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Acoustic correlators have been used for many years to locate and detect leaks in buried water distribution
pipes. Currently, the only way to compare different correlators directly is in the field. This can be
problematic as it may be difficult to present exactly the same conditions to each correlator. In recent
years, the way in which leak noise propagates in buried water pipes has been determined, and this
has enabled the development of a virtual pipe whose behaviour can be simulated in the computer. By
coupling the filtering properties of the pipe with electrodynamic shakers, a proof-of-concept virtual pipe
test-rig has been developed that will allow different correlators to be compared directly in laboratory
conditions. Different situations, such as pipe material and size, and measurement positions, as well as
leak strength can be simulated. The theoretical basis of the test-rig and details of the proof-of-concept
system are discussed in this paper. It is shown that careful consideration of the dynamics of the shakers
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is vital if the system is to faithfully model situations that are found in the field.
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1. Introduction

Leakage from buried water distribution pipelines is a global
problem [1]. Acoustic correlators have been used for more than
30 years to detect and locate leaks from water pipes [2]. Although
they work well for metallic pipes there are some issues with plastic
pipes [3,4]. Waves in these pipes suffer from much higher rates of
attenuation [3,4], which makes the problem of water leak detec-
tion more challenging. The emphasis in this paper is, therefore,
on plastic pipes. In most cases accelerometers (or less commonly,
hydrophones) are located at convenient access points either side
of a suspected leak to sense the noise generated by the leak. The
peak in the correlation function between the signals from these
sensors is used to determine the difference in propagation times
between the leak and the sensors. By combining this with knowl-
edge of the wave speed, the location of the leak can be determined.

Water companies can choose different correlators from
different manufacturers, but it is not an easy task for them to know
a-priori which is the most effective for their pipe network.
Currently, the only way to compare acoustic correlators directly
is to conduct a field test. This can be problematic as it may be
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difficult to present identical conditions to each correlator. Another
issue relating to the effective use of correlators concerns the train-
ing of personnel in their use. Ideally, the effective use of correlators
requires the user to be exposed to, and gain experience with, a
diverse range of pipe types and leak strengths and types. Both of
these issues motivate the need to develop a bench-top test-rig that
can replicate the pipe vibrations generated by a leak in the field, a
so-called “virtual pipe test-rig”. To achieve this, a thorough under-
standing of the way in which a leak generates noise and the way in
which that noise propagates through a buried pipe is necessary.
The research programme conducted by the authors and colleagues
over the past ten years or so has helped to gain this understanding,
for example [5-12]. This work covers the central understanding
needed to develop a virtual rig, namely the development of a
physical model for wave propagation along the plastic pipe [6],
the incorporation of the physical model with a signal processing
model [8], and the effects of sensors on the cross-correlation
coefficient [9].

In particular, it has been found that in buried plastic water pipes,
leak noise mainly propagates at low frequencies, below about
200 Hz, because of the high levels of damping in the pipe-wall,
and the radial motion of the pipe-wall due to the coupling between
the fluid and the pipe. The wave responsible for propagating the
noise is a low-frequency, non-dispersive, axisymmetric, coupled
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structural-fluid wave located well below the ring frequency [6,7].
The key to the development of the test-rig is this phenomenon,
and the ability to couple the analytical pipe model with the
cross-correlation coefficient [8] and an accelerometer, which
measures pipe vibration that is strongly correlated to the leak noise
[9]. Experimental results reported in [12] validate much of the
previous work, and the data from that paper is used here to check
the veracity of the virtual pipe test-rig.

The aim of this paper is to describe the theoretical basis behind
a virtual pipe test-rig, and to describe the tests conducted on a
proof-of-concept device. The paper is organised as follows. In Sec-
tion 2, a brief overview of leak detection using cross-correlation is
given. This is followed by the theoretical basis of the virtual-pipe
test rig in Section 3. Section 4 describes the implementation of a
proof-of-concept virtual-pipe test rig, and Section 5 discusses the
importance of choosing a shaker with the appropriate dynamics
for such a system. Finally, some conclusions are given in Section 6.

