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Abstract

Leakage from pipes is a major issue in both the oil and gas sectors, not only in environmental
and economic terms, because of wasting important natural resources, but importantly from a
safety perspective. Optical fibre technology offers the possibility of continuous acoustic
monitoring of pipelines and remote detection of leaks. In this paper we present results from
gas leak measurements made on a specially designed, buried pipeline test rig, for which leak
energy radiated directly from the leak (orifice noise) dominates over energy radiated from the
pipe wall. Measurements of the orifice noise are made using an optical fibre distributed
acoustic sensing system as well as conventional geophones. Both the geophones and the
optical fibres are shown to be able to detect the orifice noise, particularly when the fibres
were located close to the pipeline. Fibre measurements are found to be limited by both high
background noise and by gauge length, which limited the upper frequency limit for accurately
determining the phase of the ground response. The measurements indicate that the orifice
noise sets up Rayleigh waves in the ground, largely contained in frequencies below 100Hz,
the magnitude of which are found to be compatible with predictions from idealised jet theory.

The effect of fibre ducting and armouring is also evaluated.
Keywords
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1. Introduction

Pipeline networks are the most economic and safest mode of transportation for oil, gases and
other fluid products. As a means of long-distance transport, pipelines have to fulfill high
demands of safety, reliability and efficiency. Leakage from pipes is a major issue in both the
oil and gas sectors, not only in environmental and economic terms, because of wasting
important natural resources, but importantly from a safety perspective. Gas pipelines can
traverse thousands of miles often across inhospitable territory in remote areas. Recent high-
profile gas leaks see for example [1-3], have highlighted the need for more effective leak
detection and monitoring techniques for such pipelines. Acoustic methods predominate in the
armoury of available water leak detection methods [4,5] and feature prominently in the range
of methods used for gas leak detection [6,7] but, historically, these have been difficult to
implement in places where access is limited and conventional sensing using accelerometers
cannot be used. Moreover, for very long pipelines, the sheer number of sensors required can

preclude the use of a discrete sensing approach.

Optical fibre technology offers the possibility of continuous acoustic monitoring of pipelines
and remote detection of leaks [8-10]. Originally used for well monitoring [11,12], and still in
its infancy in relation to pipeline monitoring, the technology would benefit considerably from
greater knowledge of how the leak noise in a gas pipe propagates both directly into the soil

and along the pipe and thence into the soil where it can be detected by the fibre.

Worsley et. al. [13] have used a combination of leak-associated phenomena, including
temperature gradients and changes in the surrounding soil, to detect leaks in multi-phase
flows in pipelines with a DAS (distributed acoustic sensing) system. Hussels et. al. [14] have
examined different ways of applying a DAS fibre to a pipeline, using artificial signals to

optimize the measurement parameters. Tanimola and Hill [15] have described a pipeline leak



detection system using DTS (distributed temperature sensing) and an intruder monitoring

based on DAS.

A few investigations have attempted to evaluate the characteristics of water leaks in terms of
key parameters, such as leak diameter, flow velocity etc. [16-19]. Hunaidi and Chu [16]
found that, for PVC pipes, most of the leak noise is contained in frequencies lower than 50-
100Hz; Khulief et. al. found similarly [17]. Contrastingly, Papastefanou and colleagues
[18,19], studying leak noise in an MDPE test rig, found that useful leak noise data could be
present up to several kHz. Moreover, they found that the magnitude of the leak noise
spectrum decays with 1/ up until a critical frequency (dependent on leak size and leak flow

velocity), thence it decays at a greater rate.

Artificial neural networks have been used with some success to detect gas leaks [20] but, due
to the nature of the computational process, neither leak characteristics nor propagation
behaviour emerge explicitly. To the present authors’ knowledge, the only study examining
the characteristics of gas leak noise is that undertaken by Meng et. al. [21], in which they
determine that most of the leak noise is contained in frequencies lower than 100Hz. One
study does examine the relationships between leak diameter, gas pressure and leak flow rate
[22] but no study has yet focused on the relationship between gas leak noise and these basic
leak parameters; nor have any studies examined the subsequent wave propagation in the

surrounding soil.

