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Abstract

We have been applied a background signal whitening filter built by univariate
autoregressive model to the estimation problem of the leak start time and duration. In the 1995
present benchmark stage, we evaluated the method using acoustic signals from real hydrogen or
water/steam injection experiments. The results show that the signal processing technique using
this filter can detect reliably the leak signals with a sufficient signal-to-noise ratio. Even if the
sensor signal contains non-boiling or non-leak high-amplitude pulses, they can be classified by
spectral information. Especially, the feature signal made from the time-frequency spectrum of
the filtered signal is very sensitive and useful.

1. Introduction

The Coordinated Research Program on Acoustic Signal Processing for the Detection of
Sodium Boiling or Sodium/Water Reaction in LMFBR was started in December 1989.

Table 1. Previous and Present Benchmark Tests

Year

1990
1991

1992

1993
1994

1995

Objective

Boiling Detection
Leak Detection

Leak Detection

Leak Detection
Leak Detection
(Location Estimation)
Leak Detection
(Location Estimation)

Boiling/Leak Signal

KNS-1, Germany
Exp-Facility, Russia

Exp-Facility, Russia

ASB, Germany
ASB, Germany
(Multi-channel)
SGUofPFR, UK
(Hydrogen, Argon and

Background Signals

Artificial Noise
SGU-2ofPFR, UK
SGU-3ofPFR,UK
SGU-2ofPFR,UK
SGU of SPX1, France
SGU-2ofPFR, UK
SGU-2 of PFR, UK

SGUofPFR, UK
Water injection)

The first benchmark test in 1990 used the test data that were synthesized in UK using
the sodium boiling acoustic noise signals obtained at KNS 1 loop in FRG. The second
benchmark test in 1991 used the test data synthesized also in UK using the sodium/water
reaction acoustic noise signals, or leak noise signals, supplied by Russia and the background
noise signals from two different steam generator units of PFR supplied by UK. The third test in
1992 used two kinds of test data that were synthesized in UK. The first one uses the
background noise from a PFR steam generator unit and the leak noise from a Russian leak test
facility. The second one contains a leak noise example from the UK and the background noise
from a steam generator unit of SPX1 in France. The fourth test in 1993 used the test data
synthesized in Japan using the sodium/water reaction acoustic noise signals, or leak noise
signals, from a UK leak test facility (ASB Loop experiment) and background noise from two
different PFR steam generator units. Then the test data was distributed to the participants as well
as the information sheets. The fifth test in 1994 was focused on not only estimations of the
start time and duration but also the location estimation of sodium/water reaction in SGU. The
multi-channel digital recorded test data were distributed to participants for this benchmark test.
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Through the benchmark tests from 1990 to 1993, we had developed and evaluated the
Twice-Squaring method [1,2,3,4] for detecting sodium boiling or sodium/water reaction. The
principle of this method is a band-limited nonlinear amplification focusing on the pulsive nature
of the boiling or the leak noise signals to enhance the signal-to-noise ratio. Its advantages are a
high sensitivity, a real time capability and a relatively simple processing. It was concluded from
the results of analysis that the Twice Squaring method can detect reliably the leak signals with
signal-to-noise ratio down to -16 dB by using a decision time of 0.5 second and a detection
margin 0 dB. In the 1994 benchmark test, we newly applied and evaluated autoregressive (AR)
technique [5] to the signal processing for leak detection and for location estimation. The results
showed that the signal processing using univariate AR background signal whitening filter can
detect reliably the leak signals with signal-to-noise ratio down to about -20 dB. Even if the
sensor signal contains the non-boiling or non-leak large pulse components with a frequency
range similar to the leak noise, they can be classified by spectral information. It also suggested
that an estimation method using the time constants of the acoustic signal propagating paths
based on the multivariate AR modeling techniques is capable to estimate the leak location.

The present 1995 benchmark test has been focused on the analysis of real experimental
data instead of artificially synthesized data. This report describes the results of the benchmark
test analysis using the autoregressive techniques.

2. Data and Tasks of the 1995 Benchmark Test

2.1 Test Data

The 1995 benchmark test data were prepared by UKAEA from their experimental data
[6] measured at the steam generator unit (SGU) in the Proto-type Fast Reactor (PFR), UK. The
data are derived from a total of 10 experiments performed at the evaporator and the superheater
in secondary circuit number 3 of the PFR, as shown in Table 2.

