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bstract

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
ne pore sparger. Various liquids covering a wide range of surface tension and viscosity values are employed, while the gas phase is atmospheric
ir. A fast video recording technique is used for both the visual observations of the phenomena occurring onto the sparger and the bubble size

easurements. A new correlation regarding the prediction of the initial mean Sauter diameter of bubbles formed from porous spargers at the

omogeneous regime has been formulated and found to be in good agreement with available data. The experiments show that the mechanisms of
ubble formation as well as the initial bubble size distribution depend strongly on the liquid properties, the sparger design and the gas flow rate.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Bubble columns are widely used as gas–liquid contactors
n many applications such as absorption, blood oxygenation,
ermentations, bio-reactions, coal liquefaction and waste water
reatment. Due to their simple construction, low operating cost,
igh energy efficiency and good mass and heat transfer rates,
ubble columns offer many advantages when used as gas–liquid
ontactors. However, their design and scale up is still a difficult
ask, due to the generally complex structure of the multiphase
ow encountered in this type of equipment. In all these pro-
esses, bubble size is an important design parameter, since it
ictates the available interfacial area for gas–liquid mass trans-
er. Also, in some applications the prediction of bubble size is
rucial, e.g. in blood oxygenators, where large bubbles favor

O2 removal, whereas small bubbles favor O2 transfer, but it is
ore difficult to eliminate them in the debubbling section of the

xygenator [1].
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Bubble size distribution depends extensively on column
eometry, operating conditions, physical properties of the two
hases and type of gas sparger [2]. Among the common gas
pargers used, fine pore plate seems to be advantageous since
ubbles created by this type of gas distributor are numerous and
elatively small, offering a greater gas–liquid interfacial area for
fficient mass transfer [3]. However, information related to the
erformance of this kind of sparger is quite limited.

From the two main flow regimes observed in bubble columns,
.e., the homogeneous and the heterogeneous regime, the homo-
eneous regime is more desirable for practical applications,
ecause it offers a larger contact area [4]. In addition, it is
referable for applications where high gas flow rates may have
ndesirable implications and mainly for those involving sensi-
ive materials. For example, in bioreactors, where cells and/or
nzymes are shear sensitive, high gas flow rates must be avoided
o provide a low shear rate environment [5]. Also, in blood oxy-
enators, high gas-to-blood flow ratio is one of the main causes
f intravascular microemboli and organ injury during cardiopul-

onary bypass and is associated with excessive hemolysis and

rotein denaturation [6].
In general, the homogeneous regime, encountered at rela-

ively low gas velocities, is characterized by a distribution of

mailto:paras@cheng.auth.gr
dx.doi.org/10.1016/j.cej.2007.04.040
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Nomenclature

a major bubble axis (m)
b minor bubble axis (m)
db bubble diameter (m)
dp pore diameter (m)
ds sparger diameter (m)
d32 mean Sauter diameter (m)
Fσ surface tension force (N)
Fd drag force (N)
Fr Froude number defined by Eq. (7)
g acceleration of gravity (m/s2)
k minimum number of classes defined by Eq. (2)
ni number of bubbles in the dispersion of size class

i
N number of classes in bubble size distribution
QG gas flow rate (m3/s)
rp pore radius (m)
Re Reynolds number defined by Eq. (9)
S sample size
UGS 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
�P capillary pressure defined by Eq. (4) (Pa)
μL liquid phase viscosity (Pa s)
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Table 1
Pore size range of a typical porous sparger (Mott Corp.)

Nominal pore
size, dp (�m)

Minimum pore
diameter (�m)

Maximum pore
diameter (�m)

40 3 70
100 5 500
ρL liquid phase density (kg/m )
σL surface tension (N/m)

mall and almost identical bubbles and a radially uniform gas
oldup [7]. However, when a porous sparger, which has a rather
road pore size distribution, is employed, the bubble diameters
lso follow a wide distribution even for the lowest gas flow rate.
n this case, the homogeneous regime can be considered as the
egime in which discrete bubbles are generated from the sparger
nd the gas holdup is linearly increasing with gas flow rate.

his definition of the homogeneous regime [8–10] will be used

hroughout the present study.
An effective tool used for the study of bubble column hydro-

ynamics and their design is computational fluid dynamics

Fig. 1. Experimental set-up.

