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The effects of froth depth and impeller 
speed on gas dispersion properties 
and metallurgical performance of an 
industrial self-aerated flotation machine
H. Naghavi1, A. Dehghani1, and M. Karimi2

Synopsis
In self-aerated flotation machines, the gas rate depends on operational variables (e.g. froth depth 
and impeller speed), pulp properties (e.g. solid content and viscosity), and reagent addition (e.g. type 
and concentration of frother). The gas rate has a strong correlation with the flotation performance by 
influencing the gas dispersion properties and froth retention time. A factorial experimental design was 
used to study how the gas dispersion properties, the froth retention time, and the flotation performance 
respond to changes in froth depth and impeller speed (as the most common operational variables). 
An in-depth understanding of the effects of impeller speed and froth depth on the gas dispersion 
properties, especially the bubble surface area flux and froth retention time, is necessary to improve 
operating strategies for self-aerated flotation machines. All experiments were carried out in a 50 m3 self-
aerated flotation cell in an iron ore processing plant. The results showed that the froth depth affected 
the metallurgical performance mostly via changing the froth retention time. The impeller speed had two 
important impacts on the metallurgical performance via varying both the froth retention time and the 
bubble surface area flux in the froth and pulp zones, respectively. The interaction effects of the froth 
depth and impeller speed were also established. This allowed us to develop a strategy for operating self-
aerated flotation machines based on varying the froth depth and impeller speed with regard to the cell 
duty.

Keywords
self-aerated flotation machine, gas dispersion properties, metallurgical performance, impeller speed, 
froth depth.

Introduction
A mechanical flotation machine may be divided into two distinct zones. namely the pulp zone and 
the froth zone (Goodall and O’Connor, 1989; Yianatos, Bergh, and Cortes, 1998; Rahman, Ata, and 
Jameson, 2015a, 2015b). The overall flotation recovery, Ro, including the true flotation (particles 
attached to the bubble lamellae) and entrainment (particles recovered in water held in the bubble 
plateau boundaries), is a function of the recoveries in the two zones. It is calculated as follows (Dobby, 
1984): 

[1]

where Rc and Rf are the pulp and froth recoveries, respectively. 
A schematic diagram of the pulp and froth recoveries is shown in Figure 1.
Equation [1] shows that neglecting the recovery in each zone can adversely affect the overall 

recovery. The froth recovery is primarily a function of the particle residence time in the froth zone (i.e., 
froth retention time), such that increasing the froth retention time decreases the froth recovery (Mathe 
et al., 1998). The froth retention time, τf, can be expressed as follows: 

[2]

where h. εf, and Jg are froth depth, gas holdup in the froth phase, and superficial gas velocity, 
respectively (Zheng, Franzidis, and Manlapig, 2004). If the liquid/solids holdup in the froth is negligible 
(i.e., εf = 1), then Equation [2] can be simplified to:

[3]
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where Jg is defined as the volumetric flow rate of air entering 
the cell (Qg) divided by the cell cross-sectional area at the 
pulp-froth interface level (A) (Gorain, Franzidis, and Manlapig, 
1997): 

[4]

The pulp recovery depends on a wide range of complex 
factors. For instance, the hydrodynamic conditions of a 
flotation cell are known to directly affect the flotation efficiency. 
Hydrodynamic parameters, especially gas dispersion properties, 
are responsible for controlling the particle-bubble contact 
as an essential part of the flotation process (Schubert and 
Bischofberger, 1978; Gorain, Franzidis, and Manlapig, 1995a, 
1995b). The gas dispersion properties indicate the efficiency of 
the distribution of air bubbles across the cell volume (Schwarz 
and Alexander, 2006; Vinnett, Yianatos, and Alvarez, 2014). 
The bubble surface area flux, Sb, is an efficient measure of the 
hydrodynamic conditions in a flotation cell, certainly as far as 
gas dispersion properties are concerned (Gorain, Franzidis, and 
Manlapig, 1997). The bubble surface area flux is defined as a 
measure of bubble surface area rate rising through the cell per 
unit cross-sectional area. It can be described mathematically by 
Equation [5] (Gorain, Franzidis, and Manlapig, 1997): 

[5] 

where d32 represents the Sauter mean bubble diameter.
The bubble surface area flux has a strong correlation with 

the overall flotation rate constant, k, as shown in Equation [6] 
(Gorain, Franzidis, and Manlapig, 1999):

[6]

where P represents the ore floatability. 
This equation implies that the greater the available surface 

area of bubbles, the greater the chance of particle-bubble contact 
in the pulp phase. Therefore, it results in a higher flotation rate 
constant (Gorain, Franzidis, and Manlapig, 1999).