Wave propagation within and radiation from buried pipelines is a multifaceted field of study.
Even at low frequencies, several propagation modes can exist, travelling at different
wavespeeds, sometimes dispersively. Coupling between the contained fluid and the pipe shell
wall often needs to be considered, as does coupling between the pipe shell and the
surrounding medium. If the surrounding medium is elastic (as in the case of soil) rather than

fluid (as in the case of a submerged pipe) the problem is compounded further by the fact that
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more than one wavetype can propagate in the soil. Add to that, in the case of a leak, that fact
that waves will radiate into the soil both directly from the leak and from the pipe wall, as
waves propagate along the pipe, and a complex picture emerges. Muggleton and colleagues,
see, for example, [23-34], have published extensively on these phenomena, particularly as

related to water pipes. However, we have not previously investigated gas leaks.

In this paper we present results from gas leak measurements made on a specially designed,
buried pipeline test rig. In this rig, the main pipeline is open-ended and does not contain
pressurized gas, the leaks being fed by dedicated small-diameter pipes situated inside the
main pipe. In this way, the intention is to minimise the effects of waves radiated into the soil
via the pipe wall, thus enabling a study of the effects of the energy radiated directly from the
leak alone, sometimes called Orifice Noise (OFN); details of the rig design are expounded

further in the main body of the paper.

The paper is organised as follows: section 2 describes the rig design including the pipeline
layout, the gas supply system and the fibre measurement system and configuration —
reference geophones are also incorporated, for comparison; in section 3 the experimental
measurements themselves are described, along with how an estimate of the leak flow velocity
was made; in section 4, the results are discussed and the effect of key parameters (range,
pressure, leak diameter, leak direction and fibre ducting and armouring) evaluated; finally,

section 5 presents our conclusions and recommendations for future avenues of research.
2. Experimental Rig

The experimental rig has been used previously and has been described in detail in [35]. The
salient features, relevant to the testing campaign described in the present paper, are included

here for the sake of completeness and ease of reading.



2.1  Buried Pipe and Leak Orifices

The rig consisted of a 30 m long, 390 mm diameter steel pipe, was typical of those used for
gas transportation (see Figure 1). The original tar coating was removed prior to burying the

pipe at a depth of approximately 1 m.*

Figure 1

Test Pipe before Burial

Second only to external interference, the EGIG have identified corrosion failure as the main
cause of leakage in gas pipelines, with almost all corrosion failures being pinhole (i.e. less
than 20mm diameter) [36]. On the present test rig, all leakages were simulated by drilling
several holes (leak orifices) in the pipe wall; the intention here was to investigate the lower
end of the pinhole diameter range, from 1mm to 5mm. As opposed to the real conditions, the
pipe was not filled with pressurised gas; instead it accommodated several gas lines feeding
the various leak orifices. As discussed earlier, the intention was to thereby investigate the
leak noise emanating directly from each leak whilst minimizing waves propagating along the
pipe (either in the contained fluid or in the shell) which then radiate into the surrounding

ground. As can be seen on Figure 2, there are nine leak orifices on the pipe, enabling

Y Industry practice is such that the maximum burial depth for gas pipes is typically 1m.
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investigation of 3 different leak diameters (1, 3, and 5 mm) and three different leak directions
(upwards, sideways and downwards). Each leak was fed individually by its own dedicated
gas line which could be controlled independently; Figure 3 depicts the gas lines at one end of

the pipe.
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Figure 2

Axial and Circumferential Leak Positions on test pipe

Figure 3

Gas Feed Lines inside Main Pipe
2.2 Gas Supply System

The gas supply system is depicted in Figure 4. Gas was stored in racks made up of 18 bottles

of 50 litres. The maximum storage pressure was 200 bar. For these experiments, methane was



used as the fluid contained within the pipelines. Whilst methane and natural gas differ in their
exact composition, the fundamental physical processes to be studied here apply equally to
both gases. The methane was contained within five of these racks which were simultaneously
linked to the pipe system during the trials. One rack was dedicated to nitrogen bottles for
purging operations. A pressure regulator was used to achieve desired pressure values during

the experimental campaign.
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Schematic of Gas Supply System, including Feed Lines and Valves

The main gas supply line was made of 316 stainless steel (nominal diameter 1°°, schedule
80). This corresponds to inner and outer diameters of 24.3 mm and 33.4 mm respectively. A
dome-loaded pressure regulator (“DLPR” in Figure 4) driven by another pressure regulator
(“DPR”) was used to adjust the gas pressure to the desired value at the leak orifice.
Downstream of the pressure regulator, there was a pneumatic (remotely operated) valve
(“ROV?) that allowed triggering of the release remotely. Gas was transported through two

different branches of the main line depending on which nozzle orifice was being tested: one



for the 1 mm and 5 mm leaks and the other for 3 mm leak. This was controlled by means of a
manual valve located at the entry of each branch (respectively “MV3” and “MV4”). The vent

line was only used during the main line purging operations.

