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ABSTRACT

This study investigated to determine the effectiveness of impressed current cathodic
protection (ICCP) on protecting Engen underground steel transfer lines from corrosion.
These lines have a history of leaks aggravated by stray currents from a direct current (DC)
traction system. The main challenge facing the organisation under study is to find a solution
to this situation. Different types of field surveys and simulations were performed, such as
pipe-to-electrolyte or soil “ON” spot potential, DC stray current, close interval potential
(CIPS), direct current voltage gradient (DCVG), transformer rectifier unit (TRU)
performance, soil resistivity, alternating current (AC) interference, anode ground bed (AGB)
performance, instant OFF pipe-to-soil potential. Surveys were categorised into two groups.
These were baseline and post-surveys. The main objective was to check the difference or
deviation from previous results. Baseline surveys were done before upgrading the anode
ground beds at Swamp, Checkers, and Travancore TRU locations. Post-surveys were
performed after the upgrade of anode ground beds (AGB’s) on the above-mentioned
locations to validate the reliability of the anode upgrades. Some of the cathodic protection
(CP) polarisation criteria standards such as NACE 0169, TM0497, TM0102, RP0285, PDO-
65-12, 0SAES-X-400, ADNOC, ISO 15589-1, API were used as a reference during the field
survey and simulation data collection, data analysis, conclusions and recommendations. The
underground pipelines that have aging coating will show and will demand a high cathodic
protection current to comply with CP underground structure polarisation criteria. By
performing CIPS, DCVG, DC stray current, anode ground bed performance and instant
“OFF” pipe-to-soil polarisation surveys, it was possible to gauge the transfer lines’ coating
status, anode ground bed status, defect locations and entry points of stray current. These
surveys also contributed to making effective conclusions and recommendations for the

organisation to have a safe, reliable Engen steel underground transfer lines system.

Keywords: Impressed Current, Cathodic Protection System, Underground Steel, Anodes,
Transformer Rectifier Unit, Engen Refinery, Transferlines, Anode Ground Bed, Close
Interval Potential, Polarisation Criteria Standards, Pipe to Soil Potential, Direct Current

Voltage Gradient, Coupon.
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Chapter 1: Introduction and Overview

1.1 Introduction

Underground pipeline leaks in most cases result from mechanical damage, coating defects,
and stray currents from a direct current (DC) traction system. The stray current problem
areas happen where a portion of the traction current returns to the substation via earth rather

than through the return rail, which results in corrosion [1].

Mechanical damage during installation, pipeline coating defects or an aging pipe coating
can lead to exposed protected structure to have moisture ingress, electrochemical reaction,
oxygen and other corroding sorts. This can eventually cause external corrosion on the buried
steel that in mechanical failure and causes pipe leaks. A supplementary means of protection

is needed to ensure long-term reliability of the underground steel pipelines.

In many countries, generally protected from corrosion by a combination of coating and a
cathodic protection system as specified in the Code of Federal Regulations (CFR) after July
31, 1971[2]. Too many accidents are caused by pipe corrosion every year. The corrosion

rate is mainly determined by cathodic reaction [3].

According to Zhengfeng et al, buried steel pipelines are commonly prevented from external
corrosion by both application of coatings and cathodic protection. Furthermore, impressed
current cathodic protection can complete the protection system by preventing corrosion of

the steel surface at defects, which would develop on the coatings through the aging process

[4].

Christodoulou et al. stated that impressed current cathodic protection is a technique utilised
since the 1970s and arrest corrosion, induce and sustain steel passivity. Furthermore, the
main principle of cathodic protection (CP) is to apply an impressed current to induce
negative steel polarisation. This means it drives the steel potential to not less than -850mV
(CSE) with respect to surrounding earth. Under this condition, corrosion processes will not

occur [1].



To ensure reliable and safe operation of underground steel pipelines, impressed current
cathodic protection (ICCP) is the most reliable technique for corrosion prevention of steel

pipelines. Effectiveness may be reduced at coating defects due to coating [5].

ICCP works more effectively in reducing or preventing the corrosion of any metal or alloy
exposed to an aggressive environment. It extends the service life of thousands of kilometres
of buried steel pipelines, offshore oil drilling structures, liquefied petroleum gas bullets, etc.
To design an effective ICCP system, knowledge of surface current density and

electrochemical potential surface is necessary [6].

Impressed current cathodic protection effectiveness may be reduced at corrosion pits and
cracks. Field experiences have contributed to finding a significant number of corrosion
defects on the external surface of cathodically protected pipelines after several years of
service and proactively repaired them. According to Cheng et al., in the absence of AC
interference or at a low AC density, i.e. 20A/m?a CP potential of -950mV (CSE) provides
full protection over the steel [6].

1.2 Problem statement

Petroleum Refineries are currently facing challenges of the external corrosion rate and leaks
on their underground steel piping system. Another concern is the negative effects of the stray

currents, which create corrosion and leaks [7].

Underground steel pipeline transportation is the most means of transporting oil, gas and
other petrochemical products. It is cost effective, relatively reliable, but corrosion is a
significant for its safe operation. Furthermore, industry reports reveal that external corrosion
accounts for approximately 40% of structural integrity problems in the oil and gas

transmission pipelines network [8].

Underground external steel pipeline corrosion in most cases is caused by moisture,

penetrated via coating defects, aeration, presence of stray currents and etc [7].



1.3 Engen Refinery challenge

Engen Refinery has underground steel transfer lines installed in the early 1960s. At great
expense, some of transfer line sections have been replaced. There is concern over a trend of
transfer lines’ leaks due to underground corrosion. These transfer lines are installed in highly
populated areas and share the servitude with other organisations’ underground utilities. The
leaks can lead to a major safety impact on people, equipment, and environment. Engen is

well aware that this affects their reputation.

