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Abstract: The traditional orifice discharge formula used to estimate the flow rate through a leak
opening at a pipe wall often produces inaccurate results. This paper reports an original experimental
study in which the influence of orifice-to-pipe diameter ratio on leakage flow rate was investigated for
several internal/external flow conditions and orifice holes with different shapes. The results revealed
that orifice-to-pipe diameter ratio (or pipe wall curvature) indeed influenced the leakage flow, with the
discharge coefficient (C;) presenting a wide variation (0.60-0.85). As the orifice-to-pipe diameter ratio
decreased, the values of C; systematically decreased from about 12% to 3%. Overall, the values of C;
also decreased with 3 (ratio of pressure head differential at the orifice to wall thickness), as observed
in previous studies. On the other hand, orifice shape, main pipe flow velocity, and external medium
(water or air) all had a secondary effect on C;. The results obtained in the present study not only
demonstrated that orifice-to-pipe diameter ratio affects the outflow, but also that real scale pipes may
exhibit a relevant deviation of C; from the classical range (0.61-0.67) reported in the literature.

Keywords: discharge; orifice; pipe leakage; orifice-to-pipe diameter ratio; water distribution system;
discharge coefficient

1. Introduction

A water distribution system is an essential part of urban infrastructures, and its integrity and
reliability play an important role in ensuring the rapid and stable development of a city’s economy and
the improvement of people’s living standards [1]. Pipe network leakage in many countries frequently
occurs in a distribution system when the inside pressure is higher than the outside pressure, and the
pipes experience failures, including pipe fracture or orifice, cross connection, and leaking joints [2-5].
The amount of water leakage in pressurized pipes varies in different areas [3,6,7], which may seriously
damage nearby infrastructures and cause third party damage, water and financial losses, energy losses,
and health risks [8].

Orifice flow has been extensively studied, and the hydraulic behavior of the leaks is described by
an orifice equation [9]. The famous Torricelli’s formula, aiming at an orifice in the bottom of a tank with
steady flow pattern and constant head, is generally used to estimate the discharge flow rate as follows:

Q = CyA2gH, M)
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where C; = discharge coefficient, ¢ = acceleration of gravity, A = orifice area, and H = head in the tank.
The conventional orifice equation, which describes the conversion of pressure energy to kinetic energy,
is commonly used in leakage assessment.

Several studies have suggested that the areas of leak openings are not fixed when using the orifice
equation, varying with the variation of fluid pressure caused by the stress changes in internal pipe
walls. Fixed and variable area discharge theories have been used to describe the orifice flow [10-15].
Under elastic conditions, the area linearly changes with pressure, and the linear law is applicable
regardless of the shape and size of the orifice, pipe material, and loading state of section properties [16].
Round holes slightly expand with pressure, and longitudinal cracks exhibit the largest increase,
followed by circumferential cracks [15]. As a consequence, the leakage flow through a crack in a pipe
cannot be accurately described by the conventional orifice equation.

To overcome this problem, leakage discharge is commonly modeled by using a power equation to
describe the flow—pressure relationship in hydraulic network modeling [2,17-19]:

Q=Cn*%, @

where C = leakage coefficient, « = leakage exponent, and h = pressure differential in the orifice.
Many studies have concluded that the leakage exponent varies with some factors, such as the type of
pipe materials, size and shape of defects, and pipe diameters [2,20]. The power equation allows the
leakage exponent to be higher than 0.5, ranging from 0.5 to 2.79 with a median of 1.15 [21,22].

A comprehensive understanding of the relationship between leakage and various factors can help
predict the leakage flow rate and reduce the losses in order to improve the reliability of a water supply
network [23,24]. However, to the authors” knowledge, the only study dealing with the effect of pipe
wall curvature on the flow rate through leak openings was performed by using a 2D computational
fluid dynamics (CFD) model to estimate the intrusion rate into the pipelines [25].

The conventional orifice Equation (1) was derived from an orifice located at the tank wall on
the basis of energy balance, where the tank wall is a plane. The wall of an actual pipe has a certain
curvature. The divergent diameters of pipes essentially indicate that the plane located in the orifice
is different. This study focused on the effect of orifice-to-pipe diameter ratio on leakage through
pipe wall cracks. Various laboratory experiments were conducted, and the experimental systems
were thoroughly described. The leakage discharge coefficient (C;) was measured under various
orifice-to-pipe diameter ratio and pressure conditions. Two external media, namely, water and air,
three different orifice shapes, and two sizes of orifices were also considered and compared. The key
findings of this experimental study are summarized in the conclusions section.

