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Bubble size affects mass transfer and mixing hydrodynamics significantly in a
gas—liquid agitated vessel. It is important that accurate and reliable techniques are
developed to measure bubble size to improve design and scale-up of such vessels. Exist-
ing bubble-size measurement techniques are time-consuming (e.g., photography) or
complex and expensive (e.g., ultrasound). The ideal technique, capable of on-line mea-
surement in any type of liquid, has yet to be developed. It is possible to size gas bubbles
from sound measurement within a gas-sparged agitated tank. A significant amount of
the noise, measured close to the impeller, is made up of transient, damped, sinusoidal
pressure pulses, which are heard only in the presence of gas bubbles. Analysis of the
individual sound pulses in terms of magnitude, frequency and damping, combined with
photographic validation, indicates that the sound is caused by bubbles oscillating at
frequencies dependent on bubble size. The bubbles are excited into oscillation when
formed at the impeller. Sound from other sources (e.g., turbulence) is differentiated
from bubble sound. Theoretical modeling and experimental results are used to estimate
the sound contribution of a single bubble to a sound spectrum and calculate the
bubble-size distribution at the impeller directly from experimentally measured sound-

pressure spectra.

Introduction

Gas-sparged agitated vessels are used in the chemical and
biotechnology industries extensively as reactors and mixing
vessels. Organism growth and product formation in bioreac-
tors can be limited by the rate of mass transfer from the gas
phase into the liquid phase. The interfacial area available for
mass transfer across the two phases and the bubble-size dis-
tribution are important factors when designing an impeller-
agitated bioreactor. Most research in this area has concen-
trated on measuring the global interfacial area and bubble
Sauter mean diameter to produce semiempirical correlations
relating bubble size to power consumption for design pur-
poses.

Gas-bubble size has a significant effect on the mass trans-
fer, mixing hydrodynamics, and power input. Changes in
process conditions or changes in the physical properties of
the system have an effect on bubble size. The importance of
gas-bubble size has led to the development of several differ-
ent methods of bubble-size measurement. Gas bubbles in
transparent fluids can be photographed and their size mea-
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sured, usually using image-analysis software (e.g., Machon et
al., 1997). This is the simplest technique but cannot be used
with opaque media such as those found in fermentation sys-
tems. Probes, relying on the conductive, dielectric, or optical
properties of the liquid media, measure bubble penetration
or chord lengths (Saxena et al.,, 1988). Statistical models (e.g.,
Clark and Turton, 1988) are required to calculate bubble-size
distributions from the measured chord lengths. An isokinetic
probe removes a small, constant stream from the gas—liquid
dispersion, and the lengths of bubble slugs formed in a capil-
lary are measured using photoelectric detectors allowing bub-
ble volumes to be calculated (Greaves and Kobbacy, 1984;
Barigou and Greaves, 1992; Lu et al., 1993; Lu and Lin, 1995).
Although the use of probes allows the spatial variation of
bubble size within a vessel to be measured, they interfere
with the flow pattern of the dispersion and the bubbles being
measured. Small bubbles (less than 2 mm) are difficult to
measure and the Sauter mean diameter is often underesti-
mated. The use of ultrasound as an analytical tool has be-
come common (McClements, 1997) and the disadvantages of
probes has led to development of various ultrasound bubble-
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size measurement techniques (Chapelon et al., 1985; Stravs
and Von Stockar, 1985; Stravs et al., 1986; Bugman and Von
Stockar, 1989; Leighton et al., 1991; Vagle and Farmer, 1992).
These techniques are reviewed by Leighton et al. (1997). Only
one ultrasound technique has been applied to a fermenter
system (Stravs et al., 1986), and this was used to measure gas
interfacial area and not bubble size. Ultrasound techniques
to measure bubble-size distributions in a fermenter have not
as yet been developed and involve complex and expensive
equipment. Some ultrasound techniques have limitations on
the size range of bubbles that can be measured.

