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Leak detection in virtually isolated pipe sections within
a complex pipe system using a two-source-four-sensor
transient testing conﬁguration
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ABSTRACT
Leak detection in complex pipeline systems is challenging due to complex wave reﬂections.
This research proposes a new technique for leak detection in targeted pipe sections within complex
water supply pipe systems using controlled hydraulic transient pressure waves. To ‘virtually isolate’ a
targeted pipe section for independent analysis, a two-source-four-sensor transient testing
conﬁguration is used to extract the transfer matrix of the targeted pipe section, and it is independent
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of the system boundary conditions. The imaginary part of the difference between two elements in
the transfer matrix is sensitive to leaks. The result should be zero if no leak is present, while a leak
will introduce a sinusoidal pattern. An algorithm is developed to extract the leak information, which
is applicable to multiple leaks. Two numerical case studies are conducted to validate the new leak
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detection technique. Case 1 is on a single pipe system with two leaks and deteriorated pipe sections,
and pulse pressure waves are used as the excitation. Case 2 is on a simple pipe network with one
leak, and pseudo-random binary signals are used as the excitation. The successful determination of
the leak location and impedance validates the concept.
Key words

| hydraulic transient, leak detection, transfer matrix, water distribution systems, water
hammer

INTRODUCTION
Leakage in water distribution systems (WDSs) is a global

only passive listening is required. However, the weak leak-

issue, and the leakage rate ranges from about 10% in well-

induced acoustic waves can only propagate limited dis-

maintained WDSs (Beuken et al. ) to above 50% in

tances (Butterfield et al. ).

poorly managed systems (Mutikanga et al. ). Leak

An alternative is the hydraulic transient-based leak

detection in WDSs, however, is challenging due to the

detection approach (Puust et al. ). Controlled hydraulic

sheer size of the pipe network and the fact that most pipes

transient pressure waves can be generated in pipelines by

are buried under ground.

transient wave generators. Usable devices include fast-

Acoustic correlation analysis is the most commonly

acting solenoid valves (Shucksmith et al. ; Gong et al.

used technique for leak detection in water pipelines (Li

a), portable pressure tanks (Brunone et al. ), and

et al. ). Two acoustic sensors are attached to two separ-

spark plugs (Gong et al. a). The incident wave typically

ate ﬁttings on a pipeline and record vibrations on the ﬁtting

has a magnitude of a few meters of pressure head and propa-

(using accelerometers) or the acoustic pressure in water

gates along the pipe under test at high speed (around

(using hydrophones). The acoustic correlation-based leak

1,200 m/s in metallic pipes). Wave reﬂections occur at phys-

detection techniques are relatively easy to implement since

ical discontinuities (e.g. a leak) and can be measured by
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pressure transducers. Over the past two decades, a number

of the overall system, and complex systems will produce

of transient-based leak detection techniques have been

FRFs that are too complex to analyze.

developed, and they can be generally allocated into the

The current research proposes a new frequency–domain

following categories: (1) techniques that analyze wave

technique for leak detection in targeted pipe sections. A key

reﬂections (either from the raw data or pre-processed data)

innovation of the new technique is the concept of utilizing a

using principles of time domain reﬂectometry (TDR)

special transient pressure generation and sensing conﬁgur-

(Shucksmith et al. ; Meniconi et al. ; Nguyen et al.

ation, combined with custom-developed signal processing

); (2) techniques that analyze the frequency response

algorithms, to virtually break any complex pipeline systems

function (FRF) of a pipe system (Covas et al. ; Lee

down to its simplest form – a single pipe section – for inde-

et al. ; Gong et al. b; Duan ); (3) techniques

pendent condition diagnosis. The proposed approach is

that focus on the damping of transient pressure responses

opposite to the conventional research idea of gradually

in a pipeline system (Wang et al. ; Brunone et al.

adapting the transient-based leak detection techniques

); (4) inverse transient analysis (ITA)-based techniques

developed for simple pipeline systems (e.g. R–P–R or R–P–

that search for an optimal numerical pipe model whose

V systems) to more complex pipe networks (Ghazali et al.

response matches the pressure measurements (Soares et al.

; Duan ; Capponi et al. ).

