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FOREWORD

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

API IS NOT UNDERTAKING TO MEET THE DUTIES OF EMPLOYERS, MANUFAC-
TURERS, 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 MANU-
FACTURE, SALE, OR USE OF ANY METHOD, APPARATUS, OR PRODUCT COV-
ERED BY LETTERS PATENT. NEITHER SHOULD ANYTHING CONTAINED IN
THE PUBLICATION BE CONSTRUED AS INSURING ANYONE AGAINST LIABIL-
ITY FOR INFRINGEMENT OF LETTERS PATENT.
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ABSTRACT

The design of an aboveground storage tank (AST) leak detection system based upon passive-
acoustic methods requires a detailed understanding of the acoustic leak signal and the ambient
noise field against which the signal is measured. As part of Phase III of the American Petroleum
Institute’s (API’s) project to develop and evaluate the performance of different technologies for
detecting leaks in the floor of ASTs, a set of controlled experiments was conducted in a 40-ft-
diameter tank during June 1992. Two sets of holes of various diameters, ranging from 0.5 to 3
mm, were drilled in the tank floor. These holes released product (water) into one of two backfill
materials: native soil or sand. Two types of acoustic signals were generated and studied: (1) the
continuous leak signal produced by turbulent flow through a hole in the floor of the tank, and (2)
the impulsive leak signal produced by bubbles collapsing in the backfill beneath the tank floor.

The analytical and experimental results of this project suggest that a passive acoustic system can
be used to detect small leaks in ASTs. The experiments have shown that the impulsive leak sig-
nals identified through laboratory and field simulations are persistent and measurable within an
AST. The experiments yielded two very significant findings, which must be addressed in the
data collection and signal processing schemes used to detect leaks with the passive-acoustic
method: (1) the multipath signals (leak-to-wall-to-sensor or leak-to-surface-to-sensor), which
are associated with the direct path signal (leak-to-sensor), are very strong and may be stronger
than the direct path signal, and (2) the time delays of the multipath signals relative to the direct
path signal for each sensor in the wall array may be very different. Both phenomena are due to
acoustic propagation in the highly reflective confines of a right circular cylinder AST.

During the experiments, a data collection procedure and a signal processing algorithm were used
to separate the impulsive events associated with the leak from the strong multipath reflected sig-
nals. All of the leaks that were generated in the floor of the 40-ft-diameter tank were success-
fully detected and located.

Documents

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale

Full document details: APl Publ 322-1994 scan



http://www.avadocuments.com/doc/api-publ-322-1994-scan
http://www.avadocuments.com/doc/api-publ-322-1994-scan

API PUBLx322 94 EE 0732290 0519134 940 HN

ACKNOWLEDGMENTS

We wish to express our gratitude to the members of the API Storage Tank Task Force and
the Work Group for AST Monitoring for their cooperation, their technical support, and
their assistance in coordinating this project. We would like to acknowledge the support and
encouragement of the chairperson of the Work Group, Mr. James Seebold, and the API
staff member monitoring the program, Ms. Dee Gavora. We especially acknowledge the
help of Mr. John Collins, of Mobil Qil, who provided technical input to the research and
was instrumental in coordinating the field tests at the Mobil Refinery in Beaumont, Texas.
For their helpful suggestions in reviewing this document, we would like to acknowledge
Det Norske Veritas, Inc., CTI, Inc., and Physical Acoustics Corporation. Finally, we
acknowledge the help of Monique Seibel and Christine Lawson of Vista Research in edit-
ing and typesetting this document.

Documents

o Document Sharing Hub
Copyright American Petroleum Institute

Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale

Full document details: APl Publ 322-1994 scan



http://www.avadocuments.com/doc/api-publ-322-1994-scan
http://www.avadocuments.com/doc/api-publ-322-1994-scan

API PUBLx322 94 MW 0732290 0519135 887 1N

TABLE OF CONTENTS

EXECUTIVE SUMMARY .....cootiininnenniieenteecrteetntereseesaesesssessesesssacssseasscsnesasssnes ES-1
Section 1: INTRODUCTION........ccctevenreereraereerrenrenereosuersessesssesesssessessesssossessesssssassassssssaes 1-1
Section 2: BACKGROUNDL........oiiieiireece ettt s sree e sr et et sse e sa e sens 2-1
Section 3: SUMMARY OF RESULTS.....c.ccovoiviiiinieiiiereneisiestisesesssosasssssssssssssonss 3-1
Section 4: CONCLUSIONS AND RECOMMENDATIONS........cccccvinimnieninenerenneenns 4-1
Section 5: IMPORTANT FEATURES OF A PASSIVE-ACOUSTIC METHOD WITH 5-1
HIGH PERFORMANCE .......cocoiniimiiiriiriiniinsimisiessimississisissosssssssssssssnsssosssssssssessssssnss

