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Abstract— Regarding to GEN 4 context, it is necessary to fulfil 
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. This reaction can 
cause severe damages in the component in a short time. Detecting 
such a leak by visual in-sodium inspection is impossible because 
of sodium opacity. Hydrogen detection is then used but the time 
response of this method can be high in certain operating 
conditions. Active and passive acoustic leak detection methods 
were studied before SUPERPHENIX plant shutdown in 1997 to 
detect a water-into-sodium leak with a short time response. In the 
context of the new R&D studies for SFR, an innovative passive 
vibro-acoustic method is developed in the framework of a Ph.D. 
thesis to match with GEN 4 safety requirements. The method 
consists in assuming that a small leak emits spherical acoustic 
waves in a broadband frequency domain, which propagate in the 
liquid sodium and excite the SGU cylindrical shell. These 
spatially coherent waves are supposed to be buried by a spatially 
incoherent background noise. The radial velocities of the shell is 
measured by an array of accelerometers positioned on the 
external envelop of the SGU and a beamforming treatment is 
applied to increase the signal-to-noise ratio (SNR) and to detect 
and localize the acoustic source. Previous numerical experiments 
were achieved and promising results were obtained. In this 
paper, experimental results of the proposed passive vibro-
acoustic leak detection are presented. The experiment consists in 
a cylindrical water-filled steel pipe representing a model of SGU 
shell without tube bundle. A hydrophone emitting an acoustic 
signal is used to simulate an acoustic monopole. Spatially 
uncorrelated noise or water-flow induced shell vibrations are 
considered as the background noise. The beamforming method is 
applied to vibration signals measured by a linear array of 
accelerometers on the shell. Satisfying results are obtained 
regarding to detection and localization of the source smothered 
by the background noise. 
 

Index Terms — SFR, SGU, Sodium, Steam Generator, 
beamforming, passive acoustic leak detection. 
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I. 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 interest to fulfil 
to GEN 4 safety standards. This reaction can cause severe 
damage in the component in a short time. This paper presents 
a passive vibro-acoustic method to detect and locate the noise 
generated by such a leak inside the SGU. One considers the 
passive beamforming method applied to signals from an array 
of sensors that measure the vibrations field of the steam 
generator cylindrical shell. The beamforming technique has 
been developed extensively since the middle of the 20th 
century to detect far-field acoustic sources in the naval field 
[1]. Its robustness and ability to detect sources buried in noise 
has led to an intensive use in sonar systems for anti-submarine 
warfare. More recently, improved beamforming treatment 
have been used to locate an acoustic source in a reverberant 
environment [2], to characterise acoustic sources of 
manufactured products [3-4] or for tracking vehicles [5]. 
Beamforming methods have also been applied as non-intrusive 
tools in many industrial applications to detect structural 
defects in complex structures [6-7]. More specifically, 
different studies focussing on active and passive leak detection 
techniques in SFR SGU have been published in the past [8-
10]. The paper by Kim et al. [11] focussed on characterising 
the acoustic noise spectra of different water-into-sodium leaks 
for a small leak flow (<1g/s). Chikazawa [12] applied a 
beamforming method to detect a leak at a frequency of 10 kHz 
in a SGU assuming that it emits a planar acoustic field. This 
assumption, which seems reasonable in the high frequency 
domain, necessitates a high number of sensors to cover the 
whole steam generator. Sing and Rao [13] looked at detecting 
the water injection into liquid sodium by measuring the 
external acoustic field with microphones located far from the 
system. Such a system is very simple but may be easily 
disturbed by external acoustic sources. 

The beamforming requires spatial filters which are 
calculated considering the signal to detect and the background 
noise to reject. In the case of an acoustic field generated by a 
far-field source, without background noise, it can be assumed 
that the signal measured is a plane wave and that the 
Somerfield’s conditions are met. It is then possible to 
determine the angular incidence of the wave by processing the 
measured signal using a simple spatial filter. In our particular 
case, the source to detect is located close to the array in a 
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confined acoustic medium, i.e. cylindrical fluid cavity. Hence, 
determining the angular incidence of the wave is insufficient 
in order to locate the source. Choi and Kim [14] estimated 
errors resulting of the sphericity of the incident acoustic field, 
using beamforming and MUSIC methods in acoustic medium.  

Furthermore, the array measures the radial vibration field of 
the shell which results of a strong interaction between the fluid 
and the elastic shell. To the author’s knowledge, the detection 
of a near-field acoustic source has never been investigated in a 
fluid-filled elastic shell with a beamforming method applied to 
vibrational signals measured on the shell.  

