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Effects of leakage points on intrusion volume
in a simulated water distribution system
Yu Shao, Shipeng Chu, Chenkai Dang and Tingchao Yu

ABSTRACT
Contamination can intrude into urban water distribution systems through pipe leakage oriﬁces or other
deﬁciencies, which can create public health risks. Intrusion volume is a signiﬁcant indicator of health
risks when a pollution incident occurs. A pilot-scale platform was constructed to simulate the
contamination intrusion through leakage holes caused by low or negative pressure events.
The intrusion device was improved from the author’s previous study by substituting the replaceable
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pipes in the main pipe for the side connecting pipe. Comparison between the two intrusion devices
demonstrated that the intrusion device with the side connecting pipe may underestimate the intrusion
volume. The oriﬁce diameter range is extended to be 3–19.0 mm to analyze the effects of leakage sizes
on the intrusion volume. The results show that the intrusion volume ﬁrst increased and then decreased
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with increase of the oriﬁce diameter. The calculated intrusion volume by the oriﬁce discharge equation
using the measured discharge coefﬁcient is slightly different from the measured intrusion volume.
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| intrusion volume, negative pressure, oriﬁce, water distribution system

INTRODUCTION
The intrusion of polluted water into water distribution sys-

microbial intrusion events in distribution systems. The accu-

tems during low or negative pressure events was studied by

rate calculation of intrusion volume is important for risk

Karim et al. () and Gullick et al. (). Pressure drop

assessment and decision-making. Boyd et al. (a,

in pipes, buried below groundwater level, and poor structural

b) measured the intrusion volume associated with

integrity of pipes are the three necessary components of pol-

valve shutdown events by using chemical tracer and volu-

luted water intrusion into water distribution systems (Hooper

metric methods and provided evidence of intrusion caused

et al. ). Changes in water velocity, uncontrolled pump

by transient negative pressure events. LeChevallier et al.

startup and shutdown, water main break, sudden valve clo-

() and Fleming & LeChevallier () used an oriﬁce

sure or opening, and sudden changes in demand are the

equation to estimate intrusion volumes through leakage

common transient events that produce low or negative

points under various scenarios. Mora-Rodríguez et al.

pressure in pipes (Kirmeyer et al. ; Boyd et al. a).

() conducted experimental research to measure intrusion

Once internal pressure in pipes is lower than external

volume and used computational ﬂuid dynamics to simulate

pressure outside pipes, the contaminated water may intrude

pressure variation in pipelines during pressure transient

into pipes through pipe defects.

events. Ebacher et al. (, ) analyzed the effects of leak-

Health risks in water distribution systems associated

age ﬂow rate and the head of the leakage oriﬁce on intrusion

with low or negative pressure events are a signiﬁcant con-

volume. Collins & Boxall () presented a new analytical

cern (Hunter et al. ). Besner et al. () provided a

expression that considered the inﬂuences of ground con-

conceptual model to assess the public health risk of

ditions to compute intrusion ﬂow rates. Yang et al. ()
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investigated the effects of porous media on intrusion ﬂow

and pressure data loggers. The total length of the main

rate and suggested a new expression to predict intrusion

pipe is 50.3 m. Its inner diameter is 50 mm and thickness

ﬂow rates. Yu et al. () used a pilot-scale experiment to

is 4.0 mm. An electric ball valve lies between the water

propose a correction factor to improve the oriﬁce equation

supply tank and the intrusion device, 43.9 m away from

for the intrusion volume calculation.

the downstream overﬂow tank. It is used to cause different

Liu & Simpson () pointed out that the connection

negative pressure events by suddenly closing. The closing

stub parameters and valve closure time have an inﬂuence

time of the valve ranges from 0.04 to 400 s and has an

on the transient measurement accuracy of a pressure transdu-

accuracy of ±0.02 s. Two electromagnetic ﬂowmeters

cer. Thus the intrusion device of Yu et al. () was

(KROHNE) are ﬁxed 1.0 m away from the upstream and

improved in this study by substituting the replaceable pipes

downstream of the pipeline respectively. They both have a

in the main pipe for the side connecting pipe, because the

full scale of 1.5–15 m3/h and an accuracy of 0.5%. The

side connecting pipe will regulate the transient pressure,

pressure sensors (GE PTX5032) are 0.3 m away from

and result in the underestimation of intrusion volume. The

the intrusion device at both sides, having a full scale of

oriﬁce diameter range was extended from 3.0–7.5 mm to

0–1 MPa, an accuracy of 0.04%, and an acquisition

3–19.0 mm to evaluate the effect of leakage point size on the

frequency of 1,000 Hz.

