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A B S T R A C T

Calcium alginate beads are frequently used to immobilize enzymes or microorganisms for fermentations car-
ried out in agitated or pneumatic reactors. In this work, the well-known Radioactive Particle Tracking (RPT)
technique is used to non-invasively extract relevant information of the motion of calcium alginate beads within
a three phase bubble column under foaming conditions, which frequently appear in bioreactors operation.
Special care is taken to produce a radioactive tracer that perfectly matches the features of the other particles
in density and size. In addition, the tracer has the same texture and wettability since the adherence of gas to
particles in foaming systems is crucial in determining the solid motion. Particles distribution, solid residence
time, velocity fields, dispersion coefficients, shear stress and turbulence kinetic energy are determined from
the radioactive tracer trajectories. Compared to previous works in non-foaming systems with denser particles,
a relatively strong inward flow and less definite descending motion of the solid near the column wall is found.
Turbulence intensities and shear stress are high in the disengagement zone, particularly for the churn-turbu-
lent flow regime. However, since the biocatalyst damage would also depend on the actual exposure to harsh
regions, the frequency of visit at different location was calculated to estimate maps of exposure risks as the
product of turbulence stresses and these frequencies. Considering the particles motion, the region of largest
risk for hydrodynamic damage is close to the gas entrance zone.

© 2016 Published by Elsevier Ltd.

1. Introduction

Immobilization is generally used in bioprocesses to protect biocat-
alyst from inhibitory products and harsh environment and, especially,
to increase the catalyst concentration and facilitate its separation and
recycling, thus improving bioreactors productivity [1,2]. Low density
polysaccharide gel particles, such as alginate or carrageenan beads,
are frequently used to immobilize enzymes or microorganisms for fer-
mentations, since they provide ease of entrapment under mild condi-
tions [3].

Fermentations with immobilized biocatalysts are generally carried
out in vessels agitated mechanically or pneumatically with a circulat-
ing gas; the last are frequently three phase bubble columns [4]. Pre-
cision mixing in multiphase systems traditionally contributes to re-
duce costs of installed processes, and to increase safety margins and
competitiveness of process to come [5]. There is a wide range of op-
erating conditions where an imprecise control of process variables
leads to decline the productivity and the operational capacity of bubble
columns [6]. For example, knowing the motion of the substrates and
cells in a bioprocess is crucial to select the design variables and oper-
ating conditions that ensure good mixing while minimizing the exis-
tence of stagnant regions and maintaining turbulence levels compati
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ble with living organisms [7]. Cellular responses to turbulence can
range from no effect to significant physiological or genetic effects and
finally, apoptosis or rapid cell lysis [8]; even immobilized enzymes
can be deactivated due to high levels of hydrodynamic stress [2]. On
the other hand, algae cell membranes resistance to lysis is high and can
be exposed to significant shear for improving light exposure [9], and
high stirring speeds plus gas sparging can occasionally be beneficial
for maximizing the desired product [10]. Therefore, more research is
needed to increase the reliability of scaling up bioprocess equipment.
Bioreactor design and scale up is one of the most important open prob-
lems of chemical engineering [11].

Bubble Columns (BCs) have some advantages over stirred tank re-
actors (STRs) for mitigating the hydrodynamic stress, such as more
gentle and distributed shear stress, since they do not have a mixer
or impeller. In addition, construction and scale-up imply lower costs
[4]. However, the lack of an impeller also brings some disadvan-
tages, such as poor fluid mixing for highly viscous culture compared
to STR. An additional complexity is serious foaming under high aer-
ation, often undesirable since foam is a vehicle for contamination and
may even cause loss of liquid phase [12]. Even if foaming conditions
are tried to be avoid, many times it is not possible in bioprocesses
and foam is therefore destroyed by mechanical means in the upper
region but exists in the bulk. Also, the addition of shear-protective
agents may promote foam because it mitigates the influence of bub-
bles bursts. There are also some bioprocesses for which a foam out-
flow is used for product recovery (e.g., production of biosurfactants

http://dx.doi.org/10.1016/j.cej.2017.05.060
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or lipopeptides [13,14]). Since the motion of solids under foaming
conditions has been very scarcely examined in the literature and could
appear in several bioprocesses, further knowledge of this system dy-
namics may contribute to establish more reliable tools for bioreactor
design, scale-up and operation.