2. Experimental Study

2.1. Experimental Apparatus

An experimental orifice discharge facility was built to measure the leakage volumes by simulating
the leakage of pressurized underground pipe under two conditions, namely, water and air, external to
the leakage opening of the pipe wall. Figure 1 shows the schematic of the experimental setup: a cuboid
stainless steel water tank (2500 mm length, 600 mm width, 1000 mm height, and 4 mm wall thickness),
with a straight round pipeline running through it. The pipe outside the tank was a DN50 straight
pipeline, and the test pipe with various specifications inside was detachable and connected to the
pipeline outside by Victaulic, with a total length of 18 m. Twelve circular detachable pipes (2000 mm
length, 2 mm wall thickness) were located in the pipe section of the tank, in which four of them had
25 mm nominal diameter, the other four had 50 mm nominal diameter, and the remaining pipes had
100 mm nominal diameter, imitating a series of buried pipelines with different sizes in the experiment.

As shown in Figure 2, the leakage openings with different sizes and shapes were drilled at high
precision in the middle length of the replaceable tubes for the simulation inside the tank: a round hole
(3 and 6 mm in diameter), a longitudinal break (7.07 mm length, 1 mm width), and a circumferential
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split with the same measure in the middle of the detachable pipe wall. The physical model had a
noncirculating system. The water tank on high experimental platform was used as water supply source
to ensure the continuous flow of water, and the downstream overflow tank was used to drain water.
Various pressures and velocities of the internal pipe during steady-state discharge were imposed as
suitable experimental conditions using gate valves installed on the pipe, a variable-speed pump (50AAB
HLS-25-50-2, Shanghai Panda, 5.5 kW rated power, and 0.5 MPa), and a diaphragm pressure tank
(SQL600-0.6, Shanghai Panda, 0.6 MPa pressure, 120 L effective volume) in the experimental platform.

water supply tank

variable frequency pump

Sluice valve X 0.6m
o ;4 %
ez 1L o= 3
t Flowmeter | im
———————————— 2
Municipal water supply 2.5m Overflow tank

Figure 1. Schematic of the experimental setup for the outflow discharge study.

An electromagnetic flowmeter (OPTIFLUX2100C, KROHNE, Shanghai, China) with 5% accuracy
was installed on the upstream pipe section of the orifice to measure the pipe flow rate. Two Pi605CS
pressure sensors (IP 68, with a range of 5 bar and 5% accuracy, Manufacturer: Berkshire, England,
Supplier: Shenzhen, China) connected to a data acquisition card were installed on the pipe positions to
collect the pressure at the orifice, which upstream and downstream of the orifice and 0.3 m from the
orifice of each pipe. The average reading of two pressure sensors was regarded as the orifice pressure.
The pressure and flow data in the physical model were captured on LabVIEW software. The range
of pressure transmitter was 5 bar and had a precision of 0.1%, and the average of collected data was
taken as the orifice pressure. Figure 3 illustrates the different parts of the experimental equipment for
discharge flow simulation.

Figure 2. Cont.
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Figure 2. Photos of leakage openings with different areas and shapes in pipes with different diameters:
(a) 3 mm circular orifice, (b) 6 mm circular orifice, (c) longitudinal orifice (7 mm length and 1 mm
width), and (d) circumferential orifice (7 mm length and 1 mm width).
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Figure 3. Experimental apparatus to control system operation.
2.2. Experimental Procedures

The pump started at different frequencies to perform the experiments with various scenarios,
and the diaphragm valve upstream and downstream changed the switching degree to obtain various
internal pressures and pipe flow rates. After acquiring the pressure and flow velocity data in each
scenario on LabVIEW software, the entire experimental system ran for a time period under steady-state
conditions to guarantee the accuracy of the measured outflow rate. The leakage flow rate in the pipe
was measured through mass weighting (the ratio of water net weight at this time period was taken
as the flow rate of leakage port). Various experiments were conducted considering air and water
around the pipe, with water received under the orifice and at the overflow on the side of the tank
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(exactly 0.5 m above the orifice). The flow rate was measured by weighing the leakage flow under the
orifice when conducting experiments of the orifice discharging into air. The side wall of the box was
drilled with an overflow hole (100 mm diameter), and the size of the overflow nozzle was sufficient to
discharge the water leakage in time when conducting the leakage opening into water, and the water
flow in the overflow orifice was equal to the leakage amount in the orifice of the pipe when conducting
experiments with water around the pipe. Each scenario was repeated at least five times to improve the
accuracy of the results and reduce the errors, and the average of the data from the repeated experiments
was set as the final data.

