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Abstract: Over the past few decades, the need to process more minerals while lowering capital costs
has led to an increase in the size of flotation cells, e.g., 0.03 m3 to 1000 m3. However, this increase
has created new challenges in the operation and design of industrial flotation cells, particularly
in terms of froth removal, because the distance the froth must travel increases with an increase in
the flotation cell diameter. This has a negative impact on recovery. Physical froth flow modifiers
can be used to improve froth removal. Their major functions are to modify and optimise the flow
of the froth, improve froth drainage, reduce dead zones, and improve froth flow and removal
dynamics. Therefore, physical froth flow modifiers are discussed, evaluated, and compared in this
paper. The literature indicates that physical froth flow modifiers such as crowders and launders are
used extensively as industrial solutions to enhance froth transport and recovery in large flotation
cells. Other modifiers (including froth baffles and froth scrapers) have been found to have a profound
effect on local froth phase sub-processes, including drainage and bubble coalescence. However,
industrial uptake is either dwindling or limited to small-volume rectangular/U-shaped cells in the
case of scrapers, or, there is no uptake at all in the case of froth baffles. Further research on how some
of the physical modifiers (e.g., baffles and launders) impact the selectivity of particles is required.

Keywords: froth stability; froth phase sub-processes; froth retention time; physical froth flow modifiers;
froth carry rate; froth crowders; launders

1. Introduction

Froth flotation is a traditional mineral beneficiation technique. The process involves
adding chemicals to a slurry that alters the surfaces of milled particles so that they become
hydrophobic. Air in the form of bubbles picks up the hydrophobic particles as they rise to
the top of the pulp and form a froth. This layer of froth increases in height as more bubbles
impinge at the base of the froth and the bubbles become larger due to coalescence [1].
The froth phase is very important in mineral froth flotation. Its functions include the
further concentration of values by allowing the drainage of gangue minerals [2] to hold
and transport particles to the concentrate launder [3].

The performance of the froth is known to be governed by the so-called froth phase
sub-processes, i.e., bubble coalescence, liquid drainage, particles detachment and particle
reattachment. It is measured in terms of froth recovery [4]. Froth recovery represents the
fraction of the particles attached to the bubbles that enter the froth phase and survive its
cleaning action and are recovered as concentrate [5].

The extent of the froth phase sub-processes is dependent on two crucial froth proper-
ties: viz. froth stability and froth mobility. While it is known that froth stability depends on
gas dispersion conditions, chemical conditions, and particle properties, it is also known
that properties such as froth mobility can be increased by manipulating the froth zone
(the compartment of the flotation cell that contains the froth). For instance, Cole et al. [6]
reported that decreasing the cross-sectional area at the top of the froth increases froth
mobility. Moys [7] and Bhondayi [8] found that manipulation of the froth zone can also
be used to modify froth residence time distribution, i.e., froth mobility. Consequently,
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through practice and iterative research, several techniques to modify froth mobility and
improve froth performance have been developed. These include froth launders [9–16];
froth crowders [14,17–22]; froth baffles [7,8,23]; and froth scrapers/froth paddles [24,25].
The major functions of these techniques are to modify and optimise the flow of the froth,
reduce dead zones, and improve froth flow and removal dynamics [2,18,26].

The purpose of this review is to provide a critical discussion of the available physical
froth flow modifiers. The discussion of the physical froth flow modifiers focuses on
their functions, how they influence froth performance, and where in a flotation circuit
they are most suitable, as well as their advantages and disadvantages. Comments on
industrial uptake are also included. The aim of the study is to show the extent of the
knowledge regarding the subject of flow modifiers and their industrial uptake. This review
is important to researchers in this field, as well as to practicing metallurgists who seek to
improve flotation cell froth performance and ultimately improve the flotation performance
of their operations. Researchers and designers in the field of froth flotation can identify
gaps that require research, to improve the industrial application of flow modifiers. The
knowledge could also help practicing engineers who want to apply physical froth flow
modifiers in a new way, or engineers who need to retrofit a flow modifier at an existing
froth flotation facility.

2. The Flow of Froth in the Froth Zone

To discuss the concept of physical froth flow modification, we refer to the froth trans-
port models that are available in the literature. These models depict how the froth is trans-
ported from the pulp–froth interface to the concentrate launder. We base our discussion on
two froth models that were considered by Moys [7] as being capable of describing the flow
of the froth; these are: (i) solution for the 2D stream function equation/Laplace equation;
and (ii) the two-stage tractable model. Application of the 2D stream function (Equation (1))
to describe the flow of froth was found to be adequate by several researchers [8,27–29]. Of
importance in the current work is that process parameters such as froth residence time dis-
tribution, bubble streamline profiles and bubble velocity distribution can be obtained using
this model. When using this modelling method, Moys [7], and later Bhondayi [8], found
that bubbles close to the concentrate weir had a very short residence time compared to
bubbles that enter the froth close to the back of the flotation cell. This has two implications
that are detrimental to flotation performance, viz., short froth residence time compromises
concentrate grade, while a longer residence time reduces recovery. These findings are
critical when designing froth zones and froth removal methods or when modifying the
flow of the froth.

∂2 Ø
∂x2 +

∂2Ø
∂z2 = 0 (1)

The two-stage tractable model (Figure 1) also presents a clear insight into the flow
of the froth and hence has important implications for froth zone design and froth flow
modifying techniques. The model posits that the froth zone can be divided into zones or
stages. In each stage, a certain type of flow occurs. For instance, in stage 1, all bubbles
break up upon reaching the surface of the froth and do not contribute to concentrate flow.
This stage is termed a dead zone. In stage 2, only a fraction of the bubbles entering this
stage break on the surface, with the balance reporting to the concentrate. In stage 3, all
bubbles that enter the froth report to the concentrate. This model was further developed
by [3,30,31] and its import in froth zone design and optimisation is that froth stability is
critical to efficient froth removal, and particular attention must be paid to activating stage
1 and improving drainage in stage 3. Physical froth flow modification must then include
reducing dead zones (stage 1) and improving drainage in stage 3 of flotation froth zone.
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Figure 1. Two-stage tractable model [7] where w represents the height of the concentrate weir; h is the height of the froth;
g f (x) is the flux of froth across the froth/pulp interface (cm/s); gb(x) is the flux of air through the froth surface resulting
from bubble breakage; α is a froth stability parameter, which is defined as the ratio between the volumetric flow rate of air
in the concentrate stream and the volumetric flow rate of air in the form of bubbles entering the froth phase, which have a
non-zero probability of entering the concentrate stream.

2.1. Brief Overview of Froth Phase Sub-Processes

Recovery of particles across the froth is a function of the sub-processes that take place
within the froth. Loaded bubbles are subjected to these subprocesses the moment they cross
the pulp–froth interface. As bubbles loaded with particles from the pulp rise and cross the
pulp–froth interface, liquid continuously drains back to the pulp. This leads to changes in
the shape of the bubbles, i.e., from spherical to polyhedral. Bubble coalescence becomes
more prominent as water drains from bubble lamellae into the plateau borders [4]. When
bubbles coalesce, a new bubble is formed that has a reduced surface area. This leads to the
loss of particles due to detachment. Additional loss of particles is caused by oscillations
after two bubbles merge during bubble coalescence [32–34]. Stevenson et al. [35] assert that
larger particles are more readily detached compared to smaller particles due to their higher
mass and momentum during bubble oscillation. A froth that has particles that detach from
bubbles based on particle properties is termed a selective froth. The detached hydrophobic
particles can be recaptured by the rising bubbles and the process of reattachment can be
selective [4,7,36].

Espinosa-Gomez et al. [37] reported that a higher rate of coalescence leads to froth
over-loading, which reduces the recovery of particles, as the froth fails to transport the
floatable particles. These processes, viz., froth drainage, bubble coalescence, and particle
detachment and reattachment further refine the concentrate and play a pivotal role in
determining the efficiency and effectiveness of the overall flotation process. Therefore,
these processes dictate the type and composition of particles in the lamella and plateau
borders at any given time [1].

