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Experimental results of passive vibro-acoustic
leak detection in SFR steam generator mock-up

J. Moriot, L. Maxit, -L. Guyader, O. Gastaldi, J. Périsse, B. M

Abstract— Regarding to GEN 4 context, it is necessary to fil

the high safety standards for sodium fast reactors(SFR),

particularly against water-sodium reaction which may occur in

the steam generator units (SGU) in case of leak. ®hreaction can
cause severe damages in the component in a shomd. Detecting
such a leak by visual in-sodium inspection is impagble because
of sodium opacity. Hydrogen detection is then usebut the time

response of this method can be high in certain opating

conditions. Active and passive acoustic leak detéoh methods
were studied before SUPERPHENIX plant shutdown in 297 to
detect a water-into-sodium leak with a short time esponse. In the
context of the new R&D studies for SFR, an innovate passive
vibro-acoustic method is developed in the frameworlof a Ph.D.
thesis to match with GEN 4 safety requirements. Thamethod

consists in assuming that a small leak emits sphedl acoustic
waves in a broadband frequency domain, which propage in the
liquid sodium and excite the SGU cylindrical shell. These
spatially coherent waves are supposed to be buridry a spatially

incoherent background noise. The radial velocitiesf the shell is
measured by an array of accelerometers positioned nothe

external envelop of the SGU and a beamforming treatent is
applied to increase the signal-to-noise ratio (SNRand to detect
and localize the acoustic source. Previous numericaexperiments
were achieved and promising results were obtainedln this

paper, experimental results of the proposed passivevibro-

acoustic leak detection are presented. The experimiconsists in
a cylindrical water-filled steel pipe representinga model of SGU
shell without tube bundle. A hydrophone emitting anacoustic
signal is used to simulate an acoustic monopole. &plly

uncorrelated noise or water-flow induced shell vibations are
considered as the background noise. The beamformimgethod is
applied to vibration signals measured by a linear @may of

accelerometers on the shell. Satisfying results arebtained

regarding to detection and localization of the sowe smothered
by the background noise.

Index Terms — SFR, SGU, Sodium, Steam Generator,
beamforming, passive acoustic leak detection.
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. INTRODUCTION

HE fast and reliable detection of a leak in a steam

generator unit (SGU) of a sodium fast reactor (SFR)
inducing a water-sodium reaction is of capital ies to fulfil
to GEN 4 safety standards. This reaction can caesere
damage in the component in a short time. This pppegents
a passive vibro-acoustic method to detect and éotts noise
generated by such a leak inside the SGU. One censsitie
passive beamforming method applied to signals faonarray
of sensors that measure the vibrations field of $keam
generator cylindrical shell. The beamforming teciuei has
been developed extensively since the middle of 208
century to detect far-field acoustic sources in nlagal field
[1]. Its robustness and ability to detect souraasel in noise
has led to an intensive use in sonar systems tosabmarine
warfare. More recently, improved beamforming trestin
have been used to locate an acoustic source inezberant
environment [2], to characterise acoustic sourcels o
manufactured products [3-4] or for tracking vehsclis].
Beamforming methods have also been applied asmasive
tools in many industrial applications to detectustural
defects in complex structures [6-7More specifically,
different studies focussing on active and pas®a& betection
techniques in SFR SGU have been published in tsé [Ba
10]. The paper by Kinet al. [11] focussed on characterising
the acoustic noise spectra of different water-sadium leaks
for a small leak flow(<lg/s). Chikazawa [12] applied a
beamforming method to detect a leak at a frequendy) kHz
in a SGU assuming that it emits a planar acougid.fThis
assumption, which seems reasonable in the highudrezy
domain, necessitates a high number of sensors \ter cbe
whole steam generatdding and Rao [13] looked at detecting
the water injection into liquid sodium by measuritige
external acoustic field with microphones locatedffam the
system. Such a system is very simple but may bdyeas
disturbed by external acoustic sources.

The beamforming requires spatial filters which are
calculated considering the signal to detect anchtiekground
noise to reject. In the case of an acoustic fieldegated by a
far-field source, without background noise, it d@nassumed
that the signal measured is a plane wave and that t
Somerfield’s conditions are met. It is then possildb
determine the angular incidence of the wave bygssing the
measured signal using a simple spatial filter. un particular
case, the source to detect is located close toatiay in a
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confined acoustic medium, i.e. cylindrical fluidvits. Hence,
determining the angular incidence of the wave sufficient
in order to locate the source. Choi and Kim [14finested
errors resulting of the sphericity of the incidewbustic field,
using beamforming and MUSIC methods in acousticiomd

Furthermore, the array measures the radial vibrdiedd of
the shell which results of a strong interactionnzatn the fluid
and the elastic shell. To the author’'s knowledbe,detection
of a near-field acoustic source has never beersiigated in a
fluid-filled elastic shell with a beamforming methapplied to
vibrational signals measured on the shell.

