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Abstract 
 

The Vibration-based leak detection (VBLD) approach in pipeline systems has been a 

topic of research interest. It is identified as effective method for early leak detection and 

popular choice as its non-invasive and more suited to monitoring than inspection. Most 

of the previous publications investigated VBLD approach experimentally using a straight 

pipe with a small diameter in water loop systems.  

The current study investigates this approach computationally in the oil and gas sector 

particularly in a large diameter 90-degree pipe elbow. This task is complex as it involves 

a combination of the fluid and structure domains. The first part of the task deals with 

turbulent pipe flow and internal pipe wall pressure fluctuations due to alterations in flow 

field parameters caused by leaks. The second addresses the external pipe surface vibration 

response produced by internal pipe wall pressure fluctuations. 

The first part of the study presents the use of the wall y+ approach as a form of guidance 

for reliable selection of mesh and turbulence models in bent pipe flow investigations.  The 

research builds on previous studies recommended by Salim et al.[1]–[3] for using the wall 

y+ approach to balance between the computational cost and time. This method is proposed 

as an effective tool for selecting an appropriate near wall treatment and corresponding 

turbulence model whilst removing the necessity for physical validation when 

experimental data is unavailable or is difficult to obtain.  

Flow in a 90-degree pipe elbow is modelled using the ANSYS FLUENT CFD solver to 

evaluate the performance of different Reynolds-Averaged Navier-Stokes (RANS) 

turbulence models. The RANS models tested are the standard k-ε, Reynolds Stress Model 

(RSM), k-ω Shear Stress Transport (SST) and Spalart-Allmaras models. A range of near 

wall spatial resolutions is used to determine the effectiveness of near wall modelling 

techniques when used in conjunction with each of the turbulence models. The near-wall 

treatments are investigated by solving the y+ values for the first layer of cells in the 

viscous sublayer (y+≈3), buffer region (y+ ≈19) and log law region (y+≈39). The achieved 

results in this current study using the wall y+ approach, are compared against experimental 

data published by Sudo et al.[4]  and numerical simulations published by Kim et al.[5]. 

Qualitative analysis and quantitative assessment are carried out to identify which 
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turbulence model agrees best with the published data.  

It is observed that, in comparison with simulations where it is in the buffer and log-low 

regions, the near wall models provide better results when the y+ values for the first layer 

of near wall cells are within the viscous sublayer. The RSM predicts the flow field most 

accurately when compared against the reference data.  

In the second part of the research, RSM is coupled with a Finite Element Analysis (FEA) 

structural model to simulate the Fluid-Structure Interaction (FSI) using one-way 

coupling. This is to address the second part of the study which deals with the external 

pipe surface vibration response produced by internal pipe wall pressure fluctuations. The 

employed RSM turbulence model and subsequent FSI approaches are initially validated 

against published experimental and numerical results. This is supported by field 

measurements. 

The numerical investigations reveal that the overall vibration signal increases as the flow 

rate increases. It is observed that the pipe wall experiences high levels of vibration in the 

centre of the elbow due to drops in pressure and centrifugal forces in that region. The 

results also indicate that vibration severity increases as the leak size increases. The VBLD 

is found capable of assessing leakages with different damage severities. 

The FSI model developed in this current study can be used to predict the fluid dynamic 

behaviour inside the pipe and the structure response to this behaviour in a manner that is 

safer, at a lower cost and less time consuming than a physical study. This in turn will 

allow pipeline designers to assess the effectiveness of their design, and any potential 

problems, before the installation stage. It is useful to design experiments within the 

context of the FSI for pipeline systems including the VBLD. This numerical approach 

based on FSI and incorporating the VBLD method offers a cost-effective and 

complementary early-detection tool to use out in the field together with vibration 

monitoring device. 

 

 

 



vii 

 

Publication 

 
Abuhatira, A., Salim, S. M., & Vorstius, J. (2022). Vibration-Based Leak Detection 

Approach in a 90-Degree Pipe Elbow: A Computational Study. In Proceedings of the 

2022 Annual Conference of the UK Association for Computational Mechanics 

(UKACM) Nottingham University Press. 

 

Abuhatira, A., Salim, S. M., & Vorstius, J. (2021). Computational Study of Vibration-

Based Leak Detection Approach in a 90-Degree Pipe Elbow. In UK Fluids 

Conference (pp. 122). [07B-5] The Interdisciplinary Teaching and Learning Group, 

University of Southampton. 

 

Abuhatira, A. A., Salim, S. M., & Vorstius, J. B. (2021). Numerical Simulation of 

Turbulent Pipe Flow With 90-Degree Elbow Using Wall Y+ Approach. In Fluids 

Engineering (pp. 1-7). [V010T10A048] (ASME International Mechanical Engineering 

Congress and Exposition, Proceedings (IMECE); Vol. 10).  

 

Abuhatira, A. A., Salim, S. M., Hussein, H. A., & Vorstius, J. B. (2020). Effects of 

curvature radius ratio of 90-degree pipe elbow on FIV signal. Abstract from 33rd Scottish 

Fluid Mechanics Meeting 2020, Edinburgh, United Kingdom. 

 

Abuhatira, A., Salim, S. M., & Vorstius, J. B. (2019). Numerical simulation of turbulent 

pipe flow with elbow bend: comparison between RANS and LES. In 32nd Scottish Fluid 

Mechanics Meeting (SFMM): Book of Abstracts (pp. 25-25). University of Dundee.  

 

 

 

 

 



viii 

 

Nomenclature 

 
Symbol of letters 

 
D Pipe diameter (m) 

L Length (m) 

𝑚𝑓 Mass of liquid per unit length (kg/m) 

𝐸 Young's modulus of the pipe (N/m2) 

m Total mass of the pipe and contained fluid per unit length (kg/m) 

𝐼𝑝 Inertance of the pipe (m) 

𝑉0 Velocity of the fluid flow (m/s) 

𝑃0 Fluid pressure (Pa) 

𝐴𝑓  Internal pipe cross-sectional area (m2) 

Ub Bulk Velocity (m/s) 

�̅� Mean value of fluid velocity (m/s) 

𝑢𝑖
′ Fluctuating value of fluid velocity (m/s) 

�̅� Mean value of fluid pressure (Pa) 

𝑝𝑖
′ Fluctuating value of fluid pressure (Pa) 

𝛥𝑃 Pressure loss (Pa) 

t Time (s) 

𝜌 Density (kg/m3) 

𝑣 Kinematic viscosity (m2 s-1) 

μ Dynamic viscosity (Kgm-1 s-1) 

Re Reynolds number 

κ Von Kármán constant (0.4) 
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𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ ̅ Reynolds stresses (Pa) 

δ Boundary layer thickness (m) 

τij Reynolds Stress tensor (Pa) 

τw Wall shear stress (Pa) 

xi Distance [tensor form] (m) 

𝑓  Darcy friction factor (dimensionless quantity) 

𝜀 𝐷⁄  Pipe relative roughness (mm) 

𝐹𝑠  Moody friction factor (dimensionless quantity) 

𝑅𝑏 Pipe bend radius (m) 

θ Pipe bend angle (degree)  

𝑘𝑏 Loss coefficient of bend pipe (dimensionless quantity) 

Rc/D Curvature radius ratio of the pipe (dimensionless quantity) 

 y+ Wall dimensionless unit 

k Turbulent kinetic energy (m2 s-2) 

ε Dissipation rate of turbulent kinetic energy (m2 s-3) 

ω Specific dissipation rate (=ε/ k) (s-1) 

𝑢 Pipe surface displacement (m) 

�̇� Pipe surface velocity (m/s) = (
ⅆ𝑢

ⅆ𝑡
) 

�̈� Pipe surface acceleration (m/s2) = ( 
ⅆ2𝑢

ⅆ𝑡2
) 

𝑀 Mass matrix 

𝐶 Damping matrix 

𝐾 Stiffness matrix 

f Frequency (Hz) 
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Abbreviations  

 
CFD Computational Fluid Dynamic 

VBLD Vibration-Based Leak Detection 

NPWPAM Pressure Wave Propagation Attenuation Mechanisms 

FSI Fluid-Structure Interaction 

FIV Flow-Induced Vibration 

RANS Reynolds-Averaged Navier-Stokes 

RSM Reynolds Stress Model 

LES Large Eddy Simulation 

FEA Finite Element Analysis 

2D Two Dimensional 

3D Three Dimensional 

RMS Root Mean Square 

FFT Fat Fourier Transform  

DOF Degree of Freedom 

SDM Standard Deviation of the Mean  

GIT Grid Independence Test 

BS Baseline System 

LS Leak Severity 

LQA Leak Quantification Assessment 
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Chapter 1 
 

1 Introduction 
 Background 

Pipe elbows are the most important component of any pipe network design because they 

allow flexible routing. Studies of flow through pipe bends are of great significance to 

understand and improve their performance. The most prevalent components in pipeline 

systems are 90-degree pipe elbows. This elbow has been commonly used in nuclear, oil 

and gas, and water piping systems to join different components and provide flexibility in 

directing the flow of products. Due to the flow complexity and challenges with 

characterisation, several studies [4]–[9] have been carried out to explore the flow in  90-

degree pipe elbows experimentally, theoretically and numerically. 

Computational fluid dynamics (CFD) is a computer-based simulation of processes 

involving fluid flow, heat transfer and related phenomena [10]. In recent decades, CFD 

has been increasingly essential in engineering applications, due to its effectiveness and 

time-saving properties compared with experimental labour [6]. CFD has been used to 

investigate  fluid flow in straight pipes with various diameters and different flow 

behaviours using numerous turbulence models [11]–[15].  

CFD has also been used to investigate the flow through a 90-degree pipe elbow. For 

example, Crawford et al. [6]  numerically investigated the flow structures and pressure 

losses in a 90-degree pipe elbow with different curvature radius ratios. In another study, 

Kim et al. [5] conducted a numerical investigation into the characteristics of secondary 

flow induced by a 90-degree elbow in turbulent pipe flow, while Dutta et al. [7] 

investigated the flow separation in a 90-degree pipe elbow. These studies were all 

compared to experimental findings and yielded satisfactory results. There was a good 

match between these numerical conclusions and the existing experimental data. 

Dutta et al.  [7] explained flow of fluids through a 90-degree pipe elbow as being 

characterised by flow separation, secondary flow, and unsteadiness, all of which are 

dependent on the Reynolds number as well as the curvature radius of the elbow. This is 

because, whenever a fluid flows through a pipe elbow, there is a radial pressure gradient 
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developed by the centrifugal force acting on the fluid. Drops in pressure, centrifugal 

forces and variations in flow field behaviour accelerate the damage to elbows.  Due to 

high levels of stress concentration in the centre of 90-degree pipe elbows, they are prone 

to erosion and corrosion [16]. This significant damage leads to high maintenance costs 

and has a negative environmental impact, especially in the oil and gas sector, due to the 

possibility for leakage [17]. The dangers and risks connected with oil pipeline system 

failures are immense as the breakdown of pipeline networks has a direct impact on human 

lives, the economy, and the environment [18]. 

According to Groeger [19], pipeline failure in the United States has caused $7 billion in 

property damage, killed over 500 people, and injured thousands more. The author also 

made reference to numerous incidents that occurred in September 2012 in San Bruno, 

California, USA, which resulted in the deaths of eight individuals and the injuries of over 

50 more. Another comparable occurrence occurred in Michigan, USA, in July 2010, when 

a crude oil pipeline ruptured, spilling over 840,000 gallons of crude oil into a river, at an 

estimated cost of $800 million. Pipeline leaks cause massive economic losses on a regular 

basis [20].Therefore, and taking into consideration the potential dangers and risks 

associated with leaks in such pipeline systems, the early detection of leaks in elbows is 

of great significance for reducing the loss of crude oil, saving energy and minimising 

maintenance costs. 

The Vibration-Based Leak Detection (VBLD) method help detect early signs of leakages 

in pipeline systems by using accelerometers to measure changes in vibration signal as a 

consequence of changes in flow behaviour. The sensors are attached in the outer pipeline 

surface and connected to a computer software that analyses vibration data [21]. The 

VBLD approach has been shown to be highly reliable for early leak detection and is 

popular because of its non-invasive nature, which is more suited for monitoring than 

inspection [20], [22], [23]. The VBLD principle is based on Fluid-Structure Interaction 

(FSI) phenomenon [24]–[26]. This phenomenon is complicated, and to understand it 

requires a sufficient knowledge of the fluid flow behaviour through 90-degree pipe 

elbows as well as structure dynamic response to flow field behaviour. More details and 

clarification of the problem statement are presented in the next section. 

Nowadays the oil industry places great importance on ensuring reliability and safety 

throughout the operation of major pipelines. One of the most pressing concerns in this 
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industry is reducing the likelihood of emergency situations on oil pipelines [27]. For this 

reason, conducting a physical FSI study in a large-diameter pipeline system in the oil and 

gas industry is difficult due to potential hazards that may occur when undertaking such 

research. The high cost of the equipment and manpower needed for setting up an 

experiment or field measurements in a pipeline system that transports crude oil is another 

reason why numerical simulations are preferred to physical studies. 

Numerical FSI simulations are mainly used to investigate the fundamental physics 

involved in the complicated interaction between fluids and solids. This is because 

analytical solutions are impossible to compute [28]. 

The recent development of FSI coupling methods and models, together with increased 

computational power, has made it possible to describe FSI processes in a more reliable 

and efficient manner [29]. For instance, Weymouth et al. [30], [31] used FSI model to 

investigate in detail the interaction between water waves and the motion of a planning 

boat hull because the speed requirements of this boat have progressed to the point where 

they have exceeded the availability of testing data and existing design equations. In this 

example, the boat's performance is determined by the interaction of water hydrodynamics 

and structural dynamics. Other applications of the FSI include, but are not limited to, 

aeroelasticity [32], [33], wind induced vibration of buildings and bridges [34], and blood 

flow through the vascular system in biomedical applications [35]–[37]. The FSI 

application of this current research is focused on oil industry pipeline systems.  

 Problem Statement 

A vibration-based leak detection (VBLD) approach in pipeline systems is a topic of 

research interest for this study as it has been found to be an effective method for early 

leak detection and a popular choice due to its non-invasive nature. Earlier studies on 

VBLD were experimentally conducted, focusing on straight small-diameter pipes in 

water loop systems. The current research lays out a computational-based model for leak 

detection in a 90-degree pipe elbow with applications in the oil and gas sector. 

Computational Fluid dynamics (CFD) is combined with Finite Element Analysis (FEA) 

to model the Fluid-Structure Interaction (FSI). FSI is then used to carry out VBLD 

monitoring of the pipe system. This is effectively based on predicting the structural 

response of the pipe wall (FEA) to the forces exerted by the fluid flow behaviour (CFD) 
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in normal operation conditions (no-leak) versus vibration signal changes resulting from 

abnormal conditions (with leakages). This offers a cost-effective complementary early-

detection tool to be used in the field. 

Numerical FSI simulations are used to study the fundamental physics involved in this 

complicated interaction between fluid flow inside the pipe and dynamic response of the 

pipe (structure) to this fluid flow behaviour in a form of pipe Flow-Induced Vibration 

(FIV).  

The pipe FIV will be numerically investigated in normal (without leak) and abnormal 

(with leak scenarios) conditions to explore the VBLD approach in a 90-degree pipe 

elbow. This task is complex as it involves a combining of the fluid and structure domains. 

The first part of the task deals with turbulent pipe flow and internal pipe wall pressure 

fluctuations due to alterations in flow field parameters caused by leaks. The second 

addresses the external pipe surface vibration response produced by internal pipe wall 

pressure fluctuations. 

This research seeks to address the following questions: 

1. Is the VBLD approach capable of assessing leakages of different damage 

severities (small or large) in 90-degree pipe elbows, particularly in oil and gas 

sector? 

2. How can a reliable FSI model be developed that can be used to predict the fluid 

dynamic behaviour inside the pipe and the structural response to this behaviour 

taking into consideration the computational cost, time, and quality? 

The research main aim and objectives are presented in the next section in order to 

address the questions mentioned above. 

 Aim and Objectives 

The main aim of this study is to computationally investigate the VBLD method in a 90-

degree pipe elbow with applications in the oil and gas industry. In the fluid and structure 

domains the behaviour of the pipe segment under various scenarios can be predicted using 

the FSI model. The acquired data will offer quantitative pipe vibration measurements that 

will be utilised to explore the VBLD approach in this pipe segment.  To achieve this aim, 
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the following research objectives have been identified: 

• To employ a suitable FSI model that can be used to predict the fluid dynamic 

behaviour inside the pipe and the response of the structure to this behaviour 

considering the computational cost, time, and quality.  

• To investigate the turbulent pipe flow utilising the CFD tool and implementing 

wall y+ approach to balance between the computational cost and quality, and then 

combine it with FEA to model the pipe FSI using one-way coupling. 

• To investigate the FIV in a 90-degree pipe elbow in normal (without leak) and 

abnormal (with leak) flow conditions. 

• To explore the VBLD approach by comparing the quantitative pipe vibration 

measurements obtained from the no-leak state with those have different leak sizes.  

 Major Contributions of the Thesis 

The following are the major contributions of the work presented in this thesis: 

• Presentation of a literature review covering the VBLD approach for pipeline 

systems and pipe numerical simulations including, but not limited to, CFD 

simulation of turbulent pipe flow and FSI simulation of pipeline systems. 

• Implementation of the wall y+ approach for numerical simulation of turbulent pipe 

flow. The main purpose of wall y+ approach implementation is to use it as a guide 

for reliable mesh and turbulence model selection in bend pipe flow studies. This 

approach is proposed to reduce time spent on grid independence tests which 

involve time-consuming procedures. 

• Providing evidence of FSI model validation and stability using published data.  

• Exploration of the VBLD approach in a 90-degree pipe elbow in the oil and gas 

industry to put forward a cost-effective complementary early-detection tool to use 

in the field. 

The contributions of the thesis stated above are addressed in the different chapters of this 

thesis. A summary of each chapter is presented in the following section. 
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 Thesis Outline 

There are six chapters in this thesis. The structure of the thesis is described in Figure 1-1  

along with a diagram illustrating how the chapters are connected. The purpose of this 

diagram is to offer readers a general understanding of how the thesis is organised and 

how the chapters are linked. 

 

Figure 1-1: Overview of thesis structure. 

The summary of the contents of this thesis are presented as follows: 
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Chapter 1: Introduction - This chapter provides an overview of the research, as well as 

an explanation of how the flow through a 90-degree pipe elbow is complex and can lead 

to leaks and pipeline system failures. The problem statement is explained, and the 

research questions are also demonstrated.  Furthermore, the main aim of this thesis and 

the objectives to achieve this aim are listed and followed by the major contributions of 

the research. Finally, the structure of the thesis is illustrated, along with a graphic diagram 

showing how the chapters are connected to provide readers a rough idea of how the thesis 

is organised and how the chapters are connected.  

Chapter 2: Literature Review- The author conducted a literature review on pipe FSI 

related themes, a task which was essential given that the current work aims to 

computationally explore the utilisation of the VBLD approach in a 90-degree pipe elbow 

in the oil and gas sector. This chapter summarises the most noteworthy efforts in 

numerical simulation of pipe FSI, in particular, the literature which focuses on CFD 

simulation of turbulent pipe flow, FSI of pipeline systems, and VBLD approach for 

pipeline systems. In addition, a review of existing research is summarised in order to 

identify research gaps and to show how this work differs from earlier research. 

Chapter 3: Numerical Methods - This chapter presents a background of the FSI analysis 

of pipes conveying fluid. It also explains the computational modelling technique 

employed in this PhD research to investigate the turbulent pipe FIV. The various factors 

that influence the vibration characteristics of fluid-transporting pipes, as well as 

methodologies for predicting FSI, are reviewed in this chapter. Finally, the chapter 

concludes with a summary of the FSI coupling approach and analysis of the strategy used 

in this study. 

Chapter 4: Numerical Simulation of Turbulent Pipe Flow Using Wall y+ Approach-  
This chapter presents the use of the wall y+ approach as a form of guidance for reliable 

selection of mesh and turbulence models in bent pipe flow investigations. This method is 

proposed as an effective tool for selecting an appropriate near wall treatment and 

corresponding turbulence model. Flow in a 90-degree pipe elbow is modelled using the 

ANSYS FLUENT CFD solver to evaluate the performance of different Reynolds-

Averaged Navier-Stokes (RANS) turbulence models. A range of near wall spatial 

resolutions is used to determine the effectiveness of near wall modelling techniques when 

used in conjunction with each of the turbulence models. The achieved results are 
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compared against published experimental and numerical simulations data. Qualitative 

analysis and quantitative assessment are carried out to identify which turbulence model 

agrees most strongly with the published data. Finally, the selected turbulence model is 

used and coupled with a Finite Element Analysis (FEA) structural model to investigate 

the FIV in pipe flow as presented in the following chapter. 

Chapter 5: Turbulent Pipe Flow-Induced Vibration (FIV) with a 90-Degree Elbow in 

Normal and Abnormal Operations - In this chapter, the FSI model was employed based 

on the recommendations from the study presented in Chapter 4.  Several case studies, 

combining existing experimental data, theoretical analysis and field measurements, are 

used to demonstrate the FSI model validation. The FSI model is then used to investigate 

the VBLD approach in the oil and gas sector, particularly in large-diameter 90-degree 

pipe elbows.  

Chapter 6: Conclusions and Further Work - The conclusions of the research presented 

in this thesis are summarised in this chapter. These include conclusions on the numerical 

method, wall y+ approach, FSI coupling technique and FIV characterisation. The 

significant achievements of the entire project are highlighted and directions for further 

potential research are also deliberated.
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Chapter 2  
 

2 Literature Review  
  Introduction 

 

The most prevalent component in pipeline systems is a 90-degree elbow, which has the 

function of changing flow direction. Due to higher levels of stress concentration in this 

segment compared with straight pipe, this structural element is more prone to erosion and 

corrosion[16]. Drops in pressure, centrifugal forces, and variations in flow field behaviour 

accelerate the damage to elbows. As a result of the potential for crude oil leaks, this 

substantial damage results in high maintenance costs and has a detrimental environmental 

impact [17]. Given this, early detection of elbow leaks is critical for decreasing crude oil 

loss, conserving energy, and lowering maintenance costs associated with malfunctioning 

90-degree pipe elbows. 

Since this current study designed to computationally investigate the Vibration-Based 

Leak Detection (VBLD) approach in 90-degree pipe elbows in oil and gas sector, the 

author conducted a literature review on the related topics. The most notable efforts 

dealing with the numerical simulation of pipe FSI are reported in this chapter. This 

chapter origination is as follows: 

• CFD simulation of turbulent pipe flow: There are several research available in 

the literature on numerical simulations of turbulent pipe flow with 90-degree pipe 

elbow are reported here. Literature review is also conducted to find out the most 

common location of occurring leaks and the way of modelling them using CFD. 

