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An understanding of the bubble properties, size distributions and shapes is of fundamental importance
for comprehending flow dynamics and mass transfer phenomena in bubble column reactors. A large
number of studies have focused on open tube bubble columns, and the knowledge concerning bubble col-
umns with internals is still limited. This paper contributes to the existing discussion experimentally
investigating a counter-current annular bubble column with 0.24 m inner diameter and two internal
pipes. The experimental investigation consists in holdup measurements and image analysis. The former
is used for identifying the flow regime transition and studying the bubble column hydrodynamics,
whereas the latter is used for investigating the bubble shapes and size distributions. The definition of
the transition point is important because the size distribution and bubble shapes depend on the operating
conditions and a change of the bubble properties is expected near the transition. The image analysis is
applied at different superficial gas and liquid velocities, corresponding to a gas holdup between 2.9%
and 9.6%. It is difficult to measure bubble size distribution accurately in large-diameter bubble columns
owing to the overlapping of bubbles, even at low void fractions, and—in an annular gap bubble column—
the fact that cap bubbles have also been reported in the homogeneous flow regime. The use of a bubble
image analysis method to study the bubbly flows in a large-diameter annular gap bubble column is
described. In the proposed method, each bubble is approximated and reconstructed using an ellipse.
The proposed approach is used to quantify the bubble size distribution, as well as to study the bubble
shape and orientation as function of the superficial gas and liquid velocities. The experimental data
obtained are used to develop a correlation between non-dimensional parameters and aspect ratios.
Also, the experimental data are compared with non-dimensional diagrams from the literature, revealing
good agreement. Finally, the image analysis is used for supporting the flow regime transition prediction
in the stability analysis method: the virtual mass formulation is obtained by using the aspect ratio cor-
relation provided by the image analysis. The stability analysis—supported by the image analysis—was
able to predict the transition point in very good agreement with experimental data and performed better
than literature correlations.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Gas–liquid flow in vertical pipes and bubble columns is encoun-
tered at several plants in the chemical, energy and nuclear fields.
The correct design and operation of these devices relies on the
proper prediction of the flow pattern and the flow properties. In
particular, the gas holdup, eG, and the bubble diameter, db,
(obtained from the bubble size distribution, BSD) allow the evalu-
ation of the interfacial area, ai, for the evaluation of the heat and
mass transfer rate. The value of the gas holdup and the bubble size
distribution depend upon the superficial gas velocity UG and is
related to the prevailing flow regime: mainly, the homogeneous
and the heterogeneous regime [1]. The former is associated with
small gas superficial velocities and is characterized by the presence
of small, uniform-sized bubbles with little interactions. The latter
is associated with high gas superficial velocities, high coalescence
and breakage phenomena and a wide variety of bubble sizes. The
transition from the homogeneous regime to heterogeneous regime
is a gradual process in which a transition flow regime occurs. This
flow regime is characterized by large flow macro-structures with
large eddies and widened bubble size distribution due to the onset
of bubble coalescence. The global and the local flow properties are
not only influenced by the flow regime but also by the bubble col-
umn operation. Bubble columns can be operated in the co-current,
counter-current or semi-batch mode. Whereas the co-current or
semi-batch modes are widely studied, the counter-current mode
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Nomenclature

Non-dimensional numbers

Bo ¼ qLgd
2
eq

r bond number (–)

Eo ¼ gðqL�qGÞd2eq
r Eötvös number (–)

Fr ¼ v2

gdeq
Froude number (–)

Ga ¼ qLg
1=2d3=2eq

lL
Galilei number (–)

M ¼ gðqL�qGÞl4
L

q2
Lr

3 Morton number (–)

Re ¼ qLvdeq
lL

Reynolds number (–)

We ¼ deqv2qL
r Weber number (–)

Acronyms
BSD bubble size distribution
CFD computational fluid dynamics

Symbols
a major axis of the bubble ðmÞ
b minor axis of the bubble ðmÞ
c coefficient in the ellipse equation (–)
a coefficient in the aspect ratio correlation (–)
A⁄, B⁄ parameter in the Reilly correlation for the flow regime

tranistion (–)
A, B, C, F, G, Z, b0, b00 coefficients in the stability analysis (–)
CV virtual mass coefficient (–)
dholes gas sparger holes diameter (mm)
dc diameter of the column ðmÞ
deq bubble equivalent diameter ðmÞ
db bubble diameter in the stability analysis formulation

ðmÞ

D⁄
H non-dimensional diameter (–)

DH,Cr
⁄ critical non-dimensional diameter (–)

f parameter for the evaluation of the flow regime in the
stability analysis (–)

Hc height of the column (m)
HD heights of the free-surface after aeration (m\)
H0 heights of the free-surface before aeration (m)
J drift flux ðm=sÞ
g Gravity acceleration ðm=s2Þ
S parameter in the swarm velocity method (–)
x horizontal axis (–)
xc horizontal coordinate of the bubble center (m)
y vertical axis (–)
yc vertical coordinate of the bubble center (m)
u1 terminal bubble rise velocity ðm=sÞ
U superficial velocity ðm=sÞ
v bubble velocity ðm=sÞ
# bubble orientation ð�Þ
l dynamic viscosity ðPa sÞ
r surface tension ðN=mÞ
u aspect ratio (–)
WEcr critical Weber number (–)
eG gas holdup (–)

Subscripts
L liquid phase
G gas phase
T, E subscripts in the drift flux formulation
trans transition point
exp experimental data
swarm swarm velocity
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is by far less investigated, as also point out in the review of Leonard
et al. [2].

Among the broader framework of two-phase flow, this paper
investigates a counter-current large-diameter pipe with two inner
tubes. The bubble column is dc = 0.24 m inner diameter, Hc = 5 m
height, the air is introduced up to UG = 0.2 m/s and the water is
recirculated up to UL = �0.11 m/s. Vertical pipes with inner tubes
are described in the literature concerning annular bubble columns
or vertical annuli channels. Bubble columns are frequently studied
without considering internal tubes, but annular gap configurations
can occur in internal-loop, air-lift bubble columns, photo-catalytic
bubble column reactors containing lamps positioned on their cen-
terlines and in heat exchangers (i.e., the reader may refer to the
review of Youssef et al. [3]). Annular channels are widely studied
because they may replicate certain of the phenomena found in
complex geometries, such as in in separators, fuel bundles and
steam generators. When considering bubble columns and vertical
pipes, an important parameter is the pipe diameter. The pipe con-
sidered in this study is a large-diameter pipe, under ambient oper-
ating conditions, on the basis of the dimensionless diameter DH

⁄

proposed by Kataoka and Ishii [4]:

D�
H ¼ DHffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r=gðqL � qGÞ
p ð1Þ

where DH is the hydraulic diameter, r is the surface tension coeffi-
cient, g is the gravity acceleration and qL – qG is the density differ-
ence between the two phases. Pipes with dimensionless diameters
greater than a critical value DH,cr

⁄ = 52 are considered to be large-
diameter pipes [5]. Considering air and water at atmospheric condi-
tions, the critical hydraulic diameter is DH,cr � 0.13 m. When the
pipe diameter is larger than such a value, the stabilizing effect of
the channel wall on the interface of the Taylor bubbles becomes
lower and the slug flow can no longer be sustained due to Ray-
leigh–Taylor instabilities. The hydrodynamics in large pipes differs
from flow in small pipes because of changes in the liquid field
around the bubbles, presence of additional turbulence and strong
secondary recirculation [6]. Therefore, the experimental data—i.e.,
bubble size distribution (BSD)—and models for small pipes—i.e.
for the flow regime transitions—cannot be scaled up to develop an
understanding of the flow in large pipes. Our experimental facility
has a dimensionless diameter of DH

⁄ = 88.13, without considering
the internal pipes, and DH

⁄ = 47.37 in the annular gap configuration.
Such values are higher than the ones commonly investigated in the
literature and the present experimental setup differs from the ones
previously investigated, as deeply discussed in literature survey
proposed by Besagni et al. [7]. For these reasons, ad-hoc experimen-
tal campaigns (i.e., for obtaining gas holdup, bubble size distribu-
tions and local flow properties) must be performed. The very first
experimental results of the present annular gap configuration have
been presented by Besagni et al. [7,8] and were used for assessing a
Computational Fluid-Dynamic model [7]. Despite the previous
investigations, some open unsolved issues remain, especially if con-
cerning the bubble shape and BSDs.