The pressure was measured upstream and downstream of the dome-loaded pressure regulator
(respectively P1 and P2 in Figure 4) and at the entry of each branch (P3 and P4). The
temperature was measured upstream of the pressure regulator (T1) and at the entry of each

branch (T3 and T4).

All feeding lines were made of 316 stainless steel with a nominal size of 1" (schedule 80) as
for the main supply line. This dimension was chosen so that the surface area of the largest
orifice was less than 10% of the cross-sectional area of the line. This ensured that the main
pressure losses would occur close to the orifice and that those occurring along the line could
be considered negligible. Specific care was also taken not to impose sharp bends on any of

the lines.
2.3 Optical Fibre DAS System

Distributed Acoustic Sensing (DAS) systems measure the acoustic and dynamic strain on a
fibre optic cable (FOC) using coherent optical time domain reflectometry [37]. Unlike
geophones, a DAS system can continuously simultaneously measure vibrational energy along
the entire length of the FOC. Current systems can acquire measurements up to 70 km

simultaneously, recording acoustic signals for every 1.28 meters along the length of the cable.

Any disturbance to the FOC at a single point will result in a phase shift for all points
downstream of the event location, the technique being widely published [8]. To be able to
localise events to specific locations along the FOC, the difference in the phase of the signal is

calculated between points separated by a distance, called the gauge length. This has the effect



of measuring the average strain on the FOC across the gauge length. For this experiment, a

gauge length of 10 meters was used; typical of long-range installations.

Due to the method used for measuring the strain on the fibre optic cable, the sampling rate of
the recorded acoustic signal is limited by the return time of the light pulse, and hence by the

length of the FOC. The theoretical maximum sampling rate can be expressed by
fs = o (1)

where Co is the speed of light in a vacuum, n in the refractive index of the fibre, and L is the
length of the FOC. For pipeline monitoring, DAS systems are typically used to monitor large
distances. For the results in this experiment to be ecologically valid the sampling rate of the

system was set to 1 kHz, typical for a long-range detection system.

The AP Sensing DAS system used in this experiment contains a vibrationally isolated coil of
fibre within the system, called the reference coil. Due to the isolation, signals recorded on this
section of fibre are largely free from environmental noise and act as a reference for the system

noise of the measuring process.
2.4  Optical Fibre Layout and Fibre Positions

For this test, the FOC was looped back and forth through the pipeline, with each pass buried
at a different position relative to the pipe, for a total of nine passes. The cross-sectional

layout of the passes is shown in Figure 5 below.
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Experimental Measurement Layout: cross section of ground

2.5  Geophones

As stated earlier, three geophones were incorporated into the measurement system in order
that comparisons could be made with the fibre measurements. For each test, the geophones
were located at the same axial position as the leak adopted. The lateral position was given as
in Figure 5, so that measurements made with geophones G1, G2, and G3 could be compared
with fibre positions 1, 3, and 5 respectively. The geophones were oriented such that they
measured the particle velocity perpendicular to the pipe axis, i.e. in the L-R direction in the
Figure 5. Contrastingly, DAS systems predominantly measure strain axially along the fibre,
which in this installation is parallel to the pipe axis. Therefore, whilst qualitative assessments

could be made between the two types of measurements, unfortunately it was not possible to

make direct comparisons.
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3. Experimental Measurements
31  TestRuns

Leak tests were undertaken to evaluate the effect of gas pressure, leak size and leak direction
on the vibration radiated into the soil. Gas pressures of 100 bar down to 10 bar in 10 bar
increments were investigated, with one additional value of 5 bar. Typically, export lines run
at pressures of approximately 60-100 bar, with distribution networks operating at around 20-
40 bar. Moreover, EGIG data shows that, in Europe at least, the majority of pipelines operate
at above 65 bar [35]. The pressures investigated here are thus representative of all normal
operational pressures. As shown in Figure 2, leak diameters of Imm, 3mm, and 5mm were
available, each with leak directions of up, down, and side. In order to test all combinations of
the above, a total of 99 test runs would have been required, in addition to background-noise
measurements for each run. This was considered to be prohibitively large, given the
availability of the test rig and the personnel required to undertake the tests. With that in mind,
a set of tests combining appropriate combinations of parameters was chosen, as laid out in the

