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� A new neutrally-buoyant hydrogel
tracer for PEPT was tested in a
flotation system.

� This new hydrogel tracer can
withstand the shear rate of a stirred
tank’s impeller.

� The hydrogel tracer has different
residence times and velocities than
resin tracers.

� Fast ascending liquid flows were
observed near the walls of the tank.
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Understanding the hydrodynamics of three-phase stirred tanks, such as froth flotation cells, is paramount
for the characterisation of turbulence, stability and performance. Although positron emission particle
tracking (PEPT) is known for its effectiveness in measuring the hydrodynamics of particles in opaque,
high solid content systems, it has not been widely used for characterising the liquid phase. This work pre-
sents a new, neutrally buoyant, alginate hydrogel tracer, designed to emulate the density of the liquid
phase, which is suitable for high-speed tracking with PEPT.
PEPT experiments were conducted in a bench-scale flotation cell, comparing the new tracer to ion-

exchange resin tracers previously used in this system. Results showed statistically significant differences
in pathlines, residence time and velocity distribution among the tracers. Moreover, the hydrodynamics of
the new tracer agree with existing CFD predictions for the liquid phase. This methodology enables the
comprehensive study of relative flow behaviour in complex multiphase systems.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Aerated stirred tanks are widely used reactors in several indus-
trial processes (Kumaresan and Joshi, 2006; Yang and Mao, 2014),
where two or three phases (air, liquid, and solids) are mixed by the
action of an impeller. The hydrodynamics of the different phases
can have a major effect on the performance of the processes (e.g.
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de Lamotte et al., 2017; Rosseburg et al., 2018; Deglon, 2005;
Tabosa et al., 2016). Several experimental techniques have thus
been developed to characterise the hydrodynamics of each phase.
A review of these different experimental techniques can be found
in Mavros (2001) and Ascanio (2015).

The term ‘‘gas hydrodynamics” has been commonly used for the
study of gas dispersion in terms of gas holdup (Maximiano
Raimundo et al., 2019; Gomez and Finch, 2007; Liu et al., 2011)
and bubble size distribution(Alves et al., 2002; Martín et al.,
2008; Montante et al., 2008; Gomez and Finch, 2007; Grau and
Heiskanen, 2002), which have been well characterised for two-
and three-phase experimental setups on average terms. However,
there are fewer studies that have assessed the dynamic, instanta-
neous behaviour and spatial distribution of the gas phase. Tech-
niques such as electrical resistance tomography (Wang et al.,
2000; Montante and Paglianti, 2015; Hashemi et al., 2016), c-ray/
X-ray tomography (Hampel et al., 2007; Boden et al., 2008; Ford
et al., 2008) and multiple probes for image analysis (Xiao et al.,
2020) have been implemented to measure the spatial distribution
of gas holdup with time, but there is still limited data on the gas
velocity distribution within opaque stirred systems.

The hydrodynamics of the liquid phase in stirred tanks has been
extensively studied using optical techniques, such as laser Doppler
velocimetry (LDV) (Armenante et al., 1997; Mavros et al., 2002;
Schwarz et al., 2019) and particle image velocimetry (PIV) (Brady
et al., 2006; de Lamotte et al., 2018; Sommer et al., 2021). However,
these techniques can only be applied in transparent or translucent
systems, or without solid particles entirely. Schubert (2008)
showed that the presence of suspended particles considerably
diminishes the turbulence intensity in fluid systems. Consequently,
the hydrodynamics of the liquid-phase in three-phase opaque sys-
tems cannot be accurately studied using simplified translucent
systems, and appropriate techniques for opaque systems are
required.

