
Missouri University of Science and Technology Missouri University of Science and Technology 

Scholars' Mine Scholars' Mine 

Chemical and Biochemical Engineering Faculty 
Research & Creative Works 

Linda and Bipin Doshi Department of Chemical 
and Biochemical Engineering 

01 Jul 1999 

Comparative Hydrodynamics Study in a Bubble Column using Comparative Hydrodynamics Study in a Bubble Column using 

Computer-Automated Radioactive Particle Tracking Computer-Automated Radioactive Particle Tracking 

(CARPT)/computed Tomography (CT) and Particle Image (CARPT)/computed Tomography (CT) and Particle Image 

Velocimetry (PIV) Velocimetry (PIV) 

Jinwen Chen 

Abdenour Kemoun 

Muthanna H. Al-Dahhan 
Missouri University of Science and Technology, aldahhanm@mst.edu 

Milorad P. Duduković 

et. al. For a complete list of authors, see https://scholarsmine.mst.edu/che_bioeng_facwork/1376 

Follow this and additional works at: https://scholarsmine.mst.edu/che_bioeng_facwork 

 Part of the Biochemical and Biomolecular Engineering Commons 

Recommended Citation Recommended Citation 
J. Chen et al., "Comparative Hydrodynamics Study in a Bubble Column using Computer-Automated 
Radioactive Particle Tracking (CARPT)/computed Tomography (CT) and Particle Image Velocimetry 
(PIV)," Chemical Engineering Science, vol. 54, no. 13 thru 14, pp. 2199 - 2207, Elsevier, Jul 1999. 
The definitive version is available at https://doi.org/10.1016/S0009-2509(98)00349-2 

This Article - Journal is brought to you for free and open access by Scholars' Mine. It has been accepted for 
inclusion in Chemical and Biochemical Engineering Faculty Research & Creative Works by an authorized 
administrator of Scholars' Mine. This work is protected by U. S. Copyright Law. Unauthorized use including 
reproduction for redistribution requires the permission of the copyright holder. For more information, please 
contact scholarsmine@mst.edu. 

http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/che_bioeng_facwork
https://scholarsmine.mst.edu/che_bioeng_facwork
https://scholarsmine.mst.edu/che_bioeng
https://scholarsmine.mst.edu/che_bioeng
https://scholarsmine.mst.edu/che_bioeng_facwork/1376
https://scholarsmine.mst.edu/che_bioeng_facwork?utm_source=scholarsmine.mst.edu%2Fche_bioeng_facwork%2F1376&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/241?utm_source=scholarsmine.mst.edu%2Fche_bioeng_facwork%2F1376&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1016/S0009-2509(98)00349-2
mailto:scholarsmine@mst.edu


*Corresponding author. Tel.: 001-314-935-7187; fax: (314)-935-4832;
e-mail: muthanna @ wuche.wustl.edu.

1Paper presented at the 15th International Symposium on Chemical
Reaction Engineering, Newport Beach, CA, September 13}16, 1998.

Chemical Engineering Science 54 (1999) 2199}2207

Comparative hydrodynamics study in a bubble column using
computer-automated radioactive particle tracking

(CARPT)/computed tomography (CT) and particle image velocimetry
(PIV)1
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D.J. Lee", Liang-Shih Fan"

! Chemical Reaction Engineering Laboratory, Washington University in St. Louis, One Brookings Drive, St. Louis, MO 63130, USA
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Abstract

The hydrodynamics of a 10-cm-diameter cylindrical bubble column at the super"cial gas velocity of 2, 4, and 8 cm/s are investigated
by computer-automated radioactive particle tracking (CARPT), particle image velocimetry (PIV), and computed tomography (CT).
These experimental techniques are capable of providing the knowledge of velocity and holdup "elds in a bubble column system, which
are essential as the experimental benchmark for modeling of such systems. The #ow "eld of liquid phase, as well as the Reynolds
stresses, obtained by CARPT and PIV in an air}water system are compared in detail. The results indicate that CARPT and PIV
complement each other well. Further, the pro"le of gas holdup obtained by gamma ray based on CT compares favorably to the
independently determined holdup. ( 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Bubble column reactors are used in diverse applica-
tions such as absorption, catalytic reaction, bioreaction,
and coal liquefaction (Fan, 1989). The hydrodynamics in
bubble columns have been extensively studied over the
past few decades. In recent years, the development of
advanced instrumentation techniques enlightened the ex-
perimental quanti"cation of local and overall global #ow
patterns including time averaged axial and radial vel-
ocities, as well as of turbulent parameters, and phase
distributions. Many advanced techniques and methods
have been reported for probing the details of the #ow
"eld in bubble column systems. Among such advanced

