
FLUID MECHANICS AND TRANSPORT PHENOMENA

Bubble Velocity, Size, and Interfacial Area
Measurements in a Bubble Column by Four-Point

Optical Probe
Junli Xue, Muthanna Al-Dahhan, and M. P. Dudukovic

Chemical Reaction Engineering Laboratory (CREL), Washington University, St. Louis, MO 63130

R. F. Mudde
Kramers Laboratorium voor Fysische Technologie, Delft University of Technology, Delft, South Holland, Netherlands

DOI 10.1002/aic.11386
Published online December 10, 2007 in Wiley InterScience (www.interscience.wiley.com).

The four-point optical probe is applied in a bubble column with an air–water system
to investigate the bubble properties (local gas holdup, velocity, chord length, specific
interfacial area, and frequency) over a range of gas superficial velocities. Both bubbles
moving upward and downward are recorded and measured as opposed to only upward
bubbles measured and reported in other studies involving probes. The probe worked
efficiently in both bubbly flow and highly churn-turbulent flow at very high superficial
gas velocities. Bubble properties at the conditions of churn-turbulent flow are obtained
and investigated for the first time. The changes in the bubble velocity distribution, bub-
ble chord length distribution, and specific interfacial area with superficial gas velocity,
sparger design, and with axial and radial positions in the column are discussed.
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Introduction

The knowledge of bubble properties, including bubble ve-
locity, bubble size, gas holdup, and specific interfacial area,
is of considerable importance for the proper design and oper-
ation of bubble columns. For example, bubble properties
play key roles in determining the heat and mass transfer rate
in bubble columns. Furthermore, bubble size distribution and
bubble velocity distribution are key parameters in evaluating
the drag forces on bubbles and in using the bubble popula-
tion balance in computational fluid dynamics (CFD). How-
ever, because of the limitations of the commonly available
measurement technique, important bubble properties in 3D
bubble columns are scarce in the literature, especially in
churn-turbulent flow, and the available data are often not

reliable.1 After validation of the measurements obtained by
the four-point optical probe with digital camera in 2D cali-
bration systems,2 the probe was utilized over a range of oper-
ating conditions in a cylindrical bubble column, 6.4 in. (16.2
cm) in diameter, to determine the bubble velocity distribu-
tion, bubble chord length (the length of the chord that the
probe tip passed by in the bubble) distribution, local gas
holdup, and specific interfacial area. The operating conditions
were the same as those used for the c ray computed tomogra-
phy (CT) and computer automated radioactive particle track-
ing (CARPT) experiments conducted by Ong.3 At the operat-
ing conditions used (superficial gas velocity from 2 to
60 cm/s, pressure from 0.1 to 1.0 MPa), the two-phase flow
in the bubble column changes from bubbly flow to highly
churn-turbulent flow. Bubble properties, such as chord length
distribution and velocity distribution locally at various posi-
tions in the column, at the conditions of higher gas superfi-
cial velocities were measured for the first time, and present
new data needed for CFD validation and engineering model
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development. In addition, both upward and downward bub-
bles have been measured for the first time instead of only
measuring upward bubbles as reported in previous studies
using probes. Furthermore, the profile of the specific interfa-
cial area as a function of column radial position at different
axial elevations has been measured by the four-point optical
probe readily and reliably.

Experimental Setup

The configuration of the four-point optical probe, which
was made in-house, was shown in Figure 1. Three of the
four tips of the probe are of the same length and form an
equilateral triangle. The fourth, central tip is positioned
through the inertial center of this triangle, and is about
2.0 mm longer than the others. The radial distance from the
central fiber to each of the others that surround it is about
0.6 mm. Hence, the diameter of the four-point probe is about
1.2 mm. The tip of the glass fibers is shaped into a cone or
semisphere. This shape assures that most light is reflected at
the fiber tip when the probe is in gas phase and is scattered
at the probe tip when it is in the liquid phase, due to the dif-
ference in the refractive index between the glass, the liquid
phase, and the gas phase. By transferring the reflected light
into voltage, the probe can generate a response (as shown in
Figure 2) to each bubble that hits the probe tip. Then the
bubble properties (local gas holdup, velocity, chord length,
specific interfacial area, and frequency) can be derived by
processing the response with an appropriate algorithm. The
bubble properties by the four-point probe have been validated
against imaging method in a 2D transparent bubble column.
More details about the probe can be found in the preceding
paper1 and in the thesis of Xue.2

The configuration of the 16.2-cm (6.4 in.) diameter stain-
less steel bubble column is shown in Figure 3. In this figure
also the four-point probe locations at which measurements
were made are schematically presented. The setup was oper-
ated in the batch mode regarding the liquid, with tap water
as the liquid phase. For the gas phase, filtered, dry com-
pressed air was used.