Positron emission particle tracking (PEPT) has been successfully
applied to assess the hydrodynamics of the solid phase in different
opaque systems, from dish-washing machines (Pérez-Mohedano
et al., 2015) and spouted bed roasters (Al-Shemmeri et al., 2021)
to milling equipment (Yu et al., 2015) and froth flotation tanks
(Waters et al., 2008; Mesa et al., 2021; Cole et al., 2022b). PEPT
is a non-invasive technique that can be used to track the position
of a particle within a vessel over time. This technique measures
penetrating radiation and is not based on optical properties, thus
making it suitable for opaque and dense systems such as flotation
tanks. In PEPT experiments, a radiolabelled tracer particle is
tracked using a Positron Emission Tomography (PET) camera
(Parker et al., 1993). The positron emitted by the tracer tends to
annihilate with an electron from local matter which produces a
pair of almost back-to-back gamma rays (180� � 0:5�) (Spinks
et al., 2000). If the PET camera detects both gamma rays from the
pair in coincidence, within a short time window of approximately
7 ns, the annihilation event can be located somewhere along the
path between the two detectors. This location event forms a line
of response (LoR), and with multiple LoRs the location of a moving
tracer particle can be triangulated with time (Parker et al., 1993).
The measurement produces time series data on the tracer location,
which can be used to determine the tracer velocity and time aver-
aged analyses such as the hydrodynamics. The tracers used in PEPT
are either representative particles that work as proxies of the real
particles of interest – often indirectly activated Fan et al. (2006,
2014) – or identical to the particles studied – often directly acti-
vated (for more information on tracer activation, the reader is
referred to Boucher et al., 2017; Fan et al., 2006).

Although PEPT has been extensively used for determining the
hydrodynamics of solid particles in opaque systems, there are
fewer applications in the literature using PEPT to study the dynam-
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ics of the liquid phase. This is particularly the case for three-phase
systems. Earlier work focused on achieving flow following beha-
viour by controlling the density of the tracer to obtain neutral
buoyancy or be isokinetic with the fluid flow, such as tracking vis-
cous fluids and impeller designs Fangary et al. (2000),Bakalis et al.
(2004), Chiti et al. (2011). In more recent times, researchers from
the University of Tennessee-Knoxville have renewed interest in
using tracer particles as fluid followers in systems of flow
Langford et al. (2016),Wiggins et al. (2019).

Pianko-Oprych et al. (2009) modified the density of the liquid in
their single-phase mixing system so that a tracer particle fabri-
cated from an ion exchange resin was neutrally-buoyant. Upwards
and downwards pumping motions in turbulent flow were investi-
gated with a pitched blade turbine (PBTU and PBTD, respectively),
by measuring the hydrodynamics of the resin particle. It is likely
that the system was actually two-phase, in comparison to being
reported as single-phase, because the impeller speed was high
enough for substantial air to be suctioned from the free surface.
The behaviour of the neutrally-buoyant tracer (diameter 600 lm)
was compared with that of a directly activated single glass-
particle tracer (diameter 2.85–3.3 mm) in a 5 wt% two-phase
solid–liquid system (again, with substantial entrainment of air
from the free surface). The results suggested that the liquid and
solid phases moved at similar speeds but that, on average, the den-
ser, glass particle ascended more slowly than the neutrally-
buoyant resin tracer with the PBTU configuration, whereas the
glass particle descended more quickly with the PBTD configura-
tion. The difference between the tracers suggests the resin particle
acted as a proxy for the liquid phase. However, the impact of this
comparison is limited by the differences between the systems used
to test the tracers, and the differences in size of the tracers.

Specifically for the context of using hydrogels for PEPT tracers,
Fairhurst et al. (2001) used almost spherical alginate particles that
were neutrally-buoyant, with a specific gravity of 1.02. The tracer,
a 600lm diameter resin bead radiolabelled with the positron-
emitting radionuclide 18F, was placed inside one of the alginate
particles, with final size 5–10 mm. This method enabled the char-
acterisation of the liquid flow patterns in a pipe, for a system with
high solids content (20% to 40% v/v). However, the particle size
used for tracking was large, limiting their application to flow appli-
cations with length scales larger than the tracer size. Moreover, the
work studied flow in a pipe, whereas for stirred tanks the tracer
must be shown to withstand high turbulence conditions created
by an impeller.