intrusion volume. Intrusion volumes were measured through

The experimental intrusion device used here was

a volumetric method and calculated by the oriﬁce discharge

improved from that utilized by Yu et al. () and is

equation using the measured steady discharge coefﬁcient.

shown in Figure 2(a). A leakage happens at the pipe
wall of the stainless steel replaceable pipe, which is surrounded by the water in the sealed intrusion device. The

MATERIALS AND METHODS

replaceable pipe (50 mm inner diameter and 2.8 mm
thickness) connects the main pipe directly, and has leak-

Experimental devices

age holes of different shapes and sizes (Figure 2(d)) at
the pipe wall. Two rectangular defects have the same

The main pipe layout is shown in Figure 1. The test rig

area as the circular defect of 3 mm diameter. The circular

includes an upstream constant-pressure tank, a downstream

defects have sizes of diameters from 3 mm to 19 mm. The

overﬂow tank, galvanized steel pipes, valves, electromag-

intrusion device utilized by Yu et al. (), called ‘old

netic ﬂow meters, an intrusion-volume-measuring device,

device’ later in this article, was connected to the main

Figure 1

|

Schematic of the experimental installation (adapted from Yu et al. (2016)).
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The intrusion device: (a) the opened new intrusion device with replaceable leakage pipe inside; (b) the sealed new intrusion device and its observation tube; (c) the intrusion
device used in Yu et al. (2016); (d) leakage holes of different shapes in replaceable pipes.

pipe through a steel side tube. The side tube was ﬁtted

The video ﬁle has 25 frames per second. Every frame

with a plate predrilled with a small hole in the center

image is extracted to capture such a water level ﬂuctuation

to simulate leakage (Figure 2(b)). The connected side

every other 0.04 s. The total intrusion volume is the sum

pipe weakens the transient pressure. The sealed new

of all the intrusion volumes for every pressure ﬂuctuation

intrusion device and the observation tube are shown in

during the whole transient event.

Figure 2(c). The observation tube, made of a transparent

A typical pressure ﬂuctuation process near the leakage

tube, is set at one side center of the device. Intrusion

and the dropping history of the water level in the observation

volume can be clearly read by observing the ﬂuctuation

tube during a complete valve shutdown event are shown in

of the water level through the ruler. And as an exper-

Figure 3. The pressure ﬂuctuation with a leakage hole is

imental

be

close to, at the early stage, but decays faster than that without

adjusted by changing the height of the observation tube.

intrusion later (Figure 3(a)). The leakage hole does weaken

parameter,

the

external

pressure

can

the water hammer induced by a valve shutdown event,
because the leakage hole connects the water in the main
Measurement of the intrusion volume

pipe to the surrounding water in the intrusion device,
whose function is like that of a pressure regulator. Figure 3(b)

The intrusion volume measured by video recording has the

shows the dropping history of the water level in the obser-

three steps. (1) Initialization settings: adjust the upstream

vation tube. The water level ﬂuctuates for four to ﬁve cycles

and downstream valves to make the pressure and ﬂow rate

and then gradually stops.

reach the design conditions. (2) Recording transient event:
close the speed regulating valve to produce transient
events; record videos of the water level ﬂuctuation and

Calculation of the intrusion volume

data of the pressure sensor and ﬂow meter. (3) Data analysis
and processing: transform the videos into pictures, and read

Torricelli’s formula (TOR) is most commonly used to calcu-

out the intrusion volume on the pictures. The water level in

late intrusion ﬂow rate (Funk et al. ; Besner et al. ;

the observation tube may fall and rise in a transient event

Mora-Rodríguez et al. ). However, TOR may fail unless

repeatedly. A digital video camera (SONY HDR-XR350) is

the variation of the leak area with the head is considered.

positioned about 0.5 m away from the observation tube.

Considering the steel pipe material and the thickness used,
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from all the time that He is larger than Hi during a whole
transient event.
Experimental parameter setting
The intrusion process was affected by many factors, such as
the size of leakage points, initial ﬂow velocities (v0 ), valve
shutdown time (Tz ), and external pressure and internal
pressure. Sizes and shapes of leakage points were adjusted
by changing the replaceable pipes. External pressures at leakage points were induced by overﬂowed observation tubes and
adjusted by changing the length of the observation tubes.
Initial ﬂow velocities were changed by adjusting the diaphragm valves of the upstream and downstream. Quick
valve closing causes transient pressure in pipes, and the
characteristic of negative pressure can be adjusted by the
valve closing time when other conditions remain unchanged.
Ferreira et al. () point out that the valve effective closure
time varies between 4% and 10% of the total time of the maneuver. Because of shortage of data to estimate the valve
effective closure time, the valve closing time is used to investigate its effect on the negative pressure. Valve shutdown time
was set by the controller of the electric ball valve. More detailed
experimental parameter settings are shown in Table 1. The oriFigure 3

|

ﬁce diameters (d) studied in Yu et al. () are 3.0–7.5 mm,
Typical history of the pressure and discharge during a transient event: (a) of the
pressure change in the main pipe during a negative pressure event; (b) the

which are extended to 3.0–19.0 mm in this study.