2.3. Experimental Results

The leakage discharge coefficient of the crack is calculated by using Equation (3):

C __Q (3)

4= NNk
where Q is the leakage flow, A is the orifice area, and AH is the pressure head differential over the
crack in the pipe wall, (Mjuternar — Hexterna)- This study presented the discharge coefficient from the
physical model obtained for different orifice shapes and different areas of circular holes under various
experimental scenarios. In this study, the dimensionless parameter A—the orifice-to-pipe diameter
ratio—was introduced to extract the correlations more clearly between coefficient of discharge (C;)
and the two factors (pipe diameter, orifice diameter). Different wall thicknesses bear the pressure
differential between inside and outside a pipe in different ranges in actual conditions and pressure
differential of unit wall thickness could reflect the influence of different pipeline material. Also, this
study introduced the nondimensional parameter 3 (ratio of pressure head differential at the orifice to
wall thickness) and studied its impact on orifice leakage. As mentioned above, the experiments with
the same system were divided into two parts, considering either air medium or water around the pipe
to simulate groundwater environment.

2.3.1. Discharge Coefficient for the Experiments with Water as External Medium

In this experimental scenario, the main pipe flow velocity was kept approximately the same
while the other flow conditions changed from one experiment to another. Note that the impact of
flow velocity on discharge flow has already been investigated [26]. Figure 4 shows the results of
discharge coefficient with 3 and 6 mm drilled orifices discharging into water with the variation of
nondimensional parameter 3 and the pipe filled and submerged in the water. The leakage flow rate in
the existing leak openings and the discharge coefficient decreased with the increase of 3. This condition
conformed to the fitted curve formulas of International Organization for Standardization, manifesting
that coefficient of discharge (C;) was closely related to the Reynolds number [18]. The difference in
pressure head differential at the orifice caused the variation of 3 due to the same wall thickness (2 mm)
in the experiment. Regardless of pipe diameter and the orifice discharging into water below 10 m
(f =5000) and above 40 m (f = 20,000), C; had a small fluctuation, and a conclusion was not made
about Cz and {3 [27]. In relatively low-pressure zones, the cross-sectional area at the vena contraction
is large (close to the orifice area) and changes little with pressure head differential, resulting in little
variation in the contraction coefficient. Similarly, the contraction coefficient has the same trend under
high-pressure zones. The contraction coefficient as a main factor affected C; and C; then seemed to be
constant below 10 m and above 40 m. In other words, C; decreased with the increase of pressure under
intermediate pressure [27].

The discharge coefficient deviation under different pipe sizes and relatively low-pressure zone
was larger than that under high-pressure zone. This suggests that the discharge coefficient had high
sensitivity to the curvature degree of the pipe wall where the orifice was located under low pressure.
The pressure potential energy plays a leading role under high pressure, with other factors having little
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impact on leakage flow rate. Comparing the values of charts (a) and (b) in Figure 4, we found that
the value of C; in the 3 mm orifice with the same pressure and main pipe flow velocity was smaller
than that in the 6 mm orifice because of the pipe losses in addition to the inlet and outlet losses of the
small orifice, which is consistent with the results of C; by previous studies [28]. This means that C,
decreased when A decreased under the same pipe diameter. The experimental results also indicated
that C; decreased when A decreased under the same orifice diameter.
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Figure 4. Variation of outflow discharge coefficient of round orifices discharging into water as a
function of « and pipe diameter: (a) 3 mm orifice; (b) 6 mm orifice.

2.3.2. Discharge Coefficient for the Experiments with Air as External Medium

Similar to the abovementioned experiments, the main pipe flow velocity was kept approximately
the same while the other flow conditions changed from one experiment to another. Figures 5 and 6
show the variation of C; with orifices of different sizes and shapes discharging into air as a function
of 3. The results indicate that the discharge coefficient decreased with the increase of pipe diameter
regardless of the orifice size and shape. Comparing Figures 4 and 5, we can observe that C; is larger
for the orifice discharging into water than into air. However, the drop in C; values is more pronounced
in the case of water. Additionally, in both figures, with the same orifice, C; decreased as A decreased.
On the other hand, Figure 6 shows that the values of C; for the longitudinal crack were larger than
those for the circumferential crack. The longitudinal cracks show larger expansion with pressure and
also produce more leakage, followed by the circumferential crack [2,15]. This confirms that leakage
water flow rate depends on the crack shape under the same flow conditions [2].

