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ACOUSTIC LEAK DETECTION FOR DISTRICT HEATING SYSTEMS

by

D. L. Kupperman and D. E. Karvelas

ABSTRACT

An acoustic leak detection facility was completed and used
to evaluate the capability of piezoelectric sensors, accelero-

meters, and capacitance microphones to detect and locate gas and

water leaks in underground district heating and cooling (DHC)

piping. Leak detection sensitivity and location capabilities

for DHC systems were estimated from laboratory data and from

data obtained from the underground DII system in Scranton,

Pennsylvania, where acoustic background noise levels and

acoustic signals from field-induced steam leaks were acquired.

Acoustic detection of leaks with flow rates of less than 10 gpm

is possible at a distance of several hundred meters, with a

location accuracy of a few meters. Although steam leaks of com-

parable mass loss can be detected over a similar range with

transducers mounted on the pipe outer wall, location accuracy of

a few meters over this range may only be possible with trans-

ducers in direct contact with the steam. Intrusive sensors may

also be necessary to detect and locate leaks in plastic pipe.

A design concept for a field-implementable system, inclu-

ding preliminary estimates of design parameters, has been com-

pleted. The detection and location of water leaks will require

accelerometers or piezoelectric transducers operating in the

1-5 kHz frequency range, mounted on waveguides that contact the

pipe outer wall. Acoustic signals from the transducers can be

transmitted, by means of radio waves, to a central processing

unit operating out of a van. Transducers can be attached

permanently to the piping system to be periodically interro-

gated; alternatively, a pair of transducers, as part of a mobile

unit, could be placed at sites of interest on a periodic basis,

saving the cost of numerous sensors and potential loss of probes

left unattended.

1. INTRODUCTION

1.1. Program Goals

The objective of this program is to evaluate advanced acoustic leak

detection concepts applicable to district heating and cooling (DHC) systems

and to work with industry to develop reliable, cost-effective, and field-

implementable systems. The implementation of this technology could reduce

energy costs of DHC systems and minimize the safety significance of steam

leaks. A reliable leak detection and location system would also reduce the

cost of excavation and the time required to fix a leak, and would minimize the

general liability of a company providing DHC services.
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1.2. Program Approach

Recent advances in commercially available acoustic sensors and signal
processing have made effective acoustic leak detection possible. As a
result, a variety of industries are beginning to employ acoustic leak
detection systems. Gransell [1] discusses the possibility of using acoustic

methods to detect leaks in DHC systems. However, systems employed in these

initial efforts are somewhat limited in providing quantitative information.

An acoustic leak detection laboratory developed at Argonne National

Laboratory (ANL) for the nuclear industry has been used to assess the po-
tential of acoustics for leak detection in district heating (DH) piping

systems. Laboratory experiments with DH piping have been carried out at

ANL. The laboratory tests, which constituted phase 1 of the program,

covered the following activities: (a) procurement of suitable piping,
(b) design of artificial leaks and the fabrication of the piping system,
(c) integration of artificial leaks into the pipe run, (d) design and
assembly of the apparatus to generate the leaks and preparation of the
electronic equipment to carry out the data acquisition and analysis,
(e) acquisition of data as parameters were varied, and (f) analysis of data

and selection of parameters for optimizing acoustic leak detection. The
last task led to an estimate of the capability of acoustic methods to detect

leaks in DH piping systems.

The work of phase 2 included the determination of acoustic background
noise. Acoustic background noise data from the Scranton, Pennsylvania, DH
site were acquired. These data have allowed more accurate estimates of
acoustic leak detection sensitivity to be made and helped define the para-
meters of, and establish appropriate instrumentation for, a prototype
system. In the Scranton experiment, various locations were identified that
provided representative data on the range of acoustic background noise
levels expected. Experiments to determine the spectral content of the back-

ground noise were carried out at these sites. The data were integrated into
the results of the previous laboratory testing to provide information on
overall leak detection sensitivity.

Future efforts in phase 2 will include the establishment of calibration
procedures. A prototype system must have adequate calibration and self-
checking procedures to ensure reliable and efficient operation. Tests will
help define the sensors, sensor attachment hardware, and electronics
required for a field-implementable prototype system. A prototype will be
designed that will accomplish the objectives of an acoustic leak detection
system for DHC underground piping. This design will provide specifications
for sensors, electronic instrumentation, and computer interfacing, and pro-
cedures for calibration and self-checking, sensor attachment, and decision-
making protocols.

In phase 3, the acoustic leak detection system designed for DHC under-
ground piping will be fabricated and tested under field conditions.
Necessary modifications will be made to assure a rugged, cost-effective, and
reliable system.
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2. BACKGROUND

Underground heat distribution systems are major cost elements in DH

systems and may represent as much as 70% of the total cost of a new DH

project. The cost of building and maintaining thermal distributions contri-

butes substantially to the cost of energy delivered to end-users. To

improve the competitiveness of new and existing DH systems, the capital,

operating, and maintenance costs of DH systems must be reduced.

Thermal-distribution piping systems for DH are installed underground in

densely populated areas and are subjected to a variety of internal and

external conditions that reduce the performance of the piping system. Pipe

leaks are a major source of energy loss and maintenance cost over the life

of the DH system. To minimize heat loss and repair costs in underground

heat distribution systems, leaks must be detected, located, and repaired

promptly.

Leak detection and location techniques are currently available for

several configurations of heat distribution systems. The performance of

these techniques has not been well documented by the industry. Most of the
data that exist are in the possession of individual system operators and

have not been collected and disseminated to the industry. The only data

available on leak detection techniques and their application and performance

are those documented by a recent evaluation study [2] conducted by the

U.S. Army Corps of Engineers, Construction Engineering Research Laboratory
(CERL). The conclusions of the above study were that each leak detection

technique available today is limited in application to a specific conduit

configuration and installation technique.

2.1. Configurations of Thermal Distribution Systems

The major elements of an underground thermal distribution system are
distribution piping, thermal insulation, pipe supports, anchors, expansion/

contraction devices, conduit/envelope structures, protective outer cov-

erings, joint sealants, external drains, and manholes. Factors influencing

the design, materials selection, and installation methods for thermal

distribution systems include the initial cost, service life, maintenance
costs, thermal and economic efficiency, and safety. The most common piping

systems and materials used in underground steam and hot water distribution

systems are shown in Figs. 1 and 2.

In the past, improvements in the performance of thermal distribution

systems have been minor. The most recent technical innovation has been in

hot water piping systems, with the development of the prefabricated bonded

pipe system (Fig. 3). It is factory fabricated and consists of a steel

carrier pipe, polyurethane foam as insulating and bonding material, and a

polyethylene jacket. It is widely used in Europe and employed in most of

the recently built DH systems in the U.S.
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Fig. 3

Prefabricated Bonded Hot Water
Piping System. PE, polyethylene;
PUR, polyurethane
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2.2. Underground Pipe Leaks

Underground piping systems are installed and operated in very harsh
environments and the long-term reliability is highly dependent on corrosion
protection, installation technique, site hydrology, soil conditions, and
proper maintenance. After a few years of operation, most underground piping
systems ara likely to suffer from leaks in the carrier pipe, outside jacket,
or both. These leaks, if not detected and repaired promptly, could cause
major damage to a whole section of a piping system and other neighboring
utilities as well as substantial energy losses. Most of the historical data
on the causes of piping leaks in the U.S. have been derived from federal
government steam distribution facilities. These data indicate that leaks in
underground piping systems are often caused by corrosion, mechanical rupture
due to soil subsidence and pipe expansion, or construction deficiencies. A
recent study conducted by a Swedish national laboratory [1] on Swedish DH
hot water distribution pipe failures, from 1968 to 1982, identified some of
the key causes of pipe leaks. About 60% of the existing Swedish DH distri-
bution systems consist of prefabricated bonded piping. The causes of
failure in this type of piping system are shown in Fig. 4.

