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Abstract

The experimental study is aimed at investigating the effect of a high porosity stainless steel packing (solid fraction being equal to 0.5%)
and the influence of alcohol (0.5% volume) addition on the hydrodynamics and the gas-liquid mass transfer characteristics of bubble column
reactors. This particular packing is a stainless steel welded grid with a mesh size of 12.5 mm. Measurements were carried out in a 0.2 m
diameter and 4.5 m height bubble column, operating with air-water and air-ethanol solution (0.5% volume) systems in co-current upflow.
A perforated plate gas sparger was used. Using, several measuring techniques, systematic measurements of average gas hold up, local gas
hold up, bubble size, liquid axial dispersion coefficients and volumetric mass transfer coefficients were performed. Experiments were carried
out for several values of gas and liquid velocities with and without the packing. It is observed that the packing has a large effect on gas
hold up, slip velocity, radial gas hold up profile, bubble diameter, liquid mixing and gas liquid mass transfer. Gas hold up and mass transfer
characteristics of packed bubble columns are found to be superior to those of bubble columns and the axial dispersion coefficients are much
lower. The results obtained also show that the alcohol addition leads to larger mass transfer characteristics. The effect of both the packing
and the alcohol addition can be attributed to the delay in transition from homogenous to heterogeneous gas flow regime and thus enhancing
the range of homogeneous gas flow regime. The packing can be introduced to control the hydrodynamics and mass transfer characteristics of
bubble column. Moreover, it can be used to support a catalyst at high pressure and temperature.
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1. Introduction

Bubble column reactors are frequently used in indus-
try for various chemical and petrochemical processes (e.g.
Fischer Tropsch synthesis, oxidation, hydrogenation, halo-
genation, hydroformylation, carboxylation, waste water
treatment, etc.) due to their simple design and implemen-
tation, the absence of moving parts, the high values of
interfacial area a, the liquid and gas side mass transfer
coefficients, the ability to handle solids, the high heat
transfer rates and the capacity to change easily the res-
idence times. However, bubble columns suffer from one
severe drawback: substantial back-mixing prevails in both

liquid and gas phases. This back-mixing can be reduced
considerably by introducing a packing into the bubble col-
umn. Packed bubble columns have proven advantages over
bubble columns: reduction in axial-mixing and improved
hold up and mass transfer characteristics. A packed bub-
ble column also has bubble-disintegrating features: smaller
bubbles swarm through the column, increasing the gas hold
up and effective interfacial area under identical conditions
of gas and liquid throughput. It may, however, be noted
that improvements in the values of a and kLa, based on the
liquid volume, are of less significance because a substantial
volume of the column is occupied by the solid packing. To
overcome the latter to some extent, while maintaining the
advantages of bubble columns, it is desirable to use packing
of high porosity (the kind used in the present study).

Bubble column reactors can be operated either in the
homogeneous or the heterogeneous flow regime. The ho-
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mogenous gas flow regime is encountered at low gas
velocity and is characterised by a narrow bubble size dis-
tribution and by a uniform radial gas hold up. Bubble
coalescence and break up can be neglected. Bubble size
and hold up values in the column strongly depend on the
physico-chemical properties of the gas-liquid system [1-4],
on the type of sparging system used and on the operating
range. There is published literature [5-7] on the influence of
alcohol addition on the gas hold up in bubble columns. The
addition of alcohol has the effect of stabilising the ho-
mogenous bubble flow regime. It is caused by suppression
of coalescence tendency of small bubbles. However for
higher gas loads the effect of turbulence on coalescence
behaviour will become stronger which implies that the ef-
fect of alcohol will be smaller than in the case of low gas
loads. This is especially true for industrial gas liquid reac-
tors, where high gas velocities often prevail. At higher gas
velocities, the homogenous regime cannot be maintained.
Large bubbles formed by coalescence have higher rise ve-
locities than the small bubbles. Consequently, the bubble
size distribution in the column differs markedly from the
bubble size distribution near the gas sparger, whose influ-
ence on the flow is reduced. This flow pattern is referred to
as the heterogeneous regime and is characterised by a wide
bubble size distribution and a marked radial gas hold up
profile.

