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Acoustic techniques based on cross-correlation are in common use for leak detection in
water distribution pipes. However, little work has been done in underwater pipeline leak
detection. This paper is concerned with experimental investigation into water leakage
from a underwater plastic pipe, with particular emphasis on the acoustic characteristics
of the propagating leak noise measured under controlled conditions, including the leak
hole size, water pressure and submerged depth of the pipe. It is found that the leak noise
from a submerged PE water pipe concentrates at low frequencies, with a flat spectrum
that has been observed in the frequency range below 650 Hz. Experimental results
demonstrate that the attenuation of a leak signal in the submerged water pipe is larger
than the in-air case, whereas the propagation wavespeed is mainly affected by the pres-
sure within the pipe. Specifically it is shown that for a lower pressure, the wavespeed is
almost identical to that for the in-air water pipe; for a higher pressure, an increase in the
wavespeed may occur. In this paper preliminary measurements are made, and test re-
sults show the detectability of the leakage from a submerged water pipe. Further work
will be carried out to investigate the feasibility of the transient leak signals for online
leak detection.
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1. Introduction

Water pipelines are buried infrastructures to sustain modern life and economic growth. In recent
years, accidents due to pipeline leakage, as a result of pipe aging and degradation, climate change
and poor street work, have frequently attracted attention, resulting in wastage of energy and re-
sources. Leakage detection and location from buried pipes are of great interest in China and across
the globe. Currently available techniques for pipeline leak detection consist of non-acoustic and
acoustic methods, with the latter having been shown to be effective and in common use within wa-
ter leak detection community. Non-acoustic methods, for example ground penetrating radar [1],
infrared thermography [2, 3], and mass/flow balance method have been adopted in some occasions
and achieved varying degrees of success. In these methods, leakage can be detected by monitoring
changes in the states of surrounding medium along the pipeline, or the parameters such as the flow,
pressure and density of the contained water. Although they show some promise, it has practical is-
sues of equipment deployment, reliability, ease of use and, of course cost.
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Acoustic leak detection methods are based on the knowledge of propagation characteristics of
leak noise. Popular methods are based on cross-correlation [4-6]. Another method, namely the nega-
tive pressure wave method, can be adopted to measure the transient leak signals for online leak de-
tection, in particular in oil pipelines. In essence, a leak from a water supply pipe system generates
noise, which can propagate along the pipeline with acoustic characteristics largely affected by the
presence of the surrounding medium and contained fluid. Specifically for the water-filled pipe sur-
rounded by a soil or water media, the characteristics of the leak signal in both the time and frequen-
cy domains are, to some extent, influenced by the factors such as the size of leak source, geomet-
rical and material properties of the pipe and surrounding medium [7, 8]. There has been considera-
ble research on accurate location of water leakage in buried pipes, based on some priori knowledge,
principally the propagation speed of a leak. Attention also has been focused on leakage detection of
underwater oil and gas pipes [9, 10]. Hunaidi and Chu [11] studied the acoustic characteristics of
leak signals in buried plastic water pipes. However little work has been done on the leak signals
from underwater water-filled pipes.

This paper is concerned with water leakage detection from an underwater PE pipe. In order to
study the acoustic characteristics including the propagation wavespeed and attenuation of a leak
signal, an experimental rig has been built. A number of preliminary measurements have been made
and some results are reported in this paper. In the experiments, the leak noise signals were measured
under controlled conditions of the leak hole size, water pressure and submerge depth of the pipe.
The characteristics of leak signal are compared for different conditions in order to demonstrate what
happens to the leak signals under these circumstances and hence the detectability of leak in practice.

2. Experimental setup

Tests were carried out at a leak detection pipe rig constructed at the campus of the Institute of
Acoustics, Chinse Academy of Sciences. The general layout of the pipe and the data acquisition
system are shown in Fig. 1. With reference to Fig. 1(a), the test rig comprised an approximately 40
m length of polyethylene (PE) pipe with diameter 110 mm and wall thickness 5 mm. Two valves
were separately installed at the inlet and outlet. The BC section of about 5 m length of the pipe as
plotted in Fig. 1(a), is placed in a water tank. Simulated leaks were generated by mounting copper
covers with round holes of different sizes. Four B&K 8103 hydrophones (#1~#4) were installed at
two sides of the leak source. The leak signals were collected by using a B&K PUSLE3050 system.
The 20 s signals were each captured at the sampling frequency of 8192 Hz. They were high-pass
filtered to reduce the interference due to ambient noise.

