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ABSTRACT

Acoustic emissions were used to predict bubble size distribution resulting from air discharged through a single orifice.
Air was discharged at a particular flow rate through an orifice into quiescent water contained in a large tank. Acoustic
measurements were made at different locations in the tank using a single hydrophone and the experiments were carried
out with two orifice sizes. The bubble size distribution was estimated based on the acoustic measurement. It was found
that the model used to estimate the bubble size distribution was sensitive to the initial displacement of bubbles. The
model predicted that an increased number of large bubbles were produced by a high flow rate through a large orifice
compared with a low flow rate through a small orifice. This result was verified qualitatively in the experiments. Further
work will be carried out to improve the measurement of acoustic emissions and to quantify the bubble generation rate in

the experiments.

INTRODUCTION

Noise generated by bubbles is a complex phenomenon and
has attracted intensive research for many years because of its
importance to a range of applications, such as its contribution
to ocean background noise, its use in medical diagnostic
techniques and its significance to the stealth of naval plat-
forms. A comprehensive coverage of this topic can be found
in Leighton (1994). Examples of previous studies in this field
include works by Strasberg (1956), Leighton & Walton
(1987), Longuet-Higgins (1990) and Deane & Stokes (2008).
These studies have focused on a single bubble, or bubble
formation at a low flow rate. The frequency of acoustic
waves generated by the formation of a bubble at an orifice at
low gas flow rates can be theoretically calculated and has
been used to size bubbles. However, at higher flow rates,
multiple bubbles are involved, and there is no simple theory
that can be used to predict the corresponding acoustic field
due to different mechanisms involved in the bubble formation
(Leighton 1994, Blake 1986, and Gavigan et al. 1974). For
example, the sound emission due to bubble fragmentation
caused by turbulence may be different to that of a bubble
excited by its detachment from an orifice. At a high air flow
rate, the formation and interaction of bubbles are affected by
orifice size and induced liquid flow. This is particularly true
for cases with the most practical relevance. For these reasons,
many experimental and theoretic studies have been reported
to address these issues (Gavigan 1974, Leighton 1994, Chen
& Li 1998, Chen et al. 1999, Chen et al. 2001, and Deane &
Stokes 2008). However, more research is required to better
understand the mechanism of noise generation in a bubbly
flow.

The aim of this study was to model the relationship between
the acoustic emission and the bubble generation rate of a
bubbly plume. The effect of air flow rate and orifice size on
acoustic emission was investigated though experimentation.
The bubble generation rate and air flow rate was then esti-
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mated from the measured acoustic emission, based on a
model developed by Leighton and White (2011).

THEORY

As discussed above, many studies have used acoustic meas-
urements to estimate the size of bubbles that form at very low
flow rates, or to estimate the size of bubbles in bubbly
plumes with a limited range of bubble sizes. Such applica-
tions do not necessarily require information on the magnitude
of sound pressure induced by bubble oscillation, but require
the frequency of acoustic waves emitted by the bubbles.
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 bub-
bles in the plume. In addition, estimating the size distribution
of bubbles in a bubbly flow requires an accurate measure-
ment of the sound pressure. Leighton & White (2011) pro-
vided a model to calculate the acoustic pressure radiated by a
single bubble pulsating at resonance frequency «, at time t

and a distance r (far field)
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Ry is the initial bubble size, R_,; is the initial displacement of

the bubble’s wall, o, is the density in the far field, H is the
Heaviside step function, and t; is retard time. The decay of
the pressure induced by the oscillating bubble is determined
by the dimensionless damping constant &, defined by

Leighton (1998) as
o,

tot

= 5th + 5vis + 5rad : (2)

The thermal damping constant o, , the viscous damping con-
stant o,,, and the radiation damping constant J,,, are given by
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Here u is viscosity of water and c is speed of sound in the far
field. The squared magnitude of the Fourier transform of
equation (1) yields
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Considering a bubbly plume and assuming the oscillation of
each bubble is not correlated to the motion of surrounding
bubbles, the monopole emissions of individual bubbles are
uncorrelated. If the bubble generation distribution D(R,) of
the bubbly plume is specified, for example using the results
from a computational fluid dynamics (CFD) simulation, the
power spectral density S(w) of far field sound can be calcu-

lated by using

4)

$(@) = [ D(R)[Puy (@, Ry)[" aR, (5)

