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Abstract

Hydraulic transients (water hammer waves) can be used to excite a pressurized pipeline,
yielding the frequency response diagram (FRD) of the system. The FRD of a pipeline
system is useful for condition assessment and fault detection, because it is closely related
to the physical properties of the pipeline. Most previous FRD-based leak detection
techniques use the sinusoidal leak-induced pattern recorded on the FRD, either shown on
the resonant responses or the anti-resonant responses. In contrast, the technique reported
in the current paper only uses the responses at the first three resonant frequencies to
determine the location and size of a leak. The bandwidth of the excitation only needs to

be five times that of the fundamental frequency of the tested pipeline, which is much less
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than the requirement in conventional FRD-based techniques. Sensitivity analysis and
numerical simulations are performed to assess the robustness and applicable range of the
proposed leak location technique. The proposed leak location technique is verified by
both numerical simulations and using an experimental FRD obtained from a laboratory

pipeline.

Keywords: pipelines; fluid transients; water hammer; water distribution systems; leak

detection; frequency response diagram; harmonic analysis

Introduction

With rapid population growth, urbanization and industrialization, providing adequate
water for domestic and industry use is increasingly becoming a challenge for water
authorities around the world. Resources of fresh water are limited or even scarce in some
countries, however, for almost every city, only part of the treated water is delivered to

consumers successfully, since a large amount of water is lost during transmission.

The amount of water lost during transmission varies between systems, from lower than
10 % in well maintained systems such as those in The Netherlands (Beuken et al. 2006)
to more than 50 % in some undeveloped countries or regions (Mutikanga et al. 2009).
According to publications released by the International Water Association (Lambert 2002)
and the Asian Development Bank (Mclntosh and Yniguez 1997), ‘non-revenue water’
(NRW) or ‘unaccounted for water’ (UFW) is between 20 % to 40 % for most countries or
cities investigated. Among various reasons for the water loss, leakage is considered to be

the major one (Nixon and Ghidaoui 2006; Colombo et al. 2009).
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In addition to water loss, leakage also costs extra energy for water treatment, storage and
pumping (Colombo and Karney 2002). Moreover, leaks may lead to water quality
problems, because toxins and bacteria can be introduced into water distribution systems
via leaks in low pressure conditions during hydraulic transients (Karim et al. 2003;
Colombo et al. 2009; Meniconi et al. 2011; Collins et al. 2012). As a result, leak detection
in water distribution systems is of great interest in both industry and academic areas

(Puust et al. 2010).

In the past two decades, a number of leak detection techniques have been developed,
including acoustic techniques (Fuchs and Riehle 1991; Tafuri 2000), ground penetrating
radar (Eiswirth and Burn 2001), electromagnetic techniques (Goh et al. 2011), fiber optic
sensing (Inaudi et al. 2008), and hydraulic transient-based techniques (Colombo et al.
2009; Puust et al. 2010). A major advantage of the transient-based methods is that the
information of a long pipeline (usually thousands meters) can be obtained efficiently and
cost-effectively, because transient waves travel at high speed along fluid-filled pipes. Up
to now, intensive simplified numerical simulations, some elaborately controlled
laboratory experiments and a few field tests have been conducted for leak detection using

transient-based techniques (Colombo et al. 2009; Puust et al. 2010).

The existing transient-based leak detection techniques can be divided into two categories:
the time-domain techniques and the frequency-domain techniques. In the time domain,
leak-induced reflections are observed as discontinuities in the pressure traces measured
along the pipe. A few leak detection techniques have been developed based on time-
domain phenomena (Jonsson and Larson 1992; Brunone 1999), which are complicated by
the fact that the size and shape of a leak-induced reflection not only depend on the
properties of the leak, but also relate to the input signal (Lee et al. 2007). For example,
using a positive step transient wave as the input, the leak-induced reflections are shown

as a small negative step in the measured pressure trace; while when a pulse input is
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injected, the leak-induced reflections are also pulses. By using signal processing, a leak
location can be determined irrespective of the characteristics of the input signal. For
example, the use of the wavelet analysis (Ferrante and Brunone 2003a) or the impulse
response function (IRF) of the pipeline can improve the estimation of the leak location
(Vitkovsky et al. 2003b; Lee et al. 2007). However, difficulties exist in real world
applications, where leak-induced reflections are usually small in magnitude, and they can
be hard to distinguish from the reflections introduced by other hydraulic components,

such as joints, junctions, and entrapped air.

Several transient-based leak detection techniques have been developed in the frequency
domain, based on analyzing the frequency response function (FRF) or the frequency
response diagram (FRD) of a pipeline system. The FRF of a pipeline system is the
Fourier transform of the IRF, which describes the magnitude of the system response to
each oscillatory excitation at a specific frequency, and the FRD is the plot of a FRF. The
FRF or FRD is dependent on the physical configuration of the pipeline system, such as
the boundary condition, the length, the location and size of the leak. As a result, the FRF

or FRD can be used for leak detection.

Jonsson and Larson (1992) first proposed that it is possible to distinguish the leak-
induced reflections in the spectrum at a frequency corresponding to the leak location.
Mpesha et al. (2001) proposed that the FRD of a pipeline with leaks had additional
resonant pressure amplitude peaks, and a method using the FRD was presented for
detecting and locating leaks. Ferrante and Brunone (2003b) demonstrated that Fourier
transform of transient pressure does not show further peaks unless leak size is larger than

a critical value.
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Covas et al. (2005) proposed a standing wave difference method, which uses the spectral
analysis of an FRD to determine the leak-resonance frequency and indicate the leak
location. However, two locations are estimated for a single leak, with one of them an

alias and undistinguishable.

Lee et al. (2005a) proposed a resonance peak-sequencing method for leak location. The
resonant responses in a FRD (peaks at the odd harmonics of the pipeline fundamental
frequency) are ranked in order of magnitude. The rank sequence is indicative to the
dimensionless leak location range, and the size of the leak has no effect on the order of
the peaks. For example, using the rank sequence of the first three resonant peaks, the leak
can be located to one of the six unequal ranges along the pipe, but the exact location

cannot be pinpointed.

In the same year, Lee et al. (2005b) proposed a technique for leak location and size
estimation using the sinusoidal leak-induced pattern shown on the resonant responses
(frequency responses at the odd harmonics). The period and phase of the sinusoidal leak-
induced pattern is indicative of the leak location, while the amplitude is related to the leak
size. One year later, laboratory experiments were conducted by the same authors, which
verified the odd harmonics-based leak detection technique (Lee et al. 2006). The
experimental FRD were affected by the frequency-dependent behavior resulting from
unsteady friction. In order to produce an accurate estimation of the oscillation frequency
and phase, a least squares regression algorithm was adapted to fit a cosine function to the

inverted resonant responses. However, up to 10 coefficients need to be calibrated, which
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requires at least 10 resonant responses to yield a determined system for the regression

process.

