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Abstract 

Flotation process in mechanical cells is carried out in highly turbulent conditions. In this work, the impact of 

impeller speed on four characteristics of the quiescent zone, i.e. zone height, turbulence, solid percentage, 

and gas holdup, and their relationship with the entrainment is investigated, and it is shown why at a higher 

impeller speed, entrainment is not significant. The height of the quiescent zone and its turbulence are 

measured using a piezoelectric sensor, while an electrical conductivity sensor measures the gas hold-up. A 

peristaltic pump is applied to take samples from the pulp to measure the solid percentage. The results 

obtained showed that with increase in the impeller speed from 750 to 1100 rpm, the entrainment value 

changed from 2.01% to 5.69%. However, the variations in entrainment were not significant at speeds higher 

than 1100 rpm. It was found that the height of the quiescent zone was independent from the impeller speed, 

while raising the impeller speed, as long as the solid percentage, turbulence, and gas hold-up are increased, 

caused a drastic increase in entrainment. Despite the increase in the solid percentage and turbulence, the gas 

hold-up decreased at impeller speeds higher than 1100 rpm due to the variation in the bubble distribution 

pattern, so the entrainment raised with a smaller slope. Finally, a model is presented for the entrainment as a 

function of the three correlated variables using the Ridge regression. The entrainment is then correlated to 

the impeller speed, explaining the contradictory results from the literature on the effect of impeller speed on 

the entrainment. 
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1. Introduction 

Entrainment occurs simultaneously with true 

flotation. Unlike true flotation, entrainment is not 

chemically selective, and it occurs by no direct 

attachment of particles to bubbles. Therefore, both 

the valuable and gangue minerals may experience 

entrainment. Since this process is non-selective, it 

would have a detrimental effect on the grade of 

the concentrate [1]. Transport of the entrained 

particles to the froth phase can be due to the 

turbulence caused by the impeller (mechanical 

entrainment) or due to their particle size as well as 

the density by three mechanisms including the 

Boundary Layer, Bubble Wake, and Bubble 

Swarm mechanisms (hydraulic entrainment) [2]. 

In the Boundary Layer Theory, mineral particles 

are transported to the froth phase in the bubble 

lamella, i.e. the thin hydrodynamic layer of water 

surrounding the bubble, while in the Bubble Wake 

Theory, water including the mineral particles is 

transported to the froth phase in the wake of an 

ascending bubble [1]. 

In the bubble swarm theory, water is pushed up 

into the froth region by ascending swarms of gas 

bubbles [1]. In a mechanical flotation cell, the 

formation of three specific hydrodynamic zones 

including the turbulent, quiescent, and froth zone 

is essential for an effective flotation [3]. The 

turbulent zone affects solids suspension, gas 

dispersion, and bubble-particle interactions. 

Quiescent zone helps to reduce the probability of 

gangue mineral recovery caused by possible 

mechanical entrainment [4]. Therefore, a better 
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understanding of the properties of this zone is 

essential to reduce the entrainment. 

The factors affecting entrainment including water 

recovery, particle properties (size, shape, and 

density), rheological properties of pulp, retention 

time, and froth height have been studied by 

several researchers [1-3, 5, 6]. Besides, it has been 

observed that the turbulence induced by the 

impeller leads to entrainment [5]. An early 

research work by Schubert showed that the 

mechanical and hydraulic entrainments decreased 

by reducing the turbulence in the quiescent zone 

[5]. Moreover, Cilek, Akdemir, and Sönmez 

showed that entrainment increased with increasing 

impeller speed [7, 8]. To the contrary, in a later 

research work by Wang et al., it was shown that 

the impeller speed and its interaction with other 

factors did not have a significant impact on the 

entrainment, compared to factors such as air flow, 

froth height, and particle size [9]. Moreover, in 

another study, Yang et al. showed that the 

entrainment was enhanced by increasing the 

impeller speed; however, after a while, the 

variations in the entrainment values in the various 

speeds of impeller became insignificant [10]. In 

comparison with the other variables of the 

quiescent zone, the effect of turbulence on 

entrainment has been far less investigated. Hence, 

in the present work, the effect of impeller speed 

(as a factor creating turbulence) on the properties 

of the quiescent zone and its relation with 

entrainment have been investigated. 

2. Material and methods 

In order to study the effect of impeller-induced 

turbulence on the properties of the quiescent zone 

including the height, solid percentage, gas  

hold-up, and turbulence, and its relation with 

entrainment, a number of experiments were 

performed using a 9-liter mechanical flotation 

cell. Figure 1 schematically demonstrates the 

positions where these variables were measured. 

