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Abstract

The aim of this paper is to numerically investigate Vibration-Based Leak Detection (VBLD) method in pipeline systems based
on Fluid-Structure Interaction (FSI) analysis to predict leakages. In previous investigations, laboratory tests were widely
used to study the VBLD technique in small-diameter water loop system pipes. The current project uses Ansys Workbench to
extend these findings by integrating Computational Fluid Dynamics (CFD) with Finite Element Analysis (FEA). The study
outlines a numerical method for VBLD to identify leakages in a 90-degree pipe elbow by predicting variations in vibration
signals, with applications in the oil and gas industry. Firstly, changes in fluid behaviour (centrifugal force, pressure drop,
secondary flow, and frictional force) experienced in the internal pipe wall resulting from a probable leakage (modelled as
an additional outlet) are determined using CFD. Subsequently, the CFD results are coupled with FEA to model structural
responses of the pipe walls subjected to different forces. This in turn allows the variations in vibration signals to be measured.
The numerical approach presented in this paper based on FSI and incorporating the VBLD method provides a practical and
convenient early detection tool that can complement physical vibration monitoring equipment in the field.

Keywords VBLD - CFD - Turbulence modelling - Pipe flow - FEA - FSI
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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

RMS  Root mean square

FFT Fast Fourier transform

DOF  Degree of freedom

GIT Grid independence test

BS Baseline system

LS Leak severity

LQA  Leak quantification assessment

1 Introduction

Several pipeline leak detection methods have been devel-
oped and tested over the last few decades based on various
principles and approaches such as acoustic emissions [1,
2], fibre optic sensors [3, 4], pressure based methods [5-7],
ground penetration radar [8, 9], dynamic modelling [6, 10],
and mass volume balance [11, 12]. These methods have been
classified in different ways, for instance, some researchers
have divided them into two main categories namely hard-
ware and software-based approaches [13, 14]. While other
researchers have distinguished the methods based on tech-
nical aspects and categorised them into three main groups:
internal, external, and non-technical methods [14, 15].

Adegboye et al.[16] recently conducted a comprehensive
literature review on pipeline monitoring and leak detection
techniques employed in the oil and gas sector. The work
discussed different approaches and summarised the current
state of the art, including the strengths and weaknesses of
each technique. A comparative performance analysis was
also carried out to suggest the most suitable approach for
specific operating conditions. Adegboye et al. [16], then
classified the different leakage detection methods into
three main categories: exterior methods, visual/biological
methods, and interior/computational methods. The exte-
rior approach uses numerous man-made sensing systems
attached to the outer surface of pipelines to physically detect
leaks. Visual method can be carried out by a trained and
experienced worker to detect leakages whereas, the interior
approach employs software-based methods.

It’s worth noting that although several leak detection tech-
niques have been developed over the years, each approach
has limitations and may only be appropriate for certain
applications and/or be imprecise [17]. Since pipelines are
generally favoured as a safer and cheaper way of transporta-
tion compared to trucks and tankers [18], there is a desire to
enhance existing leak detection methods of pipeline systems.
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Vibration-Based Leak Detection (VBLD) method has
been introduced as one effective way of overcoming the limi-
tations of the previously employed acoustic approach. The
relative performance between the two methods was com-
pared in an experimental study, and it was determined that
vibration sensors are more accurate than acoustic sensors
when it came to detecting and locating leakages in pipelines
[19]. The advantageous characteristics of the VBLD tech-
nique are its sensitivity to small changes, low maintenance
and cheaper running costs. The VBLD method detects early
signs of leakages by using accelerometers to monitor fluc-
tuations in vibration signal as a consequence of any changes
in flow behaviour. The sensors are mounted on the pipe-
line external surface and connected to a computer software
[19]. Other researchers have also concluded that the VBLD
approach is highly reliable for early leak detection and is
popular because of its non-invasive nature [16, 20, 21].

The VBLD principle relies on Fluid—Structure Interac-
tion (FSI) phenomena [22-24], and to understand it requires
a sufficient knowledge of the fluid flow behaviour and the
effect on the pipe structure. Since our research is focused on
the VBLD approach, we will be discussing the concept in
greater detail. Additionally, we will be drawing from numer-
ous research studies in this area.

