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Preface

A pipeline system as one of the effective tools for transporting fluids despite the
cost of proper maintenance, has been taken to be a complex system accompanied by
several kinds of components and consumers. Hence, pipeline systems have been
taken as one of the most important tools for transmission around the world.

It will be important for industrial society that pipeline systems function appro-
priately by taking into consideration the growing requirement for effective inter-
connecting fluid networks. However, this task is difficult as someone should
simultaneously certify a secure fluid supply and the fulfillment of the various
requirements of consumers. Even this task could become more difficult with the
appearance of leakage, blockage, and fault in sensors and actuators that could
produce the degradation and glitch of the whole system.

Leakage and blockage in the system of pipes that transport process fluids such as
oil, industrial gas, water could result in crucial environmental, social, economic,
health and safety problems. Leakage in the pipeline can be caused from poor
mechanism or from any devastating reason because of unexpected alterations of
pressure, corrosion, fractures, faults in pipelines or absence of preservation. There
exist various non-destructive testing (NDT) techniques to detect these faults in pipe
networks like radiographic, ultrasonic, magnetic particle inspection, pressure tran-
sient and acoustic wave techniques.

The model structure of flow in pipe or pump could be designed by various
techniques. One well-known technique is to present flow in pipe using two partial
differential equations. In general, the closed-form solution of this method is not
known, but it may be obtained based on numerical techniques. Another method of
modeling is based on the use of the hydro-electrical analogy.

Over the past few years, various techniques involving uncertainties have been
used for detecting flaws in pipelines. Various numerical tests have been carried out
for improving the current approaches by taking into consideration parametric
studies. The theoretical research focuses on evaluation the precision, robustness,
calculational ability, applicability and limitations of the methodology. To achieve
the safe operation of pipeline systems, special software tools have been produced in
the past decades that are supplementary to the conventional supervisory control and
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data acquisition systems (SCADA). Generally, those tools are made of fault
detection, location and diagnosis algorithms, based on fluid mechanics for signal
processing and also, they consider a finite number of existing variables from the
pipe.

It should be noted that some defects to be identified need active recognition, for
instance, the requirement of supervision systems upon the pipeline system in reg-
ular intervals or at acute time by applying test signals for generating, for example,
transitory answers of the fluid to detect unusual occurrences. Hence, there exist a
great number of research groups throughout the world with various backgrounds
who are attempting to develop efficient automated monitoring and supervision
systems for pipelines.

The background material needed for understanding this book is fluid dynamic
and linear and nonlinear systems. This book will provide a good basis for those
students who are interested in numerical analysis and partial differential equations.
This book is mainly written for graduate and advanced undergraduate students of
sciences, technology, engineering, and mathematics. It is organized as a textbook
for a course on control and modeling. This book could be used for self-learning.

In this book we have rather attempted to unify the theory as far as possible with
the practice by focusing attention on the most important methods to deal with the
general problem. Our aim in this book is to introduce new methods using auxiliary
systems called “observers” for solving the defect detection and identification
problem in pipe networks and also develop the nonlinear equations for pipe net-
works. In reading this book, a reader who wants a general knowledge about fluid
dynamic and pipeline should read Chaps. 1–5. These chapters provide an under-
standing of why pipelines are important (Chap. 1), a review on different pipeline
fault detection techniques (Chap. 2), mechanisms of fluid flows in pipes (Chap. 3),
flow control of fluid in pipelines using fuzzy logic controllers (Chap. 4), flow
control of fluid in pipelines using neural networks and deep learning (Chap. 5),
model structure of leakage in pipes (Chap. 6). The latter half of the book delves into
some introduction to flow control techniques, model structure of blockage in pipes
(Chap. 7) leakage detection in pipeline based on observation techniques (Chap. 8)
flow control of fluid in pipelines using proportional-derivative (PD) and propor-
tional–integral–derivative (PID) controllers (Chap. 9)

The authors contributed to shape the substance of this book are from computer
science and engineering backgrounds. The first author, Sina Razvarz, would like to
express his sincere gratitude to his advisor Prof. Cristobal Vargas for his continuous
support of his Ph.D. study and research, and for his patience, motivation, enthu-
siasm, and immense knowledge. His guidance helped him throughout his research
and writing of this book. Also, he would like to thank his wife for her time and
dedication. Without her this book would not have been possible. The second author,
Raheleh Jafari would like to thank her husband for his time and dedication. Without
him this book would not have been possible. The third author, Alexander Gegov
would like to thank his family members for their spiritual support during the work
on this book.
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cooperation and great care making possible the publication of this book.

Mexico City, Mexico Sina Razvarz
Leeds, UK Raheleh Jafari
Portsmouth, UK
July 2020

Alexander Gegov

Preface ix



Contents

1 The Importance of Pipeline Transportation . . . . . . . . . . . . . . . . . . . 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.3 Material of Pipeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3.1 Steel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.2 Stress Cycles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3.3 Manufacture and Fabrication . . . . . . . . . . . . . . . . . . . . . . 7
1.3.4 Inspection and Testing . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.4 Implications for Pipeline Safety . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.5 Evolution of Pipeline Technology . . . . . . . . . . . . . . . . . . . . . . . . 9
1.6 Evolution of Pipeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.6.1 Types of Pipeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.7 Design and Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.7.1 Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.7.2 Construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.7.3 Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.7.4 Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.8 Pipeline Milestones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2 A Review on Different Pipeline Defect Detection Techniques . . . . . . 25
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.2 Non-destructive Testing Techniques for Flaw Identification

in Pipelines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.3 Acoustic Wave Reflectometry and Roving-Mass Technique . . . . . 26
2.4 Risk Assessment in Pipeline Failure Event . . . . . . . . . . . . . . . . . . 28
2.5 The Most Common Causes of Leaking Pipes . . . . . . . . . . . . . . . . 34

