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A B S T R A C T

Radioactive Particle Tracking (RPT) is a powerful advanced technique for studying the solid motion within
industrial scale multiphase reactors. However, it is rather difficult to implement in actual industrial installations,
mainly due to the required calibration stage under actual operating conditions. This work has the aim of
comparing the motion of calcium alginate beads in a three-phase bubble column examined either with RPT or
with an array of the same scintillation detectors used for RPT, but located vertically aligned beside the analyzed
vessel. Liquid and solid used for the experiments were in batch mode and mixed by circulating air. The
homogeneous and heterogeneous regimes have been explored. Results arising from both techniques, like axial
tracer trajectories, axial profiles of tracer positions probabilities, solid axial mixing times and solid axial dis-
persion coefficients are compared, for highlighting the relevant information that can be extracted from the
simplified method, validated by RPT. It is found that the simplified method fairly coincides with the classic
technique for estimating several relevant parameters. Finally, the estimated flow regime transition inferred from
the simplified method by symbolic analysis is compared with the one arising from chordal holdup trends de-
termined by gamma densitometry, also with satisfactory agreement.

1. Introduction

Three-phase bubble columns and fluidized bed reactors are used for
many operations and processes of the chemical and related industries
[1,2]. Fermentations that require biomass agglomerates or immobilized
microorganisms, some of them intended for effluent treatments [3], or
Fisher-Tropsch process [4] that produces liquid fuels from natural gas
by a gas-liquid-solid catalytic reaction are examples of applications in
diverse fields.

Proper design, optimization and monitoring of industrial scale units
preferentially require knowledge of solid motion and distribution
within the vessels [5]. In addition, for validation of granular dynamics
simulations, experimental data of the solid motion is essential [6,7].
Industrial equipments have usually opaque walls and multiphase sys-
tems themselves are inherently opaque. Consequently, techniques that
exploit interaction of the system with visible light have limited appli-
cations; high-energy radiation is more appropriate for obtaining in-
formation about the phases’ behavior in multiphase systems [8,9].

Radioactive Particle Tracking (RPT) is an advanced metrology
technique which allows capturing the actual path of a flow follower
freely moving in a 3D environment [10]. It has been successfully ap-
plied to study many different multiphase reactors [8–24]. Part of the
information arising from RPT is related to the analysis of the tracer
axial trajectory, and especially when the tracer undergoes fast as-
cending paths [21–23]. A rapid and non-invasive diagnosis of macro-
scopic mixing, of potential use in monitoring of an operating reactor is
desirable in the industry. RPT has proved very useful for diagnosing
solid mixing in three-phase fluidized beds [24].

Even if RPT provides a complete panorama of the examined vessel
and thorough information of the solid mixing, its use for industrial units
is rather complicate, mainly due to the required calibration stage under
actual operating conditions. This work is intended to evidence the
ability of a simplified version of RPT, which does not require the cali-
bration stage, to provide key information of the solid mixing and other
relevant parameters. The motion of calcium alginate beads in a three-
phase bubble column operating with liquid and solid in batch and
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different gas velocities is studied. RPT is applied for reconstructing the
3D trajectory of a radioactive tracer with the same features as the other
calcium alginate beads, from which relevant information is extracted.
In addition, a simplified version of RPT using the same scintillation
detectors located axially aligned beside the analyzed vessel (RPT-AAD)
is applied to get the tracer axial trajectory. Results arising from RPT-
AAD are compared to those from RPT to highlight the capabilities and
limitations of the simplified method. The ability of the simplified ver-
sion to provide key information of the solid mixing in the given system
in spite of the limited spatial resolution is evidenced.

2. Experimental section

Experiments have been carried out in a 1.2 m high and 0.1 m inner
diameter acrylic column. Liquid and solid were in batch mode and
mixed by circulating air. The model liquid used was a 0.5 M CaCl2
aqueous solution with added benzalkonium chloride (0.1 ppm) both as
fungicide and to promote foam formation. The solid inventory, calcium
alginate beads of 5 mm mean diameter, were prepared by dropping a
1.5% (w/v) sodium alginate aqueous solution onto a 0.5 M CaCl2 so-
lution using a peristaltic pump, to form the calcium alginate beads by
ion exchange. Density of the liquid and the solid were very similar:

1018 kg/m3 and 1025 kg/m3, respectively. The solid inventory re-
presented 10% v/v of the fed liquid. The solid-liquid mixture height at
rest was 0.55 m. Gas superficial velocity was varied within the range of
0.01–0.13 m/s.

