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ABSTRACT

Methods of pressure transient analysis can be agarpromising, accurate and low-cost tool
for leak and feature detection in pipeline varigystems have been developed by several
groups of researchers in recent years . Such tgebsihave been successfully demonstrated

under laboratory conditions but are not yet essaielil for use with real field test data.

The current paper presents a comparative studynsfantaneous frequency analysis
techniques based on pressure transients recordédh va live distribution network. The
instantaneous frequency of the signals are analysedy the Hilbert transform (HT), the
Normalized Hilbert transform (NHT), Direct Quadrau(DQ), Teager Energy Operator

(TEO) and Cepstrum.

This work demonstrates the effectiveness of theamtaneous frequency analysis in

detecting a leaks and other features within thevodt NHT and DQ allowed for the



identification of the approximate location of leak$ie performance TEO is moderate, with

Cepstrum being the worst performing method.

Keywords leakage; pipelines system; pressure transient wililbert transform. Hilbert

Huang transform; Direct quadrature; Teager energyaipr; Cesptrum

1. Introduction

Leakage from water distribution networks has sigaifit economic and environmental
cost. Leaks may occur due to aging pipelines, s excessive pressure resulting from
operational error and closing or opening valvesdtgpcreating damaging transients (Ref?).
According to a study performed by German Energy Whater Association (BDEW) [1]
average water losses in public water network€Europe vary from 6.5% to 24.6%. Water
utilities normally employ wide range of leak detentmethods but acoustic technology (e.g.
noise correlators and geophones) are predominasty for pinpointing repairs. Acoustic
methods are typically labour intensive and ofterpriecise. Acoustic techniques become
especially ineffective if the noise created by kbak is a small (which is the case for large
leaks), attenuates quickly (as in non-metallic p)p@r is obscured by other background
noise. There are numerous alternative methodsefik tdetection including: thermography,
ground penetration radar, video inspection ancetrgas [4]. None of these methods has been
proven reliable and they are currently not wideded.. Therefore, a more reliable and quick

technique for detecting and locating leaks is autyedesirable.

Many researchers have investigated transient bastdods for leak detection. Pressure

transients occur due to any sudden change of flalnmthe system (such opening a valve or



stopping a pump) Transients propagate back anll foroughout the network and therefore
can be shown to carry information of leaks or fesguwithin in the pipeline system [5].
Beside its potential low cost and non intrusiveunat this technique has the potential to
locate leaks at greater distances from a measutepmnt than is currently possible. A
number of hydraulic transient based techniqueddak detection are described in existing
literature: inverse transient analysis [6,7] imputesponse analysis [8,9], transient damping
methods [10,11], frequency domain response anall&p and wavelet analysis [13,14].
However there are very few studies have been validaith real laboratory data [15] or field
data [16].

These previous studies have successfully deteei@dhdie size and location in a pipe
from analysis of a transient signal. Here, in orttermprove accuracy and make detection
easier, a new signal analysis technique is propasdccompared with existing methods. The
objective of the current paper is to explore anahgare a proposed method of analysing non-
stationary data called empirical mode decomposiii€iviD) for instantaneous characteristics
calculation for leak detection. The innovation dfist technique is the analysis of
instantaneous frequency (IF). This paper presdmsrésults of the application of this
technique.

2. Leak detection methods

2.1 Pressurewaves and leaksin pipes

In a pipe system with constant steady flow, thesguee rise for instantaneous closure is
directly proportional to the fluid velocity at caff and to the velocity of the predicted surge
wave but is independent of the length of pipe [THe well known Joukowsky equation has

been applied for sudden closures in frictionlegepiand given as:



— =—paA— or 1)

where %is the rate of change in pressure ( Pa),is fluid density (kg/m), a is the

characteristic wave velocity of the fluid (m/% is the rate of change in fluid velocity (m/s)

For an instantaneous closure, the head prodfNele@n) by the surge is:

