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Abstract: Water leaks from pipelines have large economic and ecological impacts. Minimizing
water loss from supply pipelines has favorable effects on the environment as well as on energy
consumption. This paper aims to understand the effect of the geometry of a leaking crack in a pipe
wall by examining fluid flow characteristics, namely pressure and velocity distributions, inside the
pipe. Practical observations show that the cause of wall rupture influences the geometry of cracks
formed in a pipe wall, impacting aspects such as excessive pressure, corrosion. Knowledge of fluid
flow characteristics could help in detecting and identifying leak characteristics at an early stage and
assist in improving the energy and resource efficiency of water supply services. An experimental
setup is developed to detect water leakage in a pipe when the leak is at an early stage and is difficult
to detect by visual inspection. A computational fluid dynamic (CFD) model is developed using
the COMSOL software. A comprehensive analysis of the effect of leak geometry on pressure and
velocity distributions along the pipe is carried out while considering factors such as different pipe
sizes, leak geometries, and steady-state flow conditions. It is observed that both velocity and pressure
magnitudes rapidly fluctuate in the vicinity of leaks. Leaking cracks with slot, circle, and square
shapes are found to generate distinguishing pressure and velocity distributions along the pipe. Thus,
the geometry of the leaking crack and potentially its root cause(s) could be predicted by measuring
velocity and pressure distributions.
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1. Introduction
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Transportation through pipelines is one of the most feasible modes of delivering water,
oil, and gas over far distances. The most significant risk associated with this mode of fluid
transportation is that of pipelines bursting due to pressure surges and corrosion. This
unavoidable rupturing leads to leakage of the transported fluid, increasing the risk of
economic and environmental losses [1]. Detection of pipeline leakage and its repair at an
early stage is very critical as leaks can cause significant destruction to the surrounding
infrastructures [2,3]. There are several leak localization/detection methods proposed that
have been developed over the years [4,5]. Usually, pipes conveying water are underground;
thus, finding the exact location of a leak in a pipe wall is not an easy job. Without any
preemptive method, leaks are usually detected whenever there is water coming out of the
ground in the event of a significant pipe rupture. Acoustic-based leak detection techniques
are proactive approaches. A skilled expert scans the suspected location, and the generation
of an unexpected sound identifies the presence of a leak. However, the accuracy and speed
of the process solely depend on the skills of the expert [6,7]. Inspection of the ground
surface through a penetration radar is another approach used to detect leakage in water
pipes. The penetration radar identifies the voids in the ground surface created by water
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leaks, thus specifying the exact leak location. However, the presence of underground metals
can affect equipment sensitivity which limits the use of this method in particular areas [8,9].
An algorithm was designed and tested to detect and locate leaks in water pipelines by
utilizing a state observer [10,11]. A comprehensive review of leak detection methods covering involved technologies for condition evaluation of water pipelines was presented
in [12]. The most common tools utilized for leak detection were pressure transducers and
vibration/acoustic sensors [13–16]. Zhang et al. [17] used a dynamic pressure transmitter
for leak detection in remotely located oil and gas pipelines. Chatzigeorgiou et al. [18]
considered pressure gradients in the vicinity of a water pipe leak as self-sufficient leak
detection measures. C. W. Liu et al. [19] proposed an acoustic wave-based leak detection
method, showing that the wave propagation method could be more efficient as compared
to traditional time difference techniques. Zhang et al. [17] introduced a dynamic pressure
transmitter [DPT] for leak detection in remotely located oil and gas pipelines. Chatzigeorgiou, Youcef-Toumi, and Ben-Mansour [18] used pressure gradient in the locality of the
leak as a self-sufficient leak detection technique, thus eliminating the need of an expert
user. A prototype of the concept was built and tested to evaluate its performance in real
experimental conditions. An acoustic wave-based leak detection method was proposed by
C. W. Liu et al. [19], who showed that the wave propagation method was more efficient
when compared to traditional time difference techniques. A small leak localization method
used in pipelines based on sound and velocity signals was investigated in [20,21].
In recent years, due to advancements in the field of high-speed computations, Computational Fluid Dynamics (CFD) simulations have become a prominent tool in the investigations of pipeline flows [22–24]. A dynamic monitoring module (DMM) and a static testing
module (STM) were proposed as a combined approach for background leak identification
and location [25]. A simulation of leakage transient characteristics for water distribution
system at numerous twisting angles was presented in [26]. The three components of fuel
tanks leakages in a static storage state are investigated in [27]. Karney et al. [28] performed
a numerical simulation to investigate the usefulness of inverse transient analysis and its
applicability to leak detection in a water distribution network. Jang et al. [29] utilized the
transient signals of pressure transducers to numerically investigate leak detection in gas
pipelines. Hosseinalipour and Aghakhani [30] performed numerical and experimental
investigations on buried pipelines and studied the flow caused by pipe leaks through
unsaturated permeable media. A transient numerical analysis was performed to investigate leakage in vertical ducts [31]. Rectangular shaped pipeline leaks were numerically
investigated in [32], which demonstrated that the existence of leaks would produce measurable pressure signal fluctuations. A leak detection method based on transient pressure
