
THE DESIGN OF CATHODIC PROTECTION SOFTWARE 

USING THE SLOPE PARAMETER APPROACH

By 

UMOH, TINI EDET (B.ENG)

20054616148

 

A THESIS RESAERCH SUBMITTED TO  

DEPARTMENT OF MATERIALS AND METALLURGICAL 

ENGINEERING                          

POST GRADUATE SCHOOL OF FEDERAL UNIVERSITY OF 
TECHNOLOGY, OWERRI 

 

IN PARTIAL FULFILMENT OF THE REQUIREMENT FOR THE 
AWARD OF THE DEGREE MASTERS OF ENGINEERING 

(M.ENG) IN MATERIALS AND METALLURGICAL 
ENGINEERING

 

APRIL, 2009 

 
The design of cathodic protection software using the slope parameter approach by Umoh, T. E.  is 
licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 



II

 

DECLARATION

I declare that this research work carried out by myself, under the supervision of Dr. J. E. O 

Ovri, and does not incorporate without acknowledgement any material previously 

submitted for a degree in any university, and that to the best of my knowledge it does not 

contain any material previously publish or written by another person except where due 

reference is made in this text.

………………………….. 

Umoh, Tini E. 

 

 

 

 

 

 

 

 

 

 

 

 

 



III

 

CERTIFICATION

This is to certify that Umoh, Tini E. a postgraduate student in Materials and Metallurgical 

engineering proposed this research work as an original study as a part of the requirement 

for the award of M. Eng degree of this university. 

 

………………………….                                                      ………………………….                        
Dr. J. E O. Ovri Date                                
(Research Supervisor)                      

 

…………………. ………………………….                                           
Dr. J. E O. Ovri                                                                                              Date 
(Head of Department)    

………………….                                                                            ………………………….                    
Engr. Prof. C. D. Okereke    Date                                                                                                
(Dean Post graduate School)          
     

 

 

 

 

 

 

   



IV

 

ACKNOWLEDGMENTS

First, to the infinite, which rest all goodness and mercies, every endeavour resounds your 

glory, my supervisor Dr. J. E O. Ovri – Thank you for showing the way; to my Parents, and my 

Brother Demeka –Thank you, for understanding the eccentricities of “a restless” mind, your 

encouragements saw me through. And to others, which through their help directly or 

indirectly crown this success – Also, Thank you.

 

 

 

 

 

 

 

 

 

 



V

 

TABLE	OF	CONTENTS

	
DECLARATION .......................................................................................................................II

CERTIFICATION .....................................................................................................................III

ABSTRACT .............................................................................................................................X

ACKNOWLEDGMENTS ......................................................................................................... IV

TABLE OF CONTENTS ............................................................................................................ V

LIST OF TABLES...................................................................................................................VIII

LIST OF FIGURES...................................................................................................................IX

Chapter 1 ..............................................................................................................................1

1.0 Introduction ......................................................................................................................... 1

1.1 Project Design Background ...................................................................................................1

1.3 Problem Statement...............................................................................................................2

1.4 Project Purpose .................................................................................................................... 3

1.5 Project Scope and Limitation ................................................................................................ 3

1.6 Project Design Method .........................................................................................................4

Chapter 2 ..............................................................................................................................6

2.0 Literature Review .................................................................................................................6

2.1 Basic Corrosion ..................................................................................................................... 6

2.2 Corrosion Protection.............................................................................................................7

2.3 Principles of Corrosion Protection......................................................................................... 7

2.3.0 Engineering Design.......................................................................................................8

2.3.1 Material Selection ........................................................................................................9

2.3.2 Inhibition.................................................................................................................... 10

2.3.3 Coating ....................................................................................................................... 14

2.3.4 Anodic Protection....................................................................................................... 17

2.3.5 Cathodic Protection.................................................................................................... 17



VI

 

2.4 Impressed Current cathodic protection Systems (ICCP) ....................................................... 19

2.5 Galvanic /Sacrificial Anode CP Systems (GACP/SACP) .......................................................... 21

2.6 Slope Parameter Approach to Cathodic Protection Design .................................................. 22

2.6.1 Protection Potential ........................................................................................................ 26

2.6.2 Current Density............................................................................................................... 26

2.6.3 Current demand.............................................................................................................. 29

2.6.4 Anode Resistance ............................................................................................................ 31

2.6.5 Anode Current Output .................................................................................................... 34

2.6.6 Total Anode Mass ........................................................................................................... 34

2.6.7 Design Life Check ............................................................................................................ 34

2.0 Attenuation ........................................................................................................................ 35

2.8 Anodes in Cathodic Protection............................................................................................... 39

2.8.1 Anodes for Galvanic Anodes Cathodic Protection (GACP) System .................................... 40

2.8.2 Anodes for Impressed Current cathodic protection (ICCP) Systems ................................. 41

2.8.3 Problems in Designing Protecting System........................................................................ 43

2.9 Modelling Corrosion System .................................................................................................. 45

2.9.1 The Bottom- up Approach .......................................................................................... 45

2.9.2 The Top - Down Approach .......................................................................................... 47

2.10 Modelling Cathodic Protection Systems .......................................................................... 48

2.10.1 Forward modelling approach .................................................................................. 48

2.10.2 Inverse modelling approach to CP design ............................................................... 49

2.10.3 Boundary Element Modelling ................................................................................. 51

2.10.4 Inclusive first principle based Attenuation Model (Hart’s model) ............................ 57

2.10.5 Slope Parameter Approach and Attenuation .......................................................... 59

2.10.6 Limitations of BEM model ...................................................................................... 60

2.11 Expert Systems ............................................................................................................... 61

2.11.1 Expert Systems in Corrosion ................................................................................... 62

Chapter 3 ............................................................................................................................70

3.0 Modelling Cathodic Protection System................................................................................ 70

3.1 Components in Cathodic Protection System........................................................................ 70

3.1.0 General Property Class ............................................................................................... 70

3.1.1 Structure Class ........................................................................................................... 71

3.1.2 Environment Class ...................................................................................................... 71



VII

 

3.1.3 Anode Class ................................................................................................................ 72

3.1.4 Core CPDEx Class ........................................................................................................ 72

3.1.5 Current Check Class.................................................................................................... 73

3.1.6 Potential Check Class.................................................................................................. 73

3.1.7 Anode Spacing Check Class ......................................................................................... 73

3.1.8 Anode Life Test Class .................................................................................................. 73

3.2 Software Model .................................................................................................................. 74

Chapter 4 ............................................................................................................................79

4.0 Validation of the Design...................................................................................................... 79

4.1 Validation of the Result....................................................................................................... 86

Chapter 5 ............................................................................................................................88

5.0 Discussion........................................................................................................................... 88

5.1 Protection Potential............................................................................................................ 89

5.2 Protection Current.............................................................................................................. 89

5.3 Total Anode Mass ............................................................................................................... 89

5.4 Anode Current Output ........................................................................................................ 90

5.5 Anode Number ................................................................................................................... 90

5.6 Anode Spacing .................................................................................................................... 90

5.7 Potential Test ..................................................................................................................... 90

5.8 Current Test........................................................................................................................ 91

5.9 Design Life Test................................................................................................................... 91

Chapter 6 ............................................................................................................................92

6.0 Conclusions ........................................................................................................................ 92

6.1 Recommendation ............................................................................................................... 92

Appendix A ..........................................................................................................................94

Manual Computation .................................................................................................................. 94

Appendix B........................................................................................................................100

How to install the software........................................................................................................ 100

Using the software .................................................................................................................... 101

Appendix C........................................................................................................................102

Cpdex source code .................................................................................................................... 102

References ........................................................................................................................201



VIII

 

 

LIST	OF	TABLES

Table 2.6.1: Current Density Demand for Various Environment – source DNV-RP-B401 ......27

Table 2.6.2:  Resistivity for Various Environment – source DNV-RP-B401 ............................28

Table 2.6.3:  Current Density Ratio for Thin-Film Coated Structures. ...................................28

Table 2.6.4:   Recommended Initial and Final Design Current Densities (A/M2) for Seawater 

Exposed Bare Metal Surfaces, as a Function of  Depth and ‘Climatic Region’ Based on 

Surface Water Temperature (16) ...................................................................................29

Table 2.11.1: Results of the EFC Survey on Expert Systems in Corrosion ..............................66

Table 2.11.2: Results of the MTI Survey on Expert Systems in Corrosion .............................68

Table 2.11.3 Results of the MTI Survey on Expert Systems in Corrosion ..............................69

Table 4.0.1: Table Indicating General Property Values.........................................................79

Table 4.0.2: Table Indicating General Structure Property Values. ........................................80

Table 4.0.3: Table Indicating General Environment Property Values. ...................................80

Table 4.0.4: Table Indicating General Anode Property Values. .............................................81

Table 4.1.1: Table Indicating the Result of the Key CP Design Parameters Values as 

Generated from the Software......................................................................................87

Table 5.0.1: Table Comparing Software Generated Result to the Manually Calculated Result

....................................................................................................................................89

 

 

 



IX

 

LIST	OF	FIGURES

Figure 2.1.1:  Pourbaix Diagram for the Iron-Water System at 25°C Showing 

Nominal                                                                          Zones of Immunity, Passivity 

and Corrosion 7 

Figure 2.3.1:   Evans Diagram Illustrating the Increasing CP Current as the 

Potential of the Structure Is  Lowered to Reduce the Anodic Dissolution Rate 

Requirements........................27   

Figure 2.4.1:   Schematic Illustration an Impressed current CP 

System..................................29 

Figure 2.5.1:   Schematic Illustration of a Galvanic Anode CP System. 

..................................30 

Figure 2.6.1:  Schematic Illustration of Polarization Diagram and of Parameters 

Relevant to Galvanic Anode CP. 

................................................................................................................31 

Figure 2.6.2:  Schematic Illustration of Alternative Design Slopes in   

Perspective   to the Long Term - i Curve. 

.........................................................................................................33    

     Figure 4.0.1: Snapshot of the General Property 

Form.......................................................92

Figure 4.0.2: Snapshot of the Structure Property 

Form.........................................................93

Figure 4.0.3: Snapshot of the Environment Property Form. 

..................................................94 

Figure 4.0.4: Snapshot of the Anode Property 

Form..............................................................95 

Figure 4.1.1: Snapshot of the Calculation Preview Property Form. 86 



X

 

ABSTRACT

The traditional design method of cathodic protection systems involves an 

elaborate and time consuming data collection and collation.  This method to 

cathodic protection design is prone to computational errors, and the design 

process takes considerable time to complete - usually months. A software was 

developed for a cathodic protection system design, using the slope parameter 

approach in VB.Net and C++ programming languages. The designed and 

developed software was validated using, a 2000 metre fusion bonded epoxy 

(FBE) coated, medium carbon steel pipe in sub tropical sea water using Al-Zn-

In alloy bracelets (anodes). The results obtain were: (I) Driving potential of 

0.3V. (II) The average current demand of 5.48A (III) Final anode current output 

of 1.156A. (IV) A total anode mass of 853.572Kg.  (V) A total of 17 anodes, each 

weighing 50Kg.  (VI)  Anode spacing (centre to centre) of 117.155m. The 

validity of the result produced by the software was confirmed by manually 

generating the values base on the initial variables, and high correlations were 

obtained for all variables. Based on the validation trial the designed software is 

workable and was released as windows compatible software. 

 

 

 

 



1

 

Chapter	1 	

1.0 Introduction		

1.1 Project	Design Background

Corrosion is the natural degradation of metals in service. Almost all of the 

environments in which metals serve are potentially hostile. The successful use of metals in 

engineering and commercial applications depends on some protective mechanisms (1). 

Corrosion control is achieved by recognizing and understanding the various corrosion 

mechanisms. Protection are accorded metals in the operating environment by using by

either using corrosion resistant materials, designs, protective systems, devices, or 

treatments. The need to understand the metal/environment system is necessary in devising 

an appropriate prevention system, because corrosion ensues when one of this protective 

mechanism overlooked, breaks down, or have been exhausted, leaves the metal vulnerable 

to attack.  In some metal/environment systems, the protection of the metal is by passivity -

a naturally formed surface condition inhibiting reaction. In other systems the metal surface 

remains active and some form of protection must be provided by design; this applies 

particularly to plain carbon and low-alloy irons and steels, which are the most prolific, least 

expensive, and most versatile metallic materials. Corrosion is expensive! There are various 

methods of assessing the cost of corrosion, some evaluate the cost of corrosion as the value 

of the metal scrap, or as cost of corrosion related maintenance, or as the cost implication 

due to corrosion induce downtime. Whatever the approach the costs attributed to 

corrosion damages of all kinds have been estimated to be of the order of 3 to 5 percent of 

industrialized countries’ gross national product (GNP), the responsibilities associated with 

these problems are sometimes quite diffuse(1). In Nigeria, the actual cost of corrosion 
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related damages cannot be accurately fixed owing to paucity of data. However, in the 

pipeline industry, data shows that pipeline failures have been on the increase, making a 

record hit of 47 in the year 2000(2). The cost implication lately, attributed to this failures -

pipeline failures, is huge, as such the effects of corrosion failures in entirety.  It is believed 

that performance maintenance of materials would be minimized, if life monitoring control 

of the environmental and human factors supplemented efficient designs. In corrosion 

protection of steel pipelines in the oil and gas industry, a combination of methods are used 

in maintaining system integrity, for fixed structures, the combination of coating and 

cathodic protection gives the best result for external protection. In pipelines protection, 

integrated approach to corrosion protection gives the best result; as such internal corrosion 

protection has to compliment the external pipeline protection. The approach to internal 

corrosion protection mostly involves a combination of internal coating, and treatment –

inhibition or biocide treatment. The external protection corrosion of pipeline involves the 

combination of coating and cathodic protection.

1.3 Problem	Statement	

The design of cathodic protection system involves finding an anode mass that will 

effectively reduce the potential of a structure to a potential more negative than the 

corrosion potential of the metal. Traditional method of cathodic protection (CP) design 

involves field data collection, and computation. This process lengthens design process from 

weeks to months, thereby increasing the likelihood of computational errors. The use of 

computers as a development tools to CP design started with using of finite element 

method, and then the boundary element (BEM).  The finite element method was not seen 

as effective design method because it could not describe accurately the surface to be 
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protected. The BEM again, is not too effective because it does not give the CP engineer a 

method of optimizing the anode spacing and distribution. Anode spacing is very important 

parameter for pipeline CP design because of attenuation effect, which is a function of anode 

distribution. The design with slope parameter approach reduces the computational errors 

of the traditional method, also with this method an anode mass and space optimization is a 

possibility, which was not possible with the BEM. The slope parameter approach describes 

the linear relationship between the anode potential, cathode potential and the cathode 

current density at any point during the structure polarization. The use of slope parameter 

approach in computational model will reduce the time of development effectively from 

weeks to hours. The CP engineer will not have to care much about the computational aspect 

of the design, but concentrate on the more creative part of the design process. This tool will 

provide the corrosion engineer with a method of optimizing design variable an 

instantaneously viewing the result. In all, this software will transfer a high level of 

skill/competence, and reduce the CP design time from months to hours. 

