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ABSTRACT 

Corrosion in oil/water pipeline system in production plants and petroleum industry continues to 
be a major problem in respect of safety in oil and gas industries. Corrosion development 
mechanism in Kaduna Refinery and Petrochemical Company's (KRPC) cooling water return 
pipeline has been studied based on the available data. A comprehensive mathematical corrosion 
model has been developed using MathCAD for simulating the effect of temperature, corrosion 
scale, and pipe material elemental content on the corrosion rate in Kaduna Refinery and 
Petrochemical Company (KRPC). It has been found from this work that corrosion rate increases 
with time; it increases with increase in temperature of the fluid passing through the pipe; and also 
increases with increase in mineral factor (Iron II content) of the mild steel pipe. Also, Corrosion 
rate decreases with increase in corrosion scale. Lack of proper maintenance and inadequate 
monitoring of equipment as well as prolonged shut-down time has been found to be responsible 
for high corrosion level in Kaduna Refinery and Petrochemical Company (KRPC), which is a 
major threat and potential hazard to the safety of the plant; integrity of physical assets and risks 
to the environment. 

vi 



Title Page 

Declaration 

Certification 

Dedication 

Acknowledgement 

Abstract 

Table of Contents 

Lists of Tables 

Lists of Figures 

Lists of Plates 

CHAPTER ONE 

1.0 INTRODUCTION 

1.1 Aims and Objectives 

1.2 Scope of the Study 

CHAPTER TWO 

TABLE OF CONTENTS 

2.0 LITTERA TURE REVIEW 

2.1 Introduction 

2.2 Kaduna Refinery Petrochemical Company (KRPC) Profile 

2.2.1 KRPC main plant 

2.2.2 Crude distillation unit (CDU-l) fuel 

2.2. Crude distillation unit (CDU-2) lubes 

vii 

11 

111 

IV 

V 

VI 

V11 - Xl 

XlI - 111 

XIV - XV 

XVI 

1 

1 

3 

3 

4 

4 

4 

5 

6 

9 

11 



2.2.4 KRPC petrochemicals unit. 12 

2.3 KRPC Operations 12 

2.4 KRPC Performances 13 

2.5 KRPC Facilities 13 

2.6 KRPC Products 14 

2.7 Materials of Construction of Pipelines and Water Cooling System 15 

2.8 KRPC Safety Management System 15 

2.9 Mathematical Modeling and its Usefulness. 20 

2.9.1 Process modeling and simulation 22 

2.9.2 Importance of mathematical modeling 22 

2.9.3 Types of model 23 

2.9.4 Modeling techniques 26 

2.9.5 Simulation 26 

2.10 Corrosion 27 

2.10.1 Reasons for study corrosion 28 

2.1 0.2 Common forms of corrosion 28 

2.1 0.2.1 Galvanic corrosion 30 

2.10.2.2 Pitting corrosion 31 

2.10.2.3 Crevice corrosion 33 

2.10.2.4 Stress corrosion cracking (SCC) 34 

2.1 0.2.5 Intergranular corrosion 35 

2.1 0.2.6 Uniform corrosion 37 

2.10.2.7 Corrosion fatigue 39 

viii 



2.10.2.8 Erosion corrosion 

2.10.3 Methods of controlling corrosion 

2.10.4 Electrochemical phenomenon of corrosion 

2.10.5 The corrosion mechanism and reactions 

2.10.6 Types of corrosion reaction 

2.10.6.1 Chemical corrosion reaction 

2.10.6.2 Electrochemical Corrosion reaction 

2.10.7 Corrosion Monitoring 

2.10.7.1 Ultrasonic thickness measurement (UTM) 

2.10.7.2 Coupon test method 

2.10.7.2.1 Benefits of corrosion coupon testing 

2.10.7.2.2 Limitations of corrosion coupon testing 

2.10.7.2.3 Calculations of corrosion rate 

2.10.7.2.4 Constraints to corrosion monitoring in KRPC 

2.10.8 Corrosion Agents 

2.11 Effects of Corrosion on Production Plants 

2.12 Electrochemical Corrosion Models. 

2.12.1 Basic mathematical model 

2. 12.2 Zhimz-Hoffman (ZH) model 

2.12.3 Oyelami and Asere model 

2.12.4 ExxonMobil ' s corrosion prediction model 

2.12.5 S ankara , s review of electrochemical model 

2.12.6 Internal corrosion modeling in the risk assessment of pipeline 

2.12.7 Corrosion prediction through an integrated approach 

ix 

40 

41 

43 

43 

45 

45 

46 

46 

47 

48 

49 

50 

50 

53 

54 

56 

58 

58 

58 

60 

62 

65 

66 

69 



2.12.8 Computer simulation of the corrosion pit growth 

2.12.9 Atmospheric corrosivity modeling 

2.12.10 Computational modeling of cathodic limitations on localized 

corrosion of wetted SS3161 at room temperature 

2.12.11 A simplified method for estimating corrosion cavity growth rates 

2.12.12 Corrosion of mild steel 

2.12.12.1 Aqueous C02 corrosion of mild steel 

2.12.12.2 Chemistry of CO2 saturated aqueous solutions - equilibrium 

2.12.12.3 Electrochemistry of mild steel corrosion in CO2 saturated aqueous 

Solutions 

CHAPTER THREE 

3.0 MATERIALS AND METHODS 

3.1 Mathematical Modeling of Corrosion Rate; Development and 

Computer Model Simulation 

3.1.1 Assumption 

3.1.2 Rust model development 

3.1.3 Scale dissolution model development 

3.2 Simulation of the Mathematical Model 

3.3 Data Gathering 

3.4 Calculation of Corrosion Rate 

CHAPTER FOUR 

4.0 

4.1 

RESULTS 

Effects of Temperature on corrosion rate 

x 

70 

71 

71 

72 

73 

73 

74 

78 

80 

80 

80 

80 

80 

83 

86 

87 

92 

93 

93 

98 



4.2 

4.3 

Effects of Corrosion Scale on Corrosion Rate 

Effects of Iron (II) Contents on Corrosion Rate 

CHAPTER FIVE 

5.0 DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 

5.1 Discussion of Results 

5.1.1 Effects of temperature on corrosion rate 

5.1.2 Effects of corrosion scale on corrosion rate 

5.1.3 Effects of Iron (II) contents on corrosion rate 

5.1.4 Model Prediction and Validation 

5.l.5 Findings and discussion 

5.l.5.1 Rating of the performance of KRPC production plant 

5.l.5.2 Rating the integrity of KRPC equipments 

5.l.5.3 Rating of KRPC turn around maintenance (TAM) 

5.1.5.4 General assessment of safety in KRPC production plant 

5.l.6 Reasons for poor performance by KRPC. 

5.l.7 Constraints to corrosion monitoring in KRPC 

5.2 Conclusions 

5.3 Recommendations 

REFERENCES 

APPENDICES 

xi 

99 

100 

101 

101 

101 

103 

103 

104 

105 

106 

106 

107 

108 

109 

110 

111 

11 2 

11 2 



Table LIST OF TABLES Page 

3.1 KRPC - Corrosion Test Coupon Weight-Loss Evaluation for Sept. 2007 88 

3.2 KRPC -Corrosion Test Coupon Weight-Loss Evaluation for Nov. 2007 88 

3.3 KRPC - Corrosion Test Coupon Weight-Loss Evaluation for Jan. 2008 89 

3.4 KRPC -Corrosion Test Coupon Weight-Loss Evaluation for Mar. 2008 89 

3.5 KRPC -Corrosion Test Coupon Weight-Loss Evaluation for July. 2008 89 

3.6 KRPC -Corrosion Test Coupon Weight-Loss Evaluation for Mar. 2010 89 

3.7 KRPC - Corrosion Test Coupon Weight-Loss Evaluation for May. 2010 90 

3.8 Odigure- Corrosion Test Coupon Weight-Loss Evaluation for Point 'A' 90 

3.9 Odigure- Corrosion Test Coupon Weight-Loss Evaluation for Point 'B' 90 

3.10 Odigure- Corrosion Test Coupon Weight-Loss Evaluation for Point ' C' 90 

3.11 Odigure- Corrosion Test Coupon Weight-Loss Evaluation for Point 'D' 91 

3.12 Odigure- Corrosion Test Coupon Weight-Loss Evaluation for Point 'E' 91 

4.1 Weight Loss of Metal and Time for Corrosion in KRPC Cooling Water Pipeline 

for both Laboratory Samples and Simulated Values 94 

4.2 Statistical Analysis for Comparing the Experimental to the Simulated Results 

for Corrosion in Cooling Water Pipeline 95 

xii 



4.3 Weight Loss of Metal and Time for corrosion in KRPC Cooling Tower 

Water Return Line for both Laboratory Sample and Simulated Value 95 

4.4 Statistical Analysis for Comparing the Experimental to the Simulated 

Results for Corrosion in Cooling Water Return Line respectively. 96 

5.1 Statistical Rating of Performance of KRPC Production Plant 107 

5.2 Statistical Rating of Integrity of KRPC Equipments 107 

5.3 Statistical Rating ofKRPC Turn-Around-Maintenance 108 

5.4 Statistical Rating of Safety in KRPC Production Plant 109 

xiii 



• Figure LIST OF FIGURES Page 

2.1 Basic Crude Distillation Unit 10 

2.2 Schematic Flow Diagram of Fuel Plant 10 

2.3 Flow Diagram of Crude Distillation Process in Refinery 11 

2.4 Schematic Flow Diagram of a Lubes Plant 11 

2.5 Schematic Flow Diagram of LAB Plant. 12 

2.6 Idealization of Real Life Problem into a Model 21 

2.7 Galvanic Corrosion 31 

2.8 Stress Corrosion Cracking (SCC) 35 

2.9 Microscopic View of a Published Cross Section of a Material 

Attacked by Intergranular Corrosion. 37 

2.10 Uniform Corrosion 38 

2.11 Schematic diagram of turbulent eddy mechanism for downstream 
undercutting of erosion-corrosion pits 40 

2.12 Corrosion Reaction 43 

2.13 Schematic Diagrams Showing the Points of Coupon Installation 

along the Cooling Water Pipeline. 49 

2.14 Early Life Failure (ELF) curve due to corrosion 62 

2.15 Schematic Depicting the Calculation Methodology of CorrCast 63 

2.16 Flow Chart of the Pipeline Corrosion Model 67 

2.17 Schematic Diagrams Showing the Points of Coupon Installation 

along the Cooling Water Pipeline. 92 

4.1 A graph of Weight Loss of Metal versus Time for Corrosion in KRPC 

xiv 



Cooling Water Pipeline at Temperature of 333K. 94 

4.2 A graph of Weight Loss of Metal versus Time for corrosion in KRPC 

Water Return Line at Temperature of 333K. 95 

4.3 Graph of Mass of Metal and Weight Loss of Metal and Time for 

Corrosion in KRPC Cooling Water Pipeline at Temperature of 333K 97 

4.4 Variation of Weight Loss of Metal against Temperature for Corrosion 

in Cooling Water Pipeline. 

4.5 Variation of Weight Loss of Metal against Corrosion Scale at 240 days 

for Corrosion in Cooling Water Pipeline at Temperature of333K 

4.6 Variation of Weight Loss of Metal against Mineral Factor (Fe II content) 

at 240 days for Corrosion in Cooling Water Pipeline at a Temperature 

333K. 

5.1 Pie Chat of statistical rating of performance of KRPC production plant 

5.2 Pie Chat of statistical rating of integrity of KRPC equipments 

5.3 Pie Chat of statistical rating ofKRPC Turn-Around 

Maintenance 

5.4 Pie Chat of statistical rating of safety in KRPC production plant 

xv 

98 

99 

100 

107 

108 

109 

110 



Plate LIST OF PLATES Page 

View of entrance to KRPC plant 6 

11 View of KPRC Main Plant 7 

III Lubricating Oil Complex 7 

IV KRPC Plant Power 8 

V KRPC Product Storage Tank 8 

VI KRPC Truck Loading Station 9 

VlI KRPC Rail Loading Station 9 

Vlll KRPC Fire Station No. 1 15 

IX Heat Exchanger showing Pitting Corrosion 32 

x Crevice Corrosion 34 

Xl Uniform Corrosion on Oil Well Pipe 38 

XlI Picture showing corrosion fatigue of oil pipe 39 

xvi 



1.0 

CHAPTER ONE 

INTRODUCTION 

Industrial safety assessment is a careful examination of potential hazards that may affect the 

operation of a business; these may be risks associated with the safety and integrity of physical 

assets, risks to the environment, and financial risks from various decisions and also risks from 

corrosion or poor corrosion mitigation procedures. At its simplest, it is a common sense approach 

that provides a means of checking what often good existing practice is. For example, Refinery 

installations that produce hydrocarbon fluids that are flammable are therefore a hazard. Some fluids 

contain hydrogen sulphide which are toxic gases and are hazardous with potential to cause death 

and injury to personnel. (lnegbenebor and Olalekan, 2002) 

Corrosion in oil/water system in production plants and petroleum industry continues to be a major 

problem in respect of safety in oil and gas industries. It has been a source of concern to the 

pipeline industry for many years. This is especially true with critical service lines and systems 

operating at increasingly higher load level. Today's public attitude towards industrial safety and 

environmental protection highlight the concern over possible deterioration of production plant and 

pipeline systems. (Egbe, 2008) 

Carbon dioxide corrosion represents the greatest risk to the integrity of carbon steel equipments in 

a production environment and transportation facilities of oil and gas industries. Compared with the 

incidences of fatigue, erosion, and stress corrosion cracking or over pressurization, the incidences 

of CO2 related damage are far more common. For this reason, CO2 corrosion of carbon steel will 

always be a problem that oil and gas industries have to deal with. Managing C02 corrosion 

therefore becomes a priority and it can become expensive. 
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Successful management of CO2 corrosion starts off with the identification of risk and continues 

with the provision of suitable controls and the review of the success of the controls via monitoring. 

Risk based inspection is now widely adopted and as CO2 corrosion represents one of the most 

important factors governing the probability of failure for much equipment, a reasoned approach 

should be taken. It is important that this approach is theoretically sound but also reflects past 

expenences. 

Both corrosion models and laboratory testing are frequently used in oil and gas industry to make 

lifetime predictions of facilities using carbon steel and further to make decisions on material 

selection. Corrosion models, including empirical, semi-empirical, and mechanistic ones, have been 

developed over the past several decades to predict corrosion of carbon steel. These corrosion 

models can provide engineers with quick and economical corrosion predictions. Most of the models 

were validated by laboratory data and/or field data. Empirical and semi-empirical models usually 

provide reasonable predictions within their validation range but poor predictions outside such 

range. Mechanistic models generally can extrapolate to conditions outside such validation range 

and remain accurate to a certain degree. Consequently, one should always understand the validation 

range and limitations of the models to apply these correctly. Moreover, even though, part of 

corrosion mechanisms are well understood in laboratory investigations, due to the complexity in 

production operations, it is still challenging to apply laboratory short-term testing results and 

corrosion models to predict corrosion of facilities for twenty to thirty years of service. (Sun et. aI, 

2009). In this study, data obtained from the field has been used for the validation of the model 

developed. It is the purpose of this paper to develop a mathematical model that describe the effects 

of temperature, corrosion scale and Iron II contents on corrosion rate in cooling water unit of 

Kaduna Refinery and Petrochemical Company (KRPC) 
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1.2 Aims and Objective 

The aims of this project are: 

1. To develop a mathematical model for corrosion rate in cooling water return pipeline unit of 

Kaduna Refinery and Petrochemical Company. 

2. To determine the effect oftemperature, corrosion scale, and Iron II contents of the mild steel 

on the corrosion rate in water cooling pipeline in the KRPC using the model equation 

developed with the aid of MathCAD. 

3. The result obtained is aimed at being a valuable tool for safety assessment of a production 

plant. 

1.3 Scope of the Study 

In order to achieve the above objectives, the following tasks were undertaken: 

1. Development of mathematical model for corrosion rate in oil transportation facilities. 

2. Obtaining corrosion data from KRPC 

3. Simulation of the model developed in step 1 

4. Comparing simulated results obtained in step 2 to that of step 3. 

5. The simulated and model results obtained from the experiment carried out by Odigure, 2002 

were compared with existing statistical data using statistical correlation 
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CHAPTER TWO 

2.0 LITERATURE REVIEW 

2.1 Introduction 

Industrial Safety is a term generally used to assess the operational efficiency of modern industry. It 

has been described as a discipline relating to all measures taken to ensure the general well-being of 

workers, prevent machine down-time and material wastage due to accidental damages in order to 

raise the profitability of the enterprises. (Ibhadode, 1997) 

Safety practices are an essential factor for the development of the productive sector of all 

manufacturing industries. In any industrial set-up, the ultimate goal is to use man, machine and 

money effectively in order to achieve the objective of such an establishment. Seeing the importance 

of man in an industry, it is therefore necessary to look at safety which is one of the most prevailing 

factors disturbing man from achieving the organizational goal. (Esekhgbe, 1996). 

Adequacy of safety equipment at working place helps to increase efficiency of labour and 

productivity level. However, Shaiye (1999) described health and safety in every organization as the 

role of the personnel department to ensure that the working environment is as conducive and safe as 

possible. 

Industrial safety assessment is a careful examination of potential hazards that may affect the 

operation of a business; these may be risks associated with the safety and integrity of physical 

assets, risks to the environment, and financial risks from various decisions and also risks from 

corrosion or poor corrosion mitigation procedures. At its simplest, it is a common senses approach 

that provides a means of checking what often good existing practice is. For example, Refinery 
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installations that produces hydrocarbon fluids that are flammable and are therefore a hazard. Some 

fluids contain hydrogen sulphide which are toxic gases and are hazardous with potential to cause 

death and injury to personnel. (Inegbenebor et ai, 2002) 

Corrosion in oil/water system in production plants and petroleum industry continues to be a major 

problem in respect of safety and has not been adequately addressed. It has been a concern of the 

pipeline industry for many years. This is especially true with critical service lines and systems 

operating at increasingly higher load level. Today's public attitude towards industrial safety and 

environmental protection highlight the concern over possible deterioration of production plant and 

pipeline systems. (Egbe, 2008) 

It is the purpose of this paper to discuss and explain the occurrence of different forms of corrosion 

in Kaduna Refinery and Petrochemical Company (KRPC). It is also to look into the safety of 

production plant in KRPC with respect to corrosion development within the cooling tower water 

return line. It is also to check the integrity of the pipes and water drums knowing that corrosion 

-.( takes place within pipes and drums. By testing and calculating the corrosion rate and by measuring 

of the pipe or drum thickness to check if the corrosion has eating up the line or not. If it does and 

has exceeded corrosion allowance, it cannot guarantee the integrity of the equipment/pipe any 

longer. This helps to forecast and prevent corrosion from happening. 

2.2 Kaduna Refining and Petrochemical Company (KRPC) Profile 

The refinery was commissioned in 1980 to supply petroleum products to Northern Nigeria with a 

capacity of 100,000 BID. In 1986, the capacity of the first crude train was expanded to 60,000 

BID. The expansions have increased the current nameplate capacity of the refinery to 110,000 

BID. It comprises of the following:-
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• 

~ Main plants 
~ Crude Distillation Unit. CDU-l (Fuels) 
~ Crude Distillation Unit. CDU-2 (Lubes) 
~ Petrochemicals unit 

2.2.1 KRPC Main Plants 

Platei: View of entrance to KRPC Plant. (Source: KRPC catalogue) 
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Plate ii: View of KRPC main plant. (Source: KRPC catalogue) 

Plate iii: Lubricating oil complex. (Source: KRPC catalogue) 
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Plate iv: KRPC Power Plant. (Source: KRPC catalogue) 

Plate v: KRPC Product Storage Tan1e (Source: KRPC catalogue) 
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Plate vi: KRPC Truck loading station. (Source: KRPC catalogue) 

Plate vii: KRPC Rail loading station. (Source: KRPC catalogue) 

2.2.2 Crude Distillation Unit. CDU-l (Fuels) 

CDU -1 feeds the fuels train of the refinery. It was designed to process 50,000 B/D of Nigerian 
crude (a 50/50 blend of Escravos and Forcados) and later revamped to 60,000 by adding a pre-
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flash column and a second heater. The unit is designed to late 1970s standard, which make it an 
energy efficient design. 

De 
Crude 
Feed 

Fired 
Heater 

To gas plant 

Naphtha 

erosene 

=Q Gas oil 

Atmospheric Residue 
--________ -'D-Vacu.um..lini .. L-________ _ 

Fig.2.1 Basic Crude Distillation Unit (www.krpc.org ) 

Fig. 2.2 Schematic Flow Diagram of Fuel Plant. (Egbe, 2008) 
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Fig.2.3 Flow Diagram of Crude Distillation Process in Refinery. 

( www.mini-refineries.com) 

2.2.3 Crude Distillation Unit. CDU-2 (Lubes) 

CDU - 2 feeds the lube. CDU-2 is currently not functioning because the utilities performance is 
not up to par and cannot support the running of the unit. 

Fig.2.4 Schematic Flow Diagram of a Lube Plant. (Egbe, 2008) 
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2.2.4 KRPC Petrochemicals Unit 
- . 

This unit consists of a production complex with a target of 91 tons per day of Linear Alkyl Benzen 
: ~ (LAB), which is the major feedstock for the production of detergents. It was commissioned in 

1988 and uses UOP process technologies. 

Fig. 2.5 Schematic Flow Diagram of LAB Plant. (Source: Egbe, 2008) 

2.3 KRPC Operations 

~ KRPC receives Nigerian crude oil through pipelines, performs dewatering, takes inventory 

of the received crude in the storage tanks, process as the dewatered crude oil into quality 

petroleum products and transfers the finished products (such as PMS, AGO, KEROSENE, 

etc) to storage tanks. 

~ KRPC produces petrochemicals and Lubes products (such as LAB, kerosene solvent, wax, 

Bitumen, etc.) through the processing of foreign crude and stores them in tanks. 

12 



. .. ~ 

- . 

~ KRPC produces utilities (such as water, steam, electricity, air) through their power plant. 

Water is stored in tanks . 

~ KRPC manufactures quality packages (such as Tins and Drums) using flat plates. 

2.4 KRPC Performance 

Performance refers to what is accomplished contrasted with capability. For quite some time now 

KRPC performance has been low due to either lack of crude supply or shut downs to enable 

repair/replacement works. Some of these works are as a result of damages caused by corrosion. 

The nitrogen plant which produces nitrogen used for corrosion prevention is shut down. Corrosion 

monitoring systems are absent particularly in the storage tanks. 

2.5 KRPC Facilities 

The facilities available in KRPC are: 

• Three Process Plants 

• Tin and Drum Plants 

• Power Plant and Utilities 

• Crude Oil and Products Handling Facilities 

• Fire and Safety Management system. 

The main refining units and their capacities are shown below; 

PROCESS UNIT 

Crude Distillation, fuel CDU-1 

Vacuum Distillation, Fuels VDU-1 

Fluid Catalytic Cracking FCCU 

Naptha Hydrotreating NHU 

13 

CAPACITY 

60 ,000 BID 

15,200 BID 

21 ,000 BID 

24,000 BID 



. . 

" ~ r 

... 

Kerosene Hydrotreating KHT 17,500 B/D 

Catalytic Reforming CRU 17,500 B/D 

Sulphur Recovery SRU 10 Tonnes/day 

Crude Distillation, Lubes CDU-2 50,000 B/D 

Vacuum Distillation, Fuels VDU-2 23,000 B/D 

Propane Deasphalting PDU 7,860 B/D 

Furfural Extraction FEU 12,450 B/D 

MEK Dewaxing MDU 5,300 - 9,400 (depending on 

what base oil is being produced) 

WAX Deoiling WHU 75 Tonnes/day 

Asphalt Blowing ABU 6,000 B/D 

Linear Alkyl Benzene LAB 91 Tonnes/day 

2.6 KRPC Products 

The refinery produces various yields of crude oil by-products as follows 

LPG, Gasoline, Jet/Kerosene, Gas-oillDiesel, Fuel oil 

Asphalt Lubricants, Waxes, LAB/Petrochemicals. 

