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The release of gas into water can be found in many industrial applications. This process results
in the formation of bubbles, and both associated bubble size distribution and bubble volume ﬂow
rate have an important impact on the designed outcomes. Research has been carried out both experimentally and theoretically, in order to explore the underlining physics of a gas-water system
of dispersed bubbles. Many researchers have used acoustic techniques to study a quasi-steady
bubbly plume. However, it is relative rare to study the dynamics of turbulent release of gas into
water using an acoustic techniques, in which both experimental and theoretic analyses become
fairly challenging. For those conditions, the widely used optical technique is no longer reliable
if an experimental study is performed. However, the use of acoustic technique has been found to
be a promising approach because in injection conditions, the formation of each individual bubble
emits sound. In this paper, the bubble formation dynamics will be studied using acoustic techniques. The acoustic emission of the gas discharge into water will be measured accurately and the
bubble formation dynamics will be modelled based on their acoustic emission. The characteristics
of the bubbly plume are explored. The bubble are generated using three nozzles having internal
diameters of 4 mm, 6 mm and 9 mm and the gas discharge rate is varied between 2.5 L/min to 40
L/min. It has been found that the gas discharge rate has an strong impact on the sound of bubble
formation. The choice of nozzle imparts some inﬂuence on the bubble formation.
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1.

Introduction

The release of gas into water can be found in many industrial applications. This process results
in the formation of bubbles. Both bubble size distribution and bubble generation rate have an important impact on the designed outcomes. Examples occur in bubble-mediated medical diagnostics,
the signiﬁcance of bubbles to the stealth of naval platforms, and the contribution of bubbles to ocean
background noise. Such noise (whether produced under breaking waves [1] or as gas leaks from the
seabed into the ocean from natural or anthropogenic gas reserves [2]) can be inverted to estimate
the bubble size distribution and the amount of gas being entrained in the liquid. This paper will restrict itself to detecting bubble injection through passive acoustic techniques. Research, usually at
low injection rates where the sound from each individual bubble can be identiﬁed, has explored the
underlying physics both experimentally and theoretically ([3] -[8]). For a dispersed bubbly ﬂow, the
1

ICSV24, London, 23-27 July 2017

widely used techniques are optical-based such as PIV and high-speed photograph. A recent example
of the use of an acoustic technique to measure volume ﬂow rate can be found in Leblond et al.[10].
Those applications are mainly for low gas ﬂow rates. However, very often there is a requirement
to characterise a turbulent bubbly plume for both size distribution and bubble generation rate. When
the gas ﬂow rate is high, the bubbly plume becomes turbulent. According to recent research by ([11] [13]), at a high gas discharge rate, the gas-water ﬂow will exhibit a transition from bubbling to jetting.
The bubble concentration will increase signiﬁcantly. Under those situations, the conventional optical
techniques are no longer applicable. An acoustic based technique may be the only option and can be
very powerful because every bubble being formed emits sound.
Noise generated by bubble formation is an interesting and complex phenomena owing to the rich
physics. A comprehensive coverage of the fundamentals of bubble acoustics can be found in [14].
Most studies have mainly focused on a single bubble and its natural frequency, or bubble formation
dynamics at a low discharge rate. The research on the modelling number of bubble generation based
on their acoustic emission are limited, and it becomes even rarer when a turbulent gas discharge is
involved. This is because of the challenges associated with the model validation and complication
associated with sound transmission in the bubbly medium.
Modelling and measurement of sound generated by a highly turbulent discharge water-gas ﬂow
(bubbling plume) can be very challenging. If solving the forward problem to predict the sound from
turbulent injection is challenging, the task of inverting such sound using an appropriate model to
estimate bubble generation, size distribution and gas ﬂux is even more so. There is no simple theory
that can be used to predict the associated acoustic ﬁeld because of the complicated dynamics in
the bubble formation process [3],[12] and [15]. For example, the sound emission due to bubble
fragmentation caused by turbulence may be different to that of a bubble excited by detachment from
a nozzle. Multiple contacts at the nozzle [16] and fragmentation/coalescence after release [7] can
create ambiguities. At high gas discharge rates, the formation of bubbles can be strongly inﬂuenced
by the nozzle size and the induced liquid ﬂow. Many experimental and theoretical studies have been
reported to explore in this area (e.g. [3], [8] and [17] - [19]).
Leighton and White [17] developed a model to estimate bubble number generation of a bubbly
plume from a submerged nozzle based on acoustic emission. They highlighted the need to know the
amplitude of excitation of each bubble, and the fact that current experimental data did not allow this.
Until such data became available, they took a ﬁxed value for the percentage by which the bubble
radius is ﬁrst perturbed when it is mechanically excited. They warn ’Use of a constant factor would
facilitate the inversion, but may not reﬂect the real relationship’ [17]. Berges et al. [2] and Chen et al.
[21] conﬁrmed that indeed an excitation based on a constant percentage radius perturbation is unable
to adequately describe the bubble formation dynamics and to predict the associated acoustic emission.
The model of Chen et al. [21] based on [17] has taken the effect of gas ﬂow rate on bubble formation
dynamics into consideration. In this paper, the model of Chen et al. [21] will be used to investigate
the characteristics of a turbulent bubbly plume.