1.4 Project	Purpose	

  The aim of this project is to design a cathodic protection designing software for 

pipelines, using a slope parameter approach method for cathodic protection design with 

modification for attenuation response between anodes, using visual Basic .NET (VB.NET) 

programming and C++ language.

1.5 Project	Scope	and	Limitation

The software will be limited in scope to design of external cathodic protection system 

for steel structures. The design will only account for cases where evenly spaced anode is 
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allowed as a design criteria, as such the software will not be appropriate in situations where 

the anode spacing are uneven, or in cases where anode spacing is greater than 200 metres 

– that is  when attenuation  plays a serious role in the potential profile of the protected 

pipeline. This software is best for design CP system for pipeline and will not be suitable for 

designing CP systems for risers for deep water offshore application where anode spacing 

are uneven as such attenuation plays a critical role in potential profile of the structure, and 

anode weight limitation becomes a major issue in the CP design. The implementation of all 

the standards and recommended practices will not be possible considering the timeframe 

of this project. However, the only implemented standard will be that in consonance with 

the CP design best practices. These are all steps/parameters necessary and common to all 

CP design but without the specifics of any CP standard or recommended practice. 

1.6 Project	Design	Method

The project design method will involve modelling the cathodic protection system by 

defining core objects that defines a cathodic protection system – this embodies all design 

criteria considered during the design of a cathodic protection system. These core objects 

will then be factored into classes by defining key properties and methods that defines each 

particular object.  The characteristic that defines a class are termed properties; methods are 

all that can be done with a class. In the case of the steel pipeline to be protected, which is 

an object in a CP system; parameters like shape, size, resistivity, material type etc are 

considered as properties of the material because it perfectly defines the pipe to be 

protected. Parameters like total surface area, total structure resistance are methods 

because it defines an objects. In the algorithm the structure class represents the pipeline or 

the structure to be protected, it has shape, size and resistivity as properties, and the total 
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surface area, total resistance as methods.    

Base on these properties and methods defined by this CP system, an algorithm was 

developed. A Software was developed base on this algorithm using two object oriented 

programming languages - C++ and VB.Net languages. 
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Chapter	2 	

2.0 Literature	Review	

2.1 Basic	Corrosion

Corrosion is a consequence of systems needing to reduce to lower levels, its overall 

free energy level. This happens when metal immerse in aqueous solution dissolve into 

solution by losing its electron thereby becoming negatively charged, this state is that of 

reduce energy compared to that of the atom within the metal lattice. This electron on 

leaving the metal lattice into the solution, gets itself attached to hydrogen ions ( ), and 

the oxygen ions ( ). The process repeats itself on various parts of the surface. Then the 

metal dissolves away as ions. The primary constituent of pipeline-grade steels is iron (4). 

Therefore, the overall corrosion reaction can be written in terms of dissolution of iron, e.g.

----------------------------------------------2-1 

The above reaction is as a result of two half cell reaction, one                                         

----------------------------------------------------------    2-2

This reaction represents the oxidation reaction; here the dissolution of metal ion takes 

place and the oxidation state of iron changes from zero to +2. This is the anodic reaction. 

The next reaction (equation 2-3 ) below is the cathodic reaction, here the reduction reaction 

occurs on this part of the half-cell, and the oxidation state is decrease from zero to -1.

----------------------------------------------------------2-3
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2.2 Corrosion	Protection

Corrosion protection of metal can be effected by controlling the potential of the 

metal in a solution or by providing a protective barrier between the coating and the solution 

bordering the metal. 

      

Figure 2.1.1: Pourbaix Diagram for the Iron-Water System at 25°C Showing  
Nominal   Zones of Immunity, Passivity and Corrosion 

Within the iron – water Pourbaix diagram there are two areas of inactivity, the immunity 

area and the passivity area – see Figure 2.1. For metals to be protected in water the 

potential of the metal must be within this passive or the immunity areas of the Pourbaix 

diagram. Potential changes can be effect by imposing the polarization effect on the 

structure, thereby shifting the potential to within these areas of the Pourbaix diagram.

2.3 Principles	of	Corrosion	Protection

Corrosion protection can be effected base on the principles of polarization or 

protective barriers. Protection method is chosen after carefully consideration of key factors 

like cost of protection to replacement, nature of the carrier fluid, electrical power 

cost/availability etc. Protection is accorded a metal either through engineering design, 

material selection, inhibition treatment, coating, anodic protection or cathodic protection. 
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2.3.0 Engineering	Design

Corrosion control starts with a good engineering design. Design can lend a positive 

or negative impact to corrosion control. A poor design renders even the best corrosion 

control prevention ineffective. In engineering design against corrosion, some basic 

engineering pitfalls to avoid are crevices, galvanic couples - of any kind. In pipeline support, 

Crevices can lead to severe corrosion hot spots, to prevent this, a good design of corrosion 

pipe support should be a full seal weld doublers on pipe with a T beam. Double butt weld 

(double symmetrical weld) eliminates Crevices in welded joint (5). Crevices are eliminated in 

fillet welds joints by giving a continuous welding with full penetration, eliminate crevices 

and provide a good surface for coating.  Skip welding of fillet joint is considered a poor 

design practice. Internal design for pipe and tanks must support complete drainage – dead 

leg within pipes, design of structurals should prevent water and debris collection and 

thermal insulation should prevent water ingress and trapping of moisture behind insulation. 

A design for oxygen ingress prevention is a good step in corrosion control prevention (5). 

Oxygen corrosion always occurs as a general corrosion or pitting. In process system, the 

target concentration for deaeration system is always 20ppb oxygen, using both mechanical 

and chemical methods. Oxygen sources are controllable, because oxygen is not always 

present in reservoir fluids; as such oxygen sources are surface water, wellhead annulus 

open to air, storage tanks without effective seals and gas blanket etc. Storage tanks designs 

with good oxygen control are those tanks with designs that provide inert gas blanket for 

fixed roof storage tanks, and roof seal for floating storage tanks; for separation facilities 

designs that provide an inert gas blanket for oil/water is best. Oxygen removal other than 

through design can be by inert gas stripping, vacuum deaeration, and chemical treatment 
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with scavengers.  Although this alternative method could be effective, it will adds to 

maintenance cost, and chemical scavengers may interfere with process fluid chemistry 

inadvertently.

2.3.1 Material	Selection

Material selection involves steps/procedure a design engineer undertakes in 

choosing a materials for an engineering construction. In selecting materials for engineering 

project, factors like project life variation, system compatibility, external service condition, 

operating environment, design life, health, safety and environment, company’s policy, 

procurement restriction and economics informs choice of materials. Operating service 

condition and operating environment are the major consideration during material selection. 

The indiscriminate mixing of metals with large differences in standard electrode potentials 

in structures or components exposed to aqueous environments, rain or condensation can 

be a bad design fault. Galvanic couples within the system, provides localize cells. Contact of 

dissimilar metals in aqueous media is a frequent cause of premature corrosion, with 

appropriate foreknowledge; it can be control with proper materials selection. Nevertheless, 

there are several reasons why it prevails: In good faith, a designer may combine 

incompatible metals that separately have good corrosion resistance, unaware that the 

combination constitutes a corrosion hazard. This can happen, for example, in incorrectly 

specifying steel or stainless steel fasteners for joining a relatively soft metal such as 

aluminium.  Again, Contractors may assemble systems empirically, using standardized 

components made from incompatible metals. Such systems may have combinations from 

among copper and steel pipe, brass fittings, galvanized steel and aluminium bodies. In 

addition, a component or system purposefully constructed from a single metal or from 
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combinations of compatible metals may yet suffer damage stimulated by traces of 

incompatible metals introduced by contamination in various ways. Galvanic couples can be 

reduced by insulation of Parts made of dissimilar metals like using insulated flanges. Also 

cathode in such couples should be coated owing to area ratio effect - that is the nobler 

metal should be made smaller than the active metal. In the oil industry the most common 

use material for pipeline is carbon steel. The choice of any pipeline or tubular material apart 

from the suitability to a particular environment is its fabricability, adequate toughness, 

inspectability and cost. Other metallic pipeline material used in the oil industry are; 13Cr (Cr 

-12%, Fe - 86%), 22 duplex (Cr -22%, Ni -5 %, Fe -72 %), Alloy G- 2/ G-3/G-50 (Cr -28%, Ni -

44%, Mo -10%, Fe - 35%), and Alloy C -276(Cr -16%, Ni - 58%, Mo -16%, Fe - 5%). 

2.3.2 Inhibition

Inhibitors are proprietary blend of multifunctional surface-active molecules that 

adsorbs onto the surface of a substrate metal via their unshared pair of electron and 

impede the charge transfer electrochemical reaction. The efficiency of an inhibitor is 

express as a measure of this improvement: 

I --------------------------- 2-4 

Corrosion rate of the uninhibited system,  Corrosion rate of 

the inhibited system. 

Corrosion inhibitor is a blend of components like the active, solvent, co-solvent, surfactant 

and special additive.  Apart from the active component which could be an amines or a large 

acid, other solvent and co solvents are  used  to improve the physical characteristics and the 

product stability respectively of the inhibitor.  Solvents like surfactant controls;
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dispersibility, and special additive - like the demulsifier, serves as antifoaming agents. 

Inhibitors often work by adsorbing themselves on the metallic surface, protecting the 

metallic surface by forming a film. Inhibitors are normally distributed from a solution or 

dispersion. Some are included in a protective coating formulation. Inhibitor slows corrosion 

processes by Increasing the anodic or cathodic polarization behaviour (Tafel slopes), 

Reducing the movement or diffusion of ions to the metallic surface, increasing the electrical 

resistance of the metallic surface. Inhibitors can be classified base on chemistry/ 

functionality, solubility/dispersibility, or film persistency. Inhibitors can be classed based 

on functionality scheme, base on this scheme there are five types of inhibitors Passivating 

(anodic), Cathodic, Organic, Precipitation inhibitors, and Volatile corrosion inhibitors. 

Passivating inhibitors causes a large anodic shift of the corrosion potential, forcing the 

metallic surface into the passivation range. There are two types of passivating inhibitors: 

oxidizing anions, such as chromate, nitrite, and nitrate, these inhibitors can passivate steel 

in the absence of oxygen. Non-oxidizing ions, such as Phosphate, Tungstate, and Molybdate 

require the presence of oxygen to passivated steel. These inhibitors are the most effective 

and consequently the most widely used. Cathodic inhibitors either slow the cathodic 

reaction itself or selectively precipitate on cathodic areas to increase the surface impedance 

and thus limiting the diffusion of reducible species to these areas. Cathodic inhibitors can 

provide inhibition by three different mechanisms: as cathodic poisons, as cathodic 

precipitates, and as oxygen scavengers. Some cathodic inhibitors, such as compounds of 

arsenic and antimony, work by making the recombination and discharge of hydrogen more 

difficult. Other cathodic inhibitors, ions such as calcium, zinc, or magnesium, precipitate as 

oxides to form a protective layer on the metal. Oxygen scavengers help to inhibit corrosion 
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by preventing the cathodic depolarisation caused by oxygen. The most commonly used 

oxygen scavenger at ambient temperature is probably sodium sulphite ( ). In 

organic inhibitor’s both anodic and cathodic effects are sometimes observed in the 

presence of organic inhibitors, but as a rule, organic inhibitors affect the entire surface of a 

corroding metal when present in sufficient concentration. Organic inhibitors, usually 

designated as film forming, protect the metal by forming a hydrophobic film on the metal 

surface. Inhibitor effectiveness depends on the chemical composition, molecular structure, 

and affinities to the metal surface, because film formation is an adsorption process, as such

temperature and pressure in the system are important factors. Organic inhibitors adsorbs 

according to the ionic charge of the inhibitor and the charge on the surface. Cationic 

inhibitors, such as amines, or anionic inhibitors, such as sulfonates, adsorbs preferentially 

depending on whether the metal is charge negatively or positively. The strength of the 

adsorption bond is the dominant factor for soluble organic inhibitors.  Precipitation-

inducing inhibitors are film-forming compounds that have a general action over the metal 

surface, blocking both anodic and cathodic sites indirectly. Precipitation inhibitors are 

compounds that cause the formation of precipitates on the surface of the metal, thereby 

providing a protective film. Hard water that is high in calcium and magnesium is less 

corrosive than soft water because of the tendency of the salts in the hard water to 

precipitate on the surface of the metal and form a protective film. The most common 

inhibitors of this category are the silicates and the phosphates. Volatile corrosion inhibitors 

(VCI’s) also called vapour phase inhibitors (VPI’s), are compounds transported in a closed 

environment to the site of corrosion by volatilisation from a source. In boilers, volatile basic 

compounds, such as Morpholine or hydrazine, transports with steam to prevent corrosion 
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in condenser tubes by neutralizing acidic carbon dioxide or by shifting surface pH toward 

less acidic and corrosive values. In closed vapour spaces, such as shipping containers, 

volatile solids such as salts of Dicyclohexylamine, Cyclohexylamine, and Hexamethylene-

amine are used. On contact with the metal surface, the vapour of these salts condenses and 

is hydrolyze by any moisture to liberate protective ions. It is desirable, for an efficient VCI, 

to provide inhibition rapidly and to last for long periods. Both qualities depend on the 

volatility of these compounds, fast action wanting high volatility, whereas enduring 

protection requires low volatility (6). The majority of inhibitor applications for aqueous, or 

partly aqueous, systems are concerned with four main types of environment: Aqueous 

solutions of acids as used in metal-cleaning processes such as pickling for the removal of 

rust or mill scale during the production and fabrication of metals or in the post service 

cleaning of metal surfaces. Again, in natural water, supply waters, and industrial cooling 

waters in the near-neutral pH range (5 to 9). Also, in Primary and secondary production of 

oil and subsequent refining and transport processes. Lastly, Atmospheric or gaseous 

corrosion in confined environments, during transport, storage, or any other confined 

operation.  An inhibitor chosen for any system is base on a number of factors like the 

effectiveness of the inhibitor in controlling corrosion in that system, the suitability of the 

inhibitor for the system or application, and possible problems associated with the inhibitor 

use. These factors can better be manage if the property of the inhibitor like the film 

persistency, solubility, gunking, thermal stability, dispersibility, partitioning, foaming, 

emulsion and flash point is better understood. If the inhibitor is declared fit for the system, 

application is carried out base on any of these four techniques; squeeze, tubing 

displacement, batch, and continuous application. In pipelines, inhibitor treatment is either 
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through batch treatment – liquid slugging with pig or continuous treatment. In the batch 

treatment, the inhibitor makes 10-20% of the carrier fluid and in continuous injection the 

inhibitor concentration should equal about 25 ppm base-on total fluids (5).

