d not be exceeded in order to obtain optinmm anode |ife:

RECOMVENDED MAXI MUM CURRENT DENSI TY FOR GRAPHI TE ANODES

SEAWATER FRESH WATER SA L

Maxi mum Curr ent

Density 3.75 0. 25 1.0

(A/ft2)
Equi val ent Current
on 3" x 60" Anode 15 A 1A 4 A
Equi val ent 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 nust be overcone before protective current wll
begin to flow in the inpressed current cathodic protection systemcircuit.
This 1.0 V nust be added to the other voltage and IR drop requirenments during
the sel ection of proper power supply driving voltage.

c) Consunption Rates. Assum ng uniform consunption, 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 approximtely 2.5 [ bs/A
yr. The deterioration rate for graphite anodes in seawater ranges from 1.6
| bs/A yr at current densities below 1 A/ft2 to 2.5 | bs/A yr at current
densities of 3.75 A/ftz2.

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 environnent at any one point is |lower than the resistivity
at other points, the current density and attendant deterioration will be

hi gher there. This can result in uneven consunption and premature failure of
graphite anodes, particularly if the lowresistivity area is near the top of

the anode. 1In this case, "necking" of the anode at the top occurs and the
connection to the | ower portion of the anode is severed. The use of backfil
of uniformresistivity is used when graphite anodes are used in soil in order

to prevent uneven anode deterioration.

6.6.2 Hi gh Silicon Cast lron. Cast iron containing 14 to 15 percent
silicon and 3/4 to 1 percent other alloying elements such as nanganese and
carbon, forma protective filmof silicon dioxide when current is passed from
their surface into the environnent. This filmis stable in many environnments,
with the exception of chloride rich environments. The formation of this film
reduces the deterioration rate of this alloy fromapproximtely 20 | bs/A yr,
as for ordinary steel, to 1 Ib/A yr. Due to the lack of resistance of this
alloy to deterioration in environnents containing chloride, a chrom um bearing
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alloy of simlar silicon and other alloy content
chrom um bearing alloy is now al nost excl usively used.

has been devel oped.

The

6.6.3

High Silicon Chrom um Bearing Cast

lron (HSCBCI).

wi dely used for
mechani ca

to its | ow el ongation under

bot h mechani ca

6.6.3.1

Specifications.

i mpressed current anodes.

load it

and thermal shock

The nom na

(conforms to ASTM Specification A518-GR. 2)

Being a netal it

strength than nonnetal s such as graphite magnetite.
is brittle and should be protected from

conposi tion of HSCBCI

ELEMENT PERCENT

Silicon 14.50

Chrom um 4.50

Car bon 0.95

Manganese 0.75

[ ron Remai nder
The typi cal mechani cal and physical properties of HSCBCI

Tensile strength 15, 000 ps

Conpressive strength 100, 000 ps

Har dness 520 Bri nel

Specific gravity 7.0

Mel ting point 2,300 °F

Speci fic resistance

Coefficient of expansion

72 pohms/cu cm

7.33 uin.lin./°F

This materia
has much greater
However, due

is as foll ows:

are as foll ows:

The maxi mum accept abl e resi stance between the cabl e and the anode shoul d be

0. 01 ohms.
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6.6.3.2 Available Sizes. 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
| arge nunber of special configuration anodes are required. Typical HSCBCI
anode configurations are shown in Figures 45 through 49. The cabl e-to-anode
connection is, as in the case of all inpressed current anodes, critical

Three comon met hods of achi eving the cabl e-to-anode connection and seal are
shown in Figures 50, 51, and 52. The use of the center connected tubul ar
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 anode material expended before failure versus 95 percent anode

mat eri al expended before failure for center connected anode).

6.6.3.3 Operation. HSCBCl anodes are consunmed at a rate of 1 Ib/A yr when
used at a current not exceeding their nominal discharge rates. The potentia
di fference between steel and HSCBClI can be neglected in the selection of

i mpressed current rectifiers. HSCBCI anodes will operate w thout backfill in
nost applications, but backfill will reduce the anode-to-electrolyte

resi stance and extend the life of the anodes. Because netal-to-netal contact
i s made between the anode and the round particle cal cined petrol eum coke
breeze, the outside of the coke breeze becomes the anode. Also, the |ower
out put voltage required will save power and reduce the initial cost of the
rectifier unit. Because of these reasons, petroleum coke backfill is
recormended where it can be feasibly installed.

6.6.4 Al umi num Al um num anodes are sonetines used for the protection of
the interior of water storage tanks. They are consunmed at a fairly high rate
of approximately 9 Ibs/A yr in nost applications. The main advantages of
usi ng al um num anodes in the protection of water storage tanks is their |ow
cost, light weight, and |lack of water contam nation fromthe products of
deterioration of the anodes. They are conmonly used when seasonal icing of
the tank woul d damage t he anodes. The al umi num anodes are sized to |last 1 year
and are replaced each spring. HSCBClI and graphite anodes are nore comonly
used in water tanks and, when installed on a floating raft, can be made
resistant to icing conditions.

6.6.5 Platinum Pure platinumwire is sonetines used for inpressed
current cathodic protection anodes where space is linmted. Platinumis
essentially immune to deterioration in nost applications. In seawater its

consunption rate at current densities as high as 500 A/ft2z is 0.00001 Ib/A yr.
Due to the high cost of platinum this material is nore commonly used as a
thin coating on other netals as described in para. 6.6.6.

6.6.6 Platini zed Anodes. Platinumcan be bonded or deposited on ot her
materials for use as an inpressed current cathodic protection anode. The
substrate materials, nanely titanium tantalum and niobium have the special
characteristic of being covered with a naturally formed stable oxide film

whi ch prevents current flow fromtheir surfaces, even when exposed to high
anodic potentials. All of the current flows fromthe platinumcoated portion
of the anode surface. These "platinized" anodes, although high in initia
unit cost, can be used at very high current densities and have had wi de
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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 12 14 0.5 Each end enlarged to 1-1/2
(25 x 1,524 G4 (.13) in. (38mm) dia with
cored opening for joining.
TAB 2-3/16 x 24 13 1.1 0.5-1.0 Lightweight flexible
(56 x 609) (5.9 (.10) assembly with continuous
cable.
TABB 2-21/23 x 24 18 1.4 0.5-1.0 Lightweight flexible
(67 x 609) (8.2) (.13) assembly with
continuous cable.
CcD 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
cored opening for cable
connection.
TACD 2-3/16 x 60 32 2.8 2.5-3.0 Center connection in series
(56 x 1,524) (14.5) (.26) on center cable 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) (104) (.19) on continuous cable or one
lead only.
TAl 2-21/32 x 42 31 2.4 1.5-2.0 Center connection in series
(67 x 1,067) (14.1) (.22) on continuous cable or one
lead only.
TAJA 4-3/4 x 24 31 2.5 1.5-2.0 Center connection in series
(121 x 609) (14.1) (.23) on continuous cable 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 only.
TAD 2-21/32 x 60 45 3.5 2.3-3.5 Center connection in series
(67 x 1,524) (20.49) (.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 2 x 60 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 4.9 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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Standard HSCBCI Anodes

MIL-HDBK-1004/10

NOMINAL AREA NOMINAL
ANODE SIZE WEIGHT SQ FT DISCHARGE-
TYPE in (MM) Ib (kg) M2 Amps SPECIAL FEATURES
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
wy/cored opening for
cable connection.
TAJ 4-3/4 x 60 78 6.2 5.0-6.0 Center connection and
(121 x 1,524) (35.4) (.58) tubular 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 opening 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,
if required.
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 1-1/8x 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 Lightweight flexible assembly
(56 x 203) (1.9 (.04) with continuous cable.
G2 2x9 5 0.40 0.10 Inside configuration permits
(51 x 229) 2.3) (.04) single center cable-to-anode
connection or continuous cable.
TAG 2-21/32x 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

UAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

3 NOMINAL WE IGHT
3 SIZE EACH AREA
3 TYPE  (inches) (1b) sq ft APPLICATION SPECIAL

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

3

3

3 K-3 3 x 3 6 0.25 Small heat exchangers “Button™
3 and like structures with iInt
3 with limited mount- cast bol
3 ing area. taching

3 ture usi
3 able gas
3

3 K-6 6 x 2-1/2 16 0.5 Ship hull, lock gate, "Button"
3 heat exchangers, or with iInt
3 any other structure cast bol
3 with large flat taching

3 surface. ture usi
3 able gas
3

3 K-12 12 x 3-7/16 53 1.0 Ship hull, lock gate, "Button"
3 heat exchangers, or with iInt
3 any other structure cast bol
3 with large flat taching

3 surface. ture usi
3 able gas
3

3 Bridge 12 dia x 40 1.96 Bridge decks Lead-one
3 Deck 1 1-1/2 only

3

3 Bridge 9 oval x 6 0.74 Bridge decks Assemble
3 Deck Il 9716 tandem o
3 uous 8/7
3 cable.

3

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
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a) FLEXIBLE DUCT ANODE ASSEMBLY
Two Polyethylene

Polyethylene
Mug Tinned CE:::;d A::T:el: Compression Washers
Wires
i"'é I!-I/ "
Ccble, as J
Specified g
‘L—-—— Sealing Compound

b} CROSS-SECTION OF TYPICAL DUCT ANCDE

Figure 45
Duct Anode

Button Type Anode

Washer

Bushing (Tefion Hull Painted with Vinyl

System Epoxy Resin
insulating Sheet Coating on Hull

{Polyaster Glass)

Steel Strop

"0 Ring, Rubber

Stuffing Tube
Fill With Insulating Grease
When Installing

Nut, Corrosion=Resistant Steel

‘Wasar

Wasner, Corrosion—Resistant
Steel

Bronze Cover

Flag Lug

Figure 46
Button Anode
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[
BRIDGE DECK ANODE
TYPE I
12"
DIA.
Y

BSOS

IR LS Y 00N
\

OO

APPROX.
ITEM DESCRIPTION
Anode - Wt 40 Lbs
Cable 8/7 Str., HMPE
Washer
Lead
Mastic
Tubing
Epoxy Seal

@ = O oW P W N e

Interface Sealant "F"

Figure 47
Bridge Deck Anode - Type I
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/'g‘ BRIDGE DECK ANODE
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LIS
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ITEM DESCRIPTION
1 Anode Wt. & Lbs.
2 8/7 Str. Cable, HMPE
3 Comnector
4 Connector Pin
5 Spring
6 Washer
7, Mastic
Figure 48

Bridge Deck Anode - Type 1I
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Item Description

Epoxy Seal
Mastic
Plate
Cable
Guide

L~ W N

Figure 49
Tubular Anode
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[nterface Seaiant

e

Ng. 8 AWG, 7-Strand Heat Shrinkabie Etched

Copper Cable wi thm—————— Teflon (FEP) Tubing
HMWPE Insulation r Epoxy Cap, 1" Migh
inimum, Integral with

7// External Seal on Anode
Note: / /
Resistonce Across Cable 4 B
uﬂd AHO* Should be NO . \ Washer, ]/‘d Thlck
More Than 0,01 Ohms _ \/
Maximum §
;L‘\F‘oning Compound
%
\/ Coulked Lead
)
Tinned \
Wires \
\\ Ancde

Figure 50
Anode to Cable Connection - Epoxy Seal
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Interface

Seaiant
No. 8 AWG, 7-Strand Cooper Cable
with HMWPE Insulation

Heat Shrinkanle Etehed
Teflon (FEP) Tubin

/\ Epoxy Cap, 1" High
Interface Sealan

Minimum integral with
Annular Seal

! - '\w.:sher ]/"” Thnck
Potting N TN
Compound  em—————CW. | h
N HEEN
3 ‘\'I
N
Caulked Heat Shrinkable Etched
Lead [ N /Teflon (FEP) Tubing
Tinnad \\ I
Wires
Anode
Figure 51

Anode to Cable Connection - Teflon Seal
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Durichlor 51 Type TA Tubular Anode C X Cable

Seal

Two Piece Tapered
Plug Connector

Connector shown typical
of TA4, TAS5, and TA4A,

Figure 52
Center Comnected High Silicon Chromium
Bearing Cast Iron Anode
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application to service in tanks and other liquid handling systems as well
Their use iIn soils has been limited occasionally to deep we

in seawater.
applications.

6.6.6.1 Types. Platinized anodes are available in

and shapes.

DIAMETER LENGTH EXTENDED LENGTH  PLATINIZED LENGTH
(in.) (in.) (in.) (in.)

AAAAAAAA AAAAAA AAAAAAAAAAAAAAA  AAAAAAAAAAAAAAAAA

3/4 20 15 6

3/4 12 7 3

3/4 23 18 9

3/4 20 15 9

172 20 15 6

172 17 12 5

172 23 18 9

A typical anode configuration is shown in Figure 53.
thicknesses of 100 &mgr;in. are used.

a wide variety of siz
Sizes of standard platinized titanium anodes are shown below

Typical platinum

Cover Electrical Connections
with |nsulating Grease
Standard
Thermocouple
Condulet Teminal
Head

Wrap with One Layer
Pipe Dope Tape
Structure Wall

B - I,
TR L A TRARRRRRRRNR L e

’’’’’’

- . - v—
TR R TR R R R L A— ” -
. i . r

Standard Fittings
for Anode Mounting

I-.—b" g

5"

2 Oll

Teflon Sleeve

Figure 53
Typical Platinized Anode
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6.6.6.2 Operation. Platinized anodes can be operated at very high current
densities (100 A/ft2 are typical). The primary linmtation of platinized
anodes is that the oxide filmon the substrate can break down if excessive
anode-to-el ectrolyte voltages are encountered. The practical limt for
platinized titaniumis 12 V. Platinized niobiumcan be used at potentials as
hi gh as 100 V. Since these anodes are small in size, their resistance-
to-electrolyte is high and therefore, higher voltages are required to obtain
hi gh current.

6.6.7 Al l oyed Lead. Lead alloyed with silver, antinony, or tin have been
used as anodes for inpressed current cathodic protection systenms in seawater.
The chi ef advantage of |ead anodes is their |ow cost. The consunption rate
for silverized lead is 2- to 3-1bs/A yr initially but drops off to
approximately 0.2 I bs/A yr after 2 years. The current density fromsilverized
| ead anodes is typically 10 A/ft2. Alloyed | ead anodes have been unreliable
in many specific applications either because they failed to passivate and
their consunption rate remained in the 2-to 3-1bs/A yr range and they were
conpl etely consunmed, or they becane so highly passivated that the

anode-to-el ectrol yte resistance increased substantially.

6.7 O her System Conponents. In addition to the source of power for

cat hodic protection and the anodes used, cathodic protection systems contain
ot her inportant conmponents. The entire systemnust be reliable in order to

provi de effective protection.

6.7.1 Connecting Cables. The connecting cables used between the various
conponents of cathodic protection systenms are vital to the proper perfornmance
of the system Any break in the primary circuit will result in failure of the
systemand will require repair to restore the flow of protective current.
Breaks in the auxiliary connections such as those used to test the systemwl|
also result in difficulties in proper adjustment and inspection of the system
Proper selection of cable size, type of insulation, and routing is necessary
for proper and reliable systemoperation. Only insulated copper cables should
be used in any cathodic protection installation. H gh connection resistances
and difficulty in maki ng wel ded connecti ons associated with the use of

al umi num wi res precludes their use in cathodic protection installations.

6.7.1.1 Factors to be Considered. Connecting cables should be sel ected
based upon consideration of the follow ng factors:

a) Current carrying capacity

b) Vol t age attenuation (IR Drop)

c) Mechani cal strength

d) Economi cs (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.
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Tabl e 10
Standard Wre Characteristics
OVERALL APPROX. MAXI MUM
DI AVETER VEI GHT MAXI MUM MAXI MUM DC  ALLOMABLE
S| ZE NOT NOT BREAKI NG RESI STANCE dc
AWG | NCLUDI NG | NCLUDI NG STRENGTH AT 20 °C CURRENT
| NSULATI ON | NSULATI ON (1'b) (ohms/M ft) CAPACITY
(in.) (I'b/Mft) (A
14 0.0726 12. 68 130 2.5800 15
12 0. 0915 20. 16 207 1.6200 20
10 0.1160 32.06 329 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 subnerged or buried at |east over part of
their length. These cables are extrenely susceptible to failure as they are
operated at highly positive potentials. Any contact between the nmetallic
conductors and the environment will result in rapid deterioration of the
conductor and loss of continuity of the protective circuit. Anode |lead wires
shoul d never be used to suspend, carry, or install the anode except in water
st orage tanks.

Hi gh nol ecul ar wei ght pol yet hyl ene (HMWAPE) insul ati on has proven to
gi ve satisfactory service for the insulation of this critical connection in
nost shal |l ow buried applications. Were exposure to chlorine is encountered,
such as in seawater or in deep anode applications, chlorine resistant
i nsul ation such as fluorinated ethyl ene propyl ene (FEP), tetrafl uorethyl ene
(TFE), and polyvinylidene fluoride (PVF2) are used either singly or in
conbi nations with thicknesses of up to 0.150 inches. These materials are also
used over a primary insul ation of extruded pol yal kene, 0.30 inches thick, or
are covered with a jacket of high nol ecul ar wei ght pol yethyl ene for mechanica
protection.

A highly successful insulation for such highly critica
applications has been a system consisting of a 0.065-inch-thick high nolecul ar
wei ght pol yet hyl ene outer jacket for abrasion resistance conmbined with a
0. 040-i nch-t hi ck et hyl ene-nmonochl orotrifl uroethyl ene copol yner (E-CTFE). For
less critical applications such as the negative lead to the rectifier, test
wi res and aboveground wiring, thernoplastic insulation (type TW, synthetic
rubber (RHWUSE), or polyethyl ene may be used.

6.7.1.3 Recomrended Cabl es for Specific Applications. Because of
simlarities in required characteristics of the various connecting cables in
many i npressed current cathodic protection systens, general specifications for
cabl e sizes and types for many cat hodic protection systemrequirenments have
been establi shed and are given bel ow.
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a) Test Wres: These wires carry only very small currents and, as
they are thensel ves cathodically protected, insulation requirenments are not
critical. Solid copper wires, No. 12 gauge AWG with type TW RHW USE or
pol yet hyl ene insul ati on should be used for this application unless otherw se
i ndi cated by experience.

b) Bond Wres: These wires carry nore current than test wres.
No. 4 AWG, 7-strand copper cable with Type TW RHW USE or pol yet hyl ene
i nsulation is reconmended for all bonds unless a larger wire size is required
for current carrying capacity.

c) Power Supply to Structure Cables: The power supply is HWPE
insulated 7-strand cable, usually in the size range of No. 2 or No. 4 AWG
The actual wire size should be determnmi ned by econom ¢ analysis as described in
para. 6.7.1.4 but wire no smaller than No. 4 AWG shoul d be used because of
mechani cal stength required.

d) Power Supply to Anode Cable: The insulation in these cables is
critical. HWWE insulation, 0.110 inches thick, as a minimum is required on
t hese cables. The anode connection wire is usually No. 8 AWG wi t h HW\PE
insulation. The wire used to interconnect the anodes and to connect the anode
bed with the power supply is conmmonly in the range of No. 2 AWG or | arger
The actual wire size should be sel ected based upon the econonic anal ysis
described in para. 6.7.1.4 but should not be snmaller than No. 4 AWG because of
st rengt h.

6.7.1.4 Econonic Wre Size. The size of the connection between the
structure, anode bed, and power supply in inpressed current cathodic
protection systens should be selected to mnimnize overall cost. This can be
determ ned by cal cul ating the annual fixed cost of the selected wire and
conparing it with the cost of power |osses for the system Wen the annua
fixed cost and the cost associated with power | osses are equal, their sumis
m ni mum and t he nost econonical selection of wire size is confirned. |If the
power | osses exceed the annual costs, a larger wire size is indicated; if the
annual fixed costs exceed the power |oss, then a selection of a smaller wire
size woul d be appropriate. The fornula for determining power |oss costs is:
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EQUATI ON: V = MW (19)
wher e

0.0876 1°R
LP/ E

)
3 <

and

annual cost of power |osses ($)

current flow (A)

resi stance of 100 feet of cable

power cost (cents/ kW)

power source (rectifier) efficiency (%
| ength of cable (feet)

rmoxo—<

Val ues for Mfor commonly used wire sizes and various currents from 10 to 100
A are given in Table 11.

The formula for determ ning the annual cost of fixed charges is:

EQUATI ON: F=ESL (20)
wher e

F = annual fixed charges ($/yr)

E = estimated annual charges (see a) bel ow)

S = initial cable cost ($/ft)

L = cable length (ft)

a) The estimated annual charges used will vary. They are the sum
of depreciation, interest, taxes, insurance, operation, and maintenance. As
shown bel ow, a value of 0.11 is typical for government installations where
taxes and insurance are not considered:

Depreciation = 0.02
I nt erest = 0.06
Taxes = 0

I nsurance = 0

Qperation &

Mai nt enance = 0.03
Total (E) = 0.11

6.7.2 Wre Splices and Connections. Wre splices and connections are a

source of undesirable circuit resistance and are a weak point in the
reliability of the systemsince they often fail due to corrosion or nmechanica
damage. The nunber of connections should be kept to an absol ute m ni mum and
the type of connection used should have | ow resistance, high reliability, and
good resistance to corrosion. As described in para. 10.6, both nechanica
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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 kW

UAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

3 3 CURRENT (amps)
AAAAAAAAAARAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
3 CABLE =

3 SIZE 3 10 20 30 40 50 60 70 80

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

3
3 10 0.893 3.57 8.04

3 8 0.561 2.25 5.05 9.00 14.00

3 6 0.360 1.44 3.24 5.76 9.00 13.00 17.64

3 4 0.226 0.905 2.03 3.62 5.65 8.14 11.08 14 .46

3 2 0.1424 0.570 1.08 2.28 3.56 5.13 6.98 9.11

3 1 0.113 0.451 1.02 1.81 2.82 4_06 5.54 7.24

3 1/0 0.0893 0.357 0.804 1.425 2.23 3.21 4._47 5.71

3 2/0 0.0710 0.284 0.639 1.135 1.77 2.56 3.48 4.55

3 3/0 0.0562 0.257 0.506 0.900 1.40 2.03 2.76 3.60

3 4/0 0.0446 0.178 0.401 0.715 1.115 1.61 2.19 2.86

3 250 MCM 0.0378 0.151 0.340 0.605 0.945 1.36 1.85 2.42

3 300 0.0316 0.1265 0.284 0.506 0.790 1.14 1.55 2.02

3 350 0.0270 0.108 0.243 0.432 0.675 0.972 1.32 1.73

3 400 0.0237 0.0948 0.213 0.379 0.593 0.854 1.16 1.52

3 450 0.0210 0.0840 0.189 0.336 0.525 0.755 1.03 1.342
3 500 0.0189 0.0755 0.170 0.302 0.472 0.680 0.925 1.21

3 550 0.0172 0.0689 0.155 0.275 0.430 0.619 0.842 1.10

3 600 0.0158 0.0632 0.142 0.253 0.395 0.569 0.775 1.01

3 650 0.0145 0.0580 0.1305 0.232 0.362 0.522 0.710 0.928
3 700 0.0135 0.0540 0.1215 0.216 0.338 0.486 0.661 0.865
3 750 0.0126 0.0504 0.1132 0.202 0.315 0.454 0.616 0.805
3 1000 0.00945 0.0378 0.0970 0.151 0.236 0.340 0.463 0.605
3

AAAAAAARAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

connections and thermo-weld connections are used in the installation of
cathodic protection systems. Mechanical connections are less expensive t
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 iIn rapid
system failure. All connections in the power source to anode bed portion
the circuit and all cable-to-cable connections should be insulated by
encapsulation In epoxy using commercially available kits made expressly T
this purpose. The cable-to-structure connection is less critical and eit
epoxy encapsulation or insulation with hot coal-tar enamel followed by
wrapping with pipeline felt may be used on this connection. The followin
connections are required for impressed current systems:

a) Connection between power source and structure

b) Connection between anode bed(s) and power source (anode head
cable)
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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 connections and splices should be carefully eval uated.
The location of all necessary splices and connections should be specifically
shown on the design drawi ngs. The need for additional splices and connections
shoul d be determ ned by the designer of the systemand not be left to the

di scretion of the installer.

6.7.3 Test Stations. There are six basic types of test stations used in
i mpressed current cathodic protection systens: 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
TWor RHWUSE insulated. |f future bonding across flanges or between
structures may be required, 7-strand copper cables, No. 4 AWNG or larger if
requi red, should be connected to the structure(s) and brought into a test
station for future use.

Test stations may either be |located flush with the surface of
paverment 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-nmounted
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
sonmetines required when nmultiple anode beds are used with a single rectifier
These resistors should be installed in an above grade termninal 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 netal or plastic identification tags indicating what they are
connected to.

6.7.4 Bonds. Bonds between sections of the protected structure or

bet ween the protected structure and a foreign structure should use 7-strand
copper cable, No. 4 AWG or larger insulated cable. Al resistive bonds should
be brought into a test station for adjustment. Direct bonds may al so be
brought into test stations if future adjustnments or connections may be
required. All bond-to-structure connections should be nade using thernmo-weld
connections, insulated by epoxy encapsul ation. 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
systens, or to separate sections that require cathodic protection fromthose
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

Fi gures 69 through 72.
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Cover Cast Iron Pipa Section

Paving

No. 10 AWG Test Wires
(1 + spare)

Structure

Figure 54
Flush-Mounted Potential Test Station
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Figure 55
Soil Contact Test Station
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Current
Calibration
Current Lead No. 10 AWG

Calibration
Lead No. 10 AWG

[ =re—i )

Drop Leads jg. 10 AWG

Pipeline

Figure 36
IR Drop Test Station
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v v, ¢

Terminal Block 0" e
ov; Y0

) V3 V6<3

All Wires No.

10 AWG

QE“ 50" -

Insulating Flange

Figure 57
Insulating Flange Test Station (Six-Wire)
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Vent

T‘v:lTU /rk-\\

2.

3

%— / /% FPipeline

Casing Seal

Figure 58 )
Wiring for Casing Isolation Test Station

No. 10 AWG
Test Wires

No. & AWG

Bond Wire ' \ K

Foreign
Pipeline

Protected Pipeline

Figure 59
Bond Test Station
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From Positive Terminal

- of Rectifier
i

I
T\ Rigid Stesl Conduit

Resistor, 100 Watt Min,

/

@=

’

R

Header Cable with
HMWPE [nsulation

O:r_;;

!

\5

I

Resistor,
100 Watt Mil"l .

et

Rigid Steel Conduit

J L
g 7

Positive Header Cabies to Anodes

Copper Split Boit
Connectors = Taped

LE;LJ

Insulate
esistor
rom
ox

Use Waterproof
Terminal Box
12" x 12" x 4"

Anode Balancing Resistors

Figure 60
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Bond Cable Shall Be No. 4 AWG (21.2 mm?).
Cable Shall Be Stranded Copper and Unless
Otherwise Indicated, TW or THW is Acceptable.

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

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

I

e
: -

Protected Lin

Figure 61
Bonding of a Dresser-Style Coupling
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-

No. & AWG (21.2mm*) Bond Cable e

 ed

CONTINUQUS BONDING CABLE
(One Weld Per Pipe Section)

Thermit Weld, Type That is
Suitable for Cast Iron Pipe.
Cover All Exposed Surface Areas
of Welds With an Electrical
Insulating Organic Coating. s

SEPARATE BONDING CABLES
(Two Welds Per Pipe Section)

Figure 62
Bonding Methods for Cast Iron Bell-and-Spigot Pipe
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No. 10 AWG (13.3 mmz) High-Molecular
Weight Polyethylene (HMP) to Test
Box. Cover All Exposed Surface
Areas of Welds With an Electrical
Insulating Organic Coating.