Whilst laboratory scale studies are often restricted to the
homogenous bubble flow regime, prevailing at low super-
ficial gas velocities, industrial reactors are often operated
at higher gas velocities in the heterogeneous flow regime.
Several theoretical analyses have been proposed in order to
predict regime transitions and the hold up values in the re-
spective bubbling regimes. However, they are not able to
describe correctly the experimental data on the hydrody-
namics and the mass transfer. Only very few works are con-
cerned with the effect of a high porosity packing on the
hydrodynamics of bubble columns [8]. Thus, the purpose
of this work is to show that introduction of high porosity
packing can modify the hydrodynamics of bubble columns
and their mass transfer in the range of high superficial gas
velocities.

The specific aim of this work is to improve the experi-
mental knowledge with local and global measurements of
gas-liquid hydrodynamics and mass transfer in order to
have a better understanding of bubble column behaviour
in the high range of superficial gas velocities with stain-
less steel packing. Two important objectives have to be
reached:

(1) To evaluate the effect of alcohol addition in the pres-
ence of packing. Experiments have to be performed
in the same column with the same gas sparger, with
an air-water system and an air-alcohol-water system,
with and without packing. Using, different measuring
techniques, systematic measurements of average gas
hold up, local gas hold up, bubble size, liquid axial

dispersion coefficients and volumetric mass transfer
coefficients will be realised.

(2) To adapt operating conditions in order to reach the dif-
ferent hydrodynamic regimes and particularly the churn
turbulent regime.

2. Methods and materials

2.1. Experimental set up

The experiments were performed on a vertical bubble col-
umn operating with co-current up-flow of gas and liquid.
The column was 0.2 m in diameter and 4.5 m in height. The
liquid used was tap water at laboratory temperature (around
20-25 °C) and the gas used for all experiments was com-
pressed air. A perforated plate sparger (1256 holes with hole
diameter 2.5 mm and a square pitch arrangement of 5 mm)
covering the whole cross-section of the column was used.
The schematic diagram of the experimental set up is shown
in Fig. 1.

The packing used was made of stainless steel in a welded
grid of 12.5 mm size squares, the diameter of the wire form-
ing the grid was 0.63 mm. The welded grid was corrugated
and folded to fill the entire volume of the bubble column.
The diagram and the photo are shown in Fig. 2.

The experiments were performed at superficial gas veloc-
ities ranging from 5.0 to 7.58 cm/s and at superficial liquid
velocities from 0 to 2.15 cm/s. The gas velocity was mea-
sured with rotameters and was corrected for the middle of
the column.

Fig. 1. Experimental plant: (1) column, (2) gas inlet, (3) liquid inlet,
(4) liquid outlet, (5) rotameter, (6) sparger, (7) conductivity cell, (8)
conductimeter, (9) tracer injection, (10) optical probe, (11) optoelectronic
module.
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30mm

Fig. 2. Packing used device (welded grid).

2.2. Methods

2.2.1. Average gas hold up
The average gas hold up was determined using pressure

taps, located 0.5 m apart throughout the column length. The
average gas hold up value was calculated by Eq. (1):

dh

h and z are as shown in Fig. 3.

(1)

2.2.2. Radial gas hold up profile
An optical probe type Optoflow® by Photonetics con-

nected to a module Optoelectronic type Y and linked to a
computer was used to determine the local gas hold up and
to establish the radial gas hold up profiles. The principle of
the method has been described by Hébrard et al. [3]. These
measurements were made at the connection zone between
two stacks of packing (space equal to 2 cm) and 2 m height
above the gas sparger.
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Fig. 4. Schematic diagram of bubble to measure diameter.

2.2.3. Bubble diameter
Bubble size was determined using a video camera (Sony

XC-75/CE) connected to a computer. To eliminate optical
distortion during the image acquisition, a square box filled
with water encloses the column at 2 m from the bottom.
Back illumination with a halogen lamp has been chosen to
get the most reliable results. In this case, bubbles are seen
as black dots on the bright background. When side wise
illumination is employed, bubbles appear as bright dots on
a dark background and the contrast in the bubble contours
is not as strong. Tracing paper is placed between the lamp
and the column to eliminate reflections.