fluctuations generated by the sudden opening and closing of a valve was proposed by
Guo et al. [33], which showed numerical simulations with calibrated leak parameters.
Olegario [34] proposed an active acoustic leak detection method for pipelines with preexisting leaks and validated it by numerical simulations. Meniconi et al. [35], performed
a numerical analysis of transient flow inside a plastic pipeline during the event of a leak.
Xanthos et al. [36] conducted an experimental study on a pilot network setup with the
placement of a different sensor; they also developed a CFD model for a porous medium to
capture the effects of water loss in soils surrounding vulnerable pipes. C. Liu et al. [37],
performed a numerical analysis on acoustic leak detection techniques in a gas pipeline.
De Sousa and Romero [38] studied the effects of leaks on the steady-state flow dynamic
response of pipes that were conveying oil. Abdulshaheed et al. [39] presented a review of
pressure-based leak detection methodologies. Using pressure distribution, a leak detection
method was proposed by Fu et al. [40], to study the effect of the flow rate through a leak
as well as its location on the pressure gradient inside a pipe. Lyu et al. [41], have numerically studied the effect of leak location on the underground diffusion of crude oil from
pipelines. They found that the location of the leak dramatically influences the diffusion
profile. Gong et al. [42], experimentally demonstrated that the frequency response function
extracted by the inverse repeat helps in determining the location of the leak using the
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first three resonant peaks. On the other hand, the authors in [43] deployed the transient
frequency response to detect leaks in relatively complex pipeline connection situations
such as branched and looped pipe junctions. Similarly, the work in [44] proposed the use of
artificial neural networks (ANN) to extract specific features that could be used to identify
elements of pipeline topology as well as the location and sizing of a leak.
Upon reviewing the ample literature on pipeline flows, it is noted that there is a lack of
systematic studies that investigate the effect of the shape of a leak on fluid flow inside the
pipe. At an early stage of leak formation, a crack is initiated at the pipe wall in the shape of a
straight slit, a round hole, a zigzag flaw, or a random cut. The initial leak shape results from
stress and strain patterns instigated by the root cause of the leak. Motivated by the fact that
leaks have different geometries ranging from a tiny, slotted line to an irregularly shaped
area, this study aims to examine the effect of the leak shape on fluid flow characteristics
inside defective pipes. Hence, an experimental setup is developed to detect the effects
of water leaks on velocity and pressure distributions along a pipe. The tested leaks are
very small and resemble leaks at an early stage when it is difficult to detect them by visual
inspection. In order to validate the experimental results, numerical models are developed
to find the effects of leak shape and size on velocity and pressure distributions along the
pipe. The practical aspect of this research entails predicting the geometry of the crack by
measuring velocity and pressure distributions. Knowing the crack shape could not only
help in proposing a cure for the leak, it could also provide clues about its cause(s).
The remainder of this paper is organized as follows: The experimental setup, along
with numerical models, are presented in Section 2. In Section 3, we present and discuss
the simulation results and compare them with the experimental results. Finally, Section 4
concludes with the possible future directions of this work.
2. Experimental Setup & Numerical Model
2.1. Experimental Setup
The experimental setup, shown in Figures 1 and 2, is a closed-loop system. Starting at
a reservoir tank, water is pumped into a PVC pipe that hosts a designed small leak and
then returned to the same reservoir tank. The flow loop is equipped with metering valves
that are designed to provide accurate and stable control of fluid flow rates. All recorded
measurements are taken under a steady flow condition which is guaranteed by closing the
throttle valve manually so that air trapped in the pipe is completely forced out through the
pressure sensor vent. The throttle valve is opened after the sensor vent is closed as the flow
becomes reasonably uniform. The measurements are taken from the middle pipe, which is
1.77 m long and has a diameter of 5.08 cm. An 88.5 cm distance is measured from the left
end of the middle pipe, and a leaking valve is then slightly opened to resemble a tiny leak
at the pipe wall. Thus, an early stage leaking pipe situation is studied using the two vital
water flow characteristics of flow speed and fluid pressure that are measured at specific
locations along the pipe. Five points, located at 50, 83, 89, 96, and 127 cm, measured from
the left end of the middle pipe, are selected for measuring flow speed along the pipe.
In order to guarantee the preciseness of experimental measurements, sensor holders,
as shown in Figure 3, are designed, along with 3D printed to hold the sensors accurately
around the pipe. Two acoustic sensors (acting as a sender and a receiver) are used to
find the flow’s speed. Couplet gel is used between the outer wall of the pipe to prevent
ultrasonic wave leakage to surrounding air and ensure full coupling to the pipe. These
acoustic sensors work by sending an ultrasonic wave that propagates through the pipe
flow, as clarified in Figure 4. The acoustic signal is affected by any changes along the wave
propagation path. In the case of changing the flow rate of the fluid, the signal time of
propagation is altered. In order to measure fluid velocity, two time-of-propagation readings
are taken; one is for a signal traveling with the flow, and the other is for a signal traveling in
an opposite direction to the flow. The sensors are aligned in a suitable direction to capture
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the signals propagating with the flow and against it, [45]. The difference between the times
of propagation for the two signals is correlated to the fluid velocity according (1)
V = [( Td − Tu )/Td Tu )] L2 /2D