The well-known Radioactive Particle Tracking (RPT) technique
has been successfully applied to study two and three phase bubble
columns [15–18] and more recently for air-lift bioreactors [19–21].
Although bubble columns solid dynamic has been intensively exam-
ined, scarce information is available in the open literature on the
motion of deformable gel particles and less if they are moving in
a foaming gas-liquid system. RPT experiments are one of the very
limited techniques suitable for experimentally determining the mo-
tion of condensed solid in opaque systems to validate computational
fluid dynamics (CFD) codes, which may be very helpful for bioreac-
tor scale-up. It is worth mentioning also that RPT experiments provide
an experimental estimation of the biocatalyst lifelines [22], which is a
very interesting concept for establishing scale-up rules.

The aim of this work is to perform RPT experiments for gathering
relevant information of the motion of calcium alginate beads, a typical
immobilization support for biocatalysts, while suspended in a foam-
ing gas-liquid system in a pilot scale bubble column. The adherence of
gas bubbles to particles is crucial in determining their motion, partic-
ularly in foaming systems with low density particles. Hence, special
care is taken to produce a radioactive tracer that perfectly matches the
other particles texture and wettability, apart from size and density. The
influence of the gas velocity on the solid velocity field, solid distrib-
ution, residence time, frequency of visit to different regions and tur-
bulence parameters, is examined within a range covering the bubbling
and the churn turbulent flow regimes. Column regions where the bio-
catalysts could be most damage are diagnose from the experiments.

2. Materials and methods

2.1. Experimental setup

Experiments have been carried out in a 1.2 m high and 0.1 m in-
ner diameter acrylic column. Liquid and solid were in batch mode
and mixed by circulating air. The gas distributor used was a perfo-
rated plate with 32 holes of 1 mm diameter, representing 0.32% of the
column section. The gas distributor top is located in the base of the
column (z = 0). The model liquid used was a 0.5 M CaCl2 aqueous
solution with added benzalkonium chloride (0.1 ppm) both as fungi-
cide and to promote foaming. The solid inventory, calcium alginate
beads of 5 mm mean diameter, were prepared by extrusion dripping
of a 1.5% (w/v) sodium alginate aqueous solution onto a 0.5 M CaCl2
solution using a peristaltic pump, to form the calcium alginate beads
by ion exchange [3]. The procedure used to obtain the beads is the
typical one for immobilizing a biocatalyst, either enzymes or cells, by
retention. Particle size distribution, as determined from image analy-
sis of captured photographs extracted from a video of the suspended
beads, presents an almost normal shape with a coefficient of variance
of around 20%. The solid inventory represented 10% v/v of the liquid.
The solid-liquid mixture height at rest was 0.55 m. Gas superficial ve-
locity was varied within the range of 0.021–0.095 m/s.

The motion of a radioactive tracer, representing the calcium algi-
nate beads, was continuously followed (every 30 ms for several hours)
by an array of sixteen 2 × 2 in. NaI(Tl) scintillators, located around
the column as illustrated in the photograph of Fig. 1a; i.e., 4 lines (at
z = 120, 320, 520 and 720 mm) of 4 detectors, separated 90° in be-
tween.

Fig. 1. Photograph of the RPT experimental installation (a); influence of the gas ve-
locity on the chordal gas holdup determined by gamma densitometry and from the
three-phase expansion inferred from the highest tracer axial positions, indicating the re-
gion of flow transition (b); photograph of the tracer (c).

Flow regime transition was evaluated from the trend in chordal
gas holdup vs gas velocity determined by gamma densitometry experi-
ments at three column heights (Fig. 1b). In addition, it was determined
from statistical analysis of the tracer time series, and by visual inspec-
tion [23]. These complementary methods indicated that transition con-
ditions are apparent for gas velocities in the range 0.055–0.066 m/s.
Finally, for comparison, the gas holdup was also determined from the
solid expansion inferred from the RPT experiments as the median of
the 50 highest tracer axial coordinates for each experiment. Then, the
liquid in the foam above the end of the three-phase emulsion was ne-
glected and the gas holdup was estimated as the three-phase expan-
sion minus the solid-liquid height at rest (zero gas velocity) divided
by the three-phase expansion. Fig. 1b illustrates the comparison; al-
though the absolute values of the gas holdup are slightly larger than
those determined by densitometry, the flow regime transition velocity
is fairly coincident. Hence, RPT experiments cover the homogeneous,
transition and heterogeneous flow regimes; representative experimen-
tal results of each flow regime will be shown for discussion.