2.5.1 Pipeline Damage Caused by the Stress Concentration . . . . 34
2.5.2 Pipeline Damage Caused by Third-Party Activities . . . . . 35

xi



2.5.3 Pipeline Damage Caused by Corrosion . . . . . . . . . . . . . . 35
2.5.4 Pipeline Damage Caused by the Operational

Limitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.6 The Most Common Causes of Blocked Pipes . . . . . . . . . . . . . . . . 36

2.6.1 Pipeline Blockage Caused by Hydrate Formation . . . . . . . 36
2.6.2 Pipeline Blockage Caused by the Agglomeration

of Sand and Debris . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.6.3 Pipeline Blockage Caused by Roots . . . . . . . . . . . . . . . . 37
2.6.4 Pipeline Blockage Caused by Grease . . . . . . . . . . . . . . . . 38

2.7 Non-destructive Testing Methods for Leakage and Blockage
Inspection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.7.1 Visual Inspection of Damage . . . . . . . . . . . . . . . . . . . . . 38
2.7.2 Magnetic Particle Inspection of Damage . . . . . . . . . . . . . 38
2.7.3 Ultrasonic Inspection Method for Damage Detection . . . . 39
2.7.4 Radiographic Technique for Damage Detection . . . . . . . . 40
2.7.5 Pig Monitoring Systems for Damage Detection . . . . . . . . 40
2.7.6 Boiling Water Reactor for Damage Detection . . . . . . . . . 42
2.7.7 Adding an Odourant to the Fluid for Damage

Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.7.8 Mass-Volume Balance Technique for Damage

Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.7.9 Real Time Transient Technique for Damage Detection . . . 43
2.7.10 Supervisory Controls and Data Acquisition System

for Damage Detection . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.7.11 Acoustic Emission Technique for Damage Detection . . . . 45
2.7.12 Acoustic Pulse Reflectometry Technique for Damage

Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.8 Signal Processing Methods for Damage Identification . . . . . . . . . . 47

2.8.1 Cepstral Analysis Technique for Damage
Identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.8.2 Fast Fourier Transform Technique for Damage
Identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.8.3 Wavelet Transform Technique for Damage
Identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3 Modelling of Pipeline Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.2 Lagrangian and Eulerian Specification of the Flow Field . . . . . . . . 60

3.2.1 Lagrangian Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.2.2 Eulerian Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.2.3 Modeling of Liquid Flow in the Pipeline . . . . . . . . . . . . . 61
3.2.4 Momentum Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.2.5 Continuity Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

xii Contents



3.3 Modeling of Flow in Pipeline . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.4 Steady State Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.4.1 Case 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.4.2 Case 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.4.3 Case 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.4.4 Case 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.4.5 Case 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.4.6 Case 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.5 Observability and Controllability Analysis of Linear System . . . . . 80
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4 Theory and Applications of Fuzzy Logic Controller
for Flowing Fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.1 Mathematical Preliminaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.2 Fuzzy Logic Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.2.1 Example 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.2.2 Example 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.2.3 Example 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.2.4 Example 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5 Basic Concepts of Neural Networks and Deep Learning
and Their Applications for Pipeline Damage Detection . . . . . . . . . . . 101
5.1 Different Types of Threats Occurring in Pipeline Systems . . . . . . . 101
5.2 Neural Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.3 Memory Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
5.4 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.4.1 Example 0.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
5.4.2 Example 0.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6 Leakage Modelling for Pipeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
6.2 Leak Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
6.3 The Model Modification of the Pipeline with Leakage . . . . . . . . . 123
6.4 Observer Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
6.5 Luenberger Observer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.5.1 Linear Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
6.5.2 Nonlinear Approaches Luenberger Extension . . . . . . . . . . 129

6.6 Lie Derivative . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
6.7 Example (Model for Pipe with Two Sections) . . . . . . . . . . . . . . . 130
6.8 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
6.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

Contents xiii



7 Blockage Detection in Pipeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
7.2 Blockage Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
7.3 Observer Design by Using the Extended Kalman Filter . . . . . . . . 152

7.3.1 Observer Scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
7.4 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

8 Leakage Detection in Pipeline Based on Second Order Extended
Kalman Filter Observer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
8.2 Pipeline Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
8.3 Observer Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

8.3.1 Nonlinear State Space Model . . . . . . . . . . . . . . . . . . . . . 165
8.3.2 System Approximation by Taylor Expansion . . . . . . . . . . 166
8.3.3 Second Order Extended Kalman Filter Recursions . . . . . . 167

8.4 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
8.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

9 Control of Flow Rate in Heavy-Oil Pipelines Using PD and PID
Controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
9.2 Materials and Methods for Modelling of the System . . . . . . . . . . . 176

9.2.1 Modelling of the Pipeline . . . . . . . . . . . . . . . . . . . . . . . . 177
9.2.2 Modelling of the Actuator . . . . . . . . . . . . . . . . . . . . . . . 179
9.2.3 Modelling of the Pump . . . . . . . . . . . . . . . . . . . . . . . . . 180

9.3 The Tuning Method Based on PD and PID Controller . . . . . . . . . 181
9.3.1 PD Controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
9.3.2 PID Controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

9.4 Numerical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
9.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

xiv Contents


	Preface
	Contents



