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Intensification of bubble columns by vibration excitement
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Abstract

In this paper we show that application of low-frequency vibrations, in the 40–120 Hz range, to the liquid phase of an air–water
bubble column causes significantly smaller bubbles to be generated at the nozzle. In experiments with a single capillary nozzle,
the bubble size is reduced by about 40–50%, depending on the vibration frequency and amplitude. CFD simulations show
that the vibrations tend to lead to earlier detachment of the bubbles from the nozzles, leading to smaller bubble sizes.

Using a 12-capillary nozzle arrangement, the gas holdup,ε, was measured for a range of superficial gas velocities. Ap-
plication of vibrations to the liquid phase leads to a significant increase in the gas holdup. The increase in the gas holdup is
attributed mainly to a significant reduction in the rise velocity of the bubble swarm due to the generation of standing waves in
the column. Furthermore, application of vibrations to the liquid phase serves to stabilize the homogenous bubbly flow regime
and delay the onset of the churn-turbulent flow regime.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

A bubble column reactor is commonly used in
the process industries for carrying out a variety of
liquid phase reactions[1]. There are two regimes
of operation for a bubble column. At low superfi-
cial gas velocities,U, we have homogeneous bubbly
flow in which the dispersion consists of bubbles that
are roughly uniform in size. Homogeneous bubbly
flow is sustainable up to a superficial gas velocity
U = Utrans, called the transition gas velocity. When
U is increased to values beyondUtrans, we enter the
heterogeneous or churn-turbulent flow regime. In this
churn-turbulent flow regime, we have a wide dis-
tribution of bubble sizes, ranging from 3 to 50 mm
depending on the system properties[2]. The wide
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distribution of bubble sizes causes a wide gas phase
residence time distribution; this is often detrimental
to reactor conversion and selectivity.

Uniformity of bubble sizes in gas–liquid reactors
can be achieved by means of mechanical agita-
tion or stirring. However, the stirring action of the
agitator causes intense backmixing of both liquid
and gas phases. In some biotechnological applica-
tions, the high shear, experienced near the agitator,
is undesirable. The major objective of the present
communication is to demonstrate the advantages
of a shaken or vibrated bubble column reactor in
which the liquid phase is subjected to low-frequency
vibrations in the 40–120 Hz range. A special vi-
bration excitement device is used for this purpose.
The advantage of using low-frequency vibrations
over mechanical agitation is that the plug flow char-
acter of the bubbles is maintained and no addi-
tional large-scale backmixing of the liquid phase is
induced.
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There is some evidence in the published litera-
ture to show that the application of vibrations to the
liquid phase, at frequencies of the order of 100 Hz,
can (a) influence bubble rise in gas–liquid disper-
sions[3,4]; (b) reduce the bubble size[5,6]; and (c)
improve gas–liquid mass transfer[7–11]. Vibrations
have found to have a beneficial effect in gas–solids
fluidization [12,13]. Our present work extends the
published works in bubble columns to high superfi-
cial gas velocities in order to show that application of
vibrations helps to stabilize the homogeneous bubble
flow regime and results in a more uniform dispersion
of smaller sized bubbles.

2. Experimental set-up and procedures

The experimental set-up consists of a bubble col-
umn, a vibration exciter, a power amplifier, a vibra-

Fig. 1. Experimental set-up of the bubble column with vibration excitement device. Further details of the experimental set-up including
photographs of the rig are to be found on our website:http://ct-cr4.chem.uva.nl/vibrationexciter.

tion controller and a personal computer. A schematic
diagram of the experimental set-up is given inFig. 1.
The bubble column, made of polyacrylate, has an
inner diameter of 0.10 m and a height of 2.0 m. The
bottom of the column is sealed by a silicon rubber
membrane of 0.4 mm thickness, clamped between
two metal disks of 0.096 m in diameter; see inset to
Fig. 1. At a distance of 0.1 m above the membrane, air
is fed to the bubble column through two types of gas
distributors: (a) a single capillary of 0.9 mm i.d. (see
inset on left ofFig. 1), and (b) 12 stainless steel capil-
laries of 0.9 mm i.d. (see inset on the right ofFig. 1).
Stainless steel high-pressure pre-filters with pores of
2�m are placed at the inlet of the capillaries resulting
in a high-pressure drop restriction between the gas
supply annulus and the capillaries, which in turn re-
sults in a constant gas flow. The gas flow is controlled
by means of a calibrated flow meter (Brooks). In or-
der to maintain the membrane at constant horizontal

http://ct-cr4.chem.uva.nl/vibrationexciter
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position after filling the column with the liquid phase,
a chamber for pressure compensation is mounted be-
low the membrane. The membrane is connected to an
air-cooled vibration exciter (TIRAvib 5220, Germany).
The amplifier of this vibration exciter is controlled by
the SignalCalc 550 Vibration controller in a PC en-
vironment. The frequency range is 10–5000 Hz. De-
pending on the frequency, the amplitude can be var-
ied between 0 and 25 mm. The vibrations follow a
sinusoidal motion. The maximum acceleration under
unloaded conditions is 700 m s−2. For mass transfer
measurements, an oxygen electrode (Yellow Springs
Incorporated) is placed in the bubble column at a dis-
tance of 0.1 m above the gas distributor in such a way
that the gas bubbles did not hit the electrode. Fur-
ther details of the experimental set-up including pho-
tographs of the rig are to be found on our website:
http://ct-cr4.chem.uva.nl/vibrationexciter/.

