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EXECUTIVE SUMMARY

The ever-increasing energy demands encourage efficient means of energy
transport. While pipelines transport gas and oil in bulk quantities, transmission lines
enable bulk transportation of electrical energy. Both transportation systems are vital

to meet energy demands.

The pipelines and transmission lines transport energy from supply points to demand
centers. Pipelines and Transmission lines need to be installed linearly. The number
of pipelines crossing or running parallel to one another at multiple locations is
increasing daily. Energy corridors are increasing where pipelines and transmission
lines are laid in proximity. Electric flow in transmission lines results in AC
interference on nearby pipelines. Such pipelines are usually underground, provided
with suitable corrosion-resistant coatings, and supplemented with cathodic

protection systems.

The AC corrosion due to nearby transmission lines remains complex and continues
to surprise the pipeline Industry with continued deterioration. Several studies have
been undertaken to establish and understand various factors affecting AC corrosion.
While these studies contribute to a better understanding and guide the industry to
look for specific aspects, the Industry problem of AC corrosion continues to grow.
It is time to look for practical elements the industry can adopt to control the vital

components responsible for AC corrosion.

This study attempts to solve the industry problem by addressing the vital
components of AC density, protection potential, and coating stress voltage. The
study considers a unique in-house experimental setup to compare various pipe
grades in similar test conditions. The comparison proves that no pipe grade can

sustain high AC corrosion, and the performance of some pipe grades is relatively

Vi



better at low AC interference levels. This aspect can help the selection of pipe
grades at the design time, especially where AC corrosion is not likely due to the

absence of transmission lines in remote areas.

Further research also summarizes that the Zinc and Magnesium Anodes fail to
provide requisite protection to pipelines under high AC interference. Previous

studies for specific pipe grades validate weight loss test results.

The application of modeling through a state-of-the-art software tool demonstrates
the viable solution for predicting AC interference based on several parameters,
including transmission line data, pipeline characteristics, soil resistivity, and soil
pH. The validation of the modeled parameters with the actual parameters collected
in the field enables cross-checking the solution, thereby taking corrective actions

to reduce/account for the variations.

Mitigation measures to control AC interference are modeled, and their effect is
predicted before costly mitigation measures are implemented. The
addition/deletion of mitigation measures becomes handy through the modeling

solution.

Summarizing the unique experimental and modeling work enables the
identification of the Risk Matrix to prioritize depending on the likely severity of
AC corrosion, and the industry can deploy the corresponding corrosion model for

effective AC corrosion management.

vii



PREFACE

The primary motivation for this research began with daily concerns faced by the
pipeline industry concerning the safety of the pipeline systems. Pipeline engineers'
primary objective is to ensure pipeline integrity, and they look for a maintenance
methodology that will assist them in reducing the chances of pipeline failure at an
optimized cost. The AC corrosion threat to the pipelines is increasing daily, and
Industry is struggling to change/modify its maintenance practices to minimize the
danger. In India, little work exists on this aspect of AC corrosion, and a practical

solution for reducing AC corrosion needs immediate attention.

The author is well aware of the pipeline integrity threat, given India's increasing
network of transmission lines. Interestingly, due to improved and better pipeline
coatings with few defects, the AC corrosion threat has become more pronounced
as the AC density at the defect points can be enormously high, leading to the quick

failure of pipelines.

Besides, AC corrosion is now known to cause a pipeline rupture; thus, the quantity
of leakage of highly volatile hydrocarbons (vapor or liquid) may be enormous as to
other modes of pipeline damage, and the quantum of environmental and public
safety risk is much higher. Considering the above, the present research is pertinent

and needs the pipeline industry's hours.

Ny
Ajit Kumar Thakur

Guwahati, Assam, India

April 2023

viii



ACKNOWLEDGEMENT

The author expresses gratitude to the UPES (University of Petroleum and Energy
Studies) for permission to conduct this research. The author is grateful to the

administration and setup of the University for their support and encouragement.

Thanks to the Faculty Research Committee (FRC) for guidance, researching the
topic of interest, and providing continual support with valuable inputs to improve

the thesis.

The author expresses tremendous gratitude to the esteemed guide, Dr. Adarsh
Kumar Arya, and co-guide, Dr. Pushpa Sharma, for their proactive help, guidance,

and trust during the work.

The author acknowledges the support extended by renowned industry expert Mr. K

B Singh for his help with pertinent and accurate information on the subject.

Last, the author acknowledges the invaluable support extended by his wife
Sumedha and sons Aprajit and Shaurya, who supported them wholeheartedly,
sacrificing their comfort and adjusting to the author’s frequent absence on multiple

family requirements.

Ny
Ajit Kumar Thakur
Dehradun, 2023



TABLE OF CONTENTS

DECLARATION .....ooitiiiiieee ettt ettt ve s il
THESIS COMPLETION CERTIFICATE......cccoiiiieeeeeeeeeeeeeeeee iv-v
EXECUTIVE SUMMARY ..cooiiiiiiiiicieieeeeetete ettt vi-vii
PREFACE ..ottt sttt ae et et saaeaeenaenseennans viii
ACKNOWLEDGEMENT ......oooiiiiiiee ettt ix
TABLE OF CONTENTS. ..ottt ettt sa e ae s X-Xil
LIST OF ABBREVIATIONS......ccteiieietteieetete ettt eneens xiii
LIST OF FIGURES ......ouiiiiiiieeeeeeeeeet ettt X1V-XV
LIST OF TABLES ... oottt XVi-Xvil
CHAPTER 1: INTRODUCTION ......ocoiiieiieieetieieeieie et 1-8
I[.1  BACKGROUND........cotiiitieteeteee ettt 1-2
1.2 THEOR ...ooiicieeeecee ettt et et enaens 3-4
1.3 PROBLEM STATEMENT ......ocoiiiiiiiiiieieeeeteee ettt 5
1.4 NEED AND MOTIVATION .....coooiiiiiiieeeeeeeeeeie e 5-7
1.5  OBIECTIVES ..ottt 7-8
1.6 RESEARCH METHODOLOGY .....ccooiiiiieieiieieeiieieeiesie e 8
CHAPTER 2: REVIEW OF LITERATURE........ccocoviiiiieeeeeeeeeeeee 9-31
2.1  RESEARCH METHODOLOGY .....ccoeetiiieriieieniieieeienieeee e 9-10
2.2 PIPELINE FAILURE AND CORROSION.......cccoovieiiieeeieeeeeee 10-11
2.3  ALTERNATING CURRENT INTERFERENCE ON PIPELINES.11-13
24  COLLOCATED TRANSMISSION LINES AND PIPELINES. ....... 13-16
2.5 ACINTERFERENCE SOURCES........ccccotiiiiiieiirieie e 16-17
2.6  INVESTIGATIONS OF AC CORROSION OF PIPELINES .......... 17-21
2.7 AC CORROSION ......ooiiiieieiiciecteeie sttt 21-31
CHAPTER 3: EXPERIMENTAL WORK ......ccccviiiiiiiiceeeeee e 32-42
3.1 POTENTIOSTATIC AND GALVANOSTATIC TESTS.......ccoveu.e. 32



3.2  ELECTRICAL CIRCUIT ....cccciiiiiiiiiiii et 32-36

3.3 TEST CONDITIONS ......cocoiiiiiiiiiiiinicieceece e 36-38
3.4  EXPERIMENTAL ARRANGEMENTS ......cccooiiiiiiniiiiniiiee 39-40
3.5 DATA COLLECTION.....cccciiiiiiiiiiiiiie e 40-42
CHAPTER 4: MODELING WORK ........ccccccoiiiiiiiiiiiiiiiccccc 43-62
4.1 MODELING METHOD AND SOFTWARE ........ccccceoiiiiiiiinn. 43-44
4.2  MODELLING CONDITIONS.......cooiiiiiiiiiiieeeeeeeeeee e 44
43  MODELLING ACTIVITIES .....ccooiiiiiiiiiiiiiiiciceeeccee 44-49
4.4 INDUCTIVE AC INTERFERENCE COMPUTATION.................. 49-51
4.5 TOTAL INTERFERENCE COMPUTATION — STEADY STATE 51-53
4.6 MODELLING PROCEDURE FOR FAULT CONDITION............ 53-54
4.7  SOIL RESISTIVITY AND pH STUDY ....cccooiiiiiiiiiiiiiiiiiee 55-56
4.8  FAULT CURRENT USED IN MODELLING........ccccccoeveeriinrennen. 56-57
4.9  FAULT CURRENT SIMULATION ......cccccoiiiiiiniiniiiiniciceeee 57-62
CHAPTER 5: EXPERIMENTAL RESULTS AND DISCUSSIONS............. 63-78
5.1 BACKGROUND. ..ot 63
5.2 PROTECTION POTENTIAL WITHOUT AC APPLICATION......63-65
5.3  PROTECTION POTENTIAL UNDER AC INTERFERENCE....... 66-71
5.4 PROTECTION DENSITY UNDER AC INTERFERENCE............ 71-76
5.5  WEIGHT LOSS TESTS...c.eiiii e 77-78
CHAPTER 6: MODELING RESULTS AND DISCUSSIONS ...................... 79-97
6.1  BACKGROUND.. ..ottt 79
6.2  SOIL RESISTIVITY AND pH ....oooiiiiiieeeeceee 79
6.3 TOUCH VOLTAGES AT A STEADY STATE........cccccevviiiiiens 80-84
6.4 PRE-MITIGATION LEAKAGE CURRENT DENSITY................ 84-86
6.5 MITIGATION MEASURES.......cccoiiiiiiieeeeeeeeeeece 86-89
6.6 POST-MITIGATION LEAKAGE CURRENT DENSITY .............. 89-90
6.7  POST-MITIGATION TOUCH VOLTAGE.......cccccooveniiiiiiinnns 90-92
6.8 SUMMARY RESULTS PRE- AND POST-MITIGATION ............ 93-95
6.9 TOTAL INTERFERENCE UNDER FAULT CONDITIONS.......... 95-97
CHAPTER 7: CONCLUSIONS AND WAY FORWARD........cceovienenen. 98-102
7.1 CONCLUSION. ..ottt 98
7.2 RISK ASSESSMENT AND AC CORROSION MODEL.............. 98-100

Xi



7.3 IMPLEMENT / REMOVE MITIGATION MEASURES ............ 100-101

7.4  ACHIEVEMENT OF OBJECTIVES .......ccccooiiiiiiiiiiiieee 101-102
7.5 FUTURE WORKS ..ot 102
REFERENCES .....coiiiiieee et 103-131
APPENDIX A: LIST OF PUBLICATIONS......ccciiiiiiieeeeeeeeeee 132

Xii



LIST OF ABBREVIATIONS

AC: Alternating Current

ANSI: American National Standards Institute

API: American Petroleum Institute

ckm: Circuit kilometer

CDEGS: Current Distribution, Electromagnetic Interference, Grounding, and Soil
Structure Analysis

DC: Direct Current

DFBE: Double fusion bonded epoxy

3LPE: Three-layer polyethylene

HT: High tension

ILI: In-line inspection

kV: Kilovolt

mA: Milli Ampere

mV: Milli Volt

NACE: National Association of Corrosion Engineers
PSP: Pipe to soil potential

PD: Protection density

xiii



LIST OF FIGURES

Figure 1.1: Inductive coupling with the underground pipeline..........c..cccceeveerenne. 3
Figure 1.2: Electrostatic coupling with the above-ground pipeline..........c...c......... 4
Figure 1.3: 400 kV Transmission line crossing two pipelines at five locations..... 6
Figure 1.4: AC corrosion damage in District Jamnagar, Gujarat, India.................. 7
Figure 2.1: Inductive coupling SChematic...........cccecueerieeiiieniienieeiieiecie e 23
Figure 2.2: Resistive coupling SChematic ...........ccoevveeiienieniieniierieeieeeeeeie e 24
Figure 3.1: Electric Circuit - DC and AC coupled........ccceevviiviiieniiieciieeieeee 33
Figure 3.2 : Steel specimen Arrangement...........cceeevveeeerereeieeeenveeerieesreeesveeennns 35
Figure 3.3: Protection potential and AC density measurement setup................... 39
Figure 3.4: Set up for weight loss on AC interference ..........cccceeceveeveenieneennenne. 40
Figure 4.1: Polyline route of the pipeline and HT line (208.58 km) .................... 45
Figure 4.2: Energisation of terminal ............cccceevviiieiiieeiiiecieeeee e 46
Figure 4.3: Soil definition for derivation of Soil model ............ccceveriiniiinnnne. 47
Figure 4.4: Generating REZIONS .......cceeviiiiieiieiiieiiecie ettt 48
Figure 4.5: Regions and Terminals..........c.cceccveeeeiiieniieiiiiecieecee e 49
Figure 4.6: Portion of the created CIrCUIt ..........ccouvviveiiiieciiieiee e 50
Figure 4.7: Scheme modelled in CDEGS .........cccooiiiiniiiinieeeeeeeee, 50
Figure 4.8: Pipeline earth impedance at 104.95 Km........ccccooceevinieniniincnnicneene, 51
Figure 4.9: Substation ground impedance ...........ccceeevveeeeieercieeeriee e 52
Figure 4.10: Pipeline earthing modelled.............ccceevviiiiiieniiieieceeee e, 52
Figure 4.11: Pipeline earth defined............cccoooeviiiiiiininiiniie, 53
Figure 4.12: Pipeline and Transmission lines on Google Earth............ccc.cccc.c.... 58
Figure 4.13: Pipeline and HT line for fault analysis on Google Earth ................. 60

Xiv



Figure 4.14: Faulted ToOwer l0CatioNS .........ccccveiiriieeiiieeiieciee e 60

Figure 4.15: Modeled scheme in CDEGS..........ccccoooviiieiiiicieeeeeee e 61
Figure 4.16: Reference circuit model...........coocveeiiiiiiiiiiiienieeiee e 62
Figure 5.1: Protection Density at PD 0.3 A/m2.........cccocoiiieroeeieereeeeeereneen, 69
Figure 5.2: Protection current density — X46.........ccccvveevvieeiieenieeerieeeee e 72
Figure 5.3: Change in protection density — X46.......cccceccveeeeuveercieeenieeeieeeeree e 73
Figure 5.4: Protection density at protection potential -1150 mV.............ccccceeee. 74
Figure 5.5: Protection density — X52 .....cccoieiiiiiieniieiieeieeeie ettt et 75
Figure 5.6: Protection Density — X80 .....cc.ceevvieeiiiieriieeieeeiieeeiee e 76
Figure 6.1: Touch voltage Pre-mitigation (104.95 to 208.58 km)...........cc........... 81
Figure 6.2: Touch voltage pre-mitigation (at 208.58 Km) ......cccccoceevvevvenienienncnn. 82
Figure 6.3: Touch voltage Pre-mitigation (208.58 to 284.32 km) ........cccevvennenne. 82
Figure 6.4: Touch voltage Pre-mitigation (at 284.32 km) ........ccccevevviercieenneenne. 83
Figure 6.5: Touch voltage field validation (104.95 to 208.58 km)..........c.c.......... 83
Figure 6.6: Touch voltage field validation (208.58 to 284.32 km)..........ccceeueeee. 84
Figure 6.7: Leakage density pre-mitigation (104.95 to 208.58 km) ........ccceeueee. 85
Figure 6.8: Leakage density pre-mitigation at chainage 208.58 km..................... 86
Figure 6.9: Leakage density pre-mitigation (208.58 to 284.32 km)..................... 87
Figure 6.10: Leakage density pre-mitigation at 284.32 Km..........ccccevvvevveiennnnne. 87

Figure 6.11: Leakage density post mitigation (Chainage 104.95 to 208.58 km).. 89
Figure 6.12: Leakage density post mitigation (Chainage 208.58 to 284.32 km).. 90
Figure 6.13: Touch voltage Post-mitigation (Chainage 104.95 to 208.58 km) .... 91
Figure 6.14: Pipeline Touch voltage post-mitigation (Zoom view at 208.58 km) 91
Figure 6.15: Touch voltage Post-mitigation (Chainage 208.58 to 284.32 km) .... 92
Figure 6.16: Total interference-Faulted phase Mermundal to Vedanta 400 kV ... 95
Figure 6.17: Total interference-Faulted phase Mermundal to Mendhasal 400 kV96
Figure 6.18: Coating stress voltage-Angul to Sundargarh 765 kV Ckt 1&2........ 97
Figure 6.19: Coating stress voltage-Mendhasal to Pandiabali 400 kV ................. 97
Figure 7.1: AC Corrosion Model..........cccviiiiiiiiiiiiiiieciiecee e 100

XV



LIST OF TABLES

Table 1.1: Global Transmission 1ine NetwWorki..........c.cceccevvererienienenieneneneene 1
Table 2.1: Review publications on AC Induced cOrrosion...........ceceveeveereeeneennee. 22
Table 2.2: Techniques for AC COTITOSION..........eeeruvieeiireeeiieenieeeereeeiieeeveeeeree e 30
Table 3.1: Test conditions for Galvanostatic measurements ..............cccceeeueenueenne 37
Table 3.2: Test conditions for Potentiostatic measurements ...........cccceeeervernnenne. 38
Table 3.3: Test conditions for measurement of weight 10sS ..........ccccceeveeniiennennne. 38
Table 4.1: Pipeline cross-section defined for burial depth ............cccoeveiiennnnen. 46
Table 4.2: Pipeline cross-section Existing Pipeline Earthing Locations .............. 54
Table 4.3: Soil resistivity measurements at 115.4 and 117.72 km.......cccceverenene 55
Table 4.4: Soil resistivity and pH measurement locations in the field ................. 56
Table 4.5: Details of Transmission Lines nearby/crossing Pipeline system......... 57
Table 4.6: Total Interference Levels........cccooiiiiiiiiiiiiiiiiiiiieeeeceeee 62
Table 5.1: Polarised Potential ............ccccoviiiiiiiniiiiniiiieeceeeeeeecee e 64
Table 5.2: Protection potential at PD = 0.1 A/M? ........cccocooevvvemereeererereereeenenn. 64
Table 5.3: Summary of Protection Potential without AC...........c.cccccvvveirenennne. 65
Table 5.4: Protection potential for X46 pipe under AC (PD=0.1 A/m?).............. 66
Table 5.5: Protection potential for X52 pipe under AC (PD=0.1 A/m?).............. 67
Table 5.6: Anodic shift at PD = 0.1 A/M.........cc.cccooevvrommereeeieeeeeeeeeeeeere e, 67
Table 5.7: Protection potential X46 at PD=0.3 A/M? ........cccccceovvvvvrvererererererernnn 68
Table 5.8: Potential shift at PD 0.3 A/M2..........cccoovovveeereeeeeeeeeeeeeeee e 69
Table 5.9: Protection Potential X46 at PD= 0.5 A/m?........c..ccccoverrerernererernnnn. 70
Table 5.10: Protection potential shift at PD=0.5 A/m?............cccocevorrerererrrerennnn. 70
Table 5.11: Protection potential shift at PD =1 A/m?........c..ccccevvrrereruerrrernnnn. 71
Table 5.12: Protection potential PD 2.0 and 10.0 A/m?.........cccccevvvvvvvvvvvvireernnnn 71

XVi



Table 5.13: Protection of Current Density Shift with polarisation potential........ 76

Table 5.14: Weight loss X46 at AC Density 200 A/mM?.........cccccevvreverereeerererennnns 77
Table 5.15: Weight loss X65 at AC Density 200 A/m?...........cccoevvvevereeereennnn. 77
Table 5.16: Weight loss X80 at AC Density 200 A/m?..........cccoevvvevererererennnnnn. 78
Table 6.1: Soil Model for two 10Cations ...........coceeiiiiiiiiiiiiiiieie e 79
Table 6.2: pH measurement in the field ...........cccoeeviiiiiiieiii e, 80
Table 6.3: Mitigation measures (104.95 t0 208.58 km)........ccceevveriiereeneennnnne. 88

Table 6.4: Comparison of pre and post-mitigation (Ch. 104.95 to 208.58 km).... 92
Table 6.5: Comparison of pre and post-mitigation (Ch. 208.58 to 284.32 km).... 93
Table 6.6: Comparison of pre and post-mitigation (Ch. 284.32 to 389.88 km).... 94
Table 7.1: Risk AssesSMEnt MatriX .......ccccecuevierieriiniienienierieeiesieeee st 99

XVii



CHAPTER1

INTRODUCTION

1.1 BACKGROUND

Increasing energy demand has necessitated the use of more efficient modes of
transportation. Two primary modes of energy transfer include pipelines and
transmission lines. Pipelines ensure the bulk transport of gas and oil, and
transmission lines ensure the transfer of electrical energy. Eleven thousand six
hundred sixty-four circuit km (ckm) of transmission lines were laid in India alone
in 2019-20 to ensure continuous power supply to consumers. As of August 2020,
India's total length of transmission lines (220 kV and above) is 4,28,582 circuit km
(Global transmission Report). Global Transmission line lengths have increased
from 40,08,944 km in 2015 to 47,23,434 Km in 2020 (Table 1.1).

Table 1.1: Global Transmission line network

4,723,434

4,008,944

2015 2020

Source Open Global Transmission report — Data and Statistics



On the other hand, the most economical and safe oil and gas transportation can be
done through pipelines. As of 31.3.2021, more than a 60,000 Km pipeline network
is operational in India. Globally as of 31.12.2020, 1.89 million km of Pipelines
enable the smooth transfer of Bulk oil and gas from one location to another.

Transmission lines and pipelines both facilitate the connection of supply and
demand centers. Transmission lines and pipelines are linear systems that frequently
run parallel or intersect at various locations. Due to land availability constraints,
more and more pipelines and transmission lines are laid in the same corridors.
Pipelines near transmission lines are susceptible to accelerated corrosion due to
alternating current voltage from high voltage alternating current power lines [1]-

[3].

Underground pipelines/structures are typically coated to arrest corrosion from
outside. Cathodic protection system [4]-[6] as secondary protection, supplement
coatings to prevent decay.

The following section emphasizes the widely prevalent criteria [7]-[9] for corrosion
prevention of pipelines under cathodic protection:

1. Cathodic protection polarizes pipeline steel near -850 mV. A reference
electrode saturated with copper sulfate electrolyte helps determine the
polarized potential. Positive side polarization greater than -850 mV shall be
insufficient to protect against corrosion. Polarization more negative than -
1200 mV is known to cause coating disbandment.

2. Inacidic environments, -950 mV polarization is considered, in the presence
of dissimilar metals, in the presence of sulfides, and in anaerobic bacteria,
among other conditions.

3. The current output from sources providing cathodic protection affecting that
pipe section is interrupted simultaneously to measure polarization potential
between the pipe and the earth for a coated pipeline. Compliance with the
above, under cathodic protection, protects the Pipelines adequately.

However, coated pipelines, even under cathodic protection, deteriorate over time at
several locations [10]-[12]. With transmission lines parallel to gas and oil pipelines,
AC escaping the steel pipe leads to corrosion. This work highlights the AC-induced
corrosion mechanisms and then details the work done to predict and mitigate
corrosion induced due to AC interference on pipelines.



1.2 THEORY BEHIND

AC interference on pipelines located near the overhead AC transmission lines under
steady-state conditions is as follows:

AC interference by induction
AC flow in the conductors of the transmission line generates an electromagnetic

field around the conductor. The resultant electric field induces an AC in the
underground metallic pipeline (Figure 1.1).