Thermit Weld

Neoprene or Butyl Insulating
Blanket 3’ (.9144 m)

by 3' (.9144 m)

by 1/8" (3 mm) Thick Centered
Between Lines

Protected Line

Unprotected Line

Blanket Protection
Not Required When
Separation is More
Than 1’ (0.30 cm)

Figure 63
Isolating a Protected Line from an Unprotected Line
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Bonding Wire or

Negative Lead Coating

Braze or Weld

Y Pipe ' 4

1. Wire to be Brazed or Welded to Structure.

2. Cover all Brazed or Welded Areas With
Waterproof Electrical Insulating Organic
Coating.

3. Where Steel Rod or Strap is Used For
Bonding, the Entire Bond Should be Coated.

Figure 64
Electrical Bond

Thermosetting Resin
Conductor

Putty

7 \
]

Flgure 65
Thermosetting-Resin Pipe Connection




MIL-HDBK-1004/10

Form Clamp For Tight Fit on
Pipe., Pipe Clamps to be Made
of 1/4" (6.35 mm) x 2" (5 em)
Cold-Rolled Steel.

No. & AWG (21.2 mm®)—— 1-1/8* (28.575 mm)
1-1/2" (39.1 mm)
E-a/* (44.45 mm)

P iy 1 e —
3-5/8" (9.21 mm) . ;"f‘

Not less Than 1/4" (6.35 mm) When j-l-i-t

Clamp is Pulled Up Tight on Pipe 1-3/4" (44.45 mm)
Clean Pipe and Clamp Surface, All Exposed

Metallic Surface Areas to be covered with

Electrical Insulating Organic Coating and/or

Wrapped with Butyl Rubber Tape after Clamp is

Installed.

Figure 66
Clamp Type Bonding Joint
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| | 5 I | I TR 7 74/ o 3
1" (2.5 cm) (5 cm) 1" 2.5 cm)

STEP 1 - CABLE PREPARATION STEP 2 - SOLDERLESS OR ALUMINO
THERMIC WELD CONNECTION - C)

A

STEP 3 - UNCURED BUTYL RUBBER STEP 4 - FOUR LAYERS OF
TILLER WRAP - HALF-LAPPED NEOFRENE TAPE - (©

AP EVTOSITIIIP

R R Y Y NS S e 2

STEP 5 - TWO LAYERS OF HALF=-LAPPED
POLYETHYLENE OR POLYVINYL CHLORIDE TAPE - Q@

Figure 67
Underground Splice
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Steel Pipe-

———=See Enlarged
Detail

—/

BONDING JOINT DETAIL

Rubber Gasket

Field Joint 1/4" (6.35 mm)

Cement Mortar _Ir — Joint Bond

Linin
ining ENLARGED DETAIL  Conductor

3/8" (9.525 mm)

2" Steel Rod Joint
{5 cm) Bond Conductor
¥ . =
6“ + R |

' (15 cm)

JOINT BOND CONDUCTOR DETAIL

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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10" (25 cm) Diameter
Precast Concrete Valve
Box With Heavy Traffie,
Locking Type, Cast Iron
Cover Marked "Test Point"

Grade
Y
Permanently Attached 2
Harker Tags i No. 10 AWG (mm )
High-Molecular Weight
Protected Line— Polyethylene (HMP)
Test Leads

Thermit Welds
and Coating

Unprotectad Line
h | I
F

¥
L—Insulating Fitting

Figure 69 .
Test Box for an Insulating Fitting
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Full Length Insulat
Insulating Sleeve — ing Washer

Steel Washer
Bolt

Unprotacted Side
To Building Service

Insulating Washer

Steel Washer

U
Full Face
Insulating Gasket

Protected Side
To Distribution
Line Below Grade

Nut

Figure 71
Steel Insulating Joint Details for Aboveground
Flanged Pipe

b

[l

i

INSULATING UNION INSULATING COUPLING
Plastic
i 7.

S/

bl

INSULATING BUSHING
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Figure 72 ]
Insulating Joint Details for Screwed FPipe Comnections
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Section 7: SACRI FI Cl AL ANODE SYSTEM DESI GN

7.1 Theory of Operation. The basic principle of cathodic protection
using sacrificial anodes is the electrochem cal cell (refer to para. 2.2). As
in the case of inpressed current cathodic protection, high energy (potential)
el ectrons are forced to flow fromthe anode to the structure to be protected.
The structure-to-electrolyte potentials required for protection are identica
to those for inpressed current cathodic protection systens. These potentia
requirements are given in para. 3.2. The high potential electrons are
generated through the corrosion of an active nmetal such as nagnesi um or zinc

(refer to para. 3.2). In this type of system the anode material is consuned,
or sacrificed in the process, and the anodes nmust be periodically replaced in
order to obtain continued protection. |In order to mnimize periodic anode

repl acenment, sufficient anode material is normally provided so that the anode
repl acenent interval is a desired nunber of years. Common practice for buried
systens is to design the systemfor a 10- to 15-year anode life. For
submerged systens, or for buried systens where anode replacenment is difficult,
| onger (20- to 30-year) anode life is often used as a design criteria.

7.1.1 Advant ages of Sacrificial Anode Cathodic Protection Systens. The
pri mary advantage of sacrificial anode cathodic protection systens over

i mpressed current cathodic protection systens is their sinplicity and
reliability. There are fewer critical conponents such as rectifiers in
sacrificial anode systenms. The critical cable fromthe anode to the inpressed
current anodes which is prone to failure is not a factor in sacrificial anode
cat hodic protection systens. The anode-to-structure cable in sacrificia
anode systens is at a negative (protected) potential. Sacrificial anode

cat hodic protection systens are also in sonme cases less costly to install and
mai ntain than inpressed current cathodic protection systens. This is
particularly true for systens with small current requirements (0.5 A or |ess
per 100 lineal feet of structure). There are no power costs or costs

associ ated with furnishing power at a renote site associated with sacrificia
anode cat hodic protection systens.

Anot her maj or advant age of sacrificial anode cathodic protection
systens is the nearly zero probability that interference problems will be
experi enced when this type of systemis used. Sacrificial anode cathodic
protection systenms are comonly of the distributed anode type. This is
usual | y necessary because of the limited driving potential of the anode
materi al s used.

7.1.2 Di sadvant ages of Sacrificial Anode Cathodic Protection Systens.

The primary di sadvant ages of sacrificial anode cathodic protection systens are
associated with the Iimted driving potential between the structure and the
anode materials used. This limts the current output of the anodes and
restricts the area of structure which can be protected using a single anode.
Anode consunption is also inherent in sacrificial anode systens and al |l owances
for periodic anode replacenment nust be nade.

7.2 Sacrificial Anode Cathodic Protection System Design Procedures.
The basic principles for the design of sacrificial anode cathodic protection
systens are described in para. 4.2. First, the total amobunt of current is
determ ned, then the output per anode is determ ned. Then the nunber of
anodes required and the life of the anodes is determined. |If desired, the
system paraneters (anode size or type) are adjusted to give desired system
performance, primarily to achi eve desired anode life.
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7.3 Determination of Current Required for Protection. The first step
in the design of sacrificial anode type cathodic protection systens (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 Determinati on of Anode Qutput. The output of a single anode in the
environnent is deternmined. This nay be determned by a sinplified nethod

whi ch 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 deternined by using the driving potential between the anode and the
structure and the total circuit resistance. The anode-to-electrolyte
resistance is a mgjor factor in nost cases. This nmethod is essentially
identical to the design procedure for inpressed current systens.

7.4.1 Sinplified Method for Commpn Situations. The formula given in
para. 4.2.5 can be used to estimate the output of zinc or magnesi um anodes in
environnents where the resistivity is above 500 ohmecm The follow ng formula
gi ves a good approxi mati on of current output in many cases and can be used to
check the results of the nore detailed procedure outlined in para. 7.4.2.

EQUATI ON: i = Cfyl/P (21)
wher e

current output (m)

i =
C = mat eri al const ant
f = size factor
y = potential factor
P = environnental resistivity
7.4.2 Determ nation of CQutput Using Anode-to-Electrolyte Resistance. As

in the case of inpressed current systens, this nethod determnes the tota
resi stance of the cathodic protection circuit including anode-to-electrolyte
resi stance, structure-to-electrolyte resistance, and the resistance of al

el ectrical connections and splices. Then, using the difference between the
anode potential and the protected structure potential, the current output is
det erm ned using Chm s Law

7.4.2.1 Cal cul ati on of Anode-to-Electrolyte Resistance. As in the case of
i mpressed current systens, the resistance between the anode and the
environnent is commonly the highest resistance in the cathodic protection
circuit. This is particularly true when the anodes are |located a snmall

di stance (10 feet or less) fromthe structure to be protected. The
anode-to-el ectrolyte resistance can be cal cul ated using sinplified equations
whi ch are adapted to the nost common situations, or the nore conplex but nore
general basic equations.
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Sinplified expressions for the determ nation of the anode-to-
el ectrolyte resistance for a single vertical anode is given in para. 6.2.1.4.
This formula is valid for sacrificial and inpressed current anodes. The basic
equations given in para. 6.2.1.3 are valid for sacrificial anode and inpressed

current systems. In sone 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 equival ent resistance of the anodes in
parallel. In some cases where this nethod is used, an adjustable resistor or
nichrome wire resistor is installed in the anode-to-structure cable to linit
the current to the required value. 1In this case, the deternination 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 systens since it is usually small wth
respect to the anode-to-el ectrol yte resistance.

7.4.2.3 Connecting Cabl e Resistance. The connecting cable resistance is
determ ned by the size and |l ength of cables used. The sel ection of appropriate
wWire sizes is described in para. 6.6.1. No. 12 AWG solid copper wires are
conmonl y supplied on sacrificial anodes and No. 10 AWG wires are conmmonly used
as connecting cables. These wires have a resistance of 1.02 and 1.62 ohns per
1,000 feet, respectively. Since connecting cables are short and currents are
low in nost sacrificial anode cathodic protection systens, connecting cable
resi stance can usually be negl ect ed.

7.4.2.4 Resi st ance of Connections and Splices. The need to maintain | ow
resi stance throughout the life of the sacrificial anode cathodic protection
systemis nore inportant than the initial resistance of connections. Although
deterioration of connections in sacrificial anode cathodic protection systens
is protected, the connections are still subject to corrosion resulting in

i ncreased resistance. As in the case of inpressed current cathodic protection
systens, the nunmber of connections should be kept to an absolute mininum and
they should be very carefully assenbl ed, insulated, inspected, and installed.
The nunber and | ocati on 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 determ ned
by adding all of the resistances of the circuit el ements.

7.4.2.6 Anode-to-Structure Potential. The potential difference between the
anode and the protected structure is then determ ned. |n nost cases, the open
circuit anode potential and a structure potential (for steel) of -850 nV
versus copper/copper sulfate is used. Oher structure potential criteria can
be used as necessary. Use of an anode potential |ower than the open circuit
potential may be required when anode outputs are high as in very |ow
resistivity environnents.

7.4.2.7 Anode Qutput Current. The anode output current is then deternined
fromthe circuit resistance and the structure-to-anode potential using Chmis
Law.
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7.4.3 Field Measurement of Anode Qutput. Calculations, as in the case of
i mpressed current systens, can only give approximations of anode-to-

el ectrol yte resistance under actual conditions. Wile these calculations can
be used for an initial system design, the actual anode output encountered is
often sufficiently different fromthe cal cul ated value to require adjustnent
or nodification of the system This is nore of a problemfor sacrificia

anode systens than for inpressed current systens since the output potential is
not adjustable in sacrificial anode systems. |In areas where the soi
resistivity varies with |location, a field neasurenent nust be nade at each
anode location. Oten the only remedy for | ow anode output is to add
addi ti onal anodes to the system H gh anode output can be renedi ed by
installing current limting resistors in the anode |lead wires, but this should
be avoi ded where possible. The actual anode output can best be deterni ned by
actual field measurenents.

Anode output is best determ ned 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 (0.01 or 0.1
ohm installed in the anode lead wire. As a single anode is unlikely to
pol ari ze the structure to the desired potential, correction of the anode
out put for structure potential is usually required. This can be done using
the structure potential factor in the sinplified equation given in para.
4.2.5, or by determining the anode-to-el ectrolyte resistance based upon the
actual potential difference achieved and the anode output current.

7.5 Determi nati on of Nunber of Anodes Required. After the output per
anode is determ ned, the number of anodes required for protection is
calcul ated. This is done by dividing the total output by the output per

anode. |In practice, approximtely 10 percent nore anodes are installed to
al l ow for inaccuracies in system design, seasonal variations in anode out put,
and decreased anode output as the anodes are consuned. Installation of a

limted percentage of additional anodes is not wasteful because, if the system
is properly adjusted, additional anodes sinply result in |onger anode l|ife.

7.6 Determ nation of Anode Life. The anode life is calcul ated
based upon the current flow, anode wei ght, and anode efficiency. The

cal cul ati on involves the number of anpere hours produced by an anode per pound
on anode material consunmed. Anode consunption can be cal cul ated using the
formul a:

EQUATI ON: W = YSI (22)
wher e

W = anode consunption in pounds

Y = nunber of years

S = anode consunption rate in | bs/A yr

based upon actual anode efficiency
current output in anmperes
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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 consunption can
be cal cul ated using the formul a:

EQUATI ON: W = YSI/E (23)
wher e

W = anode consunption in pounds

Y = nunber of years

S = t heoreti cal anode consunption rate in | bs/A yr

I = current output in A

E = anode efficiency

For the standard all oy nagnesium material, the anode efficiency is essentially
constant above 250 mA/ft2 of anode area. |f the anode efficiency is |ow at

t he 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 consuned by self corrosion and one-half is consunmed 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 systemw th the desired characteristics is obtained.

7.7 Seasonal Variation in Anode Qutput. Anode output will vary as the
resistivity of the environnent changes. Seasonal variations associated with

soil noisture in buried systems or seawater dilution in estuaries may result

in changes in anode output. Fortunately, in nost cases the current required

for protection is also reduced when the resistivity of the environnent

increases so that this effect is partially self conpensating. |In sone cases,
however, anode output will fall below or above the linmts for protection and
the systemwi ||l require seasonal adjustnment or augnentation in order to
provi de adequate protection.

7.8 Sacrificial Anode Materials

7.8.1 Magnesi um Magnesiumis the nost commonly used sacrificial anode

material for the protection of buried structures. Magnesium anodes are al so
used for the protection of the interiors of water tanks and heaters, heat
exchangers and condensers, and waterfront structures. Magnesium anodes are
avai | abl e as castings and extrusions weighing from1 to 200 pounds, and in a
wi de variety of shapes (refer to para. 7.8.1.4). Two anode conpositions are
conmonly used. They are the standard alloy and a "high potential" alloy.
The conposition of each alloy is given in para. 7.8.1.1.
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e -
60 I Standard Alloy
6% Al, 0.2% Mn, 3% Zn
<" 4 _
~ " i
o ] High Potent i 1
0 0. .3 Mo_A4"
£ 40 /;/v 5 to 1.3 Mn_
R 13
EE 20 //r///’7>Pure Magnesium
£=3 pZ
20 o _
100 200 300 400 500 600
Anode Current Density, MA/Sq Ft

Figure 73
Efficiency Versus Current Density - Magnesium Anodes

7.8.1.1 Composjtion. The composition of both the standard alloy and high
potential magnesium alloy are given below:
Element tandard High Potential
Aluminum 5.3 - 6.7% 0.1% max
Manganese 0.15% min 0.5 - 1.3%
Zinc 2.5 - 3.5% -
Copper 0.02% max 0.02% max
Silicon 0.1% max -
Iron 0.003% 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 Effjciency. The theoretical efficiency of magnesium is 1,000
ampere hours per pound or 8.8 1lbs/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 sul fate.

7.8.1.4 Si zes. 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,
magnesi um al |l oy anode material is available as a "ribbon" anode which consists
of a 10-gauge steel wire surrounded by standard all oy nagnesium 3/8 by 3/4
inch. Magnesiumribbon anodes are used in situations such as inside casings
where the space available is limted, or to protect small dianeter utility
cabl es.

7.8.1.5 Current Qutput. Current output from magnesi um anodes shoul d be
determ ned fromthe fornulae in para. 7.4.2 or by field measurenment 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. Conposition of typical backfil
material for use with magnesi um anodes is given bel ow

Conposition of Backfill for Magnesi um Anodes
Gypsum 75%
Bentonite 20%

Sodi um Sul f at e 5%

Anodes are avail able in prepackaged perneable cloth bags filled with prepared

backfill. Prepackaged anodes are commonly supplied with an outer inperneable

wr appi ng such as plastic. The inpermeabl e wapping nust be renmoved fromthese
anodes prior to installation.

7.8.2 Zinc. Zinc anodes are comonly available in weights from5 pounds
to 250 pounds in the formof 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-
by 9/16-inch, and 11/32- by 15/32-inch sizes, each with a 1/10-i nch-di aneter
gal vani zed steel wire core. Zinc anodes are nost comonly used in inmersion
service either in fresh or salt water. They are, however, occasionally used
in the protection of buried structures when special circunstances are
encountered. Two zinc anode conpositions are comonly available. They are a
standard alloy formul ated for use in fresh water and soil and an all oy
specially formul ated for use in seawater. The conposition of these alloys is
given in para. 7.8.2.1.
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Tabl e 12
Standard Al'l oy Magnesi um Anodes - Standard
Si zes for Use in Soil

VEI GHT SI ZE PACKAGED PACKAGED SI ZE

(I b) (in.) VEI GHT (| b) (in.)
3 3 x3x5 8 5.25 x 8
5 3 x3x 8 13 5.25 x 11.25
9 3 x 3 x 14 27 5.25 x 20

10 1.5 x 1.5 x 70 - -

12 4 x 4 x 12 32 7.5 x 18

16 2 x 2 x 60 - -

17t 4 x 4 x 17 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 - -

50 5x 5 x 31 - -

50 7 x 7 x 16 100 10 x 24

50 8 x 16 100 10 x 24

60 4 x 4 x 60 - -

'Mbst common si ze used.

NOTE:

Core material for soil anodes is a
gal vani zed, open pitch

spiral -wound strip 3/8-inch inside
di ameter (id), 1/2-inch outside

di anmeter (od). Connecting wire
for soil anodes is a 10-foot

I ength of single-strand No. 12
American Wre Gage (AWG

t her nopl asti c wat erproof (TW

i nsul ated copper wire,
silver-soldered to the core with
the joints seal ed agai nst

noi sture. Special connecting
wires or |engths other than 10
feet are avail able.
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Table 13
Standard Al oy Magnesi um Anodes - Standard
Sizes for Use in Water

VEI GHT S| ZE TYPE OF CORE
(Ih) (in.)
20 3.5 x 3.5 x 26 3/ 4-in. diam gal vani zed pi pe core,

flush ends.

50 7 x 7 x 16 Threaded 3/4-in. di am gal vani zed
pi pe extending 1 inch both ends,
flush ends optional

50 7 x 7 x 16 1/2-in. diam gal vani zed eyebolt core.

50 8 x 16 3/ 4-in. diam gal vani zed pi pe core,
flush ends.

50 8 x 16 1/2-in. diam gal vani zed eyebolt core.

100 7 x 7 x 32 3/ 4-in. diam gal vani zed pi pe core,
flush ends.

100 7 x 7 x 32 1/2-in. diam gal vani zed eyebolt core.

100 8 x 32 3/ 4-in. diam gal vani zed pi pe core,
flush ends.

100 8 x 32 1/2-in. diam gal vani zed eyebolt core.

Tabl e 14

Standard All oy Magnesi um Anodes -
St andard Sizes for Condensors
and Heat Exchangers

VEI GHT SI ZE TYPE OF CORE
(I'b) (in.)
15 4 x 8 x 8 3/4-in. bolt
24 2 x 9 x 18 1/4- x 2-in. straps
44 4 x 9 x 18 1/2- x 2-in. straps
60 7 x 9 x 18 3/4-in. bolt
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Tabl e 15
Standard Al'l oy Magnesi um Anodes - El ongated
VEI GHT S| ZE PACKAGED PACKAGED SI ZE

(I'b) (in.) VEEI GHT (I b) (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

Tabl e 16

Hi gh Potential Alloy Magnesi um Anodes - Standard
Sizes for Soil and Water

VEI GHT S| ZE PACKAGED PACKAGED S| ZE
(1b) (in.) VEI GHT (| b) (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 2.75 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 60 - -

NOTE: Core material is a galvanized
20-gauge perforated steel strip
Anodes | onger than 24 inches have
a 9-gauge core. The connecting
wire is a 10-foot length of solid
No. 12 AWG TWi nsul at ed copper
wire, silver-soldered to the core
with joints seal ed agai nst
noi sture. Special wires or other
| engt hs are avail abl e.
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Table 17
Standard Al'l oy Magnesi um Anodes - Standard
Si ze Extruded Rod for Water Tanks
and Water Heaters

VEI GHT PER S| ZE TYPE OF CORE
FOOT (1 b)
0. 36 0.75-in. diamx 1 ft to 20 ft 1/8-in. diamsteel rod
0. 45 0.84-in. diamx 1 ft to 20 ft 1/8-in. diamsteel rod
0. 68 1.05-in. diamx 1 ft to 20 ft 1/8-in. diamsteel rod
1.06 1.315-in. diamx 1 ft to 20 ft 1/8 -in. diamsteel rod
1.50 1.561-in. diamx 1 ft to 20 ft 1/8 - in. diam steel rod
2.50 2.024-in. diamx 1 ft to 20 ft

Table 18
Zinc Anodes - Standard Sizes
for Underground or Fresh Water

VEI GHT NOM NAL
(1b) SIZE (in.)
5 1.4 x 1.4 x 9
18 1.4 x 1.4 x 36
27 1.4 x 1.4 x 48
30 1.4 x 1.4 x 60
30 2 x 2 x 30
50 2 X 2 X 48
60 2 X 2 x 60

NOTE: Core for standard anodes shown is 1/4-inch di aneter
el ectrogal vani zed nmild steel rod.
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Tabl e 19
Zinc Anodes - Special Sizes for
Under ground or Fresh Water

WVEI GHT SIZE (in.) LENGTH (in.)

(I'b/in.)
2.3 3 x 3 6 to 60
4.2 4 x 4 6 to 60
6.5 5x 5 6 to 48
12.8 7 x 7 6 to 36
21.0 9 x 9 12 to 24
26.0 10 x 10 9to 24

NOTE: Core is 1/4-inch dianeter el ectro-galvanized mld
steel rod. Also available in 3/8-inch, 1/2-inch, or
5/ 8-inch di ameters.

Tabl e 20
Zinc Anodes - Standard Sizes
for Use in Seawater

VAEI GHT (| b) SIZE (in.)
5 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 smal |l er anodes have gal vani zed stee
mounting straps. The 50-pound size has a 3/8-inch
di anmet er gal vani zed steel rod for core. Larger sizes
have 3/4-inch or 1-inch dianmeter gal vani zed steel pipe
cores.
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Tabl e 21
Zinc Anodes - Special Sizes for Use
i n Seawat er

V\EI GHT SI ZE (in.) LENGTH (in.)
(I'blin.)
0.5 1.4 x 1.4 6 to 60
1 2 x 2 6 to 60
2.3 3 x 3 6 to 60
4.2 4 x 4 6 to 60
6.5 5x 5 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

di fferent sizes.

7.8.2.1 Conposition. The conpositions of the standard zinc alloy and the
alloy formulated for use in seawater are given bel ow

El enent St andard Al | oy* Seawat er Al | oy?
Al um num 0. 005% max 0.10 - 0.50%
Cadni um 0. 003% max 0.025 - 0.15%

I ron 0. 00014% max 0. 005% max

Lead 0. 003% max 0. 006% max
Copper - 0. 005% max
Silicon - 0. 125% max

Zi nc Remai nder Remai nder

'Speci ficati on ASTM B-148, Type |
2Speci fication ASTM B-148, Type |; or M L-A-18001H

7.8.2.2 Anode Efficiency. The theoretical anode consunption for zinc is
23.5 I bs/A yr or 372 anpere hours per pound (A hr/lb). The efficiency of zinc
is greater than that of magnesium The efficiency of zinc is conmonly 90
percent to 95 percent regardl ess 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 comronly used zinc
anode materials is -1.10 Vin nost soils or natural waters. The relative
potential between zinc and iron is dependent upon tenperature. At

t emper at ures above ambient, the potential difference between the two materials
is reduced. 1In sone fresh waters, the potential can reverse at tenperatures
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 gal vanized nmld steel rod core. This core is attached to the anode
cable during installation of the anode. 1In 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
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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
recomrended to insure that the resistance between the anode and the structure
is mnimzed. Sizes and shapes of commercially available zinc alloys for
cathodic protection are given in Tables 16 through 19. In addition, zinc

ri bbon anodes 5/8 by 7/8 inch weighing 1.2 pounds per foot (Ib/ft) for
seawat er use are available. Two sizes of zinc ribbon anodes are available in
the standard alloy: 1/2 by 9/16 inch weighing 0.6 Ib/ft, and 11/32 by 15/32
inch weighing 0.25 Ib/ft. Al three of these commercially avail able zinc

ri bbon anodes have a 1/10-inch steel core.

7.8.2.5 Current Qutput. The current output of zinc anodes may be
determ ned either by the calculations outlined in para. 7.4.2 or by field
nmeasurenments as described in para. 7.4.3. Wen used wthout backfill, zinc

anodes can becone covered w th nonconductive corrosion products which can
reduce their current output. Seawater alloy anodes are specially formul ated
to reduce this tendency in seawater. Wen used in soil containing high | evels
of oxygen, carbonates, or phosphates, backfill should be used with zinc anodes
in order to reduce the possibility of the buil dup of these corrosion products.

7.8.2.6 Backfill. Two typical conpositions of backfill used with zinc
anodes in soils are given bel ow

Mat eri al Type 1 Type 2

Hydrated gypsum 75% 50%

Bentonite 20% 50%

Sodi um sul fate 5%
7.8.3 Al umi num  Alum num sacrificial anodes are a nore recent

devel opnent 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. Wen the original anodes used are al um num
alloy and their performance has been satisfactory they should be replaced with
anodes of the same type. Early formulations of alum num alloys for use as a
sacrificial anode contained mercury. Wile the amount of nmercury contained in
the alloy is small, the nercury 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 nmethods which generate heat,
to prevent nercury poisoning. Mercury containing alum num alloy anode stubs
nmust be di sposed of properly.
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7.8.3.1 Conposition. The conpositions of nmost al umi num all oy anodes are
proprietary. Typical conpositions of three proprietary alloys are given
bel ow

El ement Type | Type 11 Type 11

Zi nc 0.35% - 0.50% 3.5% - 5.0% 3.0%
Silicon 0. 10% max - 0.1%

Mer cury 0.035% - 0.048% 0.035% - 0.048% -

I ndi um - - 0. 015%
Al um num Remai nder Remai nder Remai nder

The Type | alloy is formulated for submersion in full strength seawater. The
Type Il alloy is formulated for use when the anode nay becone i mMmersed in
bottom sedi ments. The Type Ill alloy is fornulated for use in bottom

sedi ments, full strength seawater, or in brackish water.

7.8.3.2 Anode Efficiency. Type | alum num anodes have a consunption rate
of approximately 1,250 A hrs/lb or 6.8 Ibs/A yr. Type Il alum num anodes in
bott om sedi ments have a reduced efficiency and a consunption rate of
approximately 770 A hrs/Ib or 11.4 Ibs/A yr. Type |1l alum num anodes have a
consunption rate of approximately 1,150 A hrs/lb or 7.6 | bs/A yr.