2.3.3 Coating	

A coating is a medium that provides protection of the substrate (parent metal) from 

the environment; the method of protection can be barrier protection, sacrificial action or 

inhibitive action. In barrier protection; a barrier is created between the metal and the 

environment like in polymer tape wrappings, and Fusion Bonded Epoxy (FBE). Sacrificial 

action; protection is in coating the substrate with a sacrificial coat like zinc coatings or red 

lead oxide coatings; inhibiting coating, protection comes from coating forming a passivating 

film on the substrate metal, like in the action of chromate primer or iron phosphate 

conversion coatings in steel. In choosing a coating system for any particular application 

certain properties are considered before a making a choice. Properties like abrasion 

resistance, impact resistance, adhesion, reparability, appearance, required life, applied cost, 

shell life, application restriction, solvent resistance, chemical resistance, Weathering 

resistance, drying time, temperature resistance, flexural properties, also resistance to rapid 

decompressing are issues worth weighing before coating deployment. A coating system is 

made up a top coat; build coat, and a primer. The primer is a universal component of all 

anticorrosive coatings and it is one of the most important elements of a protective system. 

A good primer generally provides the ability to stifle or retard the spread of corrosion 

discontinuities such as pinholes, holidays, or breaks in the film. To perform satisfactorily 

they must themselves adhere well to the base metal or any surface conversion coating that 

might be present. They should also contain an adequate concentration of a leachable 
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inhibitor, where this is an important feature of the protection system, and this is usually a 

chromate pigment. The primary functions of a primer are; Adhesion or strong bond to the 

substrate; Cohesion or internal strength, Inertness to the environment, High bond to 

intermediate coat, and appropriate flexibility. Intermediate or body coats are use in coating 

systems designed for specific applications where coating thickness and structure are 

advantageous. Intermediate coats with red lead and inert pigments have been giving 

coatings a heavy body that is impervious to the most demanding applications. The primary 

purposes of an intermediate coat are to provide; Thickness to a protective coating, Strong 

chemical resistance, Resistance to moisture vapour transfer, Increased coating electrical 

resistance, Strong cohesion, and Strong bond to primer and topcoat. The build coat 

(intermediate coat) should give additional thickness; it is chemical resistant and has a low 

moisture transmission property. The topcoat provides a resinous seal over the intermediate 

coats and the primer. The first topcoat may in fact penetrate into the intermediate coat, 

thus providing the coating system with an impervious surface. The topcoat is the first line of 

defence of many coatings against aggressive chemicals, water, or the environment. It is 

generally denser than intermediate coats because topcoats have a lower pigment-to vehicle 

(solvent) ratio. Topcoats main functions are to provide; A resistant seal for the coating 

system, An initial barrier to the environment, Resistance to chemicals, water, and weather,  

toughness and wear resistance to the surface, and  a  pleasant appearance . The topcoats 

commonly used include air-drying paints and oil-based varnishes, which harden by 

oxidation; acrylics and other lacquers, which dry by solvent evaporation; and polyurethane 

and epoxy paints, which dry by cold curing chemical reactions. Polyurethane paints have 

been widely used in marine applications worldwide. However, these paints are quite brittle 
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and tend to chip and crack, owing to this reason many prefer solvent-drying acrylic paints 

for the exterior finish. Whichever paint system selected for exterior use, it is usual to qualify 

the system base on its ability to prevent filiform corrosion. However, there are a number of 

situations where the intermediate coats provide the primary barrier to the environment, 

and the finish coat applied for entirely different purposes. The topcoat for example, can

provide a non-skid surface, and the intermediate coat and the primer provide the barrier to 

the environment, as in a marine environment. The topcoat (final coat), must be weather 

resistant, should give good gloss and colour, biologically resistant, and wear and abrasion 

resistant. Example of a marine coating system is an inorganic zinc (primer), amide epoxy 

(intermediate coat), high solid epoxy (build coat), and aliphatic urethane (topcoat). An 

example of a coating system for seawater structure is amide epoxy (primer), coal tar epoxy 

(build coat), and coal tar epoxy (topcoat). The effectiveness of any coating depends on the 

surface preparation. The surface cleaning of the metal maximizes coating adhesion to 

substrate, removes contaminants, and increases the surface area. The cleanliness of the 

surface after preparation can be white, near white, commercial, or brush blast. The highest 

level of finish is the white and the lowest is the brush blast. The surface cleaning method 

can determine the whiteness of the surface after cleaning. The various cleaning method are 

solvent cleaning, hand tool cleaning, power tool cleaning, abrasive blast cleaning (wet/dry), 

and water blast cleaning. The abrasive blast cleaning gives the highest level of finish and it is 

the fastest of the cleaning method. In pipelines, coatings commonly used are coal tar, 

polymer tape wrap, extruded polyolefin adhesive, and fusion bonded epoxy. These coats 

are normally shop applied, therefore reducing possibility of a coating failure. In cases of 

coating failure in most shop-applied coatings, failure is always due to service /application-
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induce damage, or Service induce environmental effect /application effect. The failure rate 

of the shop applied coating is minimal, notwithstanding the occasional holidays on the 

coated pipeline, total effect will be minimal because such lines when deployed in service are 

always cathodic protected as well. 

2.3.4 Anodic	Protection

In the Pourbaix diagram the region of immunity and the regions of passivity are two 

regions of inactivity see Figure 2.1.1 Anodic protection involves making a structure an

anode in an electrochemical cell. The potential of the metal shifted in the positive direction 

towards the passive region where the oxide of the metal is predominantly stable; this stable 

oxide forms a thin film thereby shielding the substrate metal from the environment. Anodic 

protection is possible in metal that show chemical passivity like Iron, Chromium, Aluminium, 

and Titanium. In appropriate conditions, some base metals can develop a surface condition 

that inhibits interaction with aqueous media. The condition is passivity and its development

is called passivation. The effect is valuable in conferring corrosion resistance on bare metal 

surfaces even in aggressive environments. There are two theories of passivation the 

adsorption theory and the film theory of passivation.

2.3.5 Cathodic	Protection

If the potential of a metal shifts to a lower potential, the metal falls into another 

region of inactivity called the immunity region. A metal with potential within the immunity 

region is immune to corrosion; the concept of cathodic protection is to bring the metal 

potential into this range. The region of interest to the cathodic protection specialist is the 

immunity region of the Pourbaix diagram Figure 2.1.1, polarizing the potential of a structure 

to this negative potential will render the structure immune to corrosion (4). The method to 
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polarizing the structure can be through impressed current or by galvanic anode method. 

The goal of any cathodic protection system is to pass sufficient current to polarize a 

structure, externally.  To achieve protection it is required of the corroding structure’s 

potential to be lower than the reversible or equilibrium value. In a Hydrogen consuming 

corrosion under anodic control, (see figure below). Complete protection will require a 

protection current very much greater than the corrosion current, which mean an 

impractical, power requirement.  If the system is under cathodic control,  a current slightly 

in excess of the corrosion current will be required while require  for oxygen consuming 

corrosion the protection current is theoretically the same as the corrosion current.  

Electrode potential measurement is use as criteria for protection.(7) It is believe that if 

current is flowing into a structure there must be a change in the potential of the structure 

with  respect to the environment, it can be use to determine when the minimum amount of 

current giving full protection has been met. The basic criteria for protecting a pipeline are 

Potential of structure  reference Electrode (under aerobic 

conditions).Potential of structure  reference electrode (under anaerobic 

conditions where microbial corrosion may be a factor). Negative potential shift of 300 mV 

when current is applied, and Positive potential shift of 100 mV when the current is 

interrupted to maintain a pipe-to-soil potential of 850mv ( ) or -

that is potential shift of 100mv on depolarisation.(7)  And when no net current is flowing 

through the then the structure is due for protection still (8) (9) (5).  
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Figure 2.2 Evans Diagram Illustrating the Increasing CP Current as   the Potential of the Structure Is Lowered to Reduce 
the Anodic Dissolution Rate  Requirements. 

 

2.4 Impressed Current	cathodic	protection	Systems	(ICCP)

In the impressed current cathodic protection system, the protected structure 

(cathode) is polarized from a direct current source externally. The auxiliary electrode 

dissolves at a very slow rate compared to the anodes in the sacrificial anode system. 

Impressed current systems typically are favoured under high-current requirements and/or 

high-resistance electrolytes. The major advantages of the ICCP systems are; High current 

and power output range, Ability to adjust (“tune”) the protection levels, large areas of 

protection, Low number of anodes, even in high-resistivity environments, May even protect 
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poorly coated structures. Despite these advantages there rest limitations with the use of 

this system, the limitation of ICCP systems are; relatively high risk of causing interference 

effects, Lower reliability and higher maintenance requirements, External power has to be 

supplied, Higher risk of overprotection damage. Risk of incorrect polarity connections (this 

has happened on occasion with much embarrassment to the parties concerned) and

Running cost of external power consumption, more complex and less robust than sacrificial 

anode systems in certain applications. Impressed current anodes do not have to be less 

noble than the structure that they are protecting. Although, scrap steel is used as anode 

material, these ICCP anodes are typically made from highly corrosion- resistant material to 

limit their consumption rate. After all, under conditions of anodic polarization, very high 

dissolution rates can potentially be encountered. Anode consumption rates depend on the 

level of the applied current density and on the operating environment (electrolyte). It is 

apparent that a wide range of materials can be considered for impressed current anodes, 

ranging from inexpensive scrap steel to high-cost platinum. The following desirable 

properties of an “ideal” impressed current anode material are; Low consumption rate, 

irrespective of environment and reaction products, Low polarization levels, irrespective of 

the different anode reactions, high electrical conductivity low resistance at the anode-

electrolyte interface, and reliability. Also, desirable are; High mechanical integrity to 

minimize mechanical damage during installation, maintenance, and service use, High 

resistance to abrasion and erosion, Ease of fabrication into different forms, Low cost, and

relative to the overall corrosion protection scheme. In practice, important trade-offs are

made between performance properties and material cost.  
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2.5 Galvanic	/Sacrificial	Anode	CP	Systems	(GACP/SACP)
In galvanic/sacrificial anode cathodic protection system, the electrochemical 

reaction between the sacrificial anode(less noble metal) and the cathode (the structure), 

provides the potential to polarize the structure to a more negative potential. The anode has 

a limiting polarizing current per weight and the total current to polarize, a structure has to 

be provided through a number of anodes. The advantages associated with SACP CP systems

are; No external power sources are required, Ease of installation (and relatively low 

installation costs), Unlikely cathodic interference in other structures, Low-maintenance 

systems (assuming low current demand), System is essentially self-regulating, Relatively low 

risk of overprotection, Relatively uniform potential distributions(10).

Unfortunately, these relatively simple systems also have some limitations such as; Limited 

External Voltage

Source /Rectifier

Anode of Silicon Cast 

Iron (Anode)

Pipeline   

(cathode)

- +
Earth Surface or 

Water Surface

Figure 2.4.1:   Schematic Illustration an Impressed current Cathodic Protection System
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current and power output, large number of anodes in high-resistivity environments or large 

structures. Environment resistivity of  is generally regarded as the 

maximum range limit, depending on coating quality (11) (12). Anodes may have to be replaced 

frequently under high current demand - in offshore pipeline anode retrofit implies a huge 

maintenance budget. Anodes can increase structural weight if directly attached to a 

structure- this is number one design issue for SACP system design for risers in production oil 

platforms.

 

 

 

 

 

 

 

2.6 Slope	Parameter Approach	to	Cathodic	Protection	Design	
The basis of slope parameter approach to CP design is the Ohm’s law. The slope 

parameter approach describes the relationship between the anode potential, cathode 

potential and the cathode current density at any point in the polarization process (14).

-----------------------------------------------------------------------------------2-5

Alloy of Magnesium 

(Anode) 

Pipeline (Cathode)

Insulated Wire 

Earth or Water Surface

Figure 2.5.1:   Schematic Illustration of a Galvanic Anode Cathodic Protection 
System
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-------------------------------------------------------------------------------2-6

-----------------------------------------------------------2-7

=closed circuit structure potential, = total circuit resistance, = close circuit anode 

potential, = anode current output, = structure surface area, = structure current demand,

= slope Parameter. This projects a linear interdependence between  and , with 

as the slope, with the vertical intercept   provided , , and are constant for the time 

span to which the , and   data pertain. Also assumed is that  is spatially invariant. The slope  

parameter can also be derive through the equation below 

----------------------------------------------------------2-8 

Kinetics for 
oxygen reduction 

Figure 2.6.1   Schematic Illustration of Polarization Diagram and of Parameters 
Relevant to Galvanic Anode Cathodic Protection
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Where, N is the number of anodes. In estimating the weight of anode needed to protect a 

structure the combination of the modified Faraday‘s law expression for design of galvanic 

CP system 

----------------------------------------------------------2-9 

and equation 2-8 yields the unified design equation (15)

----------------------------------------------------------2-10

in the equation above, C is the anode current capacity, T is design life of the structure, w is

weight of individual anode, u is the utilization factor,  is anode resistance and k is the 

anode consumption rate (the inverse of C). The slope parameter method defines in practical 

terms the principle of “rapid polarization”, it is observed that current density which 

ultimately results from modest polarization - that is a steady state potential of about 

,  is achieved only in long term. Also, it is observed that the likelihood of

achieving a steady state potential more probable if the long term potential was near 

. Figure 2.6.2, gives a range of choices of S, but the design in the range of 

and is optimum, within this range the protection is adequate and current is minimum.