The knowledge of the BSD is of fundamental importance for the
correct design and modeling of a chemical reactor. Indeed, the
BSD—together with the gas holdup—enables the computation of
the interfacial area (the main parameter for the evaluation of heat
and mass transfer at the interface). Furthermore, the BSD should be
also provided to set-up a Computational Fluid Dynamics (CFD)
model: an Eulerian two-fluid approach requires BSD information
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as an input and for the interfacial closures. In the literature, there is
a lack of studies concerning BSD in annular gap bubble columns
and annulus channels [3]; also, the influence of the liquid velocity
on the bubble shape and bubble size distribution is far from being
understood and there is a lack of literature on this topic [9]. On the
other hand, other systems have been widely studied in the litera-
ture. Generally speaking, various intrusive and non-intrusive tech-
niques can be used for measuring BSD and describing bubble
shapes [10–12]. Non-intrusive measurements techniques are pre-
ferred over intrusive methods—i.e., optical probes [13,14]—because
the flow conditions are not disturbed, and image analysis is attract-
ing increasing attention owing to the many advantages it offers.
One method for obtaining bubble information from a digital image
is to manually draw lines on in-focus bubbles and then use a code
to measure those lines [15,16]. This technique does not require the
development of an image-processing algorithm but is time con-
suming and also introduces uncertainty owing to the subjectivity
of the method. Shepard [17] compared the results of the line draw-
ing technique from six different users for an identical set of
images: the average bubble diameter could vary by ±5%, and the
bubble diameter standard deviation could vary by ±3%. Another
approach is to use image-processing algorithms. However, these
techniques are still limited to resolve large bubble clusters, highly
unsteady flows and large void fractions [18]. Additionally, at low
gas holdup, there are problems associated with overlapping: if
the gas holdup exceeds 1%, more than 40% of the bubbles are over-
lapping in the image [19,20]. Various studies have addressed this
problem and have proposed different methods for dealing with
overlapping bubbles [21]; however, no agreement has been found,
and some approaches may cause a significant reduction of the bub-
ble sample size and an underestimation of the bubble diameter.
Most of the studies focus on rectangular and small scale [21–23]
or medium scale [24] bubble columns. It is, in fact, difficult to accu-
rately measure BSD in large-diameter bubble columns owing to the
overlapping of bubbles on different planes and—in annular gap
bubble columns—cap bubbles have also been reported in the
homogeneous flow [8]. The proposed study investigate the bubble
shape and BSD in the counter-current configuration in order to
extend the available dataset and provide further information for
the design and modeling of bubble column reactors.

When discussion the BSD, the definition of the flow regime
transition is of fundamental importance. Indeed, the BSD and bub-
ble properties are also a function of the operating condition and a
change of the bubble properties is expected near the flow regime
transition. In the literature, a large number of authors have studied
the flow regime transitions in open tube bubble columns; however,
from the review of Shaikh and Al-Dahhan [25] and Nedeltchev and
Shaikh [26], is it clear that firmly established criteria are not yet
available. Furthermore, studies concerning annular gap configura-
tions are still rare and the methods proposed for the open tube
configurations should be evaluated also for the annular gap bubble
column. In our previous works, we have investigated the flow
regime transition using the Swarm velocity method only [7,27].
In the present paper, we improve the evaluation of the flow regime
transition by also applying the Wallis method [28] and by the lin-
ear stability analysis [29–34]. In the stability analysis approach, the
equations for continuity and motion for or gas–liquid dispersions
are written and combined, then, perturbations are introduced
and the resulting equations are linearized. In the homogeneous
regime, any perturbation decays with respect to time. In contrast,
if the small perturbations grow with time, transition to the hetero-
geneous regime occurs. In the mathematical formulation of the
approach, the virtual mass and the diffusion coefficients appear
[29]. In particular, the virtual mass coefficient depends on the bub-
ble shape and suitable correlations for the aspect ratio should be
used. Most of the correlations available in the literature have been
derived for single droplets/bubbles and their use for bubbly flow
may be questionable. In this paper, we solve this issue by coupling
the stability analysis along with the image analysis and we propose
a suitable correlation for bubble flows, on the basis of the experi-
mental data obtained.

Taking into account the literature survey, the general aim of this
paper is to provide a better understanding of the two-phase flow
phenomena in a counter-current annular gap bubble columns,
through an experimental investigation consisting in holdup mea-
surements and image analysis. The holdup measurements are used
for describing the global hydrodynamic and for investigating the
flow regime transition. After the flow regime transition has been
identified, the image analysis is used for quantify the bubble size
distributions and to study the bubble shapes, as function of the
superficial gas and water velocities. The obtained data provide an
insight in the columntwo-phase flow, enhance the reactor design
comprehension and can be used for supporting numerical studies.
Another outcome of this paper is the discussion of the relationship
between the bubble size (and non-dimensional numbers) and the
aspect ratio in bubbly flows, whereas the previous literature dis-
cussed only these relations for single rising bubbles. A correlation
between the Eotvos number and the aspect ratio is proposed and is
used for supporting the stability analysis—inside the formulation
of the virtual mass coefficient—in the estimation of the transition
point. The results of the proposed approach are very good agree-
ment with experimental data and the proposed method performed
better than the literature correlations.

The paper is structured as follows. In Section 2, the experimen-
tal setup is explained and the measurement techniques are
detailed. In Section 3, the main experimental results are summa-
rized and the aspect ratio correlation is presented. In Section 4,
the stability analysis is applied, the results are discussed and sen-
sitivity analysis concerning the dispersion coefficient and the vir-
tual mass formulation are presented. Finally, results are
summarized and conclusions are given.
2. Experimental setup and method

2.1. Experimental setup

The experimental facility is a non-pressurized vertical pipe
made of Plexiglas with dc = 0.24 m and Hc = 5.3 m (Fig. 1a and b).
Two internal PVC pipes are positioned—one centrally positioned
(with an external diameter of 60 mm) and one asymmetrically
positioned (with an external diameter of 75 mm). The air is intro-
duced up to a superficial gas velocity up of UG = 0.2 m/s and the
water is recirculated up to UL = �0.011 m/s. The air distributor,
which is positioned asymmetrically, comprises a stainless steel
tube with an external diameter of 70 mm, a height of 340 mm
and holes positioned along the circumference with diameters
dholes = 3.5 mm (Fig. 1c). A pressure reducer controls the pressure
upstream from the rotameters (1) and (2), used to measure the
air flow rate. A pump, controlled by a by-pass valve, provides water
recirculation, and a rotameter (3) measures the water flow rate.
The uncertainty in the evaluation of the mass flows may be found
in Table 1. Clean filtered deionized water was used, and the air and
water temperatures were maintained at room temperature
(22 ± 1 �C) during the experiments. Further information on the
experimental facility may be found in the dissertation of Carrara
[35].

The values of gas density (used to compute the superficial gas
velocity) are based upon the operating conditions existing at the
column mid-point. The mid-point column pressure was assumed
to be equal to the column outlet pressure plus one-half the total
experimental hydrostatic pressure head. The mid-point column
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Nr. Range of measurements 
#1 9-93 Nl/min
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#3 26,7-267 l/min

Pump 
Interception Valve 
Regulation Valve 

Pressure Gauge
Pressure Reducer        PR 

Flow Meters 

Air to vent 

Counter-current 
column 

Compressed Air 
10bar PR 

21
Rotameters 

By-pass 

Air flow rate regulation

Pump 

Distributor 

Inner pipes 

Water flow meter

3

Top view of the column 

Fig. 1. Experimental facility.

Table 1
Accuracy of measurement devices.

Measurement device Accuracy (%)a

Air flow rates 2
Water flow rate 1.5

a f.s.v.
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pressure was assumed to be equal to the column outlet pressure
plus one-half the total experimental hydrostatic pressure head.

It is worth noting that the diameter of the column, its height
and the distributor openings were chosen considering the well
known scale up criteria reported in the literature: generally a
diameter greater than 0.15 m, an aspect ratio larger than 5 and dis-
tributor openings larger than 1.5 mm guarantee results that could
be used for scaling up [1,2].

2.2. Holdup

2.2.1. Holdup measurements
Measurements of the bed expansion allowed the evaluation of

the gas holdup eG. The procedure involves measuring the location
(height) of liquid free surface when air flows in the column:

eG ¼ ðHD � H0Þ
H0

ð2Þ
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where HD and H0 are the heights of the free-surface after and before
aeration, respectively.

2.2.2. Flow regime transition analysis
The holdup measurements are used for evaluating the flow

regime transition point using two methods from the literature.

