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0 A method of leak detection, based on high-temperature resistant microphones, was originally developed in JNC to
detect leakages with flow rates from 1m*/h to 500m*/h. The development performed in Fugen and reported here focuses
on detection of a small leakage at an early stage by the same microphone method. Specifically, for the inlet feeder pipes
the leak rate of 0.2gpm (0.046m°/h) has been chosen as the target detection capability. Evaluation of detection
sensitivity and leak localization accuracy was conducted based on various analysis methods in order to check the
capability of the method to satisfy this requirement. The possibility of detecting and locating a small leakage has been
demonstrated through the research. The probabilistic detection algorithm and multi-channel location-based detection
are proposed in order to improve both the detection sensitivity and the localization accuracy.
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1. INTRODUCTION
O A method of leak detection, based on high-tem- (ATR) in order to detect leakages at the inlet
perature resistant microphones, was originally de- feeder piping. In a previous work™, leak rates from

veloped in JNC for an Advanced Thermal Reactor
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1m*/h to 500m°/h were investigated through se-
ries of experiments in O-arai Engineering Center
and a feasibility study on ATR-prototype reactor
Fugen (Fig.1A) using a first generation micro-
phone system.

O The next generation system was developed for
the inlet- and outlet-piping of the RBMK reactor
within the framework of the Japan-Russia coopera-
tion project founded by the Japanese Government™.
The RBMK is a graphite-moderated, light-water-
cooled, pressure-tube-type reactor. In spite of the
different design, both the RBMK reactor and
Fugen have a similar cooling system, which
makes it possible to develop a common approach
to leak detection. The microphone leak detection
system was installed and successfully tested on
Leningrad NPP*. The system sensitivity was im-
proved to 0.23m*/h and both leak localization and
leak size evaluation capabilities were incorporated.
These target parameters were selected on the ba-

sis of the international standard IEC1250"".

0 The experience accumulated on Leningrad NPP
was integrated into the design of the present mi-
crophone system, which was installed on Fugen in
April 1999. The main purpose of the development
performed on Fugen is to design a method to de-
tect a small leakage at an early stage and, thereby,
method's concordance with Leak-Before-Break
(LBB) detection should be studied as it is recom-
mended in IEC1250.

O The existence of the leak detection system with
a detection capability of 1gpm (0.23m°/h) within 1
hour is considered in the LBB concept while the
maximum allowable leak rate is specified as 5gpm
to take an appropriate margin, 5 times, against a
piping break.

O In the case of Fugen inlet piping, however, the
piping diameter is smaller than the main coolant
circuit pipes of an LWR and, therefore, it is more
difficult to ensure the applicability of LBB concept
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Fig.1 ATR Fugen: piping and microphone arrangement. (A) Main Systems of ATR Fugen, (B) Inlet piping of B-
loop- cross-section X, (C) Thermal-insulation boxes and microphone arrangement cross-
section Z, (D) Microphone installation in the box, (E) High-temperature resistant micro-

phone
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because of lower rupture resistance of the piping
and the requirement to detect smaller leakage.
Specifically, the allowable leak rate for the inlet
piping (@2 inch) was estimated as about 1gpm by
pre-evaluation on LBB and, therefore, the smaller
leak rate of 0.2gpm (0.046m°/h) has been chosen
as a target detection capability taking into account
the safety margin, that is a factor of 5.

2. OBJECTIVE OF THE RESEARCH
O The following main target requirements for the
microphone leak detection system were formu-
lated based on the previous conclusions:
O Ability to detect a leakage of 0.046m°/h
(0.2gpm) within 1 hour
O Estimation of the leak position with an accu-
racy of less than 1m
O Ability to evaluate the leak size
O This paper presents results of the research car-
ried out at Fugen in order to assess the ability of
the method to satisfy these requirements, and to
evaluate possible improvements, which could be
achieved by more advanced leak detection tech-
niques.

3. LEAK DETECTION SYSTEM

O The microphone system installed on Fugen com-
prises 14 high-temperature resistant microphones
as shown in Figure 1B,C. The microphones are of
the condenser-type with a titanium membrane,
crystal back-electrode and titanium casing that pro-
vides resistance to both temperature (up to 3000 )
and radiation (up to 20R/h with 10'R as a total inte-
gral dose). The microphone body is shown in Fig-
ure 1E.