Appendix. Geophone data was acquired for test runs 24 onwards.
3.2  Data Acquisition and Analysis

For each testing configuration, optical fibre data was acquired at a 1 kHz sampling rate and 2
minutes of data analysed. Due to the small uncertainty regarding the beginning and end
points on the fibre of each fibre position, the centre of each zone was taken as its
measurement location for each zone. For the selected gauge length of 10m, this meant that
the measured fibre strain was averaged over 10m, 5m each side of the zone centre. The
geophone data was sampled at 5kHz, also for 2 minutes. However, the DAS and geophone
data were neither sample-locked nor time synchronised, so could not be accurately processed

in combination with the fibre data.
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To examine the frequency content of the data, power spectral densities were computed. For
some analyses, cross spectral densities between geophone locations or between fibre
positions were computed, particularly for the investigation of wavespeeds (related to relative
phase). Total vibrational power was found to be a helpful measure, particularly when
comparing more than two individual sets of fibre data. For the given test run, for each fibre
position, this vibrational power was computed as the sum of the power spectral density over

frequency, multiplied by the frequency increment.

0 )
where P, is the total power in the measured frequency band (0-500Hz) in fibre position z,
P, is the power spectral density for the fibre position, fmax is the maximum measured
frequency (500Hz) and Af is the frequency increment (dependent on the PSD parameters).

This was converted to dB relative to the power measured in the reference coil (introduced in

Section 2.3) by

totref

Power (dB) relative to reference coil=10log l{iJ (3)

3.3 Leak Flow Parameters

No direct measurement of the leak flow velocities was made during testing. In this section we
examine the flow conditions during the gas leak experiments presented here, via a simple

orifice model as depicted in Figure 6.
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Figure 6

Schematic of Gas Flow through an Orifice

Gas at pressure, p1, and absolute temperature, T1, flows along the feed pipe, diameter d, at
unknown velocity, vi. The orifice is of diameter, d2; the pressure on the downstream side of
the orifice is p2; the unknown flow velocity is v2. For a compressible fluid, such as the gas

considered here, the flow will be choked if

o 2 )7 @)
P, =Py s+l

where yis the ratio of specific heats for the gas [38]. For methane, as here, y=1.32, therefore

the flow will be choked if

p, <0.542p, (5)
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Assuming that the downstream pressure, pz, is approximately atmospheric, the flow out of the

orifice will therefore be choked for all the test pressures (the lowest of which is 5 bar).
For choked flow, the velocity out of the orifice is given by

7+t

v, =C &(L]“ ©
p\y+1

where C is the flow coefficient (typically around 0.62, although weakly dependent on the

orifice diameter) and o1 is the (unknown) upstream gas density.

For an ideal gas

P _RT, ™

where R is the individual gas constant. This gives the flow velocity out of the orifice as

7+1
2 1
e -2 0
y+1
thus is only a function of the upstream temperature, T1.

In terms of Mach number, My,

a

M,V ¢ (Lj ©)

y+1

Temperatures on the pipe rig were measured, as discussed in section 2.2, but were found to
vary, in general, by less than 10% of the absolute temperature between the start and the end
of the test run, and by a similar amount between test runs. For the purposes here, it has been

assumed that the upstream temperatures are constant. Thus, we assume that the leak flow
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velocity is independent of the gas pressure and the leak diameter (neglecting the weak C-

dependence). The Mach number for the flow is also independent of the upstream temperature.

However, from the above, it can be seen that, for constant leak diameter, the mass flow rate
(dependent on the upstream density) will be directly proportional to the gas pressure; for
constant gas pressure, the volume flow rate — and hence mass flow rate — will be proportional

to the square of the leak diameter.

M < pyd? (10)
where m is the mass flow rate from the leak.
4. Results

Due to the large number of tests undertaken, not all the results are included in this paper;
select results are shown to demonstrate particular points or to illuminate phenomena of
interest. Except for studying the effects of ducting and armouring, only the 3mm and 5mm
orifices were studied as there were concerns that the leaks from the 1mm orifices would be

prone to freezing.