Fig. 4

Causes of Leaks in Swedish
Bonded Piping Systems.
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Although leaks in underground pipes of DHC systems may not have the
safety significance of a leak in a nuclear reactor, steam leaks can be
hazardous to the public and costly in terms of energy loss. In St. Paul,
Minnesota, for example, one energy system lost 50% of its steam output
through leakage before the system was repaired. The Department of Defense
maintains about 6000 miles of heat distribution lines, mainly underground,

rmmmml% r-11112 A--I A
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and energy loss has become a concern [2]. A reliable leak detection and

location system for underground piping could reduce the costs of operating a

DHC system and minimize the general liability for the company providing

services. However, the task of finding leaks is complex because of the

configuration of the distribution systems (see Fig. 2). Insulated heat-

carrying pipe, ior example, can be supported inside a proective buried

conduit with an air space between the pipe insulation and the conduit inner

wall. Supply and return lines can be in common or separate conduits.

Alternatively, a concrete trench with removable tops can contain insulated

supply and return lines.

2.3. Existing Leak Detection and Location Techniques

A variety of leak detection techniques are currently available. The

application and effectiveness of each technique depend on the DH piping

system design and installation method, location of the leak (in the jacket
or the carrier pipe), system operating parameters, and knowledge of the
system layout and components. The most common systems used today for leak

detection and location are classified according to their principle of
operation as follows: acoustic emission, infrared spectroscopy, tracer gas,

and electrical methods.

2.3.1. Acoustic Emission

When a leak occurs in a pressurized hot water or steam carrier pipe,
the turbulent flow of the fluid as it passes through the crack or hole
generates sound waves. These waves are omnidirectional and their intensity
decreases inversely with the distance from the leak. Commercially available
acoustic leak detection and location systems incorporate acoustic sensors to
detect and measure the noise signal intensity generated by a leak. Acoustic
signals can be detected by placing a sensing microphone in direct contact
with a carrier pipe at an accessible point.

Another method for measuring the intensity of the signal is to drive a
metal rod through the ground to establish metal-to-metal contact with the
carrier pipe. The metal rod acts as a waveguide and the acoustic signal is
measured at the top end of the rd. To establish the location of the leak,
multiple acoustic wave measurements are taken. The leak location is then
found by comparing the leak signal intensities, measured at various points,
and identifying the point with the highest signal intensity. A more sophis-
ticated and potentially cost-effective acoustic leak detection/location
technique requires only two measurements of the leak noise signal and uses

an advanced computerized system to analyze the signals and locate the leak.

This technique has been used successfully in locating leaks, but its appli-
cation has been limited because of its high cost and the need for highly
trained operators to successfully employ the system. Current research being

conducted at ANL is directed towards improving the reliability and cost-
effectiveness of acoustic leak detection/location techniques based on cross-

correlation for signal analyzing and processing. This research is discussed
in other sections of this report.
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2.3.2. Infrared Spectroscopy

A leaking hot water or steam carrier pipe and jacket will increase the

temperature of the ground and surface area above the leak. If the ambient

temperature, depth of the leaking pipe, and ground surface temperature
variations are within certain limits, leaks can be detected by infr,e¬-
spectroscopy. A temperature profile of the surface above the heat t-as-

mission pipeline is taken by using cameras mounted on cars or helicopters
and compared to a reference temperature profile taken when there were no
leaks in the pipe system. Also, temperature reading devices can be used to

identify the ground temperature variations and hot spots on the ground
surface along the route of the pipe system. Hot spots identified through

infrared spectroscopy are likely to be the locations of pipe leaks.

Infrared spectroscopy is most effective when a leak occurs in both the

carrier and jacket pipes at the same location. Soil condition, pipe system
design, installation technique, and leak type are critical factors in the
application and effectiveness of this leak detection method. With certain
ground soil conditions and installation techniques, leaking hot water may
spread into the surrounding soil and blur the leak source or it may be
absorbed by the soil and limit the effectiveness of infrared spectroscopy.
The accuracy of this method is also limited when a leak occurs in only the
carrier pipe or the jacket and when there are multiple leaks in the pipe
system. In general, this method is not applicable in many commonly occur-
ring leak situations and it is expensive to apply.

2.3.3. Tracer Gas

The tracer gas method is applicable in detecting and locating leaks in
underground heat distribution systems employing a double wall with an
annular space between the carrier and the casing pipes. Heat distributions
based on the above pipe design are mostly found in federal government
installations. The tracer gas method is used to detect and locate leaks in
both the carrier and casing pipes. Gas is injected into the pipe system and
its concentration is measured at the surface or in shallow bar holes made at
intervals about equal to the average depth of the conduit along the entire
length of the pipe system. The hole having the highest concentration of gas
will usually indicate the location of the leak. Sulphur hexafluoride (SF6)
is most often used as a tracer gas because it does not occur naturally.

Although the tracer gas technique is a feasible leak detection tech-
nique for double-walled piping systems, it has not been used widely. A
major disadvantage of this technique is the need to shut down the heat dis-
tribution system when the carrier pipe is tested. Calculations to determine
diffusion time and leak location are often difficult. When the technique is

used to test for casing leaks, a scan of the surface to detect the tracer

gas and locate the leak is not always reliable because, depending on the

soil condition, the leaking gas may either travel vertically or follow the
path of least resistance.

2.3.4. Electrical

Most of the recently built DH hot water piping systems in the U.S. and
Europe have factory-made insulated pipes and incorporates electrical methods
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for detecting and locating leaks. To detect leaks in the carrier pipe and

casing, an exposed wire is installed in the insulation of the pipe and the

electrical resistance between this electrical conductor and the metal

carrier pipe is measured and monitored. Leaks can be detected by comparing

the measured- resistance value with a minimum reference value. Another elec-

trical method for locating leaks is based on time-dor:ain reflectometry. The

outer braid of a coaxial cable installed in the pipe insulation, when infil-

trated by a leaking fluid (ground water from a leak in the casing or hot

water from a carrier pipe leak), undergoes a change in characteristic

impedance at the leak. The change in impedance will convert outgoing elec-

trical signals, sent from the plant, into reflected pulses or standing
waves. These signals are detected and analyzed at the plant with signal

processing equipment to locate the leak.