This paper presents experimental results obtainedao
fluid-filled cylindrical shell representing a modaefl SGU. The
system is excited by a harmonic acoustic sourcétesnby a
hydrophone located in the fluid. This source ispaged to be

2

mock-up is observed at a different frequency in 8@U
because of diameter and internal fluid changestake this
into consideration, the scale ratio is equal to rdtéo of the
acoustic wavelength, = c¢,/f in these two media. Then we
obtain:

Vo=A A =l (S, Yy ), (1)
where g and ¢ are the acoustic phase velocity in the
sodium and in the water, respectively apd= '/ f is the

ratio of the frequencies in the mock-up and in 8@U.
Setting the mock-up diameter at 0.22 m and the mmaxi
frequency of the excitation at 15 kHz in the mogk-uve
obtainy, = 3.6 andy; = 2.4.

small enough to be considered as an acoustic mé&mopo The length of the pipe is then fixed to 306 cm eiternal

Applying the beamforming treatment, it is possibielocate
the hydrophone by assuming a position of it in &ectéon
space and by increasing the signal to noise r&ivH at the
real position of the source more than other assypositions.

radius to 21.9 cm and its thickness to 0.82 cm.

In order to simulate the noise generated by a sodiéak, a
hydrophone B&K 8103 is excited by a harmonic signal
(assumption of an acoustic monopole source). Theliaude

The background noise in a SGU is mainly due to thénd frequency of the signal can be controlled. 3trce can

vibrations induced by the sodium flow on the exatrshell.
Two kinds of background noise are considered ia faper:
the ambient noise which is spatially incoherent #rel noise
generated by a turbulent water flow which is cohtre

The experimental system and the beamforming meg#ined
described in section Il. It consists in applyingpatial filter to
the signal measured by the array of acceleromefEng.
calculation of this spatial filter and its applicet are
described in detail in this section. The methotested on 4
signals having differenBENRand background noise profiles.
These experimental results are presented and disgtuin
section Ill. Conclusions and perspectives of thesent
experiment are given in section IV.

Il. PRESENTATION OF THEEXPERIMENTAL SYSTEM AND

BEAMFORMING TECHNIQUE

A. Presentation of the Experimental Mock-up

As shown in Fig.1, the experiment mock-up consiats
exciting a cylindrical pipe made of stainless staetl filled
with water. The pipe is a reduced scale of a dttasgpdium
envelope modular SGU for
(Advanced Sodium Technological Reactor for Indastri
Demonstration). The tube bundle has no signifiedfect on
the acoustic wave propagation below a critical desty
ferie = €o/2d [15] wherec, is the acoustic phase speed &nd
is the distance between each tube. This frequexcyeels60
kHz for the SGU considered whereas the maximunugaqy
considered in this paper is 10 kHz.

This experiment has been done to validate the rdeth

which was previously tested on a numerical moaebrter to
keep the same numbers of acoustic wavelength albag

radius of the real SGU and the mock-up, we defineas the

hydraulic diameter and thickness scale ratio betwtbe real
SGU and the mock-up. To calculate this ratio, weeht
consider that an effect observed at a certain &eqy in the

be positioned at the six positions representedregrgsquares
in Fig. 1. The hydrophone with its support is rejgred in
Fig. 2.

The background noise can be controlled by maintgitine
flow regime with the speed of pump. The maximum ewrat
flow velocity is 2.1 m/s (70 L/s).

1455

1208

|
i

R

3080

Positionsin the detection space
! Steering vector calculated from measurement
{1 Steeringvector calculated assuming an axial geometry of the tube

GEN-4 ASTRID projectrig. 1. Scheme of the scale experiment.

A 1 m length linear array composed of 50 acceleterse
Kistler 8704B50 regularly spaced is used to sarttpteradial
vibration field of the fluid filled pipe when it isxcited by an
acoustic source. The whole experiment has beeronpesfl
inside Areva test facilities in Technical Center Ceeusot.
The distance between the accelerometers has beenader
fp ensure a correct spatial sampling of the fleixwevelength

given by:

A =2 (‘;—“)_1/4 J2rf. )

p, h and D = Eh3/12(1 —v) are the mass density, the
thickness and the flexural rigidity of the shedispectively E
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-

and v are the Young's modulus and Poisson coefficient of .V
stainless steel, respectively. The flexural wavgllenat 15 Fu =
kHz, calculated with (2) is 5 cm.

e

=<

17,; is the vibration field when the hydrophone ishag position
(%, 1y)- It is a row vector of size 50. In order to stuithg
effect of the spatial filter applied in the beanmiimg, we

Mock consider the normalized beamforming output value:
ock-up
external

wall Y. =Y./ o, (4)

36 cm _

water gs is the maximum Auto-Spectrum Density (ASD). Wel cal
reference sensor the sensor having the maximum ASD.
In (4), the output value of the beamforming is alacgiven
for the steered positiamby:

Hydrophone
B&K 8103

y, = FIFl. (5)

Fig. 2. Acoustic excitation system.

