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FOREWORD 

API PUBLICATIONS NECESSARILY ADDRESS PROBLEMS OF A GENERAL 
NATURE. WITH RESPECï TO PARTICULAR CIRCUMSTANCES, LOCAL, 
STATE, AND FEDERAL LAWS AND REGULATIONS SHOULD REWEWED. 

API IS NOT UNDERTAKING To MEET THE DUTIES OF EMPLOYERS, 
MANUFACTCJRERS, OR SUPPLIERS TO WARN AND PROPERLY TRAIN 
AND EQUIP THEIR EMPLOYEES, AND OTHERS EXPOSED, CONCERNING 
HEALTH AND SAFETY RISKS AND PRECAUTIONS, NOR UNDERTAKING 
THEIR OBLIGATIONS UNDER LOCAL, STATE, OR FEDERAL LAWS. 

NOTHING CONTAINED IN ANY API PUBLICATION IS TO BE CONSTRUED 
AS GRANTING ANY RIGHT, BY IMPLICATION OR OTHERWISE, FOR THE 
MANUFACTURE, SALE, OR USE OF ANY METHOD, APPARATUS, OR 
PRODUCT COVERED BY LEïTERS PATENT. NEITHER SHOULD 
A " G  CONTAINED IN THE PUBLICATION BE CONSTRUED AS 
INSURING ANYONE AGAINST LIABILITY FOR INFRIGEMENT OF LE"ERS 
PATENT. 
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Executive Summary 

Introduction 
Though a number of f m  offer aboveground storage tank (AST) leak detection services 

based on passive acoustics, very little information has been published concerning the performance 
of such systems or the nature of the acoustic leak signal. This document provides the results of an 
engineering assessment of passive-acoustic sensing methods for detecting srnail leaks in large 
ASTS.' The assessment consisted of laboratory experiments, analyses of unpublished data 
collected by industry in a 10-foot-diameter AST containing water, and field experiments at the 
Mobil Oil Refinery in Beaumont, Texas on a 114-foot-diameter AST containing a heavy naphtha 
petroleum product. 
Background 

The American Petroleum Institute (API) has completed two phases of a leak detection 
project for aboveground storage tanks (ASTs). The purpose of Phase I was to assess different leak 
detection technologies to determine which had the greatest potential for field application. Because 
acoustic and volumetric methods were found to have significant operational and performance 
advantages, they were the ones chosen for testing under Phase II of the project. 

The purpose of Phase II was to perform an engineering assessment of acoustic and 
volumetric methods for detecting small leaks in large ASTs. The principal objectives of Phase II 
were: 

to determine, in the case of acoustic methods, the nature of the leak signal and the 
ambient noise in an AST; 
to determine, in the case of volumetric methods, the sources and magnitude of ambient 
noise associated with measurements in an AST; 
to perform field experiments on a large, full-scale AST; and 
to recommend ways to improve existing AST leak detection methods. 

Conclusions 

can be used to detect small leaks in ASTs. The experiments have shown that a detectable leak 
signal does exist, but that the current approach to data acquisition and signal processing needs to 
be improved for the technology to achieve its full potential. As part of the field tests under Phase 
II, an algorithm based on radar beam-forming techniques was developed; this algorithm improved 
the detection of leaks. An example of the application of the algorithm to both impulsive and 
continuous leak signals is presented in this report. Both the beam-forming algorithm and the data 
collection strategy must be evaluated by means of further experiments designed to estimate the 
performance of a passive-acoustic system in the presence of real leaks in the floor of an AST. 
Section 3 of the body of this report consists of a short but detailed summary of the technical 
results of this engineering assessment. A description of the e x p e h e n t s  and analyses are 
presented in two professional papers, which are attached as appendices to the report. 

The analytical and experimental results of this project suggest that a passive-acoustic system 

1 The results of die volumetric study are provided in a separate API document entitled An Engineering Assessment of 
Volumetric Methods of Leak Detection in Aboveground Storage Tanks, by James W. Starr and Joseph W. Maresca, Jr. 

ES-1 
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1 Introduction 

This report summarizes Phase II of a research program conducted by the American 
Petroleum Institute (MI) to evaluate the performance of technologies that can be used to detect 
leaks in the floors of aboveground storage tanks. During Phase I, an analytical assessment of the 
perfomance four leak detection technologies was investigated [i, 21. The four technologies 
included: (1) passive-acoustic sensing systems, (2) volumetric systems, especially differential 
pressure (or "mass") measurement systems, (3) advanced inventory reconciliation methods, and 
(4) tracers methods. During Phase II, field tests were conducted on an aboveground storage tank 
to make an engineering assessment of the performance of two of these technologies, 
passive-acoustic sensing systems and volumetric detection systems. This report describes the 
engineering assessment of the acoustic systems that were examined; the engineering assessment 
of volumetric systems is described in a separate report [3]. 

The specific objectives of the Phase II research in the area of acoustics were to: 

assess the current state of AST leak detection technology 

determhe the nature of the leak signal and the ambient acoustic noise in an AST 

perform field experiments on a full-scale AST 

recommend ways to improve existing AST detection systems 

The field tests were conducted at the Mobil Oil Refinery in Beaumont, Texas, on a 
50,000-bbl, 114-fi-diameter AST containing a heavy naphtha petroleum product. The 
experiments focused on identisling and quanteing the acoustic leak signal and its source 
mechanisms, and on formulating the strategies necessary to detect the leak signal. 
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2 Background 

The choice of a particular strategy for the collection and processing of acoustic signals is 
strongly tied to the nature of the signai and the background noise field in which the signal is 
immersed. The approach to AST acoustic leak detection adopted by the industry is based upon 
the success with which flaws and cracks in a variety of materiais have been identified through 
the use of acoustic emissions (AE) techniques, and the ease with which such systems may be 
designed and operated. Though a number of h s  offer AST leak detection services based upon 
passive acoustics, very little technical information has been published concerning the 
performance of such systems or the nature of the acoustic leak signal. While tank owners and 
operators covet the operational features of the technology, there is a need to provide convincing 
evidence that the technology is effective. A first step toward providing this evidence is to review 
the few available test results provided by the leak detection industry and to perform a system 
analysis of the data collection and processing approach being used. The assessment of passive 
acoustic leak detection technology presented in this work is based both on the industry-derived 
data and on laboratory and field experiments. 

The current method by which the presence of an AST leak is inferred is detection- 
through-location. in order to locate a region of the AST floor that emits acoustic energy in 
excess of a measured, average level, an may of transducers is used to construct a sound-level 
map. Currently available acoustic leak detection systems require that the leak emit impulsive 
signals whose amplitude greatly exceeds the background noise level. The process of converting 
these impulsive signals into a sound-level map can be described as follows. For each element of 
the sensor array, an impulse arrival time is recorded when a preset threshold signai level is 
exceeded. Sets of impulse arrival times then serve as input to a location algorithm that predicts 
the most likely origin of the signal. A large number of such location predictions are plotted on a 
diagram of the AST floor to produce the sound-level map. Regions of the map in which 
significant clustering of source locations is observed are interpreted as likely leak locations. 
Published results of field tests on full-scale ASTS, and unpublished results made avdable for 
review, offer linle convincing evidence that this approach to passive-acoustic leak detection 
perfoms adequately when applied to the AST leak detection problem. An analysis of the 
problems associated with the current generation of leak detection systems was performed in 
which two fundamental questions were addressed. First, are large-amplitude, impulsive signals 
(i.e., background noise) expected to dominate the acoustic signal in the case of real AST leaks? 
Secondly, if leak-generated impulsive signals exist, are they being acquired and processed 
correctly? 
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3 Summary of Results 

The nature of both the acoustic leak signal and its corresponding source mechanisms was 
investigated in a series of laboratory experiments. A leak simulator was constructed in order to 
control the flow rate, backflU material, and pressure head above the leak. Time series of acoustic 
signals were recorded by a pair of transducers placed in close proximity to the leak. The results 
of these experiments showed that the acoustic leak signal is comprised of both impulsive and 
continuous components. Turbulent flow, cavitation, and particulates in the backfill colliding 
with each other and with the tank floor were identified as the most likely source mechanisms for 
the production of continuous leak signals. The interaction between the leak flow field and air 
bubbles trapped within the backfLU material was the only source mechanism found to produce the 
large-amplitude, impulsive signals upon which the current leak detection technology is based. In 
addition, once the b a c a  material became fully saturated, the production of impulses ceased. 
These results brought into question the persistence of impulsive leak signals in an operational 
AST, but also identified detectable, persistent signals that have not yet been exploited by the 
industry. 

The published results of field tests show a high degree of scatter in the data used to form 
sound-level maps. On the assumption that the backfill conditions present during these tests were 
appropriate for the production of impulsive leak signals, an analysis was made of the data 
collection and signal processing methods currently employed by the testing industry. The results 
of this study indicate that the manner in which data are acquired, i.e., collecting a set of impulse 
arrival times whenever a threshold exceedance occurs on any element of the sensor may, tends 
to produce inaccurate location estimates in proportion to the rate at which impulses are emitted 
from the leak. When only impulse arrival times are collected, as opposed to continuous time 
series, the possibility exists that a given set of arrival times are not conelated with the emission 
of a single impulsive signal, but instead are correlated with two or more distinct events. The 
processing of these mixed-arrival time sets by the location algorithm was suggested as a probable 
source of error. For a full-scale tank, it was shown that the inaccurate collection of impulsive 
signals would occu 50% of the time for a rate of impulse emission of only 12 s-'. This analysis 
assumed that the noise was zero and that only detectable signals were present; the percentage of 
improperly collected signals would increase significantly if noise were included or the rate of 
impulse emission were increased. 
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The detectability of acoustic leak signals and alternative methods for the processing of 
these signals were Investigated through the analysis of data obtained during field tests on 1 O- and 
1 1443-diameter ASTs. One of the vendors provided continuous time series of impulsive leak 
signals recorded in a 10-fi-diameter AST by internal hydrophones and external resonant sensors. 
The primary results of this analysis were that: (1) impulsive signais dominated the acoustic leak 
signal produced in a 10-fi-diameter test tank, and (2) the impulses were detected equaily well by 
external and internai sensors. The presence of impulsive leak signais in the test-tank data is 
consistent with the laboratory results cited above. The backfill material was well drained, thus 
allowing for the entrainment of air bubbles into the leak flow field. 

An extensive series of tests were conducted on a 114-fi-diameter AST located at the Mobil 
Oil Refmery in Beaumont, Texas. The primary goals of the Beaumont experiment were to: 
(1) investigate the detectability of impulsive-vs.-continuous acoustic leak signais, (2)  measure 
the ambient noise field against which the leak signals must be detected, and (3) obtain 
continuous time series on a variety of sensor mays so that improved detection algorithms could 
be tested. In order to gain a degree of control over the presence or absence of the leak signal, 
and over the source mechanisms that give rise to the leak signal, a pair of leak simulators were 
constructed for use in the AST. Both impulsive and continuous components of the simulated 
acoustic leak signal were found to be detectable in an AST of this dimension. The character of 
the impulsive leak signal produced by leakage into partially saturated backfïïs was such that 
currently used data collection and signal processing techniques would be unlikely to detect the 
leak in a reliable, convincing manner. The ambient noise field was found to be strongest at 
frequencies below 10 kHz, thus masking a substantial portion of the continuous leak signai 
received by external sensors. Because the typical AST leak signai wiil most likely be influenced 
by a variety of source mechanisms, the possibility that both impulsive and continuous signals can 
be processed by the same detection algorithm was investigated. A leak detection algorithm 
based upon beam-forming techniques was applied to the impulsive and continuous leak signais 
collected during the Beaumont test. Good agreement between the predicted and actual leak 
location was obtained for both types of signals. 

. 

The analytical and experimental results of this project are very encouraging, suggesting as 
they do that a passive-acoustic system would be capable of detecting small leaks in ASTs. These 
experiments have shown that a detectable leak signal does exist, but that the current approach to 
data acquisition and signai processing needs to be improved for the technology to achieve its full 
potential. The beam-fonning algorithm developed to detect a broad range of acoustic leak 
signals may provide a means of detection that is largely independent of the particular source 
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mechanisms associated with a given AST leak. The beam-forming detection algorithm and data 
acquisition system should be refined by means of experimental data obtained from a sensor amy 
that contains a large number of optimaüy spaced elements. In addition, the uncertainty 
concerning the character of the signals produced by real AST leaks must be addressed through 
further experiments. 
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I 4 Report Organization 

The work performed as part of the Phase Iz. program is summarized in two technical papers 
prepared for publication in the engineering and scientific literature. A copy of each paper is 
presented, respectively, in Appendices A and B of this report. Both papers describe the results of 
the experiments with the passive-acoustic sensing system. One has already been published [4], 
and the other [5] wiU be submitted for publication shortly. 