 

 
Figure 1. Schematic representation of experimental equipment. 

 

2.1. Materials 

Ultrapure quartz (99.99% pure) ground in a 

ceramic mill to -50 micron was used in the 

experiments. 30 ppm MIBC (Isfahan Copolymer 

Co.) (higher than the critical coalescence 

concentration) and 500 ppm sodium silicate 

(Merck Co.) were used as the frother and the 

dispersant, respectively. 

2.2. Method 

2.2.1. Flotation experiments 

The Trahar’s method was used to measure the 

entrainment (mechanical and hydraulic) [11]. 

Therefore, the flotation experiments were 

conducted without a collector. The ratio of mass 

of solids transported to the concentrate to the 

solids in feed was considered as the recovery by 

entrainment. 

During the floatation tests, all the operating 

conditions were kept constant, and only the 

impeller speed was manipulated. Firstly, sodium 

silicate was added to a pulp of 8% solid 

percentage. Next, the frother was added, and 3.5 

l/min of air was sparged. The froth was scraped 

every 2 seconds automatically afterward. The 

making water was added to the cell with the same 
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concentration of the pulp via a peristaltic pump in 

order to maintain the froth-pulp interface level 

constant during the experiments. 

2.2.2. Determining quiescent zone   

The method presented by Tabosa et al. was used 

to determine the turbulent zone as well as the 

quiescent zone in the flotation cell. In this method, 

voltage variations were measured at various 

heights of the cell at different impeller speeds 

using the piezoelectric sensor (to be introduced in 

the next section). Then the graph of voltage 

variations against the relative height of the cell 

was plotted, and the border between zones was 

identified based on the method proposed by 

Tabosa et al. [12]. 

2.2.3. Measuring turbulence 

In this work, an LDTO-028 piezoelectric sensor 

was used to measure the turbulence, as suggested 

by Meng et al. [13]. The piezoelectric sensor was 

connected to a rod and was located in the cell 

inside a mesh surface (to prevent the sensor 

vibration) and was used to measure the turbulence 

at various depths (as shown in Figure 1). A 

filtering integrated circuit, as proposed by the 

sensor manufacturer, was used. Signals were 

transferred to a computer via a 4704 Advantech 

card. Finally, the analysis of the received signals 

was done by the Matlab Signal Processing 

toolbox. Using the correlation between the 

displacement and amplitude to frequency ratio 

[13], the velocity fluctuation of a certain 

measurement was calculated: 

(1) The signal was processed with a Fast Fourier 

Transform (FFT) algorithm to obtain the 

spectrum. 

(2) For each spectrum component, the frequency 

(f), amplitude (A), and displacement (D) were 

obtained. 

(3) f * D was calculated for each frequency. 

(4) The mean velocity was calculated from these 

product values at different frequencies and was 

considered to be the representation of turbulence. 

2.2.4. Measuring solid suspension 

The samples were collected from three points of 

the quiescent zone (as shown in Figure 1) by a 

peristaltic pump with a constant flow rate, and the 

solid percentage was calculated after filtration and 

drying the samples. Five samples were taken from 

each point, and their average was used as the final 

solid percentage. After each test, a compensating 

pulp with a similar concentration was added to the 

cell via the peristaltic pump to keep the 

experimental conditions constant. 

2.2.5. Measuring gas hold-up 

 The gas hold-up was measured using the 

electrical conductivity method, where the 

electrical conductivity of pulp with and without 

air was measured, and the value of gas hold-up 

was calculated based on the Maxwell equation 

[14]: 
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Where kp and kd are defined as pulp electrical 

conductivity with and without air, respectively 

[14]. 

It should be mentioned that two different 

conductivity cells were used to measure the 

conductivity, a larger cell (of 5.5 cm diameter) for 

measuring the conductivity in the quiescent zone, 

and a smaller one (of 2.5 cm diameter) to measure 

the local conductivity. Since the inline 

measurement of the electrical conductivity was 

not constant and had minor changes, 30 datasets 

were read in each test, and the average of these 

data was recorded as the value of the electrical 

conductivity. 

2.2.6. Modeling approach 

In order to demonstrate the relationship between 

the impeller speed and the entrainment, the four 

characteristics of the quiescent zone including 

height, turbulence, solid percentage, and gas  

hold-up were measured in the flotation 

experiments, and an attempt was made to correlate 

the impeller speed and the resulting entrainment 

to these characteristics (Figure 2). The correlation 

matrix and the variance inflation factor (VIF) 

between the variables were calculated to examine 

the co-linearity between the variables. VIF is the 

ratio of variance in a model with multiple terms 

divided by the variance of a model with one term 

alone. It quantifies the severity of co-linearity in 

an ordinary least squares regression analysis [15]. 

