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A B S T R A C T

Fluidised bed flotation cells (FBFCs) present a compelling solution for coarse particle flotation, enabling an
increase in the target particle size in comminution circuits, with the corresponding energy savings. Despite their
potential and strong industrial interest, the three-phase fluid dynamics of large-scale FBFCs remain unexplored
due to measurement complexities and size restrictions. This paper presents the first quantification of the fluid
dynamics of the CoarseAir™-100, a 2 m tall laboratory-scale FBFC. Measurements were obtained using positron
emission particle tracking (PEPT), a non-invasive technique that tracks the motion of a radiolabelled tracer.
Leveraging the Large Modular Array (LaMA) PEPT system, consisting of 48 buckets, each housing four detector
blocks, this study is the largest PEPT experiment to date. Particle tracks of hydrophobic and hydrophilic tracers
were obtained under different fluidisation and airflow rates. Hydrophobic tracers exhibited buoyant behaviour
despite their large size of up to 700 μm, while hydrophilic tracers engaged in recirculation patterns with rapid
downward motion near the walls. The intricate motion of particles in the lamella plates was experimentally
quantified, revealing an average path tortuosity of 7.3, providing essential information for design. These results
represent a major advance in our understanding of fluidised bed flotation cells, contributing to the refinement
of design and scale-up strategies for FBFCs.
1. Introduction

Froth flotation is the most important and widely used technique in
the mineral processing industry, being a key step in the production of
critical raw materials. The flotation process requires the particles to be
reduced in size in order to partially liberate the surface of the valuable
minerals for bubble-particle attachment. However, the grinding process
is highly inefficient (Hassanzadeh, 2018; Hassanzadeh et al., 2022),
using up to 70% of the total energy consumption of a typical mining
operation (Deniz, 2013; Hassanzadeh, 2018). It has been reported
that approximately 3% of the world’s electricity is consumed in min-
eral comminution (Deniz, 2013; Chelgani et al., 2019; Kromah et al.,
2022). Consequently, significant efforts have been directed towards the
flotation of coarse particles in order to reduce grinding requirements.

Coarse material in froth flotation is usually defined as particles with
a diameter greater than 250 μm. The flotation of coarse material is
challenging due to the high probability of detachment of particles from
the surface of the bubbles (Wang et al., 2016; Hassanzadeh et al.,
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2022), which is enhanced by the turbulent regime of conventional
flotation cells. Moreover, even if coarse particles remain attached to
the bubbles, the low buoyancy of the particle-bubble aggregates hin-
ders coarse flotation efficiency (Jameson, 2010; Kromah et al., 2022;
Hassanzadeh et al., 2022).

Several new designs of flotation equipment have been proposed to
tackle these two specific challenges of coarse flotation (Hassanzadeh
et al., 2022). Among them, the most promising designs consist of
fluidised bed flotation cells, including Eriez’s HydroFloat™ (Kohmuench
et al., 2001; Fosu et al., 2015; Islam and Nguyen, 2020; Zanin et al.,
2021), Jord’s NovaCell™ (Jameson and Emer, 2019; Jameson et al.,
2020), and most recently FLSmidth’s CoarseAIR™ (Crompton et al.,
2022). Two comprehensive reviews of fluidised bed flotation cells for
coarse flotation can be found in Kromah et al. (2022) and Janishar An-
zoom et al. (2024).

Fluidised bed flotation cells operate under the principle of hindered
settling, which involves the suspension of particles in a teeter bed (Wills
vailable online 19 April 2024
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and Finch, 2016; Kromah et al., 2022). The upward flow of water
generates a fluidised bed of suspended particles. The injected air bub-
bles attach to the exposed hydrophobic surface of the coarse particles,
forming bubble-particle aggregates with low apparent density. These
aggregates still lack the required buoyancy to ascend independently, as
highlighted for conventional flotation cells. However, in fluidised bed
flotation, these aggregates can rise to the top of the teeter bed because
of their lower density and ultimately overflow from the cell.

