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A B S T R A C T

Argon microbubbles will exist in the primary sodium of the next generation of sodium-cooled fast reactors (SFR). Due to its opacity, acoustic methods will be used for
the in-service inspection in these reactors, but the presence of such bubbles will greatly affect ultrasonic wave propagation. Moreover, these bubbles can lead to the
formation of gas pockets in the reactor and impact cavitation and boiling phenomena. It is therefore necessary to characterise what is called the ‘microbubble cloud’
by providing the volume fraction and the bubble size distribution. Safety requirements in this field call for robust inspection methods based on very few assumptions
about the bubble populations. The objective of this study is to assess the performance of spectroscopic methods in the presence of bubbles with high polydispersity
and to monitor an evolving cloud of microbubbles. The histogram and void fractions were estimated according to the regularised inversion of the complex wave
number’s integral equation. To reduce the need for prior information on the bubble cloud, a specific procedure was used to estimate the maximum radius of the
population. The results are presented on the basis of the experimental data obtained and then compared with optical measurements.

1. Introduction

There will be a normal, continuous microbubble cloud in the pri-
mary system of the Generation IV sodium-cooled fast reactor (SFR)
prototype called ASTRID,1 due to the existence of the argon gas plenum.
Although there is no direct characterisation of the bubble cloud in SFRs,
indirect measurements and existing calculation codes, such as VIBUL
[1] – developed in the 90 s at the CEA - give bubble sizes ranging from a
few µm to a few tens of µm for a void fraction about −10 6. As sodium is
an opaque liquid metal, visual inspection of the reactor is impossible.
Consequently, ultrasonic inspection methods are preferred, for ex-
ample, to check the presence and position of some components such as
fuel sub-assemblies, or to monitor the structural health of components
(SHM). For this purpose, the telemetric approaches generally used may
be severely altered if the speed of sound of the bubbly mixture is
modified by the presence of bubbles in the sodium. Moreover, micro-
bubbles have an impact on cavitation and boiling, acting as germs
which could also lead to the formation of gas pockets in the reactor. For
these reasons, safety requires the characterisation of this microbubble
cloud using as few assumptions as possible [2].

In this paper, the term ‘characterisation’ refers to the estimation of
the void fraction =τ volume volume/gas total and the bubble radius dis-
tribution. Interest in bubbly liquid characterisation is not new; Medwin
[3,4] covered this issue in 1970 when analysing the bubble population
on top of oceans. An analytic expression was used to estimate the
bubble radius distribution from attenuation measurements. Only the

resonant bubbles were taken into account. This method has since been
improved by Caruthers and Elmore [5,6] who implemented an iterative
procedure to overcome the approximations made by Medwin. Com-
mander and Moritz [7] then showed that the non-resonant bubbles also
needed to be taken into account to produce more reliable results. This
implies the use of numerical methods to solve the integral equation that
links the bubble distribution to their acoustic properties. The first nu-
meric approach was proposed by Commander and Moritz [8] and was
later improved by the Dynaflow laboratory. Duraiswami et al. [9–13]
considered the contribution of velocity measurements in the inversion
process. Leighton [14] suggested the use the “L-curve” method to de-
termine the regularisation parameter used to optimise the inversion
process.

However, the radius range was always fixed prior to the measure-
ments in all the papers listed above. This is in contradiction with an
‘assumption-free approach’. Moreover, the bubble size histograms given
in the literature have poor resolution (bin size ≈ 10μm) and the void
fractions are generally not estimated. Furthermore, the results are not
systematically compared against alternative measurements.

This paper describes a method that is able to continuously monitor
the microbubble cloud in operational SFR conditions. It is based on the
spectroscopic measurement of attenuation and sound speed with no
prior information about the bubble size interval to obtain the void
fraction and bubble size distribution. The experimental acoustic results
of this method have been compared with optical measurements, thus
providing both the bubble size distribution and void fraction.
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The theoretical background is presented in the first section. The
inversion procedure is then detailed and validated against two kinds of
bubble distributions. Next, the experimental bench designed to re-
produce – in water – the SFR operational conditions is described.
Finally, the method is validated experimentally for a stationary dis-
tribution and for the continuous monitoring of a varying bubble cloud.