techniques, computer automated radioactive particle
tracking (CARPT) (Devanathan et al., 1990; Moslemian
et al., 1992; Yang et al., 1993; Degaleesan, 1997), com-
puted tomography (CT) (Kumar, 1994; Kumar et al.,
1995, 1997), particle image velocimetry, (PIV) (Chen and
Fan, 1992; Reese et al., 1993; Chen et al., 1994; Hassan
et al., 1998), hot-"lm anemometry (HFA) (Franz et al.,
1984; Menzel et al., 1990), and laser doppler anemometry
(LDA) (Franz et al., 1984; Groen et al., 1996; Mudde et
al., 1997a) have shown their capability of exploring multi-
phase #ow systems.

The non-invasive CARPT and CT techniques have
been successfully used to measure velocities, turbulent
parameters, and holdup distributions throughout the
column in multiphase systems (Larachi et al., 1997). Es-
pecially, the CARPT and CT techniques are uniquely
suited for opaque systems, i.e. systems with large volume
fraction of the dispersed phase (the gas phase in bubble
columns) as well as in large diameter columns (up to 18 in
so far), in which laser (or light) cannot penetrate due to
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the scattering caused by bubbles. In CARPT, to investi-
gate the liquid #ow, the instantaneous position of a single
radioactive particle, which is neutrally buoyant, is con-
tinuously monitored with the help of up to 32 scintilla-
tion detectors around the column. Furthermore, the
solids motion in a multiphase system can be studied by
matching the size and density of the radioactive particle
with solid particles. Using the CARPT technique, Lin
et al. (1985) were able to study the solids motion in
a gas}solid #uidized bed. The liquid motion in gas}liquid
bubble columns has been investigated by Devanathan
et al. (1990), Moslemian et al. (1992), Yang et al. (1992),
and Degaleesan (1997). Furthermore, the solids motion
in liquid}solid and gas}liquid}solid #uidized beds has
been determined by Limtrakul (1996) and Roy et al.
(1997) with the help of the CARPT technique. The
CARPT technique provides Lagrangian information
throughout the column.

Computed tomography (CT), in the Chemical Reac-
tion Engineering Laboratory (CREL) at Washington
University, relies on a hard encapsulated gamma ray
source (100 mCi 137Cs source), and a fan beam of col-
limated sodium iodide detectors to obtain projections
across an entire cross-section of the column. The inver-
sion of the scan produces a time-averaged holdup distri-
bution over the cross-section.

The non-invasive PIV technique has the ability to
quantify the instantaneous #ow "eld, as well as the time-
averaged #ow patterns (Chen and Fan, 1992; Chen et al.,
1994; Mudde et al., 1997b) in selected planes of the
column. It can also assess the coupling e!ects of the #ow
"eld that may be lost when using point measurement
techniques. Chen et al. (1994) studied the instantaneous
#ow phenomena of a bubble column using #ow visualiz-
ation and the PIV system. Through the use of the PIV
system, they demonstrated that the averaged #ow "eld
could not represent the instantaneous macroscopic phe-
nomena, such as &&swirling'' or &&swing'' motion when the
#ow information was averaged. Mudde et al. (1997b)
studied the hydrodynamics of 2-D bubble columns. The
velocity and Reynolds stress pro"les were obtained and
discussed in relation to large-scale structures present in
the #ow, such as the vortical structure and the structure
of the fast bubble #ow region.

In this study, the #ow information of a 10.2 cm bubble
column in both temporal and spatial scales is obtained
by the two techniques, CARPT and PIV, in independent
experiments, and the results are compared in detail. The
same con"guration of the bubble column and the same
operating conditions are used in the independent experi-
ments. Such a comparative study is necessary to verify
the techniques and provide quantitative information on
the #uid dynamics of bubble column systems. Further-
more, reliable hydrodynamic information is essential for
development and veri"cation of computational #uid
dynamics model.

