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I

n this paper, we report an experimental evaluation of velocity and residence time of single
bubbles of different sizes in a gassed oscillatory baf ed column (OBC) using a high-speed
imaging technique. This work is particularly concentrated on the effect of oscillation
frequency. The results show that the axial bubble velocities span several orders of magnitude
with respect to the mean at an oscillatory frequency greater than 2 Hz. The ratio of the axial to
radial bubble velocity components approaches unity at elevated oscillation frequencies.
Combining the high-speed imaging with the high-resolution digital particle image velocimetry,
we are able to examine the in uence of the  uid  ow on the bubble motion within the OBC. We
also report the direct measurement of residence time of the bubbles within a baf ed cell.
Keywords: oscillatory baf ed column; bubble velocity; bubble residence time; high speed
imaging; digital particle image velocimetry.

1978; Deckwer, 1992) and numerical works (Clift et al.,
1978; Schlüter et al., 1992; Deen et al., 2001). Studies of
this kind have been very dif cult, given the fact that there is
always a distribution in bubble sizes, and bubbles may break
up or coalesce at any given time. Another added problem is
that to capture quality images of bubbles at high aeration
rate is still a challenging task. Traditionally, one has to rely
on the information from single bubbles in order to interpret
the behaviour of bubbles of a size distribution.
The velocity of a bubble in a continuous  uid is
in uenced by many physical parameters, such as density,
viscosity and surface tensions of both gas and liquid, as
well as by external effects, such as mixing conditions.
Direct relationships between bubble terminal velocity and
bubble size have been established in bubble columns (Clift
et al., 1978) and the typical dependence is shown in
Figure 1 for pure water where Deq is the equivalent
bubble diameter (mm). From Figure 1 we see that for a
small bubble (<1 mm in diameter) a steep increase in the
bubble velocity with the bubble size is observed, indicating
that small bubbles essentially behave as rigid spheres rising
in a rectilinear path in a bubble column. Beyond a bubble
diameter of around 1.3 mm, the velocity decreases with the
bubble diameter. This is interpreted as bubbles of such
sizes becoming large enough to allow shape deformations
and increased drag for unsteady motion (Ford and Loth,
1998). Those bubbles travel a helical trajectory in a bubble
column. In spite of the wide applicability of this type of
relation, it is expected that bubbles rising in a highly

INTRODUCTION
Gas–liquid contacting is one of the most common operations used for mass transfer processes in chemical and
biochemical applications. There have been many reports
on this aspect in stirred tank vessels (Cooper et al., 1944;
Calderbank, 1959; Van’t Riet, 1979; Smith et al., 1977;
Whitton and Nienow, 1993), airlift columns (Al-Qodah and
Al-Hassan, 2000; Lewis and Davidson, 1985; Kawase and
Hashiguchi, 1996; Chisti, 1989), bubble columns
(Deckwer et al., 1974; Grund et al., 1992; Shah et al.,
1982; Heijnen and Van’t Riet, 1984) and recently oscillatory
baf ed columns (Hewgill et al., 1993; Ni and Gao, 1996a,b;
Gao, 1996; Ni et al., 1995a,b, 1997). The essential features
in those operations are to break down sparged gas bubbles,
air being one of the most used media, by means of different
mixing mechanisms, into smaller and more uniform
bubbles; and to increase the residence time of bubbles
within a given device. The levels of dissolved oxygen in
the aqueous medium can be measured directly using
commercially available probes. In turn, this leads to the
determination of mass transfer coef cients and subsequently
an evaluation of the performance of the device. However,
mass transfer measurements can not provide information on,
for instance, bubble velocity, bubble residence time and
bubble movement, and those elements are the main cause
behind any mass transfer process. Consequently, research
into the characteristics of bubbles in gas–liquid contractors
has been extensive, including both experimental (Clift et al.,
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Figure 1. Terminal velocity of an air bubble rising in pure water versus equivalent bubble diameter (Clift et al., 1978).

turbulent  uid will exhibit a more complex behaviour
(Heijnen and Van’t Riet, 1984).
The oscillatory baf ed column (OBC) can be regarded as
a new generation of bubble column (BC). Both columns are
cylindrical and are operated in a batch mode, but the OBC
incorporates equally spaced ori ce baf es together with
 uid oscillation, providing a signi cantly different  ow
pattern compared with the BC. The OBC’s simple operating
mechanism can be understood with the help of Figure 2.
Fundamentally, sharp edges (provided by the baf es) must
be present transverse to a fully reversing  ow. The interactions between baf es and the oscillating  uid generate
signi cant eddy motion in both axial and radial directions,
offering uniform and enhanced mixing within each baf ed
cavity as well as along the length of the column.
There are four dimensionless groups that govern the  uid
mechanical conditions in the OBC: the baf e spacing
(H ˆ L=D) and the baf e free area [a ˆ (Dori ce=D)2],
which are kept constant in this study; the oscillatory