; Capponi et al. ); and (5) new techniques involving

The virtual isolation of a pipe section is achieved by a

advanced mathematical analysis and signal processing

two-source-four-sensor transient testing strategy, which

(Cugueró-Escofet et al. ; Wang et al. ). The transi-

enables the extraction of the transfer matrix (Wylie &

ent-based techniques are attractive because a single test

Streeter ; Chaudhry ) of a selected pipe section

can cover up to kilometers of pipe length (Meniconi et al.

out of any complex pipe system. This testing strategy was

; Gong et al. ), and the active testing approach can

originally developed and used in the ﬁeld of acoustic analy-

reveal other information such as blockages (Meniconi

sis of ducts (Munjal & Doige ; Salissou & Panneton

et al. ) and pipe wall condition (Gong et al. b;

), and recently, it was validated using a short water pipe-

Zhang et al. ; Shi et al. ).

line in the laboratory by Yamamoto et al. () for studying

Despite the fact that many transient-based leak detec-

the transfer matrix of resistance (oriﬁces) and compliance

tion techniques have been proposed, applications in real

(trapped air). Note that the focus of Yamamoto et al.

water pipeline systems are limited. A signiﬁcant challenge

() was purely on the individual components, and not

to all the transient-based techniques is the complexity of

on long pipe sub-systems. The current research adapts this

real water pipeline systems. For the TDR-based tech-

technique to the transfer matrix extraction of long sections

niques, leak-induced reﬂections can be difﬁcult to

in complex water pipe systems, with signiﬁcantly more com-

distinguish from other reﬂections, such as those from

plex wave interaction phenomena.

cross-connections and unknown wall thickness changes.

A major contribution of the current research is the

The FRF of a single pipe system is more sensitive to

development of a new leak detection algorithm based on

leaks than extended wall thickness changes (Duan et al.

the analysis of the transfer matrix of a virtually isolated

a); therefore, the FRF-based techniques are advan-

pipe section. This transfer matrix is related to the virtually

tageous over the TDR-based techniques in detecting

isolated pipe section only and is independent from any com-

small leaks. However, most FRF-based techniques are

plexities of the rest of the pipe system (e.g. boundary

only applicable to reservoir–pipeline–reservoir (R–P–R)

conditions or other network connectivity). As a result, the

or reservoir–pipeline–valve (R–P–V) systems. Duan ()

extracted transfer matrix is much simpler than the transfer

has recently extended the FRF-based leak detection to

matrix of the overall pipe system, and the analysis is more

simple pipe systems with a branch or a loop. The conven-

straightforward than conventional FRF-based techniques.

tional FRF-based approach is difﬁcult to be further

The proposed new algorithm can determine the number of

extended to more complex pipe systems, because the

leaks as well as their locations and impedance (which

FRF considered in all previous studies is a representation

relates to the size of the leak).
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The propagation factor is described by (Wylie & Streeter
; Chaudhry )
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ω2 þ jωgAR
μ¼
a

conducted to validate the transfer matrix extraction tech-

(2)
pﬃﬃﬃﬃﬃﬃﬃ
1 is the imaginary

nique and the proposed leak detection algorithm. A

where ω is the angular frequency; j ¼

sensitivity analysis to leak size and measurement noise

unit; g is the gravitational acceleration; A is the cross-sec-

is conducted. Challenges in real world applications are

tional area of the pipe; a is the wave speed; and R is the

also discussed.

frictional resistance term. For turbulent and laminar ﬂows,
R ¼ fQ0 =(gDA2 ) and R ¼ 32ν=(gD2 A), respectively, in
which f is the Darcy–Weisbach friction factor; Q0 is the
steady-state ﬂow rate; D is the diameter of the pipe; and ν

TRANSFER MATRIX EXTRACTION FOR A TARGETED
PIPE SECTION

is the kinematic viscosity of the ﬂuid.
The characteristic impedance is (Wylie & Streeter ;
Chaudhry )

Transfer matrix of a uniform pipe section
ZP ¼
For a uniform single pipe section, the relation between the

μa2
jωgA

(3)

two sets of pressure and ﬂow as observed at the two ends
of the section can be written as (Wylie & Streeter ;
Chaudhry )


3
 
1
sin
h(μL)
cos
h(μL)

Q
5 Q
¼4
ZP
H D
H U
cos h(μL)
ZP sin h(μL)

The proposed conﬁguration for extracting the transfer

2



Two-source-four-sensor testing strategy for water pipes

matrix of a targeted pipeline section using the two-source(1)

four-sensor strategy and hydraulic transient testing is illustrated in Figure 1. Two pairs of pressure transducers (TA,
TB and TC, TD) bracket the section of pipe under investi-

where H and Q are complex pressure head and ﬂow in the

gation. The distance between the two transducers in each

frequency domain; the footnotes ‘D’ and ‘U’ represent the

pair, LAB , for the distance between TA and TB, and LCD for

downstream and the upstream boundary of the pipe section,

that between TC and TD, is recommended to be short (rec-

respectively; L is the length of the pipe; ZP is the character-

ommended to be 2 m or less) in real pipelines, such that

istic impedance of the pipe section; and μ is the propagation

the transfer function of the short pipe reach can be cali-

factor.

brated or theoretically determined (Shi et al. ). Two

Figure 1

|

Test conﬁguration for extracting the transfer matrix of a targeted pipe section with N leaks.
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transient pressure wave generators are installed, with one on

head parameters at the location of TB (HB1 and HB2 ) and

each side of the pipe section of interest, and they will be

those at the location of TC (HC1 and HC2 ) can be readily

used in sequence.

obtained by transforming the measured time domain

The pipe section between transducers TB and TC can be

pressure perturbations (pB and pC ) into the frequency

considered as a linear time-invariant (LTI) system. The

domain. The complex ﬂow parameters (QB1 , QB2 , QC1 , and


directional travelling waves pþ
B and pC which are travelling

QC2 ) are not directly measured but can be obtained from

into the pipe section are considered as the input to the

the directional pressure waves (Yamamoto et al. ).