dropping of the water level.

as Ferrante () shows, TOR without considering area vari-

RESULTS AND DISCUSSION

ation can be used at least in the examined range of pressure
in this study. The discharge coefﬁcient μ under steady-state

Steady discharge coefﬁcient of the oriﬁce

experimental conditions was measured with different
internal pressures. Then the intrusion volume can be calcu-

The discharge coefﬁcient of the oriﬁce may be inﬂuenced

lated as Equation (1):

by the oriﬁce shape and the pipe ﬂow velocity (Shao
et al. ). The steady-state experimental conditions for

V¼

n
X
i¼1

ΔV ¼

n
X

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(Aμi 2g(He  Hi )Δt)

(1)

i¼1

measuring the discharge coefﬁcient are listed in Table 1.
The measured discharge coefﬁcient of the circular oriﬁce
is shown in Figure 4. Since the measurement accuracy of

where He is the external pressure; Hi is the internal pressure;

pressure can reach 0.04%, and the volumetric method (to

Δt is the minimum calculation time (i.e., 0.001 s, according

use the volume of outﬂow in 5 minutes divided by time

to the frequency of the pressure sensors); μi is the discharge

to get the average ﬂow rate) is used to measure the ﬂow

coefﬁcient, which can be obtained from experimental test-

rate, the accuracy of the measured discharge coefﬁcient

ing; and ΔV is the intrusion volume in the time interval

can be guaranteed. The discharge coefﬁcient of the circular

(Δt). The total intrusion volume (V ) can be accumulated

oriﬁce is obviously higher than that of the rectangular
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List of experimental parameter settings

Inﬂuence factors

Measurement
experiment of μ

Intrusion experiment

Internal pressure p0 (kPa)

10,30,50,70,90 50

Flow velocity v0 (m/s)

/

0.6,0.7,0.8,0.9,1.0

Valve closure time Tz (s)

/

0.1,1.0,2.0,4.0,6.0

Oriﬁce diameters d (mm) 3,7.5,11,15,19

3,7.5,11,15,19
and rectangular
defects

External pressure pe (kPa) 0

3.92,4.90,5.88,6.86,7.85

defects with the same section-area (Figure 4(a)), and the
longitudinal and circumferential rectangular defects have
a close discharge coefﬁcient. The effect of the internal
pressure on the discharge coefﬁcient depends on the oriﬁce
diameter. Figure 4(b) shows the oriﬁce discharge coefﬁcient for 3 mm diameter decreases from 0.715 to 0.625 as
the internal pressure increases from 10 kPa to 95 kPa.
The discharge coefﬁcients stay constant with pressure
when the diameters are 11–19 mm.
The intrusion process studied in this paper is transient.
The steady oriﬁce equation may not always be appropriate
for calculating the intrusion volume associated with low or
negative pressure events. Studies on pipe leakage issues
have indicated that the exponential index of the head is not
0.5 because of the change in leakage area during transient
pressure events (van Zyl et al. ; Cassa et al. ; Cassa
& van Zyl ; Ferrante et al. , ; Ferrante ). On

Figure 4

|

Measured discharge coefﬁcient value of the defects: (a) circular hole of
d ¼ 3 mm and the rectangular defect of same area; (b) circular holes of
d ¼ 319 mm.

the other hand, Al-Khomairi () calculated the real-time
unsteady leak of normal-sized leakages using the steady-

volume and got a measured intrusion volume of 119 ml,

state discharge coefﬁcient. Here, we also use the steady dis-

while the theoretical intrusion volume is 227 ml. It can be

charge coefﬁcient for the intrusion volume calculation.

inferred that using devices with a branch pipe to measure
intrusion volume may underestimate the intrusion volume.