In the flotation process, the gas rate is a key variable which 
provides the gas surface area required for selective transport of 
mineral particles (Yianatos, Contreras, and Diaz, 2010). This 
variable has a positive impact on recoveries of the pulp and 
froth zones by varying the gas dispersion properties and froth 
retention time, respectively (Vera, Franzidis, and Manlapig, 1999; 
Rahman, Ata, and Jameson, 2015a).

In self-aerated flotation machines, the gas rate depends 
on the pulp properties (e.g. viscosity and solid content), the 
chemical variables (e.g. type and concentration of frother), 
and the operational variables (e.g. froth depth and impeller 

speed) (Yianatos et al., 2001; Girgin et al., 2006). For example, 
it is increased by increasing the froth depth and the impeller 
speed. Increasing the impeller speed increases suction, whereas 
increasing the froth depth reduces back-pressure at the point of 
gas injection (Girgin et al., 2006). It is obvious that manipulation 
of the gas rate in self-aerated flotation machines is more 
complicated than the in forced-aerated flotation machines in 
which the gas rate is an independent variable.

Froth depth and impeller speed are the most common 
operational variables in flotation plants and control of them 
is significant for adjusting the gas rate and improving the 
flotation performance (Venkatesan, Harris, and Greyling, 
2014). Extensive work is reported in the literature on the 
study of operational variables. These studies generally showed 
that in pilot and industrial forced-aerated flotation machines, 
the impeller speed and gas rate have a distinct impact on the 
bubble size. The bubble size is decreased with increasing 
impeller speed, and increased with increasing gas rate (Gorain, 
Franzidis, and Manlapig, 1995a, 1995b; Grau and Heiskanen, 
2005; Grau, Nousiainen, and Yanez, 2014). It was found that 
increasing the impeller speed generally has a positive effect on 
the rate of flotation, accompanied by a significant decrease in 
the concentrate grade. This decrease may be due to increases in 
entrainment or in the rate of flotation of poorly liberated (low 
grade) particles or floatable gangue (Gorain, Franzidis, and 
Manlapig, 1997; Deglon, 2005). 

Also, it is suggested that the recovery and plant capacity 
could be increased by manipulating the froth depth and the 
gas rate, i.e. at a low froth depth and high gas rate, although 
the concentrate grade could be decreased (Vera, Franzidis, and 
Manlapig, 1999; Zheng, Johnson, and Franzidis, 2006; Ata and 
Jameson, 2013; Seguel et al., 2015). Venkatesan, Harris, and 
Greyling (2014) found a significant interaction effect between gas 
rate and froth depth, highlighting the importance of testing these 
factors one at a time in any optimization work.

In recent years, with the growth of flotation control systems, 
the metallurgical targets of a flotation bank are automatically 
controlled by manipulating the froth depth, gas rate, and frother 
dosage, with regard to the monitoring concentrate and tailing 
grades (Yianatos, Henriquez, and Oroz 2006; Venkatesan, Harris, 
and Greyling, 2014). Also, the impact of ’gas management’ in 
flotation banks is shown by a number of researchers, in which 
the gas rate profiling can affect the performance of a flotation 
bank significantly (Cooper et al., 2004; Hernandez-Aguilar and 
Reddick, 2007; Smith, Neethling, and Cilliers, 2008; Hadler and 
Cilliers, 2009; Fournier et al., 2015).     