(1)

where V is the flow velocity, Td is the time of the wave propagating with the flow, and Tu
is the time of the wave propagating against the flow. For accurate measurement of the
distance (L) between ultrasonic transducers (T), two Cricket (40 kHz) sensors, which work
Sustainability 2022, 14, x FOR PEER REVIEW
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To measure levels of pressure drop due to fluid leakage, two pressure transducers are
employed, one at an upstream location before the leaking point and one at a downstream
location after the leaking point. The pressure transducers can measure up to 16 × 105 Pa,
although they can withstand up to 25 × 105 Pa. The pressure transducers are also used to
make sure that the fluid flow in the pipe is steady.
Flow rates are also measured. The testbed includes two fixed ultrasonic flow meters,
which have a 60–200 × 103 cm3 /min measuring range and can operate at a pressure value
up to 16 × 105 Pa. To evaluate the amount of water being leaked, the inlet flow and the
outlet flow are compared. A non-zero difference in the volumetric flow rate indicates the
presence of a leak between ultrasonic fluid flow meters. To measure the amount of water
leaked, a comparison between the inlet flow and the outlet flow in terms of volumetric flow
rate, as apparent in (2)
Q=V∗A
(2)
where Q is the flow rate (cm3 /s), V is the flow velocity (cm/s), and A is the cross-sectional
pipe area (cm2 ). Since the cross-sectional area along the pipe is constant, it is sufficient to
measure the values of velocity along the pipe rather than the flow rate since velocities can
be easily measured at different locations along the pipe using ultrasonic sensors. Thus, the
fluid flow rate can be evaluated by two measurements taken at the inlet and outlet of the
middle pipe.
LabVIEW software is used to collect data from pressure transducers and fluid flow
meters. The analog signals that arise from the flow meter and are generated by the pressure
transducer require signal conditioning before digitization. For example, the amplification
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of the voltage levels of signals from the pressure transducer is required for better data
acquisition. The data acquisition (DAQ) unit is used for digitizing measured analog signals
before they are fed into the computer for processing. The whole unit can be used for
visualization, processing, and storing the measured data. The leaking valve is set to allow
the flow rates shown in Table 1.
Table 1. Leaking valve flow rates.
Sample No.