The tracer used to track the solid was prepared by embedding
a high density polyethylene (HDPE) sphere containing a tiny piece
of gold in a calcium alginate bead prepared resembling the rest of
the particles in the bed (Fig. 1c). The gold embedded in HDPE was
activated by neutron bombardment in the RA1 reactor of the Na-
tional Commission of Atomic Energy in Argentina (CNEA), giving
198Au (t1/2 ≈ 2.7 d, Epeak = 412 keV) of around 50 µCi. The already
activated tracer is then deposited inside matrices of half spheres de-
signed for producing the calcium alginate bead tracer in three steps:
i. – polymerization of one half of the gel bead and introduction of
the particle in the middle, ii. – polymerization of the second half on
top, iii. – reshaping of the bead in a CaCl2 solution bath to improve
the spherical shape and perfectly cover any separation. The result-
ing tracer is similar in size, density and texture as the alginate beads
forming the bed. Further details of the tracer preparation method can
be found in [23]. Size and density similarity of the tracer and the
other prepared particles are verified by image analysis and by com-
paring their sedimentation velocity. Texture and wettability of the



UN
CO

RR
EC

TE
D

PR
OOF

Chemical Engineering Journal xxx (2017) xxx-xxx 3

tracer is similar to the particles forming the bed since the external
part of the tracer is the same. The gel completely surrounds the inner
HDPE sphere. Several tracers are produced and the best match is se-
lected for the experiments.

The “instantaneous” tracer positions (every 30 ms) were recon-
structed considering the photon counts simultaneously detected by the
scintillators. The number of counts registered by each detector de-
pended on the tracer intensity, the media attenuation and the detection
system dead time. For the reconstruction, a calibration stage was per-
formed; it consisted in measuring the counts while locating the tracer
at known positions within the three-phase emulsion. Calibration points
were located at several radial/azimuthal positions for several axial co-
ordinates in the column covered by the three-phase emulsion within
the range z = 70 mm to z = 820 mm. With the signal distribution mea-
sured when the tracer is located at the calibration points, parameters of
a model based on MonteCarlo calculations were fitted for each detec-
tor by minimizing the difference between the counts measured and es-
timated, as described in [24]. This reconstruction procedure allows de-
termination of tracer coordinates below the lowest and above the high-
est detectors to a certain distance. The ability of reconstruction was
verified by comparing with known fixed positions in the column from
the column base up to z = 820 mm. Using the fitted parameters and
the model, a database of correspondence between positions within the
reactor and signal distribution was created and used to get the tracer
positions while freely moving within the emulsion.

From the long tracer trajectories, the probability of occurrence of
the tracer at different regions within the column, which has been ar-
gued to be related to the local solid holdup [15,25] was determined.
In addition, instantaneous velocities were calculated by direct differ-
entiation of successive positions and assigned to a voxel containing
the middle coordinates, for determining the solid 3D velocity fields.
From the fluctuating velocities, calculated as the instantaneous minus
the mean velocities, turbulent parameters were obtained [21,24]. Eq.
(1) indicates the deformation tensor, τ, estimated considering the aver-
age of the product of fluctuating velocity components.

where the subscripts 1, 2, 3 correspond respectively to the radial, r,
azimuthal, θ, and axial, z, components of the fluctuating velocities u′,
and ρ is the fluid density. From the tensor, the turbulent kinetic en-
ergy (sum of normal stresses, evaluated as the trace, Eq. (2)) and the
radial-axial shear stress (mixed product of the radial and axial compo-
nents, Eq. (3)) were obtained for different locations in the column.

The solid dispersion coefficients were estimated considering the
Einstein equation. For this calculation, it was assumed that extracts
of the long tracer trajectory starting from given locations at delayed
times represent different particles. Then, the derivatives of the mean
square displacements of particles released from different initial posi-
tions (r0, z0) were used for computing the particles axial and radial

dispersion coefficients, as expressed in Eq. (4) [24].