In the published literature, the importance of operational 
variables such as gas rate, froth depth, and impeller speed in 
determining the flotation performance has become increasingly 
recognized. However, the problem at the time is lack of technical 
and practical details. The effect of operational variables such as 
impeller speed and froth depth on the gas dispersion properties 
and froth retention time should be understood. This is a critical 
requirement for adjusting the gas rate and optimizing the 
operation in industrial self-aerated flotation cells. For example, it 
is unclear what happens to the froth retention time as the froth 
depth increases, because the gas rate and froth depth increase 
simultaneously while they have a reverse effect and a direct effect 
on the froth retention time, respectively. 

The purpose of this paper is to investigate on the one 
hand the effects of impeller speed and froth depth on gas 

Figure 1—Schematic representation of recovery model for pulp and froth 
zones (Mathe et al., 1998)
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dispersion properties and froth retention time, and on the other 
hand to study the relationship between these parameters and 
metallurgical performance with the aim of understanding how 
froth depth and impeller speed affect metallurgical efficiency. This 
allows us to develop an operating strategy based on the cell duty 
(e.g. rougher or cleaner) by use of only operational variables. 

Materials and methods

Experimental 
Industrial-scale experiments were carried out in a 50 m3 self-
aerated flotation cell the first cell of the desulphurization flotation 
bank of the Gol Gohar iron ore processing plant in Sirjan, Iran.

A central composite design (CCD) was used to investigate the 
effects of impeller speed and froth depth on the process responses 
(i.e., the gas dispersion parameters, the froth retention time, 
and the metallurgical efficiency). The CCD is a factorial type of 
experimental design which enables the investigation of the effects 
of multiple variables simultaneously. The CCD design has the 
added benefit of requiring fewer experimental runs (Venkatesan, 
Harris, and Greyling, 2014). 

The CCD experiments included 4-factorial, 4-centres, and 
4-axial runs. The variable levels are given in Table I. The impeller 
speed is shown in revolutions per minute (r/min) (and as a 
percentage of the maximum speed) and the froth depth is shown 
in centimetres (and as a percentage of the maximum froth depth). 

The flotation cell was operated for 20 minutes after changing 
the operational variables, including the impeller speed and 
the froth depth. This time is equivalent to three times the pulp 
residence time that ensures a steady-state operation. The gas 
dispersion measurements were then carried out along with 
sampling of the feed, concentrate, and tailings streams. The 
experiments were conducted based on CCD design and the results 
were analysed by Design-Expert software version 10.0.6.

Gas dispersion measurements 
The gas dispersion properties are usually expressed in terms 
of superficial gas velocity, bubble size, gas holdup, and bubble 
surface area flux (Finch et al., 2000; Vinnett, Yianatos, and 

Alvarez, 2014). The superficial gas velocity and the bubble size 
were measured in order to calculate the bubble surface area flux 
and the froth retention time. 

Superficial gas velocity, Jg, is a measure of aeration ability 
(Gorain, Franzidis, and Manlapig, 1997). In order to measure Jg, 
a probe similar to those used by Gorain, Franzidis, and Manlapig 
(1996) and Power, Franzidis, and Manlapig (2000) was used. 
It consisted of a transparent tube with a pneumatic pinch valve 
at the bottom, and the other end was closed. The probe was 
completely filled with water, and placed in a proper position in the 
cell. The pinch valve was then opened to allow the air bubbles 
to move up the probe and displace the water. By measuring the 
water discharge time, Td, between two points at distance L, the 
superficial gas velocity was calculated as: 

                                                                           
[7]

Figure 2 shows the steps to measure superficial gas velocity 
by Jg probe.

The bubble size was measured using a bubble size analyser 
based on the design of Gomez and Finch (2007). Figure 3 shows 
a schematic of the bubble size analyser.

The device included a sampling tube connected to a sloped 
viewing chamber with rear illumination. The sloped view helps 
provide an approximately single plane of bubbles. The images 
of the bubble population were taken by a digital camera and 
analysed using ImageJ software version 1.50. A typical image of 
bubbles is shown in Figure 4. Each measurement was conducted 
at least twice and on average over 5000 bubbles were sized on 
each run. 