The four-point probe measurements were conducted at dif-
ferent gas velocities and pressures. The operating conditions
employed are listed in Table 1. Three axial measuring posi-
tions, that is, z/D 5 1.7, 5.1, and 8.5, and seven radial posi-
tions, that is, r/R 5 60.9, r/R 5 60.6, r/R 5 60.3, and r/R
5 0 were used, where positive and negative values of r/R

represent different locations along the diameter of the col-
umn (Figure 3). The optical probe must employ the fixed
ports available on the column wall. Because of this physical
limitation of the column, that is, the ports are all located on
the same vertical plane (Figure 3), the radial measuring posi-
tions at each axial position are along one column diameter
and all the measuring positions were in one single vertical
plane in the column (i.e., the full azimuthal dependence was
not investigated). The configuration of the spargers used is
shown in Figure 4 and Table 2.

The operating principle of the four-point probe1,2 ensures
that it accurately measures bubbles moving upward when it
is positioned with tube tips facing downward. To capture
downward moving bubbles, the probe is positioned with the
tips facing upward. Visual observations indicate that, at high
gas superficial velocity, many bubbles move downward in
bubble columns in transition flow and churn-turbulent flow,
especially in the wall zone. Hence, the four-point probe was
positioned in two directions at each measuring site, that is,
upward and downward, and in both cases the probe tip was
positioned at the same point (Figure 3). In this way, both
bubbles moving upward and those moving downward can be
measured, instead of only bubbles moving upward as usually
done in other reported studies involving probes.

Results and Discussion

The effect of superficial gas velocity on
bubble properties

The superficial gas velocity, Ug, is one of the key operat-
ing variables that affect the hydrodynamics in bubble col-
umns, including bubble properties. Figure 5a shows, for
Sparger 2, the radial profiles of the local gas holdup, eg,l, at
different Ug and the changes of eg,l with Ug at different radial
positions. The error bars, which come from the standard
deviation of replicated measurements, are also displayed. It
is clear from Figure 5a that at Ug 5 2 cm/s, which is bubbly
flow, the radial profile of the local gas holdup is flat (only in
the core flow, that is, r/R from 20.9 to 0.9, not include the
very near wall zone, this also applies to the following discus-
sion). The local gas holdup profile is parabolic in shape
when Ug is larger than 8 cm/s, when the flow changes from
transition flow to churn-turbulent flow. Furthermore, the

Figure 1. Configuration of the four-point optical probe.

(a) Side view; (b) Bottom view.

Figure 2. Response of the four-point probe to a bubble
pierced through.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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higher the gas velocity, the steeper the parabolic-like gas
holdup radial profile. These observations are corroborated
with the CT experimental results.3,4 It is also noted that the
measured bubble properties are not strictly symmetric in the
horizontal direction in the plane of measurement. Visual ob-
servation through the windows on the column wall is also in-
dicative of the asymmetry of the flow in the column. Possible
causes for this asymmetry include the possibility that the
bubble column is not vertical (which is not true in this study
because the column was adjusted to be vertical by hanging
hammer), that the sparger used is not axially symmetric, and
that the coherent structure in the flow is nonsymmetric.5 One
should note that while we talk about radial profiles in this
manuscript, these are not azimuthally averaged values as we
normally report from our tomography measurements, but val-
ues obtained in a single vertical plane that passes through the

central axis of the column. Whether azimuthal averaging
would make these profiles seem more symmetric is not
known since such measurements, due to the previously
explained limitations of the column, were not made in this
study.