The relationship between the initial bubble size R, and the
resonance is given by (Minnaert 1933)

i
Wy = R, o ) (6)

in which Py is the static pressure and yis the ratio of specific
heats. To solve the model given by equations (4), (5), and (6),
the ratio of the initial displacement of a bubble to the initial
radius R,; /R, , has to be specified. This parameter is difficult
to model because it essentially depends on the bubble forma-
tion mechanism, for example fragmentation or coalescence.
The specification of R, /R, it will be discussed further in

the next section.
To estimate the bubble generation rate using the measured

acoustic emission, a bubble number spectrum or bubble gen-
eration rate spectrum is defined as

w(n) = [D(R,)R, @)

Rin
Using this definition, Eq. (5) is approximated as

2

S(0) = Y w [P (@, R) ®)

If the multiple bubbles are divided into Ny, groups, the bubble
number spectrum (n) is a single column vector of Ny ele-

ments. Eq. 8 formsa (N, xN, ) spectral matrix, which will

be square if the number of frequencies N is equal to the
number of bubble groups N,. In such a case, Eq. (8) can be

2
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solved by inverting the spectrum matrix to obtain the bubble
number spectrum as a function of the initial bubble size R,
and the power spectral density of the sound field. The total
flow rate of the system is obtained by integrating the bubble
number spectrum.

In this paper, the bubble generation rates were estimated by
using the measured acoustic emission. The effect of the pa-
rameter R, /R, on bubble generation rate was studied and

the estimated total flow rates were compared with the meas-
ured value.

EXPERIMENTAL APPARATUS

Experiments were carried out in a tank with dimensions
Imx6mx4m ( X xY xD). Regulated and filtered air was
released into the tank through an orifice. The air flow rate
was measured with a flow meter and held constant for each
experiment. Acoustic measurements were taken at a number
of precisely controlled positions specified by the depth d and
horizontal distance y from the axis of the orifice. A Briiel &
Kjer Type 8103 hydrophone in combination with Briel &
Kjeer 2635 charge amplifier was used for acoustic measure-
ments and data was recorded with a Briel & Kjer PULSE
Controller Module 7536 and computer (see Figure 1 for a

schematic).
Recorder
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Figure 1. Schematic of the experimental apparatus

Experiments were carried out using two orifice sizes and two
airflow rates, as listed in Table 1. For each experiment, 10
seconds of data were recorded with a sampling frequency of
6975.1 Hz. Experiments were repeated with the hydrophone
at different positions to investigate the spatial variation of the
acoustic emission.

Table 1. Experimental Conditions
Orifice diameter (mm) Airflow rate (1/s)

2 0.00833
8 0.3333

RESULTS AND DISCUSSION
Acoustic emission

The power spectral density (PSD) of acoustic emissions
measured at different horizontal distances from the bubble
plume is shown in Figure 2 for the experiment using the 2mm
orifice and 0.0083 I/s airflow rate. The background noise
level measured during quiescent conditions is also plotted. It
can be seen that the noise generated by the bubbles is at least
5 dB higher than the background noise over much of the
frequency range of 200 to 1200 Hz for all measurement loca-
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tions. Comparing the amplitude of spectra for measurements
at distances of 0.5m and 1m suggests the measurement at
0.5m may be in the direct field as indicated by the higher
amplitude across the frequency range of 200 — 1200 Hz.
Similar amplitudes of measurements at 1m and 2m suggest
these measurements may be influenced by the reverberant
field.

The preliminary flow visualisation of the bubble plumes was
used to determine the size of largest bubbles forming close to
the orifice. The minimum frequency of acoustic emissions
was calculated to be approximately 500Hz based on the size
of the largest bubbles.

The spectrogram of consecutive 0.05 second segments of
time record measured at a depth of 2m and 1m from the bub-
ble plume is shown in Figure 3. The high-amplitude compo-
nent at 250 Hz is due to electrical noise. Other signal compo-
nents at approximately 500 Hz, 650 Hz, and 920 Hz that are
visible in Figure 2 occur intermittently in the spectrogram in
Figure 3. This is expected given the transient nature of bub-
ble formation at the orifice. The spectrogram of measure-
ments taken at a depth of 3m and 1m away from the bubble
plume is given in Figure 4. Intermittent high amplitude com-
ponents are present at approximately 750 Hz and 920 Hz.
These results demonstrate that the position of the hydrophone
affects both the spectral content and amplitude of the meas-
ured acoustic emissions. This trend is also demonstrated by
comparison of PSD of measurements at depths of 2m and 3m
shown in Figure 5. Prominent peaks are present at approxi-
mately 750 Hz and 920 Hz for the measurement at 3m depth
and only the peak at 920 Hz is seen in the measurement at 2m
depth, and the amplitude is approximately 2.5 dB lower.