The mean bubble diameter adopted was the Sauter mean 
bubble diameter, d32. The d32 represents the size of a bubble with 
the same ratio of volume to surface as the total distribution, and 
is calculated as follows (Gorain, Franzidis, and Manlapig, 1997):  

[8]

   Table I

   Selected parameters for CCD experimental design; actual and coded levels
   Variables x High axial level (2+) High factorial level (1+) Medium level (0) Low factorial level (-1) Low axial level (-2)

   Impeller speed, r/min (%) 179 (100%) 170 (95%) 152 (85%) 134 (75%) 125 (70%)
   Froth depth, cm (%) 41 (55%) 38 (51%) 30 (43%) 22 (34%) 19 (30%)

Figure 2—A schematic of steps to measure superficial gas velocity by Jg probe (Power, Franzidis, and Manlapig, 2000)
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where di is diameter of the bubble and n is total number of 
bubbles.

Similarly to the work of Gomez and Finch (2007) and 
Vinnett, Yianatos, and Alvarez (2014), the gas dispersion 
parameters were measured at the same position for all the tests, 
halfway between the cell wall and the froth crowder and just 
below the pulp-froth interface. In order to generate reliable 
measurements of Jg and  d32, multiple readings were averaged. 
The froth retention time and the bubble surface area flux were 
then calculated according to Equations [3] and [5], respectively.  

Sampling for metallurgical evaluation
All experiments were carried out in two consecutive working 
shifts to limit the feed grade variations, while the feed rate, 
solid content, and chemical reagent dosages were kept constant. 
The enrichment ratio (Equation [9]) and the concentrate 
mass recovery (Equation [10], were used as the metallurgical 
parameters. This was similar to the work of Yianatos et al. 
(2001), who used these parameters for industrial rougher cell 
characterizations.

[9]

[10]

where t, c, and f are the grades of the tails, concentrate, and feed, 
respectively.

Samples of feed, concentrate, and tailings were taken at 
each operating condition and subjected to chemical analysis for 
sulphur content.

Results and discussion  

Effect of froth depth and impeller speed on gas disper-
sion properties

Superficial gas velocity
Figure 5 shows that the superficial gas velocity, Jg, increased 
with increasing froth depth and impeller speed. The mechanism 
of impeller speed is simple, as it can be shown that the air 
suction increases with increasing impeller speed, and according 
to Equation [4], as a result the superficial gas velocity is also 
increased.

The flotation cell was provided with a froth crowder, with the 
shape of an inverted cone, to accelerate the froth discharge to 
the concentrate overflow. It had about 45 degrees of slope and it 
made the cell cross-sectional area at the pulp–froth interface level 
change by varying the froth depth. Therefore, it was impossible 
to predict the change in Jg with the froth depth variations, due 
to the simultaneous changes in gas rate and cross-sectional 
area at the pulp-froth interface level. The results show that the 
superficial gas velocity increases with increasing froth depth 
(Figure 5), indicating a dominant effect of the gas rate on Jg.

It can also be seen from Figure 5 that there is a dominant 
effect of impeller speed on Jg. It is clear that manipulating the 
froth depth is not a feasible option to improve Jg, because 
increasing the froth depth increases the cross-sectional area at 
the pulp-froth interface level, which then affects the Jg, inversely. 

Bubble size
The Sauter mean bubble diameter, d32, increases with increasing 
impeller speed and froth depth (Figure 6) due to the direct 
relationship between the superficial gas velocity and the Sauter 
mean bubble diameter (Gorain, Franzidis, and Manlapig, 1995a, 
1995b; Nesset et al., 2006; Grau, Nousiainen, and Yanez, 2014; 
Vinnett, Yianatos, and Alvarez, 2014).