2. Overview of leak detection using acoustic correlation

Fig. 1 shows a typical leak detection problem, in which a leak
occurs at an unknown position in a buried water pipe. The leak
generates broadband noise, which propagates along the pipe to
acoustic or vibration sensors that are located at convenient access
points either side of the leak. The difference in the arrival times of
the noise at the sensors (time delay) is used to determine the posi-
tion of the leak, which is given by [8],

d—cT
R ()

where c is the speed of propagation of the leak noise, d is the dis-
tance between the sensors, and Ty = (d; — d;)/c is the time delay
estimate. In plastic pipes the noise propagates in a predominantly
fluid-wave that is strongly coupled to the pipe-wall [6,7]. Because
of this, the wave (leak noise) can be measured by sensing the vibra-
tion of the pipe-wall or a valve using accelerometers, or by using a
hydrophone inserted into the pipe [12]. In many cases the wave-
speed is estimated from tables, but it can also be measured in-
situ [13]. The time delay Ty is estimated from the peak in the
cross-correlation function between the two measured signals x; (t)
and x;(t), which is given by [8]
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Ron(0 =5z [ Sum(@)edo @

where j = v/—1, and Sy, , (®) = |Sx,x, (®)|e* is the cross-spectral den-
sity (CSD) function, in which Sy x, (@)| is the modulus and ¢ is the

phase. If there is a pure time delay T, between the two signals then
the modulus is a constant and ¢ = —wT,. Rather than use the cross-
correlation function, it is preferable to use the cross-correlation
coefficient, which is given by p(T) = Ryx,(T)/1/Rxx (0)Rex, (0),
which has a value between —1 to +1; Ry, (0) and Ry,,(0) are the
auto-correlation functions of the signals when 7 =0 at positions 1
and 2 respectively

Typical processed leak signals are illustrated from measure-
ments made on a buried plastic pipe rig in the UK using accelerom-
eters [13]. The test rig is shown Fig. 2. It consists of a 120 m long,
high performance polyethylene (HPPE) pipe, buried at a depth of
about 0.8 m in an open field. The pipe has a Young’s modulus of
about 2 x 10° Nm™2, an outer radius of 80 mm and a wall thickness
of 9.85 mm. The loss factor was found to be 0.1 [14]. Properties of
the test rig are shown in Table 1. The processed data are shown in
Fig. 3 [13]. Fig. 3(a) shows the modulus of the CSD normalised by
its maximum value, and Fig. 3(b) shows the phase. Also shown in
Fig. 3(b) is a straight line corresponding to ¢ = —wTy. The coher-
ence is shown in Fig. 3(c), where it can be seen that the bandwidth
over which there is potentially time delay information is about
20-120 Hz corresponding to the frequency range at which the
coherence is not close to zero. Finally, Fig. 3(d) shows the
cross-correlation coefficient in which the time delay is indicated.
This figure is the one most often used in acoustic correlators to
indicate the presence of a leak. The time delay can be determined
from the peak in the cross-correlation function. It can also be
determined from the phase of the CSD, because the gradient of
the weighted least squares straight line fit to the phase is equal
to the time delay [11]. This can then be used in Eq. (1) to determine
the location of the leak, if the wave-speed c is also known. It is clear
from Fig. 3 that the signal characteristics measured on buried
plastic pipes necessary for leak detection are complex and it is
these that need to be simulated on a laboratory virtual rig.

3. Development of the virtual pipe test-rig
3.1. Model of water pipe and acoustic correlation

To develop and build a virtual pipe test-rig, a model of leak
noise propagation is needed. A block diagram of this model is
shown in Fig. 4. The source of the noise (the leak) is assumed to
be spectrally white in the frequency range of interest (<200 Hz)
with a Power Spectral Density (PSD) of S;. This is considered to
be a reasonable assumption for plastic pipes [15], which is the pri-
mary focus of the work reported here. The frequency response
function (FRF) between the acoustic pressure at the leak location
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Fig. 1. Schematic of leak detection in a buried plastic water pipe using acoustic/vibration signals with a leak in between the two sensors.
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Fig. 2. An experimental set-up to investigate leak detection in plastic pipes. (a) Schematic of the pipe rig showing the excitation/measurement positions, and the leak
position. (b) Photograph of the instrumentation at Positions 1 and 2. (c) Photograph of the leak with the valve fully open.