The paper attached as Appendix A [4] provides a description of the current generation of 
AE-based leak detection systems and presents the results of an analysis of the data collection and 
signal processing procedures being used by these systems. This paper also presents an analysis 
of data that were collected on a 10-fi-diameter AST by a vendor and that were subsequently 
provided to the API. These data were analyzed for the purpose of investigating the nature of 
impulsive leak-signal propagation and the detection of impulsive signals by internal vs. external 
sensors. Finally, the paper presents the results of an extensive set of laboratory experiments in 
which the nature of the leak signal and its source mechanisms was investigated. 

The paper attached as Appendix B [5 J describes the field experiments conducted on a 
114-fi-diameter AST and a test of a detection algorithm based on the principles of classical beam 
forming. Source mechanisms identified in 141 were produced through the use of a leak simulator 
placed inside the AST. The detectability of acoustic leak signais over typical AST dimensions 
was investigated. This was done by recording continuous time series with arrays of sensors 
mounted on the external wall of the tank and with a pair of hydrophones deployed internally. 
Suggestions for improved performance of passive-acoustic leak detection systems are based on 
the results of these field experiments, and on the development of data collection and signal 
processing techniques appropriate for the detection of a broad class of relatively weak acoustic 
leak signais against a strong ambient noise field. 
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Appendix A 

Detection of Leaks in the Floor of Aboveground Storage Tanks 
by Means of a Passive Acoustic Sensing System 

E. G. Eckert and J. W. Maresca, Jr. 

Vista Research, Inc. 
Mountain View, California 

This paper was published by the Air and Waste Management 
Association in its Proceedings of the 24th Annual Meeting and 
Exhibition held in Vancouver, British Columbia, on 16-20 June 1991. 
The paper contained in this appendix is essentially the same as the one 
published by the Air and Waste Management Association, except that a 
correction was made to Figure 6, which had inadvertently been reversed 
in the original. 

The description of data collection and processing found in the 
section of the paper entitled "Description of Commercially Available . 

Acoustic Leak Detection Systems" (and the analysis based on this 
description in the section entitled "Impulse-Mixing Analysis") is based 
on the system used by one of the ñ r m s  that offers acoustic testing 
senrices. It should be noted that several fimis, upon reviewing the data 
collection and processing method described in the paper, pointed out that 
their methods differed slightly from the one described and were actually 
more complex and robust. While this may be true, it is the opinion of 
the authors that the conclusions of the impulse-mixing analysis would 
not change materially even if this analysis were done repeatedly in such 
a way as to model more precisely the methodology used by each of the 
f m s  providing services or systems for detection. 

A- 1 
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Detection of Leaks in the Floor of Aboveground 
Storage Tanks by Means of a Passive Acoustic Sensing System 

Eric G. Eckert and Joseph W. Muesca, Jr. 
Vista Research, Inc. 

P. O. Box 998 
Mountain View, Califomia 94042 

Abstract 

The acoustic signal produced by a leak in the floor of an aboveground storage tank (AST) 
was investigated through laboratory and field experiments. Detectable leak signais observed 
under laboratory conditions were found to be caused by three primary source mechanisms: (1) 
turbulent flow through the leak aperture, (2) particulate collisions with the tank floor, and (3) air 
bubble/flowfield interactions. Whiie turbulent flow noise was present in ali recorded leak 
signals, mechanisms (2) and (3) were strongly dependent on backfdl conditions. Leak signals 
recorded in a 10-ft-diameter AST were analyzed in order to verify the existence of the impulsive 
leak signal, to investigate the propagation mode of leak signals, and to determine the 
detectionjlocation capability of a narrow-aperture, three-dimensional acoustic array suspended in 
the fluid. SuccessEul location of a 2-mm hole in the Boor of the 10-ft-diameter tank was 
accomplished by applying a least squares estimation algorithm to the data obtained from the 
submerged acoustic array. A statistical analysis of the data collection procedures currently being 
used shows that frequent false alarms and missed detections result from improper time 
registration of impulsive leak signals. Several recommendations for minimizing this problem are 
made. 

Introduction 

Detection of small leaks in the floor of a large aboveground storage tank (AST) is an 
extremely difficult task. The American Petroleum Institute (API) has undertaken a program to 
evaluate the performance of different technologies for detecting smaii leaks. During Phase 1 of 
the program, the API described and made a preliminary analysis of the operational and 
performance features of four technologies'2. During Phase 2, it will conduct a set of experiments 
in a 77,300-barrel (3.3-Mgal), 117-ftdiameter AST in Beaumont, Texas. These experiments 
will investigate the Unportant sources of noise and signal-plus-noise of two leak detection 
approaches, one using an array of passive acoustic sensors and another using mass/volumetric 
measurement systems. This paper provides a description of commercially available acoustic 
detection systems and a preliminary assessment of the technology for detection of leaks in large 
tanks. 

Passive acoustic detection systems play an important role in successfully identeing 
structural defects in a wide variety of materials. The use of acoustic systems to detect leaks in 
the floor of an AST evolved from and is based on the technology used to detect flaws and cracks 

A-2 
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in the waiis of a pressurized vessel by means of acoustic emissions. A distinction should be 
made between an acoustic emission associated with the concentration of stresses in a material 
and the hydrodynamic acoustic signai produced by a smaü leak in an AST floor. While many 
important AST structurai problems can be identified through acoustic emissions, the techniques 
used to acquire and process acoustic emissions data may not be applicable to detecting the 
acoustic signal produced by a leak. 

A review of the industry shows that f m  providing acoustic leak detection services for 
ASTs have been involved principally in using acoustic emissions techniques. The main 
differences in the acoustic systems used by each firm are the type of sensors and the type of 
arrays. In general, aü of the firms use the same approach to data collection and analysis. This 
technology is desirable from an operational standpoint because tests can be conducted with only 
minimal disruption to transfer operations. The sensors are mounted on the outside wall of the 
tank and a test can be conducted in a short time (approximately 1 h). 

The performance of this technology for detecting leaks in the floor of ASTs is at present 
unknown. A review of the literature shows that very little technical information is available to 
evaluate the capability of acoustic technology. Most of the technical information has not been 
published because it is considered proprietary. Of the papers that have been published, most 
concentrate primarily on the results of leak detection tests but do not adequately describe the 
fundamentals of the technology. One paper describes some laboratory and smaii-tank 
experiments with wate2, suggesting that a detectable signal exists, but does not describe the 
character of the signal or how to detect it. Another paper describes the results of some field tests 
of an acoustic leak detection system4. These tests were designed to demonstrate the technology 
and do not investigate the background noise or the characteristics of the signal, which are 
required to estimate the performance of a system. Unfortunately, these field tests, which are 
supposedly a good example of the technology, are not overwhelmingly convincing even as a 
demonstration. This same statement is true of other unpublished demonstrations conducted by 
other testing services. As a result of this paucity of technical information and the lack of 
overwhelmingly convincing leak detection demonstrations, tank owners and operators, while 
they covet the operationai features of the technology, are unable to determine whether this 
technology is effective. 

The performance of a leak detection system depends on how easy or difficult it is to 
unambiguously identify the signal in the presence of the noise. The noise is any acoustic return 
produced by either the hstrumentation, or any man-made or ambient source that has 
characteristics similar to the signal. If the signai can be isolated from the noise, then 
performance will be high; if not, performance WU be poor. The objective of the data collection 

A-3 
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and signal processing is to minimize the noise. In order to do this, the first step is to derennine 
the basic characteristics of the signai. This paper addresses the signal. It does not address the 
magnitude and frequency content of the potential sources of ambient noise that might be 
encountered during a leak detection test. Until the ambient noise field is addressed, however, no 
estimates of performance are possible. The magnitude of the ambient noise field and its 
frequency content wiU be identified during Phase 2 of the API program, through field tests in an 
operational 117-ft-diameter tank containing light petroleum products. 

A number of important questions are addressed in this paper. 

What are the current approaches to acoustic leak detection and how effective are they? 

Does a leak signal exist? If it does, what is it, how is it affected by backnll, how does 
it propagate, and how detectable is it? 

What approaches to data collection, array configuration, and signal processing can be 
used to enhance performance? 

The analysis and experiments reported herein were completed in support of the design of 
field tests on a 117-ft-diameter tank and are part of a preliminary evaluation of the technology by 
the APL This paper consists of the analysis of the data from (1) three experiments conducted 
and provided by DNV Industrial Services, Inc., (2) laboratory experiments conducted by Vista 
Research, ïnc., using sensors and amplifiers provided by Hartford Steam Boiler Inspection 
Technologies, and (3) published data from MQS Inspection, I ~ c . ~ .  The results of the analyses 
presented in this paper suggests that the technology has high potential for detection of leaks in 
the floor of an AST, but performance is hampered by the way in which data is currently being 
collected and processed. 

Description of Commercially Available Acoustic Leak Detection Systems 

Acoustic leak detection systems currently available in the United States are designed to 
detect impulsive signals in the time domain that are much larger than the background noise level. 
The acoustic signal is sampled by a multi-channel transient recorder at a very high rate (e.g., 
1 MHz), and an array of frequency-selective sensors is used to acquire data for a time-of-arrival 
analysis. (Examples of time series that contain impulsive leak signals are shown in Figures 4 
and 14.) It is assumed by leak detection f m s  that these large impulsive signais exist and that 
multiple signais can be uniquely distinguished in time from one another. The procedure by 
which a set of impulse arrivai times is acquired from the acoustic array is as foìiows: a threshold 
signal level is set and whenever it is exceeded at one sensor, the time of arrivai of the next 
threshold exceedance at each sensor in the array is recorded. This is done durhg a preset 
window, after which time no further data are admitted. A second window allows for muitipath 
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and reverberation signals to diminish. After the second window has passed, the transient 
recorder again begins sampling the acoustic signals until another threshold exceedance occurs at 
one of the sensors. The transient recorders used here can process up to 2000 threshold 
exceedances per minute. Though the data acquisition systems currently employed by testing 
firms are able to record time series of the acoustic leak signals as well as impulse arrival times, 
this capability has not been exploited for the purpose of leak detection. The threshold is set low 
to ensure that the leak signal is not missed. Discussions with the testing services indicate that the 
thresholds are set near the peak values of the background noise between the large impulsive 
signals the systems are designed to detect. As a consequence, many threshold exceedances occur 
during a test, and it is likely that many of these exceedances are simply the result of large noise 
fluctuations. (it should be pointed out that the testing services have many restrictions on when a 
test can be conducted. To minimize the ambient noise fluctuations, for example, tests are not 
conducted if it is raining or if the wind velocity is too high.) Given a set of impulse arrival times, 
the location of the impulse source is estimated through the application of a triangulation 
algorithm. This analysis assumes that each sensor receives a signal from the same impulsive 
event; false locations will occur if this assumption is violated. These false locations wiü increase 
the probabilities of false alarms and missed detections. 

Figure 1 illustrates three types of acoustic mays currently used by the testing services. 
The first array, shown in Figure i(a), consists of 12 sensors spaced uniformly around the 
circumference of the tank. The sensors are located near the bottom of the tank, but above any 
sludge that might accumulate. In a 100-ft-diameter tank, the 30" spacing results in a 26-ft 
separation between sensors. The second array, shown in Figure l(b), is similar to the first, but 
with the addition of a vertical element. In this array, 6 sensors spaced at 60" intervals are used. 
The vertical sensor is used to distinguish signals anhing from the top of the tank. For the 
purposes of discussion in this paper, these types of arrays will be calied wide-aperture mays. In 
Figure l(c), a narrow-aperture array is shown. This array consists of 6 sensors positioned dong 
the circumference of a circle that is less than 1 m in diameter. The array is attached directly to 
the external wall of a tank. To avoid shadowing of the signal, this array is sometimes located at 
two or more different positions around the circumference of the tank. This circular array has 
both vertical and horizontal elements. Since the sensors in ail three arrays are attached directly 
to the wall for the measurements, good contact between the sensor and the wall is important. 

. 