2.2.2.1. Swarm velocity method. The first method is the one devel-
oped by Zuber and Findlay [27] based on the swarm velocity:

Uswarm ¼ UG=eG ð3Þ
The swarm velocity is plotted against the superficial gas veloc-

ity: Uswarm is constant in the homogeneous regime but begins to
increase as the system enters the heterogeneous regime at a cer-
tain transition superficial velocity Utrans. The appearance of the first
large bubble is responsible for this sudden increase in swarm
velocity and is an indication of flow regime transition. In this study,
the quantitative evaluation of Utrans is determined by the intersec-
tion between the trends of Uswarm in the two regimes. Uswarm is con-
stant for the homogeneous regime:

Uswarm;bubbly regime ¼ constant ð4Þ
where as in the transition flow regime, it is determined by a least
squares fitting of the following function:

Uswarm;transition regime ¼ S1ðUGÞS2 þ S3 ð5Þ
where S1, S2 and S3 are fitting parameters. The transitional velocity
is then evaluated by solving the following equation:

Uswarm;bubbly regime ¼ Uswarm;transition regime ð6Þ
2a

2b

 negative 
 positive 
2.2.2.2. Wallis plot method. The second method is the drift-flux plot
proposedbyWallis [28]. Thismethod isbasedon thedrift flux,which
represents the gas flux through a surface moving with the speed of
the two-phase mixture and is experimentally obtained as follows:

JT ¼ UGð1� eGÞ � ULeG ð7Þ
which for a null water velocity, reads as follows:

JT ¼ UGð1� eGÞ ð8Þ
for a counter-current flow, reads:

JT ¼ UGð1� eGÞ � ULeG ð9Þ
Theoretically, the drift flux is written in terms of the bubble

swarm velocity, whose dependedcf7u8po8l ùnce upon eG varies
with the prevailing regime:

JE ¼ Ubð1� eGÞ ð10Þ
The idea in this method is to employ a model for Ub that is valid

for the homogeneous regime, plotting JE and JT in the same graph as
a function of eG. In the homogeneous regime, JE is equal to JT, and
the transition point is defined when:

JT – JE ð11Þ
The evaluation of Uswarm is a matter of discussion in the litera-

ture, and different models have been proposed and applied. In this
study, we follow the approach of Krishna et al. [36], which is based
on the empirical model of Richardson and Zaki [37]:

Ub ¼ u1ð1� eGÞn�1 ð12Þ
where n is fluid-dependent (n ffi 2 for water) and u1 is the terminal
velocity of an isolated bubble, which should be fitted with the aid of
the experimental data, in the determination of the regime transition
point. From Eqs. (10) and (12), we obtain the following:

JE ¼ u1eGð1� eGÞn ð13Þ
2.3. Flow visualization

2.3.1. Instrumentation
The photos were taken using a Canon a200 camera (1/1200s,

ISO400, f/3.5) in the developed region of the two-phase flow
approximately 2.4 m above the air distributor. The backlight
method is employed in the experiments, and the light source is a
500W halogen lamp. The resolution of the images is approxi-
mately 3872 � 2592 pixels. Visualization sections consist of square
boxes (filled with water) around the vertical pipe designed for cor-
recting the distorted image. Even if the test section is covered by
the square box filled with water, some refraction problem may
remain, as the refraction index of pipe wall is different from that
of water. Indeed, the refractive index of the plexiglass is 1.48 and
the one of water is 1.33. However, this effect is negligible: indeed,
if considering the two inner pipes used as reference for the pixel/
mm conversion (please refer to the next Section), the conversion
factor is 12.12 pixel/mm for the central pipe and 12.29 pixel/mm
for the lateral pipe. The difference between the two values is about
1.5%. A difference 0.17 pixel/mm is negligible if we consider that
there is an uncertainty of, at least, 1 pixel in the selection of the
points for detecting the bubbles edge. A complete discussion of
the visualization section, the distortion problems and the design
of the visualization sections may be found in the dissertation of
Carrara [35].

2.3.2. Image analysis method
The goal of the image analysis approach is to obtain bubble

information concerning bubble shape, bubble orientation and
diameter distribution. The image analysis is based on the bubble
sampling approach proposed by Aloufi [38] for a small-diameter
bubble column. In this approach, each bubble is approximated
and reconstructed using an ellipse (Fig. 2), represented by the fol-
lowing equation:

c1x2 þ c2xyþ c3y2 þ c4xþ c5xþ 1 ¼ 0 ð14Þ
The method is structured in three phases:

1. Calibration: The reference conversion factor between pixels and
millimeters is provided.

2. Bubble reconstruction: For each bubble, six points on the bubble
are selected (by human vision), and ellipse equation parameters
c1, c2, c3, c4 and c5 are evaluated using the least square method.

3. Bubble processing: The equivalent ellipse is processed to obtain
the major axis 2a, the minor axis 2b, the center of the bubble
xc e yc and the orientation angle h (Fig. 2). Finally, the bubble
equivalent diameter deq and aspect ratio u are obtained:

deq ¼ 2
ffiffiffiffiffiffiffiffi
a2b3

p
ð15Þ

u ¼ b
a

ð16Þ
Fig. 2. Image processing.
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The focus of the camera was adjusted on the external diameter
of the inner pipes (the midplane of the column). This value is then
used for the correction to the real size of the bubbles. Of course, an
uncertainty exists in adjusting the focus of the camera on the col-
umn midplane; therefore, we have selected a region in which all of
the bubbles can be considered at the same focal distance as the
external diameter of the pipes. The definition of this region is very
important and is be selected in order to avoid loss of information.
This region is defined by a line at a distance x from the center of the
column (Fig. 3). In general, for the choice of the value of x, two fac-
tors have been taken into account:

(a) With increasing x, the area of interest decreased and the
bubbles were closer to the reference plane, thus reducing
the error.

(b) With increasing x, the number of bubbles to be analyzed
decreased.

After a sensitivity analysis, the value x = 0.3 dc was used and the
corresponding area is colored gray in the schematic drawing of the
column in the Fig. 3a. The sensitivity analysis was conducted as
follows:

(1) a complete image was sampled.
(2) x between 0.1 dc and 0.5 dc was considered.
(3) the different bubble parameter were analyzed for the differ-

ent positions.

For x < 0.20 dc, the number of bubbles sampled decreased con-
siderably because of the small region, whereas, for x > 0.25 the
bubble parameters did not change increasing x. For x > 0.35 dc,
the number of in-focus bubbles decreased because of the higher
overlapping As a results, x = 0.3 dc was found to provide satisfiable
results and was considered in the following of the study. Further-
more, Besagni et al. [7] proved that the BSD obtained in this area—
for a single operating condition—allows the correct modeling of the
column in the Eulerian–Eulerian framework. Therefore, we may
assume that the BSD obtained are representative of the bubble size
distribution in the column.The selected was also divided into four
zones to study the bubble shape and BSD at various distances from
the wall (Fig. 3b). The four zones were chosen to have the same
width equal to 0.075 dc.

The number of bubbles to be sampled to achieve a reliable BSD
is a matter of discussion in the literature [39]. Various studies have
sampled different numbers of bubbles—between 50 and 100 [40],
200 [41], 250 [42], 300 [43], between 250 and 300 [38] and 100
[44]. In this study, at first, UG = 0.0037 m/s – UL = 0 m/s was consid-
ered and 2590 bubbles were selected using 32 photos taken over a
(a) Top view of the column

r 

x 

z 

Z

Fig. 3. Layout of
period of 1000 s to obtain time-averaged results. Then, an analysis
concerning the number of bubbles sampled to achieve a reliable
BSD was performed and can be found in Appendix A. Taking into
account that, at least, 400 bubbles should be sampled to achieve
a reliable BSD (Appendix A), about 800–1000 bubbles were sam-
pled for the other operating conditions. The number of bubbles
sampled for every photo was the maximum number of bubbles
detected in the selected region. The number of bubbles was
between 50, for the lower superficial gas velocity conditions, and
200, for the higher superficial gas velocities.

Of course, the approach used has some limitations. At first, the
test section is not symmetric and a limited area was considered in
the image analysis. However, the results and BSD obtained may be
considered realistic and represent the BSD in the column: this is
proved if considering the experimental and numerical investiga-
tion proposed by Besagni et al. [7] where the BSD obtained for a
single operating condition allowed the correct modeling of the col-
umn in the Eulerian–Eulerian framework. It is, indeed, well known
the sensitivity of the Eulerian–Eulerian approach to the bubble size
and a wrong input BSD would result in wrong results [7,45–47].
Another consideration is devoted to the overlapped images: the
number of sampling point used for obtaining the equivalent ellipse
were more than the minimum number of points for defining an
ellipse (five points): this allows sampling the bubbles also in over-
lapping conditions. Therefore, the BSD obtained may be considered
realistic and represent the BSD in the column.