Sattar and Chaudhry (2008) suggested a similar leak detection method but using the leak-
induced pattern on the anti-resonant responses (frequency responses at the even
harmonics). The anti-resonant responses can be hard to measure accurately in practice,

because they are usually low in amplitude.

The odd harmonics-based leak detection technique was extended to complex series pipe
systems by Duan et al. (2011), in which the results of analytical analysis and numerical
simulations suggest that internal junctions of series pipe sections can change the location
of the resonant peaks, but have little impact on the period and phase of the leak-induced

sinusoidal pattern.

Although the existing odd harmonics-based leak detection technique (Lee et al. 2005b;
Duan et al. 2011) has its advantages, two major limitations are obstacles for real world
applications. Firstly, a significant number of resonant responses need to be known, in
order to provide sufficient information to identify the period and phase of the sinusoidal
leak-induced pattern. This in turn requires the input signal to have a wide bandwidth that
covers a significant number of harmonics of the pipeline’s fundamental frequency.
However, due to limitations in the maneuverability of existing transient generators, it is
difficult to obtain a wide bandwidth input with enough signal-to-noise-ratio (SNR).

Secondly, the distortion caused by the frequency-dependent behavior of real pipelines,
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such as the effects of unsteady friction, needs to be corrected in order to give a better
estimation of the amplitude, period and phase of the sinusoidal leak-induced pattern. The
frequency-dependent behavior of real pipelines is complicated, and more distortion is

expected in the response at higher resonant frequencies.

The research presented in this paper proposes a novel FRD-based leak detection
technique that is not affected significantly by problems with either the bandwidth of the
input or distortion due to unsteady friction. Only the first three resonant responses
recorded in a FRD (which are the responses at the first three odd harmonics), are used to
estimate the location and size of a single leak. The bandwidth of the input signal only
needs to be greater than the third resonant frequency of the pipeline, which is five times
the fundamental frequency. In addition, the effects of unsteady friction are usually not
significant on the first three resonances, and the new leak location algorithm is robust to
measurement errors (as shown in the sensitivity analysis in a latter section), so that the
procedure for correction can be avoided. This new technique is verified by both

numerical simulations and laboratory experiments.

Frequency response equations for a single pipe with a leak

This section reviews the frequency response equations for a single pipeline with a leak,
which are the basis of most frequency-domain transient-based leak detection techniques.
The reservoir-pipeline-valve (RPV) configuration is adopted, where two possible

boundary conditions are discussed and compared.
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System configurations

Typically, to extract the FRD of a pipeline, systems with two types of configuration can
be used: the reservoir-pipeline-valve (RPV) system and the reservoir-pipeline-reservoir
(RPR) system (Lee et al. 2006). The fundamental frequency of a RPV system is half that
of a RPR system (Lee et al. 2006). As a result, the RPV system requires a smaller
bandwidth for the input signal to cover the same number of resonant frequencies, and this
type of configuration is the focus of the current research. A typical RPV system for leak

detection is given in Fig. 1, where H, represents the head of the reservoir; L is the total

length of the pipe; L, and L, are the length of the pipe sections upstream and

downstream of the leak, respectively. A pressure transducer is located at the end of the

pipe to achieve the highest signal-to-noise ratio (Lee et al. 2006).

Pipeline systems with a RPV configuration can have two possible boundary conditions:
the RPV-High Loss Valve boundary condition and the RPV-Closed Valve boundary
condition. For RPV-High Loss Valve systems, the in-line valve has a small opening to
achieve a high value of hydraulic impedance. The downstream side of the in-line valve
can be connected to the atmosphere or a constant head reservoir. For RPV-Closed Valve

systems, the in-line valve is fully closed to form a dead end.

The frequency responses equations for pipelines with the RPV-High Loss Valve and the
RPV-Closed Valve boundary conditions are given below in sequence. The RPV-Closed

Valve boundary condition can be regarded as a special case of the RPV-High Loss Valve
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boundary condition, where the opening of the valve is extremely small. The limitations

and benefits of the RPV-Closed Valve boundary condition are analyzed and presented.

Frequency response equations for RPV-High Loss Valve

systems

The frequency response equation of a pipeline system can be derived from the transfer
matrix method (Chaudhry 1987; Wylie and Streeter 1993). The transfer matrix for an

intact pipe section is given as

h P (1)
—Z,sinh(uL;)  cosh(ulL,)

{q}"“ cosh(uL,) ;—1sinh(yLl.) {q}”
where ¢ and 4 are complex discharge and head at either end of the pipe section; the

superscripts #n and n+1 represent the upstream and downstream positions respectively;

L. is the length of this pipe section; Z, = ua’ / (jwgA) is the characteristic impedance of

the pipe; u is the propagation operator given by u = \/ ~w*/a’+ jgAdwR/a® , in which
o is the angular frequency; a is the wave speed; j= J—1 is the imaginary unit; g is the
gravitational acceleration; A4 is the cross-sectional area of the pipe; and R 1is a linearised
resistance term. For turbulent flow and steady friction R =R, = fQ,/(gDA’), where f
is the Darcy-Weisbach friction factor; (), is the steady-state flow rate; and D is the
inside diameter of the pipeline. If unsteady friction is included, an additional component
R, needs to be added into the linearised resistance term, i.e. R=R_+R . Unsteady
friction is studied in detail in the numerical verification section presented latter in this

paper.
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To highlight the impact of a leak on the frequency response, the pipeline is assumed to be
frictionless in the following derivation. The transfer matrix for a frictionless and intact

pipe is given as

)

Lo Jj . (Lo
il cos| — ———sin| — "
q a Z: a)llq
h r . (Lo Lo h
—JjZ.sin| — cos| —
a a

where Z. =a/(gA) is the characteristic impedance of a frictionless pipeline.

The matrix for a leak is

qn+1 1_an
L
S

where Z, =2H,,/Q,, is the impedance of the leak in the steady state, in which H,, and

0,, are the steady-state head and discharge at the leak.
An in-line valve can be used to generate steady oscillatory flow, where the transfer matrix

n+l n 0
10
a0 _ 1\ L J2AH, AT )
h -z, Wl |7
0

where Z, =2AH,,/Q,, 1s the impedance of the in-line valve at the steady state, in which

is given as

AH,, and Q,, are the steady-state head loss across the valve and the flow through the

valve, respectively; 7, is the dimensionless valve opening size at the steady state; and
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At is the amplitude of the dimensionless valve opening perturbation that generates the

transients.

The matrices for all the components along a pipeline can be multiplied together from the
downstream to upstream boundary to form an overall transfer matrix. At the upstream
face of the in-line valve (where the transducer is located), the magnitude of the head
response at resonant frequencies (odd harmonics) is given as

2AH, At /1,
1+ ZZZV [1 - cos(ﬂxZa)fdd )] ®)

L

odd

where x; is the dimensionless leak location that is defined as x; =L, /L ; and o’

r

represents the relative angular frequency for the odd harmonics, which is given as

r

™ = 0" / o, = 1,3, 5..., where ©*" represents the angular frequency for the odd

harmonics; and @, =ax/(2L) is the fundamental angular frequency of the RPV system.