Overhead Conductor - 10

d = distance between overhead
conductor and pipeline

Figure 1.1 Inductive coupling with the underground pipeline (Source Open)

AC interference on account of the capacitive effect

Alternating current flow in the conductor generates an electric field around the
conductor. The resultant electric field, in turn, results in a capacitive potential on
aboveground metallic pipelines concerning the ground. Such capacitive coupling
may be of significant concern when the pipeline is stored on the supports
aboveground for activities such as welding, joint coating, and testing prior to actual
laying underground (Figure 1.2). For a pipeline laid underground, capacitive
coupling gets discharged to ground through tiny coating defects.



Power line

Pipeline

Figure 1.2: Electrostatic coupling with the above-ground pipeline (Source Open)

Numerous experimental studies [13]-[30] in AC interference under Cathodic
Protection focus on several elements of AC interference like AC frequency, AC
Voltage, AC to DC ratio, type of coating, size, and shape of coating defects, and
transmission line orientation concerning pipeline. These features impact the
severity and magnitude of AC corrosion on the pipeline, depending upon the soil
resistivity and the surroundings.

Very few studies [31]-[35] evaluating the impact of AC corrosion on various pipe
materials under cathodic protection establish the relative performance of pipe
grades concerning AC-induced corrosion. Limited studies [36]-[40] attempt to
simulate or predict AC-induced corrosion of pipelines under CP (cathodic
protection). Modeling works [41]-[45] can help implement effective mitigation
measures.



1.3 PROBLEM STATEMENT

During design, pipe material selection considers characteristics of the fluid, design
pressure, maximum allowable operating pressure requirement as per ANSI B31.4,
and various elements (like allowable stress, shut down head, specified minimum
allowable stress, and common weld factor).

Designers also consider reasonable safety margins to decide on pipe thickness.
Usually, no corrosion allowance is considered because of the plan to provide CP as
a supplement to coating. Practically instances of enhanced corrosion of pipelines,
even under cathodic protection, may occur over time [46]-[50], which may result
in sudden early failure of the pipelines. Under cathodic protection (CP), pipelines
fail due to AC-induced corrosion. Accordingly, it becomes essential to evaluate the
feasibility of selecting pipes [51]-[52] less prone to AC-induced corrosion,
especially under CP for multiple soil surroundings.

Conventionally, providing a Zinc grounding or SSDD (Solid State Decoupling
device) [53]-[55] enables effective discharge of AC into the ground, thereby
maintaining the PSP (pipe to soil potential) with appropriate protection. Few
publications [56] evaluate corrosion prevention measures.

Modeling and simulation studies [57]-[60] can predict and mitigate AC interference
parameters. Modeling works enable the design of mitigation measures and
evaluation strategies for mitigation.

1.4 NEED AND MOTIVATION

In India, cross-country pipeline networks of over 41,000 km transport gas and oil
round the clock. Overhead transmission lines also expand fast and run parallel to or
cross the pipelines at several places.

AC interference on pipelines due to transmission lines seriously affects the integrity
of the pipeline network. Enhanced corrosion on account of AC interference results
in faster deterioration of the pipelines with the risk of leakage, rupture, and
consequent damage to the environment and potential fire hazards. Any pipeline
failure may also adversely affect the reputation and brand of the pipeline operator.



A 400 kV transmission line system was operationalized in 2016 in the Jamnagar
district of Gujarat. This transmission line system crosses two operating pipelines at
five places and runs parallel, as shown in Figure 1.3.
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Figure 1.3: 400 kV Transmission line crossing two pipelines at five locations
(In District Jamnagar, Gujarat, India, Source Open)

In June 2017, almost four months after the date of operation of the transmission
line system, one of the pipelines ruptured with crude oil leakage of more than 2000
kls (Figure 1.4). The pipeline operations remained suspended for many days, and a
considerable cost was incurred to salvage the crude oil, clean the area and repair
the pipeline system.

Experts evaluated the reason for the burst of the pipeline system and concluded that
AC corrosion resulted in pipeline failure. Such a pattern of pipeline failure was later
observed at other locations also. A closer analysis of cathodic performance at
several locations revealed the pipeline operator's difficulty in maintaining the PSP
within the range for adequate protection, primarily due to adjacent transmission
power lines.



The selection of pipe material depends primarily upon the requisite mechanical
properties of service. Recent studies have revealed that maintaining adequate
protection levels under AC interference ensures the pipeline's integrity.

PSP more positive than -850 mV may lead to pipeline corrosion because of
inadequate cathodic protection levels. However, PSP more negative than -850 mV
may be adequate to prevent general corrosion but may fail to protect the pipeline in
the presence of AC interference. Also, the pipe grades may exhibit corrosion-
resistant differential performance under AC interference. The influence of AC
interference on pipelines under varying soil conditions also needs to be examined.

Figure 1.4: AC corrosion damage in District Jamnagar, Gujarat, India
(In 2017, burst in 128 days of pipeline commissioning, Source Open)

Standard AC mitigation measures include grounding pipelines using Zinc
ribbons/anodes. Structured guidelines in this regard are required. Existing works
refer to modeling for specific measures. Such modeling solutions must be
developed and implemented for practical applications of long pipeline systems.

1.5 OBJECTIVES

The goals and objectives of this research are to:



1. Evaluate pipeline steel grade more resistant to AC Corrosion by observing
the effect on protection density and protection potential on account of AC
interference under cathodic protection.

2. Study AC interference impact on the Zinc and Magnesium anodes under
cathodic protection.

3. Develop a Risk Assessment Matrix considering cathodic protection
Potential, Pipe Grades, AC density, AC voltage, and pipe material.

4. Based upon the matrix, propose an AC corrosion model and optimize the
proposed model using CDEGS/Python/Matlab.

1.6 RESEARCH METHODOLOGY

The present research work is a unique combination of experimental work and
modelling application, which addresses the critical pipeline industry issue of
maintaining the integrity of cathodically protected cross-country pipelines from
external corrosion under AC interference. Empirical studies provide laboratory data
on the AC corrosion behaviour of the various pipe grades under cathodic protection.
Experimental studies comparing five pipe grades simultaneously in similar
conditions help identify the ones more suitable for AC interference applications.
Modelling analysis using state-of-the-art software (CDEGS) helps compare the pre-
and post-mitigation measures. The mitigation measures are iteratively optimized
for implementing the most economical mitigation measures. Field verification on
the pipeline concerning modelled values help iteratively optimize the mitigation
measures.

The research study develops a comprehensive corrosion model which the pipeline
industry can utilize to address the issue of AC corrosion under cathodic protection
and avoid pipeline failures due to AC corrosion.



CHAPTER 2

REVIEW OF LITERATURE

2.1 PIPELINES — THE LIFELINES

The crude oil must be transported from exploration wells, generally located in
remote areas, to Refineries. While various means of transport, such as ships, roads,
and trains, are also used, inland transportation is done chiefly through pipelines. A
network of pipelines ensures uninterrupted and most economical transportation on
a round-the-clock basis. The finished products such as Gasoline, High-speed diesel,
and other fluids are also transported inland to consumption centers, mainly through
pipelines. Similarly, the natural gas from wells is transported inland to the
consumption centers through an elaborate network of pipelines. Accordingly, the
pipelines are energy lifelines enabling bulk transport [61]-[62] of oil and gas most
economically and reliably. In addition, pipeline transportation [63]-[64] is much
safer when compared to other means of transportation.

However, any pipeline incident attracts widespread attention from the public,
media, and regulators [65] due to its severe consequences on the environment and
the public. The safety of pipeline transportation systems is vital for Nation and the
Environment.

A failure in the pipeline system may cause havoc not only for the industry but for
the public at large. A pipeline failure with an explosion in 2013 in China [66]
resulted in the death of 62 people, many injured, and property damages worth
millions.

The Operators thus accord safe operation and maintenance of the pipeline systems
a top priority. The integrity management of pipelines [67]-[72] continually
assesses, mitigates, and prevents risks for reliable, secure, and environmentally
friendly service. Through systematic data collection and analysis, the risk
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mitigation measures [73]-[99] are identified, planned, designed, implemented, and
monitored to control and prevent pipeline failures.

2.2 PIPELINE FAILURE AND CORROSION

Humankind has known corrosion from times immemorial. While general corrosion
remains challenging, people try to combat consequent deterioration by painting,
coating, and cathodic protection methods.

Corrosion affects the underground pipelines due to the decline due to environmental
factors adjacent to the pipelines. The pipelines are laid in various types of soil
conditions and are affected by multiple types of corrosion, which include:

e General Corrosion, primarily chemical

e Galvanic corrosion due to differences in metals

e FElectrochemical corrosion due to differences in electrolyte
e Stray current corrosion due to electrical interferences

The leading reasons for pipeline failures include metal loss due to corrosion,
construction defects, and cracking. Corrosion remains the primary cause of failure
in Pipelines [100]-[106]. Corrosion in pipelines occurs internally as well as
externally. Quality of fluids flowing in the pipelines and regular cleaning by
pigging minimizes Internal corrosion threat. Also, chemical treatment by adding
biocides and inhibitors helps mitigate internal corrosion.

Mitigation of external corrosion primarily works by providing coatings as primary
protection and cathodic protection systems as a secondary defence [107]-[113]. The
coatings protect the pipelines from environmental attack and hinder the flow of
corrosion current, thereby reducing the corrosion on the pipelines. The coatings'
quality and application method become vital for the long-term performance of the
coatings. The coatings' performance may be affected due to improper handling,
storage, aging, or operational errors.

Cathodic Protection systems supplement the coatings to provide requisite
polarisation to prevent the flow of corrosion currents. However, cathodic protection

systems are prone to shielding and losing protective ability due to several factors.

The coatings contain holes too small for the naked eye, which can allow ingress of
water or other corrosive liquids that can corrode the pipeline below the defects.
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Corrosion products at such defects prevent the CP current from reaching the pipe.
Thus, the cathodic currents reach the mouth of the Fault, and the line below remains
unprotected due to shielding [114]-[117]. The coating disbondment at the coating
defect surface also prevents the cathodic protection currents from reaching the pipe
surface due to cervices formation.

Stray corrosion on pipelines occurs when the pipeline becomes the anode and
corrodes due to the current flow between the pipeline and the electrolyte/soil. Stray
corrosion may occur due to the flow of Direct current (DC), Alternate current (AC),
or a combination of both. Stray corrosion is highly severe [118]-[120] and can
emerge under various humidity, pH, and temperature conditions.

Stray corrosion [121]-[122] on account of DC results in metal loss directly
proportional to DC density. However, due to periodic corrosion mechanisms, stray
deterioration due to AC remains complex [123]-[130] and challenging to analyze.

2.3 ALTERNATING CURRENT INTERFERENCE ON PIPELINES

High-voltage AC transmission lines cater to the increasing need for the
transportation of electrical energy from production centers to consumption centers.
Simultaneously an extensive network of pipelines caters to the growing demand for
energy by transporting fluids from one place to another. The instances of
transmission lines being laid near the pipelines thus become unavoidable. The
transmission lines and the pipelines are being laid in common corridors [131]-[150]
in many places, mainly due to land use restrictions, better transportation efficiency,
lower construction cost, and minimal environmental impacts. Land use restrictions
become necessary when the new facilities are set up in heavy population areas,
where securing independent utility corridors may become challenging and require
sharing the existing corridors.

The proximity to transmission lines is challenging for pipeline operators concerning
the integrity of the pipeline systems. Reports of pipeline failures on account of AC
interference are on the rise.

Initially, the stray AC corrosion remained underestimated, considered less
dangerous and negligible than DC corrosion [151]-[155]. Using Faraday's Law,
Gellings explained the polarization in metals due to the passage of periodic signals
[155] and linked the magnitude of the AC signal to the metal weight loss.
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Investigations demonstrated the flow of minimal AC, causing charge transfer
through polarization resistance for corrosion to occur [156]. The simplified analysis
used voltage and current equations to control electrode potential rather than AC
superimposition.

Measurements in different soils [157] indicated dense iron oxide membrane
formation between anode and cathode and linear relation between anode weight
loss and soil corrosiveness. Corrosion investigations on buried ferrous metals in
various soils related [158] soil resistivity to corrosion current, maximum pit depth,
corrosion current, and CP current. Soil conductivity calculations using the moisture
retention function enabled [159] a single measurement of hydraulic conductivity.

AV modulation method evaluates [160]-[162], wherein alternating voltage shifts
the corrosion potential negatively in the active region, resulting in enhanced current
dissolution and destroying the mild steel passivity. Using the charge transfer model
and numerical simulation, the polarization curves showed key characteristics in
agreement with the experimental results.

While evaluating AC corrosion of copper, aluminum, lead alloy, and steel [165]-
[166], several corroded pits on pipeline surfaces are observed at high AC
magnitudes. AC was found to increase the corrosion current, shift corrosion
potential negatively, and destroy the mild steel passivity.

Thevenin equivalent circuits used to predict induced voltages on buried pipelines
[163]-[164]. Proposed methodologies to determine Thevenin circuits and pipeline
characteristics can serve as ready reckoners for the Industry.

Various available mitigation [167]-[168] methods are evaluated. The study
considers operational compatibility and personnel safety with induced current and
voltage analysis in a study in the energy corridor.

Linear potentiodynamic anodic polarizations of stainless steel [169] observed that
AC de-passivated the in-active region of the polarization curve, enhancing AC
density magnitude and decreasing frequency. They utilized a crystal-based
piezoelectric technique for the resolution on a real-time basis of the cell currents
between competing reactions. Mass flux experiments on piezoelectric electrodes
attempted to resolve the formation of the passive film.
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Defects were observed on a CP-protected pipeline section due to AC corrosion
[170], with local metal loss as high as 40%. A gas leakage on a cathodically
protected pipeline from a pinhole occurred in 2002. The investigations revealed
exposure to high induced AC voltages due to collocated transmission lines on the
pipeline, which failed with pitting corrosion [171]-[173].

Pipelines experience accelerated corrosion in AC interference [174]-[175]. AC
interference also results in coating disbondment, enhancing the corrosive
environment below the coatings [176]-[177]. AC interference also adversely
impacts the CP effectiveness by shifting potential away from the design.

AC interference also increases the risk of shock to the person touching or standing
near the AC voltage gradient, which may endanger lives during fault conditions.

2.4 COLLOCATED TRANSMISSION LINES AND PIPELINES

Many experiments/investigations on alternating current corrosion of various metals
suggest that AC corrosion results from complex mechanism characteristics, which
requires reliable and sound methods for determining the extent of the corrosion. In
practical situations, it is impossible to avoid laying pipelines adjacent to or near the
transmission lines because of the non-availability of adequate lands or the linear
requirement to cross each other.

Because of such constraints, more pipelines are installed near the transmission
lines. The availability of nearby transmission lines, whether running parallel or
crossing pipelines, increases the risk of AC corrosion on pipelines and calls for
effective mitigation methods to mitigate corrosion due to AC interference.

Union Gas, Chatham, Ontario, installed a pipeline coated with Coal tar in 1972.
Induced AC on this pipeline was observed at around 33 volts, and installed
mitigation measures to reduce AC interference in 1994 [173], [178]-[180]. During
internal ILI inspection, irregular corrosion defects were observed in the section near
transmission lines. The flaws have an average depth of up to 40% of wall thickness,
with maximum penetration of up to 80%. Bell hole inspections revealed that the
disbanded coating covered the defect with a hard tubercle of a height of 50 mm.
The soil resistivity near the Fault was 2000 Ohm-m and pH greater than 8.5. PSP
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at the site was -1560 mV. The flaws were attributed to AC's corrosion upon
investigation.

In the first reported case in Germany, two corrosion perforations on a gas pipeline
near rail transit systems [173] were observed in 1986. In Europe, a gas pipeline
installed in 1992 was reported to be corrosion in 1993 [181]. The pipeline ran
parallel to the 400 kV transmission line for 3 km. AC voltage on the pipeline was
13 V. Corrosion depths up to 0.8 mm observed with disbanded coating and a pH of
13 near the iron oxide corrosion product.

A PE-coated natural gas pipeline [64], [182], [183] detected corrosion failure under
CP, with a protective density of less than five mA/m?. The pipeline ran parallel to
the traction system. AC voltage on pipeline up to 60 V observed near corrosion
sections. The presence of Cations, and anions in corrosion products, indicated the
occurrence of anodic and cathodic reactions.

A 3LPE-coated gas pipeline in China, protected by Magnesium Anodes, was
reportedly running at high risk of AC interference [94] with AC voltage over 10 V,
with a maximum AC density of 101.7 A/m?. The pipeline was running parallel to
22 kV and 110 kV transmission pipelines. A pipeline in Hebei, China, developed
several pits of 10 mm in diameter, with an average depth of 3mm, due to an attack
by AC from a nearby electric railway.

In India, a crude oil 3LPE coated pipeline reported 78% metal loss [184] during ILI
in 1997. The PSP survey did not reveal any abnormality. The operator excavated
the site, adjoining a 66 kV power line, to verify the ILI report physically. Pinhole
damage was observed on the coating upon excavation, and the balance coating was
in good condition. Coating removal indicated a deep pit formed due to high current
discharge.

Furthermore, the presence of AC causes a change in PSP and reduces the CP's
effectiveness in protecting the pipelines [185], [186].

Underground pipeline subjected to stray interference fails early, resulting in
conditions that may be hazardous for the public. It is challenging to provide
adequate protection to pipelines against stray corrosion influenced by many
complex factors [187]-[192]. Several parameters, such as humidity, porosity,
salinity, pH, soil resistivity, and temperature, influence corrosion severity, and
extent.

14



Stray AC Interference has resulted in severe pipeline system failures because the
HVAC transmission line passes nearby. Accelerated AC corrosion observed in the
pipeline before commissioning the pipeline [136] in a short span of five months
after laying in the HVAC utility corridor.

Anodic dissolution and cathodic reduction decreased the cathodic Tafel slope [19]-
[196], resulting in a higher corrosion current for a constant anodic Tafel slope.
Research expressed corrosion potential as a function of the anodic-to-cathodic
Tafel slope ratio. A subsequent model for the corrosion under AC voltages [197]-
[198] suggested faradaic processes and explained charging current in terms of two-
layer impedance and capacitance. Root mean square values are a better indicator of
the corrosion process occurrence than the absolute ratio of the anodic to cathodic
Tafel slope.

A study of corrosion caused by 60 Hz AC voltage in steel [ 195] through immersion
tests indicated an enormous increase in corrosion rate. The study also evaluated the
pH of the soil-simulating medium for any influence on AC corrosion.

The potential cycling impact on the development of oxide layers on the steel surface
[199] indicated the occurrence of diffusion-controlled redox reactions in the oxide
layers. Mechanism of OH transport limited corrosion growth, concluding that AC
passage flowing through structures accelerates the corrosion rate. A corrosion
anomaly study [68] discusses steps for AC corrosion identification on pipelines and
ways to minimize AC corrosion risk.

The numerical model coupled finite element and boundary element methods for a
cathodically protected [200] underground pipeline system and considered the drop
in voltages upon simulation. The calculated stray currents on CP-protected
underground pipelines [201] established the simulation deployment for multiple
pipelines under CP systems.

A study of corrosion systems due to AC [202] under activation control suggested
simple functions for the AC voltage concerning the corrosion potential and
corrosion rate, considering both cathodic and anodic reactions. The research
mentions numerical analysis as essential for determining cathodic responses under
mixed control and anodic reactions under activation control. The study also
identifies that induced AC voltages strongly impact corrosion behavior depending
on the Tafel parameters.
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The field and circuit approaches enable the study of electromagnetic interference
[203]-[215] mechanism on a pipeline. A study comparing both and using field and
circuit approaches on a pipeline enabled the comparison of results. A network
model computed results (less than a 15% difference between the two approaches)
to determine the capacitive, inductive, and conductive interference effects.

A literature review revealed the influence of AC interference of extra high voltage
transmission lines [180] on pipelines considering various parameters, including
polarisation level, AC density, cathode surface area, and soil composition.

A simulation model optimizes a pipeline system's touch potentials in various
mitigation problems. The study validates the design of mitigation measures by
comparing simulation results with field measurements.

2.5 AC INTERFERENCE SOURCES

Sources that cause AC interference on pipelines include:
2.5.1 Transmission lines

Transmission lines transmit power from one central station to another and may
include power lines with one or double circuits. As the three phases carry sinusoidal
AC at 120 Degrees apart, the sum of the three phases is zero for balance loading in
all three phases. Accordingly, the vector addition of the magnetic field for a
balanced three-phase system is zero. However, some amount of phase imbalance
[216], [217] remains, resulting in AC interference on pipelines.

2.5.2 Traction Systems
Many traction systems, including AC or DC traction systems, are prevalent. DC
systems dominate for shorter lines, whereas 25 kV AC traction systems are

commonly used globally. AC traction system interference on pipelines may cause
shock and corrosion in steady-state and Fault conditions [218]-[221].
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2.5.3 Other Sources

Low-frequency communication systems and geomagnetically induced currents are
other sources that may cause AC interference on pipelines. Equipment or vehicles
nearby pipelines may also generate AC voltages. High AC voltage may also occur
on pipelines during construction while being above ground due to any source.

2.6 INVESTIGATIONS OF AC CORROSION OF PIPELINES

In the early 1900s, researchers investigated AC frequency's effect on corrosion
[222]. Studies to understand whether AC flowing between the metal and soil would
result in decay [151], [223]-[235] primarily considered AC corrosion an
unimportant issue until the 1980s. The results obtained at that time indicated that
the rate of AC corrosion [236]-[237] was just 1% of the similar corrosion caused
by DC AC Corrosion of steels at 60 Hz, found lesser than 1% of the corrosion
induced by equivalent DC [153].

An investigation of the wall thickness loss of a high-pressure extended pipeline
network attributed the loss to AC induced interference [170]. The investigation
indicates likely causes of AC corrosion, including prediction and mitigation. Under
AC interference, the author studied parameters such as AC density, voltage, soil
resistivity, and frequency [238]-[243] and recommended independent protection
criteria under AC interference. A study [8] explained Fe2 oxidization in the rusted
layer and analyzed experimental results. A study presents [183] measurements of
Off potential and its interpretations concerning soil type and composition. Data
analysis of measurements collected over six months through continuous data
acquisition concludes that AC corrosion risk is affected by climatic conditions and
soil composition.

A study was presented on the performance and design of the devices [244] to
minimize AC corrosion without compromising the CP system performance. The
study enhanced the CP system performance by significantly reducing AC voltage,
total CP current, and PSP fluctuations. The resultant parameters indicate reliable
measurements of CP parameters and the general reduction in corrosion risk.

While dealing with the aboveground transmission line design with single/double

circuit configurations [92], a study presents mitigation of AC voltage on the
pipeline at some distance from the transmission line.
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Experimental studies [245] on AC-induced interference on steel specimen
concludes that the oxygen reduction process occurs at the cathode when AC flows
at h current densities. The studies recommend further investigations to determine
the AC density threshold and further understand AC corrosion.

AC interference tests [246] in water, soil, and concrete solutions revealed local
corrosion, which corroborated with the published literature. However, study results
in sodium chloride solution are at variance with the available models. A study
presents a mathematical model for assessing the capacitive effect [131] due to extra
high voltage aboveground transmission lines on pipelines. Multiple factors affect
AC-induced voltages on pipelines [247], [248].