Table 1

Physical properties of the pipe-model.
Mean radius of the pipe 75 mm
Pipe-wall thickness 9.85 mm
Pipe Young’s modulus 2 x 10° N/m?

Pipe loss factor 0.1

Bulk modulus of water 2.2 x 10° N/m?
Free-field wave-speed in water 1500 m/s

dy, dp 30m, 20 m

and the measurement position a distance u from the leak is given
by [8]

H((D, u) — e—u)/iue—jwu/c (3)
where ¢ = Cf/(l + ZBa/Eh)l/z is the speed of the wave responsible

for leak noise propagation and g = (nBa/Eh)/(cf(l + (2Ba/Eh))'?)
is the attenuation factor, in which ¢y and B are the free-field wave-
speed and bulk modulus of water respectively, and E, a, h and # are
the Young’s modulus, the mean pipe radius, the pipe-wall thickness,
and loss factor of the pipe-wall respectively. Pipe filters 1 and 2 in
Fig. 4 are simply determined from Eq. (3) by setting u =d; and
u = d, respectively.

Well below the ring frequency (which is the case here), the
radial displacement of the pipe at the measurement position is
proportional to the acoustic pressure inside the pipe [9]. However,
the radial acceleration of the pipe is of practical importance, and
this is simply related to the radial displacement by —m? so the
FRF relating the acoustic pressure to the radial acceleration is given
by [9]

a?w?
G(o) =~ )

The FRFs for the sensor blocks in Fig. 4 are simply given by
Eq. (4). Assuming that the sensors at positions 1 and 2 have
identical characteristics, the CSD of the measured acceleration
signals is given by [9]

Sk (@) = Sy G(w)*H' (w, dy)H(w, da) (5)

where * denotes the complex conjugate. Combining Egs. (3)-(5)
results in

o S,,a4
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which can be written in non-dimensional form as

M) — Sx1xz(w)
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where @& = wpd and Ty = To/(fd). The modulus and the phase of the
normalised cross spectrum is plotted in Fig. 5(a) and (b) respec-
tively. The phase is simply a straight line with a slope of —T,, but
the modulus |, 5, (®)| = @*e~?, is frequency dependent, which is
important, as this has a profound effect on the shape of the cross-
correlation function [9]. The frequency sensitivity of the accelerom-
eter means that it acts as a high-pass filter of the leak noise, while
the pipe acts as a low-pass filter. Together they combine to create a
band-pass filter, which is evident in Fig. 5(a). By setting the deriva-
tive of Eq. (6b) with respect to frequency to zero, it is found that the
modulus of the cross-spectrum peaks when o = 4/(fd). Thus, the
frequency band over which there is measured leak noise energy is
governed only by the product gd. If the distance between the two
sensors is large and the damping in the pipe is high, then the leak
noise energy, as measured by the accelerometers, contains only
low frequencies. If geophones are used instead of accelerometers
then the cross-spectrum peaks at @ = 2/(gd), i.e. half the frequency
compared to when accelerometers are used. This occurs because
there is a factor of jw rather than —? in the FRF relating the acous-
tic pressure to the geophone output (velocity rather than accelera-
tion), in Eq. (4). This means that the low pass-filtering effect of the
pipe has a greater effect on the system behaviour and the peak in
the cross-spectrum is shifted to a lower frequency.

By combining Eqgs. (2) and (6a), the cross-correlation function,
and hence the time delay, can be estimated. This model has been
validated previously with experimental data in [8,9]. Note that in
practice the radial acceleration of the pipe is not generally mea-
sured directly. Accelerometers are attached to the pipe system at
a convenient access point, which in many cases is a fire hydrant.

