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ABSTRACT

The underground pipeline network is an important infrastructure for urban development and also serves as a “lifeline” project for cities. However,
due to various factors such as pipeline aging, construction activities, uneven sand settlement, and external loads, underground pipelines often
experience leak, leading to water loss. Studying the leakage characteristics can help evaluate the actual degree of leakage loss within the pipeline
network. This article considers the influence of three media—sand, water, and air—on the leakage characteristics of pipelines. Initially, leakage
simulation experiments were conducted on three different types of leaking pipelines, each exhibiting different leak shapes. Second, the experimental
results were compared and analyzed based on existing theoretical models. Subsequently, the Fluent module of ANSYS software was utilized for
finite element analysis, ultimately deriving the theoretical formula for the leakage flow rate. The results showed that pipeline leakage led to the
formation of an “inverted-cone” sand-water mixing zone and a “semi-elliptical” erosion pit with cracks in sandy media, causing surface oscillations
in water media and the formation of water columns spraying outward in air media. The leakage flow rate increases with increasing pressure, and
the order of its values under different leakage forms is axial crack > circular hole > circumferential crack. The International Water Association
(IWA) model and the fixed and variable area discharges (FAVADs) model can be used to approximate the calculation of the leakage flow rate.
Under identical conditions, the leakage flow rate increases on the order of S1, S2, S3, W, and A with changes in the medium and decreases with an
increase in burial depth H. The final deformation of each leakage port in the pipeline is approximately elliptical. The value of m increases approxi-
mately linearly with the increase in pipeline outer diameter, approximately exponentially with the increase in leakage port size, and approximately
exponentially decreases with the increase in pipeline wall thickness and elastic modulus. The FAVAD model is more consistent with finite element
results than both the Torricelli (TOR) model and the IWAmodel. The improved FAVADmodel and the S.S.A model provide ideal and reliable cal-
culation results, which can be applied to calculate the leakage flow rate in buried pipelines.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0243910

I. INTRODUCTION

The buried water supply network is one of the most important
pieces of infrastructure in cities, known as the “lifeline project.”1

Due to factors such as pipeline aging,2 engineering construction,
uneven sand settlement, and external loads, leaks often occur in
the water supply system. This leads to water leakage within the
pipeline, which, on the one hand, wastes water resources and
causes significant economic losses. On the other hand, under the
interaction of water and sand, sand particles are carried away by
water, resulting in voids that can easily lead to ground collapse,

seriously threatening people’s lives and property safety, and caus-
ing adverse effects on society.3–5 Therefore, detecting leaks in bur-
ied water supply networks and taking measures to reduce the
leakage flow rate is a meaningful topic, and solving this problem
requires a deep understanding of the leakage mechanism. Many
scholars have conducted extensive research on leakage phenomena
and proposed various calculation formulas to describe the leakage
flow rate, such as Torricelli (TOR) equation6,7

Q ¼ CdA0

ffiffiffiffiffiffiffi
2gh

p
: (1)
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Among them, Q represents the leakage flow rate, measured in
m3/h; Cd represents the leakage coefficient; A0 represents the leakage
area of the pipeline without pressure, measured in m2; g represents
gravitational acceleration, measured in m/s2; h represents the pressure
head, measured in m. Since the 1990s, numerous studies have shown
that the exponent of h is often higher than that predicted by Eq. (1).8,9

Its value is roughly between 0.5 and 2.79. Therefore, based on these
findings, the International Water Association (IWA)10 further devel-
oped the formula for calculating the leakage flow rate in exponential
form, as shown in

Q ¼ c ha: (2)

Here, c represents the leakage coefficient, which depends on A0

and Cd, and a represents the pressure exponent. May11 believes that a
is determined by the material of the pipe and the shape of the leakage
port. For pipes with a lower elastic modulus, the leakage area increases
with the increase in water head, and the two are linearly related, as
shown in

A ¼ A0 þmh: (3)

Among them, A represents the leakage area of the pipeline under pres-
sure, measured in m2, and m represents the slope of the pressure leak-
age area line. Many scholars have explored the influence of leakage
shape and area on the leakage flow rate through experiments. Ashcroft
and Taylor12 conducted crack leakage tests on polyethylene pipes and
found that a ranges from 1.23 to 1.97. Sendil and Dhowalia.13 con-
ducted on-site testing and found that a is between 0.54 and 1.61, while
other related studies9,14,15 have shown that a is between 0.5 and 2.5.
On this basis, Khadam16 and Cassa17 combined the FAVAD theory to
divide the leakage flow calculation formula into two parts: constant
and variable. They proved that when there is a single leakage, the effect
of water pressure on the axial crack area of PVC pipes exhibits a signif-
icant linear relationship, and the leakage flow rate is linearly related to
the water pressure to the power of 1.5. The relationship between the
leakage flow rate and pressure is depicted in

Q ¼ ah0:5 þ bh1:5 ; a ¼ CdA0

ffiffiffiffiffi
2g

p
; b ¼ Cdm

ffiffiffiffiffi
2g

p
: (4)

When there is a complex leakage area, such as axial and transverse
intersecting cracks, and the leakage area is linearly related to the square
of the water pressure, then the leakage flow rate is linearly related to
the 2.5-power of the water pressure,16 and the leakage flow pressure
relationship is expressed in

Q ¼ ah0:5 þ bh2:5: (5)

Li et al.18 derived the incremental models for the axial and cir-
cumferential crack areas of thin shells using the linear elastic fracture
mechanics (LEFM) theory. Subsequently, image analysis techniques
were used to measure the leakage area and flow rate, thereby eliminat-
ing the influence of the flow coefficient. The derived model was
verified through finite element simulation and indoor experiments
conducted under various crack sizes and pipeline parameters.
Furthermore, the fluid-structure interaction (FSI) simulation was com-
pared with traditional finite element simulations to quantify the impact
of leakage hydraulics on the leakage area.

In previous studies on the influence of fluids on buried structures,
most have focused on tunnel structures. For example, Wu et al.19

established a numerical model simulating the three-phase flow of
water, gas, and sand based on the Euler–Euler method to predict the
spatiotemporal flow characteristics inside tunnels after water inrush.
Xie et al. systematically studied the dynamic response and failure
mechanism caused by water intrusion into the submerged floating tun-
nel (SFT) pipe, as well as the influence of various factors such as
immersion depth, damage opening angle, damage opening area, and
external connectivity.20 In addition, there are many studies on the
interaction between porous media, such as soil particles, and fluids, as
well as the interaction between pipeline structures and fluids,21–25 as
well as the interaction between pipeline structure and fluid.26–28

However, there is little research on the influence of surrounding soil
on the leakage characteristics of buried water supply pipelines.
Germanopoulos and Jowitt29 studied the impact of different soil par-
ticles migrating under hydraulic action on the leakage characteristics
of pipelines. Many scholars30–34 have analyzed the effects of sand char-
acteristics on pipeline structural behavior and material performance
degradation, but they have not conducted further analyses on leakage
characteristics. Walski et al.35 determined a suitable formula for calcu-
lating leakage head losses through experiments. They compared the
head losses caused by leakage flow passing through sand and an orifice
and introduced a dimensionless constant, OS, to characterize the pro-
portion of these two components. The results indicate that both types
of head losses exist during leakage, and when the value of OS is around
1, the proportions of both types of head losses are comparable. When
OS is less than 0.01, the head loss of water flowing through the sand
accounts for a relatively large proportion, while when OS is greater
than 100, the head loss of water flowing through the orifice accounts
for a larger proportion. Noack and Ulanicki36 combined the Darcy–
Weisbach equation with a two-dimensional sand model to numerically
simulate a circular leaking pipeline and studied the influence of sand
migration on the pipeline’s leakage characteristics. The results showed
that the a values of sands with different permeability coefficients
ranged between 0.5 and 1. The higher the permeability coefficient, the
closer the a value was to 0.5; conversely, the closer it was to 1.
Additionally, they also studied the a values for clay and normal sand.
After conducting multiple experiments and fitting analyses of the
results, they found that the a value for normal sand was 0.3 and for
clay was 0.5. Van et al.37,38 believe that the characteristics of the sur-
rounding sand can affect the leakage characteristics, but the water pres-
sure within the water supply network is independent of the external
environment, and changes in the external environment may have a rel-
atively small impact on it. They assumed that the leaking water flow
was in the laminar stage and used Darcy’s law to quantitatively deter-
mine the magnitude of the effect of the surrounding sand on the leak-
age. However, actual leakage flows are often not laminar, making this
research result relatively conservative. Additionally, Van et al.39

replaced sand with glass spheres and conducted experiments on fluidi-
zation phenomena in the leaking pipeline. The results showed that the
size of the leakage port had little effect on the development of the fluid-
ization and moving bed zones. The head loss was small in static sand
but large in the flowing bed zone and at the leakage port. Sam et al.4

analyzed the influence of porous media or geotextile-reinforced porous
media surrounding a leaking PE pipeline on its axial crack leakage
characteristics. The results showed that the presence of porous media
affected the leakage flow rate, reducing it below the inflow rates of air
or water. Pike et al.40 conducted experimental research on the erosion
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loss caused by the sand fluidization reaction due to water supply pipe-
line leakage on UPVC pipelines. Through significance analysis, it was
shown that the order of significance from low to high in the influenc-
ing factors of erosion effect is: burial depth < material < particle size
< leakage flow rate< leakage water flow angle. In addition, they found
that the smaller the sand particles, the larger the fluidized and moving
bed zones, and the slower the erosion of the pipeline by the fluidized
mixture. Latifi et al.41,42 conducted leakage simulation tests on PE
pipelines, studied the influence of surrounding sand on leakage charac-
teristics and obtained the correlations between leakage flow rate and
various sand parameters. The results indicate that as the sand particle
size increases, the leakage flow rate also increases. However, as the
sand’s viscosity or plasticity increases, the leakage flow rate decreases.
The effects of median particle size of sand, permeability coefficient, dry
unit weight, and plastic limit are more significant. Additionally, Latifi
et al.43 also studied the effects of leakage water flow on the sand fluidi-
zation and moving bed zones. The results showed that the sizes of the
fluidization and moving bed zones varied with water pressure and
sand parameters, among which the influence of median particle size
was more significant.