Effect of oriﬁce size on intrusion volume

Results of both intrusion devices show that the intrusion
volume ﬁrst increases and then decreases with increasing

We redid the experiment using the old device (the same as

oriﬁce diameter. The intrusion volume was affected by the

Yu et al. ()), by extending the oriﬁce diameter from

maximal pressure drop Δp (deﬁned as the drop from the

3.0 mm to 17.0 mm, and the results are shown in Figure 5(a).

initial internal pressure to the minimal internal pressure),

The results using the new intrusion device are shown in

the duration time of negative pressure Tn (deﬁned as the

Figure 5(b), which are obviously higher than the former.

accumulation of the duration of pressure below the atmos-

The old device, which connected a branch pipe to the

pheric pressure), and the defect size and shapes, etc. The

main pipe with a ﬂange (Figure 2(b)), weakens the intensity

enlargement of the oriﬁce diameter can increase the area

of the pressure wave. Boyd et al. (a, b) used exper-

of the intrusion oriﬁce and then increase the intrusion dis-

imental devices with a branch pipe to explore the intrusion

charge. But at the same time, Δp and Tn decrease with
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Intrusion volume comparison of the two devices (v0 ¼ 0.6 m/s, pe ¼ 7.85 kPa):
(a) measured volume on the intrusion device of Yu et al. (2016); (b) measured
volume on the new experimental device in this study.
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Effect of leakage point size on transient pressure, valve close time Tz ¼ 1.0 s,
external water pressure pe ¼ 6.86 kPa: (a) maximal pressure drop;
(b) cumulative time of negative pressure.

increase of the oriﬁce diameter, as shown in Figure 6 under

by various factors, like pipe materials, shapes of defects or

the given experimental conditions (valve close time Tz ¼

smoothness of the defect edge. The experience value of

1.0 s; external water pressure pe ¼ 6.86 kPa). Because the

0.60 is usually used as the discharge coefﬁcient in practical

enlargement of the oriﬁce diameter strengthens the pressure

calculation. However, when the transient negative pressure

regulating ability of the intrusion device, this results in the

event occurs, the ﬂow velocity and pressure around the

decrease of the amplitude and duration time of pressure ﬂuc-

defects will change greatly in a short time. Then the calcu-

tuation. Considering the combined effect of these factors,

lation with the experience value may result in larger errors.

the intrusion volume presents a trend of ﬁrst increase and

Figure 7 shows comparison of calculated and measured

then decrease, as shown in Figure 5.

volume under the experimental conditions (pe ¼ 7.85 kPa,
d ¼ 3 mm, v0 ¼ 1.0 m/s). The measured intrusion volumes
by the observation tube are basically larger than the calcu-

Comparison between calculated and measured volume

lated intrusion volumes by the oriﬁce discharge equation
with μ ¼ 0.6. However, the difference between them is

The change of discharge coefﬁcient is actually a reﬂection of

reduced if the calculated intrusion volume uses a measured

energy loss of ﬂuid through the oriﬁce and can be inﬂuenced

discharge coefﬁcient μ, which varies with pressure.
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leakage holes caused by low or negative pressure events.
Intrusion volumes were measured through a volumetric
method and calculated by the oriﬁce discharge equation.
The difference between them can be reduced if the
measured discharge coefﬁcient μ is adopted in the oriﬁce
discharge equation. In comparison with the two intrusion
devices, the new device can properly simulate the groundwater intrusion, while the old one with a side connecting
pipe may underestimate the intrusion volume.
The intrusion volume is affected by various factors: sizes
and shapes of defects, ﬂow velocity, internal and external
pressure, and closure time of valves. The size of leakage
points exerted two opposite effects on intrusion volume: a posiFigure 7

|

Comparison of calculated and measured volume (pe ¼ 7.85 kPa, d ¼ 3 mm,
v0 ¼ 1.0 m/s).

The following four points may explain the existence of

tive contribution because of increasing ﬂow area and a negative
contribution because of the transient pressure regulation effect.
The experimental results veriﬁed that intrusion volume ﬁrst
increased and then decreased with an increase in leakage

the difference between the measured and calculated

point size. There is a critical oriﬁce diameter of the maximum

volumes. (1) Torricelli’s formula is used to calculate the

intrusion volume under the given intrusion conditions.

intrusion volume, which may lead to some errors because
the variation of the leak area with pressure is not considered
in this study. (2) Torricelli’s formula is derived from the
steady-state. Differently from the steady-state, for the transient events, water ﬂows in and out of the oriﬁce in rapid
succession, thus the ﬂuid inertia may have a signiﬁcant
effect on the calculation of the intrusion volume. (3) The
external pressure ﬂuctuates in the observation tube during
a transient event, which is ignored in the calculation. (4)
The used camera only has 25 frames per second to capture
the change of water level in the observation tube, which may
cause errors in capturing the maximum dropping water
level. When using the model to estimate the intrusion
volume for a water distribution system, we need to estimate
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