• FSI of pipeline systems: The importance and development of FSI, vibration 

characteristic of pipes conveying fluid, and FSI coupling techniques are reported. 

• Pipeline system failures: The dangers and risks associated with pipeline system 

failures are outlined. This includes the negative impact of such instances on 

human lives, the economy, and the environment.  

• Causes of leakage in pipeline system: This section describes different sources 

of leaks in pipeline systems accompanied by some statistics of these sources. 
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• Leak detection methods of pipeline system: The pipeline leak detection 

methods that have been developed over the last few decades using various ideas 

and approaches, as well as their classifications, are reviewed.  

• Vibration-based leak detection for pipeline systems: The concept of VBLD is 

presented, as well as various studies that have been published in this area. 

• Vibration processing technique: The vibration signal processing is described in 

this section.  

• Summary of the literature: The conclusions and remarks highlighted in the 

literature review are summarized. 

 CFD Simulation of Turbulent Pipe Flow 

In recent decades, computational fluid dynamics (CFD) has been increasingly essential 

in engineering applications, Due to  its low-cost effectiveness and time-saving properties 

as compared to experimental labour [10]. Several turbulence models were employed to 

explore the fluid flow in a straight pipe with varied diameters and distinct flow behaviours 

using CFD. [11]–[15]. 

Recently, CFD has been used to explore flow in 90-degree pipe elbows as it has been an 

area of interest for researchers. According to Röhrig et al. [38],  and Tunstall et al. [39], 

Reynolds-Averaged Navier-Stokes (RANS) turbulence models are capable of predicting 

the steady flow field of the elbow with less effort and computational cost compared with 

Large Eddy Simulation (LES). Several numerical studies of 90-degree pipe elbow flow 

are reported in the next subsection. 

2.2.1 Turbulent Flow in 90-Degree Pipe Elbow 

Turbulent flow in 90-degree pipe elbows have been studied in many research papers due 

to complexities with flow and difficulties with characterisation. Research regarding flow 

through 90-degree pipe elbows is of great importance in identifying and improving 

performance and minimizing potential losses [7]. 

Crawford et al. [6],  numerically investigated the flow structures and pressure losses in a 

90-degree pipe elbow with different curvature radius ratios employing the standard k-ε 

model, realizable k-ε model, k-ω model, and a Reynolds Stress Model (RSM) using the 
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commercial CFD code Fluent 6TM. Crawford et al. concluded that, the RSM was shown 

to be the most accurate of the four models tested in terms of pressure loss prediction. 

In another study, Kim et al. [5], conducted a numerical investigation into the 

characteristics of secondary flow induced by 90-degree elbow in turbulent pipe flow 

employing eleven different turbulence models using open source CFD code OpenFOAM. 

The results of these various turbulence models were benchmarked against Sudo et al. [4]  

experimental data, and comparative research was carried out to choose the best turbulence 

model for the analysis. In comparison to the various examined turbulence models, the 

RANS based turbulence model (RNG k-ε) produced good results for primary streamwise 

velocity and secondary swirling velocity profiles. 

Dutta et al. [7], investigated the flow separation in a 90-degree pipe elbow using the k-ε 

turbulence model. The model was validated against experimental data by Sudo et al. [4]  

and numerical simulation by Kim et al. [5]. A detailed study carried out to discover the 

influence of Reynolds number on flow separation. The separation region and the velocity 

field of the primary and the secondary flows in different sections were illustrated in detail. 

Dutta et al. performed the simulation on a very fine mesh (2.85 million elements) 

optimized via a grid-dependency study. It is a procedure used to discover the ideal grid 

condition with the fewest number of grids. This is done without causing a difference in 

numerical results, based on the assessment of several grid conditions [40]. This study 

involves time-consuming procedures [41]. 

However, it is noted that , the y+ value is strictly controlled to be between 30 and 300 

using standard wall treatment for most of the calculation in the studies [5]–[7] to ensure 

sufficient mesh resolutions. The wall y+ is a non-dimensional distance similar to the local 

Reynolds number. In the context of CFD, it is used to describe how coarse or fine a mesh 

is for a particular flow [42]. Most of the time spent on the CFD work in industry is to 

generate a reliable mesh that provides the desired accuracy with a low solution cost.  

Previous studies by Salim et al. [1]–[3], [42] used the wall y+ approach as a guide in 

selecting a reliable mesh and turbulence model. In several studies, including those which 

focused on turbulent flow over a surface mounted cube (2D and 3D) and modelling 

rotating annular flow, this was done in less time. The concept of the wall y+ approach is 

based on using different near-wall spatial resolutions to determine the effectiveness of 
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near-wall modelling techniques when used in conjunction with each of the turbulence 

models. 

Although the results of the numerical studies on 90-degree pipe elbow flow mentioned 

previously [5]–[7] were all compared against experimental works and provided good 

results, no study used the wall y+ approach for selecting an appropriate near wall treatment 

and corresponding turbulence model to balance between the computational cost and time. 

More details, clarification, and appreciation of the wall y+ approach application will be 

presented in Chapter 4. The following subsection explains how the CFD tool is used to 

model leaks in pipes. 

2.2.2 CFD Modelling of Pipe Leaks 

A leak in a pipeline system is defined as a flow between the pipeline and the outside 

environment through a hole in the pipe [43]. Pipe elbows are more prone to erosion and 

corrosion due to higher levels of stress concentration compared with straight pipes [16]. 

Therefore, leaks are more likely to occur at the centre of the elbow in the event of fluid 

flow in pipes with 90-degree elbows due to drops in pressure, centrifugal forces, and 

changes in flow field behaviour [44]. The centre of this pipe elbow is at a position of 45-

degrees angle ( 
90

2
 ), and the leaks occurs at the outer pipe wall in longitudinal manner. 

CFD modelling of leaks in pipes are based on measurable quantities such as inlet flow, 

outlet flow, pressures and temperatures [45]. For signal characterisation, leaks in pipes 

are characterised in the literature by noting changes in outlet flow through the leak 

aperture from parameters such as the pressure, flow rate, and temperature [43], [45]–[52]. 

A pipeline leakage is represented as outlet flow in the literature. Different RANS 

turbulence models are used to model leaks in pipes. Although leaks are assumed in 

different shapes, including circulars and rectangles, to simplify the meshing generation, 

leaks are characterised in terms of their outlet flow quantities and hence the addition of a 

pipe hole (outlet). Some of previous studies regarding CFD modelling of leaks in pipes 

are listed below. 

• Cheng and Liu [43], carried out a 3D and 2D CFD simulation to investigate the 

gas leak in a pipeline system using the Realizable k-ε model.  The leak is modelled 

as flow through a hole between the pipeline and the outside environment. The 

pressure and velocity parameters are used to monitor leaks.  Leaks are identified 
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by comparing the pressure and velocity status of the leak case to that of the non-

leak case.   

• Shehadeh et al.[46], executed a CFD simulation of water pipeline leakage using 

FLUENT software solver applying k-ε realizable model. The simulation is to 

investigate a leakage taking place from variable flow inlet velocity under constant 

hole diameter (leakage point) and ambient temperature. The research focused on 

studying the velocity, pressure and turbulence intensity for a hole (leakage point) 

in pipe and the relationship between these parameters and leakage mass flow rate. 

• Herzog et al.[47], performed a simulation using open source CFD package 

OpenFoam applying continuity, momentum and phase volumetric rate transport 

equations to investigate high-pressurized CO2 from onshore pipeline leakages. 

The leak is modelled as outlet flow by observing the root mean square (RMS) of 

the streamwise velocity and the pressure. The leak orifice is assumed to be squared 

with different sizes for a simple mesh considering the leak size regardless of the 

leak shape. 

• Shehadeh and Shahata [48], presented a 3D CFD simulation to study leakage in 

pipes with different rupture diameters using k-ε turbulence model including 

continuity and momentum equations. The leak is treated as additional outlet 

quantity such as mass flow rate, pressure, and velocity. 

• Zhu et al.[52], implemented CFD simulations using Ansys Fluent software to 

investigate spill of oil from submarine pipeline system to free surface. The RANS 

equations, including continuity and momentum equations are governed for the 

fluid flow. The researchers assumed that the leaks are circular. Five leak 

diameters, 0.01 m, 0.02 m, 0.03 m, 0.04 m and 0.05 m are chosen in simulations. 

The leak size was considered regardless of the shape. 

• Reddy et al.[50], employed software-based simulation methods to study pressure-

flow deviation to investigate the size and location of the leak in gas distribution 

pipeline system. The response of the velocity and pressure profiles are studied to 

monitor the leak in different locations with different diameters, 1mm, 2mm, 5mm, 

10mm and 20mm respectively. The k-ε turbulence model is used to solve the 

RANS equation. 
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To conclude, past methods for quantifying leaks from pipelines have been based on 

measurable quantities such as inlet flow, outlet flow, pressures, and temperatures. Most 

of the previously mentioned literature investigated the leak size regardless of the leaks 

shape in order to simplify the mesh generation. The leak is modelled as rectangle and 

circular for simple mesh. The size of leaks is investigated regardless of its shape. 

 FSI of Pipeline Systems 

Fluid-Structure Interaction (FSI) is a new interdisciplinary field that deals with fluid loads 

and the structure's reactions to these loads. As is outlined by Tijsseling [53], Li et al. [26], 

and Mohmmed et al. [54] Poisson, friction, and junction coupling are typical FSI systems 

which exist in pipeline systems conveying fluids. Pressure in the fluid domain and radial 

stresses in the structural domain are linked via Poisson coupling. Friction coupling refers 

to the frictional forces that occur between fluid and interior pipe surfaces, resulting in 

pressure losses and, as a result, changes in wall stress. These two coupling mechanisms 

react throughout the pipe, whereas junction coupling happens only in certain junction 

sections such as bends, tees, diameter changes, and boundary conditions. [26], [53], [54]. 

2.3.1 The Importance of FSI 

Pipe vibrations caused by FSI have existed since the dawn of mankind [55]. To accurately 

analyse the structural vibrations, fluid transients, and anchor and support forces of a 

flexible pipe system, it is necessary to treat fluid fluctuations and pipe vibrations at the 

same time [53], [56], [57]. This is crucial for optimization of pipe system design [26], 

[58], [59]. Calculations done without FSI frequently yield lower hydrodynamic pressures 

and greater structural quantities, resulting in an unexpectedly huge safety margin and an 

uneconomic design [37]. 

2.3.2 The Development of FSI  

Water hammer, which is induced by rapid valve opening or closing or by bursts in high-

energy pipes, is one of the sources of severe transient loads on structures in pipe systems 

carrying fluid. Young [60], is credited with the early elastic liquid-filled pipe 

investigations involving pressure wave propagation and Young's modulus E. 

Subsequently, many other scholars continued studying the propagation of pressure waves 

in pipe systems carrying fluids. The effects of flow changes, centrifugal forces, rotary 

inertia, dynamic fluid pressures, and pipe wall stresses as well as the relationship between 

pipe wall vibration and the physical characteristics are all investigated in many studies 
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and were summarized in the comprehensive reviews of Li et al.[26]. 

2.3.3 Vibration Characteristics of Fluid-Transporting Pipes 

Investigation of the inherent and dynamic properties of FSI of pipes is a necessary stage 

in the fluidic and structural optimization of the design of pipe systems [61], [62]. Various 

features of the dynamic properties of fluid-transporting pipes have been thoroughly 

investigated, including the effect of fluid parameters [26], [63], pipe parameters [26], 

[64], [65], coupling and boundary conditions parameters [26], [66], [67]. For the dynamic 

characteristics of pipes transporting fluid, the dimensionless quantities listed below are 

always employed [26]. 

 𝑉𝑣 = (
𝑚𝑓

𝐸𝐼𝑝
)

1

2
𝑉0𝐿, 𝑃𝑝 =

𝐿2

𝐸𝐼𝑝
𝑃0𝐴𝑓,   𝛽 =

𝑚𝑓

𝑚
 (2-1) 

Where 𝑉𝑣  is dimensionless quantities for the dynamic characteristics of pipes transporting 

fluid, 𝑚𝑓 is the mass of the fluid per unit length, m is the total mass of the pipe and 

contained fluid per unit length,  𝐸 is the young's modulus of the pipe, 𝐼𝑝 is the inertance 

of the pipe, 𝑉0 is the velocity of the fluid flow, and 𝑃0 is the fluid pressure. 𝐴𝑓 is internal 

pipe cross-sectional area, and 𝐿 is the pipe length between supports.  

2.3.4 FSI Coupling Technique 

CFD is a computer-based simulation of fluid flow, heat transfer, and associated 

phenomena [10]. Due to its time-saving and low-cost efficacy compared to experimental 

efforts, the approach has played a significant role in engineering applications in recent 

decades [10]. Several turbulence models have been used to analyse turbulent pipe flow 

under varied diameters, shapes, and flow behaviours using CFD [11]–[15]. The Finite 

Element Analysis (FEA), on the other hand, is an efficient numerical method for solving 

engineering mechanics problems. FEA is a very powerful tool that can be used to predict 

pipe structures with FSI including the pipe Flow-Induced Vibration (FIV) [26]. The CFD 

and FEA are coupled and employed to predict the FSI problems in the industry. 

FSI coupling techniques are traditionally divided into two categories that are one-way 

and two-way coupling methods. The fluid domain is thought to be unaffected by the 

consequential minor structural deformations in one-way coupling. With unidirectional 

data flow, CFD and structural analysis can be solved independently. The only parameter 

that is transported from the CFD to the structural domain is fluid pressure. However, when 
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the structural deformation caused by fluid pressure impacts the flow field in two-way 

coupling, the fluid and structural domains must be addressed concurrently using 

bidirectional data transfer. In every coupling iteration, pressure is exported from CFD to 

structural analysis, and deformation is transmitted from structural to CFD analysis to 

change the geometry of the fluid domain [68]–[70]. 

Mohmmed et al. [54], developed FSI model to investigate the slug flow interaction with 

a horizontal pipe assembly at several fluid velocities using one-way coupling technique. 

On the other hand, slug properties were measured through an experiment, with time-

varying strain signals taken by Bi-axial strain gauges. A strong agreement between 

predicted and measured stress results was obtained through this method. 

Ezkurra et al. [69], examined one-way and two-way FSI approach to dimension pipe 

butterfly valves in terms of flow characteristics and structural behaviour. One-way FSI 

approach was found to be effective in identifying the critical operating angle. Differences 

in the pressure field, on the other hand, produce more conservative deflection values that 

are acceptable for a wide range of applications since the fluid domain associated with disc 

deformation is not updated. Despite their increased computing cost, two-way FSI 

simulations should be employed when optimisation is a top priority. 

Hussein [71], also studied the FIV in pipe valves using experimental measurements and 

numerical simulation. CFD was coupled with FEA using both one-way and two-way FSI 

concepts. It was revealed that the vibration signal of the experiment agrees better 

with one-way numerical simulation than two-way simulation. This is because the 

dynamic response (vibration) of the valve can be treated as minor deflection vibration, 

and one-way FSI coupling method is adequate for evaluating it. 

In the FSI analysis of pipes conveying fluid, a minor deformation in the structure is 

assumed and the fluid domain is hardly affected by this small deformation. Only the 

pressure field is calculated and transferred from the CFD to the structural domain as 

recalculating the pressure and making updates is deemed to be unnecessary. The one-way 

FSI solution is sufficient to estimate the dynamic response (vibration) of a pipe conveying 

fluid [54], [69], [71]. 

To sum up, Poisson, friction, and junction coupling all occur in pipe elbow segments. 

Fluid fluctuations and pipe vibrations must be treated together in order to effectively 
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analyse the FSI and support forces of a pipeline system. Water hammer is caused by a 

variety of factors, including rapid valve opening or closing, as well as bursts in high-

energy pipes, which cause strong transient structure loads in pipe carrying fluids. Various 

aspects of pipe FSI have been studied. Fluid, pipe, coupling and boundary conditions 

parameters all have an impact and should be carefully considered for any pipe FSI 

analysis. CFD is a powerful tool that may be used in conjunction with FEA to examine 

pipe FSI utilising one-way and two-way FSI approaches. The one-way FSI solution is 

adequate for predicting the dynamic response (vibration) of a fluid-transporting pipe. 

 Pipeline System Failures 

The dangers and risks connected with pipeline system failures are immense. The 

breakdown of pipeline networks has a direct impact on human lives, the economy, and 

the environment [18]. Groeger [72], reported that pipeline failure in the United States has 

caused $7 billion in property damage, killed over 500 people, and injured many more.  

Groeger also mentioned an incident that occurred in September 2012 in San Bruno, 

California, USA, and resulted in the deaths of eight individuals and the injuries of over 

50 more. Another comparable occurrence occurred in Michigan, USA, in July 2010, when 

a crude oil pipeline ruptured, spilling over 840,000 gallons of crude oil into a river, at an 

estimated cost of $800 million [72]. 

In another part of the world, a 30-inch-diameter gas pipeline system exploded in Ufa, 

Russia, in June 1989. It sparked a wildfire that claimed the lives of over 800 individuals. 

This event occurred as a result of a carless worker continuing to pump petrol against the 

operation's instructions and restrictions [73]. 

Recently in the UK, in February 2022, hydrocarbons were discharged into the sea because 

of a pipeline failure, and authorities are keeping an eye out for an oil slick along portions 

of the north Wales coast. About 20 miles from the coast of north Wales, the pipeline that 

links two oil sites in the Irish Sea collapsed. The pipeline's operator, Eni UK, claims that 

the incident involved fewer than 500 barrels and was reported [74]. Local authorities and 

individuals are concerned about this incident as it is expected to have a negative 

environmental impact in a long run. 
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 Pipe Fitting and Elbows 

An essential component of a pressure piping system used to change the direction of fluid 

flow is the pipe elbow.   It is used to join two pipes with the same nominal diameter or 

different nominal diameters and to turn the pipe and subsequently the fluid direction in 

different degree direction. Pressure losses in the system are increased by this change in 

fluid flow direction as a result of impact, friction, and reacceleration.  Elbows can be 

classified into several degrees, such as 45-degree, 90-degree, and 180-degree, which are 

the most common elbows, based on the direction of fluid flow through the pipes. For 

some unique pipelines, there are also 60-degree and 120-degree elbows. This degree only 

serves to illustrate the angle at which the fluid flow will shift following passage through 

the specified elbow [75]. 

 Causes of Leakage in Pipeline System  

Leaks in pipeline systems have a variety of sources. They could be due to a build-up of 

stress, third-party damage, corrosion, or operating constraints [18]. Cracks can occur 

when there is a build-up of stress in pipes. At a gas pipeline system, for example, the 

polyethylene (PE) pipes are connected end-to-end, and fractures form when stress 

concentration occurs in the joints. Initially, these are little fractures that grow into wider 

ones and when the crack breaches the wall, it causes a leak. [76]. 

Damage caused by a third party is the most serious type of damage, leading to pipeline 

failure, which could affect huge areas. Mechanical damage or pipe wall distortion are 

examples of this [18]. However, corrosion, which can be classed as internal or exterior, 

is another source of pipeline leaking. When a fluid is conveyed via a pipe that is not 

properly protected against corrosion, internal corrosion occurs. Similarly, subterranean or 

above-ground pipelines are prone to external corrosion [77]. 

Excessive operational limits are also thought to be a major cause of pipeline leaking. In 

some cases, the pipeline system is not operated within its design parameters. Many 

pipeline systems continue to operate despite mechanical changes in the pipe[76]. In 

another scenario, the operation pressure exceeds the specified limit (yield stress of the 

pipeline), causing a crack to form and propagate until the pipeline fails [78]. 
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According to Adegboye et al.[20], the statistics of pipeline damage sources can be 

summarised in the manner represented in Figure 2-1. 

 

Figure 2-1: statistics of pipeline damage sources [20] 

Based on these figures and data, occurrences of pipeline leakage are difficult to avoid due 

to the variety of potential sources for failure. The negative consequences of an oil spill 

can be mitigated by a technology that allows for early detection of a leak so that the oil 

can be stopped, and suitable pipeline system maintenance can be arranged. Although 

pipeline system failures are unavoidable, they can be minimised by detecting leaks early. 

The next section reviews the pipeline leak detection systems that have been developed 

over the previous few decades employing diverse ideas and approaches, as well as their 

classifications. 

 Leak Detection Methods of Pipeline System 

There have been many pipeline leak detection methods developed over the last few 

decades which apply different principles and approaches such as acoustic emissions [79], 

[80], fibre optic sensors [81], [82], pressure based methods [83]–[85], ground penetration 

radar [86], [87], Dynamic modelling  [84], [88], and mass volume balance [89], [90]. 

The existing leak detection methods have been classified in different ways. For instance, 

some researchers have divided them into two categories namely hardware and software-

based methods [91], [92]. Other researchers classified these methods based on technical 
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aspects and categorised them into three main groups, namely, internal, external, and non-

technical methods [92], [93]. 

Recently, Adegboye et al.[20], conducted a comprehensive literature review on pipeline 

monitoring and leak detection techniques in oil sector. The authors discussed on pipeline 

leak detecting methods and summarised the current state of the options. The strengths and 

weaknesses of various leakage detection and localization methods in pipeline systems 

were examined. A comparative performance analysis was carried out to help determine 

which leak detection method is best for specific operating environments. Adegboye et al. 

[20], classified different leakage detection methods into three main categories: exterior 

method, visual/biological method and interior/computational methods as illustrated in 

Figure 2-2. The exterior approach uses numerous man-made sensing systems to detect 

leaks outside pipelines. Visual method can be carried out by a trained and experienced 

worker to detect the leakage, with the interior being a software-based method.  

However, in specific complex cases, crawler robots for pipe inspection are used. Three 

separate rubber track units with circumferential spacing of 120° each are used in the 

system. The device uses an active mode to adjust to a variety of pipeline sizes between 

250 and 350 mm [94]. This pipeline sizes are relatively small and not that common in oil 

and gas transporting pipeline systems.  
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Figure 2-2: The flow chart of the existing pipeline leakage detection methods [20]. 

 

Although there are several leak detection techniques available, they may only be 

appropriate for certain pipeline systems or be imprecise [95]. Since pipelines conveying 

fluid are evaluated as a safer and cheaper way of fluid transportation compared to trucks 

and tankers [18], the leak detection methods of pipeline systems should be improved for 

detecting and locating leaks as early as possible. 
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VBLD is used to improve on the limitations of acoustic leakage detection method. The 

performance of acoustic and vibration methods for detecting leaks in plastic pipe is 

compared, and it is found that vibration sensors are more accurate in detecting and 

locating breaches than acoustic sensors. The essential characteristics of the VBLD 

technology are its sensitivity in detecting and locating leaks, low maintenance 

requirements, and low financial cost [21]. 

The concept of the VBLD approach, along with numerous research that has been 

published in this area, are provided in the next section, as this project focuses in on this 

this method. 