In summary, the relationship between leakage flow rate and pres-
sure is generally influenced by leakage hydraulics, pipeline material
behavior, sand hydraulics, and other factors. A large amount of
research has been conducted on the leakage characteristics of water
supply pipelines, including indoor and field experiments, numerical
simulations, and theoretical analysis methods. Most studies have
focused on the relationship between leakage flow rate and pressure,
particularly the determination of the pressure index and leakage coeffi-
cient, as well as the factors affecting the leakage flow rate. Research has
focused on the influence of leakage area and pipe materials on the leak-
age flow rate, with the surrounding medium often being air, thereby
neglecting the influence of hydraulics on the leakage flow rate.
However, the actual leakage phenomena of buried water supply pipe-
lines are often affected by the surrounding medium, and research in
this area is relatively rare. At the same time, most previous leakage
flow calculation models lack physical significance, and the relevant
leakage flow formulas are primarily derived from empirical orifice for-
mulas, lacking stable theoretical support. Building on this, this article
focuses on studying the influence of three media—sand, water, and
air—on the leakage characteristics of buried pipelines and uses ANSYS
Fluent for finite element parameter analysis to derive the theoretical
formula of the leakage model. The research results can provide a

reference for subsequent studies and have long-term significance in
revealing the leakage mechanisms of water supply pipelines for their
maintenance, protection, and management.

II. EXPERIMENTAL PROGRAM
A. Materials

The two main components of the test material are PVC-UH pipe
sections and sand, as shown in Fig. 1. PVC-UH pipes are produced by
Shandong Dongxin Plastic Technology Co., Ltd., China. The physical
and mechanical properties of the pipes meet the relevant requirements
of the national standard CJ/T 493–2016,44 with an outer diameter (D)
of 110mm and a wall thickness (t) of 4.2mm. According to the rele-
vant regulations of the standard,45 five standard specimens (P1–P5)
were extracted from the pipe body and subjected to tensile testing
using the UTM-1352 universal testing machine. The measured results
are presented in Table I and Fig. 2. The backfill material for plastic
water supply pipes is typically medium sand. According to the

FIG. 1. Experimental materials.

TABLE I. Basic physical and mechanical properties of PVC-UH pipes.

Material q (g/cm3) E (MPa) f (MPa) d l

PVC-UH 1.45 3609 45 85% 0.40

FIG. 2. Stress-strain curves.
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specifications,46,47 to obtain sand that meets the requirements for bur-
ied pipelines, we first screen the sand with a particle size range of
0.075–10mm before the experiment. During screening, we remove
sand with particle sizes greater than 5mm and less than 0.075mm.
Second, three types of sand samples were prepared from the screened
sand, and their physical properties were tested according to the specifi-
cations.48 The physical properties and grading curves of the sands are
presented in Table II and Fig. 3.

B. Experimental pipe sections

The outer diameter of the test pipe section is 110mm, the wall
thickness is 4.2mm, and the length is 1000mm. It is connected to the
water supply system via a Haval joint. To simulate leakage, three types
of leakage openings—circular holes, axial cracks, and circumferential
cracks—were prefabricated at the top of the test pipe fittings, as shown
in Fig. 4. This experiment considers water leakage in three media—
sand, water, and air—along with the burial depth (H) of sand or water.
To compare the differences between various types of leaks and elimi-
nate the influence of the initial area, the initial area of each leak was set
to 28mm2, and a total of 39 specimens were designed, as shown in

Tables III–V. Among them, DN110 represents a pipe diameter of
110mm, “�” represents a round hole, “–” represents an axial crack,
“j” represents a circumferential crack, S represents sand, W represents
water, and A represents air. “1” in S1 represents the first type of sand,
and “200” represents a burial depth of 200mm.

C. Experimental setup

To simulate the leakage conditions of water supply pipelines in
sand, water, and air environments, this experiment designed a water
supply network system and constructed three iron boxes, which were
connected in parallel to the water supply network via openings. The
entire water supply network system primarily consists of the following
components: water storage tanks, main valves, variable-frequency
water pumps (with a head of 160m), pressure-reducing valves, gate
valves, pressure transmitters (0–0.6MPa), split electromagnetic flow
meters (0–160m3/h), iron boxes, and PVC-UH pipes, as depicted in
Fig. 5(a). When assembling the system, insert the water pipe into the
iron box through the hole, seal the interface between the hole and
the pipe with glue, and ensure there is enough length to overlap with
the test pipe section. The on-site diagram of the test setup is presented
in Fig. 5(b). The dimensions of the iron box are L � W �
H¼ 2430mm � 1000mm � 950mm, where L, W, and H represent
length, width, and height, respectively. The front of the box is not fitted
with steel plates, and grooves are positioned along the edges. An
organic glass plate of matching size is embedded in the groove and
sealed with glue, allowing leakage to be observed through the organic
glass during the test. An 18mm overflow port is located at the bottom
of the left side of the iron box and at heights of 200, 300, 400, 500, and
600mm from the top of the test pipe. The overflow port is located
670mm from the top of the test pipe and is drained via a rubber hose.
This not only allows for the discharge of leaked water but also main-
tains a constant liquid level height. Leakage situations at various liquid
level heights can be assessed. Create a circular hole with a diameter of
120mm near the glass side at the bottom left corner of the iron box.
The center of the hole is 210mm from the bottom of the sand box and
110mm from the glass surface. The schematic diagram of the iron box
is presented in Fig. 6.

TABLE II. Physical properties of sands.

Sands

Particle size (mm)

Cu Cc cd (kN/m3) K (cm/s) nd10 d20 d30 d50 d60 d80 d100

S1 0.08 0.15 0.18 0.24 0.30 0.65 5.00 3.75 1.35 17.5 8.10� 10�3 0.23
S2 0.19 0.30 0.39 0.55 0.60 0.65 5.00 3.16 1.33 16.3 1.40� 10�2 0.25
S3 0.27 0.60 0.80 1.40 1.70 1.90 5.00 6.30 1.39 15.8 3.20� 10�2 0.29

FIG. 3. Grading curves.

FIG. 4. Design of leakage port in experimental pipe sections.
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D. Experimental procedure andmethod of
measurement

After preparing the testing equipment and the sand required for
burying PVC-UH pipes, compact the sand evenly in layers according
to the specifications, with each layer being 100mm thick until the pipe
section is buried to a depth of 600mm. Use a level ruler to level the
surface of the sand, with a required compaction degree of 94%.47

Adjust the variable-frequency water pump and valves to supply water
to the system, with a water pressure range of 10–60m and an incre-
ment of 5m, which corresponds to the water pressures commonly
used in urban water distribution networks. The pressure gauge and
flow meter are both connected to the data acquisition system for data
collection. The pressure gauge and flow meter are both connected to
the data acquisition system for data collection. The average of the pres-
sure gauge readings on both sides is taken as the pressure value for the

test pipe section. The leakage flow rate for the test pipe section under
different pressures is determined by the difference in readings between
the split electromagnetic flow meters on both sides. Simultaneously,
collect the overflow water over a specific period, weigh it, calculate its
flow rate, and cross-check it against the value obtained from the elec-
tromagnetic flowmeter to verify the accuracy of the test data.
Additionally, axial and transverse strain gauges, labeled H1 and Z1, are
pasted at the leakage point for reference. Strain gauges labeled H2 and
Z2 are also pasted at the midpoint of the distance between the leakage
point and the Haval joint, as depicted in Fig. 7, to measure the defor-
mation of the pipe section under pressure. After each pipe test is com-
pleted, the water is drained through the overflow port, the sand is
excavated, the pipe is replaced, and the test proceeds according to the
aforementioned steps.

III. TEST RESULTS AND DISCUSSION
A. Experimental phenomena

1. Sand box

At the beginning of the experiment, the leaked fluid began to
seep into the sand and quickly penetrated in an inverted bowl-shaped
manner in all directions. After 5 s, a cavity slowly formed within the
sand, and the sand in the cavity area continued to flip and boil. At 10 s,
the water in the cavity gathered upward and quickly eroded, causing
the surface sand to rise. At 15 s, the water bladder continuously eroded
the surrounding sand and continued to spread upward. By 20 s, the
water flow broke through the surface of the sand and quickly spread
outward to wet the sand. At this time, the water bladder above the
pipeline connected to the outside, forming an open fluidized zone. The
erosion process intensified, and the upward displacement of the sand
ceased. At 60 s of the experiment, the water gathered above the pipe-
line continuously washed away the surrounding sand, and the water
was divided into two areas from top to bottom: the erosion pit area
above and the sand-water mixing area below. The upper water body
accumulates sand on both sides under the action of erosion force,
while the lower water body continues to erode the surrounding sand.