The other limitation of this approach is that only projected bub-
ble image can be obtained in this experiment and, in this case,
accurate measurement of bubble shape and bubble orientation is
– of course- not possible. This problem is well known in the liter-
ature and, despite some proposals [48,49], this problem is far from
being solved and the use of 2D projected images is a common way
of processing the bubble images (refer, for example, to
[18,21,23,40,41]. The investigation of this uncertainty is a matter
of future discussion. However, the bubble shape data obtained in
this approach are considered reliable: as will be discussed in the
Section 4, the bubble shape information obtained allows the
extrapolation of correlations for the aspect ratio and method for
the flow transition analysis. The results of the analysis were in
agreement with the experimental data and, therefore, the bubble
shape information are considered reliable.

Finally, if considering the approximation of bubbles with
ellipses, Lage and Espósito [40] stated that the error in the mea-
surement of each axis of the ellipse is equal to about 6%. Consider-
ing the error introduced by the hypothesis of oblate spheroid and
the optical distortion, they estimated that the experimental error
in the determination of the equivalent diameter is between 10
and 15%. In the present case, the reader should refer to Appendix
(b) UG = 0.0087 m/s

one 1
Zone 2 Zone 3

Zone 4

the system.
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B for analysis concerning the errors made during the bubble shape
estimation due to the handpicked points.
3. The experimental results

Herein, the experimental results are presented and discussed.
The holdup measurements are used for investigating the flow
regimes and identifying the bubbly flow regime transition. Once
the bubbly flow transition has been detected, the bubble image
analysis is applied for providing an insight in bubble properties.
(a) Swarm velocity 
3.1. Gas holdup

3.1.1. Gas holdup measurements
The gas holdup measurements are shown in Fig. 4 for the differ-

ent superficial water velocities. The slope of the holdup curves is
the one typically found for similar sparger geometries. Indeed, it
is known from the literature that the shape of the holdup curve
mainly depends upon the distributor used and the diameter of
the distributor openings [50]. The distributor used has ‘‘large”
openings (dholes > 1 mm) and the shape of the holdup curve is the
one typically obtained for distributor with similar openings (i.e.,
single/multiple nozzles, spider sparger or perforated plate distrib-
utors with hole diameter greater than 1 mm); moreover, as
expected, no peak can be observed in the holdup curve. At low
superficial air velocity, in the bubbly flow regime, the relation
between the gas holdup and the air superficial velocity is linear,
followed by a change in slope due to the flow regime transition.
In this region, the slope of curve changes continuously, indicating
a continuous increase of the large bubble component [50] (as also
verified in the image analysis, Section 3.2.2). Considering the stud-
ies proposed by Nedeltchev [51] we may state that the homoge-
neous regime could be considered as a maldistribution flow
regime due to the large opening of the holds in the distributor.
By increasing the liquid flow rate, a faster increase in the holdup
is observed at low superficial gas velocities and the transition point
moves toward lower superficial gas velocities, as explained in Sec-
tion 3.2. Above the transition velocity, large deformed bubbles
start to appear (as also verified in the image analysis, Section 3.2.3),
and the bubble coalescence increases the average rise velocity and
reduces the gas residence time in the column, hence decreasing the
gas holdup versus gas velocity slope. Above eG � 16–17%, the
superficial water velocity has no more and influence on the holdup.
The discrepancy of the holdup in the transition regime between the
no liquid flow and the countercurrent configurations is hardly
Fig. 4. Holdup measurements.
justified, despite a possible explanation was proposed by Besagni
et al. [7].

In the literature, Otake et al. [52] observed an increase in the
holdup and earlier regime transitions as the countercurrent liquid
flow rate is increased in a small pipe with a diameter of 005 m.
Their analysis covered gas superficial velocities up to 00,824 m/s
and liquid superficial velocities up to �0.15 m/s. Similar conclu-
sions were drawn by Yamaguchi and Yamazaki [53] for small pipes
with diameters of 004 m and 008 m, with gas superficial velocities
up to 1 m/s. On the contrary, Akita and Yoshida [54] observed that
the liquid flow rate had no influence in a large pipe with a diameter
of 0152 m at gas superficial velocities up to 0032 m/s and liquid
superficial velocities up to 004 m/s. The latter is in disagreement
with what we observed in the bubbly flow regime, while the form-
ers suggest an influence of liquid flow rate at gas superficial veloc-
ities higher than 006 m/s. A comprehensive comparison with
previously published experimental data and correlations from
the literature was proposed by Besagni et al. [7].

3.1.2. Flow regime transition
The flow regime transition has been investigated by using the

methods presented in Section 2.2.2. Fig. 5a presents the swarm
velocity plot: as expected the swarm velocity is constant in the
homogeneous regime, but it starts to increase as the system enters
the transition flow regime. Fig. 5a represents a close view of the
transition point by using the Swarm velocity method—Eq. (6)—
and Fig. 6 evaluates the transition point using the Wallis plot.
The value of the Utrans obtained with the two methods are in
(b) Transi�on velocity

Fig. 5. The swarm velocity method for the flow regime transition evaluation.



(a) UL = 0 m/s (b) UL = -0.04 m/s 

(c) UL = -0.08 m/s (d) UL = -0.11 m/s 

Fig. 6. The drift flux method for the flow regime transition evaluation.
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agreement and, following the proposal of Ribeiro and Mewes [55],
the transition point have been evaluated as the mean of the two
values. Utrans, depending on the liquid velocity, lie in the range
between 0.0263 m/s and 0.0161 m/s (Table 2). Utrans decreases
while increasing the liquid velocity: the counter-current operating
conditions destabilize the homogeneous flow. Indeed, the counter-
current liquid slows the bubbles and increase the holdup; thus, for
the same superficial gas velocity, the mean distance between the
bubbles decreases, and therefore, coalescence phenomena may
occur more easily because of the expected increase in bubble col-
lisions [7]. Comparing our transition point with the literature data,
attention should be given to the distributor. Following the discus-
sion of Besagni et al. [7], the distributor may be classified into
‘‘coarse” and ‘‘fine” distributor. Single and multiple nozzles or per-
forated plate distributors with hole diameter greater than 1 mm
(‘‘coarse” distributors) usually lead to an early regime transition,
while ‘‘fine” distributors such as porous plates [56,57] or needles
[58] can maintain a stable bubbly flow at higher gas flow rates.
The distributor considered in this study is of the ‘‘coarse” type.
Therefore, the flow regime transition is found to occur early is
compared to fine distributor: due to the large diameter of the holes
in the distributor, large bubbles with a consequent break up phe-
nomena and a change in bubble size distribution appears in the
Table 2
Flow regime transition points.

UL (m/s) UG,trans (m/s) eG,trans (–)

0 0.0263 0.0874
�0.04 0.0217 0.09074
�0.08 0.0189 0.09714
�0.11 0.0161 0.1077
near sparger region. In particular, our values of Utrans are in agree-
ment with the studies of Dargar and Macchi [59], Rollbusch et al.
[60], Nedeltchev and Shaikh [26], Zahradnik and Fialova [61] and
Besagni and Inzoli [62].
3.2. Image analysis

After the flow regime transition was detected, the image analy-
sis may be used for investigating the bubble properties in the
homogeneous flow. In particular, in this paper, we focus analyze
the operating conditions listed in Table 3. The operating conditions
were selected taking into account the followings:

	 influence of UG in the homogeneous flow and after the flow
regime transition.

	 influence of UL in the homogeneous flow.

3.2.1. Homogeneous flow regime
In this section, we propose a qualitative description of the

homogenous flow regime. In particular, we focus on the
UG = 0.0087 m/s condition, without the loss of generality. In this
flow regime, some bubbles were spherical (Fig. 4a and b), others
Table 3
Operating conditions investigated by using the image analysis.

