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 The main characteristic of mechanical flotation cells is to have an impeller, which 
is responsible for creating particle suspension, gas dispersion, and producing 
turbulence necessary to create effective bubble-particle interactions. For this purpose, 
in this paper, the conditions for complete gas dispersion in a Denver laboratory flotation 
cell have been investigated. Then, the critical impeller speed has been investigated for 
quartz particles with different size fractions. The effect of complete dispersion of 
introduced gas and critical impeller speed on the flotation rate constant (k) of particles 
was investigated. The results showed that k was the minimum value at an impeller 
speed of 700 rpm in the superficial gas velocity of 0.041- 0.125 cm/s for all size 
fractions. The impeller speed of 700 rpm was sufficient to keep -106µm quartz particles 
suspended, but at all superficial gas velocities, the minimum impeller speed required 
for complete gas dispersion was 850 rpm. Therefore, it can be stated that the reason for 
the low k value at a stirring speed of 700 rpm is the incomplete distribution of bubbles 
and particles (+106µm), resulting in a reduced probability of air bubbles colliding with 
solid particles. By increasing the impeller speed to values greater than 700 rpm, the k 
value increased, which is due to the complete distribution of particles and air bubbles 
in the flotation cell (increased probability of bubble-particle collision). Therefore, it is 
necessary to provide suitable operating conditions for the complete dispersion of air 
bubbles and also to keep solid particles suspended. 
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1. Introduction 

Mechanical flotation cells are one of the most 
common flotation cells in mineral processing. For 
this reason, any inefficiency in the flotation process 
leads to significant financial losses in mineral 
processing plants. Therefore, many researchers are 
seeking to increase their knowledge and 
understanding of the flotation process. Since the 
flotation process occurs in an aqueous 
environment, the interaction between particles and 
bubbles is strongly influenced by the 
hydrodynamic forces generated by the surrounding 
liquid and the relative motion between bubbles and 
particles. Although advances in the understanding 
of flotation chemistry have improved the flotation 
process, especially the flotation of fine particles, 
optimizing the flotation hydrodynamic 
environment can also significantly improve the 

flotation process. The flow regime in mechanical 
flotation cells is turbulent. Turbulence generated by 
the impeller affects the flotation process in the 
mechanical cell by affecting macroprocesses 
(particle suspension and gas dispersion) and 
microprocesses (bubble-particle collision, 
attachment, and stability) [1-3]. As a result, 
optimizing flotation performance requires a 
detailed understanding of the effect of turbulence 
on hydrodynamics, particle suspension, gas 
dispersion, and bubble-particle interactions [4-7]. 
Therefore, the first step in properly conducting a 
flotation experiment is to create suitable agitation 
conditions for the complete dispersion of air 
bubbles and complete suspension of mineral 
particles in the flotation cell so that the necessary 
conditions for bubble-particle interactions (bubble-
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particle collision, bubble-particle attachment, and 
stability) and, consequently, the flotation process 
are provided. If the bubbles and particles are not 
completely distributed in the flotation cell, the 
probability of particle collection is reduced. The 
literature review indicates a gap in previous 
studies, as they have not investigated the 
simultaneous study of complete gas dispersion and 
complete particle suspension and their effects on 
the flotation rate constant. Therefore, in this paper, 
the conditions for complete gas dispersion in a 
Denver laboratory flotation cell were investigated. 
The critical impeller speed (the lowest impeller 
speed required to keep all solid particles suspended 
at the bottom of the cell) was investigated to ensure 
proper agitator conditions for particle suspension. 
Then, the effect of complete gas dispersion 
conditions and critical impeller speed on the 
flotation rate constant using pure quartz particles at 
different size fractions was investigated. 