RPT is a powerful technique allowing estimations of the resi-
dence time distributions of solid particles at different locations in
the column by considering the time that the tracer remains within
given regions for different periods of the long tracer trajectories [25].
Hence, axial-radial maps (azimuthally averaged) of solid mean resi-
dence time are also reported for representative experiments. Finally,
the frequency of visit of different column regions can be evaluated
from the long tracer trajectories as the inverse of the mean time
elapsed before the tracer reenters given locations. This frequency al-
lows determination of the risk of exposure of the solid particles to re-
gions of high hydrodynamic stress.

3. Results

3.1. Solid distribution and flow pattern

The normalized probabilities of tracer radial positions, calculated
as the number of registrations of the tracer in each voxel divided by the
total number of registrations on an equal volume value, are shown in
Fig. 2, for three gas velocities at different column heights, and axially
averaged. All over the column, there is a sharp decrease of the prob-
ability of solid occurrence for the region immediately attached to the
wall. The average behavior indicates that, despite the low value close
to the wall, the probability remains almost uniform with a depression
in the central core likely related to a complementary increase in gas
holdup all over the column (except in the upper region, see z/D = 7), as
generally observed for recirculation patterns driven by bubble swarms
[28–30]. Around the disengagement region the tracer occurrences near
the column center increase, arising likely from a fountain type circu-
lation of the solids associated to big bubbles bursts. The solid is re-
leased from the bubbles wakes, it is expelled towards the wall and fi-
nally accumulates and descend mostly in an annulus (r/R ∼ 0.7–0.9),
where the highest solid occurrences appear; i.e., in an outer ring but
separated from the wall.

The probability of the solid occurrence is related to the solid
holdup [15,25]; multiplied by the global solid holdup would provide
and estimation of the local solid holdup. As the solid inventory is the
same for all the experiments, the global solid holdup decreased as the
gas velocity is increased, and can be estimated from the uppermost ax-
ial values of the tracer.

The gas holdup profile was found to be distinctly affected by the
foaming features of the liquid in bubble columns, depending on the
column height and, in the entrance zone, on the type of gas distributor
used [31,32].

Along the axial coordinate, a decrease in the solid probability was
found for all the experimental conditions, in coincidence with infor-
mation reported in the literature and in accordance with the gener-
ally proposed sedimentation dispersion models for three-phase bubble
columns [15,33].

From the long trajectory of the solid tracer, residence time distri-
bution (RTD) of the particles for given regions can be determined.
Whenever the particle enters the zone of interest, the time that the
tracer remains inside is computed. In this way, the RTD can be con-
structed provided the number of entering events is large enough (e.g.,
more than 100) to have good statistics. From RTDs at different col-
umn regions, the mean residence time of the solid all over the column

(1)

(2)

(3)

(4)
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Fig. 2. Volume normalized probability of finding the tracer as a function of the radial coordinate, for representative gas velocities at different column heights and axially averaged.
Lines are only to guide the eyes.

can be estimated. Fig. 3 illustrates radial-axial maps of solid mean res-
idence times for representative experiments.

The tracer moves throughout the whole column, but preferentially
remains slightly longer periods close to the entrance zone and for ra-
dial positions separated from the center and the wall. Longer residence
times are generally because the particles are moving with no definite
direction or they are trapped in local vortical structures. Residence
times of the tracer in the column center or close to the disengagement
region are generally shorter.

The solid mean flow pattern for three representative gas velocities
corresponding to the bubbling and the churn-turbulent flow regimes,
and for a condition around the transition, are shown in Fig. 4. Time
and azimuthally averaged (considering axisymmetry) particle radial
and axial velocities are represented on the radial-axial plane.

Two circulation cells are evident for low gas velocities, while they
apparently collapse into one cell covering the whole column as the gas
velocity increases. Similar behavior has been found for three phase
bubble columns with solids of different sizes and a larger density ratio
with respect to the liquid [15,16]. The typical behavior has also been
found in the same facility while working in non-foaming systems with
activated carbon as the solid phase [23]. The solid in this work has a
density only slightly higher than the liquid phase density; hence, the
solid motion has less inertia and it likely follows more strongly the liq-
uid flow than denser particles.