The equivalent diameter of the crack is calculated by using Equation (4) [29]:

A0.625

deg = LSSW’ 4)
where d is the equivalent diameter, A is the orifice area, and P, is the wetted perimeter of the orifice.
Equation (4) was used to relate cracks with different shapes to the round holes and then calculate the
orifice-to-pipe diameter ratio. The results also indicate that C; for the orifice discharging into water is
higher than the typical values found in the literature, which are commonly between 0.61 and 0.67 for a
circular sharp-edged leakage opening [30], and also higher than the value of C; for the case of air as
external medium, consistent with previous experimental results [26,27].
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Figure 5. Variation of outflow discharge coefficient of round orifices discharging into air as a function
of leakage pressure and pipe diameter: (a) 3 mm orifice; (b) 6 mm orifice.
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Figure 6. Variation of outflow discharge coefficient of orifices with different shapes discharging into air
as a function of o and pipe diameter: (a) longitudinal crack; (b) circumferential crack.
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2.3.3. Effect of Reynolds Number

The outflow experiments were conducted using the 3 mm orifice with three pipe diameters
(25, 50, and 100 mm) discharging into air, as shown in Figure 7. The pipe pressure was controlled
at 10 m, and the main pipe velocity was changed to a certain range using the same test system.
Reynolds numbers were accurately calculated for each main pipe velocity. As demonstrated in Figure 7,
the relationship of C; and Reynolds number was indicated, and the discharge coefficient curves with
different value of Reynolds number were obtained. Regardless of the flow velocity within the testing
range (below 1 m/s), the larger Reynolds number is, the smaller the C; will be, consistent with the
results available in the literature [26]. When A is constant, the larger Reynolds number leads to greater
influence of inertial force, more water flowing downstream of the pipe section and less leakage at the
orifice. Among the three different values of A with the same orifice diameter, the curve slope related
to A with maximum value was the largest. However, the drop in C; was very small for all the cases
(<2%), which suggests that the discharge coefficient was not strongly influenced by Reynolds number.
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Figure 7. Variation of outflow discharge coefficient for the 3 mm circular hole discharging into air as a
function of Reynolds number.

2.3.4. Synthesis of the Experimental Results

Overall, Figures 4-7 show that decreasing A (from 0.12 to 0.03, and from 0.24 to 0.06) results in
systematic decreases of C; from about 12% to 3%, independently of the external medium (air or water),
orifice size and shape, and main pipe flow velocity, which played a secondary role on C;. On the
other hand, C; also decreased with the pressure head differential at the orifice, corroborating earlier
experimental results [27].

The decrease of C; with pipe diameter is attributed here to the effect of pipe wall curvature on
the convergent flow towards the orifice. Comparing our results with those obtained in previous
studies [26], we can conclude that C; gradually decreases from (a) to (c) in Figure 8, which represent,
respectively, three flow conditions: outflow in a pipe with small diameter (with angle 6 > 0), outflow in
a pipe with large diameter (or a rectangular pipe, where 6 = 0), and inflow to a pipe of small diameter
(with angle 6 > 0). Future studies are needed to elucidate these flow behaviors.

(@) (b) (©)

Figure 8. Leakage conditions with different pipe wall curvatures (and angle 0): (a) outflow in a pipe
with small diameter (with angle 6 > 0); (b) outflow in a pipe with large diameter (or a rectangular pipe,
where 0 = 0); (c) inflow to a pipe of small diameter (with angle 6 > 0)
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3. Conclusions

This study conducted various experiments to investigate the influence of the dimensionless
parameter A (the orifice-to-pipe diameter radio) in water supply networks on orifice outflow.
In particular, this study experimentally modeled the orifice outflow of pipes surrounded by water and
air. The steady-state results from the physical modeling suggested that the dimensionless parameter A
had a clear effect on the discharge coefficient using the orifice equation. The aim was to assess the
relationship between A and outflow. Thus, the following conclusions can be drawn:

1.  The dimensionless parameter A (the orifice-to-pipe diameter radio) indeed affected the pipe
leakage with the same size of orifice. With constant orifice pressure and main pipe flow velocity, A
increased (i.e., with the decrease of the pipe diameter, with the increase of pipe wall curvature), and
the outflow discharge coefficient increased. The conclusion in the experimental results was true
under three molds of opening leakage, namely, round hole, longitudinal crack, and circumferential
crack. C; was more sensitive to A when the pipe was around the water under low pressure.

2. Thedischarge coefficient slightly increased with orifice diameter (3 and 6 mm), which also suggests
that a general relationship between C; and the dimensionless parameter A (the orifice-to-pipe
diameter ratio) may exist. Further experimental and numerical studies will be carried out to
investigate this potential relationship.

3. The water around the orifice favored the outflow. With similar main pipe velocity and constant
orifice pressure, the value of C,; in the orifice discharging into water was larger than that outflowing
into air. C; also dropped faster with pressure in the case of air.

4. The experiments provided values of C; ranging from about 0.60 to 0.85, which presented some
deviations from the classical range of 0.61-0.67 reported in the literature. This may have a relevant
impact on real pipeline systems.
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