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a  b  s  t  r  a  c  t

Image  analysis  technique  has  been  proved  to  be very  effective  in  the  quantification  of  particles  size  and
morphology  distributions  in  different  work  areas.  In  the  present  work  this  technique  was  combined  with
the  discriminant  factorial  analysis  (DFA)  in  order  to  allow  the  automatic  identification  of  single  bubbles
(isolated  bubbles  without  influence  of  surrounded  bubbles)  in  multiphase  systems.  With  the  previous
methodology  it  has  been  possible  to  distinguish  online  and  automatically  among  three  different  classes
of bubbles  (single  bubbles  and  medium  complexity  and  large  complexity  bubbles  groups),  allowing  for
the first  time  the  computation  of  the  local  bubble  population  complexity  in the  system.  The automatic
and  correct  characterization  of the single  bubbles  allowed  the  correct  determination  of  bubble  size  and,
ultiphase reactors
ydrodynamics

mage analysis

consequently,  the  specific  interfacial  area  a at  different  experimental  conditions.  Agreement  between
automated  and  manual  classification,  measured  in  terms  of  a performance  index,  is  98%  for  single  bubbles
identification.  Further,  the  present  work  describes  the  application  of  such  methodology  to  the  study  of
temperature,  type  of gas  sparger,  and  liquid  phase  properties  (viscosity  and  surface  tension)  influence
on the  individual  components  of  volumetric  liquid  side  mass  transfer  coefficient,  kLa. The results  show
that  the  different  experimental  parameters  and  liquid  properties  act  by  a particular  way  on kL and  a.
. Introduction

Gas/liquid contactors are used in chemical, biochemical, phar-
aceutical, petrochemical and others industries. Bubble column

eactors are intensively used as multiphase contactors. Their pop-
larity is essentially related to the simple design and excellent heat
nd mass transfer properties. The mass transfer from the gas to the
iquid is the most important goal of the process in bubble columns
eactors. Thus, the characterization of the individual parameters
f volumetric liquid side mass transfer coefficient, kLa, at different
xperimental conditions is an imperative process for the correct
haracterization of the mass transfer process. The liquid-side mass
ransfer coefficient kL can be estimated from correlations [1] or
etermined, indirectly, when the interfacial area a and kLa are
nown. The experimental determination of a can be done using

hemical and physical methods. The chemical techniques are
ased on a reaction of known kinetics in which the absorption
ate is a function of the interfacial gas–liquid area [1–7], while
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the physical methods are based on the measurement of a physical
property. The physical techniques are usually divided in non-
invasive methods that give global, cross-section-averaged or local
data, and the intrusive probes adequate to local measurements. An
extensive overview of the instrumentation techniques developed
for multiphase flow analysis in gas/liquid and gas/liquid/solid
reactors can be found in Boyer et al. [8].

Despite all the techniques, the correct determination of a
remains a challenge, as the bubble size distribution in the column
is not constant, due to bubble–bubble and bubble–particle inter-
actions that can lead to breakage or coalescence [9–13]. Moreover,
the bubbles are, usually, not spherical and can vary widely in shape,
affecting the reliability of some techniques. The non-invasive tech-
nique able to obtain, directly, the bubble size and shape is the one
based on image analysis technique. The most common limitations
of this technique are associated to problems related to wall trans-
parency, out-of-focus, system illumination and image analysis.
Most of these limitations can be experimentally solved, however, in
what concerns the image analysis the automatic and correct iden-
tification of isolated and overlapping bubbles is one of the biggest

challenges on this field. Several works can be found in the litera-
ture regarding the image analysis from bubble columns [12,14–16].
However, the automatic identification of isolated and overlapping
bubbles remains unsolved. The commercial softwares used by the

dx.doi.org/10.1016/j.cej.2011.09.117
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:amaf@fe.up.pt
dx.doi.org/10.1016/j.cej.2011.09.117
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Nomenclature