In this work, a new hydrogel tracer particle is used for PEPT
measurements; fabricated from alginates to produce a neutrally-
buoyant particle. The behaviour of the hydrogel tracer is compared
to that of two solid-particle tracers – a hydrophobic and a hydro-
philic tracer – of similar size and activity in a three-phase 20 wt
% flotation system agitated with a Rushton turbine.

The experimental system selected for testing the tracers was
froth flotation, as its complexity enables the characterisation of
the tracers’ behaviour under highly different turbulent regimes in
an opaque three-phase system. Froth flotation is the most impor-
tant mineral separation process because of its technical versatility
and cost-effectiveness (Wills and Finch, 2016; Mesa and Brito-
Parada, 2019). In a mechanical flotation cell, particles with differ-
ent surface properties are suspended in a highly turbulent aerated
slurry. The hydrophobic particles attach to the small bubbles dis-
persed in the system and rise due to buoyancy, forming a quiescent
particle-laden froth that overflows as concentrate (Wills and Finch,
2016).

Flotation is widely used not only in mineral processing but also
in oil sands concentration (Rao and Liu, 2013), ionic flotation (Polat
and Erdogan, 2007), algae separation (Laamanen et al., 2016),
paper deinking (Vashisth et al., 2011), plastic recycling (Wang
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et al., 2015; Negari et al., 2018), water treatment (Saththasivam
et al., 2016) and lithium-ion batteries recycling (Zhang et al.,
2018, 2020, 2018, 2020). The study of its complex hydrodynamics,
therefore, is an important challenge that can result in improved
designs, more efficient operations and a better understanding of
the flow phenomena.
2. Experimental

2.1. Aerated stirred tank design and operation

All the experiments were performed using a 4-litre aerated stir-
red tank formed of acrylic Norori-McCormac et al. (2017),Mesa
et al. (2021). The geometry of the flotation tank, as shown in
Fig. 1, followed the design of a standard mixing tank (Rushton
et al., 1950; Eckert et al., 1985). The tank was fitted with a Rushton
turbine to agitate the three-phase suspension. Air was diffused into
the tank through a frit with a mesh hole-size of 20 lm, to produce
small bubbles.

The tank was operated continuously by recirculating the over-
flowing froth to achieve steady state. Operating at steady state
allows for the behaviour of the system to be representative of that
of industrial flotation cells. This continuous operation in a closed-
loop is also required for PEPT measurements as it makes it possible
to run experiments for longer periods of time to acquire an ade-
quate amount of data, since the radio-labelled tracer is always
returned to the tank in the case it overflows into the concentrate
launder (Cole et al., 2022a).

2.2. Materials and reagents

Glass beads with a particle size ranging between 75 lm and 150
lm were used as the solids in the system. The beads were sourced
from Blastrite Ltd (Cape Town). The composition of the glass beads
was the same as detailed in Mesa et al. (2020). Deionised water
was used to prepare 3:3 litres of pulp at 20% solid content by
weight. This single-species system has been used before due to
its simplicity (Mesa et al., 2020; Norori-McCormac et al., 2017).

Dowfroth 250 (DF250, provided by Nasaco) was used as a
frother, added at an initial dose of 4.0 ll per litre of water
(4.0 ppm in volume), with an additional dose of 0.4 ppm every
30 min. The collector used was Tetradecyltrimethylammonium
bromide (TTAB, Sigma Aldrich), added at an initial dose of 4.0 g/t
and continuous addition at a rate of 2.0 g/(t h).
Fig. 1. Aerated stirred tank, showing the dimensions in millimetres from a (a) lateral v
proportions follow that of a standard mixed tank.
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2.3. PEPT tracers

Three different tracers were used in this work - hydrophobic
and hydrophilic resin beads, and an alginate hydrogel. The first
two resin bead tracers have been previously and described in the
literature (Cole et al., 2014; Mesa et al., 2021; Cole et al., 2022b)
for the characterisation of the hydrodynamics of particles. The
hydrophobic and hydrophilic tracers represent valuable and non-
valuable flotation minerals, respectively. The third tracer corre-
sponds to a new, neutrally-buoyant hydrogel tracer that represents
the hydrodynamic behaviour of the liquid phase.