Physical froth flow modifiers can change the rate of drainage (bubble lamellae drainage
and plateau border drainage) and the rate of bubble coalescence and therefore they can
influence the local detachment and attachment processes [4,33,38–42]. Thus, physical froth
flow modifiers can therefore influence the quantity, type, and composition of particles that
finally report to the concentrate.

2.2. Froth Mobility, Stability, and Flotation Performance
2.2.1. Froth Stability

Froth stability is defined as the ability of the bubbles in the froth to resist coalescence
and bursting events [43]. It is regarded as the key driver of flotation performance, as it
contributes to determining the grade and recovery of the flotation process [43,44]. Miner-
alised froth should be stable enough to enable both the recovery of wanted particles and
the drainage of gangue minerals. Correct froth stability enhances the secondary clean-
ing/further separation of the valuable mineral from the entrained gangue, while a froth
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that is too stable is difficult to handle. If the froth is unstable (breaks continuously), it
results in the mineral-laden bubbles collapsing before they are carried over the concentrate
weir which reduces recovery. An excessively stable froth (metastable froth) might entrain a
large number of gangue particles, which results in a poor grade of concentrate [45].

Several factors influence froth stability, including particle size and hydrophobicity [4]
quality of process water, gas dispersion characteristics, and particle contact angle [43].
The design of the froth zone has also been found to influence froth stability. For instance,
Moys [7] concluded that air recovery can be changed by reducing the distance travelled by
the froth before it enters the concentrate launder. If air recovery is taken to be an indicator
of froth stability, as alluded to by several researchers, e.g., Moys [7], Barbian et al. [46] and
Hadler and Cilliers, [47], then physical froth flow modifiers can change the stability of the
froth. Froth surface velocity and froth rise velocity which can be changed by a physical
froth flow modifier and can also be used as a measure of froth stability [48,49]. Other
indicators of froth stability are discussed in a review paper written by Farrokhpay [43].

2.2.2. Froth Mobility

According to Cutting et al. [24] and Farrokhpay [43], froth mobility describes the flow
streamlines that occur in the froth between the pulp–froth interface and the froth discharge.
It is linked to the distribution of froth residence time [24] and depends on the distance
that the froth must travel before recovery [14]. The mobility of the froth is influenced by
several factors, including froth stability, bubble loading [50], and froth rheology [43], etc.
Moolman et al. [51] used the concept of froth mobility and stability to classify froths. They
described an ideal froth as one that is not too runny nor too viscous. A runny froth is too
watery, has low mineralisation and is excessively mobile, while a sticky froth is highly
viscous with lower mobility than that of an ideal froth. A sticky froth contains large
elliptical bubbles with a high froth loading and is excessively stable [45].

Some of the challenges associated with froth mobility in large flotation cells are
generally dealt with by inserting an external implement [14], which is referred to here
as a froth flow modifier. These inserts can modulate froth residence time; therefore, the
presence of a froth flow modifier plays a significant role in altering froth mobility. For
instance, Bhondayi et al. [52] found that the presence of a baffle drastically changes the
streamlines followed by the bubbles as they rise from the pulp–froth interface to the surface
of the froth. The results of their simulations (using the 2D stream function equation) also
point to changes in the distribution of froth residence time [52]. Cole [17] also found that
froth crowders improve froth mobility by reducing the cross-sectional area available for the
froth. Cutting et al. [24] found that paddles assist in froth removal dynamics and therefore
change froth mobility.

2.3. Performance Measures in the Froth Zone
2.3.1. Froth Recovery

Typically, the performance of the froth zone is measured in terms of froth recovery.
Froth recovery is defined as the fraction of material that enters the froth, that survives
the cleaning action in the froth zone and is recovered as concentrate. Froth recovery is
known to account for froth-phase sub-processes [53] and is related to froth retention time
(FRT). FRT is a measure of the average froth residence time; it is calculated as the ratio of
froth volume to the concentrate volumetric flow rate. Gorain et al. [54] related FRT to froth
recovery (R f ), as shown by Equation (2). Equation (2) shows that froth recovery depends
on average froth residence time for given physical and chemical properties of the froth (β).
Zanin et al. [55] added the impact of froth stability into Equation (2) through the parameter
half-life time (t 1

2
), which is defined as the time needed for the froth to collapse to 50% of its

initial equilibrium. The resulting model for froth recovery is given by Equation (3).

R f = e−β.FRT (2)
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R f = e
−β( FRT

t 1
2
)

(3)

The model produced by Zanin et al. [55] shows the importance of both froth residence
time and froth stability in terms of froth recovery. Therefore, optimisation of froth recovery
using physical froth flow modifiers must necessarily target froth residence time (mobility)
and froth stability.

2.3.2. Froth Carry Rate and Lip Loading

The froth carry rate (FCR) is another measure of the performance of the froth zone [9,19,56].
FCR measures the mass of concentrate (dry) that is removed from the flotation cell, per
given area of froth per time (see Equation (4)). Lip length (LL) measures the amount of dry
concentrate solids that are recovered per given length (see Equation (5)). These froth zone
performance measures emphasise the importance of the available froth surface area and the
length of the concentrate launder, in addition to the parameters that affect froth recovery.
Consequently, changing the froth zone configuration in a manner that changes the froth
surface area and the concentrate launder lip changes FCR and LL, respectively [9,19,56].

FCR =
Solids (tonnes per hour) in product

Froth surface area (m2)
(4)

LL =
Solids (tonnes per hour) in product

Lip length (m)
(5)

Using Equations (4) and (5), flotation cell designers can determine the correct FCR
and LL, and therefore can optimise froth transport in the flotation cells at any stage. The
flotation cell’s froth surface area and LL must complement the particle size, froth stability
and concentration flow rate properties [56]. A high concentrate flow rate and steadily
flowing froth will need a large froth surface area and LL to control the high flows, which is
typically the case in rougher and cleaner cells [11]. Conversely, for low concentrate flow
and delicate froths, i.e., in scavenger cells, less froth surface area and LL are required, to
ensure that the froth makes it to the launder [11,57]. Once the FCR is considered acceptable,
the lip loading is then calculated and should be kept below 1.5 t/m/h for mechanical
flotation cells [9,56,57]. Different launder configurations will have different LLs.

Table 1 shows the general values for a whole bank of mechanical flotation cells in metal
sulfide operations with a feed of P80 > 80 microns, as suggested by [19,56–58]. Non-sulfide
minerals such as iron and coal have a much higher FCR rate, as observed by [19]. Thus, in
addition to influencing the froth phase sub-processes, physical froth flow modifiers can
also be used to alter FCR and LL in a flotation cell.

Table 1. FCR rates for a bank of mechanical flotation cells, which is used as a rule of thumb by
industry [19,56–58].

Duty Rougher Scavenger Cleaner

FCR (t/m2h) 0.8–1.5 0.3–0.8 1.0–2.0

3. Physical Froth Flow Modifiers
3.1. Defining Physical Froth Flow Modifiers

Physical froth flow modifiers are internal elements that provide a cost-effective way
to counteract the problems associated with froth mobility in large flotation cells [56]. Their
function is to improve froth recovery by facilitating froth transport. Moys [7] suggests that
the efficiency of the flotation process can be improved by controlling froth properties and
improving froth removal efficiency. For the purposes of this review, physical froth flow
modifiers include physical inserts as well as novel ways to increase the mobility or stability
of the froth and froth removal efficiency with minimum changes made to the pulp phase.
Several physical froth flow modifiers have been designed and tested and are currently



Minerals 2021, 11, 864 6 of 29

being used in the mining industry. Table 2 provides a summary of these modifiers and the
relevant associated research.

Table 2. Types of physical froth flow modifiers.

