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a  b  s  t  r  a  c  t

A computational fluid dynamics model of froth motion has been developed to assess different flotation cell designs.

This  work presents an implementation of the model in a 2D case, to compare the simulated bubble velocity distribu-

tion  and streamlines to an experimental foaming system. The model uses finite elements to solve Laplace’s equation

for  a potential function from which the foam velocity can be obtained. It requires the air recovery, or the amount of

air  that overflows a flotation cell as unburst bubbles, as an input parameter to calculate the foam velocity distribution

and  bubble streamlines. The air recovery was obtained by image analysis from a vertical, overflowing monolayer of

foam (2D) created in a Hele-Shaw column, which mimicked important flowing properties of flotation froths such as

coalescence. Inserts were included in the foam column to represent potential crowder designs for industrial flotation

cells. Three different designs were chosen to compare the effect of insert depth and shape, including rectangles and

a  triangle. The effect of the insert design on the overflowing foam is obvious from visual assessment of the bubble
streamlines and velocity distribution, which were closely agreed by both the experiment and model.

©  2012 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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Computational fluid dynamics (CFD) is a powerful tool
1.  Introduction

Flotation machine design is constantly evolving to meet spe-
cific requirements of a particular industrial plant. The recent
trend has been to increase the size of the flotation cell, which
increases the froth volume. If this froth can only overflow at
the vessel lip, the centre of the vessel becomes a large stagnant
zone of froth which does not report to the concentrate (Zheng
et al., 2004; Zheng and Knopjes, 2004). Therefore two different
types of devices have been placed in the froth zone to improve
mineral recovery: launders to increase the surface area for
overflowing froth, and crowders to direct the froth flow. In this
work, a model of foam flow has been developed that can pre-
dict the effect of insert design on overflowing foam, to give
insight into the effect of crowder design on flotation perfor-
mance.

The function of a crowder is to decrease the cross sec-
tional area at the top of the froth to improve the froth removal

dynamics in the flotation cell. The walls of a crowder provide
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a surface to direct froth toward the overflow launder. They
reduce the amount of air required for operation, or alterna-
tively increase the volume of overflowing froth for a particular
air rate. Crowders usually extend from the impeller outwards
and from the outer wall inwards, although they can be placed
mid-cell directing towards the weir. A crowder design from a
flotation cell at Rio Tinto’s Northparkes mine is shown in Fig. 1,
where the angled surface of the crowder directs the froth to
overflow the weir on the right side of the image.  Degner (1997)
patented a crowder device designed to improve the removal
of froth, reducing the amount of air needed to produce froth
and thus the energy needed to power the cell rotor. Fuerstenau
et al. (2007) described the effect of adding a conical crowder
above the impeller hood to a Wemco 1 + 1 flotation machine,
which increased the copper recovery by 18%. For a reasonably
straight forward engineering solution, crowders can have a
significant effect on flotation efficiency.
pted 11 May 2012
ing University, China.

that can be exploited to optimise the performance of existing

neers. Published by Elsevier B.V. All rights reserved.
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Fig. 1 – Photograph of a crowder device from a flotation cell
at Rio Tinto’s Northparkes mine.
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the overflowing foam to recycle, as shown in Fig. 2. Air was
ystems and to develop new technology to maximise pro-
ess efficiency. The flow of flotation froths can be modelled
s a potential flow. Numerical models for flowing foams
ased on solving Laplace’s equation for a stream function

Moys, 1984; Murphy et al., 1996; Neethling and Cilliers, 1999)
ave proven useful but present some limitations; in par-

icular the fact that they are restricted to two-dimensional
imulations.

Brito-Parada et al. (2012) developed a numerical model for
he trajectory and velocity of a flowing foam that uses finite
lements on unstructured meshes to solve Laplace’s equation
or a scalar function. The selection of a potential function over
he stream function allowed the implementation of the model
ot only for two dimensions but, for the first time, also for

hree-dimensional cases.
As CFD models require the mathematical descriptions of

 process to represent the phenomena as accurately as pos-
ible, the simulations must be validated with experimental
ata. This presents a problem for flotation modelling, as flota-
ion froths are opaque and fragile meaning there is a lack of
xperimental methods to measure their internal behaviour.
ole (2010) developed an overflowing foam column to mea-
ure the internal bubble properties optically. Image  analysis
easurements were possible as the Hele-Shaw column con-

ained a monolayer of bubbles, or quasi 2D foam. The two
hase chemical system mimicked a flotation froth as it was
esigned to provide a dynamic, viscous and coalescing foam
hat overflowed and burst at the foam surface. Measurements
f the bubble size distribution in this 2D column were used
o validate a coalescence model in Tong et al. (2011),  which
ombined a liquid drainage model and a population balance
odel to predict the bubble size distribution over the height