The products available currently in KRPC are 

PROCESS 

LPG 

PMS 

DPK 

AGO 

FUELOIL 

SULPHUR 

(www.krpc.org): 

UNIT 

540,000 Liters/Day 

5,075,000 Liters/Day 

2,056,000 Liters/Day 

3,529,000 Liters/Day 

2,116,000 Liters/Day 

10 MT/Day 
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2.7 Materials for Construction of Pipelines and Water Cooling System in KRPC 
. . 
. Pipeline composition: The components present in the pipeline of Cooling Tower Unit of KRPC , ,. 
.. are: Iron (Fe); Copper; Boron; Sulphur; Managanese; Lead. The percentage compositions of the 

components are not known as they are patented by the manufacturer. The coupon used for 

conducting the experiment is produced from mild steel by KURITA (www.krpc.org): 

2.8 KRPC Safety Management System 

>- Safety Section handles the monitoring and management of work systems 

>- Environment Section for the control and management of effluents and emissions 

>- Fire Section operates installed fire fighting facilities 

Plate viii: KRPC Fire Station No.1 (Source: KRPC catalogue) 

Most offshore processmg equipment (vessels and pipeworks) are fabricated from carbon-

manganese steel. This is an economic choice, based on lifecycle costing at the design stage of a 

project. Use of carbon-manganese steels means potential hazards is present due to internal corrosion 

damage from aqueous produced fluids that contain acidic gasses, carbon dioxide and hydrogen 

sulphide. The iron corrosion product films are only partially protective and are particularly 
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susceptible to localized erOSIOn corrOSIOn under highly turbulent conditions. (O.T.R, 2001 ; 
. . 

www.hsebooks.co.uk ) 

", 
All offshore equipment and systems that contain sea water and injection water systems are at risk 

from corrosion. These include the internals of offshore firewater equipment, cooling water return 

pipelines and cooling water tower. The corrosive action of marine spray and the effect of wash 

down during periodic checks of deluge systems can result in damage to the outside of plant (under 

lagging I insulation corrosion). Corrosion related failures can result in hydrocarbon releases and 

significant loss of production, as well as increased costs for maintenance, repair or replacement. 

Management of corrosion is therefore a major driver for safety, environmental and economic issues 

within the industry. (O.T.R, 2001; www.hsebooks.co.uk) 

In the refinery, unscheduled shutdowns can result in loss of production time that can never be 

made up. In today's complete market, avoiding unscheduled shutdowns and protecting workers 

from serious injuries or loss of life as a result of catastrophic equipment failure or fire explosions 

are always critical. Also the metal loss from the inside of vessels usually contaminates the product 

thereby rendering them non-saleable (Egbe, 2008) 

Corrosion of production plant systems cannot be avoided but the rate could be lowered. Its 

concentration at a point could be reduced as well. Most of the corrosion problems in production 

plant systems are associated with the presence of liquid water. However, the corrosiveness of water 

is dictated by what is dissolved in it. The "wet" corrosion of equipment can occur due to exposure 

to produced fluids. It can also occur due to external factors such as exposure to atmosphere, the sea 

and lor soil. The main corrosion agents in pipelines are Carbon dioxide (C02), Hydrogen sulphide 

(H2S) and Oxygen (02), To begin the discussion of corrosion development mechanism, it must first 
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be recognized that corrosion begins the moment an ingot of a metal is made from an ore. It 

continues until the metals rust/decompose into the oxide or salt that nature intended it to be. (Egbe, 

2008) 
.. 

The most common material for construction of equipment used in pipeline production is carbon 

steel. Steel is relatively cheap and often suitable in terms of strength, ductility, and weld-ability. 

However, it can corrode quite easily. In many cases, the speed with which corrosion occurs can be 

expressed as a corrosion rate. The corrosion rate of any construction material may be dependent on 

the design life foreseen in relation to the corrosion allowance applied. Internal corrosion and the 

integrity of installation is typically monitored by recognized inspection procedures (for example, 

ultrasonic testing, coupon testing etc). In many pipelines and processing systems the rate of 

corrosion is controlled by injection of inhibitor chemicals. External surfaces and the internals of 

vessels are usually protected by corrosion control coatings whilst the water wet internals of some 

vessels will also have cathodic protection systems installed. (www.krpc.org) 

-\ . 

Monitoring of corrosion refers to the observation and checking of equipment for corrosive spots 

with the aim of early detection of possible hazards, and protection against loss of life, injury, 

production and property. It also assesses the effectiveness of corrosion control measures via 

accurate judgments of corrosion rates. (Abdullahi, 2001) 

Corrosion monitoring is an essential part of a well-planned corrOSIOn control program in the 

refinery. A high corrosion rate over a period of time can give useful information about the technical 

condition of the plant and consequently instigates possible corrosion control measures to be 

adopted. (Odigure, 2002) 
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The presence of carbon dioxide (C02), hydrogen sulphide (H2S) and free water can cause severe 
. . 

corrosion problems in oil and gas pipelines. Internal corrosion in wells and pipelines is influenced 

by temperature, CO2, and H2S contents, water chemistry, and flow velocity, oil or water wetting and 

-. 
composition and surface condition of the steel. A small change in one of these parameters can 

change the corrosion rate drastically due to changes in the properties of the thin layer of corrosion 

products that accumulates on 'the steel surface. (Nyborg, 2003). 

One significant factor in the degradation of pipelines used for oil and gas production is internal 

pitting corrosion. The penetration of the pipe wall by pits is a process that consists of three stages: 

(i) formation of a passive layer of the steel; (ii) initiation of pits at localized regions on the steel 

surface where film breakdown occurs; and (iii) pit propagation and eventual penetration of the pipe 

wall. Pipelines carrying oil and gas may suffer from internal corrosion if there is water present. The 

corrosivity will vary depending on many factors such as the temperature, total pressure, carbon-

dioxide (C02), and hydrogen sulphide (H2S) content in the gas, pH of the water, flow conditions, 

use of inhibiting chemicals etc. The wall thickness of the pipe is normally selected from design 

considerations, in which one assumes a certain design pressure and corrosion allowance. The 

corrosion allowance is based on assumptions of the corrosivity during the production period, in 

order to maintain integrity; many pipelines are subject to intelligent pig inspection at certain time 

intervals. Corrosion monitoring at fixed locations is sometimes used to verify the inhibiting 

chemicals. (Garland and Johnsen, 2003) 

For many pipelines, considerable cost savings can be obtained if the intelligent pig inspection 

planning is based on Risk Based Inspection (RBI) principle. This implies that a risk assessment is 

carried out for the actual pipeline, and that the time to next pig inspection is determined from the .. 
18 



risk assessment. A RBI procedure for pipelines requires a means to assess the corrosivity and the 
· . 

corresponding risk of corrosion related failures. The corrosivity can be accessed from previous 
• 
\ ~ 

inspections from monitoring or from corrosion models based on the process data. (Gartland, 2003) 

.. 
This paper considers application of mathematical modeling to corrosion problems to assess the 

safety of KRPC plant in general. It uses the mathematical modeling techniques to forecast the life 

expectancy of industrial equipment in the refinery, petroleum reservoirs and gas pipelines 

distribution. 

Mathematical modeling is richly endowed with many analytic computational techniques for 

analyzing real life situations. Recent reports have confirmed that several billion dollars were lost to 

corrosion, in addition to environmental pollution and economic wastage in cleaning up the 

• environmental mess caused by corrosion. Mathematical modeling is as old as mathematics and has 

· . extended its tentacles to unforeseeable directions. Mathematical modeling can best be described as 

a sandwich between mathematical theory and applied mathematics. It is an encyclopedia of theories 

and techniques as applicable to real life situations. (Oyelami and Asere, 2008) 

Corrosion in the modern society is one of the outstanding challenging problems in the industry. 

Most industrial design can never be made without taking into consideration the effect of corrosion 

on the life span of the equipment. Recent industrial catastrophes have it that many industries have 

lost several billion of dollars as a result of corrosion. Reports around the world have confirmed that 

some oil companies had their pipeline ruptured due to corrosion, oil spillages are experienced 

which no doubt created environmental pollution, in addition, resources are lost in cleaning up this 

environmental mess and finally large scale ecological damage resulted from corrosion effects . . . 
(Oyelami and Asere, 1994) 
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The possibility of occurrence of corrosion in an industrial plant has been posing a lot of concern to 

Petroleum, Chemical, Mechanical Engineers and Chemists. It is now known that corrosion can have 

some effects on the chemistry of a chosen process, and product of corrosion can affect reaction and 

purity of the reaction products. Furthermore, it is also true that a lot of profit can run out of a hole in 

any industrial plant if care is not taken, but early advice from corrosion experts can prevent that 

from happening. The study of corrosion is multi-disciplinary in nature. Its calculation involves 

knowledge of viscosity, specific heat capacity, thermal conductivity and density of the fluid 

concerned, in some cases; a thorough study of the property of the material from which the plant is 

fabricated is highly required. (Oyelami and Asere, 1994) 

Before we embark on the formulation of mathematical models, it is pertinent to make a detailed 

exposition of mathematical modeling and corrosion itself. 

2.9 Mathematical Modeling and its Usefulness 

Mathematical modeling is the act of relating abstract ideas of mathematics to real life problems. 

The process involves expressing a real life situation in mathematical terms, manipulating the 

mathematics and translating the mathematical results back into the real life. It is an undisputable 

fact that every human activity involves one mathematical problem or the other; the need to use 

mathematical modeling is increasingly realised in modern times. It gives us insight into many real 

life processes and the interplay between or among variable(s) quantifying such models. This 

process saves cost and labour that would unnecessarily have been expended. (Oyelami and Asere, 

2008) 

Mathematical modeling offers several powerful intuition appealing tools for studying and analyzing 

the chemical kinetics and the thermo chemistry of compounds (e.g. in petroleum crude and 
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products). Mathematical modeling also offers quantitative and qualitative techniques for 

investigating the material science of the industrial plant for producing, storing and transporting the 

petroleum products. Different researchers have expressed various steps taken to model a problem . 

The most outstanding one is summarized by Ale, 1981 ; 1986, described the process involved in a 

modeling a process as follows: 

"The identification of the real life problem, which involves modifying and simplifying the original 

problem into a reasonable precise and succinct manner ". 

To have a full grasp of the idea of modeling, the following flow chart, states the steps to be taken 

when modeling a problem. 

Formulation of Model 

Solving the model 

Empirical verification 

and production 

Fig.2.6 Idealization of real life problem into a model 

In real life, there is the problem whose solution is sought. This problem need to be identified, in 

which case, the significant features are identified and translated into mathematical entities, leading 

to the mathematical model. Once a model is constructed, it needs validation, that is: 
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• The mathematical structure it represents is self- consistent (i.e. , it contains no contradictory 
. . 

statements) and obeys all usual mathematical laws underlying it; . 
~ 

.,.. . • It represents the situation it is actually designed for. Various branches of mathematics have 
.. 

been created in an attempt to solve some problems or the other. One may want to predict the 

weather, estimate the loss caused by corrosion and so on. If one needs to analyze a problem, 

it is often a good idea to start by building up a model. (Oyelami and Asere, 2008) 

2.9.1 Process Modeling and Simulation 

A model is a simplified representation of a system intended to enhance our ability to understand, 

explain change, preserve, predict and possibly control the behavior of a system. Modeling is thus 

the process of establishing inter-relationship between important entities of a system (Abdulkareem, 

2000). 

Process modeling has proven to be an extremely successful engineering tool for the design and 

optimization of physical, chemical and biological processes. It provides an avenue of understanding 

qualitative and quantitative aspects of the phenomenon of interest. Mathematical modeling is 

versatile and is widely used in practice, and is a recognized and valuable adjunct, and usually a 

precursor of computer simulation. 

2.9.2 Importance of Mathematical Modeling 

• To improve the understanding of the process~ Process model can be analyzed or used in a 

computer simulation of the process to investigate process behavior without the expense and 

perhaps, without the unexpected hazard of operating the real process. This approach is 

necessary when it is not feasible to perform dynamic experiment in the plant or before the 

plant is actually constructed. 
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• To train plant-operating personnel: Plant operator can be trained to operate a complex 

process and to deal with emergency situation by use of a process simulator. With the help of 

a model, a realistic environment can be created for operator training without the cost or 

exposure to dangerous conditions that might exist in a real plant situation. 

• To design the control strategy for a new process: A process model allow alternative control 

strategies to be evaluated such as the selection of the variables that are to be measured, 

controlled and those that are to be manipulated. 

• To optimize process operating conditions: In most processing plants, there is an incentive to 

adjust operating conditions periodically so that the plant maximizes profits and minimizes 

costs. A steady state model of the process and appropriate economic information can be 

used to determine the most profitable process conditions as in supervising control. 

(Abdulkareem, 2000). 

2.9.3 Types of model 

Models can be classified depending on how they are derived 

• Critical models: These are developed using the principle of chemistry and physics. 

• Empirical models: The output is related mathematically to the input and a mathematical 

relationship is established between the two. 

• Semi-empirical models: These are developed from a compromise between (i) and (ii) with 

one or more parameters to be evaluated from plant data. 

The processes involved in the working of the model are mathematically expressed and these 

expressions are linked together to form the complete model. This is also called working model. 

(www.wikipedia.org). 
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Model can also be classified as follows (www.wikipedia.org). 

~ ~ • Linear model and non-linear model: In linear Model, the objective function and constraints 

are in linear form while in a non-linear model, part or all of the constraints and/or the 

objective function are non-linear. 

• Deterministic model: In this type, each variable and parameter is assigned a definite fixed 

number or a series of fixed numbers for any set of conditions. 

• Probabilistic (stochastic) model: The variables and parameters and the structure of the 

model may be more difficult to define. 

• Static model and dynamic model: Static Model do not explicitly take the variable time into 

account while dynamic models do. 

• Lumped parameter and distributed parameter model: In lumped parameter model, the 

various parameters and dependent variables are homogeneous throughout the system. A 

. . distributed parameter model takes account of variations in behavior from point to point 

throughout the system. 

Mathematical models can be very complex or very simple. The simple, short model gives only 

elementary answers and of limited value. It can usually be written and made to work in a short 

period of time. Complex model includes many variables, but as the degree of complexity increases, 

so does the amount of information which has to be available in order to get the model to give 

appropriate answers. A balance must be found between the time and the complexity of the answer 

desired. In the process of model building, system analysis must initially be undertaken. A lot of 

decisions must be made which are crucial for further development. These include finding solution 

to the followings: (Abdulkareem, 2000) 
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• Model aims must be stated clearly and unambiguously as possible. 

• Various kinds of constraints and omissions must be taken into account. . - ~ -
• General assumptions and omission must be carefully argued. 

.. 
• The possibilities of measurement and experimentation on the system being studied must be 

investigated. 

• A solution strategy must be chosen. This may include methods of collection and analysis of 

data, estimation of parameter, type of model, available computational facilities and 

flexibility of simulation tools, generality of solution, possibilities of model extension etc. 

The purpose of studying systems through the modeling and simulation approach is to achieve 

different goals without actually constructing or operating real processes. These goals include the 

followings : 

• To improve understanding of some mechanisms in the studied process 

-. 
• To predict system behaviors in different situation where any level of predictive ability 

represents a benefit. 

• To enable the design and evaluation of synthesized control system. 

• To estimate the process variables which are not directly measurable 

• To test the sensitivity of system parameters. 

• To optimize system behavior and efficient fault diagnosis 

• To verify models obtained in some other ways. 

(Abdulkareem, 2000). 
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2.9.4 Modeling techniques 

• The principal Modeling techniques have been classified by Meta system as follows: 

• Analytical optimization techniques: These include the methods that use the classical 

calculus and LaGrange multiplier as well as the mathematical programming techniques; 

linear, non-linear, and dynamic. 

• Probabilistic techniques: These are used to describe stochastic system elements by means of 

appropriate statistical parameters. Techniques of queuing and inventory theory are examples 

of this type. 

• Statistical technique: This technique includes such methods as multi-variable analysis, 

statistical inference and decision theory. 

• Simulation and search or sampling techniques: These are widely used in water resources 

planning. Simulation is a descriptive technique that incorporates the quantifiable 

relationships among variables and describes the outcome of operating a system under a 

given set of input and operating conditions. If an objective function is defined, the values of 

the objective for several runs generate a "response surface". The model then becomes 

prescriptive by combining it with sampling or search techniques that explore the response 

surface and seek near-optimal or optimal solutions. (www.wikipedia.org). 

2.9.5 Simulation 

This is a means of gaining relevant information on the characteristics of full-size prototypes without 

incurring the expense of building a full-size prototype to test. (www.wikipedia.org). 
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Occasionally, plants are built which fail to produce the required product or fail to produce sufficient 

quality or quantity. Simulation is used to avoid such costly mistakes. In simulation, many 

alterations and changes in processes can be made and the output of the plant checked, all before the 

design is finalized. 

In mathematical modeling, simulation consists of a series of sub-programming modules, each of 

which attempts to recreate a segment of the prototype. In considering any simulation, it is necessary 

to know what is required. The problem must be defined in order that an acceptable solution may be 

found. Part of that definition must be the extent of the problem, and this usually defines a system or 

collection of subunits. One unit such as an activated sludge tank can be simulated, but one of the 

purposes of simulation is to optimize and ultimately control the process. It is possible to take an 

isolated unit such as an activated sludge and optimize its design to the exclusion of all other units. 

Process simulation is now an accepted tool for understanding chemical processes and in addition, 

some of the simulation programs are useful tools in design and process synthesis. A computer 

simulation can be used to predict the effect of changing conditions and capacity in mass and energy 

balance and to optimize operation easily and quickly. It can be used to provide in-depth knowledge 

about complete system behavior, improve and facilitate cost calculation and planning of operations. 

2.10 Corrosion. 

Corrosion is defined as: A destructive attack (Chemical Breakdown) on a material by its 

environment. This definition includes the partial or complete wearing away, dissolving, or softening 

of any substance by chemical or electrochemical reaction with its environment. (Odigure, 2002). 

We normally think of metals when we think of corrosion, but a good definition is one which deals 
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more broadly with materials in general to include any material such as metal, wood, plastics, etc. 

Admittedly, the most familiar example of corrosion occurs with rusting of iron. It is a complex 

chemical reaction in which the iron combines with both oxygen and water to form an oxide. As a 

matter of practical concern, the corrosion of metals is more problematic than that of other materials. 

2.10.1 Reason for Study Corrosion 

Many petrochemical plants are large-scale equipments and could be corroded after some time. 

Mathematical models to determine the amount of contamination arising from corrosion will have to 

investigate the deleterious effect of corrosion on the process and on the product quality. 

The classic example of intergranular corrosion in chemical plant is the weld delay of unstabilized 

stainless steel. This is caused by the precipitation of chromium carbides at the grain boundaries in a 

o 0 
zone adjacent to the weld, where the temperature has been between 500 C - 800 C during welding. 

Corrosion rate and the form of attack can change if the material is under stress. For some 

combination of metal, corrosive media and temperature, the phenomenon called stress cracking can 

occur. This leads to premature brittle failure of the metal that constitutes the petrol chemical plant. 

The conditions that cause corrosion can arise in a variety of ways. For the brief discussion on the 

selection of material, it is convenient to classify corrosion into different categories. (Oyelami and 

Asere, 2008) 

2.10.2 Common Forms of Corrosion 

The general types of Corrosion include uniform, electrochemical, galvanic, concentration cell, 

erosion, embrittlement, stress corrosion, filaform, corrosion fatigue, intergranular, fretting, 

impingement, dezincification, and chemical reaction. For convenience we will categorize the 

. -
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vanous kinds of corrOSIOns into eight different forms. In any event we could have some 

subcategories if needed. (www.corrosionsource.com). 

Those eight forms are: 

1. Galvanic corrosion - dissimilar metals in contact; 

11. Pitting - localized attack; 

111. Crevice corrosion 

IV. Stress corrosion Cracking / Leasing 

v. Intergranular corrosion; 

VI. Uniform corrosion- General wastage of material ; 

V11. Corrosion fatigue; 

Vlll. Erosion corrosion; 

y Metallic corrosion is essentially an electrochemical process. Fair components are necessary to set -

up an electrochemical cell: 

• Anode - the corroding electrode; 

• A cathode - the positive, non - corroding electrode; 

• The conducting medium - the electrolyte - the corroding fluid; 

• Completion of the electrical circuit - through the material. 

Cathode areas can arise in many ways: (Oyelami and Asere, 1994) 

• Dissimilar metals; 

• Corrosion products; 

• Inclusions in the metal, such as slag; 
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• Less aerated areas; 

• Areas of differential concentration; 

• Differential strained areas. 

" 

2.10.2.1 Galvanic corrosion 

Galvanic corrosion can result when a metal is in contact with another dissimilar metal. Galvanic 

corrosion is an electrochemical process in which one metal corrodes preferentially when in 

electrical contact with a different type of metal and both metals are immersed in an electrolyte. A 

common example of galvanic corrosion is the rusting of corrugated iron sheet, which becomes 

widespread when the protective zinc coating is broken and the underlying steel is attacked. The zinc 

is attacked preferentially because it is less noble, but when consumed, rusting will occur in earnest. 

With a tin can, the opposite is true because the tin is more noble than the underlying steel, so when 

the coating is broken, the steel is attacked preferentially. Another common example is the carbon-

zinc cell where the zinc corrodes preferentially to produce a current. When two or more different sorts 

of metals come into contact in the presence of an electrolyte a galvanic couple is set up as different metals 

have different electrode potentials. In order for galvanic attack to take place, there must be four things 

present. (a) Anode, this is the material which corrodes (e.g., the formation of rust takes place if the metal is 

iron). (b) Cathode . (c) An electrical connection must exist between the anode and cathode through which 

electrons can flow. (d) An electrolyte through which chemical ions can flow. This is generally an aqueous 

(water) solution yet even damp soil can make an excellent electrical conductor. The arrangement of these 

four specific components is always necessary for an electrochemical chemical cell to function. However in 

the case of galvanic corrosion, the anode and cathode are clearly dissimilar metals, copper and zinc, iron 

and brass, or mild steel and cast iron. (www.nowccs.com) . 
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The electrolyte provides a means for ion migration whereby metallic ions can move from the anode 

to the cathode. This leads to the anodic metal corroding more quickly than it otherwise would; the 
• ; ~ 

corrosion of the cathodic metal is retarded even to the point of stopping. A typical illustration of 

galvanic corrosion is shown below. 

Galvanic Corrosion 

Sleel 

Fig. 2.7 Galvanic corrosion. (source: Shell Global solution, 2000) 

2.10.2.2 Pitting Corrosion 
\ 
)-

Some materials are more subject to pitting than others. Imagine that we find a stainless steel spoon 

lying on the beach near the ocean where it has been for several days. It has corroded. Little pits 

have formed. Pitting corrosion is a form of corrosion that most of us see on almost a daily basis. 

This corrosion cell, i.e., the electrochemical mechanism of the corrosion, is very similar to that of 

crevice corrosion. There is a stagnant solution at the bottom of the pit, i.e. , a lower oxygen 

concentration is outside of the pit than inside, resulting in another oxygen concentration cell. 

Corrosion takes place at the bottom of the pit as the pit gets deeper; the solution at the bottom of the 
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pit becomes more stagnant creating more driving force to promote corrosion. A pit is said to be self 

catalyzing. (www.nowccs.com). A typical pitting corrosion is illustrated in the figure below. 

