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DISCLAIMER 
 
This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any of their employees, 
makes any warranty, express or implied, or assumes any legal liability or responsibility 
for the accuracy, completeness, or usefulness any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of the authors expressed herein do not 
necessarily state or reflect those of the United States Government or any agency thereof. 

 
 
 
 
 

ABSTRACT 
 
The extensive network of high-pressure natural gas transmission pipelines covering the 
United States provides an important infrastructure for our energy independence.  Early 
detection of pipeline leaks and infringements by construction equipment, resulting in 
corrosion fractures, presents an important aspect of our national security policy.  The 
National Energy Technology Laboratory Strategic Center for Natural Gas (SCVG) is and 
has been funding research on various applicable techniques.  The WVU research team 
has focused on monitoring pipeline background acoustic signals generated and 
transmitted by gas flowing through the gas inside the pipeline.  In case of a pipeline 
infringement, any mechanical impact on the pipe wall, or escape of high-pressure gas, 
generates acoustic signals traveling both up and down stream through the gas.  Sudden 
changes in flow noise are detectable with a Portable Acoustic Monitoring Package 
(PAMP), developed under this contract.  It incorporates a pressure compensating 
microphone and a signal- recording device.  Direct access to the gas inside the line is 
obtained by mounting such a PAMP, with a ½" NPT connection, to a pipeline pressure 
port found near most shut-off valves.  An FFT of the recorded signal subtracted by that of 
the background noise recorded one-second earlier appears to sufficiently isolate the 
infringement signal to allow source interpretation.  Using cell phones for data 
downloading might allow a network of such 1000-psi rated PAMP's to acoustically 
monitor a pipeline system and be trained by neural network software to positively 
identify and locate any pipeline infringement.  
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EXECUTIVE SUMMARY  
 
The Portable Acoustic Monitoring Package (PAMP) has been designed to record the low 
frequency range (<6 kHz) of acoustic signals transmitted via the natural gas in high-
pressure transmission lines.  The 1000 psi Acoustic Monitoring Package has been 
reduced in weight from its 100 pound 1st version to 5.5 lbs. The ultimate goal of the 
project was to catalog the various background acoustic signals in natural gas transmission 
lines as a first step to identify leak and infringement signals. Laboratory tests were 
followed by a number of field trials. Some of the problems that had to be solved prior to 
cataloging pipeline background signals were: 
 

• Pressure compensate the microphone, and calibrate its sensitivity up to 1000 
psig. 
• Find a suitable data compression scheme to deal with the large data sets 
collected within minutes. 
• Design a suitable pipeline acoustic generator (PAG) to allow measuring 
signal loss as a function of distance, frequency and pipeline characteristics. 
 

The research has developed a solution for these problems in the WVU acoustic laboratory 
and in field tests on pipelines operated by Dominion Transmission, Inc.  The contract 
expires prior to cataloging the various background acoustic signals in natural gas 
transmission lines. 
 
The achievements were as follows: 
 

• A new pressure-compensating microphone was developed, which drastically 
improved microphone sensitivity at higher pressures. 
• A new data acquisition system, which compresses acoustic data files to MP3 
format as used in the audio recording industry, has been procured. This allows 
the recording and efficient storage of large acoustic data files. 
• A new signal-processing program capable of reading the compressed file 
format has been purchased and is currently being used for signal analysis. 
• An online acoustic calibration system has been developed and tested. Safety 
and field portability issues demanded that known acoustic tones be generated. 
This could not be done electronically without exceeding the 5 VDC limit 
inside a gas pipeline.  Therefore, a free-reed oscillator type system was 
installed to generate acoustic signals of known frequency and power. This 
system is powered by bleeding off some natural gas through a calibrated 
needle valve. 
• The PAMP was tested and calibrated in the WVU acoustic laboratory for 
line pressures up to 1000 psi prior to field testing in lines of less than 1000 
psi. 
 

The technology consists of installing low cost Portable Acoustic Monitoring Packages 
(PAMP), which include a pressure compensating microphone, a monotone calibrator and 
a signal recorder.  They are installed on pipeline access ports, which are located near line 
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shut-off valves.  Computer software is used to digitize the recorded signal for analysis 
and interpretation.  Most of the acoustic energy transmitted via the natural gas is in the 
form of flow noise and sources such as pumping stations.  A high-pressure leak through a 
pipe-wall fracture generates vibrations in the pipe-wall with a wide range of frequencies. 
Only the lower frequency range signals can transmit over great distances via the gas 
inside the pipeline.  Leak noise has its own unique acoustic signature.  Isolating a leak 
signal from the background noise is a major focus of this research.  In addition to leak 
detection, sensing physical impacts to a gas pipeline, such as made by errant excavating 
equipment or even sabotage, is important to maintaining the structural integrity of the 
pipeline infrastructure.  This technology may also prove useful for monitoring the 
acoustic signals generated by compressors at pumping stations.  Any change in signal 
could indicate the need for maintenance thereby permitting timely repairs.   
 
During a recent field test, two PAMP units were installed on shut-off valve access ports 
of a 12- inch pipeline operating at 200 pounds per square inch. The PAMP units were able 
to detect the signal generated by dropping a 1inch steel ball from a height of 2 cm (3/4 
inch) on a pipeline access port located one kilometer away. The PAMP is 18 inches tall 
and weighs only 5.5 pounds. It connects to any accessible half- inch NPT pipeline fitting, 
is rugged, pressure tested to 1000 psi and costs less than $1000 to manufacture. By 
measuring the difference in signal arrival time at two PAMP units, and multiplying this 
by the speed of sound in natural gas, one can pinpoint the infringement. 
 
The PAMP is of interest to the natural gas transportation industry because it has the 
potential to provide an affordable pipeline health-monitoring network, and assist in 
securing the supply of gas to their customers. WVU Mechanical and Aerospace 
Engineering (MAE) professors John Loth, Gary Morris and Mike Palmer, working with 
research assistants Richard Guiler and Pat Browning, have developed the PAMP 
prototype.   
 
Currently pipelines are inspected at most twice a year by “pigs”, instrumented with very 
sophisticated pipeline wall integrity detectors. These "pigs" are placed within a pipeline 
and pushed along by the flow of the natural gas. The PAMP system is capable of 
providing an on- line, inexpensive addition to the current "pig" inspection technology.  
 