2. Theoretical background

The propagation of a pressure wave in a bubbly liquid can be de-
scribed by the wave equation derived by Commander and Prosperetti
[15]. This equation, deduced from the linearisation of the Keller-Miksis
equation leads to the expression of the wave number k
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where ω is the wave’s pulsation; cliq is the sound speed in pure water
(without bubbles); N a( ) is the number of bubbles per unit volume with
a radius between a and +a da; ω0is the resonance pulsation of a bubble
with a radius a, and β is the damping coefficient associated with the
thermal, viscous and radiative processes.

The sound speed Vmand Aattenuation m of the effective medium can
be calculated on the basis of Eq. (1). Let u and vbe the dimensionless
velocity and attenuation coefficients:
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where kliq is the wave number in pure liquid. Then:
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An experimental distribution was used in this section to describe the
concepts and the method (Fig. 1). This distribution was obtained using
the optical image processing described in Section 3.2.3.

Using Eq. (3), the dispersion curves corresponding to this bubble
size distribution have been plotted in Fig. 2.

Determining the characteristics of the bubble cloud from spectral
measurements implies an inversion of Eq. (1). By separating the com-
plex wave number into real and imaginary parts, Fredholm equations of
the first kind can be derived [11], which leads to:
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where N a( )is the bubble size distribution. The expressions of the

kernels k ω a( , )i are as follows:
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According to Duraiswami [11], the k2-based expression provides
more robust estimations. In all cases, we need to invert an equation of
the form:
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where amax is greater than the bubble cloud’s maximum radius. This
equation discretises into:

= KNΞ (7)
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Bjis the jth linear B-spline [16]. The number of measurements m is
equal to n, the number of radius classes of the bubble size histogram.

As problem (7) is ill-conditioned, a Tikhonov regularisation proce-
dure was introduced [17,18] and led to the solution:
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Under the positive and finiteness constraints:
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(10)Fig. 1. Experimental distribution. Void fraction: = ∗ −τ 1.9 10 5.

Fig. 2. Dispersion curves calculated using Eq. (3).
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λ is the regularisation parameter. It must be correctly adjusted and
L is a tridiagonal matrix: = −L tridiag(1, 2, 1). N0 is an a priori esti-
mation of the solution N that can be set to zero if no information is
available. Here, ≡N 00 . This equation can be solved using a least-
square algorithm. Moreover, if the void fraction can be estimated se-
parately, for example through Wood’s model using low-frequency
acoustic velocity measurements [19], this value can be introduced into
the set of constraints.

In order to obtain a good estimation Nλ of the bubble size dis-
tributions, the regularisation parameter was adjusted using the L-curve
method described by Hansen [17]. The L-curve plots N|| ||2 versus the
residual norm −KN|| Ξ||λ 2 at different λ. On the one hand, if the reg-
ularisation parameter is too small, the residual norm is reduced, but the
solution norm may still be large since the problem is ill-conditioned. On
the other hand, if the regularisation is significant, the solution is
dominated by regularisation errors. Hansen has shown, with respect to
the so-called Discrete Picard Condition, that a physical approximation
of N exists. In this case, the L-curve is indeed “L-shaped” and the op-
timal regularisation parameter lies at its corner (Fig. 3).

3. Materials and method

3.1. Determining the maximum radius of integration

Intuitively, the maximum radius of integration amax (Eq. (6)) should
be greater than the radius of the largest bubble in the cloud. However, it
should not be too large to avoid unnecessary classes. In order to de-
termine amax, a “L-surface” was built to correspond to the surface
spanned by the L-curves when the maximum radius varies (Fig. 4).

When < ≠a Nargmax[ {0}]max , the radius range is incoherent with
the dispersion curves, the L-curves therefore are not clearly L-shaped
and they do not provide a strong curvature (at the corner) as a function
ofλ. Conversely, when → +∞amax , the radius histogram will have ex-
cessively larges classes and the solution will be ‘blurred’. The optimal
maximum radius is then the smallest of those providing a sharp L-curve
with an almost constant solution norm for large λ. Eq. (9) was then
solved using the regularisation parameter proposed by this L-curve.

This has been simulated based on an optically characterised ex-
perimental distribution (Fig. 1). The L-surface provided a good esti-
mation of the bubble cloud’s maximum radius. The proposed maximum
radius is 58μm, which is in agreement with the distribution. Based on
the optical data, acoustic dispersion curves were assessed using Eq. (3)
and a small amount of Gaussian noise was added (3%) to the mea-
surement vector Ξ to mimic experimental noise. The result of the in-
version is shown in Fig. 5.