To prevent the detachment of coarse particles, fluidised bed flota-
tion cells need to have quiescent regimes, avoiding zones of turbu-
lent mixing. Although there are several publications of Computational
Fluid Dynamics (CFD) simulations for different fluidised bed flotation
cells (Hamidipour et al., 2012; Dickinson and Galvin, 2014; Galvin and
Dickinson, 2014; Galvin et al., 2014; Islam and Nguyen, 2020), there
is a distinct lack of experimental fluid dynamics data associated with
this type of equipment. Han et al. (2022) conducted an experiment in a
three-phase fluidised bed flotation column, where the solid phase was
represented by steel balls. However, their results obtained with image
analysis are limited to general observations such as bed fluctuation
ratio, gas holdup and bubble size distribution, and do not explore the
dynamics of the fluids and particles involved.

This gap in the literature is not an isolated issue for three-phase flu-
idised bed flotation cells. The experimental characterisation of flotation
multiphase fluid dynamics is a challenging problem, which has only
recently been tackled using positron emission particle tracking (PEPT).

1.1. Positron emission particle tracking (PEPT)

Positron emission particle tracking, or PEPT, is a non-invasive
technique utilised to monitor the position of a tracer particle over
time (Parker et al., 1993). This technique uses penetrating radiation
and is not dependent on optical properties, making it suitable for
tracking a particle within opaque and dense systems such as a flotation
cell. This is a key advantage over other experimental techniques,
such as Particle Image Velocimetry (PIV), which are typically limited
to single or dilute two-phase systems, as they are based on optical
properties.

In PEPT experiments, a tracer particle radiolabelled with a short-
lived, positron-emitting isotope is tracked using a positron-sensitive
detector array such as a positron emission tomography (PET) camera.
The positron emitted by the tracer annihilates with an electron from
local matter, producing a pair of 511 keV almost back-to-back 𝛾-rays. If
he PET camera detects both 𝛾-rays from the pair in coincidence within

a set coincidence time window, the annihilation event can be located
somewhere along the path between the two detectors, forming a line
of response (LOR). With multiple LORs, the location of a moving tracer
particle can be triangulated with time, providing time series data on the
tracer’s location, which can be used to determine the tracer velocity.

In the last decade, PEPT has been increasingly used to evaluate the
fluid dynamics of complex multiphase mineral processing applications,
including froth flotation (Mesa et al., 2021, 2022; Cole et al., 2022b,a).
Although there have been many developments on its use and capa-
bilities, PEPT is still a novel and specialised technique, available in a
handful of laboratories worldwide, due to the need for a cyclotron to
produce radioactive material. Another limitation for its widespread use
has been the maximum size of equipment that can be positioned within
a PET camera.

PEPT experiments involve placing the equipment of interest within
the field-of-view (FOV) of a positron-sensitive detector. Commonly,
these detectors correspond to repurposed PET cameras from hospitals,
with FOV not greater than the space required for a patient to fit
through the bore, i.e. under 0.15 m3 or 0.8 m2 by 0.15 m deep.
However, some experimental equipment will not fit within the FOV of
existing detectors. To address this challenge, a large modular array of
detectors, called LaMA, has been recently designed at the University
2

of Birmingham Positron Imaging Centre (PIC) to be assembled around
experimental systems in custom geometries (Parker et al., 2022; Herald
et al., 2023).

This work presents an experimental study aimed at quantifying the
fluid dynamics of a 2 m tall fluidised bed flotation cell using PEPT. The
LaMA detector was assembled around the geometry of the experimental
system in a custom configuration, which enabled the imaging of a large-
scale laboratory prototype of the cell. To the authors’ knowledge, this
is the largest PEPT experiment to date in terms of the height of the
field-of-view. The objective of this study is to investigate the complex
fluid dynamics of the fluidised bed flotation cell, which plays a critical
role in the separation of coarse mineral particles.