1.1. Complete gas dispersion condition 

In a mechanical flotation cell, air is collected in 
low-pressure cavities behind the agitator blades 
after being delivered via the rotor-stator in either an 
external or self-aerating system. As the agitator 
rotates and shears these air cavities, small and large 
bubbles are produced. High turbulence in the 
impeller zone causes the large bubbles to break into 
small bubbles. The bubbles are then dispersed 
throughout the cell by the impeller pumping action 
and fluid circulation. The upward movement of the 
air bubbles causes the turbulence in the cell to 
change. Energy is introduced into the flotation cell 
in the form of kinetic energy through the impeller. 
Initially, energy is transferred through the primary 
eddies in the system. The number of eddies 
increases as their size decreases, but their overall 
energy drops. Large-scale eddies are known as 
macroturbulence. The energy of these eddies is 
used to suspend and transport particles and 
bubbles. Smaller eddies, i.e., eddies in the inertial 
subrange and dissipation subrange, are known as 
micro turbulence. The energy of these eddies is 
used to disperse the air into small bubbles and to 
cause bubble-particle collisions, attachment, and 
detachment [1]. The bubbles formed in the area 
near the impeller are carried along with the radial 
flow generated by the impeller and are dispersed 
throughout the pulp in the flotation cell. The 
bubbles then rise in the cell due to buoyancy force 
but are randomly dragged around by the turbulence 
in the cell. In flotation cells, the aeration number 
and the ratio of power consumption under non-

aerated to aerated conditions can be used to 
describe gas dispersion and mixing efficiency [8, 
9].  

As air bubbles enter the cell with a radial flow 
impeller, three types of flow patterns are created 
due to the way the bubbles disperse, depending on 
the impeller speed and the superficial gas velocity. 
The impeller is considered flooded when there is an 
axial flow of gas through the impeller plane that 
reaches the surface of the free liquid (as shown in 
Figure 1A). By increasing the impeller speed 
beyond the critical threshold Nf, the impeller is 
loaded (refer to Figure 1B), with gas moving across 
the entire area above the impeller. If the impeller 
speed is further raised above the critical level NCD, 
a greater dispersion of gas and liquid occurs both 
above and below the impeller plane (illustrated in 
Figure 1C) [10, 11]. Determining the minimum 
impeller speed necessary for complete gas 
dispersion (NCD) is crucial for gaining insights into 
the flow pattern in a flotation cell [12]. The ratio of 
power input under aerated conditions (Pg) to un-
aerated (Pu) conditions typically falls within the 
range of 30% to 100%, depending on the impeller 
type and the superficial gas velocities applied. This 
ratio provides insight into the properties of gas 
dispersion in addition to showing the actual power 
input [6]. Analyzing the ratio of unaerated to 
aerated power input (Pg/Pu) in relation to the 
aeration number (NQ) is vital for identifying the 
minimum impeller speed needed for complete gas 
dispersion in the cell. Specifically, at a certain 
superficial gas velocity, the impeller speed that 
minimizes this ratio is referred to as the NCD. These 
conditions of complete gas dispersion are marked 
by a bubbly fluid flow pattern, ensuring that there 
is no flooding around the impeller [13]. 

 
Figure 1. Schematic picture of the bulk flow 

patterns. 

Aeration number (NQ) can be calculated using 
the following equation: NQ = Qg/ND3, where Qg 
denotes the total volumetric gas flow rate, N 
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represents the impeller speed, and D is the impeller 
diameter [9]. 

1.2. Critical impeller speed (Njs) 

Achieving effective solids suspension is crucial 
for particle collection and depends greatly on the 
hydrodynamic conditions within the cell [14]. The 
first step of this process is to lift the solids off the 
bottom, and the second is to spread and distribute 
them evenly throughout the cell [9, 15]. 
Consequently, methods for evaluating solids 
suspension typically focus on either the conditions 
for off-bottom suspension (e.g., the critical 
impeller speed) or the conditions for solids 
distribution (e.g., the suspension height). In the 
literature, the critical impeller speed, denoted as 
Njs, is frequently referenced as the primary 
criterion for assessing the effectiveness of solids 
suspension. This speed is defined as the minimum 
impeller speed required to lift all solids fully off the 
bottom of the cell [16-18]. 

2. Materials and Methods 

The tests were conducted using a Denver 
flotation cell with a capacity of 10.5 L. The cell 
bottom's square shape was created by its 20 cm by 
20 cm dimensions. The stator consisted of 12 
blades with a diameter of 12 cm, while the impeller 
was composed of 8 blades with a diameter of 9 cm. 
Additionally, the impeller and cell bottom were 
separated by 2 cm (off-bottom clearance). The 
impeller's rotational speed, N, was fixed at 700, 
850, and 1000 revolutions per minute. The 
superficial gas velocity was 0.041, 0.083, and 
0.125 cm/s. 

