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A cross-sectional area of the flotation cell [m2] 

B d32 at zero frother concentration [mm] 

CCC critical coalescence concentration [ppm] 

D diameter of the rotor [m] 

db bubble diameter [mm] 

d0 bubble size at Jg=0 [mm] 

d10 average bubble diameter [mm] 

d32 Sauter mean bubble diameter [mm] 

dlimiting d32 at over CCC values [mm] 

dp/dt slope of the pressure curve 

HBD the length difference between height 1 and 2 [m] 

HL length of the Jg sensor tube [m] 

HO length of the sensor tube above the pulp level [m] 

Jg superficial gas velocity [cm/s] 

k rate constant [1/min] 

N impeller rotational speed (m/s) 

n amount of bubbles 

P parameter representing the floatability of ore (dimensionless) 

Pa bubble-particle attachment probability 

Patm atmospheric pressure [bar] 

Pnet net power consumption kW 

Pc bubble-particle collision probability 

p1 steady-state pressure at height 1 [bar] 

p2 steady-state pressure at height 2 [bar] 

Qa volumetric air flow rate [Nm3/min] 

q  size factor for one bubble fragmenting into smaller bubbles 

R1 radius of the sphere 

Rf froth recovery (fraction) 

SD standard deviation 

Sb bubble surface area flux [1/s] 



 

 

W               particle mass  

-dW/dt       disappearance of particle mass 

 

Ɛg gas hold-up [%] 

ρ specific gravity of liquid or slurry [g/m3] 

ρb bulk density [g/m3] 
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1 INTRODUCTION 

1.1 Background 

The flotation process is the most important and versatile mineral processing technique. 

The flotation process enables the economical mining of low-grade and complex ore 

bodies due to its high separation efficiency and cost effectiveness. The mining industry 

is continually expanding to treat greater tonnages and lower grades. Therefore, in order 

to enhance the flotation process further, development of practices and equipment is 

needed. (Tao 2005, Wills & Finch 2016) 

The development of flotation equipment is one way to improve the overall flotation 

efficiency. The flotation machine is required to create suitable conditions to enable 

bubble-particle contact and enrichment of valuable minerals. These conditions include 

solids suspension, dispersion of air bubbles, and the right amount of turbulence for 

particle-bubble collision and attachment. Furthermore, all this should happen so that the 

process is energy-efficient. The research and development of flotation equipment 

requires a significant amount of test work, from computer modeling to laboratory 

testing and pilot scale testing, and further to plant scale testing and validating.  

This thesis was written under the supervision of the flotation equipment supplier 

Outotec Finland Oy. Outotec is a global leader in minerals and metals processing 

technology and provides mineral processing solutions from pre-feasibility studies to 

complete plants and life cycle services. The experimental part was carried out at the 

facilities of Oulu Mining School, University of Oulu.   

1.2 The objective of the thesis 

The mixing mechanism is one of the key components in the mechanical flotation 

machine. This thesis focuses on the gas dispersion conditions generated by two mixing 

mechanisms, named A and B. The gas dispersion measurements include gas hold-up, 

superficial gas velocity, and bubble size. Bubble surface area flux is derived from 
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previous measurements. In addition, the power consumption of the rotor and sanding on 

the bottom of the flotation cell were measured. The experiments were conducted in a 

pilot scale mechanical flotation cell, TankCell® 1. The hydrodynamic conditions in the 

cell were varied by changing the rotor tip speeds and air flow rates. The aim of this 

study is to compare the gas dispersion ability of the two mixing mechanisms. The 

secondary aim is to define the optimal operating ranges for the mixing mechanisms. 

1.3 Thesis outline 

This thesis is divided into 8 chapters. In chapter 2, the principles of flotation are briefly 

discussed. Chapter 2 also focuses on different aspects affecting flotation efficiency. In 

chapter 3, the gas dispersion parameters are presented. Chapter 4 focuses on mechanical 

flotation machines and mixing mechanisms. In chapter 5, the parameters affecting gas 

dispersion is discussed. Chapter 6 introduces the experimental part and presents the 

measurement devices used. In chapter 7, the results of the experimental part are 

presented and discussed. In chapter 8, the main conclusions of the experimental work 

are presented. 
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2 PRINCIPLES OF FLOTATION 

Froth flotation was originally developed to treat the sulfide minerals of copper, lead, 

and zinc but later on it has been applied to other sulfide minerals, oxides and also 

outside the mining industry, for example in the de-inking of recycled paper pulp. Thus, 

froth flotation is the most important and versatile mineral processing technique 

available. Froth flotation utilizes the differences in the surface properties of minerals to 

separate valuable minerals from gangue.  (Wills & Finch 2016) 

Prior to flotation, the ore is crushed and ground to the desired size fraction suitable for 

flotation. The slurry entering flotation is a mixture of water, solids, and reagents. 

Reagents are used to enhance or alter the surface properties of the minerals to enable the 

separation of valuable and unwanted minerals. The reagents are added at the 

conditioning phase and at different stages of the flotation process. (Gaudin 1957, Wills 

& Finch 2016) 

The basic idea of the flotation process is illustrated in Figure 1, which also illustrates the 

main components of the mechanical flotation machine. The slurry is fed to the flotation 

cell where air is introduced to the slurry. The mixing mechanism provides enough 

turbulence in the pulp phase to promote collision of air bubbles and particles to form 

bubble-particle aggregates. These aggregates are then transported by buoyancy to the 

froth phase to be recovered in the concentrate launder. Typically, it is not possible to 

execute the flotation process in a single flotation cell and therefore several flotation 

stages are needed. Multiple flotation cells together are referred to as banks and multiple 

banks in turn comprise a flotation circuit. (Wills & Finch 2016) 
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Figure 1. Principle of froth flotation (Wills & Finch 2016). 