It is found that the radial profiles of both specific interfa-
cial area (Figure 5b) and bubble frequency (the number of
bubbles that hit the central tip of the probe per second) and
their changes with Ug are similar to the radial profile of the
local gas holdup. The similarity between these profiles is the
result of the fact that local gas holdup, specific interfacial
area, and bubble frequency are strongly correlated. Speaking
generally, an increase in bubble frequency leads to an
increase in gas holdup and specific interfacial area.6

The radial profiles of the mean bubble velocity, vb, at dif-
ferent Ug are shown in Figure 6. Positive values of the bub-

Figure 3. The configuration of the bubble column.
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ble velocity mean that bubbles move upward, while the nega-
tive values mean that bubbles move downward. As expected,
the radial profile of vb is flat at Ug 5 2 cm/s, which is bub-
bly flow, and it is almost parabolic when Ug is larger than
8 cm/s, when the flow changes to transition flow and churn-
turbulent flow (Figure 6a). Note that the average bubble ve-
locity for Ug 5 2 cm/s is in agreement with the reduction
of the bubble slip velocity in a swarm as predicted by the
Richardson and Zaki correlation vs/v1 5 (1 2 eg)

n, with n
5 2.4 and v1, the terminal velocity of a single bubble,
;25 cm/s. Figure 6b shows that vb was always positive and
increased with Ug in the core of the column, and the rate of
increase in vb with Ug in the bubbly flow regime was faster
than in the churn-turbulent flow regime. In the wall zone (r/
R 5 60.9), vb was positive in bubbly flow (Ug 5 2 cm/s)
and was small or even negative at Ug [ 8 cm/s. Above Ug

of 14 cm/s, the magnitude of vb increased slowly with Ug.
In the range of Ug investigated (Ug 5 2–60 cm/s), the mini-
mum vb was detected in the wall zone at Ug 5 8 cm/s, in
the transition regime from bubbly flow to churn-turbulent
flow.

The bubble velocity distribution in the wall zone (Figure
7, r/R 5 60.9, z/D 5 5.1) obtained by the four-point optical
probe clarifies the observed behavior of the mean bubble ve-
locity, vb. It should be noted that a large portion of bubbles
of very low velocity can not be measured by the probe.
This is because it takes a relatively long time for very slow
bubbles to pass through the four tips of the probe. During
this time interval, if the flow field around the bubble
changes, the bubble velocity also changes during its passage
by the probe since bubbles move with the liquid flow. In
this case, the velocity of the bubble determined by the four-
point probe is the mean of the early slow velocity and the
later high velocity. Hence, the four-point probe tends to
underestimate the probability of bubbles of very low veloc-
ity. However, it should be noted that this bias is usually not
significant because the vertical distance between the central
tip and the other tips of the probe is about 2 mm. Hence,
for assumption, if the time scale of the flow field change is
0.1 s, then only bubbles with velocity lower than about 2
cm/s will be affected. It should be noted that any measure-
ment technique that uses ‘‘time of flight’’ has a bias for
measuring velocities close to zero in a fluctuating flow.
Usually the percentage of bubbles with such low velocity
for which the bias affects the results is small but not
always. The bias happens both for bubbles moving upward
and downward, and hence, the mean bubble velocity is not
affected much by this bias.

At Ug 5 2 cm/s, all bubbles move upward (Figure 7a),
and the peak in the bubble velocity distribution is thin and
sharp. At Ug [ 8 cm/s, the bubble velocity distributions at r/
R 5 20.9 and r/R 5 0.9 are different. At r/R 5 20.9, more
bubbles move downward than upward while at r/R 5 0.9,
almost as many bubbles move upward as downward. As a
result, the radial profile of vb is not symmetric at z/D 5 5.1
and vb at r/R 5 20.9 is smaller than that at r/R 5 0.9
(Figure 6a). When Ug increased from 8 to 14 cm/s (i.e., in
the transition flow regime), the mean velocity of bubbles
moving upward increases greatly (from 9.45 to 20.9 cm/s at
r/R 5 20.9 and 12.4 to 28.3 cm/s at r/R 5 0.9) whereas that
of bubbles moving downward increases mildly in magnitude
(from 233.8 to 239.1 cm/s at r/R 5 20.9 and 228.2 to
234.6 cm/s at r/R 5 0.9). This is because large bubbles,

Table 1. Column Dimensions and Selected
Operating Conditions

Column ID, D (cm) (in.) 16.26 (6.4 in.)
Temperature (8C) 20
Pressure (MPa) 0.1
Dynamic liquid height (cm) (in.) 180 (70.9 in)
Probe vertical measurement levels
from the distributors, z (cm) (in.)