The ideal bubble-size measurement technique would be of
use in any real system and would be capable of measuring a
wide range of bubble sizes with minimum intrusion. Real-
time, on-line measurements would be advantageous for con-
trol purposes, especially in a fermentation process where
changing solute concentrations are likely to affect bubble size.
It is obvious that as yet no one technique is capable of fulfill-
ing all these requirements. Therefore, there is a need to de-
velop further accurate and reliable bubble-size measurement
techniques.

The long-term objective of the studies described here is
the development of an uncomplicated technique to measure
bubble size in a gas—liquid dispersion from the sound pulses
emitted from bubbles that are audible by the human ear, that
is, passive acoustic emissions. Simple sound measurement is a
far less complex technique than ultrasound, taking advantage
of a process occurring naturally within the mixing vessel.
Bubble-volume oscillations can create very high sound pres-
sure magnitudes at frequencies dependent on the bubble ra-
dius (Minnaert, 1933; Strasberg, 1953, 1956). Minnaert (1933)
calculated the frequency of bubble oscillation in a free field
to be:

(N

0

3yP, 0s

( P ) 2mwa’
where f, is the natural frequency of bubble oscillation, vy is
the ratio of specific heat capacities, P, is the pressure of the
surrounding liquid, p is the liquid density, and a is the bub-
ble radius. Plesset and Prosperetti (1977) showed that the
natural frequency of bubble-volume oscillation also depends
on surface tension. However, for an air—water system the ef-
fect of surface tension on frequency is generally assumed
negligible for bubbles greater than 0.1 mm in radius. If the
surface tension of a liquid is reduced by 50%, the natural
frequency of a 2-mm-diameter bubble would decrease by only
6% 107°%, and therefore surface tension can be ignored for
fermenter media. For large bubbles, shape oscillations can
also be excited at the same time as volume oscillations, but
these modes of oscillations are radiated less efficiently and
the pressures involved are significantly less than those for
volume oscillations (Strasberg, 1956).

Sound due to the gas sparging in an agitated vessel has
been investigated previously by Hsi et al. (1985), Ursy et al.
(1986), Sutter et al. (1987), and De More et al. (1988), but
these studies concentrated on low-frequency sound. The
peaks in the sound spectrum were used to identify the type of
ventilated gas cavities formed in the low-pressure regions be-
hind the impeller blades of a Rushton turbine, particularly
the 3--3 cavity structure where 3 large and 3 clinging gas cavi-
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ties exist. Also, the magnitude of certain peaks was related to
mass transfer. It was suggested that the higher frequency
sound was due to volume oscillation of gas bubbles at their
natural frequencies. However, the individual bubble sound
pulses measured by Medwin and Beaky (1989), Updegraff and
Anderson €1991), and Kolaini and Crum (1994) in breaking
laboratory and sea waves were not identified in the studies
involving an agitated vessel.

Sound measurement has been used previously to size bub-
bles in gas—liquid systems other than agitated vessels.
Leighton and Walton (1987) counted and analyzed the bub-
ble-pressure pulses from sound pressure —time measurements
in a flowing brook to produce size distributions of the en-
trained gas bubbles. Pressure—time traces and sound spectra
have been used to size single bubbles formed at a nozzle at
moderate to high bubbling rates (Manasseh, 1996). Loewen
and Melville (1991) developed a model for the sound produc-
tion in a breaking ocean wave based on individual bubble
oscillations and used this model to suggest a method for cal-
culating bubble-size distributions from sound spectra. Pandit
et al. (1992) used the same technique to calculate bubble-size
distributions from the sound spectra produced by a gas—liquid
jet mixer and flow in a horizontal pipe and, although the the-
ory of the mechanisms of sound production differ from those
proposed by Loewen and Melville (1991), obtained good re-
sults when the calculated bubble-size averages and standard
deviations wcre compared with photographic measurements.
Pandit et al. (1992) assumed that the bubbles were excited
into oscillation by uniform turbulence, predicting, from the-
ory, pressure magnitudes an order of magnitude higher than
those measured by other investigators of bubble sound, such
as Medwin and Beaky (1989). Comparison of the experimen-
tal sound measurement results by Pandit et al. (1992) with
other studies cannot be made, as the sound pressure spectra
results were only presented with arbitrary units and the indi-
vidual bubble oscillations were not shown.

