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Abstract

The CEA analysis of the 1995 benchmark test has been focused on the location of the injections. Two
techniques have been tested: the pulse riming technique, and the time-domain delay and sum beamforming
technique. The two methods gave coherent locations of the injector even if there was a difference of 25 % of the
SGU height between the vertical locations. Prior to that analysis, the RMS values of the signals were calculated
in different frequency bands. The results obtained in the 200-1000 Hz were used to draw a rough estimation of
the beginnings of the injections in order to determine the parts of the records on which the location signal
processing can be carried out.

1. Introduction

As far as acoustic leak detection in Fast Reactor SGUs is concerned, the CEA has been
studying, for the last five years, alternative acoustic methods to reduce the spurious trip rate of
the classical Passive Acoustic Leak Detection (PALD) technique. Two methods have been
investigated for that purpose :
- the Active Acoustic Leak Detection (AALD) technique which consists in monitoring the
damping of an ultrasonic signal emitted in the SGU due to the absorption of the sound by the
hydrogen bubbles produced by the water/sodium reaction [1],
- leak location techniques in order to discriminate against PALD spurious trips due to noises
coming from outside of the SGU.

Thus the acoustic surveillance system proposed by the CEA for Fast Reactor SGUs is based
on the following association of the three acoustic techniques : a leak is detected if it is
detected by the PALD method and if this detection is confirmed by the AALD method and/or
the location method.
The confirmation by the location is obtained by a rough location of the leak inside of the
SGU.

The CEA analysis of the IAEA CRP 1995 benchmark test has been focused on the location of
the injections using pulse timing and time-domain beamforming methods.
Prior to that analysis very simple signal processing has been applied to the data in order to
determine beginnings of the injections.

All the signal treatments were carried out on SUN workstations using the Visual Numerics
PV-WAVE software.

2. Preliminary benchmark records processing

PFR Evaporator 3 dimensions implies flight delays between sensors of less than 2 ms i.e. 320
samples for the 160 kHz sampling frequency which was the one chosen for all our analyses. It
is thus of great importance to have the four channels synchronized for the location studies.
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For each injection, the synchronization of the four channels was carried out by evaluating the
delay between channel B of a record and channel B of another record. More precisely, as only
two delays are required to synchronize the four channels, delay between pair 1 and pair 2

and delay between pair 1 and pair 3 (di3) have been determined.

The delay between channel B of a pair record and channel B of another one was assessed
thanks to the measurement of the peak delay in the cross-correlation function of the two
signals.

The following table shows the delay d^ calculated between pair i and pair j records ( dy < 0
means that pair i record is in advance of pair j record, and thus that dij samples must be taken
off from the beginning of pair i signals) :

Table 1 : Synchronization delays

Injection number
1
2
3
4
5
6
7
8

di2
3730
-4228
1258
-2106
-2557
-1730
2228
-1457

dl3
465
-3741
1885
-2471
-4166

-261

8054

929

These delays have been obtained for a block of signals taken in the middle of the records
(sample number 800000). It has been however noticed that variations can be observed
considering another part of the records, that is to say that the speed of the magnetic recorder
was slightly different from an acquisition to another one.
The resulting shift was of about 500 samples for injection 2, and less than 50 samples for the
other ones.

3. Detection of the injections

A simple detection of the injection was performed in order to determine the onset time of each
injection. The RMS value of the four channels in different frequency bands was calculated
summing the corresponding components in the autospectra of the signals. Autospectra were
calculated on 4096 samples frames, using an Harming window. The result was median
smoothed in order to eliminate impulses.

We were especially interested in the 200 Hz - 1000 Hz frequency band which corresponds to
the one that was found to have the best signal-to-noise ratio for Argon injections performed in
an SGU of the French Super-Phenix plant.

The analysis of the resulting RMS signals (figure 1 represents those obtained for the injection
7) gives the following times for the onset of the injections.
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Figure 1 : RMS in the 200 Hz -1000 Hz frequency band signals for injection 7
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Table 2 : Injections onset times

Injection number
1
2
3
4
5
6
7
8

Injection onset time (s)
8.49
3.81
7.37
5.13
2.65
5.41
5.58

not found

We did not manage to read channel C signal on the CD-ROM for injection 2.