Section 6: REPORT ORGANIZATION ...t senrcseecteeesee e sreseseeseesennes 6-1
REFERENCES ...ttt sttt e msesssaensnsessssessssssesssssssssssassssssstosssssnsssssenss R-1

Appendix A:  The Acoustic Signal Produced by a Leak in the Floor of an Above-
ground Storage Tank ...t A-1

Appendix B: A Passive-Acoustic Method of Detecting Leaks in the Floor of an
Aboveground Storage Tank: Field Test Results.........c.cccceeveereevennennnnnnnns B-1

Documents

Document Sharing Hub
Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale

Full document details: APl Publ 322-1994 scan



http://www.avadocuments.com/doc/api-publ-322-1994-scan
http://www.avadocuments.com/doc/api-publ-322-1994-scan

API PUBLx322 94 EE 0732290 0519136 713 IN

EXECUTIVE SUMMARY

INTRODUCTION

The design of a leak detection system based upon passive-acoustic methods requires a detailed
understanding of the acoustic leak signal and the ambient noise field against which the signal is
measured so that robust data collection and signal processing algorithms can be developed. As
part of Phase III of the American Petroleum Institute’s (API’s) project to enhance and evaluate
the performance, in actual operational environments, of different technologies for detecting leaks
in the floor of aboveground storage tanks (ASTs), a set of controlled experiments was conducted
in a 40-ft-diameter tank at the Mobil Oil refinery in Beaurnont, Texas, during June 1992." The
tank was filled with water and two sets of holes of different diameters, ranging from 0.5 to 3
mm, were drilled in its floor. The holes in the center of the tank floor released product into a
native-soil backfill, and the holes along the periphery of the tank floor released product into a
sand backfill. Two types of acoustic leak signals were generated and studied under realistic con-
dittons: (1) the continuous leak signal produced by turbulent flow through a hole in the floor of
the tank and (2) the impulsive leak signal produced by bubbles collapsing in the backfill beneath
the tank floor.

BACKGROUND

The API has completed three phases of a leak detection project for ASTs. The purpose of Phase
I was to assess different leak detection technologies to determine which had the greatest potential
for field application. Phase II addressed in detail two of the methods studied in Phase I: passive-
acoustic and volumetric methods. Phase III built on the insight gained in Phase II with regard to
the acoustic leak signal and ambient noise field.

The objectives of Phase III, which addressed both volumetric and passive-acoustic leak detection
technologies, were:

+ to determine, in the case of acoustic methods, the nature of the acoustic
leak signal resulting from realistic leaks in the floor of an operational
AST;

» to determine, in the case of volumetric systems, if differential pressure
(mass-measurement) systems have significant advantages over the con-
ventional level and temperature measurement systems;

1 Experiments were also conducted as part of Phase III to evaluate the performance of volumetric methods of leak
detection for ASTs. The results of the volumetric study are provided in a separate API document entitled An Engi-
neering Evaluation of Volumetric Methods of Leak Detection Systems for Aboveground Storage Tanks by James W.
Starr and Joseph W. Maresca, Jr.
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e to characterize the ambient noise encountered under a wide range of test
conditions for both detection technologies;

e to evaluate data collection and signal processing techniques that would
allow the detection of the leak signal against the ambient noise;

» to identify any operational issues for implementation of methods based
on either technology;

» to demonstrate the capabilities and, if possible, make an estimate of the
performance, of both technologies through field tests; and

 to identify, in the case of both volumetric and passive-acoustic technolo-
gies, those features of a leak detection test that are necessary for achiev-
ing high performance.