2. Experimental

2.1. Experimental conditions

The same con"guration of bubble column and the
same operating conditions are used in the CARPT, PIV,
and CT experiments. A cylindrical column is made of
Plexiglas and the dimension of the column is 10.2 cm
inner diameter and 180 cm height. Compressed air and
tap water is used as the gas and liquid phases, respective-
ly. It should be noted that the tap water used in the two
experiments is not quite the same in terms of the contents
of impurities and surfactants. The liquid phase is oper-
ated under batch conditions, and the static liquid height
is kept constant at 130 cm. The #ow rate of compressed
air is measured by a rotameter. A perforated plate is
located between the bottom #ange of the column and the
plenum. The gas phase is distributed into the column by
the perforated plate with 94 holes of 0.5 mm in diameter,
which yields the opening area of 0.23%. The super"cial
gas velocities of 1.9, 4.0, and 8.0 cm/s measured at ambi-
ent condition are used in this study.

2.2. CARPT facility

Details about the software and hardware used for
CARPT can be found in Devanathan (1991). In this
study, a number of radioactive Scandium-46 (46Sc) par-
ticles of 0.02 mm diameter and 2.89 g/cm3 density emit-
ting gamma rays of constant energy at 0.89 and
1.12 MeV are embedded into a polypropylene particle
with a diameter of about 2.38 mm. The total strength of
the radioactive particles is about 200 lCi. In order to
match the density of the liquid phase, an air void is
created inside the polypropylene particle (a hole of 2 mm
diameter and 2 mm depth is made inside the polypropy-
lene particle) so that the density of the composite (scan-
dium}polypropylene}air) is equal to the density of the
liquid phase being tracked.

The intensity of the gamma rays emitted by the tracer
particle is continuously monitored by an array of 24 NaI
(Tl) scintillation detectors of 5 cm diameter, which are
strategically located around the column. To determine
the exact position of the tracer particle at each instant in
time, calibrations are performed for each detector, pro-
viding a relationship between the distance from the de-
tector to the particle and the intensity count received by
the detector. Using the calibration information and the
intensities of radiation received by detectors at each
sampling period (sampling frequency"50 Hz), the in-
stantaneous position of the particle is calculated. For
calculation purposes, the whole column is divided into
"ctitious cells. An instantaneous velocity is obtained by
time di!erentiation of particle position data and is as-
signed to a cell that contains the mean particle position
between two successive locations. Ensemble-averaged
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Fig. 1. Time and azimuthally averaged axial velocities obtained by
CARPT.

velocities and other turbulence quantities are calculated
for all column locations upon running the experiment for
over 20 h. The accuracy of the CARPT technique is
described by Degaleesan (1997) and Larachi et al. (1997).

2.3. CT scanner

The CT scanner in CREL uses the third-generation
fan-beam scanning con"guration. The details of the
hardware and software have been described in Kumar
(1994) and Kumar et al. (1995, 1997). The con"guration
of the scanner consists of an array of NaI (Tl) detectors of
5 cm diameter (three detectors are used for the present
study), and an encapsulated 100 mCi 137Cs source
located opposite to the center of the array of detectors.
The detectors and the source are mounted on a plate,
which can be rotated around the axis of the column by
a step motor controlled through a microprocessor.
Moreover, the whole assembly can be moved up and
down along the column to scan di!erent axial levels of
the column. The source collimator provides a fan beam
of 403 in a horizontal plane. There are rectangular holes
of 0.5]1.0 cm at locations appropriate to each of the
detectors for sampling the beams. The dimensions of the
collimator are optimized based on considerations for
providing adequate areas for detecting photons with
good statistics in the chosen sampling time (Kumar,
1994). This design of the CT scanner yields a spatial
resolution of 0.35 and 1 cm in horizontal and vertical
directions, respectively.

2.4. PIV facility

A high-resolution (512]480 pixels) and high-framing
rate (240 "elds per second) CCD (charge-coupled device)
equipped with a variable electronic shutter ranging from
1/60 to 1/20000 s is used to record the image of the #ow
"eld. The #ow "eld is illuminated by a laser sheeting
technique. A 4W argon ion laser system is used as the
laser source, which is operated in a continuous mode,
and a laser sheet of 3}5 mm thickness is created through
the use of a cylindrical lens. A high-capacity (256 MB
on-board memory) frame grabber with 40 MHz pixel
clock is used to digitize the analog output from the
high-resolution/high-framing rate CCD array. The high-
framing rate camera is also connected to the high-speed
video recorder to store the images for further studies.