With the single capillary gas inlet device, bubble
sizes were measured for a range of vibration fre-
quencies and inlet gas velocities. At each vibration
frequency, video recordings, using a Panasonic DSP
colour CCD camera, of the air–water or oil–water
dispersion were made at 25 frames/s for a period
of 5 s. Frame-by-frame analysis of the video images
gives accurate information on the number of bubbles
passing through the observation window in the time
interval of the observation (5 s). The video imaging
technique is the same as that described in our earlier
publication[6]. For the set volumetric flow rate of the
dispersed phase, the average air bubble diameter of
the dispersion can be calculated.

With the 12-capillary gas inlet device, the gas
holdup has been measured for varying conditions
of vibration frequency, vibration amplitude and the
superficial gas velocityU in the column. All the mea-
surements have been carried out at room temperature
with air as the gas phase and dematerialized water as
the liquid phase. The pressure at the top of the col-
umn is atmospheric. The gas holdupε is measured by
visually recording the dispersion heightH above the
gas distributor; the gas holdup is then calculated from

ε = 1 − H0

H
(1)

whereH0 is the height of the ungassed liquid in the
column.

Fig. 2. Influence of vibration frequencyf and amplitudeλ on the
bubble diameter for hole velocityUh = 0.83 m/s.

3. Bubble size with single capillary distributor

In the first set of experiments, the air flow rate
through the single capillary was maintained at
5.3 × 10−7 m3/s which corresponds to a hole ve-
locity in the capillary,Uh = 0.83 m/s. Bubble sizes
were measured for a range of frequencies,f = 25,
50, 75 and 100 Hz, and vibration amplitudes,λ =
0.0025–0.32 mm. These measurements were carried
out taking the clear height of water in the columnH0 =
0.5 m. The measured bubble sizes are plotted inFig. 2.
For a vibration frequency of 25 Hz, there is very little
reduction in the bubble size. When thef is increased to
50 Hz, we note a reduction in bubble size, providedλ

is higher than about 0.1 mm. Atf = 75 Hz,λ should
be higher than 0.05 mm for a significant reducing ef-
fect on the bubble size. Atf = 100 Hz we observe a
significant reduction in bubble size forλ > 0.008 mm.

In order to understand the influence of vibrations
on the bubble size, we need to consider the physics
of the bubble formation process. We undertook CFD
simulations of the bubble formation process using the
volume-of-fluid technique, described in our earlier
publication[14]. Further computational details, along
with details of the numerical procedure and grid used
can be found on our websitehttp://ct-cr4.chem.uva.
nl/sonicsim/. First, we performed VOF simulations
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Fig. 3. VOF simulations of bubble formation at a single orifice of internal diameter 0.9 mm. Snapshots forUh = 0.5 m/s and no vibrations.
Animations can be viewed on our website:http://ct-cr4.chem.uva.nl/capillary/.

Fig. 4. VOF simulations of bubble formation at a single orifice of internal diameter 0.9 mm. Snapshots forUh = 0.5 m/s,f = 100 Hz, and
λ = 1 mm. Animations can be viewed on our website:http://ct-cr4.chem.uva.nl/sonicsim/.

http://ct-cr4.chem.uva.nl/capillary/
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for the no-vibrations case. Snapshots of bubble for-
mation at the orifice (nozzle velocityUh = 0.5 m/s) at
different time steps are shown inFig. 3. The bubble
size is determined by a balance between the surface
tension forces (that prevent the bubble from breaking)
and the buoyancy force (that favors detachment). At
t = 0.1115 s, these two forces are practically equal to
each other. Further increase in bubble size tends to in-
crease the buoyancy and the bubble detaches because
the surface tension forces are exceeded by the buoy-
ancy; this happens beforet = 0.134 s. The animations
of the bubble formation and detachment can be seen
on our website:http://ct-cr4.chem.uva.nl/capillary/.

Now, let us consider the situation where the liquid
phase at the bottom is subjected to a sinusoidal wave
motion following λ sin(2π t), where t is the time.
Snapshots of the simulation for various values oft
are shown inFig. 4 for Uh = 0.5 m/s; f = 100 Hz
and λ = 0.2 mm; animations can be viewed on our
website:http://ct-cr4.chem.uva.nl/sonicsim/. The in-
fluence of the vibrations is evident; the growing
bubble flaps up and down. Vibrations tend to help
overcome the surface tension forces and therefore the
bubble detaches “earlier” from the capillary nozzle.
In this simulation, we note that the detachment oc-
curs att = 0.0935 s, significantly earlier than for the
no-vibrations case (seeFig. 3). Due to earlier detach-
ment from the orifice, the resulting bubble sizes are
smaller.