Inlet
H Outlet

L
Water tank Leak 2] |

Figure 1: Experimental setup: a) Schematic of water pipeline; b) Data acquisition system; c¢) Underwater
leakage.

3. Results and discussions

3.1 Time domain signal

Fig. 2 shows the background noise and leak signals measured by Hydrophone #3 (close to the
leak source). The water pressure in the pipe was 0.04 MPa and the BC pipe section was submerged
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at a depth of 15 cm (counting above the pipe). Three sizes of leak holes were tested with diameters
I mm, 3 mm and 5 mm respectively. It can be seen from Fig. 2 that the magnitude of leak signal is
much higher than the background noise, as anticipated. It increases with the leak size. However,
limited information can be seen in the time domain. To better understand the characteristics of the
leak signals, frequency analysis is required, and this is carried out as follows.
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Figure 2: Time history signals measure by Hydrophone #3: (a) no leak; (b) leak hole of 1 mm; (c) leak hole
of 3 mm; and (d) leak hole of 5 mm.

3.2 Auto-spectral densities of leak signals

Fig. 3 plots the auto-spectral densities (ASDs) of the background noise and leak signals from
Hydrophones #1~#3. Again, the water pressure in the pipe was 0.04 MPa and the BC pipe section
was submerged at a depth of 15 cm. Three sizes of leak holes were tested with diameters 1 mm, 3
mm and 5 mm respectively. It is clear from the figure that most of the energy is dominated by the
background noise below 20 Hz. As discussed in the preceding subsection, the leak energy level
largely increases compared to that without a leak, and slightly increases with the leak size. Compar-
ing with the ASDs of leak signals at different locations and with different leak sizes, it can be found
that the energy of the leak signals distribute in the low frequency range. Especially for the signal of
Hydrophones #1 (Fig. 3(b)) and #2 (Fig. 3(c)), the ASDs drop to the background noise at about 500
Hz. This confirms that the leak signals are concentrated below this frequency, which is defined as a
cut-off frequency (fc) of the leak signal in this paper. This finding is in consistent with previous re-
search on buried plastic pipes [7, 8], i.e., the energy of leak signals from the underwater fluid-filled
pipe lies in the low frequency range.

Above 500 Hz, comparison of the ASDs of leak signals measured by Hydrophones #1 and #2
shows that the distribution trend and the peak positions are almost the same. This indicates that pipe
vibration dominates rather than the propagating leak signals. It is observed that for even higher fre-
quencies above 2500 Hz, signals gradually drop to the level of the background noise.
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Figure 3: ASDs of hydrophone-measured signals: (a) close to the leak source (Hydrophone #3); (b) left side
of leak source with a distance of 0.9 m (Hydrophone #2); and (c) left side of leak source with a distance of
1.9 m (Hydrophone #1).
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Fig. 4 plots the ASDs measured by Hydrophone #3 under different water pressures. The pipe
(BC section) was submerged at the depth of 15 cm and the diameter of leak hole was 3 mm. As can
be seen from the figure, the ASDs of the leak signals and cut-off frequencies are highly influenced
by the pressure within the pipe. The leak energy level rises dramatically with the increase of the
water pressure from 0 to 0.04 MPa. This remain unchanged under higher water pressures.
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Figure 4: ASDs measured by Hydrophone #3 under different water pressures.

Interestingly, Fig. 4 shows that the leak signals have flat ASDs below the cut-off frequencies.
This coincides with the assumption of the model for the leak noise propagation along plastic pipes
in previous study by Gao et al [4-6]. The rationale behind this is beyond the scope of interest, and
will be investigated in further work. In addition, the cut-off frequency increases slightly with the
pressure within the pipe from 350 Hz to 650 Hz when the water pressure changes from 0 MPa to
0.20 MPa. This implies that the bandwidth of the leak signal become larger under higher water
pressures.