Flow Rate (cm3 /s)

1
2
3
4
5

1.5
3
5.4
1.2
1

2.2. Numerical Model
COMSOL Multiphysics® is used to analyze fluid velocity distribution inside the pipe.
The values of velocities are close to the wall where the Laminar and the Turbulent velocities
have close magnitudes [46], as shown in Figure 5. The difference between the Laminar
and Turbulent velocities is highest in the middle of the pipe. The Reynolds number for
used experimental conditions, which indicates turbulent flow, was calculated. Turbulent
flow, K-, from the COMSOL Multiphysics is considered to analyze the flow in a pipe.
K- supports both compressible and incompressible flows. The continuity equation and
Navier-‘Stokes’ equations (for conservation of mass and conservation of momentum) are
the equations that are being solved by K-. Three boundary conditions (velocity inlet 1,
velocity outlet 2, and pressure outlet 3) are used in the simulation. The inlet of the pipe
is referred to as “velocity inlet 1”. The outlet of the pipe is referred to as “pressure outlet
Sustainability 2022, 14, x FOR PEER REVIEW
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3”. The leak point is referred to as “velocity outlet 2”. Values assigned in different cases7 to
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Laminar Flow Model, the pipe geometry is created in the geometry section of the model
component.
A Free Tetrahedral node is selected to create an unstructured tetrahedral mesh, as
shown in Figure 6a. A finer mesh is created around the leaking hole at the pipe wall, as
shown in Figure 6b, whereas for a smooth transition, the fine mesh is selected along7the
of 21
main pipe.
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3. Analysis & Results
In this section, the numerical simulations and the experiments are presented and analyzed in detail.
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3. Analysis & Results
In this section, the numerical simulations and the experiments are presented and
analyzed in detail.
3.1. Numerical Simulations
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Figure 9. Velocity magnitude comparison along the pipe (with leak flow of 1.5 cm3/s).
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between numerical and experimental results exhibits a similar trend in the flow velocity
profile in all cases of differing leak sizes. Results for values at the selected points along the
pipe are summarized in Table 2.
Considering the experimental measurements (EM) of the flow velocity as reference
values, the percentage errors between experimental measurements (EM) and numerically
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Experimental measurements and the numerical solutions are repeated on the same
pipe with different leak sizes, as shown in Figures 10–12. From these figures, it can be
deduced that as one moves along the pipe, there is a sudden fluctuation in the flow velocity
magnitude around the leak location; this is common for all leak sizes. A comparison
between numerical and experimental results exhibits a similar trend in the flow velocity
Sustainability 2022, 14, x FOR PEER REVIEW
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For leak flow rate of 1.5 cm3/s, the % error at 89 cm is 2.3%, whereas at the same location,
a % error of 2.9% can be seen for the leak flow rate of 12 cm3/s. At downstream locations
far from the leak, the % error is small, ranging between 1.0 and 3.0%. The magnitude of
error can be linked to the fact that leaking cracks causes eddies/instabilities to form in the

3.3. Pipe Geometry, Crack Geometry & Flow Conditions
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Numerical analysis is now performed on two pipes of different sizes that have different flow conditions. Each pipe is assumed to have a leak that has one of three different
12 of
21
geometries: a circle-shaped crack, a square-shaped crack, and a slot-shaped crack, as
apparent in Figure 14. The numerical simulation can accommodate cracks that are more complex in shape, which also includes irregularly shaped cracks. However, understanding the
influence
basic
shaped
cracks
onerror
the fluid
characteristics
is the
focus
of this
paper.a
leak flow of
rate
of 1.5
cm3 /s,
the %
at 89flow
cm is
2.3%, whereas
at the
same
location,
3
Thus,
numerical
analyses
are
performed
to
understand
the
influence
of
each
crack
geom% error of 2.9% can be seen for the leak flow rate of 12 cm /s. At downstream locations
etry
on pressure
along the
pipe, assuming
that all
cracks
have the
far from
the leak,and
thevelocity
% error variations
is small, ranging
between
1.0 and 3.0%.
The
magnitude
of
2. Table 3 shows the dimensions of the two pipes under study, and
same
of linked
0.81 cmto
error area
can be
the fact that leaking cracks causes eddies/instabilities to form in
Table
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flow velocity
conditions
in each pipe.and,
Table
shows
theto
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of the
the flow
field, the
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affects
measurements
in5turn
leads
a higher level
of
cracks
formed errors.
at the walls of the pipes.
measurement
Having established a physically sound comparison between experimental measureTable
Pipenumerical
dimensions.
ments3.and
results, one can move to consider the effect of leaking crack geometry
on the flow field inside the pipe. Ultimately, the motivation of the numerical simulations
Length (cm)
Diameter (cm)
Sample No.
is to have a link between the root cause of the leak and the measurements taken from the
177
5.08
1
flow field. This can be significantly valuable for characterizing the leaks that are difficult to
177
10.16
2
bring under direct visibility, such as leaks in buried pipes.
Table
4. Flow
conditions.
3.3. Pipe
Geometry,
Crack Geometry & Flow Conditions

