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Abstract

This work is a study of the effect of liquid properties and pore size on the initial bubble size distribution of a bubble column equipped with
fine pore sparger. Various liquids covering a wide range of surface tension and viscosity values are employed, while the gas phase is atmospheric
air. A fast video recording technique is used for both the visual observations of the phenomena occurring onto the sparger and the bubble size
measurements. A new correlation regarding the prediction of the initial mean Sauter diameter of bubbles formed from porous spargers at the
homogeneous regime has been formulated and found to be in good agreement with available data. The experiments show that the mechanisms of
bubble formation as well as the initial bubble size distribution depend strongly on the liquid properties, the sparger design and the gas flow rate.
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1. Introduction

Bubble columns are widely used as gas—liquid contactors
in many applications such as absorption, blood oxygenation,
fermentations, bio-reactions, coal liquefaction and waste water
treatment. Due to their simple construction, low operating cost,
high energy efficiency and good mass and heat transfer rates,
bubble columns offer many advantages when used as gas—liquid
contactors. However, their design and scale up is still a difficult
task, due to the generally complex structure of the multiphase
flow encountered in this type of equipment. In all these pro-
cesses, bubble size is an important design parameter, since it
dictates the available interfacial area for gas—liquid mass trans-
fer. Also, in some applications the prediction of bubble size is
crucial, e.g. in blood oxygenators, where large bubbles favor
CO, removal, whereas small bubbles favor O, transfer, but it is
more difficult to eliminate them in the debubbling section of the
oxygenator [1].
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Bubble size distribution depends extensively on column
geometry, operating conditions, physical properties of the two
phases and type of gas sparger [2]. Among the common gas
spargers used, fine pore plate seems to be advantageous since
bubbles created by this type of gas distributor are numerous and
relatively small, offering a greater gas—liquid interfacial area for
efficient mass transfer [3]. However, information related to the
performance of this kind of sparger is quite limited.

From the two main flow regimes observed in bubble columns,
i.e., the homogeneous and the heterogeneous regime, the homo-
geneous regime is more desirable for practical applications,
because it offers a larger contact area [4]. In addition, it is
preferable for applications where high gas flow rates may have
undesirable implications and mainly for those involving sensi-
tive materials. For example, in bioreactors, where cells and/or
enzymes are shear sensitive, high gas flow rates must be avoided
to provide a low shear rate environment [5]. Also, in blood oxy-
genators, high gas-to-blood flow ratio is one of the main causes
of intravascular microemboli and organ injury during cardiopul-
monary bypass and is associated with excessive hemolysis and
protein denaturation [6].

In general, the homogeneous regime, encountered at rela-
tively low gas velocities, is characterized by a distribution of
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Nomenclature

a major bubble axis (m)

b minor bubble axis (m)

dy bubble diameter (m)

dp pore diameter (m)

ds sparger diameter (m)

ds mean Sauter diameter (m)
Fy surface tension force (N)

Fq drag force (N)
Fr Froude number defined by Eq. (7)

g acceleration of gravity (m/s?)

k minimum number of classes defined by Eq. (2)

n; number of bubbles in the dispersion of size class
i

N number of classes in bubble size distribution

Og gas flow rate (m3/s)

p pore radius (m)

Re Reynolds number defined by Eq. (9)

S sample size

Ucs gas superficial velocity based on the sparger sur-
face (m/s)

w average velocity of bubble expansion (m/s)

We Weber number defined by Eq. (8)

Greek letters

AP capillary pressure defined by Eq. (4) (Pa)
UL liquid phase viscosity (Pas)

oL liquid phase density (kg/m?)

oL surface tension (N/m)

small and almost identical bubbles and a radially uniform gas
holdup [7]. However, when a porous sparger, which has a rather
broad pore size distribution, is employed, the bubble diameters
also follow a wide distribution even for the lowest gas flow rate.
In this case, the homogeneous regime can be considered as the
regime in which discrete bubbles are generated from the sparger
and the gas holdup is linearly increasing with gas flow rate.
This definition of the homogeneous regime [8—10] will be used
throughout the present study.