Special care was taken to prepare the tracer used to track the solid,
so as to match the size and density and also the texture and wettability
of the suspended gel particles. For this purpose, a high density poly-
ethylene (HDPE) bead containing a tiny piece of gold was embedded in
an alginate bead similar to the rest of the particles in the bed (Fig. 1).
The gold embedded in HDPE was previously activated by neutron
bombardment in the RA1 reactor of the National Commission of Atomic
Energy in Argentina (CNEA), giving 198Au (t1/2 = 2.7d, Epeak =
412 keV) of around 50 µCi. Gold 197 has a high neutron capture cross
section [25], which allows using only a few micrograms and a moderate
exposure to neutron bombardment to obtain appropriate activities for
performing RPT experiments in the examined facility. In addition, it is
easy to manipulate, highly insoluble in the system media, and it has a
relatively short lifetime, which is relevant to the safety of the method.

The already activated tracer was then deposited inside matrices of
half spheres designed for producing the alginate bead tracer in three
steps; the resulting tracer was similar to the calcium alginate beads
forming the bed. Further details on the preparation method can be
found in [26].

Two arrangements of detectors have been used, as observed in the
pictures shown in Fig. 2.

For RPT method, the motion of the radioactive tracer, representing
the alginate beads, was continuously followed (every 30 ms for at least
1 h) by an array of sixteen 2 × 2 in. NaI(Tl) scintillators. Detectors were
located around the column arranged in 4 layers of 4 detectors, sym-
metrically distributed on the transversal plane and covering a total
height of 1 m, as illustrated in the photograph of Fig. 2a. In the case of
RPT-AAD, the released tracer motion was continuously followed by an
array of fifteen of the same detectors, but located axially aligned along
the column. Fig. 2b shows a photograph of the RPT-AAD facility. For
the RPT-AAD experiments, the sampling period was adjusted to 10 ms
and experiments were again carried out for at least 1 h. For RPT-AAD,

Fig. 1. Coated 198Au tracer representing alginate beads.

Fig. 2. (a) RPT detection array (left); (b) RPT-AAD detection
array (right).
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since the reconstruction procedure is straight forward, it is less sensitive
to statistical noise and more subjected to dynamic bias; then, it is ad-
visable to use a higher sampling frequency. Each scintillation detector
was provided with the corresponding photomultiplier and the electro-
nics required for determining the number of photons with energies
close to the photopeak of the characteristic γ-rays of the radioisotope
used for the experiments.

Additionally, RPT-AAD setup was employed for densitometry mea-
surements. After finishing the RPT and RPT-AAD experiments, the
tracer was removed from the vessel and a sealed and collimated

external radioactive source (241Am 2 mCi) was located in the opposite
side of the column, in front of each detector at a time. The sealed source
was moved to align it with each detector axial center and the gamma
photons crossing the column were counted with the corresponding
detector, for at least the same gas velocities as those explored with RPT
and RPT-AAD. With the data, the axial distribution of the chordal gas
hold up was obtained.

Trajectory reconstruction procedures used depended on the detec-
tors arrangements. In the case of RPT, tracer positions were determined
after estimating each detector response with a model based on Monte

Fig. 3. Comparison of tracer axial trajectories reconstructed from
RPT (top) and RPT-AAD (bottom) for the same gas velocity.

Fig. 4. Axial distribution of the probability of finding
the tracer within the column (αs(z)/α0), determined
from trajectories calculated with RPT (left) and RPT-
AAD (right) under similar experimental conditions.
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Carlo. The model parameters, an effective mean attenuation coefficient,
the tracer intensity and the detection system dead time, were optimized
for each detector by means of a calibration stage. Then, the column was
divided in a large number of equal size cells (e.g., ~ 100,000) and the
counting of each detector was calculated considering that the tracer
was located in each cell. In this way, an estimation of the signal that the
16 detectors would count when the tracer is at many positions inside
the column is obtained. This information constitutes a database of
correspondence between positions within the reactor and the signal
distribution of the detectors arranged around the column [27]. When
the tracer is released to freely move within the three-phase emulsion,
the “instantaneous” (every 30 ms) tracer positions are estimated by
least square minimization of the differences between the measured and
estimated counts registered simultaneously by all the detectors in the
array.