Note that the effect of impeller speed on the bubble size might 
appear contradictory. In forced-air flotation machine, increasing 
the impeller speed decreases d32, due to the increased shear 

Figure 3—A schematic of the bubble size analyser (Girgin et al., 2006)

Figure 4—Image captured with the bubble size analyser device

Figure 5—Effects of impeller speed and froth depth on the superficial gas 
velocity
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force (Gorain, Franzidis, and Manlapig, 1995a, 1995b; Grau and 
Heiskanen, 2005; Grau, Nousiainen, and Yanez, 2014). However, 
Nesset, Zhang, and Finch (2012) found that the impeller speed 
did not significantly impact the bubble size over a wide operating 
range of impeller speeds. On the other hand, in a self-aerated 
flotation machine, as Girgin et al. (2006) stated, increasing the 
impeller speed improves the bubble size, due to the increased gas 
rate. Their study was conducted in a laboratory-scale machine 
and in a two-phase system. The results obtained were confirmed 
in an industrial-scale flotation machine where three phases were 
present. It seems that in a self-aerated flotation machine, gas 
rate is more pronounced than the added shear, which results in a 
larger d32.  

The measured bubble sizes, as shown in Figure 6, are slightly 
larger than the common range in industrial flotation cells. The 
main reason is that the frother concentration was low in the 
operating cell. 

Bubble surface area flux
As can be seen from Figure 7, the maximum bubble surface area 
flux, Sb, is obtained at the deepest froth depth and the highest 
impeller speed. As shown earlier, the impeller speed had a 
predominant effect on Jg and d32, while Figure 6 shows that froth 
depth has a predominant effect on Sb. This means that the same 
Sb values can be obtained from different combinations of Jg and 
d32, as was observed by Vinnett, Yianatos, and Alvarez (2014). 

Furthermore, as shown in Figures 5, 6, and 7, increasing 
the impeller speed or froth depth increased Jg, d32 and Sb 
simultaneously. This means that there is a dominant effect of Jg 
on Sb. This finding implies that increasing the impeller speed and 
the froth depth could increase the overall flotation rate constant, 
due to the increased Sb (see Equation [6]). This is investigated in 
the next sections. 

Effects of froth depth and impeller speed on the froth 
retention time
In each experiment, based on adjusted froth depth and measured 
Jg, the froth retention time, τf , was calculated. The effect of 
impeller speed on the froth retention time is shown on Figure 8. 
The froth retention time decreased with increasing impeller speed, 
due to the increased gas rate. On the other hand, despite the 
increased gas rate with increasing froth depth, the froth retention 

time increased, which indicated a major effect of froth depth in 
determining τf  (see Equation [3]). This means that the superficial 
gas velocity variations, as a result of froth depth changing, have 
a less significant effect on the froth retention time.  

Metallurgical performance evaluation
The metallurgical performance of the flotation cell was evaluated 
under various predetermined conditions of froth depth and 
impeller speed by using the enrichment ratio and the concentrate 
mass recovery, which indicate the flotation selectivity and 
flotation rate, respectively. The results show that the enrichment 
ratio is decreased with increasing impeller speed or decreasing 
froth depth, as can be seen from Figure 9, whereas the 
concentrate mass recovery is increased.  

As can be seen from Figures 7, 8, and 9, the impeller speed 
and the froth depth affect the metallurgical performance by 
varying the froth retention time and the bubble surface area flux. 
This is discussed in detail below. 

Effect of froth retention time
As can be seen from Figures 8 and 9a, the enrichment ratio 
increases with increasing froth depth and froth retention time. 
Deeper froths are generally associated with higher concentrate 

Figure 6—Effects of impeller speed and froth depth on the Sauter mean 
bubbles size

Figure 7—Effects of impeller speed and froth depth on the bubble surface 
area flux

Figure 8—Effects of impeller speed and froth depth on the froth retention 
time
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grades, since deeper froths allow longer froth retention times, 
resulting in more time for coalescence of bubbles and drainage 
of unattached material, including entrained gangue or low-grade 
particles (Hadler et al., 2012).

Bubble coalescence is one of the important froth phenomena 
that cause particle detachment in the froth zone (Ata, 2012), 
and drainage is also helpful to increase the quality of the final 
concentrate by rejecting the entrained hydrophilic fine particles 
to the pulp phase (Ata, Ahmed, and Jameson, 2004; Zheng, 
Franzidis, and Johnson, 2006). On the other hand, if the rate of 
coalescence is reduced, as a result of decreased froth retention 
time, the number of particles being lost from the froth and 
returning to the pulp zone will also be reduced (Rahman, Ata, 
and Jamson, 2015a). 