4.1  Revealing the Fundamental Physics: Comparison between Optical Fibre and

Geophone Measurements

In order to assess the sensing performance of the optical fibre, measurements at the nearest
fibre positions to the geophones were compared with the geophone measurements. With
reference to Figure 5, measurements at fibre positions 1, 3, and 5 were compared with the
output of geophones G1, G2, and G3 respectively. Both magnitude and phase response have
been considered. Power spectral densities were computed for both the fibre and geophone
data for one leak scenario (100 bar, 5mm leak, direction up — run 24 in Appendix). In order to
study the phase response, cross spectra were computed between fibre positions 3 and 5 and
geophones G2 and G3. As the fibres respond to dynamic strain, whereas the geophones
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measure dynamic velocity, a factor of 1/ was applied to the geophone spectra, where o is
the angular frequency. In addition, as both the geophone and fibre measurements were
uncalibrated, the geophone data were scaled such that the strain levels measured at fibre

position 1 and by geophone G1 were of the same order of magnitude between 10Hz and

100Hz.
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Figure 7
Displacement Power Spectra: Comparison between fibre positionl and geophone G1.

Run 24: 100 bar, 5mm leak, up

Figure 7 compares the magnitudes of the response in fibre position 1 compared with
geophone G1; both located directly above the leak location. The figure shows that between
10Hz and 500Hz (the maximum frequency for the fibre) the geophone and fibre responses are

approximately equivalent (brown and dark blue lines). Below 10Hz the geophone response
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drops off as expected (due to its low response characteristic below its resonance frequency of
10Hz). Below 1Hz the fibre response is likely to be dominated by thermal effects rather than
strain. In general, the geophone has a lower noise floor than the fibre with slightly more detail
evident in the response, the fibre noise increasing significantly with frequency compared with
the geophone; moreover, the background noise levels are much greater for the fibre data. The
geophone continues to respond well above 500Hz; the response of the fibre is unknown
above this frequency as it was limited by the sampling frequency. The leak noise
measurements are significantly (by more than a factor of 10) above the background noise for

both sensors and the reference coil measurement for the fibre at all the frequencies of interest.
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Figure 8
Displacement Power Spectra: Comparison between fibre position 3 and 5 and geophones G2

and G3.
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(environmental noise for the geophones — not included — is similar to that shown in Figure 7)

Run 24: 100 bar, 5mm leak, up

Figure 8 compares the magnitudes of the responses in fibre positions 3 and 5 with those of
geophones G2 and G3. Fibre positions 3 and 5 correspond to distances of 2 and 4m from the
leak position respectively, as shown in Figure 5. Plotted on the same scale as Figure 7, here it
can be seen that the magnitude of the geophone-measured response decreases with increased
range. Except at very low frequencies, the magnitude of the fibre-measured response in fibre
positions 3 and 5 is now, unfortunately, only slightly larger than the environmental noise in
those fibre positions.? The low frequency signal for both fibre positions 3 and 5 are higher

than the environmental noise, which could indicate a thermal change due to the leak,

Examination of the relative phase between sensor locations reveals additional information.
Figure 9 shows the relative phase between geophones G3 and G2. The figure shows that
useful phase information can be gained at frequencies up to around 400Hz. The bi-linear
slope of the line demonstrates that two relatively non-dispersive waves, with particle motions
aligned L-R on Figure 5, propagate between the geophones (i.e. laterally away from the
pipe); the gradients reveal that the wavespeeds of these propagating waves are of the order of
100m/s and 250m/s, typical of the Rayleigh and compressional waves respectively in a sandy
type soil [29,34]. At low frequencies, the Rayleigh wave is seen to dominate, with higher

frequencies dominated by the compressional wave.

Measuring relative phase using the DAS system proved to be more difficult. For a fibre gauge
length of 10m, as is the case here, signals are averaged over a 10m length of fibre. Here, we

examine four possible extreme scenarios:

2 1t should be noted, here, that background noise measurements were made in each fibre position, and found
to differ significantly. Unfortunately, the specific sources of this noise could not be ascertained.
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1. For a wave propagating parallel to the fibres whose particle motion is parallel to the
fibres (i.e. a compressional wave, or Rayleigh wave®), phase information will be lost
for frequencies higher than that for which the gauge length is equal to half a
wavelength. Thus, for a (compressional) wave propagating at ~250m/s, this cut-off
frequency is approximately 12Hz. For a (Rayleigh) wave propagating at ~100m/s the

cut-off frequency reduces to approximately 5Hz.

2. For a wave propagating parallel to the fibres whose particle motion is perpendicular to

the fibre direction (i.e. a shear wave), no response will be generated in the fibre.