The core of the hydrophobic and hydrophilic tracers was pre-
pared using Purolite NRW100 cation exchange resin beads labelled
with 68Ga with a half-life of 68 min, as described in Cole et al.
(2014, 2021). The 68Ga used for producing tracers was eluted from
a 30 mCi SnO2 based 68Ge=68Ga generator (supplied by iThemba
LABS, South Africa) using diluted hydrochloric acid. The 68Ga solu-
tion was evaporated to incipient dryness before being re-dissolved
in deionised water to reduce the acidity of the solution. A maxi-
mum of three NRW-100 cation exchange resin beads were selected
based on visual inspection for flaws and appropriate size before
being added to a small glass vial. Size measurements were also
made by comparison against a calibrated eye-piece mounted
within an inverted microscope.

The cores were then coated to manipulate the physical proper-
ties to match the material of interest, i.e. generate hydrophobic
and hydrophilic tracers. A rapid-set two-part epoxy was used to
seal and manipulate both the hydrophobic and hydrophilic parti-
cles used in the study. The hydrophilic coating was made by
exploiting the natural hydrophilic property of the epoxy resin
and seal the selected resin bead. The hydrophobic tracer coating
used the same epoxy resin as the hydrophilic tracer with the
addition of a layer of silanized ballotini. The hydrophilic tracer
had a final diameter of 440� 10 lm after being coated, while
the hydrophobic coated tracer size was 550� 10 lm. The
activities of the resin bead tracers were 690� 100 lCi and
1250� 100 lCi, respectively.

The hydrogel tracer production makes use of a purified 68Ga
solution described in detail by van Heerden et al. (2020), supplied

by the same SnO2
68Ge=68Ga generator used for the production of

the NRW-100 tracers. The 68Ga is evaporated before being re-
dissolved in an alginate solution that is then converted into a gel
and finally sealed using a concentrated CaCl2 salt solution to
increase the survivability of the hydrogel tracer. This novel tech-
iew and a (b) view from the top. The tank is fitted with a Rushton turbine and its
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nique for producing 68Ga hydrogel tracers is thoroughly described
in Heerden et al. (2022).

The final hydrogel tracer had a size range 1:0� 0:1 mm (based
on measurement of the particle width in a microscope image) and
an activity of 1200� 100 lCi. An example of the final hydrogel par-
ticle is shown in Fig. 2, in comparison to an NRW-100 resin
particle.

It is important to note that the tracers used were larger than the
average particle size of a typical flotation feed. Since the radiola-
belling efficiency ion exchange process is related to the surface
area of the resin, there is a trade-off between the tracer having a
representative size for flotation and having a high enough activity
to enable high speed measurements (Cole et al., 2014; Mesa et al.,
2021). In this work, the detection of high speeds, with high tempo-
ral and spatial resolution, has been prioritised over tracer size. The
main limitation of using larger tracers is the inability to observe
small-scale eddies and other turbulent structures of the flow smal-
ler than the tracer size.

2.4. PEPT methodology

PEPT experiments were performed for each type of tracer - i.e.
hydrophobic, hydrophilic and hydrogel - to study the hydrodynam-
ics of the different phases of the system. The PEPT experiments
were conducted at the PEPT Cape Town facility, situated within
the iThemba LABS (South Africa). The PET camera used was a Sie-
mens EXACT HR++ (schematic in Fig. 3), which is known for its high
efficiency and large field of view (Buffler et al., 2018). The Siemens
EXACT HR++ camera consists of 48 rings of standard bismuth ger-
manate (BGO) detector elements (each 4.39 mm trans-axial � 4.
05 mm axial � 30 mm deep, grouped in blocks of 8� 8) with a ring
diameter of 82 cm, producing an axial field of view of 23.4 cm
(Buffler et al., 2018). This is significantly larger than other ‘stan-
Fig. 2. PEPT tracers used in this work. The (a) NRW-100 resin bead tracer is used to
represent the behaviour of the mineral particles, being coated with silanised
ballotini to represent hydrophobic particles (to be floated) and with an epoxy resin
to represent hydrophilic particles (not floated). The (b) hydrogel tracer is used to
represent the behaviour of the water.

