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Abstract 

As ore grades decline, the minerals industry faces increasing pressure to reduce energy use. 

Flotation of coarse particles presents an opportunity to reduce grinding intensity. However, 

mechanical flotation cells typically exhibit poor recovery of coarse material. A critical 

challenge is maintaining particle suspension without inducing excessive turbulence, which 

promotes detachment from bubbles. Optimal coarse particle flotation likely occurs at the just 

suspension impeller speed (Njs), where complete off-bottom suspension is achieved with 

minimal turbulence. 

This study investigates coarse particle suspension in a 1 m³ mechanical flotation cell equipped 

with interchangeable features, focusing on the effect of key design and operational 

parameters—impeller size, off-bottom clearance, baffling and superficial gas velocity (Jg)—

on Njs. Experimental design and statistical regression modelling were employed to evaluate 

the significance of factors. All variables were found to have a significant effect on Njs, with 

results showing that suspension behaviour is governed by complex interactions. The optimal 

configuration for coarse particle suspension was achieved using a large impeller with baffles, 

operated at low clearance and low air rate. These findings provide practical guidance for 

improving flotation performance, particularly coarse particle recovery. 

1. Background 

In the minerals industry, ore grades are declining across most commodities (Giurco et al., 2010; 

Calvo et al., 2016). As a result, hard rocks must undergo more intensive grinding to achieve 

the particle size and liberation required for processing in conventional flotation cells. Grinding 

is a high energy-intensive process (Radziszewski, 2002; Ballantyne & Powell, 2014; Napier-

Munn, 2015; Jeswiet & Szekeres, 2016; Lastra et al., 2021). Therefore, reducing grinding 

intensity by recovering mineral particles at coarser size ranges can yield substantial energy 

savings, while also improving dewatering and water recovery (Ballantyne et al., 2012; Ata & 

Jameson, 2013; Deniz, 2013; Fosu et al., 2015; Allen, 2021). 



 

 

Mechanical flotation cells remain the industry standard for separation (Wills & Finch, 2016). 

They are designed and operated to maximize recovery of intermediate-size particles (10-150 

µm), but perform poorly for fines and coarse particles (Gaudin et al., 1942; Trahar, 1976; 

Subrahmanyam & Forssberg, 1988; Falutsu & Dobby, 1989; Ata & Jameson, 2013; 

Kohmuench et al., 2018). Flotation of coarse particles presents particular challenges. Coarse 

particles tend to settle readily due to their mass, making suspension difficult. Complete 

suspension is essential to maximize the surface exposure of mineral particles for interaction 

with bubbles (Schubert et al., 1982; Kasat & Pandit, 2005; Zheng et al., 2005a; Lima et al., 

2009; Ayranci et al., 2012). However, achieving this requires elevated turbulence, which 

increases the disruptive forces that promote particle–bubble detachment. Coarse particles are 

subjected to stronger detachment forces due to their physical properties (Morris, 1950; Schulze, 

1977; Rodrigues et al., 2001; Nguyen & Schulze, 2003; Fosu et al., 2015). 

Consequently, the optimal hydrodynamic environment for coarse particle flotation likely 

occurs at the critical impeller speed, or just suspension speed (Njs), the minimum impeller 

speed at which no solids remain stationary on the bottom. Operating at the Njs minimizes 

turbulence while ensuring complete off-bottom suspension, potentially maximizing coarse 

particle recovery (Schulze, 1984; Hui & Ahmed, 1998; Deglon, 2005; Xu, 2011; Newcombe 

et al., 2012; Awatey, 2015). 

2. Previous research studying Njs 

Despite its importance, few studies have examined the parameters influencing Njs in 

mechanical flotation cells. Van der Westhuizen & Deglon (2007) investigated suspension in a 

125 L Batequip cell, concluding that the critical impeller speed is an appropriate measure of 

the effectiveness of solids suspension in a mechanical flotation cell. Subsequent work found 

that particle size and air rate have strong effects on Njs (Van der Westhuizen & Deglon, 2008). 