We will start by briefly looking at the history of the grad-
ual introduction of vibration-based approaches in monitoring
and detecting leakage in pipelines. Back in 2010, Shinozuka
et al. [10], proposed a new method using maximum pipe
acceleration gradient (MPAG) instead of the widely used
maximum water head gradient (MWHG) at that time. The
study was conducted experimentally on a small diameter
pipe water network and concluded that external acceleration
monitoring could effectively replace the expensive process
of water pressure monitoring using invasive pressure gauges.

In a 2014 study, Ismail et al. [25], proposed a monitor-
ing technique for water pipeline systems using six degrees
of freedom (DOF) accelerometer sensors (MPU6500) to
detect pipes with and without leakage. The experimental
investigation was conducted on a small diameter pipe water
network, and they observed an inverse relationship between
water pressure and pipe vibration, making it difficult to dis-
tinguish between normal and abnormal states, particularly
at high pressure. But at low pressure they determined that
vibration sensors were effective for detecting pipe leakage.

The same year, Martini et al. [26], experimentally evalu-
ated the performance of vibration monitoring for leak
detection and established the specifications for prototypal
acquisition equipment. The study found that suitable sta-
tistics derived from raw acceleration data could be used to
detect burst leaks as long as the system was free of external
disturbances. The preliminary findings were used to design
acquisition equipment and implement a prototypal detection
algorithm.
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The following year, Martini, Troncossi and Rivola [27],
launched a larger experimental program to collect vibra-
tion data from actual burst leaks discovered and fixed in
the water distribution network utility. The study confirmed
the effectiveness of the previously proposed prototype algo-
rithm for leak detection. As the approach was based on a
basic standard deviation calculation of the raw signals, it was
relatively simple to build and required very little computer
power. With the use of adequate band-pass filters, all the
analysed leaks were detected satisfactorily.

In 2017, Yazdekhasti et al. [28], developed an enhanced
method for detecting leaks. This was achieved by continu-
ously monitoring changes in the correlation between surface
acceleration measured at discrete points along the pipeline
length. The experimental study established a leak detection
index (LDI) to identify the onset and subsequently analyse
the severity of leaks based on the cross-spectral density of
observed pipe surface accelerations. LDI was successfully
shown to be sensitive to leak-induced signals while being
impervious to out-of-control external disturbances. The
study also found a strong link between LDI and leak sever-
ity. The following year, Yazdekhasti et al. [29], extended the
investigation of the LDI-based approach on a more complex
experimental set-up that included bends, T-joints, numerous
loops, multiple pipe sizes, and multiple leaks. They con-
cluded that detecting leakages in more complex pipeline
networks was challenging.

Okosun et al. [30], presented another novel method in
2019. They implemented piezoelectric sensors that trans-
formed strains from vibration into electrical signals. The
approach used vibration sensing to detect, monitor, and
localise water pipe breaches ranging from minor leaks to
burst leaks at various flow rates. Their findings suggested
that piezoelectric sensors could be used to satisfy three of
the four goals of structural health. Building on this work,
Okosun et al. [31], went on to develop a numerical model
using CFD and FEA and compared it to existing experimen-
tal studies in a controlled laboratory setting. In 2020, they
numerically validated their model and provided guidance
for parameter selection and modelling. They successfully
demonstrated the repeatability of results and showed that
their numerical model could determine the best distribution
frequency of sensors, enabling the detection of the small-
est leak of consequence under a known or established flow
condition.

More recently, Yang et al. [32], introduced a comprehen-
sive leak monitoring approach in a 2022 study that enables
simultaneous leak detection, localisation, and volume rate
estimation in above-ground liquid pipelines. The research-
ers experimentally and numerically validated their method
and found that the amplitude of vibration could be utilised
to estimate the leak volume rate without needing to know
the matching flow rate beforehand in the event of a leak. The

researchers developed a leak-induced vibration model, which
adequately represented the leak force and found that the size
of an actual leak force and the volume flow rate of leakage
were empirically related.

While acknowledging the above-mentioned studies and
several trials that demonstrate 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 and shortage of research into large-diameter
pipes. Additionally, there are questions about the applica-
bility of the VBLD approach in the oil and gas industry,
particularly in large-diameter 90-degree pipe elbows, where
the flow regime is complex and difficult to quantify.