7.8.3.3 Potentials. The potential of Type | and Type Il al um num anodes is
-1.10 V versus copper/copper sulfate. Type Ill anodes have a slightly higher
driving potential of -1.15 V versus copper/copper sulfate.

7.8.3.4 Sizes. Alumnum alloy anodes have been devel oped 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 bracel et anodes
described in Table 24 are shown in Figure 74. These bracel et anodes are used
for the protection of submerged pipelines and may al so be used on pipe

pilings.

7.8.3.5 Current Qutput. The current output of alum num anodes can be
determ ned either by the calculations outlined in para. 7.4.2 or by field
measurenents as described in para. 7.4.3. The current output for some sizes
of al um num anodes is provi ded by anode manufacturers and is cal cul ated using
an assuned structure potential of -850 nV versus copper/copper sulfate and an
environnental resistivity of 20 ohmcm These val ues should be considered as
estimtes only and should be verified by cal cul ati ons of tests.

7.9 O her System Conponents

7.9.1 Connecting Wres. Proper selection of cable size, type of

i nsulation, and routing is necessary for proper and reliable system operation
Only copper cables should be used in any cathodic protection installation

Hi gh connection resistances and difficulty in making wel ded connecti ons
associated with the use of alum numw res precludes their use in cathodic
protection.
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Table 22
Aluminum Pier and Piling Anodes - Standard Sizes

W
o mz uEu_ EYE’OLT coRE M ﬂ . Unle‘a othemiaﬁ
C l specifiad, the follow-
ing steel core size will
I‘_e-r_)l ________ TYPE "R" -ROD - ———— — — !,‘__ I _-I be lupplied;
Typs “E"—12" Eyebolt
| E— —— Type “P'— STD %" Pips
Type “R"—%:" Dia. Rod
)4-— - ——— TYPE “P"~-PIPE— — — — — —- |<—3”—v’ T
ANODE KNO, 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 r
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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Table 23
Type I Aluminum Alloy Anodes - Standard Sizes
for Offshore Use

CORE N
TYPE b t g - | w |
-1 E I r—lvv ']
A e - T . - o - - =-_—_T—_TpEE—/m B ]
' Le - X il
r —_ " SECT. Y.¥
- hd T o T T T o oo
La ¥ 1:-
-
{ Le =z _,( w l-_ [ ._.I w |._
e e e —_—— e =IO —-
C and CT o [i T
IJ ” 18"
e x - C—CORE—CT
! -2 TYPE
*TYPE A-GUSSETS OPTIONAL SECT z_z
Anode Net Stesl Core
No Al Nt ¥oH Ll X
) : Type Schedule
A 375 328 6-1/2" x &-1/2" | B8' | 10" | - A 2" acheduls BO pipe
A B75 725 9-1/2% % 9-1/2" | 8* | 10" | - A 4" schedule BO pipe
B 385 325 6-1/2" x &-1/2" a8’ 10 - B 2" scheduls 80 pipe
B P10 726 9-1/2" x 9-1/2" | B* | 10* { - B 4" achedule BD pipe
Intarnal Legs-Pipe
C 360 325 8-1/2" x &" 8 7' { 5 c 2" x 2" x 1/6" angle 2" achedule S0
C 405 z70 6-1/2" x 6-172" | &' 7' | 5¢ c 2" x 2" x 179" angla 2" schedule 80
CT 860 725 9-1/2" x 8-1/2" | a' 7' { 5 cT WEM 4% D). x B~1/4" N, | 4" schedule 80
( ST4NF )
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Table 24
Type 1II Aluminum Alloy Anodes for Offshore Use

TYPE € fe L- =t b= vk

A [ (el gl el ovefomlnlipend s | B H
L ¥
|'lf Le -~y BECT. Y-Y'
B [y el ipiog dieefiereg hrepriegylea e
Loy 18"

5
x!
]
X,
_'L_I'_

B
1

| ey bayainiegbeigyslny g il dydymfiags P
Cand CT I T
I-I 145-»
e 1‘—¢_ C—CORE—CT
' X -2 TYPE
* TYPE 8- T .
¥YPE B-GUSSE SmO:':.‘ION.ll et oo oot Com SECT. z‘z
Ancde | Output | Net Nominal e e |« Steel Core Loga-pi
s~Pipe
No. {amps} | AL Nt. o
’ Typs Schedule

A420 | &.7E 365 a" x a» s | 7 A 2-1/2" schedule 80

B 442 4,75 365 | A" x g% 5| |7 ]| s 2-1/3" achedule 80

Ca0é | 4.75 265 8" x 7-1/2" Bl av |20 | ¢ % 3" x 1/6" 2-1/2" scheduls 80
A 4% | B.33 408 8" x 7-1/¢" 6| & A 2-1/2" achedule 80

B 492 5.3% 408 | 8" x 7-1/2" ' 8 {8 | & 2-1/2" achadule 80

C 483 | 5.1z 408 |8~ x 6| 50 1z | ¢ T x 3"y /40 2-1/2" achedule BO
A51% | .00 450 A" x 7-1s2¢ 7| 9 A 2-1/2" schedule 80

B 542 | 5.90 450 8" x 7-1/2v 7l 9o {eo | B 2-1/2" schadule 80

cs50% | .90 420 | 8" x 6-1s2~ 7| & la]¢g " x 3 x 1/4" 2-1/2" schedula B0
A 567 6.45 490 a8 x ™ a8 | 10° A 2-1/2" schedule 80

B 5% | 6.45 490 | 8" x a'ja |1 | B 2-1/2" schedule 80

C 548 | 6.45 490 8" x s-1/2" 8| ris|c " ox 3" x 1/6" 2-1/2" schedule B0
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Table 24 (continued)
Type III Aluminum Alley Anodes for Offshore Use

Steel C
Anode |Output | et Nominal =6’ Lore

La | Lc X Lags-Pipe
Ho. {amps]) | A1l Wi, xH

Type Schedule

A700 | 7.0 535 | 8" x 7-1s2 | 9| 11° A | " schedure 30
B 7 | 7.0 535 | 8" x 7-1/2% | 9l 11r [11'| B | 4" schedule 30
céie | 7.0 535 | B x6-1/2" | o | & | 6] ¢ |3" x s x 140 %" schedule 80
A752 | 7.5 572 | 8" x 7-1/2" | 10' | 12° A | a" schedule 30
B757 | 7.5 g7z | av x 7-172 |10 |12 |12'] B | 4" schedule 30
cer3 | 7.5 572 | 8" x 6" var| o | 771 e |50 x 5 x 108m 4" schedule 80
A809 | 4.0 614 | 8" x 7-1/2" |11 13 A | 4" schedule 30
B85 | 8.0 618 | a* x 7-1/z7 11733 |153'f B | 4" schedule 80
crzo | ao 616 | 8" x &" |1 | 8 ¢ |3 x5 x 178 4" schadule 80
A9 | 5.9 825 |12% x 120 s 7 A | e~ scheduie 80
B9s | 5.4 825|127 % 127 | 720 77| B |4&" scheduls 80
caw | 5.4 azs |i2v x 13" g e 22| ¢ |3 x 8 x 1san 4" schedule B0
Ata35 | 6.0 915 |1z* x 11" 6| & A | e schedule 80
s 1080 | 6.0 915 |12* x 11° 6| 8| 8| B |a" schedule 20
€993 | 6.0 915 12" x 10-1/2" | 6'| 5| 3| ¢ |3 x 8" x 100" 4 " scheduls 30
A 1135 6.5 100G 12" = 11" ra 9 A 4" schadula 30
B 1180 | 6.5 1000 | 12" % 11" 77| 9| 90| 8 |& schedule 80
t 1085} 6.5 1000 |1z" x 107 77| 6| &l ¢ |3z x5 x 14m 4" schedula 80
Alzes| 7.0 1020 |12" x 11" g | 100 A | 5" acheduls a0
B 130} 7.0 1080 | 12" % 117 {10 [10r]{ 8 |5 schedule 80
ci211| 7.0 1080 |12* x 9 a'| 72| 5] ¢ |3-1/2¢ x 6" x 5/16" | & achadula 80
Al1509 | 7.75 | 1180 |12" x 10" 9| 13° A | 5" scheduls 80
B 1471 | 7.75 | 1180 |12% x 10% 9|13 |11'| B | 5" schedule 80
cis21| 7.7 | nao [i1zv x oo 9¢| 8| 6| € {3-1/2" % 6" « B 16" | 5" schadule 80
A 1509 | 8.25 | 1260 |12» x 10v 100 120 A | s schedule 80
B 1572 | 8.25 | 1260 |12~ x 10" 10°| 12' J12'| B | 5" schedule 80
€ 1611 8.28 | 1260 |127 x 9v 10'| 9] 77| ¢ | 3-1/2* x 6" x 5/16" | 5 scheduis 50
A 1618 a.& 1348 |12 x 10" 1| 13 A | 5" schedule 80
B 1680 | a.a 138 |12 x 10% 11| 12 |12 | 8 | 5" scheduls 80
csos| .8 1348 |12 x 9» 1|10 | 8| ¢ |3-172" x 6 x 5/16" | 5" schedule 80
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Table 25
Aluminum Alley Hull Anodes - Standard Sizes
{Types I, II, and III)

CAT. NO,
G-1-29H

1%~
voos [T T
29 |ba. \ } /
NOM. DIMENSIONS ba~
24" x 5" x 21"

CURRENT RATING
4 AMPERE-YEARS

24"

CAT. NO.
G-1-23H

WT./ANODE
231bs.

NOM. DIMENSIONS P
24" x 5" x 1'%,

CURRENT RATING
3 AMPERE-YEARS

CAT. NO,
G-2-15H

WT./ANODE :
15%"Ibs. o

NOM. DIMENSIONS \ . 1
21" x5 v 1%~ ﬁ ﬁ | ;
CURRENT RATING ] 1 -
2 AMFERE-YEARS pe— 5" 1 1% {

21"

. i
Note: Also available: G-1-18H ~ri i
same a3 G-2-15H except has A1 R A
singia iongitudinal strap f

[
L/
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Figure 74

Aluminum Alloy Bracelet Anodes

Aluminum Alloy Bracelet Anode - Standard Sizes

Table 26

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

The maximum arc length of each segment ranges
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.

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,
12 AWG wire is the minimum

the collector wire size should be

No. 10 AWG. No.

size that should be used on individual anodes.

As the currents in
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As connecting wires in sacrificial anode cathodic protection
systens are thensel ves cathodically protected, insulation is not as critica
as in portions of inpressed current cathodic protection systems. Type TW
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
conmonly No. 12 AWG with Type TWinsul ation. Unl ess otherw se necessary, other
connecting wires should be No. 12 AWs solid copper for single anodes.

VWhen currents larger than 1 A flow in any portion of a sacrificia
anode circuit, the nost economic wire size should be deternined using the
met hods outlined in para. 6.7.1.4. |Instead of the cost of power used in the
determ nati on of economic wire size for inpressed current cathodic protection
systens, the cost of additional anodes to overcone the resistive |osses should
equal the annual fixed costs for the cable size being anal yzed.

7.9.2 Connections and Splices. Wre splices and connections (refer to
para. 6.7.2) should be kept to an absolute mininumand the type of connection
used should have both | ow resistance, high reliability, and good resistance to
corrosion. Connections should be made using either exotherm c or mechanica
connections (refer to para. 10.6). Insulation of underground connections
shoul d be made by using encapsul ation in epoxy or insulation with hot coal-tar
enanmel followed by wapping with pipeline felt. Above grade connections, such
as in test stations, are usually nechani cal connections and shoul d be
carefully taped in order to prevent corrosion due to the entry of noisture.

a) The followi ng connections are required for sacrificial anode
syst ens:

(1) Connection between anode(s) and structure.

(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 eval uated.
As in the case for inpressed current systens, the location of all necessary
splices and connections should be specifically shown on the design draw ngs.
The need for additional splices and connections should be determ ned by the
desi gner of the systemand not left to the discretion of the installer

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

i nsul ating joints.

7.9.4 Test Station Location and Function. The nost common type of test
station used in sacrificial anode cathodic protection systenms 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-ohmresistor (shunt)
which is used to neasure the current output by neasuring the voltage drop
across the shunt. The second structure lead is used to nmeasure the structure
potential using a noncurrent carrying connection thus elimnating any
potential drop along the conductor. The second structure connection can al so
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be used as a spare iIf the primary structure connection is damaged. Test
stations for sacrificial anode cathodic protection systems can either be
the flushmounted or above grade type as described in para. 6.7.3. IFf
flush-mounted test stations are used, the soil exposed in the bottom of t
test station can be used to measure the structure-to-electrolyte potentia
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 tes
station, the line current (IR Drop) test station, the insulating joint te
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 ty
of anode materials used in sacrificial anode cathodic protection systems
described in the section on each anode material. When prepackaged anodes
are used, the impermeable wrapping must be removed from these anodes prio
to installation.

No. 12 AWG

Potential Current Shunt
Test Wire

No. 12 AWG Anode Lead Wire

.
No. 12 AWG f
Connection

Wire

Exothermic Welds

Structure

Anode

Figure 75
Current-Potential Test Station
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Section 8: TYPI CAL CATHODI C PROTECTI ON SYSTEMS

8.1 Di agrams of Cathodic Protection Systems. |In Figures 76 through 96,
typi cal cathodic protection systeminstallations are shown. Features of these
designs may be applicable to the design of simlar systens with simlar
applications.

Note: The design for each specific application nmust be made
based upon actual conditions and requirenents.
Section 9 provides anal ytical exanples of the designs
of sanpl e cathodic protection systens.
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Typical Building Underground Heat and Water Lines
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Figure 77
Impressed Current Point Type Cathodic Protection
for Aireraft Hydrant Refueling System
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Figure 78
Galvanie Anode Type Cathodic Protection for Coated
Underground Sewage Lift Station
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Reinforced Concrete Steel Reinforcement Welded to Support
Deck — l Eye and Structyral Steel
. * ’ - ba '.,’ ' . » " . L )
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Anode Supporting Eye

Elexiblg Stranded Copper Wire,

Thermit Welded to Both
Support Eye and 4
Steel Rod ‘ I
3/4" Dia, Round — 2" 10 3" Opening
Black Steel Rod 1" {Inside Diameter) Neoprene, or

equal, Hose Taped to Steel Rod ot
both Upper and Lower Ends, Using
Plastic Tape

2" Mi'lr u Fillet Weld

Zinc Anode ~——_

3/4" Golv. Steel Pipe Ancde Core

Rubber Stopper

Figure 79
Zine Anode on Reinforced Conerete Block
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Radiant Heat or Snow-Melting Piping
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Figure 81
Cathodic Protection of Foundation FPiles
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Figure 82
Impressed Current Cathodic Protection for Existing On-Grade Storage Tank
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Figure 83
Impressed Current Cathodic Protection with Horizontal
Anodes for On-Grade Storage Tank - New Installation
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Sleave to Protect Pasitive Dame Plare or Structurci Support Member
Ansde Cable from lce Cable

Pasitive Cable,
ta Rectifier

Fosten Anode
Caoble to Suspension Rope
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1/4" Diameter
Rings 5lipped Ower Nylon
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Figure 84

On-Grade Fresh Water Tank Using Suspendad Anodes

RECTIFLER

These units are widely used for cooling purposes, often
in refineries. Corrosion conditions are very aggressive.
Space is limited between coils, and anodes 1=1/2 in. dia. =z
60 in., long have been successfully used, They can be ‘oined
together to produce lengths 7-1/2 feet long.

Figure 85
Open Water Box Cooler
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) 1.315" dia, steel cared magnesium
Horizontal tanks only support anode - thread 1" NPS one end

anode with 1/2 section of 2"
pipe x 3" welded to head

A e

S

Section A=A
Section 8-8
1-1/4" x Hy 1/2 Coupling
Welded to Head
L " vvlj i
'_}‘—..! PMug
Ancde with Steel Core 1" x 1-1/4" Red. Bushing
Figure 86
Horizontal Hot Water Tank - Magnesium Anode
Installation
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Anode Header Cable

Figure 87
Impressed Current Cathodic Protection System for
Sheet Piling for Wharf Construction
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Anades Suspended
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Figure 88
Suspended Anode Cathodic Protection for H-Piling in Seawater
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Figure 89

Cathodic Protection for H-Piling in Seawater
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Cellular Earth Fill Pier Supports




MIL-HDBK-1004/10

43

5'-4"
14'-6"
impressad Current
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Interior Surfaces

Tank Capecity:
300, 000 Galions

Positive Coble

Negative Cable
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Figure 91
Elevated Fresh Water Tank Using Suspended Anodes
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Figure 92
Cathodic Protection of Tanks using Rigid
Floor-Mounted Anodes
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Figure 93

Cathodic Protection of Hydraulic Elevator Cylinders
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Hydraulic Heist Cylinder
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Figure 95
Typical Cathodic Protection of Underground Tank Farm
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Figure 96
Gasoline Service Station System
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Section 9: CATHODI C PROTECTI ON SYSTEM DESI GN EXAMPLES

9.1 Introduction. The follow ng exanples illustrate the application of
the design principles outlined in Sections 4, 6, and 7. They are intended to
illustrate the design nmethods to be used and are not standard designs. In

t hese exanples, interference to or fromforeign structures is not considered.
In practice, the design should be based upon field nmeasurenents whenever
possi bl e and not on calculated estimates. |In sonme exanples, nore detail ed and
rigorous cal culations than actually required are presented for illustrative
purposes. Shorter, nmore sinplified calculations would give equally applicable
estimtes, but should only be used once the basic concept of the process is

understood. It must be renenbered that all cathodic protection system designs
make many assunptions, such as uniform environmental resistivity, which may or
may not prove to be true. Wen the systemis installed, it will require

adj ustment and possible nodification in order for effective protection to be
achieved. |In congested areas, interference problens are often difficult to
correct and optimum | evels of protection nay not be practically achieved. In
such cases, cathodic protection will reduce the incidence and degree of

corrosi on danage but corrosion may not be entirely elininated.
Twel ve exanpl es are provided:
a) Elevated steel water tank.
b) Elevated steel water tank where ice is expected.
c) Steel gas main.
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 (gal vanic anodes).
j) Steel sheet piling in seawater (inpressed current).
k) Steel Hpiling in seawater (galvanic anodes).
) Steel Hpiling in seawater (inpressed current).
9.2 El evated Steel Water Tank. This inpressed current design is for a

tank that has not been built; hence, it is not possible to deternine current
requi rements, etc., by actual measurement. Calcul ated estimtes are used.
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.2.1 Desi gn Dat a
a) Tank capacity - 500,000 gallons

b) Tank height (fromground to bottom of bow) - 115 feet
c) Dianmeter of tank - 56 feet

d) Hi gh water level in tank - 35 feet

e) Overall depth of tank - 39 feet

f) Vertical shell height - 11 feet

g) Riser pipe dianmeter - 5 feet

h) Shape of tank - Ellipsoidal, both top and bottom
i) Al internal surfaces are uncoated

j) Design for maxi mum current density - 2 mA/ft?2

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

m Design life - 10 years

n) Water resistivity - 4,000 ohmcm

0) Tank water must not be subject to freezing

p) Assunmed deterioration rate - 1.0 | bs/A yr

g) Anode efficiency (assuned) - 50 percent

.2.2 Conput ati ons

a) Area of wetted surface of tank bowl (see Figure 97):

(1) Top section (T):

AT = 2 B rx (approximte)
wher e

r = 28 feet (radius of tank)

x = 10 feet

AT = 2 x 3.1416 x 28 x 10 ftz?

AT = 1759 ft2
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TOP SECTION

L (©

(8) @

Water

Level

Figure 97
Segrmented El evated Tank for Area Cal cul ations
(2) Center section (O):
Ac = 27 rh
wher e

r = 28 feet (radius of tank)

h = 11 feet
A=2 x 3.1416 x 28 x 11 ft°’
A= 1,935 ft*?

(3) Bottom section (B):
Y Y ET
wher e

28 feet (radius of tank)
14 feet
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A

B V2 x 3.1416 x 28 x v 142 + 282

g

(4) Therefore:

3,894 ftz2

AT = 1,759 ftz

>
I

1,935 ftz2

>
I

3,894 ft2
(5) Total = 7,588 ft2 (wetted area of tank bow ).
b) Area of riser pipe:

A, = 2Br_ h

R R R
wher e
'R = 2.5 feet (radius of riser)
hR = 115 feet (height of riser)
AR = 2 x 3.1416 x 2.5 feet x 115 feet
AR = 1,806 ft2

c) Maxi num design current for tank:

"1

"1

d) Maxi num design current for riser:

2.0 mdV/ft2z x 7,588 ft2

15,176 mA or 15.2 A

| =
2.0 mvVft2Rx 1,806 ft2

| =
3,612 mA oR 3.6 A

e) M ninmm wei ght of tank anode material:

W = YSI/E

wher e
W = weight of anode materi al
Y = designlife
S = anode deterioration rate
I = maxi mum desi gn current
E = anode efficiency
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wher e

10 years

1.0 I bs/ A yr

0.50

15.2 A

10 x 1.0 x 15.2/0.50 Ib
304 pounds

sS=s—mn<

f) M nimmweight of riser anode materi al
w = YSI/E
wher e

10 years

1.0 I bs/ A yr

3.62 A

0.50

10 x 1.0 x 3.62/0.50 Ib
72.4 1b

s=sm—un<

g) Radius of mmin anode circle:

(DN) / 2(B+N)

_‘
1

wher e

56 feet

10 (assuned nunber of anodes)
56 x 10/2(3.1416 + 10)

560/ 26. 28

21.3 feet, use 22 feet

h) Spacing of main anodes. GCenerally the distance fromthe anode
to the tank wall and tank bottomis about equal; this distance should be about
one-hal f the circunferential distance between anodes.

(1) Circunferential spacing:

C = (2Br)/N
wher e
r = 22 feet (radius of anode circle)
N = 10 (assunmed 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 circunferentia

spacing: 14 feet will be used (see Figure 98).
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Stub
Anodes Riser
22@{;@«
|

8 Riser
Tankw

Anodes

Figure 98
Anode Spacing for Elevated Steel Water Tank

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 fc¢?.

(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 string.

(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 anodes will be 15.2 A/10 x 0.025 A = 60.8. Use 61 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 CDD is recomended because the | ead wire connection

by the thicker wall

of the enl arged ends.

Two type CDD

anodes per string provide a current capacity of 2 A x 10 strings
These anodes are spaced as shown in Figure 99.

= 20 A

NOTE: The anodes chosen in this exanple were chosen to show
t he anal ogy that nust be used in designing cathodic
protection. Wth the advent of newer center connected
t ubul ar anodes, anode type TAFW 2-3/16 inch by 8
i nch, weighing 4.3 pounds each, should be used instead
of CDD anodes.
Tabl e 27
Techni cal Data - Commonly Used HSCBClI Anodes
ANOCDE VEI GHT ANODE MAX. AREA
MAX. CURRENT
TYPE SI ZE (in.) (I'b) DI SCHARGE (ft2)
DENSI TY
(A (AVft?)
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
G2 2 ODx 9 5 0. 100 0.4 0. 25
G2-1/2 2-1/2 x 9 9 0. 20 0.5 0. 40
B3 * 1 x 60 12 0.50 1.4 0. 36
C 1-1/2 x 60 25 1.00 2.0 0.50
CDD? 1-1/2 x 60 26 1.00 2.0 0.50
M 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
'For elevated fresh water tank.

2For distributed systemin ground trench
*tach end enlarged with cored opening for wire.

“Not more than 2 anodes per assenbly.
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NOTE: PROTECTED BY STUB ANODES
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Figure 99

Anode Suspension Arrangement for Elevated
Steel Water Tank
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(4) Anode current density is computed as follows:
Output = 15.2/2 x 10 x 2 = 0.38 A/ftA20
3) 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
0.6 /
5 0.4 v
Q
2 e
- o
o
E 1////,/’
e 0,2
a8 -
L
c
>
S
50,1 v
u ’///,//’
4 6 8 1 4

Quontity of Anodes in Circle

Figure 100

Equivalent Diameter for Anodes in a

Circle in Water Tank
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(1) However, the L/d 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
L/d

(2 x 60)/1.5
80 < 100

(2) The fringe factor from curve Figure 101 corresponding to
L/d ratio i1s 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 stu
anodes must be justified. The main anode radius has been calculated to b
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 o
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 anod
are required for this design. Ten stub anodes are arranged equally space
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.

1.0

//

N

d

™

»
0

Fringe Factor to Obtain Actual
Resistance of Shart Vertical Rod

-—___‘\

Anode | ength
Anode Diameter

Figure 101
Fringe Factor for Stub Anodes
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) Current division between main and stub anodes:

(1) Area of tank bottom protected by stub anodes (see
Fi gure 99):

2

_ 2
As = B(r2 - rl )

wher e

_‘
1

13 feet (radius of protected segnment)

2
ry = 2.5 feet (radius of riser)
Ag = 3.1416 (169 - 6.25)
Ag = 3.1416 x 162.75
A = 511.3 ftz2
S
(2) Maxi mum current for stub anodes:
Il =2.0 x 511.3
IS = 1022.6 mA or 1.02 A
(3) Maxi num current for tank bow = 15.2 A
(4) Maxi mum current for main anodes:
I =15.2 - 1.02
m
I =14.2 A
m

m Rectifier voltage rating:

(1) Electrical conductor to main anodes. Wre size No. 2 AWG
0. 159 ohn' 1,000 feet (refer to Table 10), estinated | ength 200 feet:

R = 200/1000 x 0.159 = 0.032

(2) Voltage drop in main anode feeder

E = IR

wher e

| =14.2 A

R = 0.032 ohm

E = 14.2 x 0.032
E =045V

(3) Voltage drop through mai n anodes:

E=1R
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wher e

| =14.2 A

R = 3.03 ohns

E =14.2 x 3.03
E =43.0V

(4) Total voltage drop in main anode circuit:

0.45 + 43.0

43.45 or 45 V

Use a multiplying factor of 1.5, or 67.5 V.

(5) The nearest comrercially available rectifier meeting the
above requirement is a single-phase, 80-V unit.

n) Selection of stub anodes. Because it is desirable to use as
smal | an anode as possible w thout exceedi ng the manufacturers' recomended
rate, try using type FC, HSCBCl anode nmeasuring 1-1/2-inch by 9 inches. Use
one anode per string as shown in Figure 99. Anode current density is conputed
as follows:

Qutput = 1.02/(10 x 0.03) = 0.34 A/ft2

Because this exceeds the recomended maxi mum anode current density (refer to
Table 27), the type B anode is the best choice.

0) Resistance of stub anodes:

R

0.012P log D/al/L
wher e

4,000 ohmcm

56 feet

5 feet

16 x 0.275 = 4.4 feet (factor from Figure 100)
(0.012 x 4,000 log 56/4.4)/5

48 log 12.73/5

48 x 1.105/5

10. 6 ohns

= 60/1 = 60<100

CXXVDOLT-OT

(=R | 1 O I O T O B

Fringe factor fromcurve Figure 101, 0.90 R (adjusted) = 10.6 x
0.90 = 9.54 ohns

p) Voltage drop in stub anode circuit:

(1) Electrical conductor to stub anodes. Wre size No. 2 AWG
0. 159 ohms/ 1,000 feet (refer to Table 10), estimated | ength 200 feet:

R = (200/1,000) x 0.159 = 0.032 ohm
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(2) Voltage drop in stub anode feeder

E=IR

wher e

I =1.02 A

R = 0.032 ohm

E =1.02 x 0.032
E =0.033 V

(3) Voltage drop in anode suspension conductors. Estimated
length 50 feet, No. 2 AWG (refer to Table 10), 0.159 ohns/ 1,000 feet:

R = (50/1,000) x 0.159 = 0.008 ohm
E=1IR
wher e
I = 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
wher e
I =1.02 A
R = 9.54 ohns
E=1.02 x 9.54
E=9.73V
(5) Total voltage drop in stub anode circuit.
E, = 0.033 + 9.73

(6) Since the stub anode voltage is below the 45 V cal cul ated
for the main tank anode circuit, the necessary current adjustnent can be
acconpl i shed through a variable resistor in the stub anode circuit.

