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ABSTRACT

Two on-line acoustic leak detection systems were
operated and installed on a 76 MW hockey stick steam
generator in the Sodium Components Test Installation
(SCTI) at the Energy Technology Engineering Center
(ETEC) in southern California. The low frequency
system demonstrated the capability to detect and
locate leaks, both intentional and unintentional, No
false alarms were issued during the two year test
program even with adjacent blasting activities,
pneumatic drilling, shuttle rocket engine testing
nearby, scrams of the SCTI facility, thermal/
hydraulic transient testing, and pump/control valve
operations. For the high frequency system the
capability to detect water-into sodium reactions was
established utilizing frequencies as high as 300 kHz.
The high frequency system appeared to be sensitive to
noise generated by maintenance work and system valve
operations, subsequent development work which is
incomplete as of this date showed much more promise
for the high frequency system.

INTRODUCTION

Water-into-Sodium Acoustic Leak Location/Detection System work
first started in 1968. More recently, two systems (G.E. and
Atomics International) were demonstrated during a two year period
on a 76 MW hockey stick steam generator unit at ETECs Sodium
Components Test Installation (SCTI) in Southern California. During
this period, the G.E. low frequency system (General Electric
Advanced Acoustic Detection System - GAAD) located and detected all
intentional and some unintentioned leaks. The status of the G.E.
system as an experiment was changed early in the test program and
it was incorporated into fch* facility'« smali laaK defection and
protection system, NO false alarms were issued by the system even
though blasting and pneumatic jackhammering into bedrock took place
within an adjacent test cell. Even through testing of shuttle
rocket engines at the nearby Rocketdyne facility for up to several
minutes that caused extensive vibration of the steam generator
vessel, no false alarms were issued by the GAAD System.
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Scrams of the SCTI facility, normal and fast thermal/hydraulic
transients, and control valve and pump operations were ignored by
the GAAD System. During each of these far-field noise generation
events, no significant change in detection characteristics
occurred, and no false alarms were generated. In addition to
detecting the intentional demonstration leak injections, several
unintentioned leaks were detected up to 24 hours before physical
evidence of the leak was noted by other methods. The GAAD system
is based upon statistical analyses of the ratios of the sound power
at known locations as compared to the average, background sound
power.

The Atomics International High Frequency Acoustic Leak Detection
(HALD) System was based upon analyzing the acoustic signals in the
range of 180 +/~ 6 0 K&z' T h e facility DAS was used to process a
series of correlation equations to effectively subtract the
predetermined background from the measured signal and then attempt
to calculate a leak rate from the remainder. The method proved to
function not as well as expected due to a significant background
noise level impact of changing flow paths and system susceptibility
to maintenance and system valve operational sounds. The system did
show promise by its response to intentional leak injections. A
redesign of the system based on the early hockey stick steam
generator unit testing showed much more promise (As of this date
the design is incomplete).

GAAD SYSTEM

The steam generator evaluated was a 76 MW, "Hockey Stick" module
with 757 tubes contained within a 50-inch outside diameter,
L-shaped shell. The design employed butt-welded tube-to-tubesheet
joints. All construction material was 2-l/4Cr-lMo.

The GAAD system used a detection algorithm based upon the
s t a t i s t i c a l ana lys is of data from an array of sensors.
Approximately 17 0 accelerometers were attached to the outside
surface of the steam generator in a helical pattern, with a 12 cm
axial spacing.

Detection was based upon a s ta t is t ical comparison of the white
noise sound power created by the leak to the background sound
power. The system operated below 20 kHz and was not based upon
frequency, phase, waveform, or specific amplitude analysis.

An operator video display (Figure 1) presents two views of the
steam generator. On the left is a profile with a marker showing
the vertical location of the acoustic plane being analyzed. The
circle in the center represents the acoustic plane showing the
location of each acoustic volume element being measured. Around
the circumference of the vessel are shown the location and
identifying numbers of the specific sensors forming the array. The
largest square near the center of the circle represents the leak
location. The operator may also be given alarm status and an
estimate of the leak rate.
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FIGURE 1 Operator Display

The GAAD system utilized a ring of 8 sensors to define an acoustic
plane to be analyzed (Figure 2) . The electronics selected the
specific eight sensors from the many on the steam generator and
processed eight paral lel channels of data. The resultant
information was compared against setpoints, then sent to an
operator, automated shutdown system when required, and to
historical files for future analysis.
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FIGURE 2 SG with Sensors and Electronics