The impressed current CP design is projected by using by using the relationship given by 

equation 2-11                  

----------------------------------------------------------2-11
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Where is the potential that would have to be realized by the galvanic anode if it were 

to provide the same current as an impressed current anode , for this it shown in

Equation 2-12

----------------------------------------------------------2-12 

Where v is the rectifier voltage and sums any other voltage drops in the circuit (lead 

wires etc). When data for multiple specimen with a range of initial current density are 

plotted as in Figure 2.6.2, the sigmodial steady state dependence of vs.  is evident, the 

trends defines the principles of cathodic protection. Where S1 value results in under 

protection and in S2 value, protection implies a very high 

 

 

 

 

 Figure 2.6.2:  Schematic Illustration of Alternative Design Slopes in Perspective 
to the Long Term - i Curve. 
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2.6.1	Protection	Potential		

The goal of any cathodic protection system is to pass sufficient current to polarize a 

structure, externally.  To achieve protection it is required of the corroding structure’s 

potential to be lower than the reversible or equilibrium value. Electrode potential 

measurement is use as criteria for protection (7). It is believe that if current is flowing into a 

structure there must be a change in the potential of the structure with  respect to the 

environment, it can be use to determine when the minimum amount of current giving full 

protection has been met. The basic criteria for protecting a pipeline are; that the Potential 

of structure must be less than  (under aerobic conditions)  or the Potential 

of structure must be less than  (under anaerobic conditions where 

microbial corrosion may be a factor). Also,  a negative potential shift of 300 mV when 

current is applied, and Positive potential shift of 100 mV when the current is interrupted 

to maintain a pipe-to-soil potential of 850mv ( ) or -  that is 

potential shift of 100mv on depolarisation, and protection is due when no net current is 

flowing through the structure. (8) (9) (5)

2.6.2	Current	Density	

The structure design current density requirement is an important CP design parameter. 

The initial, the average and the final design current density are use in estimating the initial, 

average and the final current demand. The actual cathodic current density is a complex 

function of various seawater parameters, for which no complete empirical relation is 

available to date. The design current densities  are define base on four climatic  zones, 

designated tropical, sub tropical temperate and arctic, base on average surface water 
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temperature and two depth ranges and . Though, current density is 

classified into climatic this only exaggerates the influence of water temperature on the CP in 

deep water. Sea current and oxygen are less dependent on surface temperature and are 

very important. The actual cathodic current density is function of various marine 

environmental parameters such as temperature, oxygen content, water velocity, seawater 

chemical composition, seawater resistivity , pH water depth seabed composition , biological 

activity in the sea bed, erosion condition (with some of the parameters being inter 

dependent) . Current density needed is not constant with time, for bare structure the initial 

current density should be high enough to ensure adequate polarization within a reasonable 

lapse of time, like in one or two months subsequent current density will decrease due to the 

formation of calcareous deposit cause by the cathodic current. Conversely, it is also 

believed that a low current density will result in the deposition of inferior deposit and that 

optimum film is deposited by the current densities about the initial values in DNV 

recommended practice. The average or maintenance current density is an important 

parameter in estimating a total anode mass. The re - polarization design current density 

should be high enough to give protection during storms period and after major marine 

growth removal work s, which both induce depolarisation of the structure.

Environment Current  Density   Am-2 (Steel)

Acidic solutions 350 – 500

Saline solutions 0.3 – 10 

Sea water 0.05 – 0.15

Saline mud 0.025 – 0.05 

Table 2.6.1: Current Density Demand for Various Environment – source DNV-RP-B401
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Environment Resistivity (ohm cm)

Brackish river water 1 

Sea water 25 

Town supply water 1000 – 1200

Alluvial soils 1000 – 2000

Clays 1000 – 5000

Gravel 10000 – 25000

Sand 25000 – 50000

Table 2.6.2:  Resistivity for Various Environment – source DNV-RP-B40 

 

Design Life years Mean Final

10 0.05 0.10

20 0.10 0.20

30 0.18 0.40

40 0.28 0.65

50 0.40 1.00

Table 2.6.3: Current Density Ratio for Thin-Film Coated Structures. 

Depth

(m)

‘Tropical’ 

(> 20 °C) 

‘Sub-Tropical’

(12- 20 °C)

‘Temperate’

(7-11 °C)

 

‘Arctic’

(< 7 °C)

Initial Final Initial Final Initial Final Initial Final 

0-30 0.150 0.100 0.170 0.110 0.200 0.130 0.250 0.170 

>30-100 0.120 0.080 0.140 0.090 0.170 0.110 0.200 0.130 

>100-300 0.140 0.090 0.160 0.110 0.190 0.140 0.220 0.170 
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>300 0.180 0.130 0.200 0.150 0.220 0.170 0.220 0.170 

Table 2.6.4:  Recommended Initial and Final Design Current Densities (A/M2) for Seawater Exposed Bare Metal 
Surfaces, as a Function of  Depth and ‘Climatic Region’ Based on Surface Water Temperature (16)

 

2.6.3	Current	demand	

The design calculation for sacrificial anode C.P system involves first estimating the 

current demand at every point in the system life that is initial current demand, average 

current demand and the final current demand. The estimation of the initial and final current 

demands, and is required to determine the current needed to polarize the 

structure at the beginning of the system’s life and at the end of the system’s life. The 

average (or maintenance current) design current density  is a measure of the 

anticipated cathodic current density once the CP system has attained its steady state 

potential. Hence, the average current demand is used in calculating the total 

anode mass required to protect the object for its design life . The current density 

demand is the estimate of  the total current required to protect the structure by making the 

structure polarize to a potential  equal to or more negative than  . The 

current density demand is a function of the area of the cathode, the coating breakdown 

factor and the current density of the cathode. Current density demand  is express as:

 ----------------------------------------------------------2-13 

Where,   current density demand, Coating breakdown factor,  Design current 

density of cathode.
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Coating breakdown factor is the ratio of bare metal /damage coatings to the total surface 

area; it is not the same thing as coating degradation. Cathodic protection is always combine 

with a suitable coating system the coating reduces the current demand and improves the 

current distribution. The current demand of coated surfaces increases as the coating 

deteriorates; as such coating breakdown factor is measured for three different periods in 

the life of the structure. Det Norske Veritas (DNV) stipulates two periods, the mean and the 

final coating breakdown factor (16), and the coating breakdown factor is calculated base on 

the design life of the structure by relating it to the variables below

-----------------------------------------2-14

 

  and    are constants provided by DNV depending on coating category (18). Where 

and are mean and final coating breakdown factors. If the calculated value exceeds 1, 

equal to 1 is applied to the design and when the design life exceeds the actual coating life of 

the system the: 

----------------------------------------------- 2-15 

However, the progressive breakdown of coatings is dependent on various environmental, 

operating, time factors. The quality of coating depends much on the type of coat and the 

application process. The value of coating breakdown factor is sometimes estimated from 
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experience, typical initial values ranges from 0.5% to 10%, subsequent values is set at 10% 

after 30 years for three layer fusion bonded epoxy (19).

2.6.4	Anode	Resistance	

The anode to electrolyte resistance is an important parameter in order to predict the 

current output of an anode. The total circuit resistance is a function anode resistance, 

internal resistance of the structure, cabling resistance, and the electrolyte resistance.  In 

offshore CP systems the structure to electrolyte resistance is always negligible, the cabling 

resistance and internal resistance of the structure. The controlling design parameter in 

offshore cathodic protection system design is the anode to electrolyte resistance. There are 

various formulas stated in various standards and recommended practices used for various 

anode shapes and sizes. In 1936 H. B Dwight proposed a method of estimating the 

resistance of a cylindrical anode base on the average potential method of calculating the 

electrical capacitance of a remotely charged cylinder. This set of equation was proposed for 

an infinitely buried or submerged anode at an infinite distance from the any counter 

electrode or cathode. In practical cases an anode is certainly not remote to the surface on 

which it is installed, shown below is the modified Dwight equation.   

----------------------------------------------------------2-16

 --------------------- -2-17
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----------------------------------------------------------2-18 

J. E. Mc Coy equation 

----------------------------------------------------------2-19 

Where, = resistivity of electrolyte, L = length, r = Radius, A = exposed anode surface area 

( ), s = arithmetic mean of the length and width of the anode. Where anode is not 

cylindrical, then  , C = anode cross sectional periphery (48). Dwight equations is 

suitable for cylindrical anodes (trapezoidal) and are only applicable to slender anodes 

mounted with at least a stand off of 0.3m. If the stand off distance is less than 0.3m and 

greater than 0.15m a correction factor of 1.3 is applied. The distance between this surface 

and the anode is referred to as “stand off” of the anode.  The Sunde formula is base on the 

average potential method, it can be used for short slender stand – off anode because for 

lower length/radius ratio and the equation  reduces to Dwight equation. Mc Coy equation 

determines the approximate resistance base on the area for any shape of anode, the 

equation is mounted when the anode is flush mounted or is a short flush mounted bracelet 

anode when one face of the anode is in direct contact with the structure.  Another formula 

of interest is the Peterson formula, it is stated below 

 ----------------------------------------------------------2-20 

The Peterson was derived empirically from measured resistances obtained from impressed 

current anode. Peterson formula like Mc Coy formula is base on the surface area exposed to 

the electrolyte and its geometric shape. It can be use as  flush mounted or short flush 
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mounted anode bracelet. De Waard evaluated the influence of anode –cathode resistance 

with a scale model, his study led to a new equation which accounts for the effect of the 

anode –cathode distance and gives good description of the resistance values obtained from 

experiments with scaled models of practical geometry.

-----------------------------------------2-21 

Where = resistivity of electrolyte, L = length, r = Radius, a = anode –cathode distance 

(stand -off). In case where there happens to be interference between anodes, like when one 

anode is install close to the other, the total resistance of the anode changes, the resistance 

at this stage can be predicted  with the formula below. 

 --------------------------------------------2-22

Where = resistivity of electrolyte, L = length, r = Radius, a = anode –cathode distance 

(stand -off) and   N =number of anodes. Though total resistance of anodes can still be 

calculated base on the traditional method of calculating resistors in parallel, this method 

does not include the factor due to electrolyte resistance; with very short spacing the error is 

minimal.

---------------------------------------------------------2-23

 ------------------------------------------------------------------------2-24 

The total circuit resistance  is the sum of all the resistances that complete the cathodic 

protection circuit. Resistances like the anode film resistance, the backfill resistance in the 

case of onshore CP design, cathode film resistance, cathode  - to- environment resistance, 

backfill - to - earth resistance, resistance of connecting wires adds up to the total resistance 
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of a CP system. The cathode film resistance is negligible whereas the anode film resistance 

and the backfill resistance are considered constant for a given anode in a backfill. The 

cathode – to – electrolyte resistance is heavily dependent on the coating quality. The 

significant resistances are those due to the anode to the environment, the cathode to the 

environment and that due to the connecting wires. In a CP design for marine structures 

where most anodes are welded or bolted to the structure, the resistance due to the 

connecting wires are non existence. The only resistance are those due to the anode to the 

environment, and those due to the cathode to the environment, which is wholly due to the 

coating and as such is negligible.

2.6.5	Anode	Current	Output

The anode current output is the total current the anode will have to deliver to provide 

full protection to the structure given a design life. Computation is base on the formula given 

below; 

  

 -------------------------------------------2-25

2.6.6	Total	Anode	Mass	

Total anode weight is the total anode mass required to provide protection to the structure 

for a given design life. Computation is base on the formula given below;

------------------------------------------------------2-26

2.6.7	Design	Life	Check

The design life check computation is carried out in CP system design to  make sure that 

the total anode size will be able to provide projected current  for a given design life. Anode 

life is primarily governed primarily by weight, current output, and efficiency, the heavier the 
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anode, the longer the life, The higher the current, the shorter the life and the higher the 

efficiency, the longer the life. The formula below evaluates the design life check:

-------------------------------------------------------2-27

Where = total net mass of the sacrificial anode,  =utilization factor, =electrochemical 

capacity of the anode material in Ah/Kg, and  maintenance current demand in Amps. The 

formula implies that the average current at mid life corresponding to the midpoint of 

consumption that is  of the net weight (13).

2.0 Attenuation	
On a pipeline with equally spaced anode, it is believe that the potential distribution 

between anodes is constant. In practice there comes a time that the potential changes 

within the anode spacing (sometimes much lower than the protection potential of the 

structure) – this effect is called attenuation. This happen in structures with a cross section 

with length far greater than the thickness, and the spacing between the anodes relatively 

distant, compared to thickness - as in pipeline and platform risers. Uhlig and Morgan 

proposed the early attenuation equation. They made several assumptions like; proposing 

that the leakage conductance to earth be uniform for the entire line - this requires that the 

coating conductance and the soil resistivity be uniform. Also, they proposed that current is 

draining from the line at a single point and discharged to earth at a remote distance, so that 

no trace of the anode field is detectable at the pipeline. Finally, resistance of the pipe per 

unit length is uniform throughout and the line is infinitely long. 
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Figure 2.7.1: Schematic Illustration of the Potential Profile that Arises from                             
Galvanic CP of   Marine Pipelines with Bracelets Anodes            

                                                                                                                       

                                

Figure 2.7.2: Schematic Illustration of the Potential Profile that Typically Arises for 
Buried Pipelines Polarized by Impressed Current System Anode Ground Bed. 

Under these conditions, the equations are:

 ----------------------------------------------------------2-28 
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----------------------------------------------------------2-29 

Where: = change in pipe-to-soil potential at distance x from the drainage point;           

= change in the same quantity at the drainage point; e = base of natural logarithms = 2.718 . 

. .; = quantity called the attenuation constant;  is a function of the particular line 

involved and is given by . Is the longitudinal resistance of the pipe in Ohms per 

foot, and is the "characteristic resistance" of the line, in Ohms. This in turn is given by

--------------------------------------------------------2-30 

Where;  is the leakage resistance to remote earth of the line in ohm feet. The 

characteristic resistance is the resistance of the whole line to remote earth, as seen from 

the drainage point, looking in one direction only; it is the ratio  It will be noted that 

the unit for  is "per foot." Also   can be express as

-------------------------------------------------------2-31

Where = outer diameter of pipe,   = linear ohmic resistance,   = percentage of the 

coating breakdown factor,   = polarization resistance

Consider now a section of line of length 2L lying between two identical drainage points; let 

the remainder of the original assumptions made still hold. Under these conditions, at any 

point at a distance x from one of the two points (chosen as an origin) the potential will be 
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given by the sum of two expressions similar to Equation 2-28, and the current by the 

difference of two similar to Equation 2-29: 

---------------------------------------------------2-32

--------------------------------------------------2-33

Where and are the potential shift and line current which would be caused by 

either of the two units, at its drainage point, if the other unit were not present. The actual 

and it can be seen, will be somewhat different. From these two, the following 

equations can be derived: 

     -----------------------------------------------------2-34

 -----------------------------------------------------2-35

The equation is rephrase as  

 --------------------------------------------------2-36

 ------------------------------------------------2-37

Where  and now refer to the actual drainage potential and current (note that is 

always the current drained from one direction only and is normally half the total drainage 

current). It may be argued that the assumptions of uniformity made in the derivation of the 

attenuation equations are so severe that no actual line approaches the conditions closely 

enough for the equations to be useful. This reason and other reasons led to the 

modification of this equation notably by La Fontaine and Gibson, this equation became the 
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modified Uhlig equation. This model modifies the Uhlig model by adding another factor to 

mathematically force fit a solution. Gibson developed a series of model based on Uhlig 

model, and developed three case model that defines all attenuation problems. The cases 

are; Case 1 - A scenario where a flow line is attach to another structure and the end 

potential are at variance, that is zero resistive source to zero resistive source at different 

potential such as a jacket structure to a jacket structure. In Case 2 - A zero resistive source is 

connected to a non-zero resistive source, such as a jacket structure to a pipeline end 

manifold (PLEM). Lastly, Case 3 - involved a non-zero resistive source to non-zero resistive 

source where the resistances are not identical, such as the PLEM to PLEM (17). 