The mineral surface can be either hydrophobic or hydrophilic. If the surface is 

hydrophobic, the particle attaches to an air bubble and can thus be floated.  This 

selective attachment of valuable minerals to air bubbles, as illustrated in Figure 1, is the 

most important mechanism in the flotation process and represents the majority of 

particles that are recovered to the concentrate. Other mechanisms for the recovery of 

mineral particles to the concentrate are entrainment and entrapment. These latter 

mechanisms are not selective to the mineral surface properties and thus reduce the 

separation efficiency of the flotation process. (Tao 2005, Wills & Finch 2016) 

In mineral processing, the valuable mineral is usually transferred to the froth, leaving 

the gangue in the tailings. This is known as direct flotation, and the opposite, reverse 

flotation, is a process where gangue is transferred to the froth leaving the valuable 

minerals in the pulp. (Wills & Finch 2016) 
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2.1 Bubble-particle interaction 

Bubble-particle collision and especially the capture of hydrophobic particles by air 

bubbles is a key element in successive flotation processes. The bubble-particle 

interaction consists of three micro-processes; collision, attachment, and detachment. 

(Tao 2005) 

The collision process is primarily determined by the hydrodynamics of the flotation 

environment. Numerous models have been developed to describe particle-bubble 

collision in flotation. What is similar in these models is that the collision probability (Pc) 

increases as the particle size increases and bubble size decreases. This means that the 

low collision probability of fine particles and bubbles is the main reason for the low 

flotation recovery of fine particles. Furthermore, small bubbles increase the probabilities 

of collision and adhesion. (Tao 2005) According to Bloom & Heindel (2002), bubble 

size is the most significant factor in the collision frequency of particles and bubbles.  

Bubble-particle attachment occurs after bubble-particle collision, provided that the 

particle is sufficiently hydrophobic and the induction time is less than the sliding time. 

The attachment process is selective and is affected by the hydrodynamic and surface 

forces of particles and bubbles. The selectivity of the attachment process is determined 

by the difference in the attachment probability (Pa) of different particles. (Tao 2005) 

According to Dai et al. (1998) and Ralston et al. (1999a, 1999b), the attachment 

probability (Pa) decreases as the particle size increases and increases as the particle 

hydrophobicity increases. Yoon & Luttrell (1989) also showed that Pa increases as the 

bubble size decreases to a certain size and Pa also increases as the induction time and 

particle size decrease. Grano (2006) studied the effect of impeller rotational speed on 

the size-dependent flotation rate of galena and concluded that a higher impeller speed 

increases collision efficiency but also decreases attachment efficiency.  

Particle detachment occurs when the detachment forces become higher than the 

adhesive forces between particle and bubble. Bubble size affects the forces between 

bubble and particle; a decrease in the bubble size increases the attachment force. This 

means that smaller bubbles reduce detachment and thus the flotation recovery of 
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particularly coarse particles can be enhanced by smaller bubbles. Nevertheless, larger 

bubbles are needed in order to provide sufficient levitation of coarse particle-bubble 

aggregates so that the aggregates report to the froth. Particle detachment is also reduced 

by increasing the hydrophobicity of particles (Tao 2005).  

Schubert & Bischofberger (1998) studied air dispersion and particle-bubble attachment 

in flotation machines. They concluded that the zone of high local energy dissipation, 

i.e., the impeller stream, is the active region for bubble dispersion and particle-bubble 

attachment. Over 90% of the total power input dissipates in the impeller region and thus 

this is the region where the air dispersion and bubble-particle attachment take place. 

They found no evidence that any bubble-particle attachment occurred in the non-

turbulent regions of the cell. Furthermore, Koh & Schwarz (2006) used computational 

fluid dynamics (CFD) modeling to predict bubble-particle interactions in a traditional 

mechanical flotation cell with a rotor-stator system at the bottom of the cell. They 

concluded that the net rate of attachment was highest in the impeller stream at the cell 

wall, whereas negative values of attachment rate were found in the impeller region, in 

other words, net detachment of bubble-particle aggregates.  

2.2 Effect of particle size 

As discussed in the previous chapter, different-sized particles have different properties 

regarding bubble-particle collision, attachment, and detachment. Schubert (1999) 

demonstrated that the optimal hydrodynamics for different particle sizes vary 

significantly. This leads to the conclusion that it is not possible to achieve the optimal 

hydrodynamics for all particle sizes simultaneously. Schubert (2008) concluded that, in 

flotation machines, a specific power input for particles of different sizes is required.  

To achieve efficient flotation of fine particles, large collision rates between particles and 

bubbles are required. This means higher energy dissipation in the impeller zone, which 

leads to a higher power demand. On the other hand, the entrainment of fine particles 

into the froth plays a key role in the selectivity of the flotation process (Schubert 2008). 

According to Schubert (1999), entrainment is quite often connected to the feed water 
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recovery, the particle properties and rheological properties of the pulp, the residence 

time, and also the height of the froth layer. However, it was also noted that the design of 

the mixing mechanism has a clear effect on the entrainment of fine particles into froth.   

For coarse particles, the detachment process is the dominant factor in flotation in a 

turbulent field. Minimizing turbulence by minimizing the power input in the flotation 

cells is an important factor in coarse particle flotation (Schubert 1999, Tao 2005). 