Excavating the entire length of the pipeline for inspection, repairs and approval from other
stakeholders is too costly. Sections of the transfer lines have CP systems. The CP system

has reached the end of its life based on analysis of the reports on the tested results.

To determine the effectiveness of a CP system as an effective supplementary technique in
protecting transfer lines against underground corrosion. In addition, the intention is to
protect these transfer lines against stray current from the DC traction system and as a long-

term solution to this challenge the organisation is currently facing.

1.4 Research questions

The main objective of this investigation was to find resolutions to the following questions:

e What are the underground factors that affect the underground pipelines’ coating?

e What improvement will ICCP have to overcome these factors to avoid or control
stray current, minimise corrosion, reduce future leaks, and prolong pipelines’
lifespan?

e How does cost of replacing the pipelines compare to the cost of an ICCP system

installation?

This research sought to find an effective solution by the based of underground pipelines to

prevent external corrosion.

This investigation will contribute to catastrophic transfer line failures. It will assist in
proactively identifying anodic areas and have a roadmap for planning transfer line repairs
or replacement. Positively contribute to unplanned outages and minimise external corrosion
of transfer lines. In addition, it should in maintenance costs and avoid damaging the

reputation of the organisation.



1.5 Hypotheses

The effectiveness of the impressed cathodic protection system to protect underground
pipeline system can be determined by performing pipe-to-soil potential survey, DC stray
current survey, close interval potential survey, direct current voltage gradient survey, testing
efficiency of transformer rectifier unit, testing integrity of transfer lines’ isolation flanges,
soil resistivity survey, AC interference survey, anode ground bed performance survey and
cathodic protection system structure polarisation compliance to NACE standards by

conducting simulation using external steel coupons.

To ensure validation and reliability of the survey results, calibrated and recommended
testing instruments had to be used. In addition, all data had to be carefully recorded and

catagorised.

1.6 Dissertation structure

The investigation was structured in the following manner:
Chapter 1: Introduction and Overview

The content of this chapter focuses on the organisation’s challenge or problem statement,
study objectives, study focus, history of underground pipelines corrosion, questions and

hypotheses.
Chapter 2: Literature Review

The chapter presents reviews of the published theory and research that supports cathodic
protection from different sources relevant to this study, including factors affecting
underground pipelines’ corrosion, basic electrochemistry, nature of corrosion, polarisation
of underground structure requirements, relevant cathodic protection criteria, factors
affecting polarisation, cathodic protection concept, relevant field measurements, and

simulations.
Chapter 3: Research Design and Methodology

This chapter focuses on different data collection and analysis techniques that were

implemented and evaluated to be the most suitable for this type of study.



Chapter 4: Results and Analysis

This chapter provides recorded data and an analysis of the research on visual inspection,

field simulation and testing.
Chapter 5: Conclusion and Recommendations

This chapter gives an overview of the conclusion and recommendations based on the

findings during the field surveys and simulations.

All as a list of CP standards and a recommended schedule is attached as appendices.



Chapter 2: Literature Review

2.1 Introduction

Engen Refinery was built in 1954 and is based in Durban, South Africa. It comprises eight
products transfer lines pipelines. The cathodic protection (CP) system for the transfer lines
installed from Engen Refinery to Engen Island View sites is known as common cathode. It
comprises three transformer rectifier units directly connected to the Engen transfer lines.

This chapter deals with the theoretical background based on different sources reviewed by

the researcher and relevant to this study.

TP _1/

i
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Figure 2.1: Engen transfer lines’ routes along Tara Road, Durban

2.2 Basic electrochemistry

Corrosion and cathodic protection involve an electrochemistry process. Cathodic protection
and corrosion involve electrochemistry related with a charge transfer in aqueous

environments [9].



This situation is based on whether there is an excess of hydrogen (H*) or hydrogen hydroxide
(OH") ions. lons are gaining or losing electrons in electrically charged a charge on an atom
is known as its valence. An atom gaining extra electrons is known as an anion. It is
negatively charged because the number of electrons is more than the number of protons. The

loss of electrons produces a positively charged ion called a cation.

A medium is known to be acidic when there is an excess of H* ions. Quality of an acid is a
measure of hydrogen ion concentration in an aqueous solution and is arranged according to

the pH scale. pH is the negative logarithm to the base 10 of the hydrogen ion concentration
pH = -log(H") [10]

Based on many metals, the rate of corrosion increases substantially below a pH of about 4.
Between 4 and 8, corrosion rate is independent of pH. Above 8, the environment becomes
passive and corrosion rates tend to decrease. Figure 2.2 illustrate the effect pH on (a) steel,

and (b) aluminium and lead.

CORROSION RATE
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Figure 2.2: Effect of pH on the rate of corrosion [10]

The pH becomes more alkaline around the environment of the cathodic protected structure

due to the production of ions or removal of hydrogen ions [11].



2.2.1 Cause of metal to corrode

The force that makes metals corrode is a natural consequence of their temporary existence

in the metallic form.

The more reactive a metal is with its environment, the more energy change from its natural
state to the metallic form. It is relatively high for metals such as magnesium, aluminium and

iron and relatively low for copper, silver and gold [12].

2.2.2 Corrosion reaction

The dissolution of the metal is electrochemical. It is a chemical reaction accompanied by the

passage of an electric current [13].
For corrosion to occur, all of the following conditions must be present:

e There must be an anode and a cathode.

e There must be a potential difference between the anode and the cathode.

e There must be a metallic path connecting the anode and the cathode.

e There must be a conducting electrolyte surrounding both the anode and the cathode.

e Theanode is the area at which oxidation or corrosion occurs where the current leaves
the metal to enter the electrolyte.

e The cathode is the area reduction or negligible corrosion occurs where the current
leaves the electrolyte to enter the metal.

e The electrolyte is a solution in which the conduction of electric current occurs by the
passage of dissolved ions.