The data obtained from each threshold exceedance is analyzed in real time and the 
estimated source locations are then plotted graphically; the number of threshold exceedances 
(i.e., hits) depends on the number of the sensors in the array and the nature of the analysis. If the 
source location is outside the circumference of the tank it is identified as a false hit and removed 
from the analysis. The vertical sensors are used to discriminate against impulses that do not 
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Figure I. Three sensor array geometries being used by commercial testing services: (a) wide-apemire horizontal 
array, (b) wide-ape- horizontal array with vertical elements, and (c) nanow-aperture array with horizontal and 
vertical elements. 

anive from the bottom of the tank. In addition to the measurement of the time of &vai, other 
parameters of the signai envelope are sometimes measured; at this juncture, this information is 
stored but is not used as part of the detection or analysis. The duration of a leak detection test is 
typically 1 h. All of the source locations estimated from the threshold exceedances during a test 
are used to detemiine whether the tank is leaking or not. while the algorithms used for detection 
differ slightly, a leak is declared if a large number of hits are closely clustered in one or more 
locations. Visual interpretation of the graphical display by the operator has been the most 
frequent method of analysis. Recently, some of the testing services have begun using a statistical 
approach to cisplay the number of hits in predetermined areas within the tank. 

Figure 2 presents the results of a leak detection test published in Miller". The data from the 
entire 60-min test is shown in Figure 2(a) and the data from three different 10-min portions of 
the test are shown in Figures 2(b) - (d). The clustering of data in Figure 2(c) suggests the 
presence of a leak. This clustering is not observed in the other four 10-min periods (of which 
oniy one is shown). It is argued in Miller4 that the reason why the signal occurs primarily in oniy 

a few of the 10-min periods is that the impulsive signals produced by the leak do not occur 
uniformly in time; however, no evidence is presented to support this argument. The large 
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number of false source locations observed in Figure 2 is also representative of the test data 
collected by other testing services using a wide-aperture array. The analysis presented in Section 
5 offers a probable explanation for the large scatter in the estimated source locations. 

Figure 2. Results of a 1-h leak detection test. Each display shows the location of each threshold exceedance. A 
clustering of hits indicates the possible location of a leak. Display (a) shows ali hits obtained during the 1-h test, 
and (b through d) show the hits during three separate 10-min periods. 

Experiments in a 10-Ft-Diameter AST 

DNV Industrial Services provided data fi-om a variety of experiments conducted in 1989 in 
a 10-fi-diameter, open-top AST that was specially assembled in an asphalt parking area for these 
tests. The tank, approximately 10 ft in height, was fïUed with water to a level of approximately 9 
ft. It was located on a thick layer of river-sand backfill that was contained by a square wood 
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Fluid Height (ft) - 9.0 

frame. Ali of the data analyzed were from experiments in which the tank had a 2-mm-diameter 
hole in its floor. The water released during the experiments freely drained through the backhll 
and onto the parking lot. Between experiments, the hole could be plugged from the top of the 
tank. However, no data were provided on this tank when it was in a nonleaking state, precluding 
a control analysis. The results of two experiments are presented below. The fist experiment 
compares the time series of the acoustic return simultaneously received from an acoustic sensor 
mounted on the external steel wall of the tank and one suspended in the water near the top of the 
tank. The second experiment illustrates the detection capability achieved by a three-dimensionai 
array suspended in the water. 

All of the data provided by DNV consisted of time series obtained with a multi-channel 
transient recorder. Once the threshold established at the beginning of the test was exceeded at 
any sensor, a 1- to 10-ms time series was recorded and stored for later analysis; the initial 
threshold exceedance was included in the recorded time series. 

Internal Sensor vs. External Sensor Response to a Leak 

Time series of pressure fluctuations measured by an internally suspended hydrophone 
(BK-8105) and an externally mounted resonant sensor were analyzed in an attempt to identify 
the acoustic leak signal due to the presence of a 2-mm-diameter hole and to estimate the leak’s 
location within the tank. Tank geometry and sensor positions are shown in Figure 3; the 

O 0  o o HA 

Z 

O R  

Tank Diameter (ft) - 10.0 
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hydrophone for this experiment was located in approximately the same place as element number 
1 of the hydrophone array (HA), while the resonant sensor was located on the outside tank wall 
at position R. Figure 4 shows time series recorded by both the intemal and external sensors. A 
time-of-anival analysis with respect to the primary pulse (P) indicates that the observed signal 
most likely originated near the site of the 2-mm hole. The appearance of this impulse in both the 
internal and external traces shows that the strongest signais are propagated through the fiuid 
rather than through the tank shell. The relatively small impulse which appears near the t = 2.0 
ms time in the external trace is believed to be the leak signal propagated to the sensor via the 
tank shell. The delay time óetween this impulse and the primary impulse is consistent with the 
difference in sound velocity between steel and water (approximately 5,000 4 s  as compared to 
1,500 d s ) .  The internal hydrophone receives a secondary impulse (S) delayed by approximately 
0.25 ms relative to the primary signai. An analysis of muitipath propagation for this particular 
leak site shows that the time delay of the secondary impulse is consistent with reflections of the 
acoustic signal from the tank's side waii and/or the fluid surface. The two sources of muitipath 
are shown in Figure 5;  the difference in the arrival times for each of these two reflected paths is 
approximately 0.02 ms, which is not discernible in the time series shown in Figure 4. 

I 
I 

EXTERNAL (RESONANT) 

I I I l I 
2.0 2.5 3.0 3.5 

TIME - ms 

Figure 4. Response of the acoustic sensor mounted on the external shell of the steel tank and the acoustic sensor 
suspended near the top of the tank. Both sensors are approximately 10 ft h m  the leak. 

Several conclusions may be drawn £rom the data: 

The impulse arrival time is consistent with a signal emitted from the site of the leak. 
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The strongest signals are propagated through the fluid, and a weaker signal is observed 
to propagate through the tank shell. 

Under relatively quiet conditions in a smail tank, extemaily mounted sensors should be 
as effective as internal sensors in receiving impulsive leak signais. 

Three-Dimensionai Internai Array 

The hydrophone array used by D W  consisted of eight broadband acoustic sensors located 
at the comers of a cube with elements spaced at approximately 25 cm. The array was positioned 
along the center axis of the tank at a height of approximately 8 ft from the tank floor. A 
2-m-diameter hole located at Coordinates (1.3 ft, -3.5 ft, 0.0 fi) was open throughout the 
measurement period (see Figure 3). Figure 6 shows a typical data record obtained during a 1-ms 
interval within which a large-amplitude event was recorded on seven of the array elements. In 

Figure 5. Multipath signals received by the intemai m y .  Both paths have approximately the same time of arrivai. 

order to estimate the source location corresponding to the primary impulse, the relative arrival 
time of the impulse was estimated for each of the time series shown. Combining the measured 
arrival times with the array geometry and speed of sound, a least squares method of estimation 
was used to determine the most likely origin for the acoustic impulse. All of the data records 
analyzed in which the primary impulse is easily identified suggest a leak located near coordinates 
(1.4 fi, -2.8 fi, -1.3 ft) with a standard deviation of 0.2 fi (Figure 7). The difference between the 
predicted source location and the actual leak site cannot be accounted for by a simple adjustment 
in sound speed. It is believed that the small array size coupled with an inexact knowledge of 
array dimensions and orientation is consistent with the error in the predicted source location. 

A secondary impulse, occurring approximately 0.3 ms after the primary impulse, is clearly 
visible in six of the array element time series. The secondary signais occur as a result of 
reflections of acoustic impulses horn the tank wail or &/water interface. An analysis of the 

A-10 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



API PUBLw307 92 O732290 0530773 O98 

91.15.5 

expected arrival times of impulses reflecting off of the tank’s side-wall or off of the air/water 
interface above the array shows that the particular secondary signais observed in DNV’s data are 
most likely due to reflections off the tank’s side-wall. Though not attempted thus far, it should 
be possible to use the relative anival times between secondary impulses to compute a second, 
independent estimate of source location within each data record. 

Interpretation of the Results 

These tests clearly illustrate the existence of a signal produced by a leak and show that this 
signal propagates both through the steel walis of the tank and through the water. The signai that 
propagates through the water is much stronger than that which propagates through the wall. The 
experiments also show the primary propagation path (Le., the direct path from the leak to the 
sensor), the discrete multipaths (i.e., the leak-wall-sensor path and the leak-surface-sensor path), 
and the reverberation. Registering these signals and correctly identifying the same signal in each 
sensor is important to the detection scheme. Due to gain peaking near the sensor cutoff 
frequency, the DNV time series provide no information as to the spectral content of the leak 
signal at high-frequencies; furthermore, at approximately 1 ms, they are too short for any 
low-frequency analysis. Nevertheless, there is no doubt that the data collection scheme and 
signai analysis employed are adequate for locating single leaks within a smaü storage tank. 
However, no background noise data were collected during these experiments, so the strength of 
the signal relative to the background level is unknown. Neither did these experiments give any 
insight into the source mechanism(s) which give rise to the acoustic leak signal. 
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Figure 6. A 1-ms time series obtained &om seven of the eight sensors mounted on the internai array suspended in 
the tank. The data were taken at a 1-MHz sampihg rate. 

2-mm Leak Location - (1.3,-3.5) ft 
Mean Estimated Location - (1.4,-2.8) ft 
Standard Deviation - 0.2 ft 
Number of Estimations - 8 

Figure 7. Location of the seven independent bits made with the internally suspended acoustic array; one of the 
eight sensors on the array was not working properiy during the experiment. 

Lab oratory Experiments 

The design of a passive acoustic leak detection system for use in ASTS, including both 
sensor specification and signai processing strategies, is determined largely by the nature of the 
signai to be detected and the background noise field within which the system must operate. As 
mentioned in the Introduction, few papers have been published concerning the characteristics of 
the leak signai or the mechanisms by which leak signais are produced. Because of previous 
work done in the field of acoustic emissions, currently available leak detection systems have 
been designed under the assumption that the leak signal contains a large, persistent impulsive 
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component. Although impulsive leak signais have been obsemed in several leak-simulation 
studies, no published data exist to support a theory for the impulse source mechanism. in 
adáition, the possibility that non-impulsive leak signals may be exploited for the purpose of leak 
detection has been largely ignored by the industry. 

This section describes a set of laboratory experiments designed to answer some basic 
questions regarding the character of the leak signai produced in an AST. The intent of these 
experiments was to verify the presence of a strong, impulsive component in the leak signal and 
to determine whether a low-frequency signal is also present. A leak simulator was constructed to 
allow flexibility in the choice of flow rate, backfill material, and drainage conditions. Three 
distinct types of leak signals were observed impdsive, broadband, and low-frequency. The 
conditions under which these simulated leak signals are produced are discussed below. 

After a brief description of the experimental apparatus and procedure, data will be 
presented in which the different leak signal components are present. Air bubbles interacting with 
the flow field, particulate collisions with the tank bottom, turbulent flow noise, and cavitation 
will be explored as possible mechanisms by which the various leak signal components may be 
produced. 

Experiment Design 

Figure 8 shows a diagram of the leak simulator used in the experiments. The apparatus is 
constructed of 10-cm-diameter PVC tubing and houses two HSBIT-30 acoustic sensors. Sensor 
positions relative to the leak aperture are 10 cm (near-field) and 125 cm (far-field). The acoustic 
signals were amplified with Paname~cs 5660C preamplifiers and anti-alias-filtered within a 
Western Graftec TDA-3500 transient data recorder. The HSBIT-30 sensor combines reasonable 
low-frequency sensitivity with a sharp resonance near 25 kHz. Thus, both impulsive and 
broadband leak signals can be captured at a relatively low sample rate of 50 kHz. At this sample 
rate, the TDA-3500 is capable of recording a time series of 8 4 s  duration (2 Msamples). The 
backfíí material into which the leak impinged consisted of various combinations of water, 
fine-grain beach sand, and pea-gravel. In order to simulate different drainage conditions, drain 
lines were installed near the water/soii interface and at the bottom of the backfill basin. Flow 
rates of approximately 20 gal/h were generated through a 3-mm-diameter circular aperture. A 
storage reservoir was positioned above the simulator to allow a constant pressure head of up to 

180 cm to be maintained for indefinite periods during which the leak was active. 

Data 

Figure 9 shows three different backfill combinations used to investigate the leak signai and 
source mechanisms. The fiow of fluid into the backfill material of an AST eventually creates a 
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cavity below the leak aperture. In order to simulate this effect, a gap (typically 1 to 2 cm) was 
placed between the simulated leak and the bacWiU surface. Pressure fluctuations within the 
turbulent flow field produced by the leak WU contribute to the acoustic leak signai. This source 
mechanism is best isolated by using a water backfill, though the sound of turbulent flow should 
be apparent under any backfiu condition. The effect of air entrainment into the leak’s flow field, 
and of particulates striking the tank bottom, was investigated through the use of soil backfills. 
Because of their consistency (in terms of particle size) and similarity to the type of clean 
backfills typically found beneath ASTS, fine-grain sand and approximately 3-mm-diameter 
pea-gravel were chosen as soil backfíil materials. The data recorded for a given backfiül and 
pressure head consisted of eight 1.3-s-long time series of pressure fluctuations obtained over a 
period of up to 1 h of continuous operation. In addition to the eight time series recorded while 
the leak was active, a time series was obtained at fidl pressure head with the leak closed. This 
allowed a comparison to be made between the leak signal and the background noise level. 

n I 

c 

DRAINAGE UNES 

F~gure 8. Leak Simulator design. The containment tube is constructed brn 10-cm-diameter W C  tubing. The 
acoustic seosors are HSBIT-30 íÏequenq-seIective sensors. The maximum pressure head applied during the 
experiments was 180 cm of water. 
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16cm 

i 

WATER -E 
WATER - 
GRAVEL 

WATER w 

'SAND 

- GRAVEL 

Figure 9. B a a  configurations used in the simulator experiments. 