The image processing occurs in "ve steps: (1) image
acquisition, (2) image enhancement, (3) particle identi-
"cation and calculation of the centroids, (4) discrimina-
tion of the particle images between the two phases, and
(5) matching of the particles in three consecutive video
"elds and calculation of the velocity. The PIV technique
used here operates at low seeding densities (typically
a few particles per cm2 viewed), and utilizes a
particle-tracking algorithm to determine the velocity

"elds. Additional details regarding the PIV setup and
data processing can be found elsewhere (Chen and Fan,
1992; Chen et al., 1994).

3. Results and discussion

3.1. Typical results obtained by CARPT and CT

As already mentioned, from the CARPT experiments,
ensemble-averaged liquid recirculation velocities and
turbulence quantities can be calculated for all column
locations in a bubble column. Fig. 1 displays the typical
results of azimuthally averaged radial pro"les of the axial
liquid velocity obtained from the CARPT experiments at
the axial level between 72 and 82 cm from the distributor.
It is clear from Fig. 1 that, in the time-averaged sense, the
liquid #ows up in the center and #ows down near the
wall. This #ow pattern has been observed by many inves-
tigators in bubble columns (Hills, 1974; Franz et al., 1984;
Devanathan et al., 1990; Chen et al., 1994; Menzel et al.,
1990; Mudde et al., 1997a). The axial velocity inversion
point is at r/R"0.64 for all the three super"cial gas
velocities.

From the CT scans, the time-averaged cross-sectional
gas holdup distributions can be reconstructed at di!erent
axial locations. The radial gas holdup pro"les can be
calculated by azimuthal averaging. Fig. 2 shows the
radial cross-sectional gas holdup distribution at an axial
distance of 73.4 cm from the distributor at the super"cial
gas velocity of 8 cm/s. The gas holdup is high in the
center and low near the column wall. The same trend was
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Fig. 2. Cross-sectional gas holdup distribution.

Fig. 3. Location of the laser sheet in the PIV experiments.

Fig. 4. Averaged velocity pro"les obtained by PIV for Plane 1 at ;
g

"1.9 cm/s.

observed in other bubble columns of di!erent diameters
(Kumar, 1994; Kumar et al., 1995, 1996).

3.2. Typical results obtained by PIV

The positions of the laser sheet used in the PIV experi-
ments are shown in Fig. 3. The averaged pro"les of the
velocity and stresses are obtained by analyzing at least
830 "elds. For such a vector "eld, the averaged velocities
are computed in vertical strips with a height equal to the
"eld of view. The size of the "eld of view is 14.5 cm
horizontally and 11 cm vertically at the super"cial gas
velocity of 1.9 cm/s, and 9.9 cm horizontally and 7.7 cm
vertically at the super"cial gas velocities of 4.0 and
8.0 cm/s, respectively. The averaged pro"les obtained are
veri"ed to ensure that the pro"les do not change signi"-
cantly when the number of "elds is increased. This is
particularly important for the vertical velocity compon-
ent. Fig. 4 shows the averaged axial, v, and radial velo-
city, u, pro"les obtained at the gas velocity of 1.9 cm/s
along Plane 1 at the axial elevation of 72.4 cm from the
distributor. Note that the radial velocities are positive on
left-hand side and negative on the right-hand side in the
rectangular coordinate system, i.e. they are all pointing
towards the center of the column. The same trend of the
horizontal velocity was observed and discussed in detail
by Mudde et al. (1997b). The gross scale circulation is
similar to that obtained by CARPT. The pro"les are the
result of averaging the instantaneous swirling motion of
the liquid following the central bubble stream and the
related structures present in the #ow.

For the super"cial gas velocities of 4.0 and 8.0 cm/s,
the data is obtained along Plane 2 and the time series of
900 consecutive vector "elds are constructed for the verti-
cal (axial) liquid velocity, v, over 9 by 7 grids. The time
between two vector "elds is 1/120 s. In the time series for
the vertical liquid velocity, v, as shown in Fig. 5, the
vortical structures are evident, i.e. periods of positive and
negative axial velocity alternate. Note that Fig. 5 is ob-
tained from the grid (4, 4) where (1, 1) represents the grid
at the lower-left corner. The magnitude of velocity #uctu-
ations increases with increased super"cial gas velocity.