In practice, it is difficult to control the oscillatory perturbation of an in-line valve. Instead,
a side-discharge valve located upstream of and adjacent to the in-line valve can be used to
generate the transients (Lee et al. 2006). The side-discharge valve can be modeled as a

point where a discharge perturbation takes place:

HAE I K

where ¢ represents the discharge perturbation at the side-discharge valve.
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Once a side-discharge valve is used to generate the transients, the in-line valve can have a
constant opening, of which the transfer matrix can be obtained from Eq. (4) by removing
the last column vector on the right hand side. Then the overall transfer matrix of a RPV
system with a side-discharge valve can be obtained, and the magnitude of the resonant
response as measured at the upstream face of the in-line valve is written as
iz,

Z . o
1+~ [l—cos(ﬂxLa) “ )] )

27

1
L

hodd

Frequency response equations for RPV-Closed Valve

systems

For RPV-Closed Valve systems, the pipeline sections and the leak are modeled by their
transfer matrices as described in Eq. (2) and Eq. (3), respectively. The in-line valve is not
included in the deviation, as it is fully closed to form the dead end. A side-discharge
valve that is located at the upstream face of the closed in-line valve is used to generate the
transients, and Eq. (6) is adopted to describe the input discharge perturbation produced by
the side-discharge valve. Finally, the magnitude of the resonant response as measured at

the upstream face of the closed in-line valve is derived as

A

q

22 [1 —Cos (ﬂxZa)fdd )] (8)

hodd

RPV-Closed Valve systems can be regarded as RPV-High Loss Valve systems but the

opening of the valve is extremely small, and accordingly the impedance of the valve is
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extremely high. Under this assumption, Eq. (8) can be obtained directly from Eq. (7) by

rearranging the equation and setting the impedance of the valve Z, to infinite.

Comparison between the RPV-High Loss Valve and the RPV-

Closed Valve boundary conditions

Compared with the RPV-High Loss Valve boundary condition, the RPV-Closed Valve
boundary condition has two limitations: firstly, the dead end boundary condition cannot
always be obtained because the in-line valve in real pipelines may not seal perfectly;
secondly, theoretically, the magnitude of the resonant response can be infinite for RPV-
Closed Valve systems according to Eq. (8) (when the cosine component in the
denominator equals unity). In real pipelines, the magnitude of the resonant response will
not be infinite due to the effects of friction, but it will still be large. The high magnitude
of resonant response can introduce risks of pipe burst and significant fluid-structure
interactions. In contrast, for RPV-High Loss Valve systems, the maximum magnitude of
resonant response is controllable and it is related to the impedance of the valve according

to Eq. (7).

However, the RPV-Closed Valve boundary condition has its own benefits. The governing
equation for the resonant response of RPV-Closed Valve systems [Eq. (8)] is less complex
than that of systems with the RPV-High Loss Valve boundary condition, as the impedance

of the valve Z, is not included. As a result, theoretically less information is required for

estimating the leak location and size in systems with the RPV-Closed Valve boundary

condition.



283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

Techniques are developed in this research for leak detection in pipelines with the RPV-
High Loss Valve and the RPV-Closed Valve boundary conditions, respectively. The leak
detection technique for RPV-High Loss Valve systems is presented first, following by the

technique for RPV-Closed Valve systems as a special case.

Leak detection for RPV-High Loss Valve systems

The development of a technique for detecting leaks in RPV-High Loss Valve systems is

presented in this section. It can be seen from Egs (5) and (7) that the magnitude of each

resonant response

h, .| 1s related to the impedance of the leak Z, and the dimensionless

location of the leak x; . Provided the values of other parameters are known, including
(2AH,,At/7,), q and Z,, theoretically only two equations are required for solving the

two unknowns, which means only two resonant responses are needed for leak location

and size estimation.

In practice, however, the estimation of (2AH,,A7/7,), ¢ and Z, may have errors, thus

yielding errors in the estimated values of Z, and x; . This research proposes a leak
location algorithm that uses solely the magnitude of the first three resonant responses,

being independent of the values of (2AH,,A7/7,), ¢ or Z,. However, the impedance of
the leak Z, cannot be derived using the magnitude of the first three resonant responses

solely, but rather the ratio of Z, to Z, can be estimated.
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Details about the new leak location and size estimation algorithms for RPV-High Loss
Valve systems are described below. A sensitivity analysis is performed to confirm the

robustness and applicable range of the proposed technique.

Determination of the leak location for RPV-High Loss Valve

systems

In the proposed new leak location technique, all the parameters on the right hand side of
Eq. (5) or Eq. (7) are assumed to be unknowns. Although there are a number of symbols

on the right hand sides of these equations, it is observed that they can be categorized into

three independent variables. For Eq. (5), the three variables are (2AH, At/ 1,), Z,/Z,

and x; . For Eq. (7), they are gZ,, Z,/Z, and x,. As a result, to solve for x;, three

equations are required, which means the peak values of three resonant responses are

needed.

Using the inverted peak values of the first three resonant responses given by Eq. (5) or Eq.

(7) (obtained with @’ =1, 3 and 5 respectively), the following equation can be written:

1 1
R _ cos(5mx;) —cos(mx;) ©)
1T cos(3mx})—cos(mx))
A, |7

3
where the subscripts ,,° for the head responses are removed for simplicity, and the new

dd

subscripts ¢, ; and ’ representing the values of @’ are used. Simplifying the above



321

322

323

324

325

326

327

328

329

330
331
332
333
334
335

336

337
338

equation and assuming cos(zx,)# 0 or £1, which means x, #0, 0.5 or 1, the following

equation is obtained:

(|h|5 _|h|1)|h|3
(|h|3 _|h|1)|h|5

=4cos’(zx;) -1 (10)

Eq. (10) gives the relationship between the peak values of the first three resonant

responses and the location of the leak. This relationship is independent of any other

parameters. In addition, x; is only related to the relative sizes of the peaks, thus the

absolute magnitude of the resonant response is not important. Solving Eq. (10) for x;

yields

xz=larccos(i%‘/1+PLj (11)

T

where P, represents the left part of Eq. (10).

From Eq. (11), two values of x; can be obtained for a specific value of P, , provided the
two values within the brackets in Eq. (11) are within the range of [-1, 1]. The summation
of these two x; values is unity, implying that they are two symmetric possible leak
locations along the pipe. Numerical simulations performed in this research illustrate that,

by comparing the size of the first two resonant responses |h|1 and |h

" the alias can be

eliminated. When |h|l >|h

,» the leak is located within the range of x, €(0,0.5); while

when |h|1<|h the leak is located within x, €(0.5,1) . Details of the numerical

3 b

simulations are given in Fig. 2 in the sensitivity analysis presented in a latter section.
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Determination of the leak size for RPV-High Loss Valve systems

Once the leak location has been identified, the leak size can be determined. In the steady

state, the size of the leak is related to the steady-state head /,, and discharge Q,, at the

leak through the orifice equation

O, =C,A4,\28H,, (12)

where C,, is the discharge coefficient of the leak; and 4, is the flow area of the leak
orifice. To estimate the lumped leak parameter C,, 4, , the values of H,, and Q,, need

to be known.