O Thermal-insulation boxes surround the inlet
feeder pipes in order to minimize heat loss from
the primary cooling system; hence, the micro-
phone can be installed directly inside the box
(Fig. 1B). In this case, the top of the microphone
is inserted into the high-temperature environment
and the transducer part is outside the box
(Fig.1D).

O Air leak imitators installed inside the boxes are
used for sound generation by pressurized air dis-

charge. This type of imitator is the safest method
to simulate a leak sound inside the reactor build-
ing and the imitators can be used to check the sys-
tem performance periodically during reactor
operation and also to measure sound attenuation
inside the boxes.

4. STANDARD APPROACH TO LEAK DETECTION
0 The standard approach is based on detecting
acoustic signals emitted by leakage discharge by
monitoring the increase in the sound pressure
level (SPL) around piping.

O The first step of the standard algorithm is the
detection of an increase in SPL, where detection
threshold and margin depend on the average level
of BGN and its fluctuation. The second step is the
leak localization procedure, which utilizes the
analysis of SPL distribution between microphones
in order to estimate leak position. The final step is
an estimation of the leak size based on a correla-
tion between the leakage flow rate and emitted
sound power level (PWL) calculated for the as-
sumed leak position.

O In contrast with conventional leak detection
methods (like monitoring of the amount of drain
water in the sump and/or the radioactive level in a
containment vessel), acoustic signals provide al-
most immediate reaction for leak appearance in-
cluding information regarding a leak
whereabouts. The standard amplitude-detection al-
gorithm, in particular, has provided the leak detec-
tion within a few seconds that enables to shut a
reactor down safely if a big leakage appears.

0 The present system, however, is intended to
deal with small allowable leakages that makes it
possible to extend the detection time up to 1
hour*” and, through it, to use more sensitive statis-
tical algorithms which usually take much more
time for signal processing.

4.1 Comparative spectral analysis

O A correlation between PWL, generated by cool-
ant discharge, and the leak flow rate Q was formu-
lated in JNC*"via the empirical equations (1),
based on the sound characteristics of coolant dis-
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charge, which were measured in a test rig.

D“F(P,T :
PWL(f))= IOlog{C’lo_l(z’)} o0~ 0.274[7: aj (1)
I — number of frequency band
Ci& ai —empirical coefficients
D —equivalent diameter of leak hole

F(P,T) — function of thermo-hydraulic parameters of coolant

O Figure 2 shows that the PWL for the postulated
leakage of 0.2gpm is relatively small compared
with the leakages studied before over a wide
range of frequencies. The shape of the PWL spec-
trum is changing as leakage is getting smaller
with high-frequency region is getting more prefer-
able for detection.

O The attenuation equation (2) has been proposed
to characterize sound attenuation as a function of
distance from the sound source. In this equation
the sound attenuation difference between emitted
sound power level PWL and measured sound pres-
sure level SPL is expressed as combination of ex-
pansion loss 10/log.(1/4rr’) , friction loss
10logfexp(-23r)} and transmission loss nLs at
the inlet feeder pipe supports (where r is distance,
B is attenuation factor and 7 is number of piping
supports).

—2p,
PWL, (f)=SPL,(f)+nL, - 1010g{e42} +20 (2)
i,

m

I —number of frequency band
m —number of microphone
rm —distance between a sound source and mth microphone

0 The tendency toward stronger sound attenua-

1/3 Octave Spectrum of BGN and emitted PWL
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Fig.2 Emitted PWL and BGN spectra on nominal
power

tion at high frequencies was observed on both Len-
ingrad NPP and Fugen, however, sound
absorption by insulation material inside the boxes
results in higher attenuation on Fugen (Fig.3).

O Analysis shows that the re-circulation pumps
(RCP) and the cooling fans are the main sources
of BGN due to both the hydrodynamic noise, gen-
erated by coolant flow and the machinery noise,
generated by RCP and fan motors, including the vi-
bration of rotating parts.