Fig. 2. Typical porous sparger images obtained by SEM (60× magnification):
(a) dp = 40 �m and (b) dp = 100 �m.

Table 2
Liquid phase properties at 25 ◦C

Index Liquid phase Viscosity,
μL (mPa s)

Density,
ρL (kg/m3)

Surface
tension, σL

(mN/m)

w Water 1.0 997 72
i1 Isobutanol 0.75% (v/v) 0.9 992 60
i2 Isobutanol 2.2% (v/v) 0.9 990 49
g1 Glycerin 33.3% (v/v) 3.6 1080 70
g2 Glycerin 50.0% (v/v) 6.2 1140 69
g3 Glycerin 66.7% (v/v) 16.6 1180 67
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Fig. 3. Bubble formation for water (QG = 18.5 ml/s and dp = 100 �m).

CFD). An increasing number of papers deal with CFD applica-
ion to bubble columns [4,11]. However, most of these studies
ssume a monodispersed bubble size distribution at the column
ntrance [12–16], a simplification that limits the validity of their
odels. Lehr et al. [13] pointed the importance of the initial

ize distribution by observing that different bubble sizes at the
olumn entrance result in very different interfacial area densi-
ies available for heat and mass transfer. Consequently, it seems
hat, in order to develop reliable predictive tools for bubble col-
mn design, it is essential to be able to know the initial bubble
ize distribution, i.e., the distribution at the column entrance
irectly after the bubble detachment from the sparger, for various
as–liquid systems.

There are many studies in the literature dealing with the
stimation of bubble size distribution or the mean Sauter diam-
ter in bubble columns, but further detailed experimental and
heoretical investigations are necessary. Most of these studies

easure bubble size distribution at different heights of the col-
mn, away from the sparger area [2,3,17–20], or focus only
n one gas–liquid system, without studying the effect of the

hysical properties on bubble size distribution [3,17,20,21]. The
ajority of the studies concern perforated plates or multi-nozzle

pargers [17,18,21], while many of them base their statistics on
amples with limited number of bubbles [2,18,20].

c
e
i
l

able 3
nitial Sauter diameter (d32) for the 100 and 40 �m spargers

iquid phase d32 (mm)

QG = 10.9 ml/s QG = 14.

dp = 100 �m dp = 40 �m dp = 100

w 7.3 5.1 7.4
gl 6.6 4.5 6.9
g2 6.3 4.3 6.6
g3 5.2 3.7 5.5
i1 6.0 4.4 5.6
i2 4.6 3.9 4.4

–”: not available.
ig. 4. Effect of pore size on bubble formation for water (QG = 10.9 ml/s): (a)

p = 100 �m and (b) dp = 40 �m.

To the authors’ best knowledge, there is a limited number of
tudies on bubble size measurements in columns equipped with
orous sparger [22–25]. These studies concern bubble size mea-
urements away from the sparger [24,25], while many of these
se non-coalescing liquids and assume that the size distribution
emains practically unchanged along the bubble column [22,23].
n a previous work conducted in this laboratory, Mouza et al. [26]

alculated bubble size distributions for various liquids at differ-
nt heights from the porous sparger (3–40 cm) and showed the
nfluence of viscosity and surface tension on bubble size. The
owest height at which the aforementioned investigators have

7 ml/s QG = 18.5 ml/s

�m dp = 40 �m dp = 100 �m dp = 40 �m

5.2 7.7 –
4.7 6.8 –
4.3 6.8 –
4.1 5.6 –
4.3 5.5 –
3.7 – –
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tudied the bubble size distribution is 3–5 cm above the sparger.
owever, almost all of them agree and accentuate that coales-

ence and breakage phenomena take place either directly onto or
n the vicinity of the sparger surface. Consequently, ascending
ubbles, after their detachment, interact and, thus, the initial size
istribution is already altered, even few centimeters above the
parger. That is why Mouza et al. [26] noted that future experi-
ental work must be focused on the phenomena occurring onto

he sparger surface.
In the present work, new experimental data on initial bub-

le size distribution, namely the size distribution of the bubbles
irectly after their detachment from the sparger surface, and
ean Sauter diameter at the homogeneous regime in a miniature

ubble column equipped with two different fine-pore sparg-
rs, obtained from image analysis of fast video recordings, are
eported. Various liquids covering a wide range of viscosity and
urface tension are employed, while atmospheric air is used as
he gas phase for all experiments. A correlation of general valid-
ty for the prediction of the Sauter diameter of the bubbles just
fter the detachment, in bubble columns with porous sparger
perating at the homogeneous regime, has also been formulated.