2.8	Anodes	in	Cathodic	Protection

The anode is anode couple to a cathodic protection system to polarize the cathode 

to a more negative potential by itself corroding and as a result the anode generating a 

current.  The actual current efficiency of an anode is a measure of the actual current 

available for the cathodic protection of the primary structure expressed as a percentage of 

the total current generated, because the anode output is directly proportional to current 

output delivered, the efficiency of the anode is important in selecting an anode material. 

The higher the efficiency the more the useable energy per kilogram of material purchased. 

In low resistivity electrolyte anodes like the magnesium alloy type this anode delivers a 

higher current output. Shape also influences current characteristics - the longer the anode 

length, the lower the anode resistance. Increasing anode diameter does not reduce the 

resistance very much but it does significantly increase the anode weight. Therefore 

increasing the diameter adds predominately useful life to the anode, the higher the net 

driving potential between the anode and cathode, the higher the current. The anode can be 
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made of pure zinc, pure magnesium or the alloys of these elements. The efficiency is 

dependent upon the alloy, and it is important the correct alloy is selected. The choice of any 

particular anode depends on the current demand of the CP system as in the case of GACP

system (18). 

2.8.1	Anodes	for Galvanic	Anodes	Cathodic	Protection	(GACP)	System

The main anodes for GACP system for iron in water are those metals which are 

always anodic to the iron in water. Metals like Aluminium, magnesium, and Zinc are the 

major anodes for GACP system. Aluminium Alloy anodes are limited to use in seawater or 

very brackish water use (must have more than 1000-ppm chloride ion concentration for 

Indium alloyed material and 10,000- ppm Cl- for Mercury alloyed material).  Aluminium 

Anode operate at approximately 95% efficiency yielding approximately 1250 amp-hrs-lb or a 

consumption rate of approximately 6.8 lbs./Amps-yr in seawater applications only. This 

efficiency may drop in half or more in brackish waters. Also, Aluminium Anode has a Low 

driving potential (e.g. 0.250 Volts to protected steel), and Lowest Galvanic Anode Cost ($ 

per Ampere-Year of current generated). Aluminium Anode is never used with select backfill 

and thus is installed as bare ingots. They typically are mounted to the structure they are 

intended to protect via their integrally cast galvanized iron core straps, pipes or rods.

Magnesium alloys anodes have the highest operating Voltage of all common Galvanic 

Anodes but has the lowest efficiency and highest cost per ampere year of current flow. 

Anodes made of magnesium alloys are typically used in soils and waters with resistivity 

higher than 1500 ohm-cm. Electrochemical properties of Magnesium Anodes are; it has 

Consumption rate (Theoretical) 1000 Ampere Hour/Pound; 50% Current Efficiency, 

Consumption rate (Practical) 500Ampere Hours/Pound, Consumption rate 17 Pounds 

Consumed per Ampere-Year. Also, Solution Potential in gypsum backfill with respect to a 

Cu/CuS04 for AZ-63 Alloy (grades A & B only) the potential is 1.55 Volts, for AZ-63 Alloy 

(grade C only) the potential is 1.2 to 1.5 Volts, and for Mg - Mn “High Potential” Alloy the 

potential is 1.73 Volts. Magnesium anodes are advantageous because the anodes are 

efficient. They provides the highest available driving Potential, this is an advantage in higher 

resistivity soils. There are available in various shapes/sizes, and the anode usually have 
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lowest total galvanic anode CP cost in environments with resistivity over 2000 ohm-cm 

when cost of installation is included in the evaluation. The only exception to this is when the 

current required for a specific structure is only a few mill amperes total. The major 

limitation of magnesium anodes is that they should not be used in instances where the soil 

or water resistivity is less than 1000 ohm-cm. Zinc Anodes were first used in 1826 by Sir 

Humphrey Davies to protect the copper cladding in seawater used on wooden ships in the 

English Navy. This was the first use of cathodic protection to prevent corrosion of metal 

structures. Zinc was an ideal material in this environment because it has a very high 

operating efficiency and a relatively low driving voltage, which is an advantage in the very 

high conductive (low resistivity) sea water. Electrochemical Properties of Zinc are: it has a 

consumption rate (Theoretical) 372 amp-hours/pound or 23.5 lbs. per amp-yr, Current 

Efficiency above 90% underground and up to 95% in sea water,  Current Capacity at 90% 

efficiency, 335 amp-hours/pound or 26 lbs. per amp-yr, Potential in Sea Water or Select 

Backfill underground –1.1 Volts vs. Sat. Cu - CuSO4 . Zinc alloy anodes are cheap compared 

to magnesium base cost per pound evaluation, it can be used in both fresh and salt water, it 

has a low driving voltage which gives it an advantage in a low resistivity environment, and it 

is available in various shape and sizes. The limitations of zinc anodes are that they are 

susceptible to potential reversal if installed as bare anode material instead of installing with 

Select Gypsum-Bentonite-Sodium Sulphate Backfill in underground applications; It has a 

higher cost per ampere-year of cathodic protection compared to that  provided than 

Aluminium Anodes in Seawater Applications, due to low driving potential, should not be 

used (except under very special circumstances) in soil with resistivity greater than 2000 

ohm-cm.  

2.8.2	Anodes	for	Impressed	Current	cathodic	protection	(ICCP)	Systems	

Commonly used impressed current anodes can be divided into two main groups, which 

are those with relatively higher consumption rates and those with relatively low 

consumption rates. The first group includes all metallic anodes that have consumption rates 

measured in pounds per ampere of current delivered each year and the second group that 

have consumption rates either measured in grams per ampere-year of operation or have no 
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measurable consumption rate.  Graphite anodes are example of higher consumption rate 

type impress current anodes. Graphite Anodes are made by transforming green carbon 

anode shapes into graphitic carbon at a very high temperature in an environment free of 

oxygen.  Graphite anodes are porous, readily absorbing moisture, which accelerates 

consumption of the material and can cause the electrical connection to the copper lead 

wire within the anode to fail due to corrosion. To prevent this, graphite anodes must be 

impregnated with moisture proofing materials. Some of the impregnating materials 

commonly used include linseed oil, microcrystalline wax, poly-formaldehyde resin and 

epoxy. When installed underground in carbonaceous backfill consumption rate is about 1 –

3 pounds/ampere-year. Current output must be limited to 0.5 amperes per square foot of 

anode surface area or 2 amperes maximum for a 3” diameter x 60” long rod anode and 0.25 

amperes/ft2 to achieve rate less than 1 pound/ampere-year. Graphite anodes are not use in 

Fresh or Brackish Water with less than 5000 mg/L chloride ions. Graphite anodes 

Submerged in Salt Water with consumption rate of about 0.5 – 3 pounds/ampere-year. The 

major advantage of graphite anodes is that It is readily available in a variety of sizes, It has a 

high ratio of surface to weight, enhances low current density current discharge and low 

resistance to electrolyte, the anode does not form a high resistance layer of corrosion 

product and it is environmentally safe. The anodes are relatively inexpensive.  The 

disadvantages of graphite anodes are that this anode type cannot be use in fresh water; it 

must be installed in carbonaceous backfill in underground applications. The CP anode grade 

material is relatively weak and subject to breakage. The “Black Body” effect of graphite 

magnifies thermal expansion problems with metallic lead wire connectors and resin sealing 

material, which can result in cracking of the anode in high ambient temperature desert, or 



43

 

summer environments. The anodes are consumed over time when operated as an anode. 

Overall dimensions decrease and resistance to electrolyte increases with time. Other 

lower consumption rate type alloys are High Silicon Cast Iron Anodes and high silicon 

chromium anodes, the major problem with these anodes are that the anodes are not 

dimensionally stable, thus overall dimensions decrease and resistance to electrolyte 

increases with time. Lower consumption rate anodes are Platinum Clad Titanium and 

Niobium anodes and Mixed Metal Oxide (Ceramic) Coated Titanium Anodes. This anode 

have a low consumption rate, the rate of deterioration of this anode is about 8 mg/amp-yr 

in Seaweed and in neutral soil (oxygen environment) about 40 to 80 mg/amp-yr.

2.8.3	Problems	in	Designing	Protecting	System	

Designing issues in cathodic protection embodies those designing aspect that 

impedes the system from serving its full design life, or those that obstruct the system from 

delivering adequate protection current throughout the CP’s life. In CP design, the primary 

design variable is the current density demand. The cathodic current density demand is a 

function of various marine and environmental parameters like temperature, oxygen 

content, water velocity, seawater chemical composition, seawater resistivity, pH, water 

depth, seabed composition, erosion. The choice of an appropriate current density, high 

enough to polarize the structure throughout the service life of the structure is not always 

easy. Though documentation gives appropriate guidelines- like NACE RP 0176 and NORSORK  

DNV RP B401, to designing a CP systems to polarize a structure to a more negative than -

800mv (13). The values are dependent on the environmental parameters (due to variation in 

flow rate, temperature, oxygen content etc). Within the life time of a structure the current 

density varies with time, for steel the initial current density must be high enough to ensure 
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adequate polarization within a limited space of time is usually recommended. Det Norske 

Veritas (DNV-RP-B401) gives series of values for initial and final design current densities 

(A/m2) for seawater exposed bare metal surfaces; as a function of depth and ‘climatic 

region’ with reference to surface water - see Table 2.6.4. The calcareous deposit so form 

lowers the current density demand. A lower initial current density results in the formation 

of an inferior calcareous deposit. Again, the choice of re - polarization current density 

should be high enough to give protection after the depolarization of the structure after of 

marine growth removal from the structure or storm. Maintenance current, is use during 

design to estimate the net mass of anode needed to provide enough current to polarize the 

structure through its life (20). Since CP is always applied to structure with some coating. The 

coating reduces the current density demand and improves the current distribution, but 

current density demand increases as coating deteriorates. The need to attribute coating 

breakdown factor to the three different periods the initial mean and final are parameters 

difficult to assess. There is a high uncertainty in the progressive break down of coating; this 

is dependent on factors like quality control during surface preparation and coating (21).  

Failure to design with the appropriate current density will expose the structure to under 

protection and increasing the current too much will result in over protection. The over 

protection of structure will result in coating disbondment and poor adhesion of coating, in 

the case of high strength steel will result in hydrogen embrittlement and consequent failure 

of steel in a brittle fracture mode(22). This is because over protection makes the direct 

reduction of water becomes thermodynamically possible.

   ------------------------------------------------------2-38
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Since the proper CP design of a system will require the adequate knowledge of the 

operating environment of the structure, effective simulation of the condition in the 

laboratory will not adequately reflect the environment, as such computational model will 

give a better understanding and aid better CP design. What-ifs studies will lend a better 

understanding of CP designs – as such the need for corrosion modelling (23).

2.9	Modelling	Corrosion	System
The complexity of corrosion process owing to interdependency of variables is a setback in 

investigation corrosion issues. A good representation of reality in the interaction between 

material and its operating environment can only be closely approximated by modelling of 

the corrosion problem. Models are an accepted method of representing current 

understandings of reality. Numerical modelling can provide some relief by simplifying 

optimising installation maintenance and repair. When used in the planning phase, 

conceptual mistakes can be trace before any actual installation, by calculating different set 

– ups in cheap, harmless and fast simulations. In addition, models can provide reference 

values for measurement on operational sites; it can help in tracing and solving any possible 

anomaly (24). Lastly, models create a safe and cost effective on screen “virtual” test 

environment where new corrosion engineers can gain experience without long expensive 

”trial and error ” experiment on site. The approaches to corrosion modelling are either 

bottom up approach or the top down approach.

2.9.1 The	Bottom- up	Approach	

Scientific models can take many shapes and forms, but they all seek to characterize 

response variables through relationships with appropriate factors. Traditional models are 

divided into two main categories: mathematical or theoretical models and statistical or 
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empirical models. Mathematical models have the common characteristic that the response 

and predictor variables are assume free of specification error and measurement 

uncertainty. Statistical models, on the other hand, are derived from data that are subject to 

various types of specification, observation, experimental, and/or measurement errors. In 

general, terms, mathematical models can guide investigations, and statistical models are 

used to represent the results of these investigations. Some specific situations lend 

themselves to the development of useful mechanistic models that can account for the 

principal features governing corrosion processes. These models are most naturally 

expressed in terms of differential equations or another non - explicit form of mathematics. 

However, modern developments in computing facilities and in mathematical theories of 

non-linear and chaotic behaviours have made it possible to cope with relatively complex 

problems (25). A mechanistic model has the following advantages; It contributes to our 

understanding of the phenomenon under study, It usually provides a better basis for 

extrapolation, It tends to be parsimonious, i.e., frugal, in the use of parameters and to 

provide better estimates of the response. The understanding of corrosion phenomena base 

on thermodynamic and kinetic behaviour of metallic materials was made explicit in what 

became known as E-pH or Pourbaix diagrams (thermodynamics) and mixed-potential or 

Evans diagrams (kinetics). These two models, both established in the 1950s, have become 

the basis for most of the mechanistic studies carried out since then. The multidisciplinary 

nature of corrosion science is reflected in the multitude of approaches to explaining and 

modelling fundamental corrosion processes. Surface science is relevant in the Atomistic 

model of passive films, Physical chemistry in Adsorption behaviour of corrosion inhibitors, 

Quantum mechanics in design tool for organic inhibitors, Solid-state physics in Scaling 
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properties associated with hot corrosion, Water chemistry in Control model of inhibitors 

and anti-scaling agents, and Boundary-element mathematics in Cathodic protection (1).