This procedure is also relevant for more exotic distributions such as
the one shown in Fig. 6 which was characterised optically. In this case,

the acoustical inversion was not possible because our transducers are
inefficient at the low frequencies required to characterise large bubbles
(≥ 110μm). Nevertheless, the use of synthetic data shows that the in-
version procedure remains possible albeit difficult. The L-surface

Fig. 3. Typical L-curve obtained using the scripts by Hansen [18]

Fig. 4. L-surface for an experimental bubble size distribution. The red line plots
the L-curve with the selected amax . (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 5. A reference distribution obtained optically (blue bars) and the recovered
solution (red line) using Eq. (9). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. A reference distribution obtained experimentally (blue bars) and the
recovered solution (red line) using Eq. (9). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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(Fig. 7) proposes a maximum radius of 162 µm, which corresponds to
the radius of the largest bubble.

Hansen shows that when the solution is too smooth, i.e. it is
dominated by the first few singulars values, the regularisation para-
meter corresponding to the L corner fails to correctly estimate the so-
lution. This should not be the case for ‘standard’ distributions such as
those expected in a reactor configuration. The relative error ∊λ versus
the regularisation parameter is shown in (Fig. 8). It is defined as:
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This error analysis shows that the regularisation parameter −λL Curve

selected by the L-surface does not correspond exactly to the optimal
regularisation (which is the one that minimised the relative error).
However, the error remains acceptable (around 1%). The main ad-
vantage is that the L-surface method provides a robust and systematic
way to reach a good regularisation coefficient.

3.2. Experimental bench

Experimentations in liquid sodium should be performed with ex-
treme care as sodium is highly reactive to air and water. Moreover, it is
a strong reducing agent which implies using specific transducers de-
signed to operate in such a chemical and thermal environment, e.g. the
TUSHT [20]. However, as the acoustical properties of argon bubbles in
liquid sodium – especially the impedance contrast – are similar to those
of air bubbles in water (see Table 1), preliminary experiments were
performed in water.

3.2.1. Bubble generation
In order to validate the inversion procedure detailed above, an ex-

perimental bench called ACWABUL (Acoustical Characterisation in
WAter of BUbbLes) was manufactured at the CEA Cadarache centre to
reproduce the required SFR operational conditions in water.

This bench consists of a 1m3 tank, saturator and injectors (Fig. 9).
Water is first air-saturated at 7 bar in the saturator (300L). It is then
injected through specific injectors designed to induce air cavitation
(Fig. 10) thanks to radial divergence.

The induced rapid relaxation creates a cavitation pocket which
collapses. As the water is over-saturated, stable microbubbles with radii
of a few microns to few tens of microns still remain. This process makes
it possible to generate clouds like those expected to be found in the
reactor.

By varying the numbers of injectors opened and the feeding pump
speed rotation, it is possible to adjust the void fraction from ≈ −10 7 to
≈ −10 2. The resulting bubbles have a radius between 5μmand 60μm with
a distribution approximately log-normal.

3.2.2. Acoustic measurements
To estimate the phase velocity and attenuation at every frequency of

interest, transmission measurements were performed by sending two
sets of =m 77 monochromatic 10-cycles bursts. The first set was sent in
bubble-free water while the second was sent in bubbly liquid. The
bursts (sref i, and sbubble i, ) were then compared with each other. The at-
tenuationAi at the frequency fi was calculated using (12). The phase
velocity Vi at the same frequency was calculated using (13).
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where ̃ =s FFT s( ) is the fast Fourier transform of the signal s f; i is the
central frequency of the ith burst; d is the distance between the emitter
and the receiver; and ̃sΦ( ) is the argument of the complex function ̃s .

To cover the entire frequency range of interest, two custom-made
Imasonic® planar transducers (central freq. 250 kHz with an active
diameter of 46mm) were used for broadband measurements between
20 kHz and 400 kHz (Fig. 11). The waveforms were generated using a
Tektronix® AFG 3022B function generator digitised with a PicoScope®
4824. Both these devices were connected to a computer used to control
the experiment through a dedicated Matlab® script. To avoid any non-
linearities [25], the wave amplitudes were kept as low as possible.

3.2.3. Optical measurements
A BAUMER® TXG50-IP67 underwater camera with a VS-

Technologies® ×1, 5 telecentric lens captured several images of the
clouds simultaneously with the acoustic measurements. The use of
telecentric optics makes it possible to accurately measure the size of a
bubble, as its size on the image does not depend on its position in space.
However, the depth of field is very narrow, i.e. only few millimetres.
Only bubbles with a blurring level below a pre-set level were selected. A
dedicated algorithm [2] was then used to estimate the bubble size
distribution and the void fraction (Fig. 12). The void fraction was de-
termined by measuring the blurring level on each bubble in order to
deduce its distance from the focal plane of the camera (Fig. 13) using a
prior calibration of the optic device. This was used to estimate the
volume of interest covered by the camera for each size of bubble.