It is widely recognized that the flotation rate 
constant is affected by mineral liberation, 
differences in mineral texture, and variations in 
gangue type. Additionally, the viscosity of the pulp 
is affected by the composition of the gangue, 
especially when clay minerals are included in the 
flotation feed. This research aims to investigate the 
effect of complete gas dispersion and critical 
impeller speed on the flotation rate constant. 
Consequently, pure quartz particles (particle 
density 2.65 g/cm3) were employed to remove the 
possible influence of mineral liberation and 
variations in gangue type on flotation kinetics. The 
pure quartz sample was prepared by Technosilis 
Corporation (Tehran, Iran). After screening, the 
sample was divided into seven size classes: coarse 
particles (-300+212 and -212+150 µm), medium 
particles (-106+75 and -150+106 µm), and fine 
particles (-75+53, -53+38, and -38 µm). All 

samples were rinsed with distilled water to prevent 
any coated fine quartz particles. The pulp density 
was considered 5%. Under a pH of 9, pure quartz 
exhibits a robust negative charge and achieves 
complete dispersion. Consequently, quartz 
suspensions exhibit no yield stresses at low solid 
concentrations (< 10% solids by volume) [19, 20]. 
In flotation cells, conditions resembling an ideal 
suspension may be approximately met only when 
volume fractions of solids are below 0.05 to 0.1. 
Under these circumstances, the impact of particles 
on turbulence can be disregarded [1]. The frother 
concentration of 22.4 ppm (C/CCC = 2) methyl 
isobutyl carbinol (MIBC) was employed. 
Additionally, dodecyl amine was utilized as the 
collector at a concentration of 2.837×10-5 mol/L at 
pH = 9. Concentrates were collected at consistent 
intervals of 30, 60, 120, 180, 240, 360, and 480 
seconds, each collected into separate containers. 
Throughout the process, water was added to sustain 
the pulp level within the flotation cell. The 
concentrates and tailings were subjected to drying 
and subsequent weighing. Following this, the 
recovery (Ri) was calculated as a function of time. 
It has been established that the lab-scale flotation 
process operates as a first-order rate process [21, 
22]. Hence, the flotation rate constant was 
determined by the following equation: 

ܴ௜ = ܴ௠௔௫  ൫1 − ݁ି௞௧൯ (1) 

where k is the flotation rate constant (1/min), t 
is time (min), and Rmax is a recovery (%) at time 
infinity (ultimate recovery). The non-linear least 
squares regression method was used to calculate k 
and Rmax for each particle size range using Eq. (1). 

2.1. Power input 

In order to find the ratio of unaerated to aerated 
power input (Pg/Pu), the torque was measured under 
both unaerated and aerated conditions. Each 
measurement was repeated three times, and the 
average power consumption and standard deviation 
were determined for each set of test conditions. The 
power input (P) by the impeller at both conditions 
was calculated as follows [23]: 

 (2) 

where T is the stirring shaft torque. 

2.2. Critical impeller speed (Njs) 

By gradually increasing the impeller speed from 
300 rpm while looking at the flotation cell's bottom 
through an inclined mirror that was lit by a light 

60
2 TNP 


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source, the critical impeller speed required for total 
suspension, or Njs, was determined (Figure 2). The 
1s-criterion, introduced by Zwietering in 1958 [18] 
and widely adopted by other researchers [16, 17, 
24], was utilized to visually assess the just-
suspended state. 

3. Results and Discussion 
3.1. Critical impeller speed (Njs) 

Table 1 presents the findings of the critical 
impeller speed measurements. The minimum 
required impeller speed for particles of -106+74 
µm at an aeration rate of 0.041 cm/s is 705 rpm, 
and the maximum required impeller speed for 
particles of -300+212 µm at the superficial gas 
velocity of 0.125 cm/s is 1010 rpm. Therefore, the 
impeller speed range between 700 and 1000 rpm 
was selected for the experiments. Since the other 

size classes selected for the flotation experiments 
are smaller than the -106+74 µm particles, it can be 
stated that this impeller speed range is suitable for 
all selected size classes. 

 
Figure 2. Experimental scheme used to measure the 

critical impeller speed. 