2.

Theory

Of the many applications of bubble acoustics, this paper focuses on the estimation of the number
and size formed by their passive emissions. This was ﬁrst done in the natural world by Leighton
and Walton [22] to count bubbles formed by brooks and waterfalls, and because bubble entrainment
rates were low, each bubble formation event was clearly distinguished as an exponentially decaying
sinusoid, the frequency of which gave the bubble size. As such there was no need to know the
amplitude of excitation of each bubble. At higher entrainment rates, the overlap between bubble
signatures makes it difﬁcult to distinguish them from one another, and although signal processing
routines can help [23], as the entrainment rate increases further it is necessary to abandon the method
of counting individual signatures, and instead measure the overall power of the sound emission, and
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count bubbles by dividing it by the assumed power contributed by each bubble into each frequency
band. In this way Leighton and White [17] estimated the bubble size distribution being formed.
Modelling the relationship between acoustic emission and bubble generation rate for high ﬂow
rates is more challenging because of the range of bubble sizes and interaction of bubbles in the bubbling plume. In addition, estimating the size distribution of bubbles in this ﬂow requires an accurate
measurement of the sound pressure. Leighton and White [17] provided a model to calculate the acoustic pressure radiated by a single bubble pulsating at natural frequency ω0 at time t and a distance r
(far ﬁeld)


−ω0 δtot (t−ti )
(ωR0 )2
jω0 (t−ti )
2
P (t) ≈ Re ρ
R0i e
e
H(t − ti ) .
(1)
r
In Eq.1 R0 is the initial bubble size, R0i is the initial displacement of the bubble wall, ρ is the
liquid density, H is the Heaviside step function, and ti is time at which the bubble emission ﬁrst occurs. The decay of the pressure induced by the oscillating bubble is determined by the dimensionless
damping constant δtot deﬁned by [14] and [24] as
δtot = δth + δvis + δrad .

(2)

The thermal damping constant δth , the viscous damping constant δvis and the radiation damping constant δrad can be found in [14].
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, is known, the sound pressure spectrum of the acoustic
If the initial bubble excitation ratio, RR0i
0
emission of bubble generation can be calculated.
Considering a bubbling jet and assuming that the oscillation of each bubble is not correlated to the
motion of surrounding bubbles, the monopole emissions of individual bubbles are then uncorrelated.
If the bubble generation rate, (where D(R0 )dR0 is the number of bubbles per second produced that
have radii between R0 and R0 + dR0 ), of the bubbling plume is speciﬁed (for example using the
results from a computational ﬂuid dynamics (CFD) simulation), the power spectral density S(ω) of
far-ﬁeld sound can be calculated by using
S(ω) =

 ∞
0

D(R0 ) | P (ω, R0 ) |2 dR0 .

(4)

The relation between R0 and the resonance is given in the adiabatic limit [14] by
1
ω0 =
R0



3γp
ρ

0.5

.