This pressure surge starts to propagate alongipiee At every discontinuity of the system,
the wave is partially reflected, partially transimit and some of it will also be absorbed [5].
Such discontinuities include features such as |ealitves, junctions or changes in pipe

diameter (see Fig 1.).
Figure 1 is about here

Generally, a leak induces a sudden pressure dr@paositive pressure surge, and also a
reflection point; thus in the transient pressugmal this inflection can be used to identify the
location of the leak. The distance of the leak frdme measuring section, % can be
calculated base on the travelling timg, df the transient to the leak and return backhio t

source, given as:

X = X )

leak —
2



2.2 Signal processing for leak detection

The signal produced during transient process ardlynosn-linear and non-stationary. The
Sheffield University group have previously usedwmber of signal analysis techniques to
analyse reflections of transient data in orderdntify the features in pipelines systems for
simulated and experimental systems. Initially crosselation analysis [18] was used to
identify a number of reflections in simple pipe wetks. This method worked, but was
clumsy and tedious. Later, Al-Shidhaet al. [14] performed wavelet transforms on
experimental and simulated transients in pipe sysiéVhilst successful for simulated data,
when the same analysis was applied to the expetane&ata, no useful results were
produced. This is due to the fact that in realeyst waves spread out due to disper§ijn

causing the outgoing and incident waves to becasgdharp.

To overcome this problem, Beek al. [19] used the cepstrum function to analyse pressur
histories and identify leak positions in pipelinetmarks. Cepstrum detects periodic
structures in the algorithmic spectrum (as explhibg Randal [20]). This method not only
detects the leaks but is also able to estimate gwierity. More recently, the studies by
Taghvaieet al. [21] using a combination of orthogonal waveletngfarms (OWT) and

cepstrum confirm that this method is able to deleakage size and location in pipelines.
This method also utilises the wavelet filtering mdere in order to remove unwanted

features such as noise or trends.

More recently, a new type of time-frequency analysalled the Hilbert-Huang transform
(HHT) has become more popular for analysing noedimand non-stationary signals. The
HHT is totally adaptive and has been developed bartdet al.[22]. This method consists of
an empirical mode decomposition (EMD) to filter #ignal, followed by a Hilbert transform

analysis. The analysis presents the instantareopditude and the instantaneous frequency



as functions of time in a three dimensional plohisTfrequency-time distribution of the
amplitude is designated as the Hilbert amplitudectspm, H(w,t), or simply the Hilbert
spectrum (HS). HHT techniques have been appliedatious fields, such as structural
damage detection [23], bioscience [24], and filigrand denoising [25]. The presence of
leaks and features cause a phase change withamsient signal. This can be detected using
analysis of instantaneous phase or frequency. Vanmoethod of calculating instantaneous
frequency can be used. As a result, some researstieh as Bangfeng and Renwen [26] and

Ghazaliet al.[27] have started using HHT for leak detection.

. Four signal processing algorithms

3.1 Empirical mode decomposition

Huang et al. [22] proposed using a empirical mode decomposi(ieND) technique to
decompose any given signal as a set of nearly noonpanent signals. EMD is an adaptive
decomposition (i.e. data-based) and suitable tmohbnstationary data analysis. A pressure
transient in pipe system can be considered as stat@mnary signal. Nonstationary signals
should be examined differently from stationary dsitece they have statistical properties that
vary as a function of time. Ideally, EMD can be dide estimate a signal's instantaneous
frequency (IF). To get a meaningful IF, each mofldezomposition signal should be nearly
monochromatic (one frequency). Each basis fungiramauced by EMD is called an Intrinsic
Mode Function (IMF). IMF’s represent the oscillatamodes embedded within the data
where each IMF involves only one mode of oscillatiwith no complex riding waves

present.

To achieve this, an IMF is defined as a functionvitich (1) the number of extrema and the
number of zero crossings must either be equalftardiy one, and (2) at any point, the mean

value of the envelope of signal defined by the llooaima is zero [22]. Such definition



attempts to ensure that meaningful instantaneaegiéncy can be obtained from each IMF.

With the definition, a signaX(t) EMD algorithm works as follows [17]:

(1) Identify all the local extremax(t) from the given signal and then connected by cubic
splines to form the upper envelope. Repeat forntméma.