The entrance circulation cell observed at low gas velocities extends
for a height of about z/D ∼ 1 (D is the column diameter). The second
circulation cell extends through the rest of the column height, even
if minor subcells can be perceived by observing the pattern close to
the wall, resembling the multiple circulation cells coming from tran-
sient coherent structures interpreted by Joshi et al. [26]. For higher gas
velocities, the multiple circulation cells can still be perceived in the
mean flow pattern, and the vortical flow structures superimposed to
a meandering central bubble plume, observed by Chen et al. [27] for
two-phase bubble columns, can also be inferred from the tracer jittery
trajectory. In a time-averaged representation, a gross scale single cell
circulation, with upward flow in the central part of the column and
downward-inwards flow in the wall region is observed.

Comparing with previous studies with denser particles and
non-foaming liquids, in this case there is an evident inwards radial
flow all over the column wall, highlighted in the axially averaged flow
field represented on the transversal plane in Fig. 5 (note the scale en-
largement).

This marked inwards flow could be related to the strong adher-
ence to the wall of the foaming gas-liquid emulsion, which would pre-
vent the solid to stay at radial positions larger than r/R ∼ 0.9 (R is
the column radius). Naturally, also the tracer size prevents the parti-
cle to be at radial positions larger than its radius (i.e., r/R > 0.95). The
presence of foam creeping at the wall is visually observed and appar
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Fig. 3. Distribution of the solid mean residence time at different column regions for representative gas velocities.

ently occasions a hindrance effect. The descending solid motion close
to the wall is less defined than in systems without foam; the motion
is mostly inwards and only slightly descending. It is worthwhile men-
tioning that, even if the solid expansion does not surpass 0.8 m, the
foam usually creeps towards the top of the 1.2 m column, especially
for high aeration.

Radial profiles of the mean solid axial and radial velocities (az-
imuthally averaged) are shown, for different gas velocities, in Figs. 6
and 7, respectively. Velocities are shown for given axial locations, and
axially averaged.

Solid axial velocities are generally positive in the central region
and negative close to the wall, except for the lowest gas velocity close
to the gas distributor. The inversion point is around r/R ∼ 0.6, in co-
incidence with reports from previous works for three-phase bubble
columns [15,16,18,28,34]. However, in contrast to what is generally
observed for non-foaming systems, even in the same facility, the solid
velocity for the region very close to the wall is less negative and can
even change direction. Moreover, axial velocities attain minimum val-
ues for r/R ∼ 0.9, for several axial positions. This behavior could be
related to the hindrance and damping effect of the foam [35,36]. It has
been recently shown that for the churn and annular flow regimes of a
foaming gas-liquid system in a vertical pipe, the usually descending
liquid film adjacent to the wall turns to an ascending or not definitely
descending gas-liquid emulsion film [36,37].

The radial velocities, shown in Fig. 7 for the same conditions, are
close to zero within the central core and become increasingly nega-
tive for radius close to the wall for most of the axial positions, in-
dicating a relatively important inwards flow, which was not found
in previous works. An outer flow can be observed only close to the
disengagement region and in the limit of circulation subcells. Differ-
ences with previous information could be attributed to the foaming

characteristics of the system and the low density and deformability of
the particles.

Axial and radial velocities increase in absolute value as the gas ve-
locity increases, in agreement with reports from previous works.

3.2. Turbulence characteristics

The magnitudes of the fluid hydraulic forces are important for
bioreactor design and operation. High turbulent stresses can cause
damage to cells and should preferably be avoided. Proper mapping of
the regions of high shear stress is thus helpful for the successful de-
sign of bioreactors [19]. The time and azimuthally-averaged Reynolds
radial-axial shear-stresses, calculated from the solid tracer fluctuating
velocities, are mapped onto the radial-axial plane for three representa-
tive gas velocities in Fig. 8.