A study presents an assessment of the corrosion of pipelines [114] using assessment
methods, theoretical analysis, and experimental tests. The study compares various
techniques and identifies the best available technique. Another study presents the
CP analysis using equations for the dual boundary element method [256] and
conducts experiments to validate simulations. Stray corrosion simulation and
analysis using boundary elements [118], [119] find corrosion rate directly
proportional to current density. Numerical studies investigate the cathodic and
anodic interferences and determine that anodic interference is less severe than
cathodic interference. The study finds software (BEASY) convenient for analyzing
stray interference on an adjacent, non-protected structure.

A methodology of corrosion for inverse problems [249] considers genetic
algorithms and boundary elements to optimize based upon boundary elements
considering evolutionary principles.

A mechanism [250] indicates corrosion occurring with a minimal discharge of AC.
AC corrosion happens based on AC flow through an electrochemical interface in
the ohmic portion of the parallel RC. AC corrosion involves the sudden
development of the diffusion process in soils. The total impedance reduces with an
increase in AC under the diffusion-control mechanism.

A study presented the AC effect on galvanic corrosion [251] and conducted weight
loss tests to estimate AC corrosion threshold parameters. He evaluated the AC
effect of AC on the corrosion mechanism and compared mathematical models with
experimental data to conclude the AC density threshold, mechanism of AC-induced
corrosion, corrosion morphology in the presence of AC, AC-induced corrosion of
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carbon steel in alkaline solution (concrete), and cathodic protection monitoring.

The studies evaluated the capability and performance [137], [252], [253] of various
software tools to determine and predict AC induced voltage on pipelines. The
studies considered steady state and fault interference analysis of the pipeline in the
utility corridor. Assessment of the installed mitigation systems duly earthed with
insulating joints shows that the mitigation system is adequate to limit coating stress
voltage on a pipeline. While multiple mitigation measures are compared concerning
the cost of installation and performance, the mitigation of AC-induced interference
using the gradient control wire method is preferable.

Electrochemical studies [254] conducted on steel in marine environments revealed
that AC density influences the benign steel specimens' surface morphology,
experimental solution pH, and steel corrosion rate. Beyond a threshold limit, an
increase in AC density results in an enhanced corrosion rate.

A study evaluates the corrosion effect of stray interference on steel in concrete on
the corrosion behavior of steel in concrete [245]. Due to anodic density, the
presence of chlorides in the concrete, and interruptions in current, corrosion
initiates after some time in concrete. The study also suggests that AC corrosion in
concrete may be less severe than DC corrosion, though AC influences steel
corrosion in concrete.

A model mentions negative polarization during the negative half cycle with a
positive polarization at the time of the positive half cycle considering the traditional
evaluation of the corrosion process [257] under AC interference. The current
exhibited a much more significant change than during the cathodic (negative) semi-
cycle. During the anodic semi-cycle, the reduction current decreased, but to a lesser
degree as it increased during the cathodic semi-cycle. Therefore, the complete AC
cycle resulted in a net increase in the reduction current.

Modeling considering boundary and finite element methods to estimate the DC
interference [59], [255] exhibited the stray current interference from the DC
traction system on the underground geometry of sheet steel walls.

A corrosion model [258] showing the effect of AC on nanostructured surface films
under CP validated through experiments relating corrosion to nanostructured
surfaces and showed that the mechanism of the electrode process could be studied
using AC Voltammetry. They identified the characterization of the crystalline metal
structure as future works.
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Studied presented the anodic and cathodic reactions and subsequent effects of
corrosion product deposit for X series steels [259]-[263]. They used localized
electrochemical impedance spectroscopy, scanning vibrating micro-electrode,
macroscopic EIS measurements, and surface analysis. They found that the
deposited layer formed on the steel surface is porous and non-compact. The
presence of a corrosion product layer enhanced adsorption & inhibit the permeation
of hydrogen atoms into steel. The corrosion product deposit layer on the electrode
surface enhanced the anodic dissolution of the steel.

A model [264] for current and steady-state corrosion potential considered double-
layer capacitance, solution, and polarization resistance. Using the Perturbation
method, a non-linear model for the corrosion of metals subjected to alternating
voltage-induced corrosion [265] included polarization resistance, double-layer
capacitance, and the development of solution resistance. They presented corrosion
under AC conditions in terms of peak potential and increase in the ratio of the
anodic-to-cathodic Tafel slope. They concluded that the AC-induced corrosion rate
decreased with the applied signal's frequency and increased the DC corrosion
potential. They also showed that the AC-induced corrosion rate was independent of
the DC corrosion rate and increased with the peak potentials of the AV signal.

Detected AC corrosion using coulometric oxidation by Fe(Il) oxidizing the rust
layer and analyzed experimental results to determine the effect of the CP level on
corrosion rate [8].

A boundary element method to simulate the sacrificial anode CP problem of the
steel storage tank [266] optimized the location of the anode and studied the
influence of anode length and paint defect on the level of protection provided. The
study concluded that the boundary element method was beneficial in modeling and
analyzing CP systems. They found consistency in calculations with expectations
from basic corrosion concepts.

Various studies [267]-[277] on the AC-induced corrosion of coated pipeline steel
in a solution simulating used potentiodynamic polarization measurements,
immersion tests, and surface characterization techniques and found that an AC
application resulted in a negative shift of corrosion potential of the steel, caused an
oscillation of anodic current density, and degraded the steel passivity developed in
the solution. An increase in AC density increased the corrosion rate. Uniform
corrosion occurred at a low AC density, while pitting corrosion occurred
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extensively on the steel electrode surface at a high AC density.

Investigations [278]-[279] of the AC interference corrosion problems in Pipelines
under Cathodic Protection through weight loss tests done in soil-simulating

conditions at various AC densities up to 900 A/m’. They also presented polarisation
test results and concluded that AC enhanced localized corrosion and that the

corrosion rate was not acceptable at AC densities higher than 30 A/m’. The
influence of induced AC interference [280], [281] on the localized corrosion
resistance of passive metals included potentiodynamic tests to analyze the effects
of AC stationary interference on passivity. They identified critical AC density,
corrosion morphology, and time to corrosion as essential considerations for
investigating AC interference on passivity.

Several works have indicated/documented the harmful effects of AC [282]-[300]
on pipeline safety because of enhanced pipeline corrosion. Garcia A. et al. [301]
used Monte Carlo Simulations to present an innovative and practical solution for
determining AC Interference by changing lateral distance (between pipeline and
transmission line), coating conductance, and pipeline diameter. The index matrix
(based on first, second, and total order effect values of all inputs) shows individual
and interactive effects on induced voltage.

Other works [3], [111], [112] involving DC Potential measurements and weight
loss tests for pipeline specimens concluded that CP potential applied on steels for
corrosion protection could not be relied upon in the presence of AC Interference.
Accordingly, the available CP standards shall continue to review, update and
consider AC interference for adequate corrosion protection.

2.7 AC CORROSION

2.7.1 AC CORROSION EVOLVING

Even though the experiments for understanding AC corrosion commenced in 1891
or earlier, the investigations of more practical importance started in 1905, which
inferred that the corrosion loss due to alternating currents is negligible. By 1916,
researchers described the experimental work done to determine the effect of AC on
corrosion and inferred that corrosion reduces with an increase in AC frequency
[222].
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However, AC corrosion has been investigated actively since observing the first AC
corrosion damages [183] on cathodically protected pipelines around 1988. Even
after numerous investigations & experiments, the mechanism of AC corrosion is
still to be understood fully, and effective measures to mitigate AC corrosion risk
are still evolving. Some review publications on induced AC corrosion are indicated
in Table 2.1.

Table 2.1: Review publications on AC Induced corrosion

Year Review Publications Author

2001 Risk evaluation of AC corrosion. Collet, Erwan, Bernard
Parameters influencing AC corrosion risk Delores, Michel Gabillard,
for further mitigation. and Isabelle Ragault

2012 The science of pipe corrosion: A literature Cole, Ivan S., and D. J. C. S.
review on the corrosion of ferrous metals Marney
in soils

2016 A review of quantitative risk assessment of Da Cunha, SB
onshore pipelines

2017 Review of Recent Developments in Sirola, T
Induced AC Corrosion Mitigation Design,

Materials, Installation, and Monitoring
Technologies

2018 Mitigation of corrosion problems in API Kolawole, F.O., Kolawole,

SL steel pipeline-a review S.K., Agunsoye, J.O,,
Adebisi, J.A., Bello, S.A.
and Hassan, S.B

2020 A comprehensive review: Evaluation of Mahmoudian, A., Niasati,
AC Induced Voltage on Buried Pipeline M. and Karam, F
Near Overhead Transmission Lines and
Mitigation Techniques

2020 The science of alternating current-induced Thakur, Ajit Kumar, Adarsh
corrosion: a literature review on pipeline Kumar Arya, and Pushpa
corrosion-induced due to high-voltage Sharma
alternating current transmission pipelines
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2.7.2 AC INTERFERENCE FORMS

Stray AC interference may occur on underground pipelines [302] due to nearby AC
Transmission lines through Inductive, Conductive, and Capacitive coupling.

Inductive Coupling

Inductive coupling (Figure 2.1) may occur because of the transmission line and
underground pipeline's electromagnetic coupling in both steady state and fault
conditions. The currents discharged by the transmission line into the ground form
the potential [241]-[243] gradient in the ground. If the pipeline is in such a potential
gradient, there arises the risk of personal hazard (increase in touch potential) or
pipeline corrosion (during high transient induced AC voltage).

1

Figure 2.1: Inductive coupling schematic

When the pipeline is sufficiently close and parallel to the transmission line, the
magnetic field will cross the pipeline, resulting in induced alternating voltage. The
flow of resultant-induced AC through coating defects may cause AC Corrosion.
Induced voltage magnitude depends upon several factors [22], [246], such as the
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type of conductor used in a power line, length of exposure, current extent, existing
grounding system, separation distance (between buried pipeline and power line),
and soil resistivity.

Conductive or Resistive coupling

Conductive coupling is attributable to the influence of two or more circuits on each
other due to conduction between the circuits (Figure 2.2). During line faults or
lightning surge current discharge, electric arc formation may result in coating
failure and damage to the pipeline.

T T
|

Figure 2.2: Resistive coupling schematic

The pipeline's peak coating voltage stress (Eqn. 2.1) depends upon [303] lightning
current, the separation distance (between the pipeline and the tower structure), and
soil resistivity. The equivalent pipeline model is as below:

__ (Ad+B)plo
Umax = 100(d+C) (2.1)
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Where Unax - Maximum coating voltage, kV
I, - Stray current at tower grounding structure, kA
p - Soil Resistivity, Qm
d - Distance between pipeline and tower edge
A, B, C - Constant Coefficients

Accordingly, the lightning electrical strength of the pipeline coating can determine
the safe distance between the structure edge and the pipeline. During faults in the
transmission system, a large current is discharged into the earth by the faulted
structure, which raises the soil potential. The resultant difference in potential results
in conductive interference [304]-[310] as a function of potential ground rise,
separation distance, size of structure grounding system & soil characteristics.

Capacitive Coupling

The above transmission line may induce AC voltage through capacitive coupling
when the coated pipeline is above ground during installation. Regular earthing of
the pipeline effectively grounds the induced Ac voltage. The capacitive coupling
[204] effect is minimal for a buried pipeline, almost negligible.

2.7.3 PARAMETERS AFFECTING AC CORROSION

The main parameters related to AC Corrosion [30], [127] are AC Density, AC
Voltage, Cathodic Polarization, Coating defect surface area, Electrolyte
composition, and Soil Resistivity. Alternating Frequency and AC to DC intensity
ratio influence AC Corrosion. It is evident from various publications that the
generally agreed-upon mechanism of AC Corrosion in soils is missing, and there
seems to be a difference concerning threshold values of multiple parameters
affecting alternating current corrosion.

Alternating Current (AC) Density

Laboratory experiments involving measurements [9] of weight loss on CP-
protected pipeline samples under the influence of AC with current densities (10 to
500 A/m?) indicated that the -850 mV CSE criterion may not always be safe in the
presence of AC interference and overprotection is the most severe and dangerous
under AC interference.
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Studies have indicated that AC corrosion occurs at an AC density of 100 A/m?
[171]-[173]. Laboratory tests determined AC corrosion occurs in applied cathodic
protection beyond a threshold AC density of 30 A/m? [245] because of the oxygen
reduction cathodic process.

Further studies have also indicated that cathodic protection may be ineffective in
protecting the pipeline from corrosion [111]-[112] in the presence of a small AC
density of 10 A/m?.

Field experiences indicate that AC corrosion may not occur up to 20 A/m? AC
density. Between AC densities from 20-100 A/m?, AC corrosion may occur.
However, AC corrosion is inevitable for AC densities [311] more significantly than
100 A/m?. The evolution of hydrogen [127], [245] on the surface of the specimen
is observed at high AC densities (> 100 A/m?).

Laboratory studies have further concluded that a higher corrosion rate is
unacceptable [30], [251] at AC densities of 30 A/m? or more. Such accelerated AC
corrosion is due to the irreversible process during an anodic half-cycle, which fails
to reverse fully during the cathodic half-cycle.

The corrosion rates at 10 A/m? of AC density were almost twice the corrosion
without AC interference, establishing that the AC interference of 10 A/m? may also
be harmful. Additionally, AC corrosion results in localized pitting at high AC
density. Corrosion pattern changes from uniform to pitting corrosion at alternating
current densities above 100 A/m?> [94], [312], [313].

AC Voltage

Experimental studies [161], [162] indicated that the AC Voltage shifts the corrosion
potential toward the active region, resulting in an increase in current density and
thereby affecting the passivity of the mild steel. AC Voltage is a critical factor in
evaluating AC corrosion and is measured directly on the structure. AC voltage on
pipelines should not exceed 10 V for high soil resistivity (above 25 Q-m) and 4 V
where low soil resistivity (below 25 Q-m) at any time.

The relation between AC corrosion rate and AC voltage [193] using anodic and
cathodic reactions is depicted as per Tafel Equations (2.2) and (2.3).
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Ea = maX Inia+ca (2.2)
Ec = mex Inic+ cc (2.3)

where, Ea & V.are anode & cathode potential, m, & mc are Tafel slopes for anode
& cathode, i, & ip are anode & cathode currents & ca & cc are open circuit anode &
cathode potential.

The corrosion potential (Ecor, pc), the steady-state DC potential when anode and
cathode currents are equal, is given by Eqn. (2.4)

MagCc— McCq

Ecorr,DC = (2.4)

Mmg—mc

Corrosion current (Icorr, DC) thus is given by Eqn. (2.5)

Icorr,DC = exp [M] (2.5)
Ecorr DC.~ Cc]

—exp[

The steady-state potential when time-averaged anodic and cathodic currents are
equal, Corrosion potential, Vcor, Av, can be obtained from Eqn. (2.6).

Vcorr, AV = Vcorr, DC -Q (26)
Where:
5o ' Ep \2K L
a = (22 n [ —— ‘f’”z(E )2K+ ] 2.7)
mem SR ()

NACE recommends estimating AC corrosion risk using the formula as per Eqn.
(2.8).
__8Vac
Tpd
Where I — AC density
Vac — AC voltage to remote earth
p — Soil resistivity
d — Diameter of the circular holiday equal to the area of an actual holiday

(2.8)
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However, predicting induced AC corrosion rate based on AC voltage magnitude is
challenging, as enhanced corrosion may not occur at the maximum induced
alternating voltage. Assessment of AC Corrosion based on AC Voltage can be
confusing, and AC mitigation addresses safety considerations by restricting the AC
voltage below 15 V. Numerical analysis and modelling [202] based upon Tafel
parameters can evaluate the AC voltage effect on corrosion behaviour.

AC frequency

AC frequency affects the pit density, passive current density, and morphology
[314]-[317]. The corrosion rate reduces with an increase in AC frequency, and the
magnitude of potential shift also decreases with frequency [153], [222], [224].

AC to DC density

The AC to DC density of ten or more indicates a specific corrosion risk [180]. The
risk of corrosion is appreciable when AC to DC density is more than three. AC to
DC density of lesser than two may indicate lower risk; however, it does not indicate
a complete absence of risk. The AC to DC density is higher at corrosion sites
compared with other areas where the ratio is small.

Type of coating and defects

Pipeline coatings improved significantly [318] over the last three decades. First-
generation coatings (Coal Tar, Asphalt, single-layer polyethylene) have been
replaced by second Generation coatings (liquid coatings or one-layer FBE). Third
Generation coatings follow them (three layers of polyethylene, three-layer
polypropylene. & Double layers Fusion bonded epoxy). High-quality coating
materials are available today, providing high dielectric and mechanical
characteristics and high coating resistance. The coating quality improvement has
resulted in fewer coating damages and increased susceptibility of pipelines in areas
of AC corrosion.
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The coating defect shape and size influence AC corrosion. The defect area is
reciprocal to electrical resistance; accordingly, the protection current finds it more
difficult to reach a defect smaller than a more significant fault.

Transmission lines orientation to Pipelines

Distributed source analysis of the inductive coupling may predict induced voltage
on the pipeline in common right of way with transmission lines [319], [320].
Pipeline orientation to Transmission lines influences the magnitude and distribution
of induced AC voltage. The complex characteristics like electrical discontinuity of
power line, a change of pipeline path, shield wires, and multiple conductors’
analysis include mutual impedance, unknown currents program, pipeline
characteristics, and Thevenin circuit Programs.

Numerical models [321] simulate the induction due to the pipeline and transmission
line proximity at various angles. AC transmission line induces minimal AC on the
pipeline when it crosses it at nearly ninety degrees. However, an AC transmission
line running parallel to the pipeline may induce significant AC on the pipeline.
Field investigations have indicated that corrosion occurs [186] mainly at defects
with areas up to 1 cm?. Different holiday areas experience different corrosion rates,
and various-sized defects [322] accelerate corrosion under AC. The corrosion
behaviour of pipeline steel [187], [188] using the EIS test, Polarisation curve,
immersion test & Mott-Schottky curve has indicated that the reduction in AC
frequency shifts the corrosion potential more negatively and enhances the steel
corrosion rate, resulting in increased occurrence of corrosion pits.

Observations and measurements [158] exist in the early nineteens evaluating steel
corrosion under cathodic protection in various soils and outline basic theory. The
electrochemical theory of underground corrosion explains the concentration of
hydroxide ions at the cathode, ferrous ions at the anode, and increased circuit
resistance due to the oxidation of ferrous ions in the presence of bicarbonate to
ferric hydroxide:

4Fe*" + 0, + 2H,0 + 8HCO™ — 4Fe(OH)® + 8 CO? (2.9)
The study by Denison involved corrosion for a short exposure period of up to two

weeks and described the formation of membrane between anode and cathode. The
position of the membrane concerning the anode is attributable to factors such as
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soil permeability, soil reaction, and concentration of soluble salts. Empirical
equations have been derived and found to remarkably agree [159] with
experimental results for the pitting corrosion in well-aerated soils, well-aerated
soils, and poor-aerated and very poor-aerated soils.

The effects of stray alternating currents on pipeline steel have been investigated
through multiple laboratory tests, such as Immersion tests, Electrochemical tests,
and explained with the help of a mathematical model of AC interference. Corrosion
morphology changes from generally uniform to predominantly pitting [245] in the
presence of AC interference. Various tests undertaken to study the AC-induced
interference effect on passive metals have shown that AC's presence reduces steel's
resistance to corrosion, resulting in the enhanced deterioration with decreased
critical chloride threshold. Table 2.2 represents some techniques used to evaluate

AC Corrosion.

Table 2.2: Techniques for AC Corrosion

Study Objective Technique used
I A Dgnison et Steel Corrosion under Corrosion cell observation in
al., 1939 cathodic protection in different soils

M. Frazier et

different soils
AC interference Study of

Software development for steady-

al., 1986 a common utility state analysis to determine pipeline
corridor voltages and currents
Sara Effect of AC on AC density threshold
Goldanich, corrosion of metals determination, Corrosion rate, and
2005 study corrosion kinetics
Sara Investigate Ac Weight loss tests performed at
Goidanich et  interference corrosion different AC densities in soil
al., 2010 problems causing simulating solutions on a carbon
pipeline failures steel specimen
Dan D. Micu  Study of EM Loop Current technique based on a
etal., 2012 interference between hybrid model to solve equivalent
transmission lines and electric circuit
pipelines
A QFuetal, Effectof AConCP Electrochemical, weight loss, and
2013 performance surface characterization
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M Buchler et  Potential measurement Continuous data acquisition

al., 2013 under AC corrosion
Zitao Jiang et  Simulate coating Laboratory experiments conducted
al., 2014 holidays under AC on

buried pipeline
Huiru Wang et AC effect on cathodic Voltammetry method, Potential
al., 2017 protection monitoring, and surface

characterization

Thakur, Ajit  Prediction and Experimental studies coupled with
Kumar et al.,  Mitigation of AC modeling using CDEGS
2022 interference

The above techniques are deployed to determine and understand the AC corrosion
mechanism under cathodic protection. Few authors have conducted experimental
studies involving weight loss measurements, voltammetry, and other tests on steel
specimens under cathodic protection, to evaluate the influence of alternating current
interference. Studies have revealed that corrosion has occurred in the presence of
CP. The -850 mV CSE criterion is not always safe, and over-protection is the most
dangerous condition in the presence of AC.

Further simulation /modeling studies duly validated with field measurements
involving prediction and mitigation of AC interference for extensive pipeline
networks are unavailable. Pipeline design engineers use this study to select the
appropriate pipe steel for applications subjected to AC interference.

The prediction and consequent mitigation of pipeline AC corrosion under cathodic
protection through a mix of experiments and validation through simulation studies
help develop a robust corrosion model, which is helpful to the pipeline industry to
mitigate AC corrosion effectively.
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CHAPTER 3

EXPERIMENTAL WORK

3.1 POTENTIOSTATIC AND GALVANOSTATIC TESTS

The experimental studies below are conducted under cathodic protection to
determine the Alternating Current Interference effect under simulated soil
conditions as below:

3.1.1 Determine the effect on protection potential through Galvanostatic
measurements across API pipe grades X46, X52, X60, X65, and X80.

3.1.2 Determine the effect on protection current density through
Potentiostatic measurements across API pipe grades X46, X52, X60,
X65, and X80.

The Galvanostatic and Potentiostatic measurements enabled us to compare the
relative performance of respective API pipe grades regarding resistance to AC
corrosion under the influence of AC interference under cathodic protection.

3.2 ELECTRICAL CIRCUIT

The electrical circuit (Figure 3.1) controlled, separated, and measured the DC and
AC. The basic properties of Inductors and Capacitors enabled the coupling of an
AC circuit with a DC circuit without interference. The Inductor blocks AC
circulation in the DC circuit, and the capacitor prevents DC flow in the AC Circuit,
enabling taking unaffected and reliable measurements under cathodic protection.

The electrical circuit combines two circuits, one DC and another AC circuit.
3.2.1 DC CIRCUIT
DC circuit consists of the following:

e The shunt, R2 (10 Ohms, 200 W), for DC measurement.
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Figure 3.1: Electric Circuit - DC and AC coupled (Thakur et al. 2020)

e A Galvanostat provides a DC supply between the working specimen (W) and
counter electrode (CEpc).

e Aninductor (20 H, 230 V) blocks the flow of AC in the circuit while permitting
DC flow. Reactance (XL) of the Inductor (L) at frequency f is represented by:

XL = 2nfL (3.1)

3.2.2 AC CIRCUIT
AC circuit consists of the following:
e The shunt, R1 (10 Ohms, 200 W) for AC measurement.

e A Variable Transformer (Variac) provides an AC supply, which flows between
the working specimen (W) and counter electrode (CEac).

e A pair of capacitors (500 uF, 230 V) blocks the flow of DC in the circuit while
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permitting AC flow. Reactance (XC) of the capacitors (C) at frequency f is
represented by:
1
XC= ImrC (3.2)

The Variac provided the requisite AC through the pipeline specimen, and
Galvanostat ensured the requisite DC through the pipeline specimen. While the
flow of DC provided cathodic protection to the pipeline specimen, AC provided
the necessary current for AC interference.