9.76 V

g) Stub anode circuit variable resistor

(1) Criteria for variable resistor. The resistor should be
capabl e of carrying the maxi num anode circuit current and have sufficient
resi stance to reduce anode current by one-half when full rectifier voltage is
applied to the anode circuit.
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(2) Stub anode circuit data:

Rectifier output = 80 V
Anode current = 1.02 A
Anode resistance = 9.54 ohns

(3) Variable resistor rating:

R = FEI

wher e

E =80V

| = 1.02/2 or 0.51 A
R = 80/0.51

R = 156.9 ohns

Ohnmic value of resistor = 156.9 - 9.54 = 147.4 ohns
Wattage rating of resistor, (1.02)2 x 147.4 = 153.4 W

The nearest commercially available resistor size neeting the above
requirements is a 175-W 200-ohm 1-A resistor

ry Resistance of riser anodes. |In order to get the maxi mum
desired current in the riser (3.62 A), the resistance |limt is calculated as
fol | ows:

R =FEI
wher e
E = 43.45 V
| =3.62 A
R = 43.5/3.62
R = 12.0 ohns

s) Riser anode design

(1) Type FW(1-1/8-inch by 9-inch) string type anodes cannot
be used in the riser because the maxi mum anode current di scharge of 0.025 A
per anode woul d be exceeded. The nunber of type FWanodes required woul d be
145 and continuous throughout the riser. This is excessive. The best choice
of anode for a flexible riser string is the type G2 (2-inch by 9-inch) high-
silicon cast iron anode.

(2) Number of units required:

R
L

(0.012P 10

g Dd)/L
(0.012P log Dd)R
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wher e

4,000 ohm cm

5 feet

2 inches or 0.166 feet

12 ohns

(0.012 x 4,000 log 5/0.166)12
(48 x log 30.1)/12

(48 x 1,479)/12

5.92 feet

rrr-xxeg®o

Nunber of units = 5.92/0.75 = 7.9 or 8 units

In order to get proper current distribution in the riser pipe, the anode units
shoul d not be placed too far apart. It is generally considered that each
anode unit protects a length along the riser pipe equal to 1-1/2 tines the
spaci ng of the anode fromthe riser pipe wall.

Ri ser 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
Nunber of units required = 115/3.75 = 30.7 or 31 units.

To satisfy the maxi num anode di scharge current for a G2 anode:
3.62 A/O.1 anp = 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

wher e
P = 4,000 ohmcm
D =5 feet
d = 2 inches or 0.166 feet
L =36 x 9 inches = 324 inches or 27 feet
R = (0.012 x 4,000 log 5/0.166)/27
R = 48 | og 30.1/27
R = 2.63 ohns

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. Wre size No. 2
AWG, 0.159 ohns/ 1,000 feet (refer to Table 10), estimated | ength 200 feet:

R = 200/1,000 x 0.159 = 0.032 ohm
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(2) Voltage drop in riser anode feeder

E=IR

wher e

| =3.62 A

R = 0.032 ohm

E = 3.62 x 0.032
E = 0.116 V

(3) Voltage drop in riser anode suspension cables. Wre size
No. 2 AWG 0.159 ohn' 1,000 feet (refer to Table 10), estinmated | ength 130
feet:

R = 130/1,000 x 0.159 = 0.02 ohm
E=1IR
wher e
| = 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 x 0.02
E=0.04V
(4) Voltage drop through riser anodes:
E=1IR
wher e
| = 3.62 A
R = 2.63 ohns
E = 3.62 x 2.63
E=9.52V
(5) Total voltage drop in riser anode circuit:
ET = 0.116 + 0.04 + 9.52
ET = 9.69 V

u) Riser anode circuit variable resistor

(1) Criteria for the variable resistor are the sane as given
for the stub anode resistor.

(2) Riser anode circuit data:
Rectifier output, 80 V
Anode current, 3.62 A
Anode resistance = 2.63 + 0.032 + 0.02 = 2.68 ohns
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(3) Variable resistor rating:

R =FEI
wher e
E =80V
| =3.62/2 =1.81 A
R = 80/1.81
R = 44.2 ohns

Ohnmic value of resistor = 44.2 - 2.68 = 41.5 ohns.
Wattage rating of resistor = (3.62)2 x 41.5 = 543.8 W

(Resistor should reduce anode current by one-half when fullrectifier voltage
is applied.)

The nearest commercially available resistor size that neets the
above requirements is a 750-W 50-ohm 3.87-A resistor. This rheostat is 10
inches in dianeter and 3 inches in depth, and fairly expensive. This rheostat
will not fit into nost rectifier cases. |n addition, the power consuned by
the rheostat is considerable. This power creates substantial heat that may
danmage conponents within the rectifier case unless adequate ventilation is
provi ded. The problens associated with using a |arge rheostat can be
elimnated by using a separate rectifier for the riser anodes. Although
initial cost may be slightly high, power savings will be substantial and
damage by heat will be avoi ded.

v) Sizing rectifier for riser:

(1) Requirenents:

dc current output = 3.62 A
Anode circuit resistance = 2.68 ohns
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 bow. Voltage output as previously
determ ned, 80 V. Current rating is 15.2 A. The nearest comrercially
avail able rectifier neeting the above requirenents is 80 V, 16 A.

X) Wre sizes and types. All positive feeder and suspension
cables (rectifier to anodes) nust be No. 2 AWG HMAPE i nsul ated copper cable
To avoid conplication, the negative rectifier cable (rectifier to structure)
nmust be the sanme 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
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reduced from 60 to 80 percent. On large tanks without coating, larger si
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
10-year period. Corrosion above the water line of a water storage tank i
usually severe because of the corrosive nature of condensation. For this
reason, protective coatings must be used above the water line on both lar
and small water storage tanks to mitigate corrosion.

Junction Box

4

e
Tank Ancdes
| 8 Stub Anodes .
h\ __,A Three Electrical Conductors

(Positive) in Conduit

r Riser Anodes

Safety Switch

T%ﬁctifier and Resistor
ox Mounted on Tower Leg
ectifier

1 Negotive Welded
to Tower Leg

\C Supply

Figure 102
Elevated Steel Water Tank Showing Rectifler and Anode Arrangement
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(2) For further assistance and gui dance in the design of
cat hodic protection systens for elevated cold water storage tanks, see Figures
102 t hrough 104.

(3) The HSCBCI anodes were selected for this particular design
purely for illustrative purposes. |t does not nean that this material is
superior to other types of anode material. Oher acceptable anode materials
i ncl ude al um num and platinized titaniumor niobium Wth the advent of newer
tubul ar center connected anodes, the designer should choose these anodes over
the end connected in nost cases because of their higher current capability and
| onger life.

(4) For this design, silicon cells should be specified for the
rectifier that protects the bow and seleniumcells should be specified for
the rectifier that protects the riser. Silicon cells operate nore efficiently
at high dc output voltages than seleniumcells do but require el aborate surge
and overl oad protection. This protection is not econonical in the | ow power
consum ng units. A guide for selection of rectifying cells is as foll ows:

Use silicon cells for single-phase rectifiers operated above 72 V dc or

t hree- phase rectifiers operated above 90 V dc. Use newer nonagi ng sel eni um
for single-phase rectifiers operated below 72 V dc or three-phase rectifiers
operated bel ow 90 V dc.

9.3 El evated Water Tank (Where Ice is Expected). Inpressed current
cathodic protection is designed for an el evated water as shown in Figure 105.
The tank is already built, and current requirement tests have been made.
Anodes must not be suspended fromthe tank roof, because heavy ice (up to 2
feet thick) covers the water surface during winter. The weight of this ice
could not be tolerated on the anode cabl es, so another nethod of support is
used. Button anodes nust be mounted on the floor of the tank and |ightwei ght
platinized titani um anodes nust be suspended in the riser fromthe tank

bott om
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1/2" Bolt and Extra Large

Washer (Galvunigd) ~a-Tank Roof

Za— Lock Washer
-—1-1/4" x 1/2" Galvanized
Strap Iron

o Swinging-type Insulating
Clevis ond Insulator

a—-—Wire Rope Clip

Hand Hole Cover Shall be Made
of Same Gouge Material as Roof,
Easily Removable ond -
Provided with Weatherproof
Gasket

Provide 6" Diameter a——No. 2 A:, HMWPE Cable
Hand Hole Accassible
to Anode Hanger and
Finished with a Smooth

Edge

“*+— HSCBCI Anode

Figure 103
Hand Hole and Anode Suspension Detail for Elevated Water Tank

-.—-—3/8“ Dia. Galvanized
Stee! Rod

Swinging Type Insulating
Clevis and Insulator
Wire Rope Clip

No. 2 AWG, HMWPE Cable

HSCBC] Anode Assembled
in Tandem, 4'6" Spocing

Figure 104
Riser Anode Suspension Detail for Elevated Water Tank
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Tank
22,5'
.y 24' -~
12¢
I
37/ Riser Pipe
e VU o

Figure 105
Dimensions: Elevated Steel Water Tank
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.3.1 Desi gn Dat a
a) Tank height (fromground to bottom of bow ) - 37 feet

b) Tank diameter - 24 feet

c) Hgh water level in tank - 34.5 feet

d) Overall depth of tank - 34.5 feet

e) Vertical shell height - 22.5 feet

f) Riser pipe dianeter - 4 feet

g) Shape of tank - Semcircular bottom

h) All internal surfaces are uncoated

i) Current required for protection - Bowl-7.0 A, Riser-1.0 A
j) Electrical power available - 120/240 V ac single phase
k) Tank is subject to freezing

) Designlife - 15 years

m Water resistivity - 4,000 ohmcm

n) Button type HSCBCI anodes are used for the tank

0) Riser anodes are platinized titaniumwire.

.3.2 Conput at i ons

a) M ninmum wei ght of button anode material required for tank:
W= YSI/E
wher e

15 years

1.0 I bs/ A yr

7.0 A

0.50

(15 x 1.0 x 7.0/0/0.50
210 pounds

s=sm~un<

b) Nunber of tank anodes. Button anodes wei gh 55 pounds:

N = 210/55 = 3.82 (use 4 anodes)
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c) Mninumwei ght of riser anode material required for riser

W

YSI/ E
wher e

15 years

1.32 x 10-° I bs/ A yr

1.0 A

0.50

(15 x 1.32 x 10-° x 1.0)/0.50
3.96 x 10* pounds

Ss=sm—un<

d) Nunber of riser anodes. Platinized titaniumwi re 0.1-inch
di ameter, 3 feet long, with 0.001-inch-thick platinumover titaniumw Il be
used for each anode. The weight of platinumon each anode is 8.8 x 10°°
pounds:

N =(3.96 x 104 /(8.8 x 10°% = 4.5 (use 5 anodes)
e) Location of anodes (see Figure 106):

(1) Button anodes are nounted on the base of the tank at a
di stance of 1/4 the tank dianeter (6 feet) fromthe center. They are nounted
on nmetal angles and plates welded to the tank bottom polyethyl ene insulation
is required to separate the anode fromthe nmetal nounting. Riser anodes are
suspended in the center of the riser pipe, spliced to a No. 4 AWNG cable. The
top anode is placed 1 foot fromthe tank base. The remining four anodes are
spaced at 4-foot intervals.

(2) Each button anode has its own No. 8 AWG, 7-strand copper
cable (HMAPE) run in conduit to a resistor box nmounted 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 mnust
be installed in the riser anode circuit at the tine of rectifier sizing. The
rectifier nust be sized once the anodes are installed and nust be nmounted at
eye | evel adjacent to the resistor box.

9.4 Steel Gas Main. |Inpressed current cathodic protection is designed
for the 6-inch welded gas main shown in Figure 107. This pipeline is not
constructed, so measurenents may not be made.
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Button Anode Locations

Platinized=Titanium
Copper Riser Anodes
Tank °

A+ A

/ Section "A=A"
Riser ;
Anaode

Cable Ia
H —
! Tape Anode Wire to Cable
Anode

Cable
«a— Splice in Epoxy Resin

Factory

Buttan Anode Instalied
Stud

\ Polyethylene
§=» "//
: y "~ Steel Plate, Weld to End of Angle

- Polyethylene

Angle Plate Vs

- L~ Steel Plate
Mounting ﬁ:_Cabl e-to~Anode Connection,
\ Brazed and Coated with Epoxy

-~

a— Pire Welded to Angle

"

Tonk Shell

- Water=Tight Seal
I e e

Anode Cable
Button Anode Mounting

Figure 106
Cathodic Protection for Tanks Using Rigid-Mounted
Button-Type Anodes and Platinized Titanium Wire
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Above=Grade
Tank ™,

Four 2 Inch Dia.
x 60 Inch Long
HSCBCI Anodes in —

100
Carbonaceous Backfill

No., 2 AWG,HMWP

Conductor B/' \

Single Phose, 115-Voit AC Rectifier,
Rated at 8 Amp,, 8 Volts DC.  Mount
Rectifier on Pole Adjacent to Electrical
Distribution System

6800 Feet
Coated 6 Inch

Welded Steel
- Gas Main

Insulating Joint

«— Pumphouse

Figure 107
Cathodic Protection System for Gas Main
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9.4.1 Desi gn Data

a) Average soil resistivity, 2,000 ohmcm

b) Pipe size, 6-inch outside dianeter.

c) Pipe length, 6,800 feet.

d) Design for 15-year life.

e) Design for 2 mAft2 of bare pipe.

f) Design for 90 percent coating efficiency, based on experience.

g) The pipeline nmust be isolated fromthe punphouse with an
insulating joint on the main line inside the punphouse.

h) HSCBCI anodes nust be used with carbonaceous backfill.

i) The pipe is coated with hot-applied coal -tar enanmel and holiday
checked before installation.

j) Anode bed nust not exceed 2 ohms.

k) Electric power is available at 120/240 V ac, single phase, from
a nearby overhead distribution system

9.4.2 Conput at i ons

a) CQutside area of gas main:

Pi pe size - 6 inches (nomninal)
Pipe I ength - 6,800 feet
Pipe area - 6,800 x 1.734 = 11,791 ftz

b) Area of bare pipe to be cathodically protected based on 90
percent coating efficiency:

A
A

11,791 x 0.1
1,179 ftz2

c) Protective current required based on 2 mA/ft2 of bare netal:

1,179 x 2
2,358 mMA or 2.36 A

d) Ground bed design:

(1) Anode 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:

R = & K
%
L
wher e
P = earth resistivity, ohmcm
K = shape function (refer to para. 6.2.1.4a)
L = backfill ed anode | ength
wher e
P = 2,000 ohmcm
L = 7.0 feet
K = 0.0167 (refer to para. 6.2.1.4a)
L/D = 84 inches/10 inches backfill size
R = 2,000 x 0.167/7.0 ohns
R) = 4.77 ohns
(3) Number of anodes required. It was stated in the design
data that the anode bed resistance is not to exceed 2 ohns. Anode size used
is 2-inch dianeter x 60 inches long with carbonaceous backfill having overal

di mensi ons of 10-inch dianeter x 84 inches |ong and spaced 20 feet apart:

Rn = (1/n)RV + PSp/S
wher e
Rn = anode bed resistance
n = nunber of anodes
RV = single anode resistance
s © earth resistivity with pin spacing equal to S
p = paralleling factor (refer to para. 6.2.1.4b)
S = spacing between adjacent anodes
wher e
R = 2 ohns
n
R = 4.77 ohns
%
PS = 2,000 ohmcm
S = 20 feet
NOTE: pis a function of n as referred in para. 6.2.1.4b) and n
is the nunmber of anodes which are determ ned by trial and
error.
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Rearrangi ng the equation for n:

n = RV/[Rn - (Psp)/S]
n = 4.77/[2-(2,000p)/20]
n =4.77/(2-100p)

Try n = 4 anodes,

0.00283 (refer to para. 6.2.1.4b)
4.77/ (2-0283)

4.77/1.717

2.78 (not very close)

Try n = 3 anodes,

p = 0.00289 (refer to para. 6.2.1.4b)
3 = 4.77/(2-0.289)
3 =4.77/1.711
3 =279
This is the closest possible. |In order to keep total resistance

bel ow 2. 0 ohns, use 3 anodes.

(4) Actual resistance:

Rn = (1/n)RV = PSp/S

R3 = (1/3)4.77 + 2,000 (0.00289)/20
R3 =1.59 + 0.29

R3 = 1.87 ohns which is below 2.0

e) Total weight of anodes for ground bed:

(1) Weight of anode unit, 60 pounds (size 2 inches x 60
i nches)

(2) Total weight = 3 x 60 = 180 pounds
f) Theoretical life of anode bed:
W= YSI/E
Rear rangi ng gi ves

Y = W Sl
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wher e
W = 180 pounds
S=1.0 Ilbs/Ayr
E = 0.50 efficiency
| =2.36 A
Y = (180 x 0.50)/(1.0 x 2.36) = 38.1 years

It should be noted that the expected ground bed life greatly
exceeds the design requirement of 15 years. This is brought about by the
addi ti onal anode material required to establish a 2-ohm ground bed. The | ower
ground bed resi stance saves energy (power, P =12 R)

g) Resistance of dc circuit:

(1) Gound bed-to-soil resistance, 2.0 ohms maxi mum

(2) Resistance of ground bed feeder conductor (length 500
feet, type HWWPE, size No 2 AWG):

Conduct or resistance (refer to Table 10):
0. 159 ohn 1, 000 feet
R = 500 feet x 0.159 ohms/1, 000 feet
R = 0. 080 ohns

(3) Total resistance of «circuit:

RT = 2.0 + 0.080 = 2.08 ohns:
h) Rectifier rating:
(1) Mninmumcurrent requirement, 2.36 A
(2) Circuit resistance, 2.08 ohms.

(3) Voltage rating:

E=1IR

wher e
| = 2.36 A
R=2.08 A
E=2.36 x 2.08 V
E=4.9o0or 50V

To allow for rectifier aging, filmformation, and seasonal changes
in the soil resistivity, it is considered good practice to use a nultiplying
factor of 1.5 to establish the rectifier voltage rating.

E=50x1.5=80YV
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(4) The commercial size rectifier meeting the above
requirements is 115-V, single-phase, selenium, and full-wave bridge type
having a dc output of 8 A, and 8 V.

i) Rectifier location. Mount the rectifier at eye level on a
separate pole adjacent to an existing overhead electrical distribution sy

9.5 Gas Distribution System. Galvanic cathodic protection is designed
for a gas distribution system in a housing area as shown in Figure 108.

[- -]
Q
<
3
3
s
= ot i ]
&' » 34y e
—— < —
1=-1/24 3 1=1/2"
Philip Street
2n v "
1" , , ’ ?_:. {— =
y 4 <37 34| i=| 4|2
2 Hollywood S| & 1
FRZRIE 3/41 3ad > [
Ve I |1-1/2¢ 2| @ 1-1,20 3
& ? Quincy] Streat
—- 2f DAINED4
"]/2“ 1_"/2« g
] Lofoyvette Street
Fiping is Coated and Wrapped
" " o m ping Ppeag,
3/ f Y , b 3/4f Screwed Connection, Blocks
: Are 300 Feet Square.

Figure 108
Layout of Gas Piping in Residential District
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9.5.1 Desi gn Dat a
a) Average soil resistivity, 4,500 ohmcm
b) Design for 90 percent coating efficiency, based on experience.
c) Design for 15-year life.
d) Design for 2 mdft2z of bare pipe.
e) Packaged type nmagnesi um anodes nust be used.

f) Insul ating couplings are used on all service taps. The mains
are electrically isolated fromall other netal structures in the area.

g) Al pipe was precoated at the factory and wapped 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 Conput ati ons

a) Total outside area of piping:

Pi pe Size Pi pe Length Pi pe Area Area of Pipe
(in.) (ft) (ft2/lin ft) (ft2)
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
Total area of pipe in ftz2 4,292

b) Area of bare pipe to be cathodically protected based on 90
percent coating efficiency:

A
A

4,292 x 0.1
429 ftz2

c) Maximum protective current required based on 2 mdft2 of bare
nmet al .

2 x 429
858 mA or 0.858 A

d) Weight of anode material required based on maxi mum current
requi rement and 15-year life:

W= YSI/E

185



M L- HDBK- 1004/ 10

wher e

15 years

8.8 I bs/A yr

0.858 A

0.50 efficiency

(15 x 8.8 x 0.858)/0.50 pounds
227 pounds

sSs=sm—un<

It should be noted that the 227 pounds are based on an output current of 0.86
A for the full design Ilife of the cathodic protection system 15 years.
Strictly speaking, this is not the true condition, because current output
following a newinstallation is nuch | ess due to the high coating efficiency.
The average current requirenent at first may be as low as 0.03 md/ft2 of pipe
ar ea.

e) Current output of a single 17-pound standard packaged nagnesi um
anode to ground:

Cfyl/P
wher e

O
I

= 120, 000, constant for well-coated structures using
magnesi um

1.00, (refer to Table 3)

1.00, (refer to Table 4)

4,500 ohmcm

120,000 x 1.00 x 1.00/4,500

26.7 mA

—— g< -

Because the structure is well coated, the anode spacing is
relatively great. Therefore, the "multiplying factor for magnesi um anode
groups" (refer to Table 5) is not used.

f) Nunmber of anodes (n).

n=1/i
wher e
| = 858 mA
i = 26.7 mA
n = 858/26.7
n = 32.1 (use 32 anodes)

g) Anode distribution:
(1) Area of pipe protected by one anode:

A
A

4,288/ 32
134 ft2/anode
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(2) Division of anodes:

Pipe Size Pipe Area Pipe length Number of Anode Spacin
(in.) (FtA20) (o) Anodes (o)
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
374 1,084 2,900 8 362
Total number of anodes 32

9.6 Black Iron, Hot Water Storage Tank. Impressed current cathodic
protection is designed for the interior of a black iron, hot water storag
tank shown in Figure 109.

Watertight Connector for
Cable, Mole Hub 1/2"

Reducer, 3" Male to
1/2" Femaie

1,000 Gallon Hot Water Tank

]2' Long x 46" Diameter / D

Sphce
Weld 3" Pipe
HSCBCI Courlmg to Tank
Anode
by :4I+t- 4 -+-r 4 -+-r2' "
2 Rectifier

AR AR RN AR

Figure 109
Cathodic Protection for Black Iron, Hot Water Storage Tank
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9.6.1 Desi gn Dat a
a) Tank capacity, 1,000 gallons.

b) Tank di nensions, 46 inches in dianmeter by 12 feet |ong.
c) Tank is nmounted horizontally.
d) Water resistivity is 8 600 ohmecmwth a pH value of 8.7.

e) Tank interior surface is bare and water tenperature is
mai nt ai ned at 180 degrees F (82.2 degrees QO

f) Design for maxi mum current density of 5 mA/ftz2.

g) Designlife, 5 years.

h) Use HSCBClI anodes.

i) Alternating current is available at 115 V ac, single phase.

9.6.2 Conput ati ons

a) Interior area of tank:
AT = 2Br2 + BdL

wher e

1.92 feet

3.83 feet

12 feet

2 x 3.1416 x (1.92)2 + 3.1416 x 3.83 x 12

167.5 ft?2

+ Fra-

b) Maxi mum protective current required:

167.5 x 5
838 mA or 0.84 A

c) Mninmum wei ght of anode material for 5-year life:

W= YSI/E
wher e
Y = 5 years
S=1.0Ilbs/Ayr
I = 0.84 amp
E = 0.50 efficiency
W= 5 x 1.0 x 0.84 pounds/0.50
W= 8.4 pounds
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d) Nunber of anodes required. Anode size of 1-1/2 inches in
di anmeter by 9 inches |ong weighing 4 pounds each is selected as the nost
suitable size. In order to get proper current distribution, three anodes are
required.

e) Resistance of single anode:
R = 0.012P log (D/d)/L
wher e

8, 600 ohm cm

3.83 feet, tank di aneter

1-1/2 inches or 0.125 foot, anode di ameter
9 inches or 0.75 foot, anode |ength

0.012 x 8,600 log (3.83/0.125)/0.75

103.2 x log 30.64/0.75

103.2 x 1.486/0.75

204.5 ohns

DUV OVF20OT

This resistance nust be corrected by the fringe factor because they
are short anodes. The fringe factor is 0.48 fromthe curve in Figure 101 for
an L/d = 9/1.5 = 6:

R
R

204.5 x 0.48
98. 2 ohns

f) Resistance of 3 anode group

Rn = (1n)RV + (Pxp)/S
wher e

Rn = total anode-to-electrolyte resistance

n = nunmber of anodes

RV = resistance-to-electrolyte of a single anode
P = electrolyte resistivity

p = "paralleling factor" (from para. 6.2.1.4b)
S = spaci ng between anodes (feet)
Rn = 1/3(98.2) + (8,600 x 0.00289/4)
Rn = 38. 94 ohns

g) Rectifier rating:
(1) E=1IR
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wher e

0.84 A
38.94 ohns
0.84 x 38.94
32.7 V

I

R
E
E

(2) To allow for rectifier aging and filmformation, it is

consi dered good practice to use a 1.5 nultiplying factor

E

1.5 x 32.7 = 49.1 V

(3) The nearest commrercially available rectifier size neeting

t he above requirenents is a 60-V, 4-anp, single-phase unit.

h)

Rectifier location. Locate the rectifier adjacent to tank for

the foll owi ng reasons:

No stressing or

9.7

i)

(1) Usually cheaper to install

(2) Easier to mmintain.

(3) Keeps dc voltage drop to a m ni mum

dc circuit conductors:

(1) External to tank: Use No. 2 AWG HMAPE
(2) Interior of tank: Use No. 8 AWG HMAPE.

bendi ng of the cable should be pernitted.

Under ground Steel Storage Tank. Galvanic cathodic protection is

desi gned for an underground steel storage tank as shown in Figure 110. The
tank is already installed and current requirenent tests have been nade.

9.7.1

Desi gn Dat a

a) Tank dianmeter, 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 requirenments, 0.7 A

f) Packaged, 17-pound standard magnesi um anodes nust be used.

g) The tank is adequately insulated fromforeign structures.
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Grade

’

VASSSZZANY 77 7NN\
I.F 40' .|

—

il

O~ Underground Steel Tank —

r-f-—u

NG
: N\

. _,-,
17-lb,, Magnesium Anodes )

JSoolr

Figure 110
Galvanic Anode Cathodic Protection of Underground Steel Storage Tank
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9.7.2 Conput ati ons

a) M ninmum wei ght of anodes required for tank

W= YSI/E
wher e
Y = 15 years
S =8.81bs/Ayr
I = 0.7 anp
E = 0.50 efficiency
W= 15 x 8.8 x 0.7/0.50
W = 184. 8 pounds

b) Nunber of nagnesi um anodes:

N = 184.8/17 = 10.9 (use 12 anodes for symetry).
Anodes are placed as shown in Figure 110.

9.8 Heating Distribution System |npressed current cathodic protection
is designed for a well coated buried heating distribution systemas shown in
Figure 111. The distribution systemhas not yet been installed, so current
requi rements, etc., cannot be nmade. Rectifier size need not be cal cul ated,
because it is sized in the field after installation of anodes.