This article validates a novel, uncomplicated technique for
measuring for bubble-size distribution from a measured sound
spectrum in a gas—liquid dispersion. The case of a gas-sparged
agitated vessel is investigated here but, in principle, the tech-
nique could be adapted to other gas-liquid systems. Analysis
of hydrophone measurements at the impeller region of the
agitated vessel showed that bubble oscillation accounts for a
significant amount of high-frequency sound. Other sound
sources are identified and differentiated from bubble sound.
By modeling the sound production processes in the vessel, it
has been established that the bubbles oscillate at or near their
natural frequencies, which are dependent on bubble size. Af-
ter removal of nonbubble sound, experimentally measured
sound spectra (sound pressure vs. frequency) are then used
to calculate the bubble-size distribution. These calculations
are validated using photographically measured size distribu-
tions. The importance of understanding the exact causes of
bubble sound is discussed, as this has direct implications on
whether the technique can be validated with photographi-
cally measured distributions and the improvement of the
technique’s accuracy.

Experimental Study

The mixing vessel, shown in Figure 1, was a clear 98-mm-
diameter cylindrical plastic tank of standard geometry. The
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Figure 1. Mixing vessel and hydrophone.

tank was filled to 196 mm in height with deionized water.
The tank was agitated by a RW 20 DZM Ika-labortechnik
stirrer with a 48-mm-diameter Rushton turbine, 6.5 mm above
the tank base. Photographs were used for validation of bub-
ble size. so the cylindrical vessel was surrounded by a clear
plastic 130-mm square tank, which was also filled with the
water to minimize the distortion in photographs due to the
curvature of the vessel wall. The agitation rates were varied
between 200 and 1,600 rpm. Gas was sparged into the vessel
through a glass tube (3 mm internal diameter), 30 mm below
the impeller, and gas flow rates measured using a standard
Platon flowmeter were between 60 and 600 cm®-min ™! Gas
flow rates were deliberately kept low to ensure accuracy in
the photographic bubble-size analysis, used for validation.

Sound pressure was measured using a 8103 Bruel and Kjaer
hydrophone with a frequency response from 0.1 kHz to 200
kHz and receiving sensitivity of 27.2 uV/Pa. The receiving
signal was amplified using a Kistler 5011 preamplifier and
then stored and analyzed using a Hewlett-Packard 35660A
Dynamic Signal Analyzer capable of performing fast Fourier
transformations (FFTs). Time-record lengths of 0.0039 s to
2048 s were possible. The most suitable time length for look-
ing at the widest range of individual bubble oscillations was
found to be 15.6 ms. This time span gave a frequency spec-
trum that spanned 0 to 25.6 kHz. However, sound at frequen-
cies greater than 25.6 kHz was measured using smaller time
spans. Sound spectra were made up from the average of 400
time records. The hydrophone was positioned 5 mm away
from the impeller tip to capture the sound of bubbles as they
were formed and to measure the lower frequency gas cavity
sound for comparison with the work of Hsi et al. (1985), Ursy
et al. (1986), and Sutter et al. (1987), which were carried out
at a different scale.

The spectrum analyzer was only capable of basic signal
analysis, so the measurement data were transferred to a Sparc
workstation where further calculations were performed using
Matlab 5. The Matlab 5 Signal Analysis Toolbox is capable of
FFT analysis and allows filtering or removal of unwanted fre-
quencies from the sound signal. Matlab 5 was also used for
the modeling calculations and bubble-size calculations.

Bubble sizes were measured from photographs of the im-
peller region using PC_ Image (Foster Findlay Associates) for
comparison with acoustic results. The system was calibrated
from photographs of a ruler placed inside the vessel. The
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bubbles were assumed ellipsoidal in shape and therefore an
equivalent bubble diameter was used. The maximum and
minimum chords were measured and the bubble’s third di-
mension was taken to be the same as the larger of the two
chord measurements. The equivalent diameter was taken to
be a geometric average of the three dimensions.