3.2.3 CONSOLIDATED AC AND DC CIRCUIT

For the study of AC interference under cathodic protection conditions, primary
capacitor, and inductor circuits are as below:
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AC circuit consisting of Variac with autotransformer facilitated the flow of AC
between the specimens and counter electrode (CEac).

DC is supplied through Galvanostat to facilitate the flow of DC between the
specimen and counter electrode (CEpc).

Capacitors (C1 and C2) inhibit DC flow in an AC circuit. A capacitor with
capacitance C offers impedance (Xc) which is inversely proportional to the
frequency (f) of the electrical signal.

Xe=1/2afC
Inhibited AC flow in the DC circuit by the presence of an Inductor (L) as

impedance (XL) of an inductor is directly proportional to the frequency (f) of
the electrical signal.

X = 2xnfL
The protection potential of the specimen (W) is measured accurately to the Cu-
CuSo4 Reference cell.

A voltage across the fixed resistance Shunt S determines the current passing
through the specimen.

Derived protection density, considering the current passing through a fixed
specimen area (1 sq. cm).

Influence on protection potential and protection current density at various AC



and DC currents are measured suitably to analyze CP performance's effect and
determine which pipe grade is least affected.

Observed the effect of AC on protection potential at various protection
potentials to determine the most stable protection potential in the presence of
AC.

Counter electrodes complete requisite circuits, and current flow is measured
using a shunt. A Cu-CuSo4 reference electrode (RE) helped measure the
specimen's DC potential.

CABLE TAIL

EPDOXY RESIN

ENCAPSULATION Pipe Material

N2

/////////

Figure 3.2: Steel specimen Arrangement (Source Open)

3.2.4 WEIGHT LOSS TESTS

Weight loss tests on API pipe grades X46, X52, X60, X65, and X80, included Zinc
and Magnesium anodes. The weight loss tests enabled us to compare the relative
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performance of the API pipe grades under similar conditions. Further, the weight
loss tests also helped reach in performance of Zinc and Magnesium anodes.

3.2.5 STEEL SPECIMEN

Prepared steel specimens, each measuring 100 mm diameter and 6 mm thickness,
using API pipes. Each sample was thoroughly cleaned using demineralized water
and placed in a PVC cylindrical tube of 40 mm length and 10 mm internal diameter.
A weld attachment on one side of the specimen secured a six mm? copper cable for
an electrical connection. We kept a bare surface of 10 mm diameter on the other
side of the sample to enable the current flow. We filled the cylindrical tube with
epoxy for an airtight arrangement (Figure 3.2).

3.2.6 SOLUTION SIMULATING SOIL

Used a new solution simulating soil for dipping each specimen. Each liter of the
solution consisted of a mixture of Sulphate ions (500 mg), Chloride ions (200 mg),
and silica sand. The soil simulating solution's pH (about 6.4) and electrical
resistivity (about 5 Ohm-m) are measured. After each test, discard the existing
mixture and clean the container for subsequent measurements.

3.3 TEST CONDITIONS

3.3.1 PROTECTION POTENTIAL MEASUREMENTS

Galvanostatic tests on pipeline specimens at various AC densities included studying
the effects of Alternating current on protection potential. Each prepared sample in
a cylindrical tube is cleaned and immersed in the soil-simulating solution. Each set
of tests used a fresh ground-simulating solution.

Applied various alternating current densities in steps as interference with the
applied protection densities, and the resultant protection potential was measured
(Table 3.1).
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Table 3.1: Test conditions for Galvanostatic measurements

Protection Density AC Density

(A/m?) (A/m?)
0.1 10, 30, 50, 100, 200
0.3 10, 30, 50, 100, 200
0.5 10, 30, 50, 100, 200
1.0 10, 30, 50, 100, 200
2.0 10, 30, 50, 100, 200
10.0 10, 30, 50, 100, 200

Initially, the protection current was applied at 0.01 A/m? for 24 hours without AC.
After measuring protection potential, the protection current was increased to 0.1
A/m? and applied 10 A/m*> AC for 30 minutes. For 30 minutes, measure the
protection potential every five minutes. The applied AC was then reduced to zero
and left for stabilization for five minutes at the applied protection current.

The measurements were repeated by applying AC for 30, 50, 100, and 200 A/m? at
the applied protection density.

Subsequently, the protection current was increased to 0.3 A/m? and the
measurements were repeated at the different AC densities. The process was
continued for various protection currents (0.5, 1.0, 2.0, and 10.0 A/m?).

3.3.2 PROTECTION DENSITY MEASUREMENTS

Potentiostatic tests included studying the effect of Alternating current on protection
density. During tests, various current densities applied to the applied protection
potential, and the resultant current density was measured (Table 3.2).

Potentiostatic tests, applied in steps, included studying the effect of Alternating
current on protection current density at various alternating current densities.

Initially, protection potential was applied at -0.8 V for 24 hours without AC. After
measuring protection density, protection potential was increased to -0.85 V and
applied 10 A/m? AC for 30 minutes. During the period, the protection density
measured every five minutes. The applied AC was then reduced to zero and left for
stabilization for five minutes at the applied protection potential.
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Table 3.2: Test conditions for Potentiostatic measurements

Protection Potential AC Density

V) (A/m?)

0.85 10, 30, 50, 100, 200
0.95 10, 30, 50, 100, 200
1.05 10, 30, 50, 100, 200
1.15 10, 30, 50, 100, 200
1.25 10, 30, 50, 100, 200
1.35 10, 30, 50, 100, 200

The measurements were repeated by applying AC for 30, 50, 100, and 200 A/m? at
the applied protection potential.

Subsequently, the protection potential was increased to -0.95 V, and the
measurements were repeated at the different AC densities. The process was
continued for various protection potentials (-1.05, -1.15, -1.25, and -1.35 V).

3.3.3 WEIGHT LOSS TESTS

Performed weight loss tests under alternating current on pipe samples for different
periods (Table 3.3) as below:

Table 3.3: Test conditions for measurement of weight loss

AC density Time
(A/m?) (Months)
200 0,1,2,3,4

Initially, all the pipe samples were thoroughly cleaned and dried. The initial weight
of each sample and the corresponding anode were measured. The samples with
anodes were divided into five sets and kept in the soil in pots. One collection of
pieces was not subjected to AC. The balance four groups were subjected to fixed
AC of 200 A/m>. A requisite set of samples was retrieved monthly, cleaned, and
weighed. Loss of weight is attributable to AC corrosion due to the flow of AC.
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3.4 EXPERIMENTAL ARRANGEMENTS

The following were the experimental arrangement(s) for conducting tests:
3.4.1 GALVANOSTATIC AND POTENTIOSTATIC MEASUREMENTS

The in-house experimental arrangement (Figure 3.3) consisted of the following:

e A Galvanostat feeds DC through the prepared sample (immersed in soil
simulating solution) to provide requisite cathodic protection.

e An autotransformer provided the requisite variable AC to enable AC flow
through the prepared sample.

e Shunts and multimeters enabled measuring AC/DC voltage and current.

e Capacitors enabled the flow of AC in the AC circuit and simultaneously
blocked the flow of DC in the respective circuit.

e Inductors enabled the flow of DC in the DC circuit and simultaneously blocked
the flow of AC in the respective circuit.

e Counter electrodes immersed in the soil-simulating solutions provided the
requisite stability to the respective circuits.

Figure 3.3: Protection potential and AC density measurement setup

e The sample immersed in a soil simulating circuit was subjected to a flow of AC
in the presence of DC. The protection potential of the sample was measured
along with the AC current flowing.
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3.4.2 WEIGHT LOSS MEASUREMENT

A separate in-house circuit (Figure 3.4) enabled weight loss measurement due to
AC. The weight loss tests were conducted for four months by exposing the pipe
samples of different grades to AC interference. Galvanic anodes protect from
corrosion by injecting DC current. One set of each pipe grade was retrieved after
one month, and actual weight loss was measured. Similarly, each group was
retrieved at the end of the second, third, and four months, and the weight loss was
measured after cleaning.

The pipe samples not exposed to AC interference were also retrieved monthly to
determine the weight loss.

Figure 3.4: Set up for weight loss on AC interference (Thakur et al 2022)

3.4.3 SOIL RESISTIVITY AND pH MEASUREMENTS

The soil resistivity and pH were measured for the soil-simulating solution used for
protection potential and AC density measurements.

3.5 DATA COLLECTION

Collected data through experimentation as below:

3.5.1 Measure protection potential (upon 24 hours polarization) of pipe samples
(X46, X52, X60, X65, and X80).
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3.5.2
3.53
3.54

Soil resistivity for each new solution for experimental testing.

pH for each new solution for experimental testing.

Protection potential variation at various AC densities in 30-minute steps
(measurement every five minutes) for X46, X52, X60, X65, and X80 pipe
samples:

At a protection density of 0.1 A/m?

At a protection density of 0.3 A/m?

At a protection density of 0.5 A/m?

At a protection density of 1.0 A/m?

At a protection density of 2.0 A/m?

At a protection density of 10.0 A/m?

Protection density variation at various AC densities in 30-minute steps
(measurement every five minutes) for X46, X52, X60, X65, and X80 pipe
samples:

At a protection potential of -0.85 V

At a protection potential of -0.95 V

At a protection potential of -1.05 V

At a protection potential of -1.15 V

At a protection potential of -1.25 V

At a protection potential of -1.35 V

Weight loss measurements at the AC density of 200 A/m? for X46, X52,
X60, X65, and X80 pipe samples:

After one month

After two months

After three months

After four months

Weight loss measurements at the AC density of 200 A/m? for Magnesium
and Zinc anodes:

After one month

After two months

After three months

After four months

The data collected is analyzed statistically in Graphs to determine the pipe grade
that is least affected due to AC interference in the presence of Cathodic Protection.
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Completed results validation through extended weight loss tests on pipe samples of
different grades in soil simulating solution.

Weight loss tests were also analyzed to determine the performance of Magnesium
and Zinc anodes under AC interference.

42



CHAPTER 4

MODELING WORK

4.1 MODELING METHOD AND SOFTWARE

The AC modelling study used CDEGS (Current Distribution Electromagnetic,
Grounding, and Soil Structure Analysis) software to profile HVAC power lines
with a zone of interference coinciding with the pipeline route, including collecting
power line data, measuring soil resistivity data, and conducting a simulation study.
CDEGS (Current Distribution Electromagnetic Interference Grounding and Soil
Structure Analysis) by Safe Engineering Services, Canada, is an automated
software tool that enables complex modeling and simulation of overhead
transmission lines on pipelines.

Right-of-Way (ROW) package of CDEGS is an automated AC Interference
analysis software specifically designed for AC interference studies. Right-of-Way
Pro software includes the TRALIN (Transmission line parameters), SPLITS
(Simulation of Power Lines, Interconnections, and Terminal Stations), RESAP
(Soil Resistivity Analysis), and MALZ (Low and high-frequency grounding)
engineering modules and several other related tools and components.

The specially designed Right-of-Way package of CDEGS deployed to complete
AC interference studies under fault conditions, including inductive, conductive, and
capacitive couplings. Using the TRALIN and SPLITS engineering software
modules, it is possible to rapidly model a corridor in which multiple energized and
de-energized power line circuits and other utilities run simultaneously at varying
separation distances. The MALZ module of the ROW software package supports
the combined conductive and inductive interference effects through the EMF
energization feature taken directly from Right-of-way.

The circuit approach and finite element analysis allow the analysis of complex
domains involving several conductors and multilayered soils.
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The modeling of the pipeline system based on the circuit theory approach consists
of three steps:

e Circuit Model Setup
e Line parameter calculations
e Circuit Analysis

4.2 MODELLING CONDITIONS

4.2.1 FAULT CONDITION

Conductive coupling occurs when a fault exists in the tower or along the
transmission line. If a fault condition occurs on a high voltage transmission line, all
the electricity in the line gets dumped into the earth. The pipeline in the earth is
then subjected to a discharge of current due to failure of the high voltage
transmission line. It can cause current arcing through the soil, which under extreme
conditions, can burn a hole in the pipeline leading to catastrophic failure. The
damage done to the pipeline depends upon the intensity of the voltage.

4.2.2 STEADY-STATE CONDITION

Electromagnetic induction can occur in a parallel pipeline to the power transmission
line. If the pipeline is close enough to fall within the electromagnetic field, then
some form of current induces the pipeline in the opposite direction. This induced
current picked up by the pipeline can result in high voltages along long pipeline
sections due to the Longitudinal electromagnetic field (LEF). There are very few
places for this current to exit for well-coated pipelines. Failure of the current to exit
the pipeline. This current exits through defects in the pipeline, such as holidays,
leading to AC-induced pipeline corrosion.

4.3 MODELLING ACTIVITIES

The Right of Way software of CDEGS software with circuit theory approach
consists of three steps

e (Circuit model setup

e Line parameter calculations
e Circuit analysis

e Total Interference
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The circuit model setup uses the ROWCAD module, Line parameter calculations
done using the TRALIN module, and the circuit analysis performed using the

SPLITS module for Inductive and MALZ module for total interference.

The sequence of steps involved in developing the complete network using
ROWCAD are
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Import Polylines, describing the routes of pipelines, transmission lines,
and railways, from Google Earth (Figure 4.1).
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Figure 4.1: Polyline route of the pipeline and HT line (208.58 km)

Each route of the pipeline has different cross-sections. Under the Cross-
Section tab, the electrical characteristics of a pipeline, transmission line
phase conductors & shield wires, and traction line defined. In addition,
physical features like the buried depth of a pipeline (Table 4.1), phase-to-
phase clearance, phase-to-shield wire distances, height from the FGL, and
geometrical position of the Traction line also defined.

Pipeline characteristics defined for their dimension and electrical and
magnetic properties are:

Conductor characteristics

Inner radius 0.22225 m
Outer radius 0.2286 m
Thickness 0.00635 m



Relative resistivity
Relative permeability

Coating characteristics

Outer radius
Thickness

Area Resistance
Relative permittivity
Relative permeability

10.35
300

0.2292 m
0.0006 m
23000 Q m?
23

1

Table 4.1: Pipeline cross-section defined for burial depth
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Location Name  Z(m) Associated
phase
1 Pipeline -1.7292  1-pipeline

400kYV transmission line — Centre line symmetry

center.

Depth from GL to pipeline

Each conductor in the Transmission line (Phase wires & shield wires) is
represented as Phases. The transmission lines with two shield wires, as the
two shield wires are tied at every tower, share the same potential along the
line. So based on the circuit model approach, the two shield wires are
bundled as single-phase self and mutual impedance, which is enough to
represent the two shield wire conductors.
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Figure 4.2: Energisation of terminal




A total of 7 phases represent one transmission line of 400 kV with a single
shield wire. The geometrical distances, heights, and electrical
characteristics are defined. The conductor characteristics for phase
conductors and shield wire are selected from the SES Library and assigned
to related phases. Shield wire configuration (Steel with a resistance of 2.5
ohm/km) and phase conductor's configuration (twin moose conductor with
a spacing of 450mm) are defined in this stage.
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Figure 4.3: Soil definition for the derivation of the Soil model

e Phase leakage
Transmission lines' neutral or shield wire conductor is usually connected to
towers with known footing impedance. The "Q/Tower" option is used to
define the tower ground impedance.

e Energization

The Energization for each terminal is defined by system voltage, load
impedances & terminal ground impedances (Figure 4.2).

Soil model

A multi-layered soil model was derived (Figure 4.3) based on site
measurements at 21 locations along ROU for this pipeline section 103.624
km.



Figure 4.4: Generating Regions
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Generating regions

After all, specifications are defined, use RowCAD to subdivide the system
into regions that form the base unit for representing the system in circuit
form.

One hundred two regions in terminal 1 and 2335 regions in terminal 2
generated, as shown in Figure 4.4.

Starting Right-of-way

The ROWCAD network is imported by clicking Import from the Build
System Configuration tab. After successfully importing the network,
regions, and terminals are defined (Figure 4.5).



"t Building the Right-of-Way System
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Figure 4.5: Regions and Terminals

4.4 INDUCTIVE AC INTERFERENCE COMPUTATION

The inductive AC interference starts by selecting the CREATE circuit
button (Figure 4.6).
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Figure 4.6: Portion of the created circuit

e The Inductive AC interference computation initiates the circuit above by
selecting the PROCESS button. The modeled scheme in CDEGS is as per
Figure 4.7 with exiting pipeline ground locations.

Pipe line is earthed at Pipe line is earthed at Pipe line is earthed at Pipe line is earthed at Pipe line is earthed at
this location. Earth this location. Earth this location. Earth this location. Earth this location. Earth
resistance 244.55 Ohms resistance 141.42 Ohms resistance 54.78 Ohms resistance 206.70 Ohms resistance 13.45 Ohms
MOV-Jatni RCP03  —  NRVO4 __  MoOV-07 NRV-05 RCP-05 CH
cH.10a953KkM | | . g T s CH.143 KM CH.152.569 cHasskm P T T 208.577

Pipe line 18” Dia.

m———  Pipeline 18"

T Existing Pipeline Ground Locations

Figure 4.7: Scheme modelled in CDEGS

e The pipeline earthing impedance is defined in Right-of-Way software.
Figure 4.8 shows pipeline earth impedance for one location (Ch. 104.953
km). It is defined for all locations similarly.
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Figure 4.8: Pipeline earth impedance at 104.95 km

4.5 TOTAL INTERFERENCE COMPUTATION - STEADY STATE

This module creates various conductive MALZ files for each soil zone. The MALZ
model is based on the ROW system defined in ROWCAD and the options and
definitions specified in this module. It also includes EMF terms computed from
previous SPLIT (inductive) steady-state computations. Consequently, the MALZ

model computation gives the total interference level (conductive and inductive
components).
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Figure 4.9: Substation ground impedance

The total interference module is re-simulated with the newly created MALZ file
incorporated with the new entries/operations, and finally, the results are examined.

Pipeline

/

~rBHAE DERr ST oD

) \ 755q.mm Insulated Cu. Cable

X000 Q4L0@L MMM [HE & BB B Codomimion)

Figure 4.10: Pipeline earthing modelled

The steps involved include:

e Selecting "Total Interference" on the main screen of ROW allows access
to Creating the Total Interference Model. All towers of 220kV & 110kV
transmission lines set and exported to the MALZ file.

e Substation ground impedance (Figure 4.9) is achieved by modeling the
appropriate earthing grids & placed them at corresponding locations.

e Pipeline earthing is modeled as per Figure 4.10. and defined as per Figure
4.11.
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e The total interference is computed by incorporating the above details and
processed by clicking the "Create and Process" option.

(EFE
!

X@O0Q4LO@ANMN FIFHE &S & Codenliplone

Figure 4.11: Pipeline earth defined

4.6 MODELLING PROCEDURE FOR FAULT CONDITION

Conductive and inductive interference levels are combined during fault conditions
to compute pipeline potentials, stress voltages, and touch & step voltages. Faults
should be simulated at representative intervals throughout the usage corridor at the
transmission line structure, and currents injected into the earth by transmission line
structures during conductive coupling should be considered appropriately.

When there is a powerline fault at a tower, there is a potential ground rise (GPR),
which raises the earth's potential in contact with the pipeline. If the pipeline runs
parallel to the transmission line, there can also be induced voltage on the pipeline,
which adds vectorially to the potential ground rise. Any voltage transferred to the
pipeline would reduce the voltage across the coating, which can lead to dielectric
breakdown of the pipeline coating, depending on the magnitude and duration of the
applied voltage.
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Table 4.2: Existing Pipeline Earthing Locations

Chainage Type Chainage Type Chainage Type Chainage Type
(km) (km) (km) (km)

105 DMV 2353 DAC 271.3 DAC 307.8 DAC
112.8 DAC 238.6 DAC 274.7 DAC 309.6 DMV
119.5 DAC 239.5 DMV 275.1 DAC 310 DAC
119.5 DAC 240.5 DAC 276.1 DAC 310.4 DAC

123 DMV 244.5 DAC 277.6 DAC 317.9 DAC
152.2 DMV 248.6 DAC 277.9 DAC 319 DMV
172.9 DMV 251.3 DAC 279 DMV 322 DAC
175.1 DAC 253 DAC 279.6 DAC 325 DAC
177.2 DAC 254 DAC 280 DMV 329 DAC

180 DAC 255 DAC 289 DAC 330 DAC
181.5 DAC 256.5 DAC 290 DAC 334 DAC
184.5 DAC 257.5 DAC 291 DAC 337 DAC
207.4 DAC 259 DAC 296 DAC 339 DAC
209.8 DMV 261 DAC 298 DAC 351 DAC
220.7 DAC 263 DAC 299 DAC 354.6 DAC
225.7 DAC 265 DAC 305 DAC 372 DAC
227.6 DAC 270.3 DAC 305.6 DAC 375 DAC
231.1 DAC 265 DAC 307.1 DAC

Type DMV for Valve locations and Type DAC for Transmission lines

Modelling under fault conditions has been carried out for a total pipeline length of
285 km, starting from Jatni at a chainage of 104.953 KM to Sambalpur at a chainage
0f 389.884 KM. The pipeline network has an outer diameter (OD) of 45.72 mm (18
inches), a wall thickness of 6.35 mm, the material of construction steel grade API
5LX70, and a coating leakage resistance of 23000 ohm-m?. The pipeline system
has DFBE Coating, with a minimum coating thickness of 0.6 mm, buried at 1.5 m

from finished ground level (FGL).

The pipeline system is earthed at several locations near transmission lines through
DAC type TLP and at block valve locations through DMV TLP, as shown in Table

4.2.
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4.7 SOIL RESISTIVITY AND pH STUDY

The electrical soil resistivity measurement is crucial for AC interference modeling
and implementation of mitigation measures as required. Soil resistivity is the
function of soil properties such as particle size distribution, pore size, connectivity,
water content, temperature, and medium. At various electrode spacings, soil
resistivity was recorded at 59 locations along the pipeline route. Table 4.3 indicates
the soil resistivity measurements at Chainage 115.4 and 117.72 km. Soil resistivity
measurements are then resolved into multilayered soil structures using the RESAP

module.
Chainage 115.4 km 117.72 km
Spacings Resistivity Average Soil Resistivity Average  Soil
(m) (Ohm-m) Resistivity (Ohm-m) Resistivity
(Ohm-m) (Ohm-m)
X Y X Y
Table 4.3: Soil resistivity measurements at 115.4 and 117.72 km
0.5 2.21 6.94 5.83 63 197.95 178.47
1 0.75 4.71 5.84 33 207.37 194.80
2 0.31 3.90 4.59 14.53 182.61 230.18
3 0.23 4.34 4.71 13 245.08 245.17
5 0.24 7.54 6.76 7 219.94 184.44
10 0.17 10.68 11.00 2 125.68 83.58
20 0.14 17.60 15.08 1 125.68 109.97
30 0.16  30.16 30.16 0.5 94.26 61.27
50 0.11 34.56 34.56 0.19  59.70 59.70
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pH values measured at 63 locations along the pipeline route. Table 4.4 indicates the
locations of Soil resistivity and pH measurements.