9.8.1 Desi gn Data

a) Average soil resistivity, 1,000 ohmcm

b) Design for 80 percent coating efficiency, based on experience.
c) Design for 4 mA/ft2z of bare netal heating conduits.

d) Ground bed resistance nust not exceed 1.5 ohns.

e) Graphite anodes nmust be installed with carbonaceous backfill.
f) Design for 15-year life.

g Insulating joints rmust be provided on both steam and condensate
lines at the first flange connection inside of all buildings.

h) All conduit rmust be nmetallically bonded together in each
manhol e.

i) Al conduit is precoated at the factory and at no tine is it
hol i day- checked.

j) Singl e-phase electric power is available at 120/240 V ac from
t he adm ni stration buil ding.
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Section 1
Boiler House
\( e 2025 - ’/Warohousc
T 8" Condensat Section 3 |
, ‘;4.. S::;m niate Section 4
400 Manhole 6" Condensate
] -~ 10" Steam T
12" Steam 350"
400 450" -amieg- 450" 325' e~ 350" 400"~
L O > 3 e —*
Gm;hite 275"
500' Anodes, ' 10" Steam
3" x 60" in Rectifier Negative to Both Lines/ -'—
| Carbonaceous Section 5
Backfill Hangar
Note: W-Rectifier rd 9
Bond Conduit Casings Section 2 S Administration Bldg.
in Each Manhole
Section 6
Figure 111

Impressed Current Cathodic Protection for Heating Conduit System

9.8.2 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 considered to be the same as the inside diameter.

(1) Steam conduit:

Conduit Size Conduit Length Conduit Area Area of Conduit
(in.) (ft) (ft? /1lin ft) (ft?)
14 1,700 3.67 6,239
12 1,125 3.14 3,533
10 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? /1lin ft) (fe?)
8 1,700 2.09 3,553
6 2,650 1.57 4,161
Total area of condensate return conduit 7,714
Total outside 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:

A = 21,482 x 0.2
A= 4,296 ft2
c) Maxi mum protective current required based on 4 mdft2 of bare
met al :
| = 4,296 x 4
| = 17,184 ma or 17.2 A
d) Maxi mum wei ght of anode material for 15 years life:
(1) G aphite anodes are used.
(2) Average deterioration rate of graphite is 2.0 mA/ftz2
(3) Maxi num wei ght of anode material required:
W= YSI/E
wher e
Y = 15 years
S =20 mAft2
| =17.2 A
E = 0.50 efficiency
W= 15 x 2.0 x 17.2/0.5 pounds
W= 1,032 pounds
9.8.3 G oundbed Desi gn

a) Anode size, 3-inch by 60-inch (backfilled 10-inch by 84-inch)
wei ghi ng 25 pounds per anode unit.

b) Resistance of a single anode to earth:

R = PKL
v
wher e
P = 1,000 ohmcm
L =7.0 feet (backfilled size)
K = 0.0167, L/d = 8.4 (refer to para. 6.2.1.4 a)

1,000 x 0.0167/7.0

2. 39 ohns

A
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c) Nunmber of anodes required. The |ow resistance (2.39 ohnms) of a
singl e anode and the | arge wei ght of anode material required (1,032 pounds)
for a 15-year life indicate that the controlling factor is the anmbunt of anode
material, not ground bed resistance. The ni ni mum nunber 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 follow ng estinmates:

d) Anode distribution:

(1) Area of conduit in sections 1 through 6:

Secti on Length (ft) Surface Area (ft?2)
1 1, 700 3,553 + 6,239 = 9,792
2 500 785 + 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 anode:

21,482/ 41

524 ft2/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

admi ni stration building as shown in Figure 111. The rectifier is sized after
anodes are installed.

9.9 Aircraft Miultiple Hydrant Refueling System Galvanic cathodic
protection is designed for a standard aircraft hydrant refueling system as
shown in Figure 112. This design is for a systemnot yet installed.

9.9.1 Desi gn Data

a) Average soil resistivity is 5,000 ohmcm
b) Design for 90 percent coating efficiency, based on experience.

c) Design for 15-year life.
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d) Design for 1 mA/ft2 of bare pipe after polarization.

e) Magnesi um packaged type anodes must be used.

f) Systemis adequately insulated fromforeign structures.

g Al pipe was mll-coated with hot applied coal-tar enanel 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 Conput ati ons. (See Figure 112)

a) Total outside area of liquid fuel piping serving the hydrant
refuel i ng area:

Pi pe Size (in) Pipe Length (ft) Pipe Area (ft2/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 |aterals) 3 x 960 = 2,880 2,880 x 1.734 = 4,995
Total area of POL pipe in ftz2 7,264

b) Area of bare pipe based on 90 percent coating efficiency
(coating efficiency deteriorates from99.5 percent to 90 percent in the
15-year life of the cathodic protection system:

A
A

7,264 x 0.1
726 ft2

c) Maxi mum current required based on 1 mAft2 of bare pipe:

1.0 mdv/ft2 x 726 ft2
726 mMA or 0.73 A
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Figure 112
Galvanic Anode Cathodic Proteetion for Hydrant Refueling System
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d) M ninum wei ght of anode materi al
W= YSI/E
wher e

15 years

8.8 I bs/A yr

0.50 efficiency

0.73 A

15 x 8.8 x 0.73/0.50
193 pounds

S=s—mn<

It should be noted that the 193 pounds arrived at above is based on
an output current of 0.73 A for the full designed life of the cathodic
protection system 15 years. Strictly speaking, this is not the case because
the current output following a newinstallation is nmuch | ess due to the high
coating efficiency. The average current requirenent at first may be as | ow as
0.015 mA/ft2 of pipe.

e) Current output of a single 9-pound packaged, "high-potential"
magnesi um anode:

120,000 x 0.71 x 1.00/5, 000
17.0 mA

i = Cfy/P
wher e
C = 120,000, constant for magnesi um on well -coated
structures
f = 0.71, anode size factor (refer to Table 3)
y = 1.00, structure potential factor (refer to Table 4)
P = 5,000 ohmcm soil resistivity
| =
i =

Because the structure is well coated, the anode spacing is
relatively great. Therefore, the nultiplying factor for magnesi um anode
groups is not used.

f) Nunmber of anodes (n):
n=1/i
wher e
726 mA, total current required
17.0 mA, current output of one anode

726/ 17
42.7 (use 43 anodes)

5 S T
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g) Anode distribution:
(1) Area of pipe protected by one anode:

A = 7,264/ 43, total area divided by nunmber of anodes
A = 169 ft2/anode

(2) Division of anodes:

Lateral s 4,994/ 169 = 30 anodes
Header 1,860/ 169 = 11 anodes
Supply and return |ines 410/ 169 = 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

bul khead as shown in Figure 113. The well coated bul khead has been installed
and the capability for underwater welding is not available for attachnent of
t he anodes directly to the structure.

9.10.1 Desi gn Dat a

a) Seawater resistivity - 22 ohmcm

b) Soil resistivity on front side of bul khead - 250 ohm cm

c) Soil resistivity on shore side of bul khead - 1,000 ohm cm

d) Design for 0.5 mdft2 for area below high tide level, 0.2
mAV/ft2 in nud at front face of bul khead, and 0.05 mA/ft2 in the soil on the
shore side of the bul khead.

e) Type IIl alum num anodes, buried at the base of the bul khead
will be used to protect the front side of the bul khead as direct attachnment to

t he bul khead by wel ding is not possible.

f) 50-pound standard all oy nagnesi um anodes will be used to
protect the shore side of the bul khead.

g) Design for 15-year anode life.

h) The electrical continuity between sections is not reliable and
bondi ng wi || be required.
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Galvanic &node Cathodic Protection System for
Steel Sheet Piling Bulkhead
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9.10.2 Conput ati ons

a) Total subnerged area of bul khead:

Area of PZ 27 piling is 2.96 ft2 per
lineal foot per foot of depth

Area in water = 2.96 x 36 x 1,000 = 106,560 ft?
Area in nmud (front) = 2.96 x 15 x 1000 = 44,400 ftz
Area on shore side =
sheet piling: 2.96 x 56 x 1000 = 165,760 ft2
ti e backs: 1" diamx 3.14/144 in2./ft2 x 24
long x 100 = 365 ft2

total = 165,760 + 365 = 166,125 ft?2

b) Protective current required on front side:
in water - 106,560 ft2 x 0.5 mAV/ft2 = 53.28 A
in mud - 44,400 ft2 x 0.2 mAVft2 = 8.88 A
total - 53.28 + 8.88 = 62.16 A

c) Protective current required on shore side:

166, 125 ft2 x 0.05 mA/ft2z = 8.3 A

d) Qutput from Type A420 Type |1l alum num alloy anodes is 4.75 A
(refer to Table 24).

Nunber of anodes required for current output:
N = /i
wher e
nunber of anodes required
current requirenent (A)
out put per anode (A)

62.16/4.75
13.08 (say 13)

z2zZz—7—2

e) M ninmum wei ght of anodes required for 15 year life:

W= YS
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W = wei ght of anodes required

Y = 15 years

S=7.61bs/Ayr (in this case includes efficiency factor)
| = 62.16 A

W =

7.6 x 62.16 = 7086

Each anode wei ghs 365 pounds, thus for the desired systemlife, the required
nunber of anodes is:

7086/ 365

= 19.4 (say 20)

There is an option to either select anodes with | ess output per pound of

mat eri a

or

use 20 anodes. Conservative design using 20 anodes was sel ect ed.
f) CQutput from 32-pound magnesi um anodes on shore side:
i = Cfylp
wher e
i = current output in mA
C = 120,000 constant for well coated structures using
magnesi um
f = 1.06 anode size factor (refer to Table 3)
y = 1.0 structural potential factor (refer to Table 4)
p = 1,000 ohmcm soil resistivity
i = (120,000 x 1.06 x 1.00)/1, 000
i = 127.2 mA
g) Nunber of anodes required for current output:
N=1/i
wher e
N = nunber of anodes required
| = current requirenent (A)
i = output per anode (A)
N = 8.3/0.127
N = 65.35 (say 66 anodes)

h)

M ni mum wei ght of anodes required for 15-year life.

W= YSI/E
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wher e

wei ght of anodes required

15 years

8.8 I bs/A yr

8.3 A

60% anode efficiency (see Figure 73)
(15 x 8.8 x 8.3)/60%

1826

S=smTwn<s

As shown bel ow, the systemcan be |limted either by anode output or anode

wei ght. Sixty-six anodes each wei ghing 32 pounds have a total weigh of 2,080
pounds and will thus provide the desired anode life. Fifty 32-pound anodes
wei gh 1,600 pounds, thus the systemwill be linmted by the weight of the
anodes for the desired systemlife.

9.11 Steel Sheet Piling in Seawater (lnpressed Current). The same
installation as described in para. 9.10 is to be protected using an inpressed
current system

9.11.1 Design Data. Structure and environment are identical to those in
para. 9.10.

a) Sl ed-mounted HSCBClI anodes are to be used for the front side of
t he bul khead.

b) Vertical HSCBCI anodes are to be used on the shore side of the
bul khead.

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 |ocations
al ong bul khead.

d) Anode bed resistances nmust not exceed 2 ohns.

9.11.2 Conput at i ons

a) Anode sled design (seawater side):
Sel ect 2- by 60-foot anode as shown in Figure 89.

Since the anode will be immersed in water, the forrmula for a vertical anode
can be used:

R= (PIL)/K
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wher e

el ectrol yte-to-anode resistance for a single
hori zontal anode

250-ohm centinmeter soil resistivity

5-f oot anode | ength

0.0234 factor for length to dianeter (refer to
para. 6.2.1.4)

(250/5) x (0.0234)

1.17

xW RNRC-T XD
I

b) M ni mum wei ght of anodes required for 15-year life (front
side):

W= YSI
wher e

wei ght of anodes required

15 years

1 lbs/Ayr (in this case includes efficiency factor)
57.13 A

15 x 1 x 57.13 = 857 pounds

T o0<sz
W

Each anode wei ghs 44 pounds, thus for the desired systemlife, the required
nunmber of anodes is:

857/ 44 = 19.5 (say 20)

c) Nunber of anodes required for current output (front side):

N=1/i
wher e
N = nunber of anodes required
| = current requirenent (A)
i = output per anode (A)
N =57.3/1.5
N = 38.2 (say 40)
Thus, the nunber of anodes will be limted by the output per anode.

d) Resistance of dc circuit. Resistance of the anodes is
negligi bl e because the 40 anodes, each with a resistance of 1.17 ohms, wll be
in parallel. Resistance of the feeder conductor (1,000 feet of HWAWPE Size #4)
is 0.254 ohms (refer to Table 10). Resistance of the 1, 000-foot #4 bond
header is al so 0.254 ohns:

Rf = 0. 254 ohns

Rn = 0. 254 ohns

R =R + R = 0.508 ohns
t f n
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e) Sizing rectifier requirenments:
dc current - 57.13 A
Anode circuit resistance - 0.508 ohns
dc voltage = IR = 57.13 x 0.508 = 29 V
A standard rectifier in this range has an output of 90 A at 42 V.
f) Anode bed design (shore side):
Sel ect 2- by 60-foot anodes.
For current distribution, a distributed anode system shoul d be used.

Conpare resistances of single anodes with and wi thout backfill:

Wt hout backfill:

R= (P/L)K
wher e
R = el ectrol yte-to-anode resistance for a single vertica
anode.
P = 1,000-ohmcmsoil resistivity
L = 5-foot anode |l ength
K = 0.0234 factor for length to dianmeter (refer to para.
6.2.1.4)
R = (1000/5) 0. 0234
R = 4.68
Wth 10-inch di aneter backfill in hole:
R = (P/L)K
wher e
R = el ectrol yte-to-anode resistance for a single vertica
anode
P = 1,000-ohmcmsoil resistivity
L = 10-foot backfill Iength
K = 0.0186 factor for length to dianmeter (refer to para.
6.2.1.4)
R = (1, 000/ 10)0.0186
R = 1.86 ohns
Since backfill is required to reduce the resistance below 2 ohns, backfill is
required.
g) M ninmum wei ght of anodes required for 15-year life (shore
side).

W= YS|
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wher e
W = wei ght of anodes required
Y = 15 years
S=11bs/Ayr (in this case includes efficiency factor)
| =83A
W =

15 x 1 x 8.3 = 124.5 pounds

Each anode wei ghs 44 pounds, thus for the desired systemlife, the required
nunber of anodes is:

124.5/44 = 2.8 (say 3)

h) Nunber of anodes required for current output (shore side):

N=1/i
wher e
N = nunmber of anodes required
| = current requirenent (A)
i = output per anode (A
N=28.3/15
N = 5.5 (say 6)
Thus, the nunmber of anodes will be |limted by the output per anode.

i) Resistance of dc circuit:
Resi stance 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 = 0.310 ohns

Resi st ance of feeder conductor 1,000 feet of HWAPE Size #4 (0.254 ohms per M
feet) (refer to Table 10):

R = 0. 254
Total resistance = 0.254 + 0.310 = 0.564 ohns.
j) Sizing rectifier (shore side):
Requi renent s:
dc current - 8.3 A
Anode circuit resistance - 0.564 ohns
dc voltage = IR =8.3 x 0.564 = 4.68 V

A standard rectifier in this range has an output of 12 A at 6 V. Typica
installation of this systemis shown in Figure 114.
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Figure 114
Impressed Current Cathodie Protection System
for Steel Sheet Piling Bulkhead

9.12 Steel H Piling in Seawater (Galvanic Anodes). Galvanic anode catho
protection is provided for a 200-foot-long, 30-foot-wide pier supported b
piling as shown in Figure 115. The pilings are coated to the low tide le
but are uncoated below the low tide level. A system which can be install

and maintained without divers is desired.
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Figure 115
Pier Supported by H Piling for Para. 9.12

9.12.1 Design Data
a) Seawater resistivity - 22 ohm-cm.

b) Design for 2 mA/ftA2U between low tide level and the bottom,
1 mA/FtA2U 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.

) Electrical continuity between piling and the deck reinforceme
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 ftA2U per lineal foot
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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 ft?

b) Protective current required:
In water - 5,600 ft2 x 2 mA/ft2z = 11.2 A
In nmud - 3,500 ftz x 1 mVft2 = 3.5 A
Total = 14.7 A

c) Mninmum wei ght of anodes required for 10-year anode life:

W= YSI
wher e
W = wei ght of anodes required
Y = 10 years
S =7.6 Ibs/A yr (includes efficiency factor)
| = 14.7 A current required
W= 10 x 7.6 x 14.7 = 1,117.2 pounds

As there are 10 bents it is desirable for current distribution to have at
| east one anode per bent. Thus, 120-pound anodes should be used if the
current output per anode is sufficient.
d) Current output per anode:
Resi stance of a single vertical anode (refer to para. 6.2.1.4)
RV = (P/L)K
wher e

el ectrol yte-to-anode resistance

R\/

P = electrolyte resistivity
L = anode | ength
K = shape function

For A-120 anodes (refer to Table 22)

R, = 22/1(0.008) = 0.176 ohns

For A-120-1 anodes (refer to Table 22)

R, = 22/2(0.012) = 0.132 ohns

For A-120-2 anodes (refer to Table 22)
RV = 22/ 4(0.017) = 0.093 ohns
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Current output for each anode type:

For A-120

| = E/R =0.25/0.176 = 1.42 A
For A-120-1

| =B/ R=0.25/0.132 =1.89 A
For A-120-2

| =B/ R=0.25/0.132 =2.69 A

As the required output fromeach anode is 1.47 A the A-120-1
anodes shoul d be sel ected. The anodes should be installed in a manner sim |l ar
to that shown in Figure 79

9.13 Steel HPiling in Seawater (Inpressed Current). The sane structure
as in para. 9.12 is to be protected using an inpressed current system

9.13.1 Desi gn Data

a) Seawater resistivity - 22 ohmcm

b) Design for 2 md¥ft2 between |low tide | evel and the bottom 1
mA/ ft2 in the nud.

c) HSCBClI anodes, suspended fromthe pier deck, will be used.

d) The structure-to-electrolyte potential for the protected
structure will be -850 nw.

e) Electrical continuity between piling and the deck reinforcenent

is good and no additional bonding will be required.
9.13.2 Conput at i ons
a) Total current requirement will be the sane as in para. 9.12:

Total = 14.7 A

b) As in the previous exanple, one anode will be used per bent for
proper current distribution. The resistance of a single anode is:

Resi stance of a single vertical anode (refer to para. 6.2.1.4)

R, = (PILK

210



M L- HDBK- 1004/ 10

wher e

el ectrol yte-to-anode resistance

electrolyte resistivity
anode | ength
shape function

AMCT <;U
1

For 2- by 60-inch anodes:
RV = 22/5(0.0234) = 0.103 ohns

c) Weight of anodes required:

W= YSI
wher e
W = wei ght of anodes required
Y = 10 years
S =1 1bs/A yr (includes efficiency factor)
| = 14.7 A current required
W= 10 x 1 x 14.7 = 147 pounds

Each 2- by 60-inch anode wei ghs 44 pounds, thus ten anodes woul d
have a life significantly | onger than 10 years.

d) Resistance of dc circuit:
The resistance for ten w dely spaced anodes is

1/R = 1/0.103 + 1/0.103 + 1/0.103 + 1/0.103 + 1/0.103 + 1/0.103 + 1/0.103
1/0.103 + 1/0.103 + 1/0.103

R = 0.010 ohns

Resi st ance of feeder conductor: 200 feet of HWAWPE Size #4 (0.254
ohns per Mfeet) (refer to Table 10):

R =0.254 x 0.2 = 0.05 ohns
e) Sizing of rectifier
Requi renent s:
dc current - 14.7 A
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 inpressed current anodes on a pier structure.
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Section 10: | NSTALLATI ON AND CONSTRUCTI ON PRACTI CES

10.1 Factors to Consider. Cathodic protection systens, and the
structure to be protected, nust 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 systens.

Particul ar attention should be paid to nmaintaining the condition of
the coating on the structure and maintaining the structural continuity and

i solation required for proper cathodic protection systemoperation. |f the
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 sane
structure if bare. Sacrificial anode systens, which cannot be easily adjusted
to provide increased current output, are the nost susceptible to poor
performance if the coating system does not nmeet original specifications. Open
bonds and shorts to other structures are common causes of inadequate
protection and the resulting interference can cause accel erated corrosion
damage. Careful inspection during the entire construction process, both of
the cathodic protection systemand of the structures to be protected are vita
to the successful application of cathodic protection.

10. 2 Pl anni ng of Construction. The nost inportant factor in the

pl anni ng of construction of facilities that include cathodic protection is the
pl anni ng of inspections to insure that coatings are properly applied and not
damaged during construction, and that proper isolation and bonding are

achi eved. For buried structures, these inspections nmust be performed before
backfilling. Once the structure or other system conponents are buried,
identification and correction of any discrepancies is difficult.

10. 3 Pipeline Coating. |Interference problens are severe for |ong
structures such as pipelines. It is highly desirable to reduce the anount of
current required to protect pipelines to the | owest |evels possible. High
quality coatings, properly selected and applied, and installation of the Iine
wi t hout damaging the coating is vital to achieving protection at the | ow
current levels desired. Often, coating application and prevention of danage
during installation are nore inportant than the materials used.

10.3.1 Over-the-Ditch Coating. Over-the-ditch coating systems have the
advant age of reducing handling of the coated pipe before installation. Over-
the-ditch coating is best used when |ong 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 pipeis lowered into the ditch
directly after coating, the inspector should electrically inspect each section
using a holiday detector or "jeep" inmediately before backfilling. |If the

pipeline is held on skids, the skids should be padded to prevent coating
damage. Danmage caused by skids rmust be patched before inspection of the
coating, lowering of pipeline into the ditch, and backfilling.

10.3.2 Yard Applied Coating. The use of yard or m || applied coatings is
preferred over field applied coatings since better surface preparation and
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application are normally achieved under the nore controlled conditions at a
stationary plant. The coating should be inspected upon receipt at the

construction site when unloading. Inspections should be performed i mredi ately
prior to placing the pipe in the ditch after all joint and field patches have
been made.

10. 3.3 Joint and Danmage Repair. Joints and field repairs should be made

with coatings conpatible with the primary coating systemused. Joints and
field patches should be carefully inspected before placing the pipe in the
di tch.

10.3. 4 I nspection. Electric Holiday Detectors should be used for al
coating inspections. |If properly used they can detect flaws in the coating

whi ch may not be visible. 1In addition to the use of the Holiday Detector, the
i nspector should al so make detail ed visual inspection of the coatings and
occasi onal neasurements of the bond strength. Visual inspection should also

i ncl ude observation of the follow ng:

a) surface preparation and coating - if practica

b) handling of the pipe

c) lowering of the pipe into the ditch

d) backfilling operations
Any material, even the highest quality, when applied and handl ed carel essly
will performpoorly, but a marginal quality material will performwell when
carefully applied and install ed.
10. 4 Coatings for Oher Structures. Coatings on other structures are

equal ly critical when the cathodic protection systemrelies on the quality of
the coating to achieve protective potentials with the avail abl e system

current. Inspections during surface preparation, coating, handling,

pl acenent, and backfilling are vital to the performance of the overall system
10.5 Pipeline Installation. The use of casings to give mechanica
protection to the pipeline at grade crossings, etc., is sonetimes required by

| aw, code, or physical condition. The use of casings should be avoided

wher ever possible due to the difficulty of protecting the pipeline within the
casing and difficulties in maintaining isolation between the casing and the

pi peline. The use of proper techniques when foreign pipeline crossings are
made is necessary to nminimze interference. Insulating joints should be
properly installed. Effectiveness is achieved using adequate test and bondi ng
stations.

10.5.1 Casings. Casings should be uncoated. The casing should be
isolated fromthe pipeline with insulators and cradl es which nmust be properly
installed. The annular space at the ends of the casing should be sealed to
prevent the entry of npisture 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 danage to the coating when the pipe is pulled
into the casing. The annul ar space between the casing and the pipe nust be
kept dry until it is sealed. Casing-to-pipe resistance should be neasured. 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 common
installed under existing lines. The owner of the foreign line should be
contacted to obtain permission to install test leads and possibly to coat
short section of the foreign line. Since solutions to problems at foreig
crossings require cooperative efforts, effective coordination is essentia
As discussed in Section 13 of this handbook, corrosion coordinating
committees have been established in many areas to facilitate coordination
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 almost any cost. Installation of insulating m
at crossings is recommended if substantial earth currents are detected in
the area or 1T 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.

‘Test Station

Paving

Casing Carrier
Pipe

Flgure 116
Test Station for Under-Road Casing Isolatien

10.5.3 Insulating Joints. Insulating, or isolating joints must be selec
so that the materials are compatible with the service environment.
Isolation of steam conduits is especially troublesome. Isolating couplin
must be properly assembled and tested to insure that they will be effecti
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
into the pipeline. This will prevent mechanical damage to the insulating
joint associated with misalignment. Flanges should be tested with a radi
frequency type insulation checker after assembly to insure that they have
been properly assembled. Effectiveness of buried flanges must be verifie
by impressing a
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potential on one side of the flange and nmeasuring 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
bondi ng shoul d be installed at each buried insulating flange.

10.5.4 Bonds. Bonds between structure sections and to foreign structures
shoul d be made with No. 4 AW5 7-strand insul ated cable unless larger cable is
required. Each bond should be brought into a test station to determ ne bond
ef fectiveness and to install resistive bonds if required.

10.6 El ectrical Connections. Electrical connections to the structure
are comonly made using therno-weld techniques. The connections should be
i nspected visually before and after insulation is applied. |f safety or other

conditions preclude the use of the thernmo-wel d process on site, the |eads
shoul d be attached to netal tabs by therno-wel ding and the tabs either

sol dered or mechanically attached to the structure. All electrica
connections should be insulated. Oher electrical connections should be
t her no- wel ded where practical as this nethod of connection is extremely
reliable. Mechanical connections should be of the proper type for the

i ntended use and shoul d be properly assenbled. All connections should be
i nspected before and after insulation

10. 7 Test Stations. As described in paras. 6.7.3 and 7.10.4, test
stations are required for initial test and adjustnment of the cathodic
protection systens, and for future inspection and maintenance. Attachnent of
"spare" test |leads to buried structures is recommended as excavation to
reconnect test leads is expensive. All test station |eads should be either
color coded or labeled with a netal 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
shoul d be installed.

10. 8 Sacrificial Anode Installation. Sacrificial anodes should al ways
be installed at | east 3 feet bel ow grade whenever possible. The top of the
anode should be at |east as deep as the structure to be protected. Horizonta
sacrificial anode installations should be used only if obstructions such as
rock outcrops preclude vertical installations. Anodes suspended in water
shoul d be installed according to the system design and a cabl e connection

bet ween the structure and the suspension link is nornmally required. Anode

| ead wires should never be used to suspend, carry, or install the anode.

10.8.1 Vertical. As shown in Figure 117, sacrificial anodes are commonly
installed vertically in augered holes. |f caving or unstable soil conditions
are encountered, a thin netal (stovepipe) casing nmay be used. Anodes should
be | ocated on alternating sides of the pipe when possible to reduce
interference and allow for nore even current distribution. Any inperneable

wr appi ng shoul d be renoved from packaged anodes prior to placing themin the
hol es. The cloth bag used with packaged anodes should be carefully handl ed as

| oss of backfill will result in reduced anode output. The anodes shoul d be
| owered 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 |ead

cabl e should not be used to | ower the anode into the hole as the anode-to-
cabl e 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 lift tamped into place to
eliminate voids. i

[

Lead Wire Trench Basc kifl'“ RwiI:\ ixcavaf;d
and Bell Hole Area otl, Rocks Remove o
\ ‘ /leshed Grade
AN j A
A ' Slack in Thermit Weld
3 Q N%n. Lead Wire and Coat
Min,
NI | o NIl
N o=
A SSSOSNNERY
N A\ ipe
’\\ I 5' to 10
N1
|
\\ | Packaged Magnesium Anode
N| u
A\\ QN
Figure 117
Vertical Sacrificial Anode Installation
10.8.2 -Horizontal. Horizontal installation of sacrificial anodes is

sometimes required due to obstructions 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
resistivity soil. Anode lead wires should never be used to suspend, carry, or
install anode.
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10.9.1 Vertical. This is the nost common type of inpressed current anode
installation. Both graphite and HSCBCI anodes are brittle and nust be
carefully handl ed to prevent breakage. The anode cable is particularly prone
to failure if the insulation is damaged in any way and particul ar care nust be
exercised in handling the anode | eads. As inpressed current cathodic
protecti on anodes are generally | onger than sacrificial anodes, excavation of
holes for themis often nore difficult. "Jetting" of bare anodes is sonmetines
possi bl e in sandy soils using equi pment specially designed for this purpose.