(2) Compute the meam(t) of the two envelopes.

(3) Extract the detail, d(t) as an IM#&(t) = x(t) — m(t)

(4) Repeat the iteration on the residwaft) until residual data is too small, meaning that
residual becomes a monotonic function or a functwah only one extremum from which

no more IMF can be extracted. The residual repteghe trend.

The above procedure has to be refined biftang process [22]. The purpose of this step is to
enforce the definition of an IMF [28]. The originsignal may be able to be reconstructed by
summing all the IMF components. Preferably, all eodf IMF produce by abovementioned
step should be nearly monochromatic and can be tosgie a significant evaluation of the

signal’s instantaneous frequency.

3.2 Estimation of instantaneous frequency (1F)

a) Hilbert Transform (HT)

Generally, a signal is characterised by its fregyetontent. For nonstationary signals, in
which frequency value changes at any moment itasenuseful to characterise a signal in
terms of its instantaneous frequency. The instawas frequency is the frequency that
locally fits the signal. To get a well defined ampthysically meaningful instantaneous
frequency, the signal must be analytic and it mhestwithin a narrow band by means of

Hilbert transform (HT). The Hilbert transforpt) of signalx(t) is defined as [22]:



vy =PV 7 XD g,

To=t-1 (3)

in which PV denotes the Cauchy principal value of the integyé) is the convolution ok(t)
with 1/zt. Coupling thex(t) and y(t) results in a complex conjugate pair, giving anelyt

complex signak(t) of x(t) as
2(t) = X(1) +iy(t) = AHe” (4)

Considering the last expression of the analytioghad in Eqn 4, A is an envelope of the
signal andp(t) is a phase angle. The instantaneous frequen(tyof the analytical signal, is

simply:

_ 1 de(t)
Y=o ar -

As explained by Boashah [29] the Hilbert transfggroduces a more physically meaningful
result for monocomponent or nearly monocomponest farrow band) functions. As a
result, the effectiveness of EMD decompositionastipularly suitable for the evaluation of

instantaneous frequency by means of the subseélilbett transform.

To demonstrate the calculation of IF, consider igpckignal as shown in Fig.2. It is shown
that when using the decomposition of signal thguesncy properties of the chirp signal are

revealed.
Figure 2 is about here
b) Normalized Hilbert Transform (NHT)

Huanget al [30] found that the analytical signal obtainednfr a Hilbert transform only

produces meaningful instantaneous frequency ifctnaditions of Bedrosian [31] theorems



are met. Vatchev [32] also discussed the mathealatimblems associated with Hilbert
transform of IMFs. As a result, Huargg al [30] introduced normalized Hilbert transform
(NHT) which empirically separates the amplitude milatdon (AM) and frequency

modulation (FM). Through a normalization scheme, glgnal has to be normalized using the

envelope of signals produced through spline fittifigis can be written as:

n, (t) _x(®

e (t) (6)

where n,(t) is the normalized signal, (t) is the signal ana,(t)is the empirical envelope of

the signal. The details of normalization can benfbin Huanget al [30]. After n" of

iteration, the normalized signal, then becomes

:Xn—(t)

n, (t)
&, (t) (7)

The iteration can be stopped when all valuesnptt aré)less or equal to unity and it is

assumed that empirical FM is part of data, F(t) as:
n, (t) =cosyt) = F(t) (8)

As a result, with FM part determined, AM is then

X(t)
A(t) =7
F(t) (9)

Re-written Eqn. 8 and Eqn. 9

X(t) = A(t) * F(t) = A(t) cosg(t) (10)



The normalized FM component of an IMF is suitalde Hilbert transform since it has

satisfied the Bedrosian theorem.
c) Direct Quadrature (DQ)

Additionally, Huanget al. [30] also applied the direct quadrature methotht normalized
IMFs to get an exact instantaneous frequency. phigoses method eschews any Hilbert
transform by means of a 90 degree shift of phaggea\fter the normalization the FM
signal producedF (t), is the carrier part of the signal. By assumirgnal to be a cosine

function, its quadrature is given as:

sing(t) = 1-F2(t) 11

Using arctangent we can calculate the phase anglé@fined simply as:

ot) = arctani

\1-F2(t) (12)