Table 2 Data Set of 1995 Benchmark Test

Data set number Location Experiment (leak rate) Reactor Sensor

Background-1
Background-2
Injection-1,2
Injection-3,4,5
Injection-6,7,8

Evaporator
Superheater
Evaporator
Evaporator
Evaporator

None (Background)
None (Background)
Hydrogen (2 rates)
Argon(3 rates)
Water/Steam(3 rates)

Full-power
Full-Power
Shut-down
Shut-down
Shut-down

2
2
4
4
4

The sensor locations are shown in Fig.l. Each acoustic accelerometer is fitted to the
external surface of the shell of each SGU using waveguide that projects radially outwards. They
have a typical sensitivity of 17 pC/g and a response frequency of 45 kHz.

The test data was prepared with a digital format and distributed to participants of the
present benchmark test by CD-ROM or QIC-80 magnetic tape. For the case of injection
experiments, each pair of waveguide signals was digitized synchronously and four signals were
recorded on three files separately, i.e., {WA, WB}, {WC, WB} and (WD, WB}. Sampling
conditions are shown in Table 3.

2.2 Tasks

The participants in the benchmark test should address the following points in their
analysis:
a) Compare and characterize the background noise from evaporator and superheater
b) Characterize and identify the type of leak noise signals (water/steam or argon or hydrogen)
c) Estimate the onset of leak and duration in all leak files
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d) Evaluate the transmission characteristics of the leak noise signals from leak location to the
transducers

e) Locate the leak
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Woveguice 0 •
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NOZZLE
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. WoveguKl- 3

(a) Sensor location in
Proto-type Fast Reactor
Evaporator-3

EVAPORATOR 3
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v „

O O

VEST

1
\
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sooiuu
OUTLET
NOZZLE

(b) Sensor location in
Proto-type Fast Reactor
Superheater-3

SUPERHEATER 3

Fig.l Sensor Locations
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Table 3 Sampling Conditions of data file

Data set Mode Time Rate Samples LPF

Background Highspeed 25 s 2MHz/ch 99,999,744 71.68 kHz
Low speed 25 s 160 kHz/eh 7,987,200 72 kHz

Injection Highspeed 10 s 2MHz/ch 39,985,152 71.68 kHz
Lowspeed 10s 160 kHz/eh 3,194,880 72 kHz

2.3 Selection of Data Sets and Tasks

A great deal of experimental data sets was supplied us in the present benchmark test.
This may be very useful for us to evaluate our signal processing methods near future. However,
it is impossible for us to analyze all data and to answer all tasks in the present time because the
analysis time permitted for us was very limited and insufficient. Therefore, we decided to
choose several data sets, containing typical or our interesting cases, from the benchmark test
data sets.
The following files were chosen for the preliminary analyses described in next chapter.

(1) BEP1L, BEP1H Background signals of Evapolator
(2) I1P1L,I1P2L,I1P3L Injection-1 (Hydrogen-1)
(3) I3P1L,I3P2L,I3P3L Injection-3 (Argon-1)
(4) I6P1L,I6P2L,I6P3L Injection-5 (Water/Steam-1)
(5) I7P1L,I7P2L,I7P3L Injection-6 (Water/Steam-2)
(6) I8P1L,I8P2L,I8P3L Injection-7 (Water/Steam-3)

Furthermore, analysis of the onset of leak and duration using the UAR background whitening
filter was performed only for the data sets of (2) Injection-1, (4) Injection-6 and (7) Injection-8.

3. Preliminary Analyses of the Benchmark Test Data

3.1 Checking of the data files

First, we made a data conversion program for SUN Sparc station and confirmed the
validity of the data restored from the CD-ROM we received. The numerically dumped list for the
BEP1L.DAT file was checked by the information sheet of benchmark test.

3.2 Signal characteristics : Wave-forms, RMS and PSD

Furthermore, in order to check the signal behaviors in both time and frequency domains,
we plotted (a) the signal recordings for several files, (b) their RMS values and (c) their power
spectral density (PSD) functions, as shown in Figs.2 through 7. The RMS value was
calculated with a time interval 25.6 ms (4096 samples).

(1) Background signals of Evaporator
The background signal of the waveguide-A (WA) in the evaporator is very noisy. It

seems nonstationary. They contain many relatively large pulses. The signal WB contains two
very high pulses.

(2) Injection-1: Hydrogen-1

The wave-forms of acoustic signals in the data set of Injection-1 show large DC
changes. This means that the signal state is a transient and the statistical property is a
nonstationary. They contain many large pulses.