. Experimental set-up and measuring technique
The experimental set-up is illustrated in Fig. 1 and it consists
f a small vertical rectangular Plexiglas® column (cell) with a
quare cross section of side length 4 cm and height 12 cm. To

v
s
u
v

Fig. 5. Effect of pore size on initial bubble size distribution (QG = 14.7 ml/s): (a)
ing Journal 137 (2008) 265–281

ncrease the total height of the column and to deter small bubbles
eturning to the sparger vicinity due to recirculation, a cylindrical
lexiglas® pipe (6.5 cm i.d. and 35 cm height) was also adjusted
t the top of the column. The cell is equipped with appropriate
otameters for gas phase flow measurement and control. During
he experiments, the gas is injected through a gas sparger, i.e., a
ound metal porous disc, 2.5 cm diameter, installed at the centre
f the bottom plate. In the present experiments, two 316L SS
orous discs (Mott Corp.) with nominal pore size of 40 and
00 �m were alternatively used as gas spargers.

The pore size range, given by the manufacturer of the above
orous discs, is presented in Table 1. It is noted that the 100 �m
parger has a very broad pore size range and much larger
ores compared to the 40 �m sparger. In order to confirm this
ifference, images were also obtained by scanning electron
icroscopy (SEM) (Fig. 2). It is easily observed that pores are

f irregular shape and of non-uniform size and also that in the
0 �m sparger, pores are much smaller and more uniform com-
ared to the 100 �m sparger, which indeed has a very broad pore
ize range.

All the experiments were conducted at ambient pressure and
emperature conditions (25 ± 1 ◦C). The gas phase was atmo-
pheric air for all runs, while several liquids, i.e., water and

arious aqueous glycerin and isobutanol solutions, covering a
ufficiently wide range of viscosity and surface tension val-
es (Table 2), were employed as liquid phase. The liquid phase
iscosity is measured by a KPG® Cannon-Fenske (Schott) vis-

water, (b) glycerin 66.7%, (c) isobutanol 0.75% and (d) isobutanol 2.2%.
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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.
N.A. Kazakis et al. / Chemical En

ometer, while the surface tension is measured using the pendant
rop method (KSV® CAM 200). Each experimental run is initi-
ted by starting the gas supply and then filling the column with
he appropriate liquid phase up to 30 cm above the sparger. This
rocedure was followed in order to eliminate the possibility of
he liquid phase entering some pores and blocking them. All the
xperiments were performed with no liquid throughput.

An interesting general observation made during the experi-
ents is that, even for relatively high gas flow rates, only a part

f the porous sparger is activated (Fig. 3), a remark also made
y Kaji et al. [8]. In addition, the number of the activated pores
eems to depend on the gas flow rate, the mean pore size and
he properties of the liquid phase, which is also pointed out by
owonder and Kumar [27] and Houghton et al. [28].

A high-speed digital video camera (Redlake MotionScope
CI® 1000S) is employed for the bubble size measurements.
he recorded images are also used to obtain an insight into the
oalescence/breakage mechanisms occurring during bubble for-
ation at the vicinity of the sparger. The camera is fixed on a

tand very close to the area of observation in such a way that the
est section is located between the camera and an appropriate
ighting system placed behind a diffuser to evenly distribute the
ight. Although the imaging system used was capable of record-
ng up to 1000 full frames per second (fps), a speed of 500 fps
s considered a suitable recording rate for the present experi-

ents. The shutter speed employed was of 1/5000. It must be
lso noted that the optical system offers a very narrow depth of
eld (few mm). The advantage of the above method is that it is
on-intrusive and permits in situ measurements. Using appro-
riate software (Redlake MotionScope®) the size distribution
f the bubbles formed, directly after their detachment from the
orous sparger surface can be obtained from the recorded images
or the various liquids and flow conditions examined. When the
00 �m sparger was used, the initial bubble size distribution was
alculated for three different gas flow rates, whereas when the
0 �m sparger was employed, the initial bubble size distribution
as determined only for the lower two, due to the large number
f bubbles formed, leading to their overlapping at the focusing
lane.