UG (m/s) UL (m/s) eG (%)

0.0087 0 2.89
0.0220 0 7.51
0.0313 0 9.75
0.0087 �0.04 3.62
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were ellipsoidal (Fig. 7c and d), and others were irregular in shape
(Fig. 7e, g, f, h); around the inner pipes, large cap-bubbles period-
ically appeared (Fig. 7j and i). The cap-bubbles seemed to originate
around the inner pipes where the flow recirculation phenomena
occurred. These recirculation phenomena were particularly intense
in the space between the external pipe and the wall of the column.
The cap bubbles raised the column at a higher velocity compared
to the other bubbles; they dragged swarms of smaller bubbles in
their wake and generated break-up phenomena in the path. Owing
to the presence of the cap-bubbles, this regime can be better
defined as a pseudo-homogeneous regime. Moving away from
the central pipe toward the column wall, the bubbles were mostly
uniformly distributed in the cross-section of the pipe [7], traveling
vertically with minor transverse and axial oscillations. During the
image analysis of this condition, we detected 388 bubbles in zone
1,917 bubbles in zone 2,855 bubbles in zone 3 and 430 bubbles in
zone 4. The number of bubbles in area 4 decreased compared to
zone 3 owing to the appearance of the cap-bubbles, leading
to more overlapping of bubbles. The interested reader may refer
to the study of Besagni et al. [7] for flow visualizations of other
superficial gas velocities (after the flow regime transition) and
the influence of the superficial water velocity.

3.2.2. Bubble size distributions
Figs. 8a and 9a show the average distribution of the equivalent

diameters of the bubbles for the different superficial gas and water
velocity, respectively. The bubble diameter distribution is detailed
by using histograms with 26 classes. Each class has an extension of
0.5 mm.

ConsideringUG = 0.0087 m/s, the BSD is bimodal: the first peak of
frequency appears between 0.5 and 1 mmand the second between3
and 3.5 mm. The presence of two maxima is also noticed in the dis-
tribution of the equivalent diameters in each individual photograph.
Fig. 7. Bubble shapes –
Increasing the superficial gas velocity, the number of small bubbles
decrease and the second peak moves toward higher bubble diame-
ters. In particular, after the flow regime transition (considering
UG = 0.0313 m/s), the BSD is considerably different from the other
BSDs, being shifted towardhigher bubble diameters. This is in agree-
ment with the studies concerning the size of the bubbles and the
flow regime transition [63]. Increasing the superficial water veloc-
ity, the BSD moves toward higher bubble diameter. In particular,
the first peak of frequency moves from 0.5–1 mm toward 1–
1.5 mm and the second peak of frequency moves from 3–3.5 mm
toward 4.5–5 mm. A bimodal distribution has also been found in
the literature [21,41,64,65]. In particular, Lau et al. [21] and Wong-
suchoto et al. [41] observed a transition from unimodal distribution
to bimodal distribution with increasing superficial velocity of the
air. This change in the distribution of bubble size has been justified
with increased coalescence [21] or break-up [41], and—as men-
tioned previously—in the annular gap configuration, coalescence
and break-up occurs at low gas flow rates owing to the presence
of the large cap-bubbles. Indeed, the passage of the cap-bubbles
causes local recirculation, high turbulence, rupture of bubbles and
the entrainment of small bubbles. For this configuration of the col-
umn, photographs are not available at a lower gas flow rate, and it
is therefore impossible to compare the BSDs to verify the passage
from unimodal distribution to bimodal distribution. It is interesting
that—even near the wall—the BSDwas not unimodal. This may sug-
gest that smaller bubblesmay have been pushed toward the nearest
wall,whichwas that of the inner pipes rather than themeasurement
wall. An interesting point to take into account when analyzing the
experimental BSDs obtained, is the polydispersity of the bubble size
distributions. According to the literature, the change in lift force
direction occurs at a bubble diameter of 5.8 mm for the air–water
system at ambient conditions. This behavior is of fundamental
importance when performing CFD simulations of bubble columns,
UG = 0.0087 m/s.
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Fig. 8. Bubble diameter, aspect ratio and orientation distributions: influence of the superficial gas velocity – UL = 0 m/s.
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as discussed by different authors and should be taken into account if
performing future numerical studies concerning this system
[7,46,66].

Comparing the distributions of the equivalent diameters of the
bubbles detected in the four areas (focusing the attention to
UG = 0.0087 m/s), it was observed that all four distributions were
bimodal (Fig. 10a). The diameter distributions in areas 1, 3 and 4
had the absolute maximum frequency for equivalent diameters
between 3 and 3.5 mm, whereas the relative maximum was
between 0.5 and 1 mm. The distribution in area 2 featured the
two maxima for diameters between 3.5 and 4 mm and a relative
maximum between 1 and 1.5 mm. An interesting difference
between the distributions is that, in area 1, there were more
small bubbles than large ones. This means that near the wall,
there were more small bubbles than large ones with respect to
the internal area in the column. This may have been because of
the lift force, which pushed the small bubbles toward the wall.
The distributions of the equivalent diameters of bubbles detected
in zones 3 and 4 can slightly deviate from the distributions of the
bubbles present in those areas because of the passage of the cap-
bubbles.

Lau et al. [67] conducted a study on the break-up phenomena in
the bubbly flow regime in which the break-up of bubbles in terms
of the critical Weber number Wecr was described. The authors
reported two expressions for the calculation of Wecr for turbulent
flows in pipes that can be used in this work for evaluating bubble
stability (Table 4). For the sake of clearness, we just focus on
UG = 0.0087 m/s. The speed of the bubbles U necessary for the cal-
culation of We was obtained by means of a graphical correlation
(refer to the Section 3.2.6). The result was that the bubble samples
were in the range of stability and not subject to breakage. The bub-
bles not sampled (i.e., the large cap-bubbles) were characterized by
a greater Weber number than the critical one and could break into
smaller bubbles. The same applied to the large bubbles, which
were not detected because their irregular shapes were not approx-
imated to oblate spheroids.
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Fig. 9. Bubble diameter, aspect ratio and orientation distributions: influence of the superficial liquid velocity – UG = 0.0087 m/s.
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3.2.3. Bubble shape
Figs. 8b and 9b show the distribution of the aspect ratio of the

bubbles for different superficial gas and water velocities, respec-
tively. At UG = 0.0087 m/s, five percent of the bubbles can be
approximated as a sphere with u between 0.9 and 1, 87% of the
bubbles have 0.4 6 u 6 0.9 with a peak between 0.5% and 0.6%,
and 6.7% are stretched along the major axis with 0.3 6 u 6 0.4;
the remaining number of high distorted bubbles is negligible. Con-
sidering UG = 0.0202 m/s we may notice some changes in the
aspect ratio distribution: 2% of the bubbles have u between 0.9%
and 1.82% of the bubbles have 0.4 6 u 6 0.9, 11% have
0.3 6 u 6 0.4 and the remaining 5% have a lower aspect ratio. After
the flow regime transition, at UG = 0.0313 m/s, 4% of the bubbles
have with u between 0.9% and 1.88% of the bubbles have
0.4 6 u 6 0.9, 6% have 0.3 6 u 6 0.4 and the remaining 2% have
0 < u 6 0.3. These results suggest that, as expected, when
approaching the flow regime transition, large and distorted bub-
bles start appearing. Finally, increasing the water flow rate, expect
for a slightly increase in the distorted bubbles, there are only small
changes in the aspect ratio distribution: three percent of the bub-
bles have u between 0.9 6 u 6 1, 86% of the bubbles have
0.4 6 u 6 0.9, 10% of the bubbles have 0.3 6 u 6 0.4 and the
remaining 2% bubbles are highly distorted (0 < u 6 0.3).

Focusing our attention to UG = 0.0087 m/s, there are no major
discrepancies when considering the bubbles sampled in the differ-
ent zones (Fig. 10b), confirming the nature of the dispersed flow.
Instead, Fig. 11 (UG = 0.0037 m/s) shows the centers of the bubbles;
sizes are proportional to equivalent diameters, and colors corre-
spond to aspect ratio. Near the wall, there are fewer large bub-
bles—as noted previously—but no general relation seems to exist
between the aspect ratio and the position of the bubbles. Indeed,
bubbles are uniformly distributed over the cross-section. However,
a relationship between the size of the bubbles and the aspect ratio
seems to exist. Indeed, analyzing the data in the deq – u space
(Fig. 12), we have found that the small bubbles have a high aspect
ratio, whereas the larger bubbles seem to be characterized by
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Fig. 10. Bubble diameter, aspect ratio and orientation distributions in the different zones – UG = 0.0087 m/s and UL = 0 m/s.

Table 4
Critical Weber number.