To illustrate the operation of the GAAD system, the steam generator
is divided into planes (slices) . The planes are diced into
acoustic volume elements, (Figure 3) . The following process was
applied:
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FIGURE 3 Acoustic Leak Location/Detection

1. Definition of acoustic planes

2. Division of each plane into individual volume elements

3. Measurement of noise power for all volume elements in the
plane

4. Analysis of data

The acoustic signals were determined using the following steps:

A. Determination of average noise level for all volume elements
= Background Noise

B. Ratio of measured noise for a specific volume element against
the Background Noise

C. Recall from memory the previous average noise ratio for this
acoustic volume element

D. Statistical addition of the current observed ratio to the
recalled average ratio



E. Comparism to alarm setpoints
Single reading
Rate of change
Cumulative value, etc.

F. Continued analyses for all acoustic volume elements in plane

G. Acquisition of data and analysis of next plane

To illustrate how eight accelerometers are able to work together
and focus on a single volume element, we can refer to a simplified
figure and consider only four sensors. (Figure 4) Imagine a
pebble tossed into a pool of water (Sound Origination Point). The
pebble striking the water generates a sound - "piink" and causes
ripples to move out in ever expanding concentric circles (TO
through T8).

If we listen at sensor position 1, we will hear the "plink" a
little after time T2. At sensor position 2, we will hear the
"plink" a little after time T7. At sensor position 3, we will hear
the "plink" a little after time T8. At sensor position 4, we will
hear the "plink" a little before time T5.

We can now insert an appropriate time delay (Dl) into the circuit
for sensor 1, such that the "plink11 detected by sensor 1 is heard
simultaneously with the "plink" detected by sensor 3, as well as
an appropriate time delay (D2) into the circuit for sensor 2, such
that the "plink" detected by sensor 2 is heard simultaneously with
the "plink" detected by sensor 3, and furthermore an appropriate
time delay (D4) into the circuit for sensor 4, such that the
"plink" detected by sensor 4 is heard simultaneously with the
"plink" detected by sensor 3.

Thus all sensors appear to simultaneously hear the "plink" from
the sound origination point (we have focused on the acoustic volume
element containing the sound origination point) . A statistical
analysis of the sound from the origination point may now be made
using the information from all four sensors.

There will be a unique set of delay times (D1,D2,D3,D4) for each
acoustic volume element within the acoustic plane.

The sound from all sensors is statistically averaged to obtain a
background noise reference level. The sound from each individual
acoustic volume element is then compared with the background to
obtain a sound power ratio. The statistical ratio history for each
volume is examined and compared against setpoints for alarm
purposes.

The GAAD system consisted of eight parallel channels of signal
conditioning and analog to digital conversion, followed by a
digital data processing and analysis system. (Figure 5)
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FIGURE 4 Time delayed "focusing"

A sensor array selector switch was used to determine which 8 sensor
outputs would be connected to the signal conditioning electronics.
The output voltage of each sensor was amplified, bandwidth limited,
and sampled. The sampled voltage amplitude was converted to a
digital value, then stored in the Array Scan Data Storage Buffer.
This buffer then stored the simultaneously sampled, digitized
voltage values from each of the eight sensors.

Once all data from a scan were acquired and stored, the Array
"Focusing" Scanner utilized the delay times for each acoustic
volume element to comb through the Array Scan Data storage buffer
to determine the volume element's focused sound power. The values
were ratioed and statistically combined with prior observations,
then stored in the Acoustic Volume Element Data Storage.

Once the data analyses were complete, the stored values were
compared against Alarm Level Setpoints, then output to the facility-
DAS, Alarm Processor and Operator Display.

An acoustic sensor is a common, relatively inexpensive
accelerometer and these devices will not tolerate temperatures
above about 450 F (232 C). An attachment design was developed
which permits the use of these low temperature devices on the wall
of a 900 F (483 C) vessel. (Figure 7)
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FIGURE 5 Acoustic Leak Location/Detection System

Two threaded studs were permanently attached to the vessel wall.
The accelerometer was bolted to a. ceramic stand-off insulator. The
insulator was spring loaded against the vessel wall by means of a
Belville spring washer. A metal hold-down plate spanned the two
studs and pressed against the Belville spring. A thermal radiator
was added to the barrel of the accelerometer to provide additional
cooling. Since a steam generator is normally covered by a thick
layer of insulation, an aluminum cone or bowl was bolted to the two
studs to retain the insulation material. This cone (bowl) allowed
the circulation of natural convection cooling air to keep the
temperature of the accelerometer from exceeding its operational
maximum.