 Vibration-Based Leak Detection Method 

The Vibration-Based Leak Detection (VBLD) technique is based on the Negative 

Pressure Wave Propagation Attenuation Mechanisms (NPWPAM) and Fluid-Structure 

Interaction (FSI) phenomenon [24]–[26]. It is a method that measures vibrations in the 

pipeline system using accelerometers. These accelerometer sensors are mounted on the 

exterior surface of the pipeline and placed at regular intervals and are linked to computer 

software that analyses vibration data as explained by Ismail et al. [21]. The structure, 

hydraulic behaviour, and interaction of a leaky pipeline with the fluid flowing through it 

determine how it behaves. The amplitude of the vibration response of the pipeline surface 

changes in a specific manner in response to pressure fluctuations produced by a leak [20]. 

Recent research has focused on the analysis of VBLD in pipeline systems, which has been 

discovered as an effective method for early leak detection. It  is also popular due to its 

non-invasive nature, which is better suited to monitoring than inspection [20], [22], [23]. 

The VBLD method has been previously investigated experimentally in many occasions 

[22], [96]–[103].  

The development of VBLD approaches for pipeline systems is still ongoing. The majority 

of the studies in this field were conducted in water loop systems with small diameter pipes 

using various types of vibration sensors. In an attempt, the author has attempted to 

summarise the most recent published research related to VBLD methods for pipeline 

systems. Table 2-1 illustrates the key attributes of this method, including the year of 

publication, authors names, research aims and objectives, research method, as well as 

conclusion and remarks.
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Table 2-1: The key attributes of vibration-based leak detection (VBLD) 

Year Author Research Aims and Objectives Research Method  Conclusion Remarks 

2010 Shinozuka et al. [96] 

The authors suggest a novel 

damage detection approach based 

on MPAG (maximum pipe 

acceleration gradient) rather than 

MWHG (maximum water head 

gradient) in this research. 

Experimentally using 

a small diameter pipe 

water network.  

This enables the entire process of water pressure 

monitoring to be replaced with acceleration 

monitoring on pipe surfaces, which is 

significantly less expensive than the former 

since acceleration measurement requires non-

invasive sensing using generally much less 

expensive acceleration sensors than the 

expensive pressure gauges used in an invasive 

mode for monitoring pressure. The focus of the 

research was on employing acceleration 

monitoring on pipe surfaces regardless of the 

pipe's shape, for example, elbow, T junction or 

bend pipe section. 

2014 

M. I.M. Ismail, 

Dziyauddin and 

Samad [98] 

The authors propose and develope 

a new monitoring system for 

water pipeline system using six 

degree of freedom (DOF) 

accelerometer sensors 

Experimentally using 

a small diameter pipe 

water network. 

An inverse relationship between the water 

pressure and the pipe vibration is observed for 

the pipe leakage. This made it difficult to 

distinguish whether the pipe is in normal or 

abnormal state particularly when the pressure is 
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(MPU6500). The proposed 

system aimed to detect the pipe 

with and without leakage. 

  

 

high.  The pipe leakage is easier to be detected 

using vibration sensor when the pressure is low. 

The authors advised that a further work is 

needed to enhance the experiment and vibration 

measurement by increasing the number of 

sensors setting suitable time interval. The 

research is focuses on the vibration sensor type 

without taking into consideration the pipe 

features.  

2014 Martini et al. [102] 

Three main goals were met: first, 

the performance of vibration 

monitoring for leak detection was 

evaluated, yielding a positive 

response; second, a prototypal 

detection procedure was explored, 

executed, and evaluated on 

preliminary experimental data; 

and third, the specifications for 

prototypal acquisition equipment 

were established. 

Experimentally using 

a small diameter pipe 

water network. 

The results of the testing demonstrated that if the 

system is free of external disturbances, suitable 

statistics derived on raw acceleration data can be 

used to detect burst leaks. The preliminary 

findings were used to create various acquisition 

equipment and to implement a prototypal 

detection algorithm. The devices will be used in 

a larger experimental effort to collect data from 

real burst leaks in the water delivery network 

that are discovered and repaired. 
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2015  
Martini,Troncossi and 

Rivola [101] 

This work is an exention to 

Martini et al. [102]. A larger 

experimental programme was 

launched to collect vibration data 

from actual burst leaks discovered 

and fixed in the  water distribution 

network utility. 

Experimentally using 

a small diameter pipe 

water network. 

An experimental effort was launched to measure 

vibration signals related with real leaks in actual 

water distribution network service pipes. With 

the first acquisitions made through the 

campaign, the effectiveness of a prototype 

algorithm for leak detection was confirmed. The 

approach is based on a basic standard deviation 

calculated on raw signals, making it relatively 

simple to build and requiring very little 

computer resources to run. The outcomes of the 

experiments were largely positive. With the use 

of adequate band-pass filters, all of the analysed 

leaks were detected with satisfactory efficiency. 

2017  
Yazdekhasti et al. 

[99] 

This research described a method 

for detecting leaks that requires 

continuously monitoring changes 

in the correlation between surface 

acceleration measured at discrete 

points along the pipeline length. 

For identifying the onset and 

analysing the severity of leaks, a 

Experimentally using 

a small diameter pipe 

water network. 

To efficiently detect the commencement and 

severity of leaks, a damage index, LDI, is 

developed, which is based on variations in cross-

spectral density functions of acceleration data 

gathered from baseline and leaking pipeline 

systems. The advantage of LDI is that it is 

sensitive to leak-induced signals while being 

impervious to out-of-control external 
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statistic termed the leak detection 

index (LDI) is developed based on 

the cross-spectral density of 

observed pipe surface 

accelerations. 

disturbances. The findings of the study 

demonstrated a strong link between LDI and 

leak severity, indicating that the proposed 

method has potential. Furthermore, when 

acceleration data from areas oriented in the same 

direction as the leak were compared to a 

perpendicular orientation, LDI was shown to be 

larger. 

2018 
Yazdekhasti et al. 

[100] 

This work is an extension to 

Yazdekhasti et al. [99] as  the 

demonstration was on a basic 

stretch of pipeline devoid of the 

complications that are found in 

real-world pipeline systems. The 

demonstration of the LDI-based 

approach on a more complex 

experimental set-up that includes 

bends, T-joints, numerous loops, 

multiple pipe sizes, and multiple 

leaks is described in this study. 

Experimentally using 

a small diameter pipe 

water network. 

According to the findings of numerous 

experiments given in this work, the LDI-based 

technique is generally capable of assessing 

leakages. In complicated pipeline settings with 

bends, T-joints, several loops, multiple pipe 

sizes, and multiple leaks, detecting the onset and 

relative severity of leakage is a challenge. 



 

 

2. Literature Review 

27 

 

2019 Okosun et al. [104] 

The concept, development, and 

experimental validation of a novel 

method for leak detection in water 

pipes employing piezoelectric 

sensors that transform strain from 

vibration into electrical energy are 

presented in this study. 

Experimentally using 

a small diameter pipe 

water network. 

The study uses vibration sensing to illustrate and 

benchmark how it can be used to detect, 

monitor, and localise water pipe breaches 

ranging from minor leaks to burst leaks at 

various flow rates. The findings reveal that these 

novel sensors may be used to achieve three of 

the four goals of structural health monitoring: 

damage recognition, damage localisation, and 

damage severity estimation. 

2020 
Okosun, Celikin and 

Pakrashi [105] 

This work builds on Okosun et al. 

[104]. There is a lack of literature 

linking applicable FSI models to 

applications of VBLD. This work 

addresses the problem by 

developing a numerical model 

using CFD and FEA methods and 

comparing it to available studies 

in controlled laboratory settings. 

Numerically using a 

small diameter pipe 

segemnt. 

The work gives guidance for parameter selection 

and modelling for experimental design, as well 

as the repeatability of results for these types of 

investigations in the future, based on leak 

monitoring demands. The ability to determine 

the best distribution frequency of these sensors, 

which will enable the detection of the smallest 

leak of consequence under a known or 

established flow condition, demonstrates the 

utility of such models. 
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2022 Yang et al. [106] 

This research introduced a 

comprehensive leak monitoring 

system that enables for 

simultaneous leak detection, 

localisation, and volume rate 

estimation in above-ground liquid 

pipelines. 

Experimentally and 

numerically using a 

small diameter pipe 

segment. 

The relevance of this research is that, in the 

event of a leak, the amplitude of vibration can be 

utilised to estimate the leak volume rate without 

knowing the matching flow rate. The leak-

induced vibration model created was shown to 

adequately represent the leak force in this 

investigation. Furthermore, the size of an actual 

leak force and the volume rate of leakage were 

found to be associated empirically.  
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While acknowledging the above-mentioned studies and several trials that demonstrated 

the effectiveness of VBLD methods, it is worth noting that there are still gaps in the 

research literature, for example, in relation to computational modelling for this leak 

detection method. There is also a shortage of research into large-diameter pipes, as all the 

studies mentioned were carried out in water loop systems with small-diameter pipes. 

Furthermore, there are concerns about the applicability of this method in the oil and gas 

industry, particularly in large-diameter 90-degree pipe elbows, where the flow regime is 

complex and difficult to quantify.  

 Vibration Processing Technique 

Vibration amplitude level can be expressed in four distinct ways: displacement (d) in m, 

velocity (v) in m/s, acceleration (g) in m/s2, and frequency (ƒ) in Hz. The displacement, 

velocity, and acceleration are time domain signals, whereas frequency is a frequency 

domain signal. The Fast Fourier Transform (FFT) method can be used to translate 

vibration signals from time to frequency domain [107]. 

By graphing amplitude of a signal versus time, statistical properties such as peak, mean, 

crest factor, standard deviation, kurtosis, skewness, and root mean square (RMS) of the 

amplitude can be determined, which can then be used to describe the characteristics of 

signals. Frequency-domain analysis is a powerful and effective conservative technique 

for analysing vibration, and it has demonstrated its utility as a tool for detecting and 

diagnosing defects in a variety of industrial applications. A series of sinusoidal curves 

with precise amplitude and frequency values are used to characterise a complex signal in 

the temporal domain [108].  

  Conclusion and Remarks 

The author conducted an analysis of the literature to identify themes connected to the 

current work which aims to computationally explore the utilisation of the VBLD approach 

in 90-degree pipe elbows in the oil and gas sector. The conclusions and remarks prompted 

by the literature review are summarised as the following.  

• The flow through 90-degree pipe elbows requires extensive research in order to 

discover and improve performance and avoid potential losses. 

• Due to its low-cost effectiveness and time-saving features when compared to 
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experimental labour, computational fluid dynamics (CFD) has become more 

important in engineering applications. 

• Reynolds-Averaged Navier-Stokes (RANS) turbulence models are capable of 

predicting the steady flow field of the elbow sufficiently accurate with less effort 

and computational cost compared to Large Eddy Simulation (LES). 

• Despite the fact that the results of the previous studies on 90-degree pipe elbow 

flow were all compared to experimental works and found to be satisfactory, no 

study used the wall y+ approach for selecting an appropriate near wall treatment 

and corresponding turbulence model to balance computational cost and time. 

• When fluid flows through pipes with 90-degree elbows, leaks are more likely to 

occur at the centre of the elbow due to pressure drops, centrifugal forces, and 

changes in flow field behaviour. 

• CFD modelling of leaks in pipes is based on measurable quantities such as inlet 

flow, outlet flow, pressures and temperatures. A pipeline leakage is represented 

as outlet flow in the literature. 

• Most of the previously mentioned literature investigated the leak size regardless 

of the leaks shape in order to simplify the mesh generation. 

• Various aspects of pipe dynamic characteristics, such as the effect of fluid 

parameters, pipe parameters, coupling and boundary conditions should be taken 

into consideration and addressed when performing pipe FSI investigation. 

• A small distortion in the structure is assumed in the FSI analysis of pipes 

transporting fluid, and the fluid domain is rarely influenced by this small 

deformation. Therefore, the one-way FSI solution is sufficient to evaluate the 

dynamic response (vibration) of a pipe conveying fluid. 

• The VBLD has been previously investigated experimentally in water loop systems 

using a small-diameter pipes, and different types of vibration sensors. 

Even though several studies have demonstrated the effectiveness of VBLD method, there 

are still gaps in the research literature, for example, in relation to computational modelling 
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for this leak detection method. There is also a lack of study on large-diameter 90-degree 

pipe elbows, as all the above-mentioned studies were carried out in water loop systems 

with straight small-diameter pipes. To the best of our knowledge, there is no work 

regarding the modelling of the VBLD method for 90-degree pipe elbows with 

applications in the oil and gas sector.  

Furthermore, there are concerns about the applicability of this method in the oil and gas 

industry, particularly in 90-degree pipe elbows, where the flow regime is complex and 

difficult to quantify. As a result, developing a FSI model capable of predicting the 

vibration behaviour of crude oil pipelines in normal and abnormal flow operations is 

critical to investigate the VBLD approach in such pipe segment. This could serve as a 

blueprint for future cost-cutting and time-saving trials. 

For the experimental design and FSI model validation of a VBLD approach, obtaining 

numerical vibration measurements of the pipeline surface in normal and abnormal 

(various leak scenarios) operations are critical for the purpose of comparison. This 

assignment is difficult since it combines the fluid and structure domains. The first 

component of the work is concerned with turbulent pipe flow and internal pipe wall 

pressure variations as a result of leaks causing changes in flow field parameters. The 

second is concerned with the exterior pipe surface vibration caused by internal pipe wall 

pressure changes. 

The significance of this work is to offer a cost-effective and complementary early-

detection tool to use out in the field together with vibration monitoring devices especially 

in 90-degree pipe elbows. The FSI model is useful for designing the VBLD approach and 

any other experiments in the context of the FSI for pipeline systems. It will offer direction 

for parameter selection and modelling for experimental design, as well as the repeatability 

of results for these types of investigations in the future. This in turn will allow pipeline 

designers to assess the effectiveness of their design before the manufacturing stage.  

The background of the FSI study of pipes transporting fluid is presented in Chapter 3, 

which also covers the computer modelling technique used in this PhD research to 

investigate turbulent pipe FIV in normal (without leak) and abnormal (with leak) flow 

operations to consequently explore the VBLD method for a 90-degree pipe elbow with 

applications in the oil and gas sector. 
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Chapter 3 
 

3 Numerical Methods 
 Introduction 

Fluid-Structure Interaction (FSI) is a multidisciplinary area that investigates fluid loads 

and how structures respond to these loads [26]. Poisson, friction, and junction coupling 

occur in pipeline systems carrying fluids, which are traditional FSI systems described by 

Tijsseling [53]. The pressure in the fluid domain and the radial stresses in the structure 

domain are connected by Poisson coupling. Friction coupling is caused by frictional 

forces between the fluid and the internal pipe surface, which results in pressure losses 

and, as a result, changes in wall stress. These two coupling mechanisms operate 

throughout the pipe, while the junction coupling occurs only at junctions sections like 

bends, tees and changes of the pipeline system diameter [26], [53], [54]. 

There are two types of FSI simulations available. Figure 3-1 shows one-way and two-way 

coupling methods. When the structure has very small deformations, one-way FSI 

coupling is used. The flow field does not need to be updated or recalculated because all 

that is needed is to measure the flow once before transferring it from CFD to the structural 

domain. Where there is a significant structural deformation that affects the flow area, the 

two-way FSI coupling is used, and both domains (fluid and structure) must be solved 

simultaneously [69].  

 

Figure 3-1: (a) One-way FSI coupling approach. (b) Two-way FSI coupling approach.  
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Pipes vibrations induced by FSI have existed in many applications in the past [26]. The 

relative motion of the fluid in the boundary layer causes flow disturbances in the form of 

vortices or eddies in turbulent pipe flow. The quantity of turbulence increases as the flow 

rate increases. Energy is continuously transferred from the main flow into large eddies, 

and from large into smaller eddies, where the majority of the energy is dissipated in what 

is named energy cascade. Within the boundary layer, in the region of the wall, this process 

occurs in a small zone. The fluid suffers significant kinetic energy losses as a result of 

this energy dissipation. The fluid molecules in the vortices move from greater kinetic 

energy to lower kinetic energy areas, where they are transformed to heat and create 

potential energy in the form of pressure. These pressure changes cause vibratory 

oscillations in the pipe that the fluid moves through. Additional pressure fluctuations in 

the return are caused by the pipe movement [109]. This FSI interaction results in what is 

called turbulent pipe Flow-Induced Vibration (FIV).  

Obtaining the vibration measurements of the pipeline surface numerically is, therefore, 

important in the design stage to assess the effectiveness of this design, and any potential 

problems with it, before the manufacturing stage. This is a difficult job because it 

combines the fluid and structure domains. The first section of the issue concerns turbulent 

pipe flow and internal pipe wall pressure variations caused by changes in flow field 

parameters. The second is concerned with the external pipe surface vibrations caused by 

internal pipe wall pressure fluctuations. 

This chapter presents a background of the FSI analysis of pipes conveying fluid and 

explains the computational modelling technique employed in this PhD research to 

investigate the turbulent pipe FIV. This chapter is divided into the following sections: 

The various factors that influence the vibration characteristics of pipes conveying fluid 

are demonstrated in section (2). The methods of predicting FSI are explained in section 

(3), and lastly, the FSI coupling technique and strategical analysis of the current research 

are summarised in section (4).  

 Vibration Characteristics of Pipes Conveying Fluid 

The investigation of the inherent and dynamic characteristics of pipes that transport fluids 

is a necessary step in the proper design of pipeline systems. Various aspects of pipe 

dynamic characteristics, such as the effect of fluid parameters, pipe parameters, coupling 

and boundary conditions should be addressed.  
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3.2.1 Fluid Parameters Effect 

In general, when a pipe transports a light fluid such as air, the fluid loading effects on the 

pipe can be overlooked when calculating natural frequencies, and no coupled analysis is 

needed. However, coupled fluid–structure calculation is required if the fluid inside the 

pipe is a dense fluid such as water, which introduces major mass loading effects [63]. 

This is the case in this current project as the fluid focused on is oil, which is considered a 

dense fluid. Even at low frequencies, such coupling can affect pipe vibration. Even at low 

frequencies, such coupling can affect pipe vibration. The natural frequencies decrease as 

mass increases, and the instability area expands, as does the FSI effect. The vibration rates 

and transient response of the pipes could be dramatically altered by fluid flow and 

pressure. The pipe vibration increases with fluid flow increasing, while the natural 

frequencies decrease until the pipe becomes unstable as the critical velocity is reached. 

Fluid pressure has effects on natural frequencies that are very close to those of flow 

velocity. Internal fluid pressure causes natural frequencies of fluid-filled pipes to decrease 

until they reach a critical pressure, at which point the first natural frequency becomes zero 

and buckling occurs. Fluid pressure causes a higher frequency changing rate than fluid 

velocity [26]. 

3.2.2 Pipe Parameters Effect 

The natural and dynamic characteristics of pipes conveying fluid are affected by pipe 

parameters such as thickness, material type, and pipe layout. Thinner pipes, for example, 

have lower natural frequencies and become unstable more easily than thicker pipes[64]. 

The type of pipe material also has an effect on pipe vibration as well. For example, using 

the idea of phononic crystals (PCs) has opened up new design possibilities for overcoming 

stress concentration issues and reducing pipe system vibration[65]. Aside from the 

inherent parameters described above, the structure layout is another aspect that can affect 

the dynamic behaviour of fluid-transporting pipes. Pressure waves with low frequency in 

thick-walled pipes are about 15% reflected at unrestrained bends, practically independent 

of frequency, radius of curvature and bend angle. If the pipe system is excited by the 

pressure effect, failure near the T-branch pipe, clamps, and elbow is very likely [26]. This 

is a focus of this research as it deals with FSI of a 90-degree pipe elbow. 
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3.2.3 Coupling Effect 

Friction coupling is the weakest of the three FSI elements, while junction coupling is the 

most critical in the flexible pipe system's transient behaviour. Friction coupling is also 

important for the shape and amplitude of the wave, particularly over longer periods of 

time. When the dominant motions for interaction are axial, Poisson coupling dominates. 

Additional high frequency oscillations with specific pressure peaks are caused by the 

dynamic Poisson contraction. The junction coupling gained a lot of attention because the 

most visible FSI occur at curves, branches, valves, and other junctions. It may result in 

higher pressures being established than without coupling [26]. Poisson, friction, and 

junction coupling all exist in this current FSI analysis. 

3.2.4 Boundary Conditions Effect 

Pipe supports are important in the design of piping systems because they help to resist 

device loads such as pump pulsation, thermal expansion, and water hammer, among other 

things. The assistance provided is determined by the working conditions as well as the 

needs of individuals. In general, periodic supports are built into the steam generator heat 

exchanger pipes and oil pipes [66]. The effects of FSI are highly influenced by the pipe 

system's boundary conditions. As a result, the impact of common support conditions, such 

as open or closed ends, clamped, simple, or free supports, and their various combinations, 

is investigated on a regular basis. Therefore, a proper design of supports can reduce pipe 

systems vibration [67]. 

Overall, these aspects of pipe dynamic characteristics were taken into consideration 

before the current computational investigation of this current project began. This included 

the effect of fluid parameters in Chapter 4, section 4.3 where the model description and 

simulation procedures are discussed in detail. Pipe parameters, FSI coupling, and 

boundary conditions in Chapter 5, sections 5.2 and 5.3.  

 Methods of Predicting FSI  

In this current study, the CFD is used to investigate the turbulent pipe flow and coupled 

with the FEA structural model to investigate the pipe FIV. Studying turbulence through 

CFD, motivations of Wall y+ approach, and FEA description are presented in the 

following sub sections.  
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3.3.1 Studying Turbulence Through CFD 

Turbulent flows are fluid motions that are three-dimensional, unstable, rotating, viscous, 

and chaotic. These motions are characterised by low momentum diffusion, strong 

momentum convection, and rapid pressure and velocity variations [42], as illustrated in 

Figure 3-2. 

 

Figure 3-2: Structure of turbulence [42]. 

Turbulence has an impact on almost every technical application, and it is a phenomenon 

that is still not fully understood. It is critical to develop both a conceptual and 

mathematical understanding of turbulent flows, as well as having access to tools capable 

of expressing the impacts of turbulence while keeping computational costs in mind. 

Turbulence induces the production of eddies of various length scales. Most of the kinetic 

energy derived from the main flow is contained in larger eddies. The energy cascade 

occurs when the kinetic energy from the larger eddies is transmitted to the smaller eddies 

via vortex stretching. The process continues, resulting in a hierarchy of eddies with 

smaller and smaller structures. When the structures are small enough, molecular diffusion 

becomes important, and the smallest eddies use viscous dissipation to transform their 

kinetic energy into thermal energy [42]. The energy cascade is shown in Figure 3-3. 
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Figure 3-3: The energy cascade of turbulence [42]. 

There are different turbulence models used to investigate turbulent pipe flow, the most 

common being the Reynolds-Averaged Navier-Stokes (RANS) and Large Eddy 

Simulation (LES) turbulence models. In RANS, the complete spectrum of turbulent scales 

is modelled, whereas in LES the large-scale eddies are solved directly and only the 

influences of the small-scale eddies are modelled [10]. 