Figure 10 shows time series of acoustic signals received by the near-field sensor for the 
three different backfii configurations after all air bubbles had been expelled from the backfill 
material (fidl saturation). The complete expulsion of air bubbles was verified by two methods: 
listening for the end of impulse production by monitoring the audio portion of the HSBIT-30 
output through a remote speaker, and disturbing the backfii material with a probe to force the 
release of trapped air bubbles. In Figures 11 through 13, power spectral density plots for these 
time series are presented. In each case the pressure head was 170 cm and the diameter of the 
aperture was 3 mm. The measured flow rate for these experiments was approximately 20 gaVh. 
At this flow rate the average fluid velocity near the leak aperture was approximately 3 m/s. 

Figures 12 and 13 contain similar data obtained in the presence of air bubbles entrained into the 
leak flow field (partial saturation). Soil backfills naturally expel air bubbles for some time after 
the initiation of a leak. With water as the b a c w  material, isolation of the air bubbleblow-field 
interaction as a source mechanism was done by artificially introducing air beneath the leak by 
means of a syringe. 
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The sample rate used to collect each of the six data sets was 50 kHz. Power spectrai 
density plots represent an average of 31 2048-poht FFT's individually detrended and weighted 
with a cosine bell. Other than the initial anti-aiias filter, no filtering was applied to the time 
series data. 

0.05 

O 

-0.05 

0.05 

O 

-0.05 

0.2 

O 

I 

~~ 

O 50 1 O0 150 200 

TIME - ms 
Figure 10. Time series of the pressure fluctuations recorded with the near-field sensor when air bubbles are not 
present in the backñii. Backfill materiais are (a) water, (b) gavel, and (c) s a a d  
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FREQUENCY - CYCLES PER SECOND 

Figure 11. Power spectraï density of the pressure fluctuations recorded with the near-field sensor. The backful 
material is water; air bubbles are absent. For reference, the spec- is ais0 shown when no leak is present. 
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FREQUENCY - CYCLES PER SECOND 

Figure 12. Power spectral density of the pressure fluctuations recorded with the near-field sensor. The bnckfiil 
materid is ,gavel: aU bubbles are absent. For reference. the spectrum is also shown when no leak is present. 
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FREQUENCY * CYCLES PER SECOND 

Figure 13. Power spectral density of the pressure fiuctuatioas recorded with the near-field sensor. ?be backnll 
material is sand air bubbles are absent. For reference, the spectrum is also shown when no leak is present. 

Analysis 

The most striking feature of the six time series is the presence of large-amplitude impulses 
that dominate the partial saturation data (Figure 14). These impulses were observed only during 
experiments in which air bubbles were allowed to interact with the leak flow field. Impulsive 
signals induce a resonant response in acoustic sensors. This response may be viewed either as a 
brief ringing at the sensor resonant frequency (time series) or a sharp peak at the resonant 
frequency (power spectra). Spectra computed during periods of partial saturation a i l  contain 
sharp peaks near the f = 25 kHz HSBIT-30 resonant frequency (Figure 15 through 17). If the 
leak signai is confined within a cavity, a resonant response associated with the dimensions of the 
cavity may also be induced. Spectral peaks at f = 0.4 WZ and f = 10 wlz represent the response 
of the containment column and backfill basin to the impulsive leak signal. In an AST, the 
impulse-induced containment-column resonance occurs at a much lower frequency (due to the 
large AST dimensions) and wili most likely be undetectable against the background noise level. 
Under certain backfii conditions, however, the backfill-cavity resonance observed in the 
simulator experiments may be detectable, and can be considered as part of the leak signai. In 
addition to the resonant response, a broadband rise in spectrai energy occurs as a result of the 
short duration of impulse signais. Because the volume of soil contained in the b a c K i  basin was 
small (approximately 3.5 I), the impulsive signal did not persist over a long period of time. The 
time scale over which the impulses disappear is relatively short for gravel (approximately 5 min) 
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but is much longer for fine-grain sand (approximately 1 h). For all three backfill conditions, 
experiments were performed in which the impulsive signal was allowed to decay completely, and 
then a s m d  quantity of air (approximately 1 cc) was injected near the leak apeme.  Upon 
injection of the air, the impulsive component of the leak signai immediately reappeared and 
persisted for periods of up to 1 minute. Due to their pular nature, soils allow the entrapment 
of a great deal of air within the space between sand or gravel particles. Once wetted, Uiis air 
tends to percolate upward through the soil. In the presence of a leak, which produces regions of 
low pressure due to the high fluid velocity and turbulent nature of the flow, some of this ait is 
entrained into the flow field. Due to the compressibility of air, stresses transmitted from the flow 
to the air bubbles result in relatively large pressure fluctuations. Pressure fluctuations associated 
with bubbles, occurring on short time scales, produce impulsive sounds. 

CIi 

O > 
3 
I 

CI 
n 

5 

0.3 /- (a) 

O 50 1 O0 150 200 

TIME - ms 
Figure 14. Time series of the pressure fluctuations recorded with the near-field sensor when air bubbles are present 
in the back6LU. Backñii materiais are (a) water, (b) gravel, and (c) sand. 
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Cavitation was also explored as a mechanism by which the impulsive leak signal may be 
produced. The lack of cavitation near the leak aperture was verified by using water as the 
backfill material. In the absence of bubble-induced impuises and tank bottomtparticulate 
coílisions, no acoustic signal due to cavitation was observed. If the leak is treated as similar to a 
circular ofice placed within a hydraulic pipeline, theoretical predictions of the flow conditions 
(pressure head, leak diameter, etc.) necessary to initiate cavitation can be made. These 
calculations indicate that cavitation should not be expected at a pressure head of 2 m. Pressure 
heads greater than 10 m may, however, be sufficient to cause cavitation. The existence of 
cavitation as an AST acoustic-source mechanism, and the nature of the sound produced by 
cavitation near a leak, should be evaluated through further field experiments. 
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Figure 15. Power spectral density of the pressure! fluctuations recorded with the near-field sensor. The backfill 
materiai is water, air bubbles iue present. For reférence, the spectrum is shown when no leak is present 
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Fïgure 16. Power spectral density of the pressure fluctuations recorded with the near-field sensor. The backfill 
material is mvel; air bubbles are present. For reference, the spectrum is shown when no leak is present. 
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Figure 17. Power spectral density of the pre-ssure fluctuations recorded with the near-field sensor. ïhe backfiii 
material is san& air bubbles are present. For reference, the spectrum is shown when no leak is present. 
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A second, less energetic type of impulsive sound was observed by placing a layer of 
saturated sand below the leak aperture (Figure SIC)). The effect of the sand layer is to produce a 
broadband rise in spectral energy level (Figure 13). The generating mechanism for this 

component of the leak signal is believed to involve the collisions of sand particles with the 
simulator floor. Though this signal is termed impdsive due to the generathg mechanism 
(coiiisions), the high rate at which collisions occur and the relatively small amount of acoustic 
energy given off per collision create a signal which is similar to white noise in both the time and 
frequency domain. In contrast to the signals recorded in the presence of air bubbles, impulses 
that greatly exceeded the average signal level were not observed for leaks into fully saturated 
sand. 

The sound of turbulent flow through the leak aperture contributes to the low frequency 
(DC to 2 kHz) acoustic leak signal under a i i  backfill conditions. This effect is most evident in 
the power series where a substantial Merence in signal level is observed between the 
active-leak and zero-leak data. Neither the amount by which this signal is attenuated over typical 
AST dimensions nor the level of AST background noise at low frequencies has been fully 
investigated, although some work has been done by Chevron Oil Field Research5. An estimate 
of the upper frequency scale of turbulent flow noise can be made fiom the diameter of the 
aperture and the velocity of the fluid at the aperture. Using the measured flow rate of 20 gal/h, a 
3-mm-diameter hole should have an upper frequency scale (v/D) of approximately 1 to 2 kHz. 
This is in good agreement with the power spectral density plots, which a i l  exhibit a sharp 
decrease in energy level near f = 2 kHz. 

Discussion 

Based upon the leak signais generated by a simulator, it is likely that at least three source 
mechanisms, each with a unique acoustic signature, will contribute to the leak signal found 
within an actual AST. The three signals that have been identified are: 
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bursting air bubbles (broad-band, impulsive), 

turbulent flow noise (low-frequency , continuous), and 

particulate collisions (broad-band, continuous). 

Currently available leak detection systems have been designed under the assumption that a 
large-amplitude, impdsive signal exists in leaking ASTs. The leak simulation experiments 
showed that impuhive signals require the entrainment of air bubbles into the leak flow field. 
While impulsive signais offer the advantage of detectability (due to their large amplitude), the 
persistence of impulsive signals within actual ASTs has not yet been addressed. 

The existence of low-frequency and broadband leak signais, due to turbulent flow noise 
and particulate collisions, may be important in the design of future leak detection systems. Such 
signais, though less energetic than impulsive bursts, may be relatively insensitive to changes in 
backfíí and drainage. Detection systems that respond oniy to impulses view the low-frequency 
and broadband leak signals as additional noise within which the system must operate. 
Consequently, the presence of these signals acts to degrade the performance of currently 
available systems. Should the low-frequency and broadband signals prove detectable over 
typical AST dimensions, however, a leak detection scheme exploiting ali three components of 
the leak signal could be designed. A leak detection system based on the presence of a continuous 
signal would allow the application of more reliable signal processing algorithms to the 
detection/location problem. 

The acoustic signal observed within a given AST will be auenced  by many conditions: 
backfill material, leak shape and size, pressure head, etc. This experimental study cannot predict 
what sort of acoustic signal a particular leak will produce, but instead draws attention to a variety 
of possible source mechanisms. Which of these signals offer the best hope of being reliably 
detected and located can only be determined through field expedents, preferably conducted in 
the presence of real (as opposed to simulated) leaks. 

Assessment of Current Acoustic Methods 

The testing services base their detection systems on the presence of large, distinctive, 
impulsive signals produced by a leak. While the laboratos. experiments demonstrate that such 
signals exist, they also suggest that bubbles are the only mechanism that will produce the type of 
impulsive signais that are detectable given currently used data collection and data analysis 
schemes. The persistence of these signais in the field is unknown. The laboratory experiments 
show that entrainment of air in the backfill is necessary for these signals to persist over time. 
Because of the configuration of the backfill under the 10-ft-diameter tank, the experiments 
almost guarantee that such signals will persist. The backfiü will never saturate, because it is free 
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to drain, thus, the laboratory tests suggest that detectable impulsive events should occur. The 
laboratogr tests also suggest that there are two other mechanisms that should produce detectable 
signais. However, these signais require coherence analysis using the time series of the data, and 
none of the testing services have attempted to exploit this type of signai. 

This section presents a discussion of the effectiveness of the approach currently being used 
for detection. First, a simple analysis of the data collection scheme is presented. This anaiysis is 
intended to determine the impact on performance of acquiring signals from different acoustic 
impulsive events. This impulse-mixing analysis assumes that strong impulsive signals exist 
during the entire leak detection test and that only the signai that directly propagates from the leak 
to the sensor (Le., primary signal) exceeds the îhreshold. (In practice, there are many threshold 
exceedances that occur that do not result from the primary signai. These other threshold 
exceedances are associated with muitipath, reverberation, noise, etc.) A discussion of the 
threshold level and the element spacing in the sensor array follows this analysis. 