þ
LTI system, while the waves p
B and pC that are travelling

The directional pressure waves (as in the frequency

out of the section are taken as the output. A pair of direc-

domain) at the location of TB, for example, can be described

tional travelling pressure waves (e.g.

pþ
B

and

p
B)

can be

by (Shi et al. )

determined from the pressure waves (pressure perturbations) measured by each of the two pairs of transducers
(e.g. pA and pB as the pressure perturbations measured by

Pþ
B ¼

PA SAB  PB S2AB
1  S2AB

(5)

P
B ¼

PB  PA SAB
1  S2AB

(6)

TA and TB) using a wave separation technique (Shi et al.
). Once the directional pressure waves at both boundaries of a pipe section are obtained, the pipe section can
be regarded as an independent system since the boundary
conditions are entirely speciﬁed. As a result, two pairs of

where capital P is used to represent pressure waves in the

transducers enable the analysis of a speciﬁc section of

frequency domain and to differentiate from the time

pipe independently from the complexities of the rest of the

domain counterparts denoted in early sections using lower

pipeline system (therefore considered as ‘virtually isolated’).

case p; SAB is the transfer function of the short pipe section
between TA and TB, and its expression is

Determination of the transfer matrix using pressure
measurements

SAB (iω) ¼ eμLAB

For a pipe section with unknown conditions, the transfer
matrix have four elements (U11 , U12 , U21 , and U22 ) to be
determined. Two independent transient tests are needed to

The complex ﬂow can be calculated by (Yamamoto et al.
)

establish four equations to solve these four unknowns.
This is achieved by generating transient excitation from

QB ¼

the two sides of the pipe section one at a time and measures
the pressure responses by the four transducers in each test.
Wide-based transient signals are preferred, but the signals
generated on the two sides by the two generators do not
have to be identical. Based on Equation (1), the ﬂowing
matrix can be established:


QC1
HC1

QC2
HC2




¼

U11
U21

U12
U22

(7)


Pþ
B  PB
ZP

(8)

As a result, the complex ﬂow Q can be determined from
the pressure measurements, the transfer function of the
short pipe reach between the two pressure transducers,
and the characteristic impedance of the pipeline, and the
expression for QB is



QB1
HB1

QB2
HB2


(4)
QB ¼

2PA SAB  PB  PB S2AB
ZP (1  S2AB )

(9)

where HB1 , QB1 , HC1 , and QC1 are the complex pressure
head and ﬂow in the ﬁrst transient test (using transient gen-

Once the head and ﬂow are all known, elements in the

erator 1), and HB2 , QB2 , HC2 , and QC2 are the parameters in

transfer matrix can be obtained by solving the matrix in

the second test (using transient generator 2). The complex

Equation (4).
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where ZLi ¼ 2HLi =QLi , and it is the impedance of the ith
leak, HLi is the steady-state head at the leak and QLi is the
steady-state discharge out of the leak.

Existing FRF-based leak detection techniques have to con-

The overall transfer matrix UN for the pipe section with

sider the pipe boundary conditions (typically a valve or a

N leaks can be expressed by multiplying the ﬁeld matrices

reservoir). In contrast, the proposed new technique in this

and point matrices from downstream to upstream and

research is independent from the boundary conditions of a

written as

pipe system due to the ‘virtual isolation’ using the twosource-four-sensor strategy. As a result, the following derivation considers a single pipeline section only (with leaks


UN ¼

U11:N
U21:N

U12:N
U22:N


¼ FNþ1 PN . . . F2 P1 F1

(13)

but no boundary elements), and this is different from the
where the footnote N denotes the number of leaks in the

existing research.

pipe section.
Now considering a uniform pipe section with one leak,

Transfer matrix for a pipe section with leaks

the overall transfer matrix U1 is


For a uniform pipe section with N leaks, as depicted in
Figure 1, the relationship between the two sets of pressure

U1 ¼

and ﬂow as observed at the two boundaries can be written as


Q
H




¼ UN

D

Q
H


U

with N leaks. Considering the effect of pipe wall friction is
small for large diameter water pipelines and to highlight
the leak-induced effect, the effect of friction is neglected in
the following derivation but discussed later. The ﬁeld
matrix Fi for a frictionless and uniform pipe segment i is
given as (Chaudhry )
2