Moreover, the selection of mixing mechanism that provides particle suspension with 

minimum power input is favored. This kind of system would consist of a deeply 

installed impeller, appropriate stator, and it should produce a downward sloping 

impeller stream. (Schubert 1999) 
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2.3  Flotation model – rate constant 

The flotation process can be considered as a rate process with reaction kinetics. Bubbles 

and particles are the reactants, producing bubble-particle aggregates. Therefore, the rate 

of flotation depends on numerous factors: for example, the concentration of particles 

and bubbles, collision frequency, particle-bubble attachment efficiency, and stability of 

bubble-particle aggregates. With certain simplifications, the flotation model can be 

expressed as a first-order model, where the disappearance of particle mass (-dW/dt) in a 

flotation cell is proportional to the particle mass (W) in the cell. Mathematically, it can 

be expressed as follows: 

 
−dW

dt
= kW,           (1) 

where -dW/dt = disappearance of particle mass 

 W = particle mass 

 k = flotation rate constant. (Wills & Finch 2016) 

The flotation rate constant (k) contains all the unmeasured variables and is the 

engineering measure of floatability. (Wills & Finch 2016) The flotation rate constant is 

used to evaluate the performance of a flotation unit. Gorain et al. (1998) showed that the 

flotation rate constant can be expressed as: 

k =P ∗ Sb ∗ Rf,          (2) 

where  k = rate constant (s-1), 

P = parameter representing the floatability of an ore (dimensionless), 

 Sb = bubble surface area flux (s-1), and 

 Rf = froth recovery (fraction). 

The parameter P characterizes the feed properties and parameters Sb and Rf, characterize 

the operating conditions. Gorain et al. (1997, 1998) showed that this equation applies 

throughout the collected data regardless of impeller type. However, Heiskanen (2000) 
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emphasized that the measurement techniques and measurement points should be chosen 

with care in order to ensure unbiased results.   

Koh & Schwarz (2006) used CFD modeling to investigate the bubble-particle 

interactions in a laboratory flotation cell. They concluded that the initial attachment rate 

of particles to bubbles was much faster than the recovery rates of attached particles from 

the froth interface. The conclusion was that the bubble surface area flux is the limiting 

factor in the recovery rate from the froth interface. Thus, using the bubble surface area 

flux as a criterion for designing flotation cells and mixing mechanisms is clearly 

justified. Furthermore, Koh & Schwarz (2006) predicted that the flotation rate constants 

of fine and large particles would be lower than those of intermediate-sized particles of 

120-240µm. 

2.4 Reagents 

The flotation process is based on the surface properties of solids. With different classes 

of reagents, it is possible to control and modify the surface properties of different solids 

and therefore enhance the flotation of certain minerals while unwanted mineral particles 

remain in the slurry. Collectors are used to enhance the hydrophobicity of mineral 

particles in order to float them. Frothers are used to aid the formation of froth and 

promote froth stability. Frothers are also used to aid the formation and preservation of 

small bubbles and to reduce bubble rise velocity. Furthermore, regulators are used to 

modify the action of collectors, making them more selective toward certain minerals. 

Regulators are classified as activators, depressants, dispersants, or pH modifiers. 

Activators promote collector adsorption to certain mineral surfaces to enhance flotation 

whereas depressants prevent the flotation of certain minerals by making their surfaces 

hydrophilic. Dispersants are used to keep particles dispersed in order to enhance 

selectivity of flotation. pH modifiers, in turn, are used to control the pH of the pulp so 

that the selectivity and floatability of mineral particles can be controlled. (Rao 2004b, 

Wills & Finch 2016) 
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3 GAS DISPERSION CHARACTERISTICS 

Gas dispersion measurements are used for evaluating the hydrodynamic conditions in 

flotation cells. Gas dispersion is quantified by measuring three main parameters: bubble 

size, gas hold-up, and superficial gas velocity (Finch et al. 2000). Gorain et al.  (1997) 

investigated the effects of gas dispersion parameters on flotation performance. They 

concluded that none of these parameters could be related to the flotation performance 

individually. However, the bubble surface area flux, which can be derived from the 

bubble size and superficial gas velocity, was found to have a linear relationship with the 

flotation rate constant. On the other hand, Heiskanen (2000) showed some discrepancies 

in the measurement data and conclusions based on these measurements, questioning 

whether the linear relationship is valid in all situations. The techniques used for 

measuring superficial gas velocity and bubble size tend to overestimate bubble surface 

area fluxes in the cell. Experiences from the industry do not support linearity based on 

gas dispersion parameters alone. For example, the flotation rates of different-sized 

particles have been observed to vary. Furthermore, Gomez & Finch (2002) stated that 

the gas dispersion in flotation defines the efficiency of the process once the chemistry 

has been established. 