Frequently, the mechanism underlying a process is not understood sufficiently well or is 

simply too complicated to allow an exact model to be formulated from theory. In such 

circumstances, an empirical model may be useful. The degree of complexity that should be 

incorporated in an empirical model can seldom be assessed in the first phase of designing 

the model. The most popular approach is to start by considering the simplest model with a 

limited set of variables. Then increase the complexity of the model as evidence is collected.

2.9.2 The	Top	-	Down	Approach

The transformation of laboratory results into usable real-life functions for service 

applications is almost impossible. In the best cases, laboratory tests can provide a relative 

scale of merit in support of the selection of materials to be exposed to specific conditions 

and environments. From an engineering management standpoint, mapping of the 

parameters defining an operational envelope can reduce the need for exhaustive 

mechanistic models, since any potential problem should be avoidable by controlling the 

conditions of its occurrence. Some of the issues involved in deciding on a cost-effective 

method for combating corrosion are generic to sound management of engineering systems

(26). Others are specifically related to the impact of corrosion damage on system integrity 

and operating costs. In process operations, where corrosion risks can be extremely high, 

costs are often categorized by equipment type and managed as an asset loss risk. The 

quantification or ranking of risk, defined as the product of the probability and consequences 

of specific events, should dictate the preferential order in which inspection and 
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maintenance are performed. This kind of corrosion information is integrated into efficient 

management systems. 

2.10Modelling	Cathodic	Protection	Systems
A CP model involves the evaluation of an appropriate material characteristic in a 

particular environment. When modelling a particular material in any particular 

environment, and consequently collating data of the electrical current and potential 

response in this media, this modelling approach is the forward approach to CP modelling. 

The second approach to CP modelling is the inverse modelling approach, in this method the 

material characterization data like material resistivity, coating resistivity is collated at 

different electrical potential and /or current.  

2.10.1Forward	modelling	approach

A forward model yields the distribution of current and potential for a given system 

geometry and for given physical properties of pipes, anodes, ground beds, and soil. The 

history of the development of analytic and numerical forward models for cathodic 

protection of pipelines encompasses more than fifty years. Waber et al (27); derived an 

analytic model in the form of a Fourier series, which can only be used for simple geometries 

and boundary conditions. Pierson et al. developed a series of analytic equations to account 

for attenuation for coated pipelines, which extend the usual resistance formulas such as 

Dwight’s equation. Doig et al (28); utilized the finite difference method to simulate the 

galvanic corrosion with complex polarization. In the 1980’s, Brebbia developed the 

revolutionary boundary element method (BEM) (28). The BEM has since been applied in 

many engineering fields because it is accurate, effective for both infinite and semi-infinite 

domains, and computationally efficient. Aoki et al (30); applied the BEM to both two-
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dimensional and three-dimensional systems. Telles et al (31); improved the BEM for CP 

simulation by introducing the current density self-equilibrium limitation, which eliminated 

the need to discretize a boundary located at infinity. Brichau and Deconinck coupled the 

internal and external Laplace’s equations which were solved by coupled BEM and finite 

element methods (FEM). Kennelley et al used FEM to model the influence on CP protection 

of discrete coating holidays that exposed bare steel (32). The concept of discrete holidays was 

extended to three dimensions using BEM by Orazem et al. Riemer and Orazem (33), 

combined the advantages of the previous work in their development of the CP3D model. A 

distinguishing point of this software is that it can account for localized defects and yet is 

suitable for long pipelines and pipe networks. Some commercial programs are available 

such as PROCAT2 and OKAPPI (34).  Townley et al used the BEM with slope parameter 

approach to model galvanic anode cathodic protection system (35). Beasy and Seacorr uses 

the BEM to modelled graphically current distribution and current density distribution 

around a structure, thereby optimising anode distribution (36).  All the simulations described 

above solve Laplace’s equation coupled with linear or non-linear boundary conditions to 

obtain the potential distribution and current distribution (37). The analytic models can only 

be used for two-dimensional domains with simple geometries. The numerical models can be 

applied to almost any complex domain; thus, they are widely used. While many numerical 

models are based on the FEM, the newer generation of models uses either BEM or a 

combination of BEM and FEM.

2.10.2 Inverse	modelling	approach	to	CP	design

The use of computer programs to interpret pipe survey data in terms of the 

unknown condition of the pipe requires solution of the inverse problem, in which the 
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properties of the pipe coating are inferred from measurements of current and potential 

distributions. This approach allows interpretation of field data in a manner that would take 

into account the physical laws that constrain the flow of electrical current from anode to 

pipe. Aoki et al (38), has made significant contributions to the application of inverse model to 

CP. Their studies included simplifying the unknown parameters in the polarization curves, 

changing the form of objective function, and trying different kinds of minimization methods. 

To minimize the objective function, they have employed a variety of techniques like 

conjugate gradient, fuzzy a priori and genetic algorithm methods. Their work involves 

modelling protection of pipes, ships, and reinforcing steel in concrete structures. Wrobel 

and Miltiadou describe the application of genetic algorithms to inverse problems, including 

identification of coating holidays.  Aoki et al. used an inverse BEM analysis to eliminate 

Ohmic error from measurement of polarization curves. The concept behind use of the 

inverse model for cathodic protection is related to the approach used to reconstruct the 

distribution of electrical resistance for medical, chemical process, and geological 

applications. For medical applications, the readings from an array of sensing electrodes are 

used to construct an image associated with conductivity variations within a body. The 

technique is called electrical-impedance tomography. Electrical impedance tomography has 

also been used to determine the interfacial area for two-phase gas liquid and particulate 

flows in chemical processes and, through identifying the distribution of electrical resistivity, 

to identify composition distributions in laboratory and plant scale process equipment. 

Electrical-resistivity tomography is used to interpret cross-borehole resistivity 

measurements to obtain electrical resistivity distributions of geological formations. 

Electrical resistivity is an important petroleum reservoir parameter because it is sensitive to 
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porosity, type of pore fluid, and degree of saturation. Neural networks have been 

suggested, most approaches are based on non-linear regression (39). 

2.10.3Boundary	Element	Modelling

The current density in a dilute electrolyte solution can be described as  

-------------------------------------2-39

where  is the current density vector,  is the bulk velocity, is the faraday’s constant,  is 

the charge for species j,  is the mobility for the species  j,    is the concentration for 

species j, and   is the diffusion coefficient for species j. It is assumed that concentration 

gradient only have effect in the diffusion layer which is close to the structure and it is 

relatively thin compared to the characteristic length of the system.   Thus concentration 

gradient is neglected in large scale simulation. Then current density in soil is  

-----------------------------------------------------2-40

The conductivity of the electrolyte can be define as  

-----------------------------------------------------2-41

The current density equation can be reduce to 

 ----------------------------------------------------------2-42 

This is called Ohms s law (33). The conservation of charge in the bulk yields 

----------------------------------------------------------2-43

----------------------------------------------------------2-44 
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Thus 

----------------------------------------------------------2-45

Equation 2-45 is known as the Laplace’s equation for the electrochemical potential (39). 

The polarization curve, which describes the relationship between the potential and the 

current density, indicates the corrosion condition on the pipe surface and is normally used 

as the boundary condition. The boundary condition is develop as follows for the following it 

is assumed that the boundary condition over (the boundary enclosing the volume )

On where and are given,  and    are parts of the boundary such that 

   (The complete boundary)

Solving equation 2-45 above numerically, using the weighted residual approach to reduce 

the error, the weighted residual statement becomes

 ----------------------------------------------------------2-46 

Where   is some residual function and  

 ----------------------------------------------------------2-47 
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Integrating equation 2-486 by parts wrt   gives 

 

 ----------------------------------------------------------2-48 

Integrating by parts gives 

 

  ------------------------------------------- 2-49

Or generally 

------ 2-50

The art is to choose the correct function . The function we choose is called the 

fundamental solution. Assume that a concentrated charge acts at a appoint y. the governing 

equation is

----------------------------------------------------------2-51
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Where    is the Dirac Delta function. The solution to this is the fundamental solution we 

wish to use. This has some useful properties; the most valuable is that we know its form. 

Some others are :     And 

-------------------------------------------------------- 2-52 

Assuming to be the fundamental solution to the La palace equation gives

--------------------------------2-53

The form of the fundamental solution can be express as follows 

Two dimensions   ----------------------------------------------------------2-54

----------------------------------------------------------2-55

Three dimensions

 ----------------------------------------------------------2-56 

----------------------------------------------------------2-57

Since the equation contains only integral over boundary no volume integrals exists, hence 

the ability to use boundary elements only and not finite elements in solving this equation 

analytically on any given geometry  on a point say  y. It is required that  and   be known 

at all points, secondly, either E or I are known at every point on the boundary and the other 

being the unknown to be solve for. Hence, provided the enough equation can be formed it 
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can be solved simultaneously for our final solution. The boundary is divided into elements, 

hence the boundary are approximated by elements which are non-overlapping (40).  

----------------------------------------------------------2-58 

Since  has been approximated by N elements this becomes

-------------------------------------------------2-59

-Where denotes integration over element j. the element used may be denoted as 

constant, linear or quadratic. This denotes the variation that function (the solution) is 

allowed to take over the elements. This is the point at which the procedure becomes 

‘numerical’. The node points are the points at which the solution will be found. The node 

points are use to define the shape of the elements. The solution is assumed to be constant 

over constant element with the value being define at a single node points. For a linear 

element, the solution is assumed to vary linearly along the element, for quadratic element 

the element varies quadratically. Polarization introduce impedance or resistance between 

the electrolyte and the metal, this can be written as 

 ----------------------------------------------------------2-60 

 ----------------------------------------------------------2-61 

= current density on the anodic surface

  = electropotential on the cathodic surface
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= a function which represents the electrode kinetics and polarization on the anodic 

surface and  , describes condition on the cathodic surfaces. are both 

function of myriad factors both chemical and environmental. The equation below relates 

the flow of current between the anode and the cathode and the potential drop in the 

medium due to its resistivity.

---------------------------------------------------------- 2-62

Where H and G are square matrices, and E and I are vectors of length N.  It is convenient at 

this stage to partition the E and I vectors into nodes which form the anode and those which 

form the cathode

 ---------------------------------------------------2-63

Where the subscript   

a refers to the anode surface, and c refers to the cathode surface from the substituting 

equation 2-60 and equation 2-61 in the equation 2-63 it becomes

---------------------------------------------------2-64

The resulting equation is now solved by iteration to obtain the current density I and the 

electrochemical potential E at all nodes on the anode and the cathode.  

In derivation of the governing equation the electrode kinetics on the anode and cathode 

have been assumed to be represented by an equation of the following form.

 ----------------------------------------------------------2-65 
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The function f is known as the polarization curve which describe the relationship between 

the current density I and the electro potential E for the electrode reactions. In practice this 

equation does not sufficiently describe the electrode reaction as other factors are involved. 

The most important of these factors is the build-up of calcareous deposit on the cathode (if 

steel is polarized sufficiently in seawater) - this deposit in addition to any organic film and 

marine growth being formed. The scale alters the polarization behaviour, reduces the 

effective surface area, introducing additional physical resistance, and consequently 

introduces a time dependent factor. 

2.10.4 Inclusive	first	principle	based	Attenuation	Model	(Hart’s	model)	

The limitation of the Morgan/Uhlig model and it is the modification by Gibson et al is 

that it does not incorporate anode resistance, and the boundary element does not include 

metallic path resistance either.  Hart et al developed a developed a first principle based 

attenuation equation that incorporated all the four resistance terms (anode, coating, 

polarization and metallic return path resistances). The governing equation is given below

(41). The approach considers that electrode pipe potential,  can be represented as the 

charge gradient associated with the double layer or 

 --------------------------------------------------------2-66

Where and are the metallic and electrolyte potential, respectively and 

accounts for the fact that  must be measured relative to the reference potential 

(constant). Also,  

----------------------------------------------------------2-67 
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Where,  is the magnitude of polarization. Taking second derivative of equation 2-67

and equation 2-66

 ----------------------------------------------------------2-68

The potential gradient in the z-direction within the pipe, is given as

----------------------------------------------------------2-69 

The electrolyte potential variation can be express as 

 --------------------------------- 2-70

Substituting in the above equation yields the final equation below

--------------------- 2-71 

    ---------------------------------------------------- 2-72

And 

  ----------------------------------------------------------2-73

Where  is the electrolyte resistivity,  is the resistance per unit length given by 
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2.10.5 Slope	Parameter	Approach	and	Attenuation

The polarized potential distribution for one dimensional structures is more complex 

that for space frame ones because anodes are normally discrete as opposed to 

distributed42). In marine pipeline protected by galvanic anodes the spacing between anodes 

are usually very short owing to structural  consideration, and deployment method, as such 

the current distribution between the anodes are fairly constant(43). Cases arises when the 

anode clustered at one end or both ends provides the protection for the whole length of 

the pipeline, like in the case of protection of the whole riser length from the from the 

platform end and the touchdown end. Also, is the case of CP protection by impressed 

current method, the current supplied from one end of the pipeline provides protection for 

the whole line. These cases are all cases in which the anode distribution is uneven and the 

spacing between the anodes is such that will introduce attenuation within the pipeline (44).