(5)

in which p0 is the static pressure and γ is the ratio of speciﬁc heats. Assume that the bubble generation
rate is divided into n bins and number of bubble generated in each bin is given as
ψ(n) =

 Ru,n
Rl,n

D(R0,n )dR0,n .

(6)

If the acoustic emission at far-ﬁeld is given, the number of bubbles generated from each bin at R0 will
be
S(ω) ≈

Nb

ϕ(n) | P (ω, R0,n ) |2 .

(7)

n=1

Solving for the bubble generation rate is the inverse problem of equation 7 for a given sound
pressure level. If the bubbles are divided into groups Nb , the bubble number spectrum S(ω) is a
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single column vector of Nk elements. Eq.7 forms a (Nk × Nb ) spectral matrix, which will be square
if the number of frequencies Nk is equal to the number of bubble groups Nb . In such a case, Eq.7 can
be solved by inverting the spectrum matrix to obtain the bubble number spectrum as a function of the
initial bubble size R0 for a given power spectral density of the sound ﬁeld. The total ﬂow rate of the
system, Q, can be then obtained by integrating the bubble number spectrum.
According to Deane and Stoke [7], the initial excitation mechanism at very low gas injection
rates is determined mainly by balancing between buoyancy force and surface tension, although other
authors [25] disagree with their scaling laws and consequently with the importance of suface tension.
At a high gas discharge rate the amplitude of the emission is bound to change in a nonlinear fashion
with ﬂow speed because the form of the ﬂow qualitatively changes. Leighton et al. [26] identiﬁed that
multiple excitations can occur because of coalescence and fragmentation at the nozzle. Furthermore,
Berges et al. [2] noted that the excitation R0i can vary with nozzle type for the same gas ﬂow;
and Leighton et al. [29] demonstated that relative ﬂow between needle and surroundings (caused
by vibrating the needle) dramatically affected the bubble formation. Chen et al. [21] proposed that,
there are extra forces acting on forming bubble because the separation between bubbles is small, for
example the wake-induced lift force generated by the upstream bubbles. Such force will encourage
bubble detachment from a nozzle or the fragmentation. This should lead to a conclusion that the
should depend on the surrounding liquid ﬂow, Q. Instead of being a constant, it should
ratio RR0i
0
R0i
be R0 = f (Q). Chen et al. [21] has suggested that this parameter is indeed dependent on the gas
discharge rate and proposed an empirical expression. However, when the gas discharge ﬂow rate is
high, a plume consisting of many bubbles will be generated, and could have affect the measured sound
ﬁeld. In this paper, a reﬁned expression for including sound screening effect is proposed as
R0i
= 0.0446e−0.4841Q + 0.0183e−0.0129Q .
R0

(8)

The exponent Q is ﬂow rate in L/min. This empirical formula 8 is derived from the best ﬁtting of
the values used in the model to provide a good agreement with the measured gas ﬂow rate. It is based
on the results for a single round oriﬁce of a diameter of 9 mm. The nozzle oriented vertically and
located on the bottom of a water tank of dimensions of 10m × 10m × 6m. This expression can not be
considered as universal but are applicable for the ﬂow ranges and nozzles investigated in the paper.
The deviation from this expression by different nozzles has been observed. However, the principle
reﬂected in this expression is valid. That is the initial bubble excitation ratio is dependent of ﬂow.

3.