According to Crawford et al. [6],  the numerical results obtained via RANS models for 

bent pipe flow provide similar degrees of accuracy. RANS models are capable of 

predicting the steady flow field of a 90-degree elbow sufficiently accurately with minimal 

effort and low computational costs compared with Large Eddy Simulation (LES) 

approach [38], [39]. There are different RANS turbulence models investigated in this 

study that are described later in this current chapter. The investigation of these turbulence 

models including detailed methodology is explained in Chapter 4. 

In modelling steady-state RANS, the flow parameters are decomposed into their mean 

and fluctuation components as shown in Figure 3-4. This is done by Reynolds’s 

decomposition technique and then inserted into the Navier-Stokes equations, which on 

time averaging provides the RANS equations for incompressible Newtonian fluids as the 

scenario of this current study.  
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Figure 3-4: Flow parameters (mean and fluctuation components) [110].  

Because the motion of all fluid particles in a turbulent flow is random, an economical 

description of their motion is impossible. Therefore, the velocity in Figure 3-4 is divided 

into a constant mean value 𝑈and a fluctuating component 𝑢′(𝑡) . This is what is called 

Reynolds decomposition [110]. 

 
𝑢(𝑡) = 𝑈 + 𝑢′(𝑡) 

(3-1) 

Substituting  𝑢𝑖 = �̅� + 𝑢𝑖
′  , 𝑝𝑖 = �̅� + 𝑝𝑖

′ etc, the mean value is denoted by the bar, and 

the fluctuating part is denoted by the prime. By substituting in the total of the steady 

component and perturbations to the velocity profile, and obtaining the mean value, 

Reynolds’s decomposition allows the Navier–Stokes equations to be simplified. 

However, as long as the Reynolds stresses are adequately simulated, flow equations 

(continuity and momentum) can be assessed using numerical analysis to derive time-

averaged solutions to the Navier-Stokes equations. The continuity equation can be 

expressed as the following. 

 

𝜕�̅�𝑖

𝜕𝑥𝑖
= 0 

(3-2) 

The momentum equation is written as the following: 
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The �̅�𝑖 is the mean part of velocity component and 𝑢𝑖
′ is the fluctuating term. The mean 

pressure is �̅� , density is 𝜌 and the kinematic viscosity 𝑣. The presence of turbulence-

related fluctuations has an impact on the RANS equations (time-averaged values). The 

change in these values results in additional stresses in the fluid which is known as 

Reynolds stresses 𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ ̅ , and they must be modelled in order to mathematically close the 

problem. 

In this present study, the RANS turbulence models, namely, the standard k-ε, Reynolds 

Stress Model (RSM), k-ω Shear Stress Transport (SST) and Spalart-Allmaras are 

employed for the investigation.  The number of additional equations required to solve the 

Reynolds stresses is the major difference between these chosen turbulence schemes. The 

standard k-ε model assumes isotropic Reynolds stresses and solves only two additional 

equations. One is for the kinetic energy, k, and the other is for the dissipation rate, ε. RSM, 

on the other hand, solves seven additional equations to account for the six distinct 

Reynolds stresses and one for the dissipation rate, ε. However, the k-ω model also solves 

two additional equations, one for the turbulence kinetic energy k and the other for the 

specific dissipation rate k, whereas, the Spalart-Allmaras model is a one-equation model 

that solves for the kinematic eddy viscosity [10]. For more details and appreciation of the 

transport equation for each turbulence model, refer to work by Versteeg and Malalasekera 

[10] and ANSYS FLUENT theory guide [110]. 

3.3.2 Wall y+ Approach 

Flow field developments within turbulent flow pipes with 90-degree elbows are complex 

owing to flow separation and recirculation resulting from the pipe bends which cause a 

sudden change in the flow direction. Therefore, it is important to account for the large 

gradients in the flow field variables in order to generate meaningful and accurate 

numerical results. 

The existence of walls has a considerable impact on turbulent flows. Apparently, the no-

slip condition that must be satisfied at the wall has an impact on the mean velocity field. 

The presence of the wall, on the other hand, alters the turbulence in non-trivial ways. 

Viscous damping minimises tangential velocity variations close to the wall, while 

kinematic blocking minimises normal variations. However, due to the huge gradients in 

mean velocity within the near-wall region, turbulence is rapidly enhanced by the creation 

of turbulence kinetic energy [110]. 
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Because walls are the primary source of mean vorticity and turbulence, near wall 

modelling has a substantial impact on the quality of numerical solutions. After all, the 

solution variables have huge gradients in the near-wall area, where momentum and other 

scalar transports are most active. As a result, successful predictions of wall-bounded 

turbulent flows are determined by precise description of the flow in the near-wall region. 

The wall region is divided into three main regions which are the viscous sublayer, buffer 

layer and log-law region [110]. This is shown in Figure 3-5.  

 

Figure 3-5: Near-wall region [110]. 

Because the viscous effect dominates the fluid in the viscous layer, the Reynolds shear 

stress is believed to be insignificant. The buffer layer serves as a transition between the 

viscosity-dominated zone and the turbulence-dominated region of the flow. The viscous 

and turbulent stresses are similar in magnitude, and the flow behaviour is not well defined 

due to the complexity. The flow is completely chaotic and predictable in the log-law area. 

In CFD, the near-wall mesh resolution plays a very important role in influencing the 

choice of reliable turbulence modelling strategies. Traditionally, there are two methods 

for modelling the near-wall region namely, the near-wall model and the enhanced-wall 

function. To characterise turbulent production, the near-wall model relies on high-order 

derivative terms, whereas the enhanced-wall functions are semi-empirical expressions 

that bridge the viscosity-affected region between the wall and log-law area [14]– [17]. 

These two approaches are schematically shown in Figure 3-6.  
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Figure 3-6: Near-Wall Model VS Enhanced-Wall Function [110]. 

The main advantage of using the enhanced-wall function is the reduction in mesh 

resolution and simulation time. In some cases, however, resolving all the way down to 

the wall is needed for capturing better details [1]–[3], [42].  

In ANSYS Fluent solver, the standard wall functions are based on the work of Launder 

[111], which is extensively used in industrial flows. The law of the wall for the mean 

velocity yields is presented in the following equation:  

 U* = 
1

𝑘
 1n (E y*)    (3-4) 

U* = Dimensionless velocity   

K= von Kármán constant (= 0.4187) 

 E= Empirical constant (= 9.793) 

y*= Dimensional distance from the wall 

 

In ANSYS Fluent, the law of the wall for mean velocity is based on the wall unit (y*), 

rather than the value of y+ (See Equation below). In the equilibrium turbulent boundary 

layer, these quantities are approximately equal. The log-law is employed when y* 

>11.225. On the other hand, ANSYS Fluent applies the laminar stress-strain relationship 

(U* =y*) when y* <11.225 [112]. 
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 y+ = 
𝑢∗ 𝑦

𝑣
     (3-5) 

y = Height from the wall to the mid-point of the wall-adjacent cells 

υ = Kinematic viscosity  

u* = Friction velocity, defined as  

 u* = √
𝜏𝑤

𝜌
     (3-6) 

τw = Wall shear stress 

 ρ = Fluid density at the wall 

When a fluid obeys Newton’s law of viscosity (viscosity has a constant value), it is called 

a Newtonian fluid. This is the case in terms of the current study.  Most fluids fall into this 

group, for which shear stress is linearly related to the velocity gradient. Another definition 

centres on fluids for which the shearing stress is linearly related to the rate of shearing 

strain [113]. 

To balance between the accuracy of numerical solutions and computational costs, an 

appropriate mesh configuration should be carefully selected. Therefore, the wall y+ 

approach is implemented in this current study to balance between the computational cost 

and time. This technique builds on the recommendations of previous studies by Salim et 

al.[1]–[3] for using wall y+ approach as guidance for reliable mesh and turbulence model 

selection in bent pipe flow studies. This approach is proposed to also reduce the time 

spent on the grid independence test which involves time-consuming procedures. The wall 

y+ approach has previously been shown to be successful in selecting an appropriate near 

wall treatment and corresponding turbulence model, and it might remove the necessity of 

physical validation when experimental data is unavailable or is difficult to obtain when 

balancing between computational time and cost.  

In this current PhD project, the near-wall model and the enhanced-wall function 

approaches are both examined using wall y+ approach as reported in Chapter 4 to choose 

which approach provides better results. The selected approach is then implemented in a 

later stage of this research when the CFD and FEA are coupled together for the pipe FSI 

analysis in Chapter 5. This FSI coupling approach and analysis strategy are briefly 
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defined and summarised in section 4 of this chapter. 

3.3.3 Finite Element Analysis  

The FEA is a mathematical method for setting up and solving systems equations. It is a 

technique used in engineering to break down a system whose behaviour cannot be 

anticipated using closed form equations into small components, or elements, whose 

solution is known or can be approximated [70]. In the discipline of engineering, FEA is 

a very important tool for numerically approximating complicated physical structures for 

standard analytical solutions. It is a reliable and well-documented numerical approach for 

solving engineering mechanics issues [26].  

In the use of FEA, the system geometry must be defined by a number of nodes in a space 

to make the method work efficiently. Each node has a number of degrees of freedom 

(displacements) that can change depending on the system's inputs. The mathematical 

interactions of the degrees of freedom (DOF) are defined by elements that connect these 

nodes. The closed form solution for some elements, such as beams, is known. The 

interaction among the degrees of freedom is calculated for other elements, such as 

continuum elements, through numerical integration over the element. All of the model's 

constituent elements are merged to form a set of equations that represent the system to be 

studied. Finally, these equations are solved in order to provide meaningful information 

about the system's behaviour [70]. The following is the basic equation of motion for multi 

degree of freedom (DOF) for the analysis of pipe vibration and dynamics.  

 
𝑀�̈� + 𝐶�̇� + 𝐾𝑢 = 𝑓(𝑡) 

(3-7) 

Where 𝑢 is the displacement, �̇� is the velocity (
ⅆ𝑢

ⅆ𝑡
), and �̈� is the acceleration ( 

ⅆ2𝑢

ⅆ𝑡2). The 

mass matrix is 𝑀, damping matrix is 𝐶, and 𝐾 is the stiffness matrix. 𝑓 is related to forcing 

vector. The physical meaning of this above-mentioned equation can be expressed as the 

following: 

Inertia Forces + Damping Forces + Elastic Forces = Applied Forces 

These matrices (mass, damping, and stiffness) need to be determined in vibration analysis.  

Detailed formulation for vibration analysis can be found in the text book by M. K. 

Thompson and J. M. Thompson [70].  
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A background of the FSI analysis of pipes conveying fluid, including the various factors 

that influence the vibration characteristics and the methods of predicting FSI were 

covered. However, the FSI coupling technique and analysis strategy of this current 

research will be summarised in next section. 

 FSI Coupling Technique and Analysis Strategy of this 

Project 

The VBLD approach in pipeline systems has been a topic of research interest. It is 

identified as an effective method for early leak detection and is a popular choice as its 

non-invasive and more suited to monitoring than inspection. Previous publications 

investigated VBLD approach experimentally using a straight pipe with a small diameter 

in water loop systems. The current research computationally explores the VBLD 

technique in oil and gas industry, with a focus on a 90-degree pipe elbow flow. 

It is known that the flow behaviour in a 90-degree pipe elbow is complex and needs extra 

effort to obtain detailed and reliable results. For this reason, this PhD research aims to 

investigate whether the VBLD approach is capable of assessing leakages with different 

damage severities (small or large) in 90-degree pipe elbows with oil and gas applications. 

Since this current study is designed to be carried out computationally, it is essential to 

plan how to develop a reliable FSI model that can be used to predict the fluid dynamic 

behaviour inside the pipe and the structure response to this behaviour considering time, 

cost, and quality. A literature review is conducted on the related topics. The most notable 

efforts dealing with the numerical simulation of pipe FSI are discussed in Chapter 2. 

The CFD is used to investigate the turbulent pipe flow, and then coupled with the FEA to 

study the pipe FIV in normal (without leak) and abnormal (with leak) flow operations. 

This is to investigate the VBLD approach for such complex pipe segment. The current 

research workflow is schematically illustrated in Figure 3-7. 
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Figure 3-7: Schematic of the PhD project workflow. 

In the CFD part, the wall y+ approach is used as guidance for reliable mesh and turbulence 

model selection. This approach is proposed to reduce the time spent on the grid 

independence test which involves time-consuming procedures. This method is proposed 

as an effective tool for selecting an appropriate near wall treatment and corresponding 

turbulence model and removing the necessity of physical validation when experimental 

data is unavailable or difficult to obtain. 
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Flow in 90-degree pipe elbow is modelled using the ANSYS FLUENT CFD solver to 

evaluate the performance of different Reynolds-Averaged Navier-Stokes (RANS) 

turbulence models. The RANS models tested are the standard k-ε, the Reynolds Stress 

Model (RSM), the k-ω Shear Stress Transport (SST) and the Spalart-Allmaras. A range 

of near wall spatial resolutions are used to determine the effectiveness of near wall 

modelling techniques when used in conjunction with each of the turbulence models. The 

near-wall treatments that are investigated by solving the y+ values for the first layer of 

cells are in the viscous sublayer (y+≈3), buffer region (y+ ≈19) and log law region (y+≈39). 

The achieved results using the wall y+ approach are then compared against published 

experimental data by Sudo et al.[4]  and numerical simulations by Kim et al.[5]. 

Qualitative analysis and quantitative assessment are carried out to investigate which 

turbulence model agrees best with the published data. The research of the CFD part using 

the wall y+ approach is presented in detail in Chapter 4. 

In Chapter 5 there is a presentation of the selected turbulence model being used and how 

this is coupled with the FEA structural model. The FSI model is developed using the wall 

y+ technique following the previously mentioned steps.  This model is validated against 

experimental and numerical data made available by Pittard et al. [114] prior to beginning 

the targeted study related to flow in 90-degree pipe elbow flows. 

A one-way FSI coupling approach is implemented in the FSI section. A minor 

deformation in the structure is assumed and the fluid domain is barely affected by this 

small deformation. Only the pressure field is calculated and transferred from the CFD to 

the structural domain. The one-way FSI solution is sufficient to estimate the dynamic 

response (vibration) of a pipe conveying fluid [54], [69], [71]. Finally, the FSI model is 

used to investigate the VBLD approach in the oil and gas sector, particularly in 90-degree 

pipe elbows. The research of the FSI part is reported in detail in Chapter 5. 

Furthermore, additional validation and verification are demonstrated in Chapter 5 to 

display reasons for a greater appreciation and confidence in employing the FSI model, as 

taken by the current study, when moving towards a targeted study related to 90-degree 

pipe elbow flow in the oil and gas sector.  The Mellitah Oil & Gas Company plant in the 

Libyan desert (Wafa oil field) is the focus of the target study, in which real data of the 

fluid properties, flow behaviour, and pipeline material specifications were collected. 



 

 

3. Numerical Methods 

47 

 

Moreover, the 90-degree pipe elbow segment in the oil field which was specified for the 

computational analysis of this project was subjected to ten field vibration measurements. 

This is for further FSI model validation support. Also, as additional support to the 

important numerical simulations of the wall y+ approach presented in Chapter 4 and the 

validation of the FSI model presented in Chapter 5, a comparison is made between the 

pressure drop (P) of crude oil obtained from the numerical simulation and that calculated 

theoretically using the Darcy-Weisbach equation. To maintain the quality of the mesh, the 

element shape including aspect ratio, skewness, and warp angle are taken into 

consideration. 

 Conclusion 

This chapter has presented a background of the FSI analysis of pipes conveying fluid and 

the factors that influence vibration characteristics. The effect of fluid, pipe, coupling and 

boundary conditions parameters are described and taken into consideration when pipe FSI 

analysis is performed. The computational modelling technique employed in this PhD 

research to investigate the turbulent pipe FIV has also been addressed here. The technique 

combines the domains of fluid and structure. CFD is used to investigate the turbulent pipe 

flow, and then coupled with FEA to study the pipe FIV in normal (without leak) and 

abnormal (with leak) flow operations.  

In Chapter 4 (the CFD part) which will be presented next, numerical simulation of 

turbulent pipe flow with 90-degree elbows using the wall y+ approach is explored in 

detail. This will be followed by Chapter 5 (FSI part) that is designed to investigate the 

turbulent pipe FIV in normal and abnormal operations to evaluate the VBLD technique 

in the oil and gas industry, with a focus on large- diameter 90-degree pipe elbows. 
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Chapter 4 
 

4 Numerical Simulation of Turbulent 

Pipe Flow Using Wall y+ Approach 
  Introduction 

Computational fluid dynamics (CFD) has played a very important role in engineering 

applications in the last few decades, owing to its time-saving and cost effectiveness 

compared to experimental works [10]. CFD has been used to investigate the fluid flow in 

a straight pipe with various diameters and different flow behaviours using numerous 

turbulence models [11]–[15].  

Flow in pipe elbows has been an area of focus for recent research. A 90-degree pipe elbow 

has been commonly used in nuclear, oil and gas, and water piping systems to join different 

components and provide flexibility in directing the flow of products. Several studies [4]–

[9] have been carried out to investigate the flow in a 90-degree pipe elbow experimentally, 

theoretically, and numerically due to flow complexity and difficulties with 

characterisation. Studies of the flow through a 90-degree pipe elbow are of great 

importance in identifying and improving performance and reducing potential losses [7].  

Crawford et al. [6],  numerically investigated the flow structures and pressure losses in 

90-degree pipe elbows with different curvature radius ratios employing the standard k-ε 

model, realizable k-ε model, k-ω model, and a Reynolds Stress Model (RSM) using the 

commercial CFD code Fluent 6TM. In another study, Kim et al. [5], conducted a numerical 

investigation into the characteristics of secondary flow induced by 90-degree elbow in 

turbulent pipe flow by various turbulence models using open source CFD code 

OpenFOAM. Dutta et al. [7], investigated the flow separation in a 90-degree pipe elbow 

using the k-ε turbulence  model under a high Reynolds number, and performed the 

simulation on a very fine mesh (2.85 million elements) which is optimized via a grid-

dependency study. This study involves time-consuming procedures [41]. However, it is 

noted that, the y+ value is strictly controlled to be between 30 and 300 using standard wall 

treatment for most of the calculation in the studies [5]–[7] to ensure sufficient mesh 

resolutions. 
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Salim [42] defined the wall y+ as a non-dimensional distance similar to the local Reynolds 

number. In the context of CFD, it is used to describe how coarse or fine a mesh is for a 

particular flow. Most of the time spent on the CFD work in industry is to generate a 

reliable mesh that provides the desired accuracy with a low solution cost. Previous studies 

by Salim et al. [1]–[3], [42] used the wall y+ approach as a guide in selecting a reliable 

mesh and turbulence model. In several studies that include turbulent flow over a surface 

mounted cube (2D and 3D) and model rotating annular flow, this was done in less time. 

The concept of the wall y+ approach is based on using different near-wall spatial 

resolutions to determine the effectiveness of near-wall modelling techniques when used 

in conjunction with each of the turbulence models. 

Although the results of the studies on 90-degree pipe elbow flow mentioned previously 

[5]–[7] were all compared against experimental works and provided good results, no 

study used the wall y+ approach for selecting an appropriate near wall treatment and 

corresponding turbulence model to balance between the computational cost and time. 

In this chapter, the wall y+ approach is used for turbulent bent pipe flow simulation. The 

main purpose of wall y+ approach implementation, is to use it as guidance for reliable 

mesh and turbulence model selection in bend pipe flow studies. This approach is proposed 

to reduce the time spent on the grid independence test which involves time-consuming 

procedures [41]. The use of the wall y+ approach is proposed in this study because it has 

also been previously shown to be successful in saving time and keeping costs down, 

especially in cases where it is difficult to obtain experimental data [1]–[3], [42]. 

The flow in a 90-degree pipe elbow is modelled using the ANSYS Fluent CFD solver to 

evaluate the performance of different Reynolds-Averaged Navier-Stokes (RANS) 

turbulence models using the wall y+ approach. The RANS turbulence models tested were 

the standard k-ε, Reynolds Stress Model (RSM), k-ω Shear Stress Transport (SST) and 

Spalart-Allmaras.  

The results of the current study are compared  against experimental data by Sudo et al. 

[4] who provides detailed information on turbulent flow through a circular-sectioned 90-

elbow, and numerical simulations by Kim et al. [5] that have been designed to 

characterize the secondary flows induced by the 90-degree elbows employing numerous 

turbulence models.  
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Qualitative analysis and quantitative assessment are performed to select the best 

turbulence model performance using wall y+ approach. Finally, the selected turbulence 

model is used and coupled with a Finite Element Analysis (FEA) structural model to 

investigate the Flow-Induced Vibration (FIV) in pipe flow as presented in Chapter 5.  

  Modelling of Turbulence Flows 

This section presents the previous work related to the wall y+ approach as well as the 

description, and applications of RANS turbulence models.  

4.2.1 Previous Work on Wall y+ 

The wall y+ approach has been shown to be effective in guiding users to select a reliable 

mesh and corresponding turbulence models that find a balance between computational 

cost and accuracy [1]–[3], [42]. The wall y+ approach was proposed to reduce the time 

spent on generating a reliable mesh that provides the desired accuracy with a low solution 

cost when using the CFD tool in industry [42]. The conventional method of determining 

an accurate mesh is to carry out a grid independence test, which is a procedure used to 

discover the ideal grid condition with the fewest number of grids. This is done without 

causing a difference in numerical results, based on the assessment of several grid 

conditions [40]. This approach is often a time-consuming procedure [41]. Generating a 

higher mesh resolution (fine mesh) does not necessarily always mean that it will provide 

more accurate numerical solution. In some cases, resolving into the log-law region (y+ > 

30) produces better results than resolving all the way into the viscous sublayer (y+ < 5) 

[42]. 

The strategy for dealing with 2D wall bounded turbulent flows using wall y+ approach as 

guidance for mesh configuration and the most suitable turbulence model was investigated 

by Salim and Cheah [1] . They observed that, when the wall y+ value was between 30 and 

60, applying wall-function instead of near-wall modelling provided satisfactory results, 

and therefore, concluded that the wall y+ approach is an effective tool for creating a 

reliable mesh and turbulence model. 

In a subsequent study, the same authors extended their investigation into a 3D study of 

turbulent flow over a cube using wall y+ as a guidance considering both low and high 

Reynolds numbers. The behaviour of RANS turbulence models accompanying near-wall 

treatment was investigated for different wall y+ values covering viscous sublayer, buffer 
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region, and log-law region. The researchers concluded that, the mesh resolving the log-

law region in conjunction with RSM turbulence model performed the best and provided 

good results with less computational cost. It was also concluded that, the wall y+ approach 

is an effective tool for selecting a suitable mesh and turbulence model [2].   