Pressure-Time Traces

Figure 2 shows four examples of pressure—time records
measured at the tip of the impeller. Trace I shows a 15-ms
pressure—time trace as the impeller blades pass the hy-
drophone at an agitation rate of 800 rpm but without gas
sparging. Only the low-frequency pressure changes due to the
blade passing the hydrophone, and the turbulent eddies can
be seen. Traces II and III show examples of 15-ms time
records at the same agitation rate but sparged with 300 cm®
min ! of air. Comparing Traces I, I and IIT it can be seen
that superimposed onto the low-frequency ungassed trace
there are transient, high-frequency pressure pulses. A gen-
eral example of an individual pulse not overlapping any other
pulses is shown more clearly in Trace IV. The pulse starts
with a small peak in pressure (point A), and then there is a
large drop in pressure (point B), after which the magnitude
of the oscillations decreases with time. The oscillation of an
individual pressure pulse occurs at a constant frequency.
These pulses were not seen in the ungassed case, so the likely
cause of the sound was the introduction of gas bubbles. The
frequencies of the pressure pulses, observed in 15-ms time
records, range from 900 Hz to 30,000 Hz. Using Eq. 1 and
assuming that P, =1x10° Pa, y = 1.4 for adiabatic compres-
sion, and p = 1000 kg ™%, then these frequencies would corre-
spond to spherical bubbles of diameters 7.2 and 0.2 mm, re-
spectively, oscillating adiabatically at their natural frequen-
cies. Bubbles of this size were photographed in the vessel
around the impeller region. Similar transient pulses due to
bubble-volume oscillation were observed by Medwin and
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Figure 2. Sound pressure-time records measured 5 mm
from the tip of Rushton turbine.
Trace I: 0.0156 s; ungassed, N = 800 rpm. Traces Il and II:
0.0156 s; sparged, N =800 rpm and Q =300 cm>-min "',
Trace IV: Enlarged example of a typical pulse shown over
6x107*s.

August 1998 Vol. 44, No. 8 1733



Beaky (1989), Updegraff and Anderson (1991), and Kolaini
and Crum (1994) when measuring sound due to the entrain-
ment of air bubbles as a wave broke at the surface of the sea.

If the initial amplitude of the bubble-volume oscillation is
very small, then a bubble oscillates in an exponentially
damped sinusoidal manner (Strasberg, 1956), like a spring or
pendulum. This can be described by the following simple
equation (Updegraff and Anderson, 1991):

p=pysinQaftle P, (2)

where p is the pressure at the hydrophone at time, 1; p, is
the initial pressure magnitude of the bubble oscillation; and
B is the exponential decay constant ( = 7 f5).

The energy losses due to thermal conduction between the
gas and surrounding liquid, work done against viscous forces
at the bubble wall, and energy lost as an acoustic wave (Stras-
berg, 1956; Devin, 1959; Eller, 1970), are accounted for by
the dimensionless constant 6. For a clean spherical air bub-
ble in water (Strasberg, 1956):

5=0014+45x10"*/7. (3)

After removal of low-frequency sound from the time traces
using filters, the exponential decay constant, 3, of nonover-
lapping pressure pulses was calculated using the method of
successive oscillations described by Devin (1959). Figure 3
shows how the experimentally measured B8 for many pressure
pulses, under various gas flow and agitation rates, compares
with theoretical values calculated using Eq. 3. The measured
damping of the pulse oscillations is in general agreement with
that predicted using Eq. 3 for an oscillating spherical bubble.
Therefore, the likely source of these transient pulses is bub-
ble oscillation. This slight increase in experimentally mea-
sured damping constants from theory has been observed by
previous studies (Strasberg, 1956; Devin, 1959; Medwin and
Beaky, 1989), suggesting that damping mechanisms other than
those just accounted for theoretically can exist. Longuet-Hig-
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Figure 3. Experimental vs. theoretical bubble oscilla-
tion exponential damping constants (g =
wf8).