CONCLUSIONS

The analytical and experimental results of this project suggest that a passive-acoustic system can
be used to detect small leaks in ASTs. The experiments have shown that the impulsive leak sig-
nals identified through laboratory and field simulations during Phases I and III appear to be peré
sistent and are measurable within an AST. :

The experiments yielded two very significant findings, which must be addressed in the data col-
lection and signal processing schemes used to detect leaks with passive-acoustic methods: (1)
the multipath signals (leak-to-wall-to-sensor or leak-to-surface-to sensor), which are associated
with the direct-path signal (leak-to-sensor), are very strong and may often be stronger than the
direct-path signal, and (2) the time delays of the multipath signals relative to the direct-path sig-
nal for each sensor in the wall array may be very different.

Both phenomena are due to acoustic propagation in the highly reflective confines of a right cir-
cular cylinder AST. The former phenomenon, which is produced by wall focusing, is particu-
larly important, because the inherent assumption in the design of the existing acoustic detection
algorithms is that the largest leak signal is produced by the direct-path signal. The impulsive
leak signal is detectable, because, as part of the signal processing, the direct-path signal can be
distinguished in time delay from the multipath signals associated with it. While the multipath
complicates the signal processing for impulsive leak signals, it makes it impractical to exploit the
persistent leak signal.

During the experiments, a data collection procedure and a signal processing algorithm were used
to separate the impulsive events associated with the leak from the strong multipath reflected sig-
nals. All of the leaks that were generated in the floor of the 40-ft-diameter tank were success-
fully detected and located.
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This document presents the results of these acoustic experiments in two separate technical
papers, which are attached as appendices. The first discusses the characteristics of the acoustic
leak signal and ambient noise field in an AST, and the second presents an engineering assess-
ment of a methodology for detecting small leaks in the tank floor.
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1 INTRODUCTION

This report summarizes Phase III of a research program conducted by the American Petroleum
Institute (API) to evaluate the performance of different technologies that can be used to detect
leaks in the floors of aboveground storage tanks (ASTs). During Phase I, an analytical assess-
ment of the performance of four leak detection technologies was investigated (Vista Research,
Inc., 1989; Maresca and Starr, 1990). The four technologies included: (1) passive-acoustic
sensing systems, (2) volumetric systems, especially differential pressure (or ‘‘mass’’) measure-
ment systems, (3) enhanced inventory reconciliation methods, and (4) tracer methods. During
Phase II, field tests were conducted on a 114-ft-diameter AST containing a heavy naphtha. The
purpose of these tests was to make an engineering assessment of the performance of two of the
above technologies, passive-acoustic sensing systems and volumetric detection systems. These
tests were conducted at the Mobil Oil Corporation refinery in Beaumont, Texas, during May
199§2. The results of the Phase II research program are described in two API final reports and
three professional papers (Vista Research, Inc., 1991, 1992; Eckert and Maresca, 1991, 1992).
During Phase III, additional field tests were conducted on a pair of ASTs in order to test the
acoustic and volumetric leak detection strategies that emerged from the Phase II study and to fur-
ther evaluate the current state of leak detection technology. These tests were also conducted at
the Mobil refinery at about the same time of year as the Phase II tests. The acoustic tests were
conducted in a 40-ft-diameter AST containing water, and the volumetric tests in a 117-ft-
diameter tank containing a light fuel oil. In the case of the acoustic tests, holes were drilled in
the floor of the tank to allow realistic simulation of leaks into two different types of backfills
beneath the floor. This report describes the results of the Phase III acoustic tests; the results of
the volumetric tests are described in a separate report, which consists of a brief overview of the
work and two technical papers (Vista Research, Inc., 1993).

The specific objectives of the Phase III acoustic experiments were:

« to characterize the two general types of acoustic leak signals (i.e., con-
tinuous and impulsive) produced by leaks in the floor of an operational
AST;

» to characterize the ambient noise that would interfere with each type of
acoustic leak signal and that would be found in a typical AST under a
wide range of refinery and environmental conditions;

» to demonstrate in a series of field tests data collection and signal pro-
cessing techniques that would allow the detection of leaks in the floor of
an AST; and
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» toidentify those features of a leak detection test that are crucial to
achieving high performance.
The body of this report consists of a short technical summary of the work. Section 2 summarizes
the relevant Phase II results that were further investigated in Phase III. Sections 3 and 4 summa-
rize the important results, conclusions, and recommendations of this experimental project. Sec-
tion 5 presents the general features of a passive-acoustic method that will achieve a high level of
performance. A detailed description of the field tests and analyses are presented in two

professional papers, which are attached as appendices to the report.