Aproj projected bubble area (m2)
a gas–liquid interfacial area (m−1)
a* gas–liquid interfacial area for pure system (m−1)
BCD mean complexity degree of the entire population
BCDi complexity degree of the bubble i
C circularity, dimensionless
C oxygen concentration in the liquid (kg/L)
C0 oxygen concentration in the liquid at t = 0 (kg/L)
C* oxygen solubility in the liquid (kg/L)
Deq equivalent diameter (m)
DL diffusivity of gas in the liquid (m2/s)
d10 bubble average diameter (m)
d32 Sauter mean diameter (m)
Fmax maximal Feret diameters (m)
Fmin minimal Feret diameters (m)
f volumetric concentration of the particles, dimen-

sionless
g acceleration due to gravity (m/s2)
kL liquid-side mass transfer coefficient (m/s)
kLa volumetric liquid side mass transfer coefficient (s−1)
Ni number of internal zones
n number of bubbles, dimensionless
P perimeter (m)
PI performance index
Pbi,S probability of bubble being single
Pbi,MA probability of bubble belong to a medium complex-

ity bubbles group
Pbi,VA probability of bubble belong to a large complexity

bubbles group
Sin surface occupied by the internal zones (m2)
T temperature (◦C)
t time (s)
uG superficial gas velocity (m/s)
εG gas holdup, dimensionless

 ̨ angle (◦)
�* effective viscosity of the particle–fluid mixture

(kg/(m s))
�l and � viscosity of liquid phase (kg/(m s))
�1 particle robustness

d
z
u
l
t
t
f
f
a

Initially the liquid is deoxygenated by bubbling nitrogen.

T
E

� surface tension (N/m)

ifferent authors conduct to a manual or semi-manual characteri-
ation of the individual bubbles by the operator. Some authors [15]
sed the concavity index as a criterion to distinguish between iso-

ated and overlapping bubbles: overlapping induces concavities in
he object and decreases the concavity index. This criterium seems
o not produce significant errors on the bubble size determination

or low superficial gas velocity (less than 3 × 10−3 m/s). However,
or high superficial gas velocities other criteria need to be found, as

 result of bubbles number increase.

able 1
xperimental conditions used in the present work.

Liquid phase 

Type Concentration T (

– 20
Distilled water – 25

– 30
Aqueous solutions of alcohol Up to 3.43 M 25
Aqueous solutions of NaCl Up to 3.5 M 25
Aqueous solutions of sucrose Up to 1.41 M 25
g Journal 180 (2012) 216– 228 217

A combination of image analysis technique with the discrim-
inant factorial analysis has been proved to be very effective in
the quantification of particles size and morphology distributions
in crystallization area, as off-line [17] and online [18] techniques.

In the present work, the online technique, developed by Ferreira
et al. [18] for characterization of sucrose crystal morphology, was
improved in order to allow the automatic identification of single
bubbles (isolated bubbles without influence of surrounded bub-
bles) and bubble groups (medium complexity and large complexity
groups) in the bubble column. As this automatic classification is
based on several probabilities of each bubble belonging to each of
the groups considered [17,18],  it was also possible to obtain the
complexity or turbulence of the system. This information shows
to be very useful in understanding the bubble size distribution
and the mass transfer process in the bubble column, mainly in
what concerns the influence of the other bubbles on the concen-
tration profiles surrounding individual bubbles, a question that has
been recently studied [19,20]. The methodology and image anal-
ysis development on the present work aims to open new insights
for a better understanding of mass transfer phenomena in the bub-
ble column. The developed tool was  applied to the study of the
influence of temperature, type of gas sparger, and liquid phase
properties (viscosity and surface tension) on the individual param-
eters of volumetric liquid side mass transfer coefficient, kLa.

2. Experimental

2.1. Mass transfer experiments

2.1.1. Set-up
The contact device used to perform the mass transfer exper-

iments was  the bubble column represented in Fig. 1 with the
respective dimensions. The device is a perspex cylindrical column
covered by a perspex rectangular box to control the temperature
through water circulation. At the bottom a gas chamber is located,
where the gas enters first and then passes through a steel sparger,
with a thickness of 2 mm,  where the bubbles are formed. The
sparger has a relative free area of 0.02% and 0.05% for an orifice
diameter of 0.3 and 0.5 mm,  respectively.