TABLE III. Circumferential crack specimens.

Number
Leakage port

shape
l � w
(mm) Medium

H
(mm)

A0

(mm2)

j28S1-200

Circumferential
crack

28� 1

Sand1 200

28

j28S1-400 Sand1 400
j28S1-600 Sand1 600
j28S2-200 Sand2 200
j28S2-400 Sand2 400
j28S2-600 Sand2 600
j28S3-200 Sand3 200
j28S3-400 Sand3 400
j28S3-600 Sand3 600
j28W-200 Water 200
j28W-400 Water 400
j28W-600 Water 600
j28A Air 200

TABLE IV. Round hole specimens.

Number
Leakage port

shape
d

(mm) Medium
H

(mm)
A0

(mm2)

�6S1-200

Round hole 6

Sand1 200

28

�6S1-400 Sand1 400
�6S1-600 Sand1 600
�6S2-200 Sand2 200
�6S2-400 Sand2 400
�6S2-600 Sand2 600
�6S3-200 Sand3 200
�6S3-400 Sand3 400
�6S3-600 Sand3 600
�6W-200 Water 200
�6W-400 Water 400
�6W-600 Water 600
�6A Air 200

TABLE V. Axial crack specimens.

Number

Leakage
port
shape

l � w
(mm) Medium

H
(mm)

A0

(mm2)

–28S1-200

Axial crack 28� 1

Sand1 200

28

–28S1-400 Sand1 400
–28S1-600 Sand1 600
–28S2-200 Sand2 200
–28S2-400 Sand2 400
–28S2-600 Sand2 600
–28S3-200 Sand3 200
–28S3-400 Sand3 400
–28S3-600 Sand3 600
–28W-200 Water 200
–28W-400 Water 400
–28W-600 Water 600
–8A Air 200
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At 180 s, the sand-water mixed zone eventually developed into an
inverted cone-shaped erosion zone. The experiment was halted when
the disturbance range of the erosion zone remained unchanged. The
sand-water mixed zone drained downward and consolidated, eventu-
ally forming a semi-elliptical erosion pit accompanied by sand cracks.
The experimental phenomena are detailed in Fig. 8.

2. Water box

At the beginning of the experiment, a trace amount of rising bub-
bles can be observed above the leakage port, indicating that the leaked
fluid is discharged under pressure and carries some excess gas. After
the gas discharge is completed, the middle of the water body remains
essentially stable, with no obvious changes observed. A “seismic
source” forms on the surface of the water body directly above the leak-
age port, radiating in the form of water waves to the surrounding area,
and the water surface is observed to oscillate continuously up and
down. The experimental phenomena are detailed in Fig. 9.

3. Air box

At the beginning of the experiment, a sudden upward jet of water
was sprayed from the leakage port, approximately perpendicular to the
pipeline’s axis. Under different pressures, the flow velocity and inten-
sity of the leaking water column vary. When the pressure is low, only
the middle of the axial crack exhibits a water column spraying. As the
water pressure increases, the water column widens along the crack’s
length and thickens along its width, with a slightly larger width in the

middle part. Applying low water pressure to circumferential cracks
and circular leaks results in water jets spraying throughout the length
of the crack, with the width of the water jet remaining essentially
unchanged throughout the crack’s length. Due to the inability to accu-
rately measure the height of the water jet, barriers are placed above the
water jet to prevent splashing and protect the instruments and equip-
ment from wetting. The experimental phenomenon is depicted in
Fig. 10.

B. Leakage flow rate pressure curves

Based on the experimental data, we plotted the leakage flow rate-
pressure (Q-h) relationships for the pipe section in each medium
under three different leakage forms, as shown in Figs. 11–13. As shown
in the figures, the leakage flow rate Q increases with the increase in
pressure h. Under the same pressure, when the outflow’s pressure and
burial depth are identical, the order of the leakage flow rate Q is: free
outflow > submerged outflow > sand outflow. As the pressure
increases, the amplification effect becomes more pronounced. This is
because the presence of sand or water offers greater resistance to the
leakage flow compared to air leakage. This is because the presence of

FIG. 5. Experimental setup.

FIG. 6. Schematic diagram of iron box. FIG. 7. Layout of strain gauges in the experimental section.
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sand or water creates greater resistance to the leakage flow compared
to that in air leakage. The presence of surrounding media materials
exerts a reverse hindering effect on the leakage flow, with the hindering
effect of sand being more significant than that of water, thereby reduc-
ing the leakage flow rate to a certain extent.

Common leakage flow models include the TOR model [Eq. (1)],
IWA model [Eq. (2)], and FAVAD model [Eq. (4)]. As shown in Figs.
11–13, the Levenberg–Marquardt optimization algorithm was used to
fit and analyze the FAVAD model (black solid line), TOR model (red
solid line), and IWA model (blue solid line). The results are presented

in Table VI. From the figures and table, it is evident that for circumfer-
ential cracks and circular holes, the traditional TOR model fitting
results are not consistent with the experimental results, and the differ-
ences are quite significant. The goodness-of-fit R2 value ranges from
0.7149 to 0.8962, and only the experimental results for axial cracks can
be approximated. The R2 value ranges from 0.9544 to 0.9699, indicat-
ing that this model has certain limitations. Overall, the fitting results of
the FAVAD model and the IWA model are in good agreement with
the experimental results, with a goodness-of-fit R2 value ranging from
0.9910 to 0.9991. Among them, the index a value of the IWA model’s

FIG. 8. Phenomenon of sand box.

FIG. 9. Phenomenon of water box.

FIG. 10. Phenomenon of air box.
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fitting results ranges from 0.6014 to 1.2262, which is significantly
higher than the conventional index value of 0.5. This can be attributed
to the fact that the raw material of the plastic pipe is a high polymer
with a low elastic modulus. When subjected to internal pressure, the
leakage port undergoes certain deformation, altering the area of the
leakage port and resulting in varying leakage flow rates. From this, it is

evident that in the presence of sand, the IWA model and the FAVAD
model can be used to approximate the leakage flow rate. However, as
the IWA model does not account for the incremental form of the ini-
tial area, there is a certain discrepancy with the actual situation.
Therefore, the subsequent analysis primarily focuses on the FAVAD
model.

FIG. 11. Leakage flow rate pressure curves of circumferential crack.

FIG. 12. Leakage flow rate pressure curves of round hole.

FIG. 13. Leakage flow rate pressure curves of axial crack.
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C. Weighted average flow rate histograms

To evaluate the overall level of leakage flow under different leak
shapes, Fig. 14 presents a bar chart illustrating the relationship between
weighted average leakage flow values and leak types under various pres-
sures. As shown in Fig. 14, under identical outflow medium conditions,
the leakage flow rate exhibits an increasing trend on the order of

circumferential cracks, circular holes, and axial cracks, with the highest
leakage flow rate occurring in the air medium. Among these, the varia-
tion amplitude for circumferential cracks is relatively small, whereas the
average leakage flow rate for circular holes and axial cracks demonstrates
a clear increasing trend. This is attributed to the fact that under the
internal pressure of the water supply pipeline, the circumferential stress

TABLE VI. Fitting results of circumferential crack.

Number

FAVAD TOR IWA

a b m Cd R2 Cd
ffiffiffiffiffi
2g

p
R2 c a R2

j28S1-200 1.9793 0.1940 0.0274 0.0160 0.9955 8.4105 0.7164 0.5615 1.2262 0.9991
j28S2-200 4.0179 0.8106 0.0565 0.0324 0.9944 15.0201 0.7149 1.1717 1.1927 0.9958
j28S3-200 7.6465 4.8113 0.1762 0.0617 0.9946 29.0174 0.7261 2.2314 1.1895 0.9960
j28W-200 11.7793 8.5559 0.2034 0.0950 0.9949 43.9761 0.7279 3.4412 1.1849 0.9963
j28A 16.6869 12.8646 0.2159 0.1345 0.9946 62.2378 0.7279 4.7699 1.1895 0.9989
j28S1-400 0.4948 0.0265 0.0150 0.0040 0.9955 2.1027 0.7164 0.1440 1.2203 0.9968
j28S2-400 1.0047 0.1299 0.0362 0.0081 0.9944 3.8551 0.7250 0.2930 1.1927 0.9959
j28S3-400 1.9122 0.9428 0.1381 0.0154 0.9946 7.2545 0.7261 0.5580 1.1894 0.9960
j28W-400 2.9448 1.5200 0.1445 0.0237 0.9949 10.9940 0.7279 0.8603 1.1849 0.9963
j28S1-600 0.0702 0.0008 0.0032 0.0006 0.9956 0.3003 0.7159 0.0204 1.2220 0.9968
j28S2-600 0.1446 0.0086 0.0167 0.0012 0.9945 0.5511 0.7256 0.04217 1.1908 0.9959
j28S3-600 0.2737 0.0981 0.1004 0.0022 0.9946 1.0364 0.7263 0.0799 1.1890 0.9960
j28W-600 0.4208 0.3335 0.2219 0.0034 0.9949 1.5704 0.7279 0.1229 1.1848 0.9963

FIG. 14. Weighted average flow rate of
different types of leaks.
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exceeds the axial stress, approximately twice as much, with the circum-
ferential stress dictating the area increment of the axial crack and the
axial stress dictating the area increment of the circumferential crack.
Furthermore, the stress intensity factor for the axial crack is greater than
that for the circumferential crack.18 Under the influence of axial and cir-
cumferential stresses, the circular hole deforms into an ellipse, whereas
axial cracks tend to open due to the presence of circumferential stress
and exhibit significant deformation. Furthermore, due to the Poisson
effect, the deformation of circumferential cracks tends to contract under
the action of axial stress,49,50 leading to a more substantial increase in
leakage area for axial cracks compared to circular holes and circumfer-
ential cracks, and consequently a more significant increase in flow rate.