Impulse- Mixing Analysis 

Figure 18 illustrates the time of arrival of only primary impulsive signais at four sensors 
equally spaced around the circumference of a tank. It is assumed that sensor 1, s,, is closest to 
the leak and therefore receives the signai first. This signai, plus the next threshold exceedance 
on each sensor, is called an arrivai time data set fijk, where t is the arrivai time for sensor i, 
acoustic event j, and data collection period k. Three impulsive signal events and two data 
collection periods are shown to Uustrate the problem. The f i t  data collection period, consisting 
of the sampling period fe  and the waiting period 2, for reverberation and multipath to subside, 
records only acoustic signais from the f i t  event. The second data collection period, however, 
includes signals from two different acoustic events. In this case, the first impulse is not received 
by sensor 1. Instead, the first impulse is received by sensor 3. This impulse then triggers the 
collection of the arrival data set for data collection period 2; this second data collection period 
contains impuises from acoustic events 2 and 3. The second data collection arrivai set wiU not 
accurately locate the source of the leak. Analysis of this arrival time data set wlu lead to a false 
location and may be the cause of much of the scatter observed by the testing services. 

Mixing of impulses will occur if the frequency of the primary signals due to a leak is high 
enough, (i.e., if they occur more frequently than (2, + t,)-'). This mixing of impulsive signais 
from different acoustic events occurs because the data collection system is turned on and off. 
When the system "wakes up," there is no way to determine which group of signals is occurring, 
and as a consequence, there is a chance that the arrivai time set consists of an unwanted mixture 
of signals. 
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Figure 18. impulsive acoustic return h m  íive senson for two data collection periods. 

The probability of receiving a contaminated data set is estimated below. It is assumed that 
the impulsive signai events occur randomly and that the probability of occurrence of these 
impulsive signais is Poisson distributed. This distribution is typically used to simulate the arrival 
time of discrete events. The probability PJT) that an impulsive signai is generated during the 
observation time period z = Z, + z, is 

where 4 = average number of impulsive events per second, 7 = T~ + 7, = observation time 
interval, and n = number of impulse events observed. It is assumed that the probability that a 

mixed arrivai time set is collected is equal to the probability that an acoustic event is produced 
within a time z after a trigger has been accepted. 

The probability that an arrival time set is contaminated P,,(z) and is composed of two or 
more pulsive events is given by 

For a 100-ft-diameter tank and a wide-aperture array with sensors located on the circumference 
of the tank, z = 7, + 2, = D/c + 2 D/c = 60 ms, where D is the diameter of the tank and c is the 
speed of sound in the product. By solving Eq. (2) for f i ,  the number of impulsive events can be 
estimated for a desired P~,(z). For t = 60 ms, oniy 12 impulsive events per second are required 
for 50% of the sampie sets to be contaminated. 

The validity of this analysis was checked with the laboratory data collected with both sand 
and gravel backfiis. Several of the long time series collected in the laboratory were analyzed to 
estimate the number (i.e., frequency 4) of primary impuises received during a 1-s penod. A 
simple count of only the very strongest impulses based on a visual examination of the data 
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showed as many as 40 to 50 events per second. This number would dramatically increase if 
threshold settings typically used by the testing services were used. This suggests that the 
probability of having a contaminated data set is over 90%. This probability is even higher if 
threshold exceedances due to acoustic energy other than that of the p n k y  signal are included. 
The validity of assuming a Poisson distribution was also checked. A statistical hypothesis 
analysis showed that the cumulative frequency distribution of the threshold exceedances was not 
statisticaily different from a Poisson distribution at a level of significance of 5%. 

Recommendations for Minimizing Impulse-Mixing 

The current method of collecting data tends to enhance the probability of collecting a 
contaminated time-of-arrivai data set. First, the thresholds that are typically used are too low. 
As a consequence, threshold exceedances from other than the strongest primary signals trigger 
the collection of a time-of-amival set. The data collected in the laboratory suggest that a higher 
threshold should be used and that if used, more than an adequate number of impulsive events 
would be detected. In fact, the number of strong acoustic events occur too frequently for the data 
collection scheme being used, and contaminated data sets are almost assured. Second, the on/off 
data collection scheme is a primary contributor to the collection of contaminated data sets. A 
more advanced data collection scheme is required if the number of contaminated data sets are to 
be minimized. Third, the large spacing between sensors in the wide-aperture arrays also results 
in a higher probability of contaminated data sets, because the time of arrivai between receiving 
the primary signal at each sensor is long. During this time period, other unwanted threshold 
exceedance could occur. The advantage of using a narrow-aperture array is best illustrated by 
the acoustic return shown in Figure 7. Fourth, a signai processing scheme needs to be developed 
that addresses both the portion of the signal being detected and the characteristics of the noise. 
This signai processing scheme needs to follow a more comprehensive set of d e s  to distinguish 
noisederived hits fi-om leak-derived hits. Regardless, it is recommended that a continuous time 
series be collected. The laboratory experiments suggested that sample rates between 50 and 100 
b-3Iz will suffice. A more detailed analysis of the signai processing can not be discussed until the 
characteristics of the noise are better defmed. The nature of the ambient noise wiii be 
investigated in the upcoming field tests in the 117-fi-diameter tank. 

The impulse-mixing analysis offers a plausible explanation for the large scatter (i.e., large 
number of false alamis) observed in the data obtained by the testing services (see Figure 2). If 
this explanation is correct, then changes to the data collection, sensor geometry, and signal 
processing currently being used are required if the number of false hits is to be reduced and the 
number of hits due to a leak increased. 
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Conclusions 

There are a number of important observations, conclusions and recommendations that can 
be made from the anaiyses presented in this paper. First, a leak signai exists, and it is much 
stronger than the nonleak signai. Three distinctive signals were observed in the laboratory 
experiments: (1) an impulsive, high-frequency signal that is apparentiy generated by the collapse 
of bubbles in the vicinity of the leak, (2) a low-frequency signal produced by the turbulent flow 
through the hole, and (3) a broad, high-frequency response due to the noise generated by 
particulates striking the tank floor. This last signai has not been discussed in the literature. The 
strength of these signals is dependent on the flow rate, the nature of the backfill, its composition, 
the degree of saturation and drainage, and the extent of the erosion of the material beneath the 
hole. Only the impulsive signal is being exploited by the commercial leak detection testing 
firms. The laboratory data suggest that the other two signai sources are as strong as the 
impulsive signals. 

Second, the experiments conducted in the 10-fi-diameter AST suggest that an acoustic 
signai produced by a leak does exist and that its main propagation mode is through the product. 
The experiments further suggest that the signai received with a sensor mounted to the external 
wali of the tank is as strong as that received by a sensor mounted in the tank. A signal produced 
by the leak was also observed propagating through the steel wall of the tank; however, this signa 
was much smaller than the signal propagating through the product. The advantages of having 
closely spaced sensors with vertical elements is clearly illustrated by the data collected with the 
three-dimensional internai may. These data were taken expressly so that the impulsive signai 
could be investigated. 

Third, there is a high probability of improper time registration of the data being collected 
to detect the large-amplitude leak signais. These problems occur because of the on/off approach 
to data collection and the use of low thresholds; they increase when wide-aperture sensor arrays 
are used and when there are no verticai sensor elements. Time registration problems occur when 
the impulsive signal generated by a leak at any point in time is not the same impulsive signai that 
is received at one or more of the other sensors in the array. impulse mixing can occur from the 
mixing of impulsive events fiom the same leak or two or more leaks, from the mixing of an 
impulsive event from a leak and the multipath or reverberation of a previous leak signal, from 
the mixing of an impulsive event from a leak and external noise, or from noise. To minimize 
these time registration problems, better data collection, sensor configurations, and signai 
processing are required. 

A-27 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



A P I  PUBLr307 92 W 0732290 0530788 393 W 

91.15.5 

Fourth, while the laboratoq data suggest the presence of three signais, field data collected 
in a tank with a known leak must be obtained if one is to determine which signais actually occur 
and persist in the field and how strong they are. In addition, the attenuation of these signais is 
not presently known, but an assessment can be made in the experiments being planned for the 
117-fi-diameter tank in the near future. 

Fifth, the noise field needs to be characterized to develop signal processing schemes and to 
make an estimate of performance. The field tests on the 117-fi-diameter tank will attempt to 
make an estimate of the background noise. 

Sixth, most of the data collected to detect the large-amplitude leak signals are sampled at a 
very high rate. The laboratory data suggest that this is unnecessary. While the sampling rate 
will be a function of which portion of the signal produced by a leak is being exploited, a sample 
rate of less than 100 IrHz is more than sufncient. While not discussed in this paper, the 
high-frequency broad band and the impulsive realizations of the signal do not appear to be 
enhanced in any particular frequency band. This will allow longer time series to be collected and 
analyzed. 

Seventh, there is high potential for use of this technology for leak detection, but changes 
appear necessary to achieve this potential. Fortunately, this need has been anticipated by the 
commercial companies, as they are in the process of implementing new data acquisition systems 
capable of digitally collecting long continuous time series for data processing. Unlike 
conventional acoustic emissions technologies in which an emission is a very infrequent event, 
the laboratory data suggest that the leak signai is always present. 

The experiments planned for the 117-ft-diameter tank will investigate different data 
coliection schemes, different array configurations (wide versus small aperture, internal versus 
externd arrays), and different signai processing schemes. These experiments will focus on 
determining the nature of the background noise. 

A detailed discussion about the advantages and disadvantages of intemal versus external 
arrays is premature. This comparison should await the completion of the field tests in the lû-ft- 
and 117-fi-diameter tanks. The data obtained so far suggest that the signal level is about equal 
for both types of detection schemes. What is not known is the background noise level. Both the 
internal and external arrays are subject to the same type of multipath; however, the intemal 
should be able to better distinguish the various propagation paths. Operationally, it is preferred 
that the sensors be attached to the external wail of the tank. This results in better geometric 
control, safer operations (no one has to climb to the top of the tank to lower the sensor into it), 
and does not require the sensors to be liquid-tight. Unlike the internal sensors, however, the 
external sensors will be subject to external sources of noise, especially man-made noise. This 
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noise is sensed on the backside of the sensor. Unless the extemai sensors have sufficient 
isolation, the acoustic signais that occur in the tank will be contaminated with this additional 
source of noise. Experiments in a 10-ftdameter tank are in progress to investigate this noise 
source. 

The anaiytical and experimental work completed to date is very encouraging and suggests 
that a passive acoustic leak detection system can be used to detect smaii leaks in ASTS. These 
experiments suggest that a detectable signal does exist, but the approach to data acquisition and 
signai processing needs to be improved in order for the technology to achieve its fuii potential. 
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Field Tests of Passive Acoustic Leak Detection Systems 
for Aboveground Storage Tanks When In Service 

Eric G. Eckert and Joseph W. Maresca, Jr. 
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Abstract 

An evaluation of the applicability of passive-acoustic remote sensing techniques to 
the problem of leak detection in aboveground storage tanks (ASTS) was conducted during 
a series of experiments on a 1 14-ft-diameter AST located at the Mobil Oil Refinery in 
Beaumont, Texas. The primary gods of the experiment were to: (1) investigate the 
detectability of impulsive and continuous acoustic leak signals, (2) measure the ambient 
noise field agauist which the leak signais must be detected, and (3) obtain continuous 
time series using a variety of sensor arrays so that improved leak detection algorithms can 
be tested. Simulated acoustic leak signals were generated and controlied through the use 
of a siphon-operated leak simulator. Data were recorded in the form of time series of 
acoustic signals using a variety of wide- and narrow-aperture external arrays and a pair of 
submersible hydrophones. 

Impulsive leak signais generated by the interaction of air bubbles with the leak flow 
field were found to be detectable over the dimensions of the AST. The signai-to-noise 
ratio for impulsive leak signals, the rate of impulse emission, and the degree to which 
these signals maintained their similarity over the may aperture resulted in signals that 
could not be reliably analyzed using acoustic emissions techniques for data acquisition 
and signal processing. 

Continuous leak signals generated by turbulent flow, particulate coílisions, and 
cavitation were found to be detectable over the dimensions of the AST. The 
signal-to-noise ratio for continuous signals recorded using external sensors was relatively 
low at frequencies below 10 kHz due to the high level of ambient noise encountered at 
the refiiery. \ 

A beam-forming detection algorithm designed for use with both impulsive and 
continuous leak signals was developed and applied to data obtained using extemaily 
mounted sensor arrays. Source location estimates resulting from the application of the 
beamforming algorithm to impulsive and continuous data were consistent with the known 
location of the leak simulator. 

Introduction 

A leak in the floor of an aboveground storage tank (AST) produces an acoustic signai. If 
the acoustic leak signai is not significantly different from the ambient noise field, the presence of 
a leak must be inferred through the process of detection-through-location. Regions of the AST 
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floor that are observed to radiate acoustic energy in excess of a measured background level are 
interpreted as likely leak locations. The process of constructing a sound-level map of the AST 
floor presently requires that the acoustic signal be recorded by an array of spatially separated 
sensors. The quality of a sound-level map obtained through passive-acoustic measurements, and 
hence the reiiability of a passive-acoustic leak detection system, is affected by a variety of 
parameters: leak signal strength in comparison to the ambient noise, the number and separation 
of the array elements, the degree to which the recorded signals retain their simiiariv over the 
dimensions of the anay, the form in which the leak signals are acquired, and the type of 
processing applied to the recorded signals. 