Computational modelling is presented in this study to
explore the VBLD approach in 90-degree pipe elbow with
applications in the oil and gas industry. This study was car-
ried out by investigating the pipe Flow-Induced Vibration
(FIV) in normal (without leak) and abnormal (different leak
scenarios) conditions. Based on the conclusions and recom-
mendations from our previously published study [34] of the
wall y* approach, Reynolds Stress Model (RSM) is coupled
with a FEA to simulate the FSI using one-way coupling.
The employed RSM turbulence model and subsequent FSI
approaches are initially validated against published experi-
mental and numerical results.

The current study focuses on the flow behaviour and
detection of probable leakages in a 90-degree pipe elbow,
which is common in many piping systems including those
widely used in the oil and gas industry. According to obser-
vations by Ejeh et al. [33], an increase in pipe curvature
angle results in an increase in erosion rate. This implies that
potential leakage could occur at other elbow angles rang-
ing anywhere between 0-180 degrees, with some curva-
ture angles being more critical than others. The same study
included a sensitivity analysis which concluded that the
erosion rates are influenced by particle flow rate, mass, and
density. For further details refer to the comprehensive article
by Ejeh et al.

2 Model description and simulation
procedures

This study 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 explore the VBLD approach
and find out if its capable of assessing leakages with dif-
ferent damage severities (small or large) in 90-degree pipe
elbows, in which, the flow regime is complex and difficult
to be simply characterized. Data was collected from Mel-
litah Oil and Gas Company, Libya for this computational
study. This includes the fluid (crude oil) properties, flow
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Fig.1 Computational domain Inlet Flow
—

of the 90-degree pipe elbow

0.D=0.4064m

T=0.02619 m
Table 1 Fluid propertics Fluid properties  Crude oil
Density 694 kg/m?
Viscosity 0.00122 Pa.s
Specific gravity ~ 0.696
Pressure 4e+6Pa
Velocity 0.5 m/s

Table 2 Pipeline material specifications

Pipe schedule Material Outer diameter (O.D) Wall thickness

SCH100 Carbon Steel 0.4064 m 0.02619 m

rate, Reynolds number, pipeline material specifications, pipe
elbow features and supports. The computational domain is
illustrated in Fig. 1.

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 (R /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, fully developed flow, and
incompressible in this study. The light crude oil is a New-
tonian fluid [37], with fluid properties (light crude oil) are
presented in Table 1.

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 2.

One-way FSI coupling technique is used to model
fluid—structure interaction. It is assumed that the fluid flow
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Flow

Reynolds number = 107,195
Upstream Pipe Length =2 m

Downstream Pipe Length =4 m
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Internal Pipe Dimater =0.38 m

Curvature Radius Ratio (R/D) = 1.5
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affects the structure, but the structure does not significantly
impact the fluid flow. Ansys Workbench software is used to
perform this one-way FSI coupling analysis. The FEA model
of the structure is created in Ansys Mechanical, and the CFD
model of the fluid flow is created in Ansys Fluent. The FSI
analysis system is then used to transfer the results of the
fluid flow simulation from the CFD model to the structural
FEA model. The coupling between the fluid and structure is
defined as a one-way coupling, where the fluid is treated as
a load on the structure and the structure is treated as a rigid
body that is not affected by the fluid flow. The simulation
calculates the deformation of the structure due to the fluid
load and the resulting displacement of the fluid flow, which
is used to predict the pipe dynamic behaviour in a form of
vibration signal. This technique was performed for all cases
scenarios including a state without leaks and incidences
of leaks with different severities based on their sizes. The
simulations were carried out for horizontal pipe flow and
gravity force was taken into consideration (activated) when
employed the RANS turbulence modelling. The CFD (fluid
domain) and FEA (structure domain) setups and simulations
are presented in detail next.

2.1 Fluid domain

Fluid domain simulation is the first part of the FSI prob-
lem that deals with turbulent pipe flow. In a 90-degree
pipe elbow, the main forces of fluid flow are caused by
changes in velocity and direction of the fluid. These forces
include centrifugal force, pressure drop, secondary flow,
frictional force, and gravity force. Centrifugal force is due
to the fluid being forced outward towards the outer edge
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of the bend, while pressure drop is caused by the changes
in velocity and direction. Secondary flow patterns, such
as swirling or vortices, can further increase turbulence
and pressure drop. Finally, the fluid experiences frictional
forces due to the friction between the fluid and the inner
surface of the elbow, which can lead to energy loss and
decreased flow rate. Understanding these forces is impor-
tant for optimizing pipe design and ensuring efficient fluid
transport. Consequently, complexity arises from the inter-
nal 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.

