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Gas holdup in a trayed cold-#ow bubble column
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Abstract

An experimental study was performed to investigate the e!ect of sieve trays on the time-averaged gas holdup pro"les and the overall
gas holdup in a cold-#ow bubble column that was scaled-down from a commercial unit. �-ray computed tomography (CT) was used to
scan the column at several axial locations in the presence and absence of trays from which the local variation of the gas holdup was
extracted. The overall gas holdup was also determined using the same con"guration by comparing the expanded and static liquid
heights. Air and water were used as the gas}liquid system. The super"cial gas and liquid velocities were selected to span the range of
the commercial system using gas spargers having multiple lateral distributors that were also scaled-down from the commercial design.
To investigate the impact of sparger hole density on the local and overall gas holdup, two di!erence sparger designs were used in
which the hole density per lateral was varied. The gas hole velocity was maintained constant at ca. 245 m/s, which approached that
used in the commercial reactor. It is shown that the local gas holdup determined by CT is generally higher in the tray down comer
region and exhibits an asymmetric pattern when trays are present. The use of increased sparger hole density at a constant gas
super"cial velocity leads to steeper gradient in the gas holdup near the column centerline and a higher overall gas holdup. These
"ndings suggest that the performance of bubble column reactors for various applications is sensitive to both sparger and tray
design. � 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Stage-wise mass transfer operations, such as distilla-
tion, extraction, absorption, leaching, ion exchange, and
drying, to name a few, typically utilize processing equip-
ment with internals to promote intimate contacting be-
tween the various phases so that phase equilibrium can
be approached for a given stage (cf., King, 1971; Sher-
wood, Pigford & Wilke, 1975). When mass transfer is
accompanied by chemical reaction in a multiphase con-
tactor, the incorporation of internals is generally known
to reduce the overall back mixing of each phase so that
the bene"ts of reactor operation as an ideal cascade can
be approached (Westerterp, van Swaaij & Beenackers,
1987). Besides modifying the microscale and macroscale

*Corresponding author.

#ow patterns of the various phases, the addition of inter-
nals could alter various hydrodynamic and transport
parameters that can potentially impact reactor perfor-
mance, such as #uid holdups, multiphase #ow pressure
drop, phase voidage distributions, local #uid mixing,
interphase mass transfer coe$cients, and interfacial
areas.
The ability to either scale-up new multiphase reactors,

or to analyze the performance of existing ones, is clearly
dependent upon understanding and quantifying local
transport}kinetic interactions, #ow and contacting pat-
terns of the various phases, and how these change with
operating conditions (Dudukovic', Larachi & Mills,
1999). For certain types of more common internals, such
as trays and packing, used in stagedmass transfer contac-
tors, a signi"cant body of literature exists on scale-up
guidelines and methods for estimating hydrodynamic
and transport parameters using empirical correlations
(cf., Fair, 1985; Sloley, 1999). Information on the selection
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Fig. 1. Schematic diagram of the column used for the cold-#ow studies
(all dimensions are given in cm).

and performance of internals in gas}liquid catalytic reac-
tors, such as trickle-beds, bubble columns, and ebullated
beds, is very limited in the open literature. For example,
the use of perforated trays to reduce liquid-phase back
mixing in bubble columns has been summarized by
Deckwer (1992), while gas holdup and pressure drop data
from two di!erent tray designs has also been reported
(Chen, 1986). Most of the information on internals is
usually con"ned to either patent teachings (cf., Nutter,
1995; Resetarits, 1992), or is maintained as company
proprietary knowledge for a speci"c process. Hence,
experimental data on such devices would be useful in
certain multiphase reactor applications, as their
performance is needed for rational selection and design
purposes. With the continuing evolution of advanced
#uid dynamic simulations of multiphase systems
(Dudukovic' et al., 1999; Kuipers & van Swaaij, 1997),
and invention of non-invasive experimental methods for
monitoring of multiphase #ows (Chaouki, Larachi
& Dudukovic', 1997), the development of improved con-
stitutive relationships for more accurate #uid dynamical
predictions in complex geometries will continue to
evolve. Hence, a priori prediction of how various inter-
nals a!ect the multiphase #uid dynamics in the absence
of chemical reaction should eventually become more
reliable. Experimental data that can be used for guiding
the design and scale-up of reactors with the current
state-of-the-art approaches is still required, however.
The primary objective of this work is to perform an