The calibration of the measuring system, needed to ensure
he accurate measurement of the bubble size, is accomplished by

easuring the known diameter of a cylindrical metal rod placed
t the focusing plane. Subsequent image processing results in a
harp bubble–liquid interface. The bubbles were approximated
y ellipses and the equivalent diameter of a sphere with the same
olume as the ellipsoid was computed by the equation:

b = 3
√

a2b (1)

here db is the equivalent bubble diameter and a and b are the
ajor and minor axes of the ellipsoid, respectively. Approxi-
ately 500 bubbles, just after their detachment from the porous
parger, were measured in each experimental run, a number con-
idered to be adequate for statistical calculations [17,29]. The
inimum number of classes required for the construction of the

ize distributions, k, was estimated using the Sturges’ rule given
F
(

ing Journal 137 (2008) 265–281 269

y

= 1 + log2S (2)

here S is the sample size (∼500 bubbles). The number of
ig. 6. Effect of gas flow rate on bubble formation for the glycerin 50.0%
dp = 100 �m): (a) QG = l0.9 ml/s, (b) QG = 14.7 ml/s and (c) QG = 18.5 ml/s.



2 gineer

s
a
s
s
s
m
t

3

t

t
d
t
t
a
a

d

70 N.A. Kazakis et al. / Chemical En

As previously mentioned, bubbles were considered ellip-
oids. The spatial resolution of the measuring technique is
pproximately 60 �m, while the maximum uncertainty in mea-
uring the length of each axis of the bubbles, due to unavoidable
hadows at the bubble interface, is of the order of 250 �m. Con-
idering all the above and the fact that the smallest bubbles
easured in the present study are about 1.7 mm, it is estimated

hat the uncertainty of the measurements is less than 10%.
. Results and discussion

In Table 3 the mean Sauter diameter (d32) values for all
he air–liquid systems tested are given. The empty cells in

w
o
f

Fig. 7. Effect of gas flow rate on initial bubble size distribution
ing Journal 137 (2008) 265–281

he table mean that the size distribution and the mean Sauter
iameter could not be measured for these conditions, since
he tracking of the bubble interface was impossible due to
he large number of bubbles formed and their overlapping
t the focusing plane. The mean Sauter diameter is defined
s

32 =
∑N

i nid
3
bi∑N

i nid
2
bi

(3)
here dbi and ni are the diameter and the number of the bubbles
f size class i, respectively and N is the number of classes used
or the distribution.

: (a) water, (b) glycerin 50.0% and (c) isobutanol 2.2%.
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.1. Pore size effect

The pore size of the gas sparger seems to play an important
ole on the initial bubble size distribution. Fig. 4 illustrates two
ypical images of bubble formation at the same gas flow rate for
ater and for both spargers used. A first observation is that, for

he same gas flow rate, the 40 �m sparger gives more numerous

nd much smaller bubbles than the 100 �m sparger. In addition,
rom Table 3 one can see that, when the 40 �m sparger is used,
he mean Sauter diameter is 15–30% smaller than that of the
00 �m sparger.

g

�

Fig. 8. Effect of viscosity on bubble form
ing Journal 137 (2008) 265–281 271

This can be explained by assuming that the process of bub-
le formation starts with the pressure in the chamber below the
parger being equal to the hydrostatic pressure above it. As gas
ows into the chamber, the pressure under the sparger increases.
bubble starts to form on a pore when the pressure under the

ore overcomes the capillary pressure, which is actually the
esistance to bubble formation [30]. The capillary pressure is

iven by

P = 2σL

rp
(4)

ation for sparger with dp = 100 �m.
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here σL is the surface tension and rp is the pore radius. In
ddition, as already discussed, the two spargers used have a very
ifferent pore size range and even though the minimum pore size
s of the same order of magnitude for both of them, the maximum
ore size of the 100 �m sparger is approximately seven times
arger than that of the 40 �m sparger (Table 1). Consequently,
ince the 100 �m sparger has a broader size range with rela-

ively large pores, capillary pressure is smaller for these pores
nd they are preferred as bubble formation sites [28,30], when
his sparger is employed. This does not stand for the 40 �m
parger, where the pore size range is much narrower and gas

g
b
s
m

Fig. 9. Effect of viscosity on bubble form
ing Journal 137 (2008) 265–281

s distributed more evenly across the sparger surface activat-
ng more pores and thus producing more numerous and smaller
ubbles [8].