An electric current will flow and metal will be consumed at the anode, i.e. the anode corrodes

as shown on Figure 2.3
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Figure 2.3: Corrosion basics [10]
The rate of corrosion is proportional to the amount of current flowing in the corrosion cell.
The rate of corrosion depends on the following:

e The metal (different metals corrode at different rates).
e The electrical resistance of the electrolyte.
e The amount of dissolved oxygen in the electrolyte.

e The pH (parts of hydrogen indicating acidity) value of the electrolyte.

The size of the corrosion cell can range from microscopic to long line cells over large

distances.

2.2.3 Oxidation and reduction reaction

Oxidation refers to the loss of one or more electrons from an atom or molecules, a positively
charged ion. When electrons are given up or released by an atom, that process is called an
oxidation reaction. In a cathodic protection system, this reaction takes place on an anode.
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The gaining of one or more electrons to an atom, which a negatively charged ion or neutral

element, is known as place on a cathode [13].

2.2.4 Anodic process

When corrosion occurs, positively charged ions leave the anode (metal) and leave a surplus
of negatively charged electrons through the metallic path to the cathode [13]. Figure 2.4
illustrates the anodic process. This anodic reaction for iron can be represented by:

Fe — Fe™ + 2e”
Iron Ferrous Iron Electrons
ELECTRDETTE i R nirail i
- fat?t '-a‘ .,'3'_;: .f'e"- :j" - ! :
- Fatt e O e P e S
amepald gt TE Uil T ANCIOE D
- F=-|—|- Ty o .-_. _. ‘ .. _ ._...*-_ h{.'... .:-:-
= ET o Lo :
"-—F'E++ L =t
e R = g
-I—F:++ F‘E++ '\-l: TR . E :

Figure 2.4: Anodic process [12]

2.2.5 Cathodic process

The electrons produced by the anodic reaction pass through the metal to the cathode
surface where they restore the electrical balance of the circuit by reacting with and
neutralising positive ions in the electrolyte [12]. Figure 2.5 illustrates the cathodic process.
There are cathodic reactions, namely:

e Hydrogen ion reduction is the main cathodic process observed in acidic solutions,
where the metal dissolves giving off hydrogen gas.
2H* + 2e - HZT
Hydrogen lon Electrons Hydrogen Gas off

e The most important and commonly observed cathodic process in neutral or alkaline

10



aqueous environments is the oxygen reduction process:

07 + 2H0 + 4e —  40H

Dissolved oxygen Water Electron Hydroxyl lons

Corrosion is accompanied by the formation of solid products by the interaction of
anodic and cathodic products.

Fe'™™ + 20H — Fe(OH),
Which is then further oxidised to form hydrated ferric oxide:
4Fe (OH), + 2H,0 —  4Fe(OH)s
Ferric Hydroxide
This compound is unstable and loses water to form ferric oxide or rust, (Fe203):

2Fe(OH); — Fex03 + 3H2;0

Note that the electrons required for all the cathodic processes are supplied from the anodic

Process, i.e. one cannot take place without the other. It follows, therefore, that if either the

anodic or cathodic process is stopped or cannot take place, then the overall corrosion

process will also be halted [12].

ELECTROLYTE

Figure 2.5: Cathodic process [12]

2.2.6 Combined anodic and cathodic process

At the cathode surface the electrons would meet hydrogen ions from the surface. One

hydrogen ion would accept one electron and be converted to a hydrogen atom which could

enter the metal and lead to hydrogen embrittlement.
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In most cases, it could combine with another hydrogen atom and become molecular
hydrogen gas which would either cling to the surface or be released as a bubble. As this
process continues, oxidation of the anode occurs and at the cathode there will be the

reduction of hydrogen ions.

The formation of adherent hydrogen gas at the cathode in neutral solutions acts to slow down
the corrosion process at the cathode. This also slows down the corrosion rate at the anode
which cannot proceed at a higher rate than electrons can be consumed at the cathodic
surfaces. Slowing down of cathodic reaction is called cathodic polarisation and is the most

important factor in limiting current requirements of cathode protection systems.

2.3 Electrochemical circuit

The ions produced in oxidation and reduction are current carrying charges. An electrolyte is
an ionising solution capable of conducting electricity. Electrolytes with higher ionisation
have greater conductivity. This means that conductivity is directly proportional to ionisation

of the electrolytes. Figure 2.6 shows a basic electrochemical circuit [13].

METALLIC PATH
e —_—

Figure 2.6: An electrochemical circuit [13]

Corrosion cell is a condition on a metal surface in which a flow of electric current occurs
between the metal surface and an electrolyte with which it is contact to cause the metal to
degrade. It consists of the anode, cathode, electrolyte and electronic or metallic path. An
electrochemical process that includes the flow of electrons and ions is called corrosion.
Metal loss takes place at the anode to protect the cathode. Anode is an electrode of an

electrochemical cell at which oxidation occurs. Electrons flow away from the anode in the

12



external circuit. Cathode is an electrode of an electrochemical cell at which reduction occurs

and electrons flow toward the cathode in the external circuit.

The formation of metallic ions at the anode generates electrons that pass through the
electronic path to the surface of the cathode locations immersed in water. They restore the
electrical balance of the system by reacting with positive ions in the electrolyte. Figure 2.7

shows the corrosion cell [14].