It is worth pointing out that this camera underestimated the number
of bubbles with a radius ≤R 12μm0 due to the optics used.

Fig. 14 shows the void fraction obtained by this optical procedure
compared with the one obtained by low-frequency velocity measure-
ments, following the procedure described in another study [19]. The

Fig. 7. L-surface for a bi-modal experimental bubble size distribution. The red
line plots the L-curve with the selected amax . (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 8. Relative errors for the experimental distribution. The red circle corre-
sponds to the minimum error while the dashed line shows the position of the
regularisation parameter selected by the L-curve. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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void fraction was modified by switching off a bubble injector at =t s60
and then switching it on again at =t s120 .

The optical and acoustic means provided coherent void fraction
estimations. There was a small bias between the optical and acoustical
estimations. It increased with the void fraction, though remained
within the measurement uncertainties. This discrepancy may be due to
the fact that the bubbles may become too close to each other as τ in-
creases and may therefore be rejected by the algorithm as being non-
circular. The void fraction measurement by optical means can therefore
be considered reliable as long as the cloud volumes seen by the camera
and those in which the ultrasound propagates are (spatially) homo-
geneous.

4. Results and discussion

The procedure detailed in paragraph 3.1 was applied to experi-
mental acoustic spectral measurements and the resulting distributions
were compared with those obtained optically. The first next paragraph
describes the performance of the method for a single histogram, while
the second one focuses on the continuous monitoring of the bubble
cloud.

Table 1
Acoustical properties of argon bubbles in liquid sodium compared with those of air bubbles in water [21–24].

Unit Water/air 20 °C/1 bar Sodium/argon 550 °C / 1 bar

Massive thermal capacity of gas J/(kg·K) 1.01×103 520,4
Acoustical velocity in gas m.s−1 340 535
Acoustical velocity in liquid m.s−1 1481 2292
Gas compressibility factor – 0.9996 1.00025
Compressibility of the liquid Pa−1 4.4× 10-10 1.86× 10-10

Thermal conductivity of gas W/(m.K) 0.026 0.0381
Acoustic impedance of gas rayls 413 311
Acoustic impedance of liquid rayls 1.5 × 106 1.9 × 106

Gas density Kg·m−3 1.3 0.582
Liquid density Kg·m−3 1000 816
Surface tension parameter N·m−1 72.8× 10-3 151× 10-3

Liquid viscosity Pa·s 10-3 0.2268× 10-3

Acoustical attenuation w/o bubbles − −m . Hz1 2 ∗ −25 10 15 ∗ −12 10 15

Fig. 9. 3D model of ACWABUL.

Fig. 10. Geometry and image of the microbubble generator (courtesy of Ylec
Consultants).

Fig. 11. Image of the experimental set-up.
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4.1. Results for a single cloud

The distribution produced the dispersion curves described in
Fig. 15. The measurements were performed between 20kHzand 400kHz
using the experimental set-up presented in Fig. 11.

The estimation results are shown in Fig. 17. The amax selected by the
L-surface (Fig. 16) is 98μm and the inversion results are illustrated in
Fig. 17. This value is greater than the μm58 obtained previously with
simulated data. To overcome the strong attenuation, it is true that the
transducers must be close to each other (5cm). At low frequencies, the
reflections overlap the direct signal and deteriorate the measurements.
This explains the oscillations visible in the dispersions curves (Fig. 15)
between 20 kHz and 100 kHz, which lead to oscillations in the at-
tenuation and velocity measurements.

This situation creates some populations with radii exceeding 58 µm
(small peaks after 60 µm, see Fig. 17). The void fraction based on the
optical data is = ∗ −τ 1.9 10optical

5 whereas the one calculated from the
acoustic histogram is = ∗ −τ 1.8 10Tik

5 . The distributions are quite si-
milar with a correlation coefficient equal to 0.96. Only bubbles greater
than 12 µm were considered since the smallest bubbles were not clearly
detected by the optical device. However, as shown by simulation in
Fig. 5, the inversion method works for all bubble sizes. Moreover, it is
can be seen that the estimated histogram presents bin sizes of 1.25 µm.
Such a resolution has never been reported before.