Fig. 5 illustrates the initial size distribution measured for the
wo spargers at the same gas flow rate for all the liquids tested.

first observation, which has been already discussed, is that the
0 �m sparger produces much smaller bubbles and, as expected,

ives a log-normal distribution, which has been also observed
y other investigators [2,22,26]. On the other hand, the 100 �m
parger generally gives a bimodal distribution, namely the sum-
ation of two log-normal distributions. This difference can be

ation for sparger with dp = 40 �m.
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scribed to the pore size range of the two spargers, discussed pre-
iously. The two peaks shown in the distribution of the 100 �m
parger can be attributed to the broad size range of this sparger.

ore specifically, the first peak represents bubbles formed at
arger pores while the second one corresponds to those formed
t smaller ones that are also activated at each gas flow rate [28].
his is not the case for the 40 �m sparger, where the pore size

ange is much narrower and thus there are not large variations
n bubble size.

.2. Gas flow rate effect

Fig. 6 illustrates typical images of a glycerin solution during
ubble formation for various gas flow rates when the 100 �m
parger is employed. It is observed that, as gas flow rate is
ncreased, more pores are activated and hence more bubbles are
ormed. According to Eq. (4), the capillary pressure is smaller
or larger pores. Consequently, when gas flow rate is relatively
ow, only the larger pores are activated, producing relatively
arge bubbles [28,30]. As the gas flow rate is increased, two are
he main observations made for all liquids and for both spargers

mployed:

some of the pores, which were already activated, produce
slightly larger bubbles and

b
t
t
o

Fig. 10. Effect of viscosity on initial bubble size distrib
ing Journal 137 (2008) 265–281 273

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].

he 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

ize distribution for both spargers used is illustrated. As gas
ow rate increases the distribution curves become broader, a
act that is attributed to both the formation of new smaller bub-
les from new activated pores and the formation of larger ones
rom already activated pores. Another observation is that the
umber frequency of the smaller bubbles, namely the bubbles
elonging to the size classes on the left of the first peak, also
ncreases with the gas flow rate for all liquids tested. In addition,
ccording to Table 3, the mean Sauter diameter increases slightly
ith gas flow rate for the water and the glycerin solutions, while

t decreases for the isobutanol solutions. This can be attributed
o the fact that, in the low surface tension solutions the activa-
ion of new pores preponderates over the formation of larger

ubbles from already activated pores leading to a reduction of
he mean bubble size. This is also enhanced by the behavior of
hese solutions, which shows a coalescence inhibition [2]. The
pposite stands for the other liquids employed, in which inter-

ution: (a) QG = 10.9 ml/s and (b) QG = 14.7 ml/s.
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ctions between the bubbles onto the sparger surface are more
ronounced.

.3. Viscosity effect

Figs. 8 and 9 show the viscosity effect on the bubble for-
ation, i.e., size and number of bubbles, from the 100 and

0 �m sparger, respectively, while Fig. 10 illustrates the vis-
osity effect on the initial size distribution. It is obvious that
s viscosity increases, the size distribution curve shifts to lower
ubble sizes. The same can be concluded from Table 3, where
ne can see that the mean Sauter diameter of the formed bub-
les reduces as viscosity increases, which is consistent with the
bservations of Houghton et al. [28], who measured the largest
ubble sizes in water and the smallest in an aqueous glycerin
olution of high viscosity. This behaviour is ascribed to the acti-
ation of more pores for the same gas flow rate as viscosity

ncreases, which leads to the formation of smaller bubbles. A
uestion which arises is how the viscosity increase induces acti-
ation of more pores. In order to answer this question one has to
ake into account the forces acting on an under-formation bubble.

s
s
s
t

Fig. 11. Effect of surface tension on bubble f
ing Journal 137 (2008) 265–281

he upward forces acting on a bubble during its formation are
he buoyancy, the gas momentum force and the pressure force,
hile the downward forces are the drag force, the inertial force

nd the surface tension force [31]. At the instant just prior to
etachment the upward forces are equal to the downward ones.
he only force from the above which depends on the viscosity
f the liquid phase is the drag force which is given by [31]

d = 1

2
ρLW2 πd2

b

4

(
24μL

ρLWdb
+ 1

)
(5)

here W is the average velocity of bubble expansion, db the bub-
le diameter and ρL and μL are the liquid density and viscosity,
espectively. According to Eq. (5), as viscosity increases, the
rag force also increases retarding the growth stage of a bubble
eing formed at a pore. In addition, according to Loimer et al.
30] the pressure inside the pores is not the same everywhere
cross the sparger. Thus, since the gas flow rate through the

parger is constant and a bubble can not grow faster on an active
ite, gas is forced to flow to other directions inside the porous
parger increasing the pressure under other pores and activating
hem.

ormation for sparger with dp = 100 �m.



