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Abstract

This paper demonstrates a novel method of global gas hold-up estimation in a laboratory scale bubble column using acoustic emissions
from within the column, which are caused by bubble generation. Bubble formation excites the column to resonate at its natural frequencies;
these frequencies are determined by the vessel dimensions. Peaks in the 0-1000 Hz range of the acoustic spectrum were observed an
identified as the column resonance frequencies. Measured changes in resonance frequencies for a range of global gas hold-ups (up to 20%
correlated well with theory. This method of global gas hold-up monitoring should be particularly useful for systems where measurements
of changes in liquid height are not possible.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the vessel wall can be used to measure gas hold-up through-
out the cross section of the vessel, e.g. Veera and Joshi [3]
Bubble columns are used in many chemical engineering and Schmitz and Mewes [4].
processes to mix a gas with a liquid, for example in biore- The presence of bubbles in water has been shown to
actors. Accurate knowledge of gas hold-up and bubble sizeaffect the attenuation and speed of a propagating sound wave
within a bubble column is necessary for understanding and and such effects have been used to measure gas hold-up
predicting mass transfer for optimal operation. Several tech- within a dispersion by actively generating an ultrasonic wave
niques exist to measure gas hold-up either globally through-and measuring how this wave is affected by the presence
out the vessel or as a function of position. The simplest of bubbles [5]. Tomographic techniques using ultrasound
method of measuring the global gas hold-up within a ves- are also being developed allowing the spatial changes in
sel is to measure the change in dispersion height due to thegas hold-up to be mapped-out throughout a vessel [6]. The
presence of the gas bubbles [1]. However, application of this velocity of sound within a gas—solid fluidised bed was in-
technique is limited because a transparent vessel is required/estigated by Roy et al. [7] using two different methods.
and the accuracy of liquid height measurement is poor whenFirstly, the fluidised bed was subjected to a sudden, verti-
foaming occurs or when there are large fluctuations in the cal impulse (lifting and dropping the column!). The mea-
liquid level. Measuring the difference in pressure between sured frequency of the damped pressure fluctuations with
two levels within a column is another method used to mea- time was related to the void fraction. Secondly, Roy et al.
sure global gas hold-up but pressure tappings can be sub{7] cross-correlated the signals from two pressure probes
ject to fouling in real systems [1]. Probe techniques, using above and below an acoustic event (bubble formation arti-
conductivity measurement [2], for example, have been de- ficially introduced into the system mid-way up the column)
veloped to measure the spatial distribution of gas hold-up to estimate the speed of sound in the column. Costigan and
but again these can be subject to fouling. To avoid intrusion Whalley [8] related the speed of a sound wave propagat-
into the process tomographic techniques using an array ofing in bubbly air-water flow in a pipe with the gas void
impedance or conductivity probes arranged on the inside offraction. A transient acoustic wave was created by clos-
ing a valve at one end that propagated up and down the
"+ Corresponding author. Tek+44-(0)20-75895111x55686:; pipe. The time between pe_:aks in the measured pressure sig-
fax: +44-(0)20-75945604. nal was taken to be the time for the wave to propagate to
E-mail address: j.boyd@ic.ac.uk (J.W.R. Boyd). the top of the pipe and back; this was used to estimate
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Nomendlature surface, which results in an exponentially damped acoustic
pulse. The frequency of the pulsk, is related to bubble

a  radius of a bubble (m) size according to [10,11]

a, constant of proportionality used in Eq. (12)

¢, speed of sound in the gas—liquid mixture (n)s 1 [3ypo

fe=

2ma 0l @)

ho ungassed height of liquid above the sparger (m
H  overall height of the dispersion (m)

po ambient pressure (Pa)

R  radius of the bubble column vessel (m)
B gas voidage (%)

y  ratio of specific heats 32

A, wavelength of moda (m) fe=—- (2)
o1 density of liquid (kg nT3)

~

wherea is the radius of the bubbl@g the surrounding am-
bient pressurey the specific heat ratio ang the density of
the liquid. For an air bubble in water Eq. (1) approximates to

A bubble of radius 3 mm would therefore emit a pulse of
around 1kHz based on Eq. (2). This equation has been used
the speed of sound, which was then related to the void 0 size bubbles in chemical engineering applications [12].
fraction. Oceanic sound, at frequencies below 1 kHz, is believed
Although the techniques of both Roy et al. [7] and to be caused by the collective oscillations of bubble clouds