27.7 (10.9), 82.3 (32.4),
136.9 (53.9)

z/D 1.7, 5.1, 8.5
Probe radial measuring
positions (r/R) 60.9, 60.6, 60.3, 0

Liquid (Tap water) Batch
Gas (Air) Continuous

Detailed Operating Conditions for Each Gas Distributor

Sparger Pressure (MPa) Ug (cm/s)

No. 1 Cross sparger
(open area 0.1%) 0.1 30

No. 2 Perforated plate (0.15%) 0.1 2, 8, 14, 30,
45, 60

No. 3 Perforated plate (1.0%) 0.1, 0.4, 1.0 30

Figure 4. Schematic of the sparger configurations.

(a) No. 1 cross sparger, (b) No. 2 uniform perforated plate (small hole), (c) No. 3 uniform perforated plate (large hole, shown not to
scale).
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which have high velocity, arose in the transition flow regime
and assembled in the central stream of the column (this is
evident from an increase in the number of bubbles of high
velocity in the bubble velocity distributions at Ug 5 8 and
14 cm/s, Figures 8b, c). The velocity of bubbles moving
downward in the wall zone increased mainly due to the
enhancement of the liquid recirculation. Hence, the velocity
of bubbles moving upward jumped and of bubbles moving
downward increases only mildly in the transition flow re-
gime. In churn-turbulent flow, at Ug [ 14 cm/s, the percent-
age of bubbles moving downward in the wall zone increased
slowly with Ug.

The bubble velocity distributions in the center of the bub-
ble column (r/R 5 0, z/D 5 5.1) at different Ug are shown
in Figure 8. In contrast to the bubble velocity distribution in
the wall zone, most bubbles move upward in the column cen-
ter. The percentage of bubbles moving downward increased
with Ug, but even at very high gas velocity, for example, Ug

5 60 cm/s, only a small percentage of bubbles moved down-
ward in the column center. Bubbles moving downward in the
column center include small bubbles that exist in the wakes
of large bubbles. This may be due to the chaotic nature of
the flow in bubble column where the flow reversal occurs
even in churn-turbulent flow, dragging bubbles downward. In
churn-turbulent flow, the number of large bubbles increases
with Ug and liquid recirculation is enhanced.3 Hence, there
are more bubbles moving downward being detected by the
four-point probe. The bubble velocity distribution in the col-

umn center spreads more widely with increased Ug, and the
magnitude of the mean velocity of bubbles moving upward
is much larger than that of bubbles moving downward.

The bubble chord length distributions obtained by the
four-point optical probe at different gas velocities in the
wall zone at r/R 5 20.9 (the shape of bubble chord length
distributions at r/R 5 0.9 are similar to that at r/R 5 20.9)
and in the center of the column (r/R 5 0) are displayed in
Figure 9. At the column center (r/R 5 0), the number of
bubbles used for the calculation of the bubble chord length
distribution is over 10,000 at Ug � 8 cm/s and about 4000
at Ug 5 2 cm/s. In the wall region (r/R 5 20.9), the num-
ber is over 5000 and about 4000 at the above two gas su-
perficial velocities, respectively. The large number of bub-
bles for the derivation of the bubble chord length distribu-
tion and mean bubble chord length ensures statistically
representative results. It can be seen that in the column cen-
ter the probability of both small and large chord lengths
increases with increased Ug, and the spread of the bubble
chord length distribution is wider (Figure 9a). Note that at
Ug 5 8 cm/s the median of the pdf seems to be located at
the highest chord length. In the wall zone (Figure 9b), the
shape of the bubble chord length distribution does not
change much with Ug when Ug � 8 cm/s. The probability
of small bubble chord length increases with Ug, while that
of large bubble chord length does not change much with
Ug. This may be because large bubbles pass through the
bubble column in the central bubble stream, as described by
Chen et al.,7 and seldom move into the wall zone, while
small bubbles tend to enter the wall zone and move with
the downward liquid flow.