An effective tool used for the study of bubble column hydro-
dynamics and their design is computational fluid dynamics

Loa

Fig. 1. Experimental set-up.

Table 1
Pore size range of a typical porous sparger (Mott Corp.)

Nominal pore
size, dp, (Jum)

Minimum pore
diameter (pm)

Maximum pore
diameter (pm)

40 3 70
100 5 500

Fig. 2. Typical porous sparger images obtained by SEM (60x magnification):
(a) dp =40 pm and (b) dj, =100 pm.

Table 2

Liquid phase properties at 25 °C

Index  Liquid phase Viscosity, Density, Surface

. (mPas) oL (kg/m3) tension, o,

(mN/m)

w Water 1.0 997 72

il Isobutanol 0.75% (v/v) 0.9 992 60

i2 Isobutanol 2.2% (v/v) 0.9 990 49

gl Glycerin 33.3% (v/v) 3.6 1080 70

g2 Glycerin 50.0% (v/v) 6.2 1140 69

23 Glycerin 66.7% (v/v) 16.6 1180 67
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Fig. 3. Bubble formation for water (O = 18.5 ml/s and dj, =100 pwm).

(CFD). An increasing number of papers deal with CFD applica-
tion to bubble columns [4,11]. However, most of these studies
assume a monodispersed bubble size distribution at the column
entrance [ 12—16], a simplification that limits the validity of their
models. Lehr et al. [13] pointed the importance of the initial
size distribution by observing that different bubble sizes at the
column entrance result in very different interfacial area densi-
ties available for heat and mass transfer. Consequently, it seems
that, in order to develop reliable predictive tools for bubble col-
umn design, it is essential to be able to know the initial bubble
size distribution, i.e., the distribution at the column entrance
directly after the bubble detachment from the sparger, for various
gas-liquid systems.

There are many studies in the literature dealing with the
estimation of bubble size distribution or the mean Sauter diam-
eter in bubble columns, but further detailed experimental and
theoretical investigations are necessary. Most of these studies
measure bubble size distribution at different heights of the col-
umn, away from the sparger area [2,3,17-20], or focus only
on one gas-liquid system, without studying the effect of the
physical properties on bubble size distribution [3,17,20,21]. The
majority of the studies concern perforated plates or multi-nozzle
spargers [17,18,21], while many of them base their statistics on
samples with limited number of bubbles [2,18,20].

4 h=2cm

A 4 h=0cm

Fig. 4. Effect of pore size on bubble formation for water (Qg =10.9 ml/s): (a)
dp, =100 um and (b) d, =40 pm.

To the authors’ best knowledge, there is a limited number of
studies on bubble size measurements in columns equipped with
porous sparger [22-25]. These studies concern bubble size mea-
surements away from the sparger [24,25], while many of these
use non-coalescing liquids and assume that the size distribution
remains practically unchanged along the bubble column [22,23].
In aprevious work conducted in this laboratory, Mouza et al. [26]
calculated bubble size distributions for various liquids at differ-
ent heights from the porous sparger (3—40cm) and showed the
influence of viscosity and surface tension on bubble size. The
lowest height at which the aforementioned investigators have

Table 3
Initial Sauter diameter (d32) for the 100 and 40 wm spargers
Liquid phase d3; (mm)
0c=10.9ml/s Qg =14.7ml/s Qg =18.5ml/s
dp =100 pm dp =40 pm dp =100 um dp =40 pm dp =100 pm dp =40 pm
w 7.3 5.1 7.4 5.2 7.7 -
gl 6.6 4.5 6.9 4.7 6.8 -
22 6.3 43 6.6 43 6.8 -
23 52 3.7 55 4.1 5.6 -
il 6.0 44 5.6 43 5.5 -
i2 4.6 39 4.4 3.7 - -

«

: not available.
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studied the bubble size distribution is 3—5 cm above the sparger.
However, almost all of them agree and accentuate that coales-
cence and breakage phenomena take place either directly onto or
in the vicinity of the sparger surface. Consequently, ascending
bubbles, after their detachment, interact and, thus, the initial size
distribution is already altered, even few centimeters above the
sparger. That is why Mouza et al. [26] noted that future experi-
mental work must be focused on the phenomena occurring onto
the sparger surface.