Acoustic measurement

To calculate the bubble generation rate, the acoustic emission of bubbles must be measured. In
this study, which are measured in the acoustically calibrated water tank with dimensions of 10m ×
10m × 6m. Although this tank is large, the emissions from the plume were continuous, and so
it was not possible to time gate out reﬂections, and it should be noted that reﬂections can drive a
bubble and affect both its natural frequency [27] and damping [28], and therefore reduce the accuracy
R Type
of an inversion. Acoustic measurements were obtained by four carefully located RESON
4013 hydrophones to ensure the measurements being in the diffuse ﬁeld. Data was recorded and
analysed using a 16-channel analyser DEWETRON. Regulated and ﬁltered air was released into the
tank through a single round nozzle located vertically on the bottom of the tank to generate bubbles.
The air ﬂow rate was measured with a ﬂowmeter located on top of the tank and held constant for each
measurement. Sound generated by air discharging one at a time from round nozzles of three different
diameters were measured. The details of the acoustic characteristics of the water tank can be found in
[21]. The measured sound pressure levels in third octave bands were corrected to 1 m away from the
bubble plume. The measurements were performed at the conditions given in table 1 and used as the
input of the inverse Eq. 7 to calculate bubble generation rates at different ﬂow rates and from three
4
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Table 1: Summary of measurement conditions (took on top of the tank)
L/min, Diameter(inter) case 1 case 2 case 3 case 4 case 5 case 6
4 mm
2.5
5
7.5
15
30
40
6 mm
2.5
5
7.5
15
30
40
9 mm
2.5
5
7.5
15
30
40
round nozzle sizes. The diameters of three nozzles listed in 1 are internal diameters.
The bubble number distributions estimated via the acoustic inversion at different ﬂow rates for
three nozzles were made from the measured sound ﬁelds, and integrated across bubble sizes to estimate the gas ﬂux rate from the nozzle. This was compared with the injected gas ﬂux.

4.

Results and discussion

Space constraints mean that only a subset of the results for the 9 mm and 4 mm nozzles are shown
in Figure 1. It must be seen from all those ﬁgures that an increase in gas ﬂow rate results in an
apparent increase in number of bubbles. Nevertheless, the ﬂow rate shows an impact on the apparent
rate of generation of large bubbles.
The acoustically estimated bubble volume densities for nozzles of 9mm is shown in Figure 2 as
an example. The number in the bracket of the legend is the acoustically inferred total gas ﬂow rate.
Here the bubble volume distribution is obtained by normalising the bubble volumetric ﬂux per μm by
the total ﬂux. There appears to be a tendency to exhibit two peaks in the apparent size distribution
of bubbles injected: one occurs at bubbles of a radius around 0.2 mm, and another one is observed
at bubbles of a radius of 2 mm (Note that the logarithmic scale suppresses the visual impact of the
two-peak structure). This trend has been also observed for the 6 mm nozzle, which has not been
included in this paper.
The effect of nozzle size on the characteristics of the bubbly plume is shown in Figures 3. Figure
3a is for bubble distribution. Here the bubble generation rate per μm increment in bubble radius
is normalised by the total number of bubbles generated per second for all bubble sizes, which was
obtained by integrating the estimated bubble generation over all bins using the inverse of Eq. 7, to
have a better presentation of the characteristics of the bubbly plume. With this normalisation, the
bubble number distributions collapse to a single line in Figure 3a for the 9 mm and the 6 mm nozzles.
The results of the bubble number distributions between different ﬂow rates for the same nozzle also
show a similar trend. Those results may imply that the bubbly plumes are in a similar ﬂow region.
Whether this trend will persist at a ﬂow rate higher than those investigated, and when the transition to
different ﬂow region occurs, will be subjected to further investigation. However, for the 4 mm nozzle,
the bubble number distribution deviates from the other two. The 4 mm nozzle produces a higher
proportion of small bubbles. Those results indicate that the nozzle size indeed has an impact on the
bubble generation. The comparison of the bubble volume distribution between three nozzles at the
gas ﬂow rate equal to 30 L/min is given in Figure 3b. For the 6 mm and 9 mm nozzles, two peaks are
observed. For the 9 mm nozzle, bubbles of a radius close to 0.2 mm have the highest volume density,
and the bubbles of a radius close 2 mm have the highest volume density for 4 mm and 6 mm nozzles.
It is also noted that the ﬁrst peak produced by the 6 mm nozzle is at the bubble radius smaller than
0.2 mm. The volume concentration of the bubbly plume produced by the 4 mm nozzle has one peak.
Three nozzles produce a similar peak at a bubble radius close to 2 mm.

5.