2202 J. Chen et al. /Chemical Engineering Science 54 (1999) 2199}2207



Fig. 6. Compartment con"gurations used in PIV (a, b) and CARPT (c, d).

Fig. 5. Time-series of the axial velocity for Plane 2 at ;
g
"4.0 cm/s.

3.3. Comparison of CARPT/C¹ and PI< results

The overall gas holdups measured by the bed expan-
sion in the PIV experiments at the super"cial gas vel-
ocities of 1.9, 4.0, and 8.0 cm/s are 0.095, 0.22, and 0.30,
respectively. In the CT experiments, the gas holdups
corresponding to these three gas velocities are 0.083, 0.18,
and 0.26, respectively. The overall gas holdups measured
by the two techniques are in reasonable agreement. It is
shown that the measurements in the column used in the
PIV experiments show slightly higher gas holdup due to

the properties of the tap water used in the two di!erent
experiments, i.e. smaller uniform bubbles are observed in
the PIV experiments.

At the super"cial gas velocity of 1.9 cm/s, since the
laser sheet in the PIV experiments is only 4 mm in thick-
ness, the horizontal (x-direction) velocity component, u,
can be taken as the radial velocity in that plane. Sim-
ilarly, the axial velocity, v, measured by PIV is compar-
able with the axial velocity measured by CARPT in that
plane. Note that the compartmentalization of the #ow
"eld for velocity calculation is di!erent in PIV and
CARPT. The top view of the compartments used in the
measurement plane for PIV is shown in Fig. 6a and the
side view in Fig. 6b. The top and side view of the CARPT
compartments are shown in Fig. 6c and d, respectively.
For the representation of measurement at Plane 1 in the
PIV experiments, the shaded pie wedge shown in Fig. 6c
is used in the CARPT experiments. The axial and radial
velocities determined by CARPT from the pie wedge in
Fig. 6c are compared with the axial and radial (x-direc-
tion) velocities of the PIV measurements at Plane 1,
respectively.

At the super"cial gas velocities of 4.0 and 8.0 cm/s, the
laser sheet in the PIV experiments is located at r/R
"0.75 (Fig. 3). Note that the penetration of the laser
sheet is limited by the high gas holdup, and consequently,
at the super"cial gas velocity of 4.0 cm/s (gas holdup
"22%) or higher, the #ow "eld at the center of the
column (Plane 1) is di$cult to obtain. The velocities
measured by CARPT and PIV are compared by recal-
culating the horizontal and vertical velocity components
in CARPT. Instead of calculating r, h, z velocity compo-
nents in the cylindrical coordinates, the horizontal

J. Chen et al. /Chemical Engineering Science 54 (1999) 2199}2207 2203



Fig. 7. Comparison of axial and radial velocities obtained by CARPT
and PIV (a) for Plane 1 at;

g
"1.9 cm/s and (b) for Plane 2 at;

g
"4.0

cm/s.

(x-direction) and vertical (y-direction) velocities are
obtained in the CARPT experiments. From particle tra-
jectories in the CARPT experiments, the three velocity
components (u, v, and w) can be obtained by dividing the
displacements over two consecutive tracer positions in
the three coordinates (*x, *y, and *z) by a time step (the
reverse of sampling frequency), respectively. Note
that the z-direction is not the vertical direction but the
direction in the horizontal plane perpendicular to the
x-direction.

As mentioned earlier, CARPT collects the data over
20 h for a run. In each compartment, the tracer particle
occurrence is about 400 times, leading to the particle
occurrence density of 100}500 times/cm3. The PIV re-
sults for ;

g
"1.9 cm/s are averaged over 832 "elds. The

results are obtained by analyzing many sets of four con-
secutive "elds at the sampling frequency of 240 Hz, which
are randomly grabbed from the images acquired within
15 min. On the other hand, for the 4.0 and 8.0 cm/s cases,
the PIV results are obtained from 1920 consecutive "elds
(8 s). The particle occurrence density is in the range of
20}1200 times/cm3.

Since CARPT provides the #ow pattern information in
the whole column, and there are no means to identify
which plane in CARPT corresponds to the plane used in
the PIV experiments, an arbitrary plane (slice) is selected
for this study. The choice of the plane is not essential
since it is shown that the velocity pro"le in an arbitrary
plane is not much di!erent from the azimuthally aver-
aged values for the whole column as shown in Fig. 7a.
For comparison, a rectangular coordinate system is de-
"ned as shown in Fig. 3. Note that the y-direction repres-
ents the vertical direction.