WVU researchers are working on cataloging the background sounds in natural gas 
pipelines.  This includes flow noise through fittings and valves and compressor acoustic 
signature. As infringement signals must be filtered out from such wide range of noises, 
cataloging them will be beneficial to future applications. 
 
Through signal processing, the PAMP recorded signal can be analyzed to identify any 
anomalies in the signal. The challenge to the operator will be to minimize false alarms by 
properly identifying the recorded signal. WVU researchers have also developed a nine 
monotone generator, powered by gas bleed. This is used in conjunction with multiple 
PAMP units to measured acoustic signal damping rates as a function of distance.  This 
should be done over a wide range of frequencies, line pressures, flow rates and pipeline 
size and wall properties.   
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I. INTRODUCTION 
 

 
Natural gas transmission lines transport dry clean natural gas from field processing 
facilities to cities where it is distributed to individual businesses, factories, and 
residences. Distribution to the final users is handled by utilities that take custody of the 
gas from the transmission line and then distribute it through small-metered pipelines to 
individual customers. Gas transmission pipelines cover wide geographic areas, for 
example from Texas and Louisiana to the populated areas of the northeastern United 
States. There are plans for a pipeline system to bring gas 4300 miles from Alaska’s north 
slope. Lines are being built from Russia to Europe and from Iran to Russia. Gas 
transmission lines operate at relatively high pressures. Turbine driven or reciprocating 
engine driven compressors are located at regular intervals to compensate for the friction 
pressure loss, to keep the gas moving through the pipeline. Transmission lines are 
typically made of welded steel pipe and buried below the ground surface. Pipe diameters 
range up to 42 inches in the US and up to 60 inches in Russia (Kennedy, 1984).  Thirty 
percent of the energy produced in the United State comes from natural gas supplied 
through more than 1 million miles of transmission lines. In addition there are over 20,000 
miles of sub-sea pipelines, which transport 12 billion cubic feet of natural gas per day. Of 
these most are made of steel (94000 miles made of plastic, 1975). Corrosion of the pipe 
wall is a major cause of leaks. There are still lines in use that were installed in the late 
1800s. In 1975 there were 749,000 reported leaks. The number of reported leaks is 
increasing every year, from 533,000 in 1971 (Parker, 1981).  
 
Leaks can have many causes man made and natural. Catastrophic leaks or ruptures can be 
caused by nature during events like earthquakes, floods, and tsunamis or man made in 
what is called third party damage. Third party damage is the major cause of rupture, leaks 
and damage leading to corrosion leaks. This type of damage is from activities by man, by 
construction equipment, recreational vehicles, barges, anchors or excavation by a third 
party into a pipeline right of way. While the damage may not appear significant, it may 
result in a leak by corrosion inside stress fractures. Most gas transmission lines are made 
of coated steel and damage to its protective coating is likely to cause a corrosion leak in 
the future. DOT statistic from 1994-2001 gives 224 third party incidents on transmission 
lines: 7 deaths, 35 injuries, and $167 million in property damage. One incident cost 25 
million dollars (Huebler, 2002).  
 

Mechanical Damage Caused: 
1. By Equipment     44.0% 
2. Stress Corrosion Cracking                             1.5% 
3. Pitting Corrosion                                          13.5% 
4. General Corrosion                                          9.0% 
5. Chemical Bacterial                                         4.0% 
6. Material Defect                                              12.5% 
7. Construction and Upgrade                              7.5% 
8. Earth Movement, Washout, etc.                     8.0% 

Table 1:  Examples of mechanical damage recorded on transmission lines in the United 
States. (Crouch et al. 1994) 
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1) Project Objectives 
 
The major objective of this project was to develop a reliable and affordable system 
capable of monitoring acoustic signals in the gas stream of a natural gas transmission 
line.  Once a practical understanding of the background acoustic signals was developed, it 
was the goal of this project to isolate and identify signals from the background that are 
caused by an infringement, a leak, or damage which could at a later date cause a leak. To 
minimize cost and disruption of an operating transmission line, only readily available 
pipeline access ports are being considered, such as the ½" NPT inspection ports located 
at either side of most in- line shut-off valves (Figure 1).   
 

 
 

Figure 1:  Dominion line 323 near Morgantown, WV, showing the ½" NPT 
inspection ports on either side of the shut-off valve.
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2) Acoustic Leak Signal 
 
Leaks can occur from pinhole sized perforations caused by corrosion up to catastrophic pipeline 
failure due to manmade damage or natural causes such as an earthquake or a tsunami. Even 
relatively small holes in a high-pressure gas line can produce dangerous clouds of gas. Leaks are 
actually very common and are classified as to the urgency of repair based on their potential 
danger. Typically they are classified into three groups: those that need repair in 24 to 48 hours, 
those which need to be repaired in 30 days, and those that don’t need immediate repair, but 
should be monitored (Huebler, 2000).  Once gas escapes from a pipeline it can saturate the 
ground around the pipe and migrate along any conduit to other locations.  
 
The appearance of a rupture, leak, or damage that could cause a leak usually generates an 
acoustic signal. During the crack initiation and early crack growth, the steel pipe wall 
deformation creates a significant acoustic signal that can produce a transducer output ranging 
from several micro volts to several volts. The amplitude and frequency spectrum and the 
attenuation behavior are all a function of the pipe-wall material properties (Bassim, 1994).  If 
damage causes a sudden leak, then the associated rapid change in fluid pressure produces a 
pressure transient often referred to as a “burst signal”. 
 
Once a leak is established, the supersonic jet of escaping gas generates acoustic energy. These 
acoustic emissions are continuous and have a wide frequency spectrum (1kHz-1MkHz), the 
majority of which is confined to the moderately high frequency portion (175kHz – 
750kHz),(Shack, 1980). 
 
The frequencies of the acoustic signatures associated with structural fracturing of the pipe wall 
and the sound of escaping gas can range well into the hundreds of kilohertz. Generally, the signal 
frequencies transported by the gas are lower and travel slower than those in the pipe wall. 
However, due to the intimate contact of the pipeline with the backfill material, the longitudinal 
transmission of the higher frequency components of acoustic energy within the wall material is 
highly damped and does not travel any significant distance from the location of the source of the 
signal. Damping in proportion to the square of the frequency impedes long distance transmission 
of acoustic signals through gas. Viscous effects, wall-damping effects, and molecular relaxation 
effects all contribute to the attenuation of the strength of high frequency signals. 
 