4.8 FAULT CURRENT USED IN MODELLING

During a single-phase-to-ground fault, the current on the faulted phase is much
larger than the current on the non-faulted phase. Hence only faulted phase is
modelled with fault current as three times the current flowing through transmission
lines. Transmission lines are considered a two-terminal network that acts as sources
for the given fault current. The fault current will flow from both terminals to the
faulted tower. The fault current for the simulation has been calculated based on the
distance and impedance of the faulted phase conductor.

Table 4.4: Soil resistivity and pH measurement locations in the field

Measurement locations Chainage (km)

Soil Resistivity pH

106.50 184.00 270.00 345.80 10622 231.30  280.02 325.50
110.60 189.35 27420 355.49 113.45 23430 28330 328.00
111.40 195.50 280.00 359.50 11599 237.35 29140 331.00
117.72  202.50 285.50 362.50 11692 238.96 29240 337.30
119.28 208.65 291.90 364.80 117.09 24550 295.07 341.30
12096 213.40 295.09 371.60 11928 24798 297.60 345.30
12590 217.10 299.40 372.40 120.19 248.44 299.60 362.42
132.80 225.50 305.70 376.30 12376 249.56 301.50 364.42
144.00 234.10 310.40 383.70 17336 257.82 30545 367.40
149.00 238.80 311.10 387.56 18029 26020 30732 371.40

152.70  241.70 317.65 391.50 18400 261.30 31042 372.40

56



Measurement locations Chainage (km)

Soil Resistivity pH
156.80 245.70 323.20 18545 27037 311.55 375.39
161.45 247.10 328.80 21960 27410 314.10 376.00
167.60 249.00 330.15 20580 27570 317.50  380.00
175.80 254.20 331.45 2875 276.10 32120 389.00
180.29 264.40 337.90 23030 277.10 323.20

4.9 FAULT CURRENT SIMULATION

4.9.1 TRANSMISSION LINES

Using 3D imagery, we observed that 18 transmission lines of different voltages
ranging from 132 kV to 765 kV parallel the above pipeline (Table 4.5).

Table 4.5: Details of Transmission Lines nearby/crossing Pipeline system

Name of Utility Transmission Number Design Load Phase
Transmission Owner Voltage (kV) of circuits (Amps) Arrangement
line

Mendhasal- PGCIL 400 Four 335/335/ -

Pandabili 410/130

Mermundal- OPTCL 400 Double 380/350 Centre Line
Mendhasal

Narendrapur- OPTCL 220 Single 270 Centre Line
Mendhasal

Nayagarh- OPTCL 220 Double 260/230 Centre Line
Chandaka

Khurda- OPTCL 132 Single 100

Mendhasal

Nuapatna LILO OPTCL 132 Double 110/105 Centre Line
Angul- PGCIL 765 Double 250/240 Centre Point
Sundargarh Ckt 1-

2

Angul- PGCIL 765 Double 270/260 Centre Point
Sundargarh Ckt 3-

4
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Name of Utility Transmission Number Design Load Phase
Transmission Owner Voltage (kV) of circuits (Amps) Arrangement
line

Angul- PGCIL 400 Single 105 -
Meramundhali

TUS

Meramundhali- Vedanta 400 Double 410/390 Centre Point
Vedanta

Angul-JPTIL JPTIL 400 Double 410/405 Centre Line
Meramundhali- OPTCL 400 Double 380/350 Centre Line
Mendhasal

Angul-Kaniha PP OMR 400 Double 525/390 Centre Line
Angul- PGCIL 400 Double 525/390 Centre Line
Meramundhali

Meramundhali- JSPL 400 Double 405/405 Centre Line
JSPL PP

Bhnajanagar- OPTCL 220 Double 260/230 Centre Line
Meramundhali

Angul-Boinda OPTCL 132 Single 80 -

Boinda- OPTCL 132 Single 90 -
Sambalpur

Based on satellite imagery, Google Earth renders a three-dimensional (3D)
representation of the earth. This program maps the earth onto a 3D globe by
superimposing satellite images, aerial photography, and GIS data, giving users a
multi-angular view of cities and landscapes. Google Earth representation for

pipeline and transmission lines is as per Figure 4.12.

The following transmission lines have been identified for fault current simulation
based on the magnitude of fault current and the proximity of their tower locations

to the pipeline

1. TL 400KV Meramundhali to Vedanta.
2. TL 400KV Meramundhali to Mendhasal

3. TL 765KV Angul to Sundargarh Ckt 1&2

4. TL 400KV Mendhasal to Pandiabili
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Figure 4.12: Pipeline and Transmission lines on Google Earth

4.9.2 FAULT TOWER IDENTIFICATION

The towers are identified based on the separation distance from the pipeline. The
conductor close to the pipeline faulted to the ground and simulated with fault
current.

e The identified transmission line 400kV Meramundhali to Vedanta runs
parallel to the pipeline for about 165 KM at chainage 220 km to 385 km
and crosses the pipeline at 36 locations. A single line to a ground fault
simulated at Ten (10) towers along the route.

e Transmission line 400kV, Meramundhali to Mendhasal, runs parallel to a
pipeline for about 55 km and crosses the pipeline at two locations. A single
line-to-ground fault simulated at Nine (9) towers along the route

e Transmission line 765kV, Angul to Sundargard Ckt 1&2, runs parallel to
a pipeline for about 115 KM and crosses the pipeline at one location. A
single line to a ground fault simulated at Eight (8) towers along the route.

e Transmission line 400KV, Mendhasal to Pandiabili, crosses the pipeline

at one location. A single line to a ground fault is simulated at Four (4)
towers along the route.
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4.9.3 FAULT CONDITION MERAMUNDHALI TO VEDANTA 400 kV

The pipeline and HT line (Mermundhali to Vedanta, 400 kV) indicated on Google
Earth as per Figure 4.13 are faulted towers, as represented in Figure 4.14.

VEDANTA S§

SAMBALPUR

N

Figure 4.13: Pipeline and HT line for fault analysis on Google Earth

The plan view of the scheme modeled for simulation is as per Figure 4.15. The
simulation is carried out with mitigation grounds recommended for normal load
operation in a plan.

FAULTED TOWERS
'

Figure 4.14: Faulted Tower locations
e Defined the Fault between the 'R' phase of circuit 2 and the Shield wire of
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Mermundal to Vedanta 400kV line at ten towers.

00V LINE Tower

Pipeline

SAMBALPUR

NRV-05 MOV MOV-10 RCPE  MOVAAT MOV-2 ACPO9  MOV-3

AR5 MOVE  RCP6  RCP7

MERAMUNDHAS§

VEDANTASS

oTp

Y Faued towes

[ MOV~ MOTOR OPERATING VALVE

Figure 4.15: Modelled Scheme in CDEGS

Parameters used
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Reference phases 2

Faulted phases 3

Type of source Source Current
Interpolation method Linear interpolation
Terminal No 1(South)/2(North)

Fault Connection Impedance 0.0001 ohms

e Defined current source in both ends at terminals Mermundal and Vedanta.

Total Interference levels are determined as per Table 4.6.




Termmal N

. Faull Location
Interconnection Fr{'quyc;} {Step)
Impedance | |

Terminal 1 Central

Figure 4.16: Reference Circuit Model

Parameters used
Interpolation phases 3

Reference terminal 1
End terminal o) :’_’ Refer Figure 4.16

Interpolation method based on faulted phase.

Table 4.6: Total Interference Levels

Magnitude Angle from Magnitude Angle from

Fault (Amp) from ref. from end end terminal
Location reference Terminal 1 terminal 2 2 (degrees)
(Km) terminal 1 (degrees) (Amp)
9.9 36828 -88 1991 -76
93.4 3918 -86 3646 -81
157.2 2328 -85 9999 -82
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CHAPTER 5

EXPERIMENTAL RESULTS AND DISCUSSIONS

5.1 BACKGROUND

The in-house experimental arrangement enabled potentiostatic, and galvanostatic
tests required on pipe samples of five API grades (X46, X52, X60, X65, and X80)
in the soil-simulating solution with/without AC interference.

While Galvanostatic tests determined the effect of alternating current on protection
potential at specific protection densities, the potentiostatic tests determined the
effect of alternating current on the protection density at specific protection
potentials. Subsequently, weight loss tests determined the extent of actual weight
loss in four months at an AC density of 200 A/m?. Weight loss test results validated
by published studies.

Modeling and optimization studies on the existing pipe network in Odisha, India,
enabled the prediction and mitigation of AC interference. The physical parameters
of the transmission lines, pipeline network, soil, and pH are collected. Field
validations enabled the optimization of the mitigation measures.

The results of the experimental research work are as below:

5.2 PROTECTION POTENTIAL WITHOUT AC APPLICATION

5.2.1 INITIAL PROTECTION DENSITY AND POLARISATION PERIOD

The pipe-grade samples are polarized for 24 hours before subjecting to AC
interference. The stable protection potential after polarization ensures adequate
protection at 0.01 A/m? without AC interference.

DC protection density polarises all the samples for 24 hours before subjecting them
to galvanostatic or potentiostatic tests. Without AC interference, a DC protection
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density (PD) of 0.01 A/m? polarises the pipe samples. Table 5.1 illustrates the
variation in protection potential after 24 hours:

Table 5.1: Polarised Potential

Pipe Grade Protection potential (mV)

At Start After 24 Hours period Variation

X46 -1051 -1052 -1
X52 -1042 -1043 -1
X60 -1035 -1035 0
X65 -1043 -1044 -1
X80 -1057 -1058 -1

The potential between -1035 and -1058 mV indicates satisfactory polarisation at
the applied protection density.

5.2.2 PROTECTION DENSITY (PD) OF 0.1 A/m?

A protection density of 0.1 A/m? supplies protection current to protect pipe samples
without AC interference.

Table 5.2 indicates protection potential in steps of 5 min each at the protection
density of 0.1 A/m?,

Table 5.2: Protection potential at PD = 0.1 A/m?

Pipe Protection potential (mV)
Grade
TS TS+5 TS+10 TS+15  TS+20 TS+25  TS+30
min  min min min min min

X46 -1067 -1068 -1067 -1066 -1067 -1069 -1069
X52 -1051 -1050 -1051 -1051 -1050 -1050 -1050
X60 -1040 -1040 -1039 -1039 -1039 -1039 -1039
X65 -1052  -1051 -1051 -1052 -1052 -1051 -1050
X80 -1064 -1064 -1063 -1064 -1065 -1065 -1066
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The variation in protection potential in the observation period for the X46 sample
1s 0.2%. The similar variation for X52, X60, X65 and X80 grade samples is - 0.1%,
- 0.1%, - 0.2% and 0.2% respectively. The variation is small enough to be ignored,
considering the level of measurements.

At the protection density of 0.1 A/m?, the minimal variation in protection potential
without AC interference indicates similar corrosion behavior. Indicated protection
density protects all pipe grades at this point.

5.2.3 Protection density (PD) of 0.3 A/m?to 10 A/m?

As the protection density increases, the protection potential increases in the
negative direction for all pipe grades. Table 5.3 summarizes the protection
potentials at various protection densities without AC.

For the X52 pipe, samples are protected with -1065 mV potential at a DC density
of 0.1 A/m* with no AC interference. With the change in DC density (from 0.1
A/m? to 10 A/m?), the protection potential turned more negative (from -1065 to -
1387 mV), indicating improved corrosion protection. The protection potential
exceeds -1200 mV with an increase in DC density beyond 0.5 A/m? which may
result in coating damage in some time.

For a protection density of 1 A/m?, the protection potential is beyond -1200 mV.
Further increase in protection density leads to overprotection [226]. In practice,
overprotection leads to coating disbondment over a long period. Coating
disbandment renders CP ineffective [111], [322] due to separating cathodic and
anodic reactions with depletion of dissolved oxygen.

Table 5.3: Summary of Protection Potential without AC

Pipe Grade Protection potential (mV) at Protection density (PD in A/m?)

PD=0.3 PD=0.5 PD=1 PD=2 PD=10
X46 -1151 -1201 -1250 -1280 -1401
X52 -1065 -1196 -1241 -1278 -1387
X60 -1060 -1187 -1227 -1278 -1387
X65 -1061 -1240 -1225 -1279 -1409
X80 -1135 -1181 -1215 -1256 -1383
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5.3 PROTECTION POTENTIAL UNDER AC INTERFERENCE
5.3.1 PROTECTION DENSITY (0.1 A/m?)

Grade X46

For API X46 Grade Pipe samples, the protection potential became more positive
from -1070 mV to -865 mV with an increase in AC density from 0 to 200 A/m?.
Table 5.4 indicates the Protection potential at a DC density of 0.1 A/m? under AC
for the X46 pipe.

Table 5.4: Protection potential for X46 pipe under AC (PD=0.1 A/m?)

AC Protection Potential (mV)
Density TS TS+5 TS+1 TS+1 TS+2 TS+2 TSH3
(A/m?) min Omin Smin Omin S5 min 0 min
10 -1068 -1063 -1057 -1055 -1053 -1051 -1050
30 -1052 -1042 -1030 -1021 -1010 -1006  -998
50 -996  -992 -987 -980 -978 -976 -976

100 974 -968  -969 -960 -953 -946 -941
200 -940  -928  -910 -887 -870 -858 -844

The protection potential shift for X46 pipe is -1.7% at 10 A/m? and -5.5% at 30
A/m?. At 50 A/m?, the protection potential shift is -2.1%, and at 100 A/m? it is -
2.5%. A high protection potential shift of -8.8% was observed at an AC density of
200 A/m>.

With increased AC density, protection potential is shifting positively at the fixed
value of protection density (PD=0.1 A/m?) using a Galvanostat. In the worst
condition of AC density of 200 A/m?, the protection potential is -844 mV,
indicating an anodic shift of 225 mV concerning the condition of no AC
interference. However, at 30 A/m? the anodic change concerning the non-
interference state is 71 mV.

Grade X52

The protection potential shift for the X52 pipe (Table 5.5) is -0.3% at 10 A/m? and
-5.6% at 30 A/m?. At 50 A/m?, the protection potential shift is -1.0%, and at 100
A/m? it is -2.4 %. A high protection potential shift of -7.2% is observed at an AC
density of 200 A/m?2.
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Table 5.5: Protection potential for X52 pipe under AC (PD=0.1 A/m?)

AC Protection Potential (mV)
Density TS TS+5 TS+1 TS+1 TS+2 TS+2 TSH+3
(A/m?) min Omin Smin Omin Smin 0 min
10 -1050 -1050 -1049 -1049 -1048 -1047 -1047
30 -1046 -1041 -1031 -1019 -1001 -991 -987
50 -983  -981 -980 -979 -975 -973 -973
100 971 -963 -959 -952 -950 -948 -948
200 -939  -931 -919 -899 -877 -870 -871

At an AC density of 200 A/m?, the protection potential is -871 mV, indicating an
anodic shift of 179 mV concerning no AC interference. However, at 30 A/m?, the
anodic change concerning the non-interference state is 63 mV.

The anodic shift at 30 A/m? for both X46 and X52 grade pipes is very close due to
the similarity in microcrystalline [276] structure and established manufacturing
processes. Both grades follow an identical pattern under AC interference at the
indicated protection density.

Grade X60, X65 and X80

The anodic shift (Table 5.6) in protection potential concerning the non-interference
state at a current protection density of 0.1 A/m? for X60, X65, and X80 is high
beyond 30 A/m?. The grades may experience high corrosion at high AC densities.

Table 5.6: Anodic shift at PD = 0.1 A/m?

AC Density (A/m?) Anodic Shift (mV)

X60 Xo65 X80

10
30
50
100
200

4 13 10
48 53 68
68 75 90
9% 103 125
167 175 222
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The protection potential positively shifted for all pipe grades with AC density
change from 0 A/m?to 200 A/m?. The anodic shift is higher for all pipes at an AC
density of 200 A/m? due to enhanced corrosion.

5.3.2 PROTECTION DENSITY (0.3 A/m?)

Protection potential shift (Table 5.7) for the X46 pipe is -0.8% at 10 A/m? and -
5.1% at 30 A/m?. At 50 A/m?, the protection potential shift is -2%, and at 100 A/m?>
it is -3.4 %. A high protection potential shift of -10.2% at an AC density of 200
A/m? indicates enhanced corrosion.

Table 5.7: Protection potential X46 at PD=0.3 A/m?

AC Protection Potential (mV)
Density TS TS+5 TS+1 TS+1 TS+2 TS+2 TSH3
(A/m?) min Omin Smin Omin S5 min 0 min
10 -1150 -1145 -1141 -1134  -1130 -1125 -1122
30 -1121 -1115 -1110 -1104 -1078 -1056 -1046
50 -1041 -1038 -1031 -1029 -1027 -1025 -1022

100 -1022 -1022  -1021 -1020 -1020 -1019 -1019
200 -1015 -1011  -1002  -991 -984 -977 -970

While Figure 5.1 presents the protection potential, Table 5.8 shows the protection
potential shift for X52, X60, X65, and X80 pipes.

Both protection potential and protection potential shifts indicate adequate
protection up to 30 A/m?> AC density and higher corrosion probability at higher AC
densities. Passive film breakdown is likely at AC densities from 30 A/m? to 50
A/m?,
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Figure 5.1: Protection potential at PD 0.3 A/m?

The protection potential of X52 Grade pipe samples increased from -1143 mV to -
963 mV, at a current protection density of 0.3 A/m?, with a variation of AC density
from 0 to 200 A/m?. The passive film is significantly damaged at current densities
of 50-200 A/m? enhancing corrosion. X52 exhibits comparable corrosion
resistance up to an AC density of 10 A/m?. At higher AC densities, the passive film
quickly deteriorates, allowing the protection potential to shift positively.

At a current protection density of 0.3 A/m?, the protection potential of X65 Grade
Pipe samples increased from -1131 mV to -951 mV with a change in AC density
from 0 to 200 A/m?. The protection potential of the X80 pipe changed from -1135
mV to -956 mV. Similar AC corrosion occurs in the X70 and X80 samples at
smaller AC densities with positive protection potential change. The passive film
ruptures at higher AC densities, increasing corrosion.

Table 5.8: Potential shift at PD 0.3 A/m?

AC Density (A/m?) Protection Potential Shift (%)
X52 X60 X65 X80

10 -1.6 -1.2 -14 1.0
30 -50 -46 -44 -62
50 -1.0 -16 -15 -22
100 -27  -29 -29 -14
200 -7.1 -71  -64 -45
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The protection potential for the X65 pipe shifted from -1061 mV to -839 mV and
the X80 Grade pipe from -1066 mV to -844 mV in response to the change in AC
densities. X65 and X80 pipes fail to meet the -850 mV protection criteria with PD
of 0.1 A/m? and an AC density of 200 A/m?, resulting in enhanced corrosion.

Protection potential shift in 30 minutes for X46 pipe is -2.8% at 10 A/m? and -4.7%
at an AC density of 200 A/m?. Positive anodic change at all AC densities indicates
the effect of AC interference. Higher anodic shift at 200 A/m? results in enhanced

corrosion.

5.3.3 PROTECTION DENSITY (0.5 A/m?)

Table 5.9 represents the protection potential of the X46 sample at a DC density of

0.5 A/m>.

Table 5.9: Protection Potential X46 at PD= 0.5 A/m?

AC Protection Potential (mV)

Density TS TS+5 TS+10 TS+15 TS+20 TS+25 TS+30

(A/m?) min min min min min min
10 -1195  -1189  -1179 -1171 -1167 -1164 -1162
30 -1159  -1143  -1137 -1121 -1109 -1097 -1080
50 -1079  -1071  -1065 -1061 -1059 -1057 -1055
100 -1051  -1049  -1047 -1044 -1043 -1042 -1040
200 -1038  -1031  -1021 -1009 -1003 -995 -989

For other pipe grades, Table 5.10 summarises potential protection shifts.

Table 5.10: Protection potential shift at PD=0.5 A/m?

AC Density (A/m?)

Protection Potential Shift (%)

X46 X52 X60 Xo65 X80

10
30
50
100
200

-28 -37 -32 -49 -18
-68 -64 -51 -57 -58
-22 -21 -38 -29 -38
-1.0 -10 -39 -36 -2.0
-47 -53 -15 -18 -53
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5.3.4 PROTECTION DENSITY (1.0 A/m?)

The protection potential shift (Table 5.11) for the X46 pipe is -4.0% at 100 A/m?
and -3.5% at an AC density of 200 A/m>.

Table 5.11: Protection potential shift at PD = 1 A/m?

AC Density (A/m?) Protection Potential Shift (%)
X46 X52 X60 X65 X80

10 -15 -30 -24 -14 14
30 -22 -1.1 -1.1 -12 -27
50 -23 -21 -16 -12 -3.6
100 -40 -51 -52 -46 -63
200 -35 -32 -31 -19 -26

5.3.5 PROTECTION DENSITY (2.0 AND 10.0 A/m?)

At DC density of 2.0 & 10.0 A/m?, the percentage change in protection potential
for the X46 sample is as per Table 5.12.

Protection potential shift and significant anodic change for all grades at higher
protection densities of 2.0 A/m? and 10.0 A/m? are attributable to higher corrosion
occurring under over-protection conditions under AC interference.

Table 5.12: Protection potential PD 2.0 and 10.0 A/m?

Protection Potential (mV)

AC

Density PD =2 A/m? PD =10 A/m?
2 TS TS+30 % Potential TS TS+30 % Potential
(A/m?) . . . .
min shift min shift
10 -1277 -1263 -1.1% -1399 -1389 -0.7%
30 -1255 -1231 -1.9% -1387 -1355 -2.3%
50 -1229 -1202 -2.2% -1355 -1335 -1.5%
100 -1200 -1169 -2.6% -1330 -1295 -2.6%
200 -1158 -1113 -3.9% -1280 -1201 -6.2%

5.4 PROTECTION DENSITY UNDER AC INTERFERENCE

Protection current density (Figure 5.2) for X46 Grade changed from 0.01 to 1.29
A/m? with a variation in protection potential from -850 mV to -1350 mV.
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Figure 5.2: Protection current density - X46

Under AC interference of 30 A/m?, the current protection density increased from
0.03 to 2.0 A/m?*. However, for higher AC densities, the protection current density
requirement is very high, indicating accelerated corrosion. Protection density more
negative than -1200 mV for an extended period disbands coating, enhancing the
COITosion processes.

Up to 30 A/m? AC density and for protection potential from -950 mV to -1150 mV,
protection density for X46 samples remains reasonably low to avoid over-
protection. Accordingly, X46 grade shall remain protected in an AC density of 30
A/m?. A cathodic protection system cannot protect the sample from general
corrosion for a protection potential more positive than -850 mV.
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Figure 5.3: Change in Protection Density — X46

The protection density increased from 0.019 to 0.05 A/m?, at a protection potential
of -850 mV, with a change in AC density from 10 to 200 A/m?, indicating a 179%

increase in protection current density (Figure 5.3).

The protection density increased from 0.2 to 0.41 A/m?, at a protection potential of
-950 mV, with a change in AC density from 10 to 200 A/m?, indicating a 111%

change in protection density.

Protection density is almost constant for X46 pipe at the protection potential of -
1150 mV, from 50-100 A/m?, indicating the superior performance of X46 steel to

other grades (Figure 5.4).
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Figure 5.4: Protection density at protection potential -1150 mV

The percentage change in current protection density is low when the protection
potential ranges from -1050 to -1250 mV. At lower protection potential, the high
percentage increase in protection density indicates the tendency of the CP system
to provide requisite cathodic protection. However, overprotection may result in
coating failure over the long run at a protection potential more cathodic than -1200
mV.