Fig. 3. Positron emission camera (a) photography, showing the flotation cell inside
the HR++ PET camera at PEPT Cape Town, and (b) a schematic representation of the
location process. The red lines represent the lines of response (LOR’s) between pairs
of opposite detectors in the ring.
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dard’ ring geometry PET cameras. The data acquisition system
can maintain a sustained acquisition rate of about 4 million coinci-
dence events per second. The mean spatial resolution of the scan-
ner for PET imaging has been measured to be 4.8 ± 0.2 mm FWHM
(trans-axial, 1 cm off-axis) and 5.6 ± 0.5 mm (axial, on-axis)
(Spinks et al., 2000).

Operating conditions were kept constant for all the experi-
ments. The superficial gas velocity was set at 0.98 cm/s (equivalent
to an air flow rate of 15 lpm), as it was found to be the optimum Jg
in previous studies using this flotation cell and similar systems
(Norori-McCormac et al., 2017; Mackay et al., 2020). The impeller
speed was 1200 RPM, which achieved the same impeller tip speed
(3.77 m/s) as the systems studied in Mesa and Brito-Parada (2020),
Mesa et al. (2020),Mesa et al. (2021),Cole et al. (2022b). Froth
depth was maintained at approximately 4 cm for all experiments,
as the volume of pulp within the tank was constant throughout the
flotation tests.

The experimental procedure for PEPT measurements in the
flotation system is detailed in Mesa et al. (2021) and Cole et al.
(2022a). Before each experiment, a location marker was positioned
on the exterior wall of the flotation cell, to define the cell position
within the PET camera field of view. The location marker was a
small Perspex cylinder of 10 mm diameter encapsulating 13 lCi
of 22Na at its centre. Five different locations were tracked on the
wall of the cell at the same height, producing a ring of known
locations that aided in the alignment of the PEPT data within the
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geometry of the flotation cell. To ensure sufficient data for time
averaged analysis throughout the whole cell, each experiment
was run for approximately 2 h.

The PEPT data analysis is thoroughly described in Mesa et al.
(2021),Cole et al. (2022b) and Cole et al. (2022a). A summary
description of the process is given next and in Fig. 4. The PEPT data
were analysed using the location algorithm proposed by Parker
et al. (1993) to determine the position of the tracer for each of
the positron–electron annihilation events with time. In this algo-
rithm, a number N of LORs are grouped while a closest passing frac-
tion f of them are found by iteration, rejecting the rest of the data.
These parameters were selected to minimise the noise/scatter
around a potential track, using triangulation optimisation tech-
niques, such as a rotating disc study (Parker et al., 1993; Mesa
et al., 2021).

The triangulated data were smoothed using a cubic spline ker-
nel with a half breadth of 4 ms for the pulp and of 12 ms for the
froth (Cole et al., 2010). Velocity was then calculated using the
six point method (Stewart et al., 2001) and discretised into
10 mm by 10 mm by 10�voxels. The four orthogonal slices further
from the baffles of the tank were aggregated using the symmetry of
Fig. 4. Schematic flowchart detailing t

Fig. 5. Schematics showing (a) the voxel dimensions, (b) four slice angles comprising an a
the PEPT data.
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the tank to increase the data per voxel. Finally, the whole temporal
data set (over 2 h of experiment) were aggregated into Eulerian
plots, as described in Mesa et al. (2021),Cole et al. (2022b) and in
Fig. 5.
3. Results

3.1. Tracer pathlines and occupancy

The occupancy of a tracer can be represented with different
variables, as described in Cole et al. (2022a). The two most com-
monly used variables to represent occupancy are residence time
and passes, where residence time corresponds to the time the tra-
cer spent on each voxel, while passes are the number of times the
tracer passed through a voxel (relative to entering and exiting).