The reconstruction procedure of RPT-AAD was more straightfor-
ward. It involved searching, for each instant (every 10 ms), the detector
that measured the highest number of counts. Then, the coordinate of
that detector axial center was directly assigned to the tracer axial po-
sition for that instant. If two detectors shared a signal with the same
order of magnitude (with a 25% tolerance), the assignment was to an
axial position located equidistant from the center axis of those detec-
tors. This reconstruction procedure led to a granularity of 2N-1 possible
positions (where N is the number of detectors in the axially aligned
array). In this case, fifteen detectors were used, totalling 29 possible
positions. Further details on the reconstruction procedure can be found
in [28]. Naturally, this methodology is particularly suitable for vessels
with relatively low diameter and a high aspect ratio (height over dia-
meter), which is typical of many bubble columns at laboratory and pilot
scale.

Fig. 5. (a) Manifold of 15 trajectories starting from the same voxel, (b) time evolution of the trajectories axial coordinate, (c) projection of the manifold on the x-y plane.

Fig. 6. Solid radial (left) and axial (right) dispersion
coefficients determined from RPT as a function of gas
velocity.
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3. Results and discussion

Experiments carried out at the same operating conditions were ex-
amined with RPT, RPT-AAD and γ-densitometry. Trajectories de-
termined with both tracking methods, and some information extracted
from them, are compared hereafter.

3.1. Tracer trajectories

Typical trajectories of the tracer axial coordinate obtained with RPT

and RPT-AAD at similar experimental conditions are shown in Fig. 3 for
comparison. As expected, those arising from RPT are slightly more
jagged due to the larger granularity of the reconstruction. However, it is
important to compare statistics emerging from both, leading to in-
formation relevant for design purpose.

3.2. Solid distribution

The first output that can be calculated from the tracer path is the
probability of finding the tracer at different locations in the column,
which in turn is expected to be related with the local solid holdup
[28,29]. The distribution of the solid phase within the column would be
a function of the normalized frequency of the tracer occurrences at
different voxels. From the distribution, the absolute solid holdup could
be recovered considering the mean global solid holdup (α0). Solid
distribution along the axial coordinate can be determined either from
the path obtained with RPT or RPT-AAD. Fig. 4 compares the prob-
ability of finding the tracer at different axial locations.

Calculated profiles satisfactorily agree in describing the trend of
increased solid concentration in the lower region of the column and
very limited effect of gas velocity on the axial trend except in the region
close to the disengagement zone, as already reported for three phase
bubble columns [29,30]. This result points to the ability of RPT-AAD to
extract information matching the one inferred from RPT.

Fig. 7. Solid axial dispersion coefficients determined from RPT-AAD and RPT with two
granularities, as a function of gas velocity.

Fig. 8. Manifold of axial trajectories used to calcu-
late the probabilities in Eq. (2) (top). Tracer axial
probability distributions for 5 instants after “injec-
tion” (middle). Associated normalized entropy
(bottom).
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3.3. Solid dispersion coefficients

From the prolonged track of the tracer path, which may have more
than 300,000 successive positions, extracts at different times starting
from a given voxel can be considered to represent different particles
based on the hypothesis of ergodicity. Fig. 5 shows a manifold of 15
such trajectories starting from the same voxel.

Extract lengths (~ 5 to 10 s) are defined taking into account the
average tracer velocities and the size of the voxel, to capture trajec-
tories that inspect the whole vessel. Correlations are avoided by con-
sidering extracts separated at least 10 s in between.

One important parameter frequently used in models for describing
the solid motion is the dispersion coefficient (D) of the fluidized par-
ticles. This parameter can be estimated considering the relation be-
tween the diffusion coefficient and the divergence of molecular paths
proposed by Einstein (Eq. (1)), where ξ τ

2
( ) is the variance at lag time τ of

the paths starting from an initial location (x0 ).
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τ
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Thus, an estimation of the dispersion coefficient would arise from a
linear relationship between the ensemble average of the paths variances
centered at the initial point and the lag times. While representing the
ensemble-average of the mean square displacements vs the lag time
elapsed, a linear trend is apparent once the Lagrange correlation time is
exceeded. The linear region generally appeared for time lags of about
1–2 s meanwhile Lagrange correlation time did not surpass 0.1 s.