The currently available electrical techniques for detecting and

locating leaks are used with preinsulated pipe systems. These techniques

have only been used in the last 10-15 years in hot water piping systems, and
existing heat distribution installations cannot be retrofitted in any cost-

effective manner. The long-term reliability of electrical techniques has

not been proved. Corrosion, the most common problem with underground piping

systems, is likely to limit the life of the signal wires and reduce the
long-term effectiveness of this leak detection system.

In summary, all the commonly used leak detection techniques have limi-

tations. The infrared method is limited both by high cost and by the
"blurring" of the hot spot as the heated water spreads into the surroundings
or is directed away from the source of the leak. The accuracy of the tracer
gas method is limited by variations in gas diffusion rates and preferential
migration. Another disadvantage of the tracer gas method is that the DHC
system must be shut down when the pipes are tested. The electrical methods

have reliability problems and cannot br used in older systems. The acoustic
method, though somewhat of an "art" in practice, currently has the greatest
potential for detecting leaks in underground pipes [2].

With funding by the Department of Energy, work has been carried out at
ANL to apply the knowledge and experience gained in the ANL nuclear reactor
leak detection program [3] to the problems of DHC. The results of our
studies related to nuclear reactors indicate that even in the presence of

moderate acoustic background noise, leaks with a flow rate of -1 gpm can be

detected with acoustic sensors at a distance of 5-10 m. Furthermore, the

leaks can be located to an accuracy of 0.5 m by cross-correlation analysis

of the acoustic signals and can be characterized by spectral analysis to the
extent that intergranular stress corrosion cracks can be distinguished from

other leak sources. In addition, we have shown that continuous monitoring

of acoustic signals to detect and locate leaks is a viable alternative to

the current leak detection systems employed in reactors.

The problems of detecting leaks in underground DHC pipes are quite dif-
ferent from those of a nuclear reactor. The accessibility of buried DHC
piping is limited and the piping can be tightly wrapped with insulation,
which severely limits the range over which acoustic signals can be detected.
In addition, the DHC piping system involves longer piping runs and leaks
have to be detected over a greater distance. Consequently, the main dif-

ference between leak detection in DHC piping and in reactor piping is that
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the monitoring frequency is much lower for the underground piping (1-25 kHz

vs. 100-400 kHz). Since lower frequencies can propagate over longer dis-
tances, this permits the acoustic sensors to be spaced much further apart
when monitoring a DHC system. The monitoring of lower frequencies is
possible in a DHC system because the acoustic background noise is much lower

than in a nuclear plant.

A variety of industries are beginning to use, or are considering the

use of, commercially available acoustic monitoring systems with elements
that would be applicable to DHC systems. In general, the systems currently

employed are limited in providing quantitative information and are not de-
signed for optimal performance with DHC systems. The applicability of
several commercially available monitoring devices to DHC systems is dis-
cussed below.

Babcock & Wilcox (B&W) offers an acoustic leak detection system to

provide plant operating personnel with an early warning signal should a leak
occur in a steam generator. This system, although based upon proven tech-

nology, operates at frequencies higher than are suggested for a DHC system.
Also, radio transmission of data is preferred for lengthy piping systems,
but the B&W system employs a hard-wired system to transmit data from sensor
to computer. In addition, leaks are detected over a shorter range than
would be required for a DHC system and cross-correlation analysis, a power-
ful method for locating a leak, is not employed in the B&W signal analysis.
A similar acoustic leak detection system for steam piping systems, developed
by B&W in cooperation with Physical Acoustic Corp., is being tested for
application to steam lines [4]. Acoustic emission monitoring of fossil fuel
boilers is also being studied by B&W [5]. Another commercially available
acoustic leak monitor similar in concept to those already mentioned is
offered by Dunnegan PAC. Leak Detection Services Inc. provides a system
that employs spectral analysis to characterize leaks in valves [6]. Other
companies that provide leak detection services or leak detection systems are
Heath Consultants (which uses the French-produced Metravib), Fluid
Conservation Systems, Inc. (FCS), Palmer Environmental Services (England)
which uses the MicroCorr system, Hewlett Packard, and Acoustic Emission Leak
Locators Inc.

In general, the products discussed above do not use the advanced tech-
nology and signal processing envisioned for the final product of the ANL
program and are not directly applicable to all types of DHC systems. The
system that is most relevant to the work being carried out at ANL is a com-
mercially available monitoring system that employs radio transmission of
data from sensor to computer and cross-correlation analysis for leak loca-

tion. This system, offered by FCS of Austin, Texas, is the closest in
concept to the prototype envisioned for the ANL program. However, even this

system is limited. The detection range is too short for DHC systems and the
signal analysis is not sophisticated enough to be useful for a variety of
DHC systems including water and steam. Sensors need to be optimized, and

the waveguide coupling systems developed by FCS are not necessarily
appropriate for DHC applications. Furthermore, as discussed in a later
section, acoustic detection of leaks in plastic piping may require that
specially designed probes be inserted directly into the fluid because of the
high acoustic attenuation of the pipe wall. The FCS system does not
accommodate this approach.
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3. THEORETICAL CONSIDERATIONS

3.1. Acoustic Leak Signal

Turbulent flow, flashing, and cavitation associated with leaks are

sources of acoustic waves producing signals in the 1-500 kHz range [7]. The

theory of such sound production has been described by Lighthill [8] and
Flowcs-Williams [9]. Cavitation occurs when the cavitation parameter C is

in the 0.6 to 2.0 range; this parameter is given by

C - 2 P - P /pv2 (1)

where Po is the pressure of the undisturbed liquid, Pv is the vapor
pressure, and v and p are the velocity and density of the leaking fluid. In
the absence of flashing or cavitation, for a leak to produce an acoustic
signal the viscosity/velocity combination must be high enough to put the
Reynolds number into the turbulent range. The Reynolds number is given by

R - (vdp)/n (2)

where v is the velocity of the leaking fluid, d is the diameter of the hole,
p is the density of the leaking fluid, and n is the fluid viscosity. For
Reynolds numbers less than about 1000, the flow is approximately laminar and
the sound pressure (p) is proportional to the third power of the fluid
velocity (p = v3). For Reynolds numbers greater than 1000, turbulent eddies
at the orifice produce sound and the pressure rises as the sixth power of
the fluid velocity (p v6). Finally, there is a regime of fully developed
turbulent flow where p v. For stable flow, and with simple geometries,
the frequency of sound generated is proportional to the square root of the
pressure drop across the orifice and inversely proportional to the density
of the medium. However, in general, sound sources are complex and charac-
terization, even under simplified conditions, is extremely difficult. As a
result of this complexity there is a great need to create, as accurately as
possible, a mock-up of the system to be monitored. This mock-up, with simu-
lated leaks, will permit the design of a leak detection system to be opti-
mized and calibrated under simulated field conditions. The results of
studies under various experimental conditions have shown that acoustic leak
signals are similar to random noise with frequency content to the MHz range
[2,7]. It is also known that the distributions of energy within the fre-
quency domain can be affected by system geometry, fluid characteristics,

temperature, and pressure.