Photographs are treated with an image analysis software
using Visilog® software 5.2. The treatment allows the aver-
age diameter (dbm) for each bubble to be evaluated. All bub-
ble sizes were measured in homogenous flow at a height of
2 m above the gas distributor. Under these conditions, bub-
bles are assumed to be ellipsoidal with a vertical cylindrical
symmetry. In this case, Schumpe and Deckwer [9] consider
that interfacial area may be overestimated by 30%. For a
given hydrodynamic condition, 150-200 bubbles were se-
lected at various locations in different times and their diam-
eters estimated. The local bubble diameter was calculated
fromEq. (2):

dbm = (hl2)1/3 (2)

where h and l are as shown in Fig. 4. The Sauter mean bubble
diameter was calculated using Eq. (3):

Ji
,nm(dhm

2)
(3)

Fig. 3. Schematic diagram of bubble column to measure average gas hold
up.

2.2.4. Residence time distribution
The residence time distribution (RTD) curve of the liq-

uid phase was determined by the classical tracer injection
method. A tracer shot (NaCl, 100 g I"1) was added at the
bottom of the bubble column into the liquid inlet stream
and the variation of the tracer concentration with time was
detected in the liquid outlet stream. A conductance probe
(Tacussel XE 100) connected to a conductimeter and to a
computer was used to follow the variation with time of the
concentration.

The analysis of the experimental RTD curves includes tail
correction and area normalisation. The tail correction in-
volves disregarding the values when the tracer concentration
levels out.

From the response curve obtained, the first and second
moments of the output and the input response were deter-
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mined, using the following correlation for discrete measure-
ments at equal time intervals:

First moment (mean):

(4)t =

Second moment (variance):

9 _ T,ti C i A t i 2

The moments of the system are obtained by subtracting
the respective moments of the input curve to those of the
output curve.

The axial dispersion model with close-closed boundary
conditions was used to simulate the experimental curves.
The model parameters (Pe) can be obtained from the mo-
ment method, which involves the comparison between the
variances of the model and of the experimental distributions.
Using the moments of the system, Pe can be found from:

Pe Pe
(6)

Therefore, the liquid axial dispersion coefficient (Ezl) can
be determined from the following relation:

TJ

E z l = U l H ( 1 -
Pe

(7)

2.2.5. Volumetric mass transfer coefficient
The volumetric mass transfer coefficients were deter-

mined with the dynamic oxygen absorption method. The
method was employed by putting the oxygen electrode at
about half the dispersion height. An oxygen electrode type
OX-50 from UNISENSE with short response time (< 1 s)
was used in order to avoid, at high gas throughput, large er-
rors arising from treatment of the short experimental curve
obtained. Oxygen was desorbedby injecting nitrogen within
the bubble column. After removal of the nitrogen bubbles,
a pre-adjusted air flow was directed into the column and the
increase in dissolved oxygen concentration was recorded
with an oxygenmeter. Assuming that an ideal-mixing of
the liquid is reach at these high superficial gas velocities,
the volumetric mass transfer coefficients could be evaluated
from the slope of the experimental straight line represented
by the following equation:

ln(C* - C) = -(kLa)t + ln(C* - C0) (8)

The technique used assumes that the dissolved oxygen
measured at the middle height of the column is character-
istic of the whole liquid content of the column. The kLa
values determined with this technique can only be orders of
magnitude.

In the case, where the interfacial area, a, could be de-
termined, the KL values were estimated from the following
relation:

kL = kLad

3. Results and discussion

3.1. Gas phase hydrodynamics

3.1.1. Average gas hold up

3.1.1.1. Effect of packing. The gas hold up values obtained
in this study with and without packing are shown in Fig. 5
as a function of the superficial gas velocity.

The transition point in a bubble column is characterised
by a change in the slope of the curve plotting εg versus su-
perficial gas velocity Ug. It is interesting to note in Fig. 5
that, in the presence of packing, the transition point occurs
at a higher gas velocity in comparison with the column with-
out the packing. In the latter case, the churn turbulent regime
starts at approximately 4 cm/s. Moustiri et al. [8] have shown
that the packing causes bubble break up and that there is no
formation of large bubbles, unlike an empty column oper-
ating in the churn turbulent regime. The introduction of the
packing prevents the bubbles from escaping rapidly from the
bubble column even at the high gas velocity of 7.6 cm/s and
enhances the gas hold up value.