Recently, Davidson and Salim [3], explored the wall y+ approach in the modelling of 

rotating annular flow for oil and gas drilling. The authors demonstrated that the wall y+ 

approach is a useful tool in selecting a reliable mesh and corresponding turbulence model 

for predicting the pressure loss in rotating annular flow in the oil and gas industry. Their 

study observed that a mesh with low y+ value (< 5) that resolves the viscous sublayer and 

the k-ω turbulence model provided acceptable results and the requirements for physical 

validation can be avoided if the experimental data is difficult to obtain as is likely to be 

the case. 

4.2.2 Turbulence Models 

Most of the early research into turbulent wall-bounded flow is theoretical, such as the 

concept of the boundary layers which was introduced by Prandtl in 1904 and the law of 

the wall, which was formulated by Von Karman in the 1930s [115]. According to the law 

of the wall, the wall region is divided into three main regions which are the viscous 

sublayer, buffer layer and log-law region, as shown in Figure 4-1. 

 

Figure 4-1: Near-wall region [115]. 

In CFD, the near-wall mesh resolution plays a very important role in choosing reliable 

turbulence modelling strategies such as the near-wall model and the enhanced-wall 
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function. Resolving one of the boundary layers relies on the determination of the location 

of the first cell adjacent to the wall. The near-wall model depends on high-order derivative 

terms to characterise turbulent production, whereas the enhanced-wall functions are semi-

empirical expressions that bridge the viscosity-affected region between the wall and log-

law region. The main advantage of using the enhanced-wall function, is the reduction in 

mesh resolution and simulation time [1]–[3], [42]. 

RANS turbulence models, namely, the standard k-ε, Reynolds Stress Model (RSM), k-ω 

Shear Stress Transport (SST) and Spalart-Allmaras are investigated in this current study. 

According to Crawford et al. [6],  the numerical results obtained via RANS models for 

bend pipe flow provided acceptable results when compared against experimental data. 

RANS closure schemes are capable of predicting the steady flow field of a 90-degree 

elbow sufficiently accurately with less effort and computational cost compared to Large 

Eddy Simulation (LES) [38], [39]. LES is therefore excluded in this current investigation. 

RANS models used in this current study can be briefly described as the following: The k-

ε model, with k (turbulent kinetic energy) and ε (turbulence dissipation rate), is widely 

used in industrial applications because it is numerically stable and fast, though this model 

can be inaccurate, especially in the case of a large pressure gradient [115].  

The Reynolds Stress Model (RSM) is one of the most reliable turbulence models that used 

for highly swirling flow [116], [117]. This model uses transport equations to solve all 

Reynolds stresses directly and avoid the assumption of isotropic viscosity of the other 

models [112].   

The k-ω model is based on two transport equations: k solves the turbulent kinetic energy 

and ω solves the specific dissipation [118]. The model was developed and became k-ω 

Shear Stress Transport (SST) instead. The SST formulation shifts to a k-ε behaviour in 

the free-stream, thus avoiding the common problems encountered by the k-ω formulation, 

such as the model being too sensitive to the inlet free-stream turbulence properties [112], 

[115].  

The Spalart-Allmaras is a one-equation model which solves the kinematic eddy viscosity 

that provides decent results for boundary layers subjected to adverse pressure gradients. 

It is also reasonably accurate for shear layers [115].  
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 Model Description and Simulation Procedures 

This study aims to investigate the wall y+ approach as guidance in selecting reliable mesh 

and turbulence model for a 90-degree pipe elbow flow, and is an extension of previous 

studies[1]–[3], [42] that focused on wall y+ approach. The performance of RANS 

turbulence models with different near-wall treatments based on y+ value that determines 

the best mesh and corresponding turbulence model is studied. The standard k-ε, Reynolds 

Stress Model (RSM), k-ω Shear Stress Transport (SST) and Spalart-Allmaras turbulence 

models in conjunction with y+ values for the first layer of cells in the viscous sublayer, 

buffer region, and log-law region are all tested. 

An existing experimental data by Sudo et al. [4] and numerical simulations by Kim et al. 

[5] are both used in this current study for the purpose of validation of the performance of 

wall y+ approach in conjunction with RANS turbulence models.  

The investigation by Sudo et al. [4] clarified the flow behaviour and provided detailed 

information on turbulent flow through a circular-sectioned 90-elbow. The primary and 

secondary velocity fields as well as the distribution of the Reynolds stress were all 

demonstrated with Reynolds number of 60,000. There were other characteristics 

presented such as primary flow deviation and secondary flow intensity. Sudo and his 

colleagues provide useful data for checking the validity of mathematical models of 

turbulence. 

On the other hand, Kim et al. [5] numerically investigated the secondary flows induced 

by the 90-degree pipe elbow employing various turbulence models. Kim et al. [5] used 

the experimental data of Sudo et al. [4] for turbulence model validation. They observed 

that, the secondary flow swirling intensity is a weak function of the Reynolds number and 

strong function of the bend curvature radius ratio. 

4.3.1 Experiment Set Up of Sudo et al.  

The experiment is composed of an upstream pipe with 100D length and a downstream 

pipe with 40D length connected to a 90-degree elbow and a chamber where air released 

by a forced air fan settle. There are two tangents are composed of transparent glass, while 

the bend is manufactured from acrylic pieces. The pipe diameter is 104 mm, and the radius 

ratio is 4. The measurements were carried out for a mean velocity of 8.7 m/s for air flow. 

It is corresponding to a Reynolds number of 60,000. By rotating a single inclined hot 
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wire, velocity measurements were taken. For getting the time-averaged and fluctuating 

velocities in three directions and the Reynolds stresses corresponding to them, this 

method is more appropriate for this case study than LDV Sudo et al.  [4] explained. More 

details on the method of measurements data can be found in the work by Sudo et al. 

4.3.2 Current Work Simulation Set Up  

The problem set up and boundary conditions for this present work are identical to those 

of the experimental and numerical studies that were carried out by Sudo et al.  [4] and  

Kim et al. [5] respectively. The computational domain is composed of an upstream pipe 

with 10D length and a downstream pipe with 20D length connected to an elbow, as shown 

in Figure 4-2. A fully developed turbulent flow was set in the inlet of 90-degree pipe 

elbow with a curvature radius ratio of Rc/D = 2 and Reynolds number (Re) = 60,000. The 

X/D is non-dimensional quantity that used to represent the location where the velocity 

components are plotted, and X can be obtained from this non-dimensional quantity. 

 

Figure 4-2: Computational domain (composed of an upstream pipe with 10D length and   a downstream 

pipe with 20D length). 

A range of near-wall spatial resolutions covering the viscous sublayer, buffer, and log-

law regions are investigated. Three different meshes are generated as shown in Figure 

4-3. After refining the mesh, the distance between the wall and the centroid of the wall-

adjacent cell is achieved and the corresponding wall y+ values are, y+≈ 3 (viscous 

sublayer), y+≈ 19 (buffer region) and y+≈ 39 (log-law region) for Mesh 1, Mesh 2, and 

Mesh 3, respectively. 



 

 

4. Numerical Simulation of Turbulent Pipe Flow Using Wall y+ 

Approach 

55 

 

 

Figure 4-3: Mesh configuration (including the number of elements for each mesh) with different y+ 

values ≈3, ≈19 and ≈39 covering the viscous sublayer, buffer region and log-law region, a, b, and c, 

respectively. 

The y+ values for the meshes mentioned previously are graphically plotted at different 

locations in the pipe inlet length as shown in Figure 4-3. The Y-axis represents the wall 

y+ value (non-dimensional distance) and the X-axis shows the pipe inlet length (L/D) 

which is the length to diameter ratio of the upstream pipe (before the elbow). 

 Results and Discussion 

Qualitative analysis and quantitative assessment are carried out by testing various meshes 

based on y+ value and the corresponding turbulence model. This is to explore which of 

the tested RANS turbulence models, utilising the wall y+ technique, produces the best 

solution that agrees the best with the experimental data by Sudo et al. [4] and numerical 

simulations by Kim et al. [5]. The best selected turbulence model will be coupled with a 

FEA structural model to investigate the FIV in pipe flow as discussed in Chapter 5.  

4.4.1 Qualitative Analysis 

Streamwise velocity components for the three meshes in conjunction with different 

RANS turbulence models are compared against published data. The velocity components 

are plotted in the downstream region (after the elbow) in symmetric lines at X/D = 0, as 

shown in Figure 4-4 (a, b and c) and in cross lines at X/D = 1, as shown in Figure 4-5 (a, 

b and c). The X/D represent the location where the velocity components are plotted, and 

r/D indicates the inner and outer parts of the centre section of the circular pipe, as 

illustrated in Figure 4-2. 
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Figure 4-4: Comparison of streamwise velocity components for all meshes and 

all RANS turbulence models along symmetric lines at (X/D = 0). 

Figure 4-5: Comparison of streamwise velocity components for all meshes and 

all RANS turbulence models along cross lines at (X/D = 1). 
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Referring to Figure 4-4 (a) and Figure 4-5 (a) where the y+ ≈3 (solving the viscous 

sublayer), the RSM has superiority whereas Spalart-Allmaras has inferiority in predicting 

the velocity profile when compared against the published data. The standard k-ε is the 

second best and performed better than both the k-ω Shear Stress Transport (SST) and 

Spalart-Allmaras turbulence models in the symmetric line of X/D=0 as showen in Figure 

4-4 (a). On the other hand, k-ω Shear Stress Transport (SST) and Spalart-Allmaras 

turbulence models performed slightly better than standard k-ε in the cross line of X/D=1 

as illustrated in Figure 4-5 (a) and almost matched the performance of RSM. 

In the scenarios of the y+ ≈19 and ≈39 solving the buffer region and log-law region, 

respectively, the performance of all RANS turbulence models remained similar. The 

RSM and k-ω Shear Stress Transport (SST) performed the same and better than standard 

k-ε and Spalart-Allmaras in the symmetric line of X/D=0 as demonstrated in Figure 4-4 

(b and c). Repeatedly, in the cross line of X/D=1, k-ω Shear Stress Transport (SST) and 

Spalart-Allmaras closure schemes outperformed standard k-ε and RSM as shown in 

Figure 4-5 (b and c). Since the performance of all RANS remained similar in those both 

cases, it is concluded that in the future it would be better to avoid solving the buffer region 

to reduce the computational cost and time in future. The previous studies  also 

recommended this, because the buffer layer is a transition region where the flow starts to 

change from being laminar to a turbulent [1]–[3], [42]. See Figure 4-1 where the near 

wall regions are illustrated.  

Overall, three different near-wall spatial resolutions covering viscous sublayer, buffer 

region, and log-law region (y+ ≈ 3, 19, and ≈39, respectively) are used to determine the 

effectiveness of near-wall modelling techniques when used in conjunction with each of 

the previously mentioned RANS turbulence models. The wall y+ approach is used as 

guide to select an appropriate near wall treatment and corresponding turbulence model. 

From the results shown in Figure 4-4 (a, b, and c) and Figure 4-5 (a, b, and c), it has been 

observed  that, the standard k-ε and RSM prediction changed noticeably with the change 

in the mesh (y+ value). In contrast, the k-ω Shear Stress Transport (SST) and Spalart-

Allmaras prediction remained the same and no significant changes occurred with the 

change in mesh (y+ value). This is because the k-ω Shear Stress Transport (SST) and 

Spalart-Allmaras are designed to be valid throughout the boundary layer (wall function). 

However, the standard k-ε and RSM need to be bridged to the near-wall region, which 
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works better in the log-law region [1]–[3], [42]. In the case of Mesh 1 (y+≈3), the viscous 

sublayer is solved by applying the laminar stress-strain relationship (near-wall model) 

instead of an enhanced wall function  [112], which is why the prediction is substantially 

better. 

It was found that the RSM with Mesh 1 (y+≈3) that solved the viscous sublayer (laminar 

region of the boundary layer) best predicted the flow field among the RANS turbulence 

models when compared with the published data. Salim et al. [42], recommended the RSM 

because it accounts for all components of turbulent stresses, unlike the other RANS 

models that assume isotropic Reynolds stresses. 

Another comparison was made to confirm that the RSM turbulence model with Mesh 1 

(y+≈3) solving the viscous sublayer has the superiority in predicting the flow among 

RANS closure schemes. The comparison this time, is for the velocity contours in the cross 

section of the 90 degrees elbows. The velocity contours obtained by RANS closure 

schemes are all compared against the experimental data made available by Sudo et al. [4] 

as illustrated in Figure 4-6 (a, b, c and d, respectively). 

 

Figure 4-6: Comparison of velocity contours in cross section for the flow characteristics in the 90 degrees 

elbow using y+ ≈3 
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Referring to Figure 4-6 (a, b, c, and d), the left side of each Figure (cross section) shows 

the inside wall, and the right side of the Figure shows the outside of the wall. The flow is 

in extreme fluctuation at X/D=0 which is the elbow outlet (θ=90°). The numerical values 

illustrated in the experimental data contour (see the centre of Figure 4-6) are for the time 

mean velocities divided by spatial mean velocity (8.7 m/s). Therefore, when the numerical 

values of this current study (refer to the legend) are divided by spatial mean velocity (8.7 

m/s), the structure of the flow shows that the RSM prediction is the best among the RANS 

turbulence models when considering the published data. The rest of the turbulence models 

performed well but not as well as the RSM. 

The RSM predicts the flow field most precisely among the RANS models. It is therefore, 

utilised to test the streamwise velocity components against the available experimental 

data in the downstream region to differentiate and confirm the best mesh performance. 

The results are compared along the symmetric lines at X/D=0 and X/D=0.5 as shown in 

Figure 4-7 (a and b, respectively). The streamwise velocity components are also 

compared along the cross line at X/D=1 in the downstream region, as demonstrated in 

Figure 4-7 (c). 

 

Figure 4-7: Comparison of streamwise velocity components using the RSM turbulence model with 

different meshes (y+ values are ≈3, ≈19 and ≈39) in symmetric lines at X/D=0 and X/D=0.5 as well as in 

cross lines at X/D=1 a, b, and c respectively. 

The results in Figure 4-7 (a, b, and c) reveal that Mesh1 with y+ value 3 (solving viscous 

sublayer) is the optimum mesh since it successfully anticipated the flow w when viewed 
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alongside the already published data. On the other hand, Mesh 2 and Mesh 3 with y+ 

values ≈19 and 39 (solving buffer region and log-law region, respectively) performed 

poorly despite solving different boundary regions. From this observation it is better to 

avoid solving the transition region (buffer region) in future to reduce the computational 

time and cost.  

The RSM turbulence model in conjunction with y+ ≈ 3 (solving viscous sublayer) was 

employed to estimate the variation of the flow characteristics. Averaged quantities of the 

velocity divergence (deviation of primary flow) were calculated and compared against 

the published data at six different locations X/D = 0, 0.5, 1, 2, 5, and 10, respectively in 

the pipe downstream. This is presented in Figure 4-8. 

 

Figure 4-8: Averaged quantities of the swirling intensity calculated by RSM with y+ ≈ 3 was compared 

against the published data at six different locations. 

With reference to Figure 4-8, there is a good agreement between numerically predicated 

quantities and experimental data, albeit a slight discrepancy at X/D = 0 and 2. 

Finally, the wall static pressure at the pipe downstream (after the elbow) is computed by 

RSM turbulence model and compared against the experimental.  It is plotted in the pipe 

downstream in several points (X/D) in the form of pressure coefficient (Cp) and is 

demonstrated in Figure 4-9. 

X/D =0

X/D=0.5

X/D =1

X/D =2

X/D =5
X/D =10

0

2

4

6

8

10

12

V
el

o
ci

ty
 D

iv
er

g
en

ce
 

Six different locations in the pipe downstream (X/D)

RSM

Exp. (Sudo et al., 1998)



 

 

4. Numerical Simulation of Turbulent Pipe Flow Using Wall y+ 

Approach 

61 

 

 

Figure 4-9: Pressure coefficient comparison in the downstream of the pipe (after the elbow) using the 

RSM with Mesh 1 (y+ ≈3). 

Again, the RSM predicted the pressure coefficient sufficiently accurately when compared 

against the experimental data.  However, there was some disagreement in some locations 

such as the area between X/D=3 and 4 as well as between X/D=9 and 10. However, it can 

be concluded that the overall prediction is good. 

To sum up, qualitative analysis is carried out by testing various meshes based on y+ value 

and corresponding turbulence model. Employing the wall y+ approach, the RSM 

turbulence model that solves the viscous sublayer delivers the most accurate findings 

among the RANS models when compared against the published data. The wall y+ 

approach works very well as a guide for selecting an appropriate near wall treatment and 

corresponding turbulence model for flow investigation in 90-degree pipe elbows. 

However, quantitative assessment was also carried out and presented in the next section 

for further appreciation of this approach.  

4.4.2 Quantitative Assessment 

R-squared (R2) is the statistical degree of how near the records are to the outfitted 

regression line. It is also defined as the coefficient of determination and tells us how well 

our linear version fits our data. It, therefore, is the percentage of variance in the structured 

variable that is accounted for through a regression model [119]. 

In this study, R-squared was used to measure the strength of the relationship between the 
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turbulence models results using wall y+ approach and the experimental results from Sudo 

et al. [4]. A higher R-squared value indicates to a better degree of accuracy. For more 

appreciation of the R-squared applications, refer to Jim Frost [120] text book.  

The R-square technique was used to quantitatively measure the CFD prediction’s 

performance. The streamwise velocity components in the downstream region in 

symmetric line at X/D = 0, as shown in Figure 4-10, and in cross line at X/D = 1, as shown 

in Figure 4-11 are used for this comparison for all cases (different meshes and turbulence 

models). Each turbulence model (standard k-ε, Reynolds Stress Model (RSM), k-ω Shear 

Stress Transport (SST) and Spalart-Allmaras) in conjunction with three different near-

wall spatial resolutions based on y+ value was employed and compared with the published 

data. 

 

Figure 4-10: Quantitative assessment using R2 technique (Comparison of streamwise velocity components 

in symmetric lines at (X/D = 0). 

 

Figure 4-11: Quantitative assessment using R2 technique (Comparison of streamwise velocity components 

in cross lines at (X/D = 1). 

Referring to the bar charts provided in Figure 4-10 and Figure 4-11, although the R2 

0

0.1

0.2

0.3

0.4

0.5

RSM k-ε k–ω (SST) S-A

R
-S

q
u

a
re

Mesh 1 (y+≈3) Mesh 2 (y+≈19) Mesh 3 (y+≈39)

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

RSM k-ε k–ω (SST) S-A

R
-S

q
u

a
re

Mesh 1 (y+≈3) Mesh 2 (y+≈19)



 

 

4. Numerical Simulation of Turbulent Pipe Flow Using Wall y+ 

Approach 

63 

 

values suggest that k-ε has a slight advantage over RSM, the closer inspection of the 

velocity profile in Figure 4-4 and Figure 4-5 clearly demonstrated the RSM captured the 

details better and hence is the overall winner. 

Furthermore, similar observation to that in the qualitative analysis section in Figure 4-4 

(a, b, c, and d) and Figure 4-5 (a, b, c, and d) was also noted here in the quantitative 

assessment in Figure 4-10 and Figure 4-11 in this current section. The observation is that 

the standard k-ε and RSM performance changes appreciably with the change in the mesh 

(it is y+ value dependent). In contrast, the performance of the k-ω Shear Stress Transport 

(SST) and Spalart-Allmaras was similar, and no significant changes occurred with the 

change in mesh (it is y+ value independent). This is because the k-ω Shear Stress 

Transport (SST) and Spalart-Allmaras are designed to be valid throughout the boundary 

layer (wall function). However, the standard k-ε and RSM need to be bridged to the near-

wall region, something which works better in the log-law region [1]–[3], [42]. 

In addition to R-square technique, and for more quantitative assessment, averaged 

quantities of the velocity divergence (swirling intensity) were calculated and compared 

against the experimental data in six different locations as shown in Figure 4-12.  

 

Figure 4-12: Averaged quantities calculated by RANS turbulence models and Mesh 1 compared against 

the experimental data. 
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Referring to the bar charts illustrated in Figure 4-12, and based on the averaged quantities, 

RSM performance is the best among the RANS turbulence models when compared 

against the experimental. 

Overall, it is confirmed that, the wall y+ approach is very effective tool to select a reliable 

mesh and corresponding turbulence model while considering a balance between the 

computational cost and accuracy.  

 Conclusion  

The present investigation shows that the wall y+ approach is an effective tool for selecting 

both an appropriate near wall treatment and corresponding turbulence model and 

therefore, the necessity of physical validation can be avoided when experimental data is 

unavailable or difficult to obtain. This approach can reduce the time spent on the grid 

independence test which involves time-consuming procedures.  

In terms of the application of the wall y+ approach application, the current research 

outcomes are also compared with previous studies by Salim et al. [1], [2], [42]. These 

previous studies observed that, a wall y+> 30 resolving the log-law region is considered 

sufficient for providing reliable results considering the low computational cost and 

numerical accuracy. Contrarily, the present study suggests that it is advisable to resolve 

the viscous sublayer region by applying the laminar stress-strain relationship (near-wall 

model) instead of the enhanced-wall function in the complex pipe flow behaviour to 

obtain more accurate and reliable results. 

To conclude, solving the viscous sublayer, RSM performed the best among the RANS 

turbulence models and therefore, it is advisable to resolve the viscous sublayer region in 

complex pipe flow to capture better details of the flow characteristics near the wall. The 

wall y+ approach will allow pipeline engineers to evaluate the efficiency of their designs, 

and any potential issues with them, before the manufacturing stage commences. 

In Chapter 5, the RSM will be used and coupled with FEA structural model to investigate 

the pipe FSI. The FSI part is designed to investigate the turbulent pipe FIV in normal and 

abnormal operations to evaluate the VBLD technique in oil and gas industry, with a focus 

on a large-diameter 90-degree pipe elbow. 
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Chapter 5 
 

5 Turbulent Pipe Flow-Induced Vibration 

with 90-Degree Elbow in Normal and 

Abnormal Operations 
  Introduction 

Computational modelling is presented in this chapter to explore the Vibration-based Leak 

Detection (VBLD) approach in 90-degree pipe elbow. This study was carried out by 

investigating the pipe Flow-Induced Vibration (FIV) in normal (Without leak) and 

abnormal (different leak scenarios) conditions. FIV involves the coupling of fluid and 

structural behaviours aka Fluid-Structure Interactions (FSI). Based on the conclusions 

and recommendations from the study of the wall y+ approach presented in Chapter 4, 

Reynolds Stress Model (RSM) is coupled with a Finite Element Analysis (FEA) to 

simulate the FSI using one-way coupling. The employed RSM turbulence model and 

subsequent FSI approaches are initially validated against published experimental and 

numerical results, with support from field measurements. The VBLD investigation 

process is illustrated in Figure 5-1.  