3. For a wave propagating perpendicular to the fibres whose particle motion is parallel to
the fibres (i.e. a shear wave), phase does not change with axial distance, so should be

measured accurately by the fibre at all frequencies.

4. For a wave propagating perpendicular to the fibres whose particle motion is also
perpendicular to the fibres (i.e. a compressional wave, or Rayleigh waves), again
phase does not change with axial distance, but will be largely undetected by the fibre,
except that mediated through fibre bending. We consider that it is these waves that

have been detected by the laterally-aligned geophones.

3 A Rayleigh wave will also have associated vertically-aligned particle motion.
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Figure 9
Relative phase in ground surface vibration velocity/displacement measured by geophones

Run 24: 100 bar, 5mm leak, up

Figure 10 depicts the relative phase between fibre positions 5 and 3, where a different trend is
clearly evident. The figure shows that the measured phase becomes unreliable above about
15Hz, the expected order of magnitude. The useable bandwidth indicates that there is a phase
difference of 2 (or zero) between fibre positions 5 and 3 at low frequencies, in agreement
with the geophone measurements at these frequencies. It is likely that, at these low
frequencies, environmental noise dominates the measured responses which, due to the long

wavelengths, will be coherent over the 2m sensor spacing.
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Figure 10
Relative phase in ground surface vibration velocity/displacement measured by optical fibre

Run 24: 100 bar, 5mm leak, up

4.2 Effect of Range

In order to examine the effect of range on the leak noise signal, two tests in which the leak
was directed to the side (Runs 6 and 11, corresponding to 5mm and 3mm leaks respectively)
were chosen. It was considered that side leaks would be the most likely to initiate waves

propagating laterally away from the pipe which would dominate the fibre response.

Figures 11 (a) and (b) show the total power vs range for the two runs, along with background
noise measurements (no leak) in the same positions. The total power for each fibre position
was calculated as described in section 3.2. Also shown are curves assuming Rayleigh wave

attenuation (varying with range, r, as 1/r®®). Ignoring fibre position 1 (at 0.2m, directly above
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the pipe), it can be seen that, in both cases, the measured response decays with distance
approximately as a Rayleigh wave. Given the proximity of the pipe to the ground surface
(~1m), this is as expected. Rayleigh waves are set up in the ground through the interaction of
body waves with a free surface. The influence of these waves, which propagate at
approximately the same speed as the shear wave in the ground, extend down to
approximately one wavelength’s depth. Assuming a shear wave speed of approximately
100m/s the optical fibre will detect Rayleigh waves at frequencies up to around 100Hz.
Figures 7 and 8 for a 5mm leak pointing upwards show that most of the measured energy is,

indeed, concentrated within this frequency range.*
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4 In section 4.4 we will show that the leak diameter has only a small effect on the measured leak noise spectrum.

22



30 T T T T
25 .
+ +
3 20 _
o
(O]
O
c
o
@ 15+ .
o
o
D10+ i
51 -+ Leak Noise 7
Rayleigh Attenuation
Environmental Noise
0 | | | |
0 1 2 3 4 5
Range (m)
(b)
Figure 11

Total Vibrational Power (in dB relative to the reference coil) vs Range

(@) Run 6: 100 bar, 5mm leak, side; (b) Run 11: 90 bar, 3mm leak, side
4.3  Effect of Gas Pressure

In order to assess the effect of gas pressure, measurements for the 3mm side leak at eleven
pressures were used: 10 bar to 100 bar in 10 bar increments plus one additional measurement
at 5 bar. Co-plotting all eleven power spectra for one single fibre position results in a figure
which is difficult to interpret so, as in the previous section, total powers in dB relative to the

reference coil were used.

Figure 12 shows the total vibrational power measured at fibre position 5 (4 m range), plotted

against gas pressure. Zero bar represents (two) background noise measurements.
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Figure 12
Total Vibrational Power vs Pressure for fibre position 5

Runs 1, 11, 15, 19, 23, 25, 38, 42, 40, 35 and 33: 3mm side leak

Idealized jet flow theory suggests that the radiated noise from a gas jet can be attributed to
quadrupole-type sources due to turbulent mixing in the shear layer [39]. The dimensional

dependence of the radiated noise power, Wquad, IS

W

quad

~ plu’M?® (10)
where pis the gas density, L is an appropriate length scale (in this case the orifice diameter),
u is the jet velocity and M is the jet Mach number.