Pi • 
1"9 

Plate ix: Heat exchanger showing pitting corrosion. (Source: Shell Global Solutions, 
SGS. The Hague, Netherlands). 

Basically, three processes are involved in pitting corrosion. These are:-

• Pitting initiation 

• Pitting propagation 

• Pitting termination 

Pitting Initiation involves formation of anodic sites by distortion of protective passive film and 

metal surface. The dissolution takes place at the anode and pitting is initiated. 
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Pitting propagation involves accumulation of paSSIves metal ions due to continuous metal 

dissolution at the anodic area. This process is self stimulating and self propagating. Conditions are 

produced within a pit which is necessary for continuing the activity of the pit to maintain charge 

neutrality; -ve ions (anions) like chloride, migrate from the electrolyte. The increase in the rate of 

dissolution at the anode increases the rate of migration of the chloride ions and the reaction being 

time dependent continues, resulting in the formation of more and more M+Cr by hydrolysis. The 

process continues until the metal is perforated. This process is autocatalytic and it increases with 

time resulting in more and more metal dissolution. Finally, the metal is perforated and the reaction 

is terminated. ( www.wikipedia.org) 

2.10.2.3 Crevice corrosion 

Crevice corrosion is a corrosion occurring in spaces to which the access of the working fluid from 

the environment is limited. These spaces are generally called crevices. Examples of crevices are 

gaps and contact areas between parts, under gaskets or seals, inside cracks and seams, spaces filled 

with deposits and under sludge piles (www.wikipedia.org). Consider a sheet of stainless steel that 

has been immersed in the ocean for some time, years perhaps. It has had a bolt with a washer on it 

to hold it in place. We notice that corrosion has taken place underneath the washer. The reason for 

the corrosion is that a crevice had been created under the washer. Stagnant water, an electrolyte, 

accumulated in the crevice. An electrochemical, corrosion cell had been produced and corrosion 

resulted. This cell is called a differential aeration, or oxygen concentration cell. It results because 

there is a difference in the composition of the electrolyte under the washer and that outside of the 

washer. One may have associated corrosion with a higher oxygen concentration which is a true 
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general statement. But, remember, in the case of a creVIce, or a pit, there are two oxygen 

concentrations in the electrochemical cell such that corrosion takes place at the lower oxygen 

concentration. (www.nowccs.com).The photo below is showing an example of crevice corrosion. 

Plate x. Crevice Corrosion. (www.corrosion-club.com) 

2.10.2.4 Stress corrosion cracking (SCC) 

A common form of crevice failure occurs due to stress corrosion cracking, where a crack or cracks 

develop from the base of the crevice where the stress concentration is greatest. Selective leaching 

corrosion is corrosion accelerated by the selective leaching of an alloying element out of the alloy 

matrix. The most common form of this type of corrosion is Dezincification, the selective leaching 

of zinc out of the brass matrix. Brass is made of zinc and copper. Zinc is more corrosive than is 

copper. In certain cases, e.g., when brass is exposed to an aggressive environment, the zinc will 

corrode preferentially and leaching zinc from the brass alloy leaving behind a weak network of 

copper. It may look strong but it has been severely weakened. Example of stress corrosion cracking 

is illustrated below. (www.nowccs.com) 
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Polythionic stress corrosion cracking in 
Sensitised Austenitic Stainless Steel 

Fig. 2.8 Stress Corrosion Cracking (SCC) (www.wikipedia.org). 

.. 2.10.2.5 Intergranular corrosion. 

.... Intergranular corrosion (IGC), also termed intergranular attack (IGA), is a form of corrosion where 

the boundaries of crystallites of the material are more susceptible to corrosion than their insides. 

This situation can happen in otherwise corrosion-resistant alloys, when the grain boundaries are 

depleted of the corrosion-inhibiting compound by some mechanism. Consider a stainless sheet that 

has been welded to another. Along each side of the weld you see a corrosion attack called weld 

decay. This attack takes place by intergranular corrosion. That is, the attack is into the boundaries 

of the metallic grains that make up the metal. As the metal is heated during the weld, chromium is 

precipitated out of the heated grains and deposits in the grain boundary, an area that separates the 

grains and is burdened with impurities. Again, the components of a chemical corrosion cell are the 

result. 
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In nickel alloys and austenitic stainless steels, where chromium is added for corrosion resistance, 

the mechanism involved is formation of chromium carbide at the grain boundaries, forming 
, - ... 

chromium-depleted zones (this process is called sensitization). Around 12% chromium is minimally 
, 

required to ensure passivation, mechanism by which a thin invisible layer forms at the surface of 

stainless steels. (www.wikipedia.org). 

Stainless steels can be stabilized against this behavior by addition of titanium, niobium, or tantalum, 

which form titanium carbide, niobium carbide and tantalum carbide preferentially to chromium 

carbide, by lowering the content of carbon in the steel and in case of welding also in the filler metal 

under 0.02%, or by heating the entire part above 1000 °C and quenching it in water, leading to 

dissolution of the chromium carbide in the grains and then preventing its precipitation. Another 

possibility is to keep the welded parts thin enough to not hold elevated temperature for time 

sufficiently long to cause chromium carbide precipitation. Aluminium based alloys may be 

. . sensitive to intergranular corrosion if there are layers of materials acting as anodes between the 

aluminium-rich crystals. Intergranular corrosion is a concern especially for alloys with high content 

of copper (www.wikipedia.org). 

An example of intergranular corrosion is illustrated below. 
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Figure 2.9: Microscope view of a polished cross section of a material attacked by intergranular 

corrosion (www.wikipedia.org). 

2.10.2.6 Uniform Corrosion 

. 
• 

Uniform (or general) corrosion refers to the relatively uniform reduction of thickness over the 

surface of a corroding material. It is relatively easy to measure, predict and design against this type 

of corrosion damage. While uniform corrosion may represent only a small fraction of industrial 

corrosion failures, the total tonnage wasted is generally regarded as the highest of all forms. 

Uniform corrosion is usually controlled by selecting suitable materials, protective coatings, 

cathodic protection and corrosion inhibitors. It is relatively easy to monitor uniform corrosion; 

generally the simplest methods suffice (coupons, ER, NDT techniques for thickness measurements). 

Much data on uniform corrosion has been published that can be used for design purposes and 

estimating a "corrosion allowance" . Corrosion monitoring is therefore advisable. Caution: 

Unexpected rapid uniform corrosion failures can occur if the material's surface changes from the 

passive (low corrosion rate) to the active (high corrosion rate) state. The resultant increase in 
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uniform corrosion rate is typically several orders of magnitude. This undesirable transition can 

occur if the passive surface film is disrupted by mechanical effects, flow rate changes, a chemical 

change in the environment etc. Real-time corrosion monitoring systems can detect such transitions. 

(Graver, 1995). A typical example of uniform corrosion is as shown below: 

Plate xi. Uniform Corrosion on oil well pipe. (www.corrosion-club.com) 

Thickness is reduced uniformly 

Unifonn Corrosion 
www.corrosion-club.com 

Fig. 2.10 Uniform COlTosion . -
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2.10.2.7 Corrosion Fatigue 

-
: """'" 

Corrosion-fatigue is the result of the combined action of an alternating or cycling stresses and a 

con'osive environment. The fatigue process is thought to cause rupture of the protective passive 

film, upon which corrosion is accelerated. If the metal is simultaneously exposed to a corrosive 

environment, the failure can take place at even lower loads and after shorter time. The fatigue 

fracture is brittle and the cracks are most often transgranular, as in stress-corrosion cracking, but not 

branched. The picture shown here reveals a primary corrosion-fatigue crack that in part has been 

widened by a secondary corrosion reaction. The corrosive environment can cause a faster crack 

growth and/or crack growth at a lower tension level than in dry air. Even relatively mild corrosive 

atmospheres can reduce the fatigue strength of aluminum structures considerably, down to 75 to 

25% of the fatigue strength in dry air. No metal is immune from some reduction of its resistance to 

cyclic stressing if the metal is in a corrosive environment. webmaster@nace.org 

Plate xii. Picture showing corrosion fatigue of oil pipe. (www.corrosionlab.com) 
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2.10.2.8 Erosion Corrosion 

- -- Thinning or removal of surface films by erosion from the flowing stream results in accelerated 

corrosion, called erosion-corrosion. The attack is accelerated at elbows, tube constrictions, burrs, 

and other structural features that alter flow direction or velocity, and increase turbulence. Erosion-

corrosion takes the form of grooves, waves, gullies, teardrop-shaped pits, and horseshoe-shaped undercutting 

in the surface. The effects of the hydrodynamic are not well understood. Undercutting may occur in either 

upstream or the downstream direction. As described in the schematic below, turbulent eddies thin the 

protective film locally to produce undercutting, which is seen in the accompanying photograph. 

!web@corrosionlab.com) 

-------~ -.~ . 
~ 

(c) 

Fig.2 11 Schematic of turbulent eddy mechanism for downstream undercutting of erosion-corrosion pits 
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2.10.3 Method of Controlling Corrosion 

~ - Corrosion control is primarily an economic problem. Whether or not to apply a control method is 

usually determined by the cost savings involved. The method or methods utilized must be the 

optimum economic choice. For example, reduction of plant investment means less money must be 

earned, and lower maintenance or operating costs increases the profit. Hence, proper selection of 

materials and good design reduces cost of corrosion.(Osadare , 1999) 

There are five methods of corrosion prevention or control that are generally used. They are: 

o Material Selection, 

o Environmental Change, 

o Cathodic and Anodic Protection, 

o Coatings, and 

o Design. 

Material Selection: Material selection consists of obtaining a material which will do the job that 

we want done. But corrosion control is almost always an economic situation. Assume that you have 

some steel that is corroding. Perhaps you could stop the corrosion if only you were to use some 

noble metal such as platinum. But platinum is too expensive. It is this type of economic 

consideration that we have to take into account. We select the material which is best for the job. 

This includes cost and strength as well as corrosion resistance considerations. 

Environmental Change: Sometimes we can change the environment In which the corroding 

material is enclosed. When we think of environment, we might think of temperature and the 

possibility that we can control it. We might consider the concentration of solutions and the ions in 
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the solution. Or we might think of our ability to add inhibitors to provide some control over the 

corrosion. An everyday example of a corrosion inhibitor of which almost everyone is aware is the 

Cathodic and Anodic Control: Cathodic protection is used extensively worldwide as a corrosion 

control method. Anodic protection is used to a lesser extent, but nevertheless has some very 

interesting possibilities with respect to providing corrosion protection. Cathodic protection results 

when we impress a negative potential onto the material we want to protect. Anodic protection is 

possible in very specific cases when we impress a positive potential. However this must be done 

with quite stringent controls. 

Coatings: When we think of coatings, many of us think of paints. But in addition to paints there are 

other types of coating such as metallic coatings, electro-plating, galvanizing, etc. coatings generally 

have two purposes, one is cosmetic; the other purpose is corrosion protection. The latter purpose is 

of particular interest to engineers. The corrosion engineer has a wide range of coatings from which 

\... to select. 

Design: Normally, design is simply a cornmon sense approach such: how to drain tanks, where to 

locate a plant, and how to install various parts of a plant, etc. Most offshore processing equipment 

(vessels and pipework) are fabricated from carbon-manganese steel. This is an economic choice, 

based on lifecyc1e costing at the design stage of a project. Use of C-Mn steels means potential 

hazards are present due to internal corrosion damage from aqueous produced fluids that contain 

acidic gasses, carbon dioxide and hydrogen sulphide. For this reason, Design and construction 

Regulations (DCR) require an installation to possess high integrity as is reasonably practiceable. 

(O.T.R. , 1999) 
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2.10.4 Electrochemical Phenomenon of Corrosion 

Most of the corrosion processes occur by electrochemical mechanism involving the reaction of a 

metal with electrically conductive solution (electrolytes). They involve two essentially dependent 

processes namely anodic process and cathodic process. The anodic process involves the transfer of 

metal into the solution as ions with an equivalent number of electrons left on the metal while the 

cathodic process is the assimilation of the electrons in the metals by the atoms, molecules or ions in 

solution that can be reduced on the cathode. For corrosion to progress both the anodic and cathodic 

reactions must occur simultaneously and at the same rate, otherwise a charge builds-up, stopping 

corrosion. Thus, the important and basic principle of corrosion is that during matellic corrosion, the 

rate of oxidation is equal to the rate of reduction in terms of electron production and consumption. 

(Odigure et ai, 2002). 

2.10.5 The Corrosion Mechanism and Reactions 

The hydro)(jde 
Icldy oxkl zes 

10 torm rust 

water 
droplet 
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Fe+ '.' OH O~ 

reduces oxygen 
trom air, fomiling 
hydroxide ions. 
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-causes pitting 
()f the, iron. 

Electroche 'cal 
cell acUon driven 
by the energy of 
oxicfalion collllnues 
lhe corrosion 
proces-s, 

Fig. 2.12 corrosion reaction (source: www.corrosionsource.com) 
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Consider a piece of iron rod exposed to water droplets over a period of time as sketched above, the 

oxidizing iron supplies electrons at the edge of the droplet to reduce oxygen from the air (reduction . - ~ 

process). The iron surface inside the droplet acts as the anode for the process. 

The equations of reaction at Anode and Cathode are given below: 

At Anode: (Oxidation reaction) 

(2.1) 

(2.2) 

At Cathode: (reduction reaction) 

(2.3) 

The electrons can move through the metallic iron to the outside of the droplet where 

(2.4) 

Within the droplet, the hydroxide ions can move inward to react with the Iron (II) ions moving from 

the oxidation region. Iron (II) hydroxide is precipitated. 

(2.5) 

Rust is then quickly produced by the oxidation of the precipitate. 

4Fe(OH)z(s) + OZ(g) (2.6) 

The rusting of unprotected iron in the presence of air and water is then inevitable because it is 

driven by an electrochemical process. However, other electrochemical processes can offer 
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protection against corrosion. For magnesium rods can be used to protect underground steel pipes by 

a process called cathodic protection. (Odigure, et aI, 2002) 

2.10.6 Types of Corrosion Reactions; 

• Chemical Reaction 

• Electrochemical Reaction 

2.10.6.1. Chemical Corrosion Reaction 

Consider the simplest corrosion problem in nature where iron is exposed to the atmospheric oxygen 

in the presence of moisture leading to formation of rust, iron (III) oxide as well as iron (III) chloride 

respecti vel y. 

The chemical reaction can be summarized as follows : 

a. 4F e(s) + 302(g) ~ 2F e2 03 (S) 

[Oxidation State of Fe is 0-, +3] 

Reducing Oxidizing 

(2.7) 

(2 .8) 

The processes A and B illustrates the importance of redox reaction, i.e. oxidation and reduction 

processes. In these processes, iron is an oxidizing agent since it gains 3 electrons and chlorine is a 

reducing agent since it loses 1 election. (Oyelami and Asere, 2008) 
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2.10.6.2 Electrochemical Corrosion Reaction 

:....... The anode reaction, which results in the corrosion of iron immersed in water or seawater and 

exposed to the atmosphere, is: 

Fe (2.9) 

The ferrous hydroxide precipitates from solution and being unstable in oxygenated solutions, it 

undergoes further oxidation to produce hydrated iron or rust 

2Fe(OH)2 + H20 + ~02 -t 2Fe(OH)3 (2.10) 

During corrosion more than one oxidation and one reduction reaction may occur. When an alloy is 

corroded, its component metal goes into solution as their respective ions depending on their relative 

electrode potentials with more than one oxidation reaction. (Abdullahi, 2001; Kammar, 2000) 

2.10.7 Corrosion Monitoring 

Monitoring of corrosion refers to the observation and checking of equipment for corrosive spots 

with the aim of early detection of possible hazards and protection against loss of life, injury, 

production and property. (Odigure, et aI, 2002). Corrosion monitoring is an essential part of a well

planned corrosion control program in the refinery. A high corrosion rate over a period of time can 

give useful information about the technical condition of the plant and consequently instigates 

possible corrosion control measures to be adopted. (Fontana, 1978; Uhlig and Revive, 1985) 

Corrosion monitoring, inspection and equipment surveillance play a crucial role in industrial 

corrosion control program. Monitoring is used to assess plant integrity and fitness for purposes and 
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also to achieve process control. Corrosion costs the oil field millions of dollars annually. Therefore, 

considerable financial benefits can accrue from the application of appropriate corrosion monitoring 
. 
- .... 

technology. (Odigure et aI, 2002). 

Current corrosion monitoring system in Kaduna Refinery Petrochemical Company: 

Existing practices of corrosion monitoring in the plants include: Visual Inspection, Corrater Probes, 

Ultrasonic Thickness Measurements (UTM), Cathodic Protection and Coupon Tests. There are 

various methods that can be employed in the monitoring of corrosion in the petroleum industries; 

this project focuses on the coupon test method. 

2.10.7.1 Ultrasonic Thickness Measurement (UTM) 

Refinery applications of ultrasonic thickness measurements are normally confined to the use of 

portable thickness and weld flaw detectors. The metal thickness measurement by ultrasonic used 

sound travelling at a known velocity (different for each metal type) via a transducer, travels through 

a couplant into the steel and reflects at a metal to air, liquid etc .. , interface, then reflects back to the 

transducer. The time it takes for a sound wave to travel through the steel and back is measured by 

the ultrasonic instrument where it is converted in the instrument. The thickness is read out on a 

digital display. The thickness measurement can also be obtained using an instrument equipped with 

a Cathodic Ray Tube (CRT). When searching for lamination or the discontinuities oriented parallel 

to the test surface, an instrument equipped with CRT is better suited for evaluation than a digital 

readout instrument. (Egbe, 2008) 

Transducer commonly used for longitudinal wave (straight beam) testing in refineries ranges from 

3/8" - 5/8" diameter, dual 5.0MHZ for digital readout instrument to 1/2" - 1" diameter, single 1-
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5MHZ for instrument with a CRT screen. Sound is transmitted at a 45°, 60°, 70° angle from a 

normal perpendicular to the test piece surface. When a discontinuity struck by a sound wave, the 

sound is reflected back to the transducer where the mechanical energy of sound is turned to 

electrical energy that gives a signal back reflection of certain amplitude on the CRT screen. The 

location of the back reflection on the calibrated screen gives the length of sound travel. (KRPC 

Inspection Report, 2008) 

2.10.7.2 Coupon Test Method 

Coupons are pIeces of materials placed in the environment to corrode and later analyzed to 

determine the rate of corrosion. They are useful in monitoring corrosion in pipelines and process 

vessels. The coupon is generally of the same metallurgical composition as the material whose 

corrosion is being studied. (Odigure et aI, 2002) 

The process of using the coupons involves careful cleaning, weighing before and after they have 

been exposed into the corroding environment for sometimes. The coupons are electrically isolated 

from other metals. Coupons are installed with spool, which are just short pipe section flanged for 

easy removal. With this spool bigger sample of the system is studied and another advantage is that 

it has the same shape location. Spool reflects more accurately the build-up of protective film 

deposits of corrosion products. The corrosion results from coupons test are affected by their 

location, handling on installation and removal. It is important that the coupons are protected from 

corrosion before installation and on retrieval before they are analyzed. The spool is usually removed 

periodically cleaned and weighed to determine the loss within the period, pit depth and the nature of 

localized corrosion can be measured directly. (Roley, 1986). 
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The exposure time of the coupon can affect the result, short exposure time can be misleading as pits 

(tiny corrosive holes) may not have developed which means the exposure time of the coupon may 
- ...I 

have to be increased for some more time to ascertain the presence of pits. (Abdullahi, 2001) 

Coupons are relatively cheap, readily available and offer a permanent record of the corrOSIOn 

suffered. The weakness of the method is the assumption that there is a uniform corrosion all 

through the material. (Odigure et aI, 2002). The diagram showing the points of coupon installation 

along the cooling water pipeline in KRPC is sketched below. 
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Fig.2.13 Schematic diagram showing the points of coupon installation along the cooling water 

pipeline. (Odigure et ai, 2002) 

2.10.7.2.1 Benefits of Corrosion Coupon Testing 

• Simple and straightforward principle 

• Provides specimens for post-test examinations 
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• Allows comparison between different alloys and inhibitors 

• Assesses all forms of corrosion Low cost 

2.10.7.2.2 Limitations of Corrosion Coupon Testing 

• Measures only the average corrosion rate during the time of exposure. 

• Corrosion rates can only be calculated after coupon removal. 

• Short exposure periods can yield unrepresentative corrosion rates, especially for alloys that 

form passive films, such as stainless steels. Normal exposure periods frequently approach 90 

days. For example, ASTM G311 recommends minimum exposure time, in hours, as 

Exposure with hours = 2000 / Expected corrosion rate in mpy 

Therefore, if a corrosion rate of one mil per year (0.001 inches) is expected, the minimum 

. recommended exposure time would be 2000 hours or 83 113 days. 

2.10.7.2.3 Calculations of Corrosion Rate 

The corrosion rate is calculated for each coupon using the initial and final weights, control 

weight loss, coupon surface area, and density of the alloy and exposure time in the formula. 

The rate of corrosion is expressed in several different forms. The simplest in dimensionless 

units is the percentage change in weight of a coupon in an exposed time interval. This figure is 

usually extrapolated to give the percentage change per annum. The corrosion rate calculated 

using corrosion coupons assumes uniform corrosion across the coupon (e.g. uniform corrosion 

of the pipe wall at the monitoring point). This approximation is acceptable for most 
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circumstances to determine the average rate of corrosion. www.caproco.com 

The corrosion rate depends on Faraday' s Law: 

Corrosion Rate = weight of metal dissolving(g) 

{

atomic weight of metal C,;'ot) } 
X Current (amps)x time (sec) 

No.of electrons transferred x 96,500~:: 
(2.11 ) 

By dividing both sides of the equation by the coupon surface area, this gives the corrosion rate 

as equal to a constant multiplied by the current density (amp)/area (cm2
). In other words, the 

rate of weight loss from a given area is proportional to the current density. www.caproco.com 

Corrosion Rate Calculation in Metric Units: 

umpa (micrometers per annum) 

{ 
weight loss of coupon (g) } 

total exposed area of coupon (cm2) 
x { 3.65 X 10

6 
} 

[exposed time (days)] x [density of metal (c!3) 1 (2.12) 

Corrosion Rate Calculation in U.S Customary Units: (most commonly used) 

mpy (mils per year) = 

{ 
weight loss of coupon (g) } X { 2.23 X 104 

} 

total exposed area of coupon (in2) [exposed time (days)] x [denSity of metal (c!3)] (2.13) 

Corrosion Rate Calculation from the coupon test from KRPC Inspection Report is: 

Corrosion Rate, (2.14) 
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where, 

MDD mg. dm-2 .day-l 

Wtl Initial Coupon Weight, (gm) 

Wt2 Final Coupon Weight, (gm) 

A Exposed Surface Area, (dm2) 

D = Days of Exposure, (days). i.e. resident time 

Acceptable Kurita Standard (see appendix 'E') 

o - 10MMD, Very Good 

10 - 20MDD, Good 

21 - Above, Not Satisfactory 

Pitting Rate Calculation 

Pitumpa 

Pitmpy 

pit depth (Um) X 365 

expossure time in days 

pit depth (mils) X 365 

expossure time in days 
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2.10.7.2.4 Constraints to corrosion monitoring in KRPC 

Following are the constraints to corrOSIOn monitoring In KRPC: [Sources: staff response to 

questionnaire shared in 2009] 

• Coupon tests have been limited due to lack of apparatus such as: coupons/coupon columns, 

hot air dryer, weighing balance, pH meter, agitating machine and reagents such as: corrosion 

inhibitors, Toluene, KURIZET S-204 and KURIZET T-225, etc. 