The froth retention time affects the overall flotation recovery, 
mainly via changes in the froth phase recovery (Mathe et al., 
1998). Thus, the recovery in the froth zone could be improved as 
a result of the minimization of bubble coalescence in this zone 
with decreasing froth depth or increasing impeller speed.  

Effect of bubble surface area flux
The bubble surface area flux, Sb, has a strong correlation with 
flotation rate constant (Gorain, Franzidis, and Manlapig, 1997; 
Hernandez, Gomez, and Finch, 2003), while on the other hand it 
has an inverse relationship with concentrate grade (Nesset et al., 
2006). This is because the greater the surface area of bubbles, 
the greater the probabilities of bubble-particle collision and 
attachment (Gorain, Franzidis, and Manlapig, 1999; Rahman, 
Ata, and Jameson, 2015a; Tabosa et al., 2016). This increases 
the flotation rate of particles with weak hydrophobicity (Rahman, 
Ata, and Jameson, 2015a), and as a result the concentrate mass 
recovery increases. 

As previously shown in Figure 7, increasing both the impeller 
speed and froth depth improved bubble surface area flux, and 
according to Equation [6] it is expected that the overall flotation 
rate constant would increase with increasing impeller speed and 
froth depth. 

As can be seen from Figure 9b, increasing impeller speed 
improves concentrate mass recovery, due to increased Sb  and 
decreased τf . Although increasing the froth depth increases Sb, 
the concentrate mass recovery is decreased, due to the increased 

τf  (see Figures 7 and 8). Therefore, it can be concluded that in 
self-aerated flotation machines, the froth depth affects the overall 
flotation recovery mostly via the froth retention time. In other 
words, the froth depth has an insignificant effect on the overall 
flotation recovery by improving the bubble surface area flux. 
Thus, it is suggested that the froth depth should never be used 
to improve gas dispersion properties, whereas the impeller speed 
had two important impacts on the metallurgical performance by 
influencing both froth retention time and bubble surface area flux 
in the froth and pulp zones, respectively.

It should be noted that the impeller speed also affects the 
metallurgical performance through other mechanisms. For 
example, increasing the impeller speed improves solid suspension 
and bubble-particle collision efficiency in the pulp zone, resulting 
in an increase in the overall flotation recovery. However, in this 
study just the gas dispersion properties and the froth retention 
time were investigated.

Interaction effects of operational variables
The interaction effects of froth depth and impeller speed are more 
important than their individual effects. For example, at a high 
froth depth, the impeller speed has no effect on the enrichment 
ratio and increases the concentrate mass recovery only slightly, 
as seen in Figure 10. At a low froth depth, increasing the impeller 
speed improves the concentrate mass recovery. This suggests 
that deeper froths, due to the increased froth retention time, have 
a great effect on metallurgical performance, while the impeller 
speed has only a small effect on the overall recovery.

At low froth depth (low froth retention time) the metallurgical 
efficiency is influenced by the cell hydrodynamic conditions, 
especially gas dispersion properties. In this case, the froth 
recovery is almost 100%, due to low froth retention time, and 
the pulp recovery plays a major role in determining the flotation 
performance. It is obvious that increasing the impeller speed 
improves the gas dispersion and solid suspension efficiencies, 
resulting in an increase in the transfer of valuable and middling 
particles and some fine gangue particles to the froth phase and, 
as a result, the overall flotation recovery increases. 

On the other hand, at high froth depth (high froth retention 
time) the froth recovery plays a major role in determining the 
flotation performance. However, this does not mean that the 

Figure 9—Effects of impeller speed and froth depth on the enrichment ratio (a) and the concentrate mass recovery (b)
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metallurgical performance is not influenced by the impeller speed. 
As Figure 10a shows, at high froth depth the concentrate mass 
recovery improves with increasing impeller speed. The main 
reason is that increasing the impeller speed increases the transfer 
of valuable and middling particles to the froth phase. Despite 
upgrading in the deep froth zone, the recovery of valuable 
particles increases, resulting in an improved concentrate mass 
recovery with no negative effect on enrichment ratio. Therefore, 
based on the results in Figure 10, it is suggested that with 
deeper froths, the impeller speed should be kept high to improve 
hydrodynamic conditions and, consequently, to maximize 
flotation performance.