A large difference in the gas hold up values is observed
with and without packing at high values of superficial gas ve-
locity, thus, making the packing more efficient in this range
of operation. The solid fraction occupied by the packing is
very low and enables high liquid phase volumes with high
gas velocity to be used, the corresponding pressure drop cre-
ated being low.

Within the range of superficial liquid velocities tested, an
increase in liquid velocity involves a slight decrease in gas
hold up.

3.1.1.2. Effect of alcohol. It is well known that addition
of small amounts of alcohol in water leads to inhibition of a
coalescence tendency of small bubbles [5-7] which has the
effect of stabilising the homogenous bubble flow regime.

As with the air-water system, the hydrodynamic proper-
ties in aqueous alcohol solutions are examined. With and
without packing, the gas hold up data obtained with alcohol
are given in Fig. 6 and compared with the air-water system.
As the surface tension is lower and coalescence is reduced,

50

(9)

2 3 4 5 6
Ug (cm/s)

Fig. 5. Effect of the packing on gas hold up with increasing gas velocity
(Ul = 1.22 cm/s).
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Fig. 6. Effect of alcohol and packing on gas hold up with increasing gas
velocity.

very small bubbles are obtained. These small bubbles are
preserved within the column and the gas hold up reaches
noticeably higher values. The gas hold up values obtained
with the packing are larger than those obtained with only
water. With the packing, the increase in gas hold up is due
to a decrease in bubble diameter and to a decrease in bubble
rise velocity. As with water, the packing acts as an obstacle
to the rise of the bubbles [8].

3.1.2. Slip velocity
The slip velocity is defined as, the relative velocity

between the phases and is an important parameter for de-
scribing the hydrodynamics in the bubble column. The slip
velocity for the co-current flow of gas and liquid is defined
by the Eq. (10):

sVs =
l-ec

3.1.2.1. Effect of packing. Fig. 7 represents the effect of
the packing on the slip velocity for increasing superficial gas
velocity and for a given liquid velocity. As can be seen in

I
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Fig. 7, the slip velocities with and without packing diverge.
In the absence of packing, the second term of Eq. (10) being
negligible, the increase in slip velocity obtained is only due
to the more rapid increase in gas velocity relative to gas hold
up. With the packing, for the same variation in Ug, the slip
velocity decreases.

The bubbles can be assumed to be broken by the inter-
action with the wire of the packing and the large density
of small uniform sized bubbles in large numbers is main-
tained. The higher values of gas hold up and uniform bubble
size can explain the decrease in slip velocity in the presence
of packing. The presence of packing itself can cause the
slip velocity to be reduced due to the drag provided by the
packing.

No effect of liquid velocity is observed on slip velocity
whatever the gas velocity.

In presence of packing, the slip velocity decreases at in-
creases superficial gas velocity, whatever the liquid velocity.

3.1.2.2. Effect of alcohol. The effect of alcohol on the slip
velocity with increasing gas velocity and also the compari-
son with the results obtained with the packing are shown in
Fig. 8.

Alcohol has a stronger effect on slip velocity than that
produced by packing alone; with alcohol, very small sized
rigid bubbles are obtained. A large reduction in rise velocity
is observed with alcohol and with packing.

Low slip velocity is good for reactions with slow reaction
rate and long reaction times, thus, both alcohol addition and
packing are beneficial for slow reactions for which bubble
columns are mostly employed.

3.1.3. Local gas hold up
Fig. 9 shows the effect of the packing on the local gas

hold up profiles. In the presence of packing, flat gas hold up
profiles were obtained even at gas velocities above 4 cm/s,
confirming the homogenous gas flow regime, characterised
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2 4 6
Superficial gas velocity (cm/s)

Fig. 7. Effect of the packing on the slip velocity for increasing gas velocity
(Ul = 1.22 cm/s).