The co-linearity between the variables causes an 

inaccurate estimation of the regression 

coefficients. Ridge Regression is a technique used 

for analyzing the multiple regression data that 

suffers from co-linearity. When co-linearity 

occurs, least squares estimates are unbiased but 

their variances are large so they may be far from 

the true value. As a result, Ridge regression was 
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used to build the empirical model, where the  

co-linearity between the variables was removed 

by adding a constant value, k to [X
T
X]

-1
. In order 

to obtain the suitable k, the chart of Ridge trace 

was plotted, as proposed by Montgomery, and the 

lowest possible k that stabilized the coefficients 

was chosen [15]. 

The regression coefficients were calculated using 

the modified [X
T
X]

-1
, and the entrainment was 

modeled as a function of turbulence, solid 

percentage, and gas hold-up. Then a mathematical 

relation was presented between the impeller speed 

and each of the quiescent zone properties, and by 

substituting these relations in the Ridge regression 

model, the entrainment was modeled as a function 

of the impeller speed. The reason for why the 

height of the quiescent zone was not considered in 

the model will be explained in another section. 

 

 
Figure 2. Relationship between variables. 

 

3. Results and discussion 

3.1. Effect of impeller speed on height of 

quiescent zone   

As shown in Figure 3, for all impeller speeds, the 

maximum turbulence was observed at the relative 

height of 0.1, exactly where the impeller was 

emplaced. The turbulence value was then 

decreased and leveled off at a relative height of 

0.3. Hence, the height of the quiescent zone was 

independent from the impeller speed in the 

conditions of these experiments so the height of 

quiescent zone was not considered in the model. 

3.2. Effect of impeller speed on turbulence of 

quiescent zone  

The amount of mean velocity in quiescent 

zone was enhanced by increasing the impeller 

speed, as shown in Figure 4. According to 

research, more turbulence under the froth-pulp 

interface leads to more entrainment [2], so by 

increasing turbulence in a higher impeller speed, 

more entrainment is expected to be seen, while in 

some studies, this trend was not observed [9, 10].

 

 
Figure 3. Relationship between impeller speed and height of quiescent zone. 
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Figure 4. Effect of impeller speed on turbulence of quiescent zone. 

 

3.3. Effect of impeller speed on suspended 

solids 

The effect of impeller speed on suspended solids 

in the quiescent zone is illustrated in Figure 5 for 

3 particle sizes of -50µ, -75+50µ, and -90+75µ. 

The amount of solids in the quiescent zone was 

enhanced by increasing the impeller speed in case 

of each size fraction, while the mass of the 

particles less than 50µ was more than that of the 

other two fractions. In the pulp phase, fine 

particles are easily suspended in the water or the 

water film surrounding the bubbles in the region 

below the pulp/froth interface compared with 

coarse particles, and hence, they have more 

chance to travel up through the froth to the 

concentrate [1]. This means that by increasing the 

impeller speed, the available particles to 

occurrence of entrainment (less than 50µ) 

increased. Like the previous section, it is expected 

to see more entrainment at a higher impeller speed 

in this condition as well. 

3.4. Effect of impeller speed on gas hold-up in 

quiescent zone 

As the impeller speed is raised, the size of bubbles 

and, therefore, the rate of bubble ascent decreases, 

and as a result, the gas hold-up increases [16]. 

However, according to Figure 6, the gas hold-up 

increased as the impeller speed was raised until it 

reached its maximum value at the impeller speed 

of 1100 rpm. Thereafter, the gas  

hold-up drastically decreased unexpectedly. 

In order to be able to explain this trend, the local 

variations of the gas hold-up in different points of 

the quiescent zone were measured using the 

smaller measuring cell. 

As it could be seen in Figure 7, the measured gas 

hold-up was relatively uniform at lower impeller 

speeds; hence, there were uniformly available 

bubbles for the entrainment phenomenon to occur. 

However, the abundance of bubbles was enhanced 

at higher speeds around the wall and the impeller 

area, leading to reduction of bubbles in the other 

parts of the quiescent zone. Therefore, the 

reduction in measured gas hold-up in Figure 6 

above 1100 rpm could be attributed to the  

non-uniform distribution of bubbles in the 

quiescent zone at higher impeller speeds. 

 

 
Figure 5. Effect of impeller speed on amount of transferred materials to quiescent zone in case of the three size 

fractions. 
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Figure 6. Effect of impeller speed on gas hold-up in quiescent zone. 