Reference Wecr
formulation

Wecr
value

Equivalent stable
diameter

Walter and Blanch [88]
5;9 lL

lG

� �1=6 11.7 >12.8 mm

Hesketh, Fraser Russell and
Etchells [89]

1;1 qL
qG

� �1=3 9.9 >10.1 mm
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lower aspect ratios. Indeed, bubbles with equivalent diameters less
than 1 mm have an aspect ratio greater than 0.7. This means that
the small bubbles tend to be spherical. Bubbles with higher equiv-
alent diameters are characterized by lower aspect ratios (between
0.4 and 0.7), which reveals the trend of larger bubbles to be flatter.
Between the different superficial gas velocities (Fig. 12a, c and d),
the data in the deq – u cover also the same area, but at
UG = 0.0313 m/s (Fig. 12d) there is an increase for the high deq
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bubbles. When considering the influence of the water velocity, we
have not found any remarkable difference in the deq – u space
(Fig. 12b).

3.2.4. Aspect ratio correlation
Several attempts have been made in the literature to correlate

aspect ratio u as a function of a dimensionless parameters. Some
authors have used the Eötvös number Eo [68,69], others have
adopted the Weber number We [69–71], and Tadaki and Maeda
[72] used a dimensionless group defined as a function of the Rey-
nolds and Morton numbers that was later named the Tadaki num-
ber [73]. Others have used more than one dimensional number—
e.g., Bozzano and Dente used both Mo and Eo [74]. These correla-
tions are obtained for single rising bubbles and are frequently
applied in methods to relate chord length distributions to BSDs
[75]. A large number of studies have focused on rising bubbles,
and these correlations have been compared in a large dataset by
Celata et al. [76–78]. However, when considering bubbly flows,
these correlations may not be suitable.

The goal of this section is to assess a simple correlation between
non-dimensional parameters and the aspect ratio for bubbly flow
and compare it to the results of previous literature. The experimen-
tal data obtained are used, and the procedure applied by Wellet
et al. [69] is considered as a reference.

At first, we consider the dataset obtained for UG = 0.0087 m/s.
The aspect ratio data (Fig. 12a) are scattered broadly; therefore,
the data are grouped into classes of equivalent diameters. Each class
is represented by the average aspect ratio of the bubbles belonging
to that class. Because 99.5% of the bubbles are included within the
class of deq = 8.87 mm, bubbles with higher equivalent diameters
are not considered. The relationship between the deformation of
the bubbles—described by aspect ratio u—as well as the size of
the bubbles, speed of the bubbles and physical properties of the sys-
tem may be written as a function of the following parameters:

u ¼ f ðv ;r;deq;lL;lG;qL;Dq; gÞ ð17Þ
By means of the dimensional analysis:

u ¼ f
deqv2qL

r
;
deqvqL

lL
;
gDqd2

eq

r
;
v2

gdeq
;
lL

lG

 !

¼ f ðWe;Re; Eo; Fr;Nlr
Þ ð18Þ
A different formulation can be used for f, and—in this paper—the
same expression proposed by Wellek et al. [69] is used:

1
u

� 1 ¼ a0 
 ðWeÞa1 
 ðReÞa2 
 ðEoÞa3 
 ðFrÞa4 
 ðNlr
Þa5 ð19Þ

The coefficients a0, a1, a2, a3, a4 and a5 are evaluated by
using a multiple regression program that progressively adds
independent variables, starting from the most important and
ending with the dimensionless groups statistically less significant
for the correlation. As a result, it was noticed that the use of
multiple dimensionless numbers did not provide a benefit, and a
single non-dimensional parameter can approximate the present
system. This is in accordance with the results of Wellek et al.,
and the following relation is used:

1
u

� 1 ¼ a0 
 ðEoÞa3 ð20Þ

Hence, the aspect ratio reads:

u ¼ 1
1þ a0 
 ðEoÞa3

ð21Þ

By using the least squares estimation to evaluate the coeffi-
cients, the results are a0 = 0536 and a3 = 0292; the confidence
intervals at 95% of the coefficients are 0.536 ± 0.027 and
0.292 ± 0.032, respectively:

u ¼ 1

1þ 0:536 
 ðEoÞ0:292
ð22Þ

This correlation is similar to the correlations developed by
Wellek et al. [69] and Okawa et al. [68]. The correlation of Wellek
et al. [69] was originally developed for non-oscillating drops in
contaminated liquids, and—according to Fan and Tsuchiya [79]—
it appears to be extendible even to oscillating bubbles in low-
viscosity liquids:

1
u

¼ 1

1þ 0:163 
 ðEoÞ0:757
ð23Þ

Okawa et al. modified the above correlation to fit the lower
boundary of their data:

1
u

¼ 1

1þ 1:97 
 ðEoÞ1:3
ð24Þ

The comparison among Eqs. (23), (24), the present correlation
(Eq. (22)) and the experimental data is shown in Fig. 13a, in which
u is plotted against Eo. The Wellek correlation overestimates the
aspect ratio, the Okawa correlation is unable to correlate the aspect
ratio, and the developed correlation fits the data fairly well. The
average of the absolute deviations of the experimental data from
the developed correlation is equal to 3.2%. This suggests that corre-
lations taken from the literature should be carefully evaluated
before being applied to dense bubbly flows. It is worth noting
that—owing to the point selection for ellipse fitting—the smaller
the bubble, the larger the error of estimation (Appendix B). This
should in principal change the results in Fig. 13a, thus causing
the line to fit better with the correlation of Wellek et al.

The correlation obtained (Eq. (22)) was derived considering
only the data for UG = 0.0087 m/s. However, the validity of this cor-
relation should be verified considering other operating conditions.
For this reason, now, we consider all the experimental data
obtained. Following the same procedure described above, the
resulting coefficients of the correlation are the following:
a0 = 0553 and a3 = 0.266; the confidence intervals at 95% of the
coefficients are 0.553 ± 0.028 and 0.266 ± 0.034, respectively. The
resulting correlation is:



(a) UG = 0.0087 m/s – UL = 0 m/s (b) UG = 0. 0087 m/s – UL = - 0.04 m/s

(c) UG = 0.0220 m/s – UL = 0 m/s (d) UG = 0.0313 m/s – UL = 0 m/s
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Fig. 12. Bubble aspect ratio distributions.
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u ¼ 1

1þ 0:553 
 ðEoÞ0:266
ð25Þ

The comparison between Eqs. (22) and (25), as well as the two
different datasets, may be found in Fig. 13b. There are not major
differences between the two correlations and datasets: this sug-
gests that the bubble shape and size distribution does not depend
on the operating condition as long as the geometrical configuration
is the same and a large dataset is considered.
3.2.5. Bubble orientation
Figs. 8c and 9c show the distribution of the bubble orientation

for different superficial gas and water velocities, respectively.
There are no remarkable difference between the different cases.
Generally speaking, fifty percent of the bubbles have an orientation
between �15� and +15�, and 75% have an orientation between
�30� and +30�. The distributions of the bubble orientations in
the four zones have no remarkable differences, confirming the
nature of the dispersed flow (Fig. 10c). This distribution of the
angles around the value 0 may indicate that the bubbles move pre-
dominantly upward in a zigzag motion with angles ranging from
�30� to 30�.

3.2.6. Comparison with the literature
In the literature, experimental studies concerning swarms of

rising bubbles and the bubbly flow in annular gap bubble columns
are limited. Therefore, studies concerning rising bubbles are con-
sidered as references for comparing the bubble shapes. In this sec-
tion, the data obtained at UG = 0.0087 m/s are considered, but the
results may be generalized for all the others conditions studied,
without the loss of generality.

For bubbles rising in an infinite medium, Clift et al. [73]
proposed a graphical correlation to determine the shape of the
bubbles in terms of Eo, M and Re. M is defined only by the proper-
ties of the fluids, and for a constant M, the shapes of the bubbles
evolve from spherical to ellipsoidal to cap-shaped with increasing



(a) Correlation comparison (UG = 0.0087 m/s) 

(b) Comparison between the correlation obtained with
UG = 0.0087 m/s and using the whole dataset

Fig. 13. Aspect ratio correlation.
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equivalent diameter. Clift et al. evaluated influence of the wall on
the rising bubbles according to the ratio k between the equivalent
diameter of the bubble and the diameter of the system. For values
of k less than 0.6, the walls have little influence, and the rising bub-
ble can be considered as if rising in an infinite medium. The largest
bubble detected in this analysis had an equivalent diameter of
12.6 mm, and the hydraulic diameter of the column with an inter-
nal pipe is equal to 129 mm. The maximum value of k is therefore
0.1. Thus, the effect of the wall can be neglected as a first approx-
imation. This diagram can be used to derive the terminal velocity v
for each bubble: knowing Eo and M, Re can be derived and, thus, so
can the equivalent bubble terminal velocity v. This is, of course, an
approximation because this diagram has been obtained for single
rising bubbles rather than swarms of rising bubbles. The velocity
obtained is not the real bubble velocity but is the equivalent veloc-
ity of the bubble in the present system if placed in an infinite med-
ium. The data are represented in Fig. 14 as a function of the aspect
ratio. The Reynolds number and terminal velocity of the bubbles
increase with the equivalent diameter of the bubbles and have
ranges of 8–3102 and 0.03–0.27 m/s, respectively. With regard to
the shapes of the bubbles, the data obtained from the analysis of
the images are in agreement with the diagram by Clift et al. Bub-
bles with aspect ratio near 1 are placed in the area of spherical
bubbles; in the ellipsoidal area, the bubbles possess a higher aspect
ratio. There is no bubble in the area of the cap-bubbles; indeed,
cap-bubbles were not detected.