To balance between the accuracy of numerical solutions
and computational costs, an appropriate mesh configuration
should be carefully selected. Therefore, the wall y* approach
which previously published by Abuhatira et al. [34] is imple-
mented to balance between the computational cost and time.
This technique builds on the recommendations of previous
studies by Salim et al.[35-37] for using wall y* approach
as guidance for reliable mesh and turbulence model selec-
tion in bent pipe flow studies. This approach is proposed
to also reduce the time spent on the grid independence test
(GIT) which involves time-consuming procedures. The wall
y* approach has previously been shown to be successful in
selecting an appropriate near wall treatment and correspond-
ing turbulence model, and it might remove the necessity of
physical validation when experimental data is unavailable
or is difficult to obtain. Therefore, while also considering
the recommendations from the recently published paper by
the same authors [34] of the wall y* approach, 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 to be within the viscous
sublayer (= 5) by generating a fine mesh near the wall. This
is illustrated in Fig. 2.

In addition to the important numerical simulations of
the wall y* approach accessible in the published work by
the same authors [34], a comparison is made between the
pressure drop (AP) of crude oil obtained from the RSM
and that which was calculated theoretically employing the
Darcy-Weisbach Eq. (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 [38]. A comparison is pro-
vided below to substantiate the validation of the RSM [38].

AP pu?

AT .

where L is the length of the pipe (upstream and down-
stream), D is the internal pipe diameter, p is fluid density, u
is the mean flow velocity and f is the Darcy friction factor,
obtained from Eq. (2) [38].

Fig.2 Fluid Domain Mesh y* ~ 5 (viscous sublayer)

1 e/D 251
— = —20logl0| == + 2
o <3~7 w) ”

where (¢/D) is the carbon steel relative roughness which
equals to 1.18 X 10~ mm. However, the pressure loss in the
90-degree elbow is obtained by Eq. (3) [39].

U ———+ %kbpu

1 2
~F
27" "D 180

AP = 3

where F is the Moody friction factor, p the density,u the
mean flow velocity,R,, the bend radius, D the pipe diam-
eter, 0 the bend angle, and k, the loss coefficient of bend
pipe which equals to 0.3. The k, is obtained from the loss
coefficient of bend pipe graph [39]. The centreline radius
of the pipe bend is divided by the internal pipe diameter (
(g '3680 0926 = 1.603) and k;, is then obtained using the graph.

A comparison between the numerical simulation and
theoretical solutions of the pressure loss in the pipe seg-
ment with 90-degree elbow for four Reynolds numbers
is presented below in Fig. 3. 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 valida-
tions 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 dimension-
less quantity used to classify fluid systems where viscos-
ity plays a significant role in regulating fluid velocities or
flow patterns and to determine whether a fluid is flowing
laminarly or turbulently [38]. The Reynolds number can
be obtained by Eq. (4) [38].

@ Springer
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Fig.3 Comparison between the numerical simulation and theoretical
solutions of the pressure loss in the 90-degree pipe elbow segment

pvD
Re p 4)
where p is the fluid density, v is the fluid velocity, D is the
pipe diameter, and y is the fluid viscosity.

According to Mellitah Oil and Gas Company operational
team, the designed Reynolds number for their pipeline sys-
tem 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 were cal-
culated for the purpose of verification and validation only.

Referring to Fig. 3, for low Reynolds numbers, it shows
clear agreement between the RSM and the theoretical
results. When the Reynold number is between 1x 10> and
3% 10° the RSM performed well with low error percent-
age. In contrast, discrepancy is observed when the Reynold
number is high (between 3.8 x 10° and 5 x 10°), though it 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 (1 X 10°), and the error
percentage in this situation is less than 1%.

For quantitative assessment, more details of the com-
parison between the numerical simulation and theoretical
solutions of the pressure loss are presented in Table 3. This
includes the error percentage between the theoretical and
simulation results.