• Corrater probes have not been used because at the time they were 

handed over at completion of plant construction project, there was no formal training of any 

inspector on how to use them. Lately, the measuring devices got burnt during the fire incident of 

ETSD caravan in 1993. 

• Corrosion monitoring by thickness survey is hindered in some cases due largely to inadequate 

Ultrasonic Thickness Meters (UTM). Currently only two meters are functional. These meters use 

only cold probes. Hot probes are not available. 

• Lack of training for plant inspectors to cope with modem methods of on-line corrOSIOn 

monitoring. 

• Non-release of vessels at the scheduled time for corrosion monitoring. 

• Inaccessibility to current technical journals, codes, specifications and standards for updating 

knowledge and ease of references. 

• Inadequate operational vehicles to cover entire plant equipment. 

• Corrosion monitoring systems were completely absent for storage tanks. 
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2.10.8 Corrosion Agents 

The known corrosive agents are: 

• Carbon dioxide (C02) 

• Hydrogen Sulphide (H2S) 

• Bacterial 

Carbon dioxide (C02) 

Dissolved carbon dioxide causes gas condensate corrosion. CO2 dissolved in water corrodes steel. 

This corrosion is found most frequently in gas wells where CO2 is present. If water vapor condenses 

in tubing or pipelines (flow lines), the carbonic acid formed produces corrosion pits in the exposed 

metal. The top portion of pipelines is most susceptible to this type of corrosion. Corrosion rates are 

usually higher with high well head pressures, because more CO2 will dissolve in the water vapor at 

higher pressures creating a stronger acid. The corrosiveness of a gas well is based on partial 

pressure of carbon dioxide thus (REF) 

Partial pressure = Total well head pressure X CO2 (2.17) 

Note: partial pressure > 3D, corrosive well 

partial pressure from 7 3D, possible corrosive 

partial pressure form D 7, non - corrosive 
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Co-corrosion equation: 

CO2 + H2 0 -7 H2C03 (carbonic acid) 

(Iron Carbonate) 

(2.18) 

(2.19) 

Oxygen dissolved in water causes very rapid corrosion. This corrosion forms a scale which may 

vary from dense and adherent to loose, porous and thick. Down-hole oxygen corrosion in 

production wells is usually caused when air enters the casing-tubing annulus. Serious corrosion has 

been indicated in Hydrogen Sulphide bearing water containing as little as 0.9ppm oxygen with 

corrosion problems eliminated after oxygen is removed. 

For good corrosion control, the oxygen contents should be below 50 ppb or thrice the amount of O2 

that get in through faulty flanges. Also, leaky control valves can cause a special type of corrosion 

known as cell corrosion. This can destroy pipelines and equipment in a very short time. 

Hydrogen sulphide (H2S) 

Hydrogen sulphide gas causes sour corrosion when it dissolves in water, even in small amounts, can 

create a very corrosive environment. Black scale (Iron Sulphide) on a steel surface is indicative of a 

Hydrogen sulphide attack. 

The equation of action of H2S on steel or iron is shown below: 

FeO + H2S + H20 -7 FeS + H20 (2.20) 
(Iron oxide) (Iron sulphide) 
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Steel is anodic to the Iron Sulphide, so corrOSIOn continues beneath sulphide scales, forming 

numerous deep pits with underlying deep cracks. Cracking is usually due to embrittlement and 

stress concentration at root of pits. Atomic hydrogen diffuses into the grain boundaries of the metal 

and reacts with itself to form the larger size molecules of hydrogen. These larger molecules of 

hydrogen are tapped and cause excessive pressure within the steel, resulting in splitting, blistering 

or cracking, and loss of ductility and yield strength. 

Bacteria as a Corrosive Agent 

Many different kinds of bacteria are contained in oil field brine. Aerobic bacteria exist where 

oxygen is present. The major bacteria problem with water containing oxygen is molds, algae, 

funguses, and other slimy growths which tend to plug and foul equipment. Chlorine treatments will 

kill any organism living in air. Oxygen is usually excluded or removed from water to be injected 

down hole to reduce corrosion. This prevents the growth of the green molds, funguses and algae. 

The most satisfactory approach is to slug-treat the sulphate-reducing bacteria with 100ppm 

bactericide once every two weeks . 

2.11 Effects of Corrosion on Production Plants 

Some of the deleterious effects of corrosion on production pipelines are:-

• Contamination of products 

• Loss of valuable products 

• Hazard, no safety and reliability 

• Maintenance and operating cost 

• Plant shut-down 

• Appearance 

56 



Contamination of products: In many cases, the market value of the product is directly related to 

its purity and quality. Hence, the presence of rust in production plants is undesirable for the product 

standpoint. 

Loss of Valuable Products: Physical damage appears in the form of pots, holes, cracks, general 

metal loss and loss of strength or ductility. In a severe case, a catastrophic failure may occur (e.g. 

explosion), which also leads to loss of valuable product. 

Hazard effect on safety and reliability: Corroding drums and pipes can cause oil or gas explosion. 

Economizing on materials of corrosion is not desirable if safety is risked. Other health 

considerations are also important such as; contamination of portable water, corrosion products 

could make sanitizing of equipment more difficult. 

Maintenance and Operating Costs: Corrosion controls costs oil field millions of dollars annually. 

Therefore, considerable financial benefits can accrue from the application of appropriate corrosion 

monitoring technology. 

Plant Shut-Down: Frequently, plants are shut down, or portions of a process stopped because of 

unexpected corrosion failure. Corrosion monitoring is helpful in preventing unexpected corrosion 

failure and plant shut down. 

Appearance: Automobiles are painted because rusted surfaces are not pleasing to the eye. So also, 

badly corroded and rusted plants would leave a poor impression on the observer. Products 

transported with corroded pipes to the storage tank and to the sales end tend to change the original 

color of the products. (Osadare, 1999) 
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2.12 Electrochemical Corrosion Models 

2.12.1 Basic Mathematical Model: 

In corrosion testing, the basic corrosion rate is measured by the reduction in weight of a specimen 
of known area over a fixed period of time. This is expressed by the formula: (Oyelami and Asere, 
1994) 

/py = 

where 

12w 

tAP 

w = mass loss in time ' t' ,(kg) 

t = time, (yr) 

p = density of material, (kg/m3) 

A = surface area,( m2
) 

In SI units, ipy = 25mm per year. 

2.12.2. Zhimz - Hoffman (ZH) Model: 

(2.21) 

Zhimz - Hoffman's model takes care of phase transition that arises as a result of corrosive fluid on 

the solid surface of the plant. This model is particularly useful in cracking process in the refinery; 

it is worthy of note to mention that corrosion of the surfaces into globules of impurities may cause 

catalytic poisoning of a petrol chemical plant. The Zhimz - Hoffman' s process is a typical non-

linear parabolic partial differential equation whose solution exists in OX (0, T). One striking thing 

about the ZH model is that it relates the relevant constants such as K, T, and L that are in fact the 

properties of the surface of the material from which the plant is fabricated. (Zhimz and Hoffman, 

1994) . 
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Zhimz-Hoffman's equation is stated as; 

T a0 + E2 (aZu + aZu) = g(u) + 2u 
at axz ayZ 

where 

U(X,O) = uo(x), ep(x, 0) = epo(x) as.ox {OJ 

g(ep) = a(x)ep + b(X)ep2 - C(X)ep3; co, k, l, T, E2 

u = the temperature of the phase transition. 

k = the conductivity, 

I = the latent heat released or absorbed during phase transition 

E = measures sharpness of the free boundary 

T = the surface tension. 

(2 .22) 

(2.23) 

(2.24) 

(2.25) 

The Advantage of the ZH method being its accuracy is highly guaranteed to some degree of 

freedom. The usefulness of ZH model can be buttressed by the fact that, most heat generation 

problem in a corrosive media is often accompanied by phase changes. The problem can thus be 

modeled by well-known phase field model, which describes the phase transition between two 

different phases, e.g. solid and liquid. The Zhimz and Hoffman's model adequately take care of 

this. 
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2.12.3. Oyelami and Asere Model: 

This model combined the idea of perturbation theory with the heat-mass transfer equation, Zhim-

Hoffman' s equation and equation arising from electrolysis and gas pipeline distribution. 

Corrosion A = 

where, 

w = mass loss in time' t' ,(kg) 

t = time, (yr) 

p = density of material, (kg/m3) 

12w 

tnp 

A = corrosion rate in SI units, = 25mm per year. 

(2.26) 

Using the idea of perturbation theory to calculate the life expectancy of the plant as a result of 

corrosIOn; 

a (2.27) 

where 

a1 = thickness of the surface after corrosion, (m) 

h = the part lost into the chemical reaction as a result of the corrosion and may be ill form of 

impurities, (m) 

Assuming, a = Q 

a 
(2.28) h= 

{lQ + y 

where 

Q = thickness of the surface before corrosion takes place, (m) 
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By dimensional analysis, the life expectancy of the plant is related to h and A 

where 

c 
T hA 

C = constant, is a dimensionless constant that can be determined experimentally, 

Hence, the life expectancy T is 

T = tAPe Cf3a + ) 
12cx:w y 

Early Life Failure [ELF] due to Corrosion 

(2.29) 

(2.30) 

The early-life failure (ELF) of the equipment caused by other forms of corrosion according to 

Oyelami, 1994, can be empirically derived from the Weibull distribution function given by: 

(2.31) 

where, 

f3 = shape parameter 

A = characteristics life -time of the equipment 

t = time, (year) 
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Fig.2. 14 Early Life Failure (ELF) due to Corrosion Curve (Oyelami and Asere, 2008) 

2.12.4. ExxonMobil's Corrosion Prediction Model: 

ExxonMobil ' s corrOSIOn prediction model is one of the key components of ExxonMobil ' s 

integrated approach for corrosion prediction. This integrated approach enables the optimal use of 

carbon steel in corrosive service for down hole, pipeline, and facilities applications. The software, 

CorrCast, provides a window based, user-friendly tool for performing corrosion rate predictions 

in sweet (C02) and sour (H2S) services. CorrCast is based on a mechanistic corrosion model that 

accounts for the relevant chemistry and physics of the corrosion process in a mixed aqueous-

liquid hydrocarbon environment. CorrCast predicts corrosion rates by modeling the chemistry and 

physics of the corrosion process, including CO2 and H2S solubility in the aqueous phase, solution 

equilibrium reactions, electrochemical reactions, mass transfer to and from the steel surface, scale 

formation, and inhibition. The model requires users to input test/field conditions, gas composition, 

water analysis, flow parameters, and hydrocarbon properties. Corrosion rates can be predicted in 

CorrCast at selected points in pipes for field application or for a metal coupon in a test condition-

controlled vessel for laboratory application. Rate can also be predicted as a function of length 
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along a pipeline for field application, and as a function of time for a metal coupon in an autoclave 

for laboratory application. Sun et aI, (2009). 

Detailed description of the model and calculation methodology of CorrCast is described below: 

r----- - ----- - -- ------ - -------------- - ------, 
I I 

Iterative calculation (pipe evolution and autoclave) I 

Gas composition 
(peo2 • pH2S) 

Water analysis 
(salts. organic acids) 

Flow parameters 
(pipe geometry. 

velocity) 

Hydrocarbon 
properties 

(water cut. inhibitive) 

-+ Mass transfer effects 

1-----1~ 1 Hydrocarbon effects 

Electrochemistry 
model 

(unsealed rate) 

Scale effects 
(scale type and 
protectiveness) 

I 
I 
I 

Input 

Calculated 
value 

Fig: 2.15 Schematic depicting the calculation methodology of CorrCast. (Wei et aI , 2009). 

Water chemistry and electrochemistry models are then applied to calculate an unscaled corrosion 

rate. The effects of iron carbonate and iron sulfide scales are modeled by first calculating scale 

protectiveness factors , which are then applied to the unscaled corrosion rate. CorrCast models the 

corrosion current by assuming direct attack by H+, H2C03HC03-, and HA at the surface of the 

metal. The electrochemical reactions include the cathodic and anodic reactions listed below: 

2H2CO~ + 2e- + 2HCO:; (2.32) 

2HCO:; + 2e- H2 + 2CO~- (2.33) 

2H+ + 2e- H2 (2.34) 

2HA+ + 2e- H2 + 2A (2.35) 
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Fe (2.36) 
- . 

The Corrosion current is equal to the anodic current which is equal to the sum of the cathodic 

currents. (2.37) 

The unscaled corrosion rate according to Sun et al (2009), is calculated using the following 

equation. 

CR = = 1.155 icorr (2.38) 

where Icorr is in A!m 2 

M Fe is the Molecular weight of iron in g/mol 

P Fe is the density of iron in kg/m3 

N is the number of moles of electrons used in reducing or oxidizing a given specIes 

F is the Faraday' s constant 

CR is in mmls which can be conveniently converted to mmly. 

When H2S is present in the water solution, it is assumed that the adsorption of sulphur on iron 

affects the potential. This effect varies with coverage and is fit by a Langmuir isotherm. [Sun et aI , 

2009] 
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2.12.5. Sankara's Review of Electrochemical Models: 

Merits and demerits of seven passivity models, sixteen nucleation models and twelve propagation 

models were reviewed. Based on these findings by Sankara et al (2005), the following conclusions 

can be made: 

1. The models are complicated, based on solid scientific principles and carefully carried out 

laboratory experiments. They should be made more user-friendly 

2. Because the laboratory experiments carried out to develop the models are relevant to oil and 

gas pipeline-operating conditions, they could not be readily used. 

3. These models accurately describe localized pitting corrosion, which is the main cause of 

failure in the field . Several significant electrochemical parameters have been identified that 

could be used to determine pitting corrosion susceptibility 

4. The accuracy of the models is not validated even in laboratory experiments under oil and 

gas conditions 

5. Within the scientific limitation of the models, can predict the main mechanism of pitting 

corrosion and hence when the first failure might occur 

The pitting corrosion is one of the most destructive and insidious form of corrosion and it is 

particularly destructive in that it causes leakage of pipelines and failure of equipment in a short 

time because ofpeforation with negligible overall weight-loss of the entire structure. The 

penetration of the pipe wall and equipment by pits is a process that consists of three stages. 

Electrochemical reactions are involved in all the three stages; as a result, each stage of pitting 

corrosion can be modeled based on electrochemical principles. 
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The three stages involved in the pitting corrosion are: 

• Formation of a passive layer on the steel surface 

• Initiation of pits at localized regions on the steel surface where film breakdown occurs 

• Pit propagation and eventual penetration of the pipe wall 

(Sankara et. aI, 2005) 

2.12.6. Internal Corrosion Modeling In the Risk Assessment of Pipeline: 

Gartland and Johnsen, created a model in 2003 for prediction of corrosion profiles in oil and gas 

pipelines. The model is based on muItiphase flow modeling, water wetting predictions, pH 

calculations and models of CO2 and H2S corrosion. The input data were typically the pipeline 

profile, fluid composition data, production rates and data on injected chemicals. The pipeline 

corrosion model was developed at CorrOcean (Smart, 1993) under the name CorPos (McMahon 

and Paisley, 2007, 2010). The model composed of several modules as shown in the fig 2.16 below. 
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Fig: 2.16 Flow chart of the pipeline corrosion model 

x 

The multiphase flow module was based on the OLGAS 2000 (Smart, 93) and PVTSim (McMahon, 

1997) simulators. It provides information on the temperature profile, the velocity profiles of each 

phase, phase hold-ups, shear stresses and flow regimes. The purpose of water phase module is to 

come up with values for the water wetting factor Fw. 

CR (actual water wetting) = CR (1 00% water) * F w (2.39) 

pH and water chemistry is calculated by the XLpH-module, which has been developed for BP's 

CASSANDRA CO2 corrosion prediction program (McMahon, 1997). XLpH is applicable to pure 

water as well as brines with a wide variety of ion concentrations. The point corrosion model for 

pure CO2 corrosion applies the point corrosion module known as the NORSOK-model (N.T.I.S). 

The corrosion rates are calculated from a general formula given by Gartland, 2003 is 

( 
s )O.146+0.032410g(fCOz) 

Kt (fC02 )O.62 19 [(pH)t (2.40) 
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Where; 

CRt = corrosion rate at temperature't' [mmly] 

t = temperatures 20, 40, 60, 80, 90, 120 or 150°C 

Kt = constant for a given temperature' t' 

fC02 = fugacity of CO2 [bar] 

f(pH)t = the pH factor at temperature 't' 

Values of'Kt' and formula for f(pHOt were obtained from the NORSOK M506 document. 

The Model Verification: 

In the period 1999-2001 a Joint Industry Project (np) was run by Institute of Energy Technology 

(lET) in Norway. The goal was to compare different calculation tools for CO2 corrosion with field 
. . 

data. A total of 12 different models were included in the project. The results from the project 

showed that this prediction (Per Gartland and Roy Johnsen) model was one of the models that 

correlated best with the field data. When inspection data (ip) and monitoring data (mon) were 

combined with measurements and model predictions (mod), it gives; 

(2.41) 

Where 

Wmod , wip , and Wmon are the weight factors that can take the values between ° and 1 depending on 

an evaluation of the data available but such that 

Wmod + Wip + Wmon = 1 (2.42) 
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The mam problem with this procedure is that corrOSlOn rates are not always available from 

inspection data and that monitoring data are limited to one or few locations. (Gartland and Johnsen, 

2003) 

2.12.7 Corrosion Prediction through an integrated approach 

Rendy, Nelson and Pacheco worked on corrosion prediction through an integrated approach. The 

model focuses on an evaluation of pitting because of the relatively high levels of H2S. Autoclave 

corrosion tests designed to simulate the actual mass transfer for the anticipated stratified pipe flow 

were conducted at the materials and corrosion laboratory under the simulated field conditions, using 

synthetic brines designed on the basis of the field water analysis. Acid-gas charging pressure were 

designed such that the dissolved H2S and CO2 in the autoclaves would be equivalent to that found 

in the field, and the coupons were made of pipeline steel. Test durations varied from 5 to 42 days to 

characterize the pitting corrosion rates fully, including a pitting incubation time prior to 

introduction of the inhibitor. General corrosion rates were calculated based on weight loss, and the 

maximum expected pit depths as a function of time were calculated using JGEV procedure. 

(Bondos et. aI, 2007). 

Pitting prediction is more complicated smce the rate of pit growth changes with time. The 

advantage of using JGEVs is that they provide high -precision results using a limited number of 

samples and do not require knowledge of the actual pit size distribution. According to the method 

of Scarf et aI , (1992), the mean maximum pit depth, J1max is defined by: 

J1max (2.43) 

where, 
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a = is a scaling parameter, 

M = is the ratio ofthe actual (in service) to test coupon surface areas 

r = is the gamma function 

k = is the shape parameter, and 

P = is the pitting factor. 

flmax = mean maximum pit depth, L, mm [mil] 

The experimental pit depth data from a number of samples of actual area are input to the JGEV 

equation using a Monte Carlo search routine, and the optimum values for the shape parameter and 

pitting factor are found by calculating the value of a maximum likelihood function. Overall, this 

approach provides a mathematically-based method for extrapolating over time (weeks to years) and 

area (a few cm2 to thousands of m2
) to connect laboratory data to conditions in the field. 

2.12.8 Computer simulation of the corrosion pit growth 

Maliki and Baroux, 2004 carried out Computer simulation of the corrosion pit growth. In their 

work, numerical simulations of the corrosion pit growth were performed using both Monte Carlo 

(MC) and Cellular Automata (CA) techniques. In the MC technique, a dissolution algorithm is 

proposed for elementary dissolution events. Varying the re-passivation probability at the atomic 

scale on the pit walls is shown to control the pit growth kinetics (tn law, with n varying from Y2 to 

2). In the CA technique, the Metal/Film/Electrolyte system is considered as an automaton with 

some specific transition rules. The dissolution probability is shown to strongly influence both pit 

morphologies and the tn law. Last, predominant effect of the IR drop inside the pit is evidenced. 

These preliminary investigations motivate future works to simulate in more details the pit growth 

process and the repassivation of metastable pits. (Reigada et-al, 1994). 
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2.12.9 Atmospheric corrosivity modeling 

Roberge, (2001), carried out Atmospheric corrosivity modeling. In that work it was revealed that 

corrosion of metals exposed to the atmosphere is expensive to our societies in terms of aesthetics, 

safety and functionality. The factors that influence atmospheric corrosivity were reviewed as well 

as classification schemes, statistical and mechanistic models. The mechanistic models and have 

shown that corrosion rates can vary dramatically between locations that are only meters apart. 

Another implication is that the most influential step in the corrosion process was the deposition rate 

of corrodent, i.e. aerosols or gaseous pollutants. Thus the principles of mass transfer and deposition 

of pollutants and aerosols, namely convection and turbulent diffusion, can form a theoretical 

framework for interpreting and predicting atmospheric corrosivity. The implications for the design 

of structures is that local corrosivity rates can be predicted based on simulated airflow patterns. 

Analysis to date has also revealed that: 

• Smaller objects can be expected to corrode faster because of a greater efficiency of salt 

aerosols; 

~ • Objects exposed to faster wind speeds and aerosols will corrode faster; 

• Objects in the lee of prevailing winds from an aerosol source will corrode faster than objects 

on the windward side of an aerosol source 

Roberge, (2001). 

2.12.10 Computational modeling of cathodic limitations on localized corrosion of wetted SS 

3161 at room temperature. (Fushuang et aI, 2005) 

(Fushuang, (2005) observed that the ability of a SS 316L surface wetted with a thin electrolyte layer 

to serve as an effective cathode for an active localized corrosion site was studied computationally. 
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The dependence of the total net cathodic current, Inet, supplied at the repassivation potential Erp (of 

the anodic crevice) on relevant physical parameters including water layer thickness (WL), chloride 

concentration ([Crn and length of cathode (Lc) were investigated using a three-level, full factorial 

design. The effects of kinetic parameters including the exchange current density (io,c) and Tafel 

slope (Pc) of oxygen reduction, the anodic passive current density (ip) (on the cathodic surface), and 

Erp were studied as well using three-level full factorial designs of [Cr] and Lc with a fixed WL of 

251m. The study found that all the three parameters WL, [Cn and Lc as well as the interactions of 

Lc . WL and Lc . [Cn had significant impact on Inel. A five-factor regression equation was 

obtained which fits the computation results reasonably well, but demonstrated that interactions are 

more complicated than can be explained with a simple linear model. Significant effects on Inet were 

found upon varying either io,c, Pc, or Erp, whereas ip in the studied range was found to have little 

impact. It was observed that Inet asymptotically approached maximum values (Imax) when Lc 

increased to critical minimum values. Imax can be used to determine the stability of coupled 

localized corrosion and the critical Lc provides important information for experimental design and 

{ corrosion protection. 