They were measured at agitation rates between 200 and 800

rpm, and at gassing rates between 100 and 500 em®-min ~L
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Figure 4. Scatter plot of initial peak-pressure magni-
tudes of bubble oscillations measured at hy-
drophone.

gins (1992) proposed that there could be a transfer of energy
between the bubble-volume oscillations and their shape oscil-
lations causing increased damping. In the turbulent stream
behind the impeller blade, bubbles are constantly changing
shape and this could lead to the increased damping of the
volume oscillations observed experimentally in Figure 3.

Figure 4 shows a scatter plot of initial magnitudes of over
300 pressure pulses against their frequency of oscillation
measured 5 mm from the impelier at an agitation rate, N, of
800 rpm and gas flow rate, Q, of 300 cm?-min ~'. The initial
peak magnitude is dependent on the distance at which the
measurements are being taken and the mechanisms that cause
the bubbles to oscillate (Strasberg, 1936). It can be seen that
the lower frequency oscillations have significantly higher
peak-pressure magnitudes. It is likely that the sound from
larger bubbles is easier to detect, as the higher frequency
sound from the smaller bubbles tends to be scattered and
absorbed by other bubbles, as suggested by Kolaini and Crum
(1994). Updegraff and Anderson (1991) measured peak pres-
sures from 0.2 Pa to 1.2 Pa at a distance of 1 m due to oscilla-
tions produced by bubbles, approximately 0.8 to 6 mm in di-
ameter, entrained in a breaking wave. The measured peak
magnitudes shown in Figure 4 at the impeller range from 5
Pa to 500 Pa and are plausible values when compared to the
results of Updegraff and Anderson (1991), as they have been
measured at distances one to two orders of magnitudes nearer
the sound source.

When the hydrophone was moved away from the impeller
region, the number and magnitude of high-frequency pulses
measured were significantly reduced. Therefore, it seems that
the bubble oscillations are excited in the region around the
impeller and the sound measured is local to that area.

Prediction of these initial peak-pressure magnitudes from
theory is difficult because of the many processes involved in
exciting the bubbles into volume oscillations. Pumphrey and
Ffowcs Williams (1990) review four possible causes exciting a
bubble into oscillation for bubbles entrained at the surface of
the sea:
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1. Uniform pressure change over the surface of the bub-
ble, for example, the change in hydrostatic pressure as the
bubble rises:

2. Existence of a radial wall velocity when the bubble is
formed;

3. Shape oscillations may be in resonance with the volume
oscillations;

4. Pressure changes due to liquid turbulence.

All these processes exist within an agitated tank and the cause
of bubble-volume oscillation could be predominantly one or a
combination of two or more of them. The bubble-volume os-
cillations are so small that they have only been observed opti-
cally using laser light and photodetectors (Stroud and
Marston, 1993). The displacement of the bubble radius from
its equilibrium has been estimated to be of the order of 108
m for a 1-mm-diameter bubble (Leighton and Walton, 1987).
These small displacements exist at the same time as the more
visible shape oscillations, so there is little chance of under-
standing the causes of bubble pulsation through visual exper-
imental techniques. It is perhaps only through experimental
sound measurement and theoretical analysis that the pro-
cesses involved can be inferred. Referring to Figure 2, Trace
IV, in which an example of an individual pulse is shown, the
initial peak in pressure (point A) suggests that the bubble’s
volume expands slightly, initiating a much larger compres-
sion, followed by the damped, simple harmonic oscillation. It
is difficult to envisage a bubble hit by a turbulent eddy ini-
tially expanding, so this type of pressure pulse is unlikely to
be caused by turbulence, and bubble breakage is therefore
the more likely cause of bubble oscillation.