12 Documents

Document Sharing Hub

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS

Full document details: APl Publ 322-1994 scan

Not for Resale



http://www.avadocuments.com/doc/api-publ-322-1994-scan
http://www.avadocuments.com/doc/api-publ-322-1994-scan

API PUBLx322 94 B 0732290 0519141 040 WM

2 BACKGROUND

The choice of a particular strategy for the acquisition and processing of acoustic signals is
strongly tied to the nature of the signal and the background noise field in which the signal is
immersed. Studies of simulated leak signals have shown that the acoustic signal produced by a
leak contains two distinctly different components (Vista Research, Inc., 1992; Eckert and
Maresca, 1991, 1992). Turbulence associated with the leak flow field produces a persistent
acoustic signal that is believed to be present in all AST leaks. The magnitude of the persistent
leak signal is dependent upon the backfill conditions beneath the AST floor and on the flow rate
through the hole in the floor. The second type of acoustic leak signal is impulsive in character
and is caused by the interaction of air bubbles beneath the AST with the turbulent leak flow field.
While the impulsive leak signal is much greater in magnitude than the persistent signal, the
degree to which the impulsive signal is associated with AST leaks is unknown. Phase II
laboratory tests showed that air must be entrained into the leak flow field in order for an
impulsive signal to be produced; no impulsive signals were observed when the backfill was
completely saturated with product or groundwater. The approach to AST acoustic leak detection
adopted by the industry exploits only the impulsive component of the leak signal. This approach
is based upon the success with which flaws and cracks in a variety of materials have been
identified through the use of acoustic emissions (AE) techniques. Though a number of firms
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
signal produced by leaks in operational ASTs. Many proven techniques have been developed in
order to locate sources of continuous signals, for example, sonar and radar beamforming
systems. The primary focus of the API work is the development of data acquisition and signal
processing techniques that will allow the impulsive and/or the persistent components of the
acoustic leak signal to be successfully exploited for the purpose of leak detection.

The Phase III field tests were designed to evaluate and refine the results of the Phase II tests.
The most important results of the Phase II experiments and analyses are summarized below.

* Many of the false alarm and missed detection problems experienced by
commercial vendors are predictable and can be attributed to inadequate
data collection and signal processing algorithms; they are produced by
the use of a detection threshold that is too low compared to background
noise, by improper time registration of signal events, and by incorrect
assumptions that large noise events are signal events. The typical
threshold settings used by the testing community are based upon the
persistent contributions to the ambient noise field, which leads to an
excessive number of threshold exceedances based solely on the noise
and not the leak signal or the impulsive noise that might mask the leak
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signal. Observations of the leak signal suggest it is 10 to 20 times larger
than the persistent noise. To process the data, the acoustic signal from
each individual collapsing bubble event must be correctly identified by
each acoustic sensor. If acoustic signals from different bubble events
are processed together, then erroneous location estimates are made. This
mixing of the impulsive leak signals is difficult to avoid unless a
continuous time history of data is collected. Because none of the
vendors is recording continuous time histories, impulse mixing cannot
be avoided with the AE data collection approach, and it becomes an
important source of error. Simple calculations, assuming only the
presence of leak signals (i.e., no noise), suggest that the probability of a
false alarm is 50% if the rate of occurrence of events is 12 per second.
The probability of false alarm increases dramatically if the rate of
occurrence is higher or if the ambient noise is also included in the
calculation. These problems can be minimized by collecting data
continuously, using a higher threshold for detection, devising better
sensor geometry, and employing more robust algorithms to identify and
avoid noise. A detailed description and analysis of these problems are
provided by Eckert and Maresca (Vista Research, Inc., 1992; Eckert and
Maresca, 1991).

» The strongest acoustic signal produced by a hole in the floor of a tank
propagates through the liquid. Sensors responded similarly to the
impulsive leak signal regardless of whether they were submerged in the
liquid inside the tank or located on the exterior wall of the tank. The
noise field seemed to be lower, however, for the submerged sensors than
for those mounted on the wall. The multipath reflections observed in the
data are predictable using simple ray tracing techniques.