 

Figure 5-1: VBLD method research workflow. 
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This Chapter is designed to investigate the turbulent pipe FIV under several scenarios 

including a state without leaks and incidences of leaks with different severities based on 

their sizes. The purpose of this, is to answer the research question: Is the VBLD approach 

capable of assessing leakages with different damage severities (small or large) in 90-

degree pipe elbows, in which, the flow regime is complex and difficult to be simply 

characterised? Real data was collected from Mellitah Oil & Gas Company, Libyan for 

this computational study. The Chapter is divided into two main parts: turbulent pipe FIV 

in normal condition (without leaks) and abnormal condition (with leaks). 

 Turbulent Pipe FIV: Without Leak 

 

This section demonstrates the computational modelling of FIV in the 90-degree pipe 

elbow segment in the state of no leak. This section consists of two main subsections 

namely, fluid and structure domain:  

5.2.1 Fluid Domain    

The data for the computational modelling has been gathered from the Mellitah Oil & Gas 

Company. The computational fluid domain is illustrated in Figure 5-2. 

 

Figure 5-2: Computational fluid domain of the 90-degree pipe elbow. 
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The 90-degree pipe segment is composed of an upstream pipe with a length of 2 m and a 

downstream pipe 4 m in length connected to a 90-degree elbow with a 1.5 curvature radius 

ratio (Rc/D). The velocity of the crude oil in the pipe is 0.5 m/s (constant) with a Reynolds 

number of 107,195. The flow is assumed to be steady and incompressible in this study. 

The light crude oil is a Newtonian fluid [38], with fluid properties (light crude oil) are 

presented in Table 5-1. Test section of the 90-degree pipe elbow at Mellitah Oil & Gas 

Company including pipe segment features and dimensions are illustrated and explained 

in more details in section 5.2.2. The filed measurements for this pipe segment are also 

explained in more details in the subs sub section of section 5.2.2. 

Table 5-1: Fluid properties 

Fluid Properties Crude Oil 

Density 694 kg/m3 

Viscosity 0.00122 Pa∙s 

Specific gravity 0.696 

Pressure 4e+6 Pa 

Velocity 0.5 m/s 

 

Fluid domain simulation is the first part of the FSI problem that deals with turbulent pipe 

flow. Complexity arises from the internal pipe wall pressure fluctuating due to alterations 

in flow field parameters caused by the 90-degree elbow, and extra effort was needed to 

characterise it. For this reason, the wall y+ approach was used as an effective tool for 

selecting an appropriate near wall treatment and corresponding turbulence model (as is 

presented in Chapter 4). It was observed that, RSM which solves the viscous sublayer 

performed the best among the rest of the RANS turbulence models.  

Therefore, while also considering the recommendations from the study of the 

wall y+ approach presented in Chapter 4, the RSM that solves the viscous sublayer was 

used to investigate the turbulent pipe flow with a 90-degree elbow of crude oil. The wall 

y+ value was strictly controlled in order to be within the viscous sublayer (≈ 5) by 

generating a fine mesh near the wall. This is illustrated in Figure 5-3. 
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Figure 5-3: Fluid Domain Mesh y+ ≈ 5 (viscous sublayer). 

In addition to the important numerical simulations of the wall y+ approach accessible in 

Chapter 4, a comparison is made between the pressure drop (∆P) of crude oil obtained 

from the RSM and that which was calculated theoretically employing the Darcy-

Weisbach Equation (5-1). The Darcy-Weisbach equation is an empirical equation that 

relates the loss of pressure caused by friction along the pipe length to the average velocity 

of the fluid for an incompressible fluid [121]. A comparison is provided below to 

substantiate the validation of the RSM. 

 
𝛥𝑃

𝐿
= 𝑓

𝜌𝑢2

2𝐷
    (5-1) 

where L is the length of the pipe (upstream and downstream), D is the internal pipe 

diameter, ρ is fluid density, 𝑢 is the mean flow velocity and 𝑓 is the Darcy friction factor, 

obtained from Equation (5-2). 

 

1

√𝑓
= −2.0 𝑙𝑜𝑔 10 (

𝜀∕𝐷

3.7
+

2.51

𝑅𝑒 √𝑓
)    

(5-2) 

Where (𝜀 𝐷⁄ ) is the carbon steel relative roughness which equals to 1.18×10−4 mm. 

However, the pressure loss in the 90-degree elbow is obtained by Equation (5-3). 

 
𝛥𝑃 =

1

2
𝐹𝑠  𝜌 𝑢2 𝜋 𝑅𝑏

𝐷

𝜃

1800
+

1

2
𝑘𝑏 𝜌 𝑢2     

(5-3) 

where 𝐹𝑠 is the Moody friction factor, 𝜌 the density, 𝑢 the mean flow velocity, 𝑅𝑏 the 

bend radius, D the pipe diameter, θ the bend angle, and 𝑘𝑏 the loss coefficient of bend 
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pipe which equals to 0.3. The 𝑘𝑏 is obtained from the loss coefficient of bend pipe graph 

illustrated Figure 5-4.  The centreline radius of the pipe bend is divided by the internal 

pipe diameter ( 
0.6096

0.38021
= 1.603) and 𝑘𝑏 is then obtained using the graph.  

 

Figure 5-4: Loss coefficient of bend pipe [122]. 

A comparison between the numerical simulation and theoretical solutions of the pressure 

loss in the pipe segment with 90-degree elbow for four Reynolds numbers is presented 

below in Figure 5-5. The first Reynolds number (107,195) is the designed number for the 

pipeline system of the Mellitah Oil & Gas Company in normal operation. The remaining 

Reynolds numbers were calculated for the purpose of comparison and to perform 

additional validations that strengthen the case for using RSM. 

The ratio of inertial to viscous forces is known as the Reynolds number. The Reynolds 

number is a dimensionless quantity used to classify fluid systems where viscosity plays a 

significant role in regulating fluid velocities or flow patterns and to determine whether a 

fluid is flowing laminarly or turbulently [121]. The Reynolds number can by obtained by 

this equation:  

 

𝜌𝑣𝐷

𝜇
     

(5-4) 

Where 𝜌 is the fluid density,  𝑣 is the fluid velocity, 𝐷  is the pipe diameter, and 𝜇 is the 

fluid viscosity.  
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According to Mellitah Oil & Gas Company operational team, the designed Reynolds 

number for their pipeline system is in a range of 100,000 and higher numbers are avoided 

for health and safety reasons and following the standards. In this current study the higher 

Reynolds number are considered for the were calculated for the purpose of verification 

and validation only. 

 

Figure 5-5: Comparison between the numerical simulation and theoretical solutions of the pressure loss in 

the 90-degree pipe elbow segment. 

 

Referring to Figure 5-5, for low Reynolds numbers, it can be seen that there is a great 

deal of agreement between the RSM and the theoretical results. When the Reynold 

number is between 1x105 and 3x105 the RSM performed well with low error percentage. 

In contrast, discrepancy is observed when the Reynold number is high (between 3.8x105 

and 5x105), though this is still with an acceptable range of error (less than 10 %).  The 

RSM, on the other hand, is appropriate for this current study since the Reynolds number 

is low (1x105), and the error percentage in this situation is less than 1%. 

For quantitative assessment, more details of the comparison between the numerical 

simulation and theoretical solutions of the pressure loss are presented in Table 5-2. This 

includes the error percentage between the theoretical and simulation results.  
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Table 5-2: Comparison between the numerical simulation and theoretical solutions of the pressure loss in 

the pipe segment with 90-degree elbow for four Reynolds numbers. 

Reynolds Number (Re) Theory  RSM  Error (%) 

107,195 121.825 120.719 0.908 

216,283 463.322 466.069  0.593 

324,425 997.850 1054.421  5.669 

432,566 1721.069 1877.313  9.078 

 

The data demonstrated in Table 5-2 shows good agreement between the RSM and 

theoretical solutions. The percentage errors were 0.908% and 0.593% for the first and 

second Reynolds numbers (107,195 and 216,283), respectively. Although the Reynolds 

numbers increased to 324,425 and 432,566 for the purpose of surveillance, the error 

percentage is still acceptable and reached 5.669% and 9.078%, respectively. An 

additional observation worthy of note is that the Darcy friction factor (𝑓) marginally 

increased with decreasing Reynolds number as illustrated in Table 5-3. This is because 

of the inverse relationship between the Reynolds number and friction factor [105]. 

Table 5-3: The relationship between Darcy friction factor (f) and Reynolds Number (Re). 

Reynolds Number (Re) Darcy friction factor (𝒇) 

107,195 0.0183 

216,283 0.0163 

324,425 0.0154 

432,566 0.0148 

  

Based on the research of the wall y+ technique presented in Chapter 4, as well as the 

theoretical analysis provided in this section, the RSM that solves the viscous sublayer 

performed well and provided reliable results. It is employed to investigate the first part of 

the pipe FSI task, namely, the turbulent pipe flow of crude oil, in normal flow (without 

leak) condition, in 90-degree elbows. In section 3 of this chapter, the RSM will be used 

to predict fluctuations in internal pipe wall pressure caused by changes in flow field 

parameters that are induced by leaks. The following sub-section also presents the structure 

domain, which includes the FSI part, by studying the pipe FIV in normal (without leaks) 

condition. 
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5.2.2 Structure Domain 

The second part of the problem deals with the structure domain and addresses the 

vibration response of the external pipe surface produced by the internal pipe wall pressure 

fluctuations. The test section of the 90-degree pipe elbow segment (structure domain) is 

displayed in Figure 5-6. 

 

Figure 5-6: Test section of the 90-degree pipe elbow including pipe segment features and dimensions 

The 90-degree pipe segment is composed of an upstream pipe with a length of 2 m and a 

4 m downstream pipe connected to a 90-degree elbow with a curvature radius ratio of 

Rc/D = 1.5. The pipe segment is simply supported at both ends. The pipeline system 

specifications including the material type, pipe diameter and pipe thickness are presented 

in Table 5-4. 

Table 5-4: Pipeline material specifications. 

Pipe Schedule Material Outer Diameter (O.D) Wall Thickness 

SCH100 Carbon Steel 0.4064 m 0.02619 m 

To computationally investigate the vibration response of the external pipe surface 

produced by the internal pipe wall pressure fluctuations, certain processes should be 

followed. This includes the structure meshing, and FEA validation and verification as 

explained in the followings:    
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5.2.2.1 Structure meshing and verification 

Another crucial issue that is carefully considered is the quality of the element shape 

employed in the FEA mesh. Employing elements with distorted or skewed forms can 

result in inaccurate FEA findings. Thus, a hexahedral mesh was created with smooth 

element transitions throughout the structure domain. To provide a more uniform mesh, 

body and face sizing tools are utilised, particularly in the bend of the pipe. The FEA mesh 

structure is show in Figure 5-7. 

 

Figure 5-7: The FEA mesh structure. 

Grid Independence Test (GIT) is traditional method of determining reliable mesh with 

the fewest number of cells. This is done based on the evaluation of numerous grid 

conditions without generating a change in numerical solutions [40]. 

GIT for the structure domain was performed to verify the numerical solution of the FEA 

after the FSI model was coupled by importing the pressure field from the CFD domain to 

the structure domain as explained in section 5.2.2. The vibration signal in a form of 

acceleration (m/s2) was obtained by the FSI model employing five different meshes based 

on the total number of elements in each grid. The total number of elements varies from 

grid to another in a range between 8000 and 14000 elements in each grid. This is 

demonstrated in Figure 5-8. 
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Figure 5-8: Grid Independence Tests (GIT) for FEA Solution. 

There was no vast variation in the acceleration values obtained by these five meshes. The 

percentage difference was calculated and benchmarked against the very fine mesh that 

contains 13948 elements. The highest difference was 9 % that was obtained from the 

coarse mesh which comprises 8395 elements. The difference percentage gradually 

decreased when the total number of elements is increased by employing finer meshes. 

The FEA solution became more stable when the total number of elements was between 

10989 and 13948. Therefore, the fine mesh that contains 12341 elements was selected as 

optimum with an error of 0.45% from the very fine mesh to balance between the 

computational cost, time, and mesh quality. 

5.2.2.2 FSI Model Validation 

The employed RSM turbulence model and subsequent FSI approaches are initially 

validated against published experimental and numerical results. This is supported by field 

measurements. These are presented in the next two subsubsections. 

5.2.2.2.1 Published data 

In this study, the one-way FSI model was employed based on the recommendations from 

the study of the wall y+ approach presented in Chapter 4.  The RSM that solves the 

viscous sublayer was coupled with FEA structural model using one way approach to 

investigate pipe FIV. The FSI model was validated using experimental and numerical 

data made available by Pittard et al. [114] prior to beginning the targeted study related to 

90-degree pipe elbow flow. 
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Pittard et al. [114] provided experimental findings that show a substantial link between 

volume flow rate and a pipe vibration measurement. Pipe vibration is assessed using the 

standard deviation of the frequency-averaged time-series signal, which is measured using 

an accelerometer mounted to the pipe. Pittard et al. also demonstrated a numerical FSI 

model for studying the relationship between pipe wall vibration and the physical 

properties of turbulent flow. This FSI model uses large eddy simulation (LES) flow 

models to calculate instantaneous pressure fluctuations in turbulent flow. The numerical 

LES model findings also show a substantial relationship between pipe vibration and flow 

rate. According to the results provided by Pittard et al [114], the pressure variations on 

the pipe wall have a nearly quadratic relationship with the flow rate. It is concluded that 

the findings of the experiments and numerical modelling show that the flow rate and the 

acceleration of pipe vibration have a strong relationship. 

Pittard et al. [114] investigated pipe FIV in a small-scale water loop with a pipe length 

test section of 1.1 m, pipe diameter 0.0762 m and wall thickness of 0.00549 m under 

different Reynolds numbers. The pipe is simply supported on one side and restrained in 

the transverse direction from the other side. A schematic of the flow loop is shown in 

Figure 5-9. This flow loop consists of four main components, namely, the water system, 

control system, test measurement transducers, and test section. PCB Piezotronics Model 

352B68 piezoelectric accelerometer (resolution 0.003 m/s2 with less than 1% error) to 

measure pipe vibration in the test section.  

 

Figure 5-9: Schematic of the flow loop utilized for all experiments of Pittard et al.[114]. 
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After the FSI Model of the current research is developed by coupling the RSM that solves 

the viscous sublayer with FEA structural model to investigate pipe FIV, it is validated 

using the experimental and numerical data provided by Pittard et al. [114] as illustrated 

in Figure 5-10.  

 

Figure 5-10: A comparison of the pipe vibration measurements obtained by the developed FSI model in 

this current study and the experimental and numerical data by Pittard et al.[114]. 

The RSM that solves the viscous sublayer and is coupled with the FEA structural model 

performed well when compared against the published data. An excellent agreement 

between the RSM and the experimental data is observed particularly in low Reynolds 

numbers. The RSM (current study) performed even better than LES when the Reynold 

number is low (between 1x105 and 3x105). 

In contrast, the LES performed much better than RSM when the Reynold number is high 

(between 3.8x105 and 5x105). This is because LES gives more information on 

instantaneous fluctuations than RANS and it is better suited for scenarios requiring 

detailed predictions, such as when the Reynolds number is high and the turbulence 

intensity is high [10]. However, this is not the case in the targeted study related to 90-

degree pipe elbow flow as the Reynolds number is only 1x105.  The RSM is suitable for 

this current study because the Reynolds number is relatively low. Hence the LES is 

excluded in this current study taking into consideration the high computational cost which 

may reach ten folds of RSM effort [42]. 
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The next section demonstrated the field measurements conducted in Mellitah Oil & Gas 

Company plant. The computational modelling is based on this collected data.  

5.2.2.2.2 Field Measurements 

Mellitah Oil & Gas Company's pipeline infrastructure was used for the field 

measurements. Despite the fact that performing field measurements in the oil and gas 

business is difficult due to the inherent risks that can arise when doing this task, the author 

was able to gather critical measurements that were useful in this current computational 

work. 

In January 2020, the author arranged to do a site visit to the Mellitah Oil & Gas Company 

plant in the Libyan desert (Wafa oil field) that was agreed to last eight weeks. The purpose 

of the visit was to collect data and conduct field measurements of FIV in 90-degree pipe 

elbows. Details of trip, including the flight and accommodation, were arranged at that 

time. Unfortunately, the trip was cancelled due the COVID19 pandemic, but the author 

was able to remotely achieve the objectives of the plans that had been drawn up.  Mellitah 

assigned two highly experienced engineers to communicate directly with the author to 

gather this research data, as well as to conduct FIV field measurements in accordance 

with the research requirements. Fortunately, this was achieved despite the very 

challenging circumstances.  

The 90-degree pipe segment (structure domain) is composed of an upstream pipe with 2 

m length and a downstream pipe of 4 m connected to a 90-degree elbow. The elbow 

curvature radius ratio is Rc/D = 1.5, and outer pipe diameter D= 0.4064 m, with a wall 

thickness of 0.02619 m. More details can be found in Figure 5-6 where the test section of 

the 90-degree pipe elbow segment is illustrated. The pipe elbow is simply supported from 

both ends (fixed-fixed). The pipeline system specifications including the material type, 

pipe diameter and pipe thickness can be found in Table 5-4. 

The crude oil is transported from the desert to the port by compressing it in the 

transmission pipeline, typically to a pressure of 40 bar (580 psi) to keep the oil moving 

steadily. Along the pipeline system, compressor stations are built to maintain a steady 

pressure that keeps the oil moving under persistent flow rate. The velocity of the product 

in the pipeline system is constant (0.5 m/s). Based on these facts, steady flow is assumed 
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for the computational modelling presented in the previous section. In this current study, 

the FIV was solely investigated in the 90-degree pipe elbow portion. 

The fluid flow in the 90-degree pipe elbow segment is monitored and managed using the 

SCADA system. The SCADA (Supervisory Control and Data Acquisition) system is a 

pipeline computer system designed to gather the pipeline flow rate, pressure and 

temperature readings and operational status information [123], but not the pipe vibration 

response. A FALCON three-axis wireless vibration analyser was used to collect ten 

vibration measurements of the pipe segment under the same flow condition. Refer to 

Appendix A for more detail of SCADA, and Appendix B for FALCON vibration analyser. 

It is essential to repeat the same method of the field measurement several times to obtain 

reliable results for repeatability. In an ideal world, the same researcher performs all of the 

procedures in a short period of time, using the same materials and measuring devices and 

in the same environment [124]. Hence, the same equipment was used in the same location 

for all FIV field measurements of the pipe segment to ensure that reliable results were 

obtained. 

To obtain a high degree of confidence associated with the measured values, the FIV field 

measurements of the pipe segment were taken ten times using the same equipment in the 

same location, and under the same flow rate (the same fluid velocity). The vibration 

measurements of the pipe segment are illustrated Figure 5-11. Each measurement was 

labelled in the graph for detailed observation of the measurement's variation. 

 

Figure 5-11: Vibration field measurements of 90-degree pipe elbow. 
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The standard deviation of the mean (SDM) is used to measure repeatability.  It is true that 

the lower the number of the SDM, the better the repeatability and reliability of the 

outcomes [124]. The SDM of the ten vibration measurements of the pipe segment was 

calculated and found to be 0.0003. A gratitude is gained by this low value of the SDM.  

Furthermore, from the graph shown in Figure 5-11, and by following the graph trend line, 

it can be observed that the repeatability error is low. The pipe FIV measurements are very 

close to each other, and the difference between the measurements almost non-existent in 

utmost of the measurements. The highest recorded repeatability error was less than 5% 

which is based in the difference between the highest (0.0598) and the lowest (0.0568) 

field measurements. 

The pipe acceleration obtained from numerical simulation was compared with that 

obtained from the field measurement conducted in the Mellitah Oil & Gas Company as 

presented in Table 5-5, in which an error percentage of 5.1% was observed. 

Table 5-5: Comparison between the acceleration field measurement of the pipe segment and the 

numerical solutions. 

Field Measurement FSI Model  Error (%) 

0.0584 m/s² 0.0553 m/s²  5.1 

The limitation of the pipe FIV field measurements of this current research are that they 

were conducted under a constant fluid velocity in accordance with the company 

production demands. This means only one Reynolds number (107,195) is used. The need 

to obey the company health and safety standards as well as the production demand, the 

author was not able to increase the flow rate in order to investigate the pipeline status in 

higher Reynolds number.  

The developed FSI model in this current study performed well and was, therefore used to 

investigate the pipe FIV. It is employed to investigate the use of VBLD approach in the 

oil and gas sector, particularly in 90-degree pipe elbows. Utilising this FSI model in this 

current research, six scenarios (with and without leaks) are evaluated, in order to detect 

the occurrence and severity of leaks based on their size. This will be demonstrated in the 

next section. 
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 Turbulent Pipe FIV: With Leak 

A leak in a pipeline system is defined as a flow through a hole between the pipeline and 

the outside environment [43]. Leaks are more likely to occur at the centre of the elbow in 

the case of fluid flow in pipes with 90-degree elbows due to drops in pressure, centrifugal 

forces, and changes in flow field behaviour in area concerned [44]. Therefore, the leak 

point in this current project is assumed to be in the centre of the elbow, as is shown in 

Figure 5-12.  

 

Figure 5-12: The leak point in the centre of the elbow. 

For dependable observation of the fluid domain in the abnormal state (with leak) a fine 

tetrahedral mesh was generated for the leak point and surrounding area to better fit the 

complexity of the geometry as shown in Figure 5-12. Using CFD, leaks in pipes are 

modelled based on measurable quantities such as flow rate, pressure, and temperature 

[45]. In the present study however, the vibration signal of the pipe is instead used to detect 

any leakages. 

Six scenarios demonstrated in Table 5-6 are examined in order to detect the incidence and 

severity of a leak based on its size. This is done by using the developed FSI model and 

performing the same processes as when the pipe FIV is investigated in the normal 

operation condition (without leak), considering mesh quality.  Mesh quality assessments 

in abnormal flow condition (with leak) can be found in Appendix C.  
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Table 5-6: All pipe state simulation cases (free leak and leaks occurrence). 

Scenario ID     Scenario Description Leak Size Leak Mass Flow Rate (Kg/s) 

BS Baseline system without leak Free Leak 0.000 

LS1 Leak severity (based on size) 0.002m X 0.1m 0.051 

LS2 Leak severity (based on size) 0.002m X 0.2m 0.148 

LS3 Leak severity (based on size) 0.002m X 0.25m 0.175 

LS4 Leak severity (based on size) 0.002m X 0.30m 0.206 

LS5 Leak severity (based on size) 0.002m X 0.35m 0.245 

Figure 5-13 also illustrates the six different leak cases investigated in the present study 

starting with no leak (BS case) and moving through increasing leak sizes: LS1 - LS5. 

 

Figure 5-13: Leak points and sizes including case IDs. 

The states of the pipe elbow segment are indicated by the scenario ID. The baseline 

system without leaks is BS, and the leak severity based on its size is LS. The mass flow 

rate of each leak (leak outlet faces) is obtained by RSM, as illustrated in Table 5-6 . It is 

noticeable that the mass flow rate in the leak point increases when the leak size grows. 