D. Factor analysis

The focus of this study is on the influence of medium materials
and pipeline burial depth on the leakage flow rate for various types of
leaks. To elucidate the influence mechanism of each factor, the subse-
quent analysis will investigate the impact laws of these two factors on
the leakage flow rate.

1. Medium

The changes in leakage flow rate for different types of leaks under
various outflow medium materials are depicted in Figs. 15–17. As

shown in the figures, the trend of leakage flow rate changes is similar
for each type of leakage port, increasing on the order of S1, S2, S3, W,
and A as the medium changes. The slope is small when transitioning
from S1 to S2, and then the slope of the curve increases. This is attrib-
uted to the gradual increase in permeability, porosity, and particle size
of S1, S2, and S3, which results in reduced water flow resistance along
the inter-particle pores and accelerated diffusion speed in sand, facilitat-
ing easier outflow. Concurrently, the flow field acting on sand particles
causes a redistribution of their arrangement, leading to non-uniformity.
This results in a highly complex outflow situation, with varying outflow
speeds. However, the trend of outflow is evident. As shown in the fig-
ures, the greater the applied pressure, the more significant the increase
in leakage flow rate. This is because the bulk density of S1, S2, and S3
gradually decreases, resulting in a looser sand structure. As internal
pressure increases, the ability of the leakage flow to resist external forces
is enhanced, thereby promoting an increase in flow rate. For media W
and A, the absence of interactions between sand particles indicates no
significant hindering effect is present. Consequently, the maximum
leakage flow rate is observed in medium A.

2. Burial depth

The variation in leakage flow rate for different types of leaks at
various burial depths (H) is depicted in Figs. 18–20. As shown in the
figures, the trend of leakage flow rate changes is similar for each type

FIG. 15. Changes in leakage flow rate of circumferential crack with different media materials.

FIG. 16. Changes in leakage flow rate of round hole with different media materials.
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of leak, decreasing with increasing H. When H increases from 200 to
400mm, the rate of decrease inQ is greater than that whenH increases
from 400 to 600mm, and the greater the applied pressure, the more
significant the amplitude of this change. This is because, under the
same medium, the greater the burial depth, the higher the weight of
the overlying sand and the stronger the external resistance to the
leaked water flow. When internal pressure is applied, the water flow
exhibits a greater ability to resist the external resistance. With increased
burial depth, fine sand particles are squeezed between coarse particles,

hindering rapid discharge from the sand body’s surface. This further
induces a secondary reverse obstruction effect on the water flow, lead-
ing to an increased descent speed. This further induces a secondary
reverse obstruction effect on the water flow, leading to an increased
descent speed. For the W medium, as the burial depth increases, the
slope of Q changes from 0 to 200mm to 200–400mm, exhibiting
larger slopes in the 200–400mm range and smaller slopes in the 400–
600mm range. The reason for this change is analogous to that
observed in sand. The deeper the external water body, the greater its

FIG. 17. Changes in leakage flow rate of axial crack with different media materials.

FIG. 18. Changes in flow rate of circum-
ferential crack at different burial depths.
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weight, which results in a reduced outflow velocity of water molecule
particles. Furthermore, the viscous forces within the water molecules
further reduce the outflow velocity of the leakage flow field.

E. FAVAD model evaluation indicators

The focus of this study is to establish the relationship between
various factors and the leakage flow rate, thereby evaluating the degree
of influence that sand characteristics exert on the leakage flow rate. To
achieve this goal, several experiments were conducted on three types
of leaks, with each series including three different sand types.
Subsequently, based on the relevant results, pressure leakage flow
curves were plotted for each sand type, as shown in Figs. 11–13. As
shown in the figures, in each type of leakage test, the maximum leakage
flow rate occurred in the absence of sand (leakage into the air). Under
the same pressure, the leakage flow rate of coarse sand is greater than
that of fine sand. The main hypothesis of this study is based on

Q ¼ f h; Sð Þ: (6)

Here, S represents the contribution of sand characteristics. The param-
eters considered for sand characteristics mainly include the median
particle size (d50), permeability coefficient (k), porosity (n), and dry
unit weight (cd). In the FAVAD model [Eq. (4)], there are primarily
two parameters involved, namely the leakage coefficient (Cd) and the
slope of the area increment (m). Cd can be used to characterize the
magnitude of the leakage intensity, and m can be used to characterize

the rate of increase in the leakage intensity. According to Eq. (4), the
calculation formulas form and Cd are presented as follows:

m ¼ b
a
� A0: (7)

Here, a represents the FAVAD fitted a value, b represents the FAVAD
fitted b value, and A0 represents the initial leak area

Cd ¼ a
A0

ffiffiffiffiffi
2g

p : (8)

The calculation results for these parameters are presented in Tables
VI–VIII.

Related studies have demonstrated that the properties of sand pri-
marily affect the leakage coefficient, while the impact on the leakage
index is negligible.51,52 According to the FAVAD model, the increase
in leakage area is proportional to the internal pressure [Eq. (3)], and
due to the certain correlation between Cd andm, it can be inferred that
the presence of sand will inevitably affect the growth rate of the leakage
area m. Following the approach in the literature,42 if all other experi-
mental characteristics are kept constant and only sand characteristics
and internal pressure are considered in the analysis, the relationship
between Q, Cd, m, and sand parameters can be assumed to be linear.
Subsequently, the permeability coefficient (k) and the sand self-weight
stress (cdH) will be considered as representative parameters for further
linear regression analysis to determine the variation law of the leakage
flow rate with key sand characteristic parameters.

FIG. 19. Changes in flow rate of round
hole at different burial depths.
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1. Leakage area-pressure slope values

The variation in leakage area and pressure slope value (m) for
each type of leak is depicted in Figs. 21 and 22. From Fig. 21, it is evi-
dent that m increases with the increase in k, and the rate of increase
for each leakage type is similar, exhibiting a relatively uniform change.

This is because, as k increases, the fluid becomes easier to discharge,
and the movement of the fluid causes the sand around the leak to
migrate, thereby reducing the degree of constraint the sand exerts on
the deformation at the leak. Consequently, the deformation of the leak
area becomes easier, resulting in an increase in the leak area and a cor-
responding increase in the value of m. From Fig. 22, it is evident that

FIG. 20. Changes in flow rate of axial
crack at different burial depths.

TABLE VII. Fitting results of round hole.

Number

FAVAD TOR IWA

a b m Cd R2 Cd
ffiffiffiffiffi
2g

p
R2 c a R2

�6S1-200 2.7649 0.3252 0.0329 0.0223 0.9911 14.7391 0.8793 4.6938 0.8100 0.9954
�6S2-200 7.5633 1.8311 0.0678 0.0610 0.9914 27.063 0.8922 9.5480 0.7824 0.9954
�6S3-200 10.5941 7.9992 0.2114 0.0854 0.9917 50.9359 0.8939 18.1937 0.7791 0.9955
�6W-200 12.6880 11.0592 0.2441 0.1023 0.9915 77.2218 0.8961 28.1263 0.7738 0.9952
�6A 16.1017 14.8962 0.2590 0.1298 0.9916 109.2837 0.8962 39.7807 0.7740 0.9954
�6S1-400 0.6426 0.0413 0.0180 0.0052 0.9911 3.6849 0.8793 1.1731 0.8101 0.9954
�6S2-400 1.9504 0.3026 0.0434 0.0157 0.9914 6.7658 0.8921 2.3870 0.7824 0.9954
�6S3-400 6.0137 3.5580 0.1657 0.0485 0.9917 12.6288 0.8932 4.5481 0.7791 0.9955
�6W-400 7.7773 4.8173 0.1734 0.0627 0.9915 19.3055 0.8961 7.0311 0.7738 0.9952
�6S1-600 0.3291 0.0045 0.0038 0.0027 0.9910 0.5265 0.8793 0.1677 0.8099 0.9954
�6S2-600 0.7076 0.0505 0.0200 0.0057 0.9914 0.9668 0.8924 0.3416 0.7820 0.9954
�6S3-600 1.2881 0.5540 0.1204 0.0104 0.9916 1.8192 0.8938 0.6497 0.7791 0.9955
�6W-600 2.8942 2.7525 0.2663 0.0233 0.9915 2.7579 0.8960 1.0043 0.7739 0.9952

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 37, 013314 (2025); doi: 10.1063/5.0243910 37, 013314-13

Published under an exclusive license by AIP Publishing

 09 January 2025 04:38:34

pubs.aip.org/aip/phf


m decreases with the increase in cdH. The variation pattern ofm values
for different types of leaks at various burial depths is consistent, exhib-
iting roughly equal slopes. However, the m values in S1 and S2 media
are lower than those in S3. This is because, the larger the cdH, on the

one hand, it increases the compactness of the sand, and on the other
hand, it also increases the external load—the self-weight of the sand—
which significantly suppresses the increase in leakage area and defor-
mation, thereby causing a decrease in the m value. However, S3 has a

TABLE VIII. Fitting results of axial crack.