2. Materials and methods

2.1. CoarseAIR fluidised bed flotation cell – laboratory-scale prototype

The experiments were performed using the CoarseAIR™-100
CA100), a 2.3 m high fluidised bed flotation cell with a capacity of
ust under 20 L, as depicted in Fig. 1. The CoarseAIR™ cell, based
n the REFLUX™ classifier design (Galvin et al., 2016), comprises a

lower fluidised bed and an upper system of inclined channels called
lamella plates. Small air bubbles are generated by injecting pressurised
air into the fluidisation water. The feed suspension is injected at
an intermediate height. The whole tank experiences a positive water
bias, with small/light particles flowing upwards through the inclined
channels, whereas the larger/heavier particles sink into the lower
fluidised bed. Hydrophobic particles attach to the bubbles, forming
bubble-particle clusters with low apparent density, and thus collect
towards the top of the cell. Further details about the cell design and
metallurgical performance can be found in Crompton et al. (2022).

The cell was operated semi-continuously, with an initial batch of
mineral pulp feed. The tailings were recycled, while the concentrate
was collected into a separate tank, being filtered to recycle the fluidisa-
tion water. High-pressure air was injected at 80 PSI into the fluidisation
water to produce small bubbles. Symmetric inlets introduced the aer-
ated fluidisation water into the fluidisation chamber at the bottom of
the cell (see Fig. 1(a)). The cell included instrumentation for adjusting
fluidisation and airflow rates, providing control over the operating
conditions.

2.2. Large Modular Array (LaMA) for PEPT

The Large Modular Array (LaMA) is a flexible, geometrically re-
configurable PEPT system developed upon the CTI/Siemens ECAT PET
scanner architecture. The system was first tested and assembled in the
late 2000s at the PIC (Parker et al., 2008) but only consisted of 16
buckets or modules based on the ECAT 931 scanner. Soon afterwards,
it was fitted with parts from the upgraded ECAT 951 scanner and
did not undergo any major development until its major expansion and
modification in 2021.

Today the array consists of 48 buckets based on the 951 series
detectors and electronics which can interface with one of the two
available independent coincidence processors (CP), one from ECAT
951 and one from ECAT 931. Each bucket is contained within a
square aluminium enclosure measuring 360 mm wide, 95 mm tall, and
460 mm deep and contains four bismuth germanate (BGO) scintillator
detector blocks spaced 88 mm apart, centred upon the front face of the
bucket as shown in Fig. 2. Each detector block crystal is approximately
50 × 50 mm2 in area and 30 mm thick, subdivided into an 8 × 8 array
of crystal elements, and is viewed by four photomultiplier tubes. The
951 series bucket controller then processes the output from each of the
photomultiplier tubes for each of the four detector blocks to determine
within which crystal element the gamma ray has interacted. These
positional data are then sent to the CP to determine if an interaction
has occurred in any of the other buckets within the 12 ns coincidence

resolving time.
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Fig. 1. Schematic of the CoarseAIR™ fluidised bed flotation cell, showing (a) the main sections, inlets and outlets (adapted from Crompton et al. (2022)), (b) a lateral view of the
cell, and (c) an isometric view of the laboratory-scale prototype used in this work. The box at the bottom is the fluidisation chamber, where a mix of water and air is injected at
high pressure. The vertical section is the fluidised bed and the slanted section hosts lamella plates that aim to improve the separation efficiency.
Fig. 2. A LaMA bucket with its lid removed displaying four detector blocks and a
bucket controller board from the ECAT 951 PET scanner.

To use all of the 48 buckets, two CPs are used as each one can
only accept inputs from 2 to 32 buckets. Therefore, the buckets can be
distributed between the two CPs according to the experiment’s geomet-
rical requirements. The coincidence data are then recorded from each
CP by custom-designed acquisition boards that also add a timestamp
to each event. This timestamp allows the data produced by the two
CPs to be combined during post-processing to continuously track the
movement of a tracer as it travels between the areas viewed by each of
the CPs. Therefore, this extends the FOV of the system beyond what is
possible with just a single scanner’s worth of electronics.