METALLIC PATH
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Figure 2.7: Corrosion cell [14]

2.4 Corrosion process using copper and iron rod

ELECTRODE | Z ELECTRODE I

Fe Cu

>
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Figure 2.8: Corrosion process using galvanic cell [15]
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Corrosion processes can be clearly explained with the help of a galvanic cell. If, for example,
a metal rod is immersed into an electrolyte, positively charged ions pass into the electrolyte
and conversely, positive ions are absorbed from the electrolyte by the metal band. In
practice, potentials of the metals in the ground are measured with the help of a copper
sulphate electrode which either consists of a copper rod, which is immersed in a copper
sulphate solution, or of a copper sulphate dry electrode. The reference potential of this

reference electrode remains constant.

If two rods made of different metals are immersed into the same electrolyte, a voltage
develops in each rod. The voltage between the rods (electrodes) can be measured with the
help of a voltmeter. It is the difference between the potentials of the individual electrodes

compared to the electrolyte.

If, as can be seen in Figure 2.8 above, the copper electrode and the iron electrode are
connected via an ampere meter outside the electrolyte, current flows within the external
circuit from plus to minus poles, i.e. from the “more noble” copper electrode to the “less
noble” iron electrode [15].

In the electrolyte, by contrast, the current must therefore flow from the “more negative” iron

electrode to the copper electrode to close the circuit. [16].

2.5 Galvanic series

In this series, the metals are arranged from less active to the most active. Table 2.1 represents
the standards emf series of the potential difference between metals exposed to solutions

containing the respective ions at unit activity.

Table 2.1: Partial standard emf series of metals [17]

Metal Standard Electrode Potential Eo (V) vs. SHE
Gold +1.498
Platinum +1.200
Copper +0.345
Hydrogen 0.000
Lead -0.126
Nickel -0.250
Iron -0.440
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Zinc -0.763
Aluminium -1.662
Magnesium -2.363

Electrochemical reactions will occur on each electrode, when two electrodes are placed in
the electrolyte. When copper and zinc electrodes are immersed in the electrolyte, each will
corrode and exhibit an electrode. The potential between the two electrodes is called
electromotive force (emf). It is equal in sign and magnitude to the electrode potential of the
anode less the electrode potential of the cathode. This emf between the two electrodes is the

driving force for electrochemical corrosion [17].

2.6 Charge flow in an electrochemical corrosion cell

If an electronic or metal path connects the two electrodes, the voltage difference will cause
a current to flow between them. Corrosion requires an electrical circuit, involves flow of
current via free electrons. Any two metals will cause a current to flow due to relative

tendencies to ionise.

Figure 2.9 shows a corrosion cell of iron and zinc in an electrolyte. The potential difference
is -0.323V when zinc and iron are immersed in electrolyte using Table 2.1. The standard
electrode potential. The potential difference between the electrodes will be Ecell = Ezn — Ere
= (-0.763 - (-0.440) = -0.323V). When these two different metals are electrically
interconnected in a common electrolyte, the more active metal (zinc) will tend to become

the anode of the corrosion cell as illustrated in Figure 2.9. [18].
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Figure 2.9: Oxidation and reduction reaction in a corrosion cell [18]

The partial standard emf series is a means of organising metals in order of their ability to
corrode. A more effective method of arranging metals is the galvanic series. Copper-copper
sulphate (Cu-CuSOQa4) reference electrode and silver-silver chloride (Ag-AgCl) reference
electrode are two of the standard half-cells or reference electrodes used for measuring the

potential of a metal surface exposed to an electrolyte.

Copper sulphate is commonly utilised for measuring potentials of underground structures
and those exposed to fresh water. It is not suitable to be used in chloride electrolyte as the
chloride ions will migrate through the porous plug and contaminate the copper sulphate

electrode. Silver-silver chloride is used for measurements in seawater.

Galvanic series is based on the particular behaviour of a metal in a particular electrolyte and

the most common electrolyte used is seawater, as shown on Table 2.2.

Table 2.2: Practical galvanic series in sea water [19].

Metal Volts vs. Cu-CuSO4 Reference Volts vs. Ag-AgCl Reference
Electrode Electrode
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Active or Anodic End Active or Anode

Magnesium -1.60to -1.75 -1.551t0-1.70
Zinc -1.10 -1.05
Aluminium -1.05 -1.00
Clean carbon steel -0.50 to -0.80 -045t0 -0.75
Rusted carbon steel -0.30 to -0.50 -0.25t0 -0.45
Cast/ Ductile iron -0.50 -0.45
Lead -0.50 -0.45
Steel in concrete -0.20 -0.15
Copper -0.20 -0.15
High silicon iron -0.20 -0.15
Carbon, Graphite +0.30 +0.35

2.7 Corrosion rate

Most of the corrosion of underground metals is caused by an electrochemical reaction.
Corrosion occurs through the loss of metal ions at anodic areas to the electrolyte. Cathodic
areas are protected from corrosion because of the deposition of hydrogen or other ions that
carry current. Soil resistivity, soil pH value, moisture, aeration, stray currents, presence of
biological species, presence of sulphates and chlorides are the factors affecting underground
corrosion [20, 21]. The following are the standard industrial protection criteria for buried

steel structures:
e Potential of the structure > 850 mV with respect to Cu/CuSO4 reference electrode
e Positive potential shift of > 100 mV when the current is interrupted [2].

The criterion for corrosion reduction is polarising the entire structure to the open circuit
potential of the most active anodic site on the structure. Laboratory surveys have indicated
the most active corrosion potential of a new steel in different soil environments is between
-800 mV and -850 mVcse both referenced to a saturated copper sulphate reference electrode.
At least a negative of -850 mVcse polarisation of a steel structure surface and stable copper
sulphate reference electrode contacting electrolyte need to be obtained to ensure that the
structure is adequately protected. Voltage drops (Ir drops) other than those across the

structure-to-electrolyte boundary must be considered for analysis.