 

 
Figure 7. Local gas hold-up values measured at different distances around impeller shaft within quiescent zone 

for different impeller speeds. 
 

3.5. Effect of impeller speed on entrainment 

The entrainment against impeller speed is shown 

in Figure 8. By increasing the impeller speed, a 

great enhancement in entrainment was observed 

but at a higher impeller speed, the slope of 

entrainment curve was relatively constant. This 

trend is consistent with Yang et al. [10]. 

According to the bubble swarm theory, as each 

layer of bubbles is pushed up, another layer of 

bubbles will form. In this way, more solids 

suspended in the water are pushed up to the froth 

[1]; at the quiescent zone, the large population of 

bubbles due to increasing impeller speed led to a 

decrease in the drainage of solids and thus 

increased the entrainment. As shown in Figure 6, 

at impeller speeds higher than 1100 rpm, the gas 

hold-up decreased, and the result was an increase 

in the particle drainage and a decrease in 

entrainment. 

As a result, the trend of variation of solid 

percentage and turbulence by increasing impeller 

speed was in agreement with entrainment 

enhancement, while the gas hold-up caused the 

reduction of entrainment at higher speeds. 

Subsequently, a mild enhancement of entrainment 

at higher speeds of impeller would occur. This can 

substantially explain why the impeller speed and 

its interaction with other factors do not have a 

significant impact on the entrainment. 

 

Wall 

Center 

Around impeller 

shaft 
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Figure 8. Relationship between entrainment and impeller speed. 

 

3.6. Developing an empirical model 

The regression method was employed to propose 

an empirical model to demonstrate the effect of 

properties of the quiescent zone on the 

entrainment phenomenon. According to Table 1, 

the data was reasonably correlative. The VIF 

values bigger than 10 were also indicative of the 

co-linearity between the variables [15]. 

In order to estimate the regression coefficients 

correctly, it is necessary to remove the co-linearity 

between the variables, and therefore, the Ridge 

regression method was applied. Based on the 

Ridge trace graph (Figure 9), K = 0.293 was 

selected to stabilize the coefficients. 

Considering the value of K = 0.293, the regression 

coefficients were calculated, so that the 

entrainment was presented as a function of the 

solid percentage, gas hold-up, and the turbulence 

of the quiescent zone (Equation (2)). It is worth 

mentioning that this equation is only suitable for 

the conditions at which the independent factors 

(dependent on each other here) vary as a result of 

variation in the impeller speed. 

1.04 1.15 0.41 8.94   en gR x v   (2) 

where Ren is the recovery by entrainment, X is the 

solid percentage, V is the turbulence, and εg is the 

gas hold-up. 

The relationship between the predicted model and 

the measured data is shown in Figure 10. The 

error between the actual data and the model was 

calculated using Root-Mean-Square Error, which 

showed RMSE = 0.266, which is assumed as an 

acceptable value [17]. 

The relation between the impeller speed and the 

three properties of the quiescent zone were 

obtained by regression (Figure 11): 

0.029 4.3755 x rpm  (3) 

0.0025 0.275 v rpm  (4) 
5 22*10 0.045 14.724   g rpm rpm  (5) 

The linear relationship between X and V with rpm 

indicates that at all conditions, by increasing the 

impeller speed (rpm), X and V will increase. 

Equation 5 is a second-order equation, showing an 

upward curvature. According to Equations 3-5, 

the trend of entrainment variation versus rpm in 

empirical model presented in Equation 2 is logical 

as at 750-1100 rpm, X, V, and εg increased, and 

therefore, entrainment enhanced sharply. 

However, at a higher rpm, despite the increase in 

X and V, εg decreased. A mild enhancement of 

entrainment was observed for higher speeds of 

impeller, as suggested by Wang et al. [9] and 

Yang et al. [10] as well. 

Finally, with the replacement of X, V, and εg in 

Equation 2 by Equations 3-5, a model describing 

the relationship between the impeller speed and 

the entrainment is presented as Equation 6. 

5 20.82*10 0.024 10.47   enR rpm rpm  (6) 

It should be noted that these empirical models are 

valid in the range of 750-1300 rpm and in the 

conditions applied in the experiments. The 

relationship between the predicted model and the 

measured data are shown in Figure 12  

(RSME=201). 

 

Table 1. Correlation matrix and VIF between variables. 

Variables Solid percentage, X Mean velocity, V Gas hold-up, εg VIF 

Solid percentage, X 1 0.96 0.38 17.68 

Mean velocity, V 0.96 1 0.29 16.45 

Gas holdup, εg 0.38 0.29 1 1.31 
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Figure 9. Graph of Ridge trace for normalized data. 