Fig. 7a and b displays the axial, v, and the horizontal
(x-direction) liquid velocity, u, at ;

g
"1.9 and 4.0 cm/s,

respectively. At ;
g
"1.9 cm/s, the axial velocity pro"les,

v, measured by CARPT and PIV exhibit the same trend
and the relative di!erence in the center of the column is
about 25%. The inversion point measured by PIV seems
closer to the column wall compared to that indicated by
CARPT. In the CARPT experiment at the gas velocity of
1.9 cm/s, it is observed that the gas bubbles in the column
are not quite uniform being larger in the top part of the
column. On the other hand, in the PIV experiment,
uniform and small size bubbles are observed. This may
have been caused by di!erent water impurities of the tap
water used in the experiment. Slight di!erences that may
exist in the fabrication of the two columns and distribu-
tors could also lead to the di!erence in bubble size
distribution. In the CARPT experiment, the larger bub-
bles lead to the higher axial velocity of the liquid phase in
the center of the column. The horizontal velocity com-
ponent, u, measured by CARPT and PIV is approxi-
mately equal to one another being close to zero in the
middle of the column. However, near the wall region, the
PIV results show relatively high magnitude of the hori-

zontal velocity, u, directed towards the center of the
column, as discussed previously.

The axial velocity determined by CARPT en-
compasses a symmetric pro"le as evident from Fig. 7a.
The velocities measured by CARPT are obtained from
a relatively larger slice of the column and with a higher
number of tracer particle occurrences while the PIV
velocity pro"les are obtained by time averaging in
a smaller section with a lower total number of tracer
particle occurrences. Furthermore, CARPT represents
a long-time averaging (over 20 h) while the PIV informa-
tion is obtained by averaging over relatively shorter time
periods, 15 min at ;

g
"1.9 cm/s and 8 s at ;

g
"4.0 and

8.0 cm/s.
At the super"cial gas velocities of 4.0 and 8.0 cm/s, the

horizontal velocities measured by both CARPT and PIV
are close to zero and show no particular trend as shown
in Fig. 7b. However, a relatively large di!erence is ob-
served between the CARPT and PIV measured axial
liquid velocities, v, although they show the same trend.
The PIV result shows relatively small downward #ow
and detected slight upward #ow near x@"0. Note that
Fig. 7b is obtained from the measurements at Plane 2
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Fig. 8. Comparison of (a) the normal stresses and (b) the shear stress
obtained by CARPT and PIV for Plane 1 at ;

g
"1.9 cm/s.

located at r/R"0.75. The velocity pro"le determined by
CARPT indicates a downward #ow region from r/R
"0.65 to the column wall; hence, at r/R"0.75 in the
plane of measurement, the time-averaged axial velocities
are directed downwards. For ;

g
"8.0 cm/s an even lar-

ger di!erence in time averaged liquid axial velocity as
determined by CARPT and PIV is observed. As men-
tioned earlier, the velocity pro"les for the gas velocities of
4.0 and 8.0 cm/s cases are obtained from 8 s of consecut-
ive images. The time-series of the axial velocity in Fig. 5
indicates a dominant frequency of 0.5 Hz. Apparently,
the sampling time of 8 s is not su$cient enough to cap-
ture the ensemble time-average of the low frequency
liquid #ow. It should be noted that at the wall region, the
pro"le of averaged velocity "eld is caused by the swirling
motion of the liquid phase moving downward along the
column.

In the CARPT experiments, the velocities are obtained
by ensemble averaging the tracer velocity and sample all
trajectories of the tracer passing through the zone of
"nite thickness in which velocities are recorded. In con-
trast, the PIV obtains the vector "elds in a plane of
measurement, i.e. they exclusively sample the set
of trajectories that are at any time con"ned to the
plane of measurement. Consequently, the CARPT
measurement yields time-averaged velocity "elds over
a long-time period. On the other hand, the PIV measure-
ment accommodates the instantaneous, full-"eld #ow
structure.