Schwarz & Alexander (2006) studied gas dispersion measurements in industrial 

flotation cells and observed that there was a wide distribution in the values, even 

between the same cell types and sizes. Typical values for conventional flotation cells 

were found to range between 3 and 20 % for gas hold-up, 1 and 2.5 cm/s for superficial 

gas velocity, and between 1 and 2 mm for bubble size. Deglon et al.  (2000) reviewed 

the hydrodynamics and gas dispersion in flotation cells in South African platinum 

concentrators. They noted that air flow rates, air flow numbers, and air flow velocities 

vary significantly from cell to cell. The gas dispersion parameters such as bubble size, 

gas hold-up, and superficial gas velocity, displayed broad variations between different 

cells as well. However, the values of bubble surface area fluxes were found to lie 

mainly between 50 and 70 1/s.  
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3.1  Gas hold-up 

Gas hold-up (εg) is defined as the volumetric fraction of gas in a gas-liquid-solid 

suspension. Usually, gas hold-up is expressed as a percentage of the total volume of the 

cell. The role of gas hold-up in flotation performance is not absolutely clear. Gas hold-

up is affected by bubble size, gas and liquid flow rate, mixing patterns, and the physical 

properties of the pulp. These factors in turn have a significant impact on flotation 

performance so it is assumed that gas hold-up also has an effect on flotation 

performance (Gomez et al. 2003). Hernández et al. (2003) observed a linear relationship 

between gas hold-up and the flotation rate constant in a flotation column. Furthermore, 

Finch et al. (2000) observed a linear correlation between gas hold-up and the bubble 

surface area flux for different types of cells and operating conditions. Thus, a gas hold-

up measurement could be used to estimate the bubble surface area flux, as it is easier to 

measure gas hold-up. However, attention should be paid to the gas hold-up 

measurement point.  

Gas hold-up varies at different locations in the flotation cell. Maximum gas hold-up 

values in mechanical flotation cells are typically about 15 % (Wills & Finch 2016). 

Gomez et al.  (2003) investigated the industrial use of gas hold-up sensors and observed 

that radial gas hold-up variations exist in mechanical flotation cells. Gas hold-up was 

found to be at its highest near the impeller, decreasing consistently until approximately 

half-way to the wall, and stabilizing after that. On the other hand, Grau et al.  (2014) 

investigated the gas hold-up profile of Outotec’s e500 flotation cell and observed the 

radial gas hold-up profile to be quite flat, with differences of under 1% between 

different locations. They also concluded that the air flow rate has a more significant 

effect on the gas hold-up than a change in rotor tip speed. Yianatos et al.  (2010) 

measured the gas hold-up profiles in a self-aerated flotation cell. Similarly, the radial 

gas hold-up profile near the surface was rather flat. However, there were broad 

variations in the vertical gas hold-up profile. The measured gas hold-up was at its 

highest at the pulp-froth interface and decreased in lower parts of the cell. The majority 

of the gas circulated in the upper half of the cell and gas hold-up at the bottom of the 
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cell was less than 1%. The broad variations in vertical gas hold-up values were probably 

due to the gas injection point in the upper part of the cell.  

Kourunen et al. (2011) used three-dimensional electrical resistance tomography to 

characterize the gas hold-up distribution in a laboratory flotation cell. They observed 

that the radial gas hold-up profile was quite flat for the various, although quite low, 

superficial gas velocities tested. Gas hold-up increased with increasing superficial gas 

velocity and increasing frother dosage. However, significant differences in the vertical 

gas hold-up profiles existed; the higher the superficial gas velocity, the higher the gas 

hold-up, particularly in the impeller stream region. In the higher parts of the cell, the 

superficial gas velocity did not significantly affect the gas hold-up. A similar 

phenomenon was observed with a higher frother dosage.   

According to Banisi et al. (1995), solid particles have a reductive effect on gas hold-up. 

They concluded that solid particles, whether hydrophilic or hydrophobic, reduce the gas 

hold-up in a flotation column. Gas hold-up was reduced with increasing solids content 

and decreasing particle size. However, it was concluded that the reduction in gas hold-

up was strongly affected by frother adsorption to solid particles, which decreased the 

frother concentration in the pulp. 

3.2  Superficial gas velocity 

Superficial gas velocity (Jg), represents the volumetric amount of air rising through the 

cross-sectional area of the cell. According to Nelson et al. (2002), Jg is defined as: 

 

 Jg = 
𝑄𝑎

𝐴
,           (3) 

where Jg = the superficial gas velocity,  

 Qa = the volumetric air flow rate, and  

A = the cross-sectional area of the flotation cell.  
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Superficial gas velocity is a parameter describing the aeration ability of the cell. 

According to Deglon et al.  (2000), superficial gas velocity typically ranges from 0.7 to 

2.7 cm/s, with the majority of velocities in the range of 1.3 to 1.8 cm/s. Schwarz & 

Alexander (2006) found that typical superficial gas velocities range from 0.75 to 2.5 

cm/s, including two main regions from 0.75 to 1.25 cm/s, and from 1.75 to 2.5 cm/s. 

Generally, the flotation cells with high Jg values were used as roughers and cells with 

lower Jg values were used as cleaner cells. Values of Jg higher than 3 cm/s may be 

connected to flooding, which can be observed as poor froth performance, i.e., stability 

issues and entrainment. Values lower than 1 cm/s may indicate that not enough air is 

being fed to the cell and higher air flow rates may improve pulp kinetics (Schwarz & 

Alexander 2006). 

 

Superficial gas velocity varies with the measuring point in the flotation cells.  Grau et 

al. (2014) observed a radial parabolic gas velocity profile in the various sizes of 

Outotec’s TankCells. When moving from the side to the center of the cell, the 

superficial gas velocity increased slightly. Araya et al. (2014) observed similar results 

for a radial parabolic gas velocity profile. Furthermore, they concluded that various 

flotation cells yield the same average Jg at the same radial distance of rav = 0.71R, 

regardless of the shape of the parabolic curve.  
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3.3  Bubble size 

Bubble size has a crucial effect on flotation efficiency. A quite clear consensus prevails 

on the fact that smaller bubble sizes enhance flotation efficiency. As a certain amount of 

air is dispersed into smaller bubbles, the number of bubbles grows to the power of 3. 