experimental study on the hydrodynamics of a cold-#ow
bubble column reactor with trays that was scaled-down
from a commercial unit, and to compare the results to
those obtained for the empty reactor, i.e., to the identical
unit without any trays. Particular emphasis is placed
upon the e!ect of the sparger design (hole density) and
the trays on the local gas holdup pro"les as measured by
�-ray computed tomography (Kumar, Moslemian
& Dudukovic', 1995) and overall gas holdup as deter-
mined by the fast shuto! of the gas and liquid lines.

2. Cold-6ow unit experimental system

The cold-#ow system is equipped with a column along
with various sub-systems for feeding and controlling the
volumetric #ow rates of air and water. The liquid delivery
system was connected to a centrifugal pump and the
rotameter to control the liquid #ow rate. The liquid was
introduced to the top of the column through a shower-
type distributor that was located about 13.9 cm above
the top tray (Fig. 1). The liquid exited the column bottom
through a plenum, and then #owed into a surge tank.
A second centrifugal pump was used to recycle the liquid
back to the main feed tank. The air was supplied from the
house supply system, which had a delivery pressure of
about 841 kPa. After #owing through a "lter, it was

introduced to a rotameter and then connected to the
sparger.
A schematic of the cold-#ow column design is pro-

vided in Fig. 1. It was constructed of clear acrylic tubing,
and had a nominal diameter of 0.2 m and an overall
height of 2.4 m. The column was divided into four sec-
tions where each section had an overall height of 0.52 m.
Three sieve trays were located between each section. The
top and bottom trays were used to account for entrance
and exit e!ects.
Several ports were installed in the middle stage and

also across the trays so that pressure transducers and
liquid conductivity probes could be inserted for local
measurement of the pressure #uctuations and liquid-
phase tracer concentrations. Another identical column
without these ports was also constructed and used for the
�-ray computed tomography (CT) measurements. The
ports were omitted to reduce the interference of
the nuclear radiation that might otherwise occur during
collection of the tomographic data.
A schematic of the tray design and hole layout is

shown in Fig. 2. The trays were constructed of 6.35 mm
thick acrylic sheet and contained 42 holes having a dia-
meter of 6.35 mm each that were laid out on a triangular
pitch. The down comer occupied about 10% of the total
tray cross-sectional area. The latter was a copy of the one
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Fig. 2. Schematic of the tray design.

Fig. 3. Design of the gas sparger.

Fig. 4. Details on the hole schedule for the gas sparger laterals.

Table 1
Range of operating conditions

Liquid #ow rate (l/s) 0.13}0.41
Gas #ow rate (l/s) 1.98}4.75
Gas velocity through the sparger
holes: sparger �1

;
�
�245.24 m/s at super"cial

gas velocity ;
�
"3.33 cm/s

Gas velocity through the sparger
holes: sparger �2

;
�
�245.24 m/s at

;
�
"16.65 cm/s

Gas and liquid phases Air and water
Liquid super"cial velocity ;

�
(cm/s) 0.4}1.42

Gas super"cial velocity ;
�
(cm/s) 1.6}16.7

used in the commercial system, which was mounted #ush
with the top of the tray.
The dimensions for the column diameter, tray spacing,

tray geometry, and tray hole diameter were determined
by applying scaling principles to a commercial-scale
system. The key concepts that were used included
equality of gas and liquid mass velocities, hydrodynamic
head, tray hole velocity and pressure drop, and
phase residence times on a stage. The details are
omitted for brevity but appeared to provide a reason-
able "rst basis for scale-down of the commercial
system.
The spargers in the cold-#ow unit were scaled down

using operating conditions and mechanical data were
extracted from the commercial-scale sparger design. To
obtain gas mass velocities in the cold-#ow unit that were
in the same range as those used on a given tray in the
commercial system, a gas jet velocity of ca. 180}245 m/s
from each respective sparger hole was required.
Details on the sparger design are shown in Fig. 3. Ten