4.2. Continuous monitoring

In another experiment, the bubble cloud generation was continually
modified by varying the rotating speed of the pump. Regarding the

Fig. 12. Video frame of the bubble cloud. The bubbles selected and sized are
delineated by the red circles. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Blur versus distance to the focal plane for different bubbles sizes.

Fig. 14. Void fraction estimated by the optical set-up and using sound speed
measurements at low-frequency [19].

Fig. 15. Dispersion curves calculated from the optical measurements (blue
line), measured by acoustic means (orange dashed line) and calculated from the
recovered distribution (purple dotted line). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 16. L-surface for the bubble cloud. The red line plots the L-curve at 98 µm.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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generation method, the bubble creation rate was expected to be related
to the rotating speed. Both acoustic and optical data were recorded
during half an hour with one acquisition per minute. For each acqui-
sition, the bubble size distribution was estimated using Tikhonov reg-
ularisation and both the void fraction and mean radius were calculated
from this histogram and compared with those obtained using optical
means (Figs. 18 and 19). In order to obtain consistent results between
optical and acoustical measurements, only the bubbles larger than
12 µm were considered. During monitoring, the whole inversion pro-
cedure was automated using the L-surface method.

As expected, it is clear from Fig. 18 that both acoustic and optical
void fractions follow the pump rotating speed. Acoustic and optical
results are in very good agreement, even if a slight saturation effect of
the acoustic estimates can be observed at the higher rotating speed.

Regarding the mean radius (Fig. 19) (here again, only bubbles larger
12 µm were considered), the optical and acoustical mean radii esti-
mated are in general agreement. They are also highly correlated with
the rotation speed, which is coherent with the generation principle
(Fig. 10). Moreover, the bubble size distributions are well determined
with an average correlation coefficient of 0.9 without any supervision of
the choice of parameters.

4.3. Discussion

While previous studies have attempted to characterise bubble
clouds, most of them suffer from a lack of comparison with other means
of characterisation. To our knowledge, only the Dynaflow Laboratory
has performed both optical and acoustic characterisations during the
development of the Acoustic Bubble Spectrometer©® (ABS) [26] but
the resolution is still limited to bin sizes of about 10μm. Moreover, even
if the bubble size distribution has been corroborated by optical means,
no cross-evaluations of the void fraction have been provided. With this
10 µm resolution, a correlation coefficient of 0.86 can be estimated
from the data found in [26].

The L-surface method used in this study makes it possible to opti-
mise the interval (bubble size) of integration in the inversion formula
(Eq. (4)) without providing additional prior information on the size
range. Furthermore, the class width can still be reduced insomuch as
the spectroscopic measurements are performed with a higher spectral
density (i.e. a higher sampling rate). This approach has led to a high
correlation coefficient (> 0.95) on the relevant bubble size interval
covered by both characterisation procedures and bin sizes of 1.25 µm.

While stabilising the data inversion (Fredholm equation), the au-
tomatic regularisation procedure presented here paves the way to real-
time monitoring. Though the results of this study are convincing, they
are nevertheless subject to optical limitations, especially the smaller
bubbles which are poorly counted.

5. Conclusion

The bubble cloud characterisation method developed in this paper
was performed without requiring prior information on the bubble-size
interval. It was achieved using an L-Surface analysis, which provides a
systematic method of selecting both the maximum radius of the bubble
size interval and Tikonov’s regularisation parameter. This procedure
was applied to experimental clouds of log-normal size distributions,
which are known to be representative of those to be monitored in SFRs.
The method also proved efficient in the presence of complex distribu-
tions. The results seem to indicate a promising level of efficiency with
respect to histogram assessments. The optical comparison resulted in a
correlation coefficient over 0.95. Moreover, the present method was
successfully applied to continuous bubble cloud monitoring based on
the real-time implementation of the modified ultrasonic spectroscopy
procedure. This monitoring method is expected to meet the safety re-
quirements for operational SFR conditions. It will be improved to reach
full autonomy (self-assessment of the measurement quality) and to
provide automatic alarms in case of anomalies (e.g. deviation from log-
normal bubble distribution).

This procedure was evaluated in water. For sodium applications,
high-temperature ultrasonic transducers [20] called TUSHT are being
developed by the CEA. The possibility of using such specific transducers
for void fraction measurements has already been studied by Cavaro
[19].
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Fig. 18. Void fraction monitoring using inverted attenuation and velocity
measurements.

Fig. 19. Monitoring the mean radius for bubbles greater than 12 µm.
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