Due to the modular nature of the array, LaMA can be built after
the equipment is set up to closely surround it and follow any awkward
geometry. To view the full 2.3 m tall fluidised bed flotation cell, a flat
3

plane design was chosen where the buckets were stacked in two tall
columns exactly 500 mm apart, as seen in Fig. 5(b). The fluidisation
chamber, fluidised bed, and its intersection with the angled lamella
plates were viewed by 32 buckets connected to the 951 series CP
and the remaining upper lamella plates were viewed by 16 buckets
connected to the 931 series CP. This bucket arrangement essentially
divided the system into two sections. The first section provided accurate
particle tracking within the fluidised bed and at the lamellae inter-
section while the second section further extended the FOV to include
the rest of the lamellae. The whole arrangement was supported by a
custom-designed frame made to follow the angled lamellae of the cell
built from aluminium profile extrusions, as shown in Fig. 5(c).

2.3. Materials and reagents

Copper tailings were used as the mineral feed, sourced by FLSmidth.
The tailings received were sieved and deslimed, discarding the fraction
under 75 μm. After desliming, the P80 of the sample was 250 μm, as
shown in Fig. 3. A 50:50 mixture of MIBC and X133 was used as frother.
PAX and diesel were used as the copper-ore collectors.

2.4. PEPT tracers

For these measurements directly activated tracers were used. The
activation was performed using an 11.2 MeV proton beam at the
Birmingham Cyclotron Facility (Anon; Parker and Wheldon, 2018). The
chalcopyrite particles were prepared at the Positron Imaging Centre at
the School of Physics and Astronomy in Birmingham, which is in the
same building as the Cyclotron and used straight after the irradiation
for the measurements. The technique of directly activated tracers for
PEPT is outlined in Fan et al. (2006). The activated chalcopyrite
particles were dispersed in a concentrated solution of collectors (PAX
+ diesel) and utilised as proxies for hydrophobic (valuable) parti-
cles. When the chalcopyrite particles were directly introduced into the
cell without any treatment in collectors, they behaved as hydrophilic
(gangue) particles (see Fig. 4).

The chalcopyrite particles used as tracers had a specific gravity of
4200 and varied in diameter, ranging between 300 to 700 μm. The

activity of the tracers used ranged between 2.5 to 4.5 MBq.
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Fig. 3. Particle size distribution of the tailings material. The blue line represents
the cumulative distribution by volume of the tailings as received, and the orange
line represents the particle size distribution after desliming. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 4. Chalcopyrite particles were directly activated to be used as tracers. The particles
we used as hydrophobic and hydrophilic tracers, depending on their treatment with
collectors.

Table 1
Operating conditions assessed in PEPT tests. Superficial gas velocity (𝐽𝐺) and superficial
water velocity of fluidisation (𝐽𝑊𝑓

) were varied at three levels.

Operating condition 𝐽𝐺 (cm/s) 𝐽𝑊𝑓
(cm/s)

Low 0.11 0.13
Normal 0.17 0.19
High 0.23 0.25

2.5. Experimental procedure

PEPT experiments were conducted utilising LaMA for particle track-
ing as shown in Fig. 5. Experiments were duplicated on different days,
using different tracers and material feed. Each experiment used only
one tracer at a time, testing hydrophobic and hydrophilic tracers.

The airflow and fluidisation rates were set constant for most of the
experiments, with a superficial gas velocity (𝐽𝐺) of 0.17 cm/s and a
superficial water velocity of fluidisation (𝐽𝑊𝑓

) of 0.19 cm/s, following
the ‘‘Normal’’ operating conditions defined by FLSmidth (see Table 1).
Airflow and fluidisation rates were also varied to assess the effect of
these operating conditions on the fluid dynamics of the system. These
variability tests, however, were only performed for hydrophilic tracers,
as tracer recirculation allowed for longer experiments to be run.

A feed with a solid content of 50%𝑤∕𝑤 was prepared in an external
agitated tank, using 3 kg of tailings samples 100% ≥ 75 μm and 3 litres
of tap water. The pulp was conditioned by adding 10 g/t of diesel and
agitating for 5 min, followed by the addition of 90 g/t of PAX and 3 min
4

of agitation. Finally, 40 g/t of the frother mix was added to the pulp.
The conditioned pulp was injected into the CA100 cell from the middle
injection point using a peristaltic pump. The fluidisation water tank
was conditioned with the frother mix at a dosage of 20 ppm𝑣∕𝑣. Fig. 6
presents a schematic representation of the process flow diagram used
during experiments.