Rocha, 1989, found that only relatively low frequency acoustic signals are useful for practical 
leak detection methods. Acoustic frequencies on the order of 10 Hz can propagate in the gas for 
distances on the order of 100 miles. 
 
In summary there are three types of signals associated with a pipeline infringement, which are as 
follows: 
 
a) a step (burst signal) function produced by the onset of a leak or third-party damage  
b) a ramp function resulting from step function signal attenuation  
c) a wide range of frequencies produced by the escaping supersonic jet 
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3) Acoustic Leak Detection History  
 

Passive acoustic leak detection in pipelines can make use of the vibrational energy emitted by 
straining or fracturing pipe wall material or by the acoustic energy associated with high pressure 
gas escaping through a perforated or ruptured wall.  By properly interpreting the acoustic 
signature of these phenomena, it is possible to detect an infringement event along the pipeline. 
The challenge is to accurately isolate the acoustic signature of an infringement from the 
background noise within the pipeline environment such as pumping noise, flow turbulence noise, 
valve actuation, etc.  Details of the infringement-generated noise (acoustic signature) must be 
known as well as the details of the background noise within the pipe to enable separation 
between these two noises.   A second challenge is to detect the acoustic signature far away from 
its source since the acoustic wave amplitudes are attenuated within the pipeline. 

 
Past acoustic studies have shown that while the acoustic signals of a pressurized fluid escaping 
through a leak may include a wide range of frequencies, only the relatively low frequencies are 
useful for practical leak detection methods due to the significant attenuation of the higher 
frequency components.   Rocha states that acoustic frequencies on the order of 10Hz can 
propagate in a gas for distances on the order of 100 miles and gives the following approximation: 
the amplitude of the wave is related to the properties of the gas, the pressure at which the 
pipeline is being operated and the size of the leak.  
The local pressure drop due to the leak is given for a pipe without flow by: 
 
 ∆p = 0.3Ps (D1/Dp)2 

 
Where: ∆p is the acoustic signal, Ps is the static pressure in the pipe at the leak site, D1 is the 
diameter of the leak hole and Dp is the local diameter of the pipe. 
 
The detectable acoustic pressure of a leak can be as small as 5 millibars (0.073 psi) in a pipeline 
with a static pressure of 69 bars (1000 psi). This will require sophisticated noise cancellation 
techniques to increase the signal to noise ratio (Rocha 1989).  
 
Leis, et al, 1998, conducted experiments to determine the distance in which an acoustic step 
function impact could be transmitted through the pipe wall in a 24-inch diameter pipeline.  By 
dropping weights ranging from a few pounds up to 90 pounds several inches into the pipe wall, 
the impact was detected up to 3.2 miles away.  The researchers theorize that the impact could be 
detected as far as 25 miles away. They also indicate that signals with frequencies greater than 
500 Hz were completely attenuated in their tests.  

   
Bassim and Tangri performed experiments to determine the effect of the attenuation of acoustic 
signals generated by strained/fractured pipe segments in a laboratory with both flowing and non-
flowing helium gas. They also performed the experiments with a leak (hole) in the pipe segment.  
Transducers with a frequency range of 0.1MHz to 2 MHz were positioned along the pipe axis to 
record the acoustic signals.   The results showed that the amplitude of the acoustic signal was not 
significantly affected by variations in the gas pressure up to 75 psig.  The attenuation of the 
lower frequency signals were less than for the high frequency signals.   They concluded that the 
acoustic signal strength varied linearly with leak hole size.   
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Repairing gas pipeline leaks has been going on for more than a century. Even Charles Dickens in 
the eighteen hundreds wrote  “In the main street, at the corner of the court, some laborers were 
repairing the gas-pipes” (see “A Christmas Carol”).  
 
When one can get close to the source of a leak, acoustic detection has been found very useful in 
locating pipeline leaks. One of the oldest and most reliable technique is to walk the lines and 
listen for leaks. Experienced listeners are able to estimate the size of the leak from the tone of the 
sound. Mobile acoustic detection devices such as instrumented pigs (Crouch, 2000 and Varma, 
2002) sent through the pipeline and cars driving over the pipeline are capable of detecting 
corrosion thinning of the pipeline wall and even differentiating between external and internal 
damage. These are not constant monitoring techniques but done when needed, or once a year for 
routine inspection. Although very sophisticated technologies are under development for 
instrumented pigs, their inability to provide “Online Acoustic Monitoring,” eliminates them from 
this review.  
 
The economic impact of gas pipeline leak repairs is very high, especially when one includes the 
cost of the gas lost. For 1000 cubic feet this was about $0.70 in 1970 and increased to $2.80 in 
1980 and recently, in the 21st century, increased to $5.00. For example, a utility with 7000 miles 
of distribution lines can expect these days to have to repair about four major leaks from corrosion 
per year. Moreover the indirect cost from adverse consumer reaction cannot be underestimated. 
Thus, rapid detection with online acoustic monitoring is a very desirable technology. 
 
Parker, (1981) wrote an excellent historical overview:  The first attempts to develop improved 
methods for leak detection using acoustic techniques appeared in the 1930’s. In that decade four 
publications appeared: Smith, 1933; Gilmore 1935; Richardson 1935; Larson 1939. In accord 
with the statistical picture of steel gas pipeline corrosion, pipes installed in the 1880’s by then 
would have already attained the 30 to 40 years of age required for the appearance of significant 
leakage. Further interest in the problem did not appear until approximately 20 years later, see 
(McElwee 1957) and the paper (“Novel Devices Determines and Locates Gas Leaks by 
Sound”,1959). If one couples a sensor such as a microphone to the gas inside the pipe, leak 
generated noise is clearly audible, because the magnitude of the ambient noise is rendered 
negligible by high transmission loss through the external soil and the pipe wall. As in the earlier 
work, all these efforts were confined to a listening or passive approach.  
 