The mean bubble chord length and the standard deviation
of the bubble chord length distributions are plotted in Fig-
ure 10. The error bar for the mean bubble chord length is
also shown. It can be seen that the mean and standard devia-
tion of the bubble chord length distribution in the column
center are almost identical to those in the wall zone at Ug 5
2 cm/s, where the central stream of large bubbles does not

Figure 5. The radial profile of (a) local gas holdup and (b) specific interfacial area (Sparger No. 2, z/D 5 5.1).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Table 2. Specifications of the Sparger Configurations

Sparger
(No.)

Number
of Holes
(NH)

Diameter of
Holes (DH)

(mm) Hole Pattern
Open

Area (%)

1 4 2.54 25.4 mm off center,
facing downwards

0.100

2 163 0.50 10-mm triangle pitch 0.156
3 163 1.32 10-mm triangle pitch 1.09
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Figure 6. The (a) radial profile of mean bubble velocity and (b) its change with Ug (Sparger No. 2, z/D 5 5.1) (posi-
tive values mean bubbles moving upward and negative values mean bubbles moving downward).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 7. Bubble velocity distribution in the wall region at different superficial gas velocities (z/D5 5.1, Sparger No. 2).

(a) Ug 5 2 cm/s; (b) Ug 5 8 cm/s; (c) Ug 5 60 cm/s. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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exist, and at Ug 5 8 cm/s, where the liquid recirculation is
present, however, the number of large bubbles in the central
stream is still small. This is in agreement with the findings
of Mudde et al.8 and of Mudde and Saito9 who reported sig-
nificant liquid circulation for the range of Ug ; 2 to 6 cm/s.
When Ug � 14 cm/s, the mean and standard deviation of the
bubble chord length distribution in the column center are
much larger than those in the wall zone due to the assembly
of large bubbles in the central bubble stream. In the column
center, the mean bubble chord length increases with Ug when Ug

� 30 cm/s and decreases slightly with Ug when Ug � 30 cm/s

(Figure 10a); the standard deviation increases quickly
between Ug 5 8 cm/s and Ug 5 30 cm/s and decreases
slightly with Ug when Ug � 30 cm/s. This is because in the
transition flow regime and churn-turbulent flow regime, bub-
bles break and coalesce, and the number of both large and
small bubbles increases and the bubble size distribution
spreads wider than the relatively uniform bubble size distri-
bution in bubbly flow. In the churn-turbulent flow regime,
the increase in the number of small bubbles is faster than
that of large bubbles, and hence, the mean bubble chord
length decreases slightly with Ug. In the wall zone, the mean

Figure 8. Bubble velocity distribution at different superficial gas velocities (r/R 5 0, z/D 5 5.1, Sparger No. 2).

(a) Ug 5 2 cm/s; (b) Ug 5 8 cm/s; (c) Ug 5 14 cm/s; (d) Ug 5 60 cm/s. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

Figure 9. Bubble chord length distribution at different superficial gas velocities (Sparger No. 2, z/D 5 5.1).

(a) r/R 5 0; (b) r/R 5 20.9. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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bubble chord length increases with Ug when Ug � 8 cm/s
and decreases somewhat with Ug when Ug � 8 cm/s. The
standard deviation keeps increasing with Ug in the range Ug

5 2–60 cm/s, but the rate of increase is much slower than
that in the column center. This is also the consequence of
the fact that the large bubbles gather in the column center,
and mainly small bubbles exist in the wall zone of the
column.