E.gso = Eon - IR
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During laboratory experiments and a field survey for operating cathodic protection systems,
it has been found that for old structures, the most active anodic site can be significantly more
noble than -850 mVcse. A minimum of 100 mV of polarisation on an old structure should
provide adequate cathodic protection if testing between the structure surface and stable

reference electrode contacting the electrolyte to satisfy the second criteria.
AE100 = Eorr — EpepoLARIZED
or
AE100 = Eorr - Ecorr

2.8 Electrochemical equivalents

Table 2.3 shows theoretical estimated consumption rate per year for various metals when

buried underground.

Table 2.3: Consumption rate for various metals [2]

Reduce Oxidized Molecular  Electrons  Equivalent Theoretical Theoretical
species  species weight, transferred weight, consumption consumption
M(q) (n) M/n(g) Rate (Kg/A-y) Rate (Ib/A-y)
Al Al 26.98 3 8.99 2.94 6.48
Cd Cd** 112.4 2 56.2 18.4 40.56
Be Be** 9.01 2 451 1.47 3.24
Ca Ca* 40.08 2 20.04 6.55 14.44
Cr Cr+ 52.00 3 17.3 5.65 12.46
Cu Cu** 63.54 2 31.77 10.38 22.88
Fe Fe** 55.85 2 27.93 9.13 20.13
Pb Pb** 207.19 2 103.6 33.85 74.63
Mg Mg** 24.31 2 12.16 3.97 8.75
Ni Ni** 58.71 2 29.36 9.59 21.14
Zn zZn** 65.37 2 32.69 10.7 23.59

2.9 Voltage difference

A voltage can be measured between different metals in an electrolyte. It can also be

measured between a metal to a reference electrode both contacting the same electrolyte [23].
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2.10 Copper-copper sulphate electrode

The purpose of the reference electrodes is to measure and monitor the pipeline condition
through an auto-control/rectifier unit. It is the most commonly used reference electrode for
measuring potentials of the underground structures and for those exposed to fresh water. A
copper-copper sulphate electrode is generally used for measuring the pipe-to-soil potentials
and the performance of the impressed current cathodic protection systems.

The number of reference electrodes has to be decided based on the exposed conditions, type
of coating applied, etc. The number and position of reference electrodes and inert anodes on
the underground pipelines is of utmost importance in designing an efficiently impressed
current cathodic protection of any structure. Figure 2.10 illustrates how structure-to-
electrolyte potentials are measured using a copper sulphate reference electrode. Figure 2.11
shows copper sulphate reference electrode components [24].

VOLTMETER
o |

Cu/Cuso0,

Figure 2.10: Potential measurements using a copper sulphate reference electrode [24]
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Figure 2.11: Copper sulphate reference electrode components [24]

A copper sulphate reference electrode is composed of a copper rod, immersed in a saturated
solution of copper sulphate, held in a non-conducting cylinder with a non-reactive porous
plug at the bottom. Copper ions in the saturated solution prevent corrosion of the copper rod
and stabilise the reference electrode. Portable reference electrodes are utilised for field and

laboratory testing purposes. They should be cleaned and refilled regularly.

Permanent reference electrodes are used for installation in or near a buried structure to
monitor the structure-to-electrolyte potential. They need to be calibrated from time to time
[24].

2.11 Converting between reference electrodes

Reference electrode conversion is done where more than one type of reference electrode is
used. It is desirable to convert them all to the same reference, normally copper sulphate
electrode. Half-cells or reference electrodes are the devices that permit measuring the
potential of a metal surface exposed to an electrolyte. A structure-to-electrolyte potential is

actually the potential difference between the structure and the reference electrode [25].

2.12 Polarisation

Polarisation is the change from the open circuit potential of an electrode resulting from the
passage of current. As a current flow continues, polarisation occurs at both the anode and
cathode. Polarisation lowers the potential difference between the anode and cathode areas,

causing a reduction in the corrosion and the corrosion rate.
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If the anode and cathode of a corrosion cell are connected, the resulting current will cause
the potential of the anode to approach the potential of the cathode. As the resistances of the
electronic or electrolyte paths reduce, the voltage difference between polarised electrodes
also reduces, and both electrodes come to steady state polarised potentials.

The difference between polarised potentials of the anode and cathode is the driving voltage
of the corrosion cell. The current at this steady state condition is defined as the corrosion
current (Icorr) of the system. The potential normally measured is a mixed potential (Em)
between the polarised anode potential (Era). Figure 2.12 is a graphical representation of the
concept of polarisation [25, 26].
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Figure 2.12: Concept of polarisation [25]

Open circuit potentials are the potentials of the cathode and anode, Eoc and Eoa, when the
corrosion current is zero. Epa is the polarised potential of the anode and Epc is the polarised

potential of the cathode.

Icorr IS the corrosion current of the corrosion cell. As the current increases, the value of E
changes either anodically or cathodically depending on current direction. Polarisation is
related to the depletion of the reactants and build-up of reactant products. Anything that
favours the build-up of reaction products, or the depletion of reactants increases polarisation.
Anything that causes the removal of reactants will reduce polarisation or depolarise.

The total polarisation of a structure is the sum of the activation and concentration

polarisation. With the application of cathodic protection current, the reaction rate is
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relatively slow. In this case, the structure is most likely under activation control. However,
as the cathodic protection current is increased, the availability of reactants at the interface
decreases and reaction products start to accumulate, and concentration polarisation begins
to control. As the current nears the limiting current density, the potential at the interface

becomes more negative very fast [25, 27] [2].