In the present work, new experimental data on initial bub-
ble size distribution, namely the size distribution of the bubbles
directly after their detachment from the sparger surface, and
mean Sauter diameter at the homogeneous regime in a miniature
bubble column equipped with two different fine-pore sparg-
ers, obtained from image analysis of fast video recordings, are
reported. Various liquids covering a wide range of viscosity and
surface tension are employed, while atmospheric air is used as
the gas phase for all experiments. A correlation of general valid-
ity for the prediction of the Sauter diameter of the bubbles just
after the detachment, in bubble columns with porous sparger
operating at the homogeneous regime, has also been formulated.

2. Experimental set-up and measuring technique

The experimental set-up is illustrated in Fig. 1 and it consists
of a small vertical rectangular Plexiglas® column (cell) with a
square cross section of side length 4 cm and height 12 cm. To
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increase the total height of the column and to deter small bubbles
returning to the sparger vicinity due to recirculation, a cylindrical
Plexiglas® pipe (6.5 cm i.d. and 35 cm height) was also adjusted
at the top of the column. The cell is equipped with appropriate
rotameters for gas phase flow measurement and control. During
the experiments, the gas is injected through a gas sparger, i.e., a
round metal porous disc, 2.5 cm diameter, installed at the centre
of the bottom plate. In the present experiments, two 316L SS
porous discs (Mott Corp.) with nominal pore size of 40 and
100 pm were alternatively used as gas spargers.

The pore size range, given by the manufacturer of the above
porous discs, is presented in Table 1. It is noted that the 100 wm
sparger has a very broad pore size range and much larger
pores compared to the 40 wm sparger. In order to confirm this
difference, images were also obtained by scanning electron
microscopy (SEM) (Fig. 2). It is easily observed that pores are
of irregular shape and of non-uniform size and also that in the
40 pm sparger, pores are much smaller and more uniform com-
pared to the 100 wm sparger, which indeed has a very broad pore
size range.

All the experiments were conducted at ambient pressure and
temperature conditions (25 & 1 °C). The gas phase was atmo-
spheric air for all runs, while several liquids, i.e., water and
various aqueous glycerin and isobutanol solutions, covering a
sufficiently wide range of viscosity and surface tension val-
ues (Table 2), were employed as liquid phase. The liquid phase
viscosity is measured by a KPG® Cannon-Fenske (Schott) vis-
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Fig. 5. Effect of pore size on initial bubble size distribution (Qg = 14.7 ml/s): (a) water, (b) glycerin 66.7%, (c) isobutanol 0.75% and (d) isobutanol 2.2%.
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cometer, while the surface tension is measured using the pendant
drop method (KSV® CAM 200). Each experimental run is initi-
ated by starting the gas supply and then filling the column with
the appropriate liquid phase up to 30 cm above the sparger. This
procedure was followed in order to eliminate the possibility of
the liquid phase entering some pores and blocking them. All the
experiments were performed with no liquid throughput.

An interesting general observation made during the experi-
ments is that, even for relatively high gas flow rates, only a part
of the porous sparger is activated (Fig. 3), a remark also made
by Kaji et al. [8]. In addition, the number of the activated pores
seems to depend on the gas flow rate, the mean pore size and
the properties of the liquid phase, which is also pointed out by
Bowonder and Kumar [27] and Houghton et al. [28].