» Both the persistent and impulsive signals exhibited a positive
signal-to-noise ratio. More information is required about the
characteristics of the persistent signal, however, before a determination
can be made on whether such a signal can be successfully exploited.
More information is also required about the impulsive signal so that
more robust data collection and signal processing algorithms can be
developed.

e The only mechanism that produced strong impulsive signals in the
laboratory tests was the collapsing of air bubbles in the flow field of a
well-drained backfill beneath the tank. When the backfill became
saturated and all the entrained air escaped, the impulsive signal ceased.
This raised questions about whether such a signal would persist in an
operational environment where the void space that develops in the
backfill beneath the leak could fill with product (or with water resulting
from precipitation that accumulates in the diked areas surrounding the
AST). Except for the Phase II laboratory experiments, the controlled
experiments that were used by the commercial testing community to
develop their testing approach were conducted under extremely
well-drained backfill conditions in which such a signal would always be
present. More realistic information about the presence and persistence
of the impulsive acoustic leak signal is needed in order to justify the
exploitation of this signal.
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e A signal-processing approach that uses a beamforming algorithm was
developed as a means to exploit both the persistent and impulsive leak
signals. Exploitation of the persistent signal is the primary reason for
using this approach. The beamforming approach requires a high degree
of similarity between the signal wave forms recorded by spatially
separated sensors. Stated another way, the coherence between any two
time series containing the signal should be high in the signal frequency
band. If the coherence of the persistent leak signal is found to be high
between the various sensors in the wall-mounted arrays, the performance
achieved using this signal should be as good as, if not better than, the
conventional leading-edge, threshold-detection approach being used by
industry for impulsive signals. The performance of the beamforming
approach increases as the number of sensors and the integration time
increase. '

 The optimal configuration for acoustic sensors in an AST should
incorporate the following: (1) an array of sensors that are separated both
vertically and horizontally so that surface noise and reflected signals can
be distinguished from leak signals emanating from the bottom; (2) one
or more subarrays of closely spaced sensors for time registration; and (3)
one or more subarrays of widely spaced sensors for accuracy in locating
the leak. Optimal geometries for radar and sonar sensors consist of one
wide-aperture array that has three narrow-aperture subarrays and that
provides for both horizontal and vertical separation of sensors.
Theoretically this would be an ideal configuration for acoustic sensors in
an AST. However, the beam pattern resulting from a point response
must be calculated before any sensor geometry can be finalized.

23 Documents

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale

Full document details: APl Publ 322-1994 scan



http://www.avadocuments.com/doc/api-publ-322-1994-scan
http://www.avadocuments.com/doc/api-publ-322-1994-scan

API PUBLx322 94 EE 0732290 0519144 89T MR

3 SUMMARY OF RESULTS

Three types of field experiments were performed in Phase III. The first type was designed to
characterize the acoustic signal produced by a hole in the tank, the second to characterize the
ambient noise field that existed during the entire data collection period, and the third to assess
the merits of the data collection and signal processing approach developed in Phase II. Two sets
of tests (each including all three types of experiments) were conducted, one to exploit the per-
sistent leak signal and one to exploit the impulsive leak signal.

All of the acoustic experiments in this phase of the API project were conducted in a 40-ft-
diameter AST especially outfitted with controllable leaks for these tests. The tank was filled
with water to a depth of 25 ft for all of the tests. Three sets of holes were used to investigate the
nature of the acoustic leak signal. Five holes ranging in diameter from 0.5 to 3 mm and spaced
at 5-ft intervals were drilled into the floor near the center of the tank; a similar set of holes was
drilled near the tank walls. The backfill under the center holes was native soil, and that under the
side holes was sand. A leak simulator having a similar configuration was also installed in the
tank, but at a different location; in the simulator, the flow rate of the leak could be controlled and
measured. A specially designed flowmeter was used to measure the flow rate in each floor hole.
A hydrophone was used to verify that each hole not used to generate a leak during a test was
closed and did not generate any additional acoustic leak signals. The smallest hole in the AST
that produced a measurable flow rate was 2.0 mm in diameter. The three holes smaller than 2.0
mm were presumed to be clogged with debris. The lack of flow in these smaller holes was veri-
fied with the flowmeter and a hydrophone.