f the foam.
Image  analysis methods can also be used to measure the

ubble velocity and average flow streamlines in the 2D col-
mn, presenting a useful opportunity to validate the model
f foam flow developed by Brito-Parada et al. (2012).  The over-
owing foam behaviour can be quantified in terms of the air
ecovery, or amount of air that overflows as unburst bubbles.
his is important for the foam flow model which cannot yet
redict the air recovery, making it a key parameter in deter-
ining the bubble velocity profile. As recent studies have

ighlighted a link between the air recovery and performance
f a flotation cell (Ventura-Medina et al., 2003; Barbian et al.,
007), the inclusion of air recovery in this analysis allows direct

omparison to a flotation cell.
2.  Model  for  froth  motion

By considering irrotationality and incompressibility of the
foam, both valid assumptions as discussed by Neethling and
Cilliers (2003),  Laplace’s equation is solved in the model by
Brito-Parada et al. (2012) for the potential field �:

∇2� = 0. (1)

The boundary conditions for the model are based on the
geometry of the flotation cell, the air flowrate to the tank Qa,
and also on the air recovery ˛, an important variable in froth
flotation. Assuming that the flux through the boundaries is
uniform:

• At the solid walls:

∇� · n = 0. (2)

• At the liquid/foam interface, AI:

∇� · n = −Qa

AI
. (3)

• At the outflow, AO:

∇� · n = Qa˛

AO
. (4)

• At the top surface of the foam, AS:

∇� · n = Qa(1 − ˛)
AS

. (5)

As can be seen from the boundary conditions, air recov-
ery is an important input for the model. Air recovery has been
demonstrated to play a key role on the performance of flota-
tion systems (Barbian et al., 2007), and it has been found not
only that a peak in air recovery exists in industrial flotation
froths but also corresponds to the air rate at which the high-
est overall mineral recovery is obtained (Hadler and Cilliers,
2009).

The numerical model for foam velocity of Brito-Parada et al.
(2012) was implemented in Fluidity (AMCG, 2011), the finite
element code which provides the computational framework
for the model. In particular, the use of adaptive anisotropic
meshes provides a means of capturing strong gradients of the
flow and therefore is ideal for highly detailed simulations.

Experiments of flowing foams with inserts at the top,
resembling crowders in flotation cells, can be used to study
the effect these have on the flow. They also provide case stud-
ies to assess the capability of the numerical model to predict
foam flow patterns and the velocity distribution of the flowing
foam.

3. Experimental  method

A Hele-Shaw type column is composed of two  vertical par-
allel plates, with a narrow space in between. In this work,
a plate separation of 5 mm was used to create a foam with
only one layer of bubbles between two Perspex plates of size
400 mm × 400 mm.  Two internal weirs with outwardly angled
tops created a foaming space and an area for the liquid from
supplied at the base of the column at a rate of 2.5 l/min.
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Fig. 2 – Photograph of the overflowing foam column.

of the standard deviation, the inclusion of the inserts in the
overflowing foam column led to an increase in the air recovery.

Table 1 – Air recovery with different insert design in the
overflowing foam column.

Insert Air recovery Error

No insert 0.29 0.04
Rectangular (80 mm × 31 mm) 0.62 0.21
Rectangular (80 mm × 125 mm) 0.68 0.12
Triangular (60 mm × 60 mm) 0.68 0.11
The surfactant methyl isobutyl carbinol (MIBC) was used to
create a foam that not only burst at the surface with internal
coalescence, but also that overflowed and broke down rapidly
after overflowing. Xanthan gum was added to the MIBC foam-
ing solution to increase the foam viscosity to a level of 10–15 cP
as suggested by Ata et al. (2006) to mimic  flotation froths.

A superficial gas velocity, Jg, of 5.2 cm/s was required to pro-
vide an overflowing foam in the small foam column with 60 ml
of aqueous solution. The initial bubble size was very uniform
around a mean of 10.5 mm2 and evenly distributed across the
column width. The foam achieved steady state after 20 min. All
experiments were performed at similar ambient temperature
and humidity.

Different inserts were positioned in the foaming space of
the column to change the foam flow analogous to industrial
crowders. A rectangular insert of width 80 mm was positioned
at two depths of 31 mm and 125 mm (defined below the level
of the weir), and a triangular insert of width 60 mm and apex
angle 54◦ was positioned at a depth of 60 mm.