Fig. 8. Effect of alcohol and packing on the slip velocity with increasing
gas velocity.
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Fig. 9. Radial gas hold up profile obtained with and without packing at
Ug =4.14cm/s.
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Fig. 10. Comparison of the effects of alcohol and packing on bubble
diameter with increasing gas velocity.

by uniform bubble size and uniform concentration of bub-
bles.

In the absence of packing, parabolic gas hold up profiles
were obtained in this operating range, indicating the hetero-
geneous gas flow regime with non-uniform bubble sizes.

Even though flat profiles were obtained, the gas hold up
values obtained by this method were underestimated, indi-
cating the inability of the optical probe to "capture" cor-
rectly all the bubbles in a fixed time interval at such high
operating gas velocities.

In aqueous alcohol solutions, local measurements by
optical probes cannot give satisfactory results because of
the great density of small and rigid bubbles present in the
medium.

It is difficult to extract more information from local hold
up measurements because they are the sum of three contri-
butions: bubble frequency, velocity and size. Thus, these ra-
dial measurements should be used only to study the profile
and not to estimate quantitatively the gas hold up.

3.1.4. Bubble diameter

minute quantities of alcohol in water. With alcohol, very
small and rigid bubbles are obtained at high densities. The
bubble size within the column is the same as that formed at
the sparger. Thus, the Sauter mean diameter only increases
slightly with an increasing gas flow rate as shown in Fig. 10.
The low values of bubble size can be due to the decrease
in coalescence, which is typical for dilute alcohol solutions.
Fig. 11 compares the distribution of bubble diameters ob-
tained with packing with that obtained with alcohol at a par-
ticular gas and liquid velocity. Very narrow bubble size dis-
tribution is observed in the presence of alcohol. Also, with
alcohol, the bubble size is much smaller compared to that
produced with packing.

3.1.5. Inter facial area
Generally, the interfacial area depends on the geome-

try, the operating parameters and the physical and chemical
properties of the liquid [9,10]. Knowing the bubble size and
the gas hold up, the specific interfacial area can be evaluated
as:

3.1.4.1. Effect of packing. With the packing, the average
gas hold up and the radial gas hold up profiles both indi-
cate a homogeneous gas flow regime in the range of study.
So, the bubble diameter measured at the wall of the bubble
column by the camera technique can be assumed to be re-
ally representative of the bubble diameter across the column
diameter.

With the packing, the Sauter mean bubble diameter was
found to increase with the gas velocity, throughout the gas
velocity range, as shown in Fig. 10.

Without packing, the experiments could not be performed
as the homogenous gas flow regime is not maintained at
these high values of superficial gas velocity.

3.1.4.2. Effect of alcohol. Bubble shape and bubble size
distributions are significantly modified by the addition of
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Bubble diameter (mm)

Bubble size distribution obtained with alcohol and with packing
5.2 cm/s and Ul = 0cm/s.
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Fig. 12 compares the different interfacial areas obtained
with packing and alcohol at different Ug values. Under the
same operating conditions, the interfacial area obtained in
the packed bubble column is larger than that obtained in the
simple bubble column.

3.2. Liquid phase hydrodynamics

3.2.1. Residence time distribution

3.2.1.1. Axial Dispersion Model (ADM). The ADM eval-
uates the axial dispersion in terms of the Peclet number.
This model gives a satisfactory representation of the liquid
flow in a tubular reactor. The values of Peclet number and
Ezl calculated by ADM are presented in Table 1. As time
is weighted heavily in the calculation of second moment,
the tail of the RTD curve is a source of error for calcula-
tion variance. Therefore, the values of Pe based on second
moment are taken as a rough estimate.