In the case of large spacing between anode the anode mass is not always the issue, but the 

metallic return path voltage drop is always the controlling design parameter. By 

implementing CP protection either method as stated above, becomes more 

progressively positive as the distance from the anode bed increases. The initial design step 

in CP design for pipeline involves the calculation of the bracelet anodes according to the 

equation

----------------------------------------------------------2-74

Then followed by the estimation of the pipeline current demand from the equation (slope 

parameter equation and Ohms law equation) 

 ----------------------------------------------------------2-75 
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Hart et al modified the slope parameter approach (45). Base on the assumption that the 

anode spacing is small enough that the metallic return path is negligible and the pipeline 

resistance to sea water is negligible, the current enters the pipe at coating holidays ,  

is linear with the slope parameter slope as  and and  are both constant for 

both time and position. The resultant expression

 ----------------------------------------------------------2-76 

----------------------------------------------------------2-77

Where inverse of coating is break down factor and is the pipe radius. The design life in 

that case is 

------------------------------------------------------2-78 

Finally, Lysogorski et al propose a modification of the equation including the metallic return 

path term but retaining the assumption of Hart et al (46), the equation is expressed below 

---------------------------------------------------------2-79 

2.10.6Limitations	of	BEM	model

In using the BEM model the solution of the La Place equation with the appropriate 

boundary condition yields the electrical current density and potential at any point on the 

structure. The polarization response of the material defines the electrical current density 

present at an electrical current potential (46). The electrical current density is important 

because it is directly proportional to corrosion rate. In computer modelling, essential to 

modelling design, is the system resources available to program a given model. Given 

processor speed and RAM capacity the number of iteration has to be such that the system 

resources can handle with within a reasonable timeframe (47).    Mesh refinement has to be 
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addressed especially in design. Though coarse mesh may yields less than optimum result, it 

is frugal with consuming valuable system resources, as such it is use in demonstrating the 

effect of various variables, finer mesh will give optimum result with a larger number of 

iteration, but will task heavily on system resources (48). Another issue with the BEM model is 

the time dependent aspect of the polarization response. The need to choose the adequate 

polarization response (that is the polarization response curve), that is

2.11 Expert	Systems
During the 1970s, research in expert systems (ESs) was mostly a laboratory curiosity. 

The research focus then was really on developing ways of representing and reasoning about 

knowledge in a computer rather than on designing actual systems. In 1985, only about 50 

systems had been deployed and reported, but the success of some of these had captured 

the attention of many organizations and individuals. One of the main attractions of ESs for 

scientists and engineers was the possibility of transferring some level of expertise to a less 

skilled workforce. The corrosion community reacted with interest to the advent of these 

new information-processing technologies by establishing programs to foster and encourage 

the introduction of ESs in the workplace. While some of these programs were relatively 

modest, others were quite ambitious and important both in scope and in funding. The main 

argument in support of these efforts was that many of the common failures caused by 

corrosion could have been avoided simply by implementing proper measures based on 

existing information (49). The evident gap that exists between corrosion science and the real 

world, where a heavy toll is continuously paid to corrosion, is the single main argument for 

proposing the ES route as a viable alternative for information processing of corrosion data. 

There are several problems associated with knowledge engineering methodologies like the 

availability of cost-effective tools and knowledge elicitation techniques. In addition, 

eventual integration of an ES prototype in a user community requires the tacit approval of 



62

 

all parties involved during the various phases of ES development. It also requires the 

fundamental acceptance of the expertise being computerized (50). The advantages and 

limitations of using ES technology were analysed in great detail in one of the first reported 

efforts on combating corrosion with ESs. The Stress Corrosion Cracking ES (SCCES) had been 

created to calculate the risk of various factors involved in SCC, such as crack initiation, when 

evidence was supplied by the user. The main goal of this effort was to support the decision 

process of “general” materials engineers. The system would be initially called on to play the 

role of a consultant.  It was anticipated that SCCES had the potential to become an 

intelligent checklist, a trainer, an expert sharpener, a communication medium, a 

demonstration vehicle. In all an ES accords a three-level model of benefits that is the 

feature benefits, task benefits, and role benefits 

2.11.1Expert	Systems	in	Corrosion	

On the European continent, work on ESs for Corrosion Technology (ESCORT), 

conceived in 1984, and served to seed the establishment of a link to the European Strategic 

Program on Information Technology (ESPRIT) and the creation of a series of specialized 

modules. While ESCORT was to deal with the integration of corrosion-related issues such as 

troubleshooting and selection of preventive measures (materials, coatings, or inhibitors), 

each module was to be specialized (51). PRIME, which stood for Process Industries Materials 

Expert, was the first of these modules. PRIME specifically dealt with the selection of 

materials typically encountered in the chemical process industries (CPI). PRIME could 

consider complex chemical processes equipment in contact with a wide range of 

environments. The materials descriptors were complete with generic information and 

specialized corrosion behaviour. In the United Kingdom, the experience gained at Harwell 
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in collecting and structuring corrosion knowledge for a computer-based ES served as the 

foundation for the development of two systems: ACHILLES and MENTOR.  ACHILLES dealt 

broadly with localized corrosion and provided general advice on the problems likely to be 

encountered in process plants and other similar environments. On the other hand, MENTOR 

was said to be a faithful adviser of marine engineers. The experience gained during these 

projects was summarized as follows: The front-end interface to the user has to be friendly, 

Transparency of the system is essential; a good knowledge base should contain a mixture of 

heuristics and “factual” information (52). ACHILLES later became the cornerstone of the 

ACHILLES Club Project, which was given a mandate to develop a series of ES modules that 

would incorporate a substantial digest of expertise in particular areas of corrosion and 

corrosion control. The first two modules dealt with cathodic protection and microbial 

corrosion. The intention was to integrate a number of these modules into a global structure 

that could access individual modules during the course of a user consultation. This 

pioneering work also led to the creation of SPICES, an inference engine based on PROLOG, 

which was said to be particularly adapted to the multidisciplinary nature of corrosion 

phenomena.  During the same period, the National Association of Corrosion Engineers 

(NACE) and the National Bureau of Standards (NBS), now called the National Institute of 

Standards and Technology (NTIS)] were establishing a collaborative program to collect, 

analyse, evaluate, and disseminate corrosion data.  In April 1986, the Materials Technology 

Institute (MTI) of the Chemical Process Industries decided to sponsor the development of 

an ES for material selection. During the following year, MTI initiated a project within the 

NACE-NIST Corrosion Data Program to develop a series of knowledge-based ESs concerning 

materials for handling hazardous chemicals. These systems became commercially available 
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and are known as the ChemCor series. Since the mid 1980s, a multitude of other projects 

have attempted to transfer corrosion expertise into ESs. The NACE conference proceedings, 

for example, regularly contain papers that illustrate the continuous interest in the 

application of knowledge engineering to corrosion. Unfortunately, many systems reported 

in the literature have never been commercialised. This has resulted in a lack of impartial 

and practical information concerning the performance and accuracy of these systems. It is 

indeed very difficult to believe everything said in a paper, even when the information is 

apparently there. To remedy this situation, the European Federation of Corrosion (EFC) and 

MTI have performed two surveys, between 1988 and l990, requesting recognized 

developers of ESs in corrosion-related areas to provide very specific information concerning, 

the availability, scope, and performance of their systems. In the EFC survey developers of 

ESs were asked to elaborate on the following salient features of their systems; Shell used, 

Area of application, Language (user language and programming language), Hardware 

(platform and peripherals), and Development expenditure.  Field evaluation status In the 

MTI survey, developers of ESs were to provide, in a well-defined grid, answers to some 

slightly more specific questions than those in the EFC survey (53). Information such as, 

Availability outside own organization (price, terms), Primary objective of the system, 

Description of development team, Application: diagnostics, prescriptive, monitor/control, 

design/planning training Development effort and expenditure, Hardware (development, 

delivery), Audience (targeted users). While most of the tools developed up to the early 

1990s were primarily constructed using rules and database management principles, the 

later systems include object orientation and other paradigms such as artificial neural 

networks and case-based reasoning. While visions of systems that would answer all 
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questions and solve all corrosion-related problems have faded away, the broad acceptance 

of the computer in the workplace has facilitated the introduction of new concepts and 

methods to manage corrosion information. Focused ESs has been integrated into large 

systems as controllers or decision support systems to prevent corrosion damage. Few other 

ES’s are also being built and tested to simplify the requirements for multidisciplinary 

expertise associated with corrosion engineering practices. A few of this computerize 

methodologies have reached mainstream applications and are readily available - like Beasy, 

Seacorr, Socrates, etc

NAME COUNTRY SHELL APPLICATIONS 

ACHILLES UK SPICES Diagnosis, prediction ,prevention

ALUSELECT Sweden 
ORACLE 

FOCUS
Selection of aluminium alloys

AURORA Finland LEVEL5 
Prediction, failure analysis, materials selection 

AURORA-

STACOR 
Finland LEVEL5 

Prediction (stainless steels) 

AUSCOR UK SAVOIR Prediction (austenitic stainless steels)

BANDMAT Italy DB CLIPPER 
Materials selection,

maintenance, monitoring

BENTEN UK ADVISOR Selection inhibitor 

CAMS4 UK Knowledge-based system (?) 

COMETA Italy Database (?) 

COREX France GENESTA II
Prevention (low-alloy steel,) 

atmospheric)

CORRBAS Sweden FOCUS Diagnosis 

CORREAU France SPECIAL Copper tubing 
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CORSER France SPECIAL 
Materials selection, diagnosis,

Prevention 

CRAI Belgium KEE Training, materials selection

DB-CTW Water treatment 4 

DOCES Italy Boilers 

ERICE Italy
Monitoring, diagnosis

(power plant)

EXPRESS UK 5 Pipeline, risk 

GRADIENT Belgium KEE CAD (heat exchangers)

H2 DATA France Database (?)

MATEDS Sweden FOCUS Selection of aluminium alloys

PETROCRUDE Belgium KEE Prediction (refinery) 

PRIME Belgium KEE Materials selection 

PROP Italy, 
Monitoring, diagnosis pollution (thermal power 

plant)

RIACE Italy IBM ISE 

Materials selection (seawater, 

exchangers) 

SECOND Belgium Plants KAPPA Control (cooling tower) 

SMI Sweden Materials selection 

STM/H2OMON Italy ART Operator support power plant

VASMIT Finland DBASE Fatigue 

VULCAIN-BDM France ( Minitel) Database (?) 

Table 2.11.1: Results of the EFC Survey on Expert Systems in Corrosion
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Name Country Shell Applications 

ACHILLES
UK SPICES Prevention 

ACORD Japan OPS83 Prediction (seawater)

ADVICE
USA

 
 Prediction (high temperature) 

AURORA-STACOR Finland LEVEL5 Prediction (SSs)

AUSCOR UK SAVOIR Prediction (austenitic SSs) 

BENTEN UK ADVISOR Selection inhibitor 

BLEACH USA EXXYS Materials selection (beach plant) 

BLEACHER Finland KEE
Materials selection

(beach plant) 

BWR Japan OPS5 Prediction (IGSCC)

CHEM*COR USA KES Materials selection(hazardous chemicals) 

CL2 USA LEVEL5 Materials selection(Cl2 service) 

CORRCON Israel OPS5 Design diagnosis 

CORREAU France NOVYS Copper tubing

CORRES Japan SOHGEN Prediction

CORSER France Materials selection, diagnosis, prevention

CRAI Belgium KEE Training, materials selection

DESAD USA PC+ Prevention (desalter unit) 

DIASCC Japan OPS83 Risk of SCC (SSs) 

ECHOS, Japan ESHELL Prediction, maintenance shutdowns

FERPRED USA PC+ Ferrite in welds

GENERAL UK  Materials selection, Prediction 

JUNIPER UK  Authoring tools 

KISS Germany NEXPERT Materials selection (CPI)

MATGEO New Zealand KES Materials selection (geothermal plants)
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OILSTO Japan  Prediction, inspection

PBCORR UK CAMS4 Corrosion of lead

PC6493 UK CAMS4 Defect assessment(PC6493)

PETRO-COR1 
New Zealand

 

KES

 
Materials selection (sucker rod pumps) 

POURBAIX Belgium

PRIME Belgium KEE Materials selection

REFMAIN) Japan On-line prediction (refinery

SECOND Belgium KAPPA Control (cooling tower)

SSCP-PH1 USA PC+ Materials selection (H2S) 

WELDPLAN Japan OPS83 
Advise (weld parameter)

WELDSEL USA PC+
Advise (weld rod) 

 

WELDSYM USA PC+ Advise (symbol)

Table 2.11.2: Results of the MTI Survey on Expert Systems in Corrosion 

 

Name
Roles* Target† 

Di Ps Pd  M Pl  Tr  E P N 

ACHILLES * * * * * * * * * 

ACORD * *    

ADVICE

AURORA-

STACOR

* * *   * * * 

AUSCOR * *  * * *  

BENTEN  *  * * 

BLEACH    * 

BLEACHER * *   * * * 

BWR  *    

CHEM*COR *     
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CL2 
* *

CORRCON * * *   * * 

CORREAU * *  * * * 

CORRES

CORSER * * * * * *

CRAI *

DESAD * * * * *

DIASCC *  *    * 

ECHOS     

FERPRED * *   *  

GENERAL * * * * * *  

JUNIPER   * * *  

KISS * * * * * * * * 

MATGEO * *  *  *  

OILSTO     

PBCORR * *  * * *  

PC6493   * * * 

PETRO-COR1 *  * * * *  

POURBAIX *  * *  *  

PRIME * *  * *  

REFMAIN

SECOND  *  * * 

SSCP-PH1 *   *  *  

WELDPLAN     

WELDSEL *  *  

WELDSYM   *  * 

Table 2.11.3 Results of the MTI Survey on Expert Systems in Corrosion

*Diagnose (Di), prescribe (Ps), predict (Pd), monitor (M), train (Tr), †Expert (E), Professional (P), Novice (N). 



70

 

 

 

 

Chapter	3 	
 

3.0 Modelling	Cathodic	Protection	System

It is observe that when a metals are immerse in a solution that the metal sometimes 

corrode. The aim of cathodic protection is to prevent or reduce this corroding action of this 

metal in this medium, by providing a counter polarization effect. The basis of protection 

must therefore involve understanding the nature of the key players in this corrosion 

reaction, which are the metal, the media, and the method and means of providing a counter 

polarization effect (the anode). A model was developed base on the interaction of these 

three components. A total of four classes were use to model the CP design process, three of 

the classes defines the key corrosion process and the fourth defines a means to identify and 

control the other three components.  

3.1 Components	in	Cathodic	Protection	System

3.1.0 General	Property	Class

This class defines the controlling parameter of the CP design, by creating handle for 

identifying each project base on client, project type and version. This class also provides the 

choice of defining the accepted standard for the design, the project type and the project 

design years. Lastly, this class provides the unit for measurement for the output and the 
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input variables and ensuring that the unit of measurement is consistent through out the 

project.

3.1.1 Structure	Class

This class defines the structure by breaking the property that defines a pipeline into 

three categories namely, the physical property, the metallurgical property, and the 

electrochemical property. The physical property category defines the entire variable that 

defines shape, size, density, and mass of the structure. The physical variables to provide are 

length of the pipe, inner radius, outer radius, and shape of the structure. The metallurgical 

property category defines the material type, the sub class of the material, the specification 

of the material. 

The electrochemical property category of the structure defines the resistivity of the 

material, the reference cell type use to measure corrosion potential, and the resistivity of 

the material. The coating system property category defines the coating type, the resistance 

of the coating and the coating breakdown factor attributed to this coating in two periods-

the initial and final periods of the pipeline life.

3.1.2 Environment	Class	

The environment class defines the medium by dividing the property that defines the 

medium into two categories; the physical property category values, defines the medium by 

giving values to property like climatic condition, environment type, environment sub type, 

pH, average annual temperature of the environment and the resistivity of the environment.