As for the Reynolds stresses, comparisons are shown in
Figs. 8 and 9 at the super"cial gas velocities of 1.9 and
4.0 cm/s, respectively. At ;

g
"1.9 cm/s, as seen in

Fig. 8a, the axial normal stresses measured by the two
methods are of the same order of magnitude, and in the
central part of the column, !0.5(r/R(0.5, reason-
able agreement is observed. However, near the wall re-
gion, di!erent trends are shown with the radial position.
The axial normal stress decreases from the center to the
wall for the PIV result and increases for the CARPT
result. The magnitude of the radial normal stress ob-
tained by PIV is slightly lower than that of the axial
normal stress. In the CARPT measurements, the radial
normal stress shows about one-third of the axial
normal stress as shown in Fig. 8a. In a 60 cm dia-
meter bubble column, Menzel et al. (1990) observed
that the radial turbulence intensity is about half of the
axial turbulence intensity at the super"cial gas velocities
of 2.4 and 7.0 cm/s. Franz et al. (1984) reported
that at the super"cial gas velocity of 1.2 cm/s, the radial
and tangential turbulence intensities are about two-
thirds of that in the axial direction. Their experiments
were conducted in a 15 cm diameter bubble column with
a liquid super"cial velocity of 1.0 cm/s. In bubble col-
umns, the turbulence in radial and tangential direction
signi"cantly contributes to the virtual viscosity and can-
not be neglected.

Fig. 8b shows the comparison of the turbulent shear
stress measured by the two techniques at ;

g
"1.9 cm/s.

Compared to the normal stresses, the shear stress is an
order of magnitude lower. Fig. 8b shows that the shear
stress is close to zero in the center and reaches maximum
magnitude near the #ow inversion point at r/R"0.6.
Menzel et al. (1990) reported a similar pro"le. They
concluded that the shear stress pro"le is directly related
to the averaged axial liquid velocity. The maximum value
of the shear stress is located at the radial position of the
maximum slope of the axial velocity pro"le. In the col-
umn center, where the averaged axial velocity is at the
maximum, the shear stress is zero. A detailed analysis of
the Reynolds stresses in a bubble column is discussed in
Degaleesan (1997) and Mudde et al. (1997b).

At ;
g
"4.0 cm/s, the horizontal normal stresses and

the shear stress determined by PIV and CARPT are in
reasonable agreement, while the PIV measurements
show a relative low axial normal stress comparing with
the CARPT results. The comparisons are shown in
Fig. 9a and b. The lower values of axial normal stresses
may be related to the lower liquid down #ow detected by
PIV as discussed earlier. At ;

g
"8.0 cm/s, the results
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Fig. 9. Comparison of (a) the normal stresses and (b) the shear stress
obtained by CARPT and PIV for Plane 2 at ;

g
"4.0 cm/s.

follow the same trend as at ;
g
"4.0 cm/s with slightly

higher stresses, approximately 25%.

4. Concluding remarks

The velocity "elds and Reynolds stresses obtained by
CARPT and PIV in a 10.2 cm bubble column are com-
pared; furthermore, the gas holdup pro"le is obtained by
CT. The CARPT technique captures the Lagrangian
description of the #ow. It is shown that the CARPT
technique can be used to obtain a reliable ensemble
averaged quantities of the long-time behavior of liquid
#ow "eld in a bubble column. On the other hand, the PIV
technique can accommodate the instantaneous, full-"eld
#ow structure of the liquid phase in a given plane; thus,
the PIV system has the capability of assessing the coup-
ling e!ects of the #ow "eld. Also, the time-series informa-
tion can be obtained to provide valuable characteristics
of #ow structure. The CARPT, PIV, and CT techniques
used together can provide comprehensive insights into
the complex #ow structure of the turbulent two-phase
#ow in bubble columns.
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Notation

r radial position, cm
R radius of column, cm
;

g
super"cial gas velocity, cm/s

u velocity vector in the x-direction (horizontal
direction), cm/s

Su@u@T normal stress in the x-direction (horizontal
direction), cm2/s2

Su@v@T shear stress, cm2/s2
v velocity vector in the y-direction (vertical

direction), cm/s
Sv@v@T normal stress in the y-direction (vertical

direction), cm2/s2
w velocity vector in the z-direction (horizontal

direction perpendicular to the x-direction),
cm/s

x horizontal coordinate, cm
y vertical coordinate, cm
z horizontal coordinate perpendicular to the

x-direction, cm
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