The positron-emitting tracers were recovered at the end of each
experiment. On the occasions when the tracer overflowed with the
concentrate (hydrophobic tracers), these were recovered by placing a
sieve in the concentrate pipe, being manually re-injected into the cell
for further testing. Conversely, when the tracer reported to the tailings,
it was recycled back into the cell by the peristaltic pumps.

2.6. PEPT data analysis using PEPT-ML

The experimental PEPT data were analysed using the machine
learning-based algorithm PEPT-ML, proposed by Nicuşan and Windows-
Yule (2020) to determine the position of the tracer for each of the
detected positron annihilation events. In this algorithm, the data is split
into a series of individual samples, each containing a given 𝑁 number
of LORs. For every sample of LORs, PEPT-ML computes cutpoints or the
midpoint of the shortest line segment that is perpendicular to a pair of
LORs for every possible pair of LORs in a sample that is also shorter
than a set maximum distance. These cutpoints are then clustered
using a Hierarchical Density-Based Spatial Clustering of Applications
with Noise (HDBSCAN) algorithm, and the centres of the clusters are
extracted in so-called ‘‘1-pass clustering’’. These centres can then be
further split into samples of a given size and clustered again using
the HDBSCAN algorithm in ‘‘2-pass clustering’’. The trajectory of every
particle using the centres from the previous step is then constructed.

When extracting post-processed data from tracer trajectories, it is
often important to sample data at fixed timesteps. Being a Lagrangian
technique, PEPT tracers can be located more frequently in more sen-
sitive areas of the FOV of a PEPT camera, especially in LaMA where
sensitivity varies due to the spaces between the detector blocks. There-
fore, it is necessary to use interpolation to convert the ‘‘randomly’’
sampled positions into regular timesteps. These interpolated tracks are
then used to calculate the tracer velocity.

All individual tracks were analysed, quantifying the motion and
velocity of the tracers. Representative two-minute tracks of each tracer
are shown and discussed in Section 3.1, while Section 3.2 focuses on
particle dynamics in the slanted lamella plates.

Over one hour of PEPT data was used to create a time-averaged 3D
Eulerian grid with voxel dimensions of 10 mm by 10 mm by 10 mm.
Slanted voxels were used in the lamella plates’ region for consistency.
The central slice of the cell, represented by all the voxels in the 𝑦𝑧
plane with 𝑥 ∈ [−10, 10] mm, was analysed in Section 3.3, focusing on
the vertical velocity and the residence time in terms of passes. For the
velocity data, its different vectorial components for each voxel were
represented by a kernel-smoothed distribution, as described in Mesa
et al. (2021) and Cole et al. (2022a). The peak of the distribution, rep-
resenting the most likely velocity, was used as the representative value
for each voxel, eliminating the effect of outliers. The measurement of
passes refers to the number of times the tracer passed through a voxel
(relative to entering and exiting the cell), normalised by the passes in
the slice (Mesa et al., 2022).

3. Results and discussion

3.1. Analysis of individual tracks

Representative two-minute tracks, one for each tracer type, are
discussed in this section. Fig. 7 shows the position with time of the
tracer on each Cartesian component, where 𝑥 represents the depth of
the cell (ranging between −50 and 50 mm), 𝑦 represents the vertical
direction (between 0 and 2100 mm) and 𝑧 the horizontal component
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Fig. 5. Large Modular Array (LaMA) for PEPT in an ad-hoc configuration for the CoarseAIR™ fluidised bed experiments. Photographs obtained during experiments in the Positron
Imaging Centre at the University of Birmingham.
Fig. 6. Process flow diagram of the CA100™ setup for continuous PEPT experiments.
(−300 to 50 mm). The tracers were fed into the cell at a height of 𝑦 ≈
1000 mm. The tracers would move within the cell and finally would
either overflow as a concentrate or sink towards the tailings.