(11)

where Zc ¼ a=gA, and it is the characteristic impedance of
the frictionless pipe; and Li is the length of the ith pipe
segment.
The point matrix Pi for the ith leak is given as (Lee et al.
; Gong et al. b)

Pi ¼

41 
0

3
1
ZLi 5
1
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(14) and performing appropriate matrix operations, the analytical expressions of the transfer matrix elements are given as

where UN is the overall transfer matrix for the pipe section

2

U12:1
U22:1

After substituting Equations (11) and (12) into Equation
(10)




3
ωLi
j
ωLi
 sin
cos
6
Zc
a
a 7



 7
Fi ¼ 6
4
5
ωLi
ωLi
cos
jZc sin
a
a

U11:1
U21:1

 
 
ωL
jZc
ωL
U11:1 ¼ cos
þ
sin
a
a
2ZL1


jZc
(1  2xL1 )ωL
sin

a
2ZL1
U12:1

 
 
j
ωL
1
ωL

¼  sin
cos
Zc
a
2ZL1
a


1
(1  2xL1 )ωL
cos

2ZL1
a

 
 
ωL
Z2
ωL
U21:1 ¼ jZc sin
 c cos
a
a
2ZL1


2
Z
(1  2xL1 )ωL
þ c cos
a
2ZL1
 
 
ωL
jZc
ωL
U22:1 ¼ cos
þ
sin
a
a
2ZL1


jZc
(1  2xL1 )ωL
sin
þ
a
2ZL1

(15)

(16)

(17)

(18)

where xL1 is the dimensionless leak location, which is
(12)

deﬁned as the ratio of the distance from the leak to the
upstream end of the pipe to the total length of the pipe L.

1311

H. Shi et al.

|

Leak detection in virtually isolated pipe sections

Journal of Hydroinformatics

For the ith leak, xLi ¼ (L1 þ L2 þ . . . þ Li )=L. The transfer
matrix UN for a pipe section with N leaks can be derived following the same procedure.

|

22.5

|

2020

For a pipe system with three leaks, the analytical
expression of T3 is derived as


Zc
(1  2xL1 )Lω
sin
a
ZL1




Zc
(1  2xL2 )Lω
Zc
(1  2xL3 )Lω
þ
þ
þ Th
sin
sin
a
a
ZL2
ZL3

T3 ¼ Im{U22:3  U11:3 } ¼

Extraction of the leak-induced feature
The impact of a leak on the transfer matrix can be seen

(21)

through comparing the transfer matrix of the pipe section
with one leak [Equations (15)–(18)] with that of an intact
pipe [Equation (11)]. In this research, a new discovery is

where Th is a higher-order term

that the imaginary part of U22  U11 is sensitive to the leak

8
9
sin [(1  2xL1 )Lω=a]
>
>
>
>
<
=
Zc Zc Zc
sin [(1  2xL2 )Lω=a]þ
Th ¼
>
4ZL1 ZL2 ZL3 >
> sin [(1  2xL3 )Lω=a]þ
>
:
;
sin [(1  2xL1 þ 2xL2  2xL3 )Lω=a]

location and size. When there is no leak, U22  U11 is null
since the two elements should be identical according to
Equations (1) and (11).
For a pipe section with only one leak, the imaginary part

(22)

of the difference between U22:1 [Equation (18)] and U11:1
[Equation (15)] is deﬁned as T1 and given as


Zc
(1  2xL1 )Lω
T1 ¼ Im{U22:1  U11:1 } ¼
sin
a
ZL1

The ratio of the characteristic impedance of pipe and the
impedance of the ith leak can be described as
(19)

where Im{ } gives the imaginary part of the parameter in the
bracket.
It can be seen from Equation (19) that T1 is a sinusoidal
function that is related to the leak impedance (which relates
to the leak size) and the leak location (except for a leak at a
normalized location of 0.5). The leak locations deﬁne the
period of the sinusoidal pattern and the leak impedance
deﬁnes the amplitude of the pattern. This ﬁnding is similar
to that observed from the pressure response of a reservoir–
pipeline–valve (R–P–V) system with a leak (Lee et al.
); however, this sinusoidal function is different from
the one observed in the previous work. The expression in
Equation (19) is much simpler and independent from any
boundary conditions.
Using the same approach as outlined above, the leak-

Zc
a
Cd AL
¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ZLi
2gHL A

where Cd AL =A is the normalized leak size. For small leaks
(which are difﬁcult to detect by conventional techniques
and are the focus of this research), the impedance of the
leak is much larger than the characteristic impedance of
the pipe (i.e. the value of Zc =ZLi is much smaller than 1).
Consequently, the value of the higher-order term Th will
be signiﬁcantly smaller than the values of the ﬁrst three
items in Equation (21) and negligible. For a pipe section
with more than three leaks, the higher-order term will be
even smaller. As a result, the leak-induced effect on the
transfer matrix of a pipe section with N leaks can be
described as

induced effects for a pipe system with two leaks, T2 , can
TN ¼ Im {U22:N  U11:N } ¼

be derived as
T2 ¼ Im {U22:2  U11:2 }




Zc
(1  2xL1 )Lω
Zc
(1  2xL2 )Lω
¼
þ
sin
sin
a
a
ZL1
ZL2

(20)