Instantaneous frequency can be defined as theadimevof the phase function from Eqn. 12

d) Teager Energy Operator (TEO)

The alternative method to compute instantaneouguéecy is the energy operator (TEO)
[33]. A distinctive advantage of TEO is its outstarg localization property, a property
unsurpassed by any other method. In determinindpttegion of leaks and other features in a
pipeline system time localization plays importardrtp The TEO is totally based on
differentiations without involving integral transfos. Taking Newton’s law of motion for an

oscillator with massn and spring constaktstates that



d?x k

a "m0 13)

the solution of the signal of the form(t) = acos((t)). The sum of kinetic and potential

energy is the system'’s total energy E, given by:

E:Ekx2 +Em>'<: E :ima)za2
2 2 2 (14)

where «. = dg¢(t)/dt, then an energy operator is defined as:
W(x) = X* = XX (15)

With constant frequency and amplitude we will have

W(x) = a’w andy(X) = a’w’ (16)

By manipulating the two terms in Eqn. 16, we have

- [ anda:—w(x)
Y(x) \/‘//(X) (17)

As a result, one can obtain both the frequencyaanglitude with the energy operator.
3.3 Cepstrum

Cepstrum is a good tool for detection of singuiesitbecause.... In addition to studies of
instantaneous frequency, cepstrum also will be wgddthe combination of EMD to detect

any reflection of the selected IMF. Generally, ¢aps is defined as the Fourier transform of
the logarithm of the Fourier transform [20] andtabie for non linear signal processing

technique. It is defined as:

C, =F*(logAf}) 81



where A{f} is the complex spectrum of Wheta{t}. It can be represented in term of

amplitude and phase at each frequency by
A f}=Fla®} = A, + A {f} (19)
Taking the complex algorithm of Egn. 19 gives

log A(T) =In|AT)| + je(f) (20)

where j =+/-1 and ¢(f) is the phase function.

. Leak detection scheme outline

4.1 Implementation

The proposed leakage detection methods have beduagad by the following steps:

Use an previously acquired transient signal froetdfitests conducted in a real distribution
network.

Decompose the data into set of monocomponent signallMF by using EMD, as described

in section 3.1.
Filter the signal by discarding some of irreleviviE.

Compute instantaneous frequencies using HT, NHT, TED and Cepstrum as described in

section 3.2
From extracted signals calculate the distanceadf énd other features using Eqn. 2.

Compare and evaluate results of the analysed method

The operation procedures can be summarized ifdhehart as shown in Fig. 3

Figure 3 is about here



4.2 Numerical simulationsto test leak detection algorithm

Toevaluate the proposed method consider followyrghetic signal:
s(t) = x(t) + v(t) (21)

Where x(t)and v(t) are the background signal and the impulse represenéflection of

leaks or features, respectively. The backgroundasigan be chosen as:
X(t) =sin(0.0277t) — sin(2(0.0277)t + 711/ 2) + sin(4(0.02771) . (22)

Fig 4(a). shows 300 samplesxf) and Fig. 4(b) indicates two spikes with an amplwof
0.1, withv(t) at instants 120 and 240 respectively. The comioingtof these are shown in
Fig. 4(c). The algorithm has been applied to theusated signal; it has yielded five IMFs as
shown in Fig. 5. Applying all methods proposed MFL, instantaneous frequency has been
calculated and the results are shown in Fig. 6itAsn be seen, for the clean signal, all

methods indicate the reflection at the correcuo®nce times.
Figure 4, 5 and 6 is about here

For further analysis, white noise has been addsdihance Eqn. 21 becomes:
Snoise(t) = X(t) + V(t) + noise (23)

The white noise is normally distributed with meaand standard deviation 1, as generated
using MATLAB version 7. The signal has then beeooteposed into eleven IMFs as shown
in Fig. 7. IMF1-IMF7 consists most of the noise.ABHMF10 have been chosen for further
analysis while the rest of IMF's are consideredrelavant. Using the same method of
calculating instantaneous frequency as describedegtthe results of this analysis are shown

as Fig. 8. Again all the method successfully detieetreflection at their correct occurrence



time. The TEO method shows the worst result sih@nly performs well in the absence of
noise (as previously explained by Huaetgal. [30]). EMD also works as a filter bank [25]

hence it is possible to remove all unnecessariigenim the signal.