Sound Spectra

Figure 5 shows a comparison of the sound spectrum mea-
sured at the impeller of an unsparged agitated vessel (800
rpm) and the spectrum when the vessel is sparged with 300
cm®-min "’ of gas. As was seen earlier in the analysis of the
time traces, there is no significant sound above 500 Hz in the
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Figure 5. Sound spectra measured at impeller tip with:
unsparged (trace A, N = 800 rpm) and sparged
{trace B, N =800 rpm, Q=300 cm3-min~")
conditions.
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Figure 6. Low-frequency sound spectrum under gassed
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Peak A corresponds to the impeller-blade passing fre-
quency. Peak B corresponds to twice the blade passing fre-
quency.

ungassed conditions. Under gas-sparged conditions, however,
there is a significant amount of sound above 900 Hz in the
spectrum. Also the magnitude of low-frequency sound below
500 Hz has been increased. Figure 6 shows low-frequency
sound under gassed conditions up to 400 Hz for the same
conditions as Figure 5. Imposed on the background noise due
to turbulence ranging between 0 and 400 Hz, significant peaks
are observed at the blade passing frequency of 80 Hz (peak
A) and its second fundamental of 160 Hz (peak B). Hsi et al.
(1985), Ursy ct al. (1986), and Sutter et al. (1987), in a 900-
mm-diameter vessel, measured a second set of harmonics at
multiples of 1.5 times the blade passing frequency when 3-3
cavity structures existed behind the impeller blades. This sec-
ond set of harmonics was not observed in these studies. Two
clear regions in the sound spectra can be seen: a low-
frequency region due to turbulence and the impeller blade
passing the hydrophone below 900 Hz, and a high-frequency
region due to the introduction of gas into the vessel above
900 Hz. Low-frequency sound due to collective bubble oscil-
lation, as investigated by Yoon et al. (1991) and Nicholas et
al. (1994), was also expected between 0 and 1,000 Hz, partic-
ularly if the hydrophone was positioned further away from
the main region of sound near the impeller. In this case,
however, no spectral peaks could be identified as being due
to collective bubble sound, even when sound measurements
were made from outside the agitated vessel.

Figure 7 shows the variation in the high-frequency spectra
with agitation rate, N, with the gas sparging rate, Q, kept
constant at 100 cm® - min~*. Two spectra are shown for each
of the conditions to demonstrate the reproducibility of the
sound measurements. Spectrum A shows sound due only to
gas being sparged into the vessel. There is sound due to tank
resonance below 0.5 kHz and some sound around 0.95 kHz
due to bubbles of approximately 7 mm in diameter being
sparged into the vessel (estimated from bubble formation rate
at the nozzle measured from time traces and constant gassing
rate). At 200-rpm (spectrum B) bubbles were just beginning
to be broken up. Bubbles were not being recirculated to the
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on high-

impeller, and with an impeller Reynolds number ( = pND?/.)
below 10*, turbulent flow in the tank was not fully estab-
lished, so the low-frequency sound was still mainly due to
tank resonance. As agitation rate (spectra C-F) increases, so
too does the magnitude of sound at higher frequencies due to
more bubbles being formed at the impeller per unit time.
Also more sound is observed at higher frequencies as smaller
bubbles form. Hsi et al. (1985) suggest that some of the high-
frequency sound is due to small-scale turbulent eddies. For
the scale of equipment used in these studies this is unlikely,
as the frequency of turbulent eddies [estimated by Kol-
mogorov’s theory of isotropic turbulence (Kawase and Moo-
Young, 1990)] are of an order of magnitude lower than those
of bubble oscillations, as the gas bubbles in this case are quite
small in comparison to those observed by Hsi et al. (1985).
Low-frequency sound increases due to the development of
turbulence and, as the blade passing frequency increases, this
low-frequency band moves toward the region of bubble sound.
This may mean that there is a limiting agitation rate for the
measurement technique, above which bubble sound cannot
be distinguished from the other noises in the vessel.