Equation (20) indicates that two leaks will introduce
two sinusoidal patterns with different periods.
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N
X
Zc
(1  2xLi )Lω
sin
a
Z
i¼1 Li

(24)

Determination of the leak location and size
TN in Equation (24) is a frequency domain signal with the
x-axis being the frequency and in the unit of Hz. If we
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assume the x-axis to be a time axis, the leak-induced signal

where Abs { } gives the absolute value of the parameter in

TN has a wave form equivalent to a superposition of N sinu-

the bracket. The effective leak size can be determined by

soidal waves. The period/frequency of each sinusoidal wave

substituting Equation (26) into Equation (23) and perform-

corresponds to the location of a leak, and the amplitude is

ing appropriate mathematical operations, with the ﬁnal

related to the leak impedance. In other words, the frequency

expression being

and amplitude of each sinusoidal wave in the TN signal can
be used to determine the location and impedance (size) of
a leak.

Cd AL ¼ 2Abs{TN (FPi )}

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A 2gHL
a

(27)

The frequency and amplitude information of the N sinusoidal waves can be extracted by applying the Fourier
transform to the TN signal (i.e. treat it like a time domain
signal) and analyzing the resultant signal TN . Since the
leak-induced signals in TN are sinusoidal waves, based on

NUMERICAL SIMULATIONS

the theory of the discrete Fourier transform (Oppenheim

Two numerical case studies are conducted to validate the

et al. ), each leak will be represented by a spike in the

proposed targeted leak detection technique. The system in

imaginary part of TN . If the normalized leak location is in
the range of (0, 0.5), the corresponding spike in the imagin-

Case 1 is a transmission main and that in Case 2 is a

ary part of TN will be negative in value; if the normalized
leak location is in the range of (0.5, 1), the corresponding

water distribution network.

Case 1: A single pipe with two leaks

spike will be positive in value. As a result, the location of
the ith leak is determined by


1
FPi a

xLi ¼ þ Sgn{Im{TN (FPi )}}
2
2L

System information
(25)

The layout of the pipeline system studied in Case 1 is given

where FPi is the ‘frequency’ that corresponds to the ith peak

and two deteriorated pipe sections (e.g. sections with

in the imaginary part of TN , TN (FPi ) is the complex value at

extended corrosion). The pipe deterioration is represented

the peak frequency, and Sgn{ } assesses the sign of the par-

by a reduction in wave speed. The pipe section of interest

ameter in the bracket.

(the targeted pipe section) is the section between TB and

in Figure 2. The system is an R–P–V system with two leaks

The ratio of the pipe characteristic impedance to the
impedance of the ith leak is determined by

TC. The length information is given in Figure 2, and other
system parameters are summarized in Table 1. The normalized leak locations are xL1 ¼ 0.2 and xL2 ¼ 0.7, respectively.

Zc
¼ 2Abs{TN (FPi )}
ZLi

Figure 2

|

Layout of the single pipeline system in Case 1.

Downloaded from http://iwaponline.com/jh/article-pdf/22/5/1306/763376/jh0221306.pdf
by guest

(26)

The diameters of the two leaks are DL1 ¼ 6.8 mm and
DL2 ¼ 11.6 mm. The relative leak sizes (effective leak

1313

Table 1

H. Shi et al.

|

|

Leak detection in virtually isolated pipe sections

Journal of Hydroinformatics

|

22.5

|

2020

System information for Case 1

Parameter

Value

Reservoir head, Hr

60 m

Pipe internal diameter, D

500 mm

Diameter of Leak 1, DL1

6.8 mm

Diameter of Leak 2, DL2

11.6 mm

Leak discharge coefﬁcient, Cd

0.6

Effective opening area of Leak 1, Cd1AL1

22 mm2

Effective opening area of Leak 2, Cd2AL2

63 mm2

Relative size of Leak 1, CdAL1/A

1.1 × 104

Relative size of Leak 2, CdAL2/A

3.2 × 104

Steady-state ﬂow through valve, Q0

0.2 m3/s

Steady-state ﬂow through Leak 1, QL1

0.75 L/s

Steady-state ﬂow through Leak 2, QL1

2.08 L/s

Wave speed in intact pipe, a0

1,200 m/s

Wave speed in deteriorated section 1, a1

1,150 m/s

Wave speed in deteriorated section 2, a2

1,100 m/s

Darcy–Weisbach friction factor, f

0.015

Normalized location of Leak 1, xL1

0.2

Normalized location of Leak 2, xL2

0.7

Impedance ratio of pipe to Leak 1, Zc/ZL1

0.00415

Impedance ratio of pipe to Leak 2, Zc/ZL2

0.0116

opening relative to the pipe cross-sectional area) are CdAL1/
A ¼ 1.1 × 104 (0.11‰) and CdAL2/A ¼ 3.2 × 104 (0.32‰),
respectively.