Conclusion

The bubble formation dynamics from a turbulent gas discharge through submerged nozzles and
the characteristics of the formed bubbly plumes are investigated using acoustic inversion. The gas
ICSV24, London, 23-27 July 2017
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(a) 9 mm nozzle

(b) 4 mm nozzle

Figure 1: Estimated bubble generation for different ﬂow rates for 9 mm and 4 mm nozzles

Figure 2: comparison of bubble volume distributions at different ﬂow rates for 9 mm (number in
bracket is acoustically inferred ﬂow rate)
ﬂow rates varies between 2.5 L/min to 40 L/min, and the bubbly plumes formed by three nozzles of 9
mm, 6 mm and 4 mm in diameter are studied.
It has found that the gas ﬂow rate and nozzle size have an impact on the bubble formation. An
increase in gas ﬂow rate leads to an increase in the number density particularly for bubbles larger
than 5 mm while the smaller bubbles maintain nearly constant number density; the bubble number
distribution decreases with an increase in bubble radius. However, for bubble volume distribution,
multi-peaks are observed, and those peaks strongly depend on ﬂow rate and nozzle size. For 9 mm
two peaks are observed at bubble radius close to 0.2 mm and 2 mm; for 6 mm nozzle, one peak is
observed at bubbles smaller than 0.2 mm; only one peak is obtained for the 4 mm nozzle. For the ﬂow
rates investigated, the normalised bubble number distribution shows a consistent trend for two nozzles
used. The bubble volume distribution reveals more details of the bubbly plume. The current study has
demonstrated that the acoustic-based approach is able to provide a good insight of the characteristics
of a turbulent bubbly plume. However the results of the inversion depend on the assumptions of the
model, which is that each bubble contributes once to the overall sound ﬁeld, as predicted by Eq. 1.
Multiple excitations and departures from the free ﬁeld (as show in [26] and [28] respectively) will
introduce errors, as will emissions that do not conform to the assumptions inherent in Eq. 1 and Eq.7.
6
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(a) Bubble number distribution

(b) Bubble volume distribution

Figure 3: comparison of bubble distributions between 9 mm, 6 mm and 4 mm nozzles at ﬂow rate
equal to 30 L/min

6.

Acknowledgement

The authors thank Mr Vinh Trinh, Mr Daniel Lamos and Mr Oscar Varges for their valuable help
in conducting the measurements and DST Group for providing the international fellowship.

REFERENCES
1. Brooks, I.M., et al. Physical Exchanges at the Air Sea Interface: UK SOLAS Field Measurements, Bulletin
of the American Meteorological Society, 90, 629–644 doi: 10.1175/2008BAMS2578.1 (2009).
2. Berges, B. J. P., Leighton, T. G. and White, P. R. Passive acoustic quantiﬁcation of gas ﬂuxes during controlled gas release experiments, International Journal of Greenhouse Gas Control, 38, 64–79
(doi:10.1016/j.ijggc.2015.02.008),(2015)
3. Gavigan, J.J., Watson, E.E. and King III, W.F., Noise generation by gas jets in a turbulent wake, Journal of
the Acoustical Society of America, 56 (4), 1094–1099, (1974).
4. Strasberg, M. Gas bubbles as sources of sound in liquids. Journal of the Acoustical Society of America, 28
20–26, (1956).
5. Leighton, T.G. and Walton, A.J. An experimental study of the sound emitted from gas bubbles in a liquid.
European Journal of Physics. 898–104, (1987).
6. Longuet-Higgins, M. Bubble noise spectra. Journal of the Acoustical Society of America. 87(2),652–661,
(1990)
7. Deane, G.B. and Stokes, M. D. The acoustic excitation of air bubbles fragmenting in sheared ﬂow. Journal
of the Acoustical Society of America 102 2671–2689, (2008).
8. Pandit, A.B., Varley, J., Thorp, R.B. and Davidson, J.F., Measurement of bubble size distribution: an
acoustic technique, Chemical Engineering Science, 47 (5), 1079–1089, (1992).
9. Bok, K.C.and Suk, W.Y. Acoustic Bubble Counting Technique Using Sound Speed Extracted from Sound
Attenuation, IEEE JOURNAL OF OCEANIC ENGINEERING,26 (1), 125–130 (2001).
10. Leblond, I. Scalabrin, C. and Berger, L.Acoustic Monitoring of gas emissions from the seabed, Part I
quantifying the volumetric ﬂow of bubbles, Mar Geophys Res, 35, 191–210 (2014).
ICSV24, London, 23-27 July 2017