_ d)4e—(})e—j(b7'0 (Gb)
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Fig. 3. Processed leak signals from the test-rig shown in Fig. 2 (a) modulus of CSD normalised by the maximum value, (b) phase, (c) coherence, (d) cross-correlation
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Fig. 4. Model of the system shown in Fig. 1.

However, it has been found that this acceleration is strongly corre-
lated to the related acceleration of the pipe-wall, which in turn is
related to the acoustic pressure in the pipe by Eq. (5) [7,12].

3.2. Design of the virtual pipe test-rig

A block diagram of the virtual pipe test-rig is shown in Fig. 6.
The model of the pipe (without the sensors) with a source of ran-
dom noise to simulate the leak is implemented in a laptop com-
puter using Matlab®. To generate vibration that replicates the
radial vibration of the pipe at the sensor positions, two shakers
and power amplifiers are required, which are driven by signals that
are output from the pipe model. However, filters have to be used to
compensate for the dynamics of the power amplifiers (and the
shakers if possible), so that they will have a minimal effect on

the signals measured by the acoustic correlators. If the two shaker
and power amplifier sets have FRFs of C;(w) and C;(w) then Eq. (5)
is modified by the multiplication of Cj(®)C,(w).

4. Proof-of-concept system

To determine whether a virtual pipe test-rig could simulate the
behaviour of the system shown in Fig. 1, the design described in
the previous section was implemented using a laptop computer,
and two small modified loudspeakers that had integral power
amplifiers were used as shakers. It is recognised that more robust
vibration exciters would be necessary in a practical system, but the
small loudspeakers were considered to be adequate for a proof-of-
concept study. The pipe model was interfaced with the sound card
to generate the signals to drive the loudspeakers.

Prior to carrying out experiments with the complete test rig, the
FRFs of the loudspeakers together with the power amplifiers were
measured. They were excited with random noise generated using a
laptop and the soundcard, and the responses were measured using
PCB type 352A25 accelerometers. One of the loudspeakers and an
accelerometer are shown in Fig. 7(a). It was found that the power
amplifiers have second order high-pass filters incorporated, and
these were each compensated for in the test-rig by dividing by
—w?. The displacement response of each loudspeaker was calcu-
lated by twice integrating the accelerometer signals to give the
FRF of displacement/input voltage. The magnitude and phase of
these FRFs are in Fig. 7(b) and (c). It can be seen that there are
differences between each loudspeaker, with the response being
relatively flat between about 20 Hz and 80 Hz, falling off rapidly
above the resonance at about 90 Hz. Within the frequency range
20 Hz and 80 Hz, the phase response is broadly similar in each
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Fig. 6. Virtual pipe test-rig.

case, except for a frequency region around 60 Hz due to some addi-
tional dynamics in loudspeaker 2. It should be noted that although
the phase is not zero in the frequency range between 20-80 Hz for
both loudspeakers, changing by about 7 radians, the phase is
similar for both devices. This is not a problem, however, as it is
the phase between the devices that is important for the virtual pipe
rest-rig.

As the loudspeakers were considered to have appropriate
dynamics within the frequency range 20-80 Hz (this is discussed
further in the next section), a virtual pipe test-rig was imple-
mented within this frequency range. The subsequent data were
compared with the model described in the previous section, and
also with data taken from the field, which is shown in Fig. 3. The
data used in the pipe model is given in Table 1, which are typical
for plastic water distribution pipes in the UK and were taken from
[13].
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Fig. 7. Type of loudspeaker used in the virtual pipe test-rig and the dynamic
characteristics of the two loudspeakers used. (a) Photograph of one of the
loudspeakers, (b) magnitude of the FRF, (c) phase of the FRF; blue solid line,
loudspeaker 1; red dashed line loudspeaker 2. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