The AST had a false bottom that was filled with sand. A section of the false bottom was
removed for these tests, and the sand under this section was replaced with the native-soil back-
fill. Large-amplitude, impulsive leak signals were observed whether the leak flowed through the
false bottom into a sand backfill or through the "single bottom" into a native-soil backfill.
However, both the frequency and strength of the impulsive leak signals were dependent upon the
backfill material and backfill conditions. The leak from the 2.0-mm-diameter hole in the false
bottom into the sand backfill produced impulses at a greater rate (typically 1 to 20 per minute)
than did the corresponding leak from the single bottom into native soil (typically 1 every 5 min-
utes). The frequency of these signals was significantly lower than that of the impulsive signals
measured in the laboratory (typically 10 to 50 per second) in well-drained, granular backfills.
The broadband frequency content of the impulsive leak signal, combined with the low level of

31 Documents

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale

Full document details: APl Publ 322-1994 scan



http://www.avadocuments.com/doc/api-publ-322-1994-scan
http://www.avadocuments.com/doc/api-publ-322-1994-scan

API PUBL*322 94 WM 0732290 0519145 72t W

ambient noise observed at frequencies above 10 kHz, allowed the impulsive signal to be easily
detected by both internal and external sensors. The impulsive leak signal was generally 10 to 20
times larger than the standard deviation of the random ambient background noise.

The persistent leak signal associated with turbulent flow and the entrainment of small-diameter
particulates into the leak flow field was detectable above the ambient noise. However, at fre-
quencies below 10 kHz, the leak signal was largely masked by ambient noise. Persistent leak
signals produced by the 2.0-mm-diameter leak through the false bottom into the sand were
significantly larger in amplitude than those produced by the corresponding leak through the
single bottom into native soil. If the time history of the no-leak condition were not available for
comparison, however, one would have no way to determine, based on signal strength alone, if
the acoustic data were produced by noise or a leak signal.

Measurements of the acoustic leak signal are made against a noise field that is highly variable
both in strength and frequency distribution. The complex variety of noise sources encountered at
a refinery ensures that acoustic data recorded within any frequency band and over any time scale
are subject to some form of contamination by ambient noise. Sources of persistent acoustic noise
observed during the field tests included industrial activities associated with the refinery and
nearby factories, traffic, and leaking valves in aboveground steam-distribution pipelines. While
these sources produce consistently high levels of ambient noise, the frequency content of per-
sistent noise is largely confined below 10 kHz. Distinctive, impulsive sources of noise are also
observed as part of the AST ambient noise environment. Mechanisms observed to cause
impulsive noise included rain, condensation, and mechanical stresses imparted to the AST
through connecting pipelines during product transfers. Most impulsive noise sources can be
effectively avoided through careful choice of the measurement period and sensor location or
minimized through robust data collection and signal processing.

The current method by which the presence of an AST leak is inferred is detection-through-
location. This approach requires that the differential arrival time of acoustic signals at the ele-
ments of a sensor array be measured. Accurate source location (and hence acceptable
performance as a leak detection system) demands that the recorded signals maintain a high
degree of similarity with respect to one another. The similarity between time series of both
impulsive and persistent leak signals recorded by spatially separated sensors was degraded by
multipath signal propagation within the reflective confines of the AST. The observed lack of
coherence between measurements of the persistent leak signal was such that the differential
arrival time of the signal could not be measured. The low coherence, which was observed at
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sensor separations of only 4 in., is due to multipath reflections resulting from the circular geome-
try of the tank. As a consequence, the persistent leak signal cannot be exploited for the purpose
of leak detection and instead must be viewed as a source of noise.

Investigations of multipath propagation within the AST were conducted through measurements
of the impulsive leak signal and through ray-tracing simulations. The ray-tracing simulations,
which modeled single and double reflections of impulsive signals from the AST shell and air-
/water interface, accounted for much of the observed multipath contamination of impulsive leak
signals. Experimental evidence that the amplitude of multipath signals could actually exceed
that of the direct-path (source-to-sensor) signal was supported by the results of the ray-tracing
studies. That the direct path acoustic return may not be the strongest signal has significant rami-
fications in the design of a robust leak detection system since all the detection algorithms assume
that the direct-path impulsive signal is stronger than the multipath reflections. A simulation was
conducted which showed that a wide-aperture array of externally mounted sensors will be sub-
ject to multipath contamination regardless of the location of the leak.