A high-speed digital video camera (Redlake MotionScope
PCI® 1000S) is employed for the bubble size measurements.
The recorded images are also used to obtain an insight into the
coalescence/breakage mechanisms occurring during bubble for-
mation at the vicinity of the sparger. The camera is fixed on a
stand very close to the area of observation in such a way that the
test section is located between the camera and an appropriate
lighting system placed behind a diffuser to evenly distribute the
light. Although the imaging system used was capable of record-
ing up to 1000 full frames per second (fps), a speed of 500 fps
is considered a suitable recording rate for the present experi-
ments. The shutter speed employed was of 1/5000. It must be
also noted that the optical system offers a very narrow depth of
field (few mm). The advantage of the above method is that it is
non-intrusive and permits in situ measurements. Using appro-
priate software (Redlake MotionScope®) the size distribution
of the bubbles formed, directly after their detachment from the
porous sparger surface can be obtained from the recorded images
for the various liquids and flow conditions examined. When the
100 wm sparger was used, the initial bubble size distribution was
calculated for three different gas flow rates, whereas when the
40 pm sparger was employed, the initial bubble size distribution
was determined only for the lower two, due to the large number
of bubbles formed, leading to their overlapping at the focusing
plane.

The calibration of the measuring system, needed to ensure
the accurate measurement of the bubble size, is accomplished by
measuring the known diameter of a cylindrical metal rod placed
at the focusing plane. Subsequent image processing results in a
sharp bubble-liquid interface. The bubbles were approximated
by ellipses and the equivalent diameter of a sphere with the same
volume as the ellipsoid was computed by the equation:

dy = Va2b (1)

where dy, is the equivalent bubble diameter and a and b are the
major and minor axes of the ellipsoid, respectively. Approxi-
mately 500 bubbles, just after their detachment from the porous
sparger, were measured in each experimental run, a number con-
sidered to be adequate for statistical calculations [17,29]. The
minimum number of classes required for the construction of the
size distributions, k, was estimated using the Sturges’ rule given

by
k=1+41log,$ 2

where § is the sample size (~500 bubbles). The number of
classes used for the construction of the distributions in the
present study is 12 of equal interval, while it must be accen-
tuated that the shape of the distributions remained practically
unchanged even when a larger number of classes was used.

0c=10.9 ml/s

(b)

Fig. 6. Effect of gas flow rate on bubble formation for the glycerin 50.0%
(dp =100 pm): (a) QG =10.9 ml/s, (b) O = 14.7ml/s and (c) Qg = 18.5ml/s.
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As previously mentioned, bubbles were considered ellip-
soids. The spatial resolution of the measuring technique is
approximately 60 wm, while the maximum uncertainty in mea-
suring the length of each axis of the bubbles, due to unavoidable
shadows at the bubble interface, is of the order of 250 wm. Con-
sidering all the above and the fact that the smallest bubbles
measured in the present study are about 1.7 mm, it is estimated
that the uncertainty of the measurements is less than 10%.

3. Results and discussion

In Table 3 the mean Sauter diameter (d3;) values for all
the air-liquid systems tested are given. The empty cells in
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the table mean that the size distribution and the mean Sauter
diameter could not be measured for these conditions, since
the tracking of the bubble interface was impossible due to
the large number of bubbles formed and their overlapping
at the focusing plane. The mean Sauter diameter is defined
as
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Fig. 7. Effect of gas flow rate on initial bubble size distribution: (a) water, (b) glycerin 50.0% and (c) isobutanol 2.2%.
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3.1. Pore size effect

The pore size of the gas sparger seems to play an important
role on the initial bubble size distribution. Fig. 4 illustrates two
typical images of bubble formation at the same gas flow rate for
water and for both spargers used. A first observation is that, for
the same gas flow rate, the 40 wm sparger gives more numerous
and much smaller bubbles than the 100 pm sparger. In addition,
from Table 3 one can see that, when the 40 pm sparger is used,
the mean Sauter diameter is 15-30% smaller than that of the
100 pwm sparger.