In section 3 we showed that, for all the runs, the jet velocities and Mach numbers will be
approximately the same. Thus for a single orifice diameter (3mm in this case), the radiated

noise power will be affected only by the upstream density (directly proportional to the
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upstream pressure, according to the ideal gas law, Equation 6). Plotted alongside the
measured data in Figure 12 are predictions of the vibrational power, assuming a linear
relationship with the pressure and a baseline pressure of 60 bar (in order to determine the
constant of proportionality). It can be seen that, above 30-40 bar, there is reasonably good
agreement between the measurements and predictions. Below 30 bar, the measured vibration
becomes comparable with the background noise level (zero pressure on the plots), so no

longer decreases with pressure as predicted.
4.4  Effect of Leak Diameter

The relationship of equation (10) indicates that, all other things being equal, the radiated

sound power will be proportional to the square of the orifice diameter.
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Figure 13

Total Vibrational Power vs Range for different leak sizes

Runs 3 and 8: 100 bar 5mm down leak, 100 bar 3mm down leak
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Figures 13 depicts the measured vibrational power vs range for the 3mm and 5mm leaks
pointing down. One can immediately see that the radiated power for the 5mm leak is greater
than that for the 3mm leak at all ranges. According to equation (10), the total radiated power
is proportional to the square of the orifice diameter. For 3mm and 5mm leak diameters, the
3mm leak should therefore radiate approximately 4.4dB less than the 5mm leak. This
prediction is also shown in the figure, in which it can be seen that, at small ranges, the level
of agreement is fair, decreasing with increasing range. At ranges greater than 1m, the
prediction brings the noise level for the 3mm leak below the background noise level, thus

invalidating the prediction.

Leak noise spectra for the 3mm and 5mm leaks are shown at 3 different ranges in Figures
14(a)-(c). At very low frequencies, below about 5Hz, the signal for the 5mm leak is much
larger than for the 3mm leak; here, thermal effects are likely to dominate so the signal is not
likely to be vibration-controlled. Above 5Hz, it can be seen that, at all three ranges, the shape
of the spectra for the 3mm and 5mm leaks are similar, with the peak frequencies coinciding.
Between 5Hz and approximately 100Hz, the spectral magnitude of the 5mm leak exceeds that
of the 3mm leak, with the largest differences being seen between at 1m range and then the
differences decreasing with range. By 4m range, the magnitude of the 5mm leak in this
frequency region is almost equal to that of the 3mm leak, suggesting that it is approaching the
background noise level. Figure 13 shows that, at 4m, the leak noise for both sizes of leak is
indeed within about 2dB of the background noise. These findings suggest that most of the

leak noise can be found at frequencies lower than 100Hz, in agreement with [23].
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Displacement Power Spectra: Spectral comparisons between 5mm leak and 3m leak
Runs 3 and 8: 100 bar, down

(a) fibre position 2, 1m; (b) fibre position 3, 2m; (c) fibre position 5, 4m
4.5 Effect of Leak Direction

Figure 15 shows the effect of the leak direction on the total vibrational power for 5mm, 100
bar leaks. As expected, directly above the pipe at Om (fibre position 1 in Figure 5), the
response is largest for the leak pointing upwards, followed by the side-directed leak, then the
downward-pointing one. To the side of the pipe for all the fibre positions (2, 3, 4, 5 and 6, in
Figure 5), the response is largest for the side leak. Again, this is as expected given the energy
is being directed towards these measurement zones. That the response for the leak pointing

upwards is less than that for the downward-pointing leak and, for the most part, similar to the
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background noise is, at first sight, surprising. It would be expected that that upward leak
would set up sizeable surface waves, measurable in fibre positions 2-6. Whilst this might still
be the case, the fact that the downward leak energy in these positions is larger suggests that
the ground is markedly layered and that reflections within the layer enable this energy to
propagate effectively. Unfortunately, it was not possible to ascertain if such ground layering

was indeed present at the test site.
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Total Vibrational Power (in dB relative to the reference coil) vs Range

Runs 6, 3 & 9: 100bar 5mm side leak, down leak, up leak
4.6 Effect of Fibre Ducting and Armouring

In order to assess the effect of ducting and armouring on the fibre sensitivity, measured
results from fibre position 7 (bare cable), 8 (armoured cable) and 9 (ducted cable) (see Figure

5) were compared. Nine tests at 100 bar comprising all combinations of leak orientation (up,
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side, down) and leak size (Imm, 3mm, 5mm) — test runs 1-9, Appendix | — were used for the
comparison, along with an environmental noise measurement (run 0). Figure 16 shows the

total vibrational power detected in each fibre position for the ten runs.