If caving of the hole is encountered, either the use of a packaged "canned"

anode conplete with backfill, or a thin metal "stovepipe" casing may be
necessary. |f bare anodes are used, the backfill should be added as soon as
t he anodes are placed. The backfill should be well tanped to insure good
contact with the anode. The backfill should be used to fill the hole to

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 HSCBC
anode with backfill is shown in Figure 120. A typical vertical installation
of a "canned" HSCBCI anode is shown in Figure 121

10.9.2 Hori zontal. Horizontal installations of inpressed current anodes
are | ess 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 soi
resistivities are very low and the increased resistance of the horizonta
installation is not significant. A typical horizontal installation of a
HSCBCI anode is shown in Figure 122. A mininumof 2 feet of burial for al
cables and 3 feet of burial for the anode is recomended. The excavation

shoul d be partially filled with backfill before the anode is placed. After
the anode is placed, the remainder of the backfill should be added and tanped
into place. |If backfill is not required, soil free fromstones or debris
shoul d be used to fill the excavation. Again, it nust be renmenbered that

i mpressed current anodes, and particularly the anode | eads, are susceptible to
damage and nust be handl ed careful ly.

10.9.3 Deep Anode Beds. |In sone installations where interference problens
are severe, anode beds are sonetines installed deep below the surface. This
causes the current flow to becone nore vertical and reduces interference

bet ween hori zontally di splaced structures. Deep anodes are al so used where
the resistivity of the soil near the surface is high. Anodes installed deeper
than 50 feet are called "deep" anodes. Specialized equipnment and skill is
required for the installation of such an anode array. Installation of deep
anode systens is described in NACE Standard RP-50-72. Type TAD HSCBCI or
center tapped 3- by 60-inch graphite are suitable for such installations.
Newl y devel oped deep anode systens using platinized anodes show consi derabl e
prom se for such applications. A typical deep anode system usi ng HSCBC
anodes is shown in Figures 123 and 124.
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Vertical HSCBCI Anode Installation
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Typical Deep Well Anode Cathodic Protection Installation
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Deep Anode Installacion Details

224




M L- HDBK- 1004/ 10

10.9.4 O her Anode Types. Button anodes and platini zed anodes are
conmonly mounted directly on the structure. Their installation requires that
t he anode el ement be electrically isolated fromthe structure so that the
protective current will flow through the electrolyte. Miintaining this

i solation requires that the anodes be mounted in accordance with the

manuf acturer'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-nmounted anode in order to insure
proper current distribution. Anodes suspended in water should never be
suspended using the cable | eads but should be suspended using either chenica
resistant lines or net bags. Nylon and pol ypropyl ene are conmmonly used for
such applications.

10.9.5 Connections. All connections between the anodes and rectifier in

i mpressed current cathodic protection systems are extremely critical. The
nunber and | ocation of all connections and splices should be kept to a mini num
and shoul d be installed according to the design and not left to the discretion
of the installer. Therno-weld connections are preferred, although nechanica
connections may be used. All of the connections in contact with the

el ectrol yte should be encapsul ated usi ng epoxy materi al

10. 10 | npressed Current Rectifier Installation. Rectifiers are usually
ei t her pol e-nounted or pad-mounted units. They should be installed according
to applicabl e codes and gui dance applicable to all electrical. Even though

exposed wiring may be permissible, wiring in conduit is preferred to reduce
vandal i sm and deterioration. All rectifier installations should be equi pped
with a fused switch to all ow di sconnection of power to the rectifier. Typica
pol e nounted and pad nounted rectifier installations are shown in Figures 125
and 126.
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Typical Pole-Mounted Cathodic Protection
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Section 11: SYSTEM CHECKOUT AND | NI TI AL ADJUSTMENTS

11.1 Introduction. After a cathodic protection systemis installed, it
nmust be checked out to determine if protective potentials have been achi eved
wi thout interference to other structures in the vicinity. Initial testing

shoul d be considered to be part of the system design and installation and
shoul d be the responsibility of the designer of the system The structure-to-
el ectrolyte potential neasurenent is the basic nmeasurenent that is used to
determ ne 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
recommended for evaluation of the effectiveness of cathodic protection systens
on steel structures. Problens 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
shoul d be neasured at each test station or test point. Due to polarization
effects, these potentials may change substantially within the first year of
installation, and should be checked nonthly for the first 3 nonths, then
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 neasured at each potential current
test station since anode current neasurenments can be used to deternine the
cause of |low potential readings and to better estimate sacrificial anode
consunption rates. Anode currents should also be read nmonthly for the first 3
nmont hs and then quarterly 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 |ow potential readings are found

over points where current is either entering or |eaving the structure.
Met hods of detecting and correcting interference problenms in cathodic
protection systens are described in para. 5.2.1.

11. 4 Adj ustment of |npressed Current Systenms. Adjustnment of rectifier
output is the nost commpn adjustment made in inpressed current cathodic
protection systenms. Underprotection or overprotection can be corrected by
adjusting rectifier output if the structure-to-electrolyte potentials are
fairly uniformover the structure and the required output is within the
capacity of the rectifier. Rectifier output should not require frequent

adj ustment as system changes that can be corrected by rectifier adjustnent
occur slowy. Inproper systempotentials may al so be the result of unusua
seasonal conditions and may be self correcting.

11. 4.1 Uneven Structure-To-Electrolyte Potentials. |If the structure-to-

el ectrolyte potentials are vastly uneven, overprotection or underprotection in
some areas in order to achieve proper potentials in other areas may result.

In this case, if interference is not present, output of anodes at the areas of

underprotection will have to be increased or anodes added. The output of
anodes in the areas of over protection will have to be reduced. |f the anodes
are connected through resistors, resistor adjustment may be adequate. |f the

structure is protected by inpressed systenms with point ground beds,
under protected areas may have to be inproved by the addition of inpressed
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current anode beds in appropriate |locations. |If the anodes are not connected
t hrough resistors, resistors may be added. Protective output can be increased
or decreased locally by installing additional anodes or disconnecting anodes
as necessary.

11.4.2 Rectifier Voltage and Current Capacity. |f the voltage capacity of
the rectifier is inadequate to provide sufficient current to achieve
protection, reduction of systemresistance by the installation of additiona
anodes nmay be appropriate. |If the current capacity of the rectifier proves

i nadequat e, and correction of any interference or shorts does not result in
adequate protection over a period of 1 year, then additional current nust be
supplied either by installing an additional rectifier in parallel with the
existing rectifier, or installing a |larger capacity rectifier in place of the
existing rectifier.

11.5 Adj ust ment of Sacrificial Anode Systens. Overprotection in
sacrificial anode cathodic protection systens is rare as the open circuit
(maxi mun) potential of nobst anode materials is normally | ess than that
potential considered to be excessive. Potentials nore negative than those
required for protection are, however, wasteful and will result in premature
anode consunption. Potentials in sacrificial anode cathodic protection
systens can be easily adjusted by inserting an adjustable resistor in the
anode |l ead and adjusting it to give the current required for adequate
protection.

11.5.1 Low Anode Current Levels. Low anode current output resulting in

i nadequate protection is common in sacrificial anode cathodic protection
systens. Low anode current output can be the result of high soil resistivity
or high circuit resistance. |f high soil resistivity is suspected, wet down
the soil over the anodes and reneasure the current output after a few days.

If the current increases to give adequate protection, then high soi
resistivity probl ens have been confirmed. |[|f lowering the soil resistivity in
the vicinity of the anodes does not result in increased anode output, then
high circuit resistance may be the problemand all |eads and connecti ons
shoul d be checked. |If all |eads and connections are all right and the output
is still too low, then nore anodes are required to provide additional current.
In the case of an inpressed system the rectifier voltage nay be increased.

11.5.2 | nadequate Protection at Designed Current Levels. |If a situation

i s encountered where anode current output is within design linits and adequate
protection is not obtained, the current required for protection may be nore
than originally anticipated. This nay be due to interference, unusually
corrosive soil conditions, a poorly performing coating on the structure, or a

shorted dielectric fitting. |If any interference has been corrected and
i nadequate protection is still encountered, either nore anodes will have to be
installed, or the rectifier current output will have to be increased, or both.
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Section 12: MAI NTAI NI NG CATHODI C PROTECTI ON SYSTEMS

12.1 Introduction. |In order to provide the increased structura
lifetime and reliability intended, cathodic protection systens nust be

noni tored and mei ntai ned. Econonic analysis, made at the tinme when cathodic
protection was sel ected as a neans of corrosion control, should have included
the cost of periodic nonitoring and mai nt enance.

12. 2 Requi red Periodic Mnitoring and Miintenance. The effectiveness of
cat hodic protection systens usually changes with tine. The consunption of
both sacrificial and inpressed current anodes can result in decreased anode
out put which results in inadequate protection. Deterioration of cable

i nsul ation or connections can result in increased circuit resistance with
simlar effects. Rectifier output nmay be reduced by aging of the stacks, or
may be conpletely interrupted by electrical failure. The corrosion
environnent may change if there is a change in drainage patterns or the area
around an anode is paved reducing |ocal soil noisture content. Construction
of additional structures or nodification to existing structures in the area
may result in interference

12.3 Design Data Required for System Maintenance. |n order for a

cat hodic protection systemto be effectively nmonitored and naintai ned, the
paranmeters used in the design of the systemand the "as built" configuration
of the system nmust be known.

12.3.1 Drawi ngs. "As built" drawi ngs of the cathodic protection system
and the structure being protected should be avail able as well as draw ngs of
other structures in the area which m ght cause interference problens. The

cat hodi c protection system draw ngs should include, as a nminimm the |ocation
and configuration of all test stations, the |ocation and type of all anodes
and rectifiers, and the location of all connections and insulating joints.
These drawi ngs shoul d be periodically updated to show any changes nade to the
cat hodic protection system the structure being protected, or nearby
structures.

12.3.2 System Data. The followi ng system desi gn paranmeters should be
recorded and kept with the systemdrawings in order to properly nonitor and
mai ntain 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 sone cases, different
criteria may be used to establish mninumprotective potentials at different
| ocati ons of the same structure.

12.3.2.2 Current Qutput. The design current outputs of the rectifiers or
sacrificial anodes in the system should be recorded. This data is nost
important in the initial systemcheckout but may al so be used to eval uate
di screpancies in structure-to-electrolyte potential readings.

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 adjustnent, should be periodically recorded as described in
paras. 12.4 and 12.5. Potential readings taken both at the tinme of initia
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system adj ust ment and during periodic nonitoring 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 nore inportant than the actual val ues
t hemsel ves in determ ning the cause of inproper 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

mai nt enance files and a copy should be kept within the rectifier enclosure for
field reference.

12. 4 Basi ¢ _Mai nt enance Requirenments. Basic maintenance requirenents are
as follows:

a) Mnthly. Take rectifier panel meter and tap setting readings.
Record readi ngs (see sanple form- Figure 127). Check rectifier connections.

b) Quarterly. Take structure-to-electrolyte potential readings at
sel ected locations (not |ess than four points per system). The test points
shoul d i ncl ude:

(1) the point of |east negative potential
(2) the point of highest negative potential, and

(3) two points of |east negative potential not the sane as
(1). Record readings (see sanple form- Figure 128). |nspect anode-to-
structure connections in galvanic anode systens quarterly.

c) Annually. Inspect subnerged sacrificial and inpressed current
anodes for consunption. |Inspect test stations for broken wires, |oose
connections or other damage. Mke structure-to-electrolyte potential readings
at all test points and subnmit data in accordance with Agency instructions.

In addition to the basic requirenents |isted above, opportunities
to inspect buried or otherw se 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 CGui dance for Mintenance

12.5.1 Agency Mai nt enance and Operations Manuals. Agency M ntenance and
Operation Manuals, (MO 306, Corrosion Prevention and Control, and MO 307,

Cat hodic Protection Systens Mintenance) give current guidance for the

mai nt enance and operation of cathodic protection systens and provide

i nformation on other methods of corrosion control
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12.5.2 DOT Regul ations. Departnent of Transportation Regul ations
(Appendi x E) also give guidelines for the establishment of an effective
i nspection and nmai nt enance program for cathodic protection systens.

12.5.3 NACE St andards. NACE St andards RP-02-85, RP-01-69, and RP-50-72,

al so include guidelines for the nonitoring and mai ntenance of cathodic
protection systens or conponents.

235



M L- HDBK- 1004/ 10

THI' S PAGE | NTENTI ONALLY LEFT BLANK

236



MIL-HDBK-1004/10
Section 13: ECONOMIC ANALYSIS

13.1 Importance of Economic Analysis. Economic analysis is a
methodology utilized by decision-makers to compare quantitative informati
and select alternatives based on economic desirability. Beyond this, suc
issues as resource availability, fluctuating operation costs, and
uncertainty have significant impacts on the decision-making process.

Cathodic protection is a form of corrosion control. Economic
analysis 1s a tool that allows an evaluation of system performance (with
without cathodic protection), so that an assessment may be made in the
context of such factors as safety, health, and operational necessity.

13.2 Economic Analysis Process. The economic analysis process consi
of six steps (refer to NAVFAC P-442):

a) Define the objective

b) Generate alternatives

c) Formulate assumptions

d) Determine costs and benefits

e) Compare costs and benefits and rank alternatives

) Perform sensitivity analysis

8IX STEPS OF ECONOMIC ANALYSIS

COMPARE

OBJECTIVE —» ALTERNATIVES [ ASSUMPTIONS }—« COST/BENEFIT — COSTS/BENEFITS

SENSITIVITY
ANALYSIS

The drawing above summarizes the process. All six steps must be performe
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 inche
in diameter and 10,000 feet long. It should be unbiased, well-defined an
incorporate a measurable standard of performance.
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13.2.2 Generate Alternatives. After the objective statenent is defined,
all feasible alternatives should be generated that will neet that objective.
"Undesirabl e" alternatives should al so be considered. They may provide
additional information that can be utilized by the decision-nmaker.

13.2.3 Formul ate Assunptions. The economi c process involves estimates of
future expenditures and uncertainty. Thus, assunptions often nmust be made in
order to analyze various alternatives. Assunptions should be clearly defined
and docunmented. Thorough docunentation requires that all sources be cited.

13.2.4 Determi ne Costs and Benefits. The deternination of costs and
benefits requires collection and anal ysis of data. Data nust 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 tine
to be analyzed. The specific factors linmting 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)
i s antici pated;

b) The physical life, or period over which the asset(s) may be
expected to | ast physically;

c) The technological life, or period before obsol escence woul d
dictate replacenent of the existing (or prospective) asset(s).

The econonic life is defined as the period of tine during which a proposa
provides a positive benefit to the Navy (refer to NAVFAC P-442). Although the
physical life of an asset nay be quite long, the mission or technological life
is constrained to a shorter period of time (25 years maxinum. Anticipated
need of an asset and possi bl e obsol escence are difficult to predict. The
economc life is determned to be the | east of the mssion |ife, physica

life, and technological life. The nmethod of discounting, used to detern ne
the present value of costs and benefits, also suggests that 25 years be the
maxi mum econonic life. Refer to Appendix B for econonmic |ife guidelines.

13.2.4.1 Costs. Cost estimates place a dollar value on materials, |abor

mai nt enance, and acquisition of a proposed alternative. Discounting of these
values allows life cycle costing of that alternative. To conpute present

val ues, a 10 percent discount rate is assumed and is used for npbst Government
i nvestments. 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 econonic anal ysis
is the total cost to the Governnent 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 (tine of analysis), are not
to be considered. These include costs that have al ready been spent, such as
research and devel opment and previ ous acqui sition of an asset.

a) One-time costs are costs that occur at one point in tine or at
di fferent values over an extended period of tine (econonmic life). Exanples
are acquisition costs, research and devel opnent (after the decision point),
and term nal or salvage value of asset at the end of its econonic life.
Recurring annual costs are costs that occur annually over an extended period
of time (economic life). Exanples are personnel costs, operating costs, and
mai nt enance.

238



M L- HDBK- 1004/ 10

b) Depreciation has no effect on cash flow for Governnment
i nvestments (refer to NAVFAC P-442).

c) Inflation costs are neasured in constant dollars, or in terns
of a base year (year 0 of the analysis). Wen costs of |abor and materials
are expected to rise (or lower) with the general inflation rate, no specia
treatment of inflation is needed. As stated in para. 13.2.4.1, the use of a
di scount factor of 10 percent adjusts for the general inflation rate.
CQccasional ly, cost estimates need special treatment. For exanple, oil prices
escal ated 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 al ways be docunented for each cost
el ement of the econonic analysis. The specific data source, method of data
derivation (if applicable), and an assessnent of the accuracy of the cost
el ement are required (refer to NAVFAC P-442).

13.2.4.2 Benefits. Benefits are an inportant consideration in the economc
process. NAVFAC P-442 specifies four types of benefits:

a) Direct cost savings

b) Efficiency/productivity increases
c) Oher quantifiable output measures
d) Nonquantifiabl e output mneasures

Speci al caution nmust be taken when eval uating benefits. All potentia
benefits nmust be identified for each alternative and quantified whenever
possi bl e. Unquantifiable benefits nmust also be identified. A qualitative
statement will provide the decision-maker with additional information.
Docurment negative aspects as well. Mst inportant, source data shoul d al ways
be docunmented. A thorough treatment of benefit docunentation can be found in
Chapter V of NAVFAC P-442.

13.2.5 Conpare Costs and Benefits and Rank Alternatives. After the costs
and benefits are determ ned, a conparison 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 econonic process (see drawing in para. 13.2). A double
check on the assunptions gives credibility to the final results. It further

refines the assunptions and indicates which values are sensitive to change.
In this way, the decision-nmaker 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 Systems. Once a facility has been
funded, design alternatives must be exanined. Design analysis follows the
econom ¢ net hodol ogy of Section 13. It is the responsibility of the Navy to
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have a thorough know edge of corrosion control and to inplenment the best

strategy. The six-step economc process facilitates this goal. The follow ng
exanples illustrate this process.
13.4 Econonic Analysis - Exanple 1
13.4.1 ojective. Install a water pipeline, 4 inches in dianmeter and
10, 000 feet Iong.
13.4.2 Al ternatives
a) Steel line without cathodic protection
b) Steel line with cathodic protection

c) Plastic line

This list is not exhaustive. All feasible alternatives should be exam ned

that will nmeet the objective. For clarity of denobnstration, only three
alternatives will be considered in this exanple.
13.4.3 Assunpti ons

a) The soil resistivity is equal to 5 000 ohmcm pH 6, which is a
noder at el y aggressive corrosi on environnent.

b) The economic life of a water pipeline is 25 years. It is
assuned that no salvage value will be remtted in year 25 unless tota
repl acenent is cost justified at that point in tine.

c) The predicted nunmber of |eaks due to corrosion failures on the
steel line without cathodic protection increases exponentially after the first
| eak in year 15. This prediction is based on historical data and technica
expertise.

d) The predicted nunber of |eaks on the steel line with cathodic
protection is zero. Continued nmaintenance and protection is assuned. A nmjor
rehabilitation of the systemis required every 15 years. This prediction is
based on historical data and technical expertise.

e) The predicted nunber of repairs due to mechani cal damage on the
plastic line is two per year. This prediction is based on historical data and
techni cal expertise.

f) To conmpute 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 Wthout Cathodic Protection. Cost
of steel line without cathodic protection - $320,000. Cost to repair |eaks -
@ $6, 000 each.
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$320K
Alternative 1
Project Cost Amount Discount Discounted
Year(s) Element One-Time Recurring Factor Cost
0 Installation $320,000 1.000 $120, 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 Repalr leaks 30,000 0.129 3,870
23 Repalir leaks 36,000 0.117 4,212
24 Repair leaks 42,000 0.107 4,494
25 Repair leaks 54,000 0.097 5,238
Total Net Present Value Cost: $354,764
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0

13.4.4.2 Cost Alterpative 2 --Steel _with Cathodic Protection. Cost of
steel line with cathodic protection - $332,800. Annual cost of cathodic
system nai ntenance - $1,800. Major rehabilitation of cathodic protection
system every 15 years - $4, 300.
Year s
0123456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
]
1.8K For Each Year .8K :
§__ $ $6.1K $1.8K For Each Year
o
Y
$333K
Al ternative 2
Proj ect Cost Anpunt Di scount Di scount ed
Year (s) El enent One-Ti ne Recurring Fact or cost
0 Installation $332, 800 1. 000 $332, 800
| -25 Mai nt enance $1, 800 9.524 17,143
15 Rehabi l'itation $4, 300 0.251 1,079
Total Net Present Value Cost: $351, 022
13.4.4.3 Cost_- Alterpative 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

N—

-~

Costs

$256K

$12K For Each
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Pr oj ect Cost Anount Di scount Di scount ed
Year ('s) El ement One-Ti e Recurring Fact or Cost
0 Installation $256, 000 1. 000 $256, 000
1- 25 Repair | eaks $12, 000 9.524 114, 288
Total Net Present Val ue Costs: $370, 288
13.4.4. 4 Benefits. A significant benefit of utilizing cathodic protection
is that, at the end of the econonmic life of the structure, the structure

remains in functional condition and can be maintained in that condition
essentially indefinitely at |ow cost.

13.4.5 Conpare Costs/Benefits
a) Alternative 1 - Net present value = $354, 764
b) Alternative 2 - Net present value = $351, 022
c) Alternative 3 - Net present value = $370, 288
Alternative 2, steel line with cathodic protection, suggests the least |ife-
cycl e cost proposal
13.5 Econoni c Analysis - Exanple 2
13.5.1 ojective. Install a fuel pipeline, 8 inches in dianmeter and
15,000 feet |ong.
13.5.2 Alternative
a) Steel line without cathodic protection.
b) Steel line with cathodic protection.
13.5.3 Assunpti ons

a) The soil resistivity is equa
aggressive corrosion environnent.

to 5,000 ohmcm pH 6, whichis a
noder at el y

b) The economic life of a fuel pipeline is 25 years. It is
assuned that no salvage value will be remtted in year 25 unless tota
repl acenent is cost justified at that point in tine.

243



MIL-HDBK-1004/10

c) The predicted number of leaks on the steel line without
cathodic protection increases exponentially after the fTirst 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 cathod
protection 1s 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) To compute present values, a 10 percent discount rate 1s
assumed.

) Costs of labor and materials rise (or lower) with the gener
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 Cost/Benefit Analysis
13.5.4.1 Cost - Alternative 1--Steel Line Without Cathodic Protection.

Cost of steel line without cathodic protection - $960,000. Cost to repai
leaks - @ $10,000 each.

Years
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Pr oj ect Cost Anount Di scount Di scount ed
Year ('s) El ement One-Ti e Recurring Fact or Cost

0 Installation $960, 000 1. 000 $ 960, 000
1-9 none

10 Repair | eaks 10, 000 0. 405 4,050

11 Repair | eaks 10, 000 0. 368 3,680

12 Repair | eaks 10, 000 0. 334 3, 340

13 Repair | eaks 10, 000 0. 304 3, 040

14 Repair | eaks 20, 000 0.276 5,520

15 Repair | eaks 20, 000 0. 251 5,020

16 Repair | eaks 20, 000 0.228 4, 560

17 Repair | eaks 30, 000 0. 208 6, 240

18 Repair | eaks 30, 000 0. 189 5,670

19 Repair | eaks 30, 000 0.172 5, 160

20 Repair | eaks 40, 000 0. 156 6, 240

21 Repair | eaks 40, 000 0. 142 5,680

22 Repair | eaks 50, 000 0. 129 6, 450

23 Repair | eaks 60, 000 0. 117 7,020

24 Repair | eaks 70, 000 0. 107 7,490

25 Repair | eaks 90, 000 0. 097 8,730

Total Net Present Val ue Cost: $1, 047, 890

13.5.4.2 Cost - Alternative 2--Steel Line Wth Cathodic Protection. Cost of
steel line with cathodic protection - $998,000. Annual cost of cathodic

syst em mai nt enance - $3, 500.

system every 15 years - $12, 000.

Maj or
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Years

0123456 7 8 9 1011121314151617 18192021 2223 2425

o Y $2.5K for each Year

tg $2.5K for each Year

O

$14.5K
$998K
Alternative 2

Project Cost _Amount Discount Discounted

Year(s) Element One-Time Recurring Factor Cost
0 Installation $998,000 1.900 $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 functio

of the line i1s maintained.

13.5.5 Compare Costs/Benefits

a) Alternative 1 - Net present value $1,047,890

b) Alternative 2 - Net present value $1,024,822

Alternative 2, installation of a steel line with cathodic protection,
suggests the least life-cycle cost proposal.
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13.5.6 Concl usi ons and Recommendations. In addition to the econonic
benefits of protection, addition factors such as safety, reliable operation

| oss of product, environmental pollution and regulation indicate that cathodic
protection should be install ed.

13.6 Econoni c Analysis - Exanple 3
13.6.1 ojective. Install a steel (fuel) pipeline, using cathodic
protection, 8 inches in dianmeter and 15,000 feet | ong.
13.6.2 Al ternatives
a) |Inpressed current cathodic protection system

b) Gal vani ¢ anode cathodic protection system

13.6.3 Assunpti ons

a) The soil resistivity is equal to 5 000 ohmcm pH 6, which is a
noder at el y aggressive corrosion environnent.

b) The economic life of a fuel pipeline is 25 years. It is
assuned that no salvage value will be remtted in year 25 unless tota
repl acenent is cost justified at that point in tine.

c) The predicted nunber of |leaks on a steel fuel line with
i mpressed current cathodic protection is zero. Continued protection and
mai nt enance is assunmed. Repair of the rectifier is required every 10 years.
Repl acenent of the anodes is required every 20 years. This prediction is
based on historical data and technical expertise.

d) The predicted nunber of |leaks on a steel fuel line with
gal vani ¢ anode cathodic protection is zero. Continued protection and
mai nt enance is assunmed. A mmjor rehabilitation of the systemis required
every 15 years. This prediction is based on historical data and technica
expertise.

e) To compute present values, a 10 percent discount rate is
assumned.

f) Costs of labor and materials rise (or lower) with the genera
inflation rate. Cost of fuel, however, requires special treatnent when
determ ning the value |ost (disbenefit) froma pipeline |eak. Oherw se, this
anal ysis requires no special treatment of inflation

13.6.4 Cost/Benefit Analysis

13.6.4.1 Cost - Alternative 1--Inpressed Current Cathodic Protection. Cost
of steel line with inpressed current system - $998, 000. Annual cost of

mai nt enance with inpressed cathodic protection system- $4,200. Cost to
repair rectifier every 10 years - $1,500. Cost to replace anodes every 20
years - $8, 000.
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Years

0123 456 7 8 9 1011121314151617 181920212223 2425

Y $5.7K Y
% $4.2K for each Year $4.2K for each Year $4.2K for each Year
8 $13.7K
$998K

Al ternative 1

Proj ect cost Ampunt Di scount Di scount ed

Year (s) El ement One-Ti e Recurring Fact or cost
0 Installation $998, 000 1. 000 $ 998, 000
1-25 Mai nt enance $4, 200 9.524 40, 001
10 Repair/rectifier 1,500 0. 405 607
20 Repair/rectifier 1,500 0. 156 234
20 Repl ace/ 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 |ine
with gal vanic anode system - $986,000. Annual cost of galvanic anode system
mai nt enance - $3,800. Major rehabilitation of cathodic protection system
every 15 years - $12, 000.