This can be explained by assuming that the process of bub-
ble formation starts with the pressure in the chamber below the
sparger being equal to the hydrostatic pressure above it. As gas
flows into the chamber, the pressure under the sparger increases.
A bubble starts to form on a pore when the pressure under the
pore overcomes the capillary pressure, which is actually the
resistance to bubble formation [30]. The capillary pressure is
given by

2
Ap =L @)

Tp

d,=100 pym

Increasing gas flow rate

Fig. 8. Effect of viscosity on bubble formation for sparger with d}, = 100 um.
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where o is the surface tension and 7, is the pore radius. In
addition, as already discussed, the two spargers used have a very
different pore size range and even though the minimum pore size
is of the same order of magnitude for both of them, the maximum
pore size of the 100 wm sparger is approximately seven times
larger than that of the 40 wm sparger (Table 1). Consequently,
since the 100 wm sparger has a broader size range with rela-
tively large pores, capillary pressure is smaller for these pores
and they are preferred as bubble formation sites [28,30], when
this sparger is employed. This does not stand for the 40 pm
sparger, where the pore size range is much narrower and gas

is distributed more evenly across the sparger surface activat-
ing more pores and thus producing more numerous and smaller
bubbles [8].

Fig. § illustrates the initial size distribution measured for the
two spargers at the same gas flow rate for all the liquids tested.
A first observation, which has been already discussed, is that the
40 pm sparger produces much smaller bubbles and, as expected,
gives a log-normal distribution, which has been also observed
by other investigators [2,22,26]. On the other hand, the 100 wm
sparger generally gives a bimodal distribution, namely the sum-
mation of two log-normal distributions. This difference can be

d,=40 ym

Increasing gas flow rate

Fig. 9. Effect of viscosity on bubble formation for sparger with dj, =40 pm.
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ascribed to the pore size range of the two spargers, discussed pre-
viously. The two peaks shown in the distribution of the 100 pm
sparger can be attributed to the broad size range of this sparger.
More specifically, the first peak represents bubbles formed at
larger pores while the second one corresponds to those formed
at smaller ones that are also activated at each gas flow rate [28].
This is not the case for the 40 wm sparger, where the pore size
range is much narrower and thus there are not large variations
in bubble size.

3.2. Gas flow rate effect

Fig. 6 illustrates typical images of a glycerin solution during
bubble formation for various gas flow rates when the 100 pm
sparger is employed. It is observed that, as gas flow rate is
increased, more pores are activated and hence more bubbles are
formed. According to Eq. (4), the capillary pressure is smaller
for larger pores. Consequently, when gas flow rate is relatively
low, only the larger pores are activated, producing relatively
large bubbles [28,30]. As the gas flow rate is increased, two are
the main observations made for all liquids and for both spargers
employed:

e some of the pores, which were already activated, produce
slightly larger bubbles and
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e other pores, even of smaller size, are also activated resulting
in the formation of new smaller bubbles [28], since the gas
flow rate increase induces an increase of the pressure under
the porous sparger and thus the capillary pressure is overcome
even for smaller pores [30].

The above can also be observed in Figs. 8,9, 11 and 12.

In Fig. 7, the effect of gas flow rate on the initial bubble
size distribution for both spargers used is illustrated. As gas
flow rate increases the distribution curves become broader, a
fact that is attributed to both the formation of new smaller bub-
bles from new activated pores and the formation of larger ones
from already activated pores. Another observation is that the
number frequency of the smaller bubbles, namely the bubbles
belonging to the size classes on the left of the first peak, also
increases with the gas flow rate for all liquids tested. In addition,
according to Table 3, the mean Sauter diameter increases slightly
with gas flow rate for the water and the glycerin solutions, while
it decreases for the isobutanol solutions. This can be attributed
to the fact that, in the low surface tension solutions the activa-
tion of new pores preponderates over the formation of larger
bubbles from already activated pores leading to a reduction of
the mean bubble size. This is also enhanced by the behavior of
these solutions, which shows a coalescence inhibition [2]. The
opposite stands for the other liquids employed, in which inter-

Number frequency, %

Number frequency, %

2 3 4 5 6 7 8 9 10
dp, mm

Fig. 10. Effect of viscosity on initial bubble size distribution: (a) Qg =10.9 ml/s and (b) Qg = 14.7 ml/s.
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actions between the bubbles onto the sparger surface are more
pronounced.