N.A. Kazakis et al. / Chemical Engineering Journal 137 (2008) 265–281 275

bble f

3

b
a
s
o
a
F
d
o
t
a
a
m
t
m
d
b

F

T
a
s
b
i

3

s
f
o
c
p

b
f

Fig. 12. Effect of surface tension on bu

.4. Surface tension effect

Figs. 11 and 12 show the effect of surface tension on the
ubble formation, i.e., size and number of bubbles, at the 100
nd 40 �m sparger, respectively, while Fig. 13 illustrates the
urface tension effect on the initial size distribution. A first
bservation is that, as surface tension is reduced, more bubbles
re formed and the initial size distribution shifts to lower sizes.
urthermore, from Table 3 it can be seen that the mean Sauter
iameter is drastically reduced as surface tension decreases, an
bservation also made by other investigators [8,28]. According
o Eq. (4), as surface tension decreases, the capillary pressure
lso decreases resulting in the activation of even smaller pores
nd the formation of more numerous bubbles [28]. The smaller
ean Sauter diameter observed when liquids with low surface

ension are employed, can be explained as follows: as already
entioned, one of the downward forces acting on a bubble
uring the expansion stage is the surface tension force given
y

σ = 2πrpσL (6)

d
i
s
s

ormation for sparger with dp = 40 �m.

he surface tension force is the one which “holds” the bubble
ttached to the sparger as it grows. Consequently, as surface ten-
ion decreases, the surface tension force also decreases and thus
ubble detachment occurs at smaller bubble diameter resulting
n the formation of much smaller bubbles.

.5. Bubble formation on porous sparger

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

The incipient bubble diameter, i.e., the bubble diameter
efore it starts growing (Fig. 14), has been measured and
ound equal to about 4.8 mm while the resultant bubble after

etachment is about 8 mm. In Fig. 15, the difference in the incip-
ent bubble diameter between two bubbles growing at different
parger regions can be observed. The bubble on the left is the
ame mentioned earlier while the one on the right has an incip-



276 N.A. Kazakis et al. / Chemical Engineering Journal 137 (2008) 265–281

distr

i
r
d
s
s
v
o

t
n
w
d
a
t
a
p
b

3

a
c
b
m
t

p
a
r
e
c
t
q
[

o
o
f
t
t

t
M
s
t
s
m
t

Fig. 13. Effect of surface tension on initial bubble size

ent diameter, before the growth stage, about 3.3 mm and the
esultant bubble is about 6 mm. Consequently, it seems that the
ifferent bubble sizes during bubble formation depend on the
parger area that the bubbles cover just after gas exits the porous
parger. It seems that pores which are very close can be acti-
ated together and simultaneously contribute to the growth of
ne bubble.

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

.6. Bubble interactions

In a previous work conducted in this laboratory, Mouza et
l. [26], not only concluded that the liquid properties influence

oalescence/breakup mechanisms, but they also argued that bub-
le sizes in columns equipped with fine pore spargers depend
ostly on phenomena that take place either directly onto or in

he vicinity of the sparger region. That was also confirmed in the

i
T
i
b

ibution for: (a) QG = 10.9 ml/s and (b) QG = 14.7 ml/s.

resent work, since, during the experiments, many bubble inter-
ctions were observed either directly onto or near the sparger
egion for both spargers and for all liquids employed, with the
xclusion of the isobutanol solutions. As already mentioned,
oalescence is inhibited when these solutions are employed as
he liquid phase. The same behavior is also observed when small
uantities of salt or some organic liquids are added to water
23,33].