Type of Flow Modifier Literature and Scholars

Launders [9,11–16,56–58]
Froth discharge pedals [24,25,59–61]

Froth crowders [6,14,18–20,22,56,62]
Baffles [7,8,23,52]

3.2. Launders

Launders were first introduced into flotation cells by Hoover [12]. Launders are
physical inserts that are used to direct the froth formed in the flotation cell to a concentrate
weir [13]. They exist in the form of a channel into which the froth overflows [14] and is
directed to the concentrate weir. A launder can also be defined as an inclined drainage
channel that removes the froth from the cell lip [63]. Therefore, launders are found inter-
nally at the top of cylindrical flotation cells (Figure 2) or outside the overflow lip. Their
function is to gather and transport the froth out of the flotation cell in both cylindrical and
rectangular cells. The design of launders varies with cell size, type of flotation cell, and
intended duty [13,63].

Figure 2. Internal and peripheral launders [16].

Gorain et al. [64] states that, with internal launder configurations, particularly radial
launders, the launder fingers/spoons extend from the wall of the flotation cell towards the
centre of the cell. Internal periphery launders and external launders are found at the periph-
ery of the flotation cell and the froth is collected at the edges of the cell. Redden et al. [15]
reported that some flotation cells have vibrators connected to the internal launders to
prevent accretions from forming, which results in non-stop concentrate flow in the chamber.
A slope of about 10–15◦ is recommended for smooth transportation of froth and to prevent
blockages in the launders [64]. Adjustments can be made to the launders to suit froth
height and to ensure that the edges of all the launders are on the same level. Launders
can be retrofitted to existing operating cells without disrupting operations. Wash water
can be added on top of the launders to accelerate the froth flow, as it travels along the
internal launders to the outer launders [15]. Internal launders are of particular interest in
this discussion on physical froth flow modifiers because they influence FRT in three ways:

They reduce the distance the froth travels before collection.
Inserting them into the froth zone reduces the available froth volume.
The walls of launders can influence local froth phase sub-processes, such as bub-

ble coalescence and the direction and speed of flow of the froth in the vicinity of the
launder wall, just like with froth baffles [7]. The work done on vertical froth baffles by
Bhondayi et al. [52] provides an insight into the possible impact of internal launder walls
in the froth zone.
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External peripheral launders have a limited influence on froth recovery and FCR;
however, they do affect lip loading.

3.2.1. Types of Launders

With cylindrical cells, launders can be concentric and either internal or external,
depending on the capacity of the launder used for froth removal. Gorain et al. [64] re-
ported that in rectangular cells, launders are located on the opposite side, adjacent to the
feed/discharge boxes or both sides if required by the generated froth. Rectangular cells set
in series have launders on three sides.

Transverse launders are also used in rectangular cells, e.g., in OK-R and OK-U
types [11]. Coleman [9] states that there are different launder types, which complement
the processing demands of roughers, cleaners, and scavenging circuits, i.e., radial, donut,
transverse, hexagonal, and peripheral. It is the drive to increase the collection surface area
for froth removal in all stages of flotation that led to different launder configurations that
are classified as internal double launder, internal-peripheral, external-peripheral, double-
external, radial, hexagonal, central donut, and transverse launders depending on their
design and position in the flotation cell. In a bank of cells, each cell has a launder that
is specifically designed to suit the expected mass recovery. Additional launders can be
retrofitted to reduce the froth surface area and increase the FCR and/or to reduce the froth
transport distance (FTD), defined as the distance that a particle has to travel from the froth
surface area to the nearest launder lip [11,56,57]. Launder configurations have a strong
influence on the FTD [65].

Internal Launders

Internal launders are sub-classified into radial launders, donut launders, transverse
launders, and internal peripheral launders, depending on their orientation [9,11,19]. Froth
is collected in the internal launders and then discharged into the peripheral launders, as
indicated by the arrows in Figure 2. Unlike external peripheral launders, internal peripheral
launders are located on the inside of the flotation cell to increase the froth-collecting surface
area, while reducing the effective cell volume, which decreases the froth residence time and
FTD [19,56,57,65]. Internal launders are easily modified when the feed grade changes, to
change the froth collection rate. The design allows for repair, inspection, and modifications
if a launder is damaged. Internal double launders are used for high-grade ores when
recovery has to be done quickly and efficiently [11].

Radial Launders

Radial launders are another type of internal launder. Each launder finger/spoon
extends at least halfway from the wall of the flotation cell towards the centre, as shown
in Figure 2. Radial launders are equispaced to the circumference of the cell [13]. In cases
where more LL is needed to handle a high concentrate mass recovery, radial launders can
be added to internal or external periphery launders, as shown in Figure 2 [9,13–15,65].
Radial launders can be added to donut launder designs [9]. Yianatos and Diaz [66] reported
that radial launders decrease the horizontal transport distance of the froth, especially in
large flotation cells. Contreras et al. [67] observed that by shortening the average distance
from the froth crowder to the overflow launder, the recovery of valuable minerals (true
flotation) increases considerably compared to the recovery of water and fine gangue.

Central Donut Launders

Central donut launders are internal launders that can be retrofitted near the centre
of a flotation cell in existing flotation cells. They allow the froth to flow into both sides
of the launder (see Figure 3a). The froth on one side is shoved into the launder by the
froth crowder, while the froth on the other side is hard-pressed to the peripheral launder
by the inward-tapered walls at the top of the cell [9,65]. The central donut launder has
the least froth surface area of all the different types of launders, which leads to a radical
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reduction in the FTD, which maximises mass pull and recovery in the cell. Retrofit central
donut launders allow for robust and flexible adaptation to be made in response to feed
grade changes. Central launders are suitable for use in scavenger cells, where the froth is
delicate with a low concentrate flow and where less froth surface area and LL are required
to recover the froth [11].

Figure 3. (a) Donut launder [14]; (b) Transverse launder [11].

Transverse Launders

Transverse launders (Figure 3b) are double internal crossflow launders that discharge
froth into the peripheral launders or at the edges on the same side of the cell to allow for
easy froth handling if they are installed without periphery launders [68]. Installation of
transverse launders provides the advantage of reducing the FTD and thereby ensuring
effective froth removal. Transverse launders reduce froth residence time, which facilitates
improvement in the recovery of coarse particles and scavenger recovery [11,60]. A combi-
nation of transverse launders added to external peripheral or internal launders is shown
in Figure 3. This combination increases LL, and it is sometimes referred to as a double
external launder or a double internal launder. Both donut and transverse launders divide
the froth layer into segments that tend to pull unevenly, which triggers uneven loading of
the launders [11]. Additional internal support structures are needed for the installation of
both types of launders, which is a disadvantage of transverse and donut launders that was
noted by Heath and Runge [11].

External Peripheral Launder

This is a single unit/launder located outside of the flotation cell, as shown in Figure 4.
It results in the froth at the centre of the flotation cell having to travel a longer distance
to reach the weir [9]. Froth is pushed outwards by a crowder into the launders, which
has certain advantages, i.e., it provides the froth with a greater surface area and it does
not consume flotation cell volume. It is used in smaller diameter flotation cells, which
are typically less than 100 m3 [9]. This launder configuration is easy to design and install
and is used extensively in ultrafine and high mass pull applications [9]. Other common
applications include a high concentrate flow rate and stable flowing froths, which needs
more froth surface area and LL to handle the high flows [11].

The external peripheral launder provides more LL because it does not decrease the
effective flotation cell volume compared to internal peripheral launders and all the other
types of launders. External launders increase the FTD, which increases the probability of
stagnant zones and the chance of lower recovery, as documented by [3,16,69]. Experimental
and numerical results obtained by Brito-Parada and Cilliers [63] show that a low liquid
overflow rate and a low air recovery rate are associated with launder configurations where
stagnant zones occur. External launders require that a bank of cells be spaced widely apart,
which increases the overall footprint of the flotation circuit.
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Figure 4. External launders [70].