Numerical analysis
is now
sizes that
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2 performed on two pipes of different
Condition
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to
have
a
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that
has
one
of
three different
2
3
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geometries:Pressure
a circle-shaped
crack,
a
square-shaped
crack,
and
a
slot-shaped
= 20 × 103 Pa
Pressure = 20 × 104 Pa crack, as
apparent in Figure 14. The numerical simulation can accommodate cracks that are more
complex
in shape,
which also includes irregularly shaped cracks. However, understanding
Table
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paper. Thus, numerical
analyses are performedCrack
to understand
of each
geometry on0.508
pressure
and velocity variations along
the pipe, assuming that all1cracks have
cm Radius
Circular
2 Table 3 shows the dimensions of the two pipes under study, and
the same area0.9
of cm
0.81×cm
0.9 .cm
Square
2
Table 4 shows
the
fluid
flow
conditions
in
each
pipe.
Table
5
shows
the
dimensions
of the
2.54 cm × 0.32 cm
Slot
3
cracks formed at the walls of the pipes.

(a)

(b)

(c)

Figure 14. (a) Circle-shaped crack, (b) square-shaped crack, and (c) slot-shaped crack.
Figure 14. (a) Circle-shaped crack, (b) square-shaped crack, and (c) slot-shaped crack.
Table 3. Pipe dimensions.
Length (cm)

Diameter (cm)

Sample No.

177
177

5.08
10.16

1
2
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As previously mentioned, leaks can be caused by different factors. As a result, leaks
4. Flow
conditions. For example, a leak caused by excessive pressure has a
can have Table
different
geometries.
different geometry from Condition
a leak caused
by corrosion. This calls forCondition
creating1an expert sys2
tem that links leakFlow
geometry
to its cause. Since such an expert
system does not exist yet,
Rate = 5 × 102 cm3 /s
Velocity = 2 × 102 cm/s
3
we would like to study
three
different
representative
leak
geometries,
including
Pressure = 20 × 10 Pa
Pressure = 20
× 104 Pa circular,
square, and slot-shaped cracks, and investigate the effect of these cracks on the flow inside
a pipe. This
will
hopefully
direct attention towards identifying the causes of the leak by
Table
5. Crack
geometry.
measuring flow characteristics inside a pipe, which would form a cheap, efficient, and
Dimensions
Sample No.
non-destructive way
of evaluating pipelines.Crack Shape
0.508study
cm Radius
Circularand velocity distributions
1 along two
A comparative
is performed on pressure
cm × that
0.9 cm
Square
2
pipes of different0.9sizes,
are carrying different
fluid flows, and hosting leaks
with dif2.54 cm × 0.32 cm
Slot
3
ferent geometries, as shown in Figures 15–18. In all figures, it is observed that the pressure
varies rapidly while the velocity is highest in the vicinity of the leaking crack.
As previously mentioned, leaks can be caused by different factors. As a result, leaks
In the smaller
sized pipe which has a diameter of 5.08 cm, the pressure causes a rise
can have different geometries. For example, a leak caused by excessive pressure has a
to a maximum value just before the leak, then rapidly dips to a minimum value at the
different geometry from a leak caused by corrosion. This calls for creating an expert system
leaking point
and returns
to its nominal
value
after
the
Pressure
fluctuations
the
that links
leak geometry
to its cause.
Since
such
anleak.
expert
system does
not exist in
yet,
we
vicinity ofwould
leak like
are to
summarized
Table
6.
Both
the
largest
and
smallest
pressure
fluctuastudy three different representative leak geometries, including circular, square,
tions occur
inslot-shaped
case of thecracks,
circular
crack.
and
and
investigate the effect of these cracks on the flow inside a pipe.
will hopefully
attention
towards
identifying
the causes of the
by measuring
The This
velocity
variationdirect
around
the leak
location
is characterized
by leak
an increase
in
flowthe
characteristics
inside
a pipe, which
would
a cheap,
efficient,and
andcircular
non-destructive
value where
velocity has
a maximum
value,
as isform
the case
for square
leaks.
way
of
evaluating
pipelines.
Interestingly the velocity distribution around the leak has a number of peak values, as is
A comparative study is performed on pressure and velocity distributions along two
the case for the
slotted-crack shape. Velocity variations in the vicinity of leak are summapipes of different sizes, that are carrying different fluid flows, and hosting leaks with
rized Table 6.
different geometries, as shown in Figures 15–18. In all figures, it is observed that the
pressure varies rapidly while the velocity is highest in the vicinity of the leaking crack.
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Figure 15. Pressure (a) and Velocity (b) distributions along the 5.08 cm diameter pipe, with flow
condition
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Figure
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Figure 16. Pressure (a) and Velocity (b) distributions
along the 5.08 cm diameter pipe, with flow
condition 2.
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Figure 16.Figure
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Figure 17. Pressure (a) and Velocity (b) distributions along the 10.16 cm diameter pipe, with flow