0O BGN domination at low frequencies was ob-
served on both Leningrad NPP and Fugen as
shown in Figure 2. However, because external
noise is attenuated by insulation material, the
noise level on Fugen is much lower with a differ-
ence of about 20dB at the frequencies 10-20kHz.

0 Comparative analysis shows that due to the low
level of emitted sound and significant attenuation,
detection of the postulated leakage is possible
only at high frequencies due to the low BGN level

Sound attenuation & detection range - 0.2gpm, 16kHz
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Fig.3. Sound attenuation analysis. (A) Detection
range inside the boxes, (B) Optimal frequency
range
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there.

4.2 Evaluation of the system sensitivity

O A detectable range can be described as a range
of distances around the leak point where leak
sound level is bigger than BGN and the leak sig-
nal can be easily detected.

O The detectable range for the postulated leakage
0.2gpm was determined to be about 3.5-5m, Fig-
ure 3A; based on the averaged BGN level, the
evaluated sound attenuation factor and the emit-
ted PWL at the frequencies 16-20 kHz with high-
est signal/noise ratio (SNR) as shown in Figure
3B.

O More detailed analysis has been performed with
help of a 3D SNR diagram which is based on
element-by-element comparison between BGN
level and SPL of attenuated leak signal calculated
by the equation (2) for every spatial element (a
cube with size of 100x 100x 100mm) inside the
monitored area with the given leak PWL and the
attenuation constant (3, already measured. The
monitored areas are denoted as Area 1, 2 and 3
(Fig.1C) according to their different sound propa-
gation conditions

O This method is taking into account the spatial
distribution of BGN, the relative location of micro-
phones, their directivity and sound losses on the
piping supports. Through it, the 3D SNR diagram

Microphone
positions

can provide more accurate image of the detectable
area under real geometry of the thermal-insulation
boxes (Fig.4) that is also very useful for optimiza-
tion of the sensor arrangement inside the boxes.
O The SNR diagram (Fig.4) shows that leakage of
0.2gpm can be detected in Area 3; however, the de-
tection of such leakage in Area 2 is possible for
only about 50% of monitored area due to the sound
losses on the piping supports and the significant at-
tenuation.

O To overcome this difficulty additional micro-
phones could be installed in the boxes; however,
installation of many additional microphones is not
cost-effective and sometimes impossible due to
limited access to the boxes and piping.

0 Thus implementation of more sensitive algo-
rithms should be considered and examples of
such methods are discussed in the paper.

4.3 Evaluation of the localization accuracy

0 The leak localization algorithm is based on
analysis of relative attenuation of sound pressure
between microphones inside a monitored area™ .
The monitored area is divided in a set of spatial
elements where the current element is denoted as
/fk according to its location in the XYZ axes. If
leak location is assumed as the jk position, SPL
values measured by each microphone should cor-
respond to the same value of emitted PWL, which

Fig.4 SNR distribution in Area 2 and Area 3 inside the boxes
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can be evaluated by equation (2) based on the dis-
tance between m" microphone and this spatial po-
sition: 7»_; and the attenuation constant 3 , which
is known in advance. Since it is unknown whether
the current position //k corresponds to the leak
point or not, the expected PWL value is taken as
the average PWL level calculated for all micro-
phones according to the second line of equation
(3). Then, the integral difference: d ; between the
expected PWL and the level actually measured by
each microphone can be evaluated as it is defined
in the first line of equation (3) where M is a total
number of microphones under analysis. Obuvi-
ously, the value of this difference is decreasing up
to 0 as the current position: jjk is getting closer to
the real leak point. Since it, the spatial point: jk
where the parameter o  becomes minimum can
be assumed as a possible leak position.

1 M

5sz =ﬁz

m=1

e_zﬁ"mal/k
[SPL_,.,,”—IOIOg . ]—PWLM

m—>ijk

©)

m=1 m—>ijk

1 M e—zﬂ"m»nk
PWL,, = Hz SPL,, —10log=——

O The test results and results of numerical evalua-
tions (Fig.5) show that the method has a spatial ac-
curacy of about 300-600 mm for leakage of 0.2gpm
under nominal reactor operating conditions,
where the accuracy is affected by BGN fluctua-
tions. The processing time was evaluated as 1-
2min for Area 3 (6 microphones) and it is ex-
pected to be less than 10min for the entire moni-
tored area.