laterals were welded to the main gas distribution mani-
fold with the lateral lengths being selected so the sparger
"ts into the column with a clearance of 6}12 mm. As
shown in Fig. 4, each lateral was drilled with either 40 or
200 holes with a hole diameter of 350 �m. The total
number of holes in a lateral was varied to maintain
nearly the same gas hole velocity as the gas volumetric
#ow rates were varied from 0.944,2.36, and 4.72 l/s at
STP. The holes were drilled to give an o!set angle of 303
from the vertical and were arranged so that they pointed

downward. The sparger assembly was mounted 0.41 m
below the "rst tray from the bottom of the column. The
gas was introduced to the main sparger supply line
through a 9.5 mm o.d. manifold.
The operating conditions, which were scaled down

from the commercial reactor system, used in this study
are summarized in Table 1.
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Fig. 5. Axial positions of the CT scans.

3. �-ray computed tomography

Computed tomography (CT) was used to determine
the time-averaged cross-sectional variation of the gas
holdup at various axial column locations. The particular
axial positions where CT scans were made are shown in
Fig. 5. These were selected to provide gas holdup pro"les
both above and below the "rst tray, below the second
tray, and halfway between the "rst and second trays. To
assess the e!ect of sparger hole density on the gas holdup
pro"le, the CT scans were performed at levels 2}4 using
the sparger having the lowest hole density (sparger no. 1,
Fig. 4), at a super"cial gas velocity of 3.33 cm/s and
super"cial liquid velocity of 0.44 and 0.88 cm/s, respec-
tively. The CT scans were then repeated at all axial
locations shown in Fig. 5 using the sparger having the
greatest hole density (sparger no. 2, Fig. 4) at
;

�
"16.65 cm/s and ;

�
"0.44 and 1.1 cm/s, respective-

ly. To assess the e!ect of the trays on the local gas holdup
pro"les, the trays were removed and the scans were
repeated at the latter set of conditions as well as
;

�
"0 cm/s corresponding to a batch liquid.
The scanner used here is based upon a third-genera-

tion fan-beam con"guration developed at Washington
University. Details of the hardware and software have
been described in previous work (Kumar et al., 1995;
Kumar, Dudukovic' & Toseland, 1997). The scanner
design consists of an array of NaI (TI) detectors with
a diameter of 5 cm as well as an encapsulated
92 mCi ���Cs source located opposite to the center of the
array of detectors. Five detectors were used for the pres-
ent study, which can cover the whole cross section of the
column. The detectors and the source are mounted on
a plate, which can be rotated around the axis of the
column by a stepping motor that is controlled through
a microprocessor. Moreover, the whole assembly can be
moved in the axial direction along the column to scan

di!erent axial levels of the column. This design of the CT
scanner yields a spatial resolution of ca. 0.35 cm in the
horizontal direction and 1.0 cm in the vertical direction.
The tomographic attenuations were measured along

a number of beam paths through the column from di!er-
ent coordinates. Once a set of attenuation measurements
was completed, the density distribution image was recon-
structed by using a suitable reconstruction algorithm. In
this work, the estimation}maximization (Kumar, 1994)
was used since it has the following advantages: (1) it
accounts for statistical variations associated with radi-
ation measurements; (2) it readily incorporates non-uni-
form beam e!ects; and (3) it ensures that the "nal
reconstruction will contain positive values. To obtain
statistically signi"cant results, and to reduce the e!ect of
position, the CT scans were conducted around the
column using a total scanning time of 2 h.

4. Results and discussion

Both the local and overall gas holdups obtained in the
presence and absence of the trays as determined by CT
and the simultaneous shuto! of the gas and liquid lines
technique are compared in this section for the two di!er-
ent types of sparger designs.

4.1. Computed tomography results

Fig. 6a shows that the gas holdup distribution at level
2, which is 7.62 cm above the "rst tray, is asymmetric.
Fig. 6b shows that when the super"cial liquid velocity is
increased to 1.1 cm/s, the asymmetry is more pro-
nounced. The region of high gas holdup contours show
that the maximum gas holdup at level 2 is ca. 11% at
;

�
"0.44 cm/s (Fig. 6a) and ca. 10.5% at ;

�
"1.1 cm/s

(Fig. 6b).
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Fig. 6. Gas holdup distribution for sparger no. 1 at level 2. Fig. 7. Gas holdup distribution for sparger no. 1 at level 3.