Figure 3

|

Pressure responses at TA and TD as obtained from transient test 1 (using
generator G1) in Case 1.

TD in sequence. A number of small pulses can be seen in
both traces, and they are reﬂections from the two leaks
and the two deteriorated pipe sections. Due to the complexity introduced by the deteriorated pipe sections, it is difﬁcult
to identify the leaks from the pressure responses even if the
reﬂections are clear.

Transfer matrix extraction
The pressure measurements at TA to TD are transformed to
the frequency domain by the Fourier transform after the

Pressure response

steady-state head has been offset from the original measurement. The calculations outlined in previous sections are

The method of characteristics (MOCs) (Wylie & Streeter

then conducted to obtain the transfer matrix for the pipe sec-

; Chaudhry ) is used to simulate the transient

tion between TB and TC. The imaginary part of the

response of the pipeline system. Steady friction is considered

numerically obtained transfer matrix element U22 is shown

to evaluate its impact on the leak detection. The time step

in Figure 4, together with the theoretical counterpart for

used is 0.0001 s. Two transient tests are simulated: in the

the same pipe section with two leaks and that for the

ﬁrst test, a pulse pressure wave with a duration of 10 ms

same pipe section without any leak (only the results up to

and a peak size of about 6 m is generated at G1 (by opening

30 Hz are shown for clarity). The theoretical results are cal-

and then closing a side-discharge valve); and in the second

culated using Equation (13) with the friction effect

test, a pulse pressure wave with the same characteristics is

neglected.

generated at G2. The pressure traces at TA and TD as

It can be seen from Figure 4 that the numerically deter-

obtained from the ﬁrst test are shown in Figure 3. The stand-

mined Im{U22 } (solid line) is highly consistent with the

ing pressure at TD is lower than that at TA because of the

theoretical result for the same pipe section with two leaks

effect of steady friction. The two large pulses in the TA and

(dotted line), except for the small error close to the zero fre-

TD traces are the incident pulse wave, arriving at TA and

quency. In contrast, the theoretical Im{U22 } for the same
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Results from the proposed leak detection technique showing the existence of

with two leaks in Case 1 (solid line), compared with the theoretical result for

two leaks (indicated by the two spikes), their normalized locations, and the

the same pipe section with two leaks (dotted line), and the theoretical result

corresponding values of impedance ratio (pipe to leak).

for the pipe section when it is intact (dashed line).

Note that if there is no leak, the result of Im{U22  U11 }
pipe section but with no leaks is quite different because it

should be zero across all the frequencies.

only has one sinusoidal component that is related to the fundamental frequency of the pipe section [refer to Equation

Leak detection

(11)]. The results of Im{U22  U11 } are then obtained from
the numerically derived transfer matrix and also from

Leak detection is conducted by analyzing the numerically

analytical calculations [using Equation (20)], and the results

obtained Im{U22  U11 } using the technique outline in

are compared in Figure 5 (only the results up to 30 Hz are

Equations (25) and (26), and the results are shown in

shown for clarity). The result obtained from the numerical

Figure 6. The two distinctive spikes indicate that there are

simulations is highly consistent with the theoretical result.

two leaks in the pipe section of interest. The normalized
locations are determined as xL1 ¼ 0.20 and xL2 ¼ 0.70,
respectively, as shown by the x-axis, and the values of the
impedance ratio are Zc =ZL1 ¼ 0.00427 and Zc =ZL2 ¼
0.0119, respectively, according to the size of the two
spikes. The results are highly consistent with the theoretical
values as shown in Table 1. The successful detection has
validated the effectiveness of the proposed targeted leak
detection technique.
Case 2: A pipe section in a pipe network
System information
The layout of the pipeline system studied in Case 2 is given

Figure 5

|

Imaginary part of (U22 – U11) as obtained from numerical simulations and the

in Figure 7. The system is a simple pipe network with two

transfer matrix extraction technique for the pipe section with two leaks in
Case 1 (solid line), and the theoretical result for the same pipe section with

reservoirs. Four pressure transducers are used (TA to TD).

two leaks (dotted line).

The pipe section of interest is the section between TB and
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Layout of the simple pipe network in Case 2.