Number

FAVAD TOR IWA

a b m Cd R2 Cd
ffiffiffiffiffi
2g

p
R2 c a R2

–28S1-200 5.9934 0.9869 0.0461 0.0483 0.9971 20.3615 0.9547 12.1155 0.6412 0.9932
–28S2-200 8.6441 2.9298 0.0949 0.0697 0.9970 37.4207 0.9666 24.8627 0.6113 0.9930
–28S3-200 12.7116 13.4372 0.2960 0.1025 0.9972 70.4378 0.9682 47.4924 0.6073 0.9930
–28W-200 14.8887 18.1683 0.3417 0.1200 0.9967 106.8061 0.9699 73.5636 0.6015 0.9925
–28A 18.8340 24.3934 0.3626 0.1519 0.9968 151.1497 0.9699 103.8897 0.6021 0.9927
–28S1-400 0.7969 0.0717 0.0252 0.0064 0.9970 5.0906 0.9547 3.0295 0.6412 0.9932
–28S2-400 3.7401 0.8124 0.0608 0.0302 0.9970 9.3550 0.9667 6.2160 0.6113 0.9930
–28S3-400 8.8847 7.3593 0.2319 0.0716 0.9972 17.6092 0.9682 11.8736 0.6073 0.9930
–28W-400 5.3070 4.6021 0.2428 0.0428 0.9967 26.7018 0.9699 18.3912 0.6015 0.9925
–28S1-600 0.3970 0.0076 0.0054 0.0032 0.9970 0.7275 0.9544 0.4320 0.6417 0.9932
–28S2-600 0.9468 0.0946 0.0280 0.0076 0.9970 1.3367 0.9667 0.8884 0.6112 0.9929
–28S3-600 2.2063 1.3285 0.1686 0.0178 0.9972 2.5157 0.9682 1.6963 0.6073 0.9930
–28W-600 2.7373 3.6447 0.3728 0.0221 0.9967 1.4294 0.9699 2.6281 0.6014 0.9925

FIG. 21. Leakage area-pressure slope values and permeability coefficient curves.

FIG. 22. Leakage area-pressure slope values and sand self-weight stress curves.
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higher permeability coefficient than S1 and S2, hence the m value is
relatively large. The fitting formula for the m value of each leakage
type is presented in Table IX.

2. Leakage coefficient

The variation in leakage coefficient (Cd) values for each type of
leak is depicted in Figs. 23 and 24. From Fig. 23, it is evident that Cd

increases with the increase in k, and the changes across various types of
leaks are roughly similar. When H is 600mm, the increase in Cd is rela-
tively small for all three types of leaks. This is because, as k increases, the

fluid becomes easier to discharge. It is evident that Cd is not only related
to the type and size of the leakage port but also to the characteristics of
the sand surrounding the leakage port. Furthermore, the larger H, the
longer the resistance path of the leaked fluid outflow, and the magnitude
of the increase in leakage intensity is suppressed to a certain extent. As
shown in Fig. 24, Cd decreases with the increase in cdH, and the varia-
tion pattern of Cd values for different types of leaks at various burial
depths is roughly consistent. However, the absolute value of the slope
for the circumferential crack (corresponding to S3) is greater than that
of the circular hole and axial crack. This may be attributed to the ten-
dency of circumferential stress to elongate the circumferential crack,

TABLE IX. Fitting formula for the leakage area-pressure slope values.

Circumferential crack Round hole Axial crack

Relational equation R2 Relational equation R2 Relational equation R2

m¼ 6.3253k� 0.0274 0.9971 m¼ 7.5879k� 0.0328 0.9971 m¼ 10.6238k� 0.0459 0.9971
m¼ 5.2702k� 0.0319 0.9940 m¼ 6.3238k� 0.0383 0.9940 m¼ 8.8492k� 0.0536 0.9940
m¼ 4.2035k� 0.0357 0.9878 m¼ 5.0424k� 0.0429 0.9878 m¼ 7.0586k� 0.0560 0.9877
m¼�0.0041cdHþ 0.0415 0.9999 m¼�0.0049cdHþ 0.0499 0.9999 m¼�0.0068cdHþ 0.0698 0.9999
m¼�0.0067cdHþ 0.0797 0.9999 m¼�0.0080cdHþ 0.0957 0.9999 m¼�0.0112cdHþ 0.1340 0.9999
m¼�0.0127cdHþ 0.0415 0.9999 m¼�0.0152cdHþ 0.2647 0.9999 m¼�0.0213cdHþ 0.3706 0.9999

FIG. 23. Leakage coefficient and permeability coefficient curves.

FIG. 24. Leakage coefficient and sand self-weight stress curves.
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and, due to the Poisson effect, a certain decrease in its width direction,
leading to a rapid decrease in its leakage strength. Therefore, the
decrease in the Cd value for the circumferential crack is greater than that
for the circular hole and axial crack. The fitting formulas for Cd values of
each leakage type are presented in Table X.

IV. ANSYS FLUENT SIMULATION
A. Model

1. Geometry

ANSYS Fluent software is currently the mainstream commercial
CFD software, which can be used to solve engineering problems
involving fluids, heat transfer, and mass transport. The establishment
and analysis of the finite element model for the single-point leakage
pipe section in this study were completed on the ANSYS Workbench
platform. First, SpaceClaim software is used to establish a pipeline
model, on which circumferential cracks, circular holes, and axial cracks

are introduced. The fluid domain is generated using the volume extrac-
tion function, and the external sand area is generated using the shell
function. The geometric model, as shown in Fig. 25, is then imported
into the ANSYSWorkbench software calculation platform.

2. Coupling module

The model establishment is primarily divided into module A:
fluid flow, module B: static structural,53,54 and the overall coupled anal-
ysis of the model. Since the strain and stress changes at the pipeline
leakage are induced by changes in the fluid pressure inside the pipeline,
module A can be used to obtain the flow velocity, pressure, and other
parameters of the internal fluid. Module B applies the results from
module A to the solid pipeline to obtain the changes in various physi-
cal parameters at the pipeline leakage, thereby determining the pres-
sure, stress, strain, and area change laws of the leakage. In the
modeling process, the settings for the flow coefficient are as follows:
The k� emodel, in its realizable form with the standard wall function,
is selected for the turbulence model; the turbulence intensity is set to
5%; the fluid property is set to water; and the pipeline’s water inlet is
designated as a pressure inlet.55–58 Based on the pressure input for the
experimental water supply pipeline, the iteration number for the entire
flow model is set to 200. This modeling analysis employs the polyhe-
dral meshing method for discretization, offering higher efficiency com-
pared to tetrahedral and hexahedral meshing methods. This method
facilitates multi-core parallel acceleration, fully utilizes hardware per-
formance, enhances computational accuracy, and reduces computation
time. The surface and volume meshes are detailed in Fig. 26.

TABLE X. Fitting formula for leakage coefficient.

Circumferential crack Round hole Axial crack

Relational equation R2 Relational equation R2 Relational equation R2

Cd¼ 1.8455kþ 0.0034 0.9850 Cd¼ 2.3393kþ 0.0141 0.9850 Cd¼ 2.1634kþ 0.0345 0.9735
Cd¼ 0.4603k 0.9847 Cd¼ 1.8142k� 0.0096 0.9999 Cd¼ 2.6278k� 0.0113 0.9833
Cd¼ 0.0643k 0.9802 Cd¼ 0.3079k 0.9754 Cd¼ 0.6005k� 0.0013 0.9965
Cd¼�0.0026cdHþ 0.0236 0.9092 Cd¼�0.0033cdHþ 0.0314 0.9092 Cd¼ �0.0076cdHþ 0.0685 0.9092
Cd¼ �0.0052cdHþ 0.0479 0.9094 Cd¼ �0.0093cdHþ 0.0877 0.9094 Cd¼�0.0104cdHþ 0.1034 0.9777
Cd¼�0.0100cdH� 0.0912 0.9098 Cd¼�0.0125cdH� 0.1296 0.9998 Cd¼�0.0142cdHþ 0.1560 0.9744

FIG. 25. Geometric model.