Costigan and Whalley [8] did not involve the active gener- [13-16]. Bubble formation noise excites a standing wave
ation of sound by means of a transducer, the sound Waveg-n the cloud of bubbles. The frequencies associated with
created were still not natural to the processes under investi-these standing waves depend on the scale, geometry and the
gation and, therefore, not suitable techniques for the mon- void fraction within the cloud. The average pressure fiéld,
itoring of gas hold-up without extensive disruption to the inside agas—liquid bubbly mixture was described by solution
process. Passive acoustic emission monitoring involves theof the Helmholtz equation [14]
meas_urement of. sound preated by_ the process itself to asv,2p + krzn (P — po) =0 3)
certain process information [9]. This investigation demon-
strates that the passive measurement of acoustic emissiongyherek,, is a constant called the wavenumber.
created naturally by sparging gas in to a laboratory bub-  Within a cylindrical tube, excited into resonance, several
ble column can be used to measure the global gas hold-upmodes or frequencies of resonance can occur simultane-
within a dispersion. The frequency of peaks in the acoustic ously. In the case of a thin cylindrical column, for which the
spectrum measured inside the column has been correlatedliameter is much smaller than the wavelength, the stand-
with the gas hold-up. ing waves can be regarded as one-dimensional plane waves,
which propagate along the tube’s length [17].
The frequency of the standing wave depends on the bound-
2. Theory ary conditions at the surfaces within the tube. At a pressure
release surface or opening, the acoustic pressure is zero and
Acoustic emissions from gas bubbles in liquid have at a totally rigid boundary the vibrating particles have zero
mainly been investigated to establish the cause of ambientvelocity.
oceanic sound. Sound above 1kHz is caused by the volume In a column of liquid inside a tube the surface of the
pulsations of bubbles when they are entrained below theliquid can be regarded as a pressure release boundary. If the

Nonrigid boundary Rigid boundary
conditions at the base conditions at the base
of the column of the column

— Average pressure
magnitude

Height above
base

15t mode 2" mode 15 mode 2™ mode

Fig. 1. Representation of the pressure variation in the axial direction for the first two resonance modes within an open ended column for both the rigid
and non-rigid boundary conditions at its base.
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base of the column is regarded as rigid then the lower order ————————>» Hydrophone
modal frequencies in the column are [14] signal to
amplifier and
(2n — 1 \
fn:Tma l’l=1,2,3,... (4) PC

wherec,, is the speed of sound in the gas—liquid mixture
andH the height of the gas-liquid mixture given by

°
% o
0

°

]’lo °°°:u
H= —— 5 oT,e Hydroph
1 (8/100 ®) { ydrophone
whereg is the void fraction or gas hold-up amhg the initial Air in
liquid height.

. - Fig. 2. Di f th imental set-up.
A pressure release boundary (i.e. non-rigid) at the base of 9 agram ot fhe experimental set-up

the column would result in the lower order modal frequen-

cies being
_ ncy, _1923 6 and the rigid boundary condition depending on the materials
fn=ggr n=L23 ©6) used to construct the column.

For low sound frequencies and assuming isothermal con-
ditions the speed of sound inside the bubbly mixture can be
estimated from [18]

Fig. 1 shows representations of the pressure variations of
the first two modes of resonance within a column for rigid
and non-rigid boundary conditions at the base in the axial
direction. In reality the boundary conditions at the base of the .2 _— Ypo @)
vessel will behave somewhere between the pressure release”  (8/100(1 — 8/100)py
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Fig. 3. The effect of increasing gas flow rate (0.013, 0.021 and 0.0042)yws the acoustic emission spectrum measured just above the sparger in the
0-0.5kHz range. The peaks are marked in the numerical order in which they appear in the spectrum.
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wherec,, is the speed of sound in the bubbly mixture and 64.4531 Hz
y the specific heat ratio which is equal to 1. 1 o ‘ T omsund peak miantode
For cylinders of larger diameters relative to the acous- 09t o~ .0 —— Theoretical magnitude

tic wavelength, higher order modes can exist where the
non-plane waves can propagate within the column. The
frequency of these waves again depends on the boundary
conditions at the tube wall itself. The two extreme conditions
are again a pressure release boundary or rigid boundary.