The configuration of LaMA, as described in Section 2.2, was such
that two groups of cameras were used. This separation of LaMA into
two sections is evidenced in Fig. 7(a) in the slight gap between the
tracks when crossing a height of 𝑦 ≈ 1500 mm (close to 60 s on the
track). The hydrophobic tracer shown in Fig. 7(a) floated and reported
to the concentrate after approximately 90 s. The tracer was then sieved
from the concentrate using a Geiger counter to identify its location and
fed back into the cell for further testing.

The hydrophilic tracers, on the other hand, were recycled from the
tailings back into the cell, allowing long experiments to be performed.
In the particular two-minute track shown in Fig. 7(b), it is observed that
on most occasions the hydrophilic tracer sunk directly to the tailings for
recycling. However, between the times 30–110 s, it can be observed
that the hydrophilic tracer was suspended in the cell, even rising back
near the injection point, before sinking and recirculating again.
5

Fig. 8 shows the velocity Cartesian components of the tracer motion.
The highest velocities were reached on the vertical axis 𝑦, as expected,
achieving speeds close to 400 mm/s. The vertical velocity can be
directly linked to the upward motion related to the rise of a tracer
attached to a bubble or the sinking motion of a gangue particle, thus
most attention has been paid to this component of the overall velocity.

To better understand the motion and velocity of the tracks, a 2D
representation (𝑦𝑧 plane) is shown in Fig. 9. The motion of the tracer
is represented by the track, and the colour of the line represents the
vertical velocity.

The hydrophobic tracer shown in Fig. 9(a) entered the cell and
circulated in the upper section of the columnar body, with fluctuating
vertical speeds below 400 mm/s. At around one minute of tracking,
the hydrophobic tracer was collected towards the lamella plates. In the
lamella plates, the tracer reached a vertical velocity of 200 mm/s, with
fluctuating velocities in the 𝑥 and 𝑧 directions. The motion within the
lamella plates is further explored in Section 3.2.

In the case of the hydrophilic tracer, Fig. 9(b) evidences a rapid
downward movement near the wall near the injection point, as the
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Fig. 7. Representative two-minute tracks of flotation with (a) a hydrophobic and (b) a hydrophilic tracer.

Fig. 8. Velocity components of the representative two-minute tracks obtained with (a) a hydrophobic and (b) a hydrophilic tracer.
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Fig. 9. Lateral view of the representative two-minute tracks obtained with (a) hy-
drophobic and (b) hydrophilic tracer. The vertical velocity 𝑣𝑦 is represented by the
colour bar. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

recirculating flow is injected with a downward angle at a high velocity.
In the two minutes tracked, the hydrophilic tracer recirculated four
times, with a residence time of under one minute. The third time the
tracer entered the cell in this 2-minute track, it had a longer residence
time, circulating within the columnar section of the cell, reaching
positive vertical velocities of 300 mm/s.

The analysis of multiple tracks such as those shown in Figs. 7 to 9
suggests that the hydrophilic particles moved predominantly down-
ward, with a short residence time. This effect could imply that the
design of the recirculation inlet of this laboratory-scale CA100, com-
bined with the operation of the recirculation pump, had a direct effect
on the operation of the cell, altering the stability of the fluidised
bed. Similarly, the analysis of multiple hydrophobic tracks shows that
coarse valuable particles are quickly floated by the CA100. Generalised
observations of flow patterns are discussed in Section 3.3, where long
tracks are analysed using Eulerian representations.

3.2. Particle motion in the lamella plates

Multiple tracks obtained with hydrophobic tracers are shown in
Fig. 10. These tracks correspond to approximately 15 min of operation,
obtained during independent experimental runs on two different days,
with different tracers.

Once a hydrophobic particle entered the lamella plates, its move-
ment in the component 𝑧 was controlled by the spacing between plates.
The motion in the 𝑥𝑦 plane, however, denoted a tortuous path towards
the top of the cell. The central subfigure in Fig. 10, shows that the
tracer did not move in a straight line upward once it entered the lamella
7

plates. On the contrary, the tracer covered most of the available width
of the cell (𝑥 component), evidencing downward motion near the walls.