Lima et al. (2009) reported similar findings using 6 L Denver and Wemco flotation cells. These 

studies focused solely on particle properties and operating variables, leaving the influence of 

design parameters on Njs unexplored in mechanical flotation cells. In contrast, extensive 

research in mixing tanks has shown that design factors significantly affect Njs (Zwietering, 

1958; Conti et al., 1981; Chudacek, 1985; Gray, 1987; Myers & Fasano, 1992; Oldshue & 

Sharma, 1992; Wu et al., 2001; Myers et al., 2013). Impeller size, off-bottom clearance, and 

baffling arrangements have been identified as critical parameters (Nagata, 1975; Raghava Rao 

et al., 1988; Rewatkar et al., 1991; Myers & Fasano, 1992; Dutta & Pangarkar, 1995; 



 

 

Armenante & Nagamine, 1998; Sharma & Shaikh, 2003; Spidla et al., 2005; Wang et al., 2012; 

Devarajulu & Loganathan, 2016). 

Mesa (2020) compared mixing tanks with conventional flotation cells and found that their 

hydrodynamics differ, indicating that findings in mixing tanks may not apply directly to 

mechanical flotation cells. The work also showed that a stator reduces fluid velocities, 

suggesting that rotor–stator systems may be suboptimal for suspension and highlighting the 

need to explore alternative design configurations. 

The present study investigates the impact of design and operational parameters—impeller size, 

off-bottom clearance, baffling and air rate—on coarse particle suspension by measuring the 

critical impeller speed (Njs) in a 1 m³ conventional flotation cell. 

3. Experimental 

The testwork was performed in a 1 m3 mechanical flotation rig with a transparent tank of 

1.15 m diameter (Figure 1). The cell operated in batch mode with silica added to water in the 

tank prior to commencement of the experiments. The cell was not fitted with a feed or tailing 

line as these would have resulted in disruption to the hydrodynamic flow patterns. The static 

liquid level was 0.57 m. A 11 kW three-phase electric motor powered a 6-blade Metso RCS 

rotor mechanism through a variable speed drive and V-belt assembly. Impeller speed was 

measured with a digital tachometer. Air was supplied by a blower and regulated with a manual 

valve. A digital sensor measured airflow rate. Water was used as the liquid phase, with 100 

ppm of methyl isobutyl carbinol (MIBC) added to stabilize bubble size.  



 

 

 

Figure 1. Pilot flotation rig. 

A camera positioned beneath the cell and connected to a monitor enabled observation of 

particle settling on the bottom. A total of 1 kg of +106-150 µm silica was used as the suspension 

tracer. The cell was operated at low percent solids, with the tracer being the only solid material 

present to facilitate assessment of suspension behaviour. Suspension was assessed by gradually 

increasing impeller speed until solids did not settle for more than one second (Zwietering, 

1958). This speed was recorded as the critical impeller speed (Njs). 

The study was conducted using a full factorial design comprising 48 experiments, with an 

additional 8 repeats to estimate experimental error. Table 1 outlines the tested factors and 

levels. Two impeller sizes were employed (0.205 m and 0.247 m diameter), with 

interchangeable stator and baffles configurations. Baffles and stator were tested separately. 

Impeller off-bottom clearance was adjusted by changing the position of the frame supporting 

the tank. The cell was specially designed so that the mechanism was mounted independently 

from the tank, allowing the clearance between the impeller and the cell base to be varied. 



 

 

Table 1. Experimental design. 

Factor Levels 

Impeller size (m) 0.205, 0.247 

Baffling Stator, Baffles 

Clearance (m) 0.05, 0.10, 0.15 

Jg (cm/s) 0.0, 0.5, 1.0, 1.5 

4. Results and discussion 

The experimental results were analyzed using statistical regression modelling to evaluate the 

significance of the studied variables on the critical impeller speed (Njs). The Means of Means 

method was employed to explore trends and their underlying causes. 