The RMS analysis gives no useful information on the injection. This means that
hydrogen injection generates a very weak acoustic noise or the leak rate was very low.
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Fig. 3 Statistical features of data set Injection-1 (Hydrogen-1)
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Fig. 4 Statistical features of data set Injection-3 (Argon-1)
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Fig. 5 Statistical features of data set Injection-6 (Water-1)
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Fig. 6 Statistical features of data set Injection-7 (Water-2)
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Fig. 7 Statistical features of data set Injection-8 (Water-3)
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The spectral analysis was performed for whole data containing both stages before and
during injection. It is found from the spectral analysis that the signals WA and WB have a
similar pattern each other; they have multiple resonance peaks, the major peak appears at about 4
kHz and other peaks are located at the frequencies every 7 kHz. The signals WC and WD also
have a similar pattern each other, the major peak appears at about 2.5 kHz and other peaks are
located at the frequencies every 5.5 kHz.

(3) Injection-3: Argon-1

The wave-forms of acoustic signals WA, WB and WC show a high amplitude after 7 s.
The RMS values also increase at the same time point. All signals contain many large pulses
before and after high amplitude duration. The spectral pattern of each signal is very similar to
theinjection-1.

(4) Injection-6,7,8 : Water/Steam-1,2,3

The wave-forms and the RMS values of all signals show very clear changes in the cases
of the injection-6 and 7 but the case of the injection-8. It is considered from the RMS values that
the leak rate of each injection is set as follows;

Injection-6 > Injection-7 > Injection-8.

Other features of the signals are similar to the cases of the injection-1 and 3.

3. Background Signal Whitening Filter Using Autoregressive Model

In order to enhance the leak noises and to suppress the background noises in the sensor
signals, we applied the autoregressive (AR) modeling techniques as same as the previous
benchmark test.

3.1 Autoregressive Model

The AR model[7,8] is a well-known time series model defined as follows;

M

amxt_m + Et (1)
m-l

where { xt ;t=l,..,N } is a time series data set, {am; m=l,..,M} AR coefficients, M a model
order and {et; t=l,...,N } a residual time series data set that is a Gaussian white noise with a
mean E[et]=0 and a variance E[e2t]=a2M- The AR coefficients and the model order can be
obtained through a model fitting to a given time series data using a fitting procedure, e.g., the
Yule-Walker method.

For the case of univariate autoregressive (UAR) model, the AR coefficient in Eq.(l)
gives an impulse response function of a signal whitened process. In this model, the signal value
x at current time t is expressed by linear combinations of past values {xt-i,..,xt-m} of signal x.

3.2 Background Signal Whitening Filter

When the AR coefficients are already obtained, the current signal value can be predicted
from its past values as follows;

M

2
m-l
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The prediction error in Eq.(2) is calculated by

et =x t - x t

M . (3)
= Xe ~ /J

 a m X l - m
m-1

The prediction error is a Gaussian process when the signal x is a stationary process. However,
if the signal deviates from the stationary process, the prediction error increases and it becomes a
non-Gaussian process.

This property is very useful for detecting a leak noise masked by the background signal.
The Eq.(3) can be used as a background signal whitening filter that suppresses only the
background signal components in the test signal by using the AR model fitted to the background
signal.

In practice, we fitted the UAR model to each background noise signal then built the
background signal whitening filter. Since the background noise signals for each injection
experiment were not supplied in the present benchmark test, initial 4096 samples in each data set
of the injection experiments were used for the model fitting. The model order was set on about
60 for each case. Figs.8(a) through 8(d) show power spectral density (PSD) functions of the
background noise signals for the cases of Injection-1, 6, 7 and 8. They were calculated from the
fitted UAR models.

3.3 Time-Frequency Spectrum

It should be noted that this filter can suppress only stationary background noise signal
because the AR model expresses only a stationary process. The UAR whitening filter has an
inverse pass-band characteristic (gain function) of PSD pattern of the background signal.
Therefore, the prediction error (or filter output) increases when the input signal contains not
only both stationary and nonstationary leak signal components but also nonstationary
background signal components like a large amplitude pulsive noise. However, the non-leak or
non-boiling large pulse component can be easy classified by use of spectral information as
mentioned in the previous paper[5]. Especially, time-frequency spectrum estimated based on
instantaneous UAR model is very useful for this purpose [5,6]. In the present benchmark test,
we newly tried to use the time series of spectral components at a specified frequency as a feature
signal.

4. Estimations of Start Time and Duration

4.1 Filtering Results

We processed four waveguide signals for three cases of the Injection-1, 6 and 8 using
the UAR background signal whitening filter mentioned in the previous section.

(1) Injection-1: Hydrogen-1

The filtering results for the case of Injection-1 are shown in Fig.9; (a) is the wave-
forms of the filter output signals, (b) the RMS values calculated with a time interval 25.6 ms
(4096 samples) and (c) Time-Frequency PSD values at a specified frequency point, calculated
by UAR model with a time interval 12.8 ms (2048 samples).