The first systematic attempt to develop an improved means of leak detection combining both 
active and passive approaches was initiated late in 1950 and continued through 1965. The 
American Gas Association (A.G.A) supported that effort with the technical work being carried 
out at the Institute of Gas Technology (IGT). A record of progress in developing an operational 
system is contained in two publications: (Reid 1961) and (Hogan 1964).  Hogan’s “Field Results 
with Sonic Pinpointing” is particularly significant because it represents a summary of the results 
of extensive field-testing involving six major gas utilities. One noteworthy statement appearing 
in this summary has to do with difficulties involved with transfer of technology to the operators 
who were largely unskilled in the use of electronic instrumentation employed. This same point 
was raised by (Larson in 1939), in efforts to using a geophone for leak detection, he stated: “ 
Thus far the best results have been obtained from operators who have had some college training 
along engineering lines.” Although some success in leak location using the IGT approach was 
achieved, the system was not considered to be sufficiently reliable for an effort to be made to 
replace the time-honored technique of “barholing”. Analysis of the results of the extensive field 
measurements data indicated that the main problem was the unpredictable performance of the 
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system, coupled with the inability to predict quantitatively the change of success or failure in a 
given situation” 
 
Kovecevich, 1995 discussed pressurized piping and boilers in utility and industrial power plants 
where acoustic leak detection systems have been in use since the early 1970’s. These methods 
detect the continuous sound waves emanating from the turbulence created by the escaping gas. 
Sound waves are generated in three mediums: the high pressure fluid in the pipes, the pipe walls 
and the low pressure fluid outside of the pipes. Dynamic pressure transducers are installed in the 
pipe fluid and on the piping itself. Detection ranges are typical between 10 and 120 feet, 
depending on noise level and weather a pressure sensor is mounted on a pressure vessel, or some 
distance away with air in between. The optimum monitoring frequency range for structure borne 
leak detection sensors is 2-20 kHz and for airborne signals the monitoring frequency range is 2-
15 kHz. 
 
Jolly, 1995 reviewed several different acoustic based leak detection methods and found the most 
promising method is the low frequency impulse detection method. The impulse method uses 
sensors mounted at the ends of the pipeline. This method could capture the transient acoustic 
event associated with a rapid rupture event. This method could only detect large size failures 
(over one inch in diameter) but then over distances up to 100 km. But the method would not 
detect small leaks, which grow over several hours. He found that when sensors are mounted on 
the outside of the pipe, to detect noise of a leak, the frequency range is typical in the range of 5 
to 300 kHz. Detection range in a gas filled pipe is 2.5 times that of a liquid filled pipe. This 
technique is used only in industrial plants and typical detection ranges from 140 meters for a 2 
gpm leak to 350 meters for a 200 cfm leak. 
 
Parker J.G.(1981), undertook the necessary fundamental research (both theoretical and 
experimental) to identify factors of major importance in the operation of a system of active 
acoustic leak detection and then investigated in detail the interrelation of these factors. To 
increase the signal to noise ratio, through the use of a correlation, only active methods where 
considered to detect the acoustic signal SA emitted by a 1/64” orifice in a pipeline buried 2 ft 
deep to the background noise N. Thus the detected signal SD was NSS AD +=  in which the 
acoustic signal frequency f = 2πf  is known but the phase angle φ is not. )cos( 11 φω += tASA . An 
excitation signal SE is used to excite the acoustic signal )cos( ooE tAS φω += . Then their 

correlation over time period T: ∫ −==
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T, with the result that signals with very small initial values of SA /N can be detected.  
Another major issue was to decide exactly what is meant by a leak.  It is clear that a hole in the 
pipe wall itself is not sufficient. The final definition adopted was that a leak must be responsible 
for a loss of gas from the distribution system. Thus there must exist a path extending to the 
surface in addition to the pipe-wall perforation. The external path develops slowly in response to 
either the increase in pressure in the surrounding soil caused by the gas pressure build-up, or 
more suddenly by soil movement caused by nearby excavation or freeze-thaw and wet-dry cycles 
accompanying seasonal weather changes. The method proved to be successful but limited 
application to very near the leak site thereby requiring a sensor moving along the pipeline. Such 
a technology does not represent continuous monitoring by sensors that are fixed to the pipeline. 
 
Historically, various types of sensors have been employed to detect acoustic signals emitted by 
gas escaping through a leak or emitted by structural impact or failure of the pipe wall.  Sinha, 
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2002, gives a detailed description of the method of operation of acoustic sensors. Such sensors 
must be very responsive to dynamic signals, have a wide frequency response, and be robust and 
dependable.  Accelerometers have been widely used to detect acoustic signals in a pipeline by 
attaching such sensors to the outside of the pipe wall or into the surrounding soil.  The sensor 
portion of the accelerometer is usually a piezoelectric crystal that is highly sensitive to 
accelerations caused by vibrations.  Minute vibrational amplitudes of the crystal result in a tiny 
electric current output that can be highly amplified to produce an excellent dynamic instrument.   
Accelerometers can easily measure signal frequencies on the order of hundreds of kilohertz.  The 
limitation of the dynamic response is generally limited by the inertia of the article to which the 
instrument is coupled.   
 
Foil strain gages applied to the pipe wall are also used to sense the vibrational modes of the 
pipeline in response to an infringement event.  While less expensive than accelerometers, in 
general, foil strain gages do not have the dynamic frequency response exhibited by piezoelectric 
accelerometers.  Vibrating- line strain gages detect the change in frequency of a taut line 
stretched between two anchoring points on the pipe wall.   
 
Microphones have been widely used to detect the acoustic signal in the gas in the pipeline.  
Microphones consist of varying types and configurations but all must be capable of maintaining 
sensitivity in a high ambient pressure.  Microphone types consist of crystal transducers, 
capacitive transducers, inductive transducers, magnetic transducers, and strain sensitive 
transducers.  The response of the microphones to acoustic signals is characterized by the 
dynamics range, frequency response, and directionality of the device (Hall, 1980). 
 
Dynamic pressure transducers can also be used to detect the acoustic signal in pipelines.  The 
sensing element of such transducers is usually piezoelectric or piezo-resistive.  The pressure 
transducers are coupled to the gas but may also inherently respond to acoustic signals transported 
by the pipe wall if the transducer is rigidly mounted to the pipe by a standard pipe fitting 
connection. 
  
Some researchers in acoustic leak detection have used optical methods to detect leaks.    
Jette, et. al. ,1977 compared the results of  an earth-coupled accelerometer with a laser 
interferometer configured to measure the local displacements of the ground above the pipe 
transporting an acoustic signal.  The results were promising since the laser-based system could 
detect smaller ground surface displacement amplitudes than the accelerometer used.   
 