4.1. Statistical regression modelling 

A regression model was developed to identify significant variables and interactions: 

Njs [RPM]  =  800 −  2492 Impeller Size [m]  +  8606 Clearance [m]  +  1315 Jg [cm/s]  −  675 Baffling 

−  150.5 Jg [cm/s] ∗ Jg [cm/s]  −  31044 Impeller Size [m] ∗ Clearance [m]  

−  3942 Impeller Size [m] ∗ Jg [cm/s]  +  2750 Impeller Size [m] ∗ Baffling 

+  823 Clearance [m] ∗ Jg [cm/s]  −  970 Clearance [m] ∗ Baffling −  90.1 Jg [cm/s]

∗ Baffling 

The model has an R2 of 97.1% (Table 2), indicating excellent predictive capability. 

Table 2. Metrics of the regression model. 

Indicator Value 

R
2
 (%) 97.1 

R
2
 adjusted (%) 96.3 

Standard Error (RPM) 47.5 

Observations 56 



 

 

Table 3 presents the p-value of the model terms. Terms with p<0.05 (95% confidence) were 

considered statistically significant. 

Table 3. P-values of the model terms. 

Term P-Value 

Constant 0.001 

Impeller Size [m] 0.014 

Clearance [m] 0.000 

Jg [cm/s] 0.000 

Baffling 0.000 

Jg [cm/s]*Jg [cm/s] 0.000 

Impeller Size [m]*Clearance [m] 0.000 

Impeller Size [m]*Jg [cm/s] 0.000 

Impeller Size [m]*Baffling 0.000 

Clearance [m]*Jg [cm/s] 0.007 

Clearance [m]*Baffling 0.004 

Jg [cm/s]*Baffling 0.000 

4.2. Main effects 

All studied variables—impeller size, clearance, Jg and baffling—had a significant overall 

impact on the critical impeller speed (Figure 2). 



 

 

 

Figure 2. Main effects of impeller size, clearance, baffling (0:Stator only, 1:Baffles only) and 

Jg on the critical impeller speed. 

4.2.1. Impeller size 

Coarse particle suspension was influenced by impeller size, with the large impeller 

significantly reducing Njs. Several studies in mixing tanks have reported similar trends under 

various conditions (Rewatkar et al., 1991; Nienow, 1997; Armenante & Nagamine, 1998; 

Sharma & Shaikh, 2003; Kasat & Pandit, 2005). Suspension occurs due to fluid flow and 

turbulence (Ayranci et al., 2012). According to Raghava Rao et al. (1988), a larger impeller 

diameter reduces the flow path to reach the solids sitting on the base of the cell, minimizing 

turbulence decay and enhancing suspension. Mesa (2020) observed that impellers with larger 

blades generate faster flows. A larger rotor has bigger blades, which explains why Gao et al. 

(2021) found that increasing rotor diameter leads to higher flow velocities. These findings are 

consistent with the larger blade area transferring mechanical energy to a greater fluid volume. 

Consequently, more fluid is pumped, generating higher velocities that promote complete 

suspension at lower critical impeller speed. 

4.2.2. Impeller off-bottom clearance 

Impeller off-bottom clearance had a noticeable effect on coarse particle suspension. Lower 

clearance was found to reduce Njs. Previous studies have shown that clearance influences the 

impeller suspension capacity (Zwietering, 1958; Mavros, 1992; Ibrahim & Nienow, 1996; 



 

 

Armenante & Nagamine, 1998). Nienow (1968) and Chapman et al. (1983a) observed that 

decreasing clearance lowers Njs for radial turbines. At lower clearance, the impeller is closer 

to the solids sitting on the base of the cell, shortening the flow path length. This minimizes 

turbulence decay and increases liquid velocity (Raghava Rao et al., 1988). Consequently, more 

energy is imparted to the solids, which enhances suspension and enables complete off-bottom 

suspension at lower Njs. 