2.13.11 A simplified method for estimating corrosion cavity growth rates (Engelhardt et-al , 
1997) 

This simplified method is proposed for calculating corrosion cavity propagation rates. This method 

is based on an assumption that if the rate of an electrode reaction depends (in an explicit form) only 

on the potential, the pit growth rate depends only on the concentration of those species that 

determine the potential distribution near the metal within the cavity. The advantage of this method 

is that it permits one to predict the rates of cavity propagation without knowing various parameters, 

such as the equilibrium constants of some chemical reactions and diffusion coefficients of species 

72 



. . 

that are present at relatively low concentrations near the electrode surface. The analytical 

expressions for calculating propagation rates of cylindrical and hemispherical pits are compared 

with available experimental data. The influence of aggressive anions on the pit propagation rate has 

been investigated. It is shown that transport processes in the internal environment do, in the general 

case, influence the kinetics of metal corrosion. (Engelhardt et-al, 1997) 

2.12.12 Corrosion of Mild Steel 

As the oil and gas emerge from the geological formation they are always accompanied by some 

water and varying amounts of "acid gases" : carbon dioxide, CO2 and hydrogen sulfide, H2S . This is 

a corrosive combination which affects the integrity of mild steel. Even if this has been known for 

over 100 years, yet aqueous CO2 and H2S corrosion of mild steel still represents a significant 

problem for the oil and gas industry. (Bonis & Crolet, 1989). Although corrosion resistance alloys 

exist that are able to withstand this type of corrosion, mild steel is still the most cost effective 

construction material used in this industry for these applications. All of the pipelines, many wells 

"' and much of the processing equipment in the oil and gas industry are built out of mild steel. The 

cost of equipment failure due to internal CO2 / H2S corrosion is enormous, both in terms of direct 

costs such as: repair costs and lost production, as well as in indirect costs such as: environmental 

cost, impact on the downstream industries, etc.( Faruk, 2007) 

2.12.12.1 Aqueous C02 Corrosion Of Mild Steel 

Aqueous CO2 corrosion of carbon steel is an electrochemical process involving the anodic 

dissolution of iron and the cathodic evolution of hydrogen. The overall reaction is: 

(2.44) 
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CO2 corrosion of mild steel is reasonably well understood. A number of chemical, electrochemical 

and transport process occur simultaneously. 

2.12.12.2 Chemistry of C02 Saturated Aqueous Solutions - Equilibrium considerations; 

The C02 gas is soluble in water: 

(2.45) 

For ideal gases and ideal solutions in equilibrium, Henry's law can be used to calculate the aqueous 

concentration of dissolved CO2, CCQ2, given that the respective concentration in the gas phase 

(often expressed in terms of partial pressure, PCQ2) and given as: 

1 
Hso1 (co 2 ) = K 

sol (C02) 
(2.46) 

The CO2 solubility constant, Kso1(co
2
), is a function of temperature, Tr , and ionic strength, I 

according to Oddo and Tomson, (1982) 

14.5 10-(2.27+5.65 x 10-3Trs.06X1o-6Tj+ 0.075l) 

Kso1 (c0 2 ) = 1.00258 (2.47) 

Since the solubility of CO2 decreases with temperature, at 1000C the respective concentration are 

3.3 molll in the gas and 1.1 molll in the water. A rather small fraction (about 11500) of the dissolved 

CO2 molecules hydrate to make a "weak" carbonic acid, H2C03 due to a relatively slow forward 

(hydration) rate. 

(2.48) 

Assuming that the concentration of water remains unchanged, the equilibrium concentration CH2 C03 

is determined by: 
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(2.49) 

where 

Hhyd = equilibrium hydrationlhydrated constant is 2.58xl0-3
. 

Carbonic acid is considered to be "weak" because it only partially dissociates to produce 

hydronium, F ions and bicarbonate ion, HC03-

(2.50) 

HC03- dissociates further to give some more H+ and carbonate ion, CO/-; 

(2.51) 

The respective equilibrium relations can be written as: 

(2.52) 

(2.53) 

The low molecular weight organic acids are primarily soluble in water and can lead to corrosion of 

mild steel. Higher molecular weight organic acids are not water soluble but are typically soluble in 

the oil phase and pose a corrosion threat at higher temperatures in the refineries. 

The occurrence of chemical reactions can significantly alter the rate of electrochemical processes at 

the surface and the rate of corrosion. This is particularly true when, due to high local concentrations 

of species, the solubility limit of salts is exceeded and precipitation of a surface layer occurs. 
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In a precipitation process, heterogeneous nucleation occurs first on the surface of the metal or 

within the pores of an existing layer since homogenous nucleation in the bulk requires a much 

higher concentration of species. Nucleation is followed by crystalline layer growth. Under certain 

conditions surface layers can become very protective and reduce the rate of corrosion. 

In CO2, corrosion when the concentrations of Fe2 + and cOj- ions exceed the solubility limit, they 

form solid ferrous carbonate as shown below 

K sp(FeC03) 
Fe 2+ cOj-: ; + FeC03 (s) (2.54) 

where, the solubility product constant for ferrous carbonate Ksp(FeC03) is given according to (Sun et, 

ai, 2009.) 

2.1963 0 .5 
-59.3498 - 0.041377.Tk - -T-+ 24.5724. logTk+ 2.518 . I - 0.657. I 

KSP(Fe C03) = 10 k (2.55) 

Actual ferrous carbonate is frequently found in the aqueous solution at concentrations much higher 

than predicted by the equilibrium KSP(Fe C03) ' This is termed supersaturation and is a necessary 

condition before any substantial precipitation can occur. The ferrous carbonate supersaturation, 

SS(FeC03) is defined as: 

(2.56) 

And the rate of precipitation RFec03 is therefore often expressed as: 

A 
K r (FeC03) V K sp(FeC03) (SS(FeC0 3) - 1) (2.57) 

Where, 
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Kr (FeC0
3

) is the kinetics constant, which can be derived from the experimental results as a function 

of temperature, using Arrhenius type equation. (Sun and Nesic, 2008). 

(2.58) 

where, 

A(FeC0
3

) = 21.3llmol and 

B(FeC0
3

) = 64,851.4 l lmol 

The ferrous carbonate layer can slow down the corrosion process by presenting a diffusion barrier 

for the species involved in the corrosion process and thereby changing the conditions at the steel 

surface. For high precipitation rates, and low corrosion rates, a dense and protective ferrous 

carbonate layer is obtained and vice versa, low precipitation rates and high corrosion rates lead to 

formation of porous unprotective ferrous carbonate layers. (Sun et, aI, 2009.) 

Standard Tendency (ST): 

This is a non-dimensional parameter which can be used to quantify the relative rates of precipitation 

(R(FeC0
3

) and corrosion rate (CR) expressed in the same volumetric units: 

ST (2.59) 

For ST « 1, porous and unprotective films are likely to form. 

For ST » 1, conditions become favorable for formation of dense, protective ferrous carbonate 

films. 
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2.12.12.3 Electrochemistry of Mild Steel Corrosion in CO2 Saturated Aqueous Solutions 

The electrochemical dissolution of iron in a water solution is the dominant anodic reaction in C02 

corrosion. The reaction is pH dependent in acidic solutions with a reaction order with respect to 

OR between 1 and 2, decreasing towards 1 and 0 at pH > 4, which is the typical range for CO2 

corrOSIOn. 

(2.60) 

The presence of C02 increases the rate of corrosion of mild steel in aqueous solutions primarily by 

increasing the rate of the hydrogen evolution reaction. 

(2.61) 

In CO2 solutions where typical pH > 4, this limiting flux would be small and therefore it is the 

presence of H2C03 which enables hydrogen evolution at a much higher rate. Thus, for pH > 4, the 

presence of C02 leads to a much higher corrosion rate than would be found in a solution of a strong 

-..( acid at the same pH. This can be readily explained by considering that the homogenous dissociation 

of H2C03, as given in equation (2.50) serves as an additional source of H+ ions, which are 

subsequently absorbed at the steel surface and reduced according to reaction (2.61). (Bonis and 

Crolet, 1989). 

A different pathway is also possible, where the H2C03 first adsorbs at the steel surface followed by 

heterogeneous dissociation and reduction of H+ ion. This is often referred to as "direct" reduction 

of carbonic acid shown below. (Waard et. aI, 1995). 

(2.62) 
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Clearly the addition of reactions (2.50) and (2.61) gives (2.62) proving that the overall reaction is 

the same and the distinction is only in the pathway, i.e in the sequence of reactions. The rate of 

reaction (2.62) is limited primarily by the slow hydration step (2.48) and in some cases by the slow 

C02 dissolution reaction (2.45). It can be conceived that in C02 solutions at pH > 5 the direct 

reduction of the bicarbonate ion becomes important. (Waard et. aI, 1995). 

2HCO:; (2.63) 
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CHAPTER THREE 

3.0 MATERIALS AND METHOD 

3.1 Mathematical Modeling of Corrosion Rate. Development and Computer Model 

Simulation 

3.1.1 Assumptions 

1. The effect of additives are tolerated and regarded to be of negligible risk for corrosion under 

these circumstances 

2. The temperature of the line does not drop below the water dew point. 

3. The effect of pH on corrosion is negligible. 

4. The effect of corrosion under condensing condition is very small. 

5. Corrosion inhibitors are not injected into the system. 

3.1.2 Rust Model Development 

The rust is assumed to occur at a rate proportional to the surface Area, Ac, available for growth and 

the deviation ofthe saturation ratio from unity (Faruk, 2007). 

PGR = f[Ac(Fs - 1)] (3.1) 

where 

(Fs - 1) = Deviation of the saturation ratio from unity 
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PGR = Particle Growth Rate 

PGR = Rust growth rate 

Fs = Saturation ratio 

Ac = Growth surface area 

Particle rate can be expressed as: 

PGR a Ac 

Also 

PGR a CF;; - 1) 

Combining equations 3.2 and 3.3 we have: 

where kc is the rate constant 

Also rust rate is defined as change in crystal mass per time. 

PGR = 
dmc 

dt 

Combining equations 3.4 and 3.5 we have, 

where, 

dmc 

dt 

dmJdt = change in crystal mass per time . 
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(3.3) 

(3.4) 

(3.5) 

(3 .6) 



f 

The initial amount of rust crystals present per unit bulk medium is given by 

(3 .7) 

Relating the crystal shape to spherical shape, the mass and surface area of the crystalline particle 

according to Faruk, 2007 is given as 

(3.8) 

And 

(3.9) 

in which C1 and C2 are the shape factors, pc is the density, and Dc is the diameter and kc is a 

crystallization rate constant. 

Substituting for (3.8) and (3 .9) in (3.6) to give: 

~ ( rrD2 C ) - k DZC CF 1) dt Pc 6 1 - err c Z s-

Therefore, 

where, 

Pc ~ Dc C
1 = kcCzCFs - 1) 

dt 6 

dDc 
Pc - = k'cCFs - 1) 

dt 
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(3 .11 ) 

(3.12) 

(3 .13) 

(3.14) 



.- ~-

if 

dDc 

dt 

Fs > 1 , 

Fs = 1 , 

Fs < 1 , 

Crystal growth 

Equilibrium 

Crystal dissolution 

3.1.3 Scale dissolution Model Development 

(3.15) 

(3.16) 

The rate of rust dissolution at the surface can be expressed similarly to crystal growth. According to 

Faruk, (2007), the pore volume is related to the diameter of an equivalent spherical shape pore 

space as; 

(3.17) 

indicating that 

(3.18) 

Thus, the pore surface relates to the porosity according to Faruk (2007) thus 

(3.19) 

(3.20) 

(3 .21) 
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where, C3 and C4 are some shape factors and C5 = cif . 
C3 3 

It is assumed in this model that the porosity of the solid porous matrix can be expressed as a sum of 

the instantaneous porosity, CP, and the pore space occupied by the rust, CPs , thus; 

(3.22) 

Therefore, the mass of the scale formed over the pore surface is given by 

(3.23) 

Therefore, substituting equation 3.19 and 3.22 into equation 3.6 

_p dcp = k'¢2Jl (F _ I) 
dt . 1 (3.24) 

¢ = OJ ¢s = ¢ (3.25) 

If, Fs > 1 , Crystal growth 

Fs = 1 , Equilibrium 

Fs < 1 , Crystal dissolution 

where k' c is a scale dissolution rate constant incorporating the above mentioned shape factors and 

some constants. The minus sign in equation 3.24 is for the reduction of porosity by scale dissolution 

at the pore surface. Thus, assuming the rust porosity,<Ps , remains constant and substituting eq.3.22 

into 3.24 leads to an equation eq. 3.26 below; 

_ d¢l,. = k'{'" _ .... )21J(F -1 ) P J dr r 'frY s • (3.26) 
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(3.27) 

.." Assuming that the surface area of rust crystal available for growth can be expressed empirically by: 

(3.28) 

in which fCC/»~ is the specific surface of the mineral-fluid contact area (surface area per unit mineral 

mass) expressed as a function of porosity. This function can be approximated according to eq. 3.19. 

Thus, substituting eq. 3.28 into eq. 3.6 leads to equation: 

(3.29) 

This function (f (<p) = (:J is inversely proportional to corrosion scale 

-dmc k 1 ( ) -- = e me - 1 - Fs 
dt Fo 

(3.30) 

where ke is the kinetic constant for formation ofFeC03 given by Sun and Nesic, (2003); 

B CF eC0 3) 

k - eACF eC03) RT e - (3.31) 

where 

A(FeC03) = 21.3J /mol 

and B(FeC03) = 64,851.4J /mol 

Therefore, 

B(FeC03) 1 
_ dmc = eACFeC03) RT m - (1 - F. ) 

dt e Fo S 
(3.32) 
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Hence the final corrosion rate model equation is: 

dITt; = exp(A _ ~) .[ITt; ._1 .( 1 - F )] 
dt R·T Fo s 

(3.33) 

where: 

Fs = Mineral Factor (Fe II content of the metal) 

AFeC03 = Constants in the Arrhenius-type equation for Kr (FeC0
3

) 

B FeC0 3 = Constants in the Arrhenius-type equation for Kr (Fe C0
3

) 

Kinetic constants in the ferrous carbonate precipitation rate equation 

in 1/(mol s) for formation of Fe2C03 

Fa Corrosion scale 

dmc/dt = change in crystal mass per time 

3.2 Simulation of the Mathematical Model 

The model equation 3.33 is simulated using MathCAD as presented below: 

# CORROSION RATE MODEL SIMULATION USING MATHCAD 

d(mc)/d(t) = kc*mc*(lIfo)*(I-Fs) # Scale Growth Dynamic Model 

d(mc)/d(t) =exp(A-B/(R*T)*(mc*(lIFo)*(1-Fs) # The Explicit Equations 

g=mco-mcj # Metal Weight Loss Dynamic Model 

mco = 0.001 # Initial Mass of metal 
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kc = (A-(B/R *T))# Rate Constant by Arrhenius Equation 

Fs = 0.88 # Mineral Factor (Iron II content of the pipe) 

A = 21.3 # Kinetic Model Constant 

B = 64851.8 # Kinetic Model Constant 

Fo = 1.5 # Corrosion scale 

T= 313 # Temperature ofthe Fluid 

# Initial values of the differential variables 

mc(O) = 0.001# Initial Mass of metal 

# Initial/final values of the independent differentiation variable 

teO) = 0 # day 

. t(f) = 2500 # days 

3.3 Data Gathering: 

Data for this study were generated through the primary and secondary sources as follows: 

• Primary data are the coupon test data collected from records. (see Appendix 'E') 

• Secondary data are the data gathered with respect to the research questions through one-on

one interview with the selected staff of KRPC. 

~ Primary data: 

Two sets of Coupon Test Data were obtained as primary data for this project. 

(A) Group 'A' Coupon Test Data were obtained from KRPC inspection reports of 2007, 2008 

and 2010. The plant was short down for Tum-Around Maintenance in 2009, so there was no 
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data available for 2009. The data obtained in this group were limited to the Cooling Tower 

cooling water Return Line ofKRPC. For continuity reason, Data obtained for 2010 may not 

be used in the validation of the model. 

(B) Group 'B' Coupon Test results for points A to E of KRPC Cooling Water Pipeline were 

obtained from Odigure et aI, (2002) 

);0> Secondary Data. 

Data under this group were obtained through interview of key personnel in the relevant department. 

A population of 50 staff was randomly considered from five key departments in KRPC; Production, 

Maintenance, Material Management [MMD], Engineering & Technical Services Department 

[ETDS], and Safety Unit. 80% of the staff that received the questionnaires responded and the whole 

80% were used as the sample for this study. 

Data Group 'A ' . Corrosion Test Coupon Weight-Loss Evaluation ofKRPC Cooling Tower 
Cooling Water Return Line. 

"1 Table 3.1 KRPC Corrosion test Coupons Weight -Loss Evaluation for September 2007 
SIN COUPON INITIAL FINAL SURFACE LOSS IN RESIDENT CORROSION 

NO WEIGHT WEIGHT AREA, A WEIGHT TIME, D RATE 
(gm) Wtl (gm) Wt2 (dm2

) (gm) (days) (MDD) 
1 008 11.3698 11.3394 0.31 0.0004 60 0.0215 
2 041 11.4102 11.3874 0.31 0.0228 60 1.2258 
3 068 11.5108 11.4764 0.31 0.0344 60 1.8495 

Table 3.2 KRPC Corrosion test Coupons Weight -Loss Evaluation for November 2007 
SIN COUPON INITIAL FINAL 

NO WEIGHT WEIGHT 
(gm) Wt1 (gm) Wt2 

1 019 11.3585 11.2997 
2 057 11.5171 11.4592 
3 070 11.5789 11.1919 

SURFACE 
AREA, A 
(dm2

) 

0.31 
0.31 
0.31 
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LOSS IN 
WEIGHT 
(gm) 
0.0588 
0.0579 
0.0187 

RESIDENT 
TIME, D 
(days) 
60 
60 
60 

CORROSION 
RATE 
(MDD) 
3.1613 
3.1129 
10.0538 



'" ,.. 

Table 3.3 KRPC Corrosion test Cou~ons Weight -Loss Evaluation for January 2008 
SIN COUPON INITIAL FINAL SURFACE LOSS IN RESIDENT CORROSION 

NO WEIGHT WEIGHT AREA, A WEIGHT TIME, D RATE 
(gm} Wtl (gm) Wt2 (dm2} {gm} (days) (MDD} 

1 001 11.5148 11.5122 0.31 0.0026 64 0.1310 
2 027 11.5182 11.5147 0.31 0.0035 64 0.1764 
3 060 11.4175 11.4147 0.31 0.0028 64 01411 
where MDD = {(Wtl - Wt2) x 103}/(A * D) 

Table 3.4 KRPC Corrosion test Coupons Weight -Loss Evaluation for March, 2008 
SIN COUPON INITIAL FINAL 

NO WEIGHT WEIGHT 
(gm} Wtl (gm) Wt2 

1 001 11.3927 11.1742 
2 027 11.4827 11.2686 
3 060 11.4987 11 .2721 

SURFACE 
AREA, A 
(dm2

) 

0.31 
0.31 
0.31 

LOSS IN 
WEIGHT 
(gm} 
0.2185 
0.2141 
0.2266 

RESIDENT 
TIME, D 
(days) 
60 
60 
60 

CORROSION 
RATE 
(MDD) 
11.7473 
11.5107 
12.1827 

Table 3.5 KRPC Corrosion test Cou~ons Weight -Loss Evaluation for July, 2008 
SIN COUPON INITIAL FINAL SURFACE LOSS IN RESIDENT CORROSION 

NO WEIGHT WEIGHT AREA, A WEIGHT TIME, D RA TE 
(gm} Wtl (gm) Wt2 (dm2} {gm) (days} (MDD} 

1 008 11.3411 10.9345 0.31 0.4066 68 19.2884 
2 041 11.3877 11.0019 0.31 0.3858 68 18.3017 
3 068 11.4769 11.0717 0.31 0.4052 68 19.9373 
where MDD = {(Wtl - Wh) x 103}/(A * D) 

Table 3.6 KRPC Corrosion test Coupons Weight -Loss Evaluation for March, 2010 
SIN COUPON INITIAL FINAL 

NO WEIGHT WEIGHT 
(gm) Wtl {gm} Wt2 

1 2731 8.7202 8.5561 
2 2732 8.6999 8.5510 
3 2733 8.7090 8.5489 

SURFACE 
AREA, A 
(dm2

) 

0.174 
0.174 
0.174 
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LOSS IN 
WEIGHT 
(gm) 
0.1641 
0.1489 
0.1601 

RESIDENT 
TIME, D 
{days) 
90 
90 
90 

CORROSION 
RATE 
(MDD) 
10.4789 
9.5083 

10.2234 
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Table 3.7. KRPC Corrosion test Cou(!ons Weight -Loss Evaluation for Mal:, 2010 
SIN COUPON INITIAL FINAL SURFACE LOSS IN RESIDENT CORROSION 

NO WEIGHT WEIGHT AREA, A WEIGHT TIME, D RATE 
(gml Wt1 {gml Wt2 {dm

21 {gm) (dal:s) (MDDl 
1 2586 8.6581 8.3480 0.174 0.3101 62 28.7449 
2 2587 8.6544 8.3662 0.174 0.2882 62 26.7148 
3 2588 8.6665 8.4439 0.174 0.2226 62 20.6348 
where MDD = {(Wtl - Wt2) x 103}/(A * D) 

Note that since there was no test result for the period of 2009 due to overall Turn Around 
Maintenance been carried out in KRPC. Hence, the data for 2010 were ignored for continuity 
reason. 

Data Group 'B'; Corrosion Coupon Test Results for points A to E ofKRPC Cooling Water 
Pipeline. [Extract from Odigure et at, 2002] 

Table 3.8 Corrosion test Cou(!ons Weight -Loss Evaluation for (!oint A [see fig. 2. 7] 
COUPON INITIAL FINAL LOSS IN MDD 
LOCATION WEIGHT WEIGHT WEIGHT (mg dm-2 dail) 

(gm) Wtl {gml Wh W/-W2 (g) 
Top 11.1420 10.6999 0.4423 38 
Middle 11.3683 11.0061 0.3622 31 
Bottom 11.3758 10.9764 0.3994 34 

Table 3.9 Corrosion test Cou(!ons Weight -Loss Evaluation for point B [see fig. 2. 7] 
COUPON INITIAL FINAL LOSS IN MDD 
LOCATION WEIGHT WEIGHT WEIGHT (mg dm-2 dail ) 

(gm) Wtl {gml Wt2 W/-W2 (g) 
Top 10.5105 10.24498 0.2656 25 
Middle 11.3436 11.1485 0.1951 18 
Bottom 10.7109 10.2806 0.4303 40 

Table 3.10 Corrosion test Cou(!ons Weight -Loss Evaluation for (!oint C [see fig. 2. 7] 
COUPON INITIAL FINAL LOSS IN MDD 
LOCATION WEIGHT WEIGHT WEIGHT (mg dm-2 day-I) 

(gml Wtl (gml Wt2 W/-W2 (g) 
Top 11.4549 10.9209 0.5340 27 
Middle 11.3630 10.6809 0.6821 34 
Bottom 11 .3397 10.4960 0.8437 42 
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Table 3.11 Corrosion test Coupons Weight -Loss Evaluation for point D [see fig. 2. 7] 
COUPON INITIAL FINAL LOSS IN MDD 
LOCATION WEIGHT WEIGHT WEIGHT (mg dm-2 dai l) 

(gm) Wtl (gm) Wt2 W j -W2 (g) 
Top 11.1917 10.8860 0.3057 17 
Middle 10.9742 10.6710 0.3032 17 
Bottom 10.9262 10.6716 0.2546 14 

Table 3.12 Corrosion test Coupons Weight -Loss Evaluation for point E [seefig·2. 7] 
COUPON INITIAL FINAL LOSS IN MDD 
LOCATION WEIGHT WEIGHT WEIGHT (mg dm-2 dail) 

(gm) Wtl (gm) Wh Wj -W2 (g) 
Top 11.5788 11.1636 0.4152 26 
Middle 11.5119 11.2324 0.2795 18 
Bottom 11.5893 11.3273 0.2620 16 

Note that figures A, B, C, D and E are the points of coupon installation along the cooling water 

pipeline 

I Make·up walers 

Il 

Chcmic;lllnjcclion 
cquipmcnl 

Fig.2.17 Schematic diagram showing pipeline as shown below: the points of coupon installation 
along the cooling water pipeline. (Odigure et aI, 2002) 
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3.4 Calculations of Corrosion Rate 

The corrosion rate is calculated for each coupon using the initial and final weights, control weight 

loss, coupon surface area, and density of the alloy and exposure time in the formula. The rate of 

corrosion is expressed in several different forms. The simplest in dimensionless units is the 

percentage change in weight of a coupon in an exposed time interval. This figure is usually 

extrapolated to give the percentage change per annum. The corrosion rate calculated using 

corrosion coupons assumes uniform corrosion across the coupon (e.g. uniform corrosion of the pipe 

wall at the monitoring point). This approximation is acceptable for most circumstances to determine 

the average rate of corrosion. www.caproco.com. Corrosion Rate calculation from the coupon test 

by KURITA is given as:-

Corrosion Rate, MDD 
(Wt! - Wtz) * 1 0 3 

A * D 

where, 

MDD 

A 

D 

Initial Coupon Weight, (gm) 

Final Coupon Weight, (gm) 

2 Exposed Surface Area, (dm ) 

Days of Exposure, (days). i.e. resident time 

Acceptable Kurita Standard: - 0 - 10MMD, (Very Good) , 10 - 20MDD, (Good), 

21 - Above, Not Satisfactory 
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CHAPTER FOUR 

4.0 RESULTS 

The primary data used in this project work were collected from the existing inspection records in 

KRPC and that according to Odigure, (2002). These primary data were basically the data used in 

the simulation of the corrosion rate model equation developed in chapter three. 