Many researchers have conducted research on acoustic leak detection in pipelines. There has 
been considerable success in liquid pipelines, but very few techniques have been proven in gas 
systems and of those of which claim to be successful are mostly privately funded and 
proprietary. One of the more successful systems to fit into this category is Wave Alert by 
Acoustic Systems Inc. (ASI) of Houston Texas In conducting a patent search for new 
developments, WVU’s previous reports have been listed in the references cited section of US 
patent # 6,668,619 B2 assigned to Acoustics Systems Inc. ASI uses acoustic pattern recognition 
systems for leak detection.  
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II. EXPERIMENTAL 
 
1) WVU 1st Generation Natural Gas Transmission Line Monitoring Package 
 
The 1st generation acoustic monitoring package was designed to detect and analyze weak 
acoustic signals inside natural gas transmission lines. Along with a microphone-type sensor, it 
housed a three- inch diameter diaphragm to amplify the signal and maximize sensitivity to leak 
induced ∆p type signals.  
 
The WVU 1st Generation Acoustic Monitoring Package utilized a combination of sensing 
devices contained in a removable sensor housing. The four sensors installed were: 
1)  a 0.5 inch diameter B & K model 4133 microphone, 3 Hz-40 Khz 
2) a mono phono-graph moving coil sensor, sensitive in the audible frequency range  
3) a Piezo-electric pressure transducer with a max reading of 400 psi 
4) the WVU designed floating 3" diameter diaphragm to detect transient flow induced 

pressure signals  
 
The WVU acoustic ramp-signal sensor with aerodynamic signal amplification used a small 
reservoir connected to the pipeline via three items: a small needle valve, and two small spring-
loaded check valves mounted for flow in either direction. The valves limited the pressure 
difference between the container and the pipeline to their set value, for example ±1 psi. The 
passage of any ramp function inside the pipeline produced a proportional pressure differential 
between the container and the pipeline, which can safely be measured by a ±1 psi differential 
pressure commercial available transducer. This allowed the detection of pipeline pressure 
transients down to 10 Pascal per second. The total sensor pack weight was 96 lbs without 
batteries. 
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Figure 2: WVU 1 st generation Acoustic Monitoring Package for 300 psi gas pipeline with diaphragm type 
aerodynamic signal amplifier. 

 
The aerodynamic signal amplifier/sensor combination turned out to have a very limited 
frequency response.  Housing such a large (three- inch diameter) sensor required the use of a steel 
300-psi rated 4" welded neck flange, which itself weighed 29 pounds.  The completed 1st 
generation Acoustic Monitoring Package weighed almost 100 pounds.  This was too 
cumbersome to mount in the field on an access port at a pipeline shut-off valve. To meet the 
desired operating pressure range of 0-1000 psig. This system would need to be many times 
lighter.  
 
These initial results caused the WVU team to change its strategy to considering a wider range of 
sensors excluding any sensor over ½” in diameter.  
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2) WVU 2nd Generation Portable Acoustic Monitoring Package (PAMP) 
 
 
The weight problem of the 1st generation acoustic monitoring package with its 4" flanged pipe, 
was solved by finding the Rosemont Inc. Model 3051CD-Range 0, self contained ∆p type signal 
sensor, rated for line pressures up to 1000 psi and a base weight of only 6 pounds.  This unit is 
software driven and is believed to have the best total performance industry-wide.  The lowest 
range unit was purchased with a ∆p range from 0 to 3" water. This allowed the construction of a 
2nd generation Portable Acoustic Monitoring Package (PAMP) for pipelines up to 1000 psi. The 
high sensitivity of this instrument eliminated the need for the three- inch diameter aerodynamic 
signal amplifier, with its associated heavy housing. Although this sensor's software can be 
reprogrammed to increase its range, for this instrumentation development phase it was found 
advantageous to use a simple needle-valve and a 1 liter accumulator to extend its ∆p range up to 
ten-fold by adjusting a knob. In addition to a pressure tolerant microphone linear from 70 to 
16,000 Hertz, an Omega pressure transducer is used with a frequency response up to 3 dB. The 
entire plumbing tree consisted mainly of steel cadmium plated 4600 psi, 1/2 and 1/4 " NPT 
plumbing fittings.  Only the microphone requires a 3/4 " NPT nipple and fittings. The result is a 
well laid-out and balanced plumbing tree with a weight of 26 pounds, including a 26 VDC 
rechargeable battery to power the ∆p sensor.  This portable acoustic monitoring package (PAMP) 
was more manageable and was used during the initial field tests. 
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The Natural gas transmission line WVU instrumentation tree has been designed to: 
 
Measure the following signals electronically: 

1)   Pipeline internal acoustic sounds by means of one or more microphones 
2)   Pipeline external acoustic sounds by means of one or more microphones 
3)   Pipeline very low frequency pressure waves and zero frequency step functions by means 

of a delta p sensor, with 1000 psi overload protection, and sensitivity operating range 
adjustable down to 3 inch water pressure, controlled by needle valve E setting and 
volume of a small accumulator tank 

4)   Pipeline temperature with thermocouple 
5)   Pipeline pressure with high frequency response piezoelectric transducer. 

 
Valves E and F should only be adjusted to alter the instrumentation response rate.  
Valve Manipulation Sequence for Gas-line Instrumentation Tree (GIT) 

1) Always start after making sure that all valves (A), (B), (C) and (D) are closed 
2) Mount instrumentation tree on access flange. 
3) Open valve (A) and read pipeline pressure on the dial of pressure gauge 1 
4)  Open valve (B) and notice on the dial of pressure gauge 2 that tree pressure rises slowly, 

rate controlled by needle valve (F) setting. 
5) Open valve (C) after: both dial gages 1 and 2 read the same pipeline pressure. 
 and 10 psi ?p gauge reads zero and expose microphones by means of an unobstructed 

1/2" pipe to the natural gas transmission line. 
6) Activate instrumentation data acquisition system  
7) Upon completion of all tests, turn off data acquisition system 
8)  Close valve (A) 
9) Close valve (B) 
10) Close valve (C) 
11) Open valve (D) to discharge pressure from instrumentation tree 
12) Close valve (D) and remove instrumentation trees from access flange.  
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   Nomenclature: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
  