 

 
Figure 10. Predicted values against real values of entrainment. 

 

 
Figure 11. Relationship between impeller speed and properties of quiescent zone. 
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Figure 12. Predicted values against real values of entrainment. 

 

4. Conclusions 

The impact of the impeller speed on four 

characteristics of the quiescent zone in a 

laboratory flotation cell, i.e. zone height, 

turbulence, solid percentage, and gas hold-up, and 

their relationship with the entrainment was 

investigated. The height of the quiescent zone was 

found to be independent from the impeller speed 

variations. The turbulence value and the solid 

percentage in the quiescent zone were enhanced 

by increasing the impeller speed, while the gas 

hold-up was enhanced by increasing the impeller 

speed up to 1100 rpm, then decreased 

significantly as for impeller speeds above 1100 

rpm. The reason for gas hold-up reduction was 

attributed to the variation of bubble distribution 

pattern within the cell. The entrainment enhanced 

from 2.01 to 5.69% by increasing the impeller 

speed from 750 to 1100 rpm but variations of the 

entrainment were not significant above1100 rpm. 

By increasing the impeller speed, the variation of 

solid percentage and turbulence were in 

agreement with entrainment enhancement, while 

the gas hold-up reduction above 1100 caused a 

decrease in the entrainment. Generally, raising 

impeller speed, as long as increasing the solid 

percentage, turbulence, and gas hold-up, caused a 

drastic increase in entrainment. Despite the 

increase in solid percentage and turbulence, the 

gas hold-up decreased, and as a result, the 

entrainment raised with a smaller slope. This point 

means that bubble distribution has a key role in 

the entrainment phenomenon. Yet, deep 

knowledge of this role needs further 

investigations. 
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 7931م، سال چهاردوره نهم، شماره زیست، پژوهشی معدن و محیط -و همکاران/ نشریه علمی رزمجویی

 

 

 

 روی در سلول فلوتاسیون مکانیکیدور همزن بر خواص ناحیه راکد و ارتباط آن با دنباله اثر

 

 و محمدرضا خالصی *سیما رزمجویی، محمود عبدالهی

 ایران مدرس، تربیت دانشگاه مهندسی، فنی دانشکده معدن، هندسیم بخش

 71/68/8672 ، پذیرش60/67/8672ارسال 

 minmabd@modares.ac.ir* نویسنده مسئول مکاتبات: 

 

 چکیده:

حیده راکدد،   های فلوتاسیون مکانیکی، آشفتگی یک عامل بسیار تأثیرگذار است. در این پژوهش، اثر دور همزن بر چهار ویژگی ناحیه راکدد یعندی ارتفداا نا   سلول در

روی روی مطالعه شد و نشان داده شد که چرا در دورهای بالای همزن، تغییرات دنبالده ها با دنبالهت ارتباط آندرصد جامد، آشفتگی و ماندگی گاز بررسی و در نهای

گیدری مانددگی گداز از روش هددایت     با استفاده از سنسور پیزوالکتریک و پمپ پریستالتیک انجام شدد و بدرای انددازه    بیترتناچیز است. آشفتگی و درصد جامد به 

تغییدر کدرد ولدی در دورهدای بدالاتر از       03/1تدا   67/8روی از دور بر دقیقه، مقدار دنبالده  7766تا  116اده شد. طبق نتایج، با افزایش دور همزن از الکتریکی استف

مانددگی گداز در ایدن     دور بر دقیقه، تغییرات محسوسی دیده نشد. ارتفاا ناحیه راکد مستقل از تغییرات دور همزن بود در حالی که درصد جامد، آشفتگی و 7766

بندابراین کداهش    ؛ماندگی گاز کاهش یافت دور بر دقیقه، 7766( افزایش یافت و علیرغم افزایش درصد جامد و آشفتگی در دورهای بالاتر از 116-7766محدوده )

دقیقه دانست. علت کاهش ماندگی گاز تغییر الگدوی توزید     دور بر 7766روی در دورهای بالاتر از توان عامل تغییرات کم دنبالهماندگی گاز در دورهای بالاتر را می

 روی و خواص ناحیه راکد ارائه شد.حباب بود. در ادامه با استفاده از روش رگرسیون ریج، مدلی برای نشان دادن ارتباط بین دنباله

 روی، سلول فلوتاسیون مکانیکی.دور همزن، آشفتگی، ناحیه راکد، دنباله کلمات کلیدی:

 

 

 

 