(Rubinstein & Samygin 1998) This can be derived from the equation of sphere volume 

if we assume the bubble to be circular:  

V1 =
4π𝑅1

3

3
= n ∗

4π(
𝑅1
q

)
3

3
,          (4) 

where R1 = the radius of the sphere, 

 n =  the number of bubbles and 

 q =  the size factor for one bubble fragmenting into smaller bubbles. 

Rearranging the equation gives us: 

n = q3           (5) 

This increase in the number of bubbles combined with the improved attachment 

probability of smaller bubbles result in a higher flotation rate and an increase in 

recovery (Rubinstein & Samygin 1998). 

According to Yoon & Luttrell (1989), the reduction of bubble size increases the 

probability of adhesion until a bubble size of approximately 350 µm is reached. A 

further decrease in the bubble size results in a reduction in bubble rise velocity, which in 

turn results in an increase in the sliding time. However, reduction of the bubble size also 

decreases the sliding distance, which decreases the sliding time and hence decreases the 

probability of adhesion. The probability of adhesion is illustrated in Figure 2 with 

various induction times for the case of floating particles of 20 µm.  
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Figure 2. Effect of bubble size on the probability of adhesion with induction times 

of 10, 20, 30, and 50 milliseconds. (Yoon & Luttrell 1989) 

Bubble sizes are typically reported as the mean bubble diameter (d10) or the Sauter mean 

bubble diameter (d32). d10 is the average of all bubble diameters in the distribution so it 

is more sensitive to finer bubbles. d32 is defined as the sum of the volume of  all bubbles 

divided by the sum of the surface area of all bubbles. d32 is more sensitive to larger 

bubbles and thus it is always larger than the average bubble diameter. d32 is more 

commonly used as it can be linked to a flotation rate constant. (Nesset et al. 2006) 

Deglon et al. (2000) observed Sauter mean bubble diameters of between 1.2 and 2.7 

mm, with the majority of the values between the ranges of 1.3 to 1.7 mm in South 

African platinum concentrators. Vinnett et al. (2014) observed Sauter mean bubble 

diameter values of 0.90 to 4.26 mm, with the normal range from 1.0 to 2.5 mm in 

mechanical flotation cells in Chilean concentrators. 
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Harris (1976) stated that frother concentration is the main mechanism controlling the 

bubble size. Frothers are known to have an effect on preventing bubble coalescence. 

Cho & Laskowski (2002) defined the concentration where bubble coalescence is totally 

prevented as the Critical Coalescence Concentration (CCC). At frother dosages 

exceeding this concentration the bubble size is no longer determined by coalescence.  

Picobubbles can enhance bubble–particle collision and attachment. Picobubbles are 

generally smaller than 1 µm but they can be up to 13.5 µm in diameter and they have a 

tendency to attach more readily to particles than large bubbles. This is due to their lower 

ascending velocity and rebound velocity from the surface as well as their higher surface 

free energy. The combined flotation of picobubbles and mechanically produced bubbles 

can result in a higher flotation recovery. This can be explained by the effect that 

picobubbles have on promoting the attachment of larger bubbles (Rao 2004a, Tao 

2005).  

Bubble size varies depending on the location in the flotation cell. Gorain et al.  (1995a) 

observed that larger bubbles were found near the impeller shaft whereas the smallest 

bubbles were found near the impeller discharge port. The bubble size was found to 

increase within the assumed flow profile, which indicated that coalescence might have 

occurred.  
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3.4  Bubble surface area flux 

Bubble surface area is the total surface area of all bubbles passing through an imaginary 

plane at a given time. Bubble surface flux is defined as: 

Sb =
60Jg

d32
,           (6) 

where  Sb = the bubble surface area flux [1/s], 

Jg = the superficial gas velocity [cm/s], and 

d32 = the Sauter mean bubble diameter [mm] (Nelson et al. 2002). 

 

Bubble surface area flux is an important parameter in flotation cell design because it can 

be related to the flotation rate constant and thus characterize the flotation performance. 

Sb describes both the aeration ability of a flotation cell and the gas dispersion efficiency. 

(Deglon et al. 2000). Gorain et al. (1998) observed that a relationship between the 

flotation rate constant and bubble surface area flux was linear at shallow froth depths 

regardless of the different impellers, impeller speeds, and air flow rates used. At 

intermediate and deep froth depths, the froth recovery factor should be taken into 

account as it has an important role in determining the overall kinetics. Furthermore, 

Hernández et al. (2003) observed a linear relationship between Sb and the pulp zone rate 

constant in a flotation column, and Hernández-Aguilar et al. (2005) observed that the 

model k = PSb agreed reasonably in a micro-flotation cell. Koh & Schwarz (2006) used 

CFD modeling to analyze bubble-particle behavior in the flotation cell, and found that 

the bubble surface area flux was a limiting factor in the recovery rate from the froth 

interface and was thus applicable for use as a criterion for designing flotation cells.  

 

Typical values of bubble surface area fluxes in flotation cells lie within a rather narrow 

range regardless of variations in the types, sizes, and operating conditions of mechanical 

flotation cells. According to Deglon et al.  (2000), typical values are 32-90 1/s, with the 

majority of values being 50-70 1/s. Grau et al.  (2014) observed values between 36 and 

112 1/s, with the majority of the data within a range of 40-85 1/s in two-phase 

experiments (water and air).  
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4 MECHANICAL FLOTATION MACHINES 

Flotation machines are required to create suitable conditions for efficient flotation. 