0.8}
0.7}
0.6}
0.5}
0.4}

3. Experimental 03f

Normalised peak magnitude (no units)

Fig. 2 shows a diagram of the bubble column system. Air 2l

was sparged into a column 0.075m diameter, 0.8 m glass °'f
column. The base of the column consisted of a large rub- 0
ber bung into which two types of sparger could be sealed.
Sparger A consisted of a sintered gas disc of porosity 3
and 30 mm diameter and positioned at a height of 15mm ; . ‘[55-2°31 “; . .
above the column base. Sparger B was a porous plastic O Measured peak magnitude
disc 65mm in diameter, sealed into a plastic filter funnel, ~ %°f —— Theoretioal magnitude
the top of which was 70 mm above the column base. Com-
pressed air was sparged into the vessel at flow rates up to
121min~1 (corresponding to superficial gas velocities of
up to 0.05mst). The column was filled with liquid to
various heights above the top of the sparger (0.2, 0.3, 0.45
and 0.6 m). De-ionised water was used as the liquid inside
the column. Gas hold-up was measured from the change in
liquid height due to the presence of the gas. For sparger A,
the heterogeneous flow regime occurred at superficial gas
velocities of around 0.02 nT$, which caused the liquid sur-
face to fluctuate violently making the measurement of the
dispersion height very approximat&20 mm). Better accu- 05 : s s ” pye - ol
racy was obtainable using sparger B for which the change in Height of hydrophone tip /cm
height of the dispersion could be estimated to within 1 mm
for the lowest low rates used and within 5 mm at the highest y ‘ . : ‘ - ‘
flow rates (the heterogeneous regime was not attained for ool © rhzﬁ::f; r:\z‘;;‘;&%‘:'"de
this sparger) and the liquid height therefore remained steady. ’ 500
A 8301 Bruel and Kjaer hydrophone attached to a rod 081 ° ©
was used to measure the acoustic emissions from at various
heights along the central axis of the bubble column. The sig-
nal from the hydrophone was amplified using a Bruel and
Kjaer Nexus pre-amplifier and sent directly to a PC where
the signal was acquired at a rate of 1000 or 3000 samples/s
using an NI 4551 dynamic signal analyser card (National
Instruments, Newbury) and LabVIEW software. The sam-
pling rate was chosen to produce a spectrum containing the
maximum number of spectral peaks and with the most suit-
able resolution. MATLAB or Excel software was then used
for further spectral analysis of the signal in the frequency 0 5 10 15 20 25 30 35
range 0_1000 HZ. Height of hydrophone tip /cm

0 5 10 15 20 25 30 35
Height of hydrophone tip /cm
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Fig. 4. Variation in the spectral magnitude with height from base at
frequencies where peaks appear in the spectra measured just above the
sparger (sparger Byo = 0.31cm). The theoretical curves for the magni-
tude variation with height assuming rigid base conditions are plotted as
In Fig. 3, the low frequency sound spectrum (0-0.5kHz) unbroken lines.

measured at the centre of the column just above the sparger

4. Results and discussion
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for gas flow rates of 1, 3 and 51miA (corresponding to  the theoretical resonance frequencies to be calculated from
superficial gas flow rates of 0.013, 0.021 and 0.0042t's 1/2
respectively) sparged into de-ionised water are shown. Thefnzzn_1 (yp(’(l _ ﬂ/lOO)) , n=123... (9
ungassed liquid height was 31cm above the base of the 4ho (B/100)p)
column. Peaks in the spectrum are marked in the numericalyyheref, is the frequency of theth peak.
order they appear in the spectrum. Increasing the gas flow iy 5 shows how the theoretical resonance frequencies
rate into f[he column resulted in a shifting of peaks to lower ¢a|cylated using Eq. (9), vary with gas hold-up for an initial
frequencies. The increased gas flow rate and gas hold-upjqyid height of 0.31 m. For comparison the experimentally
also resulted in a decrease in the magnitude of the peaks. measured peak frequencies at various gas hold-ups are also
Fig. 4(a)-(c) shows how the magnitude (normalised in piotted in Fig. 5. The theoretical peak frequency calculated
each case to the maximum pressure magnitude in the specassuming a rigid base to the column under-predicted the
trum) at frequencies corresponding to the first three peaks inactyal measured values throughout the range of gas hold-ups
the spectrum measured justabove the sparger, varied with thgnyestigated. However, the variation of the measured peak
measurement height for thg case. The gas superficial VelocTrequency with gas hold-up did follow the same pattern as
ity was 0.0075m's*, the original liquid height was 0.31m  the theoretical predictions. Continuing with the assumption
and sparger B was used. Theoretical curves (unbroken linesknat the base of the column is rigid then the gas hold-up can

assuming a rigid base calculated using the following equa- e estimated by rearranging Eq. (9) to give
tion are also plotted for comparison:

2n — 1)2
2n—1 — 100 x 7o n=123,...