O Since the parameter O ; is relatively small in
the presence of a sound source (Fig.5A,B) and
relatively large (Fig.5C) in the case of BGN (due
to random distribution of SPL values between mi-
crophones), the combination of the parameters:
0 «& PWL evaluated for the assumed leak posi-
tion has been used to verify the existence of the
source and, thereby, to improve algorithm reliabil-

ity.

5. IMPROVEMENT OF STANDARD APPROACH
0 Because the standard algorithm utilizes
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Fig.5 Leak localization (cross-section Z) based on
SPL analysis for different source locations: (A)
E3C, (B) E3B and (C) in the case of BGN

amplitude-based detection, improvement of detec-
tion sensitivity is possible only by lowering detec-
tion margin and using a floating detection
threshold.

O Since low detection margin can result in detec-
tor malfunction, methods to suppress BGN fluctua-
tions and to improve algorithm robustness are
also necessary.

5.1 Probabilistic detection criterion

O A probabilistic detection criterion with relative
detection threshold was proposed as suitable sta-
tistical algorithm which is able to minimize the
probability of a false detection while an averaging
processing can be used to suppress BGN fluctua-
tions.

0 This criterion is based on comparison between
the statistical hypothesis which supposes that the
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signal level has changed at some moment within
observed time interval, and the contrary hypothe-
sis which supposes that such change did not oc-
cur.

O Applying the technique for root-mean-square
(RMS) values of acoustic signals shows that aver-
aging processing makes it possible to keep BGN
fluctuations within 0.5dB under nominal power op-
eration; thus, minimum detectable level (MDL) in
the criterion can be lowered by up to 0.5dB. The
instant when the change occurs can also be deter-
mined (Fig.6A); however, lowering minimum de-
tectable level to below 0.5dB can result in a
decrease in the detection accuracy (Fig.6B).

O Hence, combination of the criterion with the av-
eraging technique helps to avoid detector malfunc-
tion caused by short-term BGN fluctuations while
the possibility of updating the floating detection
level periodically makes the algorithm more ro-
bust in the case of long-term fluctuations.

O The processing time has been evaluated as 0.5-1
min per channel for signals of 30 min length under
off-line processing. However, since the proposed
length of processing data block is 5 min and the al-
gorithm is suitable for a parallel on-line process-
ing, the overall detection time can be kept within 5
min.

6. FURTHER ANALYSIS

0 The detectable range provided by the standard
approach is quite low principally due to sound
propagation conditions inside the boxes. Indeed,
the sound attenuation is so high (about 10dB/m
forp 81) that signals almost disappear at a dis-
tance of 9m from the postulated leakage (with
PWL B 90dB). In practice, the range is limited to 6-
7m due to the presence of internal electric noise in
the measurement channel (the equivalent level is
about 25dBse).

O Further limitations of the detectable range (3-
5m) are caused by the presence of BGN and appli-
cability condition of the amplitude-based detec-
tion, that is SNR>0dB. By contrast, applicability of
the correlation-based detection is possible even if
SNR<0dB.
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i Leak sound intitation i
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Fig.6 Probabilistic detection test, 0 F=4-30kHz: (A)
MDL=1dB, D=3.5m; (B) MDL=0.4dB, D=4.6m

O A Cross-Correlation Function (CCF) can be
treated as two-channel algorithm, which provides
a measure of linear relation between two time sig-
nals. In an ideal situation, the signals emitted by
sound source can be treated as the same signal,
which is amplitude-scaled and time-shifted in dif-
ferent manner due to difference in propagation
paths. Through it, the location of CCF peak on a
time axis corresponds to the time delay between
arrivals of two signals (Fig. 7A) while the pres-
ence of the peak is a clear sign that a coherent
source is present nearby.
O Due to its nature, CCF will be not seriously af-
fected by linear independent noise even if its ampli-
tude is much bigger than amplitude of signals
provided by ideal sound source. Thereby, based
on a model of coherent point-type source and non-
correlated diffusion-type BGN, CCF could be em-
ployed in order:
[0 to detect the presence of a coherent source in
BGN
0 to determine the source location via analysis
of Time-Differences-Of-Arrival (TDOA) of sig-
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nals
00 However, a linear-relation between signals and,
as result, a correlation will quickly degrade if sig-
nals are distorted under propagation due to a mul-
tiple reflection and diffusion on obstacles. In
particular, performance of the correlation-based al-
gorithm can be affected by the complicated geome-
try inside the boxes and the diffusion of sound on
the pipes. Figure 7 shows examples of CCF meas-
ured in free space (Fig.7A) and inside the boxes
under reactor shutdown conditions (Fig.7B). It is
clear that even in the absence of BGN the magni-
tude of the cross-correlation peak is much lower
and, because its shape is significantly spread, the
peak's position cannot be determined clearly. The
situation worsens if leak signals are placed into
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Fig.7 Cross-correlation function: (A) Leak sound in
free space, (B) Inside the thermal insulation box,
(C) In presence of BGN