Table 1. Critical impeller speed (Njs) for particles with different size classes at different superficial gas velocities. 
Superficial gas velocity (cm/s) Particle size (µm) Njs (rpm) 

0 -106+74 660 
0.041 -106+74 705 
0.083 -106+74 765 
0.125 -106+74 880 

0 -150+106 740 
0.041 -150+106 805 
0.083 -150+106 825 
0.125 -150+106 920 

0 -212+150 775 
0.041 -212+150 855 
0.083 -212+150 915 
0.125 -212+150 985 

0 -300+212 935 
0.041 -300+212 970 
0.083 -300+212 985 
0.125 -300+212 1010 

 
3.2. Critical impeller speed (Njs) 

In Figure 3, the ratio of power consumption 
under aerated conditions to power consumption 
under non-aerated conditions (Pg/Pu) is plotted as a 
function of the aeration number (NQ) at different 
impeller speeds. The Pg/Pu ratio was 0.82 to 1. In 
this figure, the minimum speed required for 
complete dispersion of introduced gas (NCD) is 
presented as the impeller speed at which the Pg/Pu 
ratio is minimum at a given superficial gas velocity. 
At all superficial gas velocities, the NCD was equal 
to 850 rpm. It can be stated that in the superficial 
gas velocity range of 0.125-0.041 cm/s, an impeller 
speed of 700 rpm is not sufficient for complete gas 
dispersion in the cell. Consequently, impeller 
speeds greater than 850 rpm must be used for 
flotation experiments. 

3.3. Influence of complete dispersion of 
introduced gas and critical impeller speed on the 
flotation kinetics 

In order to investigate the relationship between 
flotation rate constant (k), Njs and NCD, for each of 
the size classes of quartz particles studied in this 
paper, the flotation rate constant for impeller 
speeds of 700, 850, and 1000 rpm at the superficial 
gas velocities of 0.125-0.041 cm/s is investigated 
in Figure 4. 

The results show that k has the minimum value 
at the impeller speed of 700 rpm and the superficial 
gas velocities of 0.125-0.041 cm/s for all size 
classes. According to the results, the impeller speed 
of 700 rpm is sufficient to keep quartz particles 
smaller than 106 µm in suspension, but at all 
superficial gas velocities, the NCD obtained is equal 
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to 850 rpm. Therefore, it can be stated that the 
reason for the low k value at the impeller speed of 
700 rpm is the lack of complete distribution of air 
and particles (larger than 106 µm) in the flotation 
cell, resulting in a decrease in the bubble-particle 
collision probability. The flotation rate kinetics of 
particles smaller than 106 µm increased at impeller 
speeds of 850 rpm (equivalent to NCD 1.2 Njs) to 
1000 rpm (equivalent to 1.5 Njs), as shown in 
Figure 4, because particles have a more uniform 
spatial distribution in the flotation cell at these 
impeller speeds [4]. On the other hand, the NCD was 
obtained to be equal to 850 rpm. Therefore, when 
the impeller speed is between 850 and 1000 rpm, 
we can say that k values increase because bubbles 
and particles are evenly distributed throughout the 
flotation cell, increasing the likelihood of collisions 
between the two [2]. However, k for particles larger 
than 106µm decreases as the impeller speed 
increases above 850 rpm because particles and air 
bubbles are more likely to separate from one 
another, even though the particles and bubbles are 
still evenly distributed [3]. Therefore, it is 
necessary to provide suitable operating conditions 
for the complete dispersion of air bubbles and also 
to keep solid particles suspended to provide 
optimal flotation conditions.  
 

 
Figure 3. The relationship between NQ and 

Pg/Pu 

5. Conclusions 

This paper investigated the conditions for 
complete gas dispersion in a Denver laboratory 
flotation cell. The critical impeller speed was 
investigated to ensure the creation of suitable 
agitation conditions for particle suspension. Then, 
the effect of complete gas dispersion conditions 