Fig. 5 plots the ASDs of leak signals measure by Hydrophone #3 at different submerged depths
of the pipe. The diameter of leak hole was 3 mm, and the water pressure was 0.20 MPa. Here the
ASD results of leak signals are also plotted in comparison with the in-air case. It is shown in the
figure that the ASD levels vary slightly for the submerged water pipe at different depths, whereas
they are about 20 dB higher in the whole frequency range than the in-air case. Moreover, it is
demonstrated that the leak energy concentrates in the low frequency range. The cut-off frequency is
irrelevant to the submerged water depth, but it is slightly lower for the in-air water pipe.
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Figure 5: ASDs of leak signals measure by Hydrophone #3 at different submerged depths.

3.3 Attenuation
Attenuation rate is a reflective of the propagating distance of the leak signal at different frequen-

cies in the pipe, and can be calculate by
—20In{H}

DIn10
where H is the transfer function between the sensor signal and the leak source signal; and D is the
distance difference of the sensors from the leak source.

Attenuation = (1D
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Fig. 6 shows the attenuation rates of leak signals at different submerged depths. It can be ob-
served that the attenuation rate fluctuates and generally increases with frequency for the submerged
water pipe, which is less dependent upon the submerged depths. In comparison, the attenuation for
the in-air water pipe has almost the same level as the submerged case at low frequencies below
300Hz. Above this frequency, the attenuation level is much lower for the in-air water pipe, indicat-
ing the leak signals of this frequency range can be detected in a longer distance.
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Figure 6: Attenuation rates of leak signals at different submerged depths.

3.4 Cross-spectral densities of leak signals

Fig. 7 shows the amplitude and phase of the cross-spectral densities (CSDs) between two signals
measured by Hydrophones #1 and #3 for different leak hole sizes. The water pressure in the pipe
was 0.04 MPa, and the submerged depth was 15 cm; the diameters of leak holes were 1 mm, 3 mm
and 5 mm. It is clear from Fig. 7(a) that the leak signals have much higher CSD levels than the
background noise. Referring to Fig. 7(b), the phase is approximately linear with frequency below
500 Hz, indicating the wavespeed of the leak signal can be calculated by the phase slope measured
at the two positions [11]. It can be observed that the phase slope of different leak size is almost
identical. This confirms the wavespeed is independent with the leak hole size. Further check of the
corresponding coherence of the two leak signals as plotted in Fig. 8 shows that good coherence is
achieved below 500 Hz when a leak occurs.
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Figure 7: CSDs of the signals measured by Hydrophones #1 and #3 for different leak hole sizes: (a) Ampli-
tude; and (b) Phase.

Fig. 9 plots the amplitude and phase of the CSDs between two signals measured by Hydrophones
#1 and #3 under different water pressures. The diameter of leak hole was 3 mm, and the pipe (BC
section) was submerged at a depth of 15 cm. The water pressures in the pipe varied from 0 MPa,
0.04 MPa, 0.12 MPa to 0.20 MPa. As shown in the figure, the energy of the leak signals is distrib-
uted in the low frequency range and the phase can clearly be seen to vary linearly with frequency,
with a broader frequency range for higher water pressures with the upper frequencies marked as 300
Hz, 450 Hz and 650 Hz as shown in Fig. 9(b).
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Figure 8: Coherence of leak signals measured by Hydrophones #1 and #3: (a) leak hole of 1mm; (b) leak
hole of 3mm; (d) leak hole of Smm; and (d) no leak.
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Figure 9: CSDs of the signals measured by Hydrophones #1 and #3 under different water pressures: (a) Am-
plitude; and (b) Phase.
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Figure 10: CSDs of the signals measured by Hydrophones #1 and #3 at different submerged depths: (a) Am-
plitude; and (b) Phase.