The tortuosity of each track in the lamella plates region was cal-
culated as the ratio between the 3D arc-length of the track and the
Eulerian distance between the points of entry and overflow. Conse-
quently, a tortuosity value of 1 would represent a straight path in the
region between two lamella plates, while values over 1 represent more
convoluted tracks. The average path tortuosity in the lamella plates was
7.3, ranging between 2 and 19. Tortuosity variability may have been
caused by differences in tracer size and shape, subtle geometrical dif-
ferences between lamella plates, or differences in the size and number
of bubbles to which the tracer was attached.

3.3. Eulerian representation analysis

For the analysis of the time-averaged velocity data, the tracer
velocity (𝑣) was decomposed into its vectorial components, namely
the depth (𝑣𝑥), vertical (𝑣𝑦) and horizontal (𝑣𝑧) velocities, and were
represented by the peak of the velocity distribution in each voxel.
Eulerian representations of the vertical velocities of the hydrophilic and
hydrophobic tracers are shown in Fig. 11. The central slices in depth
(𝑥 ∈ [−10, 10] mm) were chosen as these are farther away from the
walls, allowing the analysis of bulk behaviour. This slice effectively
entails the merging of two 𝑦𝑧 slices of 10 mm thickness (𝑥 ∈ [−10, 0] ∪
[−10, 0] mm), which is possible due to the symmetry of the flotation cell
along the vertical dimension, allowing to increase the number of data
points within each voxel (Mesa et al., 2021).

Fig. 11(a) shows that hydrophobic particles move throughout the
whole cell until they attach to a bubble and are collected towards
the lamella plates. As observed in Section 3.1, the tracer tends to rise
near the centre of the cell and sink near the walls, which may be an
indication of convective flows in the cell. In this central slice, it is
observed that the hydrophobic particles tend to ascend using only the
central lamella plates.

In the case of hydrophilic particles (Fig. 11(b)), the velocity profile
evidences a rapid downward movement near the wall closer to the
injection point, as the recirculating flow is injected downward at high
velocity. Therefore, it is plausible that the design of the recirculation
inlet combined with the operation of the recirculation pump directly
affects the operation of the cell, altering the stability of the fluidised
bed. As in the case of hydrophobic particles, an upward motion is
observed in the middle of the cell, which is related to the fluidisation
water injection from the bottom.

Notably, in over one hour of continuous operation, the hydrophilic
tracer was never wrongly recovered, which translates to a great se-
lectivity. Admittedly, this observation, based on a coarse hydrophilic
tracer, can only be extended to similarly coarse hydrophilic particles,
while finer gangue could well be subject to entrainment into the lamel-
lae plates. Furthermore, and despite the large size of the tracers used
(> 300 μm), the hydrophobic tracer rarely reported to tailings, implying
that high recoveries can be achieved with CA100. These metallurgical
observations are well aligned with the results obtained by Crompton
et al. (2023) with the CA100, where a cumulative recovery of over 80%
was reported for valuable particles ≤ 600 μm.

The normalised passes of the tracers per each voxel are shown
in Fig. 12. The hydrophobic particles (Fig. 12(a)) tend to circulate
several times in the upper section of the columnar body, presenting
a relatively uniform occupancy. The number of passes in the lamella
plates is considerably lower, implying that once tracers entered into this
slanted section, they tended to move upwards relatively fast, despite the
tortuosity described in Section 3.2. Notably, the hydrophobic tracers
only used the central and top lamella plates, which could be related
to an effect of the feed/recirculation flow displacing the ascending
particles towards the opposite wall.

The hydrophilic tracer (Fig. 12(b)) shows a higher pass count at
the bottom of the tank. This behaviour evidences that, although large
hydrophilic particles tend to move downwards, there is still mixing and
suspension of these particles due to the fluidisation water.
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Fig. 10. Particle dynamics in the inclined lamella plates.
Fig. 11. Eulerian representation of the time-average vertical velocity of (a) hydropho-
bic and (b) hydrophilic particles. The Eulerian representations considered multiple
tracks, with a voxel size of 10 mm by 10 mm by 10 mm, sliced in the middle plane
of the cell (𝑥 ∈ [−10, 10] mm).