The experimental and simulated results as well as the results of statistical analyses are presented as 

Tables 4.1 , 4.2, 4.3 and 4.4 respectively. Figure 4.1 shows the graph of weight loss versus time for 

both experimental and simulated samples for corrosion in KRPC Cooling Water Pipeline while 

figure 4.2 shows the graph of weight loss versus time for both experimental and simulated samples 

for corrosion in KRPC Cooling Tower Water Return Line. 

The secondary data are the statistical data obtained from interview of some key personnel in KRPC. 

These data are presented in Tables, 5.1, 5.2, 5.3 and 5.4 respectively and has been used to generate 

the pie charts in figures 5.1, 5.2, 5.3 and 5.4 respectively. These are discussed under brainstorming 

findings and discussions in this chapter. 
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Table 4.1: Weight Loss of Metal and Time for Corrosion in KRPC Cooling Water Pipeline for both 
.- Laboratory samples and simulated values. 

t 

Time Experimental 
(da~s) (gm) 
0 0 

35 0.2656 

73 0.4423 

123 0.4152 

180 0.3057 

245 0.5346 

o 50 

Mass of Crystal Dissolved 

100 150 200 

Time (days) 

Simulated 
(gm2 
0 

0.302 

0.387 

0.322 

0.357 

0.392 

250 

Mass of Crystal Dissolved 

300 

-+- mg (Expt) 

~mg(Sim) 

Figure 4.1: A graph of Weight Loss of Metal versus Time for Corrosion in KRPC Cooling Water 

Pipeline at Temperature of 333K. 
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Table 4.2: Statistical Analysis for Comparing the Experimental to the Simulated Results for 
Corrosion in Cooling Water Pipeline 

Statistical Parameters Value (Cooling Water Pipeline) 

Correlation Coefficient 0.9227 

Adjusted Correlation Coefficient 0.8513 

Covariance 0.0213 

Standard Error 0.0638 

Standard Deviation 0.1550 

Variance 0.0240 

Table 4.3: Weight Loss of Metal and Time for corrosion in KRPC Cooling Tower Water Return 
Line for both Laboratory Sample and Simulated value. 

Time Experimental Mass of Crystal Simulation Mass of Crystal 
(days) Dissolved (gm) Dissolved (gm) 

0 0 0 

35 0.0453 0.2656 

73 0.2423 0.4423 

123 0.2240 0.4152 

180 0.1106 0.3057 

245 0.2734 0.5346 
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Figure 4.2: A graph of Weight Loss of Metal versus Time for Corrosion in KRPC Cooling Tower 

Water Return Line at Temperature of333K. 

Table 4.4: Statistical Analysis for Comparing the Experimental to the Simulated Results for 
Corrosion in Cooling Water Return Line respectively 

Statistical Parameters 

Correlation Coefficient 

Adjusted Correlation Coefficient 

Covariance 

Standard Error 

Standard Deviation 

Variance 

Value 
Cooling Water Return 

0.9339 

0.8722 

0.0165 

0.0749 

0.1670 

0.0279 

96 



.. 
'""f 

f 

• 

10 
\ 
\ 

8 

\ 

,-.., \ OIJ 6 '-" 
() 

:::8 

4 

2 

0.48x104 
0.96x104 

t (days) 

I 1- dMc/dt 
,----- dgildt 

4 
1.44x 10 

I 

-110 

- 8 

- 6 

-.J O 
4 

2.4x 10 

,-.., 
OIJ 
'-" 

.5"n 

Figure 4.3: Mass of Metal and Weight Loss of Metal and Time for Corrosion in KRPC Cooling 

Water Pipeline at constant T = 333K; Fo = 1.9462; Fs = 1.5; and Pe02 = 0.5 respectively. 
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4.1 Effects of Temperature on Corrosion Rate: 
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Figure 4.4: Variation of Weight Loss of Metal and Temperature for Corrosion in Cooling Water 

Pipeline at constant Fo = 1.9462; and Fs = 1.5; pH = 6.6 and Pe02 = 0.5 respectively . 
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4.2 Effects of Corrosion Scale on Corrosion Rate: 
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Figure 4.5: Variation of Weight Loss of Metal and Corrosion scale at 240days for Corrosion in 

Cooling Water Pipeline at constant T = 333K; Fs = 1.5 ; pH = 6.6 and PC02 = 0.5 respectively 
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4.3 Effects of Iron (II) Contents on Corrosion Rate: 
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Figure 4.6 : Variation of Weight Loss of Metal and Mineral Factor (Fe II content) at 240 days for 

Corrosion in Cooling Water Pipeline at constant T = 333K; Fo = 1.9462; pH = 6.6 and Pe02 = 0.5 

respectively . 
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CHAPTER FIVE 

5.0 DISCUSSION, CONCLUSION AND RECOMMENDATIONS 

" 5.1 Discussion of Results 

• 

Mathematical model of corrosion rate (weight loss of crystal per time) in KRPC has been 

developed. This study focuses on the corrosion rate of mild steel in KRPC cooling water pipelines. 

The corrosion rate model equation as shown in equation 3.33 was simulated using MathCAD 

software (see Appendix A). The experimental and simulated results are presented on Tables 4.1 and 

4.2 respectively while the results of statistical analyses are shown in Table 4.3. 

The model equation 3.33 has been validated using Tables 4.1 and 4.2 as shown in Figures 4.1 and 

4.2 respectively. The model has been applied to simulate the rate of general corrosion of carbon 

steel in KRPC cooling water system under different selected conditions that are contributing factors 

to corrosion problems in oil industries. The effects of these factors on the corrosion rate in cooling 

water system can be viewed in Appendices ' B', 'C' and 'D' respectively. 

Figure 4.3 shows the variation of the mass of dissolved crystals of the corroded metal and the 

weight loss of the metal with respect to time at assumed conditions: temperature 'T' = 333K; 

corrosion scale 'Fo ' = 1.9462; Iron (II) contents 'Fs ' = 1.5 and at partial pressure 'Pe02 ' = 0.5 

respectively. It is seen that the mass of the corroded metal and the weight loss of the metal are 

directly proportional. That is, the residual mass of the corroded metal "Mc (g)" decreases as the 

weight loss of the metal due to corrosion "gi (g)" increases with time. Hence, the corrosion rate is 

time dependent. As corrosion continues, a time comes when the rate of weight loss "dgi/dt" becomes 

equal to the mass of the corroded metal left "dMc Idt" -half life. Beyond the half life point, the rate 

of corrosion increases astronomically. The point at which "Mc (g)" intercepts "gi (g)" is the signal 
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point that the corrosion allowance of the pipe has been exceeded. Therefore, the integrity of the pipes cannot 

be guaranteed any longer. This intersection point under the prevailing conditions indicates the 

recommended time for the replacement of the pipes to ensure safety. This is due to the metal having 

lost useful resistance to corrosion hence its susceptibility to the corrosive environment is high. At 

this point, the metal must be changed as it will no longer carryon with its desired services. Below 

the half life point, good management could render the metal usable. For this reason, anticorrosion 

chemicals are required in the cooling water system to slow down the rate of corrosion. Since the 

variable growth or decay rate is proportional to its size, as shown in the experimental data results 

obtained, the corrosion rate in the cooling tower system increases with the years of exposure to 

corrosion agents. If the anticorrosion agent is present in the steel caring the cooling water, corrosion 

rate will be limited to the anticorrosion chemical present in the steel caring the cooling water. 

Figure 4.4 shows the variation of weight loss of metal and temperature for corrosion in cooling 

water system. The condition was assumed to take place at various temperature ranges from 301K to 

333K while every other factors contributing to corrosion rate were kept constant. This shows that 

corrosion rate increases with temperature. In other word, corrosion rate of metal increases with 

increase in temperature. 

Figure 4.5 shows the variation of weight loss of metal and corrosion scale (Fo) for the corrosion in 

cooling water system. The condition was assumed to take place at different weight of corrosion 

scale while every other factors contributing to corrosion problems were kept constant. The result 

shows that weight loss of the metal decreases as corrosion scale increases. As scale on the mild 

steel surface increases, the corrosion rate reduces due to formation of strongly adhering black scale 

on the steel surfaces. 
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Figure 4.6 shows the variation of weight loss of metal against mineral factor (Fe II content) for 

corrosion in cooling water pipeline. The condition was assumed to take place at various Iron (II) 

content ranges while every other factors contributing to corrosion were kept constant. The result 

obtained shows that the weight loss increases as the mineral contents increases. This observation 

can be liked with the electrochemical processes of aqueous CO2 corrosion of carbon steel involving 

the anodic dissolution of iron and the cathodic evolution of hydrogen shown in equation 2044 of the 

chapter two of this thesis . This also shows that time variation scale dissolution is a function of 

specific surface of the mineral-fluid contact area. (Anderko and Young, 2002). 

5.1.1 Effect of Temperature on corrosion rate 

The MathCAD simulated results of the effect of temperature on corrosion rate from the developed 

equation are as shown under appendix ' B' . The condition was set to take place at varying 

temperature ranges; 303K, 313K, 323K and 333K respectively, while every other factors were kept 

constant at Mineral content (Fs) = 1.5 and Corrosion scale (Fo) = 1.9462. The results obtained for 

each varying temperature shows that the weight loss increased with increase in temperature as can 

be seen in Appendices 'B.1', 'B.2', 'B.3 ', and ' Bo4' respectively. This shows that corrosion rate 

increases with temperature. 

5.1.2 Effect of Corrosion Scale on corrosion rate 

The MathCAD simulated results of the effect of corrosion scale on corrOSIOn rate from the 

developed equation are as shown under appendix 'C'. The condition was set to take place at varying 

Corrosion scales: 0.5462g, 0.9462g, 104462g and 1.9642g respectively. Mineral content 'Fs' and 

temperature 'T' were kept constant at 1.5g and 313k respectively while every other factors were 

kept constant at their initial conditions. The results obtained for each varying corrosion scale shows 
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that the weight loss decreased as corrosion scale increased as can be seen in Appendices ' C.l ', 

'C.2', ' C.3' , and ' C.4' respectively. This shows that corrosion rate decreases with increasing 

corrosion scale. This actually agrees with the findings that corrosion rates reduces as scale on the 

mild steel surface increases, because of the formation of strongly adhering black scale on the mild 

steel surface (Anderko and Young, 2002). Under certain conditions surface layers can become very 

protective and reduce the rate of corrosion. In CO2 corrosion when the concentrations of Fe2
- and 

col ions exceed the solubility limit, they form solid ferrous carbonate according to Sun, et aI, 

2009 as written in equation (2.54): 

K sp (FeC03 ) 
Fe2+ + cOi-: : FeC03 (s) (2.54) 

Where, 

Ksp(FeC03) Is the solubility product constant for ferrous carbonate. (Sun, et aI, 2009) 

The ferrous carbonate layer can slow down the corrosion process by presenting a diffusion barrier 

for the species involved in the corrosion process and thereby changing the conditions at the steel 

surface. The effective protectiveness of a solid ferrous carbonate layer depends on its porosity 

which hangs in the balance of the precipitation rate and the underlying corrosion rate. For high 

precipitation rates, and low corrosion rates, a dense and protective ferrous carbonate layer is 

obtained. (Sun and Nesic, (2008). 

5.1.3 Effect of Iron (II) content on corrosion rate: 

The MathCAD simulated results of the effect of iron (II) contents of the steel on corrosion rate from 

the developed equation are as shown under appendix 'D' . The condition was set at varying Fe (II) 
,. 

oxide contents (Fs): 1.5g, 1.7g, 1.9g and 2.1g respectively, while corrosion scale 'Fo' and 
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temperature 'T' were maintained at initial condition 0.9462g and 313k respectively. Other 

parameters were also maintained constant at their initial condition. The results obtained for each 

varying corrosion scale shows that the weight loss decreased as corrosion scale increased as can be 

seen in Appendices 'D.I ', 'D.2 ', 'D.3', and 'DA' respectively. The result shows that the metal 

weight loss increased as the Fe (II) content of the metal increases. Hence, the corrosion rate 

increases with increase in mineral factor. 

5.1.4 Model Prediction and Validation 

It is mainly used in settings when the corrosion rate is worse, and to estimate how accurately this 

model will perform in any other cooling water facilities/pipelines both in the oil industry and in any 

other industry. To reduce variability, one round of cross-validation done was achieved by 

interpolating the data obtained from KRPC sample of data into complementary subsets to obtain the 

exact days that as it was in the original data that was used to first simulate the model, performing 

the analysis on one subset (called the training set), and validating the analysis on the other subset 

(called the validation set or testing set). Cross-validation is important in guarding against testing 

hypotheses suggested by the data (called Type III errors"), especially where further samples are 

hazardous, costly or unavailable. 

Statistical parameters such as correlation coefficient, adjusted correlation coefficient, covariance 

and standard error were used to compare the result of the experiment to the simulation result.Table 

4.3 shows the statistical precision analysis of the model equation being validated using 

experimental data obtained by Odigure et-al (2002). The correlation coefficient of obtained was 

92.27% and the R-Square (adjusted coefficient of determination) value obtained was 85.13%, 
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which is high suggesting that the relationship between the predictor and response variables is linear. 

The R-Square value of 85.13% implies that only 85 .13% of the variability in the output could be 

captured and explained by this model. The co-variation and standard error in the model equation 

are 0.0213 and 0.0638 shows that the mathematical model is accurate. Finally, the low standard 

deviation of 0.1550 and the very low variance value of 0.0240 is a proof that the results are in 

agreement and the validation is correct. 

It is assumed that no corrosion inhibitor was injected into the system and no pretreatment of the 

water. The pH of the system was kept constant at 6.6 and the effect on corrosion was neglected. 

Other variable factors responsible for corrosion were kept constant; temperature at constant 333K, 

Corrosion scale (Fo) at constant 1.9462, Mineral factor i. e. Fe II contents (Fs) at constant 1.5, and 

the Pem at a constant value 0.5. The plot obtained under these conditions as shown in Fig 4.3 shows 

that the weight losses of the metal increases with time while the mass of the metal decreases also 

, with time respectively. This phenomenon explained that corrosion occurs with time even when 

every other factors responsible for corrosion were assumed constant. Hence, the mild steel loses 

weight with respect to time due to presence of CO2 and water in the cooling system. 

5.1.5 Findings and Discussions 

The statistical data obtained from interview of some key personnel in KRPC are grouped as 

secondary data based on the subject question (see appendix 'F'). These data are tabulated as shown 

in Table 5.1 , 5.2, 5.3 and 5.4 respectively. They are used to generate the pie charts shown in figures 

5.1 , 5.2, 5.3 and 5.4 respectively. 
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5.1.5.1 Rating the Performance of KRPC Production Plant: 

performance? 

How do you rate KRPC plant 

:- '-r Table 5.1 Statistical Rating of Performance of KRPC Production Plant 

" 

, 

Answers No of responses Percentages 

Good 4 10% 

Fair 26 65% 

Bad 

Do Not Know 

TOTAL 

8 

2 

40 

Performance 
5% 

20% 

5% 

100% 

. Good 

• Fair 

• Do Not Know 

Fig 5.1 Pie Chat of Statistical rating of performance of KRPC production plant 

5.1.5.2 Rating the Integrity of KRPC Equipments: How can you rate the integrity of the 
equipments in KRPC? 

Table 5.2 Statistical Rating ofIntegrity ofKRPC Equipments 
Answers No of responses 

Good 

Fair 

Bad 

Do Not Know 

TOTAL 

2 

20 

16 

2 

40 
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5% 

100% 



Integrity 

. Good 

• Fair 

• Bad 

• Do Not Know 

Fig 5.2 Pie Chat of statistical rating of integrity of KRPC equipments. 

5.1.5.3 Rating ofKRPC Turn Around Maintenance (TAM): How do you rate KRPC's TAM? 

Table 5.3 Statistical Rating ofKRPC Turn-Around-Maintenance , 
Answers No of responses Percentages 

Good 4 10% 
... 

Fair 12 30% 

Bad 20 50% 

Do Not Know 4 10% 

TOTAL 40 100% 
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Turn Around Maintenance 

. Good 

• Fair 

• Do Not Know 

Fig 5.3 Pie Chat of statistical rating ofKRPC Turn-Around-Maintenance. 

5.1.5.4 General Assessment of Safety in KRPC Production Plant: 

I How do you rate the Safety in KRPC Production Plants in general? 

Table 5.4 Statistical Rating of Safety in KRPC Production Plant 
,.. Answers No of responses Percentages 

Good 6 15% 

Fair 16 40% 

Bad 16 40% 

Do Not Know 2 5% 

TOTAL 40 100% 

l. 
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Safety 

• Good 

• Fair 

• Bad 

• Do Not Know 

Fig.SA Pie Chat of statistical rating of safety in KRPC production plant. 

5.1.6 Reasons for poor performance by KRPC 

Many reasons were identified to be responsible for the delay in completing the in-house work scope 

as scheduled. Poor performance by KRPC is particularly due to the following reasons: 

• Inadequate number of Plant Inspectors to perform prompt inspection on heat exchangers 

especially during hydro tests; 

• Inadequate number of heavy duty equipment like tube bundle pullers and cranes to quickly 

pull out or re-install tube bundles. 

• Excessive pitting corrosion identified during inspection of the equipment leading to severe 

leaks during hydro test; 

• Shortage of fresh tubes in the Warehouse for the re-tubing of corroded, leaking tube bundles 

not stoppable by plugging. 
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5.1.7 Constraints to corrosion monitoring in KRPC 

Following are the constraints to corrosion monitoring ill KRPC: [Sources: staff response to 

questionnaire shared and one-on-one interview with selected staff of KRPC in 2009] 

• Coupon tests have been limited due to lack of apparatus such as: coupons/coupon columns, 

hot air dryer, weighing balance, pH meter, agitating machine and reagents such as: corrosion 

inhibitors, Toluene, KURIZET S-204 and KURIZET T-225 , etc. 

• Corrater probes have not been used because at the time they were handed over at completion 

of plant construction project, there was no formal training of any inspector on how to use them. 

Lately, the measuring devices got burnt during the fire incident ofETSD caravan in 1993. 

• Corrosion monitoring by thickness survey is hindered in some cases due largely to inadequate 

Ultrasonic Thickness Meters (UTM). Currently only two meters are functional. These meters use 

only cold probes. Hot probes are not available. 

• Lack of training for plant inspectors to cope with modem methods of on-line corrOSIOn 

monitoring. 

• Non-release of vessels at the scheduled time for corrosion monitoring. 

• Inaccessibility to current technical journals, codes, specifications and standards for updating 

knowledge and ease of references. 

• Inadequate operational vehicles to cover entire plant equipment. 

• Corrosion monitoring systems were completely absent for storage tanks. 
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5.2 Conclusions 

The validation of the model developed in this work shows that there is a remarkable agreement 

between the experimental result and the model simulation result which shows that the model is 

valid for the equipment under study. This study also concludes that: 

1. Corrosion rate increases with time; it increases with increase in temperature of the fluid 

passing through the pipe; and also increases with increase in mineral factor (Iron II content) 

of the mild steel pipe. 

11. Corrosion rate decreases with increase in corrosion scale 

iii. Lack of proper maintenance and inadequate monitoring of equipment is responsible for high 

corrosion level in KRPC which if not attended to on time is a major threat and potential 

hazard to the safety of the plant; integrity of physical assets and risks to the environment. 

5.3 Recommendations 

Based on the analysis carried out the followings have been recommended: 

1. The model should be modified to include effect of pH and free water on rust scale 

dissolution. 

2 The model should be modified also to include effect of change 111 properties of the 

transportation fluid on rust scale dissolution 
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APPENDIX A 

A.I MODEL VALIDATION 

The simulated data was validated by using statistical analysis to compare it to experimental 
(KRPC cooling water pipeline) data 

The Experimental and Simulated Data are presented bleow: 

data := 
0 1 2 

0 0 0 0 

1 35 0.266 0.302 

2 73 0.442 0.387 

3 123 0.415 0.322 

4 180 0.306 0.357 

5 245 0.535 0.392 

The matrix data used in this work is: 

(0) 
X := data 

( 1) 
Y := data 

( 1) (V 
Y 1 := data Y 2 := data 

Number of data points: 

Regression Statistics 

Correlation coeff. 

Covariance 

Standard Error 

Standard Deviation 

Variance 

corr(Y l' Y 2) = 0.9227 

corr(Y l ' Y 2)2 = 0.851 3 

cva~Y l ' Y 2) = 0.0213 

stderr(Y l ' Y 2) = 0.0638 

stdev(Y I ,Y2) = 0.155 

va~Y l ' Y 2) = 0.024 
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APPENDIX A 

A.lb MODEL VALIDATION 

The simulated data was validated by using statistical analysis to compare it to experimental 
(KRPC cooling water Return Line) data 

The Experimental and Simulated Data are presented bleow: 

data := 
0 1 2 

0 0 0 0 

1 35 0.065 0.295 

2 73 0.242 0.492 

3 123 0.225 0.462 

4 180 0.111 0.34 

5 245 0.273 0.594 

The matrix data used in this work is: 

(0) 
X:= data 

( I) 
Y:= data 

( I) (21 
Y1 := data Y2 := data 

Number of data points: 

Regression Statistics 

Correlation coeff. 

Covariance 

Standard Error 

Standard Deviation 

Variance 

corr(Y l ' Y 2) = 0.9508 

corr(Y l ' Y 2)2 = 0.904 

cva~Yl ,Y2) = 0.0182 

stderr(Y l ' Y 2) = 0.0721 

va~Y l ' Y 2) = 0.0343 

......... ----------------------
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APPENDIX A 

A.2 SIMULATION OF CORROSION RATE MODEL EQUATION DEVELOPED IN 
-. CHAPTER THREE: 

The model equation developed in chapter three is simulated below using Mathcad. 

The simulated results are also shown below the mathcad simulation algorithm. 