Figure 11 shows the bubble velocity distribution and bub-
ble chord length distribution at radial position r/R 5 0,
20.3, 20.6, and 20.9. Because of the observation that the
shape of the distributions at symmetric radial positions, for
example, r/R 5 0.3 and r/R 5 20.3, are approximate to

each other, the following discussions are valid for both sides
in the column. It can be seen from Figure 11a that the per-
centage of bubbles moving downward increases from the col-
umn center to the wall zone; in the core of the column the
change is slow, and bubbles moving upward are in the ma-
jority, whereas in the wall zone bubbles moving downward
predominate. Since bubbles move with the liquid flow, this
phenomenon is corroborated by research findings on liquid
recirculation in bubble columns, which shows that the transi-
tion from upflow to downflow for the liquid recirculation
happens at r/R 5 0.6–0.7.3 As shown in Figure 11b, the bub-
ble chord length distributions in the core of the column are
alike in shape. A sudden change happens within the wall
zone where the percentage of small bubble chord lengths

Figure 10. The (a) mean and (b) standard deviation of
the bubble chord length distribution at dif-
ferent superficial gas velocities.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 11. (a) Bubble velocity and (b) bubble chord
length distribution at different radial posi-
tions (Sparger No. 2, Ug 5 60 cm/s, z/D 5
5.1).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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increases greatly because mainly small bubbles exist in the
wall zone of the column. Hence, it can be concluded that in
churn-turbulent flow in the core of the column (r/R \ 0.6 in
this study) the shape of the bubble velocity and bubble chord
length distributions are alike, while in the wall zone they are
very different from those in the core of the column.

Figure 12 shows the relationship between the bubble ve-
locity and the bubble chord length in the center of the col-
umn at different Ug. It should be noted that the bubble veloc-
ity is the sum of the liquid velocity and the bubble’s slip ve-
locity since bubbles move with the liquid flow in bubble
columns. In other words, bubble size is not the only factor
that affects the bubble velocity. In churn-turbulent flow, it is
not even the decisive factor. Therefore, the bubble velocity
increases with bubble size and it is much higher in churn-tur-
bulent flow than in bubbly flow. It is noteworthy that we
measured chord length, not bubble size, and the relationship

between bubble velocity and chord length could be more
complex than that between bubble velocity and size. It is evi-
dent that in churn-turbulent flow, the velocity of a portion of
small chord length bubbles is as high as that for large bub-
bles (Figure 12d). This implies that the high velocity at small
chord lengths is not necessarily due to small bubbles, but
may be caused by large bubbles pierced at the side. In addi-
tion, many small bubbles exist in the wake of large bubbles
and they move with the large bubbles. In a few cases, large
bubbles have relatively low velocity. One possible reason is
that large bubbles tend to vibrate seriously during movement,
and if the probe hits the part of a large bubble that is vibrat-
ing in the opposite direction to the bubble velocity vector,
then the velocity detected by the probe will be much lower
than the real velocity of the bubble. Besides, the flow field in
bubble columns is very complicated and it can affect the
bubble velocity significantly. For example, a down flow liq-

Figure 12. Bubble velocity vs. bubble chord length (z/D 5 5.1, r/R 5 0).

(a) Ug 5 2 cm/s; (b) Ug 5 8 cm/s; (c) Ug 5 14 cm/s; (d) Ug 5 60 cm/s. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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uid stream can temporarily decrease the velocity of some
large bubbles. If such liquid down draft occurs locally at the
time of large bubble arrival at the probe top, the bubble ve-
locity lower than expected based on its chord length will be
detected.

The effect of spargers

It has been reported that the configuration of the sparger,
for example, the number and size of the orifices, affects the
generation of bubbles and subsequently may affect the hydro-
dynamics in bubble columns.10–12 As shown in Figure 4 and
detailed in Table 2, three spargers were used in this study: a
cross sparger (Sparger No. 1), a perforated plate with 0.15%
open area (Sparger No. 2), and a perforated plate with 1.0%
open area (Sparger No. 3).

It was found that, in the sparger zone (z/D 5 1.7), at fixed
superficial gas velocity the bubble frequency increased in the
order of Sparger No. 1, Sparger No. 3, and Sparger No. 2, as
shown in Figure 13. Sparger No. 1 and No. 3, which are
totally different in their hole numbers, hole sizes, and hole
distributions, generate bubbles of relatively similar proper-
ties, for example, bubble frequency.