The foam column was placed in front of a strong diffuse
light source to increase the shadow of the foam Plateau bor-
ders visible to a digital camera. High speed videos of the
flowing foam were captured at a rate of 210 frames per second
and pixel resolution of 480 × 360. This camera was also used to
capture a high speed, high resolution sequence at a rate of 40
frames per second. The images were prepared and analysed
with the image  processing software ImageJ (Rasband, 2009).

An image  sequence was obtained from a high speed video
of the overflowing bubble profile, where the bubble centres
were approximately aligned vertically as they overflowed the
weir. Two measurements were performed for each bubble with
image analysis: the vertical separation between the bubble
centre and the bubble centre immediately below (�hi), and
the horizontal velocity (vh,i) over a number of frames. For the
bubble immediately above the weir, the vertical distance of

the bubble centre to the weir (h0) and its horizontal velocity
over the weir (vh,0) were also measured. The air recovery was
therefore calculated as:

 ̨ = l

Qa

(
vh,0h0 +

n∑
i=1

vh,i�hi

)
, (6)

where n is the total number of bubbles in each measurement
and l is the length of the lip. In this work, a symmetrical over-
flowing profile was assumed, and the measurement from one
side of the column was doubled to provide the resulting air
recovery.

An algorithm was written in Matlab to calculate the velocity
of a sample of bubbles between two consecutive high reso-
lution images. The distance moved by each bubble between
these frames was small compared to the average bubble size.
For each bubble in the first frame, the algorithm searched
for the nearest bubble in the second frame by comparing the
bubble centre co-ordinates. This method of tracking the move-
ment of bubbles within the foam is analogous to the particle
tracking velocimetry (PTV) algorithm described in Bown et al.
(2006), where it was shown that the size of the particles being
tracked and their displacement between subsequent images
is a critical factor to achieve adequate spatial resolution. For
these techniques to yield accurate results, it is essential that
the flow conditions are such that the nearest neighbour items
(e.g. particles, bubbles) in subsequent images are likely to be
the same items being tracked. Therefore in these experiments,
image  sequences were selected where minimal coalescence
occurred, and any bubbles coalescing were ignored by the algo-
rithm. Coarsening effects were also minimal, as air was used
as the gaseous phase.

The resulting distance between bubble centres in each
frame was divided by the time separation between frames,
0.025 s, to calculate individual bubble velocities. By interpo-
lating the bubble velocity data into two dimensional arrays,
the average bubble speed distribution was plotted as a map.
A grid was defined with intervals at 10 mm over the column
foaming space. Values of horizontal and vertical velocity were
averaged for any bubble centres occurring within each ele-
ment. The mean of three velocity measurements was plotted
as streamlines, despite actually being average bubble tracks.
This enabled direct comparison to the results of the model of
foam motion.

4.  Results  and  discussion

The air recovery was measured without inserts, then with the
three different designs, as shown in Table 1. The error cor-
responds to the standard deviation in the mean air recovery
for each insert. The standard deviation of the mean air recov-
ery was often large, due to a high range of variability in the
measurements of the air recovery. However, within the limits
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Fig. 3 – Plot showing the experimental (left) and simulated (right) average bubble speed distribution and flow streamlines
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The experimental and simulated average bubble speed dis-
ributions and flow streamlines for a superficial gas velocity of
.2 cm/s are shown in Fig. 3. The experimental and simulated
treamlines are similar: all are directed upwards, with any sig-
ificant horizontal deviation occurring above the weir. The
imulation predicts a V-shaped section of slower bubbles at
he foam surface, in agreement with the experimental speed
istribution.

The experimental and simulated average bubble speed
istributions and flow streamlines for the overflowing foam
olumn with the 80 mm × 31 mm insert are shown in Fig. 4.
he presence of the insert increased the average bubble speed
ver the total area of the column. Maximum speeds occurred
round the corners of the insert and over the weir. The air
ecovery of this system was approximately double the value of
he column with no insert; 0.62 compared to 0.29. This increase
n air recovery can be attributed to the large horizontal devi-
tions in the streamlines around the corners of the insert.
ubbles which collided with the base of the insert deceler-
ted upon impact, but those which were deviated around the
nsert accelerated to at least twice their speed. The stream-
ines straightened in between the insert and the weir before
verflowing (as a reflection of the insert shape), which could
e a potential cause of the few streamlines which did not
verflow.