Therefore, simultaneously promoting a wide variety of functions is required, for 

example adequate solids suspension and good mixing performance, bubble production 

and distribution, bubble-particle collision, and a quiescent zone for froth formation and 

removal.  (Harris 1976, Nelson et al. 2002).  

Mechanical flotation machines can be characterized by a mechanically driven impeller, 

which keeps the solids in suspension and disperses air into bubbles. Mechanical 

flotation machines can be divided into two main groups: forced-air mechanisms where 

air is introduced to the cell with an external blower, or self-aerated mechanisms where 

the air feed to the cell is based on the suction created by a rotating impeller.  (Harris 

1976, Wills & Finch 2016)  

The Outotec TankCell® series and Metso RCS flotation machines are examples of 

forced-air mechanical flotation cells. Both cell types are cylindrical in design in which 

the air is blown down the shaft and through the impeller to the rotor-stator clearance 

where it is brought into contact with the slurry flow. The Outotec TankCell® is 

illustrated in Figure 3. Self-aerated mechanisms, Denver subaeration machines, and 

Wemco Fagergren cells utilize the suction created by the impeller to provide air feed 

through the standpipe to the cell.  (Wills & Finch 2016) 
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Figure 3. Outotec TankCell® (Outotec 2016) 

As early as the 1970s, Harris (1976) mentioned the drive towards larger flotation 

machines. At that time large flotation machines were considered to be between 200 and 

500 cu.ft, i.e., from 5.7 m3 to 14 m3. Rinne & Peltola (2008) demonstrated that larger 

cells have significant advantages in capital costs compared to smaller-sized cells. The 

move towards larger flotation machines is also due to the greater throughput 

requirements on account of lower grade ores. The advantages of larger but fewer 

machines are the reduced capital costs per unit throughput, smaller plant size, and 

simpler layout, simpler automation, and savings on operating and maintenance 

personnel. (Harris 1976, Rinne & Peltola 2008) Today, Outotec’s biggest flotation cell 

TankCell e630 has an effective volume of 630 m3. 
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4.1 Air flow rate 

The optimum air flow rate is individual for each situation. This is because the air flow 

rate depends on the material to be floated and on the chemicals used (Fallenius 1976). 

The air flow rate also varies within the flotation banks and between flotation cells with 

different duties, i.e., a rougher or scavenger cell. The air flow rate can be expressed 

simply in cubic meters per time unit but more common ways are air flow rate per cell 

volume (Q/V), air flow number (Q/ND3), or air flow velocity (Q/D2), where Q is the air 

flow rate (m3/min), V is the flotation cell volume (m3), N is the impeller speed (rpm), 

and D is the impeller diameter (m). (Deglon et al. 2000). 

The air flow rate per cell volume is an indicator of the aeration ability of the cell and it 

is also the gas dispersion equivalent of the power input per cell volume. According to 

Deglon et al. (2000), the air flow rate per cell volume varies over a broad range of from 

0.04 to 1.06 1/min. The dimensionless air flow number defines the critical ratio between 

the aeration rate and the impeller pumping rate, which should be independent of the cell 

size. The air flow number is also found to vary over a broad range of from 0.01 to 0.25. 

The air flow velocity at the impeller also varies within an extremely broad range of 0.02 

to 0.50 m/s (Deglon et al. 2000). The aforementioned air flow parameters exhibit a very 

broad range and thus it is not reasonable to use them to compare different cells and 

banks.  

Another way to describe air flow rates is the superficial gas velocity. Superficial gas 

rates in tank cells are generally lower than those in conventional cells, and the values in 

column cells are generally higher than those in conventional cells. Furthermore, Deglon 

et al. (2000) observed that overall superficial gas velocities had poor relationships to 

local measurements. This was attributed to inefficient gas dispersion at high air flow 

rates. However, the range of computational and measured Jg values is significantly 

smaller than the aforementioned air flow parameters and thus it can be used to compare 

similar types of flotation cells.  
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4.2  Mixing zones 

There are two main regions in conventional flotation machines: an intense mixing 

region where bubble-particle collision and attachment occurs, and a quiescent region 

where the bubble-particle aggregate separates from the slurry. (Wills & Finch 2016) 

There are some differences between the concepts of forced air and self-aerated flotation 

machines but both concepts include an intensive mixing region and a quiescent region. 

According to Arbiter (2000), short-circuiting of the new feed is a challenge when 

moving to larger flotation cells. Short-circuiting happens when the feed slurry enters 

and leaves the cell without circulating through the impeller, which is the region where 

bubble-particle interactions occur. A slurry feed entering and leaving the flotation cell 

without circuiting through the impeller region has a significantly lower probability for 

successful bubble-particle contact. Thus it should be ensured that the new feed enters 

the impeller region.    

Outotec TankCell represents the forced air concept of the mechanical flotation cell. Two 

main recirculation zones exist in Outotec TankCells. The impeller creates a strong radial 

flow from a rotor towards the cylindrical wall of the flotation cell and this flow is 

divided into two vortices – one below the rotor and another above the rotor.  (Tiitinen 

2003, Xia et al. 2009) The design of the tank cell and the rotor minimizes short-

circuiting, as the new feed entering the flotation cell is directed towards the mechanism 

due to the suction action of the rotor. (Wills & Finch 2016) 

Yianatos et al. (2008) studied the short time mixing response in a 130m3 self-aerated 

flotation cell. They found out that the feed pulp circulates 1.4 times through the impeller 

zone before attaining a well-mixed condition. Furthermore, the feed pulp, on average, 

circulates approximately 5.0 times through the impeller zone before leaving the cell in 

the tailings flow. The results showed a mixing time of 100 s for liquids and solids to be 

almost fully mixed, and the pulp mean residence time was 340-360 s. (Yianatos et al. 