When additional LL is required, an external launder is combined with an additional
internal launder (radial, transverse, or central donut) to deliver what is known as an
external double launder system—see Figures 2 and 3. The external double launder system
is widely applied in ultrafine and high mass pull flotation circuits [9].

Peripheral Internal Launder

This a single circumferential launder located at the edges and inside of a flotation
cell (See Figure 5). Internal peripheral launders provide a larger LL in cases where higher
recovery is required [9,11]. They are widely used in cleaning stages where a large fraction
of the feed material is recovered as concentrate. Peripheral internal launder occupies the
cell volume and therefore reduces the effective flotation cell froth volume. This leads to
a uniform froth transport velocity and an overall reduction in froth residence time [71].
The internal peripheral launder systems are cheap and easy to install, as they require no
additional structural supports.

Figure 5. Internal peripheral launder [71].

Hexagonal Launders

With this type of launder, hexagonal-shaped overflow froth launders are mounted at
the edge of the cell to optimise froth collection [72] as shown in Figure 6. Lawrence [72]
patented this type of launder to collect froth in cylindrical flotation cells. Hexagonal
launders allow for a unique beehive nesting arrangement of launders in rows of cells, as
shown in Figure 7. This is a peripheral launder that has the advantage of optimising cell
volume and delivering more LL. The hexagonal design allows for an arrangement of rows
of cells in a bank in a honeycomb fashion which reduces flotation circuit footprint.

Figure 6. Hexagonal launder [72].
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Figure 7. Honeycomb arrangement for a bank of cells [72].

3.2.2. Launders in a Bank of Cells

A bank of flotation cells cannot have all the cells operating with the same froth
surface area [11]. For instance, a bank of six cells can have the first two cells recovering
70–80% of recoverable particles in the feed (i.e., high mass loading), with the last four cells
characterised by low concentrate mass loading that recovers 20–30% of the concentrate [11].
Therefore: the first two cells require a larger froth surface area with more LL, typically
external launders. The last four cells, which recover low mass, require less LL, which is a
typical donut launder requirement [11]. Therefore, a custom-made approach to flotation
cell launder design is necessary to meet the duties observed/anticipated for each flotation
cell within the bank. A change in feed ore conditions, e.g., if the new ore grade is lower
than at the initial circuit design stage, it can result in low FCR in the bank of cells, which
yields poor performance. The solution is to retrofit additional launders to reduce the froth
surface area and increase the FCR [19].

3.2.3. Impact on Flotation Performance

The function of a physical froth flow modifier is to improve the performance of the
froth zone, which is measured in terms of froth recovery and/or FCR. As discussed, froth
recovery is a function of the average FRT and froth stability (See Equation (2)). Therefore, an
assessment of the impact of launders on flotation performance must include the impact on
froth retention. While short retention times improve recovery, the antagonistic relationship
between recovery and grade must be considered. An average froth residence time that is too
short impacts the grade negatively, and therefore the selectivity of the flotation process. In
the same vein, a long average residence time reduces froth recovery, while a retention time
that is too long leads to so-called stagnant or dead zones forming. Dead zones have a zero
probability of contributing to concentrate flow [69]. Internal launders can help to eliminate
dead zones by reducing the distance that froth has to travel to a concentrate launder [3]. In
large cells, the froth travel distance before removal is high. As froth builds up, too many
solids accumulate, which increases the weight and causes immobility; consequently, the
carrying capacity of the froth is exceeded, which leads to froth collapsing and particles
dropping back into the pulp. Launders were introduced to enhance froth transportation
and recovery in large flotation cells by reducing the FTD [13,14]. Inserting concentrate
launders on both sides of a rectangular cell eliminates the build-up of dead froth volumes
at the back of the cell [7].

Froth removal using launders mounted in the froth (as is the case with Maxwell cells)
eliminates dead froth volume; therefore, the overflow LL per unit surface area of froth
increases, and the froth has to travel a shorter distance before it enters the concentrate
launder. This allows the use of a lower gas rate per unit of pulp volume, with improved
agitation of the pulp at a lower impeller speed and lower power requirements [7].
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3.3. Launder Summary and Discussion

Table 3 shows the pros and cons of the different types of launders. The main aim of
inserting launders into the froth zone is to improve the collection of froth before bubbles
burst and particles drop back into the pulp phase. Internal launders modify the flow
of froth by reducing FRT, which improves flotation recovery. External launders do not
modulate the flow of froth. Froth that is immobile and breaks easily can be recovered
with the use of internal launders. Modulation of the flow of froth by internal launders
is typically observed in the change in distance that a bubble travels before it is collected.
However, as stated previously, the same distance or time has an impact on the froth phase
sub-processes, such as bubble coalescence, froth drainage and particle detachment and
attachment. In the absence of internal inserts, the extent of the froth phase sub-process is
controlled by changing the froth depth and gas rate. This then dictates the time available
for bubbles to coalesce and burst, which adds water to the plateau borders [1]. This affects
the type, composition, and concentration of particles in the bubble lamella and is reflected
in the grade and recovery. It is thus conceivable that the presence of internal launders
affects the grade of the particles that are finally recovered to the concentrate, and also the
local drainage rate, bubble burst rate, coalescence rate and froth mobility. The work done
by [52] on froth baffles demonstrated that the presence of a vertical froth baffle changes the
local flow patterns and velocity distribution within the froth zone. Therefore, it is possible
that internal launder walls affect froth dynamics and therefore particle composition and
concentration. The central donut launders configuration resembles an inclined baffle, as
presented by [8]. However, no additional studies have been done to report variations in
concentrate grade between the inner and outer chamber or any variation in bubble size.
This is something that needs to be tested, as the authors have not discovered any such
work. However, it is recognised that the presence of transverse launders improves the
recovery of coarse particles. This is because the time that the coarse particles spend in the
froth is limited before they are quickly recovered into the launders [60].

Table 3. Advantages and disadvantages of various launder designs.

Launder Type Advantages Disadvantages

Radial launders (Internal)

• Increase lip loading by providing more
froth collecting surface area hence
increasing froth collecting rate [18,67].

• They can be retrofitted onto other types of
existing launders to give a network of
launders [18].

• Increases froth recovery by decreasing froth
transport distance [66,67].

• launder capacity can be increased by
adding more radial launder
fingers [13–15,65].

• Consumes flotation cell volume [9,27].
• Difficult to install as they require

additional support [11].

Transverse launders
(Internal)

• Allow for easy handling of froth [68].
• Improves recovery of coarse particles as

well as scavenger cell recoveries [11,59].

• Requires additional support structures
for installation [11].

• Divides the froth layer into segments
triggering uneven loading of
launders [11].
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Table 3. Cont.

Launder Type Advantages Disadvantages

Hexagonal launders
(External)

• Allow optimisation of maximum froth
surface area/cell volume [72].

• Higher LL [72].
• Less footprint as rows of cells can be

arranged in a honeycomb fashion [72].

• Longer FTD, which restricts recovery.
• Does not modify the flow of froth

within the froth zone.

Internal peripheral launders
(Internal)

• Reduces FTD and residence time [9,11].
• Provide larger LL in high concentrate

recovery flotation cells, e.g., cleaners [9,11].
• Cheapest and easiest to install as no

additional support is needed [11].

• Occupies the cell volume, therefore,
reducing the froth surface area [11].

Central donut
(Internal)

• Gives optimum froth collecting surface area
on both sides [9,65].

• Reduces FTD and residence time [11].

• Divides the froth into different
segments leading to uneven pulling and
loading in launders [11].

• Requires additional support structures
to install [11].

External peripheral launders
(External)

• Provides the greatest froth surface area [11].
• Easy to design and install [9].
• Does not consume cell volume, therefore,

allows for the highest effective volume for
flotation [9].