The results are shown in Fig. 8. Fig. 8(a) shows the normalised
modulus of the CSD, Fig. 8(b) shows the phase and Fig. 8(c) shows
the cross-correlation function. It can be seen in Fig. 8(a) that in the
frequency range of 20-80 Hz, the moduli of the CSDs for the virtual
test-rig are similar to the model discussed in Section 3 and the field
data shown in Fig. 3. The reason that the modulus increases with
frequency is primarily due to the characteristics of the accelerom-
eters as discussed in Section 3. Above about 80 Hz the responses
from the virtual pipe test-rig reduce with frequency because of
loudspeaker resonances and filtering effect of the pipe. The field
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Fig. 8. Processed data from the virtual pipe test-rig. (a) Normalised modulus of the CSD, (b) phase of the CSD, (c) cross-correlation coefficient. Solid blue line, virtual pipe test-
rig; dashed red line, model using Eq. (5); dotted green line, data from the test rig shown in Fig. 2. The frequency range 20-80 Hz is shaded. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

data also reduces with frequency about 100 Hz, and this is due to
the dynamics of the buried pipe system [13].

The phase characteristics between the three cases are also sim-
ilar within the frequency range 20-80 Hz. The similarities in the
CSDs for all three cases suggests that the model and the test-rig
give a reasonable representation of the field conditions within this
frequency range. Finally, Fig. 8(c) shows the cross-correlation coef-
ficients for all three cases. It can be seen that there are some differ-
ences, but close to the time delay related to the noise propagation
through the pipe, the differences are relatively small. The time
delays for the model and the field data are both 24.4 ms and for
the virtual pipe test-rig it is 24 ms, a difference of about 1.7%. It
should be noted that the Young’s modulus of the pipe in the model
was chosen so that the wavespeed of about 410 m/s matched that
measured in the field, so the small difference in time delay is due
solely to the dynamics of the loudspeakers.

To demonstrate the ability of the test-rig to simulate various
conditions, three representative results are shown in Fig. 9(a)-
(c). The configurations chosen are shown at the top of the figure.
In Fig. 9(a)(i-iii), the results for the case considered previously,
i.e. di =30m and d, = 20 m are shown as a benchmark test, in
Fig. 9(b)(i-iii), the same distance between the sensors is consid-
ered, but the leak is positioned such that d; =40m and
d, = 10 m, and finally in Fig. 9(c)(i-iii), the distance between the
sensors is doubled and the leak is positioned such that d; =45 m
and d, = 55 m. The Roman numerals (i, ii or ii) correspond to the
modulus and phase of the CSD, and the cross-correlation coeffi-
cient respectively. It is clear, that in all three cases, the phase
changes as expected, as does the cross-correlation function. The
distances calculated from the peaks in the cross-correlation

functions using the data in Table 1 (which results in a wave-
speed of 410m/s) are d; =29.92 m, 39.85m, 45.02 m for the
cases in Fig. 9(a), (b), and (c) respectively. The percentage differ-
ence between the actual and the estimated difference is less than
0.5% in all cases. The other feature, which is not so obvious in
the results of the virtual test-rig, is that the shape of the modulus
of the cross-spectrum, which is an indication of the filtering
properties of the pipe-sensor system, is a function of the total
distance between the sensors and not the position of the leak
between the sensors, as seen in Fig. 9(a)-(c)(i). As the distance
between the sensors is increased, the low-pass filtering effect of
the pipe increasingly dominates over the high-pass filtering effect
of the sensors, resulting in a shift the peak in the modulus of the
cross-spectrum to lower frequencies. This effect can be seen by
comparing Fig. 9(c)(iii) with Fig. 9(a)(i, ii).