2008) 
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Mattsson et al. (2016) studied the performance of Outotec’s TankCell® E500 at the 

Kevitsa concentrator. They observed that the rotor tip speed clearly affected the mixing 

performance. With a rotor tip speed of 7 m/s, an almost homogeneous solids and 

particle size distribution was observed. At a tip speed of 6 m/s, the solids and particle 

size distribution was heterogeneous; in the upper part of the cell a lower solids content 

and finer particle size was measured. Furthermore, in the radial direction a higher solids 

content was measured closer to the lip.    

4.3  Impeller mechanism 

The impeller mechanism typically comprises a rotor (impeller) and a stator (diffuser, 

i.e., baffles surrounding the rotor). (Wills & Finch 2016) According to Schubert & 

Bischofberger (1998), bubble dispersion and bubble-particle attachment occur in the 

impeller region, i.e., in the zone of high local energy dissipation. Thus the impeller 

mechanism plays a key role in efficient flotation. 

The mixing mechanism is required to perform multiple tasks simultaneously in 

mechanical flotation cells. The mixing mechanism is responsible for proper pulp 

circulation, particle suspension, and aeration. (Harris 1976). This means that the rotor is 

required to disperse the introduced air into fine bubbles and simultaneously act as an 

efficient pump for the suspension. Furthermore, the mixing mechanism is required to 

produce mixing that is intense enough to provide the necessary shear forces and a 

certain degree of turbulence in the impeller zone, in order for bubble-particle collision 

to occur. On the other hand, the upper part of the flotation cell (the quiescent zone) 

should be stable in order to avoid bubble-particle separation. (Harris 1976, Schubert & 

Bischofberger 1998, Tiitinen 2003)  

Mixing mechanism design differs greatly among different manufacturers. A rotor-stator 

combination at the bottom of the cell is a typical mechanism in forced-air mechanical 

flotation machines. In the self-aerated flotation cells, the mixing mechanism is usually 

in the upper part of the flotation cell. There are different design philosophies with two 

major ones being to maintain the separate flow of each component (air and pulp) or to 
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aim to mix pulp and air at the eye of the impeller. However, in all designs the bubble-

particle contact occurs near the impeller region (Fallenius 1976, Harris 1976, Wills & 

Finch 2016). Developing mixing mechanisms can produce a better recovery, reduced 

power consumption, improved froth quality, stability, and control. Furthermore, the 

design of mixing mechanisms aims at better wear life and savings in spare parts, 

downtime, and maintenance costs.  (Rinne et al. 2011) 

Rotor blades serve a double function in pumping and air dispersion. Pulp is ejected in 

the high pressure region at the leading edge of the rotating blade, and bubbles are 

created in the low pressure region at the trailing edge of the blade. (Grau 2006, Harris 

1976) Xia et al. (2009) used CFD modeling to predict the flows in Outotec flotation 

cell. They observed that there exists a vortex or toroidal recirculation zone behind each 

rotor blade. The highest fluid velocity occurring in the toroidal zone was higher than the 

rotor tip speed. They also observed that the highest pressure coefficient appears in the 

top region of the stator blades and in the outer rim region of the rotor blades. These are 

the parts that were exposed to the highest wear.  

According to Deglon et al. (2000), typical rotor tip speeds used in a flotation cell are in 

the range of 5.0 to 7.0 m/s. Rotor tip speed and size vary with every application. Rotor 

tip speeds of higher than 7.6 m/s are generally not recommended for use, so as to avoid 

increased wear of impeller mechanisms. (Yoon et al. 2009)  

Shi et al. (2015) investigated the effect of the impeller angle on the circulation volume 

and power consumption. They concluded that an impeller with a 30° backward angle of 

impeller blades consumed 13 and 19 % less power than radial and forward impellers, 

respectively. The circulation volume of backward and radial impellers was nearly 

identical and an average of 7 % higher than that of the forward impeller. Thus, it can be 

concluded that the impeller blade angle can have a significant effect on power 

consumption and pumping capacity. However, Harris (1976) mentions that typically 

impellers are symmetrical in their horizontal plane so that the direction of rotation may 

be changed in order to lengthen their life in the face of wear.  
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The Outotec FloatForce® rotor is illustrated in Figure 4. It was designed to improve 

pumping and air dispersion, especially with higher air flow rates. Air is distributed 

through six separate air outlets that are connected to the rotor shaft. The air channels 

discharge to six separate air dispersion slots. Thus slurry can fill the rotor completely 

and pumping or power consumption is not significantly affected when the air feed is 

increased. Compared to previous designs, the power draw is found to increase for a 

given aeration rate and motor size. Therefore, the energy consumption can be reduced 

by reducing impeller speed while maintaining the solids suspension without sanding at 

the cell bottom (Coleman & Rinne 2011, Rinne et al. 2011). Another requirement for 

rotor design is the ability to start up when the cell is full of pulp. This can be achieved 

by fitting a hood on the impeller. Material selection needs to be considered to reduce 

wear. (Harris 1976)  

 

Figure 4 FloatForce® rotor (Rinne et al. 2011) 

A rotating impeller creates an axial flow in the flotation cell, which can be undesirable. 