Figure 17.Figure
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pressure)
conditions
Figures 17point
and and
18. returns to its nominal value after the leak. Pressure fluctuations in the vicinity of
leak are summarized Table 6. Both the largest and smallest pressure fluctuations occur in
case ofand
the velocity
circularvariations
crack. in the vicinity of leak.
Table 6. Pressure

Circular
Slot
Square

Flow Conditions 1
Flow
2 velocity variations
Flow Conditions
1
Table
6. Conditions
Pressure and
in the vicinity
of leak. Flow Conditions 2
(Pipe Diameter 5.08 cm)
(Pipe Diameter 5.08 cm)
(Pipe Diameter 10.16 cm)
(Pipe Diameter 10.16 cm)
Pressure
FlowVelocity
Conditions 1 Pressure FlowVelocity
Conditions 2 Pressure Flow Velocity
Conditions 1 Pressure Flow Velocity
Conditions 2
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(m/s)
(Pipe Diameter
5.08 cm)(Pa) (Pipe Diameter
5.08 cm) (Pa) (Pipe Diameter
10.16 cm) (Pa) (Pipe Diameter
10.16 cm)
Min
Max
Max
Min
Max
Max
Min
Max
Max
Min
Max
Max
Pressure
Velocity 20009.37
Pressure
Velocity 200333.9
Pressure
Velocity 200151.1
Pressure
Velocity
200459.3 200639
25.808
20015.91
27.808
200167.9
25.08
199798.4
28.079
(m/s) 20009.41 (Pa)27.385
(m/s) 200344.9 (Pa) 25.01
(m/s)
(m/s)
200490.7 200619 (Pa)
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24.36
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Min
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Min
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Min
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Circular 200459.3 200639
25.808
20015.91 20009.37 27.808
200167.9 200333.9 25.08
199798.4 200151.1 28.079
the effect
of leaks
with different
shapes
the pipe 25.01
flow characteristics,
one 28.009
Slot
200490.7 200619As for
25.385
20015.85
20009.41
27.385
200152.1on200344.9
199835.5 200090
can observe
velocity
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square- 27.364
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26.4that pressure
20015.15 and
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28.4fluctuations
200235.5 induced
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shaped cracks follow a similar trend with a difference in peak values. On the other hand,
the pressure and velocity fluctuations induced by the slot-shaped crack are well distinThe velocity variation around the leak location is characterized by an increase in
guished from those induced by circular and square-shaped cracks, based on numerical
value where the velocity has a maximum value, as is the case for square and circular
simulation results. Therefore, if one is able to obtain information regarding the presleaks. Interestingly the velocity distribution around the leak has a number of peak valsure/velocity distribution along a cracked (leaking) pipe, it is then possible to predict the
ues, as is the case for the slotted-crack shape. Velocity variations in the vicinity of leak
shape and size of the leak. Predicting the geometry of a leak could lead to identifying the
are summarized Table 6.
cause of the crack and proposing an effective remedy for fluid leak control. The effect of
A similar trend in the pressure and velocity gradient at the leakage locality is observed
the leakage size is also investigated. For 3circular shapes, three different
radii (0.708 cm,
for flow condition-2 (0.0005 m /s flow rate & 20 × 103 Pa pressure) conditions with,
0.508 cm, and 0.308 cm) were considered.
Figures 17 and 18.
Pressure and velocity variations along pipe length for cases in which a circular
As for the effect of leaks with different shapes on the pipe flow characteristics, one can
shaped leak has three different leak radii are shown in Figure 19. One can observe that
observe that pressure and velocity fluctuations induced by the circular and square-shaped
pressure and
velocity
follow
a similar
trend with
a difference
peak
cracks
followfluctuations
a similar trend
with
a difference
in peak
values. in
On
the values.
other hand, the
pressure and velocity fluctuations induced by the slot-shaped crack are well distinguished
from those induced by circular and square-shaped cracks, based on numerical simulation
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results. Therefore, if one is able to obtain information regarding the pressure/velocity
distribution along a cracked (leaking) pipe, it is then possible to predict the shape and size
of the leak. Predicting the geometry of a leak could lead to identifying the cause of the
crack and proposing an effective remedy for fluid leak control. The effect of the leakage
size is also investigated. For circular shapes, three different radii (0.708 cm, 0.508 cm, and
Sustainability 2022, 14, x FOR PEER REVIEW 0.308 cm) were considered.
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Pressure and velocity variations along pipe length for cases in which a circular shaped
leak has three different leak radii are shown in Figure 19. One can observe that pressure and
velocity
fluctuations
follow
a similar
trend
with a in
difference
in peak
values. The effect of
The effect
of the aperture
size (leak
radius)
is more
significant
the pressure
measurethe aperture
sizevelocity
(leak radius)
is more significant in the pressure measurement as compared
ment as compared
to the
measurement.
to the velocity measurement.