Only bubbles creating sound will be measured in a distri-
bution, and this is an important factor when validating the
technique discussed in the following section and assessing its
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applications. It is therefore necessary to understand what ex-
actly causes the bubbles to oscillate so that the significance of
the bubble size distribution can clearly be understood. It can
be seen from spectrum B in Figure 7 that bubble sound is
occurring before the onset of turbulence in the vessel and
this sound increases as more bubbles are broken up. It scems,
therefore. that the bubbles are excited into volume oscillation
immediately after their formation at the impeller. However,
Pumphrey and Ffowcs Williams (1990) and Pandit et al. (1992)
have proposed that turbulence could reexcite bubble oscilla-
tion at their natural frequencies and that this may also be
occurring when turbulent conditions exist in the vessel. The
few experiments investigating the effect of turbulence
(Pumphrey and Ffowcs Williams, 1990; Kolaini and Gour-
milevski, 1997) show that turbulence-excited oscillations are
of smaller magnitude and occur in conditions where the bub-
bles are close to breakage. In an agitated vessel the system is
most turbulent in the region about the impeller, the same
region where bubble breakup is occurring, making it impossi-
ble to clarify if some of the sound is from bubbles reexcited
into oscillation by turbulence. If the excitement mechanism is
indeed bubble breakage at the tip of the cavity vortex behind
the impeller, then this would mean the bubble-size distribu-
tions calculated from the sound spectrum would be specifi-
cally for the bubbles formed at the impeller.

Modeling of Sound Production at the Impeller

In order to calculate bubble-size distributions from sound
spectra measured in the vessel, it must be confirmed that the
bubbles do oscillate at frequencies dependent on their size,
calculated from Eq. 1. A model, proposed by Loewen and
Melville (1991) for sound production in a breaking sea wave,
has been adapted for the case of the agitated vessel for pre-
dicting the sound spectrum from measured bubble-size distri-
butions. Modeled results were then compared with experi-
mental sound measurements.

In the model, it is assumed that

1. Each bubble oscillates at its natural frequency in a free
field calculated by Eq. 1;

2. The magnitude of cach pressure pulse produced by a
bubble oscillates in a damped, sinusoidal manner according
to Eq. 2;

3. The pulses occur randomly with time, and the number
of oscillations per unit time was estimated from pressure—time
measurcments;

4. The overall pressure—time trace is the summation of all
the individual pulses;

5. The sound radiated by a neighboring bubble has a negli-
gible effect on an individual pressure pulse;

6. The size distribution of the bubbles creating sound is
the same as photographically measured distributions in the
impelier region.

The initial pressure-peak magnitude, p,, required for Eq.
2, was estimated from the best fit line to the scatter plot shown
in Figure 4. Also included in the model are sine waves to
account for pressure fluctuations at the blade-passing fre-
quency and its second fundamental shown in Figure 6. Low-
frequency noise from general turbulence is not included in
the model.
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Figure 8. Modeled sound spectrum and experimentally
measured sound spectrum (N = 800 rpm, Q =
300 cm®-min 7).

Figure 8 shows a comparison between experimental sound
spectrum for N = 800 rpm and Q = 300 cm®-min~! and mod-
eled sound spectrum based on the photographically mea-
sured bubble-size distribution. The model predicts sound at
frequencies approximately 25% higher than that measured
experimentally. Equation 1 predicts the frequency of a bub-
ble oscillating in a free field away from surfaces. This free
field does not exist in such a small vessel as that used in
these experiments, where several rigid surfaces like the im-
peller blades and vessel wall are very close to the bubbles
being formed. Strasberg (1953) and Devin (1961) have shown
that a single, flat, rigid boundary in the close proximity of an
oscillating bubble can reduce its.frequency of oscillation by
20%. This reduction in the frequency of the bubble-volume
oscillation will have to be accounted for when calculating the
bubble-size distribution.

The modeled sound spectrum predicts sound pressures of
the right order of magnitude, and for the purposes of demon-
strating bubble sound production and that the bubble oscilla-
tions are below that of their natural frequencies the current
model works well. The estimation of the initial peak pressure
of the bubble pulse is based on highly scattered data (see
Figure 4). Further investigations as to the causes of bubble
sound in an agitated vessel are required to improve the model
fit and for more accurate bubble-size distribution calcula-
tions.