Leak detection experiments that concentrated on the impulsive component of the leak signal
were conducted using a pair of 2.0-mm-diameter leaks and the leak simulator. Because the
impulsive signals appear infrequently, data acquisition was initiated by the exceedance of a pre-
set threshold signal level at one element of a sensor array. The collected data consisted of con-
tinuous time series of the leak signal that contained the impulsive event. Although multipath
propagation reduces the similarity between time series of impulsive leak signals, successful
detection of leaks based upon these signals was accomplished through the application of a data
quality test to each set of time series and the processing of these time series by a modified beam-
forming algorithm. The data quality test employed a secondary threshold (lower than the pri-
mary threshold used to initiate data acquisition) in order to determine whether the recorded event
corresponded to direct-path propagation from source-to-sensor or was caused by multipath
reflection signals. By varying the level of the secondary threshold it was possible to get either an
image of the actual leak location or virtual images of the leak lying outside the AST boundary.
The double-threshold approach led to accurate location estimates of 2.0-mm-diameter leaks
through both the false bottom and the single bottom, as well as accurate location estimates of the
leak simulator. The modified beamforming algorithm was used to develop contour maps of the
signal-to-noise ratio, and these were used as the basis for determining whether a leak was present
or not. The accuracy of the location estimates was within the predictions of theoretical model
calculations based on the integration time and the number and location of the sensors.
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4 CONCLUSIONS AND RECOMMENDATIONS

The main conclusion of the Phase III acoustic experiments is that accurate and reliable leak
detection is possible; moreover, the important features of a test with high performance have been
identified. It may be possible to detect leaks from holes even smaller than those used in the
experiments. (It will be recalled that the three smallest holes [0.5, 1.0, and 1.5 mm in diameter]
were clogged with particulates and could not be used.) The mechanism producing the impulsive
leak signal (i.e., collapsing bubbles) should be independent of hole size, therefore making leaks
from holes smaller than those investigated in this set of experiments detectable.

These experiments demonstrated that a detectable acoustic leak signal exists. In order to achieve
reliable performance, though, significant modifications must be made to the current data collec-
tion and signal processing routines. Of the two existing types of leak signal, persistent and
impulsive, only the latter can be exploited when strong multipath reflections are present in the
acoustic data. These multipath signals are predictable and their presence has been verified with a
simple ray-tracing model. Analysis of the experimental data shows that the multipath signals
may be stronger than the direct-path signal. This finding is particularly significant because such
strong multipath signals would confuse the simple threshold signal processing algorithms used
for detection of the impulsive leak signal. There are a number of data collection and signal pro-
cessing approaches that can be used to distinguish the direct-path from the multipath signal. One
simple algorithm was developed and successfully used to detect leaks in both backfills from
holes at three locations in the tank.

The success achieved with the passive-acoustic leak detection method is critically important,
because until now the accepted procedure for determining whether or not an AST is leaking has
been to take the tank out of service, drain it, and inspect the tank floor. This process is not only
expensive and time-consuming but also poses environmental risks connected with the transfer
and temporary storage of product. Acoustic tests have a number of important features that make
them an operationally viable tool, principally in terms of minimizing interruptions to AST opera-
tions. First, the tank does not need to be taken out of service during equipment setup. Second,
the test is short---it takes only a few hours to collect the data. Third, the level of product in the
tank is not a factor; unlike volumetric tests, which require that the product level be lowered to
within 3 to 5 ft of the bottom, no exacting level changes are needed, and a test can be conducted
at the extant level. (For best performance, however, the product level should be as high as possi-
ble.)
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Three general recommendations are made as part of API’s Phase III effort. The first is to dem-
onstrate that the data collection and analysis approach developed in the Phase III field tests
works by using this approach to perform leak detection tests on a variety of operational ASTs
whose integrity has been or will be checked by tank inspection procedures. The Phase III data
are limited in that they represent only one type and size of tank, one product, and one season of
the year. Although some work was done during Phase II on a 114-ft-diameter AST filled with a
petroleum product, most of the acoustic experiments were conducted in the specially configured
tank filled with water. Less than a month’s worth of experimental data was collected, and these
data are limited to ASTs in the same geographic location and under the same climatic conditions.
While these experiments were carefully controlled, the data collection and analysis methods
developed as part of Phase III have not yet been evaluated over a wide enough set of conditions
to be definitive.