Also, the current density property category defines the current density values necessary to 

protect the structure in any given environment by giving the current density in three 



72

 

different periods the initial, average and the final current density, and also sundry 

resistance of any electrical connection used in completing the CP circuitry.   

3.1.3 Anode	Class	

The anode class defines the anode by breaking the anode defining property into 

three categories namely; the anode physical property category, anode electrochemical 

property category, and the anode cost property category. The physical property category 

defines physical property of the anode by giving values to defining properties like; the 

length, the shape, the anode type,  the inner/outer diameter of the anode, the anode 

density and the anode stand – off. The electrochemical property category defines the anode 

electrochemical property by giving values to defining properties like; alloy type, the anode 

close circuit potential, the anode electrochemical capacity, the anode utilization factor, and 

the mass of each anode. Lastly, the anode cost category defines the cost of the anode and 

the estimated cost in installing an anode. 

3.1.4 Core	CPDEx	Class	

The Core CPDEx class contains all the methods necessary to run the program–

technically it is the engine of the software. Within it is Initialisation class initialises the 

program menu form; the resistance method, handles all the resistance calculation. The 

current method, handles all the current calculation in the program. Other methods of this 

class are the anode mass calculation method, the slope parameter method, the anode 

number method that computes the number of anode and the anode spacing method.  
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3.1.5 Current	Check	Class

The current check evaluates the state of the value resulting from the product of the 

anode current output and the number of anode, making sure  that at all period of the 

pipeline life that this value must be greater than the current demand of the pipeline. If it is 

true - that is the product  of anode current and the number of anode is greater than the 

current demand at all periods of the pipeline life, then function report a successful message, 

else it prompt for re - calculation.

3.1.6 Potential	Check	Class

The potential check confirms whether the potential of the anode less the product of 

current demand and the total circuit resistance is less than - 0.9 V at all periods of the 

pipeline life, if it is true the program returns a successful message else the software 

prompts for re - computation of the design. 

3.1.7 Anode	Spacing	Check	Class

The anode spacing check function compares the anode spacing value, if the value is 

greater than 200 metres the program prompt for re - computation because at this value 

attenuation will become an issue in the CP design. 

3.1.8 Anode	Life	Test	Class	

The software checks to verify if the total anode will compute to a value equal or 

greater than the design life of the CP system, if the value is greater than design life value of 

the CP design the program returns successful message, else the programs prompts for re -

computation. 
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3.2 Software	Model

The choice of a programming language is always a balance of skill, language range, 

target hardware, programmer’s creativity and nature of the problem to program. The 

choice of  VB.Net  and  C++ as the language,  was base mostly on the object oriented nature 

of the cathodic  protection design, which the procedural programming concept of FOTRAN 

or BASIC would not have helped, nor the structured programming concept of C, which 

though encouraging modularity would be headache to maintain and update.  The object 

oriented nature of the cathodic protection model thus dictated the language choice. The 

coding and packaging was done using visual studio 2005.
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Start

Implementation Class:

Get inputs to define anode 

characteristic 

Implementation Class:                       

Get inputs to define operating 

environment

Implementation Class:

Get inputs to define structure object

Core Object Class: Initialise 

the environment class 

Core Object Class: Initialise the 

anode class 

Core Object Class: Initialise 

the structure class

Core Object Class: Initialise key 

project variables, like conforming 

standards
Create project variables

Create structure object

Create anode object

Create environment object

Input variables for 

structure object

Input variables for anode 

object

Input variables for 

environmental object 

2

PROGRAM FLOW CHART
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Key inputs :

 Current density demand, 

Coating breakdown factor, 

Design current density of 

Calculate current demand Implementation Class:

Using    

key output: initial current 

demand, average current, and 

final current demand

Implementation Class:                       

Using The Modified Dwight 

Formula, McCoy’s Formula or 

Peterson’s Formula.                        

Key Output: Initial and, Final 

Anode Resistance (see literature 

review)

Key inputs :

 = resistivity of electrolyte, L 

= length, r = Radius, A = 

exposed anode surface area 

( ), s = arithmetic mean. 

 

Implementation Class:

Using                                             

key output: total circuit 

resistance 

Key inputs:

Anode electrolyte 

resistance , structure 

electrolyte resistance  , 

and lead wires 

resistance

Key inputs:                       

surface area of cathode, 

average current density 

demand, utilization factor 

Implementation Class:                       

Using                          

Key Output: Weight of Anode.

2 

Estimate anode 

resistance

Estimate total circuit 

resistance

Estimate total weight of 

anode

3 



77

 

 

Key inputs:                                       

number of anodes N, and 

cost per anode , cost of 

installation and labour per 

anode 

Calculate total number 

of anodes 

Run current check for the 

calculation

Optimise for anode 

weight, anode spacing 

or, cost  

Calculate anode Cost 

Key inputs :

surface area of cathode , average 

current density demand , 

Design life T, utilization factor  ,                        

anode current capacity of anode ,   

and total weight of the anode . 

Implementation Class:
Using the relation                                            

                                   

key output number of anodes

Implementation Class:

Using                                               

 

key output:  total cost of anodes                        

 

 

Key inputs:

surface area of 

cathode  , average 

current density demand 

, Design life T, 

utilization factor  , 

anode current capacity 

of anode , and total 

weight of the anode . 

Initial anode current 

output , and 

final current output 

initial and final 

current demand 

No 

Yes

 

3

Run Optimisation 

class

4

No
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Key inputs :

values total circuit 

resistance , anode 

potential , current 

demand  , structure 

potential 

Using     -

Yes

No 

4

Run potential check 

for the calculation 

Attenuation 

check

Print result

End 

Run attenuation
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Chapter	4 	
 

4.0 Validation	of	the	Design
The table below shows the list of all the necessary design parameters used to design the 

CP system for the 2000 metres Medium Carbon Steel gas line, in sub tropical sea water 

using  Al-Zn-In  type bracelet anode, the values adopted here are typical values stipulated 

by NACE RP 01607, or DNV – RP – B405: 2005. Other values used will be reference 

appropriately.  

PARAMETER VALUE 

Project Type CP Design

CP Type Galvanic Anode System

Conforming Standard Best Practice

                                   Table 4.0.1: Table Indicating General Property Values.       

DESIGN PARAMETER TYPICAL VALUE 

Structure Pipe 

Shape Cylindrical 

Length 2000 m (1.24 miles)

Outer Diameter 0.3 m (300 mm)

Inner Diameter 0.28 m 

Material Type Medium carbon Steel 

Specification

Standard Reference Cell Ag/AgNO3

Potential -0.85 V 

Coating Type FBE 

Coating Resistance 10 Ohm-m 

Coating Break Down Factor(Initial) 5%

Coating Break Down Factor(Final) 7%
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Resistivity 1.8E-7 Ohm-m

Table 4.0.2: Table Indicating General Structure Property Values.

DESIGN PARAMETER TYPICAL VALUE 

Climate Sub Tropical 

Environment Type Water

Sub Type Sea Water

pH 8

Resistivity 0.30 Ohm-m

Depth 30m

Temperature 250C

Current Density (Initial) 0.06 A/m2

Current Density (Average) 0.05 A/m2

Current Density (Final) 0.04A/m2 

Lead Wires Resistance -

                                      Table 4.0.3: Table Indicating General Environment Property Values.
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DESIGN PARAMETER TYPICAL VALUE 

Anode Shape Cylindrical

Anode Type Short Slender 

Length 0.5m (50cm) 

Stand Off 0.3m (30cm)

Outer Radius 0.15m (15 cm)

Core Radius 0.01 m (1 cm)

Density 1320 kg/m3 

Alloy Type Al-Zn-In 

Close Circuit Potential -1.10 V 

Electrochemical Capacity 2670 A-hr/kg 

Utilization Factor 85% 

Mass per Anode 50 kg 

Anode Cost 1200 Niara

Installation Cost 7000 Niara

Table 4.0.4: Table Indicating General Anode Property Values. 
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Figure 4.0.1: Snapshot of the General Property Form.
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Figure 4.0.2: Snapshot of the Structure Property Form. 
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Figure 4.0.3: Snapshot of the Environment Property Form.
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Figure 4.0.4: Snapshot of the Anode Property Form.
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4.1 Validation	of	the	Result	

 

 
 

Figure 4.1.1: Snapshot of the Calculation Preview Property Form.
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DESIGN PARAMETER VALUE 
Driving Potential 0.300 Volts 
Initial Current Demand 5.655 Amps
Average Current Demand 5.466 Amps
Final Current Demand 5.278 Amps
Structure Surface Area 1884.956 Sq.m2

Anode Spacing 117.155 m
Initial Anode Current 2.179 Amps
Final Anode Current 1.156 Amps
Anode Resistance(Initial) 0.138 Ohms
Number Of Anodes 17 
Total Anode Weight 853.572 kg
Multiple Anode Factor 16.954
Anode Adjustment Current 36.947 Amps 
 
Table 4.1.1: Table Indicating the Result of the Key CP Design Parameters Values as Generated from the Software.
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Chapter	5 	

5.0 Discussion	
To validate the result generated by the software, the design was done manually, 

Table 5.0.1 shows the values obtained, whilst the procedure for the calculation is given in 

the 

 

 

 
 
 
 
 

Appendix A. 

VARIABLE SOFTWARE GENERATED 

VALUE

MANUALLY CALCULATED 

VALUE

Driving Potential 0.3 Volts 0.3 Volts 

Initial Current Demand 5.655 Amps 5.655 Amps 

Final Current Demand 5.278 Amps 5.28 Amps

Initial Anode Resistance 0.138 Ohms 0.137 Ohms 

Final Anode Resistance 0.259 Ohms 0.267 Ohms 

Anode Current Output (Initial) 2.179 Amps 2.19 Amps

Anode Current Output (Final) 1.156 Amps 1.123 Amps 

Anode Spacing 117.155 m 177.58 m 

Anode Number 17 17.01 

Total Anode Mass 853.572 Kg 853.83 Kg 
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Total Surface Area Of Cathode 1884.956 Sq. metres 1884.96 Sq. metres 

Anode Surface Area 0.471 Sq. metres 0.471 Sq. metres

Table 5.0.1: Table Comparing Software Generated Result to the Manually Calculated Result

5.1 Protection	Potential

The software estimated the driving potential of 0.30 Volts base on the protection 

potential of steel at -0.80 V and the anode close circuit potential of -1.10 V. This driving 

potential is in qualitative agreement with NACE RP 0176 which specified a driving potential 

range of 0.25V to 0.3V. This driving potential can be altered if there is an evolution of 

hydrogen at high current. However, the evolution of hydrogen could not be sustained in this 

study. 

5.2 Protection	Current	
The current demand was projected for three periods the initial, average and final current 

demand. The initial current demand obtained was 5.655 Amps; the average current demand 

was at 5.466 Amps, and the final current demand at 5.278Amps.  The manually calculated 

values for the initial, average and final current demand were 5.655Amps, 5.468 Amps, and 

5.28 Amps respectively. It can be seen that the generated values by the software and the 

calculate values are the same which further confirms the validation of the design software 

for protection current.  However, these values could only exist for anode of size 50Kg, an 

attempt to increase the weight of the anode only leads to reduction of anode spacing.

5.3 Total	Anode	Mass

The software estimated a total anode mass of 853.572 Kg as needed to protect the 

structure for 20 years.  The manually calculated value of 583.83 Kg was obtained. The 
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software and the manually generated value is same, this further confirms the validation of 

the design software for total anode mass. 

5.4 Anode	Current	Output
The anode current output was estimated by the software for two periods the initial, and 

the final, the values are 2.179 Amps and 1.156 Amps respectively. The manually calculated 

values of 2.19 Amps and 1.123 Amps were obtained as initial and final anode current output 

respectively. These values further validate the design software for anode current output.

5.5 Anode	Number

The number of anodes needed to provide the average current demand of 5.466 Amps for 

the pipeline was estimated by software as 17 anodes. The manually generated value of 

17.01 was obtained; this value agrees with the software generated value of 17 anodes and 

it further validates the design software for anode number value.

5.6 Anode	Spacing

The software estimated that 17 anodes, of 50kg Al – Zn – In anode, spaced centre to 

centre at 117.155 meters apart as adequate in providing a steady maintenance current of 

5.466Amps throughout the design life of the system. The manually generated value of 

177.58 metres is very close to the software generated value of 117.155 metres. Again, this 

further validates the design software for anode spacing. 

5.7 Potential	Test	

The CP design to be effective has to deliver a potential more negative than -0.8 V at all 

periods in the system life, for a design to be valid given any set of parameters. The potential 

test with the software, given this particular set of design parameters was successful. 



91

 

Manually the calculated value of -2.51V was obtained this value being more negative than -

0.8 V further validate the protection software for potential test. 

5.8 Current	Test

The current demand required to protect a line at all periods of the system life must be less 

than the product of the anode current output and the number of anodes at all periods of 

the system life. The current test with the software, given this particular set of design 

parameters was successful. The manually generated value of 19.091 Amps was generated 

base on end life values, this is more that the end life current of 5.28 Amp. 

5.9 Design	Life	Test	

The design life test must yield a design life value more than the projected design life.  In 

this design, a projected design life of 20 years was used. The design life test with the 

software, given this particular set of design parameters was successful. Manually, the 

design life value of 499 years was obtained. This value which is more than the design life of 

20 years further validates the design software for design life test. 
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Chapter	6

6.0 Conclusions	

The software designed and developed has been found to be workable, and released as window 

compatible software. The following conclusion could be drawn from the software design:

1) A driving potential of 0.3V.

2) An average current demand of 5.468 Amps was obtained for the software for a 20 years 

cathodic protection for medium carbon steel. 

3) It has been shown that a total mass of 853.573 Kg of anode of Al-Zn-In will be required to 

give a 20 years cathodic protection to a medium carbon steel pipeline using an anode 

current output of 1.156 Amps and 17 anodes equally spaced along the length of the 

pipeline.

4) The result obtained such as potential, current and designed life tests has showed that the 

designed software can be used for predicting cathodic protection system design variables. 

6.1 Recommendation

The core CPDEx class had in it, other unimplemented interfaces for anode retrofit, current

survey and potential survey. It is believed that future work on CP design software or software 

design on interpretation of pipeline survey data will involve improving on this core classes or 

implementing the interfaces of the core CPDEx classes. 
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The survey class can implement a SCADA corrosion system base on off-the-shelf technology using 

DPN3 protocol. Also, the survey class can interface geo - spatial data with corrosion data thereby 

enhancing real time pipeline integrity monitoring decision, maintenance, and even security 

surveillance of pipeline systems. 