Reynolds number (Reo) and the Strouhal number (St),
de ned as:
Reo ˆ
St ˆ

2pfxo rD
m

D
4pxo

…1†
…2†

where L is the axial length between baf es (m), D is
the diameter of the column (m), Dori ce is the diameter of
the baf e’s ori ce (m), r is the  uid density (kg m¡3), xo is the
oscillation amplitude (m, centre to peak), f is the oscillation
frequency (Hz) and m is the  uid viscosity (kg m¡1 s¡1). The
oscillatory Reynolds number describes the intensity of
mixing applied to the column, while the Strouhal number is
the ratio of column diameter to stroke length, characterizing
the effective eddy propagation ( Ni and Gough, 1997;
Mackley and Ni, 1991; Howes, 1988; Ni et al., 1998).
It is a fact that there are fundamental differences of  uid
mechanics between the OBC and the bubble column, and
this has resulted in a number of advantages of the OBC over
the traditional bubble column in mass transfer performance
(Hewgill et al., 1993). To understand bubble behaviours in
an OBC, we present, in this paper, the results of our research
into bubble movement, velocity and residence time of single
bubbles of different sizes within an OBC.
EXPERIMENTAL SET UP AND PROCEDURE
The Oscillatory Baf ed Bubbl e Column

Figure 2. Mechanism of mixing in an oscillatory baf ed column.

The batch OBC used in this study is made of a vertical
Perspex tube of 500 mm in height and 50 mm in diameter
with a liquid capacity of 1 l, as shown in Figure 3. Six
baf es, each with an ori ce diameter of 23 mm and evenly
spaced 75 mm apart, are connected by two connecting rods.
A rectangular viewing box is sealed around the tube at the
point of investigation and  lled with water to minimize
refractive effects caused by wall curvature. A stainless steel
bellows,  anged onto the base of the column and connected
with the  y arm of an electric motor, drives the oscillation
and the speed of the motor provides oscillation frequencies
between 0.2 and 10 Hz. The eccentric distance between the
Trans IChemE, Vol 81, Part A, February 2003
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generates a pulse at every peak of oscillation. This pulse is
important as it provides a mechanism to synchronize the
peak of oscillation with the start of the high-speed camera
operation. Air is supplied by a Labotron syringe pump via
a septum at the base of the column where needles of
different sizes can be  tted to the centre of the column in
order for single bubbles of various sizes to be generated.
Set-Up of the High-Speed Imaging
The high-speed imaging set-up is shown in Figure 4.
A high-speed mono coloured CCD camera (Kodak Ektapro
4540mx) is operated at a frame rate of 500 frames per
second and triggered to record images at the start of the
oscillation. The camera has a 256 £ 256 CCD pixel array.
A white light source is situated behind the column directed
towards the camera silhouetting the bubbles. Between the
light source and the column is a  lter sheet to standardize
the light giving sharper and uniform images. Linked to
the memory of the camera is a play back monitor to view
images and a PC to download images (as TIFF).
Experimental Procedure

Figure 3. An oscillatory baf ed column.

 y arm and the crank of the motor generates oscillation
amplitudes of 2–8 mm (centre to peak). In this study into the
effect of oscillatory frequency, the amplitude was  xed at
4 mm. Af xed to the  y arm is a thin slotted disc that
revolves with the motor through an optic pick-up, which

The OBC is  lled with 1 l of deionised water, the operating conditions are set and the trigger switch is set to open.
The camera starts to record upon receiving a trigger pulse
at the peak of an arbitrary oscillation cycle as aforementioned. The recorded sequence is viewed on the play back
monitor and downloaded to the PC. Note that the crucial
timing information is tagged with each  le. The procedure is
repeated in an OBC for oscillating frequencies of 0, 1, 2 and
4 Hz and at a  xed oscillating amplitude of 4 mm (centre to
peak); as well as in a traditional bubble column (i.e. the same
column with no baf es and no oscillation).

Figure 4. A schematic diagram of the OBC and high-speed imaging set-up.
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Figure 5. Possible bubble displacements.