System information for Case 2

Parameter

Value

Head of reservoir 1, Hr1

60 m

Head of reservoir 2, Hr2

57 m

Internal diameter of all pipe sections, D

200 mm

Leak diameter, DL

1.0 mm

Leak discharge coefﬁcient, Cd

0.6

Effective opening area of the leak, CdAL

0.47 mm2

Relative leak size, CdAL/A

1.5 × 105

Steady-state ﬂow in the pipe directly downstream
of the leak, Q0

27.6 L/s

Steady-state ﬂow through the leak, QL

0.016 L/s

Wave speed in all pipe sections, a0

1000 m/s

Darcy–Weisbach friction factor, f

0.015

Normalized location of the leak, xL

0.2

Impedance ratio of pipe to leak, Zc /ZL

4.4E–4

Figure 8

|

Pressure responses at TA as obtained from transient test 1 (using generator G1)
in Case 2.

G2, respectively. Considering the complexity of the network,
the excitation signal used in both tests is a special type of
TC, and one leak exists in this section. Two transient wave

pseudo-random binary signal (PRBS) – the inverse repeat

generators are used, which are placed on an upstream

signal (IRS) instead of discrete pulse or step signals. The

pipe section and a downstream pipe section, respectively.

IRS is a periodic signal that is suitable for extracting the

Key pipe system information is summarized in Table 2.

pipeline frequency response (Gong et al. a), and it can

The diameter of the leak is DL ¼ 1.0 mm, and the relative

be generated by continuously altering the opening area of

5

leak size is 1.5 × 10

(0.015‰). This case represents a

pin-hole leak on a water distribution pipe.

a side-discharge valve between two levels (Gong et al.
a). The IRS signal used in this study is the same as
that described in Gong et al. (a) (simulating 10 shift reg-

Pressure response

isters with a clock frequency of 100 Hz) and has a period of
20.46 s. Each numerical test has a simulated time duration

The MOC (Wylie & Streeter ; Chaudhry ) is used to

of 20 min, which is over 58 periods of the IRS. Spectrum

simulate the transient response of the simple pipe network

analysis conﬁrms that the pipe system reaches the steady

system. Steady friction is considered to evaluate its impact

oscillatory condition after 200 s (about 10 periods). A sec-

on the leak detection. The time step used is 0.0002 s. Two

tion of the pressure traces at TA as obtained from the ﬁrst

transient tests are simulated using the generator G1 and

test is shown in Figure 8. Due to the pseudo-random
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Since the excitation is a periodic signal, the pressure
response should also be periodic once the pipe system is
in the steady oscillatory condition (Wylie & Streeter ;
Chaudhry ). The analysis in this numerical study only
focuses on one period of the steady oscillatory pressure
response for each sensor in each test. Averaging of the
results from multiple periods may be needed in real applications. The determined Im{U22  U11 } is shown in
Figure 9, together with the theoretical result for comparison
[using Equation (19)]. It can be seen that the numerically
determined result has shown the expected sinusoidal pattern, despite the fact that there are a number of outliers
due to the small size of the leak and the associated
numerical uncertainties (caused by small denominators).
Figure 9

|

Imaginary part of (U22 – U11) as obtained from numerical simulations and the
proposed transfer matrix extraction technique for the pipe section with one
leak in Case 2 (solid line), and the theoretical result for the same pipe section

Leak detection

with one leak (dotted line).

Leak detection is conducted by analyzing the numerically
nature of the excitation signal, the pressure response of the

obtained Im{U22  U11 } using the technique outline in

pipe system is complex and difﬁcult to analyze directly in

Equations (25) and (26), and the results are shown in

the time domain.

Figure 10. The outliers, shown as the spikes in Figure 9, can
be suppressed using signal processing techniques before the

Transfer matrix extraction
The same technique as outlined in previous sections can be
used to extract the transfer matrix of the target pipe section.

implementation of the Fourier transform for sinusoidal
pattern extraction. In this research, hard thresholds and the
Hampel ﬁlters (Liu et al. ) are used to suppress the outliers. The distinctive spike in Figure 10 indicates that there is
one leak in the pipe section of interest. The normalized
locations are determined as xL ¼ 0.20 from the x-axis, and
the value of the impedance ratio is Zc =ZL ¼ 4.37 × 104
according to the size of the spike. The results are highly consistent with the theoretical values as shown in Table 2. The
successful detection has once again validated the effectiveness of the proposed targeted leak detection technique.