Solids shear stress has been related to the radial gradient of ax-
ial velocity in two and three phase bubble columns and, therefore, the
maximum was generally coincident with the axial velocity inversion
radius [17,18,34,38]. An increase in superficial gas velocity increases
the solids axial velocity, and also its gradient, resulting in higher shear
stresses at higher superficial gas velocities. For this system, the shear
stress is more intense in the region close to the column center for all
the experimental conditions. For low gas velocities, it is apparently
low all over the column although it is slightly higher in the column
core at the entrance and in the disengagement region. As gas velocities
increases, the region of high share close to the column center becomes
wider. For the churn turbulent flow regime, the shear close to the dis-
engagement zone becomes significantly more intense in spite of the
damping effect of the foam.

Fig. 9 illustrates the radial dependence of the axial and azimuthally
averaged shear stresses for representative gas velocities.
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Fig. 4. Axial-radial velocity fields (azimuthally averaged) for gas velocities representative of the bubbling, transition and churn-turbulent flow regimes.

Fig. 5. Velocity fields (axially averaged) on the transversal plane for gas velocities representative of the bubbling, transition and churn-turbulent flow regimes.

Compared with results reported for bubble columns in non-foaming
systems [24], it comes out that the shear in foaming systems are
around half the values measured in a gas-liquid bubble column with-
out foam.

The zone of highest values is closer to the column center than
in bubble columns without foam and significantly influenced by the
change in flow regime. The maximum shear displaced towards the
column center observed in this work could probably be related to the

very definite inward flow of the solid close to the wall, which would
prevent the solely dependence on the solid axial velocity gradient.

The time and azimuthally-averaged turbulent kinetic energies (nor-
mal stresses), calculated from the solid tracer fluctuating velocities,
are mapped onto the radial-axial plane for three representative gas ve-
locities in Fig. 10.

The turbulent kinetic energy (TKE) distribution is reasonably ho-
mogeneous, increasing in the lowest region of the column and, espe
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Fig. 6. Azimuthally averaged solid axial velocities as a function of the radial coordinate for different gas velocities at given column heights and axially averaged. Lines are only to
guide the eyes.

cially for low gas velocities, locally in the region where the circulation
cell direction change is observed in the velocity field. For high gas
velocities, TKE is quite larger in the upper region of the column, be-
ing maximum around the disengagement zone and for locations where
the dimensionless radius is less than the one leading to axial velocity
inversion (r/R ∼ 0.6). These results are comparable with information
from the literature for two and three phase bubble columns within the
totally developed region [15,17,19,34,39].

The TKE and shear stress maximum values found in this system
are strongly dependent on gas velocity. Maximum local shear stresses
are around 10 N/m2 while the maximum TKE can reach values of
250 N/m2 for certain regions at low gas velocities, and even higher
than 450 N/m2 in the disengagement region, for high gas velocities.
The highest values are possibly related to the vortical structures in-
duced by circulating bubble swarms, and by the bubble bursts around
the disengagement region, for experiments in the heterogeneous flow
regime. Within the bubbling flow regime, the turbulent stresses are
generally lower than 100 N/m2 all over the reactor, except close to the
entrance zone, where the gas injection generates important friction.

Turbulent stresses are responsible for the hydrodynamic stress suf-
fered by the biocatalysts in bioreactors, cell damage in bioreactors
is assumed to occur when local shearing stresses exceed a threshold.

However, it is difficult to decide the threshold level to consider. The
maximum measured in the maps can be taken into account to quantify
it; however, maximum local values can probably overestimate the risk
of damage since the heterogeneity is generally large. On the contrary,
mean values could be too low since a non-weighted average would
take into account even almost stagnant regions of the column. Another
factor that should be considered is the frequency with which the cells
are exposed to regions of large stress. Some of the column regions are
seldom visited by the particles and, therefore, even if they have large
stress, they may not have large influence [40]. From RPT experiments,
the frequency of visit of different column regions can be evaluated as
the inverse of the mean time elapsed before the tracer reenters given
locations. By evaluating these periods, it is apparent that the particles
circulate more frequently in the lower part of the column and are rarely
close to bubbles burst. As recently suggested by Liu et al. [40], the
product of the stresses and the frequency of visit would provide more
reliable estimation of the risk of damage to which the organisms are
exposed. Maps of exposure to the shear and normal stresses are pre-
sented in Fig. 11. From these maps, it is apparent that the highest ex-
posure risks are in the order of 10–15 W/m3 and they are located in the
lower region of the column, close to the gas entrance. Therefore, par-
ticular attention should be given to the gas distributor design to avoid
excessive turbulence in this zone.
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Fig. 7. Azimuthally averaged solid radial velocities as a function of the radial coordinate for different gas velocities at given column heights and axially averaged. Lines are only to
guide the eyes.