Radial and axial dispersion coefficients arising from RPT experi-
ments are represented vs gas velocity in Fig. 6. Values are calculated
considering several initial points at different locations all around the
column. The reported values are the average of the local values and the
error bar indicates variations among results starting at different posi-
tions. Clearly, the influence of gas velocity is larger than the influence
of starting point. The positive effect of gas velocity has already been
reported in the literature [31,32], as well as the larger values of axial

Fig. 9. Solid axial mixing time profile determined
from RPT-AAD and RPT with different column dis-
cretization (granularity).
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dispersion coefficients compared to the radial ones.
Axial dispersion coefficients can also be calculated from trajectories

determined by RPT-AAD. Estimated values of the solid axial dispersion
coefficient obtained both from RPT and RPT-AAD are compared in
Fig. 7. For RPT, two granularities (number of bins used for space dis-
cretization in the axial direction) have been used, to check if the esti-
mated values are sensitive to this parameter; a negligible influence is
found considering the variability of the data. For RPT-AAD (15 detec-
tors, i.e., a granularity of 29), results are satisfactorily coincident with

those arising from RPT, although the error bars are significantly larger.

3.4. Solid mixing times

The degree of solid mixing can be estimated from the homogeneity
achieved by particles released from a given point as time tends to in-
finity [24,28]. Hence, the normalized information entropy (Eq. (2))
calculated from the space distribution of such particles is used to assess
the time required for achieving the asymptotic highest mixing condi-
tion. The maximum entropy used for normalization considers a uniform
distribution of the particles over the bins or sections used for space
discretization.

= −
∑ =Ω t

p p
N

( )
[ ln( )]

ln( )
i
N

i t i t1 ( ) ( )

(2)

N is the number of bins use for discretization and pi(t) is the prob-
ability of finding particles in the ith bin (i = 1,2,…,N). Fig. 8 shows a
representative manifold of axial trajectories starting from a given
height in the column, and the probabilities calculated from the space
distribution of the “released” particles as time passes. The normalized
entropy time evolution (Fig. 8 bottom) reaches an asymptotic value
lower than 1, related to the maximum level of mixing achievable for the
corresponding operating condition. The asymptotic distribution is not
completely uniform throughout the bed since the solid phase is slightly
denser than the liquid; the asymptotic value achieved depends on the
gas velocity.

The time required to reach the asymptotic normalized entropy is
considered as an estimation of the axial mixing time. Therefore, axial
mixing times have been calculated by taken manifolds of trajectories
determined either by RPT-AAD or RPT with similar space discretization
(granularity). In addition, for RPT, mixing times have been obtained
with several granularities to check if the estimated values are sensitive
to the discretization used.

Fig. 9 shows axial mixing time profiles obtained by RPT-AAD and
RPT with several granularities, for different gas velocities. Results in-
dicate that the discretization used has a negligible influence on the
mixing times calculated with RPT.

Values arising from both methods have similar axial trends in the
lower region of the column and indicate that the mixing time depends
on gas velocity. For low gas velocities, there is a marked increase in
axial mixing time when the solid “injection” location is located close to
the emulsion boundaries, particularly around the disengagement zone.
Longer times are also necessary to attain mixing when the solid parti-
cles are “injected” close to the gas distributor. As gas velocity is

Fig. 10. Solid axial mixing time determined from RPT-AAD and
RPT with two granularities, as a function of gas velocity.

Fig. 11. Chordal gas hold up as a function of gas velocity. Stepwise regression is used for
identifying a break in the trend pointing to a flow regime transition.

Fig. 12. Frequency of static symbol 384 as a function of gas velocity. Stepwise regression
is used for identifying a break in the trend indicating a flow regime transition.

G. Salierno et al. Flow Measurement and Instrumentation xxx (xxxx) xxx–xxx

7



increased, the axial variations are tempered; however, minimum values
are always attained around z/D~2–3. Both tracking methods lead to
similar values and axial trends, except close to the disengagement re-
gion, where the RPT-AAD significantly underestimate the mixing time.