It is found from the results that the large DC changes in original signals as seen in
Fig.3(a) are suppressed but the high-amplitude pulsive noise still remains. Therefore, the
RMS values show many pulses. It seems that the signal ground levels of the RMS step up at 2 s
and at 3.5 s in the signal WC and at 3.5 s in the signal WD. However, we could not identify the
signal state from this information because we have no reference data on the acoustic signals
during an injection of hydrogen.
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Next, we tried to find a statistical feature that changes clearly between initial recording
time and final recording time in the data set. Fig.lO shows the time-frequency spectra of the
waveguide-C for the cases of (a) the original signal and (b) the whitening filtered signal. We can
find that the frequency component around at 55 kHz slightly changes at about 2 s in the graph
(a). This frequency component can be extract clearly by use of the whitening filter as shown in
the graph (b). Fig.9(c) shows the time-dependent property of this frequency component. The
remarkable change of frequency component was observed only in the signal WC at 55 kHz.
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Fig.lO Time-Frequency spectra of waveguide WC
in data set Injection-1 (Hydrogen-1)
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The frequency 55 kHz is out of range of the waveguide sensor response (45 kHz) but
many weak frequency components still remain in the high frequency range over 45 kHz as seen
in the PSD results. Therefore, there is a possibility that the frequency component at 55 kHz has
a physical meaning related to the hydrogen injection. If this is true, we can determine from the
result of the signal WC in Fig.9(c) that the injection started at 1.9 s and continued until 10 s.

(4) Injection-6 : Water/Steam-1

The filtering results for the case of Injection-6 are shown in Fig.ll . The calculation
conditions are the same as the case of Injection-1.

It is found that the signal ground level of the RMS clearly steps up at 5.5 s in the signals
WA, WB and WC and at 7.9 s in the signal WD. The signal-to-noise ratio seems a sufficient for
all case. Only signal WD shows a different start time and the time delay is 2.4 s. It is considered
that only the waveguide WD was located at a far point from the injection point and that major
acoustic components were attenuated strong in the signal propagating paths in sodium. It is well
known that attenuation of acoustic signal occurs strongly in high frequency range but small in
low frequency range. Therefore, it is considered that the signal WD still contains a wave
component related to the start time 5.5 s.

Fig.12 shows the time-frequency spectra of four waveguide signals after filtering. For
the cases of the signal WA, WB and WC, it is found that the frequency components in whole
frequency range increase after 5.5 s. On the other hand, the frequency component slightly
increases in low frequency range less than 3 kHz after 5.5 s. Fig.ll(c) shows the time-
dependent property of the frequency component at 1 kHz. From this figure, we can find a signal
level change at 5.5 s in the signal WD.

(3) Injection-8 : Water/Steam-3

The filtering results for the case of Injection-6 are shown in Fig. 13. The calculation
conditions are the same as the case of Injection-1. Major statistical features of four waveguide
signals are the same as the case of the injection-1. Only the waveguide WC shows a weak
change of the signal ground level in the RMS graph at about 4 s.

Fig.14 shows the time-frequency spectra of four waveguide signals after filtering. The
signals WA, WB and WD show flat spectral patterns. The signal WC shows continuous
spectral peaks at around 57 kHz as same as the case of the injection-1. This is plotted in
Fig.l3(c). The time point of spectral change corresponds to that of the RMS.

4.3 Start Time and Duration of the Leak State

Using the UAR background signal whitening filter, we analyzed several cases of the
injection experiments. The start time and duration of the leak state are summarized in Table 4.
Furthermore, the signal-to-noise ratio of each filtered signal, calculated from the signal ground
levels in the RMS values, the detection margin of the method, the probabilities of missing Pm
and spurious Ps are listed in Table 5.

5. Estimation of Leak Location

In the present benchmark, we did not obtain complete results of the analysis on the
estimation of leak location because of insufficient work time. The following section is described
on a preliminary analysis for the location estimation.

5.1 Time Differences among Three Data Files

First, we evaluated the time differences existing among three data files in each data set of
the injection experiment. The results are listed in Table 6.
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Fig. 13 Statistical features of whitening filtered signals
Injection-8 (Water-3)
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Fig. 14 Time-Frequency spectra of data set Injection-8 (Water-3)



Table 4. The Start Time and Duration of the Leak

Data Set

Injection-1

Injection-6

Injection-8

Ch.