3.2. Attenuation of Acoustic Waves

The ratio of acoustic energy at two different frequencies can vary with

distance, since the attenuation of the acoustic wave increases with fre-
quency. Attenuation data for pipes show thgt the attenuation a, in dB/ft,

is proportional to frequency (e.g., a - 10- f) [7]. At 1 kHz, the signal in
a pipe will drop by roughly a factor of two every 600 ft. However, this low
attenuation value will be increased by the presence of bonded insulation, or

the ground.
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3.3. Acoustic Signal and Flow Rate

In general, the magnitude of the acoustic signal, A, will increase

fairly reproducibly with leak rate, R, following the relationship

A- KRm (3)

where K is a constant and m (depending on leak source) varies from 0.3 to

0.7 [2,7].

3.4. Acoustic Background Noise

If acoustic background noise is present, the measured acoustic signal
amplitude is

Am - (A1
2 + AN2)1/2  (4)

where A1 is the signal from the leak and AN is the signal from the
background noise. When designing a system to optimize the number of sensors
one can show that the most important parameter is the acoustic attenuation,
but the intensity of the signal at the source, the background noise, and the
desired sensitivity are also important [7].

3.5. Dependence of Acoustic Velocity on Frequency

In addition to the frequency dependence of the attenuation, the
velocity of the traveling acoustic wave can vary with frequency. For
example, in the low-kHz frequency range, the longitudinal velocity of sound
in the pipe wall decreases as the frequency increases. The lower limit is
given by

v- E/p (1 - a2) (5)

where E is Young's modulus, p is the density, and a is Poisson's ratio.
Velocities of sound propagation in the pipe/fluid system are lower than that
in the piping alone if there is coupling between fluid and pipe, as would be
expected for a water-filled pipe. This difference further complicates
attempts to model acoustic leak signals in DHC systems.

3.6. Locating Leaks

Correlation is a process whereby two time-domain voltage signals are

compared for similarities. The correlation function is defined to be

T/2
R(r) - Lim 1/T-T/ 2 V 1(t)V2(t + r) dt (6)

T[ _

where T is the record sample length and V1 and V2 are the sensor time-domain
voltage functions. In the application of the correlation method to leak
location, a peak in the correlation function R(t) indicates a leak. A
linear transformation x - tc is used to convert the time delay into dis-
tance, where c is the velocity of the acoustic wave being correlated and t
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is the time delay between V1 and V2 that produces the maximum value of the

correlation function. The use of correlation functions also results in

improvement of signal-to-noise ratio, according to the relationship

Rf = 10 log IN/(l + 2/R.2) (7)

where Rf is the final signal-to-noise ratio, Ri is the initial signal-to-

noise ratio, and N is the number of time record intervals averaged.

4. ACOUSTIC LEAK DETECTION SYSTEM CONCEPT

The results of research carried out in the Acoustic Leak Detection
Laboratory at ANL have indicated that, in addition to being detected, leaks

can be characterized and located. The results of experiments carried out
with DH insulated piping suggest that acoustic leak detection technology can
be applied effectively to monitor, locate, and detect leaks in underground

piping. Leak monitoring can be carried out with appropriately spaced
acoustic sensors placed either on the pipe or on the ends of acoustic

waveguides in contact with the pipe. A schematic representation of such a

leak detection system is presented in Fig. 5.

Recent experiments have been carried out at ANL with water and gas

flows to simulate field-induced leaks. The results indicate that if large
leaks are to be detected in a system with pressurized water at temperatures

above 100*C, the sensors can be separated by distances as great as 400 m.

Furthermore, commercially available sensors can be used. Signals from these
sensors, spaced according to the sensitivity required, are filtered, ampli-
fied, and analyzed by a central computer. The computer output indicates if
a leak is detected and provides quantitative information regarding leak
location and size.

ICOwER F

FILER AMPLIFIER --- SINAL PFOCESSNG

ACOUSTIC SENSOR

FLUID FILLED PIPE

PROTECTIVE COERNG ACOUSTIC WA VE

PIPE WALL

Fig. 5. Schematic Representation of Acoustic Leak Detection for Under-

ground DH Piping Systems. Acoustic waves are converted to elec-

trical signals and transmitted to a signal processing station for

analysis to determine leak rate and leak location.
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5. EXPERIMENTAL STUDIES

5.1. Approach

The objective of phase 1 of this program was to obtain laboratory-
generated data to establish the effectiveness of an advanced acoustic leak
detection system for finding, locating, and sizing leaks in DH piping
systems. Elements of the Acoustic Leak Detection Laboratory developed at
ANL for the nuclear industry were used to assess the potential application
of acoustics to detect leaks in DH piping systems.

In these tests, four 6.4-m sections of 3-in. schedule 40 polyurethane-
insulated piping in a 6-in. PVC jacket were welded together to form a 25.6-m
unburied pipe run. Pipes were supplied by Rovanco. Holes in plugs were
integrated into the pipe run near the welds to simulate leaks. One hole was
drilled directly into the pipe to more closely simulate a field-induced
leak. The pipe was filled with room-temperature water or nitrogen gas to
simulate water or steam leaks, respectively. The fluid was pressurized and
fluid conditions were continously monitored. Acoustic sensors were placed
directly on the pipe. Preamplifiers, amplifiers, a spectrum analyzer, and a
cross correlator were used to analyze the acoustic data. A computer could
be used to store data for future analysis. Figure 6 shows a schematic
representation of the experimental arrangement.

RMS meters

amplifiers filters Spectral Analysis -

Cross Correlation-

qzn acoustic sensor

F pipe run

water

computer storage
pump . reservoir of data

pressure gage

flow meter

Fig. 6. Schematic Representation of Experimental Apparatus.
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Numerous parameters were varied to carry out the objectives of this
program. Sensor spacing varied from 6 to 20 m. Frequency window bandwidths
varied from 1 to 45 kHz with center frequencies ranging from 0.2 to 50 kHz.
Flow rates varied from 1 to 5 gpm for water and up to 200 cfm for gas.
During testing, the rms acoustic signal, frequency content, and ultrasonic
attenuation were monitored. Location information was acquired through
cross-correlation analysis of signals received at two acoustic sensors.
Table 1 shows the test matrix and Fig. 7 shows the flow chart for the above
tests. Limited tests were also conducted in the Mixing CoLiponents Test
Facility at ANL to obtain a preliminary estimate of flow naise associated
with turbulent flow of water in pipes.

Table 1. Test Parameters Varied or Monitored in Phase 1

Parameter Range Objective

Varied

Flow rate

water (gpm)

gas (cfm)
Leak geometry

Acoustic sensor spacing (m)

Frequency bandwidth (kHz)

Center frequency (kHz)

System pressure (psi)

1-5

2-200
holes

6-12
0.1-45
0.2-50
10-100

Monitored

RMS acoustic signal

Frequency signal

Acoustic attenuation

Cross-correlation function

Leak flow rate

Estimate leak rate

and sensitivity

Characterize leak and

optimize system

Estimate sensitivity

Determine leak location

Perform sensitivity

analysis
Control experimentSystem pressure
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Establish effectiveness of
advanced acoustic leak
detection to find, locate and
size leaks in 011 systems

Analyze acoustic
data using advanced
signal processing
techniques

Acquire aci
" data as a f

leak rate,
and pressu

Design and assemble
apparatUs to generate
water leaks

Prepare electronics
and acoustic waueguide 6-
system for leak detection

Select critical
parameters for
optimized
acoustic leak detection 2

ustic
unction of
distance,
re

Integrate simulated
leaks into piping

Assemble pipe and
design artificial leeks

Procure insulated pipe

Fig. 7. Flow Chart for Acoustic Leak Detection Program: Phase 1.