The value of H,, can be estimated once the location of the leak x; has been determined.
The value of Q,, can be calculated if the value of the leak impedance Z, is known

(0,,=2H,,/Z,). However, unlike the x;, the value of Z, cannot be estimated from the
magnitude of the first three resonant responses directly, but rather only the value of

Z,/Z, can be obtained. Using Eq. (5) or Eq. (7) with @™ =1 and 3, the following

equation can be derived:

|h|3 [cos(S;er) - 1] - |h|1 [cos(;rxz )— 1}

Z
|h|3 _|h|1

_Zr
2

L=

(13)

where the value of Z, can be estimated from the steady-state head loss across the valve
AH,, and the steady-state flow through the valve Q,, (which in turn can be estimated

from AH,, using the orifice equation).

Compared with the process for estimating the leak location [Eq. (11)], the estimation of
the leak size depends on more parameters, and the procedure is more complex. However,
in practice it is more important to detect the existence of a leak and estimate its location.
A sensitivity analysis is performed and presented below for the proposed leak location

algorithm to confirm its robustness and applicable range.
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Sensitivity analysis for the three resonant responses-based leak

location algorithm

A sensitivity analysis is now performed to assess the robustness and the applicable range

of the proposed three resonant responses-based leak location technique. The sensitivity
analysis is based on the analysis of the total differential of x;, which is presented as dx; ,

with respect to all the dependent variables, which are the measured three resonant

h

responses |h and |h| ;- By normalizing the total differential dx; by x; , the

172 3

relationship between the fractional change in x; (which is dx; / x; ) and the fractional

change in each dependent variable (which are af|h|1/|h1 , af|h|3/|h|3 and a’|h|5/|h|5 ) can

be obtained. The coefficient before the fractional change of a variable represents the

degree of influence of this variable on the estimated x; . The smaller the absolute value of

the coefficient, the less sensitive the estimated x; is to the corresponding dependent

variable. The procedure for the total differential-based sensitivity analysis is detailed

below.

Using Eq. (10), the total differential of x; with respect to |h

h|3 and |h|5 can be

1 b

obtained as presented in Eq. (14):

CZL =C, a|1}|jll|‘ +C, a|1}|li|3 +C a|1}|li|5 (14)
where the three coefficients before d |A| /|| . d|h|, /|k], and d|h], /||, are
_ 2cos(2rxy)+1|A, (|Al, [l
g sinQax;) (], - [ ) (17, -],
 2cos2zx))+1 A (15)

S 4rx, sin(27x,) (|h|3 _|h|1)

_ 2cos(27x;) +1 |h|1
4rx; sin(27x,) (|h|5 _|h|1)

5
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It can be seen from Eqs (14) and (15) that, for any leak position, if the fractional changes

(relative  errors) in the first three peak values are the same
(d|h|l/|h|1 =a’|h|3/|h|3 =af|h|5/|h|5 ), theoretically the estimation of x; is free of error
(dx; / x, =0), because the summation of the three coefficients is zero (C, +C, +C, =0).

This indicates that theoretically steady friction does not have any effects on the proposed
leak location technique, because steady friction only introduces uniform reduction on the

overall magnitude of the resonant response (Lee et al. 2005b).

In practice, however, due to the effects of frequency-dependent behavior, the fractional

changes in the first three peak values are usually different. Therefore, it is necessary to

analyze the behavior of the three coefficients in detail. When the value of x; is close to 0,
0.5 or 1, the coefficients C,, C,; and C; can be much greater than unity, as shown in Eq.
(15). This indicates that the estimation of x;, from Eq. (11) is very sensitive to variations

in the peak values for these cases. As a result, when the dimensionless leak location x; is

close to 0, 0.5 or 1, the proposed leak location algorithm is unstable and not applicable.

For other leak positions, the values of the three coefficients in Eq. (14) vary. To study the

dependence of the three coefficients on the location of the leak x;, a dimensionless

analysis is performed. Dividing the resonant response |4 ,,| shown in Eq. (5) [or Eq. (7)]

h

*
odd

b

by (ZAHVOAT/ ro) (or gZ,), the resonant response can be nondimensionalized to

and the result is shown as
. 1
- Z * odd (16)
1+ 5 v [1 —cos(ﬁxLa) )]

1
L

hodd

Fig. 2 is obtained from Eq. (16), which shows how the dimensionless peak values of the

first three resonant responses change when x; varies from 0 to 1. The value of Z,/Z, is
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fixed to unity, which means that the impedance of the leak is the same as the impedance

of the valve in the steady state. Note that the value of Z,/Z, can change the absolute

magnitude of the FRD, but the order of the peaks remains unaffected (Lee et al. 2005a).
The effects of Z,/Z, on the values of the three coefficients (C,, C, and Cj) is

discussed later in this section.

The changing patterns of the dimensionless peak values shown in Fig. 2 are consistent
with the curves shown in Fig. 8 in Lee et al. (2005a), which are dimensional rather than
dimensionless. As shown in Fig. 2, the peak values are observed to intersect at five leak
positions along the pipeline, dividing the pipeline into six unequal sections. Within each
section, the order of the three peaks, i.e. the peak-ranking sequence, is unique. Lee et al
(2005a) developed a resonance peak-sequencing method for locating a leak within a
particular section using the rank of the measured first three resonant responses. In the
current research, the rank of the first two resonant responses is used to eliminate the alias

from the two possible leak locations estimated by the proposed three resonant responses-

based leak location algorithm [Eq. (11)]. When |h| > |h

4 the leak is located within the

range of x, € (0,0.5); while when |h|1 <|h

,» the leak is located within x; € (0.5,1).

The values of the coefficients C,, C;and C; can then be estimated from Fig. 2 for

various leak positions, and the results are shown in Fig. 3.

As seen in Fig. 3 and as expected, for three x, ranges [0, 0.1], [0.45, 0.55] and [0.9, 1],
the values of the three coefficients C,, C, and C, are very large (values exceeding =+ 10
are not displayed). This confirms the previous statement that the leak cannot be detected
when it is located near x, = 0, 0.5, or 1. In contrast, for leak position ranges
x; €[0.1,0.45] and x; €[0.55,0.9], most values for the three coefficients are within [-1,

1]. As a result, the proposed leak location algorithm is applicable within these two ranges.
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The above numerical analysis also illustrates that the proposed leak location algorithm is

tolerant of measurement errors. In real applications the measurement errors in the three

peak values (d || /|h

s a’|h|3/|h|3 and a’|h|5/|h|5 ) usually share the same sign. For
example, unsteady friction introduces reduction to all the resonant peak values, although
non-uniform. However, from Fig. 3, the values of C,, C, and C, for any x; are always a
mixture of positive and negative values. According to Eq. (14), the final result of dx; / x;

can be smaller than the summation of the measurement errors in the three peak values
(d|h|1/|h|1 +a’|h|3/|h|3 +d|h|5/|h|5 ), which indicates the fact that part of the effects of the

error in the measured peak values can be cancelled out through the transfer process to the

error in the estimated leak location.