This is an additional verification (conservation of mass theory) that supports the use of 

this FSI model in the current research. The next section presents the results and 

discussions of this research more in detail. 
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 Results and Discussion 

The results of the fluid and structure domains are demonstrated and discussed in this 

section in normal (without leak) and abnormal (with leaks) conditions. This includes the 

alteration of flow field behaviour and the pipe vibration response caused by leaks. 

5.4.1 Fluid Domain Results 

The fluid domain is the first part of the problem that is carefully investigated and 

monitored.  The velocity and pressure contours of the pipe segment in normal condition 

(without leak) are illustrated in Figure 5-14 (a and b, respectively), to demonstrate the 

fluid flow behaviour in such pipe segments. 

 

Figure 5-14: Velocity and pressure contours of the 90-degree pipe elbow. 

In reference to Figure 5-14, the foremost feature of flow through a 90- degree pipe elbow 

is the occurrence of a radial pressure gradient which is formed by centrifugal force acting 

on the fluid. At the inlet of the elbow bend, the fluid velocity increases near the inner pipe 

wall (sectional view of elbow) and simultaneously decreases near the outer pipe wall, as 

highlighted in Figure 5-14 (a), according to the adverse pressure gradient. The highest-

pressure concentration occurred in the centre of the elbow at the outer radius (outer pipe 
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wall), as is shown in the pressure contour in Figure 5-14 (b). This resulted in a secondary 

flow caused by an imbalance between the pressure gradient and centrifugal force. This 

analysis is based on normal flow condition, in which there were no leaks in the pipe 

elbow. 

The pressure is the main component in the fluid domain and is the force that causes pipe 

vibration. Observing any alterations in the pressure field caused by leaks is, therefore, 

essential because pressure distribution is critical for highlighting pipe vibration signal, 

and it is vital to be plotted in all cases (with and without leaks). The flow field data in the 

case of abnormal condition (with leaks) is different from the normal condition (without 

leaks). Figure 5-15 shows the pressure distribution in the pipe wall (inner and outer 

section view of the elbow) in normal condition (without leaks). On the other hand, Figure 

5-16 shows the pressure field during an abnormal condition (with a leak). 

 

Figure 5-15: Pressure distribution along the pipe wall in the case of normal condition (without leak). 
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Figure 5-16: Pressure distribution along the pipe wall in the case of abnormal condition (with leak). 

In Figure 5-15 and Figure 5-16, the y-axis represents the pressure values distributed 

through the inner and outer pipe wall. The x-axis represents the radial angular coordinate 

of the 90-degree pipe elbow segment. It is obvious that the flow is disturbed in the elbow 

between 1.6 m and 3 m in the x-axis (refer to radial angular coordinate). There was a 

noticeable pressure drop in the centre of the elbow at the leak point illustrated in Figure 

5-16, when compared with the normal flow condition (without leak) as is shown in Figure 

5-15. This sudden alteration in the pressure field caused by the leak has an impact on the 

pipe vibration signal. The pipe vibration response in the leak scenario is not the same as 

the case when there is no leak (normal condition) because the vibration force is the fluid 

pressure, something which is changed by the leak. This will be demonstrated in the 

coming section. 

For comprehensive observation, the pressure distribution in the outer pipe wall is 

displayed in all scenarios (with and without leaks), as shown in Figure 5-17. This is 

because the area of the concern is the outer pipe wall (sectional view of elbow) where the 

leak occurs. The pressure distribution in the inner pipe wall is therefore not represented 

in this graph. 
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Figure 5-17: Pressure distribution in the outer pipe wall in all scenarios (with and without leaks) 

It is observed that, with the extent of the leak rupture, the pressure distribution in the 

centre of the elbow (leak location) changes. The pressure drop area grows in proportion 

to the size of the leak source. This is demonstrated by the plotted lines in Figure 5-17. 

The displayed continued line (blue line) displayed illustrates the pressure distribution in 

accordance with normal operation in the baseline scenario (no leak), and no pressure 

drops owing to leaks are observed. 

However, further observation of the fluid domain characteristics is obtained by the 

velocity profile, that have been plotted in all cases (with and without leaks). The location 

of this velocity profile is chosen to be after the leak location to monitor the effect of leaks 

occurrence on these examined velocity profiles. The velocity components are plotted in 

the downstream region (after the elbow) in symmetric lines at X/D = 0 (θ=90°), as shown 

in Figure 5-18. 
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Figure 5-18: Comparison of the velocity profile with and without leaks X/D = 0. 

The X/D represent the location where the velocity components are plotted, and r/D 

indicates the inner and outer parts of the centre section of the circular pipe. Again, the 

change in the velocity profile that is produced by the leak is apparent. The fluid velocity 

is decreased particularly in the inner pipe wall region. This is because of the small 

quantities of the mass that flowed out from the leak point which caused a reduction in the 

fluid velocity in the area around the leak point. 

To sum up, a comparison between all scenarios (with and without leaks) was carried out 

in the fluid domain using the pressure and velocity components. The change in the flow 

behaviour caused by leaks is clear and can be detected. A noticeable pressure drop is 

detected in the leak point, and this helps in localising the leak. In addition, an alteration 

in the velocity profile caused by the leaks at the reference location, is also observed. The 

next subsection will show the results of the structure domain, which is the second part of 

the problem, and also the focus of this research in which it is carefully investigated and 

monitored. 

5.4.2 Structure Domain Results 

Since the focus of this research is the VBLD method, the six scenarios illustrated in Table 

5-6 are investigated using the vibration signal analysed in the time and frequency 

domains. Figure 5-19, shows the vibration signals in time domain for all cases. 
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Figure 5-19: Vibration signals in the time domain for all cases. 

The state of the pipe elbow segments has been previously indicated by the scenario ID. 

The baseline system without leak is BS while, the LS indicates the leaks and their severity 

based on size. It is noticeable that the vibration signal changes when a leak occurs. For 

instance, although the first leak (LS1) is very small, an alteration in vibration signal is 

visible when compared to the baseline system (BS) without leaks. From the remaining 

scenarios, it is observed that the vibration signal increases as the leak size increases. The 

numerical values of the time domain are accessible in Appendix D.  

Using a frequency-domain graph, you can see how much of the signal, across a variety of 

frequencies, is present in each specific frequency band. The time function is transformed 

using the FFT into a complex valued sum or integral of sine waves with amplitudes and 

phases that each represent a frequency component. The entire raw vibration data of the 

pipe segment obtained in the time domain is converted to the frequency domain using 

Fast Fourier Transform (FFT) for better observation. This is demonstrated in Figure 5-20.  
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Figure 5-20: Vibration signals in the frequency domain for all cases. 

With reference to the Figure 5-20, all vibration amplitudes (with and without leaks cases) 

were detected at a frequency of 23 Hz. The vibration amplitudes were measured as total 

acceleration which the summation of the three axis (x,y.z).  The amplitude of the 

vibrations changes as the case changes, but the frequency remains constant. This is 

because the properties of the structure (pipe length, mass, and supports) remained the 

same, apart from a small leak point where a small amount of fluid mass flowed out, 

meaning no significant change in the natural frequency of the structure. Despite the small 

size of the first leak (LS1), a change in the vibration signal can be detected when 

compared to the normal operating condition (BS). The changes in vibration signal for the 

remaining cases are clearer due to their combination of larger leak sizes and greater 

pressure drop magnitudes (vibration force). Again, it is noticeable that the vibration signal 

rises as the leak size grows. The pipe vibration response is very much dependent on the 

force (pressure drops due to leaks) that causes the vibration.  There is a positive 

correlation between the vibration signal and these forces. The results of the numerical 

modelling show that there is a relationship between the pipe vibration and the leak size. 

The numerical values of the frequency domain are accessible in Appendix E. 

5.4.2.1 Leak Quantification Assessment 

Leak Quantification Assessment (LQA) is carried out for the above-mentioned cases by 

calculating the average of the acceleration serial data obtained in the time domain for each 

case. This illustrated in Figure 5-21.  
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Figure 5-21: Leak quantification assessment for all cases 

The vibration amplitude level is expressed in acceleration (m/s2). Statistical properties of 

the amplitude are determined by calculating the average of the acceleration serial data 

obtained in the time domain and are used to describe characteristics of each case signal. 

The merit of the LQA lies in its sensitivity in detecting leak-induced signals. The results 

of the study reveal a good correlation between LQA and leak severity, thereby showing 

that the proposed approach has promise. The LQA is capable of detecting small leaks in 

clearer picture. For instance, the difference between the scenario without leaks (BS) and 

the very small leak (LS1) is not that noticeable when the vibration is signal plotted in the 

time domain (refer to Figure 5-19) and frequency domain (refer to Figure 5-20). In 

contrast, the difference was significant when LQA is performed.  

For additional support of LQA, the difference from the scenario without leak (BS) is 

calculated as a percentage for each leak severity (LS) as is demonstrated in Table 5-7.  

Table 5-7: All pipe state simulation cases (without leaks and with leaks). 

Scenario ID Acceleration (m/s²) Difference from BS Scenario (%) 

BS 0.0554 0.00 

LS1 0.0857 54.69 

LS2 0.1296 133.93 

LS3 0.1985 258.30 

LS4 0.3015 455.77 

LS5 0.3304 496.38 
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To conclude, the pipe vibration signal changes when a leak occurs.  It is clearly evident 

that the vibration signal increases as the leak size increases. LQA is more reliable in 

detecting small leaks than using the time and frequency domain data representation. The 

difference between the scenario without leaks (BS) and the very small leak (LS1) reaches 

54.69 %, and hence shows the merits of LQA. 

 Conclusion 

The FSI model was developed and used to predict the fluid dynamic behaviour inside the 

pipe and the response of the structure to this behaviour in a safe manner, which was also 

achieved at a lower cost and in less time than would be the case in a physical study. The 

FSI model is used to investigate the VBLD approach in the oil and gas sector, particularly 

in a large-diameter 90-degree pipe elbow. Indeed, this study has proven that there is a 

correlation between pipe vibration and leakages: the vibration signal increases as the leak 

size increases. This current work gives direction for parameter selection and modelling 

for VBLD experimental design, as well as the repeatability of results for these types of 

investigations in the future. This in turn will allow pipeline designers to assess the 

effectiveness of their design before the manufacturing stage. 

The current research uses FSI in conjunction with the VBLD method to investigate 

leakages in 90-degree pipe elbows. A noticeable pressure drop is observed at leak points 

and these manifests as changes in vibration signal which can easily be monitored 

externally using vibration sensors offering a cost-effective early detection tool in the field.
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Chapter 6 
 

6 Conclusions and Further Work 

This research aimed to demonstrate that the VBLD method is effective for detecting leaks 

in pipelines. A computational-based model for leak detection in a 90-degree pipe elbow 

with applications in the oil and gas sector is presented for safer manner, lower cost and 

less time compared to physical study. CFD based on the RSM turbulence model was 

combined with FEA to model the pipe segment FSI using one-way coupling for the 

VBLD monitoring. Indeed, this study has proven that there is a correlation between pipe 

vibration and leakages: the vibration signal increases as the leak size increases. It can be 

concluded that the VBLD method is found to be capable of assessing leakages with 

different damage severities in 90-degree pipe elbows with applications in the oil. 

The main findings of the current study effort are given here. Following this, an overview 

of recommendations for future studies is provided.  

 Numerical Methods 

The CFD is used to investigate the turbulent pipe flow. The flow in a 90-degree pipe 

elbow is modelled using the ANSYS Fluent CFD solver.  The performance of different 

RANS turbulence models using wall y+ approach is evaluated. RSM outperforms the other 

RANS models due to its capacity to resolve for each component of the Reynolds stresses, 

whereas the others assume that the stresses are isotropic. 

When RSM is coupled with the FEA to study the pipe FIV in the normal (without leak) 

and abnormal (with leaks) conditions, the one-way FSI solution revealed sufficient 

estimation of the dynamic response of a pipe with 90-degree elbow conveying fluid. The 

RSM that solves the viscous sublayer and is coupled with the FEA structural model 

performed well particularly when the Reynolds number is relatively low (between 1x105 

and 3x105) as is the case in this current study. However, the LES might needed in further 

studies when the Reynold number is high (above 3.8x105) to provide more information 

on instantaneous fluctuations. Overall, the RSM is suitable for this current study because 

the Reynolds number is relatively low. It is also recommended for similar scenarios. The 

LES simulation can be excluded due to the high computational cost which may be up to 
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ten times that of RSM. 

 Wall y+ Approach 

The wall y+ approach is used as guidance for reliable mesh and turbulence model selection 

in bent pipe flow studies. The present study shows that the wall y+ approach is an effective 

tool for choosing both suitable near wall treatment and corresponding turbulence model. 

Therefore, the need of physical validation can be avoided when empirical data is 

unavailable or is difficult to obtain. This approach can reduce the time spent on the grid 

independence test which involves time-consuming procedures.  

It is observed that the near wall models provide better results when the y+ values for the 

first layer of near wall cells are within viscous sublayer. This is when compared with 

simulations where it is in the buffer and log-low regions. It is advisable to resolve the 

viscous sublayer region by applying the laminar stress-strain relationship (near-wall 

model) instead of the enhanced-wall function in the complex pipe flow behaviour, as this 

will help to obtain more accurate and reliable results.  

The RSM predicts the flow field most accurately when compared against the reference 

data, particularly in the secondary flow region (after the elbow) where the flow is affected 

by the elbow.  The wall y+ approach is useful tool in selecting a reliable mesh and 

corresponding turbulence model for predicting flow field in bent pipe with balance 

between the computational cost and time. This in turn will allow pipeline designers to 

assess the effectiveness of their design, and any potential problems with it, before the 

manufacturing stage.  

 Flow-Induced Vibration 

Turbulent pipe FIV through a 90-degree elbow is studied in normal (without leak) and 

abnormal (with leak) conditions to investigate the VBLD method for such pipe 

component in the oil and gas industry. Low frequency modes in the pipes are generated 

by high turbulence flow near pipe bends, causing FIV, with the flow velocity being what 

causes this FIV. The dynamic pressure is an important quantity. Turbulent mixing with 

boundary layer separation and pressure pulsations at the pipe elbow causes this induced 

vibration. This causes low frequency vibrations at the pipe elbow, which is recorded less 

than 30 Hz in this research. The frequency is determined by the distribution of mass and 

stiffness across the pipe segment, which is impacted by piping diameter, material 
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qualities, wall thickness, piping supports, and fluid density, all of which remained the 

same in both normal (without leak) and abnormal (with leak) conditions. 

In the case of no leaks (normal operation condition), the numerical investigations of this 

study reveal that the overall vibration signal increases as the flow rate increases. It is 

observed that the pipe wall experiences high level of vibration in the centre of the elbow 

due to drops in pressure and centrifugal forces in that region. When a piping system is 

prone to excessive vibration, it is highly recommended to mitigate the problem by 

eliminating the frequency match between the FIV and the natural frequency of the pipe 

segment to avoid the resonance. The solution to this problem is to improve the piping 

support configuration. 

When leaks occur in the elbow, the vibration magnitude increases further because of the 

drops in pressure and centrifugal forces, as is the case with normal operation conditions. 

The pressure also drops due to the leak, resulting in extreme pipe vibration. Although 

such incidents are sometimes unavoidable, early leak detection can reduce the loss of 

crude oil, saving energy and minimising maintenance costs and hence is the advantage of 

employing the VBLD approach.  

 Vibration-Based Leak Detection Method 

The FSI model is used to investigate the VBLD approach in the oil and gas sector, 

particularly in a large-diameter 90-degree pipe elbow. Indeed, this study has proven that 

there is a correlation between pipe vibration and leakages: the vibration signal increases 

as the leak size increases. Based on the qualitative and quantitative analysis of the FIV in 

90-degree pipe elbow in normal (without leak) and abnormal (with leak) flow conditions, 

it can be concluded that the VBLD technique is capable of assessing leakages with 

different damage severities (small or large). 

The merit of LQA lies in its sensitivity in detecting leak-induced signals. The results of 

this study revealed good correlation between LQA and leak severity, thereby showing the 

potential of the proposed approach. The LQA is capable of detecting small leaks in clear 

ways compared with the vibration signal plotted in time and frequency domains. The 

difference was significant when LQA is performed. 

Overall, the pipe vibration signal changes when a leak occurs.  The vibration signal 

increases as the leak size increases. LQA is more reliable for detecting small leaks than 



 

 

6. Conclusions and Further Work 

94 

 

using the time and frequency domain serial data representation. The difference between 

the scenario without leaks (BS) and the very small leaks (LS1) reaches 54.69 %, which 

helps highlight the merit of LQA. Vibration signal processing is another aspect that might 

be considered and improved upon in the future when implementing the VBLD approach 

in the oil industry. 

 Further Work 

While the outcomes of the study's preliminary simulation campaign are favourable for 

using the VBLD strategy in 90-degree pipe elbows in the oil and gas industry, more 

testing is required to gain confidence in the suggested approach. Further simulation is 

needed to explore whether the VBLD approach in such pipe section can detect multiple 

leaks in different locations at the same time.  The leaks should include the area near the 

supports where the pipe is fixed, and the movement is almost non-existent in normal 

conditions. The proposed method will need to be tested in the future on the layout of 

various 90-degree pipe elbows and configurations including types of the supports and 

their locations. Vibration signal processing is another aspect that might be considered and 

improved on in the future when implementing the VBLD approach in the oil industry. 

From a real-world feasibility viewpoint, the ideal amount and configuration of vibration 

sensors, energy requirements of the VBLD system, and the cost effectiveness of installing 

this leak detection technique should also be investigated. The sustainability of the VBLD 

method must be assessed by calculating its life-cycle cost and energy usage. These are 

determined by physical characteristics of the pipelines, monitoring devices, and data 

transfer protocols.
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Appendixes 
 

Appendix A- SCADA System 

 

 
 

 

This a generic software architecture figure that describes the common features of the 

SCADA products that can be summarized as following: 

 

• Hardware Architecture 

• Software Architecture 

• Communications 

• Interfacing 

• Scalability 

• Redundancy 

 

Please refer to work published by Daneels and Salter [123] for more details and 

information.   
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Appendix B- FALCON vibration analyser 

 

 

 

 
 

 

• Wireless sensor 

• Remotely and safely measurement 

• High sampling rate (sampling frequency) 

• Short data collection time 

• Automatic data point identification and sensor positioning 

• Repeatability control 

• Accuracy: +/-1% 
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Appendix C- Mesh Quality Assessment in Leak state 

 

 

 
 

Grid Independence Test (GIT) in Leak State 

 

 

 

 

 

 

 

 

Vibration Signal Quantification (Vibration Amplitude (m/s²)) 

 

Number of Elements Vibration Amplitude (m/s²) 

       Grid 1 (8032 Elements) 0.127 

Grid 2 (11411 Elements) 0.099 

Grid3 (13217 Elements) 0.088 

Grid 4 (15230 Elements) 0.089 

Grid 5 (17788 Elements) 0.082 

Grid 6 (21537 Elements) 0.087 
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Vibration Signal in Time Domain 

 

 
 

 

Vibration Signal in Time Domain 
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Appendix D- Numerical values in time domain for all cases 

 

Time [s] BS LS1 LS2 LS3 LS4 LS5 

0.0 0.63715 0.74083 1.8215 2.7404 3.8561 5.7341 

0.0 1.1586 1.2977 3.457 5.3423 7.7025 11.047 

0.0 0.93859 1.045 3.0643 4.8742 7.0991 9.9972 

0.0 0.68755 0.77395 2.6429 4.2082 5.953 8.6126 

0.0 0.48506 0.51879 2.1906 3.5588 5.1134 7.0795 

0.0 0.53254 0.55946 1.8121 3.0097 4.3175 5.5806 

0.0 0.46677 0.55272 1.5627 2.451 3.3322 4.2359 

0.0 0.54732 0.47047 1.2998 1.9939 2.5964 3.0235 

0.0 0.39743 0.40273 1.1261 1.6979 2.1711 2.0706 

0.1 0.29927 0.32635 1.0104 1.3859 1.6085 1.2962 

0.1 0.28725 0.31086 0.87295 1.0977 1.1272 0.6937 

0.1 0.23848 0.37044 0.72204 0.90146 0.92924 0.30027 

0.1 0.28665 0.28304 0.58782 0.65179 0.57053 0.2141 

0.1 0.1503 0.22081 0.45076 0.4676 0.35803 0.39582 

0.1 0.19452 0.28311 0.35856 0.34225 0.33759 0.53622 

0.1 0.12629 0.13697 0.2467 0.19469 0.15567 0.58744 

0.1 0.17467 0.17997 0.19169 0.14193 0.27534 0.61111 

0.1 0.18507 0.20484 0.14443 0.13581 0.34909 0.57811 

0.1 9.61E-02 8.37E-02 9.63E-02 7.15E-02 0.2442 0.49905 

0.1 0.12735 0.16614 9.23E-02 9.35E-02 0.35863 0.42754 

0.1 6.29E-02 0.18641 8.08E-02 9.59E-02 0.33039 0.36405 

0.1 9.93E-02 6.51E-02 4.14E-02 5.69E-02 0.17471 0.28558 

0.1 7.65E-02 0.17992 5.88E-02 0.1137 0.32271 0.23389 

0.1 8.44E-02 0.13667 5.12E-02 0.10168 0.262 0.16898 

0.1 7.67E-02 6.70E-02 3.57E-02 6.93E-02 0.14862 0.118 

0.1 5.93E-02 0.16527 4.70E-02 0.11804 0.28744 9.29E-02 

0.1 7.93E-02 0.1036 3.53E-02 8.44E-02 0.17962 6.44E-02 

0.1 3.31E-02 7.76E-02 2.78E-02 7.28E-02 0.14495 3.60E-02 

0.1 6.79E-02 0.16563 4.63E-02 0.10055 0.2438 3.28E-02 

0.2 3.89E-02 6.71E-02 2.47E-02 5.52E-02 0.1085 2.46E-02 

0.2 4.15E-02 0.1055 3.36E-02 6.54E-02 0.15027 2.34E-02 

0.2 5.64E-02 0.15105 4.03E-02 8.54E-02 0.21455 3.00E-02 

0.2 2.01E-02 3.21E-02 1.45E-02 2.82E-02 4.82E-02 1.81E-02 

0.2 4.99E-02 0.11974 3.07E-02 6.58E-02 0.16928 2.92E-02 

0.2 4.61E-02 0.1363 3.53E-02 6.90E-02 0.18565 3.12E-02 

0.2 3.41E-02 1.87E-02 9.78E-03 9.59E-03 7.12E-03 1.44E-02 

0.2 4.06E-02 0.13434 3.49E-02 6.58E-02 0.18342 2.71E-02 

0.2 4.04E-02 0.11314 2.82E-02 5.57E-02 0.15549 2.30E-02 

0.2 2.78E-02 3.31E-02 1.04E-02 1.67E-02 4.52E-02 1.27E-02 

0.2 4.29E-02 0.13709 3.28E-02 6.77E-02 0.19113 2.24E-02 

0.2 3.61E-02 8.78E-02 2.16E-02 4.25E-02 0.12007 1.52E-02 
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0.2 1.39E-02 5.78E-02 1.41E-02 2.94E-02 8.30E-02 8.72E-03 