Table 1
Pe and Ezl calculated by ADM with and without packing for Ul
= 1.22 cm/s

Gas velocity (cm/s)

0.49
0.90
1.93
2.69
4.14
4.86
5.20
5.95
6.97
7.15

0.49
0.90
1.93
2.69
4.14
5.20
5.95
6.97
7.58

Liquid velocity

Pe

2.2
4.0
6.4
8.0
9.7
8.7
3.6
4.2
4.9
2.8

Pe (N)

4.1
3.6
2.6
2.4
2.8
4.5
3.5
1.4
2.0

(1.22 cm/s)

Ezl (cm2/s)

278.8
142.1
93.3
77.6
70.0
82.4

152.5
130.3
111.9
194.2

Ezl (cm2/s)

136.3
157.5
227.0
253.0
226.6
123.2
156.6
401.2
572.5

3.2.1.2. Effect of packing. In Fig. 13, the results related
to the RTD of the liquid phase are represented through the
variation in the liquid phase Peclet number with the super-
ficial gas velocity, with and without packing in water. The
curves clearly demonstrate the dramatic effect of packing
on the extent of liquid phase mixing in the bubble column.
The high values of Peclet number obtained with the packing
under the homogeneous bubbling conditions correspond, to
the uniform radial and axial distribution of the gas phase.
Only a slight dependence of Peclet values on the gas flow
rate in the heterogeneous bubbling region is observed with-
out the packing. According to the experimental results, the
Peclet number obtained with packing is larger than that ob-
tained without packing; thus, the packing helps to reduce the
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~ with packing

2 4 6
Superficial gas velocity (cm/s)

Fig. 13. Effect of the packing on the Peclet number values with increasing
superficial gas velocity (Ul = 1.22 cm/s).
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Fig. 14. Peclet Number vs. gas velocity for different liquid velocities,
with the packing.
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Fig. 15. Influence of alcohol on liquid mixing with increasing gas velocity.

mixing in the bubble column operated at high gas velocity
conditions. As shown in Fig. 14, the values of Peclet num-
ber were found to increase with liquid velocity at constant
gas velocity both with and without packing, as high liquid
velocity prevents the bubbles mixing.

3.2.1.3. Effect of alcohol. Higher values of Peclet num-
ber are obtained with alcohol when compared to packing as
shown in Fig. 15. There is limited liquid mixing in the pres-
ence of alcohol and the general trend is similar to that with
packing. This is explained by the fact that the smaller bub-
ble size reduces the dispersion in the axial direction and the
larger bubbles increase the turbulence in the system [11].

3.3. Gas-liquid mass transfer

Figs. 16 and 17 show the effect of the packing and the
presence of alcohol on the volumetric mass transfer coeffi-
cient and the liquid side mass transfer coefficient, respec-
tively.

No effect of packing has been found on the kLa values
in water throughout the range of operation. The interfacial
area obtained with the packing is higher than that obtained

0,00035
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0,00025

| 0,0002

^ 0,00015

0,0001
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0 -

—•— Water + Packing

—A— alcohol

—•— Alcohol + packing

0 1 2 3 4 5 6 7 8
SUPERFICIAL GAS VELOCITY (cm/s)

Fig. 17. Influence of alcohol vs. packing on liquid side mass transfer
coefficient with increasing gas velocity.

without packing. This is due to the fact that the increase in
interfacial area has been counteracted by the low values of
slip velocity, so by an increase in contact time, involving,
from Higbie's penetration theory [12], a decrease in kL.

At low superficial gas velocities no effect of alcohol is
observed, but at higher gas velocities, kLa values obtained
with the alcohol are higher. This is probably due to the very
large interfacial area values, which are a result of the high
density of small sized bubbles. Here, the effect of interfacial
area is not completely wiped out by the low values of slip
velocity.

At high superficial gas velocities, KL values in empty col-
umn with water are impossible to obtain as the bubble di-
ameter is not measurable, for the entire range of Ug. The
column operates in the heterogeneous regime and the cam-
era technique fails for that regime of operation.

In addition, in Fig. 18, a similar attempt as that by Hébrard
et al. [13] was made at correlating all the experimental data
points obtained with packing using Higbie's penetration the-
ory [11].
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Fig. 16. Influence of alcohol on volumetric mass transfer coefficient for
increasing gas velocity, with and without packing.
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Fig. 18. Comparison of experimental
obtained by existing models.

values in water with the values
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where tc is assumed to be the time necessary for a bubble to
cover is diameter, it means time necessary for a renewal of
the liquid film presents around the bubble. This contact time
is calculated knowing slip velocity and bubble diameter.The
Frössling equation [14] have been tested:

Sh = 2.0 + 0.6Re°.5Sc0.33 (13)

kL = 2.04s"1 A + o.64s"
0-5 v s

0-5u-°-16A~133 (14)

Hébrard [13] show that with a perforated plate, the values
of KL obtained with raw wastewater could be determined by
the Frössling equation. In that case, a quantity of surfactants
is adsorbed at the G/L interface leading to rigidity of the
bubble interface and then low KL values.