From additional numerical testing, increasing Z, /Z, increases the robustness of the new
leak location algorithm [Eq. (11)]. Although the value of Z, /Z, does not affect the order

of the peaks, it exerts an influence on the magnitude of the resonant responses and the

values of the three coefficients. When the value of Z,/Z, increases from 1, the

difference between |h

0 h|3 and |h|5 increases and the values of C,, C; and C; decrease
correspondingly. In practice, the increase of Z,/Z, can be achieved by reducing the
opening of the in-line valve. The value of Z, will be increased accordingly, while the

value of Z, is constant when the effects of friction are ignored, and it will not change

significantly even when friction is included.

In summary, the proposed three resonant responses-based leak location technique for the

RPV-High Loss Valve system 1is applicable when the leak is located within

x; €[0.1,0.45] or x; €[0.55,0.9]. To assure the robustness of the algorithm, the opening

of the in-line valve is suggested to be small to yield a large value of Z,/Z, .
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Leak detection for RPV-Closed Valve systems

A leak detection technique is developed for RPV-Closed Valve systems, which is a
special case of RPV-High Loss Valve systems when the opening of the valve is extremely
small. The frequency response equation for an RPV-Closed Valve system is given in Eq.
(8). Compared with Eq. (7) for an RPV-High Loss Valve system, the impedance of the
valve Z, is not included on the right hand side of Eq. (8). The unknowns can be regarded

as gZ, and x,, so that only two equations are required to solve these two unknowns from
the measured resonant responses. The requirement for the signal bandwidth is further
reduced, as only the second resonant frequency needs to be covered. Details about the
two resonant responses-based leak location and size estimation procedures for RPV-

Closed Valve systems are given below.

Determination of the leak location for RPV-Closed Valve

systems

As a special case of RPV systems, a single leak in a pipeline with the RPV-Closed Valve

boundary condition can be detected from the magnitude of the first two resonant

responses. Using Eq. (8) and substituting @’*

”

with 1 and 3, the peak values of the first

two resonant responses can be obtained as |h|1 and |h|3. Dividing |h|l by |h3 , the

unknown ¢Z, can be eliminated, yielding an equation with a single unknown x;, as

shown in the equation below:

[,

_:[2c0s(7r)c2)+1]2 (17)

[,

Solving the above equation for x, yields

sz%arccos %(+ %—1] (18)
3
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According to Eq. (18), if |h|l > |h

,» only one x; can be obtained and it is within the range

x; €(0,0.5). However, if |h|l < |h

,» two x; values may be obtained, but one of them is an

alias. The two possible leak locations are both within the range x; € (0.5,1), so that the

alias cannot be identified solely by using the rank of the first two resonant responses. The
resonance peak-sequencing method would be helpful, but it requires the measurement of

the third resonant response.

Notably, the three resonant responses-based leak location algorithm given in Eq. (11) for
RPV-High Loss Valve systems is also applicable for RPV-Closed Valve systems, as the
RPV-Closed Valve condition is a special case of the RPV-High Loss Valve condition
when the impedance of the in-line valve is infinite or extremely high. One benefit of
using three resonant responses is that the aliased leak location can be distinguished. On
the other hand, a disadvantage is that it requires the input signal to have a wider

bandwidth to cover the third resonant frequency.

Determination of the leak size for RPV-Closed Valve systems

To estimate the size of a leak, the impedance of the leak Z, needs to be known. Once the
location of the leak is estimated, the value of gZ, can be estimated using either |h|1 or
|h| ,- Then, the value of the discharge perturbation g must be known to estimate the value

of Z, . Finally, using the value of Z, and the orifice equation [Eq. (12)], the lumped leak

parameter C,,A, can be estimated.

The value of g can be estimated from the measured pressure deviation resulting from the

movement of the side-discharge valve, which is defined as the input flow perturbation in
Lee et al. (2006). The input flow perturbation is related to the head perturbation during
the generation of the transient by the Joukowsky formula. In the case where the side-

discharge valve is located adjacent to a closed boundary with the valve perturbing in a
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pulse-like fashion, g can be estimated as g =—(gA/a)AH , where AH is the head

perturbation from the mean state at the generation point.

Sensitivity analysis for the two resonant responses-based leak

location algorithm

To study the robustness of the two resonant responses-based leak location algorithm, as

given in Eq. (18), a sensitivity analysis is performed. The total differential dx, is derived

from Eq. (17) and then normalized by x; , which is shown as

dv; _ Al Al
L=Cl—"+C—— 19
T )
where
,_ 2cos(zx;)+1
 4nx; SiI*l(ﬂxZ) 20)
C - 2cos(mrx;)+1

> 4zx] sin(zx])

It can be seen from Eq. (20) that the values of the two coefficients C| and C; are
independent of the magnitude of the resonant responses, but rather depending only on the

dimensionless leak location x; . The plots for C{ and C; are given in Fig. 4.

The values of C| and C; represent the sensitivity of the estimated x, to the measured

resonant responses |h|1 and |h|3 for various leak positions. Most values of C| and Cj are

within the range of [-1, 1] when the leak location range is within [0.2, 0.95]. Therefore,

the two resonant responses-based leak location algorithm is stable and applicable when

the leak is located within x; €[0.2,0.95].

Similar to the leak location algorithm using three resonant responses, the two resonant

responses-based leak location algorithm is also tolerant of measurement errors, as the
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values of C| and C; are the same in the absolute value but always opposite in sign.
According to Eq. (19), part of the effects of the frictional variations (relative errors) in
|h| . and |h|3 can be cancelled out if they share the same sign, which is usually the case in
real applications. However, two possible leak locations may be obtained from Eq. (18)

for a pair of |h|l and |h|3.

The values of C| and C; for the two resonant response-based algorithm shown in Fig. 4

are small around x; = 0.5, which indicates that the leak location can be estimated even if
it is located at or around the middle of the pipeline. However, if the actual leak location is

x; = 0.5, an alias x;, = 1 will exist. It cannot be removed because for both x; = 0.5 and 1,

all the resonant responses are the same, i.e. |h|l = |h|3 = |h|5 .