BUBBLE VELOCIMETRY
To determine the instantaneous velocity of the bubble
the basic equation: speed ˆ distance=time, is utilized. The
timing information is known since every consecutive
image is 2 ms apart (the reciprocal of the frame rate) and
the displacement can be evaluated by measuring and
comparing the positions of a bubble’s centre of gravity in
two consecutive images. A built-in function of the Aequitas
image analysis software is used to determine the centre
positions of the bubble and also its size, measured as the
projected two-dimensional area. The bubble size is then
converted to a diameter (Deq), equivalent to a sphere with

the same projected area. The displacements, and thus the
velocities, in both the x and y directions (as shown in Figure
3) can be determined. For accurate velocimetry there must
be an appreciable displacement and direct bubble movement
between images. Figure 5 shows three possible scenarios
each showing a movement of a single bubble with a different
time separation. In Scenario 1 there are too few pixels of
separation between the centre points of the bubble to
identify the distance. On the other hand, if the bubbles are
too far apart, the displacement of the bubble might not be in
a straight line, yielding an incorrect value for the determination of the instantaneous velocity—Scenario 2. Scenario 3 is

Figure 6. Instantaneous axial velocity of bubble vs equivalent bubble diameter with predicted bubble terminal velocities (Clift et al., 1978) superimposed.
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Table 1. Oscillatory velocity for range of experimental conditions.
f (Hz)
0 or BC
1
2
4

Reo

2pfxo (mm s 7 1)

0
1250
2500
5000

0
25
50
100

the ideal one with both a direct pathway and noticeable
bubble movement. To obtain a trajectory similar to
Scenario 3 in Figure 5 a separation between the bubble
images of up to 10 frames is often required (where 10
frames correspond to 20 ms). The information is captured
over a  xed area within one baf ed cell, which means that a
1 mm £ 1 mm area contains about 3 £ 3 pixels. Due to the
size and velocity of the bubbles compared with the total
size of interrogation area (one baf ed cell), we felt that the
resolution was more than adequate. In order to eliminate
signi cant bubble–bubble interactions, only images containing single bubbles were analysed. This was readily accomplished in our study except at the highest oscillation
frequency of 4 Hz, for example, multiple bubbles were in
the  eld of view at any given time. Under these conditions,
an individual bubble was tracked and analysed, images
containing bubbles overlapping, coalescing or breaking
were disregarded from analysis.
Figure 6 plots the instantaneous axial velocity of bubbles,
Uy, against the equivalent diameter of bubbles at a  xed
oscillation amplitude of 4 mm, for oscillatory frequencies of
0, 1, 2 and 4 Hz. Note that, since all other variables in
equation (1) are  xed, the oscillatory Reynolds number
(Reo) becomes directly proportional to the oscillation
frequency. Table 1 shows the corresponding Reo and the

Figure 8. Effect of frequency on the ratio of radial and axial components of
the velocity for bubbles with different sizes.

 uid oscillatory velocity (2pfxo) for these four frequencies.
The solid line in Figure 6 represents the terminal velocity of
an air bubble rising in pure water (Clift et al., 1978). When
there is no oscillation in the baf ed column, the trend of the
bubble velocities (legend for Reo ˆ 0) is well in line with the
literature prediction. On the introduction of  uid oscillations,
we observe a wide scatter of bubble velocities both above and
below the theoretical line (solid line), with the values of the
velocity spanning several orders of magnitude. When the
oscillation frequency is increased above 2 Hz (Reo ˆ 2500)
one striking feature is apparent: the negative bubble velocities, caused by the oscillatory motion, increase signi cantly in
both number and magnitude. As will be seen later, this is a key
factor in the increase of bubble residence time in the column.
It should be noted that it is very dif cult to obtain images
containing large bubbles at high oscillation frequencies, as
they are unsteady and prone to break up under such operating

Figure 7. Instantaneous bubble velocity normalized with terminal velocity vs equivalent bubble diameter.
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Figure 9. Motion and velocity of single bubble: (a) with no oscillation; (b) at Reo ˆ 1250, St ˆ 1.0 (xo ˆ 4 mm, f ˆ 1 Hz); (c) at Reo ˆ 2500, St ˆ 1.0
(xo ˆ 4 mm, f ˆ 2 Hz); (d) at Reo ˆ 5000, St ˆ 1.0 (xo ˆ 4 mm, f ˆ 4 Hz).

conditions.Consequently,for high frequencies, relatively few
bubbles analysed here have diameters of greater than 4 mm.
If we denote the velocity of the trend-line (solid line) as
the terminal velocity, Ut, we can replot data in Figure 6 as
(Uy 7 Ut)=Ut vs Deq in Figure 7, where the zero line
[(Uy 7 Ut)=Ut ˆ 0] indicates the terminal velocity predictions, shown in Figure 1. It is clear that the span of the
increase in the normalized velocity is remarkable on the
introduction of baf es and oscillation.
In our current set up, we are also able to separate the
instantaneous velocities of single bubbles into both axial

Figure 10. Phase position with respect to time.
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Figure 11. Velocity of single bubbles superimposed onto  uid  ow vector map at phase 3. Reo ˆ 1250, St ˆ 1.0 (xo ˆ 4 mm, f ˆ 1 Hz).