Laboratory studies of simulated leak signals have identified four possible source 
mechanisms and corresponding acoustic signatures [i]: 

air bubble--flow field interactions (broad-band, impulsive) 

turbulent flow noise (low-frequency , continuous) 

9 particulate collisions (broad-band, contuiuous) 

cavitation (broad-band, continuous) 

I 

Currently available passive-acoustic leak detection systems exploit only the large amplitude 
impulsive signal that results from the leak flow field interacting with air bubbles trapped in the 
backfdl material [2,3]. This approach to leak detection, which owes its development to previous 
work in the field of acoustic emissions (AE), is attractive for several reasons: (1) the 
signal-to-noise ratio for the impulsive component of the leak signal is comparatively high, even 
for externally mounted sensors, (2) existing AE sensors and data acquisition equipment can be 
easily adapted to the AST problem, and (3) the algorithms used to detect a leak are relatively 
straightforward. Several problems have been identified concerning the data collection and signal 
processing techniques in current use. If large-amplitude, impulsive leak signals are to be reliably 
processed, it will be necessary to collect continuous time series, make changes in sensor anay 
design, and implement more robust detection algorithms [i]. The problem with passive-acoustic 
leak detection systems, however, may not be one of design, but of applicability to the problem at 
hand. The entrainment of air into the leak flow field is the only source mechanism identified 
thus far that allows for the production of large amplitude acoustic impulses. It is unknown at this 
time whether the required backfill conditions, and thus the impulsive signal itself, persist for 
actual AST leaks. 

~ 
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The results of laboratory and field studies [i] suggest that a combination of the source 
mechanisms listed above and a variety of ambient noise sources will contribute to the observed 
AST acoustic signal. The ideal approach to data collection and signal processing would allow 
any type of leak signai, whether impuisive or continuous, to provide useful information 
regarding the location of a leak. DetectionJocation systems that utilize beam-forming 
techniques [4] have proved successful in exploiting both impuisive and continuous signals in 
many applications (e.g., ocean acoustics). Beam-forming involves the coherent addition of time 
series obtained from the individual array elements. By introducing appropriate time delays into 
the individual series, the focal point of the beam can be controiled. Signals emitted from a 
localized source (such as a leak) that remain correlated over the array aperture will be enhanced 
through the beam-forming process, while uncorrelated noise wiii be reduced. A portion of this 
work will address the possibility that beam-forming techniques capable of exploiting a wide 
range of leak signals may be applied to the AST leak detection problem. 

Under the sponsorship of the American Petroleum Institute (API), several fundamental 
questions regarding AST passive-acoustic leak detection were addressed through a series of 
experiments performed on a 114-ft-diameter tank located at the Mobil Oil Refinery in Beaumont, 
Texas. The primary goal of this work was to investigate the detectability of both impulsive and 
continuous leak signals, and to characterize the background noise field. Continuous time series 
of acoustic signals were recorded on wide- and narrow-aperture external sensor arrays and 
internaüy suspended hydrophones. The results of the Beaumont experiments can be summarized 
as follows: 

Continuous and impulsive simulated leak signais can be successfully detected using 
internal and external sensors. 

The external background noise level is high at low frequencies (cl0 kHz) in 
comparison to the leak signal. 

With the exception of condensation impulses, hydrophones are unable to resolve the 
internal background noise field. 

Wide-aperture arrays composed of several narrow-aperture sub-arrays are desirable 
for leak detection. Vertical elements must be included in the array to discrimuiate 
between acoustic sources located on the AST floor (such as leaks) and sources at the 
product surface (such as condensation). 
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Detection algorithms based on classical beam-forming techniques can be applied to 
the AST leak detection problem such that both impulsive and continuous leak signals 
may be processed. 

Experiment Design 

Figure 1 show a diagram of the 114-ft-diameter AST used in the experiments. JP-4  was 
used as the product for all experiments; the maximum product head was 17 ft. Figure 2 shows 
examples of typical narrow-aperture (NA) and wide-aperture (WA) external arrays used to 
sample the acoustic leak signal and background noise field. The hydrophones used to monitor 
the acoustic signals within the product were deployed through access ports located at the center 
and edge of the tank. Acoustic sensors used in this experiment were AET-30 resonant 
transducers (extemal) and B & K-8104 hydrophones (internal). The AET-30 combines 
reasonable low-hquency sensitivity with a sharp resonance near 25 IrHz, thus dowing adequate 
reception of both continuous and impulsive leak signals; the B & K-8104 is a typical hydrophone 
designed to resolve low sound levels (sea-state zero) for oceanographic applications. The 
acoustic signals were pre-amplified by Panametrics 5660-C or B & K-2635 broadband 
amplifiers. A Western Graphtec TDA-3500 transient recorder capable of simultaneously 
sampling eight channels at frequencies up to 2 MHz was used to digitize the acoustic wave 
fonns. Data were stored and analyzed within a COMPAQ-386 portable computer. Figure 3 
shows a diagram of the apparatus used to simulate the various leak signal source mechanisms. 
Leak aperture diameters ranged Com 0.2 mm to 3 mm, producing flow rates of approximately 1 
to 10 gal/h. Continuous operation of the leak simulator was accomplished by siphoning product 
from the backfill container over the tank edge and into a small storage vessel. By adjusting the 
content and saturation level of the b a c s a  material, different source mechanisms could be 
enhanced or eliminated. The saturation level was controlled by injecting air directly into the 
backfii material prior to the initiation of flow. 
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24 in. Access I 
I 
i 

L= & !  
I -1 

I 
114 ft. 

Figure 1. The 114-fidiameter AST used in the passive-acoustic leak detection field experiment. Hydrophones and 
siphon-operated leak simulators were placed in the AST through 24 -  and 1-fidiameter access ports located near the 
center and edge of the tank. Ail tests were conducted witb JP-4 as the product at levels between i0  and17 ft, 
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L I 

Figure 2. Typical extemai array geometries used in the experiment. Wide-apemire arrays provide increased spatial 
resolution while narrow-aperture arrays mjnimize time-registration e m s  in processing acoustic data. AET-30 
acoustic transducers were used as external sensors. 

Experiments were conducted over a three-week period during May 1991. A typical data 
set for a given array geometry, leak flow rate, and backfii condition consisted of 5 to 10 
"leak-on" measurements bracketed by a pair of "leak-off measurements. Sample rates for signal 
digitization ranged from 10 to 100 kHz resulting in data sets of up to 10 s in duration. Though 
some ambient noise sources (wind, condensation, precipitation, transportation noise) could be 
minimized through appropriate scheduling of data collection, other sources associated with the 
normal operations at a refinery were present under ail experimental conditions. In general, the 
acoustic background noise level external to the AST was consistently high. 
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3/4 in. Drainage Tube _L 

1 
1 

i 
Leak Hole 

B ackfrll Material 

- A 
I 

12 in. i 
I 

m 

- TankWall 

Figure 3. Leak simulator designed to siphon product tbrough a small-diameter hole and a layer of backfiu material 
to produce the acoustic leak signai. Backnll materiais used in the experiment were product (PA), come gravel, 
and fine-grain sand. 

Detection of Impulsive Leak Signals 

The operation of a passive-acoustic AST leak detection system presently requires that 
large-amplitude, impulsive signals be produced by the leak. Information concerning the leak 
consists entirely of sets of impulse arrival times measured at spatially separated locations; time 
series of the acoustic signai are generally not recorded. Each set of arrivai times is converted to 
a source location estimate through the application of a reiatively shnple detection algorithm. In 
order for such a system to perform weil, three conditions must be met: (1) the impulsive signai 
must exist, (2) the impulsive signai must be detectable over the AST dimensions, and (3) arrival 
time sets must be dominated by single impulsive events as opposed to mixtures of several 
impulses and/or reverberation signais. Condition (3) is related to the threshold level used to 
trigger data collection at each sensor and the element spacing within the acoustic array [ 1 J. The 
detectability of impuisive signais over typical AST dimensions was investigated during the 
Beaumont experiments. In order to simulate the type of impulsive leak signai that would be 
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expected from an AST leak into a well-drained backfill, a moderate amount of air was injected 
into the leak simulator backfii material prior to the initiation of flow. A near-field acoustic 
sensor located 10 cm from the leak Simulator was used to verify that the simulated impulsive 
leak signal was similar to the type of impulsive signals observed under laboratory conditions. 

Approximately 70 data sets of 0.5 s duration each were recorded over a three-day period 
during which impulsive leak signals were investigated. Figure 4 shows a typical data set 
recorded with a four-element, wide-aperture amy in the presence of a 3 - g a  leak into a sand 
backfiu; a leak-off time series recorded on one of the array elements is shown for reference. 
These time series are typical examples of the type of impulsive signals recorded. The maximum 

distance between the leak source and the array elements is 85 fi for this data set. Based upon a 
visual inspection of the time series of Figure 4, the signal produced by the entrainment of air 
bubbles into the leak flow field should be easily detected. If the backfiU beneath a real AST leak 
contains air, either through natural drainage mechanisms or by pressurization, the resulting 
large-amplitude, impulsive leak signal should be detectable using externally mounted 
transducers. The problem of leak detection and location is then reduced to one of choosing the 
optimum may geometry, correctly processing the acquired data, and minimizing the effects of 
ambient noise sources. 

The t h e  series shown in Figure 4 can be used to demonstrate the difficulty that AE 
detection algorithms have in correctly processing the information contained in impulsive leak 
signals. The largest amplitude impulse occurs near the 70-ms point for may  elements 1 and 2, 
and near the 85-ms point for array elements 3 and 4. The arrival times for this impulsive event 
are consistent with the known leak location; thus, if these four arrival times could be measured 
and used as input to a detection algorithm, an accurate estimate of the leak location would result. 
The procedure by which AE-based leak detection systems currently process data such as that 
shown in Figure 4 is as follows. For each element of the sensor array, an impulse arrival time is 
recorded when a preset threshold signal level is exceeded. The source location estimate is then 
obtained by applying a location algorithm to a set of impulse arrival times. The threshold signai 
level is based upon the mis output of the sensor, and the rate at which &val times are recorded 
is inversely proportional to the threshold setting. If the thresholds for the array elements are set 
too low, many sets of arrival times are collected, but a large fraction of these sets are produced 
by noise (both system and background) or mixtures of several impulsive events [i J. If the 
thresholds are set too high, the number of source location estimates is not large enough to 
provide the statistics necessary to view the leak as distinct from the background noise field. 
Figure 4 contains useful information regarding the leak location. Suppose that this information 

' 

B-9 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



A P I  PUBL*307 92 = 0732290 0530799 377 

is processed, using the AE-based technique outlined above, such that an accurate location 
estimate can be made. A simple analysis shows that the ratio of the threshold signal level to the 
nns signal level for each sensor element must be set within the range 6.5 < VJV- < 7.5 in order 
for a single, accurate location e s h a t e  to result from the processing of this particular 0.25 s of 
data. Threshold levels set below or above this narrow range result in either no impulsive events 
being recorded, or the recording of one or more impulse arrival time sets that produce inaccurate 
location estimates. Leak detection systems that gather and process only impulse arrival times 
would therefore have to discard a great deal of information concerning the leak location, even in 
the presence of relatively strong signals, in order to assure that the infomation that is processed 
results in accurate location estimates. 
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jentor Onennuon 

I ! 
i 

LEAK OFF 
I 

I !  

2 

1 

- - - - - - - - - - - - - - i ' ~ - - - _ _ , - - - _ - _ _ _ _ _ _ _ _ _ _ _ ~  1'1 

25.0 50.0 75.0 100.0 125.0 150.0 i7.5.0 200.0 

I I N E  I m s )  

Figure 4. Time series of acoustic leak signais recorded by a four-element, wide-aperture external array. The flow 
rate for this experiment is 3 gaUh into an unsaturated sand b a c m  the sampling rate is 50 kHz. Sensor and leak 
simulator positions are shown for reference. Also included is a time series recorded immediately prior to the 
initiation of flow under no-leak conditions. Dashed h e s  indicate threshoId signai level at 7 9 V,, 
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Detection of Non-Impulsive Leak Signals 

The large pressure gradient across a hole in the floor of an AST creates turbulence within 
the leak fiow field. In the absence of cavitation, turbulent flow produces an acoustic signal that 
is continuous and primady concentrated at lower frequencies with a high-frequency cutoff 
dependent upon the diameter of the leak. If the pressure fluctuations within the flow field are 
great enough, cavitation can be induced. The collapse of vapor pockets associated with 
cavitation and the entrainment of air associated with a non-saturated bacHi  produce impulsive 
leak signals in a similar manner. The sampling rates typicaily used in this experiment (10 to 100 
kXz) are high with respect to the rate at which air bubbles are entrained into the leak flow field. 
The signal thus appears as a set of distinct impulses in the recorded time series. The collapse of 
cavitation-induced vapor pockets, which occurs at a much higher rate, produces a signal that 
appears to be continuous in the time series. Turbulent flow can cause collisions between backfill 
particulates and the tank bottom. As is the case with cavitation, the sound produced by this 
impulsive source mechanism is viewed as continuous in time series sampled at a rate 
substantially lower than the collision frequency. 