Calculation of Bubble Size Directly from Measured
Sound Spectra

Loewen and Melville (1991) suggest a method for calculat-
ing bubble sizes from sound spectra without having to ana-
lyze and count the individual pulses on a time trace, as this
technique could not have a general application due to its
slowness. If the contribution of a single bubble to a sound
spectrum at its oscillating frequency is known, then the num-
ber of bubbles oscillating at this frequency can be calculated
using Eq. 4 (Loewen and Melville, 1991):

AIChE Journal

August 1998 Vol. 44, No. 8

P 2
N=(t), Cy
p

where P is the measured pressure (Pa) in the sound spec-
trum at frequency, f (Hz), and p is the root-mean-square
pressure (Pa) for a single bubble oscillating at the same fre-
quency during a sample time period, T, given by

1
pr== fr[posin(271']“1)6_(7"3/")]2 dr. (5)
T

It must be assumed that the sound spectrum is only due to
bubbles oscillating at their natural frequencies and that a sin-
gle bubble’s contribution to the spectrum is only in a narrow
frequency band about f. For every frequency making up a
sound spectrum, p was calculated from Eq. 5 using p, values
again estimated from experimental data. The estimated bub-
ble-size distribution from the experimental sound spectra and
the photographically measured size distribution are shown in
Figure 9 (N =800 rpm and Q = 100 cm?®-min™"'). The reduc-
tion in oscillating frequency discussed earlier is not included
in the calculation. Qualitatively, there seems to be good
agreement between the two distributions with the calculated
averages of the two distributions being closer than 20%.
However, the distribution calculated from the sound spec-
trum is a much smoother distribution, and this is likely to be
due to the damping of the bubble oscillations, as this spreads
the bubble’s contribution to a spectrum over a much broader
band of frequencies than that assumed. The distribution cal-
culated from the sound spectrum indicates a significant
amount of bubbles around 0.2 mm in diameter, which were
not measured in the photographs. This size of bubble was
around the lower limit measurable that using the photo-
graphic technique available for these studies could measure.
Differences between the two distributions could also be be-
cause the bubble-size distribution making sound in the im-
peller region is not the same as that measured in pho-
tographs.

0.02+
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- - Distribution measured from photos

0.0181-
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o o
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Figure 9. Bubble-size distribution calculated from
experimental sound spectrum.
N =800 rpm, @ = 300 cm>-min .
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There are several advantages in developing the acoustic
bubble-size measurement technique further. The technique
gives reasonable estimates of the average bubble size and the
distribution but further investigation is required to improve
accuracy. In opaque vessels, where photography is not possi-
ble, acoustic measurement will indicate significant changes in
bubble size. The acoustic measurement is simple and fast. A
distribution made up of over 1,000 bubbles could be mea-
sured in less than 2 min if the hydrophone signals were con-
nected on-line to a computer. Also, smaller bubbles can be
detected acoustically when compared to a basic photographic
measurement technique such as the one for these studies.

Conclusions

An acoustic technique to measure the bubble-size distribu-
tion from a sound spectrum measured within an agitated ves-
sel has been demonstrated. Experimental measurements show
that measured sound pulses are due to the introduction of
gas into the vessel and that these pulses are dependent on
gas-bubble size. Bubble sound has been differentiated from
other sound sources in the vessel. Below 700 Hz, sound is
due to the impelier blades passing the hydrophone, the large
gas cavities behind them, and the turbulent eddies. Above
900 Hz, sound is due to air bubbles oscillating at or close to
their natural frequencies. After removal of the unwanted
noise from the sound spectrum, a bubble-size distribution has
been calculated and compares well with photographic mea-
surements. The technique only measures bubbles that are
emitting sound pulses and further work is required to clarify
exactly what bubble-size distribution is being measured, al-
though it is believed to be the bubble-size distribution local
to the impeller region. Also the effects, such as the addition
of solids or changes in viscosity, will have to be investigated,
and the limiting range of conditions where the technique re-
mains valid will have to be established. Bubbles between 0.1
and 7 mm in diameter were detected. The technique can be
used in opaque liquids such as those found in fermenter sys-
tems and is relatively inexpensive in comparison to ultrasonic
bubble-measurement techniques.
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