This paper presents experimental results obtained on a 
fluid-filled cylindrical shell representing a model of SGU. The 
system is excited by a harmonic acoustic source emitted by a 
hydrophone located in the fluid. This source is supposed to be 
small enough to be considered as an acoustic monopole. 
Applying the beamforming treatment, it is possible to locate 
the hydrophone by assuming a position of it in a detection 
space and by increasing the signal to noise ratio (SNR) at the 
real position of the source more than other assumed positions. 

The background noise in a SGU is mainly due to the 
vibrations induced by the sodium flow on the external shell. 
Two kinds of background noise are considered in this paper: 
the ambient noise which is spatially incoherent and the noise 
generated by a turbulent water flow which is coherent. 

The experimental system and the beamforming method are 
described in section II. It consists in applying a spatial filter to 
the signal measured by the array of accelerometers. The 
calculation of this spatial filter and its application are 
described in detail in this section. The method is tested on 4 
signals having different SNR and background noise profiles. 
These experimental results are presented and discussed in 
section III. Conclusions and perspectives of the present 
experiment are given in section IV.  

II. PRESENTATION OF THE EXPERIMENTAL SYSTEM AND 

BEAMFORMING TECHNIQUE 

A. Presentation of the Experimental Mock-up 

As shown in Fig.1, the experiment mock-up consists in 
exciting a cylindrical pipe made of stainless steel and filled 
with water. The pipe is a reduced scale of a straight sodium 
envelope modular SGU for GEN-4 ASTRID project 
(Advanced Sodium Technological Reactor for Industrial 
Demonstration). The tube bundle has no significant effect on 
the acoustic wave propagation below a critical frequency 
����� = ��/2� [15] where �� is the acoustic phase speed and � 
is the distance between each tube. This frequency exceeds 60 
kHz for the SGU considered whereas the maximum frequency 
considered in this paper is 10 kHz. 

This experiment has been done to validate the method 
which was previously tested on a numerical model. In order to 
keep the same numbers of acoustic wavelength along the 

radius of the real SGU and the mock-up, we define Lγ  as the 

hydraulic diameter and thickness scale ratio between the real 
SGU and the mock-up. To calculate this ratio, we have to 
consider that an effect observed at a certain frequency in the 

mock-up is observed at a different frequency in the SGU 
because of diameter and internal fluid changes. To take this 
into consideration, the scale ratio is equal to the ratio of the 
acoustic wavelength �� = ��/�	 in these two media. Then we 
obtain: 

 

0 0 0 0/ ' / ( ' )L fc cγ λ λ γ= = , 

 

(1) 

where c0 and c0’ are the acoustic phase velocity in the 
sodium and in the water, respectively and '/f f fγ =  is the 

ratio of the frequencies in the mock-up and in the SGU. 
Setting the mock-up diameter at 0.22 m and the maximum 
frequency of the excitation at 15 kHz in the mock-up, we 
obtain �� = 3.6 and �� = 2.4. 

The length of the pipe is then fixed to 306 cm, its external 
radius to 21.9 cm and its thickness to 0.82 cm. 

In order to simulate the noise generated by a sodium leak, a 
hydrophone B&K 8103 is excited by a harmonic signal 
(assumption of an acoustic monopole source). The amplitude 
and frequency of the signal can be controlled. The source can 
be positioned at the six positions represented by green squares 
in Fig. 1. The hydrophone with its support is represented in 
Fig. 2. 

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

 
Fig. 1.  Scheme of the scale experiment. 
 
A 1 m length linear array composed of 50 accelerometers 
Kistler 8704B50 regularly spaced is used to sample the radial 
vibration field of the fluid filled pipe when it is excited by an 
acoustic source. The whole experiment has been performed 
inside Areva test facilities in Technical Center Le Creusot. 
The distance between the accelerometers has been set in order 
to ensure a correct spatial sampling of the flexural wavelength 
given by: 

 

�� = 2� ���� �
��/�

�2��. 

 

(2) 

�, ℎ and ! = "ℎ#/12(1 − ') are the mass density, the 
thickness and the flexural rigidity of the shell, respectively. " 
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and ' are the Young’s modulus and Poisson coefficient of 
stainless steel, respectively. The flexural wavelength at 15 
kHz, calculated with (2) is 5 cm. 

 

 
 

Fig. 2.  Acoustic excitation system. 
 
The signals from the accelerometers are recorded with a 

PULSE B&K acquisition system. Applying a fast Fourier 
transform (FFT) to the signals measured by the 50 
accelerometers gives us the spectral acceleration at each 
sensor position. Spectral accelerations measured by all the 
accelerometers of the array constitute a spatial sample of the 
radial acceleration field on the structure, at each frequency. 
These measurements are analysed by the beamforming 
algorithm to detect and localize the emitting hydrophone in the 
water. 