2.1.2. Methodology
Oxygen mass transfer experiments were performed in two-

phase system at different temperatures (20, 25 and 30 ◦C),
superficial gas velocities (up to 14 mm/s), gas spargers (orifice
diameter of 0.3 and 0.5 mm)  and liquids (aqueous solutions of alco-
hol, ethanol (up to 3.43 M),  sodium chloride, NaCl (up to 3.54 M)
and sucrose (up to 1.41 M)). Air was used as gas phase. The liquid
height was h0 = 0.32 m for all experiments (no liquid throughput).
Table 1 presents a summary of the experimental conditions used
in the present work.
When the dissolved oxygen concentration is practically zero,
humidified air is fed into the column. At this moment the oxygen
transfer process from bubbles to the liquid begins and continues

Gas phase Sparger

◦C) uG × 103 (m/s) Orifice diameter (mm)

 Up to 14
 Up to 14 0.3 and 0.5

 Up to 14
 Up to 12 0.3
 Up to 12 0.3
 Up to 12 0.3
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Fig. 1. Bubble column (a) and sparger (b) used in the present work (all dimensio

ntil oxygen concentration in the liquid reaches the saturation.
issolved oxygen concentration values were measured online
sing an O2 electrode (CellOx 325, WTW),  located 0.20 m from the
as sparger and 0.07 m from the wall, and recorded directly in a
C, through a data acquisition board. By this way, the dissolved
xygen concentration variation with time, t, is obtained, and kLa
an be calculated according to the following procedure.

The mass balance for oxygen in the liquid is written as:

dC

dt
= kLa(C∗ − C) (1)

here C* and C are, respectively, the oxygen solubility and oxygen
oncentration in the liquid. Assuming the liquid phase homoge-
eous and C0 the oxygen concentration at t = 0, the integration of
he previous equation leads to:

∗ ∗
n(C − C) = ln(C − C0) − kLa · t. (2)

The volumetric mass transfer coefficient can now be deter-
ined by plotting ln(C* − C) against time (t). The experimental

esults are reproducible with an average relative error of 5% and
mm): 1 – gas chamber; 2 – sparger; 3 – cylindrical column; 4 – rectangular box.

are not influenced by the dynamics of the oxygen electrode since
its response time (less than 16 s for a 95% confidence interval) was
much smaller than the mass transfer time of the system.

The solubility of oxygen in water (C*) was  taken experimentally
for each run and the slope was determined using the statistical
method Test F. This method consists in determining the optimum
number of points (np) for a linear regression of the experimental
data [21].

2.2. Image analysis experiments

2.2.1. Set-up
In order to obtain the bubble size distribution and, conse-

quently, the specific interfacial area a, a second experimental
set-up was  used, Fig. 2. The device is a perspex rectangular column

(W × D × H : 140 mm × 20 mm × 1240 mm)  covered by a perspex
rectangular box to control the temperature through water cir-
culation and to minimize the optical distortion. The column was
designed in order to minimize the problems related with the effect
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Fig. 2. Experimental set-up for visualization measurements (all dimen-
s
(
c

o
u
r
M

ions in mm):  1 – gas chamber; 2 – sparger; 3 – rectangular column
W × D × H : 140 mm × 20 mm × 1240 mm);  4 – rectangular box; 5 – digital
amera; 6 – diffuser glass; 7 – halogen lamp.
f bubble position in the column on bubble size measurement
sing image analysis techniques. By this way, it was possible to
educe the error, associated to this effect, for a value less than 3%.
oreover, no influence on bubble size and shape was verified using

Fig. 3. Sequence of operations performed on the im
g Journal 180 (2012) 216– 228 219

this rectangular column in comparison with the bubble column
used in mass transfer experiments. A gas chamber is located at the
bottom where the gas enters first and then passes through a steel
sparger, with a thickness of 2 mm,  where the bubbles are formed.
The sparger is constituted by a single line of orifices with a pitch
of 20 mm  and a relative free area of 0.02% and 0.05% for a orifice
diameter of 0.3 and 0.5 mm,  respectively. Sets of images, obtained
0.2 m from the gas sparger, were grabbed with a black and white
high speed digital video camera (frame rate of 250 images/s)
connected to a PC, and used to study the bubble shape and size in
the same conditions of kLa determinations. After the acquisition a
set of images (about 5 images/s) are automatically treated and the
bubbles are identified and classified. For that, the image analysis
technique and the discriminant factorial analysis (DFA) were
combined.

2.2.2. Methodology

• Image analysis
Bubbles images acquisition was carried out as previously

referred. These images are then treated, analyzed and several
numerical descriptors are extracted for each bubble or group of
bubbles using Visilog Tm5 (Noesis, les Ulis, France).

The image treatment consists of: reduction of the color depth
of the image from 256 levels of gray to 2 colors, hole filling, noise
elimination, elimination of the objects that contact the board of
the image and identification of the bubbles in the image (Fig. 3).