Figure 7 and 8 is about here

5 Experimental details

The analysed test data presented in this paperobt@éned during fieldwork experiments
conducted within a live distribution system..A satatic map of the site is shown in Fig.9.
The pipeline is constructed of 4 inch diameter dast. A leak of size 3.5 I/s (size obtained
by comparing water company flow database beforeadied leak repair) is located 40m from
hydrant 2 (H2). The hydrants and leak locationsr@wn as “H” and “L” signs respectively
in Fig. 9. In this case the testing was conductethfhydrant 2 (H2). There is also a pressure

reducing valve (PRV) located near to the hydra¢i1).

Figure 9 is about here

The transient event was generated by rapidly ogeamd closing a small solenoid valve
fitted to the testing hydrant (see Fig.10). A sndithmeter pipe has been used for the
connection between the valve and the hydrant ierai limit the transient pressure such that
system creates. This method has been previouslgrided in Taghvaeket al. [34]. The
resulting transient was measured using a a pressansducer attached to the hydrant cap.
The main advantage of this device is that it isdith create a pressure pulse and acquire
the system response data from only a single, stdnalecess point. As it always extracts
water from the pressurised system, it thus hasaaitln or contamination issues. A simple

data acquisition system which captured the resufiegssure signal at a frequency of 5 kHz



was used Fig.11. A total of four repeat tests wemneducted at the site. To accurately locate
each feature or leak, the wave speed of the ppdias to be calibrated by measuring the
time taken for generated transient wave to trangghfthe measurement point to the boundary
of the pipeline and back to the measurement pdhn.theoretical speed of wave propagation
in this pipe is 1310 m/s and the calibrated valas w090 m/s. This difference may be due to
deterioration of the pipe condition since its itiateon. Table 1 shows field test details for

this work.

Figure 10 is about here

Figure 11 is about here

Table 1 is about here

6 Results and Discussion

Fig. 12 shows the recorded transient after eactheffour tests. As we can see from the
figure, the closing valve occurs approximately at 10.08s. The pressure rises rapidly
immediately after the valve is closed. This shoWwat tthe transient signal produced is
transmitted and reflected around the pipe systdnthe@while being attenuated through both
friction and various features in the pipe netwdrke analysis of the signal starts immediately

after the valve is closed.

Figure 12 is about here

To filter the signal and remove any offset, theadiatdecomposed into seven IMFs and its

residue as shown in Fig. 13. This splits the sigmal different frequency bands from high to



low frequency. IMF1-IMF2 contained highest frequgnehich mostly consists of noise.
Meanwhile, IMF7 and the residue contain the bassponse of the network. All of these IMF
were therefore discarded. The rest of IMFs (i.e ®MMF6) have been recombined to
produce a signal without noise as displayed in E4. The instantaneous frequency of this

filtered data was then calculated using the abowioreed methods ( Fig. 15).

Figure 13, 14 and 15 is about here

There are four main features in the network that thflect transients (leak, junction, hydrant

and pressure reducing valve). The peaks showreimanllysed results correspond to the time
taken by the wave to travel along the pipe andrmehack to measuring point (after wave

speed calibration). The distance of the leak aatufes from the source of transient (H2) can
be estimated simply by multiplying the time delatal corresponding to the each peaks by
the calibrated speed of sound (a=1090 m/s) in the pipe system and halving this edbr

the return journey. The results then can be condpai¢h the distances on the schematic

map. The summary of this analysis along with thiersrcan be found in the Table 2.

Table 2 is about here

It can be seen that all methods can identify th& lghich occurs approximately tat 0.072s
(hence 39.24m) from the measurement point witleptadble range of error (withik®o). The
HT method can capture most of the features exagphe reflection from pressure reducing
valve (PRV). This suggests that the instantanemguéncy calculated is able to capture the

discontinuity produced by the leak and other feeguihe improvement of HT called NHT



and DQ [30] are able to identify most of the featuwithin a reasonable accuracy. The

missing feature by HT has been recovered by both il DQ.