In summary, the two resonant responses-based leak location algorithm is applicable to

RPV-Closed Valve systems when the leak is located within x; €[0.2,0.95], however, if

x; 20.5, two possible leak locations can be estimated and the alias is hard to be

distinguished.
Numerical verification

Numerical simulations are performed to verify the proposed three resonant responses-
based leak location [Eq. (11)] and size estimation [Eq. (13)] techniques for RPV-High
Loss Valve systems. The transfer matrix method is used for the numerical modeling and

unsteady friction is included.

The two resonant responses-based leak location [Eq. (18)] and size estimation techniques
for RPV-Closed Valve systems are not modeled or discussed in this section, because: the
RPV-Closed Valve condition is just a special case of the RPV-High Loss Valve condition;
the two resonant responses-based leak location technique has difficulty in distinguishing

the aliased leak location; the leak size estimation procedure for RPV-Closed Valve
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systems is complicated; and the three resonant responses-based leak location technique is
still applicable for systems with the RPV-Closed Valve boundary condition. However,
both the three and the two resonant responses-based leak location techniques are applied
to the interpretation of an experimental FRD, as presented later in the experimental

verification section in this paper.

Unsteady friction model

Unsteady friction is included in the numerical simulations performed in this section.
Compared with frictionless pipeline models or models with steady friction only, the
behavior of the numerical model with unsteady friction is closer to that of real pipelines,

thus yielding a better estimation of the validity of the proposed leak detection technique.

The unsteady friction model used in this research is adopted from Vitkovsky et al.
(2003a). Vitkovsky et al. (2003a) derived the frequency-domain expression for the

unsteady friction component ( R ) of the resistance term using the Zielke (1968) unsteady

friction model and the Vardy and Brown (1996) weighting function for smooth-pipe

turbulent flow, which is given below as

. . o \12
R, - 2jw i+]a)D
gA

C 4v 1)

where v is the kinematic viscosity and C is the shear decay coefficient, which depends

on the Reynolds number of the mean flow and is given by C=7.41/Re’“ and

K =log,, (14.3/Re°‘°5 ) :

The summation of the unsteady friction component R and the steady friction component

R, composes the linearized resistance term R in Eq. (1). Together with the matrix for a

leak Eq. (3) and the matrix for an oscillating valve Eq. (4), the governing equation for the
resonant response at the upstream face of the valve can be derived. The numerical studies

described in the following subsections are based on this numerical pipeline model.



578
579
580
581
582

583

584

585
586
587
588
589
590
591
592
593
594
595
596
597

598

599
600

601

602

603

604

Pipeline models with steady friction only are not considered in the numerical study.
Steady friction is not dependent on frequency and only yields a uniform reduction on the
overall magnitude of the frequency response. According to the sensitivity analysis shown
in Eq. (14), the uniform distortion due to steady friction does not have any effects on the

accuracy of the estimated leak location.

Case study

A case study is performed on a pipeline with a leak located at x, = 0.2, where the

unsteady friction model described in the previous subsection is used. The system layout is
given in Fig. 1. The in-line valve is used to generate the transient, and it is assumed to
have a small opening in the steady state and connected to the atmosphere at the
downstream side. The parameters used for the numerical simulations are listed in Table 1

below.

The frequency response diagrams (FRDs) for the case study (x; = 0.2) are obtained

numerically using the transfer matrix method. The results are presented in Fig. 5, where
the FRD in the solid line is for the pipeline with the system parameters shown in Table 1
and with unsteady friction (Vitkovsky et al. 2003a); the FRD in the dotted line is for the
same pipeline but under a frictionless assumption. The FRDs in Fig. 5 are
nondimensionalized, where the y-axis represents the dimensionless head response that is

nondimensionalized by dividing the dimensional resonant response by the active

input(2AH, At/ 7,), and the x-axis denotes the relative angular frequency @, =@/ @, .

From Fig. 5, the dimensionless peak values for the first three resonant responses are |h| =

0.912,

h|, = 0.601 and |h|. = 0.496 for the frictionless simulation (the dotted line), and

h h h

" = 0.821,

:S = (0.542 and

;‘S = 0.446 for the simulation with unsteady friction (the

us

3

solid line). Using Eq. (11) and |k h

us
1 3

and |h|", the possible dimensionless leak

locations are estimated as (xL )“S =0.199 or (xL )“S = 0.801. Then using the rank of the
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first two resonant response |/ >|A[;, it is concluded that the leak should be within the

us
3

range of (0, 0.5). Therefore, the leak is confirmed to be located at (x; )m =0.199.

Compared with the actual leak location x; = 0.2 m, (xL )M is accurate as it only has a

relative deviation of [(xL )m - X, } / x; x100 % = -0.5 %. This deviation is much smaller

than the deviation between the numerical peak values for the unsteady friction model

(|n

us

1 b

us

3

h

and |h|:s) and the results for the frictionless model (|h

h|, and |h].). In

1 b
addition, the value of dx; /x] is calculated as -0.2 % using the estimated (xz )MS , which is

consistent with the result of Eq. (14) when the numerical peak values are substituted.

The impedance of the in-line valve is calculated as Z, = 1.78x 10* s/m* from the steady-

state analysis of the pipeline system shown in Table 1. The impedance of the leak is then

estimated from Eq. (13) using the numerical results for the simulation with unsteady

us

1 b

us

3

friction [(xz )MS , B, |

and |h|l: ] and it is Z, = 1.75x 10* s/m”. Using Z, and
assuming that the steady-state head at the leak H, is the same as the reservoir head H,,

finally the lumped leak parameter can be estimated from Eq. (12) and it is (CMAL )“S =

1.42x10™ m*. Compared with the theoretical leak size given in Table 1, the estimation is

accurate.

The above numerical case study with x; = 0.2 and incorporating unsteady friction shows

that the leak location and size are estimated accurately using the proposed three resonant
responses-based leak detection technique. To study the behavior of the proposed leak
detection technique for other leak positions, additional numerical testing is performed and

reported in the following subsection.
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Simulations for various leak locations

Numerical simulations are performed on pipelines with the dimensionless leak location
x; varying from 0.01 to 0.99, with a step of 0.01 each. The system parameters used in

these simulations are the same as those given in Table 1. Unsteady friction is included in

all the numerical simulations.

The relative deviation between the estimated leak location and the corresponding actual
leak location is estimated for each simulation. Meanwhile, for each of the estimated leak

size, the relative deviation from the actual leak size is also estimated. The relative

deviation for the estimated leak size is defined as [(CMAL )" —C4, }/CMAL x100 % .

The curves of the relative deviation for the estimated leak location and the estimated leak

size are given in Fig. 6.

The curves presented in Fig 6 are not continuous. One reason for the discontinuity is that
the data out of the bounds of the y-axis are not shown, and another reason is that the leak
location algorithm Eq. (11) and/or the leak impedance estimation algorithm Eq. (13) are

not applicable mathematically when the leak is located at some specific positions. It can

be seen from Fig. 6 that when the leak is actually located within x; €[0.15,0.4] or

x; €[0.6,0.9], the accuracy of the estimated leak location (xz )m is acceptable (within

+ 5%). In contrast, the estimated leak size is less accurate, as expected, and

underestimated most times.