Thermal losses at the accelerometer attachment were minimal such
that a steam generator vessel wall thermal stress was not created
at any of the accelerometer locations.

An experiment was performed to study the effect of an internal
shroud and a rather large annulus. The operator displays for
various leak locations were overlaid on a cross-section of the
experimental arrangement. (Figure 7) The area inside the inner
circle was filled by a tube bundle.
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The design and materials of a steam generator determine the amount
of time available for leak detection. If we consider typical steam
generator tube dimensions and material, a 0.4 mm leak in tube A
(injecting about 3.5 grams of steam/second or nearly 10 grams of
liquid/second) impinging on tube B would result in a hole of about
1.7 mm for a steam injection (and about 2.4 mm for a liquid
injection) within 10 to 20 seconds. (Figure 8) The target tube was
designed to inject about 45 grams steam/second or 80 grams of
liquid per second. Damage propagation tests indicated that leaks
in the intermediate range would produce further damage propagation
within 50 to 120 seconds.

Increasing the spacing between the tubes, increasing the tube wall
thickness, and/or increasing the melting temperature of the tube
material was shown to provide more time for detection and
protective action to be taken.

48 mm

FIGURE 8 Steam Tube Spacing

Figure 9 illustrates the typical development of a leak within a
steam generator tube beginning with a very small crack due to self
wastage. A very small crack or pinhole in a tube wall will permit
steam or liquid to leak through and interact with the sodium. Step
1 illustrates the very small initial H-0 leak flow. This leak flow
does not change through Step 4. Detection is difficult at this low
leak level. Detection is even more difficult because the leak may
periodically plug. As illustrated in Step 2 and beyond, the
chemical reaction between the water and the sodium will begin to
erode the tubing sodium side wall. As the self wasted crater nears
the steam side of the tube wall, the leakage may become continuous
and variable. Finally, the wall is so thinned that it suddenly
breaks out and enlarges as illustrated in Step 5. The elapsed time
from Step l to Step 4 may be hours, days, or months. The elapsed
time from step 4 to Step 5 is generally less than a minute. Thus
the time available for detection is quite short.
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FIGURE 9 Typical Development of a Leak in a Steam Generator Tube

The leak rates and times i l lus t ra ted in Figures 8 and 9 are
summarized here. The primary leak may perk along at a slow rate
for hours, days, or months - then, suddenly break through. Upon
breakthrough, a flame impinges upon the second tube and may cut
through within 10 to 2 0 seconds. The secondary leak will cut
through the third tube within 50 to 120 seconds of elapsed time.
Thus, if the secondary leak can be detected within about 2 0
seconds, there is time for an automated blowdown system to take
action before damage propagates. (Figure 10)
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In this scenario, a leak rate may be predicted. The sound power
produced by each leak rate is also predictable. The background
noise for the specific steam generator design may be estimated and
a signal-to-noise ratio may be determined. Finally, the time to
locate a leak may be determined. In this example, a -17 dB
signal-to-noise ra t io will require about 20 seconds for
location/detection.
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Many of t h e t r a d e o f f parameters a f fec t ing the performance of the
GAAD water-into-sodium leak location/detection system are
illustrated in Figure 12. Alternatively, the tube- spacing can be
increased, the tube wall thickness can be increased, and tubing
material with a melting temperature can be selected to allow more
time for detection and corrective actions.
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Many of the functions of the GAAD system u t i l i zed software
emulations of hardware, thus resulting in a relatively slow
performance as compared to a hardware system. The computers used
were 1970's technology. The only GAAD system development work
undertaken since the testing of the hockey stick steam generator
unit at SCTI was the preliminary design for an integrated hardware
version.

HALD SYSTEM

The HALD system i n s t a l l e d on t h e hockey s t i c k s team g e n e r a t o r a t
SCTI used an array of acoustic transducers attached with wire
waveguides to accessible points of the outside of the steam
generator and at the inlet/outlet flow lines. Acoustic energy in
the frequency band above 100 kHz was continuously monitored and
correlated with real time. The system was designed to detect
nonreverberent changes in acoust ic energy from a leak.
Fluctuations in detected energy from transducers at known locations
were correlated by the system to determine the differences in
ar r iva l time at the various transducers. The measured time
differences, peak correlation coefficients, and RMS signal levels
were transmitted via an IEEE-488 interface to a computer system,
where they were used to detect and determine the location of the
leak.