The simulated average bubble speed distribution gener-
lly agrees with the experimental equivalent. The bubble
treamlines were similar in both experiment and simulation,
ncluding the straightening effect of the rectangular insert
hape. The experimental and simulated average bubble speed
istributions also agreed on the zone of low bubble speeds
ear the base of the insert, and the high speed areas above

he insert.
The average bubble speed distribution and flow

treamlines in the overflowing foam column with insert
0 mm × 125 mm are shown in Fig. 5. As with the other
ectangular insert, the average bubble speed was increased
verywhere in the foaming column with the inclusion of the
nsert. The deviation in the streamlines around the corners of
he insert was not as pronounced as observed previously for

he other rectangular insert, however the area of low speed
irectly under the insert was still present. The increased
depth of the rectangular insert reduced the area of the
foaming space by 25%, which had a squeezing effect on the
bubbles and caused rapid acceleration towards the weir. The
high value of air recovery, 0.68, is a result of the high bubble
speeds in between the weir and insert, despite the apparent
low number of streamlines directed to overflow the weir.

The average bubble speed in between the insert and the
weir was underestimated by the simulation, whereas the sim-
ulation did predict the higher bubble speed near the corners of
the insert. In the simulation, the area of lower speed under the
insert was much larger than measured experimentally. The
high degree of deviation in the streamlines above the weir
is evident in the simulation, but was not measured experi-
mentally. It is likely that these streamlines did in fact exist
in the overflowing column to contribute to the increase in air
recovery.

The average bubble speed distribution and flow stream-
lines in the overflowing foam column with the triangular
insert are shown in Fig. 6. The presence of the insert also
increased the average bubble speed distribution, however the
area of lower speed underneath the insert was much smaller
at the triangle apex than at the rectangular insert bases.
The triangular insert deviated the streamlines more  gradu-
ally towards the weir, with less compression of streamlines
and acceleration than observed with the rectangular inserts.
The additional bubble path length in overflowing streamlines
introduced by the insert is shortest for the triangular insert.
This may be the reason why the triangular insert led to a simi-
lar air recovery as the rectangular inserts, despite causing less
bubble acceleration in between the insert and weir.

In the experimental data, the average bubble speed was
higher in the base of the column, with minimal acceleration
above the insert. The acceleration through the height of the
column was much more  pronounced in the simulation. The
simulated and experimental streamlines were very similar;
especially in the degree of deviation in the overflowing stream-
lines.

It would be logical to expect the air recovery to stay con-
stant with insert width, as increasing the insert width would
be continually reducing the area at the top of the column

through which the foam flows. However, the magnitude of
the increase in air recovery due to the inclusion of the inserts
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Fig. 4 – Plot showing the experimental (left) and simulated (right) average bubble speed distribution and flow streamlines
with the rectangular 80 mm × 31 mm insert.

Fig. 5 – Plot showing the experimental (left) and simulated (right) average bubble speed distribution and flow streamlines
with the rectangular 80 mm × 125 mm insert.

Fig. 6 – Plot showing the experimental (left) and simulated (right) average bubble speed distribution and flow streamlines
with the triangular 60 mm × 60 mm insert.
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A Development of froth transportation models for attached
as similar for both the rectangular and triangular designs,
espite a difference in width of 20 mm.  This implies that the

nsert shape is an important factor in determining the air
ecovery.

The compression of streamlines, or squeezing effect, lead-
ng to bubble acceleration may increase the probability of
ubble collisions and thus an increase in coalescence. This
ehaviour associated with the rectangular inserts would not
e desirable in an industrial flotation cell, implying that the
riangular insert was the best insert investigated in this work.
f the triangular shape was extended above the level of the
eir (i.e. the rectangular portion of the insert replaced), it is

ikely that the air recovery would be increased further as more
treamlines would be directed to overflow.

Overall, the close agreement between the model of foam
ow and the experimental measurements mean that the
odel can be used to predict the optimum insert design for

n overflowing foam column of this design.

.  Conclusion

 model of froth flow has been developed to predict the
ehaviour of different flotation cell designs. To validate the
odel with experimental data, simulations of a 2D over-

owing foam column with different inserts were carried out.
he inserts mimic  the effects of different crowder designs,
ith important implications for flotation cell evaluation and
esign.

In the experimental data, three different insert designs
ncreased the air recovery of the overflowing foam column by

 similar amount; at least double. However, the increase in
ir recovery was attributed to three different effects: a rapid
hange in flow direction near the foam surface increasing the
peed of the foam flow; a squeezing effect in between the weir
nd insert due to a significant decrease in foam volume, and

 gradual change in flow direction with less acceleration in
etween the insert and weir.

Overall, the simulations closely predicted the average
ubble speed and streamline behaviour observed in the exper-

mental overflowing foam column for different inserts. As the
roth motion model has been validated for 2D flowing foams,
ith an extension into 3D, it can be used to assess new crowder
esigns on industrial flotation cells.
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