The numerical simulations indicate that the proposed three resonant responses leak
location algorithm is applicable for pipelines with unsteady friction. The relative
deviations of the estimated leak locations (solid lines in Fig. 6) are consistent with the
results of Eq. (14) in the sensitivity analysis. However, compared with the theoretical

applicable ranges x, €[0.1,0.45] and x; €[0.55,0.9] for frictionless pipes given in the

sensitivity analysis, when the effects of unsteady friction are considered, the applicable
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ranges is slightly reduced to x; €[0.15,0.4] and x, €[0.6,0.9]. The estimation of the

leak size is less accurate, and it is usually underestimated compared with the actual leak
size. The proposed leak detection technique is further verified using an experimentally

determined FRD in the following section.
Experimental verification

The proposed three and two resonant responses-based leak location techniques are
verified using an experimentally determined FRD. The laboratory experiments were
conducted by Lee et al. (2006) in the Robin Hydraulics Laboratory at the University of
Adelaide. The methods for extracting the FRD of a real pipeline have been discussed in
detail in Lee et al. (2006). The system configuration and experimental data presented in

Lee et al. (2006) are also described briefly in the subsection below.

System configuration and experimental data

The experimental pipeline was a copper pipeline in a tank-pipeline-(in-line) valve
configuration. The length of the pipe is L= 37.53 m and the internal diameter is D =
0.022 m. The in-line valve is fully closed, so the pipeline system had a RPV-Closed Valve

boundary condition. The upstream water tank is pressurized by air and the steady-state

pressure head is H, = 38.09 m. The wave speed in the experimental pipeline was a =

1328 m/s determined by experiment. A side-discharge valve was located at the upstream

face of the closed in-line valve to generate the transient excitation (a pulse signal). A free
discharging orifice with a diameter of 1.5 mm (C,, 4, =1.6x10™° m?) was located at 28.14
m downstream from the reservoir to simulate the leak, thus the actual dimensionless leak

location was x, = 0.75.

The experimentally determined FRD was presented as Fig. 17 in Lee et al. (2006). The

" =3.05%10° ms,

peak values for the first resonant responses are estimated as |h
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lab
5

|h =535x10° m™s from the experimental FRD. They

7.75%10° m?s and |h

represent the head response per unit discharge input [i.e. § = 1 m’/s in Eq. (8)].

Leak location using the three resonant responses-based

technique

Using the three resonant responses-based leak location technique given in Eq. (11), the

dimensionless leak location is estimated as (xL )lab = 0.27 or 0.73. The rank of the peak

lab
3

values of the first two resonant responses is |h|i“b < |h , so that the leak should be within

a dimensionless range of (0.5,1). As a result, (xL )lab = 0.73 is adopted. Compared with
the actual dimensionless leak location x, , the absolute error in the estimated x; is
(xz )lab —x, =-0.02, and the relative error is [(xL )lab -Xx; }/xL x100 % =-2.7 %. The size

of the leak is not estimated, because the proposed leak size estimation formula [Eq. (13)]
is not applicable to the experimental pipeline with the RPV-Closed Valve boundary

condition.

Leak location and size estimation using the two resonant

responses-based technique

For the two resonant responses-based leak location technique, Eq. (18) is used. The

dimensionless location of the leak is estimated as (xL )lab = 0.56 or 0.80. The alias cannot

o « \lab o C
be removed. For the estimation (xL) = 0.80 which is closer to the actual location, it is

less accurate than the estimation derived from the three responses-based leak location

technique.
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To determine the size of the leak, the impedance of the leak is determined first. It is

estimated as Z, =2.53x10° s/m* by substituting the first resonant response

lab

|h1 =3.05x10°m™s and the unit discharge perturbation § = 1 m*/s into Eq. (8). Then,

under the assumption that the steady-state head at the leak is the same as the steady-state

head at the reservoir (H,, = H, =38.09 m), the steady-state flow at the leak is estimated

as  Q,,=3.01x10" m’/s. Finally, the Ilumped leak size is estimated as
(CLdAL)labzl.IXIO"’ m’ using the orifice equation Eq. (12). Compared with the

theoretical leak size (C,,4, =1.6x10™ m?), the estimated size is significantly smaller.
Summary of experimental verification

The experimental verification illustrates that the proposed leak detection technique is
applicable to pipelines in controlled laboratory conditions. The location of the leak is
estimated successfully using either the three or the two resonant responses-based
algorithm. The leak location estimated from the three resonant responses-based algorithm
is accurate, with an absolute error of 2 % of the total pipe length. However, the two
resonant responses-based algorithm yields less accuracy. The size of the leak is estimated
from the two resonant responses-based algorithm, but the estimated leak size is smaller

than the theoretical value.

The error in the estimates comes from the distortion in the experimentally determined
FRD, which in turn may be mainly sourced from the effects of frequency-dependent
behavior in the experimental pipeline, such as unsteady friction. For pipelines with longer
length in the field, the fundamental frequency is usually significantly lower and the
effects of unsteady friction on the first three resonant responses will be relatively small.
As a result, it is expected that the proposed leak location technique is also applicable in

field applications.
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Challenges in field applications

The proposed leak detection technique has been verified by numerical studies and
controlled laboratory experiments; however, some challenges may exist for application of
the proposed methodology in the field. The proposed technique is designed for the
detection of a single leak in a single pipeline, while in the field, complex pipeline

networks and multiple leaks may exist.

Lee et al. (2005a) have studied how to extract the FRD for a branched pipe network. By
closing the valve at one end of the pipe section, an individual pipeline can be partially
separated from the network. A side-discharge valve located adjacent to the closed valve is
then used to generate a transient pulse, and a pressure transducer located at the same
location as the generator is used to measure the transient pressure trace. By assuming that
a reservoir exists at the open boundary, and using signal processing, the FRD of the

specified pipe section can be obtained (Lee et al. 2005a).

When multiple leaks exist in a single pipeline, three resonant responses are not sufficient
to be able to determine the location of all the leaks. In this case, more resonant responses
need to be measured and further investigation is required. Nevertheless, using the first
three resonant responses, the method proposed in this paper can determine whether the

pipe is leaking or not.

Another challenge in the application of the newly proposed method is that the shape of
the leak may have some impact on the accuracy of the detection. In the numerical study
and the experimental verification presented in this paper, a leak is simulated by an orifice
with a circular opening. If the leak has a different shape, Eq. (12) as used in this paper
cannot accurately describe the relationship between the head and the flow through the
leak. As a result, the estimation of the size of the leak will be in error. However,
theoretically the relative size of the first three resonant responses will not be affected, so
that the location of the leak can still be determined accurately. More experiments are

necessary to study the effects of the shape of a leak.
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Conclusions

A novel frequency response diagram (FRD)-based leak location and size estimation
technique is proposed in this research. It is suitable for detecting of a single leak in single
pipelines with a reservoir-pipeline-valve (RPV) configuration. Instead of using the
sinusoidal leak-induced patterns on the FRD as in traditional techniques, the new

technique only uses the magnitude of the first three resonant responses.