This involves solving the following differential equation: 

dme 
- = k ·m ·F .(1- F) dt e e 0 S 

k = exp(A-~J e R.T 

Defining the given data: 

A := 21.3 B := 64851.4 ~:= 8.314 L:= 331 

The rate constant is: 

The initial condition is: 

The differential function is: 

Defining the period and steps: 

Setting up the integration variable: 

Plotting the solution: 

k := eXp(A - ~J e R.T 

me := 10 
o 

T := 120 
MM 

Fo := 1.9462 

n := 2 

N := 120 
MMI 

Sol := rkfixed( me' 0 , T ,N ,D) 

i := 0 .. N ti := Soli , 0 me. := Soli , 1 
1 

........... ---------------------
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0 0 

0 480 960 1.44x 10 
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1.92x 10 
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Time (days) 

.............. -------------------



m = C. 
I 

10 

9.737 

9.481 

9.231 

8.989 

8.752 

8.522 

8.298 

8.08 

7.867 

7.66 

7.459 

7.263 

7.071 

6.885 

6.704 

6.528 

6.356 

... 

tj = 
0 0 
1 0.263 

2 0.519 

3 0.769 

4 1.011 

5 1.248 

6 1.478 

7 1.702 

8 1.92 

9 2.133 

10 2.34 

11 2.541 

12 2.737 

13 2.929 

14 3.115 

... ... 



APPENDIX B.l 

B.l EFFECT OF TEMPERATURE ON CORROSION RATE FROM THE DEVELOPED MODEL 
EQUATION 

Temperature = 303 K 

This involves solving the following differential equation: 

Defining the given data: 

The rate constant is: 

The initial condition is: 

~ - = k ·m_·F .( 1 - F ) dt C ---c 0 S 

k = eXp(A-~) 
C R.T 

~:=3 

A:= 21.3 B := 64851.4 ~:= 8.314 

k := eXp(A -~) 
C R.T 

II\; := IOn := 2 
o 

..1:= 303 

Fo := 1.9462 

The differential function is: D( t,lIt) = [kC"IItL( 1 - Fs)] 

Defining the period and steps: ..1:= 120 lL:= 64 

Setting up the integration variable: Sol := rkfixe~ II\; , 0 , T , N , D) 

Plotting the solution: i:= O .. N ti := So~ 0 , II\;. := Soli , 1 
1 
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IDe. = 
I 

10 0 0 
9.944 2 0.056 

9.887 4 0.113 

9.832 6 0.168 

9.776 8 0.224 

9.721 9 0.279 

9.666 11 0.334 

9.611 13 0.389 

9.557 15 0.443 

9.503 17 0.497 

9.449 19 0.551 

9.396 21 0.604 

9.343 23 0.657 

9.29 24 0.71 

9.238 26 0.762 

9.186 ... ... 
9.134 

9.082 

... 

" 
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APPENDIX B.2 

8.2 EFFECT OF TEMPERATURE ON CORROSION RATE FROM THE DEVELOPED 
EQUATION 

Temperature = 313 K 

This involves solving the following differential equation: 

d1% - = k ·m_·F .( 1 - F ) dt C ---.; 0 S 

k = eXp(A-~) 
C R.T 

Defining the given data: ~:=3 

A:= 21.3 B := 64851.4 ~:= 8.314 

MODEL 

l.,:=313 

The rate constant is: k := exp(A - ~) 
C R.T 

Fo := 1.9462 

1% := 10 n := 2 
o 

The initial condition is: 

The differential function is: D(t,ll\;)~ [kC"ll\; L( 1 - F s)] 

Defining the period and steps: l.,:= 120 li:= 64 

Setting up the integration variable: Sol := rkfixe~ 1% ' 0 , T , N , D) 

Plotting the solution: i:= O .. N ti := Soli 0 , IT\;. := S04 , 1 
I 

~ := 10 - IT\;. 
J 
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1%. = 
1 

10 0 0 
9.872 2 0.128 

9.746 4 0.254 

9.621 6 0.379 

9.498 8 0.502 

9.376 9 0.624 

9.256 11 0.744 

9.137 13 0.863 

9.02 15 0.98 

8.905 17 1.095 

8.791 19 1.209 

8.678 21 1.322 

8.567 23 1.433 

8.457 24 1.543 

8.349 26 1.651 

8.242 .. . ... 
8.137 

8.032 

... 



APPENDIX B.3 

B.3 EFFECT OF TEMPERATURE ON CORROSION RATE FROM THE DEVELOPED 
EQUATION 

MODEL 

Temperature = 323 K 

This involves solving the following differential equation: 

~ - = k ·m_·F .( 1 - F ) dt C ---c 0 S 

k = exp(A-~) 
C R.T 

Defining the given data: ~:=3 

A:= 21.3 B := 64851.4 ~:= 8.314 l,:= 323 

The rate constant is: k := exp(A - ~) 
C R.T 

F 0 := 1.9462 

The initial condition is: II\; := 10 n := 2 
o 

The differential function is: D( t,l1'c) := [kc'l1'c :0'( 1 - F s)] 

Defining the period and steps: l,:= 120 

Setting up the integration variable: Sol := rkfixe~ II\; , 0 , T, N , D) 

Plotting the solution: i:= O .. N tj := Solj ,O m_ := Solj 1 ---c. , 
1 
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,. 1%. = 
1 tj = 

10 0 0 

9.725 2 0.275 

9.458 4 0.542 

9.198 6 0.802 

8.945 8 1.055 

8.699 9 1.301 

8.46 11 1.54 

8.227 13 1.773 

8.001 15 1.999 

7.781 17 2.219 

7.567 19 2.433 

7.359 21 2.641 

7.157 23 2.843 

6.96 24 3.04 

6.768 26 3.232 

6.582 ... ... 
6.401 

6.225 

... 
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APPENDIX B.4 

B.4 EFFECT OF TEMPERATURE ON CORROSION RATE FROM THE DEVELOPED 
EQUATION 

MODEL 

Temperature = 333 K 

This involves solving the following differential equation: 

Defining the given data: 

The rate constant is: 

The initial condition is: 

~ - = k ·m_·F .( 1 - F ) dt C ---c 0 S 

k = eXp(A-~) 
C RT 

~:=3 

A:= 21.3 B:= 64851.4 ~:= 8.314 

k := eXp(A -~) 
C R.T 

II\; := IOn := 2 
o 

L := 333 

Fo := 1.9462 

The differential function is: D( t."'c) = [kc -"'c -F~ -( 1 - F s)] 

Defining the period and steps: 

Setting up the integration variable: 

Plotting the solution: 

L := 120 

i := O .. N 

Ji:= 64 

II\;. := Soli , 1 
1 
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1%. = 
1 

10 0 0 

9.44 2 0.56 

8.912 4 1.088 

8.414 6 1.586 

7.943 8 2.057 

7.498 9 2.502 

7.079 11 2.921 

6.683 13 3.317 

6.309 15 3.691 

5.956 17 4.044 

5.623 19 4.377 

5.308 21 4.692 

5.011 23 4.989 

4.731 24 5.269 

4.466 26 5.534 

4.216 ... ... 
3.98 

3.758 

... 



APPENDIX C.l 
• 

C.l EFFECT OF CORROSION SCALE ON CORROSION RATE FROM THE DEVELOPED 
-y 

MODEL EQUATION 

Corrosion scale = 0.5462g 

This involves solving the following differential equation: 

~ - = k ·m_·F .(1 - F ) dt C ---c 0 S 

k = exp(A-~) 
C RT 

Defining the given data: ~ :=3 

A:= 21.3 B := 64851.4 ~:= 8.314 1, := 313 

The rate constant is: k := exp(A - ~) 
C RT F 0 := 0.5462 

The initial condition is: II\; := 10 n := 2 
o 

The differential function is: D(t,II\;} :~ [kc°II\;L(I-Fs)] 

Defining the period and steps: 1,:= 120 Ji:= 64 

Setting up the integration variable: Sol := rkfixe~ II\; , 0 , T, N , D) 

Plotting the solution: i:= O .. N II\;. := S04, 1 
1 
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• 

. . 

~. = 
1 

10 

9.551 

9.122 

8.713 

8.322 

7.948 

7.592 

7.251 

6.925 

6.614 

6.318 

6.034 

5.763 

5.504 

5.257 

5.021 

4.796 

4.581 

... 

0 0 

2 0.449 

4 0.878 

6 1.287 

8 1.678 

9 2.052 

11 2.408 

13 2.749 

15 3.075 

17 3.386 

19 3.682 

21 3.966 

23 4.237 

24 4.496 

26 4.743 

... ... 



• 
APPENDIX C.2 

C.2 EFFECT OF CORROSION SCALE ON CORROSION RATE FROM THE DEVELOPED 
MODEL EQUATION 

Corrosion scale (FO) = 0.9462g 

This involves solving the following differential equation: 

Defining the given data: 

The rate constant is: 

The initial condition is: 

clrrt - = k ·m_·F .( 1 - F ) dt c --1,; 0 S 

k = exp(A-~) 
C R.T 

~:=3 

A:= 21.3 B := 64851.4 ~:= 8.314 

k := exp(A -~) 
C R.T 

II\; := IOn := 2 
o 

1,:= 313 

Fo := 0.9462 

The differential function is: D( (,11\;) :~ [kC·11\; :o( 1 - F s)] 
Defining the period and steps: 

Setting up the integration variable: 

Plotting the solution: 

1,:= 120 lL:= 64 

Sol := rkfixe~ II\; , 0 , T,N ,D) 

i:= O .. N ti := Soli 0 , II\;. := Soli , 1 
1 
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IDe. = 
1 

10 0 0 
9.738 2 0.262 

9.484 4 0.516 

9.235 6 0.765 

8.994 8 1.006 

8.759 9 1.241 

8.529 11 1.471 

8.306 13 1.694 

8.089 15 1.911 

7.877 17 2.123 

7.671 19 2.329 

7.471 21 2.529 

7.275 23 2.725 

7.085 24 2.915 

6.899 26 3.101 

6.719 28 3.281 

6.543 30 3.457 

6.372 32 3.628 

6.205 34 3.795 

6.043 36 3.957 

5.885 38 4.115 

5.731 39 4.269 

5.581 41 4.419 

5.435 43 4.565 

5.293 45 4.707 

5.154 47 4.846 

5.019 49 4.981 

4.888 51 5.112 

4.76 53 5.24 

4.636 54 5.364 

4.514 56 5.486 

4.396 58 5.604 

4.281 60 5.719 

... ... ... 



APPENDIX C.3 

C.3 EFFECT OF CORROSION SCALE ON CORROSION RATE FROM THE DEVELOPED 
MODEL EQUATION 

Corrosion scale (FO) = 1.4462g 

This involves solving the following differential equation: 

dl% 
- = k ·m_· F .( 1 - F ) dt C ---c 0 S 

B(P<£'03) 

k 
~pt!.'V3)-~ -e .t 

r(Fe~) -

k = exp(A-~) 
C R-T 

Defining the given data: ~:=3 

,A:= 21.3 B := 64851.4 ~:= 8.314 ,I:= 313 

The rate constant is: k := exp(A - ~) 
C R.T 

Fo := 1.4462 

The initial condition is: 1% := 10 n := 2 
o 

The differential function is: D(t,IIt)~ [kCIIt·: o( 1 - F s)] 

Defining the period and steps: ,I:= 120 

Setting up the integration variable: Sol := rkfixe~ 1% ' 0 , T ,N , D) 

Plotting the solution: i:= 0 .. N ti := Soli 0 , 1%. := Soli , 1 
I 
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I11c. = 
1 

10 0 0 

9.828 2 0.172 

9.659 4 0.341 

9.493 6 0.507 

9.33 8 0.67 

9.169 9 0.831 

9.012 11 0.988 

8.857 13 1.143 

8.704 15 1.296 

8.555 17 1.445 

8.408 19 1.592 

8.263 21 1.737 

8.121 23 1.879 

7.981 24 2.019 

7.844 26 2.156 

7.709 28 2.291 

7.577 30 2.423 

7.446 32 2.554 

7.318 34 2.682 

7.192 36 2.808 

7.069 38 2.931 

6.947 39 3.053 

6.828 41 3.172 

6.71 43 3.29 

6.595 45 3.405 

6.482 47 3.518 

6.37 49 3.63 

6.261 51 3.739 

6.153 53 3.847 

6.047 54 3.953 

5.943 56 4.057 

5.841 58 4.159 

5.74 60 4.26 

... ... ... 



APPENDIX C.4 

C.4 EFFECT OF CORROSION SCALE ON CORROSION RATE FROM THE DEVELOPED 
~ 

MODEL EQUATION 

Corrosion scale (Fa) = 1.9462g 

This involves solving the following differential equation: 

dI% 
- = k ·m_ ·F .( 1 - F ) dt C ---c 0 S 

k = exp(A-~) 
C R.T 

Defining the given data: ~:=3 

A:= 21.3 B := 64851.4 ~:= 8.3 14 J.,:= 313 

The rate constant is: k := exp(A - ~) 
C RT Fo := 1.9462 

The initial condition is: 1% := 10 n:= 2 
o 

The differential function is: D( t,II\;) :~ [kc "II\;" :0 -( 1 - F s)] 

Defining the period and steps: J.,:= 120 Ji:= 64 

Setting up the integration variable: Sol := rkfixe~ 1%, a , T, N , D) 

Plotting the solution: i:= O .. N tj := Solj 0 , m _ := Solj 1 ---c. , 
1 

.~ 

----------------------......... ... 
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1%. = 
I tj = 

10 0 0 

9.872 2 0.128 

9.746 4 0.254 

9.621 6 0.379 

9.498 8 0.502 

9.376 9 0.624 

9.256 11 0.744 

9.137 13 0.863 

9.02 15 0.98 

8.905 17 1.095 

8.791 19 1.209 

8.678 21 1.322 

8.567 23 1.433 

8.457 24 1.543 

8.349 26 1.651 

8.242 28 1.758 

8.137 30 1.863 

8.032 32 1.968 

7.929 34 2.071 

7.828 36 2.172 

7.728 38 2.272 

7.629 39 2.371 

7.531 41 2.469 

7.435 43 2.565 

7.339 45 2.661 

7.245 47 2.755 

7.153 49 2.847 

7.061 51 2.939 

6.971 53 3.029 

6.881 54 3.119 

6.793 56 3.207 

6.706 58 3.294 

6.62 60 3.38 

... ... ... 



APPENDIX D.I 

D.l EFFECT OF MINERAL FACTOR (IRON II OXIDE CONTENT OF MILD STEEL) ON 
CORROSION RATE FROM THE DEVELOPED MODEL EQUATION 

Mineral Factor (Fe II content ofthe Mild steel): (Fs) = l.Sg 

This involves solving the following differential equation: 

dl% 
- = k ·m_·F .( 1 - F ) dt C ---.; 0 S 

k = exp(A-~) 
C R-T 

Defining the given data: ~ := 3 

A:= 21.3 B := 64851.4 ,R..:= 8.314 ,I := 313 

The rate constant is: k := exp(A -~) 
C R.T 

Fo := 0.9462 

The initial condition is: 1% := 10 n:= 2 
o 

The differential function is: D(t,"\;) :~ [kc·"\;·:JI-Fs)] 

Defining the period and steps: ,I:= 120 

Setting up the integration variable: 

Plotting the solution: i:= 0 .. N 1%. := Soli, 1 
1 
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• II1c. = 
1 

10 0 0 
9.738 2 0.262 

9.484 4 0.516 

9.235 6 0.765 

8.994 8 1.006 

8.759 9 1.241 

8.529 11 1.471 

8.306 13 1.694 

8.089 15 1.911 

7.877 17 2.123 

7.671 19 2.329 

7.471 21 2.529 

7.275 23 2.725 

7.085 24 2.915 

6.899 26 3.101 

6.719 28 3.281 

6.543 30 3.457 

6.372 32 3.628 

6.205 34 3.795 

6.043 36 3.957 

5.885 38 4.115 

5.731 39 4.269 

5.581 41 4.419 

5.435 43 4.565 

5.293 45 4.707 

5.154 47 4.846 

5.019 49 4.981 

4.888 51 5.112 

4.76 53 5.24 

4.636 54 5.364 

4.514 56 5.486 

4.396 58 5.604 

4.281 60 5.719 

... ... ... 
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APPENDIX D.2 

D.2 EFFECT OF MINERAL FACTOR (IRON II OXIDE CONTENT OF MILD STEEL) ON 
CORROSION RATE FROM THE DEVELOPED MODEL EQUATION 

Mineral Factor (Fe II content ofthe Mild steel): (Fs) = 1.7g 

This involves solving the following differential equation: 

Defining the given data: 

The rate constant is: 

The initial condition is: 

~ - = k ·m_· F .( 1 - F ) dt C ---c 0 S 

k = exp(A-~) 
C R-T 

~:=3 

A:= 21.3 B := 64851.4 .!t.:= 8.314 

k := exp(A -~) 
C R.T 

II\; := IOn := 2 
o 

1::= 313 

Fo := 0.9462 

The differential function is: D( t,"'c)~ [kc"'c :0 -( 1 - F s)] 

Defining the period and steps: 1::= 120 

Setting up the integration variable: 

Plotting the solution: i:= O .. N II\;. := Soli , 1 
1 
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Il\:. = 
1 

10 0 0 

9.636 2 0.364 

9.285 4 0.715 

8.946 6 1.054 

8.62 8 1.38 

8.306 9 1.694 

8.004 11 1.996 

7.712 13 2.288 

7.431 15 2.569 

7.16 17 2.84 

6.899 19 3.101 

6.648 21 3.352 

6.406 23 3.594 

6.172 24 3.828 

5.948 26 4.052 

5.731 28 4.269 

5.522 30 4.478 

5.321 32 4.679 

5.127 34 4.873 

4.94 36 5.06 

4.76 38 5.24 

4.587 39 5.413 

4.42 41 5.58 

4.259 43 5.741 

4.103 45 5.897 

3.954 47 6.046 

3.81 49 6.19 

3.671 51 6.329 

3.537 53 6.463 

3.408 54 6.592 

3.284 56 6.716 

3.165 58 6.835 

3.049 60 6.951 

... ... ... 



APPENDIX D.3 

D.3 EFFECT OF MINERAL FACTOR (IRON II OXIDE CONTENT OF MILD STEEL) ON 
CORROSION RATE FROM THE DEVELOPED MODEL EQUATION 

Mineral Factor (Fe II content ofthe Mild steel): (Fs) = 1.9g 

This involves solving the following differential equation: 

d1% 
- = k ·m_·F .( 1 - F ) dt C ---c 0 S 

k = exp(A-~) 
C R.T 

Defining the given data: ~:=3 

,A := 21.3 B := 64851.4 ~:= 8.314 ,1 := 313 

The rate constant is: k := exp(A - ~) 
C R.T 

Fo := 0.9462 

The initial condition is: 1% := 10 n := 2 
o 

The differential function is: D( t,,%) :~ [kc'%" :0 -( 1 - F s)] 

Defining the period and steps: ,1 := 120 

Setting up the integration variable: Sol := rkfixe~ 1% ' 0 , T, N , D) 

Plotting the solution: i:= O .. N tj := Soli 0 , 1%. := S04 , 1 
1 

,it := 10 - 1%. 
I 



8 

"""' 6 
0.0 
'-/ 

ca 
+-> 
Q) 

~ 
4-; 
0 
fJ) 

~ 
~ 

4 

2 

0 

.---------.---------.---------~--------~--------~10 

, , 
, , 

, , , , 

, , , , 

, , , , , , , , , 

0 

, , , 

, , 

, , 

480 

-- Mass of Metal 
Weight Loss of Meta 

8 

6 

4 

2 

0 

960 1.44x lO 
3 l.92x lO 3 2.4xlO 

Time (days) 

"""' 0.0 
'-/ 

ca 
+-> 
Q) 

~ 
4-; 
0 
fJ) 
fJ) 

0 
.....:l 
.E 
0.0 ..... 
Q) 

~ 

3 



1%. = 
1 

10 0 0 

9.534 2 0.466 

9.09 4 0.91 

8.666 6 1.334 

8.262 8 1.738 

7.877 9 2.123 

7.51 11 2.49 

7.16 13 2.84 

6.827 15 3.173 

6.509 17 3.491 

6.205 19 3.795 

5.916 21 4.084 

5.64 23 4.36 

5.378 24 4.622 

5.127 26 4.873 

4.888 28 5.112 

4.66 30 5.34 

4.443 32 5.557 

4.236 34 5.764 

4.039 36 5.961 

3.851 38 6.149 

3.671 39 6.329 

3.5 41 6.5 

3.337 43 6.663 

3.181 45 6.819 

3.033 47 6.967 

2.892 49 7.108 

2.757 51 7.243 

2.629 53 7.371 

2.506 54 7.494 

2.389 56 7.611 

2.278 58 7.722 

2.172 60 7.828 

... ... ... 



APPENDIX D.4 

D.4 EFFECT OF MINERAL FACTOR (IRON II OXIDE CONTENT OF MILD STEEL) ON 
CORROSION RATE FROM THE DEVELOPED MODEL EQUATION 

Mineral Factor (Fe II content of the Mild steel): (Fs) = 2.1g 

This involves solving the following differential equation: 

~ - = k ·m_· F .( 1 - F ) dt C --\; 0 S 

k = exp(A-~) 
C R.T 

Defining the given data: ~ :=3 

A:= 21.3 B := 64851.4 ~:= 8.314 I,:= 313 

The rate constant is: k := exp(A - ~) 
C R.T 

Fo := 0.9462 

1% := 10 n:= 2 
o 

The initial condition is: 

The differential function is: D(t,Il\;) :=[kcIl\;-:o{l-Fs)] 

Defining the period and steps: I,:= 120 .J::!v:= 64 

Setting up the integration variable: Sol := rkfixe~ 1% ' 0 , T, N , D) 

Plotting the solution: i := O .. N ti := Soli, O m_ := Soli 1 --\; . , 
1 

,it := 10 - 1%. 
I 
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1%. = 
I 

10 0 0 

-+ 9.433 2 0.567 

8.899 4 1.101 

8.395 6 1.605 

7.919 8 2.081 

7.471 9 2.529 

7.047 11 2.953 

6.648 13 3.352 

6.271 15 3.729 

5.916 17 4.084 

5.581 19 4.419 

5.265 21 4.735 

4.966 23 5.034 

4.685 24 5.315 

4.42 26 5.58 

4.169 28 5.831 

3.933 30 6.067 

3.71 32 6.29 

3.5 34 6.5 

3.302 36 6.698 

3.115 38 6.885 

2.938 39 7.062 

2.772 41 7.228 

2.615 43 7.385 

2.467 45 7.533 

2.327 47 7.673 

2.195 49 7.805 

2.071 51 7.929 

1.953 53 8.047 

1.843 54 8.157 

1.738 56 8.262 

1.64 58 8.36 

1.547 60 8.453 

... ... ... 
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' PREAMnLE ' , .' ,'.. . , ," .,' 
. I . ." "., .' J " "l l 

The corrosion rate of cooling water was evaluatc(j' by inserting' three' n. ,·ked . coupons in thc ~: 
colum~ provided ~n the cooling wat~~ retu'rn 'line ani a'nalyzed after ' ... : ·.'days of immersion ' 
'period: ' . .' . .: . 

2.0 OBSERVATIONS ~ I It . 
' ,' . 

:· 3.0 . 
SI 
N < 

I. 
2. 
3. 

4.0. 

5.0 

:,' , ,.,' ':"' , :, 
2.1 On withdrawal of coupons, little brow~ish dC'p~sits were obs'; ved on part ' of th( 

. coupons' surfaces. " . . . . 
. ~ .~;.'fter c1eaningand pickling, cor~osio~ ~aS~obseryed on the coupor. : . . ," .' ': !; . 
1.3 ' ,Water flow was approximately 111)/sec throughout the pe~iod of cc; ;)on inse~ion. .' .;:. 

, I" • 

" . I , ', /~ ,. ." ~; ' ", , , . ,;, ; ~ , 

EVALUATION 
COID)ON ' INITIAL FINAL SURFACE 
NO: WEIGHT WEIGHT AREA;A " 

(gm) WII . . (gm) W12 . : (dml) .. :. 