Figure 14 shows the bubble chord length distributions in the
column center in the sparger zone (z/D 5 1.7) for the three
spargers. The distributions for Sparger No. 1 and No. 3 are
again alike except for the fact that Sparger No. 3 produced an
additional peak at small values of bubble chord length. The
bubble chord length distribution for Sparger No. 2 has a higher
probability density at small values of chord length. The mean
bubble chord length and standard deviation of the bubble

Figure 14. Sparger effect on (a) bubble chord length distribution, (b) mean bubble chord length, and (c) local gas
holdup (30 cm/s, z/D 5 1.7, r/R 5 0).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 13. Sparger effect on bubble frequency in the
sparger zone (z/D 5 1.7, Ug 5 30 cm/s).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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chord length distributions decreases in the order of Sparger
No. 1, Sparger No. 3, and Sparger No. 2 (Figure 14b). Conse-
quently, the local gas holdup at z/D 5 1.7 increases in the
same order, that is, Sparger No. 2 produced the highest local
gas holdup and Sparger No. 1 and No. 3 gave almost the same
gas holdup, as shown in Figure 14c.

Some correlations have been developed for the estimation
of the initial bubble size at the sparger.13–15 The estimated
initial bubble sizes based on these predictions are listed in

Table 3.3 Obviously, the initial bubble size by the prediction
of Ellenberger and Krishna13 is too large. The initial bubble
sizes predicted by Leibson et al.14 and Wallis15 are of the
same order of magnitude as the mean bubble chord length
obtained by the four-point probe. Although the bubble size
increases with axial position in the sparger zone due to bub-
ble coalescence so that the bubble size at the measuring posi-
tion of the probe (z/D 5 1.7) is larger than at the sparger,
the bubble size predicted by the proposition of Wallis15 for

Table 3. Comparison of the Predicted Initial Bubble Size and Mean Bubble Chord Length
Obtained by the Four-Point Optical Probe

Sparger P (MPa) Ug (cm/s)

Initial Bubble Size (cm)
Mean Chord Length by

Probe* (cm)

Ellenberger and Krishna13 Leibson et al.14 Wallis15 r/R 5 0 r/R 5 20.9

1 0.1 30 14.3 0.41 0.52 0.731 0.357
2 0.1 30 3.25 0.42 0.1 0.582 0.265
3 0.1 30 3.25 0.48 0.25 0.659 0.368

*In the sparger zone, z/D 5 1.7.

Figure 15. Sparger effect on bubble velocity distribution and mean bubble velocity (30 cm/s, z/D 5 1.7).

(a) r/R 5 0; (b) r/R 5 20.9; (c) r/R 5 0.9; (d) mean bubble velocity. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Sparger No. 2 and No. 3 still seems to be too small. Further-
more, the initial bubble size increases in the order of Sparger
No. 1, No. 2, and No. 3 according to the prediction of Leib-
son et al.,14 whereas the mean bubble chord length obtained
by the probe (r/R 5 0) increases in the order of Sparger No.
2, No. 3, and No. 1. Hence, the initial bubble size estimated
by these predictions does not fit the experimental results in
this study very well.

The bubble velocity distributions in the sparger zone for
different spargers are shown in Figure 15. It was found that
Sparger No. 1 and No. 3 generated approximately the same
bubble velocity distribution at different radial positions in the
sparger zone (Figures 15a–c). Sparger No. 2 generated more
bubbles moving downward in the wall zone, especially at r/R
5 20.9 (Figure 15b). This is also clear from the radial pro-
files of the mean bubble velocity for different spargers
(Figure 15d), where it can be seen that, for the three spargers
used, the mean bubble velocity for sparger No. 2 is the
smallest in the wall zone.

Figure 16. Sparger effect on specific interfacial area
(30 cm/s, z/D 5 1.7).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 17. Bubble properties at z/D 5 5.1 for different spargers.

(a) Gas holdup; (b) bubble frequency; (c) mean bubble velocity; (d) specific interfacial area. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Sparger No. 2 also produced a higher specific interfacial
area in the sparger zone than the other two spargers, as
shown in Figure 16. This is in agreement with the radial pro-
files of the local gas holdup (Figure 14c) and bubble
frequency (Figure 13), due to the correlation of these three
variables.