A RPV-high loss valve configuration is suggested for the extraction of the FRD. A side-
discharge valve is used to generate an impulse transient excitation, which is located at the
upstream face of a high loss in-line valve at the end of the pipe. A pressure transducer is
located at the same location as the side-discharge valve to measure the transient pressure.
The opening of the in-line valve should be small enough to make the leak-induced
distortion obvious in the first three harmonics. In practice, this can be achieved by trial-
and-error. In addition to the measured transient pressure, the steady-steady head and flow
at the in-line valve, the head at the reservoir, the length and internal diameter of the pipe,

and the wave speed in the pipe need to be known.

The requirement for the bandwidth of the transient excitation is reduced to five times of
the fundamental frequency of the pipeline under test, because only the first three resonant
responses are used. In addition, the distortion in the measured FRD due to unsteady
friction does not need to be corrected before applying the leak detection algorithm,
because the effects of unsteady friction is not significant for the first three resonant
responses, and part of the effects are cancelled out through the calculation for leak
location. Moreover, only the relative sizes of the first three resonant responses are
required, rather than the absolute values of the frequency response. This is a great
advantage, as it can simplify the procedure for determining the FRD and avoids error
introduced through intermediate calculations. For example, the voltage output from a
pressure transducer can be used in the calculation directly, avoiding the transfer from

voltage data to pressure data.
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When the in-line valve at the end of the pipeline is fully closed, the requirement for the
number of resonant responses can be reduced to two. However, two possible leak

locations may be obtained from a specific FRD, and the alias is hard to remove.

Numerical simulations with unsteady friction performed in this research show that the

three resonant responses-based leak location technique is applicable when the actual leak
is located within the dimensionless range of x; €[0.15,0.4] or [0.6,0.9]. Within the

applicable ranges, the relative deviation between the estimated leak location and the
actual location is within =5 %. However, the estimated size of the leak is less accurate,

and shown to be underestimated most times.

The proposed leak detection technique is also verified using an experimentally
determined FRD. The experimental verification indicates that the proposed technique is
applicable to real pipelines in controlled laboratory condition, even though the pipeline is
short and the effects of unsteady friction is relatively high. The three resonant responses-
based technique performs better than the two resonant responses-based technique. For
pipelines with longer length in the field, the fundamental frequency of the pipeline is
much lower and the effects of unsteady friction on the first three resonant responses will
be relatively small. It is expected that the proposed three resonant responses-based
technique leak detection technique is also applicable in field applications, provided the

first three resonant responses can be measured successfully.
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818  Notations

819  The following symbols are used in this paper:

A

hodd

|

1 35 |5

inside pipe cross sectional area;
wave speed;

area of a leak orifice;

shear decay coefficient;

coefficients used in Eqs (14);
coefficients used in Eqs (19);
coefficient of discharge for a leak orifice;

internal pipe diameter;
Darcy-Weisbach friction factor;
gravitational acceleration;
steady-state head;

reservoir head;

steady-state head at a leak orifice;

complex head amplitude;

amplitude of head fluctuation at the odd harmonics;
amplitude of the head oscillation at the first, the third and the
fifth harmonics;

imaginary unit, +/—1;

total length of pipe;
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821  Superscripts:

lab

n  n+l

lengths of the two pipe sections divided by a leak;
left part of Eq. (10);

steady-state discharge;

steady-state flow out of a leak;

steady-state flow through a valve;

complex discharge amplitude;
discharge perturbation;
linearised resistance term;

Reynolds number;

resistance factor components for steady friction and unsteady
friction;

dimensionless position of a leak;

characteristic impedance of a frictionless pipe;

hydraulic impedance of a leak orifice;

the characteristic impedance of a pipe;

hydraulic impedance of a steady-state valve;

dimensionless values;
sourced from laboratory experiments;

the upstream and the downstream position of a pipe;



us effects of unsteady friction are included;
822

823  Greek symbols:

AH = head perturbation from the mean state at the generation point;
AH,, =  steady-state head loss across a valve;
At = amplitude of the dimensionless valve-opening oscillation;
x =  coefficient in Eq. (21);
H = propagation operator;
v = kinematic viscosity;

mean dimensionless valve-opening coefficient, centre of

T, =
oscillation;
angular frequency and dimensionless relative angular
0 0 =
frequency;
angular frequency and relative angular frequency for odd
odd odd
o”" o) =
harmonics;
fundamental angular frequency for a reservoir-pipeline-valve
@, =

system,;
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Fig. 1. A reservoir-pipeline-valve system with a leak.



\
\ — A,
I, \\‘
4
/ S A - |h|

A 1

J Y 3

! %
/ S - |h|
\
I’ \ 5
1 \
1 \ —
1 \
7 \\
l’ \
7 \‘
II \
/ AY

\ —

| L |
0.3 0.4 0.5 0.6 0.7 0.8
Dimensionless leak location X,

Sk el

Dimensionless resonant response

Fig. 2 Impact of the dimensionless leak location x; on the dimensionless peak values of

the first three resonant responses, with Z, /Z, = 1.



Rl T
——mnannnnAnn

2
_"’
I

Values of coefficients

_100 0.1 0.2 0.3 04 0.5 06 0.7 0.8 0

Dimensionless leak location X,

U

1

Fig. 3 Impact of the dimensionless leak location x; on the three coefficients C,, C, and

C, inEq. (14), with Z, /Z,= 1.



0
2 8
8 6
2 4
T 2
o 0F 0000 T, .
S 2 ¥
g 4 !
s Of i
> 8t H
- 0 L L L L L L L L L 1
0 0.1 0203 040506070809 1

Dimensionless leak location X,

Fig. 4 Impact of the dimensionless leak location x; on the two coefficients C, and C; in

Eq. (19).



?

e 1 : ‘ :

S — Unsteady friction

g 0.8 | | Frictionless E
- :

8 0.6 ]
= &

w -

804 ,
C

i)

g 0.2 i
£

a O0 2 4 6 8 10

Relative angular frequency o,

Fig. 5 Numerical FRDs for the case study x, =0.2.



— Leak location
30\ |- Leak size

’
1
1
I

201

Relative deviation (%)
[w]

0 0.1 02 03 04 0506 07 0809 1
Dimensionless leak location X,

Fig. 6 The relative deviation between the estimated leak location and the actual leak
location (solid lines), and the relative deviation between the estimated leak size and the

actual leak size (dashed lines).



Table 1. System parameters for the numerical simulations

Parameter Value
H, 30m
O 0.0034 m’/s

L 2000 m
D 0.3 m
a 1200 m/s
f 0.02
At/ 0.05

C,.4, 1.41x10* m’