FIG. 26. Polyhedral grid.
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B. Model validation

1. Verification of grid independence

The form and quality of the grid significantly impact the
flow field analysis, which in turn affects Fluent’s simulation
results. The degree of grid density plays a crucial role in simulat-
ing turbulent flow fields. The important purpose of grid quality
assessment is to determine the appropriate grid structure type
and the number of elements for model calculations. High-quality
computational grids are a prerequisite for accurately simulating
flow fields.59 Taking the prefabricated round hole condition as an
example, in this section, we employed the same grid partitioning
method to compare the distribution of velocity contour lines in
the leakage flow field across various grid numbers. The results are
presented in Fig. 27. As shown in the figure, the convergence
trend of the solutions is consistent across different grid numbers.
When the number of grid nodes exceeds 1 236 824, the contour
distribution of flow velocity in the flow field remains essentially
unchanged. Furthermore, Fig. 28 shows the variation curve of the
velocity (v0) at the leakage port with the number of grids. As

shown in the figure, as the number of grid nodes increases beyond
1 236 824, the convergence solution v0 of numerical calculation is
25m/s. Therefore, when 1 236 824 is used, it can be considered
that the numerical solution is independent of the number of
grids.

2. Analysis of grid convergence index

The following section introduces the grid convergence index
(GCI) for further discussion and analysis of grid independence.
According to the literature,60–63 grid convergence error is defined as

e ¼ f1 � f2
f1

: (9)

Here, f1 and f2 are the fine grid convergence solution and the coarse
grid convergence solution, respectively. f can be any quantity of con-
cern and is taken as v0 here. The grid refinement ratio is defined as

rk;kþ1 ¼ hk
hkþ1

: (10)

FIG. 27. The distribution of velocity contour lines.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 37, 013314 (2025); doi: 10.1063/5.0243910 37, 013314-17

Published under an exclusive license by AIP Publishing

 09 January 2025 04:38:34

pubs.aip.org/aip/phf


In the formula, hk is the average spacing between each grid,
calculated by

hk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNk

i¼1 DVi

Nk

3

s
: (11)

Here, DVi is the volume of each grid cell; and Nk is the total number of
nodes per grid set. For the same physical model, the number of nodes
in the grid varies, but the total volume remains constant. The grid
refinement ratio can be simplified as

rk;kþ1 ¼ hk
hkþ1

¼
ffiffiffiffiffiffiffiffiffiffi
Nkþ1

Nk

3

r
: (12)

The grid convergence index (GCI) is defined as

GCI ¼ Fs
jej

rp � 1
: (13)

Here, Fs is the safety factor, and when using two sets of grids to esti-
mate GCI, the value of Fs is 3; When using 3 or more sets of grids to
estimate GCI, Fs is taken as 1.25, p is the convergence exponent, taken
as 1.97.

The calculation results for GCI are presented in Table XI. It can
be seen from the table that the GCI for two consecutive sets of grid cal-
culations, 976831 and 1 236824, is 2.99% and 1.19%, respectively,
both less than 3%, meeting the grid convergence index criterion.63

This indicates that when the number of grid nodes is 976 831, the cal-
culated values of numerical simulations are independent of the num-
ber of grids. To achieve higher accuracy, this study employed a grid
size of 1 236 824. Adopting the same approach, the number of mesh
nodes for the prefabricated circumferential crack and axial crack were
1 231292 and 1 220 766, respectively.

3. Flow velocity cloud diagram

Taking the working condition under a water pressure of 0.4MPa
as an example, the flow velocity distribution of the leaked fluid at each
leakage port is shown in Figs. 29–31 through fluent modeling analysis.
As shown in the figures, the presence of a leak causes the leakage fluid
to overflow, and the area at the leak is much smaller than the diameter
of the pipeline. According to the Bernoulli equation, assuming the
mechanical energy of the fluid is conserved, the sum of the gravita-
tional potential energy, dynamic potential energy, and pressure poten-
tial energy of an ideal liquid remains constant. Due to the low pressure
at the leak, the fluid flow velocity at the leak is significantly higher than
that in a normal pipeline, with the maximum flow velocity occurring
at the center of the leak. The velocity distribution of the leaked fluid at
each leak is approximately in the shape of an inverted cone, with a rel-
atively high velocity of around 25m/s in air medium and a relatively
low velocity of around 5m/s in sand medium.

4. Pipeline deformation cloud diagram

Due to the existence of leakage ports, the water pressure inside
the pipeline changes and is not uniformly distributed. In different sur-
rounding media, the outer surface of the pipeline will also bear certain
external forces. Therefore, in the process of coupling analysis, the
external forces generated by the flow field interference inside and out-
side the pipeline are considered and applied to the pipeline structure.
Through coupling analysis, the deformation characteristics of pipelines
under various leakage forms are shown in Figs. 32–34. In air and sand
media, the maximum deformation occurs at the center of the leakage
port, while in water media, the maximum deformation occurs at the
bottom of the pipeline. This may be due to the tension of the external
water body, which limits the deformation of the pipeline leakage port.
In sand media, the flow changes of the sand water mixture formed by
the intrusion of the leakage fluid into the sand are irreversible, and the
deformation of the pipeline on the outer surface is somewhat random
due to the complex effects of the sand water mixture. Overall, the final
deformation of each leak is approximately elliptical, with the order of
deformation being: circumferential crack< circular leak< axial crack.
Figure 35 shows the comparison between the finite element analysis
and experimental results under the 0.4MPa working condition. It can
be seen from the figure that the two agree well, indicating that the
finite element analysis calculation is accurate, reliable, and has high
accuracy.

C. Finite element parameter expansion analyzes

As shown in Table XII, to assess the influence of various
parameters on leakage characteristics, ANSYS Fluent finite ele-
ment software was utilized for parameter extension analysis based
on the experimental results. When one parameter was varied
while the others remained constant, the results for the m values

TABLE XI. GCI results of v0 under different structured grids.

Number r v0 (m/s) e GCI/%

801 668 1.030 24.2 0.012 24 25.79
875 242 1.018 24.5 0.008 10 28.40
923 176 1.019 24.7 0.004 03 13.34
976 831 1.082 24.8 0.004 02 2.99
1 236 824 1.195 24.9 0.004 00 1.19
2 111 222 … 25.0 … …

FIG. 28. Curve of leakage velocity changing with the number of grid nodes.
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are presented in Figs. 36–38. As shown in the figures, for circum-
ferential cracks, except for the TOR model, m increases approxi-
mately linearly with the increase in D, increases approximately
exponentially with the increase in l(d), and decreases approxi-
mately exponentially with t and E. All other models show good
agreement with the finite element results. For circular leaks and
axial cracks, neither the TOR model nor the IWA model aligns
well with the finite element method, while only the FAVAD
model remains consistent with both the finite element method
and the experimental results. This may be attributed to the fact
that both the TOR model and the IWA model disregard the influ-
ence of pipeline leak deformation, leading to significant errors in
the calculation process.

V. IMPROVED FAVAD MODEL

The existing FAVADmodel to some extent explains why the leak-
age index is higher than 0.5, but this model only accounts for elastic
deformation and neglects plastic deformation. The model is entirely

based on empirical assumptions and overlooks the physical derivation
process. Its utility for guiding leakage control is very limited. The model
can substantiate a range of leakage index values from 0.5 to 2.5, which
does not fully account for the problem reported in the literature that
the leakage index ranges from 0.36 to 2.95. It fails to effectively simulate
the relationship between axial crack leakage flow rate and water head in
fixed pipelines. Therefore, this section focuses on enhancing the
FAVAD model, analyzing the variations in the leakage index using this
model, and investigating leakage control measures. The influence of
various factors is not an isolated action, but the result of their joint
interaction, and it is not a simple linear relationship. The leakage behav-
ior within sand is more complex. Based on relevant physical quantities
and the FAVAD model and incorporating experimental and finite ele-
ment data, this paper further explores the theoretical formulations. The
essence of the FAVADmodel is presented in

Q ¼ CdAr

ffiffiffiffiffiffiffi
2gh

p
: (14)

FIG. 29. Flow velocity cloud diagram of fluid leaking from circumferential crack.
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Previous studies50 have demonstrated that the stress analysis of pres-
sure pipelines is depicted in Fig. 39 and the corresponding calculation
formulas are presented in Eqs. (15)–(17). Among them, i

*

c , i
*

l , and i
*

r

are the unit vectors in the circumferential, axial, and radial directions,
respectively,

r*cd ¼
qghr2in 1þ r2ex

r2

� �
r2ex � r2in

i
*

c ; (15)

r* ld ¼ qghr2in
r2ex � r2in

i
*

l ; (16)

r*rd ¼
qghr2in 1� r2ex

r2

� �
r2ex � r2in

i
*

r : (17)

Among them, rcd is the circumferential stress, measured in Pa;
rld is the axial stress, measured in Pa; rrd is the radial stress, measured
in Pa. q is the density of water, measured in kg/m3; g is the acceleration

due to gravity, measured in m/s2; h is total head of internal pressure,
measured in m; rin is the radius of the inner wall of the pipeline, mea-
sured in m; rex is the radius of the outer wall of the pipeline, measured
in m; and r is the calculated radius at any point on the pipeline, mea-
sured in m. Integrate the stresses along the wall thickness and divide
by the total thickness to obtain their respective average values; note
that the average value of axial stress remains constant and equals itself.
Their expressions are presented in

�r
*

cd ¼ qghDin

2d
i
*

c ; (18)

�r
*

rd ¼ �qghDin

Din þ Dex
i
*

r ; (19)

�r
*

ld ¼ r* ld ¼ qghD2
in

4 d2 þ Dind
� � i*l : (20)

Among them, �r
*

cd is the average value of circumferential stress,
measured in Pa; Din is the diameter of the inner wall of the pipe,

FIG. 30. Flow velocity cloud diagram of fluid leaking from round hole.
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measured in m; d is the thickness of the pipe wall, measured in m; �r
*

rd

is the average value of radial stress, measured in Pa; Dex is the diameter
of the outer wall of the pipe, measured in m; and �r

*

ld is the average
value of axial stress, measured in Pa.