• Results in more footprint of the
bank [9].

• Does not provide froth flow
modifications when compared to
internal launders [9].

Short froth residence time is also known to have an impact on water recovery [73],
and water recovery is related to entrainment recovery. Savassi et al. [73] proposed a power
function of the froth residence time (Equation (6)) to model the water recovery. Therefore,
any changes in FRT change water recovery and must be reflected in the grade of concentrate,
especially in the presence of internal launders. The authors were unsuccessful in obtaining
data from open literature that corroborates such a hypothesis. It appears that most of this
data is owned by equipment manufacturers and is not available in the open literature.

RW = c.τd
f (6)

where: c and d are empirically fitted parameters;
(

τf

)
is froth residence time.

4. Froth Paddles or Scrapers

Paddles or scrapers are a mechanical means used to accomplish quick overflow
of froth into the concentrate launder to ensure a high froth recovery in small flotation
cells [24,59,74]. Depending on the desired froth depth, the froth scrapers are designed to
only remove the froth above and a few centimetres below the flotation cell launder lip to
decrease any disturbance to the underlying froth structure [25]. Froth scraping (Figure 8)
is repeated periodically to ensure that the mineral values are quickly recovered into the
concentrate weir before the bubbles burst and lose attached particles. Immobile and brittle
froth requires further assistance for the minerals of value to reach the concentrate weir.
Therefore, an insert within the froth phase that modifies the mobility and pace of froth
removal improves flotation performance, especially recovery. Froth paddles enhance quick
removal of (i) slow-moving and brittle froth; (ii) fast forming froth; and (iii) froth that is
viscous and does not flow easily [59]. For instance, in coal flotation, 75% to 85% of the
feed is recovered as a concentrate and must be removed as quickly as possible before it
collapses [59]. Froth paddles are essential under these conditions.
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Figure 8. Mechanical paddles [24].

Froth paddles first emerged with a design composing of a flat-shaped plate attached
to a horizontal shaft parallel to the flotation cell lip to assist with froth removal [75]. The
paddle shaft is driven at reduced speeds at the edge of the cell. In circular flotation cells,
a froth scraper or full surface paddle is attached to the impeller, but it rotates slowly at a
continuous radial velocity [60,74]. In laboratory flotation exercises, froth scraping is done
manually or by employing automatic pedals. The typical scraping rate is one scrape every
10–15 s. Increasing the scraping rate increases the mass or yield of the concentrate [76]. In
industry, high concentrate mass pulls are common in coal flotation and in rougher and
cleaner stages, which requires the use of mechanically driven paddles to skim the froth off
periodically and to maximise the yield [24,59].

4.1. Impact of Froth Paddles on Flotation Performance
4.1.1. Impact on Grade

As the paddles rotate, they increase froth mobility, shear takes place as the froth
becomes mobile, which induces froth drainage [7,24]. This shear-induced drainage in the
vicinity of the paddles was observed by [24] and it impacts the composition of the particles
that are recovered to the concentrate, and hence the grade of the concentrate. Cutting
et al. [24] indicated that fine particles are predominant in the vicinity of the paddles because
the coarse particles are suspectable to drainage. This suggests that particles may also drop
based on other particle properties such as hydrophobicity, degree of particle liberation
and density.

The importance of good froth drainage includes grade enhancement, as loosely held or
gangue particles drain [7,77]. However, excessive drainage leads to froth instability (bubble
breakage) and the development of rafts that sink and subsequently sweep all particles
back into the pulp. Well-drained froths flow poorly, which increases the loss of recovery
significantly [7]. Therefore, any removal of well-drained froths should target scraping of
only the higher layers of the froth, to minimise loss due to froth breakage [7,24]. Froth
paddles also control the residence time of the froth, which is in the scraping zone and
subsequently lower the probability of bubble coalescence and particles dropping back [60].
The froth in this region is therefore poorly drained, which lowers the overall grade of the
concentrate [7,77]. As reported by Abu-Hamatteh [78], froth paddles operated properly
can enhance recovery by 1–2% for fatty acid flotation on phosphate ores. If the paddles are
set too deep there is a tendency to dig into the pulp zone and scrape unwanted minerals
into the froth lowering the overall grade.

4.1.2. Impact on Particle Recovery

In rectangular cells, the action of the paddles induces agitation and mixing in the froth
zone near the concentrate weir. This results in large particles being knocked off frequently,
due to their large mass and momentum, and this reduces the efficiency of the process
of recovering large particles in this zone [24]. The froth scraper rate (FR) is defined as
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the rate at which the flotation cell scraper revolves and sweeps the froth over the lip of
the flotation cell into the collecting launder. A rate that is too high will lead to splashing
and froth breakage, while a slower rate will fail to recover enough particles in a given
period [24]. The froth removal rate can be a limiting factor on froth recovery, particularly
in the cleaner stages and with coal flotation [79]. Deep-set paddles also tend to block a
free-flowing froth and slow down its travel to the lip of the cell, lowering the froth removal
efficiency and recovery [78]. In the laboratory, fast scraping rates result in high water and
entrainment recovery [80]. However, a standard 10–15 s laboratory scraping rate produces
froth recovery and entrainment recovery approximately equal to that of industrial rougher
flotation cells, which, therefore, provides a reliable scale-up method [81,82].

4.2. Types of Froth Paddles

Froth paddles are used in flotation plants that utilise rectangular cells during roughing
and cleaning stages]. The paddles are located at the front of the cell, where the froth
is skimmed off into a concentrate weir for recovery. Flat paddles are generally used in
these flotation cells; however, some researchers [59] used helical blades and provided a
comparison of the results seen when using the two types. Circular flotation cells use full
surface scrapers to skim the froth off into internal launders [60,74,83].

4.2.1. Flat Paddles

Flat paddles are rectangular (Figure 9) and are widely used at the periphery of rect-
angular cells [7,20,24,59]. Studies done by [59] established that, at high speeds of rotation,
flat paddles result in violent splashing and therefore loss of fast forming froth, which
subsequently leads to froth breakage and loss of recovery. This was also supported by [24]
when they reported that excessing paddle action results in the mixing of the froth in that
zone. However, at slower rotating speeds, the action of the flat paddle is uneven, and the
slapping of the froth results in breakage and reduction in recovery. During trials done
by [59], flat paddles performed poorly compared to helical paddles.

Figure 9. Froth paddles [61].

4.2.2. Helical Paddle Blades

The blades are helical in shape, i.e., two blades are attached to opposite sides of the
shaft and resemble a double thread screw with a very steep pitch (See Figure 10). The
blades were patented by [59] for application in froth skimming. Helical blades slowly cut
into the froth bed and continuously push the froth over the concentrate weir for discharge.
Helical blades can be rotated at twice the speed of flat paddles without causing splashing.
The skimming action is much smoother, which leads to minimum froth destruction and
loss in recovery in comparison to flat paddle blades. Twice as much froth is removed by
helical blades compared to flat paddles when operated at the same speed. It was also
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established by [59] that a helical blade removes three times as much froth as a flat paddle
when operated at a maximum rotating speed and using the same discharge area. In coal
flotation, the concentrate reaches 75–85% of the feed in a short flotation time; therefore,
helical blades will deliver almost double the froth discharge capacity [59].

Figure 10. Helical paddle blades [59].