Fig. 10 shows the influence of gas velocity on the average mixing
time, calculated as the mean of those obtained from different axial
“injection” points. Fairly good agreement is found while comparing the
trends obtained from both methods. A negative influence of the gas
velocity is found; however, solid axial mixing times calculated from
tracer trajectories obtained with RPT are generally longer than those
calculated from RPT-AAD.

3.5. Flow regime transitions

The critical velocity of transition between the homogeneous and
heterogeneous flow regimes is generally estimated from a break in the
trend of gas holdup vs gas velocity. Densitometry experiments carried
out to determine chordal holdups are therefore used for this purpose.
Fig. 11 expose the influence of gas velocity on chordal holdups calcu-
lated from γ-densitometry experiments at different heights around the
central region of the column; from about 0.4 to 0.5 m above the gas
distributor. The break in the trends is obtained with stepwise regression
analysis, and the estimated critical value is given in the figure.

With the aim of diagnosing the transition velocity from RPT-AAD
experiments, the combined response of the aligned detectors is ana-
lyzed by applying symbolic analysis, to produce quantitative indexes
related to the underlying flow regime [33,34]. Therefore, the experi-
mental time series of tracer axial coordinates are converted into a
succession of symbols following certain criteria. Afterwards, the symbol
sequences are analyzed to search for recurrent patterns and to get fin-
gerprints of the underlying dynamic state. Generally, two approaches
are followed, either by defining the symbols from a static or a dynamic
viewpoint [33,35]. In this case, we have used the so-called static
symbolization.

Static symbolization of the tracer axial coordinate time series im-
plies defining a series of symbols according to the tracer axial location
in the bed. The division is arbitrary, the number of regions can be
chosen differently; in this case, we decided to define eight equally sized
regions. The symbol is built by defining a number 1 to the region where
the tracer is located, while the other regions are assigned with a 0. If
one instant is considered, only eight binary numbers associated with the
detectors position can appear, since the tracer would be at a given
position. Hence, to include the influence of the tracer motion, three
subsequent instants have been taken, separated with given time lags (τ).
Then, symbols obtained can have at most three ones. Even if 28 symbols
could be defined when eight regions are considered, several symbols
never appear (forbidden symbols) since only three instants are “ob-
served”. With this procedure, the tracer axial coordinate time series are
converted to symbols and the symbol indexes are the decimal re-
presentation of the binary numbers. Since the observation windows are
generally short (2τ, τ = 0.06–1.5 s), the majority of the symbols con-
tain successive 'ones'. The bottom of the column is associated with the
lower exponents while the upper region (close to the disengagement) is
indicated by the higher exponents. Then, the frequency of higher
numbers is related to the bed expansion, since they indicate the fre-
quency of the tracer in the upper region of the column. Further details
on the analysis procedure can be found in [26].

Fig. 12 shows the trend of the symbol 384 (11000000) as the gas
velocity is increased. This symbol highlights the appearance of the
tracer close to the detectors located in the column top. The striking
break observed in the frequency trend has been considered to indicate a
flow regime transition. The critical value calculated by stepwise re-
gression is shown in the figure and it is fairly coincident with the value
determined from densitometry experiments, a completely independent
methodology. This agreement indicates that symbolic analysis of tracer
trajectories determined with RPT-AAD can be successfully used to

identify flow regime transitions in three-phase bubble columns.

4. Conclusions

The motion of calcium alginate beads induced by gas circulation in a
bubble column was noninvasively examined using Radioactive Particle
Tracking methods and γ-densitometry. The trajectories and information
extracted from a coarse one dimensional reconstruction determined
with an array of axially aligned detectors (RPT-AAD) were compared
with trajectories obtained with the advanced Radioactive Particle
Tracking (RPT) technique. Information extracted fairly agrees, pointing
to the capability of the simplified method for estimating some useful
parameters. It is particularly important to remark that mixing para-
meters, like solid axial mixing times and solid axial dispersion coeffi-
cients are very well predicted from the simplified method. Moreover,
the flow transition inferred from symbolic analysis of RPT-AAD tra-
jectories satisfactorily coincides with the estimation arising from trends
of chordal holdups determined by γ-densitometry. Since the simplified
method does not require a calibration step, it can be easily applied for
monitoring already operating industrial equipment. The simplified
method is particularly suitable for high aspect (height over diameter)
ratios and it is expected to be less sensitive for high diameter columns.
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