Years

01234546789 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25

\
Y/\Y/

$3.8K for each Year $3.8K for each Year

Costs

$15.8K

$333K
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Alternative 2

Pr oj ect Cost Anount Di scount Di scount ed

Year ('s) El ement One-Ti e Recurring Fact or Cost
0 Installation $986, 000 1. 000 $ 986, 000
1-25 Mai nt enance $3, 800 9.524 36, 191
15 Rehabi litation 12, 000 0. 251 3,012
Total Net Present Val ue: $1, 025, 203

13.6.5 Conpare Costs/Benefits

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 gal vani c anode cathodic
protection system suggests the least |life-cycle cost proposal

13.7 Econoni c Analysis - Exanple 4

13.7.1 oj ective. Determ ne whether cathodic protection should be

continued on a steel fuel pipeline, 8 inches in dianeter and 15,000 feet |ong.

13.7.2 Al ternatives

a) Cathodic protection system mai ntenance conti nued.

b) Cathodic protection system mai nt enance di sconti nued.
13.7.3 Assunpti ons

a) Sane assunptions as in para. 13.5.3.

b) Next nmmjor rehabilitation, on existing line, required in 7
years.

13.7.4 Cost/ Benefit Analysis

13.7.4.1 Cost - Alternative 1--Cathodic Protection System Mi ntenance
Continued. Annual cost of cathodic protection system maintenance - $3, 500.
Maj or rehabilitation of cathodic protection systemevery 15 years - $12, 000.
Sal vage val ue of steel line - $24,000.
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Years

0123456 7 89 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25

\_Y—'/\Y

— [~

f $3.5K for 3.5K f
§ oach Year $3.5K for each Year gabh Yeoarr
$15.5K $15.5K
Alternative 1
Proj ect cost Anmpunt Di scount Di scount ed
Year (s) El ement One-Ti e Recurring Fact or cost
| -25 Mai nt enance $3, 500 9.524 $33, 334
7 Rehabilitation $12,000 0.538 6, 456
22 Rehabilitation 12, 000 0.129 1,548
Total Net Present Val ue Cost: $41, 338
13.7.4.2 - - -

Di sconti nued.

line - $24,

000.

Years

Cost to repair leaks - @$10,000 each.

Sal vage val ue of steel

012345486 789 1011121314151617 181920212223 2425

Costs

Il

$10K
$10K

250

|

$20K

I

$30K
$30K

$40K

$50K

$60K

$70K

$90K



M L- HDBK- 1004/ 10

Alternative 2

Pr oj ect Cost Anount Di scount Di scount ed

Year (s) El enent One-Ti ne Recurring Fact or Cost
0-14 none
15 Repair | eaks $10, 000 0. 251 $2,510
16 Repair | eaks 10, 000 0.228 2,280
17 Repair | eaks 20, 000 0. 208 4,160
18 Repair | eaks 20, 000 0. 189 3,780
19 Repair | eaks 30, 000 0.172 5, 160
20 Repair | eaks $30, 000 0. 156 $4, 680
21 Repair | eaks 40, 000 0. 142 5,680
22 Repair | eaks 50, 000 0.129 6, 450
23 Repair | eaks 60, 000 0. 117 7,020
24 Repair | eaks 70, 000 0. 107 7,490
25 Repair | eaks 90, 000 0. 097 8,730

Total Net Present Val ue: $57, 940
13.7.5 Conpare Benefits and Costs

a) Alternative 1 - Net present value = $41, 338

b) Alternative 2 - Net present val ue $57, 940
Al ternative 1, continued cathodic protection, suggests the least life-cycle
cost proposal .

13.8 Econonmic Analysis Goal. The goal of the econonic process is to
provide quantitative information in an unbi ased manner and to provide the
deci si on-maker with relevant information. Adhering to the six-step economic
process will neet this goal
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Section 14: CORROSI ON COORDI NATI NG COW TTEE PARTI Cl PATI ON

14.1 Introduction. |In order to reduce the adverse effects of
interference fromcathodic protection systens in congested areas, corrosion
coordi nating conmittees have been established in al nbst every area of the
United States and Canada as well as in nmajor industrial or netropolitan areas
in foreign countries.

14. 2 Functi ons of Corrosion Coordinating Committees. The purpose of
these committees is to serve as a "clearing house" for information regarding
cat hodi c protection systens.

14.3 Operation of the Conmittees. Anyone planning, installing, or

nodi fyi ng cat hodi c protection systens, underground structures, or potential
sources of stray currents in the area covered is expected to notify the
appropriate corrosion coordinating commttee(s). Menbers of the conmittees
are representatives of all interested parties in the area. The comittees
have no power to enforce procedures or regul ations but they are responsible
for establishing notification procedures and they assist in establishing test
progranms and nmai ntaining pertinent records in their areas.

14. 4 Locations of Committees. Mbst corrosion coordinating comittees,
both in the United States and in foreign countries, are affiliated with the
Nati onal Association of Corrosion Engineers. A list of the currently
operating conmttees, including the nanes and addresses of current officers,
can be obtained fromthe National Association of Corrosion Engineers, P.O Box
218340, Houston, Texas, 77218.
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APPENDI X A
UNDERGROUND CORROSI ON SURVEY CHECKLI ST

SECTI ON A - NEW CONSTRUCTI ON

1. Meeting Wth Architect/Engineer (A/E) or Owner:

a. Description of facilities to be constructed:

(1)

(2)

(3)

VWhat is included?

a) Gas

b) Water

c) Buried electrical and groundi ng systens
d) Buried comrunications or signal systens
e) Tanks

f) Pilings

g) Bul kheads

h) Building structural menbers

i) Oher

Materials to be used and where?

a) Steel

b) Cast iron
c) Lead

d) Concrete
e) Copper

f) Alum num
g) Oher

Construction met hods specified:

a) Coatings - Types?

b) Insulation between structures?

c) Are special fills being used?

d) Road and railroad casings? Are they insul ated?

e) Type pipe joints - weld, flange, dresser, other?

f) Type groundi ng connecting cabl es?

g) Layout of structures (di stance between those of varying
materials, etc.)?

h) Roadways - WII| deicing salts | each down into buried
structures?

i) Lawns - Their location. 1Is it objectionable to instal
abovegrade test stations, etc., in or near then®

j) Pavenent - Its location and type. What buried facilities
will be placed under it?
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APPENDI X A (conti nued)
Get conplete drawings of all facilities:
(1) The follow ng are usually included:
a) Electrical
b) Mechanica
c) Comuni cations
d) Fire protection
e) Piling
f) Fuel systens
g) Storage tanks
(2) Be sure they are the latest.
(3) Ask to be kept advised of any changes.
Get the followi ng informati on on ownership of facilities:
(1) Gas, water, power, telephone, etc. - Wich are to be included in
project? \Wich are "utility owned?"
(2) \Were does utility's ownership and plant's jurisdiction begin?
(3) WII the utility install insulation?
VWhat |ife does the owner expect fromfacilities? How many years?
What does a corrosion failure cost? (Each type facility.)

Are any facilities extrenely critical? (No failures of any kind to be
tol erated because of costs or hazard.)

Is direct current being used anywhere in this plant or nearby? Get:
(1) Conplete information on where and why.

(2) Wring diagrans and schemati cs.

(3) Method of grounding.

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 el se?

Field Tests That Should Be Conduct ed:

a.

Soil Resistivity. |If siteis uniform take 5-foot and 10-foot (usua
depth of buried structures) readings at suitably spaced grid (20-foot
to 100-foot readings may be required). Do not exceed 100-foot spacing

with vibroground instrument. |If route of piping or structure is
known, follow the route. Take readings of fill, if any.
Soil pH. Take pH at sane places as resistivity, if soil is noist.
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APPENDI X A (conti nued)

Soi | Sanpl es and Water Sanples (Steam Riser, etc.). Take sanples for
sul fides and sulfate (and pH) at representative grid |ocations
(m ni mum of six).

Stray Currents. Using two copper sulfate cells, take soil potentia
profile readings in a rosette pattern as necessary.

3. Wirk to Acconplish:

a.

Cont act corrosion or mmintenance engi neers of operators in the area,
i ncl udi ng the:

(1) Gl transm ssion pipelines.

(2) Gas transm ssion pipelines.

(3) Gas distribution conpany.

(4) Tel ephone conpany.

(5) Water departnent.

(6) Electrical power conpany.

(7) Manufacturing plants in the area.
(8) Corrosion Coordinating Comm ttee.

(9) Railroad (Do nearby railroads have signal systen®? Electrica
propul sion - ac or dc?).

Data or Information to Get From Corrosion or Mintenance Engi neers:
(1) Failure and corrosion experience.
(2) 1s cathodic protection being used? Type? Rectifier |ocations?

(3) Personnel to contact for coordination tests - names, addresses,
and tel ephone nunbers.

(4) Place and tinme of Coordinating Comittee neeting.

(5) Is stray current a problen? Its source? What structures have been
af f ect ed?

(6) Are deicing salts used in streets?
(7) Are underground structures coated? Wich ones? Type coating?

(8) Get drawi ngs and other location information on all structures in
the area. Mark those protected and | ocations of rectifiers.
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APPENDI X A (conti nued)

(9) Are other new facilities planned for this area? UWilities,
pi pel i nes, etc.

(10) WII these new facilities be coated and cat hodi cally protected?
(11) Is it objectionable to use inpressed current cathodic protection?

SECTION B - EXI STI NG STRUCTURES

Meeting Wth A/E or Omner:

a. Find out what facilities are to be covered by this investigation.
Al so get data on all other facilities in the area.

(1) Look for the foll ow ng:

a) Gas

b) Water

c) Buried electrical and groundi ng systens
d) Buried comrunications or signal systens
e) Tanks

f) Pilings

g) Bul kheads

h) Building structural menbers

i) Oher

(2) What materials have been used and where:

a) Steel

b) Cast iron
c) Lead

d) Concrete
e) Copper

f) Alum num
g) Oher

(3) Construction nethods used:

a) Coatings - Types?

b) Insulation between structures?

c) Are special fills being used?

d) Road and railroad casings? Are they insul ated?

e) Type of pipe joints - weld, flange, dresser, other?

f) Type of grounding connecting cabl es?

g) Layout of structures (distance between those of varying
materials, etc.)?

h) Roadways - WII| deicing salts | each down into buried
structures?

i) Lawns - Their location. Is it objectionable to instal
abovegrade test stations, etc., in or near then®

j) Pavenment - Its location and type. What buried facilities wll
be pl aced under it?
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APPENDI X A (conti nued)

VWere can connections to buried structures be nmade? Exposed
val ves, sections of pipe, etc.

k) Have test wires been installed on buried structures?
1)

Get conplete drawings of all facilities:
(1) The follow ng are usually included:
a) FElectrical
b) Mechanica
c) Comuni cati ons
d) Fire protection
e) Piling
f) Fuel systens
g) Storage tanks
(2) Be sure they are the latest.
(3) Ask to be kept advised of any changes.
(4) Test station |ocations.
(5) Test station wiring diagrans.
(6) Insulation joint |locations.
(7) Insulation joint types.
Get the followi ng informati on on ownership of facilities:

(1) Gas, water, power, telephone, etc. - Wich are to be included in
project? Wiich are "utility owned?"

(2) \Were does utility's ownership end and plant's jurisdiction
begi n?

(3) WII the utility install insulation?
(4) Are utility conpanies using cathodic protection?

(5) Have the utility compani es made any tests or investigations on
the systens covered by this survey?

VWhat |ife does the owner expect fromfacilities?
VWhat does a corrosion failure cost? (Each type facility.)

Are any facilities extrenely critical? (No failures of any kind to be
tol erated because of cost or hazard.)

Have any corrosion failures been experienced?

(1) How many?
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APPENDI X A (conti nued)
(2) \When (dates)?
(3) Were? (Mark on draw ngs.)
(4) \What was their appearance?
Have other failures occurred? (Investigate to be sure they were not
really corrosion.)
Is direct current being used anywhere in this plant or nearby? Get:
(1) Conplete information on where and why.
(2) Wring diagrans and schemati cs.
(3) Method of grounding.
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 el se?

Are additional facilities planned? (Inmediate or long range.) If so,
get the follow ng information:

(1) Type and net hods of construction.
(2) Probable Iocation.
(3) How will they be connected to existing facilities?

(4) WII direct current be used?

Field Tests That Should Be Conduct ed:

a.

Soil resistivity. |If siteis uniform take 5-foot and 10-foot (usua
depth of buried structures) readings at suitably spaced grid (20-foot
and 100-foot readings may be required). Do not exceed 100-f oot

spacing with vibroground instrument. |If route of piping or structure
is known, follow the route. Take readings of fill, if any.

Soil pH. Take pH sanples at same places as resistivity, if soil is
noi st .

Soi |l sanples and water sanples (steamriser, etc.). Take sanples for
sul fides and sulfate (and pH) at representative grid |ocations.

(M ni mum of six.)

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 readi ngs are needed.
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APPENDI X A (conti nued)
IR drop (get at |east one on every structure).
(1) Always test external circuit resistance.
(2) Correct readings if necessary.
(3) Be sure to indicate polarity of all readings.

Vol t age between structures. Test voltage between all netallic
structures. (Be sure to indicate polarity of each reading.)

Insulating joint - Test resistance of all known joints and | ook for
others. Use four connections (two on each side of joint) with DC
met hod.

For mechanical pipe joints:

(1) Test each piping systemto find out if nechanical joints exist.

(2) Test representative nunber of mechanical joints to detern ne
quantitative resistance per joint.

(3) Be sure to use the four point contact nmethod with direct current.
El ectrical and communi cati ons cables in duct:
(1) Al'l electrical tests at each nanhol e:
a) As in b, e, and f above.
b) Be sure to test voltage between all cables in nmultiple run
duct systens.
(2) Visually inspect all hardware in each manhol e:
a) Brackets
b) Bonds
c) Condition of cables
d) Note material of each conponent and its condition
e) Note fastening nmethods and insul ati on between conmponents
I nvestigate stray current:

(1) Stray currents nmust be indicated by abnormal structure-to-soi
voltages or IR drop. (Either steady or fluctuating.)

(2) If stray current is suspected, investigate:
a) Any possible source of direct current in the area.
b) Operating cathodic protection.

(3) Have suspected source turned off and on to establish its affect
on any structure.
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APPENDI X A (conti nued)

(4) Get additional IR drop and voltage readings to establish circuit.

Current requirenent test (for cathodic protection). At |east cursory

current requirenent tests should usually be conducted if there is any

chance of using cathodic protection at the site.

(1) Test using an artificial ground bed for both magnesi um anode and
i mpressed current designs.

(2) Extent of testing is determ ned by the scope of work |aid out by
the client. (Is all design data to be included with this
survey?)

For existing cathodic protection:

(1) Visually inspect all equipnent.

(2) Test to determ ne protection being given and possible
interference to other structures.

(3) Get operating record.
(4) Find out when installed and turned on.

M scel | aneous - Note any other corrosion problens (chem cal, water,
at nospheric, etc.) that could use further detail ed study.

3. Consulting Wirk To Be Acconpli shed:

a.

Contact all plant personnel who have know edge of structures being
studi ed and get all possible information fromthem

Cont act corrosion and mai ntenance engi neers or operators in the area,
i ncl udi ng the:

(1) Gl transm ssion pipelines.

(2) Gas transm ssion pipelines.

(3) Gas distribution conpany.

(4) Tel ephone conpany.

(5) Water departnent.

(6) Electrical power conpany.

(7) Manufacturing plants in the area.
(8) Corrosion Coordinating Comm ttee.

(9) Railroad (Do nearby railroads have signal systens? Electrica
propul sion - AC or DC?)
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APPENDI X A (conti nued)

Data to get fromthose contacted in b above:

(1)
(2)
(3)

(4)
(5)

(6)
(7)
(8)

(9)

(10)
(11)

Fail ure and corrosion experience.
I s cathodic protection being used? Type? Rectifier |ocations?

Personnel to contact for coordination tests - nanes, addresses,
and tel ephone nunbers.

Pl ace and time of Coordinating Comittee neetings.

Is stray current a problen? Its source? What structures have been
af fect ed?

Are deicing salts used in streets?
Are underground structures coated? Which ones? Type coating?

Get drawi ngs or other location information on all structures in
the area. Mark those protected and | ocations of rectifiers.

Are other new facilities planned for this area? Uilities,
pi pel i nes, etc.

WIl these new facilities be coated and cathodically protected?

Is it objectionable to use inpressed current cathodic protection?
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APPENDI X B
ECONOM C LI FE GUI DELI NES*

To provide a basis for conparison between conpeting projects, economc |ives
are established for the general investnent classifications |isted bel ow
These are guidelines to be used in the absence of better information.
However, due to the constraints of mission life and technological life, the
econom c |life chosen should not exceed the applicable figure bel ow

1. ADP Equi pment . .. ... .. 8 years

2. Bui | di ngs

a. Permanent. .. ... ... . ... .. ... 25 years
b. Seni per manent, nonwood. ...................... 25 years
C. Semi permanent, wood. ............. .. ... .. ..., 20 years
d. Tenmporary or rehabilitated................... 15 years
3. Operating Equipment........... ... ... .. i 25 years

4. Uilities, Plants, and Utility
Distribution Systens........... ... .. ... .. ... ..... 25 years

(This category includes investnent projects for electricity,
wat er, gas, telephone, and simlar utilities.)

5. Energy Conserving Assets

a. I nsul ation, solar screens, heat recovery

systens, and solar energy installations...... 25 years
b. Energy Mnitoring and Control Systems........ 15 years
C. Controls (e.g., thernostats, limt swtches,

automatic ignition devices, clocks,
photocells, flow controls, tenperature
SENSOrS, L C. ). oo 15 years

d. Refrigeration conmpressors. ................... 15 years

*Source: NAVFAC P-442, Econom c Anal ysis Handbook.
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APPENDI X C
PROJIECT YEAR DI SCOUNT FACTORS

Table A Table B

PRESENT VALUE OF $1 (Single PRESENT VALUE COF $1 (Curul ative
Anmount --to be used when cash Uni form Series--to be
flows accrue in varying used when cash fl ows accrue
amounts each year) in the same anobunt each year)
Pr oj ect
Year 10% 10%

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 continuous conpounding at a 10
percent effective annual discount rate, assum ng uniform
cash flows throughout stated 1 year periods. Table A
factors are approximted by an arithnmetic average of
begi nni ng and end of year single anpbunt factors found in
standard present value tables. Table B factors represent
the cunul ati ve sum of Table A factors through any given
project year. Fornulae for these factors are provided in
Appendi x D
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PRESENT VALUE FORMULAE

Project Year 10 Percent Di scount Factors

Tabl e A Single Anmbunt Factor:

a, = (er - 1)/renr = 0.1/r(1.1)n

Tabl e B Cunul ati ve Uni form Series Factor

nr

b= (" - yrre™ =11/ "”

n
wher e
n = nunber of years

e = 2.718281828459. ..
t he base of the natural |ogarithns

r = In(l+R =1In(1l.1) = 0.09531018..., and

R = 0.10, the effective annual discount rate
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DOT REGULATI ONS

Subpart |-Requirenents for
Corrosion Contro

Source: Andt. 192-4, 36 FR 12302, June 30, 1971, unl ess ot herw se not ed.
N 192. 451 Scope.

(a) This subpart prescribes mninmumrequirenments for the protection
of metallic pipelines fromexternal, internal, and atnospheric corrosion

[Andt . 192-4, 36 FR 12302, June 30, 1971, as anended by Andt. 192-27, 41 FR
34606, Aug. 16, 1976; Andt. 192-33, 43 FR 39389, Sept. 5, 1978]

N 192.452 Applicability to converted pipelines.

Not wi t hst andi ng the date the pipeline was installed or any earlier
deadl i nes for conpliance, each pipeline which qualifies for use under this
part in accordance with N 192.14 nust neet the requirements of this subpart
specifically applicable to pipelines installed before August 1, 1971, and al
ot her applicable requirements within 1 year after the pipeline is readied for
service. However, the requirenents of this subpart specifically applicable to
pipeline installed after July 31, 1971, apply if the pipeline substantially
neets those requirements before it is readied for service or it is a segnment
which is replaced, relocated, or substantially altered.

[Andt. 192-30, 42 FR 60148, Nov. 25, 1977]

N 192. 453 Ceneral

Each operator shall establish procedures to inplenent the
requi rements of this subpart. These procedures, including those for the
design, installation, operation and maintenance of cathodic protection
systens, nust be carried out by, or under the direction of, a person qualified
by experience and training in pipeline corrosion control nethods.

N 192.455 External corrosion control: Buried or subnerged pipeline installed
after July 31, 1971

(a) Except as provided in paragraphs (b), (c), and (f) of this
section, each buried or subnerged pipeline installed after July 31, 1971, nust
be protected agai nst external corrosion, including the foll ow ng:

(1) It must have an external protective coating neeting the
requi renents of N 192.461

271



M L- HDBK- 1004/ 10

APPENDI X E (conti nued)

(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 conpletion of
construction.

(b) An operator need not conply with paragraph (a) of this section
if the operator can denonstrate by tests, investigation, or experience in the
area of application, including, as a mininum soil resistivity measurenents
and tests for corrosion accelerating bacteria, that a corrosive environnment
does not exist. However, within 6 nmonths after an installation made pursuant
to the precedi ng sentence, the operator shall conduct tests, including pipe-
to-soil potential nmeasurements with respect to either a continuous reference
el ectrode or an el ectrode using close spacing, not to exceed 20 feet, and soi
resistivity measurnents at potential profile peak |ocations, to adequately
eval uate the potential profile along the entire pipeline. If the tests nade
indicate that a corrosive condition exists, the pipeline nust be cathodically
protected in accordance with paragraph (a)(2) of this section

(c) An operator need not conply with paragraph (a) of this section
if the operator can denonstrate by tests, investigation, or experience that-

(1) For a copper pipeline, a corrosive environment does not
exi st; or

(2) For a tenporary pipeline with an operating period of
service not to exceed 5 years beyond installation, corrosion during the 5-year
peri od of service of the pipeline will not be detrimental to public safety.

(d) Notwi thstanding the provisions of paragraph (b) or (c) of this
section, if a pipeline is externally coated, it nust be cathodically protected
i n accordance with paragraph (a)(2) of this section.

(e) Alum nummay not be installed in a buried or submerged pipeline
if that alum numis exposed to an environment with a natural pH in excess of
8, unless tests or experience indicate its suitability in the particul ar
envi ronnent invol ved.

(f) This section does not apply to electrically isolated, netal
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 |eakage caused by | ocalized
corrosion pitting.

[Andt . 192-4, 36 FR 12302, June 30, 1971, as anended at Andt. 192-28, 42 FR
35654, July 11, 1977; Andt. 192-39, 47 FR 9844, Mar. 8, 1982]
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N 192. 457 External corrosion control: Buried or subnmerged pipelines installed
bef ore August 1, 1971.

(a) Except for buried piping at conpressor, regulator, and
measuring stations, each buried or submerged transmi ssion line installed
bef ore August 1, 1971, that has an effective external coating nust be
cathodically protected along the entire area that is effectively coated, in
accordance with this subpart. For the purposes of this subpart, a pipeline
does not have an effective external coating if its cathodic protection current
requi renents are substantially the same as if it were bare. The operator
shall nake tests to determ ne the cathodic protection current requirenents.

(b) Except for cast iron or ductile iron, each of the follow ng
buri ed or subnerged pipelines installed before August 1, 1971, nust be
cathodically protected in accordance with this subpart in areas in which
active corrosion is found:

(1) Bare or ineffectively coated transmi ssion lines.

(2) Bare or coated pipes at conpressor, regulator, and
measuring stations.

(3) Bare or coated distribution Iines. The operator shal
determ ne the areas of active corrosion by electrical survey, or where
el ectrical survey is inpractical, by the study of corrosion and | eak history
records, by |leak detection survey, or by other neans.

(c) For the purpose of this subpart, active corrosion nmeans
continui ng corrosion which, unless controlled, could result in a condition
that is detrimental to public safety.

[Andt . 192-4, 36 FR 12302, June 30, 1971, as anended by Andt. 192-33, 43 FR
39390, Sept. 5, 1978]

N 192.459 External corrosion control: Exam nation of buried pipeline when
exposed.

VWhenever an operator has know edge that any portion of a buried
pi peline is exposed, the exposed portion nust be exani ned for evidence of
external corrosion if the pipe is bare, or if the coating is deteriorated. |If
external corrosion is found, renedial action nust be taken to the extent
required by N 192.483 and the applicabl e paragraphs of NN 192. 485,
192-487. 487, or 192.489.

N 192-461 External corrosion control: Protective coating.

(a) Each external protective coating, whether conductive or
i nsul ating, applied for the purpose of external corrosion control must:
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(1) Be applied on a properly prepared surface;

(2) Have sufficient adhesion to the nmetal surface to
effectively resist underfilmmgration noisture;

(3) Be sufficiently ductile to resist cracking;

(4) Have sufficient strength to resist damage due to handling
and soil stress; and

(5) Have properties conpatible with any suppl emental cathodic
protection.

(b) Each external protective coating which is an electrically
i nsul ating type nmust al so have | ow noi sture absorption and high electrica
resi stance.

(c) Each external protective coating nust be inspected just prior
to lowering the pipe into the ditch and backfilling, and any damage
detrimental to effective corrosion control nust be repaired.

(d) Each external protective coating nust be protected from damage
resulting fromadverse ditch conditions or damage from supporting bl ocks.

(e) If coated pipe is installed by boring, driving, or other
simlar method, precautions nmust be taken to m ninize danmage to the coating
during installation.

N 192.463 External corrosion control: Cathodic protection

(a) Each cathodic protection systemrequired by this subpart nust
provide a |l evel of cathodic protection that conplies with one or nore of the
applicable criteria contained in Appendix D of this part. |f none of these
criteria is applicable, the cathodic protection system nmust provide a | evel of
cathodic protection at |east equal to that provided by conpliance with one or
nore of these criteria.

(b) If amphoteric nmetals are included in a buried or subnerged
pi peline containing a nmetal of different anodic potential -

(1) The anphoteric nmetals nust be electrically isolated from
t he remai nder of the pipeline and cathodically protected; or

(2) The entire buried or submerged pipeline nust be
cathodically protected at a cathodic potential that nmeets the requirenents of
Appendi x D of this part for anphoteric netals.

(c) The anpunt of cathodic protection nust be controlled so as not
to damage the protective coating or the pipe.
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N 192.465 External corrosion control: Mnitoring

(a) Each pipeline that is under cathodic protection nust be tested
at |l east once each cal endar year, but with intervals not exceeding 15 nonths,
to determ ne whether the cathodic protection neets the requirements of N
192.463. However, if tests at those intervals are inpractical for separately
protected short sections of mains or transnmission lines, not in excess of 100
feet, or separately protected service lines, these pipelines nay be surveyed
on a sanpling basis. At |east 10 percent of these protected structures,

di stributed over the entire system nust be surveyed each cal endar year, with a
di fferent 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 inpressed current
power source nust be inspected six times each cal endar year, but with
i ntervals not exceeding 2-1/2 nmonths, to insure that it is operating.

(c) Each reverse current switch, each diode, and each interference
bond whose failure would jeopardi ze structure protection nust be electrically
checked for proper perfornmance six tinmes each cal endar year, but with
i ntervals not exceeding 2-1/2 nmonths. Each other interference bond nust be
checked at | east once each cal endar year, but with intervals not exceeding 15
nont hs.