Earlier by c ray CT and CARPT experiments, Ong3 found
that deep in the churn-turbulent flow regime (Ug � 30 cm/s)
at atmospheric pressure the effect of the sparger on the radial
gas holdup profile and liquid recirculation in the fully devel-
oped region (z/D � 5.5) is minor. The sparger effect on bub-
ble properties in the fully developed region obtained by the
four-point probe is shown in Figure 17. It can be seen that at
atmospheric pressure, the sparger effect on the radial profile
of gas holdup, bubble frequency, mean bubble velocity, and
specific interfacial area is small at z/D 5 5.1. The exception
is noted in the wall zone for mean bubble velocity and may
be caused by the existence of coherent structures,5 which
makes the flow field in the wall zone asymmetric and causes
frequent changes in the flow direction. In other words, the ra-
dial profiles of the bubble frequency, the mean bubble veloc-
ity, and the specific interfacial area for the three spargers fol-
low the same trend as the gas holdup profiles. Hence, the
sparger effect disappeared with an increase in the axial posi-
tion in the bubble column, and it was not significant at z/D
[ 5.1 in this study.

The effect of axial position on bubble properties

For the operating conditions employed in this study, the
mean bubble velocity profile did not change much with axial
position, except at low gas velocity (Ug 5 2 cm/s, shown in
Figure 18). At Ug 5 2 cm/s, the mean bubble velocity in the
lower zone of the bubble column (z/D 5 1.7) was higher
than that in the upper zone. This is possibly due to the large
initial momentum of the bubbles jetting from the sparger and
the lack of liquid recirculation at low gas velocity. This was
not true when Ug � 8 cm/s, that is, in the transition and
churn-turbulent region, where the mean bubble velocity in
the core of the column did not change much with axial posi-
tion. This means that in the transition and churn-turbulent re-
gime the mean bubble velocity profile developed very fast in
the axial direction; in other words, the sparger zone for the
mean bubble velocity profile is small. In the wall zone, the
mean bubble velocity was different at different axial posi-
tions in both bubbly flow and churn-turbulent flow. This was
due to the complexity of the flow field (i.e., the flow direc-
tion changed with time) and due to the existence of flow
cells.5

Conclusions

The four-point optical probe performed efficiently both in
bubbly flow and in highly churn-turbulent flow. Bubble prop-
erties (local gas holdup, chord length, velocity, specific inter-
facial area, and frequency) at these conditions in a 6.4-in. di-
ameter bubble column were measured for the first time.

In bubbly flow, the radial profiles of specific interfacial
area, bubble frequency, and mean bubble velocity are all flat.
With an increase in superficial gas velocity, Ug, these profiles

became more parabolic in shape. In the column center, the
bubble chord length distribution spreads wider with an
increase in Ug. The mean bubble chord length increases with
Ug until it is in deep churn-turbulent flow and then remains
almost identical with Ug. In the wall region, the bubble chord
length distribution does not change much with Ug. The mean
bubble chord length in the wall region is much smaller than
that in the column center, and it increases mildly with Ug

between the bubbly flow and the transition flow regime, then
decrease slightly with Ug.

At very low gas velocity, for example, 2 cm/s, all bubbles
move upward in bubble column. In churn-turbulent flow (Ug

[ 8 cm/s), some bubbles move downward even in the col-
umn center. In the wall region, the number of bubbles mov-
ing downward is equal to or even larger than that of bubbles
moving upward. The percentage of bubbles moving down-
ward increases slowly with Ug in both the wall region and in
the core of the column.

Figure 18. Mean bubble velocity profile at different
axial positions (Sparger No. 2, 0.1 MPa).

(a) Ug 5 2 cm/s; (b) Ug 5 30 cm/s. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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In bubbly flow, the bubble velocity distribution and bubble
chord length distribution are alike at different radial positions,
including in the wall region. In churn-turbulent flow, in the
core of the column the bubble velocity and chord length distri-
butions are alike at different radial position, but in the wall
region they are very different from the core of the column.

Two of the three spargers used in this study, that is, Sparger
No. 1 and No. 3, generated similar bubble properties at the
operating conditions employed, although their configurations
are totally different. Sparger No. 2 generates somewhat differ-
ent bubble properties than the other two spargers, though not
to a significant extent. The sparger effect disappears with an
increase in the axial position in bubble column at z/D[ 5.1.
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