The X46 pipe samples achieved protection with a potential of -1069 mV and a DC
density of 0.1 A/m? without AC interference. With the rise in DC density (from 0.1
A/m? to 10 A/m?), the protection potential became more cathodic, indicating
improved corrosion protection due to forming a passive film on the pipe sample's
surface. However, the protection potential exceeds -1200 mV when the DC density
exceeds 1 A/m?, resulting in coating damage over time.

The protection potential of X46 Grade Pipe samples increased from -1151 mV to -
970 mV at a current protection density of 0.3 A/m? as the AC density increased
from 0 to 200 A/m?. The passive film is significantly damaged at current densities
of 50-200 A/m?, enhancing corrosion.

For X52 pipes (Figure 5.5) without AC interference, with a change in protection
potential from -850 mV to -1350 mV, the current densities increased from 0.02 to
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1.33 A/m?. X52 samples shall also remain protected at an AC density of 30 A/m?>
and a protection potential of up to -1200 mV.
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Figure 5.5: Protection density — X52

For the X52 pipe, the protection density shifts from 0.021 to 0.059 A/m? (at a
protection potential of - 850 mV), with AC density changing from 10 to 200 A/m?,
indicating a 181% increase in protection density.

Also, under AC interference of 30 A/m?, with protection potential shift from -850
mV to -1350 mV, the protection density increased from 0.03 to 1.79 A/m? for X60
grade pipes and from 0.19 to 1.67 A/m? for X65 grade pipes.
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Figure 5.6: Protection density - X80

However, at a protection potential of -1350 mV, the maximum protection current
density of 3.5 A/m? is required at an AC density of 200 A/m?. For X60, X65, and
X80 grade pipes (Figure 5.6), at the protection potential of - 1350 mV, the
maximum protection density is 100 A/m?>.

Table 5.13: Protection of Current Density Shift with polarisation potential

AC Current Density (A/m?) Change in protection density (A/m?)

X46 X52 X80
0 1.47 1.13 1.03
30 1.96 1.76 1.47

The rate of change of protection density for X80 grade pipes (Table 5.13) under AC
interference is lesser than X46 or X52 grade pipes, indicating a lesser tendency for
corrosion protection under AC interference.

For X60, X65, and X80 grade pipes, the percentage increase in protection density
1s 167%, 105%, and 70%, respectively. The varying percentages are due to specific
microcrystalline structures of the pipe grades.
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5.5 WEIGHT LOSS TESTS

We performed Weight loss tests for four months at the AC density of 200 A/m?.
All samples are cleaned and weighed before weight loss tests. Samples are retrieved
every month, cleaned, and weight measured. One piece for each grade is not
exposed to AC to determine the weight loss occurring without AC. Zinc and
Magnesium anodes provide the requisite cathodic protection.

X46 samples exhibit weight loss (Table 5.14) without AC at 4.9% after one month
and 12.2% after four months. However, under AC interference, the weight loss
percentage increases to 6.2% with magnesium anode after one month and increases
to 19.1% in four months. Further weight loss supplements 7.3% with zinc anode
after one month and increases to 20.3% in four months.

Table 5.14: Weight loss X46 at AC Density 200 A/m?

Duration in Weight loss (%)
Months - - - - -
Without  With AC & Zinc With AC & Magnesium
AC Anode Anode
1 4.9 7.3 6.2
2 6.3 10.8 10.0
3 6.7 12.5 11.9
4 12.2 20.3 20.1

Weight loss occurs for pipe grade without AC due to general corrosion. However,
weight loss in the presence of AC is enhanced substantially. Accelerated corrosion
happens on account of AC interference. Magnesium or Zinc anodes fail to protect
the pipe sample in the presence of large AC.

Table 5.15: Weight loss X65 at AC Density 200 A/m?

Duration in Weight loss (%)
Months Without  With AC & Zinc With AC & Magnesium
AC Anode Anode
1 4.5 6.9 6.7
2 5.8 11.2 10.5
3 7.1 17.9 17.7
4 11.8 24.8 25.1
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Similarly, the weight loss percentage in four months under AC interference is more
than 20% with any anode. Weight loss on X65 (Table 5.15) and X80 (Table 5.16)
samples has been much higher than on the X46 pipe, even at the end of one month.
While X46 and X52 pipes have weight loss of 20% in four months, the weight loss
for X60, X65, and X80 pipes has been 25% in four months.

Table 5.16: Weight loss X80 at AC Density 200 A/m?

Duration in Weight loss (%)
Months Without AC With AC & With AC &
Zinc Anode Magnesium Anode
1 53 15.9 16.3
2 6.2 19.5 20.3
3 7.3 22.8 21.9
4 13.1 25.8 25.7

All pipe grades sustain considerable corrosion on AC over the test period. The
weight loss tests validated by other published papers [323]-[328] regarding the
severity of AC corrosion on X80 and different pipe grades.

The mechanism of AC corrosion remains complex and must be predicted and
mitigated. The parameters such as leakage current density and AC voltage are vital,
along with soil resistivity and pH monitoring. Under fault conditions, the stress
voltage on the coating also needs to be predicted for any damage to the coating.
The prolonged overprotection of the pipeline system results in coating
disbondment, accelerating AC corrosion [329]-[330]. Zinc and Magnesium anodes
cannot provide requisite corrosion protection in the presence of AC [331].
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CHAPTER 6

MODELING RESULTS AND DISCUSSIONS

6.1 BACKGROUND

Computer modeling applications for AC interference have been attempted in
previous works [332]-[338]. The focus primarily remained on determining AC
voltage using one software or another. Some recent studies [339]-[346] show
renewed interest and need for determining various parameters critical for AC
corrosion through numerical studies, finite element methods, or other modeling
tools. Some studies consider steady-state conditions, and few have attempted to
address fault conditions.

Table 6.1: Three Layer Soil Model for two locations

Chainage (Km) 1154 117.72
Layer Resistivity Thickness Resistivity Thickness
(Ohm-m) (m) (Ohm-m) (m)
Top 6 10.6 166.8 0.5
2 4 5.1 251 4.1
Bottom 80 Infinite 61 Infinite
RMS Error (%) 10.9 7.00

The modeling and optimization study on the pipeline network using CDEGS
software considered both steady state and fault conditions. The physical parameters
of the pipeline, transmission lines, soil resistivity, and pH are considered [347]-
[354].

6.2 SOIL RESISTIVITY AND pH
6.2.1 SOIL RESISTIVITY MEASUREMENTS

Soil resistivity was measured at 59 locations along the pipeline route and resolved
in a three-layer soil model for all locations. Table 6.1 represents the three-layer soil
model derived from soil resistivity measurements at two chainages.
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6.2.2 PH MEASUREMENTS ALONG THE PIPELINE ROUTE

pH values at 63 locations along the pipeline route (Table 6.2) indicate average pH
of 6.4, with a maximum of 7.2 and a minimum of 5.8. The pH values are resolved
in the software.

6.3 TOUCH VOLTAGES AT A STEADY STATE

Before examining the touch voltage on the pipeline, the currents in all transmission
lines are plotted to ensure the correct energization. The current flow is the most

critical parameter for the touch voltage.

Table 6.2: pH measurement in the field

Chainage . Chainage Chainage Chainage

(Km) P (Km) (Km) (Km)

106.22 6.6 231.30 6.4 280.02 6.4 325.50 6.8
113.45 6.3 234.30 6.2 283.30 6.4 328.00 5.9
115.99 6.5 237.35 5.8 291.40 6.2 331.00 6.5
116.92 6.4 238.96 6.4 292.40 6.5 337.30 6.7
117.09 6.8 245.50 6.4 295.07 6.3 341.30 6.7
119.28 6.6 247.98 6.8 297.60 6.8 345.30 6.8
120.19 6.1 248.44 6.7 299.60 6 362.42 6.5
123.76 6.5 249.56 6.6 301.50 6.4 364.42 6.3
173.36 6.6 257.82 6.4 305.45 6.3 367.40 6.2
180.29 6.4 260.20 6.3 307.32 6.7 371.40 6.3
184.00 6.4 261.30 6.3 310.42 7.2 372.40 6.3
185.45 6.3 270.37 6.5 311.55 5.9 375.39 6.8
219.60 6.4 274.10 6.6 314.10 6.2 376.00 6.7
225.80 6.4 275.70 6.2 317.50 6.8 380.00 6.6
228.75 6.7 276.10 6.4 321.20 6.5 389.00 6.4
230.30 6.3 277.10 6.5 323.20 6.3

6.3.1 PRE-MITIGATION MODELING

Chainage 104.95 to 208.58 km

Figure 6.1 and Figure 6.2 indicate the pipeline voltage for the section chainage
104.95 to 208.58 km without any mitigation measures. The touch voltage peak is
observed at chainage 173.34 km.
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Figure 6.1: Touch voltage Pre-mitigation (104.95 to 208.58 km)

The touch voltage stays within the permissible limit of 15 V within most of the
length of the section. The touch voltage on the pipeline exceeds the prescribed safe
limit of 15 V between chainage 169.098 and 174.387 with a maximum of 23.54 V,
where the soil resistivity is high at 600 Ohm-M. The touch voltage exceeds the
permissible value of 15 V for a distance of about 5.289 km.

Chainage 208.58 to 284.32 km

Figure 6.3 and Figure 6.4 indicate the pipeline voltage for the section chainage
208.58 to 284.32 km without any mitigation measures. The touch voltage peak is
observed at chainage 242.71 km.

The touch voltage stays within the permissible limit of 15 V within most of the

length of the section. The touch voltage exceeds the allowable value of 15 V for a
distance of about 3.234 km.
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Normal load with existing pipeline ground points

Zoom view near Chainage 208.577KM (Ch 208.264 to 208.577km).
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Touch voltage Pre-mitigation (208.58 to 284.32 km)

Figure 6.3
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Zoom view near Chainage 284.321KM (Ch 283.165 to 284.321 km). N I load with existil ipeline ground points
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Figure 6.4: Touch voltage Pre-mitigation (at 284.32 km)

6.3.2 PRE-MITIGATION FIELD VALIDATION

Chainage 104.95 to 208.58 km

The touch voltage on the pipe was compared and validated (Figure 6.5) with Base
Line Interference Voltage (PSP) Data Collection using 24-hour data loggers.

Site Measurement vs CDEGS
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Figure 6.5: Touch voltage field validation (104.95 to 208.58 km)
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The field measurements average is in close agreement with the touch voltage of the
pipeline from CDEGS till chainage 123.758 km. After chainage of 123.758 km, the
pipeline's touch voltage from CDEGS shows a higher trend than site measurements.

Chainage 208.58 km to 284.32 km

The field measurements average is low concerning the touch voltage from CDEGS
(Figure 6.6). The peak voltage at the field is around 8 V, compared to the peak of
17.91 V observed in CDEGS.

Site Measurement vs CDEGS

0

Chainage in KM

e Site (Avg) s CDEGS

Figure 6.6: Touch voltage field validation (208.58 to 284.32 km)

Further, the location of peaks of touch voltage observed in the field agrees with the
peaks projected by CDEGS, which validates the modelling because the magnitude
of peaks depends upon the difference in design loading and actual loading of the
transmission lines. The model considers the design load of the transmission lines,
whereas the actual loading may be small compared to the design load.

6.4 PRE-MITIGATION LEAKAGE CURRENT DENSITY
Chainage 104.95 to 208.58 km

The leakage current density pre-mitigation is indicated in Figure 6.7 and Figure 6.8.
It reaches its peak value at 171.648 km. The leakage current density remains within
the permissible value for most of the length of the pipeline except few locations.
High leakage current density values occur between chainage 164.410 km and
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171.648 km and between chainage 177.890 km and 186.559 km. In these areas,
transmission line 400KV Mermundal to Mendhasal running parallel close to the
pipeline crosses and deviates from the pipeline. Further, the low resistivity soil (14
Q-m) in this region at pipeline depth contributes to higher leakage current density.
The leakage current density exceeds 30 A/m? for about 21.086 km.
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Figure 6.7: Leakage density pre-mitigation (104.95 to 208.58 km)

Chainage 208.58 to 284.32 km

The leakage current density pre-mitigation is indicated in Figure 6.9 and Figure
6.10. It reaches its peak value of 1788.80 A/m? at 245.52 km. The leakage current
density remains within the permissible value for most of the length of the pipeline
except few locations. High leakage current density values occur between chainage
242.664 km and 276.1 km. In this area, transmission line 400KV Mermundal to
Vedant runs parallel to the pipeline crosses and deviates after the pipeline crossing.
Further, the low resistivity soil (2.12 Q-m) in this region at pipeline depth
contributes to higher leakage current density. The leakage current density exceeds
30 A/m? for about 47.802 km.
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Zoom view near Chainage 208.577KM (Ch 208.264 to 208.577km). Normal load with existing pipeline ground points
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Figure 6.8: Leakage density pre-mitigation at chainage 208.58 km

6.5 MITIGATION MEASURES

The result plots with normal load and existing pipeline ground points indicate that
the leakage current density values exceed the design objective and require
implementing the mitigation system.

As the first step towards applying mitigation, the section of the pipeline with a
leakage current density value above 30 A/m? was identified.

The location of available TLPs at these pipeline sections (where the leakage current
density exceeds 30 A/m?) identified to enable and suggest mitigation grounding.
The mitigation measures depend on the type of soil structure at the location and
length of the pipeline section with leakage current density value exceeding 30 A/m?.

As a proposed measure, mitigation grounding shall be a Zinc ribbon installed at or
near the surface of pipe depth.
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Figure 6.9: Leakage density pre-mitigation (208.58 to 284.32 km)10

Zoom view near Chainage 284.321KM (Ch 283.165 to 284.321 km).
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Figure 6.10: Leakage density pre-mitigation at 284.32 km




Table 6.3 shows the details of the chainages for proposed mitigation groundings for
the pipeline section from 104.95 to 208.58 km.

Table 6.3: Mitigation measures (104.95 to 208.58 km)

Touch Voltage Reduction Leakage density Reduction
Chainage Mitigation Impedance Chainage Mitigation Impedance
(km) type to Earth (km) type to Earth

Q) Q)

172.156 Zinc 10.1636 170.541 Zinc 0.3004
Ribbon Ribbon
328 feet 500 feet

172.464 Zinc 10.1636 171.494 Zinc 0.3004
Ribbon Ribbon
328 feet 500 feet

172.898 Zinc 10.1636 177.397 Zinc 0.1953
Ribbon Ribbon
328 feet 500 feet

173.129 Zinc 10.1636 178.213 Zinc 0.3655
Ribbon Ribbon
328 feet 500 feet

173.332 Zinc 10.1636 178.848 Zinc 0.1953
Ribbon Ribbon
328 feet 500 feet

173.546 Zinc 10.1636 180.019 Zinc 0.1953
Ribbon Ribbon
328 feet 500 feet

173.961 Zinc 10.1636 181.161 Zinc 0.1953
Ribbon Ribbon
328 feet 500 feet

177.205 Zinc 10.1636 182.096 Zinc 0.1953
Ribbon Ribbon
328 feet 500 feet

177.576 Zinc 10.1636 182.505 Zinc 0.3655
Ribbon Ribbon
328 feet 500 feet

177.843 Zinc 10.1636 182.664 Zinc 0.1986
Ribbon Ribbon
328 feet 500 feet

183.576 Zinc 0.1986
Ribbon
500 feet
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The mitigation measures include deploying zinc ribbons (328 ft) at 10 locations
with impedances around 10 Q for a reduction in touch voltage and deploying zinc
ribbons (500 ft) at 11 sites with impedances around 0.19 to 0.36 Q for a decrease
in leakage current density.

For the pipeline section from 208.58 to 284.32 km, mitigation measures include the
deployment of zinc ribbons (10 ft) at 17 locations (impedances 34 to 61 Q) for a
reduction in touch voltage and deployment of zinc ribbons (500/250 ft) at 17 sites
(impedances from 0.08 to 1.44 Q). The same is modelled for simulation and
evaluation of the results.

6.6 POST-MITIGATION LEAKAGE CURRENT DENSITY

Chainage 104.95 to 208.58 km

After applying mitigation measures, the leakage current density determined as per
Figure 6.11. After using measures, the leakage current density reduces by a
significant amount when compared with values without mitigation. The peak value
of leakage current density is 39.68A/m> which occurs at chainage 111.44 km.
Leakage current density for about 98% of the pipeline section is under 30A/m?.

1cm”2 Holiday Leakage Current Density

\ S 39,68 A/M2
35

A/Sq.m

Refer zoom

Chainage in KM lml
Figure 6.11: Leakage density post mitigation (Chainage 104.95 to 208.58 km)
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Chainage 208.58 to 284.32 km

After applying mitigation measures, the leakage current density determined as per
Figure 6.12. After using measures, the leakage current density reduces from
1788.80 A/m*to 311 A/m?. Leakage current density for about 98% of the pipeline
section is under 30A/m?. Further reduction in leakage current density requires
elaborate mitigation measures along the significant length of the pipeline.

1cmA2 Holiday Leakage Current Density

330 311 A/M?
«—

Ch.208.577km Chainage it Ch.284.321K|
Figure 6.12: Leakage density post mitigation (Chainage 208.58 to 284.32 km)

6.7 POST-MITIGATION TOUCH VOLTAGE

Chainage 104.95 to 208.58 km

After applying mitigation measures, pipeline touch voltage (Figure 6.13 and Figure
6.14) is reduced considerably compared to previous results. The peak value is 13.42
V. The pipeline-induced voltage for touch voltage hazards has decreased to less
than 15 V per requirement.
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Figure 6.13: Touch voltage Post-mitigation (Chainage 104.95 to 208.58 km)

Zoom view near 208.577KM (Ch 208.264 to 208.577km). Mitigation for Normal load.
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Figure 6.14: Pipeline Touch voltage post-mitigation (Zoom view at 208.58 km)

Chainage 208.58 to 284.32 km

After applying mitigation measures, pipeline touch voltage (Figure 6.15) is reduced
considerably compared to previous results. The peak value is 13.78 V. The pipeline-
induced voltage for touch voltage hazards has decreased to less than 15 V per
requirement.
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Table 6.4: Comparison of pre-and post-mitigation (Ch. 104.95 to 208.58 km)

Parameters Limits Without With
Mitigation Mitigation
Length of Pipeline (km) - 103.624 103.624
Touch Voltage AC 15V 23.54V 1342V
(maximum)
Holiday Leakage Current 338.32 A/m*>  39.68 A/m?
Density (maximum)
Length of Pipeline exceeding 15V 5.289 km -
the prescribed limit of touch
voltage
Leakage current density Less than 30 80.953 km 101.643 km
(A/m?) for the pipe section 30 to 75 6.764 km 1.981 km
75 to 100 - -
Above 100 15.907 km -
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6.8 SUMMARY RESULTS PRE- AND POST-MITIGATION

Table 6.4 provides pre- and post-mitigation status for the pipeline section from Ch.
104.85 to 208.58 km. The touch voltage reduces from 23.54 V to 13.42 V after
applying mitigation. After mitigation, all pipeline lengths are exposed to touch voltage
less than the permissible value of 15 V.

Similarly, the maximum leakage current density reduces sharply from 338.32 A/m?to
39.68 A/m?. No portion of the pipeline experiences a current density higher than 75
A/m?. Further mitigation measures may also reduce the leakage current density further
down. However, designers must balance the need to reduce leakage current density to
safe limits vs. the cost of additional mitigation measures.

Table 6.5: Comparison of pre-and post-mitigation (Ch. 208.58 to 284.32 km)

Parameters Limits Without With
Mitigation Mitigation

Length of Pipeline (km) - 72.744 72.744

Touch Voltage AC 15V 1791V 13.78 V

(maximum)

Holiday Leakage Current 1788.88 A/m? 311 A/m?

Density (maximum)

Length of Pipeline exceeding 15V 3.254 km -

the prescribed limit of touch

voltage

Leakage current density Less than 30 27.734 km 63.663 km

(A/m?) for the pipe section 30to 75 15.856 km 10.532 km
75 to 100 7.118 km 0.777 km
Above 100 25.036 km 0.77km

Table 6.5 provides pre- and post-mitigation status for the pipeline section from Ch.
208.58 to 284.32 km. The touch voltage reduces from 17.91 V to 13.78 V after
applying mitigation. After mitigation, all pipeline lengths are exposed to touch voltage
less than the permissible value of 15 V.
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Similarly, the maximum leakage current density reduces sharply from 1788.88 A/m?
to 311 A/m?. Some portions of the pipeline still experience a current density higher
than 75 A/m?. Further mitigation measures may be prohibitively costly and ineffective
in reducing the leakage current density below 30 A/m?. However, designers must
balance the need to reduce leakage current density to safe limits vs. the cost of
additional mitigation measures. Also, high leakage current density values may be
complicated to bring down and require several other criteria for avoiding AC
corrosion.

Table 6.6 provides pre- and post-mitigation status for the pipeline section from Ch.
284.32 to 389.88 km. The touch voltage reduces from 32.52 V to 14.14 V after
applying mitigation. After mitigation, all pipeline lengths are exposed to touch voltage
less than the permissible value of 15 V.

Table 6.6: Comparison of pre-and post-mitigation (Ch. 284.32 to 389.88 km)

Parameters Limits Without With
Mitigation Mitigation
Length of Pipeline (km) - 105.563 105.563
Touch Voltage AC 15V 3252V 14.14 V
(maximum)
Holiday Leakage Current 504.68 A/m? 50 A/m?
Density (maximum)
Length of Pipeline exceeding 15V 38.875 km -
the prescribed limit of touch
voltage
Leakage current density Less than 30 40.161 km 94.229 km
(A/m?) for the pipe section 30 to 75 23.102 km 11.328 km
75 to 100 10.221 km -
Above 100 32.079 km -

Similarly, the maximum leakage current density reduces sharply from 504.68 A/m?to
50 A/m?. The pipeline experiences a current density less than or equal to 50 A/m?.
Further mitigation measures may be prohibitively costly to reduce the leakage current
density below 30 A/m?. However, designers must balance the need to reduce leakage
current density to safe limits vs. the cost of additional mitigation measures. Also, high
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leakage current density values may be challenging to bring down and require several
other criteria for avoiding AC corrosion.

6.9 TOTAL INTERFERENCE UNDER FAULT CONDITIONS

Transmission line Mermundal substation to Vedanta substation

Total interference evaluated under fault conditions for 400 kV transmission line from
Mermundal substation to Vedanta substation using CDEGS. Figure 6.16 indicates the
section current in phase wire, section current in shield wire, shunt current in tower
earthing, and coating stress voltage on pipelines under fault conditions.

Section Current in Phase wire Section Current in Shield Wire

Faulted towers

,,,,,,,

Amps

Vedanta SS Meramundali $S Vedanta SS

Meramundali SS

Shunt Current in Tower Earthing Coating Stress Voltage on Pipeline

— Peaks indicates faulted towers 00
B

Amps
g
Voltage

Jatni Chainage in KM Sambalpur

jon Line Distance in KM Vedanta S5

Figure 6.16: Total interference -Faulted phase Mermundal to Vedanta 400 kV

Meramundali SS

The coating stress voltage in fault conditions is 4.3 kV, less than the specified value
of 5kV for DFBE coating on the pipeline.