Prorm = Cos( 4H ) =123 ® F 16£,2hGp1 + ypo(2n — 1)2° ’

10
where pnorm IS the pressure magnitude normalised by the (10)
maximum peak pressure aidthe height above the base. The variation of the gas hold-up estimated from the
There is a reasonable agreement between the theoretical andhange in dispersion height and the gas hold-up estimated
experimental curves. from the acoustic spectrum using Eq. (10) with the super-

Substituting Egs. (5) and (7) into Eq. (4) which assumes ficial gas velocities for sparger B are shown in Fig. 6 for
rigid boundary conditions at the base of the column allows an initial liquid height of 0.31cm. The error bars in the

Assuming rigid base

500
I —— 1st peak (theory)
. — - 2nd peak (theory)
450 TO x — - 3rd peak (theory)
. - - - 4th peak (theory)
| —— b5th peak (theory)
400—‘ A 1stpeak (exp.)
) #* 2nd peak (exp.)
|& v 3rd peak (exp.)
350r C|ox ¢ 4th peak (exp.)
N ‘\ | x  5th peak (exp.)
I
3 800
g '
¢ |
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0
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Fig. 5. Variation in spectral peak frequencies measured just above the sparger with measured gas hold-up. Also included in the diagram afeathe theoret
frequencies assuming rigid boundary conditions at the base of the column calculated from Eq. (8) (spasger081cm).
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20 T T | T
©  Calculated from change in height
#  Calculated using equation 9, n=1
4 Calculated using equation 9, n=2
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Fig. 6. The variation of estimated gas hold-up from the measured peak frequencies assuming rigid boundary conditions at the base of the column an
the actual gas hold-up with superficial gas velocity (spargetB= 0.31cm).

diagram for the acoustically estimated gas hold-up are basedhe gas hold-up within the dispersion. This good correlation
on one standard deviation of five acoustic spectra. The errorsuggests that the column base was not completely rigid, i.e.
bars for the gas hold-up measured from the change in the ; 1 _

dispersion height indicate the estimated error in the height =D <tn<zn, n=123... (11)

measurement (described in Section 3). The gas hold-up wasyhere 1, is the wavelength of the standing wave. If it
underestimated by between 30 and 50% for all the resonanceassumed that the wavelength of the sound waves is propor-
modes except the 1st mode. The gas hold-up estimated fromjonal to the dispersion height then
the 1st mode frequency is less sensitive to changes at high n

gas hold-ups. Similar results were found with sparger A , =4, 0

but are not presented here as the gas hold-up measurement 1- (/100

ingly inaccurate in the heterogeneous regime. It was noted,jn, the low frequency acoustic spectrum.

however, that the transition to the heterogeneous regime compining Egs. (5), (7) and (12), the frequency of a modal
was marked by a deviation from linear relationship between peak in the spectrum would result in
the acoustically estimated gas hold-up and superficial gas

velocity, which would be expected for the heterogeneous ,» _ (1 2( po 1- (/100
regime [1]. The correlation coefficient between the acousti- fo = ol h(z, £/100
cally estimated gas hold-ups from the frequencies of the 2nd

to 5th modes and the gas hold-up estimated from the change=rom plots offn2 against(po/p|h(2))(1 — (B/100/(B/100))

in dispersion height is between 0.95 and 0.99 demonstratingthe values of, were estimated for the various experimental
an excellent correlation between the peak frequencies andconditions. These are shown in Table 1 for sparger B with tap

(12)