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

Fig. 17 gives a comparison between the initial bubble size dis-
ribution (i.e., directly on the sparger) and the one obtained by

ouza et al. [26] (3–4 cm above sparger) for water, the 40 �m
parger and practically the same gas flow rate. It is obvious
hat the initial bubble size distribution of the present study is
hifted to higher bubble size values. Since Mouza et al. [26]
easured the bubble size distribution few centimeters above

he sparger, it can be concluded that bubble breakage occurs

n the vicinity of the sparger directly after bubble detachment.
his claim is in agreement with visual observations conducted

n the present study about 3 cm above the sparger, where bub-
le breakage found to take place in a great extent. Fig. 18
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Fig. 14. Instances

llustrates the breakage of a large bubble into two daughter
ubbles few centimeters (i.e., 3 cm) above the sparger. Further-

ore, in some cases, especially when the glycerin solutions
ere employed, very small bubbles traveling inside the cell
ere also observed. These small bubbles could be the result
f bubble breakage occurring inside the cell, since bubbles of

b
l
o
c

ubble formation.

hat size are not produced from the sparger. It seems more pos-
ible that these bubbles are the result of a coalescence-linked

reakup mechanism [34]. Tse et al. [34] observed that the coa-
escence of two bubbles can result in the formation of a smaller
ne and this breakage mechanism is more pronounced when the
oalesced bubbles are large. From the above, it seems that inter-
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Fig. 15. Instances of bubble form

ctions between the bubbles directly onto or in the vicinity of the
orous sparger region are of great interest and should be further
tudied.

.7. Mean Sauter diameter of bubbles
To the authors’ best knowledge, there is a lack of correla-
ions for predicting the size of bubbles formed from a porous
parger. Thus, an attempt was made to formulate a correlation

•
•

at two different sparger regions.

ased on dimensional analysis for the prediction of the mean
auter diameter of the bubbles formed from a porous sparger
t the homogeneous regime. This correlation includes the most
mportant of the aforementioned parameters that affect the initial
the gas phase superficial velocity,
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 formati

Fig. 17. Bubble size distribution for water (QG = 14.7 ml/s and dp = 40 �m).

•
•
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on (dp = 40 �m) in: (a) glycerin solution and (b) water.

the sparger diameter and
the sparger mean pore size.

The non-dimensional numbers used in the correlation are the
roude (Fr), Weber (We) and Reynolds (Re) defined as follows:

r = U2
GS

dsg
(7)

e = ρLU2
GSds

σL
(8)

e = ρLUGSds

μL
(9)

here UGS is the gas superficial velocity based on the sparger

urface, ds the sparger diameter and ρL, μL and σL are the liquid
ensity, viscosity and surface tension, respectively. Finally, the
atio of the sparger mean pore size to sparger diameter (dp/ds)
as also included to account for the different porous sparger
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Fig. 18. Instances of bubble breakage 3
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ig. 19. Comparison of the initial Sauter diameter prediction with experimental
ata.

haracteristics. The correlation has the form:

d32

ds
= 7.35

[
We−1.7Re0.1Fr1.8

(
dp

ds

)1.7
]1/5

(10)

here d32 is the mean Sauter diameter. This correlation is plotted
n Fig. 19 and it is in very good agreement (±15%) with all
xperimental data. This correlation is good when stainless steel
orous spargers are employed, but considering the findings of
oide et al. [25] it may be also applicable for all metal porous

pargers.

. Concluding remarks

In bubble column reactor design the homogeneous regime is
sually the most desirable, because it enhances the efficiency
f the equipment by providing a greater gas–liquid interfacial
rea. For this case, new data concerning initial bubble size dis-
ributions and mean Sauter diameters in a small bubble column
quipped with two different porous spargers are presented for a
umber of liquids covering a wide range of surface tension and

iscosity values.

By taking into consideration the forces acting on an under-
ormation bubble, i.e., the upward acting forces (buoyancy, gas
omentum and gas pressure force) and the resistance to bub-
cm above the sparger for water.

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

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

In addition, meticulous visual observations of the bubble
ormation process on the porous sparger indicate that many
eighboring pores contribute to a single bubble production. It
s also proved that bubble size in bubble columns equipped with
orous sparger depends extensively on phenomena occurring
irectly onto or in the vicinity of the sparger surface. Con-
equently, experiments in microscopic scale focused on the
henomena occurring onto the sparger surface are needed. More-
ver, in order to establish rigorous criteria for the coalescence
nd breakage of fluid objects at the microscopic level, more
xperimental data as well as theoretical analyses are required.
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