3.3. Viscosity effect

Figs. 8 and 9 show the viscosity effect on the bubble for-
mation, i.e., size and number of bubbles, from the 100 and
40 wm sparger, respectively, while Fig. 10 illustrates the vis-
cosity effect on the initial size distribution. It is obvious that
as viscosity increases, the size distribution curve shifts to lower
bubble sizes. The same can be concluded from Table 3, where
one can see that the mean Sauter diameter of the formed bub-
bles reduces as viscosity increases, which is consistent with the
observations of Houghton et al. [28], who measured the largest
bubble sizes in water and the smallest in an aqueous glycerin
solution of high viscosity. This behaviour is ascribed to the acti-
vation of more pores for the same gas flow rate as viscosity
increases, which leads to the formation of smaller bubbles. A
question which arises is how the viscosity increase induces acti-
vation of more pores. In order to answer this question one has to
take into account the forces acting on an under-formation bubble.

The upward forces acting on a bubble during its formation are
the buoyancy, the gas momentum force and the pressure force,
while the downward forces are the drag force, the inertial force
and the surface tension force [31]. At the instant just prior to
detachment the upward forces are equal to the downward ones.
The only force from the above which depends on the viscosity
of the liquid phase is the drag force which is given by [31]

1 nd* [ 24ur
Fi= —pW>=—2 1 5
4= 5P 1 <,0Lde + > (5)

where W is the average velocity of bubble expansion, dj, the bub-
ble diameter and pr, and puy, are the liquid density and viscosity,
respectively. According to Eq. (5), as viscosity increases, the
drag force also increases retarding the growth stage of a bubble
being formed at a pore. In addition, according to Loimer et al.
[30] the pressure inside the pores is not the same everywhere
across the sparger. Thus, since the gas flow rate through the
sparger is constant and a bubble can not grow faster on an active
site, gas is forced to flow to other directions inside the porous
sparger increasing the pressure under other pores and activating
them.

d,=100 uym

Increasing gas flow rate

—

Fig. 11. Effect of surface tension on bubble formation for sparger with dp =100 wm.
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Increasing gas flow rate

Fig. 12. Effect of surface tension on bubble formation for sparger with dj, =40 um.

3.4. Surface tension effect

Figs. 11 and 12 show the effect of surface tension on the
bubble formation, i.e., size and number of bubbles, at the 100
and 40 wm sparger, respectively, while Fig. 13 illustrates the
surface tension effect on the initial size distribution. A first
observation is that, as surface tension is reduced, more bubbles
are formed and the initial size distribution shifts to lower sizes.
Furthermore, from Table 3 it can be seen that the mean Sauter
diameter is drastically reduced as surface tension decreases, an
observation also made by other investigators [8,28]. According
to Eq. (4), as surface tension decreases, the capillary pressure
also decreases resulting in the activation of even smaller pores
and the formation of more numerous bubbles [28]. The smaller
mean Sauter diameter observed when liquids with low surface
tension are employed, can be explained as follows: as already
mentioned, one of the downward forces acting on a bubble
during the expansion stage is the surface tension force given
by

Fo = 2mrpoL (6)

The surface tension force is the one which “holds” the bubble
attached to the sparger as it grows. Consequently, as surface ten-
sion decreases, the surface tension force also decreases and thus
bubble detachment occurs at smaller bubble diameter resulting
in the formation of much smaller bubbles.