BGN as shown in Figure 7C.

0 The factors that can affect correlation between
signals inside the boxes and applicability of the
correlation-based detection algorithms there
should be evaluated.

6.1 Cross-correlation characteristics

O Particular attention has been paid to studying
the dependence of the correlation factor on (1)
relative location of source & sensors and (2) SNR
in both correlated channels.

O Figure 8 shows the decline of cross-correlation
factor as a distance between source and micro-
phone is increased while maximum correlation val-
ues were measured between closest microphones.
0 The SNR affects the correlation level in accor-
dance with equation (4), which can be derived
from a standard definition of the cross-correlation
factor supposing that BGN has some finite correla-
tion level:P xvo. A good compliance has been ob-
served between the equation and actually
measured values of cross-correlation factor inside

the boxes.
0, (1) = pSaSb(T)\/ SNR SNR; + Cy Py (7) (4)
o -/SNR ,SNR,, + SNR, + SNR,, +1
Pssy  — correlation level in absence of BGN
Prvaxs —BGN correlation level

SNRap — signal/noise ratio in channel A/B

O Analysis of these factors shows that leakage of
0.2gpm can be detected by increase of cross-corre-
lation value under average levels of BGN. How-
ever, due to low correlation, the detection
sensitivity degrades significantly under maximum
BGN levels observed inside the boxes, and detec-
tion is possible only in particular areas, where
SNR o- 3dB (Fig.9), taking into account the back-
ground correlation level, that is about 0.030 0.05.
0 This outcome leads to the conclusion that the
coherent point-type source model is not com-
pletely appropriate for the limited space inside the
boxes where the sound source has a finite physi-
cal size and sound diffusion on the piping is rela-
tively strong.

0 Under such circumstances the source might be
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described as spatially distributed and can be
treated as a number of simultaneous non-corre-
lated sources resulting in low-correlation between
signals.

6.2 Basis for improvements

O The previous analysis shows that correlation
does not provide significant detection advantages
inside the boxes if it is used directly. Neverthe-

less, the correlation-based approach has room for
improvement.

O In particular, spatial-compactness of the sound
source and spatial distribution of BGN can provide
the basis for location-based detection and the re-
lated algorithms. Also a multi-channel approach
makes it possible to improve sensitivity via super-
position of many detection parameters related to
different microphone pairs.

00 Based on these ideas, the following algorithms
and parameters were proposed:

O Location-based detection algorithm, which
employs a spatial selectivity based on leak lo-
calization procedure

O Multi-channel processing associated with esti-
mated leak position

6.3 Location-based detection algorithm

0 This method utilizes a localization procedure
based on analysis of TDOA data derived from
CCFs.

0 Source location can be estimated as the point:
//k in 3D space, which minimizes an error crite-
rion: Y jk, defined by equation (5) that is a func-
tion of the TDOA data: 7, (where 77 is number of
microphone pair) and a hypothesized leak loca-
tion. In this equation 7, is derived directly from
CCF of two signals for n™ microphone pair while t
is theoretically expected TDOA value, which is de-
termined by the coordinates of given spatial point
pik and the coordinates of two microphones (A
and B) of n™ microphone pair - m*,.

min
W = V/m-

13
Wi “ﬁzfn _f(m:ﬁaf’a‘ﬂ-) =>¥= ®)

n=1 WH'H'

Dik={xiy; z&] — coordinates of current spatial point denoted
as ijk

mAB, =[xa ya 247 xp yB 25/ - coordinates of n'h microphone
pair (microphones A and B)

N- total number of microphone pair

O This method is theoretically more accurate than
the SPL-based method; however, signal distortion
results in TDOA fluctuations and so accuracy de-
creases up to 500-900 mm.