WA
WB
we
WD
WA
WB
we
WD
WA
WB
we
WD

Whitening Filter
+RMS
Start
Time
-

_

5.5s
5.5s
5.5s
7.9s
-
_

-

Duration
Time
-
-
_
_
4.5s
4.5s
4.5s
2.1s
-
_
_
-

Whitening Filter
+Time-Freq. PSD
Start
Time
-
-
1.9s
-

5.5s
-
-
3.65s
-

Duration
Time
-
-
8.1s
_

4.5s
-
_
6.35s
-

Table 5. Signal-to-Noise Ratio of Filtered Signal, Detection Margin and Probabilities

Injection-6

Injection-1
Injection-6
Injection-8

WA
WB
we
WD

we
WD
we

Signal
Whitening Filter + RMS
Ground

Level
(BG)
0.003
0.004
0.003
0.005

Signal

(Leak)
0.0085
0.016
0.010
0.015

S/N

9.0 dB
12.0 dB
10.0 dB
9.5 dB

Whitening Filter +
Ground

Level
(BG)
10-10.7
10-10.1
10-10.5

(Leak)
10-97
10-9-3
10-9-9

S/N

lO.OdB
8.0dB
6.0dB

Threshold Detection
Level

L
0.007
0.009
0.006
0.012

Margin
(Mean) (Peak)
1.7dB 3.9dB
5.0dB 14.3dB
8.0dB 11.3dB
1.9dB 6.0dB

Time-Frequency PSD
Threshold Detection

Level
L

! O-io.O
10-9-5
10-10.0

Margin
(Mean) (Peak)
3.0dB 9.5dB
2.0dB 8.0dB
l.OdB 7.0dB

Probability
Miss Spur.
Pm* Ps*
0 0
0 0
0 0
0 <0.003

Probability
Miss Spur.
Pm* Ps*
0 0
0 <0.025
0 O.003

* (Until first leak pulse arrives)

Table 6 Time Differences

File Point Time(ms) File Point Time(ms)

I1P1L 0 0
I1P2L -3722 -23.2625
I1P3L -447 -2.79375

I6P1L 0 0
I6P2L +275 +1.71875
I6P3L +1748 +10.925

I7P1L 0 0
I7P2L -8048 -50.3000
I7P3L -2194 -13.7125

I8P1L 0 0
I8P2L -893 -5.558125
I8P3L +2015 +12.59375
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5.2 Multivariate Autoregressive model

In the estimation problem of the leak location, we tried to use an estimation method that
uses the time constants of the acoustic signal propagating paths. The time constants of the sub-
system in multivariate feedback system can be estimated using the multivariate AR modeling
techniques [5,8].

For the case of multivariate autoregressive (MAR) model, (x t } and {ê  } in Eq.(l)
become vector time series and {am} becomes matrix. The diagonal element in the MAR
coefficient matrices gives impulse response function of a whitening process for each signal. The
off-diagonal element gives an impulse response function, of sub-system between two signals,
by convolution with an impulse response function of a whitening process.

From the equivalent expression of multivariate feedback system by the MAR model, we
can understand that the MAR model gives not only the information for the feedback system
consisting of sub-systems between the signals but also the information for the noise source
signals. In the case of the present benchmark test, the feedback system corresponds to acoustic
propagating path on the vessel surface of the evaporator-3, the noise source signals correspond
to the arrived acoustic signal at the sensor location from vessel inside and the noise source
process corresponds to acoustic propagating path in sodium.

The time constant of each sub-system is estimated by the MAR model using the acoustic
signals during injection state. Only one case of the Injection-6 was calculated using the data
sampled from the stationary injection stage around 6 s. Each time constant showed several \is.
This value is very smaller than that in the case of ASB loop in the previous benchmark test. A
difference between both cases of the PFR injection and the ASB loop is at cross correlation
values among four sensor signals; the waveguide signals of the evaporator in PFR correlate
very low with other signals.

7. Concluding Remarks

We applied the autoregressive modeling techniques to acoustic signal processing for
detecting in-sodium water leak. In the present benchmark stage, we evaluated the performances
of the method using the acoustic signals from the real injection experiments of hydrogen or
water/steam.

Through the analysis of real experimental data, we concluded that the signal processing
method using the UAR background signal whitening filter can detect reliably the leak signals
with a sufficient signal-to-noise ratio. Even if the sensor signal contains non-boiling or non-leak
high-amplitude pulses, they can be classified by spectral information. Especially, the feature
signal made from the time-frequency spectrum of the filtered signal is very sensitive and useful.

In the estimation problem of the leak location, we have been developed the estimation
method using the time constants of the acoustic signal propagating paths based on the
multivariate AR modeling techniques. Unfortunately, this analysis for the injection data was
stopped because of the time limit. However, we believe that this method has a possibility to give
new and very useful information on the propagation paths.
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