The image descriptors are projected bubble area, Aproj,
from which the equivalent spherical bubble diameter (Deq =
2
√

Aproj/�)  is deduced, perimeter P, Ni (number of internal zones,
the central and transparent parts of the bubble), Feret diameters
distribution, from which the maximal (Fmax) and minimal (Fmin)
are deduced (Fig. 4). The Feret diameter is the distance between
two  parallel tangent to the silhouette and making an angle ˛
with the vertical. From these parameters a set of secondary
parameters are calculated: (i) circularity C = P2/(4�Aproj); (ii)

elongation (Fmax/Fmin); (iii) aspect ratio (Fmax/Deq); (iv) areasratio
(Aproj/Sin), where Sin is the surface occupied by the internal zones,
the central and transparent part of the bubble (as an exam-
ple, see the single bubbles in Fig. 5); (v) boxratio (Sbox/Aproj),

ages before numerical descriptors extraction.
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Fig. 4. Image analysis parameters. Feret d

where Sbox = Fmin(˛) · Fmin(  ̨ + 90◦
); (vi) the bubble robustness (�1)

[17,22].
Bubbles classification

In order to obtain an automated classification of the bubbles,
the DFA method was trained, using the parameters obtained from
the image analysis applied to a population test of 1000 bubbles
visually classified by an operator, according to Fig. 5. The method
performs the distinction among single bubbles and bubble groups
(medium complexity and large complexity groups). The trained
algorithms are then used to automatically classify the bubbles in
the system. A statistical toolbox, XLstat (T. Fahmy, Paris, France),
running under Excel (Microsoft) was used for that purpose.

The degree of mismatch between the automated and visual

classifications is evaluated by the following performance index

PI(  %) =
(

1 − Number of misclassified bubbles
Total number of bubbles

)
× 100 (3)

Fig. 5. Classification tree
ters (a); equivalent diameter (b); Sbox (c).

The previous automatic classification is based on several proba-
bilities of each bubble belonging to each of the groups considered
[17,18]. Based on that information it is possible to determine the
complexity of the bubble system through the parameter bubble
complexity degree (BCDi). This parameter was  calculated through
the following equation:

BCDi = 100
(

Pbi,S + 3
2

Pbi,MC + 2Pbi,VC − 1
)

(4)

where Pbi,S, Pbi,MC and Pbi,VC are the probabilities of each bubble
(i) being a single bubble, or belonging to a medium complexity or
large complexity bubbles group, respectively.

The mean complexity degree of the entire population BCD is

calculated through the following equation:

BCD =
∑n

i BCDi

n
(5)

 for bubble groups.
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Bubble size distribution and interfacial area
The most important bubbles’ geometric parameter for quanti-

fying the size of each individual bubble is the equivalent diameter.
As the shape of the bubbles is influenced by the superficial veloc-
ity and, usually, these present a spheroid geometry [15], this
parameter was determined from the superficial area of the bubble
(Asupi

) according to the following equation:

Deqi
= 2

√
Asupi

4�
(6)

where

Asupi
= 2�r2

1 + �r1r2 ln
(

r1 + r2

r1 − r2

)
and, 2r1 and 2r2 correspond to the maximal Feret diameter and
minimal Feret diameter, respectively.

For processes involving mass transfer through an interfacial
area, the bubble size distribution (BSD) is well represented by
the Sauter mean diameter (d32) which is given by

d32 =
∑

ini · D3
eqi∑

ini · D2
eqi

(7)

The specific interfacial area, a, can be determined from the gas
hold-up, εG, and the BSD as follows:

a = 6
εG

d32
(8)

The volume fraction of the gas phase was measured by bed
expansion with a mean error less than 5%.

.2.3. Determination of physical properties
The surface tension was measured experimentally using

he pendant drop method. For that the software SCA20 was
tilized.

The viscosity, �, of the different solutions was obtained from
23,24] works.

. Results and discussion

.1. Bubble classification

The bubble classification study begins with the automatic clas-
ification performance. The performance index obtained for the
opulation test was as follows: single bubbles 98%; medium com-
lexity bubble group 59%; and large complexity bubble group 76%.
s one can see the performance index for the distinction between
ingle bubbles and bubbles groups is very high, showing a high
greement between the automated and visual classifications. The
utomatic classification of medium complexity bubble group pre-
ented seems not so good, as a result of the higher subjectivity level
f this classification. The same problem was reported by Faria et al.
17], Faria [25] and Ferreira et al. [18,26].