Here, the results with both the packing and alcohol are
found to deviate from the two models at all values of gas
velocity.

4. Conclusion

The effect of stainless steel packing on the gas and liq-
uid phase hydrodynamics and gas liquid mass transfer was
studied in a bubble column with, an air water system. An air
alcohol water system was also used, instead of an air-water
system, to simulate the behaviour of industrial organic mix-
tures. Experimental work, involving several measurement
techniques, was performed in order to obtain a good de-
scription of the hydrodynamic parameters and mass trans-
fer characteristics under various operating conditions. It was
found that both packing and alcohol addition had a strong
effect on hydrodynamics and mass transfer.

Without the packing, the average gas hold up values re-
main constant at velocities above Ug = 4 cm/s, indicating
the heterogeneous regime, in contrast to the homogeneous
regime with the packing under the same operating condi-
tions. With the packing, the bubble diameter was maintained
below 10 mm which is much smaller than the expected diam-
eter from the literature at this gas flow rate without packing.

Finally, the present study shows that the coalescence sup-
pressing agents examined here also increase the operable
range of the system with respect to the gas velocity, owing
to the delay in the formation of the heterogeneous regime. A
considerable increase in the gas hold up is observed. This in-
crease in gas hold up is entirely attributable to the reduction
in bubble size and the rise velocity and of the non-coalescing
tendency of the medium with alcohol addition. Narrow bub-
ble size distribution and high values of volumetric mass
transfer coefficients were observed with alcohol.

The packing also leads to a constant liquid side mass
transfer coefficient at high superficial gas velocities.Also,
the use of packing along with the alcohol which mimics true
industrial conditions is of great importance as it improves
both the hydrodynamics and mass transfer characteristics.
Small bubble size and narrow bubble size distribution are
achieved, giving very large values of interfacial areas and,

hence, good mass transfer characteristics with low liquid
mixing.

Thus, this stainless steel packing can be of great industrial
use, without having additional capital and operating costs.
It can be introduced to control the hydrodynamics and mass
transfer characteristics of bubble column. Moreover, it may
be used to support catalysts at high pressure and tempera-
ture.

Appendix A. Nomenclature

a
C
C*

C0
Q

4
b s

D

A
E(Q)
Ezl
H

N

P
Pb
Pe
Q

r
Re
Sc
Sh
t

= Patm

interfacial area (L L)
concentration (ML~3)
saturation concentration in liquid phase of
gas component (ML~3)
initial concentration (ML~3)
reduced tracer concentration at reactor outlet
at time i (ML"3)
tracer concentration at time i (ML~3)
bubble diameter (L)
Sauter bubble diameter (L)
column diameter (L)
molecular diffusivity (L2 T"1)
residence time distribution function
liquid axial dispersion (L2 T"1)
column height (L)
volumetric mass transfer coefficient (T"1)
liquid side mass transfer coefficient (L T"1)
number of perfectly mixed tanks in series
(for tanks in series model)
pressure in bubble column (ML"1 T~2)
atmospheric pressure (ML"1 T~2)
Peclet number (f/1/f/((l-eg)Ezl))
volumetric flow rate of gas under
the conditions in bubble column (L3 T"1)
radial position (L)
Reynolds number
Schmidt number (v/d)
Sherwood number (kldb/d)
time (T)
bubble contact time (T)
mean residence time (T)
superficial gas velocity (LT"1)
superficial liquid velocity (LT"1)
slip velocity (LT"1)

Greek letters
6 reduced time

variance of RTD curve (T2)
gas density (ML )
gas hold up
liquid fraction
gas viscosity (MLT"1)
liquid surface tension (MT~2)
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P\

X

liquid density (ML 3)
liquid viscosity (MLT"1)
mean of distribution (T)
residence time of bubbles in a reactor (T)
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