5.2. Factors Affecting Sensitivity

The sonar equation can be used to estimate the sensitivity of a passive

acoustic leak detection system. Detection and location of a leak require

that the following relation holds:

SL - IR - TL + PG - NL > 0

0

r
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i '% i
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0
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SL = leak sound level (dB re V/Hz)
IR = insertion loss (initial drop in acoustic energy released by leak)

TL = transmission loss along path (dB) (a drop in acoustic signal

intensity with distance)

PG = Processing gain (increase of signal level relative to noise

level due to processing)

NL = Background noise level (dB re V/Hz)

The range RA for detection of a leak can be expressed as

RA < (PG + SL - NL - IR)/a (9)

where a is the attenuation of the acoustic signal.

In order to assess the capability of acoustic techniques to detect

leaks in DH piping, all terms must be measured or estimated. All have been

determined; the most important terms are discussed below.

5.2.1. Sound Level

The sound generated by a leak can be the result of turbulent flow in

the crack or hole, flashing of fluid to steam as it passes through the pipe

wall, flow over the rough surface of the crack or hole, or cavitation. It

is very difficult to model the intensity of acoustic signals generated by a

leak and thus experiments on actual or simulated leaks in the structure to

be monitored are very important. Experiments to provide the necessary

estimates of acoustic leak signal intensity have been carried out.

5.2.2. Transmission Loss

The attenuation of the acoustic leak signal along the pipe was measured

in various frequency ranges. The pipe insulation severely dampens the

acoustic wave and, as a result, low-frequency (1-10 kHz) waves must be

monitored for leak detection to be effective. Unfortunately, background

acoustic noise increases significantly at these lower frequencies, and

reduces the signal-to-noise ratio. In the ANL tests with above-ground

piping, the contribution of airborne background noise to the airborne

acoustic signal 5 m from the leak was less than 1%. Thus, measurements of

signal loss between 5 and 20 m from the leak should provide a reasonable

estimate of the attenuation in buried insulated piping.

5.2.3. Background Noise

Proper estimates of background noise require measurements to be taken

at a field site. However, in order to estimate the background noise from

water flow, data were acquired the ANL Mixing Components Test Facility.

Flow noise in a 6-in.-diam. insulated pipe was measured at flow rates

ranging from 180 to 800 gpm. Extrapolation of the noise vs. flow rate data

to the no-flow condition provided an estimate of the background noise not

related to flow. This value was subtracted from the total noise to obtain

flow noise vs. flow rate in various frequency windows. Acoustic signals

with no flow were subtracted from acoustic signals with high flow rates.

This estimated value was used in the sonar equation presented above to

calculate system sensitivity.
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5.3. Laboratory Results

All of the laboratory experimental data were taken from leaks through

holes placed in 3-in.-diam. steel piping with polyurethane insulation and a

PVC jacket, as outlined in Sec. 5.1. Figure 8 shows the 85-ft length of

piping and support structure. Approximately 10 ft of piping are inside the

building. Figure 9 shows a 1.5-gpm leak from a plug with a 1/16-in.-diam.
hole and, next to it, a transducer used to measure acoustic noise. Since

Gransell [1] points out that most leaks occur at joints, simulated leaks

were placed at the joints. For most tests, the weld area was generally bare

to allow easy access of acoustic probes. Some tests were carried out with

holes drilled into the pipe. No significant differences were seen between

leaks from plugs and leaks from holes in the pipe. Some tests were carried

out with the leak covered with urethane and sealed with a rubber jacket

(Fig. 10). The leaking fluid seeped through at various locations and caused
a significant increase in signal intensity compared to an uncovered leak
with the same flow rate.

lizi

~~JL

Fig. 8. Photograph of Piping and Support Structure Used for This

Investigation

f
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Fig. 9

A 1.5-gpm Leak from a Plug
Inserted Into the Pipe.

4~a, 4,~,,

Fig. 10. Covered Leak Showing Flow of 1.5 gpm.
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As previously indicated, the attenuation of the acoustic waves propa-

gating along the pipe is an important factor in the ultimate sensitivity of

an acoustic leak detection system. The attenuation is dependent on the

frequency of the wave, as illustrated by Fig. 11, which shows the drop in
amplitude of a signal from a 1.5-gpm, 100-psi, room-temperature water leak

for frequency ranges of 10-20 kHz and 25-70 kHz. The amplitudes of the
received signals are essentially the same at the leak source but are dra-

matically different at a distance of 20 m. Monitoring of lower frequencies

will permit detection over greater distances if the background noise is not
too high. In this test, an Acoustic Emission Technology AET30 resonant

piezoelectric probe (1.5-in. diam.) was attached directly to the metal pipe
with a Panametrics shear-wave couplant. A Khrone-Hite filter was employed
along with AM502 Tektronix amplifiers.

65

55 FREQUENCY RANGE
0 10-20kHz

Fig. 11 w 45 * 25-70 kHz

Signal-to-Noise Ratio vs. Z 35
Distance from a 1.5-gpm
Leak, for Two Frequency Z425
Ranges of Detection.

15

50 10 20 30 40 50 60 70
DISTANCE (m)

The sensitivity of a system is also dependent on the transducer used,
as illustrated in Fig. 12, which compares the AET30 probe with a Columbia
accelerometer. Most data have been acquired with the AET30.

Predictions of sensitivity depend on the ability to model the acoustic
signal intensity as a function of the flow rate. Data for flow rates
ranging from 1.5 to over 5 gpm are shown in Fig. 13 for a frequency window
of 25-70 kHz at 6.4 m from the leak. For this simulated leak, the ratio of
the acoustic signal to the electronic noise level is linearly related to the
flow rate.

Signal averaging can result in improved signal-to-noise ratios. This
effect was demonstrated by use of a Spectral Dynamics 375 signal processor.
The averaging was carried out in the frequency domain. Figure 14 shows the
filtered frequency spectrum for a gas leak after the spectrum has been
averaged 100 times. Similar data have been taken for water leaks. When
these data are e-:aluated as a function of distance from the leak, an



20

Fig. 12

Signal-to-Noise Ratio vs.
Distance, from a 1.5-gpm Leak
for Two Different Acoustic
Receivers.
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Fig. 13

Signal-to-Noise Ratio vs.
Leak Flow Rate.

estimate of the leak detection range (without acoustic bckground noise) is
obtained. Figure 15 shows the results for a 2-gpm (100-psi) leak. Because
the extrapolation protocol is not clear, both a linear fit and an expo-
nential fit to the limited data are shown. Figure 16 shows similar data
comparing a 2-gpm water leak and a 200-cfm gas leak (which gives a com-
parable mass flow) at 5 kHz. The gas leak is much noisier. Furthermore,
with this type of piping, less apparent attenuation of the acoustic signal
occurs with a gas-filled pipe than with a water-filled pipe. Thus, gas (or
steam) leaks could be detectable, but not necessarily located, over a
greater range in some circumstances.
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5 10
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Fig. 14. Frequency Spectrum for a 15-cfm Gas Leak.
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Fig. 15. Signal-to-Noise Ratio for 2-gpm Leak vs. Distance When Spectral
Averaging is Used to Increase the Signal-to-Noise Ratio.
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Fig. 16
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When the leaking joint is covered with urethane and sealed to the extent
possible with a rubber jacket, the pipe can still leak (see Fig. 10). The
analysis of experimental data indicates that the acoustic leak signal from a
covered leak is enhanced in comparison with that from an uncovered leak
(Fig. 9).