4.2.3. Baffling 

Baffling also had a significant effect on coarse particle suspension. Replacing the stator with 

baffles reduced the critical impeller speed. According to Fallenius (1987), a stator converts a 

substantial portion of mean flow energy into turbulence. Particle suspension is more effective 

when mean flow dominates (Nagata, 1975; Nguyen & Schulze, 2003; Paul et al., 2004). 

Therefore, the rotor-stator combination may be suboptimal for suspension. Mesa (2020) 

observed that the stator affects cell hydrodynamics extensively, while baffles mostly influence 

local fluid velocities and promote turbulence in smaller regions. By converting less mean flow 

into turbulence, baffles enhance suspension and lower Njs compared to a stator. 

4.2.4. Superficial gas velocity 

Superficial gas velocity (Jg) played an important role in coarse particle suspension. Numerous 

studies have confirmed that gas injection affects solids suspension (Zlokarnik & Judat, 1969; 

Jameson, 1984; Mavros, 1992; Van der Westhuizen, 2004; Zheng et al., 2005b; Van der 

Westhuizen & Deglon, 2008; Lima et al., 2009; Jafari et al., 2012; Jaszczur & 

Młynarczykowska, 2020). This behaviour can be attributed to several mechanisms: 

• Rotating impellers create high velocity, low pressure vortices behind the blades. These 

regions attract air, forming cavities that raise local pressure and reduce drag, lowering 

power draw (Arbiter et al., 1969; Warmoeskerken et al., 1984; Rewatkar et al., 1991). 

• Air occupies part of the impeller blade area, displacing slurry that would otherwise 

receive mechanical energy. Together with the reduced effective fluid density, this results 

in a detrimental effect on impeller pumping capacity and fluid circulation velocity 

(Nienow, 1997; Nelson et al., 2009). Brayant & Sadeghzadeh (1979) and Joshi et al. 

(1982) reported that liquid velocities in radial turbine-agitated vessels decrease with 

increasing gas rate. 

• Air dampens local turbulence, reducing energy dissipation in the system (Chapman et 

al., 1983b). 



 

 

• Air lowers liquid-solid slip velocity, which decreases the interphase forces (drag and 

lift) responsible for suspending particles from the vessel base (Jafari et al., 2012). 

These combined effects deteriorate solids suspension. Consequently, higher Jg resulted in 

increased Njs. This impact was non-linear: initial air injection substantially raised Njs, while 

subsequent increases in Jg produced smaller increments in Njs as the detrimental effects 

became less pronounced. This trend aligns with the findings of Rewatkar et al. (1991). They 

observed that for a radial turbine, Njs gradually increases with Jg, but the rate of increase 

diminishes at higher gas velocities. 

4.3. Interactions 

The regression results indicate that all interactions are significant, highlighting that interactive 

effects are crucial for understanding the impact of design and operational parameters on Njs. 

4.3.1. The impeller size-clearance interaction 

Figure 3 shows the interaction between impeller size and clearance on Njs. With the standard 

rotor, increasing clearance substantially raises the critical impeller speed. The larger rotor can 

suspend particles more effectively (Raghava Rao et al., 1988; Rewatkar et al., 1991). Therefore, 

the increase in Njs due to higher clearance is less pronounced. Similar findings were reported 

by Armenante & Nagamine (1998) for disc and flat-blade turbines. 

 

Figure 3. Effect of clearance on Njs at two rotor sizes. 

Other studies in mixing tanks have also reported interactions between impeller size and 

clearance (Nienow, 1997; Jaworski et al., 2001). For a radial impeller, increasing the diameter 



 

 

reduces turbulence decay by shortening the flow path, and enhances liquid velocities. Raghava 

Rao et al. (1988) proposed that the change in path length due to a change in impeller diameter 

becomes increasingly more pronounced with a reduction in clearance. As a result, the effect of 

diameter on Njs is stronger as clearance decreases. However, impeller suspension capacity 

depends not only on flow path length but also on the ability to transfer mechanical energy to 

the fluid and solids. A larger impeller reduces path length, but also increases fluid velocity and 

turbulence by transferring energy to a larger volume of fluid, a factor not considered by 

Raghava Rao et al. (1988) in their analysis of the impeller size-clearance interaction. 