The second recommendation is to develop and validate a standard test procedure for evaluating
the performance of acoustic leak detection methods in terms of probability of detection (Pp) and
probability of false alarm (Pg,). The development and implementation of a standard test proce-
dure is particularly important because it is an extremely effective means of technology transfer; it
almost ensures that industry will integrate the important findings of this research into its leak
detection systems, because by doing so industry can achieve the highest performance possible
when evaluating these systems. Such procedures also ensure that all leak detection systems have
a minimum level of performance and that the performance of one system can be compared to that
of any other system. The advantages of standardized evaluation procedures, in terms of both
technology transfer and performance estimation, have been successfully demonstrated and
implemented as part of the underground storage tank (UST) program.

The third recommendation is to encourage the continuation of applied R & D by other organiza-
tions, especially the federal government, as a way to improve the performance of acoustic and
volumetric technologies and to extend their application over a wider population of tanks. Three
areas of further technology development are recommended for acoustic methods: (1) determine
the presence and persistence of impulsive leak signals for a wide range of backfills and product
fuels, (2) characterize the noise environment over a wider range of testing conditions, and (3)
develop and evaluate more robust detection algorithms. While the goals of each of these three
recommendations seem somewhat unrelated, addressing any one of them will offer significant

input to the other two.
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While not a specific recommendation, the importance of technology transfer cannot be overem-
phasized, because it must be recognized that it is expensive and time-consuming for industry to
implement some of the features that have been identified as being important for achieving high
performance with a passive-acoustic system. This is typically accomplished by the publication
and presentation of technical results. Even more important, perhaps, is direct communication
with the intended users (in this case, the commercial vendors and the owners of ASTs) for
review of and comment on the test plan before each set of field tests and the test results after-
ward. While publication and direct interaction with the user community has been actively and
vigorously pursued by API, these efforts may not be sufficient to effect the necessary changes.
In our opinion, the most effective method of ensuring technology transfer involves the imple-
mentation of the second recommendation, the development of a standard test procedure.
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5 IMPORTANT FEATURES OF A PASSIVE-ACOUSTIC METHOD WITH
HIGH PERFORMANCE

To detect leaks in the floor of an AST, a passive-acoustic system should be designed to detect the
impulsive leak signal. Off-the-shelf frequency-selective sensors that are available commercially
appear to be more than adequate for this purpose.! For high performance, however, it is neces-
sary to formulate data collection and signal processing algorithms that will detect this type of
signal. The general features that such data collection and algorithms must possess are derived
from the results of the Phase II and III field tests and analyses. The first of these features is a
very high threshold; a high threshold is the best way to detect the impulsive acoustic signal pro-
duced by a leak and to minimize false alarms due to noise fluctuations. Second, digital time
series of the raw acoustic wave form from each sensor must be collected and made available for
analysis. Without digital data, the analysis required for robust leak detection cannot be per-
formed. Although it would be desirable to collect continuous time histories, this would not be
practical since the quantity of data collected during a normal test is prohibitively large. In effect,
continuous time histories are not essential provided that each time series is sufficiently long to
correctly identify the leading edge of the direct-path signal in the presence of multiple events,
multipath reflections, and noise. The third important feature is an algorithm for distinguishing
multipath and noise signals from direct-path signals. It is possible to devise such an algorithm
because of the fact that in a high-quality threshold exceedance, the main multipath reflections
relative to the direct path signal and the amplitude of the noise can be predicted. A number of
approaches can be used to develop this algorithm. The fourth important feature is that the algo-
rithm be designed in such a way that the impulsive returns from discrete bubble events are iso-
lated and that the direct-path signals are properly time-registered. This is particularly difficult if
more than one event occurs during the time it would take for an acoustic signal to propagate
across the tank. The fifth feature is the spacing of sensors in such a way as to strike a balance
between two opposing effects. Close spacing makes the pattern of the direct-path and multipath
reflections from a single bubble event much easier to identify and thus enhances the proper iden-
tification of the direct-path signal. Unfortunately, however, as the aperture of the array
decreases, so does the accuracy of the leak location estimates. The optimal sensor configuration
(confirmed by theoretical analyses published in the literature) is thus one that addresses both
issues, accurate location estimates and proper registration of impulses in the time series (Van

1 The sensors used in all field tests described here have a resonant response at approximately 30 kHz. It is likely
that frequency-selective sensors that are resonant at other frequencies will also be effective, although we did not
verify this. Simple laboratory tests can be used to demonstrate the response of a sensor to an impulsive signal.
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