The results of this laboratory investigation to establish the detection

range possible with acoustic leak detection methods are presented in
Table 2. Detection ranges for water and gas leaks at different frequency
ranges and flow rates are presented for (a) uncovered leaks without acoustic
background noise and (b) covered leaks with estimated background noise. The
data were calculated from the attenuation and acoustic signal intensity data
described previously. Gas (or steam) leaks in the 2000-cfm range could be
detectable at a distance of up to 470 m. Water leaks with a mass flow of

2 gpm could be detectable up to a distance of 170 m. With these ranges, an

underground DH system could be monitored from service wells separated by a
distance of 170 to 470 m. Attachment of sensors to the pipe at the service

wells would be a relatively easy task. One possibility for monitoring the
pipe would be to have a van, carrying the necessary electronic equipment and
computers, scan the probes periodically to detect an increase in signal
intensity. Any increase in signal would trigger an analysis sequence to

characterize the source of the acoustic signal and its location.
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Table 2. Estimates of Acoustic Leak Detection Ranges for DH Systems,

at Receiver Frequencies of 5 and 10-20 kHza

Detection Range

For uncovered For covered

leak with no leak with

Attenuation background background

Leak rateb (dB/m) noise noise

at 100 psi 5 kHz 10-20 kHz 5 kHz 10-20 kHz 5 kHz

Water

2 gpm 0.3 1 140 60 115-170
10 gpm 0.3 1 190 70 165-220

Gas

15 cfm 0.16 0.5 210 70 145-200
200 cfm 0.16 0.5 350 110 285-340

2000 cfm 0.16 0.5 480 150 415-470

aPiping: 3-in.-diam. steel pipe with PVC/polyurethane insulation.

Leak geometry: three closely spaced 1.5-mm-diam. holes.
Signal processor: 6-dB enhancement of the signal-to-noise ratio due to

averaging.

bA 2-gpm liquid leak is the same order of mass loss as a 200-cfm steam leak.

5.4 Acoustic Background Noise from the Scranton District Heating System

Acoustic background noise tests were carried out on the Scranton

(Pennsyi,.rania) District Heating System in the spring of 1987. Research-
quality electronic equipment was transported to Scranton in a van to enable
data to be acquired and analyzed in the field. This work was carried out with
the cooperation of the Community Central Energy Corporation and the city of
Scranton. Acoustic background data were acquired at five locations with
background noise varying from quiet (residential setting) to very noisy (heavy
construction and traffic noise). In addition to background noise, acoustic

data were acquired from a small steam leak. Steam at about 3 lb pressure was

leaking in a service well through an approximately 1/16-in.-diam. hole in an
8-in. pipe. Acoustic signals were captured at the leak site. Also, attenu-
ation data were acquired by simulating an acoustic leak signal at one service
well and detecting it at another well 90 ft away. An attenuation value of

about 0.25 dB/ft (0.75 dB/m) was estimated for the 3-8 kHz frequency window.
This value is consistent with the attenuation obtained by monitoring a steam

leak at two service wells 150 ft apart; the measured attenuation value was 0.2

dB/ft (0.6 dB/m) for the 3-8 kHz frequency window.

The acoustic data obtained in Scranton were analyzed there. The fre-

quency spectra and rms signals for various frequency windows were evaluated

for two sensors (a General Radio capacitance microphone on one end of a
waveguide consisting of a hollow metallic tube whose other end was mechani-
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cally pressed against the pipe outer surface, and an Acoustic Emission
Technology AET30 acoustic emission transducer placed directly on the pipe
outer surface). All acoustic background and leak data were stored on mag-
netic tape for further analysis at ANL.

There were no problems with logistics, equipment, or data acquisition.
Temperatures up to 150*F made work in the service wells difficult but, all

objectives for data acquisition were met. During the winter, the ambient
temperature is much higher, and special clothing and/or cooling equipment
would be required to work in the service wells.

Acoustic background noise levels in frequency windows of principal
interest were relatively low at all but the noisiest location. Signal
averaging was shown to minimize the effect of transient traffic noise. The

location where construction noise was considerable was unusual and probably
represents an upper-limit noise value. In this DH system, expansion joints

separated by a distance of about 100-150 ft are troublesome. Packing at the

joint breaks the continuous acoustic path through the metal, severely
damping the acoustic signal. Attenuation of acoustic waves along the pipe
is higher (by a factor of 2-3) in this relatively old piping system than was
observed along the newer metal/urethane piping evaluated at ANL. For
systems with nonmetallic expansion joints, either less sensitivity than is
achievable in continuous metal pipe will have to be acceptable, or sensors
will have to be spaced much closer together than in other types of systems.

If service wells are separated by only a few hundred feet or less,
transducers placed directly on the pipe in the wells may be preferred.
Practical use of direct-contact probes will require some development, but no
serious problems are anticipated, as a maximum temperature of only about
300*F is expected.

Table 3 shows the ratio between the acoustic signal (sum of acoustic
background noise and steam leak signal) and the electronic noise level.
From the steam leak signal, which is 45 dB above background for low acoustic
background noise and an attenuation of about 0.6 dB/m, a detection range of
about 75 m is estimated. This estimate is not inconsistent with laboratory

results based on larger leaks, considering the low system pressure and the
small size of the leak.

The frequency dependence of the ambient background noise and that of a
small steam leak, determined with the capacitance microphone, are shown in
Figs. 17 and 18, respectively. The acoustic background noise is significant
up to about 8 kHz (Fig. 17), while the steam leak signal extends to 20 kHz
(Fig. 18). Spikes in these plots are the result of electronic interference
from the generator used to power the instruments. Results of these back-

ground noise studies suggest that leak detection may be optimal in the 1-5

kHz frequency window. Acoustic attenuation data from the system to be

monitored will be required before final estimates of leak detection sensi-
tivity and location accuracy can be made.
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Table 3. Signal-to-Electronic-Noise Ratioa for Acoustic Background Noise

and Steam Leak in the Scranton District Heating Piping System

Ratio of Acoustic Signal to Electronic Noise (dB)

High Bkgd Low Bkgd Small Steam Leak
Sensor Noise Noise

Cap. Micr. 18 3 48 (max)
AET30 20 6 52 (max)

aFrequency window:
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5.5. Locating Leaks

5.5.1. Cross-Correlation Function

Laboratory data have been analyzed with cross-correlation techniques,
and the results indicate that the viability of these techniques for locating
a leak. The cross-correlation function for time r is defined as

T1

R (r) - lim l/T x(t)y(t + r) dt (10)

xy T-a - to

where x(t) and y(t) are the input time domain signals over record length T.
Incoherent background noise (such as flow noise) will average to approxi-
mately zero as the inverse of the number of data records averaged. The
advantage of this technique is that it is relatively insensitive to varia-
tions in piping system geometry.