 
 
 
 
 
 

Needle valve, color coded 
1/4" NPT  

One pipe coupling 3/4 " 
NPT for microphone 

Pressure relief valve flows 
only from left to right 

Ball valves A,B,C are 1/2" NPT 
and valve D is 1/4" NPT 

Pressure gauge in psig 

A 

B 

C 

D 

E 

F 

1 liter cylinder 

Microphone  

∆p 
∆p 

Data 
acquisition 
boards and 
batteries  

G 

Figure 3: Schematic of Portable Acoustic Monitoring Package (PAMP) 
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i. Differential Pressure Transmitter 
 
The sensor technology in the Rosemont Model 3051 allows for optimal performance of 
unprecedented ±0.075% reference accuracy, resulting in total operating performance of ±0.15%. 
The Model 3051 also has a five-year stability of ±0.125%. Transmitter stability is a critical 
measure of transmitter performance over time. Through aggressive simulation testing, the 
operational history of the Model 3051 has proven its ability to maintain performance over a five-
year period under the most demanding process conditions. This transmitter stability reduces 
calibration. In dynamic applications, speed of measurement is as important as repeatability. The 
Model 3051 responds up to eight times faster than the typical Smart pressure transmitter to detect 
and control variations quickly and efficiently. Superior dynamic response yields more accurate 
measurements to reduce variability and increase profitability. Its coplanar platform enables 
complete point solutions, enabling the right process connection for all pressure applications. The 
Model 3051 has a scalable, flexible design, which includes performance diagnostics and control 
diagnostics - such as plugged impulse line detection and statistical process monitoring - to 
evaluate the performance of the entire measurement system. This system provides user-
configurable transmitter-resident function blocks, such as PID, Math, and signal characterization. 
 

 
 

Table 2:  Model 3051 dynamic response
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ii. High Pressure Microphone Design and Calibration  
 
The current PAMP uses a high-quality Optimus model 270-090 omni-directional 
condenser type microphone. Its wide frequency response is ideal for pipeline acoustic 
applications. The frequency response is fairly constant between 30 Hz and 3000 Hz, 
which is also the frequency range that is most valuable for the monitoring of acoustic 
signals in natural gas transmission lines. 
 
The microphone is installed inside the PAMP on a 1000 psi triple conductor feed-
through. The new feed-through design is based on using existing a ¾” stainless steel plug 
with a 9/16” diameter hole. This plug has a ½” wide chip mounting board bonded to the 
inside on which the ½” microphone is soldered. The mounting board connects to the 
outside through three solid copper wires. These wires pass through ¼”NPT 3000 psi short 
nipple, which is filled with a mixture of milled glass fibers and epoxy to form a 1000 psi 
seal. External connection is achieved through the use of a ¼” stereo phone plug. A 
preamplifier is mounted externally with its power supplied by a 1.55 VDC Toshiba LR44 
battery. 

 
 

Microphone SignalR2
100k

C2
1uF

C1
10uF

R1
1k

+V
1.55 VDC

 
 
 
 
 

Figure 4:  Optimus model 270-090 microphone wiring diagram. 
 

The preamplifier has ¼” stereophonic male and female connectors on either side of a  
1½” x 2 ½” x 2” aluminum shielded box with an On/Off switch to provide 1.55 VDC to 
the preamplifier.  The Optimus 270-090 microphone performed well in laboratory 
experiments with line pressures up to 200 psig. It became apparent during higher-
pressure field tests that performance dropped off drastically.  
 
Once a high-pressure laboratory test apparatus was developed (Figure 9) a pressure 
compensated microphone was developed. Through a number of experiments, a new 
design was developed which uses the original Optimus 270-090 microphone with a 0.022 
inch diameter pressure equalization hole. The pressure equalization hole is drilled directly 
behind the microphone’s diaphragm. The pressure equalized microphone performed well 
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up to 1000 psig and its calibration test has been included in the results and discussion 
section.  
 
The PAMP microphone is calibrated using a Textronix model CF6250 signal generator 
and a 10 O driver mounted to the plumbing tree. A sinusoidal 450 Hz constant power 
signal is generated. Then at various line pressures up to 1000 psig an FFT of the 
microphone output is taken. The power of the 450 Hz component of the signal is recorded 
and used to judge the relative performance of the microphone. Figure 5 shows the relative 
performance between a standard and equalized microphone, both being pressured and 
depressurizing. 

 

 
Figure 5:  Performance comparison between a Standard 270-090 microphone and a Pressure 

equalized version, both being exposed to the same  power and frequency acoustic signal. 

 
iii. Data Acquisition and Management 
 
A recently completed survey of recent developments in the leak detection field indicated 
that Acoustic Systems Inc. (ASI) of Houston Texas appears to have made great strides 
recently with their WaveAlert system. In conducting a patent search for new 
developments, WVU’s previous reports have been listed in the references cited section of 
US patent # 6,668,619 B2 assigned to Acoustics Systems Inc. ASI uses acoustic pattern 
recognition systems for leak detection. Their pattern recognition systems use proprietary 
catalogs and local surveys of background acoustic signals as a baseline for comparison. 
This emphasizes the value of creating a catalog available for the public domain of 
background acoustic signals inside gas transmission lines. 
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To catalog the acoustic signals found in a natural gas transmission line, a wide frequency 
range must be considered. The sampling rate needed for the higher frequency content of 
these signals was determined to be 44 kHz. At this high sampling rate the data files 
quickly reached the limits of computer data storage and analysis capabilities. This 
inability to deal with large data sets collected when cataloging led to the procurement of a 
new data acquisition system. The audio recording industry has a number of systems 
exactly for this purpose. These systems compress acoustic data files to MP3 format. This 
allows the recording and efficient storage of very large acoustic data files. For example, 
15 minutes of high resolution data (44 kHz) can be store in as little as 32 Mb, compared 
with the original system where 30 seconds of relatively low resolution data (4kHz) 
consumed over 360 Mb of space. 
 
The TEAC TASCAM PS5 was implemented for the recording of acoustic signals. The 
unit is rugged and extremely portable. Along with its own battery power the units weighs 
only 1.5 lbs and measures only 6” x 9” x 2”. 
 