2.13 Factors affecting polarisation

Factors that affect polarisation are: current or charge transfer, electrolyte resistivity (total
ion concentration), anode or cathode ratio, temperature, effect, relative electrolyte, etc. Since
polarisation is caused by current, as current increases, polarisation increases. A greater
current result in a high reaction rate, causing a depletion of reactants and a build-up of

reaction products.

Where the controlling factor is current, an increase in current causes an increase in
polarisation. Where the controlling factor is polarisation, an increase in polarisation will
cause a decrease in current. Since the transfer of charge or current through the electrolyte
depends on ions, the total number of ions present will have a significant impact on the
electrolyte resistivity and current flow in the circuit. An increase in ions will result in a

decrease in resistivity.

Since polarisation is a function of the current density or current per unit area, the effect of
current concentrated on a small area will be greater than the effect of the same amount of
current on a larger area. A coated structure will polarise more rapidly than a bare structure

with a given amount of current.

For corrosion cell, the area ratio of anode and cathode is important. A small anode and large
cathode is undesirable because the pitting is greater compared to a large anode and small
cathode [13, 27]

2.14 Cathodic protection concept

Cathodic protection involves reduction of potential difference between the anodic and
cathodic locations to zero, resulting in a zero-corrosion current flow. This is achieved by
impressing current onto the structure from external electrode and polarising the cathodic

locations or sites in an electronegative direction.
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As the potentials of the cathodic location or area polarise towards the potentials of the anodic
area, the corrosion current is reduced. In simple words, the current is impressed into the

structure to reduce the potential difference between anodic and cathodic sites.

When the potentials of all cathodic locations reach the open circuit potential of the most
active anodic areas, corrosion is eliminated on the structure. Corrosion of the structure will
be minimised once the applied cathodic protection current equals or exceeds the corrosion

current.

Cathodic protection current is impressed from an external cathodic protection anode through
the electrolyte to the metal and reduces the potential difference between anodic and cathodic
sites, as shown in Figure 2.13, diagram a and b. Diagram a of Figure 2.13 shows the status
of the structure to be protected before cathodic protection has been applied. Diagram b of
Figure 2.13 shows the status of the structure after cathodic protection has been applied [2,
27].
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Figure 2.13: Cathodic protection applied to a structure (a) before CP and (b) after
CP[2]
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2.15 Objectives of cathodic protection

The following objectives must be achieved in a cathodic protection system that is adequately

designed to prevent corrosion:

e To prevent external corrosion through the design life of the pipeline.

e To provide sufficient current to the protected pipeline and distribute this current
so that the selected criteria for the CP system are effectively attained.

e To provide sufficient current to the structure to be protected.

e To minimise the interference currents on nearby underground structures and
from other sources of DC current.

e To have an anode system with life similar to the required life of the protected
structure, or provide for periodic rehabilitation of the anode system

e Allow for changes in current requirements with time.

e Ensure anodes are not distributed or damaged. and other structures have not been
installed close to them.

e Ensure that the CP system operates continuously.

e To prevent external corrosion through the design life of the pipeline

The above are achieved by shifting the potential of the metal in the negative direction with
respect to earth by the use of an external DC power source to impress a current on the
structure [25, 28, 29].

2.16 Polarisation of a structure

Current must flow from the DC power source to the structure, via the anodes, to be protected.
When current goes from the electrolyte to the metal, a reduction reaction occurs. Products
from these reactions change the chemical composition of the electrolyte at the
structure/electrolyte surface. The chemistry at the interface, as measured by the structure
potential, is known as polarisation. Figure 2.14 illustrates the polarisation process of an

underground structure [2, 27, 30].
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Figure 2.14: Polarisation of underground structure [27]

As the structure polarises, its potential changes in an electronegative direction as illustrated
on Figure 2.14. For mitigation of corrosion, all existing cathodic areas must be electro
negatively polarised to a potential equal to the open circuit potential of the most active anode

potential existing on the structure [2, 31].

Polarisation of the structure is implemented by applying external current, the magnitude of
which depends on the cathodic polarisation behaviour. Polarisation of the cathodes to the

open circuit potential of the anodes is the true criterion for eliminating corrosion.

Because corrosion cells are usually microscopic and the measured potentials are corrosion
potentials (Ecorr), the initial measurements are most likely to be average of corrosion
potentials for several corrosion cells. The several replacement or surrogate criteria were
developed to assist meeting the true criteria [26, 27]. Figure 2.15 shows the structure of

polarisation formation.
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Figure 2.15: Polarisation formation [2]

2.17 Adequate protection current requirement

The amount of current required to provide an adequate protection depends on the surface
area to be protected and the polarisation behaviour of the structure in its environment.
Current requirement is directly proportional to the area of the exposed metal surface to the
electrolyte. A good-coated structure requires less current than a bare structure and a coated
structure needs a protective current only at coating holidays, meaning defects in the coating
defects [26].

2.18 Applied current versus corrosion rate

The first increment of applied cathodic protection current results in the largest decrease in
corrosion. Cathodic polarisation at potentials more electronegative than the static anode
potential has no benefits and, in extreme cases can be harmful to the structure and/or its
coating. This is known as overprotection and it can be harmful to atmospheric metals and

alloys which may corrode at high rates in both basic and acidic environments.