The data demonstrated in Table 3 shows good agreement
between the RSM and theoretical solutions. The percent-
age 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 percent-
age is still acceptable and reached 5.669% and 9.078%,
respectively. An additional noteworthy observation is that
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Table 3 Comparison between the numerical simulation and theoreti-
cal solutions of the pressure loss in the pipe segment with 90-degree
elbow for four Reynolds numbers

Reynolds number  Theory RSM Error (%)
(Re)

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 Darcy friction factor (f) marginally increased with
decreasing Reynolds number as illustrated in Table 4. This
is because of the inverse relationship between the Reynolds
number and friction factor [31].

Based on the research of the wall y* technique accessible
in the published work by the same authors [34], 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. The RSM will be used to predict fluctuations of
internal pipe wall pressure caused by changes in flow field
parameter (pressure drop) that are induced by leaks. The fol-
lowing sub-section also presents the structure domain, which
includes the FSI part, by studying the pipe FIV in normal
(without leaks) condition.

2.2 Structure domain

The second part of the problem deals with the structure
domain and addresses the vibration response of the exter-
nal pipe surface produced by the internal pipe wall pressure
fluctuations. To computationally investigate the vibration
response of the external pipe surface produced by the inter-
nal pipe wall pressure fluctuations, certain FEA processes
should be followed. This includes the structure meshing,
and FEA validation and verification. The procedure typi-
cally started with the creation of a CAD model of the sys-
tem, which was then divided into smaller, finite elements.
Each element was then assigned material properties, bound-
ary conditions, and loads. Once the FEA model had all the

Table 4 The relationship

o Reynolds num-
between Darcy friction factor (f)

Darcy fric-

ber (Re) tion factor
and Reynolds Number (Re) )
107,195 0.0183
216,283 0.0163
324,425 0.0154
432,566 0.0148
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required inputs, it would solve the system of equations
governing the behaviour of the elements. The results of the
analysis would then be post-processed and visualized to
identify areas of stress, deformation, or other parameters of
interest. 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 through-
out 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 Fig. 4.
Grid Independence Test (GIT) for the structure domain
was performed to verify the numerical solution of the FEA
after the FSI model was coupled by importing the pres-
sure field from the CFD domain to the structure domain as
explained in the previous section. The vibration signal in a
form of acceleration (m/s?) was obtained by the FSI model
employing five different meshes based on the total number of
elements in each grid taking into consideration the simula-
tion time for each case. The total number of elements varies
from grid to another in a range between 8000 and 14,000
elements in each grid. This is demonstrated in Fig. 5.
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 13,948 elements. The highest difference was
9% that was obtained from the coarse mesh which com-
prises 8395 elements. The difference percentage gradually
decreased when the total number of elements is increased
by employing finer meshes. The FEA solution became more

117
1
1
T

11T
1
1
T

Fig.4 The FEA mesh structure

0.056 250
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Acceleration (m/s?)
Simulation Time (min)

0.051

Simulation Time (min) - 50
0.05

0.049 0
8000 9000 10000 11000 12000 13000 14000

Number of Elements

Fig.5 Grid Independence tests (GIT) for FEA solution

stable when the total number of elements was between
10,989 and 13,948. Therefore, the fine mesh that contains
12,341 elements was selected as optimum with an error of
0.45% from the very fine mesh to balance between the com-
putational cost, time, and mesh quality.

The employed RSM turbulence model and subsequent
FSI approaches are initially validated against published
experimental and numerical results. The FSI model was vali-
dated using experimental and numerical data made available
by Pittard et al. [40] prior to beginning the targeted study
related to 90-degree pipe elbow flow.

Pittard et al. [40] 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 sub-
stantial relationship between pipe vibration and flow rate.
According to the results provided by Pittard et al. [40], the
pressure variations on the pipe wall have a nearly quadratic
relationship with the flow rate. It is concluded that the find-
ings of the experiments and numerical modelling show that
the flow rate and the acceleration of pipe vibration have a
strong relationship.

Pittard et al. [40] 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.

After the FSI model of the current research is developed
by coupling the RSM that solves the viscous sublayer with

@ Springer
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FEA structural model to investigate pipe FIV, it is validated
using the experimental and numerical data provided by Pit-
tard et al. [40] as illustrated in Fig. 6.

The RSM that solves the viscous sublayer and is coupled
with the FEA structural model performed well when com-
pared 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 1x 10° and 3 x 10°).