3.4. Effect of operating conditions

Three different operating conditions were tested for the hydrophilic
tracers, varying the airflow and fluidisation rate, into ‘‘Low’’, ‘‘Nor-
mal’’ and ‘‘High’’, as described in Table 1. The results obtained are
shown in Fig. 13. The effect of operating conditions on the motion
of hydrophobic tracers was not included, due to their short residence
time (Fig. 7(a)) and the difficulties associated with tracer recovery
from the concentrate. Future work could consider the use of multiple
8

Fig. 12. Eulerian representation of the time-average Location density of (a) hydropho-
bic and (b) hydrophilic particles. The Eulerian representations considered multiple
tracks, with a voxel size of 1 cm3, sliced at the middle plane of the cell (𝑥 ∈
[−10, 10] mm).

hydrophobic tracers (M-PEPT (Wiggins et al., 2019)) to increase the
data obtained per experiment, allowing for the testing of a wider range
of operating conditions.

Although the overall behaviour of the hydrophilic tracer for the
different operating conditions is similar in terms of motion, some
differences can be appreciated, both in terms of vertical velocity values
and the occupied zones. At the highest airflow and fluidisation rates
tested (Fig. 13(c)), the hydrophilic particles evidenced a faster upward
motion in the centre of the tank. Moreover, this upward flow occupied
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Fig. 13. Effect of the operating conditions on the vertical velocity of the hydrophilic tracers, shown in time-averaged Eulerian representations of the middle plane of the cell
(𝑥 ∈ [−10, 10] mm). The operating conditions correspond to (a) Low fluidisation: 𝐽𝐺 = 0.11 cm/s and 𝐽𝑊𝑓

= 0.13 cm/s, (b) Normal fluidisation: 𝐽𝐺 = 0.17 cm/s and 𝐽𝑊𝑓
= 0.19 cm/s,

and (c) High fluidisation: 𝐽𝐺 = 0.23 cm/s and 𝐽𝑊𝑓
= 0.25 cm/s.
a larger portion of the tank when compared to the normal operating
conditions (Figs. 11(b) and 13(b)), while also reaching higher into the
tank, closer to the lamella plates.

A lower fluidisation Fig. 13(a), on the other hand, resulted in
a more pronounced downward motion dominating the behaviour of
hydrophilic particles. The level of the bed seems to have been affected
as well, reaching a lower level than in normal conditions, although
the difference is less pronounced than in the case of High v/s Normal
comparison.

4. Conclusions

This study represents a substantial advancement in our understand-
ing of the fluid dynamics of fluidised bed flotation cells (FBFCs),
specifically focusing on the CoarseAir™-100. The Large Modular Array
(LaMA) PEPT system was used to perform the largest positron emission
particle tracking experiment to date, shedding light on the complex
fluid dynamics within large-scale fluidised bed flotation cells.

The study allowed us to carry out a quantitative assessment of the
flotation of hydrophobic tracers as they preferentially floated towards
the concentrate despite their coarse size, while hydrophilic tracers
exhibited a distinctive recycling mechanism, moving from tailings back
into the cell. Detailed Cartesian tracking of individual particle paths
unveiled intricate motion patterns within the system. The analysis
of hydrophobic tracer dynamics within the inclined lamella plates
revealed tortuous paths, emphasising the significant influence of design
and geometry on particle movement.

Decomposing time-averaged velocity data through Eulerian repre-
sentation provided further insights into the behaviour of hydrophobic
9

and hydrophilic particles. Hydrophobic particles moved throughout the
cell, displaying an ascending motion primarily through central and
top lamella plates. In contrast, hydrophilic particles exhibited rapid
downward and upward movements, reflecting the impact of operating
conditions on fluidisation dynamics.

Exploration of different operating conditions highlighted the varia-
tions in the behaviour of hydrophilic tracers. Higher airflow and fluidi-
sation rates accentuated upward motion, expanding the occupancy of
hydrophilic particles in the central region of the tank.

This work significantly contributes to the knowledge base of flu-
idised bed flotation cells. The acquired experimental data not only en-
hance our understanding of particle dynamics but also provide a bench-
mark for validating multiphase simulations and evaluating alternative
designs.
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