The TEO method gives an acceptable result bus@ pfoduces other irrelevant peaks which
may lead to miscalculation the distance of theuiest or false results. This is probably
caused by the wave profiles having intrawave mdaria or harmonic distortions. TEO is
also very sensitive to the presence of the noi6g [Bhe combination of EMD and Cepstrum
gives the worst result since it only shows thekpearresponding to the leak point. It also
indicates the hydrant 3 (H3) and junction 2 (J2Zhve very small amplitude peak and fails to
locate the other features in the pipeline. As d@rpld by Huanget al. [17] the common
problem with the EMD is frequent appearance of madking, which is defined as either a
single IMF consisting of widely disparate scales, aosignal residing in different IMF
components. As a comparison, the result producedatso compared with the method
proposed by Taghvaket al.[21] as they used the combination of wavelet agstrum. The
result is shown in Fig. 11(f). Most of the featigge detected except for H1. It also produces
irrelevant reflections which may be caused by tbésea present in the filtered data using

OWT.

Conclusions

In this paper, the instantaneous frequency of pressaves through fluid-filled pipelines of
a real life system signal were analyzed in ordeidémtify leaks and other features. Firstly,
collected transient data was decomposed and filténe empirical mode decomposition
(EMD). Then, the different methods of calculatingstantaneous frequency such as HT,
NHT, DQ and TEO have been evaluated and comparkd. ahalysis using EMD and

Cesptrum also has been studied. Neither methogteadbusly been applied in a systematic



way to the problem of identifying features in régd pipeline systems. The features that were
identified as causing a reflections were a ledlsize 3.5 I/s), hydrant, junction and pressure
reducing valve. The process results confirmedtti@instantaneous frequency calculation by
NHT and DQ analysis can reveal most of the feataresCepstrum analysis gives the worst

result.

The current study is not immediately expected toabpanacea for leakage, i.e. able to
identify the features at any position and in compdgeline systems. Further real life tests
are necessary in order to evaluate the operatiamage. Furthermore, this work shows that
the combination of empirical mode decomposition amstantaneous frequency analysis is
promising tool for leak and features detection. Kvisrcontinuing to test these techniques on

more complicated systems under a variety of opggatonditions.
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Fig. 10 Connection of solenoid valve to hydrangjémerate pressure transient

Fig. 11 Typical connection of pressure transducehé hydrant
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Tables:

Table 1. Field test condition

Pipe material
Pipe diameter
Calibrated speed of wave
Leak size
Testing point

Sampling frequency

Cast iron

4 inch
1090 m/s

3.51/s

Hydrant 2 (H2)

5 kHz

Table 2. Summarised result of field test data fiffecent instantaneous frequency

analysis
Analysed Distance (m) Measured Error (%)
Features Distance
HT | NHT | DQ | TEO | Cepstrum ™ HT | NHT | DQ | TEO| Cepstrum
m

Leak(L) 40.22| 39.46| 39.57| 39.68| 39.567 40 0.5% 1.36 | 1.08/ 0.81| -1.08
Junction 1(J1) | 137.4137.3| 137.2| 137.2 - 138.5 | 0.79 0.87 | 0.94| 0.94 -
Hydrant 1(H1) | 141.3 141 | 140.8 140.6 - 142 0.49| 0.70 | 0.85 1.00 -
Hydrant 3(H3) | 154.9 155.7| 155.8| 156.2| 156.7 154 0.58 1.10| 1.17} 1.43 1.75
PRV - 165.9) 165.8| 166 - 160 3.69 3.683.75 -

203.1| 204.9| 205.2| 205.4| 205.7 204 0.44 | 0.59 0.67 0.83
Junction 2(J2) 0.44
Hydrant 4(H4) | 300.9 297.6| 297.7| 297.9 - 293.4 2.5 1.43| 1.47| 1.53 -