5. Discussion

In the last section, it was shown that the bandwidth over which
the proof-of-concept virtual pipe test rig was effective, was limited.
In the field, the low frequency limit is governed by background
noise and limitations in the low frequency response of the sensors.
In the virtual pipe test-rig the background noise is not an issue as
this can be controlled in laboratory conditions, but the accelerom-
eter sensitivity could possibly be an issue. However, piezoelectric
sensors were used in this work and these operate effectively above
about 20 Hz, which was the low frequency limit for the field
data. Thus, the low frequency limit is deemed to be achievable
by the test rig, and is not likely to be a problem in any future
development.
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Fig. 9. Results of various tests of the virtual pipe test-rig. (a) Distance between sensors is 50 m, with the leak 30 m from Sensor 1, (b) distance between sensors is 50 m, with
the leak 40 m from Sensor 1, (c) distance between sensors is 100 m, with the leak 45 m from Sensor 1. (i) Normalised modulus of the CSD, (ii) phase of the CSD, (iii) cross-
correlation coefficient. The red dashed line shows the output from the pipe model when the shaker dynamics are not included. The frequency range 20-80 Hz is shaded. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The high frequency limit, however, could be problematic and
deserves closer analysis. Examining Fig. 8(a), it can be seen that
the resonance frequencies of the shakers govern the high
frequency limit. It can be seen that above this frequency the
behaviour of the virtual pipe test-rig does not correspond to
the ideal model described in Section 3. The reason for this is that
the displacement of a shaker is no longer proportional to the input
current above the resonance frequency. This is because each shaker
acts as a second order low-pass filter. To illustrate the effects of
shaker dynamics on the CSD and the cross-correlation function
some simulations are carried out. Each shaker is modelled as a
classical second-order system with FRF given by

2
Wh

H(o) = w2 — w? + j2Lwwy,

(7)

where @, is the natural frequency of the shaker and { is the damp-
ing ratio. To allow for shakers with different characteristics, shaker
1 is deemed to have an FRF of H; (w) and shaker 2 an FRF of H,(w).
Eq. (6a) can be modified to account for the shakers by the multipli-
cation of Hj(w)H,(w). Three situations are considered for the
benchmark test case illustrated in Fig. 8: the natural frequency of
one of the shakers is set to, (a) 20 Hz, (b) 50 Hz and (c) 80 Hz, and
the natural frequency of the other shaker is set to be 10% higher
in each case. The damping ratio of both shakers is set to 0.1. The
results are shown in Fig. 10. The letters (a, b and c) correspond
respectively to the cases above, and the Roman numerals (i, ii or
ii) correspond to the modulus and phase of the CSD, and the
cross-correlation coefficient respectively. The effect the shaker
dynamics is clear to see, especially on the modulus of the CSD
and the cross-correlation coefficient. Effectively two narrow band
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the reader is referred to the web version of this article.)

filters have been added in addition to those related to the
pipe-sections and the accelerometers, further reducing the band-
width over which the analysis is carried out. The effect of this is par-
ticularly evident in the cross-correlation coefficient. The deviation
in the phase from that related to a pure time delay can be seen in
Fig. 10(a)(ii), (b)(ii) and (c)(ii). This is due to the 10% difference in
the natural frequencies of the shakers. The effect can also be
seen as shift in the time delay at which the peak in the cross-
correlation coefficient occurs. Note that if the two shakers are
identical, then this time shift does not occur. Also note, however,
that it is highly unlikely for two shakers to be identical in practice.

From the simulations above it can be seen that the shaker
dynamics can have an important effect on the cross-correlation
function and time delay estimation, so it is particularly important
to choose appropriate ones. As shown in Fig. 10, shakers that have
a resonance frequency above the bandwidth of interest should be
used. It is desirable for them to have resonance frequencies that
are as high as possible, and this means that stiff actuators should
be used. Such actuators are not electro-dynamic as used in the
proof-of-concept prototype, but could be either magnetostrictive

or piezoelectric. It is suggested that magnetostrictive actuators
may be preferable as they can use readily available and inexpen-
sive power amplifiers designed to drive an inductive load.

6. Conclusions

This paper has described the theoretical background and devel-
opment of a proof-of-concept virtual pipe test-rig that can be used
to simulate pipe vibration due to water leaks in the field. In princi-
ple, such a device could be used to compare the performances of
different acoustic correlators for different pipelines. Using knowl-
edge of fluid-filled pipe vibration, a proof-of-concept device has
been built and tested, and was shown to perform reasonably well
in the frequency range of 20-80 Hz. This frequency range is suit-
able for typical plastic water distribution pipes and trunk mains.
The limitation of the virtual pipe test-rig is the bandwidth, and this
is due to the shakers. In the system described in this paper, simple,
small loudspeakers with integrated power amplifiers were used as
shakers. It has been shown that stiff actuators that have a high
resonance frequency would be much more appropriate.
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