Figure 5 shows a leak signai time series recorded on an external sensor located 85 ft from a 
5-gal/ñ simulated leak. The b a c a  material is saturated sand and the leak diameter is 1 .O mm. 
A no-leak time series recorded on the same sensor immediately prior to the initiation of flow is 
shown for reference. Removing the air bubbles from the backfill eliminates large amplitude 
impulses from the leak signai. The observed difference between the signal level recorded under 
no-leak conditions and the signal level recorded with the leak present indicates that the 
non-impulsive signal is detectable in the far field of the leak. Figure 6 shows the signal-to-noise 
ratio obtained from the ratio of the power spectral densities of the leak signai and background 
noise for the time series of Figure 5. The signal-to-noise ratio is greatest in the frequency range 
beyond 10 kHz. A background noise power spectral density plot for the external sensors is 
shown in Figure 7. The signal-to-noise ratio is greatest at frequencies above 10 kHz, 
corresponding to a sharp reduction in the background noise level. The time series used to 
compute the background noise spectrum were recorded late at night under relatively calm 
conditions to avoid transportation-related noise and the effects of wind stress on the AST. Steam 
leaks from aboveground pipelines in the vicinity of the experimental site are believed to be the 
dominant source of background noise. The broad peak in the background noise spectrum from 1 
to 10 kHz is large enough to obscure measurements of the far-field continuous leak signai at low 
frequencies. 
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11ME i:n-si 

Figure 5. Time series of acoustic signais recorded under leak-odie&-off conditions by an external sensor 
positioned 85 ft from the le& simulator. The flow rate for the leak-on series is 5 gavh into a saturated sand backfill; 
the sampling rate is 50 kHz. Sensor and leak simulator positions are shown for reference. 
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Figure 6. Ratio of power spectral densities computed using the leak-on and leak-off time series of Eiguure 5. Each 
PSD represents an average of 3 1 1024-point FITS individually &trended and weighted with a CO& bell. A 
signai-to-noise ratio of 1 is indicated by the dashed line. 

The successful detection of a source of acoustic signals using an array of transducers 
requires a degree of similarity between signals received at spatiaiiy separated locations. If the 
output of a pair of separated sensors is highly correlated and the source of the measured signai is 
localized, the relative arrivai time of the signai at each sensor location can be extracted from the 
time series. These relative anival times then serve as input to a detection aigorithm. The degree 
to which the received signals maintain their similarity over the length of the array determines the 
accuracy with which the source location is estimated. A quantitative measure of this simiiarity is 
obtained by computing the complex coherence as a function of frequency between pairs of time 
series. Figure 8 shows the squared-coherence amplitude and phase for time series of continuous 
leak signais recorded in the far field of the leak with sensors separated by approximately 6 ft. At 
frequencies where the squared-coherence amplitude is high (e.g., exceeding the 95% confidence 
level), the coherence phase can be used to estimate the relative time of arrivai of the signals at 

' 
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Figure 7. Power spectral density of background noise recorded by a four-element external array. The 
corresponding time series were recorded late at night under relatively calm ambient conditions. The PSD represents 
3 1 1024-point FFïs averaged over uie four sensors. 

each sensor. In order to unambiguously measure the phase difference between a pair of sensors, 
and hence the relative arrival time, the sensor separation should be on the order of a 
half-wavelength of the received signai. For a narrow-apeme array with element spacings of 
1 m and signals propagated in P-4 (c - 1250 m/s), this means that the coherence amplitude 
should exceed the 95% confidence level within a frequency band centered at -1 kHz. The data 
presented in Figure 8, in which statistically significant coherence is observed oniy at frequencies 
above 10 kHz, suggest that simply extending the presently used location algorithm to include 
continuous leak signals will be difficult. In environments where the ambient noise level is 
extremely high, such as refineries, passive-acoustic leak detection systems that utilize externally 
mounted sensors may require the collection of long time series, in combination with a 
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beam-fonning algorithm that enhances marginally coherent signals while suppressing 
uncorrelated noise, in order that the information contained within continuous leak signals can be 
processed toward an accurate leak location estimate. 

PERIOD (SECONDS) 
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Figure 8. Complex coherence function (amplitude and phase) computed between time series of continuous leak 
signais recorded by external sensoxs. The flow rate is 5 gaI/b and the backnll materiai is saturated sand. Sensor 
separation is approximately 6 ft; distance between leak simulator and sensors is 85 ft. Confidence levels are 
indicated by dashed lines. 

Detection of Low-Frequency Leak Signals 

The presence of a iow-frequency component of the leak signal produced by flow into a 
saturated backfill can be verified by either moving the external sensor array into the near field of 
the leak, or by using sensors suspended in the product. Time series were recorded on a pair of 
hydrophones suspended at a distance of 60 ft from the leak simulator and separated from each 
other by approximately 2 ft. An estimate of the sipal-to-noise ratio ( S N R )  for the 
low-frequency component of the leak signal, shown in Figure 9, was obtained by dividing the 

B-16 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



A P I  PUBL*307 92  W 0732290 0510806 137 W 

power spectral density computed with the leak present by a similar spectrum computed with no 
leak present. The leak-on and leak-off power spectra for the individual hydrophones were 
averaged together prior to computing the SNR; the time series used were 1.7 s in duration 
sampled at a frequency of 10 HZ. The backfïi material used for this measurement was 
saturated gravel; the flow rate was 5 gal/h through a 1-mm-diameter hole. The 
squared-coherence amplitude and phase between the two hydrophones are shown in Figure 10. 
The signals remains coherent over the 2-ft sensor separation up to a frequency of approximately 
600 Hz, and the O" phase difference between the two signais is consistent with the sensor 
orientation. Figure 11 shows the squared-coherence amplitude and phase between time series 
recorded by a pair of external sensors located approximately 30 ft from a continuous leak signai 
source; the separation between the two sensors is 3 ft. Coherence above the 95% level of 
statistical significance is observed at severai frequencies below 1 kHz. Though the coherence is 
not high over a broad enough frequency band to estimate the relative arrival time of the leak 
signal, the source of this simulated leak was located to within 3 m by applying a beam-forming 
algorithm to data recorded using a four-element, narrow-aperture array. 
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Figure 9. Ratio of power spectrai densities of leak-on and leak-off time series recorded by hydrophones located in 
the product. The flow rate is 5 gavh and the backt% material is saturated gravel; the sampling rate is 10 k€ïz. 
Sensor separation and leak simulator position are shown for reference. 
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Figure 10. Coherence and phase computed between time series recorded by hydrophones. Sensor separation is 2 ft; 
distance from leak simulator to sensors is 60 fi. The flow rate is 5 gaVh and the b a c m  materiai is saturated gravel; 
the samphg rate is 10 IcHz. Confidence levels are indicated by dashed lines. 

When the dominant component of the acoustic leak signal is continuous, rather than 
impulsive, the design of a leak detection system is made more complicated both from a hardware 
design and a signal processing perspective. If the continuous leak signal is of sufficient strength, 
processing techniques such as coherence function analysis may be used to measure the relative 
arrival times of the leak signai at the various sensor locations, provided that continuous time 
series are recorded. These arrivai times may then serve as input to the same detection algorithms 
currently used in AE-based detection systems. If the signal is weak, or equivalently, if the 
background noise level is high, beam-forming techniques that require the collection of long time 
series may be used to map out the acoustic intensity on the tank floor. Passive-acoustic systems 
utilizing this approach have been successfully applied to ocean acoustics, jet engine, and 
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Figure 11. Coherence and phase computed between thne series recorded by external sensors in near field of leak. 
Sensor separation is 3 ft; distance from leak simuiator to sensors is 30 ft The flow rate is 5 gavh and the backfill 
material is saturated gravel; the sampling rate is 10 ICHZ Sensor separation and leak simulator position are shown 
for reference. 

helicopter-rotor noise source location problems [5-71. The Analysis portion of this wo& will 
explore the possibility that these same sound-level mapping procedures may be applied to the 
problem of detecting AST leaks. 

Analysis 

Experiments using simulated leaks within a 114-fi-diameter AST have shown that 
continuous and impulsive acoustic leak signals produced by leaks of between 1 and 5 gd/h are 

B-20 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



! 
i 

API PUBLJ307 92 = 0732290 0510810 668 m 

j detectable. The degree of control provided by the leak simulator enables simulated leaks to be 
detected through a difference in the leak-onbeak-off time series or power spectra. Since no such 
control mechanism currently exists for real AST leaks, the detection of leaks must be done by 
measuring the average acoustic intensity over the entire AST floor and identifying regions within 
which the local intensity greatly exceeds this value. The end result of this 
detection-through-location process, whether based upon measurements of sets of impuise arrival 
times or continuous time series, is a n  estimate of the sound level as a function of position on the 
AST floor. The choice of a specific leak detection algorithm is dependent upon the 
characteristics of the leak signal and the background noise field in which the signal is immersed. 
For impulsive leak signals, a detection algorithm that processes only relative arrival times of 
impulses may provide an adequate acoustic map of the AST floor provided that (1) the impulses 
are of sufficient amplitude to be detected with a threshold set well above the average signal level, 
(2) the mixing of impulses and/or noise outlined in [i] is avoided, and (3) no strong source of 
impulsive noise, such as condensation, is present. Experimental data indicate that these 
conditions are not likely to be satisfied for real AST leaks within full-scale tanks, even in the 
case of partiaUy saturated backfills. The time series shown in Figure 4 contain several impulsive 
events, the arrival times of which are each consistent with the laiown leak location. Due to 
differences m the propagation paths from leak-to-sensor and the sensor/shell coupling, 
significant variations in impulse amplitude are observed among the array elements. Also, the 
frequency with which impulses are emitted from the leak is relatively high (- 20 s-'). The 
combination of rapid impulse emission, long transit lengths (hence reduced amplitudes), and 
variations in received signal for a given impuise produce a leak signal that is unlikely to be 
processed accurately by AE-based leak detection systems. The case against discrete arrivai time 
algorithms is further strengthened by the observation that impulsive leak signals require an 
unsaturated backfill, and thus may not persist for a large class of real AST leaks. 

The detection strategy currently in use is designed to detect strong signals in a weak noise 
field. Though very little data have been published concerning the characteristics of real AST 
leak signais, it seems likely that the detection problem should be approached as one of detecting 
relatively weak acoustic signals in a strong noise field. Several source mechanisms have been 
identified that produce persistent, measurable leak signais. The information provided by 
continuous time series of persistent leak signais combined with s ipa l  processing algorithms 
appropriate for use in low signdnoise ratio environments may serve as a better technique for 
detecting many AST leaks. 
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‘i Beam-Forming Algorithm 
i 

The proposed approach is based upon focused beam-forming techniques developed for 
radar and oceanic detection problems [4]. Figure 12 presents a diagram of a focused 
beam-forming detection algorithm. Signals received by spatiaily separated sensors are 
amplified, digitized, fdtered, time-delayed, and coherently added to form a summation series 
referred to as a beam. By adjusting the relative time delays among the array elements, this beam 
can be steered over the entire AST floor and processed to yield the received acoustic energy as a 
function of position. 
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Figure 12. Schematic diagram of a detection system that incorporates beam-forming techniques. Adjusting the 
delays for the individual time series provides a means of focusing the output beam onto a desired spatial location. 

The principle of coherent addition, and its importance to the successful application of the 
beamforming algorithm, can be iüustrated by introducing a weak, coherent signal into time series 
composed entirely of incoherent white noise. Such a data set can be obtained either by 
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artificially introducing a sinusoidal signal into previously digitized t h e  series of ambient noise, 
or by physically placing a weak acoustic source into the AST and collecting experimental data; 
the former method has been employed for this analysis. Figure 13a shows'a time series for a 
single array element in which only ambient noise is present. Figure 13b shows the same time 
series in which a 3 kHz sinusoidal signal whose amplitude is 15% of the xms signal level has 
been added to the ambient noise. The presence of this additional signal is difficult to detect by 
visual inspection of the individuai time series. Figure 13c shows the output time series of an 
eight-element sensor array that has been processed using a beamforming algorithm. In this 
example, the beam has been steered to obtain maximum output power through phase-alignment 
of the sinusoidal component of each individual time series. While the amplitude of both the pure 
sinusoidal signal and the noise are both enhanced through the beam-forming process, the desired 
signal is now clearly detectable in the time series. 