Fig. 10 shows the CSD of the signals measured by Hydrophones #1 and #3 at different sub-
merged depths. The diameter of leak hole was 3 mm and the water pressure in the pipe was 0.20
MPa. The pipe (BC section) was submerged at the depths of 5 cm, 10 cm, 20 cm. The results of the
in-air water pipe are also plotted in comparison. It is obvious that the submerged water pipe leads to
a higher CSD level compared to the in-air case. A linear phase relationship is found below 500 Hz
for both the submerged and in-air (expect the sudden phase change of 360° at 150 Hz due to reso-
nance [12]). After the phase modification, it can be observed that the phase slopes are identical with
each other, which means the wavespeed is independent with the submerged depth.
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3.5 Wavespeed

For leak detection based on cross-correlation to be effective, the propagation wavespeed of the
leak must be known as a priori. Pinnington proposed a formula for calculating the wavespeed of the
in-air fluid-filled pipe [13]

c= cf(l + %)_1/2 (2)

where Ct is the free-filed wavespeed in water, B is the bulk modulus of the contained fluid, and
hence B=2.25 GPa and C=1500 m/s for the water medium; a and h are the mean pipe radius and the
wall thickness respectively; E is the elastic modulus of the pipe material. Here a=50 mm, h= 5Smm
E=1.1 GPa. From Eq. (2), the wavespeed is calculated as 231.7 m/s. Recent study by Gao et al [8]
has shown that the leak signals travels slightly slower in the submerged pipe than in the in-air water
pipe. However at the very low frequencies, the effect of surrounded medium on the wavespeed can
be neglected.

The measured wavespeed in the pipe can be obtained from the phase of the CSD of two leak sig-
nals by [11]

V =360d/k (3)

where d is the distance difference between two sensor positions; and K is the slope of the phase
(°/Hz).

The above analysis suggests that the optimal frequency range and the phase slope are independ-
ent with the leak hole size and the submerged depth. The frequency range is appropriately selected
based on the amplitude and phase of the CSD under different water pressures. Table 1 lists the cal-
culated wavespeed given the recommended frequency ranges. It can be observed that the wavespeed
is in 230m/s~260m/s, which is approximately in accordance with the theoretical result under lower
water pressures and slightly higher under higher water pressures.

Table 1: Wavespeed calculated under different water pressures

Water pressure | Recommended frequency range | Wavespeed

(MPa) (Hz) (m/s)

0 30-120 234

0.04 30-300 234

0.08 30-350 243

0.12 30-450 264

0.16 30-500 264

0.2 30-650 261

4. Conclusion

This paper presents the preliminary results of the acoustic characteristics of the leakage from a
submerged PE water pipe. Experimental work has been carried out on the leak noise signals meas-
ured under controlled conditions, including the leak size, water pressure and submerged depth of the
pipe, from which the wavespeed and the attenuation of the propagating leak signals along the pipe
are obtained based on the frequency analysis. The main findings are

(1) The background noise has a much smaller energy level than the leak signal, which dominates
the low frequencies below 20 Hz;

(2) A leak signal has a cut-off frequency, which lies in 350 Hz-650 Hz for this specific pipe rig.
Below this frequency, the leak signal behaves as white noise with a flat spectrum. The energy level
reduces greatly by 20~30 dB above this frequency;

(3) In general the larger the pressure within the pipe, the higher the cut-off frequency, and hence
the wider frequency band of the leak signal;

(4) The attenuation of a leak signal in the submerged water pipe is larger than the in-air case;
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(5) The wavespeed is independent with the leak hole size and the submerged depth. It is only af-
fected by the pressure within the pipe. For a lower pressure, it can be estimated by the theoretical
formula of the in-air case. A slight increase in the wavespeed is found for a higher water pressure.

The experimental work has clearly demonstrated that the leakage from the submerged water
pipes is detectable. However the leak detection range can be significantly reduced due to higher
attenuation. A model of acoustic characteristics of leakage in a submerged fluid-filled pipe is under
way, which will be reported at a future date. Further work will also be carried out to investigate the
feasibility of the transient leak signals for online leak detection.
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