(a)

(b)
Figure 19.Figure
Pressure
and Velocity
distributions
along
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radiusthe
of “0.708
0.508
19.(a) Pressure
(a) (b)
and
Velocity (b)
distributions
along
pipe, cm,
with
radius of “0.708 cm,
cm, and 0.308 cm”.

0.508 cm, and 0.308 cm”.

4. Conclusions
Experimental and numerical investigations have been carried out to discover the effect of the geometry of a leaking crack on fluid flow characteristics inside water pipes. The
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4. Conclusions
Experimental and numerical investigations have been carried out to discover the effect
of the geometry of a leaking crack on fluid flow characteristics inside water pipes. The
influence of a circular shaped crack, drilled through a pipe wall, on the velocity and pressure
measured distributions was compared with a COMSOL simulated pipe with a similar
leakage. The experimentally measured and numerically calculated velocity distributions
along a water pipe were found to agree well in the general trends of increasing/decreasing
velocity values around a leak location. The value of the magnitude of pressure was observed
to be higher in the upstream than the downstream due to pressure disturbance caused by
the leak. Then, CFD numerical investigations were conducted on cracks with different
shapes, including those with slot, circle, and square-shaped geometries. The turbulent
fluid flow models showed that the variation of pressure and velocity distributions in the
vicinity of the leak locations were found to be influenced by the crack geometry. The
pressure and velocity fluctuations induced by circular and square-shaped cracks were
found to follow similar trends but were different from those brought in by the slot-shaped
crack. The influence of the leak size was also numerically investigated. Pressure and
velocity variations along pipe length for cases with a circular shaped leak that had three
different leak radii were found to follow a similar trend though there was a difference
in peak values. While this study is not exhaustive enough to consider leaks with several
geometrical configurations, it clearly indicates that crack geometry could be predicted from
the measurement of pressure/velocity distribution along the pipeline. This paper calls for
conducting extensive experimental and numerical studies with a focus on data analysis. In
particular, predictive artificial intelligence mechanisms should be employed to understand
the relationships between flow characteristics and leak geometries on one level, as well as
the connection of each crack geometry to its root cause at a higher level.
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