Overprotection can cause coating disbondment and this depends on the particular coating.
Structure coatings polarised potential values more negative than -1.200 mV cse should be
avoided [26].
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Based on underground structure coatings, the coating manufacturer should be consulted to
determine if the coating is compatible with cathodic protection. Excessive protection can
lead to hydrogen damage of some metals. If all of the cathodic locations have polarised to
the open circuit potential of the most active anodic locations, corrosion is mitigated but it is
not possible to measure the potential of the individual anodes and cathodes. A surrogate
criterion is therefore required. Figure 2.16 illustrates the logarithmic relationship between

cathodic protection current and corrosion rate [2, 32].
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Figure 2.16: Cathodic protection current versus corrosion rate [2]

2.19 Primary criteria for cathodic protection

Based on the NACE standard SP0169 and TMO10, cathodic protection criteria that apply to

steel involve structure-to-electrolyte potential of equal to or more negative than
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-850 mV in reference to a copper sulphate reference electrode (CSE) and one is a
polarisation change of 100 mV. There are three primary criteria for cathodic protection of

underground or submerged steel or cast-iron piping, namely:

e -850 mV cse with CP applied
e A polarised potential of -850 mV cse

e 100 mV of polarisation.

The criterion which is used to determine the efficiency of a cathodic protection system is
known as the structure to electrolyte potential. The potential difference is measured using a
high impedance voltmeter and a reference electrode, normally saturated copper/copper
sulphate (Cu/CuSOa4).

The primary protection criterion of a polarised potential of at least -850 mV and not more
than -1200 mV shall be achieved on all parts of the buried pipeline (refer to Clause 6.2.2.1.2
of NACE RP0169). All potential values are measured relative to a Cu/CuSOs4 reference
electrode (CSE).

Based on the NACE RP0169 requirements of Clause 6.2.2.1.3, a minimum of 100 mV of
cathodic polarisation exists between the structure surface and stable reference electrode
contacting the electrolyte. The formation or decay of polarisation can be measured to satisfy
this criterion This criterion may be applied to determine whether cathodic protection has

been successfully achieved.

This other criterion should be utilised only when it is not possible to achieve a polarised
potential of -850 mV (CSE). With specific regard to pipeline sections in high-resistivity

aerated sandy soil conditions, less negative values may be acceptable [2, 25].

2.19.1 -850 mV cse with cathodic protection applied

A negative (cathodic) potential of at least 850 mV with the CP applied is required for this
criteria. This potential is measured with respect to a saturated copper sulphate reference

electrode contacting the electrolyte.

The voltage drop (IR drop) between the reference electrode and structure-to-electrolyte

boundary are an error in this reading and must be removed before applying this criterion.
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However, in the presence of sulphides, bacteria, elevated temperatures, acid environment

and dissimilar metals, the criteria of -850 mV may not be sufficient [2, 25].

2.19.2 Polarised potential of -850 mV criteria

Beavers, Holtsbaum and NACE-RP-0169 agree that a negative polarized potential of at least
-850 mV relative to a saturated copper sulphate reference electrode contacting the electrolyte

to determine whether cathodic protection has been successfully achieved [25].

This can be obtained by interrupting all current sources influencing the structure and taking
an instant off potential. This criterion is more direct than the -850 mV criteria with CP
applied by clearly defining the method by which voltage drops errors in the ON potential

are considered.

The disadvantage of this criterion is the requirement that all sources of DC current be
interrupted. A potential more negative than -850 mVcse may be required to mitigate
corrosion in the presence of MIC, further increasing the likelihood of overprotected [25, 31,
33].

2.19.3 100 mV of polarisation criteria

A minimum of 100 mV of cathodic polarization between the structure surface and a stable
reference electrode contacting the electrolyte [31]. It has been found from the laboratory and
test results from operating cathodic protection systems, that a minimum of 100 mV of
polarisation on the old structures should provide adequate cathodic protection. This is
because for older structures, the most active anodic site can be significantly more noble than
-850 mV csk.

It is also applicable for metals other than steel and with reference cells other than copper
sulphate. Polarisation is the change in potential from the native or free corroding potential

and the instant OFF potential. This criterion has the sound fundamental basic.

The corrosion rate decreases and the rate of the reduction reaction on the metal surface
increases as the underground structure is polarised in the negative direction from the native
potential. It can be measured during formation or decay, as shown on Figure 2.17, which is
a graphical representation of cathodic protection criteria of 100 mV and -850 mV criteria
curve [25, 27, 34, 35].

29



DEPOLARIZATION

=) ON POTENTIAL

ON—-IR" — B850 mchE

OFF POTENTIAL "OFF—IR" — 850 mV
CSE

E OFF — E CORR > 100mV
100mV E OFF — E DECAY OFF > 100mV

POLARIZATION
100mV DEPOLARIZATION

POTENTIAL (-mV)

E DECAY OFF

NATIVE (FREE CORRODING, STATIC) POTENTIAL g CORR

(

S

Figure 2.17: Cathodic protection criteria curve [27]

2.20 Potential limits for cathodic protection of pipelines

For steel pipelines to be considered fully cathodically protected, the “OFF” potential on all
parts of the pipeline should be within the ranges indicated in the “protection achieved’ row,
as stated in Table 2.4 [27].

Table 2.4: Potential limits for cathodic protection of pipelines [27]

Range of protection Silver-silver chloride reference Copper—copper sulphate
(mV) reference electrode
(mV)
Corrosion (under protection) > -800 > -850
Protection achieved >-800 < -1100 > -850 <-1200
Overprotection <-1100 <-1200

2.21 Current density requirements

The complete protection of buried steel or iron may require 0.75-5.0mA of the current per

square foot of the surface. On a well-coated line, the current may be as low as
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0.01-0.2 mA/ft2 [36]. Table 2.5 illustrates the current required for protection of steels in

various environments.

Table 2.5: Current densities for steels protection in various environments [36]

Environment Current density (mA/m?)

Current density (mA/ft?)