0 Nevertheless, in the presence of a leak TDOA
data will correspond to a spatial point, which is
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close to actual leak location; therefore, the value of
the error criterion should be small. Since BGN is
diffusion-type noise, CCFs related to BGN have
randomly distributed peaks, hence, the error
value W jkx should be larger.

O The location-based detection algorithm employs
this difference via localization factor: ¥ chosen as
the detection parameter. W is proportional to (Wthr
- Wik )/ Winr, where Winr can be taken as maximum
W jk value observed and, through it, ¥ value can
be kept within [0-1] range. The processing time of
has been evaluated as about 3 min in Area 3 (6 mi-
crophones, 15 microphone pairs).

O Figure 10 shows that the presence of leakage
could be easily detected by the localization factor,
which was evaluated as about 0.9 in the presence
of the source (Fig.10A) and less then 0.3 for BGN
(Fig.10B). The reliability of this algorithm is also
higher because it utilizes data from many (V) mi-
crophone pairs located inside the boxes.

6.4 Multi-channel approach

O Detection efficiency can be also improved by
employing a multi-channel technique, which is pro-
posed as superposition of time-delay compensated
CCFs related to different pairs of microphones.

0 Since cross-correlation provides two-channel al-
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Fig.10 Leak-based detection via CCF analysis: (A)
In presence of leak source, (B) BGN

gorithm, it can be formally generalized to multi-
channel version by increasing the number of chan-
nels. Such multi-channel function contains all pair-
wise combination of the delay-compensated two-
channel functions calculated for every possible de-
lay. This algorithm, however, is non-efficient for
practical applications due to its vulnerability to
time-delay fluctuations caused by signal distortion
and because it takes a huge amount of calculations.
O In the proposed method, however, calculation of
all possible delays is avoided since the supposed
leak point could be approximately evaluated via
TDOA analysis and delay compensation could be
performed only within the range of time-delay val-
ues corresponding to spatial area around this
point.

O In the presence of a leak source, time-delay com-
pensated CCFs are focused at the region around
the source with their peaks close to the zero-delay
(Fig.11A), while the functions related to BGN
have randomly distributed peaks. The multi-
channel-type CCF shown on Figure 11B can be
prepared via superposition of these functions to
amplify peaks that are source-related and suppress
those that are BGN-related.

0 The technique makes possible detection of sig-
nals with SNR< 3B at distances up to 5.5m; fur-
thermore, the detection efficiency increases as the
number of processed channels is increased
(Fig.11C). The processing time has been evalu-
ated within 2-4min that depends on a number of
channels.

O This multi-channel-type CCF associated with es-
timated source-location can be easily integrated
into the location-based detection algorithm provid-
ing an additional detection parameter in order to
improve detection reliability.

CONCLUSION

0 The possibility of detecting and locating a small
leakage in accordance with the requirements ap-
plied for the inlet piping has been demonstrated
through this research. The probabilistic detection
criterion and a combination of multi-channel- and
location-based detection algorithms are proposed
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Fig.11 Multi-channel processing of CCF (Hilbert
transform): (A) Delay-compensated CCF, (B) Multi-
channel-type CCF 4ch,(C)Multi-channel-type CCF
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in order to improve both the detection sensitivity
and reliability.

O The present research is based on analysis of arti-
ficial leak signals, simulated by the air imitator.
These signals are assumed to be of the stationary-
noise type which would not be entirely true for
real leakage.

O The tests carried out in RDIPE' showed that lo-
cal pulsations of coolant pressure could cause
burst-type acoustic noise emitted by leak flow
through a real crack.

O In the next stage of the research it is proposed
to focus on verification of the algorithms for real
leak signals and on analysis of its non-stationary
components - supposed to be less affected by
distortion - which can be extracted from BGN by
Wavelet decomposition.
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