In contrast, the LES performed much better than RSM
when the Reynold number is high (between 3.8 x 10° and
5% 10%). 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 [41]. However, this is not the case in the targeted
study related to 90-degree pipe elbow flow as the Reynolds
number is only 1x 10°. The RSM is suitable for this cur-
rent 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].

3 Numerical set up of the VBLD approach

The dynamic response of the pipe segment is simulated
using the developed FSI Model of the current research by
coupling the RSM that solves the viscous sublayer with
FEA structural model. The frequency response data is ana-
lysed to detect and classify leaks. The FEA model of the
pipe with 90-degree elbow is created, and boundary con-
ditions are set up to simulate the types of loads and con-
straints that the pipe section is subjected to. A simulated
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Fig.6 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. [41]
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leak is introduced into the model, and a dynamic analysis
is run to simulate the vibration response of the pipe to
the fluid flow and any leaks. Changes in the frequency
response of the pipe elbow can indicate the presence of a
leak, and signal processing techniques is used to extract
features from the frequency response data to classify the
severity of the leak. The validity of the simulation results
can be established using experimental data or other ana-
lytical methods in future.

Work published in 2020 by Ejeh et al. [33] informed
the location of the modelled leak in the current study for a
90 degree pipe elbow. Their findings revealed that the rate
of erosion in a pipe is influenced by the particle flow rate,
mass, and density. The fluid flowing through the elbow
generates a high velocity and pressure gradient, which
results in a large centrifugal force acting on the fluid at the
bend of the elbow. The centrifugal force causes the fluid to
move towards the outer or inner radius of the elbow, which
leads to a lower pressure near the centre of the outer or
inner radius compared to the surrounding area. The pres-
sure difference across the thickness of the elbow wall can
cause stress concentration, which can lead to cracks or
other types of damage, resulting in leaks. Therefore, the
leak point in this current project is assumed to be in the
centre of the elbow, as is shown in Fig. 7 below.

For dependable observation of the computational
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 Fig. 7. Leaks in pipes are modelled based on measurable
quantities such as flow rate, pressure, and temperature. In
the present study however, the vibration signal of the pipe
surface is instead used to detect any leakages.

Six scenarios demonstrated in Table 5 are examined
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.

Figure 8 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—LSS.

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. 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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Fig.7 The leak point in the
centre of the elbow

Table 5 All pipe state
simulation cases (free leak and
leaks occurrence)

Fig.8 Leak points and sizes
including case IDs

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) 0.002 m x 0.1 m 0.051

LS2 Leak severity (based on size) 0.002 m x 0.2 m 0.148

LS3 Leak severity (based on size) 0.002 m x 0.25 m 0.175

LS4 Leak severity (based on size) 0.002 m x 0.30 m 0.206

LS5 Leak severity (based on size) 0.002 m X 0.35 m 0.245

Leak Point

@ Springer
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4 Numerical results and discussion

The results of the fluid and structure domains are demon-
strated 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.

4.1 Fluid domain results

The fluid domain is the first part of the problem that is care-
fully investigated and monitored. The velocity and pressure
contours of the pipe segment in normal condition (without
leak) are illustrated in Fig. 9a, b, respectively), to demon-
strate the fluid flow behaviour in such pipe segments.

In reference to Fig. 9, the foremost feature of flow through
a 90- degree pipe elbow is the occurrence of a radial pres-
sure 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 Fig. 9a, according to the adverse pressure
gradient. The highest-pressure concentration occurred in the
centre of the elbow at the outer radius (outer pipe wall), as
is shown in the pressure contour in Fig. 9b. This resulted in
a secondary flow caused by an imbalance between the pres-
sure 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,

a) b) |
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Fig.9 Velocity and pressure contours of the 90-degree pipe elbow
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Fig. 10 Pressure distribution along the pipe wall in the case of nor-
mal condition (without leak)

essential because pressure distribution is critical for high-
lighting 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 10 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, Fig. 11 shows the pressure field during an
abnormal condition (with a leak).

In Figs. 10 and 11, 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 Fig. 11, when compared with the normal flow
condition (without leak) as is shown in Fig. 10. This sud-
den 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

120 _.----» Leak point |
——— Pipe Inner Wall

[
100 o
Pipe Outer Wall ’

Pressure (Pa)
f
|

Radial Angular Coordinate of the Pipe Segement (m)

Fig. 11 Pressure distribution along the pipe wall in the case of abnor-
mal condition (with leak)
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when there is no leak (normal condition) because the vibra-
tion 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 distribu-
tion in the outer pipe wall is displayed in all scenarios (with
and without leaks), as shown in Fig. 12. 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.