Furthermore, Raghava Rao et al. (1988) referred to radial turbines, which have smaller blades 

than rotors. Mesa (2020) found that smaller blades generate slower fluid velocities. 

Consequently, for turbines, the effect of increasing size may be dominated by the reduced path 

length. In contrast, for rotors, the effect of size could be dominated by increased fluid velocities 

because of the larger blades. Therefore, at lower clearance, the faster flows produced by a rotor 

facilitate suspension, making the impact of reduced path length less critical and the overall 

effect of rotor size less pronounced. 

4.3.2. The impeller size-Jg interaction 

Figure 4 illustrates how Njs responds to changes in Jg for two rotor sizes. For the standard 

impeller, higher Jg leads to a pronounced increase in the critical impeller speed. Chapman et 

al. (1983c) reported that under gassed conditions, larger impellers operate more stably, 

experiencing less power fluctuations than smaller ones. According to Nienow et al. (1985), this 

makes larger impellers better suited for handling suspension at high gassing rates. This is 

consistent with larger impellers having bigger blades, which transfer mechanical energy to a 

greater volume of fluid, including air. Consequently, more fluid can be pumped, and the 

suspension efficiency is less affected when air occupies part of the pumped volume, resulting 

in smaller increase in Njs with higher Jg. 



 

 

 

Figure 4. Impact of Jg on Njs at two rotor sizes. 

4.3.3. The impeller size-baffling interaction 

Figure 5 shows the interaction between impeller size and baffling. Operating with a stator 

results in poorer suspension and higher Njs compared to baffles. The standard rotor has limited 

particle suspension capacity and is therefore strongly affected by the reduction in suspension 

caused by the stator, resulting in a more pronounced increase in Njs. In contrast, the large rotor 

suspends solids more effectively, making its performance less sensitive to changes in baffling 

arrangement. Consequently, the impact of baffling on Njs is smaller for the large rotor.     

 

Figure 5. Effect of baffling on Njs at two rotor sizes. 



 

 

4.3.4. The clearance-Jg interaction 

The regression model shows a significant interactive effect of Jg and clearance on Njs. Air 

injection deteriorates solids suspension, causing higher Jg to increase the critical impeller speed 

(Van der Westhuizen, 2004; Van der Westhuizen & Deglon, 2008). Figure 6 illustrates how this 

effect varies with clearance. At low clearance, the impeller is close to the particles at the 

bottom, allowing effective suspension and making its performance less sensitive to airflow. 

Consequently, the effect of Jg on Njs is small. At higher clearance, the rotor is far from the 

bottom, affecting its ability to transfer mechanical energy to the solids. As a result, suspension 

becomes more sensitive to air injection, leading to a greater increase in Njs with higher Jg. 

 

Figure 6. Impact of Jg on Njs at three clearances. 

4.3.5. The baffling-clearance interaction 

Figure 7 presents the impact of clearance on Njs for the stator and baffles. The stator generates 

hydrodynamic conditions (more turbulence and less mean flow) that are detrimental for 

suspension. Consequently, the rotor struggles more to suspend particles with the stator, making 

its suspension capacity more sensitive to the adverse effects of increasing clearance, which 

leads to a marked rise in Njs. With baffles, the impeller can achieve complete off-bottom 

suspension more readily. Therefore, increasing clearance has a smaller impact on suspension 

capacity and results in a less pronounced increase in Njs. 



 

 

 

Figure 7. Effect of clearance on Njs for stator and baffles arrangements. 