Figure 12. Velocity of bubbles superimposed onto  uid  ow vector map at phase 3. Reo ˆ 5000, St ˆ 1.0 (xo ˆ 4 mm, f ˆ 4 Hz).
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(Ux) and radial (Uy) components. Figure 8 shows the ratio
between the Ux and Uy components as a function of Reo.
Clearly, if this ratio equals one, this means that the bubble
moves equally in both x and y directions. When no oscillation is applied to the OBC, the ratio is about 0.2 (the axial
motion is  ve times greater than the radial one). With
the presence of  uid oscillation, the velocity ratio for the
smaller bubbles (Deq < 4 mm) shows an almost linear rise
from 0.2 to 1.1 as the Reo increases to 5000. For the large
bubbles, the velocity ratio remains more or less unchanged
until the highest frequency (Reo ˆ 5000). This con rms the
fact that the bubbles in the OBC, especially smaller ones, are
strongly in uenced by the oscillations.
By linking a series of consecutive bubble images it is
possible to show the trajectory of a bubble as it rises through
the column. We have used the Adobe PhotoShop to layer
about 15 images together into a single  le. For better clarity,
only cases in which there is no overlap between bubbles in
consecutive images are selected. Figures 9(a)–(d) show the
pathway of a single bubble in a baf ed cell at an oscillation
frequency of 0, 1, 2 and 4 Hz respectively. Superimposed
onto these images are the velocity vectors of the bubble at
each point in time. From these  gures we see that as the
oscillation frequency increases there is a greater disturbance
in the bubble’s pathway, manifested by a change in direction
of the velocity vectors. At a frequency of 2 Hz [Figure 9(c)]
the descending  uid holds up the bubbles near to the top
baf e. At a frequency of 4 Hz [Figure 9(d)] the pathway of
the bubble displays a complete U-shape format. This will
have signi cant impact on the residence time of bubbles.
Note that the single bubble in Figure 9(d) has been isolated
from the surrounding bubbles for the purposes of visual
clarity. Another de nitive feature of these  gures is that as
the frequency increases the amount of bubbles trapped
below the upper baf e decreases. Understandably, the
mixing intensity brought about by an increase in the
oscillation frequency overcomes the surface attraction
forces of the baf es and leaves no room for the bubble to
settle. This will be discussed further in the next section.
In our previous studies, we have reported direct measurements of  uid velocity within the OBC using a highresolution digital particle image velocimetry (DPIV)
system. The details of this work can be found elsewhere
(Ni et al., 2002). Due to the oscillation, the  uid is displaced
sinusoidally with time, and the  uid velocities can be
measured at eight phases of an oscillation cycle, as shown
in Figure 10. Observations suggest that on the up stroke
(phases 5–8) bubble velocities would increase, whereas on
the down stroke (phases 1–4) bubbles are generally held up.
To investigate the effect that the  uid  ow and its velocity
have on the velocity and direction of the bubble we superimpose DPIV  uid velocity vector maps (obtained in the
absence of bubbles) with the bubble velocities and their
positions, determined using the high speed video camera.
Phase 3, which corresponds to the maximum velocity of the
down stroke, was selected as a typical example. Figures 11
and 12 show the results at phase 3 for St ˆ 1.0, and
Reo ˆ 1250 and Reo ˆ 5000, respectively, where the
coloured arrows denote bubble velocity vectors. It can be
seen that at Reo ˆ 1250 (Figure 11) the bubbles attempt to
follow the regions where the  uid  ow is upwards and try to
avoid the  uid elements of negative velocity, carving well
de ned pathways along the bulk phase. At Reo ˆ 5000

(Figure 12), however, the appearance of the bubble velocity
vectors along the baf ed cell is rather chaotic. This is due to
the highly turbulent and irregular  ow patterns under these
operating conditions. The scattered bubble velocity vectors
re ect the vortical nature of the  uid  ow. It should be
mentioned that the velocity scale of the bubble is different
from that of the  uid in Figure 12; this is because the
velocities of the bubbles were considerably smaller than that
of the  uid.