Fig. 6a shows the residence time and the average tracer pathli-
nes observed for the different tracers. The velocity field is
described by pathlines instead of streamlines as the portion of
the tank represented here is not a closed system. Froth overflows
and is fed back into the tank, thus tracer overflow generates open
he PEPT data analysis procedure.

zimuthal slice, and (c) Eulerian representation of the average particle pathlines from



Fig. 7. Relative change in (a) residence time and (b) passes, between the
hydrophilic (1) and the hydrogel (2) tracers.

Fig. 6. Occupancy in terms of (a) Residence time and (b) Passes, for the different
tracers. The Rushton turbine is detailed with red lines. The pathlines, based on the
vertical and radial velocities, are shown as black arrows.
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pathlines. In terms of the pathlines, all the tracers evidenced the
radial flow behaviour of the Rushton impeller, characterised by
the two mixing loops. Radial impellers expel fluid radially, gener-
ating an inflow towards the impeller in the vertical direction. The
results clearly show that the hydrophobic and hydrophilic tracers
have different flow patterns, especially in the froth zone where
the hydrophobic tracer is collected into the froth, showing an
upwards movement towards the top of the cell. The hydrogel tra-
cer shows a similar flow profile to that of the hydrophilic tracer.
These results suggest that the hydrophilic particles move in a sim-
ilar pattern to the bulk of the liquid phase.

The residence time results clearly show that the hydrophobic
tracer spends most of the time near the froth, except for one voxel
near the air inlet, which could imply that the tracer anchored itself
to the air-injection mesh for a period of time. Interestingly, there
are differences in the residence time of the hydrophilic and hydro-
gel tracers. The hydrogel tracer is neutrally buoyant, which can be
appreciated in the evenly distributed residence time, while the
hydrophilic tracer tended to spend more time near the bottom of
the cell, under the impeller. Moreover, the hydrogel tracer shows
slightly lower residence times near the walls of the tank than the
hydrophilic tracer.

The occupancy in terms of passes is shown in Fig. 6b. Occupancy
as described in terms of the number of passes per region of inter-
est, although less commonly used than the residence time, visu-
alises the frequency of paths of the tracer, and it is unbiased to
tracer velocity, tracer decay and non-representative events of the
flow behaviour, such as the tracer becoming mechanically trapped
in parts of the tank’s geometry.
6

The results show that the hydrophobic tracer passed more
times through the pulp-froth interface, and through the centre of
the froth, which can be explained by the tracer dropping back after
coalescence events and becoming re-attached to rising bubbles.
The hydrophilic tracer passed more times through the voxels
directly under the impeller and near the bottom of the cell, as well
as through the discharge of the impeller. The hydrogel tracer
showed similar behaviour in terms of the number of passes as that
of the hydrophilic tracer, but less markedly biased towards the bot-
tom of the tank, with some regions of high passes in the upper loop
of the pulp, close the impeller shaft.

As observed in Fig. 6 a and b, the occupancy of the hydrophobic
tracer is markedly different from the other tracers. The relative
change in the residence time and passes from the hydrophilic to
the hydrogel tracers are detailed in Fig. 7.

Notably, the hydrogel tracer results in twice the occupancy val-
ues near the pulp-froth interface relative to the hydrophilic tracer.
It has been suggested that the occupancy of a tracer in PEPT can
also be understood as a proxy for the concentration of the repre-
sented phase (Forster et al., 2000; Windows-Yule et al., 2020),
which would imply that liquid fraction is relatively higher near
the pulp-froth interface and near the wall of the tank, as shown
in Fig. 7b. These observations are in agreement with predictions
from computational fluid dynamics (CFD) simulations, which
describe that the liquid content near the walls of a flotation tank
tends to be higher, especially at the froth (Brito-Parada and
Cilliers, 2012; Brito-Parada et al., 2012; Neethling et al., 2000).