Analysis reveals that among the three stresses, the circumferential
stress is the highest and the radial stress is the lowest. Due to the fact
that the thickness of the pipe wall in the water supply pipeline is signif-
icantly smaller than the diameter of the pipeline, the axial stress is
approximately half of the circumferential stress. Based on the experi-
mental phenomena described in Sec. IIIA, it can be inferred that in
some cases, the conditions for calculating the leakage expansion dis-
placement using EPRI64 are no longer satisfied. Therefore, when there
are leakage points on the pipeline wall and pressurized water within
the pipeline, the circular leakage is assumed to expand in an elliptical
shape, the axial crack is assumed to expand along the short axis of the
ellipse, and the circumferential crack is assumed to expand only along
the short side of the rectangular shape (ignoring the gradual transitions
at both ends), as depicted in Fig. 40. Previous studies49 have derived

formulas for calculating leakage flow by considering leaks as planar
areas, but they have neglected the influence of curvature on leakage
flow. Taking a circular hole as an example, as shown in Fig. 41, the
actual leakage port is formed on the surface of the pipe section, which
is a localized cylindrical area and should exhibit a curved surface shape.
Previous studies have precisely neglected this aspect. Therefore, focus-
ing on the key aspect of the surface, this article further refines Zheng
Chengzhi’s approach49 to derive an improved leakage flow calculation
formula by addressing the surface area and replacing the planar projec-
tion area. The specific derivation process is as follows.

A. Round hole

1. Circumferential deformation

According to the principle of stress, the circumferential stress
relationship of the pipeline around a round hole is given in Eq. (21).
The circumferential deformation is given in Eq. (22).

FIG. 31. Flow velocity cloud diagram of fluid leaking from axial crack.
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�r
*

cd ¼ Ddc
d0

Ei
*

c ; (21)

dc ¼ d0 þ Ddc ¼ 1þ qghDin

2dE

� �
d0 ¼ 1þ C0hð Þd0: (22)

Among them, d0 is the original leak diameter, measured in m; Ddc is
the circumferential change in leak diameter caused by pressure, mea-
sured in m; dc is the length of the leak diameter in the circumferential
direction after being subjected to pressure, measured in m; and C0 is a
constant, with a value of qgDin

2dE .

2. Axial deformation

Using the same method, we obtain Eqs. (23) and (24).

�r
*

ld ¼ Ddl
d0

Ei
*

l ; (23)

dl ¼ d0 þ Ddl ¼ 1þ qghD2
in

4 d2 þ Dind
� �

E

 !
d0 ¼ 1þ C1hð Þd0: (24)

Among them, Ddl is the axial change in leak diameter caused by pres-
sure, measured in m; and dl is the length of the leak diameter in the
axial direction after being subjected to pressure, measured in m. C1 is a

constant, with a value of qgD2
in

4ðd2þDindÞE.

3. Radial deformation

Because the radial stress is significantly smaller than the circum-
ferential and axial stresses, and the shape of the leak is circular, it is not
prone to outward deformation. Therefore, the influence of radial stress,
lateral pressure, and friction on the size of the leak is ignored.

According to Eqs. (22) and (24), determine dc and dl, and solve
for the major and minor axes of the elliptical projection of this surface.
Since the major axis is along the axial direction, the projection length

FIG. 32. Deformation cloud diagram of PVC-UH pipeline with circumferential crack.
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remains constant, i.e., d0 l ¼ dl, while the minor axis is circumferential
and has a certain degree of curvature, as shown in Fig. 42. h ¼ dc

2R can
be obtained from the relationship between arc length and radius.
Therefore, the length of the minor axis (chord length) of the elliptical

projection surface is d0c ¼ 2R sin h ¼ 2R sin dc
2R

� �
. The surface area

will be determined using surface integration as follows.
Establish a Cartesian coordinate system, as depicted in Fig. 43,

with the cylindrical equation given by

x2 þ z2 ¼ R2: (25)

Here, R is the radius of the pipe. According to the above content, it can
be seen that the projection surface of the circular leak is an ellipse.
Assuming that the elliptical surface is

X
:
x2

a2
þ y2

b2
¼ 1; d01 ¼ 2a; d0c ¼ 2b: (26)

By integrating the curved surface, the formula for calculating the
curved surface area is derived and presented in

Ar ¼
ð ð
R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z02x þ z02y

q
dxdy ¼

ð ð
R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z02x

q
dxdy: (27)

By substituting z0x ¼ �xffiffiffiffiffiffiffiffiffiffi
R2�x2

p and integrating, the leakage area is
determined and presented in

Ar ¼ 4bR � EllipticE arcsin
a
R

� �
;
R2

a2

" #
: (28)

In the formula, a ¼ dl
2 ¼ ð1þC1hÞd0

2 , b ¼ d0c
2 ¼ R sin dc

2R

� �
¼ R sin ð1þC0hÞd0

2R , EllipticE represents the elliptic integral equation.
After calculation, the formula for calculating the leakage flow rate of a
round hole is

FIG. 33. Deformation cloud diagram of PVC-UH pipeline with round hole.
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Qo ¼ 4
ffiffiffiffiffiffiffi
2gh

p
CdR

2 sin
1þ C0hð Þd0

2R
EllipticE

� arcsin
1þ C1hð Þd0

2R
;

4R2

1þ C1hð Þ2d20

" #
: (29)

B. Axial crack

1. Circumferential deformation

When the length of the axial crack is zero, the change in circum-
ferential stress at the edge of the crack is zero. When the length of the
axial crack reaches a certain value, this value is defined as the critical
length for circumferential force. When the length of the axial crack
exceeds or equals critical length for circumferential force, the change
in circumferential stress at the center edge of the crack is the stress
experienced prior to failure. The change in width of the crack center
can be obtained as shown in

Dbl
p Din þ dð ÞEi

*

c � Dbl
p Din þ dð Þ þ Dbl

Ei
*

c ¼ �r
*

cd: (30)

In the equation, Db1 is the change in width of the central part of
the axial crack, measured in m, and Eq. (31) is derived from Eqs. (30)
and (21).

Dbl ¼
pqg D2

in þ Dind
� �

2Ed
h ¼ C2h: (31)

C2 is a constant with a value of pqgðD2
inþDindÞ
2Ed . The width of the central

part of the axial crack under pressure is given by

b1 ¼ b0 þ Db1 ¼ b0 þ C2h: (32)

2. Axial deformation

Neglecting the variation in axial crack length, no stress analysis
will be conducted on this type of crack in the axial direction.

FIG. 34. Deformation cloud diagram of PVC-UH pipeline with axial crack.
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3. Other deformations

Axial cracks can cause the edges of the crack to turn outward and
expand the leakage area under the action of radial stress, lateral pres-
sure, and friction. Assuming that these stresses cause the crack width to
change linearly with the water head, the following equation is derived:

b01 ¼ b1 1þ khð Þ ¼ b0 þ C2hð Þ 1þ khð Þ
¼ b0 þ C2hþ b0khþ C2kh

2: (33)

The ellipse formed by this surface on the projection plane has its major

and minor axes of l0¼ 2a and b001 ¼ 2R sin h ¼ 2R sin b01
2R

� �
¼ 2b,

respectively. Therefore, the following equation can be obtained:

a ¼ l0
2
; b ¼ R sin

b0 þ C2hþ b0khþ C2kh2

2R

� �
: (34)

Substituting a and b into Eq. (27) yields

Ar¼4R2 sin
b0þC2hþb0khþC2kh2

2R

� �
EllipticE arcsin

l0
2R

;
4R2

l20

 !
:

(35)

After calculation, the formula for calculating the axial crack
leakage flow rate is presented in

FIG. 35. Comparison between finite element analysis and experiment results.

TABLE XII. Parameter values. Note: l is the length of the circumferential and axial
cracks, and the diameter of the round holes in parentheses.