Analog Audio Inputs (1) unbalanced 
with level control; (1) unbalanced” 

TS mic/line (switchable); (1) unbalanced” 
TS mic (switchable to built- in mic) 

Analog Audio Outputs (1) unbalanced” TRS stereo main; (1) 1.8” 
stereo headphone 

Data Ports (1) USB; (1) MIDI In 
Physical/Virtual Audio Tracks 4/0 

Simultaneous Record/Play Channels 2/4 
Tone Generator GM-compatible; 64-note polyphonic; 

16-part multitimbral 
Internal Data Format 44.1 kHz, 24-bit 

A/D/A Conversion 44.1 kHz, 16-bit 
Storage Medium Compact Flash (3.3V, Type I; maximum 128 MB); 

maximum 60 minutes per card 
Built-in Microphone condenser 

Power 9 VAC adapter; (6) rechargeable NiMh AA batteries 
Signal-to-Noise Ratio 87 dB 

Total Harmonic Distortion 0.01% 
Frequency Response 20 Hz–20 kHz (+0.5/–3.0 dB) 

Display Backlit LCD; 2.28” (W) . 0.90” (H) 
Dimensions 5.50” (W) . 8.50” (H) . 1.75” (D) 

Weight 1.5 lb. 
 
 

Table 1:  TEAC TASCAM PS5 specifications. (Broderson, S. , 2003) 
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Figures 6 & 7:  The Teac TASCAM PS-5 with audio inputs and outputs on the 
top. On the bottom are MIDI In, USB, and AC-adapter ports. Selector switches 
and the Compact Flash port are on the unit’s right side. (Broderson, S., 2003)  
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A new signal-processing program capable of reading the compressed MP3 file format has 
been purchased and is currently being used for signal analysis. SIGVIEW is a complete 
real-time spectral analysis software package. This software has a wide range of powerful 
FFT spectral analysis tools, statistics functions and comprehensive visualization system. 
Real time data display, signal analysis and control Optimized FFT algorithm with fine 
parameter tuning are all built in. Time FFTs with powerful graphical solutions and 
parameter control, cross-spectral analysis and a real time signal calcula tor (subtract, 
multiply or add signals or analysis results, perform cross analysis) for fast data analysis. 
The program’s statistics functions, graphical block diagram environment, custom tools 
and workspaces can be created and reused for dozens of signals. Signals can be combined 
and analyzed at the same time with no artificial limitations. 
 
iv. Online Acoustic Sensor Calibrator (OASC) 
 
The complexity of the PAMP’s sensing and recording equipment makes it desirable to 
conduct an online calibration at the beginning of field recording activities. Gas 
transmission line safety standards make it prohibitive to mount a signal generator and 
driver on the PAMP in the field because of the associated power and voltage required, 
therefore another signal generation device had to be found. Another design consideration 
was weight. An acoustic inline signal generator was developed using a precision-tuned, 
heavy bronze free-reed, double-checked to the A440 standard, which is mounted in an 
1/8” copper tube. This instrument generates a specific acoustic signal depending on the 
gas flow through it. To limit the gas leakage rate, a valve and plug with a 0.040 inch 
diameter choke hole are installed downstream of the signal generator. The choked hole 
orifice determines the flow for a specific pressure. For a given pressure and flow the 
signal generator creates an acoustic signal with specific frequency and amplitude which 
can be measured with the PAMP instruments. 
 

 
 

Figure 8:  Photograph of OASC installed on PAMP. Each of the blue handled valves is an OASC 
with a different frequency-pressure curve.  
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Figure 9:  PAMP components should be tested for leaks in the laboratory prior to each field test. 
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v. Signal Processing for Infringement Detection 
 

Pipeline infringement by accidental heavy equipment impact or deliberate terrorist 
activity can be detected by monitoring acoustic signals carried by the gas.  Difficulty in 
detection arises because these burst signals can be very short in duration (less than 0.1 
second).  Burst signals may also be much lower in amplitude than the normal background 
acoustic signals that reflect the dynamics of the particular region including local pipeline 
geometry, gas flow rate, and online equipment such as compressors and turbines.  In 
order to detect infringements, it becomes necessary to continually compare new acoustic 
signals to the background acoustic signal at that location.  Only by removing the 
background acoustic signal from newly acquired acoustic signals can burst signals be 
easily ident ified.  
  
An acoustic signal in its raw (amplitude versus time) state is difficult to interpret and not 
recommended.  Using Fast Fourier Transform (FFT) analysis, an acoustic signal may be 
broken down into its individual frequency components.  FFTs provide the synchronized 
signal characteristics required to properly remove background signal characteristics from 
new acoustic signals so that unique frequency variations caused by pipeline impacts can 
be revealed.  Because low frequency (0-2000 Hz) waves travel much farther than high 
frequency (>2000 Hz) waves without substantial attenuation, FFT analysis was initially 
performed within the range of 0-1200 Hz. 
 
As an acoustic signal is received by monitoring equipment, it can be split into two 
separate channels.  Both signals are broken into 0.1-second data packets for FFT analysis, 
but one of the signals is delayed for 1 second.  Once a new signal is processed, the 
delayed signal’s FFT may be subtracted from it.  This new “difference FFT” reveals 
information about any variations in frequency and power that have occurred within the 1-
second time lapse.  This process is best illustrated in the example of Figure 10.  When 
Sample A reaches the monitoring equipment, it undergoes FFT analysis and is then 
delayed for one second.  Once Sample B has been processed into FFT format, the delayed 
FFT from Sample A may be subtracted from the FFT of Sample B.  If no burst has 
occurred within the 0.1-second time frame of Sample B, there will be almost no 
difference between the two curves (Figure 11).  However, if a burst has taken place in 
Sample B, then the difference between the two FFT’s will be substantial (Figure 12).  
These rapidly changing frequency spectra are clear indicators of pipeline bursts and 
infringement. 

. 

 
Figure 10:  0.1-second acoustic signal sampling occurs at 1-second intervals. 
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Figure 11:  When Sample A’s FFT is subtracted from Sample B’s FFT, the difference FFT shows 

only slight frequency variation, indicating an absence of any burst signal. 

Sample B 

Sample A 

Difference FFT 
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Figure 12:  When Sample B’s FFT is subtracted from Sample C’s FFT, the difference FFT shows 

obvious frequency variation, indicating the presence of a burst signal. 
 