Fig. 9. Vertical velocity vz distributions for the different tracers in voxels at
different radial positions in the vessel, corresponding to (a) the level of the impeller
discharge and (b) the region near the pulp-froth interface. The colour of the
distribution represents the peak of the velocity distribution. Note that the y-axis
scale between subfigures (a) and (b) are different, so that the features can be clearly
observed.
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3.2. Tracer velocity distributions

The velocity of the different tracers were averaged for each
voxel by considering the peak of the distributions of each velocity
component, the vertical (vz), radial (v r), for the different tracers,
are shown in Fig. 8 as Eulerian plots of the flow. In general terms,
the hydrophilic and hydrogel tracers have considerably similar dis-
tributions of the velocity components, especially for the vertical
component.

The hydrophobic tracer shows a slow but clearly ascending flow
in the pulp-froth interface and froth zones, implying that attach-
ment is taking place. Notably, the hydrogel tracer presents slightly
slower radial velocities than the other tracers, specially near the
impeller tip and discharge.

Figs. 9 and 10 show the changing profile of the distributions of
vertical and radial velocity with difference voxels across the radius
of the vessel, respectively, for the different tracers at specific
heights of the tank. In particular, these figures represent the veloc-
ities at the impeller discharge (50 6 z mmð Þ 6 60) and the lower
end of froth (140 6 z mmð Þ 6 150).

The results show that the hydrogel tracer presents a lower
upwards vertical velocity and radially outwards velocity at the dis-
charge of the impeller compared to the other resin tracers, which
behave similarly, regardless of their coating. This could relate to
different drag forces due to density, size and shape.

On the other hand, near the interface the hydrophobic tracer
presents slow but clearly ascending velocities. The hydrophilic
and hydrogel tracers tend to present slow descending flows, spe-
cially near the walls. It can be observed that the hydrogel tracer,
however, presents vertical velocity distributions with a peak near
zero, with longer tails in positive velocities, implying that it has a
higher tendency to move into the froth than the hydrophilic tracer.
Fig. 8. (a) Vertical and (b) radial velocity distributions of the different tracers. The
Rushton turbine is detailed with red lines. The pathlines, based on the vertical and
radial velocities, are shown as black arrows.

Fig. 10. Radial velocity v r distributions for the different tracers in voxels at
different radial positions in the vessel, corresponding to (a) the level of the impeller
discharge and (b) the region near the pulp-froth interface.The colour of the
distribution represents the peak of the velocity distribution. Note that the y-axis
scale between subfigures (a) and (b) are different, so that the features can be clearly
observed.
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In order to better visualise the previous results, Fig. 11 shows an
analysis of the vertical velocity distributions for the different trac-
ers near the wall of the tank in voxels of increasing vertical posi-
tion in the vessel for a constant radial position
(80 6 r mmð Þ 6 90). Results show that the hydrogel tracer is
slightly more prone to overflow, with slow ascending flows in
the froth zone, whilst the hydrophilic presents mainly descending
flows in this zone. This is consistent with the experimental obser-
vations, as indicated by a Geiger counter at the overflow.

A comparison of the average speed distribution of the hydrogel
and hydrophilic tracers are shown in Fig. 12 in terms of (a) the
absolute difference in speed, (b) relative change in speed and (c)
Jensen-Shannon (J-S) distance of the difference in speed. The use
of the relative change allows to eliminate the bias of the different
orders of magnitude of the tracer speed in the pulp (� 1 m/s) and
the froth (� 1 cm/s). The J-S distance, calculated as the square root
of the J-S divergence, is a non-parametric statistical test of differ-
ences between two distributions, where 0 represents identical dis-
tributions and 1 is for completely different distributions. The J-S
distance has been used previously with PEPT data to highlight
important differences in flow properties of impeller designs (more
details are provided in Mesa et al., 2021).