4.2.3. Full Surface Scraper

The full surface scraper was designed to handle coarser feed at the roughing stage
in circular flotation cells of up to 3 m3 [73]. This scraper comprises a spiral skimmer
attached to the central impeller that rotates at a constant reduced radial speed (Figure 11).
A different design that utilises flexible fingers instead of rigid blades to dig the froth and
lift the concentrate over into transverse launders in circular flotation cells was reported
by [83]. These are suitable for reducing losses caused by rigid blades. Another design for a
full surface scraper was patented by [60]. It utilises centrifugal force as it rotates on top of
the froth, with its edges cutting into the froth and sweeping it into froth launders for quick
recovery. Circular flotation cells are large and therefore using a full surface scraper allows
the less active zones that are at high risk of froth breakdown and slow flotation kinetics to
be skimmed off. The skimming action allows for similar kinetic particles to be captured
at the same time in a flotation cell. Lloyd et al. [74] established that with a 3 m3 cell, peak
performance was attained in the range 5–10 rev/min, which was equal to 0.4–0.8 m/s at
the tip of the spiral when the pedals are rotating. When operated at higher speeds, the
froth breaks down, resulting in particle loss in the froth. Full surface scrapers allow for
easy adjustment of the rate of froth removal into the launders, while launder configuration
can be used to maximise froth recovery and grade [60,84].

Figure 11. Cross-section of a circular flotation cell showing a full surface froth scraper [74].

4.3. Summary of Froth Paddles

Froths that are slow-moving and brittle, froths that form fast in large quantities,
and froths that are very viscous but do not flow easily, require assistance for them to
be removed from the froth zone quickly. Paddles reduce the froth residence time of the
concentrate particles in the discharge area, which reduces the risk of loss during recovery.
Different paddle shapes have been developed, and flat paddles are the most popular for
mechanical froth discharge in rectangular cells. However, some researchers suggest the use
of helical paddle blades for optimum froth recovery, instead of flat paddles, although their
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application has not been reported and no further research has been done on these types of
froth removal paddles.

Froth paddles also impact the froth phase sub-processes. The action of the paddles
has been reported to induce froth drainage, which is vital in improving the grade of the
concentrate. However, excessive froth drainage will result in raft creations in the highly
mineralised froth. These rafts become heavy and sink to the pulp while sweeping away
mineral particles along the way and impact the efficiency of the flotation process negatively.
Besides drainage, paddles are also known to influence selectivity, bubble coalescence and
break up in the froth [24]. Cutting et al. [24] noticed a marked difference in the size of the
particles around the paddle and the particles in the rest of the froth, i.e., a high concentration
of fine particles was observed around the paddle. They explained that the larger particles
were susceptible to paddle-induced drainage because of their superior weight [24]. What
is not clear from this work is whether the paddles can also induce selectivity based on
floatability or some other particle property. The accelerated rate of bubble coalescence and
breakage must also induce oscillation within the froth and the impact of this may be of
interest to researchers.

The use of paddles has dwindled lately, mainly because of the new flotation cell top
designs. These new designs include froth crowders that accelerate the froth and promote
free-flowing froth and discharge into internal launders within the froth zone or to launders
at the periphery of the flotation cell. Research on further advancements around the use of
froth paddles is scarce.

5. Froth Crowders

During the operation of sub-aeration-type flotation machines, Morash [20] noted that
certain ores over-flocculated and required excessive quantities of frothing reagent to main-
tain the standard recovery level. Crowders were introduced to accelerate froth discharge
velocity, which increased the transportation capacity of fragile froths. This decreased the
quantity of frothing reagent required [6,22,85]. A crowder is a three-dimensional structure
that has an upper boundary, a lower boundary, and an extending continuous contact
surface between the upper and lower boundary. The extending continuous contact surface
slopes downwards and inwards at a selected angle from the upper boundary to the lower
boundary edge [18]. Industrial froth crowders are used to improve the froth removal
dynamics in flotation cells. The crowder may be a truncated conical shape, a trapezoidal
shape, a multi-layered conical shape (e.g., pentagonal, hexagonal, octagonal), or any other
appropriate shape [18]. (See Table 4).

Table 4. Types of crowders used in industry.

Type of Cell Type of Crowder Advantages Disadvantages

Rectangular cell Crowder at the back of
the cell [20]

• Improved froth removal dynamics
[20,22,62].

• Elimination of the dead zone at
the back of the cell [35].

• Crowding is fixed and cannot
be adjusted.

Cylindrical cell Booster cone [19]

• Improves froth removal dynamics.
• Can be adjusted up or down to

increase or decrease the FCR
when feed grade varies [19].

• Applicable at any stage
of flotation.

• Requires an additional
mechanical lifting mechanism to
adjust its depth [19].
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Table 4. Cont.

Type of Cell Type of Crowder Advantages Disadvantages

Cylindrical cell Freely rotating cone [20]

• Froth crowding and froth
skimming into the launders at the
same time [20].

• Cheap to install, with no need for
complex rotor designs [20].

• Requires frequent cleaning if the
froth sticks onto the fins [20].

Cylindrical cell Built-in crowders [20] • Improved froth removal dynamics.

• Crowder is built into the rotor
system, which complicates rotor
designs [85].

• Fixed froth crowding poses a
challenge when feed grade
changes after varying the FCR,
which ultimately affects the
flotation performance [19].

Cylindrical cell Adjustable radial froth
crowders [85].

• Improved froth removal dynamics
in flotation cells with fixed central
crowding when deep froth is
employed [86].

• Higher grade and higher recovery.

• Highly automated, which can be
expensive at initial installation [85].

A crowder can be attached at the back of a rectangular cell (See Figure 12) to force
the froth to move towards the concentrate weir, which reduces the froth volume [7]. Froth
crowders are put in a flotation cell above and below the overflow launder to provide a
sloped surface that guides and accelerates the froth towards the overflow launder [18].
In cylindrical cells, a crowder is located within the flotation cell/rotor assembly (see
Figures 13–15) to foster the movement of the froth out of the flotation cell, rather than
to allow it to develop a dense froth bed with extended froth residency [18]. As froth is
produced within the flotation cell, the froth comes into contact with the crowder and is
moved up and outwards towards the launder/overflow weir for removal (Figure 15). The
speed at which the froth travels toward the launder and drops over the overflow lip is
affected by the angle of the sloped surface of the crowder [84]. Crowders can be used at
any stage in flotation, i.e., in the rougher, scavenger, or cleaner stages [18].

Figure 12. Froth crowder in a rectangular cell [22].
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Figure 13. Truncated conical-shaped crowder [19].

Figure 14. Froth crowder in a WEMCO® SmartCell® cylindrical flotation cell [85].

Figure 15. Cut and top view of the transport path in the froth of a large flotation cell [16].

5.1. Types of Froth Crowders

Table 4 summarises the type of crowders, the type of flotation cells that the crowder is
best suited to and the advantages and disadvantages of each crowder.

5.1.1. Crowders in Rectangular and Square Flotation Cells

In rectangular and square flotation cells, crowders can be attached at the back of the
flotation cell or the flotation cell backside can be tapered inwards at the top to form a froth
crowder (see Figure 12). This directs and accelerates the movement of the froth from the
back of the flotation cell to the concentrate overflow weir [20,22,69]. Industrial rectangular
flotation cells have a capacity of up to 3 m3 and rely on the use of a froth crowder at the
back to push the froth towards the opposite side and so expedite the froth overflow [64,70].
U-shape and square cells have a capacity of up to 45 m3 and discharge froth from both
sides. This design allows for the froth to overflow freely from both sides (back and front)
when they are operated as a row of cells [64]. Most laboratory flotation cells have a froth
deflector block at the back of the cell that is inclined at 45◦ and directs the froth towards the
froth discharge side. This deflector block ensures that the back of the cell is active and that
the froth drop-back is eliminated. Froth drop-back is prevalent in flotation cells without a
deflector block at the back [62].
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Crowders in Cylindrical Flotation Cells

Three types of crowders are used in cylindrical flotation cells to manipulate the froth
surface area and activate the benefits of froth crowding at any stage of flotation. The
crowding can be done centrally if the crowder is positioned in the centre of the flotation
cell; perimeter crowding can be achieved if the crowder is situated on the flotation cell
periphery [19].