Fig. 7a is similar in concept to Fig. 6a, except it shows
the gas holdup distribution at level 3, which is 25.4 cm
above the "rst tray. The gas holdup distribution between
the trays is now symmetric at both super"cial liquid
velocity of 0.44 and 1.1 cm/s, respectively. This di!ers
from the results in Fig. 6a corresponding to level
2 (7.6 cm above the "rst tray), where the gas holdup
distribution was asymmetric at the same liquid from
rates. Inspection of the gas holdup distribution contours
shows that the maximum gas holdup decreases from
13.3% at ;

�
"0.44 cm/s (Fig. 7a) to 12.1% at

;
�
"1.1 cm/s (Fig. 7b).
Fig. 8 shows the gas holdup distribution at level 4,

which is 6.35 cm below the second tray. A region of
reduced gas holdup occurs in the tray down comer re-
gion. The regions of higher gas holdup are positioned in
the center of the column for ;

�
"0.44 cm/s. This region

of increased gas holdup moves further from the down
comer when the super"cial liquid velocity is increased
from 0.44 to 1.1 cm/s.
The experiments described above, which correspond to

the sparger having a low hole density, were repeated
using the sparger having the highest hole density. The
same super"cial liquid velocities were used (0.44 and
1.1 cm/s, respectively), but the super"cial gas velocity was

increased from 3.3 and 6.6 to 16.6 cm/s so that the same
gas jet velocity was maintained through the sparger
holes. A comparison between the gas holdup pro"les for
the two di!erent spargers shows that at level 1, which is
just 6.35 cm below the "rst tray, the highest gas holdup
occurs in the center of the column at both liquid #ow
rates. The holdup is relatively insensitive as the super"-
cial liquid velocity is increased from 0.44 to 1.1 cm/s at
;

�
"16.6 cm/s, which is the highest rate used. The same

behavior is also noted at level 2, which is 7.62 cm above
the "rst tray, except a region of lower gas holdup occurs
closest to the column wall.
The symmetry of the cross-sectional gas holdup at

level 3 allows the azimuthally time-averaged radial gas
holdup pro"les to be determined. The results are com-
pared in Fig. 9 at various gas and liquid #ow rates. At the
highest super"cial gas velocity (;

�
"6.7 cm/s), the gas

holdup pro"le increases as the super"cial liquid velocity
is increased from ;

�
"0.44 to 1.1 cm/s. At the lowest

super"cial gas velocity used (;
�
"3.3 cm/s), the opposite

behavior occurs, i.e., the gas holdup pro"le decreases
when the liquid #ow rate increases. At level 3 which is
halfway between the two trays, and level 4, which lightly
below the second tray, the gas holdup is relatively insen-
sitive to variations in liquid #ow rate. The region of

A. Kemoun et al. / Chemical Engineering Science 56 (2001) 1197}1205 1201



Fig. 8. Gas holdup distribution for sparger no. 1 at level 4.

Fig. 9. Azimuthally time-averaged radial gas holdup at the middle of
the stage obtained with sparger no. 1.

Fig. 10. Comparison of the gas holdup pro"les at a super"cial gas
velocity ;

�
"16.6 cm/s at various liquid #ow rates in a column with

and without trays.

the lowest gas holdup is in the down corner or slightly
below it.
CT scans were also conducted by removing the trays

to create an open column interior. The super"cial
liquid velocities used were 0 (batch liquid), 0.44 and
1.1 cm/s, while the super"cial gas velocity was set at
;
�
"16.6 cm/s. The scanner was positioned halfway

between the "rst and second trays, which corresponds to
level 3 in Fig. 5.