The results in Fig. 12a show that the hydrogel tracer generally
moves slower than the hydrophilic tracer, especially near the
Fig. 11. Vertical velocity distributions of the three tracer particles in voxels with increa
(80 6 r mmð Þ 6 90).

Fig. 12. Representations of differences in the speed distributions between the hydroph
relative change in speed and (c) the Jensen-Shannon distance of the speed distributions
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impeller discharge. However, the Jensen-Shannon distance indi-
cates that the main difference in speed occurs at the pulp-froth
interface near the wall (Fig. 12c), where the hydrogel tracer moves
considerably faster in relative terms, as shown in Fig. 12b.

Fig. 13 shows the differences in vertical velocity between the
hydrophilic and hydrogel tracers in vectorial terms for each voxel,
represented as Dvz 2�1ð Þ . The comparison is shown in terms of (a)
absolute vectorial difference, (b) relative difference, and (c) the
Jensen-Shannon distance of the vertical velocity distributions.
Since Dvz 2�1ð Þ is a vectorial difference, it implies that the resulting
sign for each voxel represents the relative sense of motion, i.e. , pos-
itive if the hydrogel tracer moves upwards faster, or downwards
slower, than the hydrophilic tracer. It can be observed in Fig. 13a
that the hydrogel has an overall tendency to move upwards rela-
tive to the hydrophilic tracer, which could be related to it being
neutrally-buoyant. This tendency is markedly higher near the walls
of the tank, where the hydrogel tracer presents up to three times
faster ascending flows in relative terms, as shown in Fig. 13b.
The Jensen-Shannon distance (Fig. 13c), however, shows that the
most important difference in terms of the vertical velocity distribu-
tion occurs at the pulp-froth interface, specially near the wall and
near the shaft.

Assuming that the hydrogel tracer is following the liquid flow,
these experimental results suggest that liquid in the flotation
sing vertical position, near the wall of the tank corresponding to a radial position

ilic (1) and the hydrogel (2) tracers, in terms of (a) absolute speed difference, (b)
.



Fig. 13. Representations of differences in the vertical velocity distributions between the hydrophilic (1) and the hydrogel (2) tracers, in terms of (a) absolute speed difference,
(b) relative change in speed and (c) the Jensen-Shannon distance of the speed distributions.
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vessel tends to ascend faster near the walls, especially at the froth
and pulp-froth interface. These observations are also in agreement
with previous CFD predictions for flotation, which had been vali-
dated with water-only experiments (Schwarz et al., 2019; Yan
et al., 2021).

4. Conclusions

In this work, a new neutrally-buoyant hydrogel tracer fabri-
cated from alginate methods, capable of withstanding the high tur-
bulence of a flotation cell, has been used for PEPT measurements.
Comparison between the hydrogel tracer and two resin tracers
with different coatings to change their specific surface properties
- namely, a hydrophilic and a hydrophobic tracer - show that the
hydrogel tracer presents similar flow patterns and velocity distri-
butions to the hydrophilic tracer. The motion of the hydrophobic
tracer is different to both the hydrophilic and hydrogel tracers.
Nevertheless, a series of statistical analyses, including the Jensen-
Shannon distance between the velocity distributions for each
voxel, show that the hydrogel and hydrophilic tracer have different
velocity distributions, especially near the walls and close to the
froth zone. Notably, fast ascending flows are described near the
walls of the tank for the hydrogel tracer, which implies the pres-
ence of fast ascending water flows, a phenomena that had been
described before in computational fluid dynamics models, but
had not been quantified in three-phase experimental systems
before. Future research should consider the potential for even
smaller tracers to further study the hydrodynamics of small turbu-
lent eddies, as well as the laminar flows within the Plateau borders
in the froth.
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