3.3. Solid dispersion coefficients

From a Lagrangian viewpoint, the radial and axial dispersion coef-
ficients can also be calculated from the long tracer trajectory assum-
ing ergodicity, by considering the time dependence of the mean square
displacements after the initial correlation time [34]. Radial and axial
dispersion coefficients have therefore been calculated for the exam-
ined experimental conditions from the variance of particle trajectories
starting from different regions in the column. The influence of gas ve-
locity on dispersion coefficients is illustrated in Fig. 12. Values are ob-
tained as the mean resulting from initial points at different locations all
around the column and the error bar indicates variations among results
starting at different positions. The positive influence of gas velocity
is larger than the influence of the starting point. The order of magni-
tude and the gas velocity dependence is comparable to results reported
in the literature for other type of solid in three phase bubble columns
with gas and liquid flow [34,41]. The order of magnitude is also simi-
lar to those measured in bubble columns with RPT [24] but the values
are around half probably due to a dumping effect of the foam.

The increase in dispersion coefficients with gas velocity is ap-
proximately linear within the bubbling flow regime, decreasing the

positive trend after the transition to the churn turbulent flow regime.
Axial dispersion coefficients are about an order of magnitude larger
than the radial ones, also in accordance with previous findings for
non-foaming liquids in gas-liquid and three-phase bubble columns
[24,34].

4. Conclusions

Relevant information about the motion of calcium alginate beads
in a three-phase bubble column with a foaming gas-liquid system has
been obtained from Radioactive Particle Tracking experiments. Solid
axial and radial velocities and turbulence stresses have been found to
be markedly dependent on gas velocity. For this foaming system, axial
flow is dominantly positive in the column core and negative in the an-
nulus region. However, a marked inwards flow and less negative axial
velocities have been determined very close to the wall likely related to
the foam, which tends to adhere to column wall preventing a descend-
ing liquid film.

The most intense turbulent forces are found in the column core
and particularly in the disengagement region for the churn turbu-
lent flow regime. Maximum local shear stresses are around 10 N/m2

which are significantly lower (less than half the values) than those
characterizing bubble columns without foam. The maximum TKE
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Fig. 8. Visualization of time- and azimuthally-averaged radial-axial shear stress in the radial-axial plane for experimental conditions representative of the bubbling and the churn-tur-
bulent flow regimes.

Fig. 9. Radial dependence of the axial and azimuthally averaged shear stresses, for rep-
resentative gas velocities.

(normal stresses) can reach values higher than 450 N/m2 in the dis-
engagement region, for high gas velocities. Within the bubbling flow
regime, the TKE are lower than 100 N/m2 all over the reactor, except

close to the entrance zone, where the gas injection generates impor-
tant friction and TKE more than doubles. Shear stresses may reach the
same values as for high gas velocities close to the gas entrance. Even
if the disengagement region shows the highest turbulence stresses, the
frequency of finding the tracer in that region is very low for the cal-
cium alginate beads representing immobilized biocatalysts. The prod-
uct of the stresses and this frequency would be a better indicator of the
zones of highest risk for biocatalysts damage. Considering this prod-
uct, it is found that the largest risks are located close to the gas en-
trance indicating that particular attention must be given to design of
gas distributors in order to minimize the turbulence arising from gas
friction in the injection points.

Solid axial and radial dispersion coefficients increase with gas ve-
locity with an approximately linear trend within the bubbling flow
regime. The positive trend decrease after the inception of the
churn-turbulent flow regime.
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Fig. 10. Visualization of time- and azimuthally-averaged turbulent kinetic energy in the radial-axial plane for experimental conditions representative of the bubbling and the churn-tur-
bulent flow regimes.
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Fig. 11. Risk of biocatalysts damage exposure evaluated as the product of the stress and the frequency of visit of the tracer at different column regions.
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Fig. 12. Solid radial (left) and axial (right) dispersion coefficients as a function of gas velocity.
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