BUBBLE RESIDENCE TIME
The bubble residence time is a simple concept describing
the length of time a bubble resides in a baf ed cell of the
OBC. It is calculated by subtracting the time at which
the bubble enters the cell through the lower baf e, from
the time at which it exits through the upper baf e. The times
are determined within 2 ms, by viewing the bubble motion
on the play back monitor of the high-speed imaging set up.
There are generally two noticeable behaviours for a
bubble to travel when passing through a cell in the OBC,
which leads to two types of bubble residence time. The  rst
case is when a bubble enters and leaves the cell without
obstruction. In the second case, a bubble enters the cell, and
then nests below a baf e, e.g. at lower frequencies of
oscillation, before being swept back into the  ow and
ultimately departing the cell. We therefore introduce the
concepts of a real and an apparent residence time of bubbles.
The real residence time is the time taken for a bubble to
enter and leave a cell, regardless of its pathway. The
apparent residence time is the time taken for a bubble to
enter and then reach the upper baf e without leaving the
cell. The difference between the two residence times will
provide an estimate of the time that a bubble remains
trapped beneath the baf e. For high oscillation frequencies
such a phenomenon is negligible. However, at lower oscillation intensities there is a very signi cant difference between
the apparent and real residence times, which is in fact a
unique feature in the OBC. Figure 13 illustrates a comparison between the two residence times for an oscillatory
Reynolds number of 2500. The data were divided into three
separate classes, according to the diameters of the tracked
bubbles. By examining the results, two main features are
readily observed. Firstly, both residence times decrease with

Figure 13. Real and apparent bubble residence times at Reo ˆ 2500, St ˆ 1.0
(xo ˆ 4 mm, f ˆ 2 Hz).
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We also identi ed, in the study of residence time of bubbles,
the unique feature of bubble nesting beneath a baf e plate at
lower oscillating conditions. This information can be used in
the interpretation of the enhanced mass transfer rates found
in this type of geometry.
NOMENCLATURE
D
Deq

Figure 14. Real bubble residence times for different bubble classes.

the increase of bubble size. This is within our expectation.
Secondly, the rate of decrease in the real residence time is
signi cantly less than that in the apparent residence time,
which evidences the retention of more large bubbles nesting
beneath the baf es. It would have two major effects in gas–
liquid contacting processes: to increase the residence time of
the bubble and to promote bubble coalescence and subsequent breakage, both of which are bene cial to the overall
mass transfer processes. Such information provides us with
the insight of bubble movement within an OBC, and the
identi cation of the bubble nesting time would allow us to
examine its individual contribution to the overall mass
transfer in the future.
Figure 14 shows the measured bubble (real) residence
time for a bubble column and the OBC at the frequencies of
0, 1 and 2 Hz (Reo ˆ 0–2500), and for the three classes of
bubble size. For the case of the bubble column, where there
are no cells, the bubble residence time is thus de ned as the
time for a bubble to travel the equivalent length of the cell.
From Figure 14, the general trend is that the residence times
of bubbles remain more or less the same in the absence of
oscillation and at the lower oscillation conditions. Under
those circumstances, the contribution of residence times of
bubbles to the overall mass transfer performance would be
of little difference for the two types of systems. At high
oscillatory conditions, on the other hand, the average residence times of all three classes of bubbles are doubled as
compared with the rest. The contribution of the residence
time of the bubble to the overall gas–liquid contacting
processes is thus signi cant in these conditions. Note that
it was not possible to accurately obtain the residence time of
bubbles at frequencies above 2 Hz, due to the presence of
multiple bubbles in the  eld of view and the data shown in
Figure 14 are our best estimates.
CONCLUSION
We have shown in this paper the detailed motion of single
bubbles of different sizes travelling along an oscillatory
baf ed column using the high-speed camera. The vivid
pictures and graphs indicate the vortical nature of the
oscillating  ow, which has a number of advantages over
the traditional bubble column, such as much longer bubble
residence times and much more complex velocity pro les.
Trans IChemE, Vol 81, Part A, February 2003

Dori ce
F
H
L
Reo
St
Ut
Ux
Uy
xo

column internal diameter, m
equivalent diameter de ned as diameter of a circle having the
same area as the projected area of the bubble, m
baf e ori ce diameter, m
frequency of oscillation, Hz
baf e spacing
axial length between baf es, m
oscillatory Reynolds number as de ned in equation (1)
Strouhal number as de ned in equation (2)
bubble terminal velocity, m s¡1
‘radial’ component of the bubble velocity, m s¡1
axial component of the bubble velocity, m s¡1
amplitude of oscillation, m

Greek symbols
a
baf e free area
r
 uid density, kg m¡3
m
 uid viscosity, kg m¡1 s¡1
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