and critical impeller speed on the flotation rate 
constant using pure quartz particles was 
investigated. The results of the investigation of the 
conditions for complete gas dispersion showed that 
in the range of the superficial gas velocities of 
0.125-0.041 cm/s, the impeller speed of 700 rpm 
was not sufficient for complete gas dispersion in 
the cell. Therefore, it is necessary to conduct 
flotation experiments at impeller speeds higher 
than 850 rpm. The minimum critical impeller speed 
for particles of -106+74 µm at the superficial gas 
velocity of 0.041 cm/s was 705 rpm, and the 
maximum required impeller speed for particles of -
300+212 µm at the superficial gas velocity of 0.125 
cm/s was 1010 rpm. Since the other size classes 
selected for flotation experiments are smaller than 
the -106+74 µm particles, it can be stated with 
certainty that this impeller speed range of 700-1000 
rpm is suitable for all selected size classes. For an 
impeller speed of 700 rpm in the range of the 
superficial gas velocity of 0.125-0.041 cm/s for all 
size classes, k has the minimum value. According 
to the results of the critical impeller speed 
determination experiments, the impeller speed of 
700 rpm was sufficient to keep quartz particles 
smaller than 106 µm in suspension, but at all the 
superficial gas velocities, NCD (the minimum 
impeller speed required for complete gas 
dispersion) was obtained at 850 rpm. Therefore, it 
can be stated that the reason for the low k value at 
the impeller speed of 700 rpm is the lack of 
complete distribution of bubbles and particles 
(larger than 106 µm) in the flotation cell, and as a 
result, the probability of bubble-particle collision is 
reduced. Because of the full distribution of air and 
the more even spatial distribution of particles in the 
flotation cell, the flotation rate kinetics of particles 
smaller than 106 µm increased at impeller speeds 
of 850 to 1000 rpm. The likelihood of a bubble-
particle collision then increased. Despite the 
overall particle and bubble distribution, k for 
particles larger than 106µm was decreased by 
increasing the impeller speed to values greater than 
850 rpm. The higher detachment efficiency of 
particles and air bubbles may be the cause of this. 
Therefore, it is essential to provide suitable 
operating conditions for the complete dispersion of 
air bubbles and also to keep solid particles 
suspended to provide optimal flotation conditions. 
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Figure 4. The relationship between impeller speed and flotation rate constant at different particle sizes and 
superficial gas velocities. 
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اصل است که وظ   یکیمکان  ونیفلوتاس  ي هاسلول   یمشخصه  ذرات    ون یسوسپانس  جادیا   فه یداشتن همزن 
  ن یذره را بر عهده دارد. به هم  - مؤثر حباب   ي هااندرکنش   جاد یا   ي تلاطم لازم برا   د یگاز و تول   یجامد، پراکندگ

شده    یمدل دنور بررس  یشگاهی آزما  ون یسلول فلوتاس  کیکامل گاز در    یپراکندگ  طیمقاله، شرا   نیدر ا   لیدل
  ر یشد. تأث  یمختلف بررس  ي ابعاد  ي ذرات کوارتز خالص با محدوده ها  ي همزن برا   ی است. سپس سرعت بحران

  kنشان داد که  جی شد. نتا ی) بررسk( ون یفلوتاس کینت ی همزن بر ثابت س یکامل گاز و سرعت بحران یپراکندگ
حداقل مقدار بود.    cm/s 125/0  - 0/ 041هوا    ي رو سرعت ظاه  rpm  700تمام ذرات در سرعت همزن    ي برا 

هوا،   ي ظاهر  ي بود اما در تمام سرعت ها  یکاف  کرونیم   - 106ذرات   یپراکندگ  ي برا   rpm  700سرعت همزن  
  ل یکرد که دل  انیتوان ب  یم  نیبود. بنابرا   rpm  850کامل گاز برابر با    یپراکندگ  ي حداقل سرعت همزن لازم برا 

  جه ی) و در نتکرونی+ م106حباب ها و ذرات (  یناکاف  عی توز  rpm  700  همزندر سرعت    kکم بودن مقدار  
افزا   ي کاهش احتمال برخورد حباب ها   700از    شتر یب   ری سرعت همزن به مقاد  ش یهوا با ذرات جامد است. با 

rpm ذره)،   - احتمال برخورد حباب ش ی (افزا  ونیهوا در سلول فلوتاس ي کامل ذرات و حباب ها عیتوز  لی، به دل
k   ون ی هوا و سوسپانس  ي ها  ي کامل حباب ها  عیتوز   ي برا   یاتیمناسب عمل   ط یشرا   جادیا   ن ی. بنابرا ابدی  یم  ش یافزا  

  است. ي ذرات ضرور

    کلمات کلیدي 

  سلول فلوتاسیون مکانیکی 
  سرعت بحرانی همزن 
  سینتیک فلوتاسیون 
  پراکندگی کامل گاز 

  

  
 

 

 