A second increasing edge can be observed in the RMS signals calculated in the highest
frequency bands for injections 3, 6, and 7 (see figure 2 for injection 7). It looks like as if the
injection stopped and then started again. We don't know how to explain this phenomenum.
We will see with the solution of the benchmark if it is linked with the fluid injected.

RMS WA injection 7 R°.5 FB-60 kHz FH=80 kHz

RMS WB injection 7 R=.5 FB=60 kHz FH=80 kHz

Block of 4O96 points (seconds)

RMS WC injection 7 R-.5 FBa60 kHz FH=80 kHz

4 6
Block of 4096 points (seconds)

RMS <VD injection 7 R=.5 FB=60 kHz FH=80 kHz

4 6
Stock of 4096 points (seconds)

Figure 2 : RMS in the 60 kHz - 80 kHz frequency band signals for injection 7
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An other conclusion that can be drawn from an over-simple analysis of the RMS signals is a
rough location of the injection in the SGU. As the signal received on sensor D is largely the
weakest, injector should be in the lower part of the SGU underneath sensors A and C. As
signals on sensors B and C are bigger than the one on sensor A, we can suppose that the
injector in located in the north or north-east sector of the SGU.

4. Location of the injections

4.1. Pulse timing

4.1.1. Description of the method

Pulse timing is the simplest method that can be applied when the signals are clear, for
example a large anomalous pulse. Location is then determined by a direct comparison of the
signals from the detectors to determine the difference in the transmission time of the signal to
each of a pair of transducers.
Once again these time differences can be drawn by a cross-correlation method.

4.1.2. Results

We calculated the cross-correlation functions on signals filtered in different frequency bands.
Figures 3a and 3B show some results obtained in low frequency bands. It is not possible to
draw a proper correlation peak from these results.
However we obtained nice correlation peak for 30 kHz high-pass filtered signals. Figure 4
shows the cross-correlations calculated for the injection 7. Similar results have been obtained
for the other injections.

Considering sodium-borne transmissions, and taking a sound velocity of 2400 m/s (sodium
temperature between 300°C and 35O°C), the results of this high-frequency pulse timing
analysis is that the injector was in average 1.20 m (0.5 ms) closer from sensor B than sensor
C, and also in average 1.44 m (0.6 ms) closer from sensor B than sensor A. The cross-
correlations between signals received on B and D show different peaks from about 2 ms to
about 4 ms, and it is difficult to chose the good one.

Assuming first that the SGU is still a cylinder 1.5 m underneath waveguide B, and secondly
that the direct paths between waveguides B,C and A through the sodium are close from the
ones in the shell, the hyperbola drawn from these results are represented on figure 5.
The injection is thus located in the hemi-spherical part of the SGU with a rough precision due
to the hypotheses we had to make.

4.2. Time domain beamforming

4.2.1. Description of the method

As for the IAEA CRP 1994 benchmark test, we used the simplest beamformer, the delay and
sum one, to attempt to locate the leak.

In that method, the correlation value is obtained by calculating the distance from the point of
focus to each of the sensors on the shell. We also assume here that the sound takes direct paths
through the sodium from the focus point to the sensors. The distances are then divided by the
velocity of sound (also taken here of 2400 m/s) to give the transit times which in turn are
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Figure 3 : Cross-correlation fonctions for injection 7 in the lower frequency band
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Figure 5 : Pulse timing location of the injection
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divided by the sampling interval used in the digitizing process to express the transit times as
numbers of time points in the digitized records. The records can then be shifted by these
amounts so that a signal emanating from the focus point will appear at the same time point in
all records. The records are then added and squared to give a measure of the acoustic power
from that point.
See the CEA 1994 benchmark test report for more details concerning the mathematical aspect
of this beamformer.[2]

The volume inside Evaporator 3 was gridded with a rectangular grid, but only horizontal
sections of this volume are shown in the figures of this report. The levels of these sections
were measured from the lower point of the hemi-spherical part of Evaporator 3. Horizontal
axes were chosen in such a way that the north direction was up and the east direction was to
the right. Moreover the color images obtained on the workstation screens to represent the
beamformed acoustical intensity maps are replaced here by contour plots.