Figure 19 shows the cross-correlation function for a 2-gpm water leak

located midway between two sensors. The cross-correlation peak centered on
"0 lag" indicates that the leak is midway between the acoustic probes. In
Fig. 20, the position of the correlation peak away from "0 lag" indicates
that the two acoustic sensors are at different distances from the leak.
Quantitative analysis of these patterns suggests that the leak can be

located to within a few meters if the acoustic probes are separated by a
distance of several hundred meters.

COLUMBIA RECEIVERS, 12.8 m SEPARATION
2 gpm LEAK (L) CENTERED BETWEEN DETECTORS (D)
AVERAGE OF 100 CORRELATIONS
5 kHz HIGH PASS -------- e

D L D

I I 1

Fig. 19

Cross-Correlation Function z
for a 2-gpm Leak When
Acoustic Receivers Are at the
Same Distance from the Leak w

0

-20 -10 0 10 20

LAG (ms)
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COLUMBIA RECEIVERS, 6.4 m SEPARATION
2 gpm LEAK (L) 6.4 m AND 12.8 m FROM DETECTORS (D)
AVERAGE OF 100 CORRELATIONS
5 kHz HIGH PASSp*

D D L

Fig. 20

Cross-Correlation Function z
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5.5.2. Effect of Frequency-dependent Velocity on Leak Location

Accuracy

The velocity of acoustic waves traveling in a pi.e can vary with fre-
quency [10]. The accuracy of the location of a leak can be diminished by

selection of an incorrect velocity. When cross-correlation techniques are

applied, the selection of the frequency window determines the velocity that

should be used to convert the lag time into location information. However,

in order to carry out a cross-correlation analysis, a broad-bandwidth signal
is required and as a result, the correlation procedure has to be carried out

with acoustic waves of varying velocity and is less affective. The problem

is particularly significant when low-frequency waves (used for DHC systems)
are employed for leak location. The practical resolution of the conflict

between the need for a broad-band signal to enhance the cross-correlation

analysis and the need for a narrow-band signal to better define the velocity

of sound is to optimize the width of the frequency window, preferably by
empirical techniques. At frequencies of less than a few kilohertz (but not
much below 1 kHz), we can expect the velocity to decrease with increasing
frequency [10]. This drop in velocity can cause an increase in lag time
and, for example, an increase in apparent transducer-to-leak distance if the

leak is on the far side of the transducer-pair midpoint. This effect was

observed during a field test carried out with the cooperation of FCS. The

FCS C2000 Correlator was used to detect a simulated 0.5-1.0 gpm leak (from a
hydrant) in an underground municipal water main in a residential area of
Austin. The distance between acoustic sensors was about 300 ft, with the

"leak" about 220 ft from the reference transducer. The frequency window

used to locate the leak can be varied in the C2000 Correlator. In this
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test, the frequency window center frequency was increased from 400 Hz to
2000 Hz while the bandwidth decreased from 50% to 30%. The distance between
the leak and the reference transducer, calculated from a preset, constant,
empirically determined velocity, increased from 218 ft to 225 ft as the
frequency of detection was increased. The direction of variation was as

expected.

In another example of the effect of detection frequency on leak
location, a two-channel tape of acoustic noise from an underground leak

(courtesy of FCS) was played into our Spectral Dynamics 375 signal pro-
cessor. The acoustic signals were filtered before the lag time was deter-
mined. The frequency window and average frequency were varied by increasing

the high-frequency cutoff from 100 to 300 Hz while fixing the low-frequency
high pass at 50 Hz. Thus the average frequency increased from 75 to 125 Hz
while the frequency window increased from 50 to 250 Hz. The lag time from
which the location is determined was then found from the peak in the cross-

correlation function and plotted as a function of high-frequency cutoff. As
shown in Fig. 21, the lag time decreased significantly with increasing
cutoff, from about 12.5 to 9.5 ms (a drop of about 24%). This kind of un-
certainty in velocity could lead to large errors in location. The observed
decrease in lag time with increasing frequency might appear perplexing in
view of the increasing time lag obtained with the FCS Correlator. This dis-
crepancy may be due to the difference in frequency range; the results shown
in Fig. 21 are for frequencies below 300 Hz, whereas the FCS Correlator data
is for frequencies above 300 Hz. The effect of frequency range is probably
related to the fact that bending waves, which can propagate in fluid-filled
pipes, can be the most strongly excited mode at very low frequencies
(<1 kHz). These waves are rather dispersive; their velocity increases as
the square root of the frequency. The lag time (r) should follow the
relationship

r = K/f1/2  (11)

where K is a constant and f is the center frequency of the acoustic wave
being correlated. Thus, the change in the lag time with frequency (Ar) is
given by

|Ar/ri - Af/2fl (12)

If this relationship holds, a shift in center frequency from 75 to 125 Hz
should result in a shift in lag time of 33% [Ar/r - (1/2)(50/75)]. As
indicated in Fig. 21, the observed shift in lag time was 24% (3/12.5). This
agreement between theory and experiment suggests that the frequency
dependence of velocity changes character at -300 Hz, and supports our con-

tention that the application of acoustic techniques to the location of leaks
in underground DHC systems is complex; advanced signal processing will be
required to optimize an acoustic leak detection and location system.
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5.5.3. Optimization of Frequency Window for Leak Location

Is is not entirely clear how to optimize the frequency window to maxi-

mize the location accuracy by correlation analysis. It appears that, as

previously suggested, an empirical technique developed through the study of
simulated or actual leaks is most effective. One example of the relation-

ship between the frequency spectrum and the optimized frequency window for
the cross-correlation analysis is given below. A tape of acoustic leak
noise from a water leak in an underground pipe was obtained from FCS. The
frequency spectra of the signals from the two channels of the tape were fed
into the signal processor and analyzed as shown in Fig. 22. In this ex-
ample, the peaks in the frequency spectra occur at around 100 Hz, with sig-
nals of significant intensity out to 1 kHz. The cross-correlation function
with the best signal-to-noise ratio and best defined peak was found when
signals in a 500-600 Hz window were used. The bandwidth was narrowed by
means of Khrone-Hite filters. The result is shown in Fig. 23. A lag time
of 31.0 ms was observed. The precision of this reading was 0.1 ms, sug-
gesting an error in location on the order of 20 cm (8 in.) if the accuracy

of the velocity used to determine location is 0.1% or better. Note that the

frequency window selected is well beyond the frequency of maximum signal
intensity. Presumably, the selection of an optimized frequency window is
influenced more by the acoustic wavelength and sound velocity (both of which
decrease with increasing frequency) than by the absolute magnitude of the
acoustic signal (which increases with decreasing frequency).
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Fig. 22. The Frequency Spectra of Acoustic Leak Noise from an Underground

Pipe Water Leak, as Received by Two Transducers. Acoustic leak

data provided by FCS. Full scale = 2 kHz.

Fig. 23
Cross-Correlation Function

for Signals from 500-600 kHz
Region of Fig. 22.