 

 
Fig. 3.  Picture of the mock-up 
 

B. General Principle of the Beamforming Method 

The beamforming technique consists in filtering the 

vibration field )*+, measured by the array when the hydrophone 
is at the position (-,, /,) of the detection space by steering 

vectors 0+1 corresponding to all possible positions (-1 , /1) of 
the detection space. The general formula to calculate steering 
vectors assuming a completely incoherent background noise 
is: 

 (3) 

*
u

u

u

V
F

V
=
�

�

� . 

 

)*+1 is the vibration field when the hydrophone is at the position 
(-1, /1). It is a row vector of size 50. In order to study the 
effect of the spatial filter applied in the beamforming, we 
consider the normalized beamforming output value: 

 

/u u sy y σ= . 

 

(4) 

2, is the maximum Auto-Spectrum Density (ASD). We call 
reference sensor the sensor having the maximum ASD. 

In (4), the output value of the beamforming is a scalar given 
for the steered position u by: 

 
 

 
†

u u s uy F F= Γ
� �

. 

 

(5) 

sΓ  is the cross-spectrum (50 5 50 matrix) of the signal 

measured: 
 

†
s s sV VΓ =
� �

. 

 

(6) 

By nature, the product (5) must be maximum when u=s. 

Steering vectors 0+1 are evaluated experimentally by measuring 
signals on the array for the different positions u in the 
detection space Ω . 

With the present mock-up, the detection space is constituted 
by the 32 green and red squares represented in Fig. 1. Green 
squares represent the positions where the hydrophone can be 
located. The vibration field due to the hydrophone excitation 
can then be measured and the steering vector corresponding to 
these positions can be calculated using (3). Assuming an axial 
symmetry of the tube relative to the centre of the array, we 
define fictive steering vectors corresponding to the positions 
represented by red squares in Fig. 1. 

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

III.  EXPERIMENTAL RESULTS 

A. Source and Background Noise 

The hydrophone located in the water at the position xs = 755 
mm and rs = 47 mm emits a sinusoidal signal at a frequency 6 
kHz. Vibrations are recorded during 5 s by the 50 
accelerometers. The sampling frequency is 32768 Hz. The 
cross-spectrum between these accelerometers is calculated at 6 
kHz using (6). One considers 4 experimental configurations in 
term of background noise and SNR which are given in Table 1. 
Two different background noises are considered. In cases 1 
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and 2, the water is at rest in the loop and the background noise 
is due to the electronic noise of the sensors themselves and the 
ambiance noise in the experimental building. We call it 
“ambient noise”. In cases 3 and 4, the background noise is due 
to vibrations induced by the turbulent water flow at 70 L/s. 
 

The SNR is defined by 
 

/s BgSNR σ σ= . 

 

(7) 

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

the signal corresponding to a specific case and Bgσ  is the 

maximum ASD at 6 kHz when we measure the background 
noise alone. 
 

TABLE I 
EXPERIMENTAL CONFIGURATIONS OF HARMONIC EXCITATIONS 

Case N° Background Noise Initial SNR 

1 Ambient 0 dB 
2 Ambient 4 dB 
3 70L/s water flow 4.4 dB 
4 70L/s water flow 9.7 dB 

 

The coherence between each pair of accelerometers is showed 
in Fig. 4 when the system is excited by a turbulent water flow 
at 70 L/s (Fig. 4.a) or when ambient noise is recorded (Fig. 
4.b). This figure shows that the turbulent flow induces a 
partially coherent vibration field whereas the ambient noise is 
completely incoherent. From Fig. 4, we can attend to obtain a 
better result with the first two cases than others. Indeed, most 
the background noise is incoherent, better the beamforming 
treatment is efficient. 

 

 

 
 

Fig. 4.  Coherency between each pair of sensors for a turbulent flow induced 
vibration (a) and ambient noise (b). 

B. Hydrophone Source Detection and Localization 

The output values of the beamforming treatment calculated 
using (4) and (5) are represented in dB in Fig. 5 for each 
position in the detection space. In Fig. 4.a one considers the 
cross-spectrum of the ambient background noise alone. In Fig. 
5.b and Fig. 5.c. one considers the cross-spectra corresponding 
to the cases 1 and 2, respectively. The position of the 
hydrophone is represented by a black circle whereas the 

position of the accelerometers is represented by black crosses. 
 