Transmission line Mermundal substation to Mendhasal substation
Total interference evaluated under fault conditions for 400 kV transmission line from
Mermundal substation to Mendhasal substation using CDEGS. Figure 6.17 indicates
the section current in phase wire, section current in shield wire, shunt current in tower
earthing, and coating stress voltage on pipelines under fault conditions.

In this case, the coating stress voltage in fault condition is 0.7 kV, which is less than
the specified value of 5kV for DFBE coating on the pipeline.
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Figure 6.17: Total interference -Faulted phase Mermundal to Mendhasal 400 kV

Transmission line Angul to Sundargarh Ckt 1 & 2

Total interference was evaluated under fault conditions for the 765 kV transmission
line from the Angul substation to Sundargarh substation Ckt 1 & 2 using CDEGS.
Figure 6.18 indicates coating stress voltage on pipelines under fault conditions.

In this case, the coating stress voltage in fault condition is 2.3 kV, which is less than
the specified value of 5kV for DFBE coating on the pipeline.

Transmission line Mendhasal to Pandibali 400 kV

Total interference was evaluated under fault conditions for a 400 kV transmission line
(from Mendhasal to Pandibali) using CDEGS. Figure 6.19 indicates coating stress
voltage on pipelines under fault conditions.

In this case, the coating stress voltage in fault condition is 3.4 kV, which is less than
the specified value of 5kV for DFBE coating on the pipeline.

Total interference evaluation using CDEGS enables predicting coating stress voltage
under fault conditions. In the instant case, the expected stress voltage for all four
transmission lines is less than the limit of 5 kV for DFBE coating, and no separate
mitigation measures are required.
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If required, mitigation measures under fault conditions are modelled similarly to
97
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CHAPTER 7

CONCLUSIONS AND WAY FORWARD

7.1 CONCLUSION

This unique research considers inputs from the data collected at the experimental
stage and the soil resistivity and pH measurements to determine a risk assessment
matrix and a corrosion model. The modeling using CDEGS enabled the prediction
and mitigation of critical parameters such as touch voltage, leakage current density,
and coating stress voltage.

The predicted outputs are validated with field measurements, and variance is
analyzed to optimize the mitigation measures.

Five pipe grades were analysed for corrosion performance in alternating current
under cathodic protection. All the pipe grades exhibit good corrosion performance
in terms of protection potential, protection density, and anodic shift at the protection
density up to 30 A/m? AC density. The pipe samples at 0.3 A/m? of protection
density remain below over-protection even without AC.

7.2 RISK ASSESSMENT AND AC CORROSION MODEL

AC corrosion mechanism is complex and is affected by several parameters. Some
parameters that affect the corrosion performance include the level of protection, the
current density of AC interference, the level of DC protection, current density, soil
resistivity and pH, and exposure time.

Accordingly, a risk assessment matrix (Table 7.1) shall be a ready reckoner for the
pipeline industry.

7.2.1 PIPE GRADE AND APPLICATION

The in-house experimental arrangement enabled conducting of potentiostatic and
galvanostatic tests to determine AC interference on pipe samples of different
grades. Better corrosion performance of X46 and X52 samples in test conditions
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provides insight into the need to be aware of the grade of pipes in terms of AC
corrosion performance at the time of design of the pipeline system. The selection
of pipe grade shall also consider the AC corrosion likelihood, and suitable corrosion
allowances may be assessed accordingly [355]-[357]. Awareness of the
application/route of the pipeline system, especially concerning transmission line
systems, shall be helpful.

Table 7.1: Risk Assessment Matrix

Risk Severity
Factor Urgent Major Minor  Negligible
gg;;iﬁiﬁn More negative ~ Between -850 pl;/iicili"\e/ o pxﬁgie
(mV) than -1200 and -1200 than -850 than -850
I(AVC) voltage >10 5to 10 <5 0
éxc/nll);;mity >30 10 to 30 <10 0

7.2.2 FIELD MEASUREMENTS AND RISK ASSESSMENT

Field measurements involving soil data such as pH and resistivity must be
undertaken for practical risk assessment. The transmission line systems' knowledge
and operating parameters are required for the risk assessment of the pipeline system
[358]- [360].

Weight loss tests at an AC density of 200 A/m? have revealed that none of the pipe
grades can sustain high AC interference, and the integrity of the pipeline system
might be affected in a matter of days.

The anode systems are also ineffective in AC interference and must be monitored
closely.

7.2.3 PREDICTION USING CDEGS/MODELLING SOFTWARE

The research has demonstrated that modeling software such as CDEGS can predict
and help mitigate AC interference using field measurements. The modeling
accounts for the steady state as well as fault conditions. However, modeling
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requires careful data input, such as transmission lines, pipe grades, soil resistivity,
and pH. Modeling predicts the coating stress voltage as well as touch voltage.

Undertaking/modeling mitigation measures help reduce the leakage current
density, coating stress, and touch voltage.

7.2.4 FIELD VALIDATION

Field validation of the predicted touch voltages helps to check the model's efficacy
and validate the assumptions. Field validation helps in the economical selection of
mitigation measures by avoiding over-mitigation.

7.3 IMPLEMENT / REMOVE MITIGATION MEASURES

Assess risk severity regularly using the model to contain the same to "Minor" or
"Negligible." Initiate actions for mitigations for "Urgent" or "Major."

The research proposes the AC Corrosion Model (Figure 7.1) depending on the risk
matrix. The AC corrosion model considers the importance of carefully selecting the
pipe grades at design/construction. The field measurements and validation form an
integral part of the model, which enables the assessment of AC corrosion risk based
on the risk assessment matrix.

. Field measurements . .
Pipe Grade & & Risk Assessment Prediction using

Application CDEGS

Implement/Remove
Mitigation measures

Field validation

Figure 7.1: AC Corrosion Model
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Software modeling using the established tools enables the prediction of the critical
AC interference parameters. Field validation of the parameters enables correlation
with the assumptions. Finally, the modeling allows for the implementation/deletion
of mitigation measures, which is essential to achieve techno-commercially viable
solutions for AC interference mitigation.

Feedback on the mitigation measures is critical for continual risk assessment
through field measurements. Timely actions for mitigations are crucial and
essential to ensure the integrity of the pipeline systems against the ever-increasing
threat of AC corrosion.

7.4 ACHIEVEMENT OF OBJECTIVES

The research has achieved all the objectives below:

Determine pipeline steel grade more resistant to AC corrosion by observing
variations in protection potential and current density due to AC interference
under cathodic protection.

Five pipe grades were subjected to potentiostatic and galvanostatic testing to
observe their performance against AC corrosion under cathodic protection. The
unique experimental setup enabled conducting of relevant tests in soil-simulating
solutions. The weight loss tests through a separate experimental setup for up to 4
months evaluated the performance of pipe grades at the AC density of 200 A/m?,

The AC corrosion resistance performance is better for X46 and X52 grades at lower
AC densities. Better performance is attributable to the microcrystalline structure of
X46 and X52 grade pipes manufactured using conventional time-tested
manufacturing processes. The higher grades require stringent temperature/process
control, which may not be suitable for AC corrosion performance.

However, no pipe grade can sustain higher AC densities. Accordingly, there is a
need to implement mitigation measures to bring down the AC interference
magnitude.

Study AC interference effect on the performance of Galvanic and Zinc Anodes
under cathodic protection.

Weight loss tests have studied the AC interference effect on Zinc and Magnesium
anodes along with pipe grades. Zinc and Magnesium anodes cannot protect at AC
densities of 200 A/m?.
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Develop an AC corrosion model through a Risk Assessment matrix,
considering pipe grades, cathodic protection potential, AC interference
voltage, and AC density.

The Risk Assessment Matrix and the AC Corrosion model have been developed
above. The pipeline integrity against AC corrosion requires integrated efforts
during the life cycle of pipelines. The field measurements of critical parameters at
regular intervals and knowledge of the transmission line parameters are also vital.

Simulate and optimize the proposed corrosion model using CDEGS (Current
Distribution, Electromagnetic fields, Grounding & Soil Structure Analysis)
software.

CDEGS software has been successfully modelled and integrated with the corrosion
model. The model permitted the addition/deletion of mitigation measures for
optimizing the mitigation measures in steady state and fault conditions.

With the above, all objectives of the research work have been achieved.

7.5 FUTURE WORKS

Research work shall find applications in Pipeline Industry for developing robust
systems to maintain pipeline integrity concerning AC interference. Future research
may include considering other parameters like stray DC interference, evaluating
High Silicon Anodes' performance evaluation of the polarisation layer, and
integrating the same in the corrosion model.

This research work is done on a single pipeline system. However, future research
may consider the presence of more than one pipeline system in the immediate
vicinity.
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The present paper aims to analyze and compare AC interference on pipeline steel grades in soil
simulating solutions. DC current density (Joc) and protection potential (PP) are measured to determine
AC interference. The study presents the corrosion resistance of several grades of steel. The paper
describes experimental studies involving potentiostatic and galvanostatic measurements. The
experimental arrangement has been set up for AC and DC couplings to measure DC current density
(Joc), protection potential (PP), and AC current density (Jac). The paper presents findings on the AC
corrosion behavior of different pipeline steels based on variation in AC current density. The study shows
the comparative performance of varying pipe steels. Experimental studies have been conducted on pipe
steel in soil simulating solutions under controlled conditions using a specially designed experimental
setup. Special care in the experimental setup prevents errors in measurements due to IR drop. The
behavior in the field may be influenced by other factors also. The results may be helpful to the pipeline
industry in making informed selections of pipe steels subjected to AC interference.

Keywords: Cathodic protection, Pipeline corrosion, X grade pipeline, Protection Potential, Alternating
current density

1. INTRODUCTION

The need for transporting massive amounts of oil and gas has prompted an interest in developing
an efficient method of transportation. Pipelines have been considered a sound way to transport oil and
gas since the beginning of modern civilization. [1-2; 38-39]. The pipelines ensure the safe and
environmentally responsible transportation of hazardous substances. Experts recommend monitoring the
pipeline networks continuously to ensure their integrity. The health of the pipeline system affects
people's health and the environment. An accident involving a pipeline would have disastrous
consequences for the ecosystem.

Corrosion monitoring and protection is a critical component of pipeline integrity maintenance.
Corrosion [3] related failures are the leading cause of pipeline integrity failures (65 percent in oil and 34
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percent in gas service). The application of an appropriate coating to the steel pipeline serves as the
principal corrosion prevention system. A secondary corrosion prevention system typically contains a
cathodic protection (CP) system to ensure the pipeline system's long-term integrity. The CP system
improves the effectiveness of primary coatings in preventing corrosion [4, 5]. Cathodic protection
systems provide direct current circulation between the cathode (pipeline) and anode (ground) via
electrolytic processes, including oxidation and reduction, preventing pipe corrosion in the soil. CP
system polarizes and forms a passive film on the surface of pipe steel. The commonly accepted
conditions [6, 7] for pipeline corrosion prevention include polarising pipelines in the negative direction
by more than (-) 850 mV. Polarisation of more than (-) 850 mV is insufficient to defend against corrosion.

Voltage transfer may occur from power lines to pipelines when they are situated close to each
other. Such voltages can increase exponentially in the presence of a power line fault condition. When a
pipeline is adjacent to a high-voltage transmission line, it may carry voltage. Other than the high risk of
injury to service workers, it may also reduce the steel quality in the pipe. Alternating current interference
renders the parameters listed here inadequate for corrosion protection.

Experiments [8] on carbon steel pipe samples exposed to varying AC current densities under CP
demonstrated that the (-) 850 mV threshold is inadequate. With induced AC, the negative polarization
potential of (-) 850 mV may not be sufficient to defend against corrosion [9]. The application of the
coating on a prolonged basis is harmful if it is above (-) 1200 mV in the negative direction.

For pipeline networks, cathodic protection techniques consider the pipe-to-soil potential (PSP),
the ratio of AC/DC current density, and the AC current density (Jac). AC corrosion factors such as the
AC/DC current density ratio, the AC current density (Jac), and the alternating voltage (AV) are crucial.
Corrosion is possible at AC current densities of between 30 and 100 A/m?, and damage from AC
corrosion is likely at densities of more than 100 A/m? [24]. Conventional CP procedures are unsuccessful
at protecting pipelines from corrosion caused by AC interference [10-12]. A touch potential of 15 V or
greater caused by induced AC [13] poses a severe concern for worker safety.

Electromagnetic induction causes interference with pipelines due to closeness to transmission
lines, creating resistive, capacitive, and inductive coupling [14, 15]. Corrosion problems linked with AC
interference have developed dramatically in proximity to buried pipelines [16, 17]. Different
experiments and studies have attempted to quantify and assess AC interference [18-23].

In the presence of AC, avoid excessive protection should since it results in severe corrosion [8].
A 2020 study [25] shows that the effect of variable AC corrosion with increasing interference time is
similar to that of steady-state AC corrosion. Increased AC/DC current density suggests an increased risk
of decay. A reduced current density ratio implies a lower probability of corrosion but does not assure
corrosion prevention. AC moderation techniques, such as pipeline grounding, are required to reduce the
amplitude of coating stress voltage and hence the likelihood of AC corrosion [26, 27]. Algorithms for
assessing induced current and voltage are increasingly being explored [27]. The passive film is mainly
unaffected by lower AC densities, resulting in minor polarization potential changes. Pipeline steel is
subjected to extensive localized corrosion attack at higher AC densities, whereas uniform corrosion
occurs at lower AC densities [28, 29]. Corrosion is also affected by the characteristics of coating pores
[30]. The shift in potential for polarisation caused by AC is due to the increased corrosion current caused
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by passive film breakdown [5]. AC forms a thin passive film and increases the chances of it collapsing
[31-33].

The applied coating on the metal surface and soil resistivity influence the demand of CP current
density (Table 1) to achieve cathodic protection of bare metal surface within a short span.

The present study aims to ascertain how alternating current interference affects the steel in
underground pipelines. Additional mitigating procedures are necessary to mitigate the effect of AC
interference on pipelines. AC corrosion tests under similar circumstances are essential to evaluate the
relative performance of different pipe steel types. This study bridges the gap by evaluating and assessing
the corrosion resistance of many other pipeline plates of steel. Investigations include performing
potentiostatic and galvanostatic tests in soil mimicking solutions to assess pipe steels' resistance to AC
corrosion.
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Figure 1. Experimental Circuitry with AC and DC circuits coupled using Capacitors and Inductors.
Shunts enable the measurement of DC current density (Joc) and AC current density (Jac). The
potential of the specimen is measured using the Cu-CuSos Reference electrode.

2. EXPERIMENTAL

The present section details the methodology used to ascertain the impact of alternating current

on pipe steel.

2.1. AC and DC Electrical Circuits

The specially designed suitably coupled AC and DC circuits (Figure 1) prevented interference
between the two circuits. The coupling leveraged the fundamental features of inductors and capacitors.
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In a direct current circuit, an inductor inhibits the circulation of alternating current, while a capacitor
blocks the circulation of direct current in an alternating current circuit [34]. Through the pipe specimen,
the variable autotransformer provided the necessary alternating current. A galvanostat injected the
required DC into the pipe specimen. While AC flow provided the required current for AC interference,
DC flow maintained the pipe specimen's corrosion-free state. Shunts measured current flow, and counter
electrodes completed necessary circuits. The specimen's potential was determined using the Cu-CuSo4
reference electrode.

2.2. Preparation of Steel Specimen and Solution for Simulating Soil

The wide use of pipe grades (API5L) in oil and gas pipelines is due to their appropriateness for
sour service, prolonged duration of service, and opposition to crack spreading. APl 5L steels are resistant
to corrosion and have a high tensile and yield strength. These pipes' composition and microstructure can
vary significantly depending on the carbon, manganese, sulfur, and phosphorous concentration limits.
Steel specimen of the respective grade measured 6 mm in thickness and 100 mm in diameter.

Each specimen, after washing, is inserted into a cylindrical PVC tube with an internal diameter
of 10 mm with a length of 40 mm. Welding a copper cable (6 mm?) to one of the specimen's faces
provides an electrical connection. A bare surface is available on the opposite facet of the sample. The
PVC tube is then filled with epoxy to provide an airtight seal and prevent moisture ingress. The
simulating soil solution contained 200 mg chlorides and 500 mg sulfates per liter of clean water at room
temperature. The test solution used purified water and analytic-grade reagents. Tests performed
involving novel solution each time and the previous solution discarded after the test. The soil solution is
a popular NS4 solution that is close to neutral.

2.3. Measuring the protection potential (PP) with different AC current density (Jac)

Each specimen is dipped in a solution simulating soil to measure the protection potential at
different AC densities. It is essential to examine the alternating current's effect on the protection potential
by varying the DC with a galvanostat. Different alternating current densities in steps interfere with the
DC current densities and monitor the protection potential. After applying a DC current density (Jpc) of
0.01 A/m? for 24 hours without AC, measured the protection potential. Subsequently, administered 30
minutes of alternating current density (Jac) in steps of 10, 30, 50, 100, and 200 A/m?. For each stage,
measured the sample potential at an interval of 5 minutes.

2.4. Measurement of DC current density (Jpc)

Alternating current is deployed in potentiostatic tests to measure DC current density (Jpc)
variation by changing the protection potential in steps at various AC current densities. Conducted the
potentiostatic test to determine the effect of alternating current on the DC current density (Joc) by
applying a protection potential of (-) 0.850 V for 24 hours without AC. Subsequently, administered 30
minutes of alternating current density (Jac) in 10, 30, 50, 100, and 200 A/m? steps. For each stage,
measured the DC current density (Joc) every 5 minutes.
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Table 1. Soil resistivity, Coating Type, and Design current density

S. Soil resistivity Design current density (WA/m?)

No. (Qm)
Fusion Bonded Epoxy Three Layer Polyethylene  Coal tar Enamel
coating coating coating

1 <10 70 50 150

2 10-100 50 25 125

3 >100 25 15 75

3. RESULTS AND DISCUSSION
3.1. AC Interference Analysis

3.1.1. X46 Steel

The DC current density (Joc) increased from 0.020 A/m?to 0.054 A/m?, at a potential of (-) 850
mV, with a variation in AC current density (Jac) in steps from 10 A/m? to 200 A/m?, indicating an
increase (Figure 2) of 179% in DC current density (Joc).

1.5

— 1

T —+—PP -850

< —=—PP -950
o

2os PP -1050

\ -— — PP -1150

f’._f —%—PP -1250

0 25 50 75 100 125 150 175 200
Jac (A/m?)

4

Figure 2. DC current density (Joc) variation with AC current density (Jac) at protection potentials ((-)
850, (-) 950, (-)1050, (-) 1150, and (-) 1250 mV) for X46 steel in soil simulating solution.

With a potential of (-) 950 mV, the protection density increased from 0.196 A/m?to 0.413 A/m?
with variation in AC current density (Jac) from 10 A/m? to 200 A/m?, indicating an increase of 111% in
DC current density (Joc). The percentage change in DC current density (Joc) is low for protection
potential variation from (-) 1050 mV to (-) 1250 mV. The results align with earlier investigations [35]
which concluded that the CP protection levels influence AC interference, and DC current density (Jpc)
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higher than 5 A/m? may result in AC corrosion. For X46 steel, specimens remain protected at a DC
current density (Joc) of 0.1 A/m? without AC interference at a protection potential of (-) 1069 mV.

-1160

-1110

< 1060
E X42
& -1010 X46
X65

-960
——X70

-910

0 10 30 50 100 200
Joc (A/m?)

Figure 3. Protection potential (PP) with AC current density (Jac) at a DC current density (Joc) of 0.3
A/m? for X42, X46, X65, and X70 steels in soil simulating solution.
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Figure 4. DC current density (Joc) variation with AC current density (Jac) at protection potentials ((-)
850, (-) 950, (-)1050, (-) 1150, and (-) 1250 mV) for X42 steel in soil simulating solution.

The increase in DC current density (Joc) from 0.1 A/m? to 10 A/m? made the potential more
hostile, improving corrosion prevention. At a DC current density (Joc) of 0.3 A/m?, the protection
potential of X46 steel samples varied from (-) 1151 mV to (-) 970 mV, with an AC current density (Jac)
change from 0 A/m? to 200 A/m? (Figure 3). Published research [36] has observed the AC corrosion rate
at an AC current density of 10 A/m?to be twice the corrosion rate without AC. It is evident here that the
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AC corrosion rate at a particular AC current density may vary depending upon the level of steel
polarization. The observation is in close agreement with a published study that concluded that the
direction of potential shifting depends upon applied CP [33]. At the protection potential (PP) of (-) 1150
mV, the DC current density (Joc) is almost constant for X46 pipe, with variation in AC current density
(Jac) from 50 A/m?to 100 A/m?, indicating better corrosion performance of X46 steel to other steels.
High pitting corrosion due to specific AC current density is likely at higher DC current densities in line
with available literature [11, 12].

3.1.2. X42, X65, and X70 Steel

For X42 steel, the DC current density (Joc) increased (Figure 4) from 0.114 A/m? to 0.31 A/m?
at a protection potential of (-) 850 mV, with a change in AC current density (Jac) in steps from 10 A/m?
to 200 A/m?, indicating a 176% jump in DC current density (Joc).

1.4
1.2
1
<§E‘ —a— PP -850
08 —=— PP -950
ﬁg 0.6 PP -1050
04 PP -1150
—#®  —PP-1250
0.2
0 — & < ¢ g

0 25 50 75 100 125 150 175 200
Jac (AIM?)

Figure 5. DC current density (Joc) variation with AC current density (Jac) at protection potentials  ((-
) 850, (-) 950, (-)1050, (-) 1150, and (-) 1250 mV) for X65 steel in soil simulating solution.

With a potential of (-) 850 mV for X65 steel, the DC current density (Joc) changed from 0.022
A/m? to 0.060 A/m? with a variation in AC current density (Jac)from 10 A/m?to 200 A/m?, indicating a
181% jump (Figure 5) in DC current density (Joc). For X70, observed a 167% jump in DC current
density (Joc). The different percentage increases are attributable to the pipe steel's unique
microcrystalline structure. The Gibbs free energy change, resulting in a negative shift in corrosion
potential, explains the tendency of enhanced corrosion [29] and agrees well with the results obtained.

For X65 steel, samples are protected at a DC current density (Joc) of 0.1 A/m? with a potential
of (-) 1061 mV with no AC. The protection potential shifted negatively with the increase in DC current
density (Joc), indicating better corrosion prevention. With a DC current density (Joc) beyond 0.5 A/m?,
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the protection potential exceeds (-) 1200 mV. Overprotection conditions after some time may lead to
coating damage. At a DC current density (Joc) of 1 A/m?, the protection potential of X65 steel samples
changed from (-) 1241 mV to (-) 1065 mV, with a variation in AC current density (Jac) from 0 A/m?to
200 A/m?. The severe damage to passive film at AC current densities ranging from 50 to 200 A/m?
leading to enhanced corrosion (Figure 6). Up to an AC current density (Jac) of 10 A/m?, X65 exhibits
comparable corrosion resistance. The passive film quickly deteriorates, at higher AC current densities,
allowing the protection potential to shift positively.