DISCUSSION
Sensitivity to leak size and measurement noise
Case study 2 has shown that pin-hole leaks as small as 1 mm
in diameter can be successfully detected in a network
environment using the proposed technique, provided that
Figure 10

|

Leak detection results for Case 2 (1 mm leak) showing the existence of one
leak (indicated by the single spike), the normalized leak location (0.2), and the

the pressure measurements are of high accuracy. Numerical

corresponding impedance ratio (pipe to leak).

uncertainties are observed in the analysis (Figure 9), and
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as shown in Figure 11. More advanced signal processing
may help to enhance the conﬁdence of analysis and will
be a topic of future research.
Effect of friction
Friction is neglected in the proposed leak detection algorithm.
The effect of friction on the frequency response of pipeline systems is minor and approximately uniform across all the
frequencies (Lee et al. ); therefore, it should not affect
the period of the sinusoidal waves in the TN signal or the localization of the leak. The impact of steady friction on the
amplitude of the sinusoidal waves is very limited for real
water transmission pipelines; therefore, the impact on the
Figure 11

|

Leak detection results for the same system as Case 2 but with a 3 mm leak
and measurement noise.

leak impedance/size determination is limited. The above
has been conﬁrmed by the two numerical case studies conducted in the current research, in which the locations of the

extra numerical simulations on larger leaks (not presented

leaks are accurately determined despite the fact that steady

due to length limit) have demonstrated that the impact of

friction is included in the numerical simulations.

the numerical uncertainty decreases with the increase of

The unsteady friction, however, will induce a non-uni-

the leak size. Nevertheless, the impact of the numerical

form dampening for the frequency responses, and a

uncertainty is very limited and does not impede the accurate

correction technique has been proposed in Lee et al. ().

determination of the leak location and impedance.

Recent research on the unsteady friction in water pipelines

Measurement noise can be an issue in application to real

concludes that the effect of unsteady friction in large diameter

pipeline systems. The proposed technique uses wideband

water transmission pipelines is limited (Duan et al. b;

excitations (e.g. PRBS) and analyzes the corresponding

Vardy et al. ), and it has been generally neglected in prac-

wideband frequency responses. As a result, the analysis is

tice (Shucksmith et al. ; Meniconi et al. ; Stephens

expected to be tolerating to network background transient

et al. ). If the pipe section of interest (the section in bracket

interference. Network background transient variations are

of the two pairs of transducers) is relatively long such that the

mainly in the low frequency range (<20 Hz) and can be sup-

fundamental frequency is low, the excitation and the analysis

pressed using high-pass ﬁlters (Gong et al. b). They will

only need to focus on the low frequencies (e.g. in Case 1,

not have much impact on the sinusoidal pattern in the

the periodic nature of Im{U22  U11 } is already clear in the

higher frequencies.

range of 0–30 Hz; Fig. 6). In the low frequency range, the

Wideband noise, such as measurement uncertainties

effect of unsteady friction is limited and less non-uniform.

associated with the transducers or data acquisition systems,
can potentially have a much more signiﬁcant impact. To

Other challenges in ﬁeld application

investigate the sensitivity, white noise with a standard deviation of 0.0033 m has been added to the pressure

Challenges are expected in real application of the proposed

measurements in Case 2. This imposes a measurement

leak detection technique. Although the two-source-four-

uncertainty of ±0.01 m. Numerical simulations show that

sensor testing conﬁguration for water pipe transfer matrix

the 1 mm leak cannot be conﬁdently detected with the pres-

extraction has been validated in the laboratory (Yamamoto

ence of the noise. By incrementally increasing the leak size

et al. ), the implementation of this testing conﬁguration

by 1 mm a step, the smallest leak that can be detected is

in real pipe systems can be difﬁcult. Transient generators

found to be 3 mm (CdAL/A ¼ 1.35 × 104, Zc/ZL ¼ 0.004),

(source) can be installed on existing access points such as
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ﬁre hydrants or air valves. The transducers need to be

This research is a signiﬁcant step toward the application

installed in pairs, and the distance between the two sensors

of hydraulic transient-based leak detection techniques in

in a pair needs to be short to enable the analysis. This is

real WDSs. The concept of virtually isolating a target pipe

challenging since in real water pipelines it is uncommon

section out of a complex pipe system for independent analy-

to have two accessible points in close proximity. Recent

sis is useful not only for leak detection but also for other

research on ﬁber optic pressure sensor arrays (Gong et al.

applications such as blockage detection and pipe wall con-

c) may provide a solution in the future. It is envisaged

dition assessment. Practical challenges, however, are

that a ﬁber optic pressure sensor array, such as in the form

expected in the ﬁeld, and they include the implementation

of a ﬂexible cable, can be inserted into a pipeline through

of the two-source-four-sensor testing conﬁguration in

a single access point. The same access point can also be

buried pipelines and the structural uncertainties and com-

used for transient wave generation. The ﬁber optic pressure

plexities within the targeted pipe section. Further research,

sensors measure the transient response of the pipe system.

in particular experimental studies, is needed to solve these

The same conﬁguration can be repeated at another access

practical issues and enable a cost-effective application in

point to achieve the two-source-four-sensor testing conﬁgur-

the ﬁeld.

ation. Preliminary success has been achieved in the
laboratory (Gong et al. c); however, several design challenges need to be resolved to enhance the accuracy and
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