It can be seen that the measured response for the ducted cable is between about 3dB and 8dB
lower than that measured on the bare cable. This is as might be expected given that the air in
the ducting alongside the cable introduces an impedance boundary (the impedance being
significantly different from that of both the surrounding soil and the cable) between the soil
and the cable. That little difference between the armoured cable and the bare cable can be
seen suggests that the armouring introduces no such boundary, whilst providing mechanical

protection of the cable.
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5. Conclusions and Future Work

This paper has discussed the way in which a number of different key parameters affect the
leak noise generated by a gas leak, also known as orifice noise (OFN). Results from a
specially designed buried pipeline rig have been used so that one source of that leak noise
dominates - the noise directly radiated from the leak orifice — whilst the other source (that
mediated by the pipe wall through propagation along the pipe and thence into the soil) is, at
least in part, suppressed. Distributed acoustic sensing using optical fibres was employed,
along with geophones at the ground surface, to measure the vibration in the vicinity of the

pipeline.

Both the geophones and the optical fibres were shown to be able to detect the orifice noise,
particularly when the fibres were located close to the pipeline. At the measured frequencies
(below 500Hz for the fibre), it was found that the fibre responses had a higher noise level
than geophones similarly located, particularly at the higher frequencies. Moreover, slightly
more detail was evident in the geophone responses. Due to the relatively long gauge lengths
used for the fibre (10m), all-important phase information, which could be used to determine
wavespeeds, was lost. Wavespeeds estimated from the geophone data revealed two dominant
wave types, propagating at around 100m/s and 250m/s. These were considered to be the

Rayleigh and compressional waves propagating in the soil.

Evaluating the effect of range, r, on the measured signal revealed a 1/r° dependence,
suggesting that, as might be expected, the leak sets up Rayleigh waves which propagate along
the ground surface away from the pipe. Evaluating the effect of the upstream gas pressure on
the leak noise showed that, at least for the larger pressures, the overall noise power was
proportional to this pressure, compatible with idealised jet theory. At the lower pressures the
background noise was found to dominate. At short ranges, the radiated power was also found

to be approximately proportional the square of the orifice diameter, as predicted. At the
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higher ranges, the agreement between the measurements and predictions were less good,
again as a result of decreasing signal to noise ratios. The peaks in the leak noise spectra were
found to be independent of leak diameter, with the largest magnitude differences between the
leak size being at frequencies below 100Hz. This suggests that most of the leak noise is
contained in frequencies below 100Hz, as found by previous authors. The findings regarding
the effect of leak direction were inconclusive as it was not possible to confirm the ground
layering on site. Finally, the effect of fibre ducting and armouring was evaluated. It was
found that fibre ducting reduced the measured signals by between 3dB and 8dB, due to the
impedance mismatch between the fibre and the air in the duct and between the air in the duct
and the surrounding soil. No such reduction was seen for the armoured cable, suggesting

better impedance matching for the armour.

The environmental background noise was found to be a limiting factor for many of the
measurements. Whilst the actual background noise in a live leak cannot be altered, for future
research, three avenues are possible: firstly, to ensure that test measurements are undertaken
in a quiet environment; secondly, to explore the background noise inherent in the optical
fibres, with the aim of reducing it; and thirdly to seek to reduce the fibre gauge length such
that phase measurements, more robust in the presence of noise [40], can be more gainfully
employed. Finally, a valuable next step in this research programme would be the realisation
of a second testing campaign, seeking to evaluate the characteristics of the leak noise
propagated along the pipeline and thence radiated into the surrounding medium. It is likely

that for these tests a more extensive test rig would be required.
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Appendix
Test Runs
Run Number Leak diameter (mm) Leak direction Test Pressure (bar)

1 3 side 100
2 1 down 100
3 5 down 100
4 1 up 100
5 3 up 100
6 5 side 100
7 1 side 100
8 3 down 100
9 5 up 100
11 3 side 90
15 3 side 80
19 3 side 70
23 3 side 60
24 5 up 100
25 3 side 50
33 3 side 5

35 3 side 10
38 3 side 40
40 3 side 20
42 3 side 30

Table Al

Test Run Parameters
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