(d) Each operator shall take pronpt renedial action to correct any
deficiencies indicated by the nonitoring.

(e) After the initial evaluation required by paragraphs (b) and (c)
of N 192.455 and paragraph (b) of 192.457, each operator shall, at intervals
not exceeding 3 years, revaluate its unprotected pipelines and cathodically
protect themin accordance with this subpart in areas in which active
corrosion is found. The operator shall determ ne the areas of active
corrosion by electrical survey, or where electrical survey is inpractical, by
the study of corrosion and | eak history records, by |leak detection survey, or
by ot her neans.

[Andt . 192-4, 36 FR 12302, June 30, 1971, as anended by Andt. 192-33, 43 FR
39390, Sept. 5, 1978; Andt. 192-35A, 45 FR 23441, Apr. 7, 1980]

N 192. 467 External corrosion control: Electrical isolation

(a) Each buried or subnerged pipeline must be electrically isolated
from ot her underground nmetallic structures, unless the pipeline and the other
structures are electrically interconnected and cathodically protected as a
single unit.

(b) One or nore insulating devices nust be installed where

electrical isolation of a portion of a pipeline is necessary to facilitate the
application of corrosion control
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(c) Except for unprotected copper inserted in ferrous pipe, each
pi peline must be electrically isolated fromnetallic casings that are a part
of the underground system However, if isolation is not achi eved because it
is inmpractical, other nmeasures nust be taken to mininize corrosion of the
pi pel i ne inside the casing.

(d) Inspection and electrical tests nust be nmade to assure that
el ectrical isolation is adequate.

(e) An insulating device may not be installed in an area where a
conbusti bl e atmosphere is anticipated unless precaution are taken to prevent
arci ng.

(f) Where a pipeline is located in close proxinmty to electrica
transm ssion tower footings, ground cables or counterpoise, or in other areas
where fault currents or unusual risk of lightning nay be anticipated, it nust
be provided with protection agai nst damage due to fault currents or I|ightning,
and protective neasures nust al so be taken at insulating devices.

[Andt . 192-4, 36 FR 12302, June 30, 1971, as anended by Andt. 192-33, 43 FR
39390, Sept. 5, 1978]

N 192.469 External corrosion control: Test stations.

Each pi peline under cathodic protection required by this subpart
must have sufficient test stations or other contact points for electrica
nmeasurenment to determ ne the adequacy of cathodic protection

[ Andt. 192-27, 41 FR 34606, Aug. 16, 1976]
N 192.471 External corrosion control: Test |eads.

(a) Each test lead wire nust be connected to the pipeline so as to
remai n mechanically secure and el ectrically conductive.

(b) Each test lead wire nust be attached to the pipeline so as to
m ni mze stress concentration on the pipe.

(c) Each bared test lead wire and bared netallic area at point of

connection to the pipeline must be coated with an electrical insulating
material conpatible with the pipe coating and the insulation on the wre.
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N 192.473 External corrosion control: Interference currents.

(a) Each operator whose pipeline systemis subjected to stray
currents shall have in effect continuing programto mnimze the detrinental
effects of such currents.

(b) Each inpressed current type cathodic protection system or
gal vani ¢ anode system nust be designed and installed so as the mininize any
adverse effects on existing adjacent underground netallic structures.

[Andt . 192-4, 36 FR 12302, June 30, 1971, as anended by Andt. 192-33, 43 FR
39390, Sept. 5, 1978]
N 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 minimze internal corrosion.

(b) Whenever any pipe is renoved froma pipeline for any reason
the internal surface rmust be inspected for evidence of corrosion. |If interna
corrosion is found. -

(1) The adjacent pipe nmust be investigated to determine the
extent of internal corrosion:

(2) Replacenment nust be made to the extent required by the
appl i cabl e paragraphs of NN 192.485, 192.487, or 192.489; and

(3) Steps nust be taken to minimze the internal corrosion

(c) Gas containing nore than 0.1 grain of hydrogen sul fide per 100
standard cubic feet may not be stored in pipe-type or bottle-type hol ders.

[Andt . 192-4, 36 FR 12302, June 30, 1971, as anended by Andt. 192-33, 43 FR
39390, Sept. 5, 1978]

N 192.477 Internal corrosion control: Mnitoring.

If corrosive gas is being transported, coupons or other suitable
means nmust be used to deternmine the effectiveness of the steps taken to
m nimze internal corrosion. Each coupon or other nmeans of nonitoring
i nternal corrosion nmust be checked two tines each cal endar year, but with
i nterval s not exceeding 7-1/2 nonths.

[Amdt. 192-33, 43 FR 39390, Sept. 5, 1978]
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N 192.479 Atnospheric corrosion control: GCeneral

(a) Pipelines installed after July 31, 1971. Each aboveground
pi peline or portion of a pipeline installed after July 31, 1971 that is
exposed to the atnosphere nmust be cleaned and either coated or jacketed with a
material suitable for the prevention of atnospheric corrosion. An operator
need not comply with this paragraph, if the operator can denonstrate by test,
i nvestigation, or experience in the area of application, that a corrosive
at nosphere does not exist.

(b) Pipelines installed before August 1, 1971. Each operator
havi ng an above-ground pipeline or portion of a pipeline installed before
August 1, 1971 that is exposed to the atnmosphere, shall-

(1) Deternmine the areas of atnospheric corrosion on the
pi pel i ne;

(2) |If atnmospheric corrosion is found, take remedi al measures
to the extent required by the applicable paragraphs of NN 192.485, 192.487, or
192. 489; and

(3) dean and either coat or jacket the areas of atnospheric
corrosion on the pipeline with a nmaterial suitable for the prevention at
at nospheric corrosion

[Andt . 192-4, 36 FR 12302, June 30, 1971, as anended by Andt. 192-33, 43 FR
39390, Sept. 5, 1978]

N 192.481 Atnospheric corrosion control: Monitoring.

After nmeeting the requirenments of N 192.479 (a) and (b), each
operator shall, at intervals not exceeding 3 years for onshore pipelines and
at |least once each cal endar year, but with intervals not exceeding 15 nonths,
for offshore pipelines, re-evaluate each pipeline that is exposed to the
at nosphere and take renedi al action whenever necessary to maintain protection
agai nst at nospheric corrosion

[Amdt. 192-33, 43 FR 39390, Sept. 5, 1978]

N 192. 483 Renedi al nmeasures: GCener al

(a) Each segment of metallic pipe that replaces pipe removed froma
buri ed or subnerged pipeline because of external corrosion nust have a
properly prepared surface and rmust be provided with an external protective
coating that nmeets the requirenents of N 192.461

(b) Each segment of nmetallic pipe that replaces pipe removed froma

buri ed or subnerged pipeline because of external corrosion nust be
cathodically protected in accordance with this subpart.
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(c) Except for cast iron or ductile iron pipe, each segnent of
buri ed or subnerged pipe that is required to be repaired because of externa
corrosion nust be cathodically protected in accordance with this subpart.

N 192.485 Renedi al nmeasures: Transm ssion |ines.

(a) General corrosion. Each segnent of transmission line with
general corrosion and with a remaining wall thickness |ess than that required
for the maxi mum al | owabl e operating pressure of the pipeline nust be repl aced
or the operating pressure reduced commensurate with the strength of the pipe
based on actual renmaining wall thickness. However, if the area of genera
corrosion is small, the corroded pipe may be repaired. Corrosion pitting so
cl osely 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 transm ssion line
pipe with |ocalized corrosion pitting to a degree where | eakage might result
nmust be replaced or repaired, or the operating pressure must be reduced
conmensurate with the strength of the pipe, based on the actual renaining wall
thi ckness in the pits.

[Andt . 192-4, 36 FR 12302, June 30, 1971, as anended by Andt. 192-33, 43 FR
39390, Sept. 5, 1978]

N 192.487 Renedial neasures: Distribution |lines other than cast iron or
ductile iron lines.

(a) General corrosion. Except for cast iron or ductile iron pipe,
each segnment of generally corroded distribution line pipe with a renmaining
wal | thickness less than that required for the maxi mum al |l owabl e operating
pressure of the pipeline, or a remaining wall thickness |ess than 30 percent
of the nom nal wall thickness, must be replaced. However, if the area of
general corrosion is small, the corroded pipe nay be repaired. Corrosion
pitting so closely grouped as to affect the overall strength of the pipe is
consi dered 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 |ocalized corrosion
pitting to a degree where | eakage nmight result nust be replaced or repaired.

N 192.489 Renedial nmeasures: Cast iron and ductile iron pipelines.
(a) General graphitization. Each segnent of cast iron or ductile

i ron pi pe on which general graphitization is found to a degree where a
fracture or any | eakage m ght result, must be replaced.
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(b) Localized graphitization. Each segnent of cast iron or ductile
iron pipe on which |ocalized graphitization is found to a degree where any
| eakage might result, nmust be replaced or repaired or sealed by interna
seal i ng met hods adequate to prevent or arrest any | eakage.

N 192.491 Corrosion control records

(a) Each operator shall maintain records or maps to show the
| ocation of cathodically protected piping, cathodic protection facilities,
ot her than unrecorded gal vani ¢ anodes installed before August 1, 1971, and
nei ghboring structures bonded to the cathodic protection system

(b) Each of the follow ng records nmust be retained for as |ong 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 denonstrate the adequacy of corrosion
control measures or that a corrosive condition does not exist.

[Andt . 192-4, 36 FR 12302, June 30, 1971, as anended by Andt. 192-33, 43 FR
39390, Sept. 5, 1978]

Appendix D - Criteria For Cathodic Protection And Determ nation O
Measur enent s

l. 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. Determnation of
this voltage nmust be made with the protective current applied, and in
accordance with sections Il and IV of this appendix.

(2) A negative (cathodic) voltage shift of at least 300 nmillivolts.
Determ nation of this voltage shift nust be nade with the protective current
applied, and in accordance with sections Il and IV of this appendix. This

criterion of voltage shift applies to structures not in contact with nmetals of
di fferent anodic potentials.

(3) A mnimm negative (cathodic) polarization voltage shift of 100

mllivolts. This polarization voltage shift must be determ ned in accordance
with sections Ill and IV of this appendi x.
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(4) A voltage at |east as negative (cathodic) as that originally
establ i shed at the begi nning of the Tafel segnment of the E-log-1 curve. This
vol tage nust be neasured in accordance with section IV of this appendi x.

(5) A net protective current fromthe electrolyte into the
structure surface as measured by an earth current technique applied at
predet ernmi ned current discharge (anodic) points of the structure.

B. Al umi num structures.

(1) Except as provided in paragraphs (3) and (4) of this paragraph

a mni mum negative (cathodic) voltage shift of 150 mlIlivolts, produced by the
application of protective current. The voltage shift nust be deternined in
accordance with sections Il and IV of this appendix.

(2) Except as provided in paragraph (3) and (4) of this paragraph
a mni mum negative (cathodic) polarization voltage shift of 100 millivolts.
This pol arization voltage shift nust be determ ned in accordance with sections
[1l and IV of this appendi x.

(3) Notwithstanding the alternative mnimumcriteria in paragraphs
(1) and (2) of this paragraph, alumnum if cathodically protected at voltages
in excess of 1.20 volts as nmeasured with reference to a copper-copper sulfate
half cell, in accordance with section IV of this appendix, and conpensated for
the voltage (IR) drops other than those across the structure-electrolyte
boundary may suffer corrosion resulting fromthe build-up of alkali on the
metal surface. A voltage in excess of 1.20 volts may not be used unl ess
previous test results indicate no appreciable corrosion will occur in the
particul ar environnent.

(4) Since alumnum may suffer from corrosion under high pH
conditions, and since application of cathodic protection tends to increase the
pH at the netal surface, careful investigation or testing must be made before
appl yi ng cathodic protection to stop pitting attack on al um num structures in
environnents with a natural pHin excess of 8.

C. Copper structures. A mnimm negative (cathodic) polarization
voltage shift of 100 mllivolts. This polarization voltage shift nust be
determ ned in accordance with sections IIl and IV of this appendix.

D. Metal s of different anodic potentials. A negative (cathodic)
vol tage, measured in accordance with section IV of this appendi x, equal to
that required for the npst anodic nmetal in the system nmust be mmintained. |f
anmphoteric structures are involved that could be danaged by high alkalinity
covered by paragraphs (3) and (4) of paragraph B of this section, they nust be
electrically isolated with insulting flanges, or the equival ent.
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I1. Interpretation of voltage measurenment. Voltage (IR) drops other than

t hose across the structure-el ectrol yte boundary nust be considered for valid
interpretati on of the voltage nmeasurenment in paragraphs A(1l) and (2) and

par agraph B(1) of section | of this appendi x.

[11. Determ nation of polarization voltage shift. The polarization voltage
shift nust be determi ned by interrupting the protective current and measuring
the pol arization decay. Wen the current is initially interrupted, an

i medi ate voltage shift occurs. The voltage reading after the i medi ate shift
nmust be used as the base reading fromwhich to neasure pol arization decay in
par agraphs A(3), B(2), and C of section | of this appendi x.

V. Reference half cells. A Except as provided in paragraphs B and C of
this section, negative (cathodic) voltage nmust be neasured between the
structure surface and a saturated copper-copper sulfate half cell contacting
the electrol yte.

B. O her 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 KC calonel 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
nmetallic 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 cel
i s established.

[Andt. 192-4, 36 FR 12305, June 30, 1971]
N 195.236 External corrosion protection.
Each conponent in the pipeline systemmust be provided with protection
agai nst external corrosion.
N 195.238 External coating.

(a) No pipeline system conponent may be buried or subnerged unl ess that
conponent has an external protective coating that-

(1) 1s designed to mtigate corrosion of the buried or subnerged
conmponent ;

(2) Has sufficient adhesion to the netal surface to prevent
underfilmm grati on of noisture;
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(3) Is sufficiently ductile to resist cracking;

(4) Has enough strength to resist damage due to handling and soi
stress; and

(5) Supports any suppl enmental cathodic protection

In addition, if an insulating-type coating is used it nmust have | ow noisture
absorption and provide high electrical resistance.

(b) Al pipe coating nust be inspected just prior to | owering the pipe
into the ditch or subnerging the pipe, and any damage di scovered nust be re-
pai r ed.

N 195.242 Cathodic protection system

(a) A cathodic protection systemnust be installed for all buried or
subnmerged facilities to mtigate corrosion that nmight result in structura
failure. A test procedure nust be devel oped to determ ne whet her adequate
cat hodi c protection has been achieved.

(b) A cathodic protection system nust be installed not later than 1 year
after conpleting the construction.
N 195.244 Test | eads.

(a) Except for offshore pipelines, electrical test |eads used for
corrosion control or electrolysis testing nust be installed at intervals
frequent enough to obtain electrical neasurenents indicating the adequacy of
t he cathodic protection.

(b) Test leads must be installed as follows:

(1) Enough | ooping or slack nmust be provided to prevent test |eads
from bei ng unduly stressed or broken during backfilling.

(2) Each lead nust be attached to the pipe so as to prevent stress
concentration on the pipe.

(3) Each lead installed in a conduit nmust be suitably insul ated
fromthe conduit.

N 195.414 Cathodic protection.
(a) No operator may operate an interstate pipeline after March 31, 1973,

or an intrastate pipeline after COctober 19, 1988, that has an effective
external surface coating material, unless that pipeline is cathodically
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protected. This paragraph does not apply to breakout tank areas and buried
punpi ng station piping. For the purposes of this subpart, a pipeline does not
have an effective external coating and shall be considered bare, if the

cat hodic protection current requirements are substantially the same as if it
wer e bare.

(b) Each operator shall electrically inspect each bare interstate pipe-
line before April 1, 1975, and each bare intrastate pipeline before October
20, 1990 to determ ne any areas in which active corrosion is taking place.

The operator may not increase its established operating pressure on a section
of bare pipeline until the section has been so electrically 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
pi pe that is found.

(c) Each operator shall electrically inspect all breakout tank areas and
buri ed punping station piping on interstate pipelines before April 1, 1973,
and on intrastate pipelines before Cctober 20, 1988 as to the need for
cat hodi c protection, and cathodic protection shall be provided where
necessary.

[Amdt. 195-33, 50 FR 15899, Apr. 23, 1985, 50 FR 38660, Sept. 24, 1985]

N 195.416 External corrosion control

(a) Each operator shall, at intervals not exceeding 15 nonths, but at
| east once each cal endar year, conduct tests on each underground facility in
its pipeline systens that is under cathodic protection to determ ne whether
the protection is adequate.

(b) Each operator shall maintain the test |leads required for cathodic
protection in such a condition that electrical neasurements can be obtained to
ensure adequate protection.

(c) Each operator shall, at intervals not exceeding 2-1/2 nonths, but at
| east six times each cal endar 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 systemthat is not
cat hodically protected and nmust study |eak records for that pipe to detern ne
if additional protection is needed.

(e) \Whenever any buried pipe is exposed for any reason, the operator

shal | exanine the pipe for evidence of external corrosion. |f the operator
finds that there is active corrosion, that the surface of the pipe is
generally pitted, or that corrosion has caused a leak, it shall investigate

further to determ ne the extent of the corrosion.
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(f) Any pipe that is found to be generally corroded so that the
remai ning wall thickness is |l ess than the m nimumthickness required by the
pi pe specification tol erances nmust either be replaced with coated pipe that
neets the requirenments 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 comensurate with the limts on operating
pressure specified in this subpart, based on the actual remining wall
t hi ckness.

(g) |If localized corrosion pitting is found to exist to a degree where
| eakage might result, the pipe nust be replaced or repaired, or the operating
pressure nmust be reduced commensurate with the strength of the pipe based on
the actual remaining wall thickness in the pits.

(h) Each operator shall clean, coat with material suitable for the pre-
vention of atnospheric corrosion, and, maintain this protection for, each
conponent in its pipeline systemthat is exposed to the atnosphere.

[ Andt . 195-22, 46 FR 38360, July 27, 1981, as anended by Andt, 195-24, 47 FR
46852, Oct. 21, 1982; Anmdt. 195-31, 49 FR 36384, Sept. 17, 1984]

N 195.418 Internal corrosion control

(a) No operator may transport any hazardous |liquid that would corrode
t he pipe or other components of its pipeline system unless it has
i nvestigated the corrosive effect of the hazardous liquid on the system and
has taken adequate steps to mtigate corrosion.

(b) If corrosion inhibitors are used to mtigate internal corrosion the
operator shall use inhibitors in sufficient quantity to protect the entire
part of the systemthat the inhibitors are designed to protect and shall also
use coupons or other nonitoring equipment to determne their effectiveness.

(c) The operator shall, at intervals not exceeding 7-1/2 nonths, but at
| east twi ce each cal endar year, examine coupons or other types of nonitoring
equi pment to determ ne the effectiveness of the inhibitors or the extent of
any corrosion.

(d) \Whenever any pipe is removed fromthe pipeline for any reason, the
operator nust inspect the internal surface for evidence of corrosion. |If the
pi pe is generally corroded such that the remaining wall thickness is |ess than
the m ni mum t hi ckness required by the pipe specification tolerances, the
operator shall investigate adjacent pipe to deternine the extent of the
corrosion. The corroded pipe nust be replaced with pipe that neets the
requi rements of this part or, based on the actual renaining wall thickness,
the operating pressure nust be reduced to be comensurate with the linits on
operating pressure specified in the subpart.

[Andt . 195-22, 46 FR 38360, July 27, 1981, as anended by Andt. 195-20B, 46 FR
38922. July 30, 1981; Andt. 195-24, 47 FR 46852, Cct. 21, 1982]
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ADP. Automatic Data Processor-Conputer.
Al kyds. A famly of protective coatings based upon the use of al kyd resins.

Anaerobic. Free of air or unconbi ned oxygen; anaerobic bacteria are those
that do not use oxygen in their life cycle.

Annul ar Space. The separation between two cylindrical conponents.

Anode. The electrode in an electrolytic cell at which oxidation is the
principal reaction. (Electrons flow away fromthe anode in the externa
circuit. It is usually the electrode where corrosion occurs and netal ions
enter solution.)

Anode-to-El ectrolyte Potential. The el ectrochenical energy difference between
the anode in an el ectrochem cal cell and the surroundi ng environment.

Anodic 1. When used to conpare the potentials of two nmetals or a direction of
change of potential, the nore negative.

Anodic 2. A phenonenon occuring at the anode of an el ectrochem cal cell such
as anodi c pol ari zation.

As-Built. A drawing which reflects tha actual configuration of a structure
when conpl et ed.

ASTM  Anerican Society of Testing and Materials.

Augered Hol es. Excavations made by the use of a screw type excavator or
auger.

AWG  Anerican Wre Gauge - a standard system for neasuring the conductor size
in electrical wires and cabl es.

Backfill. Material used to refill an excavation. Usually material used to

surround either a sacrificial or inmpressed current anode. Also, the nmateria
used to refill the ditch surrounding a pipeline.

Bentonite. A natural clay. |In sacrificial anodes, it is commonly used as a
conponent of the backfill around the anode.

Brinell. A measurenment of nmetal hardness performed using a standard nethod.

Car bonaceous. Having a high content of carbon such as carbonaceous backfill.
Car cenogeni c. Cancer causing such as carcenogeni c conpounds.

Cast-1n Core. Sane as cast-in straps.
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Cast-ln Straps. Metal (usually steel) sections placed inside sacrificia
anodes during the casting process which are used for attaching the anodes to
the structure to be protected.

Cathodic 1. When used to conpare the potentials of two nmetals or a direction
of change of potential, the nore positive.

Cat hodic 2. A phenonenon occuring at the cathode of an el ectrochem cal cel
such as cathodic polarization (antonym anodic).

Cathodic Protection. A technique to prevent the corrosion of a netal surface
by maki ng that surface the cathode of an el ectrochemnical cell

Corrosivity. A nmeasurenent of the tendency of an environment to cause
corrosion such as in a high corrosivity soil

Dielectric. A nonconductor of electricity or insulator

Di sbondnment. Separation between a coating and substrate.

EFD. Engineering Field Division - An organization within the Naval Facilities
Engi neeri ng Command responsible for functions in and |located within a specific

geogr pahi cal area.

El ectrochem cal. A phenonmenon where cheni cal change occurs through the
i ndi rect exchange of el ectrons.

El ectrogal vani zed. Coated with zinc in an electroplating process.
El ectrogal vani zed zi nc coatings are usually nmuch thinner than hot-dip
gal vani zed zinc coati ngs.

Electrolyte. A chemical substance or mxture, 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 netallic structure, in-
cluding the noisture or other chenicals contained init.

Ellipsoidal. Having the shape generated through the rotation of an ellipse.

Enbrittlement. Causing a loss of ductility such as hydrogen enbrittl enent
where the introduction of hydrogen into a netal reduces its ductility.

Extrusions. Materials forned by forcing the material through an orifice or
di e.

FEP. Flourinated Ethylene Propylene - An insulating polynmer.
Fl ow- Protective Current. The novenent of electrons in an electrical conductor

or ions in an electrolyte which are associated with the cathodic protection of
a structure.

Fl ush- 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
both the positive and negative portions of the alternating current input. See
hal f - wave.

Galvanic. Pertaining to the electrochem cal interaction between two netals
such as in gal vanic couple or galvanic series.

Galvanic Anode. A netal which, because of its relative position in the

gal vanic series, provides sacrificial protection to nmetal or netals that are
nore noble in the series, when coupled in an electrolyte. The anodes are the
current source in one type of cathodic protection

Groundbed. An array of anodes, usually inpressed current type, used in a
cat hodi c protection system

Hal f-WAve. In a rectifier, the production of pulsating direct current from
only the positive or negative portion of the alternating current input. See
full -wave.

HMAPE. Hi gh nol ecul ar wei ght pol ethyl ene. A high perfornmance insul ating
material used for electrical cables.

HSCBCI. High silicon-chronmium bearing cast iron. A material used as an
i mpressed current cathodic protection system anode.

An el ectrically charged atom or nol ecul e.

x_
z B

Kil owatt-hour. A neasurement of electrical power consunption.

Magnetite. A formof iron oxide. Sometinmes used for an inpressed current
anode.

Mastic. A thick coating or sealing nmaterial.

M cronmhos. A neasurenent of electrical conductivity. A nmho is a reciproca
ohm a neasurenment of electric resistance.

MIIl-Coated. Coated in a factory (antonym field-coated).
MIllianpere. One thousandth of an anpere. A nmeasurement of electric current.

W. Mllivolt. One thousandth of a volt, a neasurenment of electric
potenti al .

NACE. National Association of Corrosion Engineers.
NAVFAC. Naval Facilities Engi neering Command.

Ni chrome. An alloy of iron, nickel, and chrom umwhich is used for wires with
hi gh el ectrical resistance.
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Ohm Centinmeter. A measurement of bulk electrical resistivity of a material

A material having a resistance of one ohm when neasured across opposite faces
of a one centimeter cube has a resistivity of one ohmcentineter. Equival ent
to ohnms per cubic centineter.

Qut - of -Phase. In alternating current electricity having the opposite
polarity.

Over-The-Ditch-Coating. A field applied coating applied i mediately before
pl aci ng the pipe in the excavation.

Pad- Mounted. Usually refers to electrical equipnment nmounted on a raised
foundati on near ground |evel

Passivate. A reduction in the current flow froman el ectrode due to either
the flow of electric current, the formation of an insulating corrosion
product, or a change in environnent.

pH A neasurenent of acidity or alkalinity of a solution. Specifically the
negative logarithm of the hydrogen ion concentration. Ranges fromO to 14
with 7 being neutral, |ower than 7 acidic, and higher than 7 al kali ne.

Phot ovol taic. Capable of generating electric current directly fromlight.

Platinized. Coated with platinum A fanmly of inpressed current anodes use
pl ati num coati ngs over an inert substrate.

PO.. Petroleumoil, lubricant. An acronym used for petrol eumfuels and
| ubricants.

Pol e- Mbunted. Usually refers to electrical equipnent nounted on a service
pol e.

Pol yal kene. A type of insulating nmaterial based upon polynerization of al kene
nol ecul es.

Pol ychl ori nated Bi phenyls (PCBs). Chenical conpounds formerly used as
i nsulating and cooling liquids in electrical equipment. Due to their
car cenogeni ¢ properties, they are no |longer used in new equiprent.

Pol ypropyl ene. An insulating material based upon polymerization of propylene
nol ecul es.

PVF2. A type of polyvinyl flouride used as an insulating materi al

PZ Piling. A configuration of interlocking steel sheet piling commonly used
for bul kheads.

Quaywall. A waterfront structure consisting of a bul khead.
Recal cined. Refers to carbonaceous materi al which has been reheated to drive

of f additional volatile material subsequent to the initial heating process
whi ch changes coal to coke
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Retrofit. To nodify an original construction

Silverized. A type of lead with high silver content which is used as an
i mpressed current anode.

Structure-to-Electrolyte Potential. (Also structure-to-soil potential or

pi pe-to-soil potential) The voltage difference between a buried netallic
structure and the electrolyte which surrounds it as nmeasured with respect to a
reference el ectrode in contact with the electrolyte.

Sul phate. An ion containing one sul fur atom and four oxygen atons. Also a
chemni cal compound contai ning sulfate ions.

TFE. Tetrafluroethylene. A type of electrical insulating materi al

Thernocouple. A conbination of two nmetals which produce a potentia
di fference between them which is proportional to tenperature.

Thernoel ectric. Capable of generating electric current directly from heat.

Ther no- Wl ding. A technique which is used to join nmetals wherein an
exot hermi ¢ chem cal reaction produces nolten netal.

We. A nethod of connection of three-phase electrical circuits where al
t hree phases are connected to a single point.

CUSTODI AN PREPARI NG ACTIVITY
NAVY - YD NAVY - YD
ARMY
Al R FORCE PROJIECT NO.
FACR- 0260
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