3.5. Bubble formation on porous sparger

Fig. 14 illustrates the bubble formation process on the porous
sparger. Careful observation of the diameter of the under-
formation bubble, before it starts to grow, indicates that a bubble
on a porous sparger is not “fed” from an individual pore. On the
contrary, it is produced by the joint action of many neighboring
pores which actually act as a large one.

The incipient bubble diameter, i.e., the bubble diameter
before it starts growing (Fig. 14), has been measured and
found equal to about 4.8 mm while the resultant bubble after
detachment is about 8 mm. In Fig. 15, the difference in the incip-
ient bubble diameter between two bubbles growing at different
sparger regions can be observed. The bubble on the left is the
same mentioned earlier while the one on the right has an incip-
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Fig. 13. Effect of surface tension on initial bubble size distribution for: (a) Qg =10.9 ml/s and (b) Qg = 14.7 ml/s.

ient diameter, before the growth stage, about 3.3 mm and the
resultant bubble is about 6 mm. Consequently, it seems that the
different bubble sizes during bubble formation depend on the
sparger area that the bubbles cover just after gas exits the porous
sparger. It seems that pores which are very close can be acti-
vated together and simultaneously contribute to the growth of
one bubble.

It must be noted that bubble formation is also influenced by
the material of the porous sparger (glass, stainless steel, teflon,
nickel, etc.) since it affects the contact angle [32]. In the present
work, only stainless steel, a popular material for this type of
distributor, porous spargers were employed. However, Koide et
al. [25], who studied bubble formation at porous sparger, found
that except in the case when the teflon porous plate was used as
a distributor, the material used for the construction of the porous
plate did not have an appreciable effect on the bubble formation
behavior.

3.6. Bubble interactions

In a previous work conducted in this laboratory, Mouza et
al. [26], not only concluded that the liquid properties influence
coalescence/breakup mechanisms, but they also argued that bub-
ble sizes in columns equipped with fine pore spargers depend
mostly on phenomena that take place either directly onto or in
the vicinity of the sparger region. That was also confirmed in the

present work, since, during the experiments, many bubble inter-
actions were observed either directly onto or near the sparger
region for both spargers and for all liquids employed, with the
exclusion of the isobutanol solutions. As already mentioned,
coalescence is inhibited when these solutions are employed as
the liquid phase. The same behavior is also observed when small
quantities of salt or some organic liquids are added to water
[23,33].

Bubble coalescence on the sparger surface is a phenomenon
occurring not only at high gas flow rates, but even at very low
ones. Fig. 16a illustrates the coalescence between two under-
formation bubbles on the sparger surface, while Fig. 16b shows
the simultaneous coalescence of three bubbles in the vicinity of
the porous sparger.

Fig. 17 gives acomparison between the initial bubble size dis-
tribution (i.e., directly on the sparger) and the one obtained by
Mouza et al. [26] (3—4 cm above sparger) for water, the 40 pm
sparger and practically the same gas flow rate. It is obvious
that the initial bubble size distribution of the present study is
shifted to higher bubble size values. Since Mouza et al. [26]
measured the bubble size distribution few centimeters above
the sparger, it can be concluded that bubble breakage occurs
in the vicinity of the sparger directly after bubble detachment.
This claim is in agreement with visual observations conducted
in the present study about 3 cm above the sparger, where bub-
ble breakage found to take place in a great extent. Fig. 18
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Fig. 14. Instances of a bubble formation.

illustrates the breakage of a large bubble into two daughter
bubbles few centimeters (i.e., 3 cm) above the sparger. Further-
more, in some cases, especially when the glycerin solutions
were employed, very small bubbles traveling inside the cell
were also observed. These small bubbles could be the result
of bubble breakage occurring inside the cell, since bubbles of

that size are not produced from the sparger. It seems more pos-
sible that these bubbles are the result of a coalescence-linked
breakup mechanism [34]. Tse et al. [34] observed that the coa-
lescence of two bubbles can result in the formation of a smaller
one and this breakage mechanism is more pronounced when the
coalesced bubbles are large. From the above, it seems that inter-
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Fig. 15. Instances of bubble formation at two different sparger regions.

actions between the bubbles directly onto or in the vicinity of the
porous sparger region are of great interest and should be further
studied.