After the bubbles classification it is now possible to obtain the
orrect bubble size distribution, as well as its shape, based on single
ubbles measurements. In order to obtain the distribution curves
ith a statistical meaning, about 800 bubbles were analysed for

ach experimental condition. This number is in accordance with the
alue (500 bubbles) found by Colella et al. [12] on their literature
eview. The same value was obtained by Faria et al. [17] in sucrose

rystals classification. According to the authors a minimum of 500
articles should be analysed to insure a deviation smaller than 5%
or Deq and 2% for the shape descriptors and an acceptable stability
f the coefficients of variation, i.e. of the distribution parameters.
g Journal 180 (2012) 216– 228 221

The time required for the image analysis technique with sta-
tistical meaning (500 bubbles) is less than 1 min  for bubble size
measurements and about 10 min  for population classification.

The image analysis results obtained for the different systems
and experimental conditions are presented next, together with the
mass transfer results for the same conditions.

3.2. Temperature and gas sparger influence on kL and a

The temperature and gas sparger influence on kL and a was stud-
ied on air/H2O system. Therefore, mass transfer experiments were
performed using different temperatures and gas spargers (orifice
diameters of 0.3 and 0.5 mm),  and, in same conditions, bubble sizes
and gas holdups were obtained, Fig. 6(a)–(c), respectively. In our
previous work [27] the temperature influence on the individual
parameters of kLa was studied in a bubble column with an internal
diameter of 84 mm using a gas sparger with an orifice diameter of
0.3 mm  and the following correlation was  obtained:

kLa = 3.372 × 103

√
DL

�

√
uGg

�l
u0.87

G �∗−0.24
(9)

where �* is the effective viscosity of the particle–fluid mixture cal-
culated based on Einstein expression [28] which linearly relates
the effective viscosity and the particles concentration (three phase
system) as follows:

�∗

�l
= 1 + 2.5f (10)

where �l is the viscosity of the fluid and f the volumetric concen-
tration of the particles.

The previous correlation (Eq. (9))  seems to predict well the mass
transfer process at different temperatures using the sparger with
an orifice diameter of 0.3 mm  (Fig. 6(a)). However, the prediction
of the sparger effect on kLa cannot be done by this equation, that
being the main reason of its fail when the sparger with an orifice
diameter of 0.5 mm is used.

In what concerns the influence of gas sparger type on a, it can
be concluded that different orifice diameters produce different a
values (Fig. 6(d)) and, it seems, also, that a increases slightly with
the temperature. However, as this small variation is within the
experimental error (5%), the temperature influence on a is not pos-
sible to predict. The experimental values obtained using an orifice
diameter of 0.5 mm  are about 20% less compared with the ones
obtained using the orifice diameter of 0.3 mm.  These deviations
seem to be related with different bubble sizes produced. Accord-
ing to Fig. 6(b) the bubble diameter has different behaviors with
the superficial gas velocity increase, when different orifice diam-
eters of gas sparger are used. Using the image analysis technique
it was  possible to identify three different zones of bubble sizes. At
the first one, an opposite behavior on the bubble size is observed,
when different gas spargers are used. According to the results, bub-
ble size decreases when uG increases, for the gas sparger with an
orifice diameter of 0.5 mm.  This behavior is directly related with the
number of orifices actually used for low superficial gas velocities.
In these conditions the sparger starts acting as a single nozzle pro-
ducing big bubbles which, according to Fig. 6(f), seem to flow not
individually but as a group (the higher the BCD parameter, the higher
the tendency of bubbles flowing in group). As a consequence the
mass transfer is reduced [29]. The formation of big bubbles has two
effects on hydrodynamics with an important influence on the mass
transfer process. On the one hand, the interfacial area available is

reduced, and a direct consequence on the mass transfer is observed.
On the other hand, the bubble size increase also increases its veloc-
ity, the deformability of the bubbles and oscillation amplitudes,
influencing by this way the mass transfer. Montes et al. [30] show
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Fig. 6. Experimental results – pure system. k a (a); bubble diameter (b); gas holdup (c); gas–liquid interfacial area (d); liquid side mass transfer coefficient (e); mean
c
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omplexity degree (f).