Truncated Cone-Shaped or Booster Cone

This type of crowder falls in the category of central crowding. In flotation cells that
are agitated at the bottom, a booster cone crowder is attached to the flotation cell edges to
ensure the crowder is positioned centrally in the froth. (See Figure 13). The booster cone
can be adjusted up or down to increase or decrease the amount of crowding to suit changes
within the froth and adjust the FCR [19]. Previously freely rotatable cones/crowders were
mounted centrally in the flotation cell and had skimming blades at the periphery, which
immediately skimmed the froth off into the launders [20].

Built-In Crowders

This type of central crowder is commonly used in self-aerated cylindrical flotation cells.
The crowder is incorporated in the flotation cell, as shown in Figure 14, and its function
which is to push the froth outwards towards the launder/overflow weir for removal is
illustrated in Figure 15. It is built into the rotor assembly. This type of crowder provides
a fixed crowding and is predetermined during the flotation cell design phase using FCR
guidelines. This might cause froth crowding that is too high or too low, which leads to
challenges, especially when there is a change in feed grade which alters the FCR [19].

Radial Froth Crowders

FLSmidth [85] saw the need for additional perimeter froth crowding in large flotation
cells and developed adjustable radial froth crowders for a flotation cell with built-in froth
crowding. Heath [19] explained that when the prevailing feed grade is lower than what was
used when the plant was initially constructed, there is low mass recovery and low FCR in
scavengers; therefore, radial froth crowders are retrofitted to the flotation cells to promote
faster froth removal and to allow for operating with deeper froth in rougher-scavenger
configurations when using large flotation cells (See Figure 16). Radial froth crowders
reduce the top-of-froth surface area and increase froth movement to the nearest radial
launder [86]. This also lowers reagent consumption and flotation costs. Another benefit is
improved froth stability, which leads to improved recovery [85].

Figure 16. Cut and top section of radial froth crowders [85].
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5.2. Impact of Froth Crowders on Flotation Performance

Froth crowders play an important role in flotation performance by (i) improving froth
mobility by reducing FRT in the cell; (ii) reducing the air required to produce the froth and
improve air utilization [6,18]. Degner [18] confirmed that operating a flotation cell with
a crowder will result in reduced rotor speed, which reduces the air required to produce
froth. This also reduces the energy required to power the rotor. Flotation cells that do
not have a crowder experience surface eddies in the froth and this increases the froth
residence time [18]. A reduction in FRT is known to increase froth recovery and water
recovery, and therefore the overall flotation recovery increases. An increase in recovery has
a negative impact on flotation grade and therefore a reduction of FRT is accompanied by
a reduction in the grade of the concentrate. As with paddles, crowders impact the local
sub-processes (bubble coalescence, froth drainage, etc.) within their vicinity; therefore, it
is expected that they will impact the composition of the particles that eventually report
to the concentrate. However, the authors have not been able to obtain data from open
literature that deals with the impact of froth crowders on froth drainage, particle size,
and composition. Studies done by [6] provide an insight into the impact of crowders
and crowder designs on flotation performance, with the evaluations being done using the
concept of air recovery, as defined by [7].

Cole et al. [6] performed experiments to determine the impact of crowders (rectangular
and triangular) on flotation using numerical models that predict the flow patterns and
velocity distribution in the foam. Different crowders were positioned in the foam zone
to alter the flow patterns to match the patterns seen in industrial crowders. High-speed
videos of the flowing foam in the presence of a crowder were obtained and analysed using
imaging software. Image sequencing using MATLAB allowed for the calculation of the
velocity of the bubbles, which were plotted as streamlines (See Figures 17 and 18). A
comparison of the average bubble velocity distribution and flow streamlines for a given
superficial gas velocity showed an increase in foam velocity in the presence of a crowder [6].
The triangular insert shown in Figure 18 has an apex angle of 54◦ and a width and depth
of 6 cm; it led to an increase in air recovery to 69% from 29% which was observed when
there was no insert. This effect is approximately twice the effect observed when using the
Triangle 1 insert, with an apex angle of 90◦, width 6 cm and a depth of 5 cm, although
the inserts had the same wetted perimeters [6]. According to Cole et al. [6], among the
rectangular inserts, the 8 cm (with) × 12.5 cm (depth) insert resulted in the highest air
recovery of 68%. However, because the base of the rectangular insert is flat, it acted as an
area of high coalescence. In contrast, a triangular insert with an apex angle of 54◦ improved
air recovery by a factor of 2 while lowering the degree of coalescence. This is the reason
why industrial launders typically have a triangular cross-section, because of its beneficial
crowding effect [6].

Studies done by Cole et al. [6] on froth crowder types showed that bubble streamlines
are compressed between the weir and the crowder due to reduced foam volume. This may
accelerate the movement of the bubbles and squeeze them together, thus increasing the
probability of coalescence. The impact of this squeezing on the selectivity of the froth has
not been tested, as far as the authors can ascertain; however, Ata et al. [87] suggest that
weakly-hydrophobic particles and large particles are easily knocked from the froth. They
also find difficulty in competing for space on the surface of the bubbles after coalescence,
which induces selectivity in the froth.

Effect of Crowders on Froth Carry Rate

The degree of froth crowding determines the amount of material that the froth can
carry to the launder lip per given time, i.e., the FCR. A low froth surface area implies a
high degree of froth crowding, which can lead to excessive material being transported by
the froth, i.e., a high FCR. A high FCR may result in froth collapse because the amount
of material rising to the top of the froth exceeds the weight that the froth structure can
support [19]. Conversely, designing a flotation cell with a high froth surface area (a low
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degree of froth crowding) can lead to insufficient material being present to stabilise the
froth, and poor transportation of the concentrate to the launder lip [19]. When correctly
applied in a flotation cell, a froth crowder can ensure the correct FCR and improve grade
and recovery at a reduced mass pull.

Figure 17. Bubble streamlines from a rectangular crowder [6].

Figure 18. Bubble streamlines from an inverted triangular-shaped crowder [6].

5.3. Summary on Froth Crowding

Froth crowding is an important method of enhancing flotation froth recovery. Trans-
porting the particles to the concentrate launders can significantly impact froth recovery;
therefore, the concept of FCR optimisation is integral to froth recovery optimisation. Indus-
try, and especially flotation cell producers, have realised this aspect and the development
of froth crowding techniques have improved tremendously since the first patent on froth
crowding in 1945. This development has been led by flotation cell producers such as Agitair,
WEMCO SmartCell, Outokumpu TankCell, FLSmidth, Metso (RCS) and Outotec. However,
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what seems to be lagging is academic research and a standard text on froth crowding and
the determination of crowding requirements. This leads to a limited understanding of the
impact of froth crowding on the underlying sub-processes that govern froth performance.
Fundamental studies done by Cole et al. [6] and Bhondayi [8] suggest squeezing of bubble
streamlines, which may lead to bubble coalescence. However, there is scant flotation data
which reflect the effect of accelerated coalescence on the composition and characteristics of
particles (size and liberation) that are eventually recovered to the concentrate. Understand-
ing the impact of froth crowding on flotation froth phase sub-processes is vital, especially
with the increase in flotation cell size and the addition of radial froth crowders.

6. Froth Baffles

After performing some simulations, Moys [7] stated that to increase flotation perfor-
mance, froth removal efficiency must be maximised, because it allows the utilisation of the
whole froth zone, which in turn promotes optimum drainage of the froth. In flotation cells,
two distinct zones are known to reduce efficient utilisation of the whole froth zone, viz., the
area at the back of the flotation cell and the area close to the concentrate launder. The back
of the flotation cell, or the region at the centre in large circular flotation cells, is typically
regarded as a ‘dead zone’ that does not contribute to concentrate flow [3,7,31]. Generally,
the dead zone will have a negative impact on flotation recovery and froth crowders; in-
ternal launders and paddles are incorporated to deal with this. The region close to the
concentrate launder is known to impact recovery positively but compromises the grade of
the concentrate due to entrainment. Moys [7] showed that bubbles entering the froth phase
near the concentrate weir had a very short residence time in the froth. This is because the
entrained liquid and particles have little time to drain back to the pulp. To maximise the
utilisation of the froth zone and to ensure all froth elements have the same residence time,
Moys [7] suggested inserting baffles into the froth (See Figure 19a). These baffles or flow
modifiers ensure that bubbles entering the froth near the concentrate weir are diverted
from the concentrate weir and are retained in the froth for a longer time. Therefore, resi-
dence time in the froth is increased locally to enhance secondary concentration in the froth
phase [7,8]. Bhondayi [8] built on the work of Moys [7] by inserting the baffles at various
angles, as shown in Figure 19b.