3.7. Mean Sauter diameter of bubbles

To the authors’ best knowledge, there is a lack of correla-
tions for predicting the size of bubbles formed from a porous
sparger. Thus, an attempt was made to formulate a correlation

based on dimensional analysis for the prediction of the mean
Sauter diameter of the bubbles formed from a porous sparger
at the homogeneous regime. This correlation includes the most
important of the aforementioned parameters that affect the initial
bubble size, namely:

e the gas phase superficial velocity,
e the physical properties of the liquid phase (i.e., surface ten-
sion, viscosity, density),
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Fig. 16. Instances of bubble coalescence during their formation (d}, =40 um) in: (a) glycerin solution and (b) water.
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ratio of the sparger mean pore size to sparger diameter (d,/d;)
Fig. 17. Bubble size distribution for water (Qg = 14.7 ml/s and dj, =40 wm). was also included to account for the different porous sparger
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Fig. 18. Instances of bubble breakage 3 cm above the sparger for water.
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Fig. 19. Comparison of the initial Sauter diameter prediction with experimental
data.

characteristics. The correlation has the form:

1/5
17
ds

d
—= =7.35|We "R A2 10
dy ¢ ¢ " ds (10)

where d3; is the mean Sauter diameter. This correlation is plotted
in Fig. 19 and it is in very good agreement (+15%) with all
experimental data. This correlation is good when stainless steel
porous spargers are employed, but considering the findings of
Koide et al. [25] it may be also applicable for all metal porous
spargers.

4. Concluding remarks

In bubble column reactor design the homogeneous regime is
usually the most desirable, because it enhances the efficiency
of the equipment by providing a greater gas—liquid interfacial
area. For this case, new data concerning initial bubble size dis-
tributions and mean Sauter diameters in a small bubble column
equipped with two different porous spargers are presented for a
number of liquids covering a wide range of surface tension and
viscosity values.

By taking into consideration the forces acting on an under-
formation bubble, i.e., the upward acting forces (buoyancy, gas
momentum and gas pressure force) and the resistance to bub-

ble formation (drag, inertial and surface tension force), it can
be concluded that the bubble development is controlled by the
pore size distribution, the gas flow rate and the properties of the
liquid phase. The characteristics of the bubbles, i.e., number and
size distribution, are the combined effect of all the above factors
that can influence one or even all the forces acting on an under-
formation bubble. For example, for a given gas flow rate and
sparger pore size, a high viscosity value seems to favor the acti-
vation of more pores and thus the formation of more numerous
and smaller bubbles, but the same result can be obtained when a
low-surface tension liquid is employed, because in this case the
force that keeps the bubble attached to the sparger decreases.

A new correlation for the prediction of the bubble mean
Sauter diameter from this kind of sparger has been proposed and
found to be in reasonably good agreement with all experimen-
tal data. Moreover, the implementation of the initial bubble size
distribution and/or the Sauter diameter into a commercial CFD
code can render it to a powerful tool for the simulation of bubble
column operation and thus improve the physical understanding
of its hydrodynamic behavior.

In addition, meticulous visual observations of the bubble
formation process on the porous sparger indicate that many
neighboring pores contribute to a single bubble production. It
is also proved that bubble size in bubble columns equipped with
porous sparger depends extensively on phenomena occurring
directly onto or in the vicinity of the sparger surface. Con-
sequently, experiments in microscopic scale focused on the
phenomena occurring onto the sparger surface are needed. More-
over, in order to establish rigorous criteria for the coalescence
and breakage of fluid objects at the microscopic level, more
experimental data as well as theoretical analyses are required.
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