hat oscillating bubbles improve the mass transfer due to the varia-
ion of the contact times and the concentration profiles surrounding
he bubbles. Martín et al. [10] found that bubbles generated in a
.5 mm diameter orifice are almost rigid, while the bubbles result-
ng from the coalescence process are big enough to oscillate. In
his case, the authors show that the superficial area reduction can
e balanced with the increase of the amplitude of the oscillation.

n the present work, it was observed that all bubbles present an
oscillating movement, this increasing with the bubble size. How-
ever, when comparing the first zone of Fig. 6(b) for the two spargers
one observes that the sparger with larger orifices produces larger
bubbles with smaller kL values (Fig. 6(e)). The present results sug-

gest that the phenomena reported by the previous authors seem
to not have a significant influence on the present work. The results
obtained for kL seem to indicate that kL obtained for one single
bubble, cannot be used in a dispersion of bubbles because of the
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impurities decrease the bubble size, induce the small bubbles for-
mation and the elongation reduction. In what concerns the bubble
population complexity (Fig. 10(d)), the differences are observed for
A. Ferreira et al. / Chemical Eng

resence of other bubbles. Koynov et al. [19] found that in bub-
le swarms, bubbles no longer traveled by themselves, but rather

n liquid perturbed by the wakes of neighboring bubbles. In addi-
ion, the concentration of gas dissolved in the liquid around the
ubble in a swarm no longer depended only on the mass transfer
rom the bubble itself, but also on the mass transfer from the other
ubbles in the swarm. These two factors resulted in a decrease in
he mass transfer coefficient of the bubble swarm compared with

 single bubble. These subjects were taken into account by Martín
t al. [20] in order to study, theoretically, the bubble deformation
ontribution to the mass transfer. The authors found that these phe-
omena can explain the wide range of parameters often used to fit
L and the fact that in bubble columns the concentration profiles
urrounding individual bubbles are not completely developed due
o the presence of others bubbles. According to the previous works
he influence of the other bubbles on the individual bubbles seems
o be an important task on mass transfer process. In order to clarify
hat subject and its influence on our kL and kLa results the bub-
le population complexity degree (BCD) was obtained at different
xperimental conditions for the two spargers (Fig. 6(f)). Based on
he new parameter, BCD, it is possible to know if a bubble flow alone
r in a bubble group. As one can see, in zones 1 and 2 (identified in
ig. 6(b)) the complexity of the bubble population is higher when
he sparger with 0.5 mm orifice diameter is used. This indicates that
he bubbles formed using the sparger with 0.5 mm orifice diame-
er flow, mostly, in a bubble group. Therefore, and according to the
iterature, the kL values obtained for the large bubbles seem to be
ustified as a result of the influence of the other bubbles on the
oncentration profiles surrounding the individual bubbles. From
ig. 6(b), (e) and (f) one can infer that:

Systems with different bubble population complexity degrees,
BCD, present (zones 1 and 2) different kL values, the highest being
the ones with the lowest BCD values. kL, in these conditions, seems
to be bubble size independent;
Systems with similar bubble population complexity degrees and
different bubble sizes (zone 3) present kL bubble size dependent.

.3. Viscosity and superficial tension influence on kL and a

The liquid viscosity and surface tension effects on hydrodynam-
cs and bubble characteristics have been investigated in bubble
olumns over the years [14,16,29,31–34]. However, the relation of
hese physical properties with the individual components of volu-

etric liquid side mass transfer coefficient, mainly with kL, remains
oorly studied. In the present work the image analysis technique
as used to study the effect of the mentioned liquid properties on

. From a and kLa results the quantification of kL is possible. This
tudy was performed using aqueous solutions of alcohol, NaCl and
ucrose with different concentrations (Table 1), and began with the
xperimental determination of surface tension. Fig. 7 shows the
omparison of experimental and literature values [35–38].  A good
greement was obtained, the observed differences seeming to be
robably related to the type of water used, as a systematic devia-
ion was observed. The viscosities of the different solutions were
btained from Chenlo et al. [23] work and Simmonds [24] book, and
re presented in Fig. 8. As one can see the sucrose has the biggest
ffect on the solution viscosity.