Parameters Unit Values

l(d) mm 10(3.6), 20(5.0), 30(6.2), 40(7.1), 50(8.0),
60(8.7), 70(9.4)

D mm 25, 50, 70, 90, 110, 130, 150, 200
t mm 3, 4, 6, 8, 10, 12, 14
E MPa 1500, 2000, 3500, 5000, 8000, 12000

FIG. 36. Comparison of finite element
results of circumferential cracks with exist-
ing models.
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Ql ¼ 4
ffiffiffiffiffiffiffi
2gh

p
CdR

2 sin
b0 þ C2hþ b0khþ C2kh2

2R

� �
EllipticE

� arcsin
l0
2R

;
4R2

l20

 !
: (36)

C. Circumferential crack

The experimental section is connected to the system via the
Haval joint. Due to the circumferential crack, the pipeline is fixed
at both ends, and the axial force (tensile stress) is constrained
during elongation of the pipeline. The elongation at both ends
will reduce the width of the existing crack, and the corresponding
relationship is given in

�Db02
Lfix

Ei
*

l ¼ �r
*

ld: (37)

In the equation, Db02 is the change in width of the central part of
the circumferential crack, and Lfix is the distance between the fixed
points at both ends of the pipeline where the circumferential crack is
located, measured in m. By combining Eq. (23), the decrease in width
of the central part of the circumferential crack is obtained and pre-
sented in

Db02 i
*

l ¼ �Lfix
�r
*

ld

E
¼ �C5hi

*

l : (38)

In the equation, C5 ¼ LfixqgD2
in

4ðd2þDindÞE. At this point, the width of

the circumferential crack is given by

b ¼ b0 � C5h: (39)

Assuming the initial circumferential crack arc length is l1, due to the b
equivalence transformation, the projection surface is rectangular, thus
eliminating the need for surface integration. The surface area of the cir-
cumferential crack is directly obtained and presented in

Ar ¼ b0 � C5hð Þl1: (40)

The calculation formula for the circumferential crack leakage flow rate
can be obtained by substituting Eq. (40) into Eq. (14), which is

Qc ¼
ffiffiffiffiffiffiffi
2gh

p
Cd b0 � C5hð Þl1: (41)

It should be noted that Eqs. (29), (36), and (41) present the calcula-
tion formulas for the leakage flow rates of three types of free outflow
forms (air medium). For submerged outflow and sand outflow, there are
no relevant formulas to refer from in previous studies. When referring to
submerged outflow at the orifice, the principle of effective head is consid-
ered, which is assumed to be h0.

65 Therefore, to obtain the flow rate for-
mulas for each medium outflow, it is assumed that h in each formula is
represented as the effective head h0. As shown in Eqs. (42)–(44).

FIG. 37. Comparison of finite element
results of round holes with existing
models.
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(1) The improved round hole FAVAD model is given by

Qo ¼ 4
ffiffiffiffiffiffiffiffiffi
2gh0

p
CdR

2 sin
1þ C0h0ð Þd0

2R
EllipticE

� arcsin
1þ C1h0ð Þd0

2R
;

4R2

1þ C1h0ð Þ2d20

" #
: (42)

(2) The improved axial crack FAVAD model is given by

Ql ¼ 4
ffiffiffiffiffiffiffiffiffi
2gh0

p
CdR

2 sin
b0 þ C2h0 þ b0kh0 þ C2kh20

2R

� �
EllipticE

� arcsin
l0
2R

;
4R2

l20

 !
: (43)

(3) The improved circumferential crack FAVAD model is given by

Qc ¼
ffiffiffiffiffiffiffi
2gh

p
Cd b0 � C5h0ð Þl1: (44)

When the medium is water, h0 is given by

h0 ¼ h� hw: (45)

When the medium is sand, the equivalent water depth hw can be used
to express it. As shown in

qwghw ¼ qsghs; (46)

hw ¼ qshs
qw

; (47)

hw is the depth of water in the iron box, hs is the burial depth of satu-
rated sand in the iron box. Therefore, the effective water head when
the medium is sand is given by

h0 ¼ h� qshs
qw

: (48)

FIG. 38. Comparison of finite element
results of axial cracks with existing
models.

FIG. 39. Pressure bearing pipeline stress.
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Applying Eqs. (42)–(44) to the calculation of leakage flow rates,
and combining them with existing relevant computational models—
namely those of Latifi et al.,41 Shi,66 Shahangian et al.,65 and Sam et al.4

(only axial cracks)—we compare these with experimental results as
depicted in Fig. 44. The figure shows that the calculated results of the
improved FAVAD model and the S.S.A model are consistent with the
test values, indicating that these models can be used to calculate the
leakage flow. However, both the M. Latifi and F. Sam models overesti-
mated the test values, possibly because the M. Latifi model, fitted by its
own test results, exhibits certain deviations when applied to this study.
The axial crack calculated by the F. Sam model is on the side of the
pipe, leading to a certain impact due to gravity. However, in this study,
the crack is at the top of the pipe, and the effect of gravity is neglected.
The T. Shi model underestimated the test value in this study and calcu-
lated conservatively, possibly because it ignored the actual curved sur-
face deformation of the leakage and treated it as a planar projection.

Considering the limited factors considered in this study, the test
results exhibit certain limitations. In the future, the influence of sand
grading characteristics (both continuous and discontinuous), various
leakage mouth shapes (e.g., triangular and square), the viscoelastic
properties of the pipeline, and external traffic loads on leakage charac-
teristics can be further investigated through additional testing to obtain
more data. To better understand the leakage mechanism.

VI. CONCLUSIONS

This study designs three types of leaks, namely circumferential
cracks, circular holes, and axial cracks. Leakage simulation tests were

conducted on 39pipe sections, considering factors such as the surround-
ing medium (air, water, and sand) and burial depths (200, 400, and
600mm). The study aims to obtain the relationship between leakage
flow rate and pressure, analyze the experimental results using existing
theoretical models, quantitatively analyze the changing trends of leakage
evaluation indicators (m, Cd) based on the FAVAD model, and then
perform finite element verification to obtain the velocity distribution
within the flow field and the deformation characteristics of the pipeline.
Further parameter expansion analysis is conducted to determine the
influence of leakage size (l, d), pipeline outer diameter (D), wall thickness
(t), and elastic modulus (E) on the value of m. Finally, considering the
influence of leakage curvature, the derivation and improvement of the
leakage flow calculation formula were performed based on the FAVAD
model. Themain conclusions drawn from this study are as follows.

(1) In sand media, an “inverted cone” sand-water mixing zone is
formed below, and a “semi-elliptical” erosion pit with cracks is
formed above. In water media, a “seismic source” forms on the
surface of the water body directly above the leakage port, propa-
gating in the form of water waves to the surrounding area. In
the air medium, when the water pressure is low, only a water
column is sprayed in the middle of the axial crack. As the water
pressure increases, the water column widens along the length of
the crack and thickens along its width. The width of the water
column in the middle is slightly larger. Applying small water
pressure to circumferential cracks and circular leaks can cause
water jets to spray throughout the entire length of the crack.

(2) The leakage flow rate Q increases with the increase in pressure
h. When all other conditions are the same, the order of the leak-
age flow rate Q is free outflow > submerged outflow > sand
outflow, and the increase increases in Q with increasing pres-
sure. When considering the influence of surrounding media, the
IWA and FAVAD models can be used to approximate the leak-
age flow rate. The change in the leakage flow rate shows an
increasing trend, on average, in the order of circumferential
cracks, circular holes, and axial cracks. Among them, the varia-
tion amplitude of circumferential cracks is relatively small,
while the average leakage flow rate of circular holes and axial
cracks shows a clear increasing trend.

(3) When other conditions are the same, the leakage flow rate
increases in the order of S1, S2, S3, W, and A with changes in
the medium and decreases with increases in burial depth H.
The slope is smaller when transitioning from S1 to S2, and then
the slope of the curve becomes larger. The descent speed of Q is
greater when H increases from 200 to 400mm than when H

FIG. 40. Projection surface of leakage considering curvature.

FIG. 41. Curved surface.

FIG. 42. Chord length diagram.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 37, 013314 (2025); doi: 10.1063/5.0243910 37, 013314-28

Published under an exclusive license by AIP Publishing

 09 January 2025 04:38:34

pubs.aip.org/aip/phf


increases from 400 to 600mm. The greater the applied pressure,
the more significant the amplitude of the above changes.

(4) The m value increases with the increase in k and decreases with
the increase in cdH. The slope of the m value change for different
types of leaks at different burial depths is roughly equal, but the m
value in S1 and S2 media is smaller than that in S3. Cd increases
with the increase in k, and the changes are roughly similar. When
the burial depth is 600mm, the increase in Cd is relatively small.
Cd decreases with the increase in cdH, and the variation pattern
across different burial depths is roughly the same. The absolute
value of the slope for the circumferential crack (corresponding to
S3) is larger than those of the circular and axial cracks.

(5) The fluid flow velocity at the leakage port is significantly higher
than that in a normal pipeline, with the maximum flow velocity
occurring at the center of the port. The velocity distribution of
the leaked fluid at each leak is approximately in the shape of an
inverted cone, with a relatively high velocity of around 25 m/s
in the air medium and a relatively low velocity of around 5 m/s
in the sand medium. The final deformation of each leak is
approximately elliptical, with the order of deformation being
circumferential crack < circular leak < axial crack.

(6) Except for the TOR model, the m values of all models for cir-
cumferential cracks increase approximately linearly with the
increase in D, increase approximately exponentially with the
increase of l(d), and decrease approximately exponentially

with t and E. For circular leaks and axial cracks, neither the
TOR model nor the IWA model matches well with the finite
element method. Only the FAVAD model is consistent with
both the finite element method and the experimental results.
The improved FAVAD model [Eqs. (42)–(44)] and S.S.A model
provide ideal and reliable results, which can be applied to the
calculation of the leakage flow rate for buried pipelines.
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