The enhancement of coherent signais may be viewed in the frequency domain by 
computing the ratio of the total output power of the sensor array to the output power of an 
individual sensor element. Figure 14 shows the amount by which the coherent, 3-lcHz signal of 
Figure 13c is enhanced relative to the noise for beamforming arrays containing four and eight 
sensor elements. If the number of elements in the sensor array is denoted by N, the power 
received by the array via the coherent, phase-aligned signais is enhanced by a factor of N2 while 
the power received due to uncorrelated noise is increased by a factor of N. The gain in output 
power for uncorrelated noise is independent of the time-delays introduced into the individual 
time series. For coherent signais, however, the gain in output power is a function of the direction 
in which the beam is steered and attains the maximum value of N2 when the coherent signals 
within each individual time series are aligned in phase. The degree to which the enhancement of 
coherent signals is reduced as the beam is steered away from the localized source is a function of 
the number of array elements and the may geometry. This difference in the output response of 
the sensor array to incoherent noise and coherent signals allows the sound intensity to be 
measured as a function of position on the AST floor. 

The primary benefits of this approach are: (1) coherent signais buried in a substantial noise 
field can be extracted from the time series by focusing the beam on the correct source location; 
(2) increasing the number of array elements further enhances signals emitted from a localized 
source (such as leak signals) in relation to uncorrelated noise: (3) the focused beam-forming 
detection algorithm works equally well for strong, impulsive sibpals in a weak background noise 
field; and (4) the array geometry (number and positions of elements) may be optimized for the 
AST leak detection problem. 
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Beam-Forming Analysis Results 

As a test of the proposed beam-forming algorithm, impulsive and continuous leak signals 
were processed to yield sound-level maps of the AST floor. Figure 15 shows t h e  series of 
impulsive leak signais recorded by a four-element, wide-aperture external may in which the 
maximum sensor separation is approximately 85 ft. This is an example of the type of signai that 
could be processed reasonably weil by current AE-based leak detection systems provided that the 
rate of impulse emission was not too high and the threshold signal levels were carefully chosen. 
The backfjd material for this experiment was partidy saturated gravel and the leak flow rate was 

approximately 5 gal/h; the sample rate used to collect the data was 50 kHz. The data were 
processed as follows: (1) a high-pass filter was applied to each time series to minimize the 
effects of external ambient noise at frequencies below 10 kHz; (2) the AST floor was divided 
into 2600 regions, and the time delays necessary to focus the acoustic beam onto each of these 
areas were computed; (3) at a paxticuiar focal point on the AST fioor, the individual time series 
were delayed and then coherently added to form a summation series; (4) a segment of the 
summation series 16384 points in length was then squared and averaged; and ( 5 )  the squared 
average value of the summation signal was taken to represent the sound level at a particular point 
of focus. Figure 16 shows a contour map of sound level over a 400-mz area that includes the 
AST floor. The speed of sound used in the beam-forming algorithm was 1250 4 s .  This value 
was obtained by dividing the known sensor separation by the measured relative arrival time for 
several large-amplitude impulses. The sound level has been normalized such that the maximum 
value is 1.0. The computed and actual leak locations differ by approximately 1 m. This sparse 
array, consisting of only four elements, produces a signal gain of approximately 5 dB, i.e., the 
energy received £rom points near the leak source is about three times as great as the received 
energy averaged over ali tank floor positions. The observed signal gain is slightly less than the 
theoretical gain of 6 dB based upon the presence of coherent signals received against a 
background of incoherent noise. 

. 
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Figure 13. (a) Time series of ambient noise. (b) Time series of ambient noise pius 3 IrHz sinusoidal signai of 
amplitude 0.3 V,, (c) Output of beam-forming array based upon eight input signals similar to (b). 

Fi,- 17 shows time senes of leak signals recorded on a narrow-aperture array with four 
elements. With no leak-off time series for comparison, a simple visual inspection of the time 
series in Figure 17 would not reveal the presence of a leak. The backfill material used in this 
experiment was saturated sand and the leak flow rate was approximately 5 gal/h. The data were 
collected at a sample rate of 10 kHz in order to concentrate on low-frequency signals. Leak 
signals resulting from flow into saturated backfills, such as those shown in Figure 17, produce 
many false locations when processed by AE-based systems. Continuous leak signals are viewed 
as an additional noise source by such systems, and, consequently, their presence will act to 
degrade the system performance by raising the effective noise floor. A map of the sound level 
on the AST floor obtained through application of the beam-forming algorithm is shown in 
Figure 18. The data were band-pass fdtered between 300 and 1000 Hz prior to formation of the 
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Figure 14. An array output ,@I defined as ratio of PSD of beam series to average PSD of individual array eIement 
series. Based upon data of Figure 13, N is the number of elements in the beam-forming sensor array. 
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beam. The point at which the received acoustic energy is a maximum lies approximately 3 m 
from the actual leak source. The signal gain is approximately 2.5 dB, approximately half of the 
theoretical upper limit. 
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Figure 15. Time series of impulsive leak signais recorded by a fourelement, wide-aperture extemai array. Sensor 
and leak simulator positions are shown for reference; the sampiing rate is 50 kHz. 

The errors in predicted source location for the sound-level maps shown in Figures 16 and 
18 are related to differences in the amplitudes of signals received at spatially separated locations 
and to inaccuracies in the measurement of the array element positions. While variations in the 
amplitude between individual sensor elements can seriously degrade the performance of an 
AE-based system through time registration problems, the effect of these variations on the 

B-27 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



A P I  PUBL+307 92  = O732290 05LOBL7 TL2 M 

I I 

Prediczcd Le& Locaaon I 

12 fi. 

Figure 16. Results of the beam-forming detection aigorithm applied to the &ta of Figure 15. Contours represent 
the normaïized, average somd level as a function of position on the AST floor. Sensor and leak simulator positions 
are indicated. The difference between the predicted leak location (arrow) and the actual leak location is 
approximately i m. 

beam-forming system is less severe. At time scales on the order of a few milleconds or less, 
the time series of Figures 15 become dissimilar due to differences in sensor/tank-shell coupling, 
individual sensor response, and variations in the media through which the signais propagate. 
Averaging the output signai over the entire duration of the series, which is done as part of the 
beam-fomiing detection algorithm, mulimizes the effects of time registration problems that occur 
over smaii time scales. The errors in predicted leak location introduced through inaccuracies in 
the measurement of sensor positions and sound velocity are systematic. Narrow-aperture arrays, 
while less sensitive to time registration problems, are more sensitive to these types of systematic 
errors due to the fact that the uncertainty in sensor position represents a relatively larger fraction 
of the aperture length. 
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The performance of a beam-forming algorithm is largely detennined by four factors: 
(1) the SNR of the individual sensors, (2) the length of the time series upon which the detection 
algorithm acts, (3) the number of array elements, and (4) the relative positions of the elements 
within the array. The degree of control over the individual sensor S N R  is strongly influenced by 
the particular setting in which the AST operates. In environments where the ambient noise level 
is relatively high and constant, such as refineries, careful attention must be paid to the remaining 
performance factors. If the noise competing with the leak signal is uncorrelated, significant 
improvements in system performance can be attained by increasing the number of array elements 
and the time series length. For a given individual sensor SNR, the system gain is increased by a 
factor of *by doubling the number of array elements. The standard deviation of location 
estimates is reduced by a factor of fieither by doubling the number of array elements or by 
doubling the length of the time series that serve as input to the location algorithm. 

The problem of optimizing the array geometry for the estimation of a source location in 
two dimensions has been addressed in [4]. Figure 19a shows the optimum array geometry for 
location in two dimensions in which a wide-aperture array composed of N elements is arranged 
in three equally spaced subarrays of N/3 elements each. An array of this type mounted 
horizontally on an AST would be unable to discriminate between leak signals located on the 
AST floor and noise sources, such as condensation, that are located above the floor. The ability 
to resolve vertically separated sources is gained by constructing an array similar to that shown in 
Figure 19b in which the N/3-element subarrays have both vertical and horizontal separation. 

Conclusions and Recommendations 

The analysis of data obtained during the 114-ft-diameter AST field test produced several 
important results. Impulsive leak signals resulting from the interaction of air bubbles with the 
leak flow field were found to be detectable, even against the relatively high ambient noise levels 
found at the Mobil-Beaumont refinery. An analysis similar to that presented in [ 13 concerning 
the application of AE-based data acquisition and signal processing techniques to acoustic leak 
signals has shown that modifications of the present acoustic leak detection systems must be made 
in order to correctly process impulsive signals. AE-based detection systems perform weli only 
when a large fraction of the processed arrival time sets are correlated with single, impulsive 
events. This requirement is satisfied for high-SNR impulsive signals that are emitted 
infrequently and whose similarity is maintained over the dimensions of the sensor array. None 
of these three requirements was observed to be satisfied for simulated impulsive leak signals. 
The problem of "proper time registration of impulsive signals must be addressed through 
improvements in both data collection and processing. These are discussed in [ 11. 
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Figure 17. Time series of continuous leak signals recorded by a four-element, mow-aperture external amy. 
Sensor and leak simulator positions are shown for reference; the sampling rate is 10 kHz. 

Continuous components of the leak signal resulting from cavitation, turbulent flow, and 
particulate collisions were also detectable, though the S N R  for these signals was comparatively 
low at frequencies below 10 ICHZ when externally mounted sensors were employed. Because 
continuous signais are viewed as noise with respect to impulsive signais, the presence of 
continuous leak signals will act to degrade the performance of AE-based acoustic leak detection 
systems. W e  there is some question as to the persistence of impuisive leak signais due to the 
requirement that air be present in the backfill material, the generating mechanisms that produce 
continuous leak signals require only that the leak flow field be turbulent and that the backfiu 
contain smaii-diameter particulates. These less resmctive criteria for producing a signai suggest 
that the continuous component of the leak signal may persist for a large class of AST leaks. The 
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possibility h i t  continuau leak signais may be exploited for the pupose of leak detection 
depends u p  the development of a detection algorithm capable of processing continuous data 
and additiannl knowledge of the Signal strength for miil AST leaks. 
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Figure 19. (4 OpieLnUm m plcomeuy for the location of a soum in two dimendoas ( h m  [43); (b) FWpwd 

A beam-foanlig detection algorithm appropriate for use with both hpdsivt  and 
continuous leak signals was dcvclopcd and applied to data obtained during the Mobil-Beaumont 
field test, The principle behind the aigorihn is one of detecting weak signais in a relatively 
strong noise field. Continuous time series recoded from each element of the sensor array am 
coherently added in order to enhance correlated signals emitted fiom IocaliZcd sourccs w h k  
minunithg the contribution of unconelated noise. By introducing apprapriaie timt Mays into 
the individuai time series prior to summarion, the resulting km can be steered over the enth  

AST fla6r in arder to map out the saund levei as a function of position. Regions of the AST 
floor at which the strength of the summation si@ exceeds the measured, average level are 
intwpreted as likely leak locations. The beam-forming algorithm w8s applied to data sets 

dominated by impulsive leak sigrrats and to data obtained under saturated backfiîi conditions in 
which only the contiruaus components of the leak signd were present. Both applications of the 

detection aìprithm produced source location estimates consistent with the known leak location, 
Significant improvements in the peafomance of a kam-fombg detection system can be 
attained by increasing the number of array elements, collecting long time series, and optirnizhg 
the sensor may geometry. 

wibe-apem m y  compo sei  of mmw-rpernuc subarrays for use ia AST le& detection. 

The resutts of this experimental program arc very encouraging; they suggest that 
passive-acoustic leak detection can be used to detect small leaks in ASTS. The experiments have 
diown that a detectable signai does exist, but thai the current approach to data acquisition and 
signal processing needs to be Unproved for the technology to achieve its fuii potential. The 
beam-forming algorithm developed to detect a broad range of acoustic leak signais may provide 
a means of detection that is lagely independent of thc particular source mechanisms associated 
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with a given AST leak. The beam-fonning detection algorithm and data acquisition system 
should be refined by means of experimental data obtained from a sensor array that contains a 

large number of optimally spaced sensors. In addition, the uncertainty in the character of the 
signals produced by red AST leaks must be investigated through further experiments. 
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