A comparison between the gas holdup pro"les ob-
tained in the presence and absence of trays is given in
Fig. 10. The CT data for the situation where trays were
removed was "rst processed to evaluate the azimuthally
time-averaged radial gas holdup associated with uniform
bubbles whose diameters were visually estimated to be
about 5}10 mm (upper set of data points). Next, the
azimuthally time-averaged radial gas holdup was also
determined for the experiment associated with the large
bubbles of 30}50 mm bubble sizes that mainly exist in the
center of the column (lowest set of data points). This
di!erence in these two experiments was the result of
di!erent surface tension due to the impurity of the water,
which infected the system as for example one-drop of oil
can generate formation of large bubbles. These large
bubbles rise quickly and lead to a decreased gas holdup.
The gas holdup pro"les obtained for the column with
trays is seen to fall between the gas holdup of the uniform
bubbles and large bubbles. The highest gas holdup for
this case is obtained at the lowest super"cial liquid velo-
city used (0.44 cm/s). The presence of both the uniform
and large bubbles in the empty column suggests that two
di!erent hydrodynamic regimes exist in the same column
due to the purity of the water.
Fig. 10 also shows that the gas holdup pro"les ob-

tained in the empty column without trays are only slight-
ly a!ected by the liquid #ow rate over the range of
super"cial liquid velocities (0, 0.44 and 1.1 cm/s) that
were studied. The gas holdup pro"les for the empty
column have a larger gradient than those obtained in the
column with trays. This "nding suggests that one func-
tion of the trays is to create an obstacle for the uniform
bubbles, and to induce bubble coalescence to produce
some large bubbles. These larger bubbles eventually es-
cape the stage through the down comer and are captured
by the second tray. The #ow visualization also reveals the
appearance of large bubbles that are about 20}30 mm
in diameter in the trayed column. The CT scans also
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Fig. 11. The e!ect of sparger no. 2 hole density on the overall gas
holdup.

Fig. 12. Overall gas holdup using the sparger no. 1.

con"rm that a high concentration of gas exists below the
trays, which seems to induce bubble coalescence.

4.2. Overall gas holdup

The combined e!ects of the sparger hole density, gas
#ow rate, liquid #ow rate, and presence or absence of
sieve trays on the overall gas holdup were determined
using the simultaneous shut-o! of the air, input and
output water lines. The di!erence between the expanded
height (before the shut-o!) and the static height (after the
shut-o!) leads to the overall gas holdup.
It is well accepted that gas sparger design and perfor-

mance can have a signi"cant e!ect on both the local and
overall gas holdups in bubble column reactors. Use
of fundamental mass and momentum conservation
principles to provide detailed a priori predictions of
performance for typical commercial-scale spargers using
computational #uid dynamics is not possible using exist-
ing knowledge. This is mainly due to the existence of
a large number of sparger holes that are typically present
in commercial-scale gas-sparger designs, and di$culties
associated with modeling high velocity, multiple inter-
acting gas jets into a gas}liquid dispersion. Another
complicating feature is that the gas-sparger performance
is also dependent on the column aspect ratio as well as
the liquid physical properties, both of which in#uence
coalescence and breakup of the gas bubbles (Kumar,
1994).
The sparger designs used here were identical except for

the total number of sparger holes, which translates into
a di!erence in the hole density or the number of holes per
unit column cross-sectional area. The total number of
holes per lateral and hole diameter was selected so that
the same gas velocity through the holes could be ob-
tained when the super"cial gas velocity changed from
;

�
"3.3 to 16.6 cm/s. This particular range for the

super"cial gas velocity produced a gas velocity that ap-
proached the commercial system, namely,;

�
"245 m/s.

Fig. 11 compares the e!ect of the number of sparger
holes on the overall gas holdup as a function of the gas
#ow rate at a constant liquid volumetric #ow rate. The
sparger with the greatest number of holes per unit
column cross-sectional area (sparger no. 2) always pro-
vides a larger overall gas holdup over the indicated range
of gas and liquid volumetric #ow rates. The same trend in
the gas holdup was observed at other liquid #ow rates.
For a given sparger, the gas velocity through the sparger
holes was variable owing to the use of variable gas
volumetric #ow rates.
The results for sparger having the lowest density of

holes are shown in Fig. 12. When the super"cial gas
velocity exceeds ;

�
"4.2 cm/s, the overall gas holdup

increases when the super"cial liquid velocity is increased
from;