4.3.6. The baffling-Jg interaction 

Figure 8 shows a minor but statistically significant interaction between baffling and Jg. Higher 

airflow reduces particle suspension, increasing Njs. However, this effect depends on the 

baffling arrangement and Jg level. At low Jg (e.g., 0.0 to 0.5 cm/s), Njs increases more for the 

stator than for baffles because the stator makes particles harder to suspend, so the impeller 

suspension performance is more sensitive to air injection. At higher Jg (e.g., 0.5 to 1.5 cm/s), 

the increase in Njs is more pronounced for baffles than for the stator. This may be because the 

stator can break bubbles more effectively, mitigating the detrimental impact of additional air 

on suspension, while baffles are less effective at bubble breakage, which becomes increasingly 

important as airflow rises. 

 

Figure 8. Impact of Jg on Njs for stator and baffles arrangements. 



 

 

5. Implications for coarse particle flotation 

A conventional flotation cell typically operates with a standard rotor-stator mechanism at a 

standard clearance and moderate air rate. The results, although at very low solid concentrations, 

demonstrated that such a configuration is sub-optimal for coarse particle suspension. Increasing 

the impeller size, replacing the stator with baffles, and reducing both clearance and air rate 

resulted in a lower critical impeller speed (Njs). Therefore, the optimal configuration for coarse 

particle suspension is a large rotor with baffles, operated at low clearance and low airflow rate. 

This configuration is not commonly employed in a conventional flotation cell. Although larger 

impellers have been used previously, they are typically operated at the same tip speed as 

standard impellers. In cases where impeller speed was reduced, it was not due to the impeller 

superior suspension capability, nor was Njs measured (Gorain et al., 1995a; Tabosa, 2012).  

The clearance is difficult to modify so cells are built according to a standard that does not 

change for different applications (Gorain et al., 1995b, 1995c). Air rate is often varied, but 

usually at a fixed impeller speed (Laplante et al., 1983a, 1983b; Ostadrahimi et al., 2021). This 

does not take advantage of the potential to reduce impeller speed at lower air rates.  

The use of baffles in flotation is very novel. Only one study has investigated the effect of 

replacing the stator with baffles, but they focused on hydrodynamics at a fixed impeller speed 

(Mesa, 2020). 

The improved configuration modifies the cell hydrodynamics and enables operation at a lower 

Njs, which can significantly benefit coarse particle flotation. Lower impeller speed typically 

leads to reduced turbulence and power input, decreasing bubble-particle detachment. Replacing 

the stator with baffles can have a similar effect by enhancing mean flow over turbulence.  

The modifications may also influence bubble size. In addition, lower Njs could reduce 

turbulence at the pulp-froth interface, decreasing drop-back and improving froth recovery. 

Power draw, bubble size and interface oscillations were measured during the experiments and 

will be presented in a future publication. 

The experiments in this study were conducted in batch mode at low percent solids. Results may 

differ under real plant conditions, where higher solids concentrations and continuous operation 

can influence suspension behaviour. Under steady-state conditions, for a cell operating 

continuously, a false bottom of particles may form beneath the impeller, and the feed and 

tailings flows can modify cell hydrodynamics. Ultimately, the extent to which these 

modifications improve coarse particle recovery will need testing on site in a continuous 



 

 

flotation cell at a solids concentration typical of real plant operation. This will be the focus of 

future test work.  

6. Conclusions 

This study employed a 1 m3 conventional flotation cell to investigate the effects of design and 

operational parameters on coarse particle suspension, quantified by the critical impeller speed 

for complete off-bottom suspension (Njs). A statistical regression model was developed to 

evaluate the significance of the studied variables. Results showed that Njs is influenced by 

impeller size, off-bottom clearance, baffling and superficial gas velocity (Jg). All interactions 

were found to be significant, highlighting that solids suspension in mechanical flotation cells 

is a complex phenomenon governed by interactive effects. This work demonstrated that coarse 

particle suspension can be optimized using a large rotor with baffles, operated at low clearance 

and low airflow rate. These findings deepen the understanding of how cell design and operating 

conditions affect suspension dynamics and provide practical guidance for improving flotation 

performance, particularly coarse particle recovery. 
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