-1250 |
-1200

-1150

X65

PP (mV)

-1100
X70

-1050

-1000
0 10 30 50 100 200

Jac (AIM2)

Figure 6. Protection potential (PP) of X65 and X70 steels with change in AC current density (Jac), at a
DC current density (Joc) of 1 A/m? in soil simulating solution

-1400 ‘
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X70
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-1100
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Figure 7. Protection potential (PP) of X46 and X70 steels with AC current density (Jac) at a DC current
density (Joc) of 10 A/m? in soil simulating solution.
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At a DC current density (Joc) of 0.3 A/m?, the protection potential of X70 grade steel samples
shifted to (-) 959 mV from (-) 1125 mV with variation in AC current density (Jac) in steps from 0 A/m?
to 200 A/m?. AC corrosion occurs at lower AC densities with a positive potential change in the X65 and
X70 samples. The protection potential for the X70 pipe shifted to (-) 839 mV from (-) 1061 mV due to
a change in AC current densities (Figure 7). With an AC current density (Jac) of 200 A/m? at a DC
current density (Joc) of 0.1 A/m?, X70 steel could not satisfy the (-) 850 mV protection criterion, which
may result in accelerated corrosion. Protection current cannot prevent corrosion at larger AC densities,
which agrees with the available publication [37].

4. CONCLUSION

The DC protection current density (Joc) increases initially with a variation in AC current density
(Jac) from 0 A/m?to 30 A/m? for all pipe steels. The passive film on the metal surface is intact at lesser
AC current densities, thereby resisting AC corrosion. However, observed no significant change in DC
current density with AC current densities from 50 A/m?to 200 A/m?. The inactive film at high AC
densities is increasingly unstable, decreasing thickness and significant damage, leading to enhanced
corrosion. For the X46 pipeline, the substantial percentage rise in DC current density illustrates the CP
system’s ability to provide adequate cathodic protection at lower potentials. However, at protection
potentials more negative than (-) 1200 mV, overprotection may eventually lead to severe coating failure.

For X42 and X46 steels, protection potential shifted positively with variation in AC current
density. Experimental data indicates that steel of the X42 and X46 grades exhibit a similar response to
AC interference. The higher positive potential shift for X65 and X70 grades steels with increased AC
current density to 100 A/m? indicates higher susceptibility to corrosion at a DC current density (Joc) of
1 A/m2. The X65 and X70 steels are likely to corrode more rapidly when exposed to AC interference,
which could be because of the differences in the microstructure and morphology of steel. Factors like
soil resistivity and pH may also affect the corrosion prevention response.

Corrosion protection of the steel sample is due to thick passive film on the sample surface. With
no AC, pipe samples remain protected at a DC current density (Joc) of 0.1 A/m?. However, with the
increasing density of protective currents, protection potential has become more negative. The steel of all
grades shows a DC current density (Joc) of 1 A/m?, a protection potential higher than (-) 1200 mV in the
negative direction, which may severely damage the coating over time and lead to localized corrosion.

Pipeline engineers to address AC corrosion behavior while selecting the suitable pipe steel for
the necessary application. Additional modeling/optimization studies are required to determine
appropriate measures for the mitigation of AC corrosion. Additionally, design mitigation methodologies
to minimize deterioration due to AC interference.
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NOMENCLATURE:

AC Alternating Current

DC Direct Current

API American Petroleum Institute

cp Cathodic Protection

pH Power of Hydrogen, a measure of

acidity or alkalinity of a solution
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The study analyzes alternating current interference by potentiostatic and galvanostatic measurements on
coated pipeline steels in simulated soil solutions. The polarization potential and protection current den-
sity of pipe samples of various grades is measured. The effect of alternating current on each pipe grade at
various polarisation potentials and protection current densities are measured. Different pipe grades’ rel-
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sion performance under cathodic protection. The experimental study uniquely compares alternating
current corrosion performance of different pipeline steel grades, which helps the pipeline operators care-
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1. Introduction

For transporting oil and gas, pipelines are considered the best
mode [1-3]. When run parallel to a high voltage power line for a
significant distance, these pipelines can be transferred to the pipe-
line under regular power line operating conditions and short-
circuit conditions on the power line. These voltages can result in
electrical shock hazards for maintenance personnel and be detri-
mental to the integrity of cathodic protection (CP) equipment,
the pipeline coating, and the pipeline steel, particularly during
short-circuit conditions.

The challenge is to identify the extent of alternating current
(AC) interference on underground pipelines and mitigate these
effects to protect pipelines.

Many corrosion problems attributable to AC interference have
been observed with the exponential growth of high voltage trans-
mission lines near the buried pipelines [4]. The traditional cathodic
protection measures have been ineffective in protecting pipelines
from corrosion in the presence of induced AC corrosion [4]. Amer-
ican Petroleum Institute (API) 5L Grade pipes are extensively used
for oil/gas service because of their long service life, suitability to
sour service, and resistance to cracks propagation. API 5L Grade

* Corresponding author.

https://doi.org/10.1016/j.matpr.2021.05.548
2214-7853/© 2021 Elsevier Ltd. All rights reserved.

pipes comply with mechanical parameters, such as toughness, ten-
sile strength, and yield strength. The microstructure and composi-
tion of these pipes may vary significantly, as per maximum limits
of the composition of manganese, carbon, phosphorous, and Sul-
phur [4].

2. Literature review

Literature reviews [5-7] indicate that several studies and exper-
iments have been conducted in the field of AC interference. Studies
have investigated the induced AC corrosion affects the life of steel
pipelines. Previous studies [8] have concluded that overprotection
is the most dangerous condition in the presence of AC interference
due to enhanced corrosion. A recent study [9] in the year 2020 con-
cluded that the extent of dynamic AC corrosion with higher inter-
ference time is similar to steady-state AC corrosion. However,
comparative experimental studies, considering AC corrosion of
various pipeline steels under similar conditions, are not available.

This work attempts to bridge the gap to determine and compare
various pipeline steels’ corrosion performance. The experiments
are performed, in soil simulating solution, through potentiostatic
and galvanostatic tests. AC corrosion-resistant behavior of various
pipeline steels is then analyzed systematically. The following sec-
tion first reviews the fundamentals of cathodic protection applied
on steel pipelines to avoid corrosion.

Selection and peer-review under responsibility of the scientific committee of the 2nd International Conference on Functional Material, Manufacturing and Performances.
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3. Cathodic protection

In an electrochemical process, the formation of oxide layers at
the metal surface limits oxygen diffusion to the metal surface
[10]. The oxide layer thereby prevents/inhibits further corrosion.
Cathodic protection is one such electrochemical process for sec-
ondary corrosion protection of underground pipeline assets. Catho-
dic protection thereby supports the primary protection provided
by coatings to underground assets [11]. Circulation of direct cur-
rent (DC) under cathodic protection between pipeline (cathode)
and anode through soil helps to minimize the pipe corrosion
through a combination of oxidation and reduction reactions:

Fe = Fe?" +2e~ 1)
2H" +2e =H, (2)
0, +H,0 + 2e~ = 20H" 3)

The commonly accepted criteria [12] for corrosion protection
under cathodic protection of pipelines are briefed below:

e Pipeline steel shall be polarized to (—) 850 mV under cathodic
protection. Polarised potential shall be measured using a refer-
ence electrode with saturated copper/copper sulfate electrolyte.
Positive side polarization from (—) 850 mV shall be inadequate
for corrosion protection—polarization towards the negative side
from (—) 1200 mV results in coating disbandment.

(-=) 950 mV polarisation is considered in acid environments,
dissimilar metals, presence of sulfides, anaerobic bacteria, etc.
Polarisation potential on a coated pipeline is measured between
pipe and earth. Measurement is recorded immediately upon
interrupting the current output from all cathodic protection
sources affecting that portion of the pipeline simultaneously.

The required corrosion protection is achieved by maintaining
polarisation potential in pipelines not under AC currents’ influence.
The typical protective current density required to maintain polari-
sation potential depends upon soil resistivity and coating type, as
summarized in Table 1. However, the polarized potential of (—)
850 mV does not consider corrosion protection in the presence of
AC interference [13].

4. Cathodic protection under AC interference

Optimum protection is not achieved fully by cathodic protec-
tion under the influence of AC interference [14]. Corrosion protec-
tion methodologies for pipelines under AC interference consider
determining the pipe-to-earth potential, AC density, DC density,
and AC/DC density ratio. Previous studies have revealed that the
AC density should not exceed a time-weighted average of 30
Am~2 if DC density exceeds 1 Am~2 and shall not exceed 100
Am 2 if DC density is less than 1 Am 2. The enhanced corrosion
at AC density of 30 Am~2 is very high [15].

AC mitigation technologies and suitable grounding are imple-
mented to minimize AC voltage induced on a pipeline for minimal
AC corrosion possibilities [16]. Steady-state touch potential of 15V

Table 1
Typical Protective Current Density.
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or more due to induced AC [17] is a personnel safety hazard and
shall be mitigated.

AC interference is experienced on pipelines due to AC transmis-
sion lines through Resistive, Capacitive, and Inductive coupling
[18]. Algorithms are under development to assess the induced volt-
age and current on pipelines [19]. The critical AC Corrosion param-
eters include alternating voltage (AV), AC density, and AC/DC
density ratio.

Weight loss experiments [8] on cathodically protected carbon
steel pipe samples under the influence of AC densities (10 Am—2
to 500 Am2) have established that (—) 0.850 V CSE criterion is
not adequate. AC/DC density ratio of more than 3 indicates high
corrosion risk. A lower AC/DC density ratio indicates lower risk
but is not risk-free. However, an AC/DC density ratio of 10 or more
[20] indicates risk certainty.

5. Methodology

The following section discusses the methodology adopted to
measure AC’s effect on steel pipes.

5.1. Preparation of pipeline steel specimen

Experimental tests are conducted on pipeline steel specimens
with the grade, chemical composition, and yield strength as per
Table 2. Steel specimen (6 mm thick, 100 mm diameter) are pre-
pared from respective pipes. After a thorough cleaning, each spec-
imen is placed in a PVC cylindrical tube of 10 mm internal
diameter and 40 mm length (Fig. 1). One side of the specimen
was welded with attachment to secure a 6 mm? copper cable for
electrical connection. The other side of the specimen ensured the
availability of a 10 mm diameter bare surface. The cylindrical tube
is then filled with epoxy for an airtight arrangement to avoid water
ingress (Fig. 2).

5.2. Preparation of soil simulating solution

Experiments were conducted on the specimen, dipped in soil
simulating solution, having 500 mg/L Sulphates, 200 mg/L Chlo-
rides, and silica sand. The electrical resistivity of the soil simulating
solution is measured. A new solution is utilized for each specimen
testing, and after testing, the existing solution is discarded.

5.3. Electrical circuit

Experiments are conducted using an AC Circuit and a DC circuit
suitably coupled (Figs. 3 and 4) to avoid interference between the
two using Capacitors and Inductors’ basic properties. Capacitor
blocked circulation of DC in AC Circuit, and Inductor prevented
AC circulation in the DC circuit.

Variac provided requisite AC, which was forced through pipe-
line specimen (W). Requisite DC was injected using Galvanostat
through the pipeline specimen. While the flow of DC provided
cathodic protection to the pipeline specimen, AC provided the nec-
essary current for AC interference.

Requisite circuits were completed through counter electrodes,
and a shunt was provided to measure the current flow. A Cu-

S. No. Soil Resistivity (Qm) 3 LPE Coated Pipe (nAm2) FBE Coated Pipe (nAm~2) Coal Tar Enamel Coated Pipe (nAm~2)
1 10-100 25 50 125

2 <10 50 70 150

3 >100 15 25 75




ARTICLE IN PRESS

Ajit Kumar Thakur, Adarsh Kumar Arya and P. Sharma

Table 2
Pipeline Steel Specimens.
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Pipe Grade Chemical Composition (%) Yield Strength
AP 5L C Mn P S Ti psi

X46 0.28 1.40 0.030 0.030 0.04 46,000

X52 0.28 1.40 0.030 0.030 0.04 52,000

X80 0.24 1.40 0.025 0.015 0.06 80,000

Fig. 1. Typical Pipeline steel specimen.

Fig. 2. Pipeline steel specimen.

CuSo4 reference electrode (RE) was provided to measure the DC
potential of the specimen.

5.4. Galvanostatic tests

Galvanostatic tests are conducted on pipeline specimens at var-
ious AC densities. Each prepared specimen in a cylindrical tube is
cleaned and immersed in soil simulating solution. Fresh soil simu-
lating solution is used for each set of tests on the specimen.

Galvanostatic tests included studying the effect of Alternating
current on protection potential. Various alternating current densi-
ties were applied (Table 3) in steps as interference to the applied
protection densities, and the resultant protection potential was
measured. Initially, the protection current was applied at 0.01
Am~2 for 24 h without AC. Protection potential was then measured.
AC is then applied in 30 min from 10 Am~2 to 200 Am~2. During
each step, protection potential is measured using a reference elec-
trode every 5 min.

5.5. Potentiostatic tests

Potentiostatic tests included studying the effect of Alternating
current on protection density. Tests included applying various cur-
rent densities in steps as interference to the applied protection
potential, and resultant protection current density was measured.

Potentiostatic tests included studying the effect of Alternating
current on protection current density. Various alternating current
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Fig. 3. Schematics for Experimental Setup.

Fig. 4. Experimental setup.

Table 3
Experimental conditions - Galvanostatic test.

Protection Current Density (Am~2) AC Current Density (Am™2)

0.1 10, 30, 50, 100, 200
03 10, 30, 50, 100, 200
0.5 10, 30, 50, 100, 200
1.0 10, 30, 50, 100, 200
2.0 10, 30, 50, 100, 200
10.0 10, 30, 50, 100, 200

densities were applied (Table 4) in steps as interference to the
applied protection potential, and the resultant protection current

Table 4
Experimental conditions - Potentiostatic test.

Protection Potential (mV) AC Current Density (A/m2)

-850 10, 30, 50, 100, 200
-950 10, 30, 50, 100, 200
—1050 10, 30, 50, 100, 200
—1150 10, 30, 50, 100, 200
—1250 10, 30, 50, 100, 200
—1350 10, 30, 50, 100, 200

density was measured. Initially, protection potential was applied
at (—) 0.850 V for 24 h without AC. Protection current density
was then measured. AC is then applied in 30 min from 10 Am—2
to 200 Am 2. During each step, the current protection density is
measured every 5 min.

6. Results and discussions
6.1. Protection potential with no AC interference

For X46 pipe, in the absence of AC interference, in the simulated
soil solution, samples were cathodically protected with the protec-
tion potential near (—) 1069 mV at a DC density of 0.01 Am-2. Pro-
tection potential became more cathodic (from (-) 1070 to (-)
1401 mV) with an increase in DC density (from 0.01 Am-2 to 10
Am-2), indicating improved corrosion protection. The pipe sample
is protected from corrosion due to passive film formation at the
metal surface. However, with a DC density of more than 1 Am 2,
protection potential is more negative than —1200 mV, resulting
in coating disbandment over a while.

The variation in protection potential with an increase of DC Cur-
rent density is summarized in (Table 5) without AC interference.
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Table 5
Polarisation Potential with DC density without AC interference.

DC Current Density (Am~2) Protection Potential (mV)

X46 X52 X80
0.1 -1070 —1065 —1066
03 -1151 —1143 —1135
0.5 -1201 -1196 -1181
1.0 —1250 -1241 -1215
2.0 —1280 —1278 —1256
10.0 —1401 -1387 -1383

Without any AC interference, the pipe sample undercurrent
protection density is polarised due to passive film formation. This
helps protect the X46 sample from corrosion. The polarised poten-
tial is positively shifted (Fig. 5) with an increase of AC density. Pro-
tection potential is observed near (—) 1200 mV at the current
protection density of 0.5 Am~2. A similar observation is made for
X52 and X80 pipes when protection potential is observed more
negatively than (—) 1200 mV at 1.0 Am-2 or higher DC density
(Figs. 6 and 7). For mitigating the coating disbandment of the pipes,
current protection density shall be maintained up to 0.5 Am 2 or
below in the absence of AC.

6.2. Shift in protection potential under AC interference

Under AC interference at protection current density of 0.1
Am~2, the protection potential positively shifted for all three pipe
grades with AC density change from O to 200 Am 2. For API 46
Grade Pipe samples (Fig. 8), the protection potential became more
positive from (—) 1070 mV to (—) 865 mV with an increase in AC
density from 0 to 200 Am 2.

The positive shift in polarization potential upon AC application
is attributable to the progressive thinning of the passive film and
its breakdown, resulting in enhanced corrosion current flow [21].
At lower AC densities, the polarised potential is affected marginally
as the passive film is minimally affected.

Pipeline steel corrosion is uniform at low AC density, whereas
extensive localized pitting corrosion occurs at higher AC densities
[4,22,23]. The size of coating holidays also affects corrosion [24].

The passive film gets damaged substantially at higher current
densities of 30-100 Am~2, resulting in enhanced corrosion.

Similar corrosion performance is observed in X52 up to a low AC
density of 10 Am™2. The passive film rapidly breaks for the
polarised potential to shift positively at the higher AC density. At
AC density of 200 Am2, the polarised potential is just (—)
856 mV. Similarly, similar AC corrosion of the X80 sample is evi-
dent at lower AC densities and the positive shift of polarised poten-

<750

-850

-1050 ¢

Potential (mV)

-1150 -

1250
DC Density - 0.01 Am™2
-1350 L L L . L L L

0 25 50 75 100 125 150 175 200

AC Density (Am2)

Fig. 5. Polarised Potential X46.
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Fig. 8. Polarised potential @ Protection current density 0.3 Am~2.

tial. At higher AC densities, the passive film is ruptured, resulting in
increased corrosion.

AC reduces the uniformity of the passive film, decreases film
thickness, and increases the possibility of its breakdown [25-28].

The protection potential changed from (—) 1065 mV to (-)
873 mV for X52 pipe and from (—) 1066 mV to —844 mV for X80
Grade pipe for a corresponding change in AC densities. It is seen
that the X46 and X52 pipes remained protected with protection
potential more negative than (—) 850 mV with DC density for all
AC densities up to 200 Am~2. However, X80 pipes could not meet
the protection criteria of (—)850 mV with a current protection den-
sity of 0.1 Am~2 at AC density of 200 Am 2, resulting in severe cor-
rosion in alkaline soil conditions [29]. The protection potential has
shifted positively with the increase of AC for all three grades
(Figs. 8, 9, and 10). At the current protection density of 0.1 Am2,
polarised potential remained within the range from (—) 1200 mV
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to (—) 850 mV. At the current protection density of 1 Am~2, the
polarised potential remained within a range from (—) 1250 mV
to (—) 1050 mV. At the current protection density of 10 Am-2,
the polarised potential is found within (-) 1400 mV to (-)
1150 mV.

At higher protection current densities, the condition of overpro-
tection may prevail, leading to cathodic disbandment coupled with
severe AC corrosion.

The protection potential shift with a change in AC density, at
protection current density of 0.1 Am~2 and 1 Am 2 is summarized
in Table 6 and Table 7. The protection potential shift with a change
in AC density from 30 to 50 Am 2 and from 50 to 100 Am 2 is more
pronounced for X80 pipe samples (at protection current density of
1 Am~2), indicating higher susceptibility to AC corrosion.

Table 6
Potential shift at Protection current density of 0.1 Am~2.

AC Density increase (Am2) Protection Potential Shift (mV)

X46 X52 X80
0-10 19 18 10
10-30 56 56 58
30-50 20 11 22
50-100 28 29 35
100-200 82 78 97

Materials Today: Proceedings xXx (XxXx) XXX

Table 7
Potential shift at Protection current density 1 Am~2,

AC Density increase (Am2) Protection Potential Shift (mV)

X46 X52 X80
0-10 22 40 17
10-30 30 14 35
30-50 27 26 46
50-100 53 59 72
100-200 40 37 29

6.3. Effect on protection current density

With an increase in protection potential from (—)850 mV to (—)
1350 mV, the protection current density increased from 0.013 to
1.29 Am 2 with no AC interference for X46 pipes (Fig. 11). Under
AC interference of 30 Am~2, the current protection density
increases from 0.027 to 1.985 Am™2.

Without any AC interference, with an increase in protection
potential from (—)850 mV to (—)1350 mV, the current protection
densities increased from 0.02 to 1.33 Am™2 for X52 pipes
(Fig. 12) and from 0.18 to 1.211 Am~2 for X80 pipes (Fig. 13).

Also, under AC interference of 30 Am~2, with an increase in pro-
tection potential from (—)850 mV to (—)1350 mV, the protection
current density increased from 0.031 to 1.792 Am~2 for X52 pipes
and from 0.189 to 1.663 Am 2 for X80 pipes.

For X46 pipe, protection current density change is minimal with
a change in AC density at protection potential of (—) 850 mV. How-
ever, at a protection potential of (—)1350 mV, the maximum pro-
tection current density of 3.5 Am~2 is required at an AC density
of 200 Am 2. For X52 and X80 pipes at the protection potential
of —1350 mV, the maximum protection current density is required
at 100 Am~—2.

The rate of change of protection density (Table 8) for X80 pipes
under AC interference is lesser than X46 or X52 pipes, indicating a
lesser tendency for corrosion protection under AC interference.

7. Conclusions

In the absence of AC interference, the pipeline samples of all
three grades were found to remain protected in the presence of
protection current density of 0.1 Am~2. However, an increase in
protection current density increased protection potential. With
the protection density of 1 Am 2, all the pipe grades were sub-
jected to protection potential more negative to (—) 1200 mV. Any
further increase in protection current density results in coating dis-
bondment over a while.
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Fig. 11. Protection current density change with AC density: X46.
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Fig. 13. Protection current density change with AC density: X80.

Table 8
Protection Current Density Shift with polarisation potential.

AC Current Density (Am~2) Change in protection density (Am~2)

X46 X52 X80
0 1.474 1.130 1.031
30 1.958 1.761 1.474

The higher positive potential shift for X80 grade pipes with a
change in AC density from 30 to 100 Am 2 indicates enhanced cor-
rosion at protection current density of 1 Am~2. X46 and X52 grade
pipes also have positive potential shifts, but the intensity is less
than X80. It is evident from experimental data that X46 and X52
grade pipes exhibit a similar response to AC interference. However,
X80 grade pipes are likely to corrode more rapidly under AC inter-
ference. This should be due to differences in the microcrystalline
structure of the corresponding pipe grades. Corrosion prevention
response may also be influenced by other factors such as soil resis-
tivity, pH, etc.

While selecting the pipe grades for the respective application,
considerations for AC corrosion shall be considered suitably. Fur-
ther appropriate modeling/optimization studies need to be carried
out to incorporate suitable mitigation measures for AC corrosion.

It is also necessary to investigate the possibility of AC interfer-
ence, evaluate the magnitude of the interference, design and install
mitigation facilities as necessary, and monitor the performance of
the mitigation system and the cathodic protection system.
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Abstract

The purpose of this paper is to predict and mitigate AC interference on
buried pipeline systems due to transmission lines. Modeling and field
verification of AC interference is done. The article also presents the issue
of optimizing the mitigation measures. The paper uses the field data on
soil resistivity, transmission line, and pipeline details to develop a model
using current distribution electromagnetic interference grounding and
soil structure analysis (CDEGS) software to predict the AC interference on
the pipeline system. The model is validated with field measurements, and
post-mitigation measures are considered. Mitigation measures are
optimized to develop an economical mitigation plan. The case

demonstrates the use of modeling techniques to predict and mitigate AC
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interference on pipelines. The field validation of modeling results helps
improve the modeling results and plan optimized mitigation measures.
The study requires providing comprehensive field data relevant to the
pipeline system under consideration. The accuracy of the field data may
have a bearing on the outcome of the study. The study enables designing
and optimizing mitigation measures using modeling. Comparisons with
field measurements help achieve desired pipeline system integrity against

AC corrosion.
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