Figure 11 shows the concentrate mass recovery against the 
enrichment ratio as a single curve. The overall trend is a decrease 
in enrichment ratio with increasing concentrate mass recovery. 
There are two areas of operating conditions. The upper part of 
the curve corresponds to a high impeller speed and a low froth 
depth, increasing the concentrate mass recovery. The lower 
part corresponds to deeper froths with a wide range of impeller 
speeds. This graph shows that by adjusting the operational 
variables alone, the metallurgical target can be achieved.

Operating strategies for self-aerated flotation machines
In this section a strategy for operating self-aerated flotation cell 
based on varying froth depth and impeller speed with regard to 
the cell duty, e.g. rougher, scavenger, or cleaner, is proposed. 
Depending on the type of ore being processed and the flotation 
duties, achieving a desirable recovery or high concentrate grade 
will be the main metallurgical target (Power, Franzidis, and 
Manlapig, 2000).

Rougher or scavenger duties
The main objective of rougher or scavenger flotation banks is to 
achieve maximum recovery at minimum acceptable concentrate 
grade (Yianatos, Henriquez, and Oroz, 2006). Thus, it is 
suggested that the flotation cell operates at low froth depth and 
high gas rate (Schwarz and Alexander, 2006; Hadler et al., 2012; 
Rahman, Ata, and Jameson, 2015a). As previously mentioned, 
the low froth depth and the high gas rate decrease the froth 
retention time and improve the gas dispersion properties, which 
provides a maximum mass pull and high flotation recovery. 

In a self-aerated flotation cell, it is impossible to achieve a low 
froth depth and high gas rate simultaneously by adjusting the 
froth depth alone, because decreasing the froth depth decreases 
the gas rate. Thus, it is necessary that the gas rate increases 
with increasing impeller speed. It is suggested that in rougher 
or scavenger duties, the impeller speed be increased to provide 
a high gas rate, then the froth depth decreases to provide the 
maximum recovery as the metallurgical target. 

It should be noted that the impeller speed can be increased to 
a maximum allowable that prevents flooding conditions. Flooding 
conditions occurs at very high gas rates when the impeller is 
unable to disperse air properly, resulting in huge slugs of bubbles 
moving up near the shaft and giving a boiling appearance on 
the surface (Gorain, Franzidis, and Manlapig, 1999). This is 
undesirable as the flotation performance rapidly decreases. It 
has been found that coarser and denser particles need more 
turbulence to improve the collision rate and solid suspension 
efficiency (Rodrigues, Leal Filho, and Masini, 2001). Therefore, 
depending on the nature of flotation feed, including particle 
size and density, an optimum impeller speed and turbulence are 
required (Deglon, 2005).  

Cleaner duty
Self-aerated flotation machines are commonly employed for 
rougher or scavenger duties (Shean and Cilliers, 2011). It is 
necessary to use a different operating strategy if they operate as 
cleaners in flotation banks. 

The main objective of cleaner flotation banks is to achieve 
maximum concentrate grade at an acceptable recovery. Thus, it 
is suggested that the cleaner flotation cell operates at high froth 
depth and low gas rate to improve the froth retention time and 
upgrading in the froth zone (Cooper et al., 2004; Schwarz and 
Alexander, 2006; Shean and Cilliers, 2011; Hadler et al., 2012).