When a source of an acoustic signal was located, the acoustic
signal level from the transducer closest to the source was compared
with the background noise levels calculated for that location using
measurements of the inlet and outlet flow noise. If the measured
acoustic signal energy exceeded the predicted background noise
energy, the difference was used to compute the magnitude of the
acoustic level at the leak site. By knowing the distance from the
transducer to the source point and knowing the acoustic attenuation
versus distance, the acoustic energy level (leak rate) at the
source location could be computed. If the computed leak rate
exceeded a preset limit, various operator actions could be taken,
including the shutdown of the steam generator unit.

The HALD system (Figure 13) consisted of the following basic
components:

* Acoustic waveguides made of steel rods attached to the
wall of the steam generator or associated inlet/outlet
piping.

* Acoustic transducers to convert the acoustic energy
transmitted along the waveguides to electrical energy.



Amplifiers (integral with the s'nsors) to automatically
measure the energy level of specific types of signal
energy within a selected frequency band.

A real-time correlator system to automatically measure
the time delays re la t ing acoustic signals from
transducers at known locations.

A data acquisition/analysis system to relate the measured
acoustic levels, correlate location data, and plant
operational data to indicate leak status and location.
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FIGURE 13 HALD System Block Diagram

The initial reason for developing the HALD system was that it
appeared to be a relatively simple system. If a leak occurred, a
significant increase in acoustic level could be detected and an
alarm could be tripped. Several factors forced this concept for
the HALD system to change.

First and primary was the problem of where to set the alarm trip
level. The problem is that the acoustic energy from both the leak
and the background noise sources are dependent on the relative
positions of the sources and the sensor and on the operating
conditions in and around the steam generator. The methods failed
to account for the variation of signal energy from a leak as a
function of leak location. Compounding this was the fact that the
SCTI test facility was' designed with multiple flow paths to allow
testing steam generators to their design limits. Changing flow
paths were found to have a significant influence on the acoustic
background level measured at the steam generator surface. In
addition, the system was found to be susceptible to noise generated
by maintenance work and system valve operation.
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The HALD system detectors did respond to every simulated leak
injection performed during the test program, demonstrating the
validity of the basic concept. This response reinforced the need
to provide a more sophisticated data analysis technique to separate
the leak acoustic signals from the plant and process background
signals.

Following the hockey stick steam generator unit testing, the HALD
system data processing design v;as changed to a Bystem utilizing
four parallel channels fed to four parallel RMS detectors with a
zero crossing detector with binary output. The binary information
was input to a multichannel correlator system to produce estimates
of the average peak correlations and time delays for selected
measurement combinations. Final leak location/detection analysis
waB performed by a computer with preprogrammed algorithms. This
system waB installed on a Helical Coil Steam Generator (HCSG) at
SCTI and put on-line near the end of the test period. The HALD
system accelerometers correctly responded to all Bucceesful
simulated leaks and no false alarms were generated during the test
period. However, the HALD system could not converge on the leak
location using the acoustic signal generated by the simulated leak
injections, The HCSG test was terminated before the problem was
resolved and no further development effort has been accomplished
with the HALD system.

CONCLUSIONS

Two prototype, on-line acoustic leak detection and location systems
for use with an automated steam generator protection system were
developed and tested on the 76 KW hockey stick steam generator
unit. The feasibility of the General Electric low frequency GAAD
system demonstrated adequate leak location and detection
capabilities and was soon incorporated into the facility small leak
detection and protection system for the remainder of the steam
generator testing. No false alarms were issued during this time.
The system was tolerant of externally generated noise sources such
as blasting and pneumatic drilling in an adjacent test cell and
nearby testing of the shuttle rocket engines at a Rocketdyne
facility, The only further development work on the General
Electric system consisted of the preparation of a preliminary
specification for an integrated hardware version. The Atomics
International high frequency HALD Bystem was able to detect all
test leak injections - however, it proved to be susceptible to
extraneous noise. The system was redesigned following the steam
generator testing but has not yet been fully field tested.