Fig. 9 presents characteristic images of pure (only water) and
mpure (aqueous solutions of alcohol (1.37 M),  NaCl (2 M)  and
ucrose (1.41 M))  systems as well as the bubble size distributions
btained. As one can see, the bubble size decreases for impure sys-

ems, the sucrose system being the one that presents the higher
uantity of small bubbles (less than 0.8 mm  in diameter). The
imodal distributions obtained for impure systems seem to be asso-
iated to the liquid properties. On the one hand, according to Mouza
Fig. 7. Surface tension of the different solutions (experimental: • – Alcohol, � –
NaCl, and � – Sucrose; literature: ◦ – Vásquez et al. [35], � – Kiriyanenko et al. [36],
�  – Vanhanen et al. [37] and � – Honig [38]).

et al. [16] at relatively low viscosity (less than 8.2 cP) an increase
in viscosity hinders film drainage during the thinning process and
thus inhibits coalescence. On the other hand, a decrease in liq-
uid surface tension favors small bubble formation by promoting
breakage and demoting coalescence. Moreover, the superficial gas
velocity also plays an important role on bubble size, shape and pop-
ulation complexity (Fig. 10). From Fig. 10(a) and (b) the differences
in the bubble sizes, when they are determined using the mean bub-
ble size (d10) or the Sauter mean diameter, become evident. These
deviations are related with the small bubbles production when
the air/water system is contaminated. In what concerns the bub-
ble shape, this is related to the bubble size. Observing Fig. 10(a)
and (c) it seems that liquid properties have some effect on bub-
ble shape namely at low superficial velocities. Thus, globally, the
Fig. 8. Viscosity of the different solutions obtained from the literature: Chenlo et al.
[23] (� and �) and Simmonds [24] (•).



224 A. Ferreira et al. / Chemical Engineering Journal 180 (2012) 216– 228

F  M (b)
s

u
N
t
s

i

ig. 9. Characteristic images of pure system (a) and impure system: alcohol – 1.37
ystems (uG = 14 × 10−3 m/s, 25 ◦C, sparger: 0.3 mm orifice diameter) (e).

G > 10 × 10−3 m/s. It seems, in these conditions, that alcohol and
aCl decrease the bubble population complexity, decreasing, by
his way, the influence of others bubbles on the mass transfer of a
ingle bubble.

The impurity influence on a is shown in Fig. 11 for the different
mpurity concentrations. As a systematic deviation of a for pure
; NaCl – 2 M (c); sucrose – 1.41 M (d). Bubble size distributions in pure and impure

and impure systems was  observed for all superficial gas velocities
studied, the a/a* representation was  chosen in order to simplify the

results presentation, a* being the specific interfacial area obtained
for pure system. According to the results, a increases with impurity
concentration and, comparing Figs. 7 and 8, this increase seems to
be mainly related with solution viscosity, as the same trends were
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Fig. 10. Image analysis results – alcohol (1

Fig. 11. Interfacial area variation for impure systems.

Table 2
Interfacial area variation with surface tension and viscosity.

Impurity Concentration (M)  � (mN/m) � (cP) a/a*

Sucrose 0.82 70.50 1.90 1.58
Alcohol 3.43 40.46 1.82 1.63
Sucrose 1.41 71.93 3.33 1.95
NaCl 2.00 71.94 1.02 1.33
.37 M);  NaCl (2 M); sucrose (1.41 M).

observed. However, care need to be taken for a final conclusion,
as different magnitudes of viscosity and surface tension are used.
From Table 2 we can conclude that a 42% reduction of surface
tension leads to an increase of 3% of the interfacial area (practically
unchanged). On the other hand, a 330% increase of viscosity leads
to a 46% interfacial area increase. Even taking into account the
differences of the relative changes on the surface tension and
viscosity, it is clear that viscosity has a more decisive influence
on a, for the experimental conditions used. This conclusion was
not completely unexpected, taking into account the bubble size
distribution reported previously. However, Akita et al. [31] and
Mouza et al. [16] present correlations, in which the surface tension
has a higher influence on a than viscosity. Maceira et al. [14] report
a similar effect of the both parameters. All these correlations when
compared with the results of the present work, underestimate a.