�
"0.44 to 1.1 cm/s for a "xed value of the super"-

cial gas velocity. However, when the super"cial liquid

velocity is increased further from ;
�
"1.1 to 1.43 cm/s,

the overall gas holdup undergoes a reduction for a "xed
value of the super"cial gas velocity. This behavior could
be due to the formation of larger bubbles by coalescence
of smaller bubbles. It should also be noted that when the
sparger is operated at a super"cial gas velocity of
3.3 cm/s, the gas velocity through the sparger holes is
nearly the same as that used in the commercial unit
(;

�
"245 m/s).
The overall gas holdup data obtained using the spar-

ger having the greatest density of holes per unit cross-
sectional area of the column are illustrated in Fig. 13.
When super"cial gas velocities exceed 4.16 cm/s, the
overall gas holdup decreases as the super"cial liquid
velocity is increased from 0.44 to 0.77 cm/s, and from 1.1
to 1.41 cm/s. However, at a super"cial gas velocity of
;

�
"16.65 cm/s, which translates into a gas hole velocity

for the commercial unit (;
�
"245 m/s) for this particular

sparger hole density, the overall gas holdup slightly
increases when super"cial liquid velocity is increased
from 0.44 to 0.77 cm/s. The overall gas holdup then
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Fig. 13. Overall gas holdup using the sparger no. 2.

decreases slightly when the super"cial liquid velocity is
increased further to 1.41 cm/s.
The CT-based results for the time-averaged cross-sec-

tional gas holdup pro"les that were obtained between
trays 1 and 2 (middle of the stage) with sparger no.
1 show that when ;

�
(5 cm/s, the gas holdup decreases

slightly when the super"cial liquid velocity is increased
from 0.44 to 1.10 cm/s. However, when ;

�
'5 cm/s, the

gas holdup increases when the super"cial liquid velocity
is increased from 0.44 to 1.10 cm/s. This agrees with the
trend for the overall gas holdup that is illustrated in
Fig. 12, which provides some partial con"rmation bet-
ween the two independent experimental methods.
The e!ect of column internals on the overall gas hold-

up was also investigated by removing the trays and
repeating the measurements using identical values for the
super"cial gas and liquid velocities. It was found that the
overall gas holdups were nearly the same, even though
the axial and radial pro"les were not. For the geometry
and conditions studied in this work, this appears to con-
tradict arguments suggesting that the trays reduce bubble
coalescence and produce higher overall gas holdups.

5. Summary and conclusions

An experimental system was developed to study the
local and overall gas holdup in a trayed bubble column
reactor under cold-#ow conditions. Many commercial
bubble column reactors employ trays and other types of
internals to control gas}liquid contacting, but limited
design information is available.
The gas holdup pro"les were determined using �-ray

computed tomography. Measurements were made at dif-
ferent axial locations using two di!erent gas spargers.
The gas holdup pro"les are generally a!ected by the
super"cial velocities of the gas and liquid, the gas sparger
geometry, and the presence or absence of the trays. The
gas holdup distribution can be either symmetric or asym-
metric depending upon various hardware and opera-

tional variables. The gas holdup generally decreases from
the column center toward the column wall, and the
region of higher gas holdup can shift toward the wall
with an increase in the super"cial velocity of the liquid.
The e!ect of the number of sparger holes per lateral on
the gas holdup cannot be neglected and needs to be
carefully considered for a given set of process conditions.
The gas holdup pro"le in bubble column reactors is

a!ected by the presence of internal trays that provide
a staging e!ect, as well as by the sparger design. The use
of available engineering correlations for prediction of gas
holdup can lead to incorrect estimates since they are
based on empty bubble columns without any internals.
The overall gas holdup was also measured using spar-

gers having a di!erent hole density over a range of gas
and liquid super"cial velocities. The holdup was relative-
ly una!ected by the liquid super"cial velocity for the
range studied (0.46);

�
(cm/s)(1.52 cm/s), but it in-

creased with increasing gas super"cial velocity. The e!ect
of column internals on the overall gas holdup was also
investigated by removing the trays and repeating the
measurements using identical values for the super"cial
gas and liquid velocities. It was found that the overall gas
holdups were nearly the same, even though the axial and
radial pro"les were not. For the geometry and conditions
studied in this work, this appears to contradict argu-
ments suggesting that the trays reduce bubble coales-
cence and produce higher overall gas holdups.
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