0.2 4.39E-02 0.13663 3.30E-02 6.62E-02 0.1875 2.10E-02 

0.2 2.53E-02 6.08E-02 1.47E-02 2.88E-02 8.15E-02 1.01E-02 

0.2 2.09E-02 8.14E-02 1.98E-02 3.95E-02 0.11219 1.19E-02 

0.2 4.25E-02 0.12804 3.07E-02 6.25E-02 0.17675 1.92E-02 

0.2 1.66E-02 3.16E-02 7.41E-03 1.52E-02 4.28E-02 5.39E-03 

0.2 2.74E-02 9.69E-02 2.32E-02 4.80E-02 0.13568 1.39E-02 

0.2 3.94E-02 0.11518 2.76E-02 5.59E-02 0.15814 1.76E-02 

0.3 1.38E-02 6.29E-03 2.79E-03 1.95E-03 4.22E-03 4.24E-03 

0.3 3.15E-02 0.10869 2.63E-02 5.30E-02 0.15012 1.61E-02 

0.3 3.51E-02 9.78E-02 2.35E-02 4.73E-02 0.13376 1.52E-02 

0.3 1.12E-02 2.17E-02 5.49E-03 1.09E-02 3.09E-02 4.73E-03 

0.3 3.43E-02 0.11341 2.72E-02 5.56E-02 0.15729 1.66E-02 

0.3 2.99E-02 7.71E-02 1.84E-02 3.72E-02 0.10525 1.21E-02 

0.3 7.74E-03 4.39E-02 1.06E-02 2.21E-02 6.26E-02 5.65E-03 

0.3 3.57E-02 0.11331 2.72E-02 5.52E-02 0.15629 1.68E-02 

0.3 2.35E-02 5.49E-02 1.31E-02 2.61E-02 7.37E-02 9.03E-03 

0.3 1.44E-02 6.34E-02 1.53E-02 3.12E-02 8.86E-02 8.71E-03 

0.3 3.53E-02 0.10776 2.58E-02 5.24E-02 0.14833 1.61E-02 

0.3 1.67E-02 3.12E-02 7.36E-03 1.48E-02 4.16E-02 5.48E-03 

0.3 2.00E-02 7.78E-02 1.87E-02 3.84E-02 0.10885 1.09E-02 

0.3 3.35E-02 9.77E-02 2.34E-02 4.74E-02 0.13426 1.48E-02 

0.3 9.82E-03 8.48E-03 2.00E-03 3.46E-03 9.60E-03 2.31E-03 

0.3 2.43E-02 8.81E-02 2.12E-02 4.32E-02 0.12241 1.26E-02 

0.3 3.05E-02 8.41E-02 2.02E-02 4.07E-02 0.11492 1.30E-02 

0.3 5.05E-03 1.34E-02 3.37E-03 7.06E-03 2.02E-02 1.80E-03 

0.3 2.72E-02 9.34E-02 2.25E-02 4.58E-02 0.12943 1.35E-02 

0.3 2.65E-02 6.75E-02 1.61E-02 3.25E-02 9.19E-02 1.07E-02 

0.4 3.61E-03 3.27E-02 7.92E-03 1.65E-02 4.70E-02 3.85E-03 

0.4 2.89E-02 9.40E-02 2.26E-02 4.59E-02 0.12994 1.38E-02 

0.4 2.16E-02 4.92E-02 1.18E-02 2.34E-02 6.62E-02 8.21E-03 

0.4 9.40E-03 4.93E-02 1.19E-02 2.45E-02 6.94E-02 6.40E-03 

0.4 2.92E-02 9.04E-02 2.17E-02 4.39E-02 0.12439 1.35E-02 

0.4 1.62E-02 2.99E-02 7.08E-03 1.41E-02 3.96E-02 5.43E-03 

0.4 1.44E-02 6.22E-02 1.50E-02 3.07E-02 8.71E-02 8.45E-03 

0.4 2.83E-02 8.28E-02 1.98E-02 4.02E-02 0.11367 1.26E-02 

0.4 1.06E-02 1.08E-02 2.54E-03 4.69E-03 1.30E-02 2.69E-03 

0.4 1.84E-02 7.14E-02 1.72E-02 3.51E-02 9.95E-02 9.97E-03 

0.4 2.63E-02 7.21E-02 1.73E-02 3.49E-02 9.84E-02 1.12E-02 

0.4 4.90E-03 7.43E-03 1.85E-03 4.18E-03 1.20E-02 6.17E-04 

0.4 2.14E-02 7.66E-02 1.84E-02 3.76E-02 0.10632 1.09E-02 

0.4 2.33E-02 5.88E-02 1.41E-02 2.83E-02 7.99E-02 9.46E-03 

0.4 8.78E-04 2.39E-02 5.78E-03 1.22E-02 3.47E-02 2.47E-03 

0.4 2.32E-02 7.79E-02 1.87E-02 3.81E-02 0.10778 1.14E-02 

0.4 1.96E-02 4.39E-02 1.05E-02 2.09E-02 5.90E-02 7.43E-03 
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0.4 5.63E-03 3.81E-02 9.17E-03 1.90E-02 5.41E-02 4.65E-03 

0.4 2.40E-02 7.56E-02 1.81E-02 3.68E-02 0.10411 1.13E-02 

0.4 1.53E-02 2.81E-02 6.70E-03 1.32E-02 3.71E-02 5.18E-03 

0.5 1.01E-02 4.94E-02 1.19E-02 2.45E-02 6.95E-02 6.55E-03 

0.5 2.37E-02 7.00E-02 1.68E-02 3.39E-02 9.60E-02 1.07E-02 

0.5 1.08E-02 1.22E-02 2.89E-03 5.40E-03 1.50E-02 2.86E-03 

0.5 1.37E-02 5.77E-02 1.39E-02 2.84E-02 8.06E-02 7.93E-03 

0.5 2.24E-02 6.16E-02 1.48E-02 2.98E-02 8.41E-02 9.65E-03 

0.5 6.09E-03 3.07E-03 7.63E-04 2.02E-03 6.04E-03 6.19E-04 

0.5 1.66E-02 6.27E-02 1.50E-02 3.08E-02 8.71E-02 8.87E-03 

0.5 2.03E-02 5.11E-02 1.22E-02 2.46E-02 6.92E-02 8.27E-03 

0.5 1.50E-03 1.70E-02 4.08E-03 8.82E-03 2.52E-02 1.49E-03 

0.5 1.85E-02 6.44E-02 1.55E-02 3.15E-02 8.92E-02 9.34E-03 

0.5 1.75E-02 3.90E-02 9.36E-03 1.86E-02 5.23E-02 6.63E-03 

0.5 2.81E-03 2.92E-02 6.98E-03 1.47E-02 4.18E-02 3.36E-03 

0.5 1.95E-02 6.31E-02 1.52E-02 3.08E-02 8.70E-02 9.44E-03 

0.5 1.42E-02 2.60E-02 6.28E-03 1.22E-02 3.42E-02 4.80E-03 

0.5 6.68E-03 3.91E-02 9.36E-03 1.94E-02 5.52E-02 5.07E-03 

0.5 1.96E-02 5.90E-02 1.42E-02 2.87E-02 8.09E-02 8.97E-03 

0.5 1.05E-02 1.28E-02 3.13E-03 5.76E-03 1.60E-02 2.88E-03 

0.5 9.99E-03 4.65E-02 1.11E-02 2.30E-02 6.51E-02 6.24E-03 

0.5 1.89E-02 5.26E-02 1.26E-02 2.54E-02 7.17E-02 8.23E-03 

0.5 6.73E-03 1.32E-04 9.30E-05 4.45E-04 1.67E-03 1.04E-03 

0.6 1.26E-02 5.12E-02 1.22E-02 2.51E-02 7.13E-02 7.12E-03 

0.6 1.75E-02 4.42E-02 1.06E-02 2.12E-02 5.98E-02 7.17E-03 

0.6 2.91E-03 1.18E-02 2.73E-03 6.14E-03 1.79E-02 7.36E-04 

0.6 1.46E-02 5.32E-02 1.27E-02 2.60E-02 7.37E-02 7.62E-03 

0.6 1.55E-02 3.44E-02 8.33E-03 1.64E-02 4.61E-02 5.88E-03 

0.6 7.49E-04 2.22E-02 5.21E-03 1.12E-02 3.21E-02 2.34E-03 

0.6 1.57E-02 5.26E-02 1.26E-02 2.57E-02 7.25E-02 7.84E-03 

0.6 1.29E-02 2.38E-02 5.83E-03 1.12E-02 3.13E-02 4.39E-03 

0.6 4.10E-03 3.08E-02 7.24E-03 1.54E-02 4.37E-02 3.87E-03 

0.6 1.62E-02 4.97E-02 1.19E-02 2.41E-02 6.81E-02 7.55E-03 

0.6 1.00E-02 1.29E-02 3.28E-03 5.86E-03 1.62E-02 2.78E-03 

0.6 7.03E-03 3.73E-02 8.80E-03 1.85E-02 5.25E-02 4.95E-03 

0.6 1.59E-02 4.47E-02 1.08E-02 2.16E-02 6.10E-02 7.00E-03 

0.6 6.94E-03 2.19E-03 7.73E-04 6.64E-04 1.46E-03 1.23E-03 

0.6 9.46E-03 4.17E-02 9.86E-03 2.05E-02 5.82E-02 5.76E-03 

0.6 1.50E-02 3.81E-02 9.28E-03 1.83E-02 5.16E-02 6.18E-03 

0.6 3.79E-03 7.78E-03 1.58E-03 4.14E-03 1.23E-02 2.65E-04 

0.6 1.13E-02 4.38E-02 1.04E-02 2.14E-02 6.09E-02 6.25E-03 

0.6 1.35E-02 3.02E-02 7.47E-03 1.45E-02 4.05E-02 5.15E-03 

0.6 7.15E-04 1.66E-02 3.68E-03 8.41E-03 2.44E-02 1.64E-03 

0.7 1.26E-02 4.38E-02 1.05E-02 2.14E-02 6.04E-02 6.43E-03 

0.7 1.16E-02 2.15E-02 5.46E-03 1.02E-02 2.84E-02 3.97E-03 
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0.7 2.16E-03 2.41E-02 5.47E-03 1.20E-02 3.44E-02 2.83E-03 

0.7 1.32E-02 4.17E-02 1.01E-02 2.03E-02 5.73E-02 6.33E-03 

0.7 9.34E-03 1.25E-02 3.37E-03 5.89E-03 1.59E-02 2.70E-03 

0.7 4.74E-03 2.99E-02 6.88E-03 1.47E-02 4.22E-02 3.84E-03 

0.7 1.32E-02 3.79E-02 9.23E-03 1.84E-02 5.18E-02 5.88E-03 

0.7 6.86E-03 3.62E-03 1.29E-03 1.58E-03 3.58E-03 1.42E-03 

0.7 6.92E-03 3.38E-02 7.88E-03 1.66E-02 4.74E-02 4.48E-03 

0.7 1.27E-02 3.27E-02 8.07E-03 1.59E-02 4.44E-02 5.30E-03 

0.7 4.28E-03 4.77E-03 6.98E-04 2.48E-03 7.99E-03 2.20E-04 

0.7 8.66E-03 3.60E-02 8.47E-03 1.76E-02 5.01E-02 4.97E-03 

0.7 1.17E-02 2.64E-02 6.65E-03 1.28E-02 3.54E-02 4.52E-03 

0.7 1.71E-03 1.23E-02 2.50E-03 6.12E-03 1.83E-02 9.39E-04 

0.7 9.90E-03 3.63E-02 8.64E-03 1.77E-02 5.03E-02 5.21E-03 

0.7 1.03E-02 1.93E-02 5.04E-03 9.35E-03 2.55E-02 3.60E-03 

0.7 7.35E-04 1.87E-02 4.06E-03 9.17E-03 2.70E-02 1.97E-03 

0.7 1.06E-02 3.50E-02 8.42E-03 1.70E-02 4.81E-02 5.24E-03 

0.7 8.53E-03 1.19E-02 3.33E-03 5.80E-03 1.52E-02 2.57E-03 

0.7 2.97E-03 2.38E-02 5.33E-03 1.16E-02 3.38E-02 2.89E-03 

0.8 1.09E-02 3.21E-02 7.85E-03 1.57E-02 4.39E-02 4.96E-03 

0.8 6.56E-03 4.51E-03 1.60E-03 2.27E-03 4.95E-03 1.51E-03 

0.8 4.91E-03 2.74E-02 6.27E-03 1.33E-02 3.85E-02 3.52E-03 

0.8 1.07E-02 2.80E-02 6.98E-03 1.37E-02 3.80E-02 4.53E-03 

0.8 4.47E-03 2.54E-03 6.69E-05 1.10E-03 4.71E-03 4.90E-04 

0.8 6.50E-03 2.95E-02 6.86E-03 1.43E-02 4.11E-02 3.99E-03 

0.8 1.00E-02 2.30E-02 5.87E-03 1.13E-02 3.09E-02 3.93E-03 

0.8 2.35E-03 8.94E-03 1.61E-03 4.17E-03 1.35E-02 4.89E-04 

0.8 7.71E-03 3.01E-02 7.11E-03 1.46E-02 4.17E-02 4.25E-03 

0.8 8.99E-03 1.72E-02 4.58E-03 8.59E-03 2.28E-02 3.20E-03 

0.8 2.89E-04 1.45E-02 2.96E-03 6.82E-03 2.09E-02 1.37E-03 

0.8 8.51E-03 2.92E-02 7.05E-03 1.43E-02 4.03E-02 4.35E-03 

0.8 7.67E-03 1.11E-02 3.18E-03 5.69E-03 1.43E-02 2.37E-03 

0.8 1.63E-03 1.89E-02 4.13E-03 8.99E-03 2.69E-02 2.20E-03 

0.8 8.89E-03 2.71E-02 6.65E-03 1.33E-02 3.71E-02 4.17E-03 

0.8 6.13E-03 4.99E-03 1.73E-03 2.76E-03 5.82E-03 1.48E-03 

0.8 3.34E-03 2.21E-02 4.98E-03 1.06E-02 3.12E-02 2.78E-03 

0.8 8.87E-03 2.39E-02 6.00E-03 1.18E-02 3.25E-02 3.80E-03 

0.8 4.45E-03 9.14E-04 3.36E-04 7.35E-05 2.29E-03 6.47E-04 

0.8 4.78E-03 2.41E-02 5.55E-03 1.16E-02 3.37E-02 3.13E-03 

0.9 8.49E-03 1.99E-02 5.13E-03 9.96E-03 2.68E-02 3.37E-03 

0.9 2.71E-03 6.33E-03 9.72E-04 2.69E-03 9.65E-03 1.30E-04 

0.9 5.92E-03 2.49E-02 5.84E-03 1.20E-02 3.45E-02 3.40E-03 

0.9 7.78E-03 1.52E-02 4.11E-03 7.78E-03 2.03E-02 2.81E-03 

0.9 9.97E-04 1.11E-02 2.14E-03 4.99E-03 1.61E-02 8.77E-04 

0.9 6.73E-03 2.44E-02 5.85E-03 1.19E-02 3.36E-02 3.55E-03 

0.9 6.81E-03 1.03E-02 2.98E-03 5.41E-03 1.34E-02 2.15E-03 
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0.9 6.42E-04 1.49E-02 3.13E-03 6.97E-03 2.12E-02 1.61E-03 

0.9 7.20E-03 2.29E-02 5.61E-03 1.13E-02 3.13E-02 3.46E-03 

0.9 5.62E-03 5.18E-03 1.80E-03 2.95E-03 6.38E-03 1.42E-03 

0.9 2.13E-03 1.78E-02 3.90E-03 8.43E-03 2.50E-02 2.15E-03 

0.9 7.32E-03 2.04E-02 5.13E-03 1.02E-02 2.78E-02 3.20E-03 

0.9 4.29E-03 2.41E-04 6.39E-04 5.82E-04 3.64E-04 7.22E-04 

0.9 3.41E-03 1.97E-02 4.45E-03 9.40E-03 2.74E-02 2.48E-03 

0.9 7.14E-03 1.72E-02 4.47E-03 8.70E-03 2.33E-02 2.81E-03 

0.9 2.88E-03 4.34E-03 4.66E-04 1.64E-03 6.59E-03 9.66E-05 

0.9 4.46E-03 2.05E-02 4.76E-03 9.89E-03 2.84E-02 2.63E-03 

0.9 6.68E-03 1.34E-02 3.66E-03 6.96E-03 1.80E-02 2.41E-03 

0.9 1.45E-03 8.37E-03 1.47E-03 3.62E-03 1.21E-02 4.77E-04 

0.9 5.25E-03 2.03E-02 4.84E-03 9.91E-03 2.81E-02 2.81E-03 

1.0 5.97E-03 9.36E-03 2.76E-03 5.04E-03 1.24E-02 1.90E-03 

1.0 7.67E-05 1.17E-02 2.33E-03 5.29E-03 1.66E-02 1.11E-03 

1.0 5.76E-03 1.92E-02 4.70E-03 9.49E-03 2.64E-02 2.80E-03 

1.0 5.07E-03 5.16E-03 1.80E-03 3.05E-03 6.64E-03 1.32E-03 

1.0 1.21E-03 1.43E-02 3.02E-03 6.61E-03 2.00E-02 1.59E-03 

1.0 5.99E-03 1.73E-02 4.37E-03 8.69E-03 2.38E-02 2.63E-03 

1.0 4.03E-03 1.04E-03 8.34E-04 1.08E-03 1.07E-03 7.50E-04 

1.0 2.34E-03 1.60E-02 3.53E-03 7.54E-03 2.22E-02 1.91E-03 

1.0 5.95E-03 1.48E-02 3.87E-03 7.57E-03 2.03E-02 2.35E-03 

1.0 2.89E-03 2.82E-03 9.56E-05 7.98E-04 4.13E-03 2.31E-04 

1.0 3.29E-03 1.69E-02 3.85E-03 8.06E-03 2.33E-02 2.15E-03 

Average 0.055399 0.085709 0.129589 0.198461 0.301534 0.330392 
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Appendix E- Numerical values in frequency domain for all 

cases 

Frequency BS LS1 LS2 LS3 LS4 LS5 

0 9.32E-05 1.44E-04 2.17E-04 3.32E-04 5.05E-04 5.52E-04 

1 3.46E-05 5.37E-05 8.01E-05 1.22E-04 1.86E-04 2.03E-04 

2 1.82E-05 2.84E-05 4.18E-05 6.38E-05 9.71E-05 1.05E-04 

3 1.12E-05 1.76E-05 2.54E-05 3.87E-05 5.89E-05 6.34E-05 

4 7.57E-06 1.19E-05 1.68E-05 2.55E-05 3.89E-05 4.15E-05 

5 5.42E-06 8.56E-06 1.17E-05 1.77E-05 2.71E-05 2.86E-05 

6 4.07E-06 6.43E-06 8.50E-06 1.28E-05 1.95E-05 2.06E-05 

7 3.18E-06 5.00E-06 6.41E-06 9.60E-06 1.46E-05 1.56E-05 

8 2.60E-06 4.02E-06 5.11E-06 7.59E-06 1.14E-05 1.28E-05 

9 2.26E-06 3.37E-06 4.44E-06 6.55E-06 9.71E-06 1.19E-05 

10 2.12E-06 2.96E-06 4.32E-06 6.36E-06 9.26E-06 1.24E-05 

11 2.13E-06 2.76E-06 4.64E-06 6.88E-06 9.89E-06 1.41E-05 

12 2.29E-06 2.77E-06 5.33E-06 7.93E-06 1.13E-05 1.66E-05 

13 2.58E-06 2.95E-06 6.31E-06 9.44E-06 1.35E-05 1.98E-05 

14 3.00E-06 3.31E-06 7.61E-06 1.14E-05 1.64E-05 2.39E-05 

15 3.58E-06 3.87E-06 9.30E-06 1.40E-05 2.01E-05 2.92E-05 

16 4.37E-06 4.68E-06 1.16E-05 1.74E-05 2.50E-05 3.62E-05 

17 5.48E-06 5.83E-06 1.47E-05 2.22E-05 3.19E-05 4.58E-05 

18 7.13E-06 7.55E-06 1.94E-05 2.93E-05 4.22E-05 6.01E-05 

19 9.82E-06 1.04E-05 2.70E-05 4.09E-05 5.89E-05 8.34E-05 

20 1.50E-05 1.58E-05 4.18E-05 6.32E-05 9.12E-05 1.28E-04 

21 2.90E-05 3.04E-05 8.26E-05 1.25E-04 1.81E-04 2.51E-04 

22 0.00422271 0.004445354 0.012659486 0.019166148 0.027787104 0.037467814 

23 0.004222401 0.004637875 0.01329955 0.020110331 0.029140927 0.038510087 

24 6.24E-05 2.46E-04 2.09E-04 2.67E-04 3.72E-04 4.96E-04 

25 2.75E-05 2.16E-04 6.58E-05 4.75E-05 1.11E-04 2.18E-04 

26 9.42E-05 1.86E-04 1.09E-04 2.57E-04 6.15E-04 9.95E-05 

27 1.06E-04 9.34E-05 5.44E-05 1.41E-04 2.80E-04 5.69E-05 

28 7.50E-05 1.35E-04 1.08E-04 1.84E-04 4.57E-04 1.13E-04 

29 3.31E-05 1.04E-04 5.62E-05 3.44E-05 6.57E-05 1.22E-04 

30 7.95E-05 4.60E-05 8.20E-05 8.17E-05 1.53E-04 1.87E-04 

31 5.57E-05 1.69E-05 4.51E-05 6.77E-05 1.12E-04 2.06E-04 

32 9.03E-05 5.16E-05 2.21E-05 5.62E-05 9.31E-05 2.28E-04 

33 9.96E-05 3.97E-05 1.56E-05 3.60E-05 4.20E-05 2.34E-04 

34 1.10E-04 3.63E-05 2.59E-05 2.44E-05 1.16E-05 2.17E-04 

35 1.13E-04 3.31E-05 4.14E-05 2.24E-05 3.14E-05 1.86E-04 

36 1.19E-04 1.37E-05 4.37E-05 1.90E-05 2.70E-05 1.59E-04 

37 1.02E-04 1.05E-05 4.88E-05 2.33E-05 5.70E-05 1.39E-04 

38 7.62E-05 1.14E-04 2.69E-05 2.18E-05 6.49E-05 1.18E-04 

39 5.37E-05 9.14E-05 3.05E-05 1.07E-04 2.76E-04 1.15E-04 

40 3.70E-05 1.04E-04 1.65E-05 4.77E-05 9.37E-05 7.32E-05 

 