(13)

an



JWR. Boyd, J. Varley/ Chemical Engineering Journal 88 (2002) 111-118 117

Table 1
Experimental values o#,
Initial liquid height above sparger (m) a, (theoretical value assuming rigid boundary at the base in brackets)

a; (0.25) a (0.75) az (1.25) as (1.75) as (2.25)
0.2 0.37 0.96 157 2.01 2.61
0.3 0.32 11 1.69 2.30 3.14
0.6 0.35 0.85 1.54 2.03 2.61
Average 0.34 0.97 1.6 2.12 2.77

water. All the constants were slightly above those expected modes of resonance that were found to exist and these fre-
for a rigid base. guencies were dependent on the height of the gas—liquid
Fig. 7 shows the parity plot of gas hold-up estimated from dispersion and the gas hold-up. Using Eqg. (4) as a basis, it
the 2nd to 5th modal peaks in the spectrum calculated usingcan be seen that increasing the dispersion height will result
the average,, values shown in Table 1 and the measured gas in lower resonance frequencies. Hydrodynamic pressure
hold-up from the change in height of the dispersion for all fluctuations have been reported to occur in the frequency
the conditions used in the study. The 1st modal peak has notrange of order 10 Hz by other researchers [19—-21] and this
been used because the changes in frequency for this modeould make identification of the resonance modes harder.
were not sensitive enough to changes in the gas hold-up. TheTo obtain good resolution of resonance frequencies, lower
correlation coefficient is 0.91 for the range of gas hold-ups sampling rates are required which would increase the time
considered in these experiments. needed to sample a sufficient amount of the time signal
In these studies, the acoustic emissions from a laboratoryto produce a steady acoustic spectrum. For scales where
scale bubble column have been shown to correlate well with the diameter of the column is increased then higher reso-
changes in the gas hold-up. For situations where measurenance modes may exist due to standing waves in the radial
ment of the liquid dispersion height is not possible this could direction. These higher modes of resonance would occur
provide an uncomplicated method of monitoring global gas at higher frequencies and therefore, if identifiable in the
hold-up. Indeed, it may be possible to make the measure-acoustic spectrum, could also be used to follow changes in
ments from outside the vessel making the technique com-gas hold-up in columns of larger scale.
pletely non-intrusive to the process. Real systems in which foaming and fouling are likely
It is useful to consider the effects of increasing scale. For should also be investigated. Foam at the surface of the liquid
the size of bubble column studied here, it was the lower could affect the boundary conditions for the standing wave.

l o VAR Acoustically estimated
20 | o /71| — Line of parity
© 9// — - - Least squares fit to the data
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Fig. 7. Parity plot between the gas hold-up estimated from the 2nd to 5th peak frequencies (measured for all experimental conditions) and thp gas hold-
measured from the change in the dispersion height.
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5. Conclusions [6] L.J. Xu, L.A. Xu, Ultrasound tomography system used for monitoring
bubbly gas/liquid two-phase flow, IEEE Trans. Ultrasonics Ferroelect.

. .. . _ _ Frequency Contr. 44 (1) (1997) 67-76.
Acoustic emissions in the 0-1000Hz range were mea [7] R. Roy, J.F. Davidson, V.G. Tuponognov, The velocity of sound in

sured inside a laboratory scale bubble column for gas fluidised beds, Chem. Eng. Sci. 45 (11) (1990) 3233-3245.
hold-ups up to 20%. The frequencies of peaks in the acous- [g8] G. Costigan, P.B. Whalley, Measurements of the speed of sound in
tic emission spectrum corresponded to modal resonance  air-water flows, Chem. Eng. J. 66 (1997) 131-135.

frequencies excited in the column by the sound from bubble [9] J.W.R. Boyd, J. Varley, The uses of passive measurement of acoustic

: : emissions from chemical engineering processes, Chem. Eng. Sci.
formation and consequently were affected by the height of 56 (5) (2001) 17491767,

the disperSion and the gas h0|d'9p' There was a Ver_y high 10] M. Minnaert, On musical air-bubbles and the sounds of running
correlation between the changes in the peak frequencies an water, Philos. Mag. 16 (1933) 235-248.
the gas hold-up within the bubble column. This technique [11] T.G. Leighton, The Acoustic Bubble, Academic Press, New York,

to monitor gas hold-up could be used in vessels where the 1994

. . ; .. . . . [12] J.W.R. Boyd, J. Varley, Sound measurement as a means of gas bubble
dispersion is not visible. Further investigation of the effect sizing in aerated agitated tanks, AIChE J. 44 (8) (1997) 1731—

of foaming and scale on the acoustic emissions is required 1739
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Ultrasonics 32 (3) (1994) 229-233.
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