008 . , 
11.3698 11 .3394 0.31 

041 11.4102 11.3874 0 ~31 
068 11.5108 11.4764 0.31 

/ .... orrosir!'l ··\··,,,,,, !vi D -: 1 \1' , - \~ I -1. <0 'I (\: :: v .• ., .. . , ~.~:.'J ~ 

A+-D 
~ , ' 

Average corrosion Rate = 1.0323MDD 
ACCEPTABLE KURITA STANDARD 

, 

; 

o 10MDD Very Good 
10 20MDD Good 

LOSS IN ', 
WEIGHT 
(gm') . 
0.0004 
0.0228 
0.0344 

21 Above Notsatisfactorv . . . 
' . . 

. CONCLUSION 

RESID 
TIME, 
(days) 
60 ·· 
60 . 
60 

. The avcral!c corrosion ratc or I.0323MDD ~Iw\\;s tbat the cooling water 
~ ~ 

,is VERY GOOD going be KURITA Standard. 4 . 
, , ' 1" ." ~', , ' , , , ' " t.,' " 

,'~" I , 6' .,., '. 
RECOMMENDATION 

~~~ " 
·M. Hi~YATllDEEN 
SUPT .. PPU/OFFS1TE 

.. 
" . 

·:NT., CORROSION: ' 
-, RATE (MDD) · : 

1 
' ; ~ " 

0.0215 
, 

: 

1.2258 ' , . . 

.. 1.8495 ". " " 

" " 
, 

.' ;atmcnt programl~1C! 

CC': ED.o. METSD. MtvITCF. MI'PU. MFSI~ .. \ 
..' 

~. I 
A- (1 ('r r-f\) nil +' 1 

. , 
j. 

----~----------~-----, 
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:. !I, OBSERVATIONS 

, , . 

, 
, ,1 .. . 

.' 
" 

, I ,,' 

..' r: 
'" 0 , 

" 

2.1 On withdrawal of coupons, brownish deposits were observed o.n PaIt of the coupons' 
surfaces. . . 

:~.I!' After cleaning and pickling, corrosion was obs~rved on the coupons. 
2:3 Water flow was approximat~ly . 1 m/scC throughout ~he period of coupon insertion. 

,., .; '. :, ~ ... ,), ,.< : .. ": I; ,:;, ,', ,," . ~ '. ,', ...., . . .,j:" , ' 
,. . " ," , . 

' ,i EVALUATION . ~ 
"' .. : 
'~~'1 

COUPO~ INITIAL FINAL SURFACE 
NO. WEIGHT WEIGHT 

. I ., 

' AREA,A ~ ' 
; (gm) Wtl (gm) W~ (c 1) '. 

" 
dm · ' 1 

019 11.3585 11,2997 0.31 ' , " 

057 11.5171 11.4592' 0.31 ' 
, 070 1 J.~,78Q 11.1919' 0.31' "i 

" 
, ' .. 

, . . 

C:Irr,'~ion Rat:;', [\,)'01:,:", ':"~.~I1.L~~: .>." : 
A ~ D ' .. 

!\"f!I"'AgC c,')rrosion Rate = 5.4427MDD 
, ACCEPTABLE KURITA STANDARD 
o 10MDD Very Good 
10 20MDD Good '.' 

LOSS~ 
: WEIGHT 

' (g~) 
'0.0588 .' 

" 0.0579 
0.187 
".'!:~ I ': . : .. 

,iI' 

11 Above '. 'Not satisfactory 
: , 

, ' 

, ,Il .. CONCLUSION 

RESIDENT CORROSION 
TIME,D ' RATE(MDD) 
_(days) ", 

60 . . . 3.1613 , 

60 3.'1129 I 

60 1 O.t)S:~ 3 ; 

", .. 
" 

i : 

Thcaveragc! corrosion rate of 5.4427MDD shows that the c~oling water treatment programll1c 
is V~RY GOoq going by KURITA Sumdnr~:'''~ ,,':,;- ,. , '. :',, ' .;; 

. , ' " . . " , . . ~ , ' : . .., 
. 11 RE(,OM~fENDATION . , 

Thc:'currcnt cooling watcr trc<ltmcnl prognunmc sh~)Uld be m~lintuinc:d. · 
. t. ' · 

'. '·,.' ,'H 'TORS '0l{2:-~~ 
:!': :: , ·\KOG\.JN -dtt/'1~r: 
.. ; .. \ .\llEWARA J.:~5fu;; 
. ',' , ' ,' (II 

':: ," ; , " 

..:.irJ·:·' . '(~ 
.. : I • 

. '~ ! ". . 

CHlEFilNSPECTOR 
,' ,' .! . . . ' ,;,.;", .. 

" ' 
! . 

!. \)~), METSD, MMTCE. MPPU. MFSE 

. . 
" 

" ,, :. 
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2.0 OBSERVATIONS .j . ' , c,. : : 
. ... , • • I . " ': , ' .. t .- ., 1 

30 . 
SI 
N 

1. 
2. 
3. 

, 2.1 . On withdrawal of coupons, slight brownish deposits were obseryed on part <?f the . 
, rfac ' . I : ,', 't I , , .. I , I I . '" ' 

'coupons su cs. ' ., . Ii:' '. ' , ' ,: ; ..' . '; 

2.2~ Xfter cleaning and pickling, minor cOrrosion )V~ observed on the coupons. .:;. j': 
• '.. , "I , . I \ . . ! 

·2.3 Water flow was approximately 1m1s.ec .throughout the period of coupon insertion ... : 
.. ' . ' : I \ ' 'r'- I ~ I ' ':' : . '.' .' :~ ' . . '. : ... . : . . , ':. 

. EVALUATION 
COUPON INITIAL FINAL. SURFACE : LOSS IN RESIDEl'ff: CORROSION ' 

. , .- .j, 

NO. WEIGHT WEIGHT AREA,A :: WEIGHT 
(2m) W,. (2m) Wu . (dm1) '\' t· ' (2m) ' ,:~.' ' 

·oor 11.5148 . , 11.5122 0.31 , . 
! ' 0~0026 " , 

027 11.5182 11.5147 . 0.31 
060 11.4175 11.4147· 0.31 

~orrosion Rate, MDD = (%.1. - WiJ • 10J 
A*D 

Average corrosion Rate = O.1495MDD . . 
AC~EPT ABLE KURITA STANDARD ' 

' . 

o ' . 10MDD Very Good 
10 20MDQ. Good . ... 
21- Above Not satisfact~ry 

0.0035 
0.0028 

. " 

TIME,D: ',., ~~(MDD) ' 
(day.) ';." , .', • I ' ~" 

64 " 
. .. 0.131 : ! ' 

64 I .' ,0.1764 .. ,. 
64 0.1411 ' , 

.-

. 4.0 CONcLuSION 
' . 

. '. 
The average corrosion rate ofO.1495MDD shows '~hat.the cooling.water treatment programme " 
is VERY .GooD going by KURITA Standard. ' . ~'" " . . ' :.. .. ,. 

, , ' 

! L. < .' .' 5.0 . RECOMMENDATION : . ..' l · · , . 
I ,: " ., : ';': , :. The current Cooling water treatment programme sho'urd' be miuntained. 
I . \ 

\...~. 
~rL . <' 

,; ,. IJ;Uw;;ff9 . :~~r 
:.:' · ':U.P. AKOGUN S.O. AYENI .-

· . .' n ······ .. ····.~. 

."'~ , .T.~ AMWE :' .. ' 
. INSPECTOR . CHIEF INSPECfOR Ag.:DM.I&T :. 
'CC: EDO;METSD, MMTCE, MPPU,MFSE 

. , 

.'- ,'" 
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;sr~~~· ' t!:.L·~':~KRPC.'~ -The pride. oflhc '. 
. L:,::,'/': ': .' .iINSPECTION REPORT:; 

.' '3.0 EVALUATION OF DATA 
. S/ '; COUPON INITIAL .' FINAL SURFACE .' 

IN NO~ " WEIGHT WEIGHT AREA,A 
. , '(gm) Wt\ · ' . 

(~m) Wt2 ' '(dm) 2 : 
1.' '. 022 11.3927 . 11. 171) 0.31 ' 

12. " , 055 11.4827 · 11.268"6 0.31 
• 3. 059 I L4987 . 11.2721 0.31 

1 

. Corrosion Rate, MDD = (Wt\ . Wt2) x 10" 
, 

. ~ ! . ' AxD 
\ 

L 
. Average Corrosion Rate"= 11.81 MDD 

IN PECTORS ' .J.--...:.::;i!c> ' 
.P.AKOGUN ~ 

\ - R.~ A~EWA~. u- .~U . 

CC: EDO. METSD. MMTCE, MPPU. MFSE 

. ' . 

. ;. 

.' 

LOSS IN·.·· 
'WEIGHT': 
(I " I) , ., .l. ~gm ' I ":',, ,: .1 

0.2185 :" , '" 
0.2141 i 

0.2266 

. ,'.' 

, 

RESIDENT,' 
TIME, D: ·· 
(onyis) ". ' . 

., 
60 ' . . 

60 
. ' 60 , 

\. i 

, 
I: . 

i " 

" 

CORROSION .:1 
RATE (MDD) / 

.' , : : .. '( 
., 

11.74T, .1, 

· - - 1 

'11.51 ()7 .. .' , 
--

'12,1827 
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. 

' : .":" ;':~':";:'·"~;""::~I .. I .. ::;,i".'.";·'~:'I;~. :,·.·;,: .. ,;.:··:.i! .:. . ',., . i ';~I--··-~! N S p,!~~ ,nh~:g~:I}O RT; ':;: •.•.• · 
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:.," :. , . DAfJi:: ·.·. 23RD JUl,y,200~, REPORTNO.1840 
.. \ ·; .. ·· AREA: ." . PflU (E0) : : ' 

t~ :-'::'\:'.' UNIT: / '. 74- (COpLING TOWER) , . 

'. ITEM: i . COOLING WATER RETURN LINE 
:"" , ·sIiR·YIClt: '·· COULJNG WATEI~ ":. .... . . ... .. ~~ .; " . -.. . . : ..... . , .. .. .... 

. :. :'.' . SUB.TECT: CORROSION TES1 COUPONS' WEIGHT LOSS EVALUATION 
. , , 

1.0 ' INTRODCTION ' 
. , , ' ' 

The corrosio'n rate of cooling water was evaluated by inscrting th,cc marked coupons in 

. i 

,'1. " 

. .. , . 

the column provided on the coling water return linc, and analyzed after 68 days of .. 
immersion period. ' . . . . '-

\ 
i, 
t;..-

\ . 
L. 

\ 

L 

I • 

.; 

I' • : 

2.0 OBSERVATIONS. 
:4.i.I: l' ,. 

2.1 On withdrawal of coupons, brownish deposits' ~erc observed 'on \he coupons' surfaces . 
., '. ' . .," , 

2.1 After cl.eaning and pickl ing, corrosion was observed on the coupo~s. 
2.3 Water flow was approximately I m/sec throughput the period of coupon insertion. 

. , " ,I • , " 
I .. . ., 

3.0 EV ALUA TJON 
,',: .) , ~ . " : 

INITIAL FINAL ' .' ' . 
COUPON . WEIGHT · WEIGHT SURFACE LOSS IN ' RESIDENT CORROSION .. , 

NO (W1) (W2) , AREA (A) . WEIGHT TIME (D) RATE (MOD) 
, ' , .. ' . 

008 11,3411 10.9345 0.31 : ~ 0.4066 68 

04i. ~"' .:l~7i l1,(l{1:i :J ·).31 · \, . Jelj~: 6R 

OGE ~.1. ~ ·i69 11.0717 0.31 "1.4052 6R 

AVERAGE CORROSION RATE'(MOD) = 
CllfTotio<olW.· I(WII.WIl)'I&-JY(A'O) 

ACCEPTABLE KURITA STAHDAAD 

O· IOMOO VtRY GOOD . .. \ 
10 · 20MDD GOOD 

21 · AlII:1Vf. 

4.0 CONCLUSION 

19.28842505 

1G.3017';'i, " 

·:S.91t3814 

'The:average corrosion rate of 18.9374MOO shows that the cooling water treatment is 
GOOD going py KURITA standard. 

~.~. ' . 

5.0 RECPMMENDATIONS 
5.1 The current cooling water treatment programme should be improved upon. 
5.2 KURitA sho~ld make corroison co'upons av~ilable . . '. I 

H.p, AKOGllN M. llA YATllDEEN . , . 

PLANTINS~ECOR ~UPT. PPU/OFFSITE . 

Cc: EDO. METSD. MMTCE, MPPtl. MFSE 

, I 

A.R. SHEHll 

DM,I&T 

'Il . ' .. 

, , 
; ~ , 

. I 
, . ' , 

' 1 ' 

. ' 

t· 

. ,. 

.1 ' 

, ,'r . 
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- The pride ofrhc Na'lion I 
I 

INSPECTION REPORT ,, _ ______ _ 

I Ii i : ilill ' 

,I 
.. -

DATE: 23rd October 20.0.8. REPORT 0.1946 

AREA: III 

UNIT: 16· FCCU 

ITEM: 24"-P-16D77-B11N . 

SERVICE: HYDROCARBON VAPOUR LINE FROM 16E01B -1600.3 ; 

Su6JkcT: Ul TRASO~H~ THldKNESS ME1SUREME~~ U. T. M. SURVEY ON 24" - P - :1607 - B11N 

• 

HYDROCARBON VAPOUR FROM 16E01 B J 16~b3 I 

i i 
I' 

.' I , 
1.0 INTRODUCTION 

2.0 

3.0 

'. 

; 

.As part of the intensive thickness survey being carried out on ihe process piping in the FCCU, Ultrasonic 
I . 

I Thickness Measurement ~. T. M.) su~ey was c~rried ~~t on 24" - P - 1607,' - B11N H drocarbon Vapour 

Line from. 16ED1B -: 1600.3. The result~ obtained atj aSi ~~own In tre table below: 
DESIGN PARAMETERS I . 

The original thick~ss of the line is g,52mm and the Corrosion Allo..yance Is 2.S2mm. 
. I 

U.T.M. RESULTS . I 
I . I . 

Actual .Readlngs (mm)· 

Ref. 1 2-
I 3 4 5* 6 

I 

A 7.5 7.1 7.1 6.8 7.0. i 7.7 

~ 6.8 7.1 6.5 6.5 7.0. 6.8 7.2 

C 7.4 6.0. 7ta 6.9 

D 7.7 7.2 7.1 7.7 

* indicates elbow points 

Excessive metal loss was observed on some sections of the line. 

4.0 RECOMMENDATION 

I I Schedule the 24" '~ P -16977 - 81'1N r.tl: ydrocarbon ,vap~.\lr\:inefrom 16Eo.18 -16Do.3 for re lacement. 

~
" ql iip l ' 

~l .' I ~ 1A.n-' -l,----

~ ,~ 
I. O. FAFJOlU ~.- I : ~:~. TWAKI\ ' l I 
Plant Inspector (WRPC) i Chief Ins~1ctor, ~u~ls . 

cc: EDO,METSD, MMTCE,MPROO,MFSE 
I 

~ . 

. I 

\ .'; 
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- Th~ p~ide' of the Nation ~ :.' 
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·KRPC ;.1 I 

INSPECTION REPORT 

~ . ~ . . . ' , . 
, ' 

. REPORT NO: 321 : :i'R4T~,) .. (,'l7TI-I'MARCH, 2010. 
. ',.,', AREA. ' PPU(EA) _~ " '. '. ~ . .: ~~ ~ ",.' •. : .;; '" ..' ... . . I'; . . •. ". 

:' :i;:: ,~,n>;!::. " 74-. (CO.o~Il':l'G TOWER) : I , t : i ' 

··F ~' !:,:" iT'~l\1/::.: COOLING WATER RETURN LINE ,'; 
I ' .' , ' ,''- " . ': ,; . , 

',J.- 'I ':: ',SERVICE: , COOLING WATER ,,' ,; ': ' , 

. /l :\ .~U~:m;~T: , COR~O.SI~N T~ST COUP~N~' W~IGHT L?SS '~V~U~!lPN 
U ' '!',"': >:: " l.0 INTRODCTION ' 1; '>: -'- ", "" 

;. • •... ,,' ' ; , " , 'II '" ,'. .:' r • I " I 

i 
L: , 

! , ', 

I .. 
\. ! 

I 
L_ ' 

r' ... . I 

/' . 
, " , , 

L: 

, ~ 

L 

\ 
L 

L· 

'. '. . , \'" 

The corrosion rate of cooling water was eV/lluated by ' inserting three marked coupons in 
, the , column provided on the coling water' retu~ l,fne ' a~d 'analyzed ' after 90' days of 
: immersion pcriod. " 

" 2.0 OBSERVATIONS. :i . . > 

.:' 2.1 On withdrawal of coupons, brownish deposits werc observed on thc coupons' surfaces. 
" . ;' " i', ', ' . . . '. 

2.] After cleaning and pickling, corrosion was obscrved on the coupons. " ;, 
. " . " t ' '."' , . 

2.3 Water:'fI't1W-ias approximately I mlsec throughout tl~~"p~ri~d of'~~upo~ inserti~n. :: 
2'.4 Two bolts & nuts' in one of the flanges of the column ~ hou~ing th'e coupons are. bad 

" ,/;: '; .," . . 

3.0 EVALUATION 

COUPON 
NO 

INITIAL 
WEIGHT 
, ' (W1) 

FINAL '" 
WEIGHT SURFACE · LOSS IN~: RESIDENT;-; 

' II :', 

(W2) AR~,(N , WEIGHT"f TIME (D) ;~ , 

CORROSION 
RAT~ (MOD) 

: • I • 2731 , 

2732 

2733 

8.7202 8.5561 0.174 ' . 0:'i641 ,',';:';, 90 .', , ·10.4789272 
'! ' .. ,1 ;: ! 

8.6999 8.551 0.174 0.1489 ' . 90 . ! 

8.709 8.5489 0.174' ' 0.1601 " 90 
, , 

AVERAGE CORROSION RATE (MOD~ = 
CorTOJionRllo- [(W11·WI2)'lO"lV(A'D) 

ACCEPTABLE KURITA STANDARD 
, O·IOMDD . 

IO - 20MDD 

. 21·A8OVf 

4.0 CONCLUSION 

V£~YGOOD 

GOOD 

NOT S4T1SFACTORY 

. " 
9.508301405 

'10.22349936 

10.07024266 

. , 

. ' The average c,orro~ion rate of lO.07024Moo'shows that the cooling ~ater treatment is 
GOOD going by KURITA standard. ' ' , , , 

5.0 RECOMMENDATIONS 

. ·5.1 Replace the . '~a~ bolts and nuts in onc'ofthc 'flange: o;~c column hOU~i~g the co~pons . 
5.2 The current cooling water treatment programme should be :improved upon: 

. . . • I 

:" 

',': U,P. AKOGUN IVJ:, HAYATUDEEN A,&SHEHU 
, ,:, ' 'PLANT INSP,ECOR SUPT. PPU/'OFfSITE ' DM,I&T 

, ' Cc: EDO, METSD, MMTCE, MPPU, MFSE 
! . 

, , 

i 
!, 

I· 
I , 

. .' 

! I 

oj: .• 

; , 

".: . ~ : 

'J, 

. " 
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LO IN1'RUDCTION 

2.0 OBSERV ATfONS. 

2. J On withdrawal ~f coupons, brownish deposits ~cre . observcd on the coupons' surfaces. 
. . : .. . / 

. 2. ~14'~t~~. clca~ing and picklillg, corrosion was obsc~ed ~n ~~ coupon~ . . 

2.3 Water flow was approximately I mlscc throughout the period of coupon ins~rtion. 

1.4 Two 'b~lts & nUts in one 'of the fla~~es of the c~'lumn housing the COyO;5 are bad 

lo EVALUATION '. . ' " , 

COUPON 
NO 

INITiAL 
WEIGHT 
~1) 

FINAL 
WEIGHT SURFACE 

(W2) . AREA (Al 
LOSS IN 
WEIGHT 

; , 

, ' 

" 

, " 

258(> 8.6581 8.348 0.174 0.3101 62 . 2~ .7¥.901'l,4 

2587 8.G544 8.3662 0.174 . 0.2882 62 . 

25:::8 e.443CJ 0.174 ' ,'. : O . 2~"!6 

AVF.R~Gt. CO;1.R0SION t\ATf ~:.~DDI ::: 

ACCEPTABlE KumA STANDARD 

vt~\ GOOC 

GOOO 

21 . A!lOvt_ 

4.0 COl"CLUSION . 
The.average corrosion rate of 25.3646MDD sh~ws that the cooling water treatment is NOT 

SATISFACTORY going by KURITA standard. . 

. ./. 
" ." 

\ I 
t\ ,, ~ ,. ... ;-.. ," / .0- .,_-------. 
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FEDERAL UNIVERSITY OF TECHNOLOGY, MINNA. 

DEPARTMENT OF CHEMICAL ENGINEERING , 
\ 

..:. \ .., 

QUESTIONNARE ON THE TOPIC:-

. ~ , 

!t 
1 

\i'" -; 
L SAFETY ASSESSMENT OF PRODUCTION PLANT IN NIGERIA; A CASE STUDY OF KADUNA 

.. 

, 

REFINERY PETROCHEMICAL COMPANY (KRPC); CORROSION DEVELOPM~NT MECHANISM . 

28TH MAY, 2008 

Dear respondent, 

You are kindly requested to complete this questionnaire that is designed to elicit information 

on "Safety Assessment of Kaduna Refinery Petrochemical company" (KRPC} 

You are one of the few ones selected for the purpose of this study, therefore, sincere 

responses are thus required. 

Section A: - [Personal Data] 

[Please fill the gaps in this section] 

1. Name of your Department in the Company ..................................................................... ..... . 

2. Sex ................................................................................................................................................ . 

3".' b Jo designation ......................................................................................................................... .. 

4. Your years of working experience in the KRPC .................................................................... . 

Section a: [Personal observations] 

[Please respond flPpropriately to the following items, by fill in the space provided] 

5. What are the most commonly used corrosion monitoring system in KRPC? 

6. What are the constraints to corrosion monitoring in KRPC? 

............................. ~ ............................................................................... , ............................... . 

...... ................................. .. ...... ... ................ ....... .............. .... ........ ...... ......... ..... ... ............... ..... 

.... ..... ...... .... ......................... ..... ............... .......... ...... ... ...... .............. .... .... ... ... ... ... ... ....... .. ....... 

. . (~ 

I r 



L • 

~ . t ,~ 
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8. 
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. ................. ..... .. .... ................... ............ .... ................................. ............................................ . 

.................. ........ ... ............ ........ ... ....... .. .................. .. ...... .... ......... ... .. ..... ..... .... ........... ... ... ... .. . 

.................. .......................................................................................... .... .............. ................ . 
.,,;. \ MOt' ............................................................................... 

How many times has accident occurred in KRPC as a result of equipment failure in the 

past five years? 

........................................................................................................................ .... .. ................. ..... .. 

How often do they do Turn-Around-Maintenance [TAM] in KRPC? 

......................................................................................................... ................................................... 

......... ..................... .................. .. .... ................................. ................................................................. 

9. What were the reasons for poor performance by KRPC in the execution of TAM '98 

project? 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • ••••••••••••••••••••••••••••••••••••••••••••••••••••••••• p •••••••••••••••• • •••••••••••••••••••• 

~ection C: [Personal Assessment] . 
- [Please respond appropriately to the items below by putting a tick [X] in a~y of the three 

columns as the alternative that best represent your assessment and evaluation to each request] 

.; 

10. How do you rate KRPC Performance? 

11. How do you rate KRPC Turn-Around

Maintenance? . 

12. How can you rate the integrity of 

equipments in KRPC? 

13. To what extent can you assess the 

safety of production Plants in KRPC? 

GOOD FAIR BAD DO Not 

KNOW 