[, is the cross-spectrunb@ x 50 matrix) of the signal

The signals from the accelerometers are recorded avi
PULSE B&K acquisition system. Applying a fast Fauri
transform (FFT) to the signals measured by the 50 S\t
accelerometers gives us the spectral acceleratioeaah rs =VsVs : (6)
sensor position. Spectral accelerations measuredllbthe
accelerometers of the array constitute a spatiapta of the By nature, the product (5) must be maximum wihess.
radial acceleration field on the structure, at efreljuency. Steering vectors,, are evaluated experimentally by measuring
These measurements are analysed by the beamformiignals on the array for the different positionsin the
algorithm to detect and localize the emitting hystrone in the  jatection spac€) .
water. With the present mock-up, the detection spaceristitated
by the 32 green and red squares represented inlFgreen
squares represent the positions where the hydrepban be
located. The vibration field due to the hydroph@xeitation
can then be measured and the steering vector ponéig to
these positions can be calculated using (3). Assgian axial
symmetry of the tube relative to the centre of &gy, we
define fictive steering vectors corresponding te fositions
represented by red squares in Fig. 1.

Axial positionsx correspond to the 8 positions defined
(Fig. 1). In cylindrical co-ordinates radial poeits r
considered in the detection space are -64 mm, -2 47nmm
and 88 mm.

measured:

in

Bk ) AL
Fig. 3. Picture of the mock-up
lll. EXPERIMENTAL RESULTS
B. General Principle of the Beamforming Method .
P 9 A. Source and Background Noise

.The. be.ami?rmmg technique consists in filtering the The hydrophone located in the water at the poskien755
vibration fieldVs measured by the array when the hydrophong ., and £= 47 mm emits a sinusoidal signal at a frequency 6
is at th(i position(xs, 75) of the detection space by steeringiy,  viprations are recorded during 5 s by the 50
vectorsF, corresponding to all possible positiofs,, ;) of accelerometers. The sampling frequency is 32768 THe
the detection space. The general formula to caiewdeeering cross-spectrum between these accelerometers idatelt at 6
vectors assuming a completely incoherent backgrawise kHz using (6). One considers 4 experimental coméijans in
is: term of background noise agiNRwhich are given in Table 1.

()  Two different background noises are consideredcdses 1
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and 2, the water is at rest in the loop and thé&dracind noise
is due to the electronic noise of the sensors tekms and the
ambiance noise in the experimental building. Wel d@al
“ambient noise”. In cases 3 and 4, the backgrouwisenis due
to vibrations induced by the turbulent water flow@a L/s.

The SNRis defined by

SNR=0,/ 0y,. @)

where g is the maximum ASD at 6 kHz when we measure

the signal corresponding to a specific case ﬂ}% is the

maximum ASD at 6 kHz when we measure the background

noise alone.
TABLE |
EXPERIMENTAL CONFIGURATIONS OFHARMONIC EXCITATIONS
Case N° Background Noise Initial SNR

1 Ambient 0dB

2 Ambient 4dB

3 70L/s water flow 4.4B

4 70L/s water flow 9.1B

The coherence between each pair of acceleromstst®ived
in Fig. 4 when the system is excited by a turbuleater flow

at 70 L/s (Fig. 4.a) or when ambient noise is rdedr(Fig.

4.b). This figure shows that the turbulent flow ucds a
partially coherent vibration field whereas the aembinoise is
completely incoherent. From Fig. 4, we can attendltain a
better result with the first two cases than othkrdeed, most
the background noise is incoherent, better the Bmamng

treatment is efficient.

Sensor n®

10 20 30 40 50 T 10 20 30 40 50
Sensor n® Sensor n°
|

0 0.2 0.4 0.6 0.8 1

Fig. 4. Coherency between each pair of sensora farbulent flow induced
vibration (a) and ambient noise (b).

B. Hydrophone Source Detection and Localization

The output values of the beamforming treatmentutated
using (4) and (5) are represented in dB in Fig.ob dach
position in the detection space. In Fig. 4.a onesiters the
cross-spectrum of the ambient background noisesalonFig.
5.b and Fig. 5.c. one considers the cross-spestragponding
to the cases 1 and 2, respectively. The positionthef
hydrophone is represented by a black circle whetbas

position of the accelerometers is represented &gkltrosses.