With a previously determined, kL can now be calculated from
kLa values. In Fig. 12,  the experimental kLa and kL values obtained
for air/water/impurity systems are presented. As one can see, all
impurities decrease kL, even when an increase on kLa is observed
(Fig. 12(a)). Ethanol is known to reduce the mean bubble size by
inhibiting bubble coalescence, since the surface tension decreases
[39,40].  Thus, it is expected an a increase with ethanol concen-
tration. This was observed in the present work (Fig. 11). As the

increase in kLa is not very significant, consequently, alcohol will
affect kL decreasing it (Fig. 12(b)). This parameter maintains almost
unchanged with alcohol concentration variation. In NaCl systems
an increase in the impurity concentration favors kL decrease. As
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pure

a
i
e
i

Fig. 12. Dependence of kLa and kL on superficial gas velocity for im
lready referred an increase in a is observed, this result being
n agreement with Orvalho et al. [41] work regarding to the
lectrolytes effect on bubble column hydrodynamics. The biggest
nfluence on kLa, as well as on kL, is observed when sucrose is used.
 systems. Alcohol (a) and (b); NaCl (c) and (d); sucrose (e) and (f).
As a increases with the impurity concentration, sucrose decreases
significantly the liquid-side mass transfer coefficient, probably act-
ing on the oxygen molecular diffusion. According to Martín et al.
[42] the liquid viscosity has two effects on the hydrodynamics of
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ig. 13. Dependence of kLa (a), a (b) and kL (c) on superficial gas velocity for pure (H
 = 1.28 cP); sucrose – 1.41 M (� = 71.93 mN/m;  � = 3.33 cP); NaCl – 2 M (� = 71.94 m

he bubble. First, it slows down the bubble expansion, and second,
t slows down the molecular movement at the surface of the bubble.
he retardation of the molecular movement reduces the diffusivity
nd, consequently, kL. The presented results are also in agreement
ith Ozturk et al. [43] work.

In short, the impurities affect the specific interfacial area,
ncreasing it, and decrease kL, these effects being more or less pro-
ounced. To analyze separately, the effects of surface tension and
iscosity, Fig. 13 was built. In this figure, results that refer to differ-
nt experimental conditions are presented: with the same (or very
pproximate) surface tension and different viscosity, or the same
iscosity and different surface tension. H2O, NaCl (2 M) and sucrose
1.41 M)  present similar surface tension (around 70 mN/m)  and dif-
erent viscosities; H2O, NaCl (2 M)  and alcohol (1.37 M)  present
imilar viscosity (around 1 cP, approximately) and different surface
ensions.

From Fig. 13(a) one observes that the viscosity has a big
mpact on kLa. The effect is mainly on kL as it is seen compar-
ng Fig. 13(b) and (c). Comparing the systems with the same
iscosity and different surface tension (pure and NaCl systems
ith alcohol system) one does not find so significant differences
s in the previous case. In what concerns kLa the differences
re small. Further, observing Fig. 13(b) and (c) one finds that
ystems (H2O and NaCl) with the same viscosity and the same
urface tension present different results, showing, by this way
 69.70 mN/m;  � = 0.893 cP) and impure systems: alcohol – 1.37 M (� = 51.93 mN/m;
 � = 1.02 cP), at 25 ◦C using the sparger with 0.3 mm orifice diameter.

that other variable(s) can be responsible for this phenomenon.
As the effects on kL and a are opposite they partially compen-
sate and so the effect in kLa is small as referred before. Further
experiments using different ionic species need to be performed
for a final conclusion regarding the salts effect on the individual
parameters of kLa.

4. Conclusions

The image analysis tool, developed in the present work, was
successfully used for automatic identification of single bubbles and
bubble groups in a bubble column. The agreement between the
automated and visual classification was about 90%, being the per-
formance index of the single bubbles of 98%. When different orifice
diameters of gas sparger are used, bubble size behaviors differently
with superficial gas velocity (uG) increase. When the gas sparger
with 0.5 mm  orifice diameter is used a 20% reduction in interfacial
area is observed, when compared with the results obtained using
the 0.3 mm orifice diameter.

It seems that surface tension has a smaller influence on specific
interfacial area when compared with viscosity effect. The viscosity

appears to have a considerable influence on a and kL. Temperature
seems to act mainly on kL variation as no significant changes on
a were observed. With the image analysis technique it was  also
possible to quantify the complexity level of a bubble population at
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ifferent mass transfer conditions. This information was  very use-
ul for a better knowledge of hydrodynamic phenomena on mass
ransfer process. According to the results, kL values obtained for
he different experimental conditions are also justified as a result
f the influence of the other bubbles on the concentration profiles
urrounding the individual bubbles.
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