It is observed that, with the extent of the leakage, the
pressure distribution in the centre of the elbow (leak loca-
tion) changes. The pressure drop area grows in proportion
to the size of the leak source. This is demonstrated by the
plotted lines in Fig. 12. The displayed continued line (blue
line) 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 char-
acteristics 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(0=90°), as shown in Fig. 13.

The X/D represent the location where the velocity com-
ponents are plotted, and /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 quanti-
ties 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.

In summary, 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
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Fig. 12 Pressure distribution in the outer pipe wall in all scenarios
(with and without leaks)

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 the focus of this research in which it is
carefully investigated and monitored.

4.2 Structure domain results

Since the focus of this research is the VBLD method, the
six scenarios illustrated in Table 5 are investigated using the
vibration signal analysed in the time and frequency domains.
Figure 14 shows the vibration signals in 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 sever-
ity based on size. It is noticeable that the vibration signal
changes when a leak occurs. For instance, although the first
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Fig. 13 Comparison of the velocity profile with and without leaks
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Fig. 14 Vibration signals in the time domain for all cases
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leak (LS1) is very small, an alteration in vibration signal is
visible when compared to the baseline system (BS) without
leaks.

The quantification of vibration signals involves measuring
and analysing the characteristics of the signal to understand
its frequency, amplitude, and other properties. Since the
vibration signal is now measured using numerical simula-
tions, the signal processing techniques are used to remove
any noise or interference. The signal is analysed using FFT
and time-domain analysis, to determine its frequency and
amplitude characteristics. Peak value, and frequency spec-
trum are calculated to quantify the signal.

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 Fast Fourier Transform
(FFT) is a powerful algorithm that computes the Discrete
Fourier Transform (DFT) of a set of samples. DFT is a math-
ematical transformation that divides time domain samples
into their frequency components. The time function is trans-
formed 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 FFT for better observation. This is
demonstrated in Fig. 15.

With reference to the Fig. 15, all vibration amplitudes
(with and without leaks cases) were detected at a fre-
quency of 23 Hz. The vibration amplitudes were measured
as total acceleration which are 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, mean-
ing 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 com-
pared to the normal operating condition (BS). The changes
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Fig. 15 Vibration signals in the frequency domain for all cases
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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.

4.3 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 Fig. 16.

The vibration amplitude level is expressed in acceleration
(m/s?). 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 char-
acteristics 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 has the ability to detect small leaks
with greater clarity. Specifically, in a scenario where there
is a very small leak (LS1) and no leak present (BS), the
difference is not easily distinguishable when the vibration
signal is plotted in the time domain (as shown in Fig. 14)
or frequency domain (as shown in Fig. 15). However, when
the LQA is utilized, the difference becomes much more
pronounced.

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 6.

To conclude, the pipe vibration signal changes when a
leak occurs. It is evident that the vibration signal increases
as the leak size increases. LQA is more reliable in detecting
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Fig. 16 Leak quantification assessment for all cases
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Table 6 All pipe state simulation cases (without leaks and with leaks)

Acceleration (m/s?) Difference from

BS Scenario (%)

Scenario ID

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

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.

5 Conclusions

The present research adds to the growing field of study on
vibration-based approaches for detecting leakages in pipe-
lines. Majority of the previous work have focused on experi-
mental investigations in small diameter water pipe networks.
This study presents a computational-based VBDL model
as a safer, cheaper and less invasive alternative to physi-
cal monitoring and testing. CFD simulations are coupled
with FEA analysis to carry out vibration monitoring in a
90-degree pipe elbow with the aim of detecting possible
leakages. A noticeable pressure drop is observed at modelled
leak points and these manifests as changes in vibration signal
which can easily be monitored externally using vibration
sensors. This offers a cost-effective early detection tool for
use in industry and out in the field. The study shows the cor-
relation between pipe vibration and possible leakage points:
the vibration signal increases as the leak size increases. The
authors recommend carrying out further investigations on a
range of pipe elbow angles, spanning from O to 180 degrees.
This would enable a more comprehensive assessment of the
effectiveness of VBLD in detecting leaks in complex pipe
system.
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