 
Figure 13:  Comparing the difference FFTs of Figures 3 and 4 reveals the vast difference between 

normal and burst difference FFTs. 

Sample B 

Sample C 

Difference FFT 

Figure 3 Difference FFT 

Figure 4 Difference FFT 
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Readily available digital recording devices with FFT analysis software can be used in 
conjunction with the 3rd generation PAMP sensor technology to provide low-cost 24-hour 
monitoring of natural gas (NG) pipelines.  Wireless data links (i.e., FM or cellular 
transmission) will allow NG providers and carriers to quickly respond to significant 
pipeline bursts or infringements (Figure 14).  Further programming of these units will 
also allow users to develop an extensive database of normal background acoustic signals.  
This information can then be compared with current signals to determine maintenance 
needs along the pipeline such as identifying line leak noise or abnormal compressor 
noises indicating the need for maintenance. 

 

Raw Signal

Raw Signal FFT 
Analysis

1 Second 
Delay

New 
FFT

Old 
FFT

  

New FFT
- Old FFT

"Difference FFT"

     New FFT

Significant 
Variation?

Digital 
Display

Delete Recent Data;
Go to New Raw Data

No

Yes
Save Data Set & Activate 

Burst Detection Alert

 
Figure 14:  Open loop programming flow chart for NG pipeline burst detection.  
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III. RESULTS AND DISCUSSION 
 
Recent natural gas pipeline tests were performed on Dominion Transmission, Inc. 
pipelines near the Swisher-Uffington pumping station.  Two PAMP units were installed 
on shut-off valve access ports of a 12-inch pipeline operating at 200 pounds per square 
inch. The PAMP units were able to detect the signal generated by dropping a 1-inch steel 
ball from a height of 2 cm (3/4 inch) onto a pipeline access port located one kilometer 
downstream. Of the two PAMP units used in this test, one of these was a newly designed 
3rd generation PAMP.  This new PAMP is 18 inches tall and weighs only 5.5 pounds.  It 
connects to any half- inch pipeline fitting, is rugged, pressure tested to 1000 psi and costs 
less than $1000 to manufacture. 
 
A preliminary investigation indicated that acoustic signals up to 6000 Hz experience little 
attenuation in a natural gas pipeline.  Impact on the pipeline of a 1” diameter steel ball 
dropped from a height of 2 cm could be clearly identified by a PAMP located at a 
distance of one kilometer (0.6 mile).   
 
 

 
Figure 15: On the left is a complete Pipeline Acoustic Monitoring Package (PAMP) shown with a 

laptop for data analysis.  The PAMP (on right) shows that unit can also be operated without a  
laptop, using its internal data recorder. The internal microphone is pressure equalized up to 1000 

psi. 
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IV. CONCLUSIONS 
 
A new technology to monitor natural gas pipelines for leaks has been successfully tested 
in Morgantown, WV. It relies on acoustic signals transmitted via the natural gas itself. 
Tests have been conducted on a pipeline owned and operated by Dominion Transmission 
Inc.  The Department of Energy’s National Energy Technology Laboratory (NETL) has 
worked with West Virginia University for the last two years to develop this novel 
pipeline infringement detection system.   
 
The technology consists of installing low cost Portable Acoustic Monitoring Packages 
(PAMP), which include a pressure compensating microphone, a monotone calibrator and 
a signal recorder.  They are installed on pipeline access ports, which are located near line 
shut-off valves. Computer software is used to digitize the recorded signal for analysis and 
interpretation.  Most of the acoustic energy transmitted via the natural gas is in the form 
of flow noise and sources such as pumping stations. A high-pressure leak through a pipe-
wall fracture generates vibrations in the pipe-wall with a wide range of frequencies. Only 
the lower frequency range is transmitted via the gas inside over great distances. Leak 
noise has its own unique acoustic signature.  Isolating a leak signal from the background 
noise is a major focus of this research.  In addition to leak detection, sensing physical 
impacts to a gas pipeline, such as made by errant excavating equipment or even sabotage, 
is important to maintaining the structural integrity of the pipeline infrastructure.   This 
technology may also prove useful for monitoring the acoustic signals generated by 
compressors at pumping stations. Any change in signal could indicate the need for 
maintenance and permit timely repairs.   
 
During a recent field test, two PAMP units were installed on shut-off valve access ports 
of a 12- inch pipeline operating at 200 pounds per square inch. The PAMP units were able 
to detect the signal generated by dropping a 1inch steel ball from a height of 2 cm above 
the pipeline at a distance of one kilometer. The PAMP is 18 inches tall and weighs only 
5.5 pounds. It connects to any half- inch pipeline fitting, is rugged, pressure tested to 1000 
psi and costs less than $1000 to manufacture. By measuring the difference in signal 
arrival time at two PAMP units, and multiplying this by the speed of sound in natural gas, 
one can pinpoint its location. 
 
The PAMP is of interest to the natural gas transportation industry because it has the 
potential to provide an affordable pipeline health-monitoring network, and assist in 
securing the supply of gas to their customers. WVU Mechanical and Aerospace 
Engineering (MAE) professors John Loth, Gary Morris and Mike Palmer, working with 
research assistants Richard Guiler and Pat Browning, have developed the PAMP 
prototype.   
 
Currently pipelines are inspected at most twice a year by “pigs”, instrumented with very 
sophisticated pipeline wall integrity detectors. These "pigs" are placed within a pipeline 
and pushed along by the flow of the natural gas. The PAMP system is capable of 
providing an on- line, inexpensive addition to the current "pig" inspection technology.  
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WVU researchers are working on cataloging the background sounds in natural gas 
pipelines.  This includes flow noise through fittings and valves and the acoustic signature 
of piston engine and turbine driven compressors. As infringement signals must be filtered 
out from such a wide range of noise sources, cataloging them will be beneficial to future 
detection research. 
 
Through signal processing, the PAMP recorded signal has demonstrated the ability to 
isolate any anomalies in the signal. The challenge to the operator will be to minimize 
false alarms by properly identifying the recorded signal. WVU researchers have also 
developed a nine monotone generator, actuated by gas bleed. This is used in conjunction 
with multiple PAMP units to calibrate acoustic signal damping rates as a function of 
distance, frequency, line pressure, flow rate and pipeline size and wall properties.   
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