50

r, (mm)

o & b N

-50

200 400 600 800
X, (mm)

(a) incoherent background noise

1000 1200 1400

r, (mm)
"\) o

IS

800
X, (mm)

(b) case 1

600 1200 1400

r, (mm)
o N & & B

600 800
X, (mm)

(c) case 2

1000 1200

Fig. 5. Beamforming output values for each positib the detection space, at
6 kHzif one considers only the incoherent backgrounden(a), the case 1 (b)
and the case 2 (c)o: position of the hydrophonex: position of the
accelerometers.

In Fig. 5.a, the input signal is the cross-spectminthe
ambient noise. Output values of the beamformingclose to
0 dB and almost uniform on the detection spac¢héncase of
a completely spatially incoherent noise, no soyrasition is
discriminated and no gain is added by the beamfogmin
case 1, when the hydrophone emits a signal witNR 8qual
to 0 dB (Fig. 5.b) the beamforming output is noden
uniform on the detection space. It reaches 4 dBthat
hydrophone position which corresponds to the prnhaloe of
the beamforming output. Side lobes appears atiposi{55, -
2), (1205, 47) and (755, -64), on which the outpatue
reaches about 2 dB. As the initial SNR is aroundB) the
array gain is around 4 dB. In Fig. 5.c the SNR @ases to 4
dB. The output value is about 8 dB at the sourcstipon and
around 5 dB at side lobes positions. The detectémms to be
effective when the background noise correspona@ssatially
incoherent noise.

Fig. 6 presents the output value of the beamformihgn
one considers the cross-spectrum of the backgrowise
induced by a turbulent water flow at 70 L/s (Figa)6and the
cross-spectra corresponding to the cases 3 anitj46(b and
6.c, respectively).
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600
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filter the signal measured by the array of sens@s been
highlighted. This can be done using a numerical ehbdving
a high degree of reliability or by measuring radial
accelerations of the shell experimentally for digf& positions
of the source. The second solution has been englogee. It
necessitates a preliminary “learning phase” toter@abase of
steering vectors.

The detection and the localization of a hydrophemgtting
a harmonic signal at have been investigated corisgléwo
different background noises. In the case of a cetept
spatially incoherent background noise, such as embi
electronic noise, the method shows very good residlhe
SNR is improved by 4 dB at the source positiorhim tase of
a smothered source and by 8 dB in a more favoredte
(with a higher SNR). The response time to deteetstburce is
equal to the recording period plus the time necgssa
calculate the cross-spectrum between each pair
accelerometers of the array (which depends of tmepaiting
power).

In the case of a spatially coherent backgroundenaisch as
vibrations induced by a turbulent water flow, theamforming
output improves the signal at different positionsabsence of

of

Fig. 6. Beamforming output values for each positibthe detection space, at Source. When the source is present, results aitasitm those

6 kHz if one considers only the background noisguged by a turbulent
water flow (a), the case 3 (b) and the case 4(g)osition of the hydrophone;
X: position of the accelerometers.

In Fig. 6.a, contrary to what one observed in thgecof as
incoherent signal (Fig. 5.a), output values readB&and are
not uniform on the detection space. This situatiay lead to
a false detection since it can be interpreted agrcso
representative to a leak noise. In Fig. 6.b, threnbaic signal
is present and the SNR is 4.4 dB. One observesaifation
of the output at the position of the source. Sateet appear at
the same position than in Fig. 5 since their posiis related
to the frequency of the excitation. In Fig. 6.a¢reasing the
SNR to 9.7 dB leads to increase the focalizatiorkégping
constant the output value at the primary lobe wdmerd
decreases at other positions. Here again, theizatiah seems
to be more effective when the SNR is stronger. Wtien
background noise does not respect totally the agssomof
spatial incoherence the method can leads to a datsetion in
absence of source since the output values on ttectots
space are not uniform. Nevertheless, when the esoisc
present, its detection is effective since one oleseran
increase of the beamforming output value at therdplbone
position more than other positions.

IV. CONCLUSION

The beamforming method has been applied to a ve[r@

specific case: the detection of an acoustic sourcea

cylindrical tube filed with water using an arrayf o [9]

accelerometers measuring radial accelerations ef stell.
Because of its robustness, this technique hasibgestigated
as a passive and non-intrusive solution to detesbdium-

water reaction in a SGU of a SFR. The importance of

determining properly the steering vectors which ased to

obtained with an incoherent noise. Different “higisolution”
methods such as Capon method can be used to talaula
spatial filter including the cross-correlation nmatiof the
background noise to reject it [16]. These methadauaeful in
the case of a stationary background noise. In a 8Ghay
fluctuate and Capon method may not be efficient.
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