It is believed that varying bubble size contributes to the varia-
tion in spectral content observed for different hydrophone
positions, although it is acknowledged that the acoustic re-
sponse of the tank may not be uniform in the frequency range
of interest. Larger bubbles are present close to the orifice and
these bubbles subsequently break up as they move up to-
wards the surface interacting with the entrained fluid flow
and other bubbles.

Averaged PSD
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Figure 2. PSD of bubble noise for the 2mm orifice
measured at d=2m and various horizontal distances
away from the centre of the plume.
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Figure 3. Spectrogram (dB re 10™ Pa’/Hz) for 2mm
orifice measured at d=2m and y=1m
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Figure 4. Spectrogram (dB re 10™ Pa’/Hz) for 2mm
orifice measured at d=3m and y=1m
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Figure 5. Comparison of PSD of bubble noise meas-
ured at different locations for 2mm orifice

o

With an increase in the flow rate through the 8mm orifice, the
acoustic emission becomes more broadband in nature with an
increase in amplitude, particularly in the low frequency re-
gion, as shown in Figure 6. This implies the formation of
larger bubbles according to Eq. 6, which states that the reso-
nant frequency is inversely proportional to the initial bubble
size. Compared with the low flow rate case (Figure 2), the
energy content is spread over a wider frequency range, indi-
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cating that the bubbly plume contains bubbles with a larger
range of sizes, which results from of violent interactions be-
tween bubbles.

To examine the influence of the hydrophone locations on the
measured acoustic emissions, measurements were taken at a
depth of 2.5m and various horizontal distances from the cen-
tre of the plume. PSD plots of these measurements are shown
in Figure 6 and spectrograms of measurements taken at 0.5m,
1m, and 2m from the plume are illustrated in Figures 7 - 9.
Peaks in the PSD plots can be seen up to 3000 Hz for all
measurement locations. The spectrograms of data measured
at Im and 2m from the plume show high amplitude peaks
occurring consistently at a number for frequencies below
1000Hz. This is in contrast to data measured at 0.5m where
constant frequency lines in the spectrogram are less clear. It
can be seen that more identifiable lines are present at fre-
quencies below 700 Hz for the higher flow rate case com-
pared with the low flow rate case shown in Figure 3. Im-
proved visualisation in subsequent studies will be used to
gain a better understanding of the effect of flow rate on bub-
ble generation.

It should be noted that the contribution of the reverberant
field on the bubble measurements could not be easily defined
for the high flow rate condition. In addition, further work is
required to quantify the transition from the near field region
to the far field for a bubbly plume. The data recorded at a
depth of 2.5m and a distance of 2.0m away from the plume
was judged to best show the peaks that would be related to
the formation of large bubbles and thus was used for the bub-
ble size distribution calculation. These experimental results
highlight the importance of hydrophone location on the esti-
mation of bubble generation rate from acoustic measure-
ments.
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Figure 6. PSD of bubble noise for 8mm orifice
measured at d=2.5m and various horizontal distances
away from the plume
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Figure 7. Spectrogram (dB re 102 Pa*/Hz) of bubble noise
for 8mm orifice measured at d=2.5 m and y=0.5m away from
bubbly plume.
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Figure 8. Spectrogram (dB re 10™? Pa?/Hz) of bubble noise
for 8mm orifice measured at d=2.5m and y=1m away from

bubbles.
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Figure 9. Spectrogram (dB re 10™? Pa%/Hz) of bubble
noise for 8mm orifice measured at d=2.5m and
y=2m.