 
(a) incoherent background noise 

 

 
(b) case 1 

 

 
(c) case 2 

 
Fig. 5.  Beamforming output values for each position of the detection space, at 
6 kHz if one considers only the incoherent background noise (a), the case 1 (b) 
and the case 2 (c). o: position of the hydrophone; x: position of the 
accelerometers. 

 

In Fig. 5.a, the input signal is the cross-spectrum of the 
ambient noise. Output values of the beamforming are close to 
0 dB and almost uniform on the detection space. In the case of 
a completely spatially incoherent noise, no source position is 
discriminated and no gain is added by the beamforming. In 
case 1, when the hydrophone emits a signal with a SNR equal 
to 0 dB (Fig. 5.b) the beamforming output is no longer 
uniform on the detection space. It reaches 4 dB at the 
hydrophone position which corresponds to the primary lobe of 
the beamforming output. Side lobes appears at positions (55, -
2), (1205, 47) and (755, -64), on which the output value 
reaches about 2 dB. As the initial SNR is around 0 dB, the 
array gain is around 4 dB. In Fig. 5.c the SNR increases to 4 
dB. The output value is about 8 dB at the source position and 
around 5 dB at side lobes positions. The detection seems to be 
effective when the background noise corresponds to a spatially 
incoherent noise.  

 
Fig. 6 presents the output value of the beamforming when 

one considers the cross-spectrum of the background noise 
induced by a turbulent water flow at 70 L/s (Fig. 6.a) and the 
cross-spectra corresponding to the cases 3 and 4 (Fig. 6.b and 
6.c, respectively). 
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(a) background noise induced by a turbulent water flow 

 

 
(b) case 3 

 

 
(c) case 4 

 
Fig. 6.  Beamforming output values for each position of the detection space, at 
6 kHz if one considers only the background noise induced by a turbulent 
water flow (a), the case 3 (b) and the case 4 (c). o: position of the hydrophone; 
x: position of the accelerometers. 

 
In Fig. 6.a, contrary to what one observed in the case of as 

incoherent signal (Fig. 5.a), output values reach 8 dB and are 
not uniform on the detection space. This situation may lead to 
a false detection since it can be interpreted as source 
representative to a leak noise. In Fig. 6.b, the harmonic signal 
is present and the SNR is 4.4 dB. One observes a focalization 
of the output at the position of the source. Side lobes appear at 
the same position than in Fig. 5 since their position is related 
to the frequency of the excitation. In Fig. 6.c., increasing the 
SNR to 9.7 dB leads to increase the focalization by keeping 
constant the output value at the primary lobe whereas it 
decreases at other positions. Here again, the localization seems 
to be more effective when the SNR is stronger. When the 
background noise does not respect totally the assumption of 
spatial incoherence the method can leads to a false detection in 
absence of source since the output values on the detection 
space are not uniform. Nevertheless, when the source is 
present, its detection is effective since one observes an 
increase of the beamforming output value at the hydrophone 
position more than other positions.  

IV.  CONCLUSION 

The beamforming method has been applied to a very 
specific case: the detection of an acoustic source in a 
cylindrical tube filled with water using an array of 
accelerometers measuring radial accelerations of the shell. 
Because of its robustness, this technique has been investigated 
as a passive and non-intrusive solution to detect a sodium-
water reaction in a SGU of a SFR. The importance of 
determining properly the steering vectors which are used to 

filter the signal measured by the array of sensors has been 
highlighted. This can be done using a numerical model having 
a high degree of reliability or by measuring radial 
accelerations of the shell experimentally for different positions 
of the source. The second solution has been employed here. It 
necessitates a preliminary “learning phase” to create a base of 
steering vectors. 

The detection and the localization of a hydrophone emitting 
a harmonic signal at have been investigated considering two 
different background noises. In the case of a completely 
spatially incoherent background noise, such as ambient 
electronic noise, the method shows very good results. The 
SNR is improved by 4 dB at the source position in the case of 
a smothered source and by 8 dB in a more favorable case 
(with a higher SNR). The response time to detect the source is 
equal to the recording period plus the time necessary to 
calculate the cross-spectrum between each pair of 
accelerometers of the array (which depends of the computing 
power). 

In the case of a spatially coherent background noise, such as 
vibrations induced by a turbulent water flow, the beamforming 
output improves the signal at different positions in absence of 
source. When the source is present, results are similar to those 
obtained with an incoherent noise. Different “high resolution” 
methods such as Capon method can be used to calculate a 
spatial filter including the cross-correlation matrix of the 
background noise to reject it [16]. These methods are useful in 
the case of a stationary background noise. In a SGU it may 
fluctuate and Capon method may not be efficient. 
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