5.6. In-Stream Monitoring of Leaks

Transducers or transducer/waveguide systems placed directly on the pipe

outer wall may not be effective enough to locate leaks in long runs of DHC

piping when the pipe material is plastic or when the leaking fluid is pure

gas. The attenuation of sound waves in the wall of a plastic pipe is very

severe; as mentioned previously, this condition can dramatically limit the

range over which leaks can be detected and located, even with water-filled

piping. Two factors contribute to the problem with gas-filled pipes.

(1) The acoustic impedance mismatch between pipe wall and gas is so great
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(105 for metal piping) that the amount of sound energy coupled into the pipe
from the gas is limited. In contrast, the acoustic impedance mismatch
between fluid and pipe wall is about 3 for water-filled pipes. Sound trav-
eling inside a water-filled pipe is efficiently coupled to the pipe wall and
can be detected by externally mounted transducers. (2) The effectiveness of
cross-correlation analysis for gas-filled pipes is reduced further by the
presence of numerous modes of acoustic wave propagation in the pipe wall.

These modes are not normally present in water-filled pipes because of the
damping effect of the water.

One way to circumvent the general problem of gas leak detection in

buried pipe is to insert an acoustic transducer inside the pipe to detect

gas-propagated sound waves directly. We have carried out a brief evaluation

of a capacitance microphone type of transducer (Knowles Electronics Inc.

Model BT-1834), which can be inserted into a pipe through a small hole. A
photograph of the transducer is seen in Fig. 24. The capacitance microphone
was inserted into the ANL test pipe through a hole used for artificial leaks
(see Fig. 9). An Endevco 2224C accelerometer was placed on the pipe outer
wall at the same location. The pipe was filled with gas at -6 lb pressure.
Figure 25 compares the frequency spectra obtained for the same gas leak with
the two devices. The frequency range was 500 Hz to 20 kHz and the leak-to-

transducer distance was 6.6 m. The capacitance microphone shows superior
signal-to-noise ratios over most of the frequency range examined. For
example, near 4 kHz, the signal-to-noise ratio for the capacitance

microphone is about 10 dB higher than for the accelerometer. This advantage
is reduced by a few dB at higher frequencies (e.g., 10-12 kHz).

Cross-correlation analysis of signals from a gas leak also suggests
that these small transducers can be significantly more effective than trans-
ducers mounted externally to the pipe. Figure 26 shows a cross-correlation

function for a gas leak (about 6 lbs. pressure) with transducers located
6.6 and 13.2 m from the leak. A well-defined correlation peak for this leak
could not be obtained with externally mounted accelerometers. The frequency
window used was 500 to 20 kHz. The measured lag time is 19.14 ms; if a
sound velocity of 350 m/s (the value in air at 305 K) is used, the dif-
ference in acoustic path is predicted to be 6.7 m. The actual path dif-
ference is 6.6 m. This is very good agreement and supports the contention
that leak location by cross-correlation analysis can be extremely effective
for locating gas leaks if intrusive probes are employed. The procedure
would be especially practical for plastic piping, since the insertion hole
could be sealed easily. Alternatively, the intrusive transducers could be

inserted through valve stem openings or used at metering sites. A potential
problem with this concept is that, for continuous monitoring, the transducer
would have to be protected from erosive and corrosive effects of the fluid
stream as well as from the elevated temperatures. Furthermore, the probe
would have to be inserted in such a way that the fluid would not create high
levels of acoustic noise as it flowed past the pr->be. These problems can be
overcome, and the advantage of not having to analyze propagation modes in
the pipe wall makes pursuit of an intrusive probe particularly attractive
for correlation analysis.



32

Fig. 24. Photograph of an Acoustic Microphone That Can Be Inserted into

a Pipe through a Small Hole.

LEAK OFF LEAK ON

CAP.M IC.

ACCE LOM.

Fig. 25. Frequency Spectra (in dB) of a Gas Leak in the Pipe Seen in

Fig. 8, Obtained with (Top) a Capacitance Microphone Placed Triside

the Pipe and (Bottom) an Accelerometer Attached to the Outer

Surface. Full scale = 20 kHz.
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Fig. 26. Cross-Correlation Function for a Gas Leak in Pipe of Fig. 8,
Obtained with a Pair of In-Stream Capacitance Microphones.

6. CONCLUSIONS AND RECOMMENDATIONS

An acoustic leak detection facility was completed and used to evaluate

the capability of piezoelectric sensors, accelerometers, and capacitance

microphones to detect and locate gas and water leaks in underground DHC

piping. Leak detection sensitivity and location capabilities for DHC

systems were estimated from laboratory data and from data obtained from the

underground DH system in Scranton, Pennsylvania, where acoustic background

noise levels and acoustic signals from field-induced steam leaks were

acquired. Acoustic detection of leaks with flow rates of less than 10 gpm

is possible at a distance of several hundred meters, with a location

accuracy of a few meters. Although steam leaks of comparable mass loss can

be detected over a similar range with transducers mounted on the pipe outer

wall, location accuracy of a few meters over this range may only be possible

with transducers in direct contact with the steam. Intrusive sensors may

also be necessary to detect and locate leaks in plastic pipe.

A design concept for a field-implementable system, including pre-

liminary estimates of design parameters, has been completed. The detection

and location of water leaks will require accelerometers or piezoelectric

transducers operating in the 1-5 kHz frequency range, mounted on waveguides

that contact the pipe outer wall. Acoustic signals from the transducers can

be transmitted, by means of radio waves, to a central processing unit

operating out of a van. Transducers can be attached permanently to the

piping system to be periodically interrogated; alternatively, a pair of

transducers, as part of a mobile unit, could be placed at sites of interest
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on a periodic basis, saving the cost of numerous sensors and potential loss

of probes left unattended.

Sophisticated signal processing will be required to optimize the
acoustic data in order to improve detection sensitivity; signal averaging

(preferably in the frequency domain) will be required to minimize the effect
of transient traffic and/or construction noise. Leak location should be

determined through continuous averaging of at least 100 cross-correlation

functions. Optimized frequency windows for the cross-correlation analysis
will depend on the specific system monitored and will have to be determined

by empirical methods in which leak signals are simulated on actual or mock-

up piping systems. Variable electronic filters will be used in this pro-

cedure. Digitization of acoustic data should be carried out with state-of-

the-art electronics capable of storing 32K points at a sampling rate of at

least 20 kHz. The system will have to be calibrated in situ by using simu-
lated acoustic leak signals to establish the velocity of sound needed to

locate leaks.

Leak detection in plastic pipe, pipes carrying steam, or piping systems
with severe acoustic attenuation due to non-metallic expansion joints will

be most effective with microphones placed in the pipe rather than with
transducers placed in contact with the pipe outer surface. The type of
prototype system envisioned could be developed by modifying and upgrading
elements of existing, commercially available acoustic leak detection

systems.

The implementation of acoustic leak detection systems will lead to
improvement in the efficiency of DHC systems, with potential for technology
transfer to natural gas, petroleum, and fuel transmission and distribution
systems. In addition, the safety significance of steam (or gas) leaks will
be reduced through improved and more efficient leak location capability.
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