Figure 19. Cont.
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Figure 19. Physical froth flow modifiers: (a) Moys [7]; (b) variants, by Bhondayi [8].

The use of horizontal baffles has been reported [23,88,89]; however, they are typically
used to control the flow of the pulp phase and to reduce bulk mixing, with the results
showing an improvement in froth performance. Kawatra et al. [88] observed a significant
increase in concentrate grade and a reduction in churn in the presence of retrofitted
horizontal baffles. Norori [89] reported a decrease in pulp–froth turbulence caused by the
action of the impellor. Turbulence at the pulp–froth interface increases the probability of
mixing of the pulp and the froth, which reduces the grade of the final concentrate [23].

6.1. Impact of Froth Baffles on Flotation Performance

The impact of the froth baffle is two-fold: (i) activating the dead zone; (ii) increasing
the residence time of the bubbles that rise into the froth near the concentrate weir. These
changes will manifest as changes in grade and cause a noticeable increase in recovery.

(i) Activating the ‘dead zone’ so that it contributes to recovery.
Using the 2D stream function equation (Equation (1)), Bhondayi et al. [52] investigated

the impact of a froth baffle and its inclination angle on the velocity distribution profile inside
the froth zone. The variation in the velocity of the froth was calculated and represented
using vector plots (arrows) and velocity density plots (colour) (See Figure 20). The authors
observed that the introduction of a froth baffle changes the velocity distribution of the
froth drastically, especially at the back of the froth zone, where velocity measurements
were typically less than 1 cm/s without baffles (represented by region C in Figure 20) and
above 2 cm/s when froth baffles were introduced. This means that inserting a froth baffle
activates the back part of the froth zone.

(ii) Increasing the residence time of bubbles that enter the froth phase close to the
concentrate weir to reduce entrainment.

The results obtained from simulations of the 2D stream function (Equation (1)) shows
changes in average froth residence time and residence time distribution (see Figure 21).
Figure 21 shows that increasing the angle of inclination of the baffle increases the residence
time of bubbles close to the concentrate weir and reduces the residence time of bubbles
close to the back of the flotation cell.



Minerals 2021, 11, 864 24 of 29

Figure 20. Froth zone velocity distribution: (a) no baffle in the froth; (b) 90◦ baffle in the froth (c) 67◦ baffle in the froth;
(d) 45◦ in the baffle; A, B, and C represent critical regions in the froth zone [8].

6.1.1. Impact on Froth Performance

The changes in froth zone bubble velocity distribution and froth residence time have
an impact on flotation performance. Bhondayi et al. [52] results from pseudo-steady state
experiments using limestone corroborated the changes in the froth zone with changes in
flotation performance. Moys [7] performed a series of experiments using base metal sul-
phide ore and cinder from a gasifier. The results obtained when using the bulk sulphide ore
showed a significant shift in the grade recovery curve away from the origin for sphalerite
and chalcopyrite, while it shifted towards the origin for gangue minerals. The results of
the cinder experiments show that at high froth stability, the impact of the froth modifier
seems to diminish. Moys [7] concluded that the use of a froth modifier tends to decrease
the slope of the grade-recovery curve and results in low recovery and a low concentrate
grade and high recovery at a high concentrated grade. These results are contrary to the
findings of Bhondayi et al. [52], who observed an increase in grade with a decrease in
recovery. Bhondayi et al. [52] experiments were performed using an artificial ore with
limestone as a floatable component and silica as the gangue mineral. Bhondayi et al. [52]
noted that the use of a froth crowder in conjunction with a baffle in their experiments
may have influenced the results and this can be a possible explanation for the difference
between their results and Moys [7] results.

Disadvantages of Froth Baffles

While the use of froth baffles in laboratory experiments have shown promise in terms
of improving the performance of the froth, and especially the grade, froth baffles have never
been tested in industrial scale flotation cells. Secondly, both Moys [7] and Bhondayi [8]
suggested that froth baffles may encourage bubble coalescence in the froth zone; however,
this has not been tested experimentally. The impact of the coalescence on the recovery of
coarse particle or middlings, if it happens, has not been elucidated, although the results



Minerals 2021, 11, 864 25 of 29

obtained by Moys [7] from cinder flotation seems to suggest no significant changes in
fine particle grade and almost no changes in coarse particle grade. It is worth noting that
the cinder experiments produced highly stable froths that may have reduced the loss of
coarse particles as a result of coalescence. The same impact of high froth stability was also
observed by [8], with water recovery values of over 30%. However, additional work needs
to be done to validate the impact of froth baffles on bubble coalescence. Laboratory and
pilot tests to study the impact of froth baffles on flotation performance will help to establish
the facts, which would promote the use of froth baffles in industrial cells.

Figure 21. Impact of a froth baffle on froth residence time distribution as a function of distance from
the back of the flotation cell: (a) Bhondayi et al. [52]; (b) Moys [7].

7. Concluding Remarks on Flow Modifiers

The distance that a loaded bubble must travel in the froth increases with an increase
in flotation cell diameter. The major functions of physical froth flow modifiers include
modifying and optimising froth flow; improving froth drainage; reducing dead zones;
improving froth removal dynamics. The types of physical froth flow modifiers discussed
in this review are launders, crowders, froth baffles and froth paddles. Launders are
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categorised as internal or external and have various configurations that are used at various
points in the flotation circuit to maximise the froth surface area, which affects the FCR and
FTD. Mass pull, flotation stage and concentrate flow dictate the launder configurations. The
use of a combination of physical flow modifiers (for instance froth crowders and launders)
enhances the recovery of froth that is immobile and breaks easily.

The use of paddles is reported for rectangular cells that are used in the roughing
and cleaning stages to enable the recovery of viscous and slow-moving froth. Paddles
increase froth mobility and froth drainage. The froth concentration when samples adjacent
to the paddles were analysed was found to be 220 g/L higher than 170 g/L when samples
were taken at the centre of the cell [24]. The probability of particle recovery decreases
rapidly as the distance froth the paddle increases. For particles more than 100 cm from the
paddles it was found that the probability of discharge was close to zero [24]. Full surface
scrapers were introduced for use in circular cells, to skim the froth into internal launders
and so enhance froth recovery. However, the use of full surface scrapers has been neglected
lately, because of the emergence of flotation cells with froth zone designs that include froth
crowders and internal launders.

The use of froth crowders in conjunction with periphery launders accelerates froth
discharge without the use of paddles, even in the fast-floating stage in the flotation bank,
i.e., first roughers and final cleaner flotation cells. Crowders are useful at all stages in the
flotation circuit, i.e., a plant can have a flotation cell with a crowder and apply it in the
roughing, cleaning, or scavenging stage without hindering froth recovery. Froth baffles
have also been reported to eliminate dead zones in flotation cells; however, they have not
been tested in industrial cells.

There are few fundamental studies on physical froth flow modifiers, and most of the
information on designing froth flow modifiers and how they impact flotation performance
seems proprietary to flotation cell manufacturers. The little available research work was
done in two-phase systems or at the laboratory scale, which makes it difficult to relate the
findings to what is observed in the plants. Therefore, fundamental studies must be done to
link observed flotation performance to the known froth phase sub-processes.
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