The signals were digitally filtered using FIR band-pass filters in the 200 Hz - 1000 Hz
frequency. This frequency band was determined for geometrical reasons as well as for the fact
that it was found to be optimal for the detection of argon injections at the Super-Phenix plant.
Although the leak signal frequency determines the resolution that can be achieved in its
location (the higher is the frequency, the greater is the resolution), if it corresponds to a
wavelength smaller than the spacing between sensors, then subsidiary peaks due to space
aliasing will be introduced in the plot of correlation.
Each sensor being at most about 2.5 meters away from its nearest neighbor, we should not
exceed a maximum frequency of 1 kHz. We actually observed such aliasing effects on the
benchmark test records for which a location was achieved in the lower frequency band.

4.2.2. Results

The main result of our study is that it is much more difficult to locate an injection occurring in
an actual SGU than in a rig. It is likely due to the fact that the transmission of sound through
an actual SGU is much more complex, especially in PFR Evaporators which have a double
shell.

Figure 6 represents the correlation plots obtained at different levels of the SGU, at the same
moment, for the injection number 7 considered from the 4.0 s time point to the 4.0125 s time
point (2000 samples). Level 0 is 0.5 m high (above the lower point of the hemi-spherical part
of Evaporator 3), and the spacing between levels is 0.25 m. The sharpest correlation peak is
observed at level 7, that is to say at 2.25 m high. That is much more higher than the location
determined by high frequency pulse timing, but the north-east orientation is confirmed.

We then tried to obtain successive pictures of the acoustic intensity field at the level where the
injection was located. Figure 7 represents the correlation plots obtained on injection 7 for the
samples from the 4.0 s time point to the 4.00625 s time point (1000 samples), and then for the
samples from the 4.00625 s time point to the 4.0125 s time point (1000 samples). The event
located during the first interval has faded away during the second one.

That shows that the beamforming technique can only locate very precise noisy events which
have to be detected prior to the location search. It can be easily understood that the longer the
signal to locate is, the more the presence of paths between source and sensor other than
directly through the sodium impede the performance of the beamformer. Studies are in
progress to detect significant events automatically.
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Figure 7 : Successive beamformed correlation plots at the 2m level for injection 7

The same 2 meter high, north-east oriented location was found for two or three other injection
by chance. Figure 8 represent two examples corresponding to injections 1 and 3.
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Figure 8 : Beamformed correlation plots obtained at the 2m level for injection 1 (a) and
injection 3 (b)

5. Conclusions

We had more difficulties for that benchmark test than for the last one to achieved location of
the injections. It should be reminded first that the conditions of the test were much more
stringent. The fact that injections were performed in an actual SGU and not in a rig is not the
only reason of the difficulties we met.

First of all, the design of a PFR evaporator with its double shell makes the transmission of the
sound through the SGU more difficult to understand and thus to represent, since it multiplies
the possibilities of different acoustical paths from source to sensor. In particular, the hemi-
spherical double-shell part of the SGU was not easy to take into account in our calculations.
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The layout of the transducers on the shell was not ideal either. We know that the performance
of the beamformer decreases as the distance of the source from the transducer plane increases,
unless the scan volume is comprised between two transducer planes. Because it ™*s™Pl«*
analyze, we were interested in correlation plots in horizontal sections although the transducer
plane was rather vertical.

The lessons we learn from that benchmark test are :
- improvements should be obtained working with higher frequency signals since we observed
sharper peaks in the cross-correlation functions when increasing the frequency. But it will
require to have much more sensors on the shell of the SGU to monitor
- we understood that it was necessary to develop signal processing techniques to extract from
the signal the short significant acoustical manifestations of the leak that can be located.
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