Soil (40-58)
Freshwater (11-32)
Seawater (43-64)
Moving water (11-32)
Sea mud (11-32)

(0.75-5.0)
(1-3)
(4-5)
(1-3)
(1-3)

2.22 Cathodic protection systems

Galvanic or sacrificial and impressed current cathodic protection systems are the two

primary types of cathodic protection systems [7, 29].

2.22.1 Galvanic cathodic protection system

2.22.1.1 Components of galvanic cathodic protection system

The anode, anode backfill, a means of connecting the anode to the structure and structure

are the basic components of a galvanic anode cathodic protection system. Figure 2.18 is a

typical galvanic anode cathodic protection system [25].

ELECTRON FLOW
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Figure 2.18: Typical galvanic cathodic protection system [25]
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2.22.1.2 Principle of galvanic cathodic protection system

Sacrificial anode technique use the natural potential difference, derived from electrolysis
that exists between the structure and a second metal in the same environment to provide a
natural current that flows from the buried anodes to the structure. No external power source

is employed.

In other words, a more active metal connected to a less active material will form a galvanic
corrosion cell. This is utilised to protect the less active metal, or the noble metal gets
protected with consuming the less noble metal. Aluminium, zinc, and magnesium alloys are
more base materials than mild steel/carbon steel, which are the structural material for many
pipelines, offshore structures, ships, etc. Figure 2.19 illustrates the principle of the galvanic

cathodic protection system [7].

ELECTROLYTE

Figure 2.19: Principles of galvanic CP system [7]

The efficiency of a galvanic anode depends on the alloy of the anode and the environment
in which it is installed. The consumption of any metal is directly proportional to the amount
of current discharged from its surface. The efficiency of the magnesium anode is normally
less than 50%, while zinc has an efficiency of 90%. Magnesium has a nominal corrosion
potential of -1.75V referenced to a copper sulphate electrode and its application in soils and
sea water. The galvanic anodes can be connected to the structure by directly welded or

bolting integral straps [25].
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2.22.2 Impressed current cathodic protection system

The impressed current cathodic protection (ICCP) system is the most reliable, flexible
cathodic protection system for protecting underground pipelines from external corrosion.
Its components are anodes (ground bed), anode backfill, a rectifier, reference electrode,
structure to be protected, wiring and connections. Protective current drawn from the rectifier
is impressed to the structure, which is connected to the negative terminal of the rectifier via
the anodes connected to the positive terminal of the rectifier through the electrolyte. This

develops an electrolytic cell.

The ICCP system anodes are made with materials that are consumed at low rates. ICCP
systems operate higher current and driving voltage than galvanic CP systems. Figure 2.20 is
a typical impressed current CP system [7, 27].

DC power
supply

buried anode \
pipe |
Protective '
. elrrent o
R VL
T Ground
Bed

Figure 2.20: Schematic illustration of impressed current CP system technique [27]

ICCP is utilised for applications with large current requirements such as bare or poorly
coated structures, in all electrolytes and resistivities to overcome stray current or cathodic

interface problems, underground storage tanks, and offshore structures. Materials used for
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anodes in an ICCP systems include graphite, conductive polymer, high-silicon cast iron,

mixed-metal oxide, platinum, and scrap metal.

The ICCP system has two types of anode ground bed configurations, which are distributed
and deep anode ground bed. Areas where impressed CP system is used most effectively is
in long distance pipelines, off shore structures, etc. [2, 37].

2.22.2.1 Distributed impressed current anodes

When designing distributed anode systems for an ICCP, effective soil resistivity along the
section of pipeline to be protected should be known. Existing potentials to earth must be
known along the section to be protected, so the earth potential changes needed to attain a
minimum potential of -0.85V (pipe-to-close CSE) can be determined at the midpoint

between anodes. The parallel resistance of all anodes is calculated.

With allowances for header cable resistance and back voltage between pipeline and anodes,

voltage and current requirements of the power source may be calculated.

An important consideration in determining spacing between distributed anodes is the effect
of earth potential change at midpoint between adjacent anodes [2, 27]. Figure 2.21 is a

typical distribution ICCP system.
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Figure 2.21: Typical distribution ICCP system [27]
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Material used for ground bed construction can be carbon steel or noble materials plated with
inert materials such as platinum or mixed metal oxides. For economic reasons and required
service life, the material should have a low consumption rate at an acceptable cost. A list of
the various materials and approximate current densities and consumption rates are provided
in Table 2.6 [2].

Table 2.6: Typical consumption of impressed current anode material [2]

Impressed current anode Maximum Working current Consumption
material current density, density, A/m?2 rate
Alm?
Steel - 0.5 10kg/A.yr
Aluminium 10 4.8 2kg/A.yr
Graphite 25 251010 0.25kg/A.yr
Silicon iron 50 5to 25 0.1kg/A.yr
Magnetite 200 115 0.02kg/A.yr
Lead alloy 300 50 to 150 0.085kg/A.yr
Platinised titanium 2000 250 to 700 8mg/A.yr
Platinised tantalum or Platinised 2000 500 to 1000 8mg/A.yr
niobium
MMO on titanium 1000 500 to 100 1mg/A.yr

2.22.2.2 Deep impressed current anodes

Deep anodes ground beds installed on small plots of ground or in an alley or parkway
provide effective protection for coating, isolated pipe in a subdivision or other distribution
area. This configuration can replace galvanic anodes that have reached end of life
successfully in several areas without creating interference problems. These installations
have been made quite successfully for gas piping in city streets and alleyways, as well as to

upgrade underground tanks and piping in service stations.

Deepwell anode ground beds are specially designed and installed as part of an impressed
current cathodic protection system to provide a relatively high amount of CP current to
structure such as well casing. The selection of appropriate anode material is important to

achieve long anode life based on consumption rates [27].
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Figure 2.22 illustrates a 