Cano-Lozano et al. [80] used the Bond and the Galilei number to
describe the shape of the bubbles. They represented the bubbles in
space Bo–Ga, coloring them according to the value of the inverse
aspect ratio. Fig. 15 shows the experimental data in Bo–Ga space,
revealing good agreement with the literature.

4. Image analysis for supporting flow regime transition
prediction: the stability analysis

In this section, we use the image analysis as a supporting tool
for the evaluation of the flow regime transition in the framework
of the stability analysis.

4.1. Stability analysis: methods description

We employ the approach of Bhole and Joshi [29] based on the
one-dimensional model of gas–liquid dispersion in Euler–Euler
framework. In this section the derivation of the criteria is
outlined for the sake of completeness, but the detailed mathe-
matical formulation will not be repeated, because detailed
elsewhere [29]:

i. The balance equations (continuity and moment) are written
for the gas liquid system.

ii. The momentum equations of both the phases are combined
by eliminating the pressure term.

iii. Perturbations are introduced in the balance equations in
terms of perturbation variables.

iv. The resulting equations are linearized.
v. The velocity perturbations are eliminated using the equa-

tions of continuity, and a final linearized equation is
obtained in terms of perturbation in holdup.

In the homogeneous regime, any perturbation to the flat holdup
profile decays with respect to time. If the perturbations grow with
time, the transition to the heterogeneous regime occurs. The stabil-
ity criterion is given by the following equation:

f ¼ 1� AðGFÞ � B
2

� �2
AðZ � CÞ þ B2

4

ð26Þ

The system is stable if f is positive, unstable if f is negative and
neutrally stable when f = 0. The constants A, B, C, Z, F and G are
given by:

A ¼ qG

qL
þ ð1þ CV Þ

ð1� eGÞ � 1 ð27Þ

B ¼ 2
qG

qL
þ CV

� �
UG

eG
ð28Þ

C ¼ qG

qL
þ CV

� �
UG

eG

	 
2

ð29Þ

Z ¼ � b0

qL

DL

eG
þ DG

1� eG

� �
ð30Þ

F ¼ b0

qL

1
eG

þ 1
1� eG

� �
ð31Þ

G ¼ b0

qL

VS

eG
þ VS

b0
0

qL
þ qG � qL

qL
g ð32Þ
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where

b0 ¼ eGðqG � qLÞ
VS

g ð33Þ
b;
0 ¼ � eGðqG � qLÞ

VS
g ð34Þ

Using the above values of constants, the critical gas holdup at
which homogeneous regime loses stability, can be obtained by
the following implicit equation:

u1ffiffiffiffiffiffiffiffi
gdb

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

#ð1� eGÞ
CV0ð1þ 2eGÞ þ ð1� eGÞ2

s" #
1

ð1� eGÞm�1 ð35Þ

The reader should refer to the original reference for further
details and for all the mathematical formulations of the method.
4.2. Stability analysis: model parameters

To use the stability criterion for the quantitative predictions of
the transition in bubble columns, various parameters need to be
estimated.
4.2.1. Slip velocity
Slip velocity VS is estimated using Richardson–Zaki correlation,

previously reported in Eq. (12):

VS ¼ Ub ¼ u1ð1� eGÞn�1 ð36Þ
The same considerations applied before, are also valid here.
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4.2.2. Dispersion coefficient
The gas-phase dispersion coefficient can be written as the pro-

duct of integral velocity and length scales of the turbulence:

DG ¼ u0l ð37Þ
Joshi [81] has used energy balance for the estimation of u’,

where the length scale of the turbulence in the bubbly flow is
assumed to be twice the bubble diameter:

u0 ¼ 1:5eG ð38Þ
l ¼ 2bb ð39Þ
Bhole and Joshi [29] use the constant of proportionality 3 as a

preliminary estimate:

DG ¼ 3eGdb ð40Þ
In this paper, we employ the same coefficient as in the original

reference and sensitivity analysis have been performed
Table 5
Flow regime transition: experimental data, stability analysis and literature
correlations.

Exp. Stability
analysis

Wilkinson et al. [86] Reilly et al. [85]

Utrans (m/s) 0.0263 0.0266 0.00198 0.0289
eG,trans (–) 0.0874 0.1100 0.0077 0.1295

Fig. 16. Stability analysis: comparison between present result and the literature.

pudloH)a(

Fig. 17. Stability analysis: influence of the dispe
(Section 4.4). Accordingly with the original reference, db is evalu-
ated accordingly with the correlation proposed by Nguyen [82],
instead of the experimental data:

db ¼ u1
3
4

ð41Þ
4.2.3. Virtual mass coefficient and the importance of the image
analysis

As the bubble accelerates through the liquid, a certain mass of
the liquid surrounding the bubble also needs to be accelerated
[83]. The mass associated with the liquid to be accelerated is
referred to as virtual mass of the bubble and the additional force
thus required is referred to as added mass force. From the applica-
tion of potential flow theory results that Cv = 0.5 for an isolated
spherical bubble in an infinite inviscid liquid. The dependence of
added mass coefficient on the gas holdup has been shown by Zuber
[84]:

Cv ¼ 1
2

1þ 2eG
1� eG

	 

ð42Þ

In Eq. (42) Cv = 0.5, when eG tends to 0 and, in the following, we
refer to this value as Cv0. However, this result is valid for a spherical
bubble only and, in bubble columns, the bubbles are likely to be
oblate ellipsoidal. The value of Cv0 depends upon the extent of
deformation of spherical bubble. Bhole and Joshi [29] generalized
the Cv – eG relationship suggested by Zuber:

Cv ¼ Cv0
1þ 2eG
1� eG

	 

ð43Þ

Cv0 can be estimated knowing the bubble aspect ratio /. For oblate
oblate ellipsoidal bubbles Clift et al. [73] have obtained the follow-
ing relation:

Cv0 ¼ u cos�1u� ð1�u2Þ0:5
u2ð1�u2Þ0:5 �u cos�1u

ð44Þ

The critical issue is to relate the aspect ratio u to parameters
depending on the system. As previously presented in Section 3.2.4,
the correlation available in the literature for single bubbles may
not be suitable for bubbly flows and the correlation obtained din
this study (Eq. (22)) is here used. Sensitivity analysis concerning
the correlation used are proposed in the results discussion
(Section 4.4).
yticolevmrawS)b(

rsion coefficient on the transitional holdup.
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4.3. Evaluation of the transitional velocity

The stability analysis method provides the value for the transi-
tional holdup. In order to have an estimate of the transitional
velocity, the above criteria could be coupled with a correlation
form the literature. The correlation is from Reilly et al. [85] is
taken:
Utrans ¼ qL

qG
ð1� eG:transÞ B�

A�

	 
1:5

ð45Þ

In the original reference the transitional holdup reads:
Fig. 18. Stability analysis using the Wellek correlation for the aspect ratio.
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Fig. 19. BSDs as a function of the number of bubbl
eG:trans ¼ 0:59B�1:5 r0:12q0:96
G

qL

	 
0:5

ð46Þ

In this paper, the holdup at the transition provided by Eq. (35).
Finally, A⁄ reads:

A� ¼ 2:81qLq
0:96
G r�0:12 ð47Þ

For water as the liquid phase, B⁄ = 3.75.

4.4. Stability analysis: the results

Applying the Eq. (35) and using the virtual mass formulation
with our correlation for the aspect ratio, Eq. (22), the transitions
holdup is 0.11 (Table 5), showing a good agreement with the
experimental data. This result is also in agreements with the
capability of the linear stability analysis for the prediction of
the transition point in bubble columns. The summary of the
previous results of the linear stability are given in Fig. 16 (the
data have been obtained from Ghatege et al. [34]). It is particu-
larly interesting that, applying Eq. (45) along with the results
of the stability analysis, the resulting transitional velocity
(Utrans,stability analysis = 0.0266 m/s) is in perfect agreement with the
experimental data (Utrans = 0.0263 m/s). This support the idea of
coupling the Reilly correlation to the stability method. However,
a comprehensive validation of this approach should be performed
on a larger set of experimental data.