7

ICSV24, London, 23-27 July 2017

11. Chen K. and Richter, H.J. Instability analysis of the transition from bubbling to jetting in a gas injected
into a liquid. International Journal of Multiphase Flow, 23 (4), 699–712, (1997)
12. Linck, M.B., Gupta, A.K. and Yu. K.H. Submerged combustion and two-phase exhaust jet instabilities,
Journal of Propulsion and Power, 25 (2), 522–532, (2009).
13. Arghode, V.K. and Gupta, A.K. Jet characteristics from a submerged combustion system. Applied Energy.
89 246–253, (2012).
14. Leighton, T.G. The Acoustic Bubble, Academic Press, (1994).
15. Blake, W., Mechanics of Flow-Induced Noise, Academic Press, (1986).
16. Leighton, T.G., Fagan, K.J. and Field, J.E. Acoustic and photographic studies of injected bubbles,European
Journal of Physics, 12, 77–85, (1991).
17. Leighton, T.G. and White, P.R., Quantiﬁcation of undersea gas leaks from carbon capture and storage
facilities, from pipelines and from methane seeps, by their acoustic emissions, Proceedings of the Royal
Society A, 468, 485–510, (2012).
18. Chen, L. Garimella, S.V. Reizes, J.A. and Leonardi, E., The development of a bubble rising in a viscous
liquid, Journal of Fluid Mechanics, 387, 61–96, (1999).
19. Chen, L., Li, Y. and Manasseh, R., Numerical study of bubble coalescence, Proceedings of the 3rd International Conference on Multiphase Flow, Lyon, France, Paper No. 626, 8-12 June, (1998).
20. Chen, L., Wood S., Moore S. and Nguyen, B., Acoustic emission of bubbly ﬂow and its size distribution
spectrum, Proceedings of Acoustics 2012, Fremantle, Australia. 21-23 November, (2012).
21. Chen, L., Vinh, T, Yang, W and Mohanangam, K, Prediction of bubble generation based on acoustic
emission, Acoustics Australia, DOI 10.1007/s40857-016-0054-7, (2016)
22. Leighton, T.G. and Walton, A.J. An experimental study of the sound emitted from gas bubbles in a liquid,
European Journal of Physics, 8, 98–104, (1987).
23. Leighton, T.G., White, P.R. and Schneider, M.F. The detection and dimension of bubble entrainment and
comminution, Journal of the Acoustical Society of America, 103(4) , 1825–1835, (1998).
24. Ainslie, M.A. and Leighton, T.G. Near resonant bubble acoustic cross-section corrections, including examples from oceanography, volcanology, and biomedical ultrasound, Journal of the Acoustical Society of
America, 126(5),2163–2175 (2009).
25. Eggers, J., Fontelos, M.A., Leppinen, D., and Snoeijer, J.H. Theory of the collapsing axisymmetric cavity.
Phys. Rev. Lett., 98, 094502 (2007).
26. Leighton, T.G., Fagan, K.J. and Field, J.E. Acoustic and photographic studies of injected bubbles, European Journal of Physics, 12, 77–85, (1991).
27. Leighton, T.G., Ramble, D.G., Phelps, A.D., Morfey, C.L. and Harris, P.P. Acoustic detection of gas bubbles in a pipe, Acustica with Acta Acustica, 84(5), 801–814, (1998).
28. Leighton, T.G., White, P.R., Morfey, C.L., Clarke, J.W.L., Heald, G.J., Dumbrell, H.A. and Holland, K.R.
The effect of reverberation on the damping of bubbles, Journal of the Acoustical Society of America,
112(4), 1366–1376, (2002).
29. Leighton, T.G., Jiang J. and Baik K., Demonstration comparing sound wave attenuation inside pipes containing bubbly water and water droplet fog, J. Acoust. Soc. Am., 131(3) Part 2, 2413-?2421 (2012) [DOI:
10.1121/1.3676732].

8

ICSV24, London, 23-27 July 2017