Fig. 5. Gas holdup, with and without vibrations.

Fig. 6. Wallis plot for the set of holdup measurements shown in
Fig. 5.

http://ct-cr4.chem.uva.nl/capillary/
http://ct-cr4.chem.uva.nl/sonicsim/
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4. Gas holdup measurements with 12-capillary
distributor

We now consider the influence of vibrations on the
gas holdup in the 0.1 m diameter column using the
12-capillary gas distributor device. For a range of su-
perficial gas velocities,U, the gas holdup was mea-
sured for the no-vibrations case along with three cases
in which the vibration frequencies were set at 30, 40
and 60 Hz at a constant amplitudeλ = 1 mm and clear
liquid heightH0 = 1.10 m; the results are shown in
Fig. 5. Depending on the operating conditions, the im-
provement in the gas holdup is in the 0–300% range.
Below a vibration frequency of 20 Hz, there is no im-
provement in the gas holdup; the higher the vibration
frequency beyond 30 Hz, the higher is the gas holdup.

In order to gain further insight into the reasons be-
hind the increase of gas holdup due to application
of the vibrations to the liquid phase, we adopt the
drift-flux analysis of Wallis[15] for the holdup exper-
iments. The Wallis drift-flux is defined asVslipε(1−ε)

whereVslip is the slip velocity between the gas and
liquid phases. For a bubble column with no net liq-
uid flow, Vslip = U/ε The Richardson and Zaki[16]
expression for the slip velocity is given by

Vslip = Vb0(1 − ε)n−1 (2)

where Vb0 is the single-bubble rise velocity andn
is the Richardson–Zaki index. The factor(1 − ε)n−1

Fig. 7. Snapshots of the column operation with 12-capillary gas distributor operating at a superficial gas velocityU = 0.017 m/s and liquid
column heightH0 = 1.10 m. (a) Column operating without vibration excitement. (b) Operation with vibrationf = 60 Hz andλ = 1 mm.

in Eq. (2) describes the hindering effect of the ris-
ing bubble swarm. InFig. 6, we plotVslipε(1 − ε) ≡
U(1−ε) againstε for the set of experiments shown in
Fig. 5with varying vibration frequencies. Also shown
in Fig. 6 are calculations usingEq. (2), shown by the
continuous lines drawn taking the Richardson–Zaki in-
dexn = 2 (a typical value for air–water systems) and
a fitted value forVb0 for the data points with low gas
holdups. The point of departure of the experimental
data points fromEq. (2)signifies the regime transition
point (holdupεtrans, superficial gas velocityUtrans).
The regime transition holdupεtrans is plotted inFig. 8
as a function of the vibration frequency. It is clear that
application of vibrations tends to delay the transition
to the heterogeneous flow regime. A snapshot of the
column operation atU = 0.017 m/s, without applica-
tion of vibration is shown inFig. 7(a). The operation
is clearly in the heterogeneous flow regime, as is evi-
denced by the presence of a few “large” bubbles. The
corresponding snapshot for column operation with a
vibration frequencyf = 60 Hz and amplitudeλ =
1 mm is shown inFig. 7(b). The bubbles are signifi-
cantly smaller in size and the dispersion is uniform.

The fitted value ofVb0, the single-bubble rise veloc-
ity, is plotted againstf in Fig. 8. For the no-vibrations
case the value ofVb0 = 0.25 m/s which is a typi-
cal value for air–water systems with bubbles in the
3–7 mm size range. The value ofVb0 reduces to val-
ues in the range 0.105–0.13 m/s on application of
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Fig. 8. Variation ofεtrans and Vb0 with the vibration frequencyf.

vibration. This significant reduction in the rise ve-
locity of the bubble size cannot be attributed to the
reduction in the bubble size. For air–water systems,
the single-bubble rise velocity is practically indepen-
dent of the bubble size fordb values in the 3–7 mm
size range[17,18]. The inescapable conclusion, there-
fore, is that the vibrations to the liquid phase have
the effect of reducing the rise velocity of the bubble
swarm due to the creation of standing waves.

5. Conclusions

The following major conclusions can be drawn from
our study:

(a) low-frequency vibrations, in the 40–120 Hz range,
are capable of causing a 40–50% reduction in the
bubble sizes formed at a single capillary;

(b) VOF simulations of bubble formation at a single
capillary shows that vibrations facilitate bubble
detachment from the orifice, leading to smaller
bubble sizes;

(c) compared to the no-vibrations case the gas holdup
can be increased by a factor of about 2 (seeFig. 5);

(d) application of vibrations tends to delay the tran-
sition to the churn-turbulent flow regime (see
Fig. 8);

(e) the increase in the gas holdup is largely to be at-
tributed to the reduction in the rise velocity of the
bubble swarm due to the generation of standing
waves.

The energy requirement for vibrations is estimated
to be an order of magnitude lower than that for
stirred vessels. It is concluded that application of
low-frequency vibrations has the potential of improv-
ing the gas–liquid contacting in bubble columns.
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