The obtained results are also compared with literature correla-
tions: Wilkinson et al. [86] and Reilly et al. [85]. TheWilkinson cor-
relation largely underestimates the transition gas velocity; this
observation was also made by Letzel et al. [87] and is a well-
known result from the literature: this correlation usually under
predict the transition velocity and holdup at the atmospheric
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conditions. The Reilly correlation, instead, gives values for Utrans

and eG,trans that are in better agreement with the experimental data.
However, the stability method (coupled with the Reilly correlation)
is able to provide better results if compared with the other corre-
lations. The stability analysis, therefore, is an accurate tool for
the prediction of the transition point also for annular gap configu-
ration. To the author’s best knowledge, the only previous results
for the stability analysis for an annular gap configuration was pro-
posed by Bhole et al. [33] with the data of al-Oufi et al. [57].

Bhole and Joshi [29] discussed about the dispersion coefficient.
In this study, the value of the proportionality constant for disper-
sion appearing in Eq. (40) was set to 3 as a preliminary estimate
(a = 3), following the original reference. This value proved to be
adequate for predicting the transition point (Table 5). However, it
is useful to vary this parameter. Fig. 17a shows the variation of
transition gas holdup with a as a parameter. The results are in
agreements with the original reference: as the value of a increases,
the transition gas holdup also increases. Indeed, an increase in a
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indicates an increase in the dispersion coefficient, which stabilizes
the systems. The mechanism of dispersion tries to counterbalance
the effect of non-uniformity in the holdup and hence it is respon-
sible for the minimization of gradients in the system. Thus, higher
the value of the dispersion coefficient (given by a), the higher is the
value of the transition holdup. Of course, we may use this param-
eter in order to fit the experimental data. A dispersion coefficient of
3.05 (Fig. 17b) provide the transition velocity equal to the one of
the experimental setup. The value is very close to 3, suggesting
that the first guess taken from the literature was correct. This sug-
gests that in future studies, a more detailed model for the disper-
sion coefficient should be employed. Eventually, a coefficient
depending on the operating condition, working fluid and geometry
should be applied.

Finally, the influence of the aspect ratio correlation has been
investigated by applying the Wellek and the Okawa correlation.
The results for the Wellek formulation are presented in the
Fig. 18: the dispersion coefficient to be used, for having a correct
selected

a function of the equivalent diameter

5 6 7 8 9 

iameter [mm]

analysis.



Table 6
Bubble classes in the error analysis.

Number of class deq (mm)

1 0 < deq 6 0.5
2 0.5 < deq 6 1
3 1 < deq 6 1.5
4 1.5 < deq 6 2
5 2 < deq 6 2.5
6 2.5 < deq 6 3.5
7 3.5 < deq 6 4.5
8 4.5 < deq 6 6
9 6 < deq 6 8

10 8 < deq 6 10
11 deq > 10
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value of the transitional holdup is around 2.1. This happen because
the Wellek correlation predicts bubbles with higher aspect ratio
and, therefore, the homogeneous flow regime can be destabilized
more easily. When applying the Okawa correlation, instead, the
result are non-physical. This is because the Okawa correlation
greatly under predicts the experimental aspect ratio and, therefore,
the flow is very difficult to be destabilized for the given bubble
diameter (Eq. (24)).

5. Conclusions

An understanding of the properties, diameter distribution and
shape of bubbles is of fundamental importance in the comprehen-
sion of the flow dynamics and mass transfer phenomena for the
correct design and operation of bubble column. In the literature,
a large number of studies have focused on open tube bubble col-
umn, but the knowledge concerning bubble column with internals
is very limited. This paper considers an annular gap bubble with an
inner diameter of 0.24 m with two internal pipes and is, mainly,
structured in two parts.

The first part of the paper concerns the experimental investiga-
tion: holdup measurements and image analysis. The former is used
for identifying the flow regime transition and studying the bubble
column hydrodynamics, whereas the latter is used for investigat-
ing the bubble shapes and size distributions. The holdup measure-
ments and the transition point and discussed and are in agreement
with the previous literature concerning distributors with large
openings. The definition of the transition point is important
because the size distribution and bubble shapes depend on the
operating conditions and a change of the bubble properties is
expected near the transition. The image analysis is applied at dif-
ferent superficial gas and liquid velocities, corresponding to a gas
holdup between 2.9% and 9.6%. In particular, the homogeneous
flow regime (and the beginning of the transition flow regime)
has been considered. In this flow regime, the bubbles are uniformly
distributed in the cross-section of the pipe, traveling vertically
with minor transverse and axial oscillations; however, there is also
the periodic appearance of cap-bubbles around the inner pipes.
These cap bubbles raise the column at a higher velocity compared
to the other bubbles; they drag in their wake swarms of smaller
bubbles and generate break-up phenomena in the path. Owing to
the presence of the cap-bubbles, this regime can be better defined
as a pseudo-homogeneous regime. The bubble size distributions
and shapes are presented and discussed for different superficial
gas and liquid velocities. The bubble diameter distributions are
bimodal and a change in the bubble size is noticed near the flow
regime transition. No general relation seems to exist between the
aspect ratio and the position of the bubbles; however, a relation-
ship between the size of the bubbles and the aspect ratio seems
to exist: the small bubbles have a high aspect ratio, whereas the
larger bubbles seem to be characterized by lower aspect ratios.
This distribution of the angles around the value 0 may indicate that
the bubbles move predominantly upward in a zigzag motion with
angles ranging from �30� to 30�. The experimental data are also
used to obtain a correlation between non-dimensional parameters
and the aspect ratio. This correlation does not depen on the gas and
liquid velocities and performs better compared to correlations
from the literature. Finally, the experimental data were compared
to non-dimensional diagrams taken from the literature, revealing a
good correspondence.

The second part of the paper concerns the application of the
image analysis results as supporting tool for the evaluation of the
flow regime transition in the stability analysis framework. In
the mathematical formulation of the stability analysis approach,
the virtual mass coefficient appears and it depends on the bubble
shape: the correlation obtained from the experimental data is used.
The stability analysis provided the transitional point (holdup and
gas velocity) in very good agreement with experimental data and
the method performed better than the correlations from the liter-
ature. Finally, sensitivity analysis concerning the dispersion coeffi-
cient and the virtual mass formulation was performed, proving
that the correct evaluation of these parameters is of fundamental
importance in the formulation of the method.

The present experimental investigation may provide a better
understanding of the two-phase flow phenomena in annular gap
bubble columns. The analysis in this paper can provide useful
information for the CFD modeling of annular gap bubble columns
[7]: for example, an Eulerian–Eulerian approach can be considered.
Such an approach requires information concerning BSD and bubble
shapes, which have been presented in this work. Furthermore, the
analysis of such low holdups can assist in understanding more
complex flows and for scaling-up purposes. Finally, this paper
extended the stability analysis to an annular gap bubble column,
proving its ability in investigating the flow regime transition. This
study details the major issue of the stability analysis approach and
proposed methodology for dealing with the aspect ratio formula-
tion and the dispersion coefficient. Future studies should focus
on the modeling of the dispersion coefficient and find a general
model for the virtual mass coefficient. This paper also demon-
strates the application of different experimental techniques for a
comprehensive knowledge of the bubble column hydrodynamic.
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Appendix A

An analysis was performed on the number of bubbles to be
sampled to achieve a reliable BSD. To perform this analysis, a ran-
dom number was first assigned to each bubble, then the bubbles
were sorted in ascending order and, finally, were sampled in
groups of 100, 200, 300 and 500 bubbles. Fig. 19 presents two BSDs
resulting from the generation of two random number sequences. It
seems as if approximately 300 bubbles can provide a reliable BSD
for the configuration studied.
Appendix B

An analysis was performed to evaluate the error in the bubble
shape estimation due to the handpicked points. The analysis was
conducted as follows:-
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(a) An image was selected (Fig. 20a) and sampled 20 different
times, thus obtaining a dataset comprising 540 bubbles;

(b) This dataset was divided into 11 classes of bubbles (Table 6);
(c) For each class, the mean value, standard deviation and stan-

dard deviation relative to the mean value was obtained
(Fig. 20b).

As expected—owing to the point selection for ellipse fitting—the
smaller the bubble, the larger the estimation error.
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