Bubble generation rate spectrum

The bubble population spectrum is estimated by the model
described in equations (2) — (8). In this model, R,;/R, has

to be specified, however, there are few reported data to sup-
port a particular value for this parameter. Leighton & Walton

(1987) estimated R, /R, ~1x10~°for bubbles smaller than
Imm in radius. Leighton and White (2011) suggested
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3.74x10™ for bubbles between 1 and 5 mm in radius. The
limited available data show an order of magnitude difference
in the value of R, /R, , for a given bubble radius. In princi-

ple, the value should decrease with increasing bubble size.
Given the lack of consistent data for the size of bubbles ob-
served in this experiment, different values were used to dem-
onstrate its effect on the bubble generation spectrum. The
estimated bubble generation rate spectrum calculated using
Ry, /R, = 1.5x10°®, acoustic data measured at d = 2mand y =

1m, and a flow rate of 8.3x10° I/s is shown in Figure 10.
This position was used because it was believed to best repre-
sent the acoustic emission of the bubbly plume as discussed
earlier. The flow rate estimated by integrating the number of
bubbles is equal to 5.8869x10° I/s. This gives an error of
about 29% compared with the measured flow rate of 8.3x10°
I/s. Increasing the value of Ry, /R, from 1.5x10° to 1x10°

(as suggested by Leighton and Walton, 1987) produces a
similar bubble generation rate spectrum (cf. Figures 10 and
11), but yields a total flow rate of 2.36x10* I/s, which is
significantly lower than the measured value of 8.3x10 I/s.
These findings suggest that the number of bubbles formed is
strongly dependent on the magnitude ofR,;/R,, but this

parameter has negligible influence on the bubble number
spectrum. At this flow rate, the bubbly plume is made up of
bubbles of radius less than 4mm. Peaks in the bubble genera-
tion rate spectrum indicate a few discrete classes of bubbles
of a radius smaller than 3mm with a high generation rate.
This will be verified by optical measurements in our on-
going study.
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Figure 10. Estimated bubble generation rate spec-
trum for 8mm orifice based on an acoustic measure-

ment at d=2m and y=1m with R, /R, =1.5x10°

For the high flow rate condition, the estimated bubble genera-
tion rate spectrum calculated usingR,;/R, =1.5x10"°is
given in Figure 12. With the increase in flow rate, the bubbly
plume is predicted to have a significant number of large bub-
bles with radii between 1 and 8 mm. The bubble generation
rate has also increased significantly. Calculations were also
performed with the parameter of R;/R, increased to
1.0x10®. The calculated flow rates were 1.0253x10™ I/s and
2.36x10° I/s for Ry, /R, =1.5x10° andR,, /R, =1.0x10°
respectively. Both values significantly under-estimated the
measured flow rate of 3.33x107'I/s. The large discrepancy
between the estimated and measured total flow rates found
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for the high flow rate case may be partially attributed to er-
rors in the flow rate measurement. A more accurate meas-
urement procedure will be implemented in future to help
resolve the discrepancy.
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Figure 11. Estimated bubble generation rate spec-
trum for 8mm orifice based on an acoustic measure-

ment at d=2m and y=1m with R,; /R, =1x107°.
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Figure 12. Estimated bubble generation rate spectrum for
8mm orifice based on an acoustic measurement at d=2.5m
and y=2.0m withR /R, =1.5x10°° .

The underestimation of bubble generation rates was not ex-
pected, particularly when using a value
of Ry, /R, =1.5x107° as this is lower than that suggested by
Leighton & Walton (1987). In addition, the raw acoustic
signal may have been increased by reverberation in the tank
and this would lead to an over-estimation of the bubble gen-
eration rate. The better agreement between measured and

predicted flow rates for the low flow rate case (8.3x107°1/s)
is consistent with the finding of Deane and Stokes (2008) that
the ratio R, /R, decreases with an increase in bubble radius.
Leighton and White (2011) applied this model to different
situations with R, /R, =3.74x10 and reported an error of
about 11%. It is thus reasonable to conclude that the govern-
ing mechanism of the initial condition R ; /R, is complex and
requires further research.
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CONCLUSION

The acoustic emissions from a bubble plume have been
measured. The bubble generation rates have been estimated
using the measured acoustic emission, and they are strongly
dependent on the initial displacement of the bubbles. For the
conditions studied, it appears that the ratio of the initial dis-
placement of a bubble to its initial radius should be smaller
than the values suggested by the limited available data. How-
ever, despite the discrepancy between estimated and meas-
ured total flow rate, it can be concluded from the current
model that for the same orifice size, increasing flow rate
produces more large bubbles and leads to stronger acoustic
emission.

It should be noted that the estimated bubble generation rate
spectrum will change slightly depending on where the acous-
tic emission data is measured. It has been found that the
hydrophone data measured at a closer location to the orifice
predicts a higher generation rate for larger bubbles, which is
expected. Incorporation of multiple hydrophones in an array,
coupled with more accurate flow measurement should lead to
a more accurate estimation of the bubble generation spec-
trum.
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