Figure 10—The interaction effects of impeller speed and froth depth on the 
concentrate mass recovery (a) and the enrichment ratio (b)

Figure 11—Concentrate mass recovery versus enrichment ratio
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From a practical point of view, it is impossible to achieve a 
high froth depth and low gas rate simultaneously by adjusting 
the froth depth alone. Thus, it is necessary that the gas rate 
decreases with decreasing impeller speed. However, the impeller 
has some limitations related to minimum speed. The impeller 
is responsible for the gas dispersion, solid suspension, and 
bubble-particle collisions (Power, Franzidis, and Manlapig, 2000; 
Rodrigues, Leal Filho, and Masini, 2001; Deglon, 2005) and 
also, as mentioned earlier, flotation requires a certain degree of 
turbulence depending on the size and density of particles. Hence, 
an excessively reduced impeller speed causes a rapid decrease 
in metallurgical performance. It seems that in cleaner duty, 
decreasing the gas rate by changing the froth depth or impeller 
speed is a major issue. 

With respect to the interaction effects between impeller speed 
and froth depth, in deeper froths, with increasing impeller speed, 
despite increasing the gas rate, there is no negative effect on 
enrichment ratio (see Figure 10b). Thus it is suggested that in 
cleaner flotation banks the cell be operated at high froth depth 
and high impeller speed. Although the high impeller speed 
provides a high gas rate and as a result increases the entrainment 
and the recovery of less hydrophobic particles to the froth phase, 
the high froth depth provides upgrading in the froth zone.

To achieve this, it is necessary to increase the impeller speed 
to a point where flooding conditions are prevented, then the froth 
depth should be increased to a point such that the amount of 
froth overflow product is acceptable and the target concentrate 
grade is achieved.

It seems that the strategy of decreasing the gas rate for 
cleaner duty is applicable only to forced-air flotation machines, 
because the gas rate is an independent variable and can be 
decreased without decreasing the impeller speed. In self-aerated 
flotation machines, it is impossible to decrease the gas rate 
by varying the impeller speed with no negative effect on the 
efficiencies of solid suspension and gas dispersion.

Conclusions
The effects of froth depth and impeller speed on gas dispersion 
parameters, froth retention time, and metallurgical performance 
were investigated in an industrial self-aerated flotation machine. 
The following conclusions can be drawn from the results 
presented in this paper.

 ➤   There was a positive relationship between the operational 
variables (froth depth and impeller speed) and the gas 
dispersion parameters (superficial gas velocity, bubble size, 
and bubble surface area flux).

 ➤   Froth depth had a small effect on the superficial gas 
velocity, due to the simultaneous changes in the gas rate 
and cross-sectional area at the pulp-froth interface level. 
Therefore it is suggested that varying the froth depth is not 
a feasible option to improve superficial gas velocity.

 ➤   With increasing impeller speed and froth depth, despite an 
increase in the superficial gas velocity, Jg, and the Sauter 
bubble mean diameter, d32, the bubble surface area flux, Sb, 
increased. This means that there was a dominant effect of 
Jg on Sb.

 ➤   Despite the increased gas rate with froth depth, the froth 
retention time, τf , was increased, which indicated a major 
effect of froth depth on τf . In other words, increased 
superficial gas velocity with froth depth had a less 
significant effect on the froth retention time.

 ➤   The froth depth affected the metallurgical performance 
mostly via changing the froth retention time. In that, the 
froth depth had an insignificant effect on the flotation 
performance by improving the bubble surface area flux. 
The impeller speed had two important effects on the 
metallurgical performance via varying both froth retention 
time and bubble surface area flux in the froth and pulp 
zones, respectively.

 ➤   There was an interaction effect between impeller speed 
and froth depth. It was found that at a low froth depth 
the impeller speed plays a major role in determining 
the flotation efficiency, due to increased gas dispersion 
efficiency, while at a high froth depth the metallurgical 
performance was influenced mainly by increased froth 
retention time.

 ➤   A strategy for operating self-aerated flotation machines 
based on varying froth depth and impeller speed with 
regard to the cell duty, e.g. rougher, scavenging, or cleaner, 
is as proposed. It is suggested that operating under high 
gas rate, by increasing impeller speed alone, is the best 
strategy for obtaining high metallurgical performance, 
because it prevents the reduction of solid suspension and 
gas dispersion efficiencies. Then, depending on the cell 
duty, the froth depth should be manipulated to achieve the 
metallurgical target.
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