This axial flow can be reduced with a stator or in some cases with internal baffles. An 

appropriate stator design also directs the slurry-air flow outwards toward the extremities 

of the tank, thus improving the air distribution and also increasing the aeration capacity. 

(Harris 1976) Xia et al. (2009) studied different turbulence models in prediction flows 

for Outotec flotation cells. They observed that the stator almost eliminated the swirling 

flow induced by the rotor. Furthermore, the swirling flow was observed to be very weak 

in the bulk region of the cell outside the stator. Stator design involves slurry flow 
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properties but also rotor-stator clearance and baffling degree, which significantly affects 

the shear and thus the power consumption. Two versions of the FloatForce® stator are 

represented in Figure 5. The lower part of the stator is left unbaffled to allow the slurry 

to flow freely to the rotor. Baffle modularity allows the adjustment of shear to optimize 

every installation. (Rinne et al. 2011, Turunen et al. 2007).  

 

Figure 5 FloatForce® stators. Stator with separate blades on the left. Stator with 

wear part quarters on the right. (Rinne et al. 2011) 

4.4  Bubble generation 

Bubble formation is a two-stage process, which takes place in the impeller region. In the 

first stage, an air cavity is formed at the trailing edge of each impeller blade in the low 

pressure region. In the second stage, the bubbles are formed by a vortex shedding from 

the tail of the cavity due to turbulence. Furthermore, bubbles may be further broken up 

in the region close to the rotor-stator due to the highly turbulent conditions. (Grau 2006, 

Harris 1976). Schubert & Bischofberger (1998) calculated that, at the normal impeller 

tip speeds used in the industry, the cavitation occurring at the trailing edge of impeller 

blades is not a normal cavitation phenomenon but a phenomenon similar to that which 

results in the formation of air-loaded cavities. According to (Grau 2006), the 

hydrodynamic conditions in the flotation determine the size of the bubbles generated at 

a frother concentration exceeding CCC. 
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Ata & Jameson (2005) observed that, in the presence of hydrophobic particles, bubbles 

tend to form bubble clusters held together by particles attached to two or more particles. 

In the presence of hydrophobic particles, most of the bubbles were in the form of 

clusters and the clustering effect was observed to decrease as the concentration of 

hydrophobic particles decreased. The size of bubble clusters was noticed to increase as 

the collector dosage was increased.  

4.5  Power consumption 

The power consumption of the rotor-stator mechanism is an important aspect to take 

into consideration. According to Rinne & Peltola (2008), approximately 60-80% of the 

total 25-year life cycle costs for a large flotation machine are spent on energy. The 

power draw on the mechanical flotation cells consists of the power required for 

agitation and aeration, and also power transfer losses. 

Net power consumption can be used as a characteristic number for the hydrodynamic 

analysis of flotation machines. (Simon & Korom (1997), quoted by (Nelson et al. 

2002)) Net power consumption is expressed as:  

Pnet~N3D5,           (7) 

where  Pnet = the net power consumption, 

 N = the rotor rotational speed, and 

 D = the rotor diameter. 

As can be seen, the power consumption is proportional to the third power of the rotor 

rotational speed and to the fifth power of the rotor diameter. This means that even slight 

reductions in the rotor tip speeds can have a significant effect on the power 

consumption. According to Rinne & Peltola (2008), full-scale plant tests showed that, in 

some cases, reducing the rotor speed does not have a significant effect on the 

metallurgical performance, but up to 50 % lower power consumption can be achieved. 

On the other hand, sometimes the increased power draw and mixing improves 

metallurgical performance (Rinne et al. 2011). Thus the ability to adjust rotor speed and 
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aeration rate separately in order to optimize individual flotation cell performance is 

crucially important. 

The net power consumption itself does not reveal much information when comparing 

different cells. The power input per cell volume is considered to be an important 

parameter due to its influence on the metallurgical performance and cell operating costs 

and it is used as a scale-up criterion for large cells. (Deglon et al. 2000, Nesset et al. 

2012) The power intensity (PI) is expressed as: 

 PI =  
Pnet

V
,           (8) 

where Pnet = the net power consumption, and 

 V = the volume of the cell. 

  

The power number is the ratio between the absorbed power and theoretical power draw, 

which should be independent of cell size. Thus it is considered to be an important scale-

up criterion. Power numbers vary over a range of 3.4 to 6.6 with the majority of power 

numbers being in the region of 5.0. (Deglon et al. 2000) The power number is 

calculated as follows: 

 Np =
𝑃𝑛𝑒𝑡

ρN3D5
,           (9) 

where  Pnet = the net power consumption [kw], 

 ρ = the specific gravity of the liquid or slurry [kg/m3], 

 N = the rotor rotational speed [m/s], and 

 D = the rotor diameter [m]. 

The air flow rate to the flotation cell has an effect on the power consumption. As the air 

rate increases, the power consumption decreases. The reduction in power draw is caused 

by the cavity formation behind the impeller blades. (Harris 1976) Increased air also 

decreases the bulk density around the impeller zone, which also decreases the power 

consumption. The reduced pumping capacity of the rotor can lessen the solids 

suspension and cause sanding at the bottom of the cell. (Rinne et al. 2011) 
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5 PARAMETERS AFFECTING GAS DISPERSION 

The mixing mechanism can have drastic effects on gas dispersion parameters and thus 

on the overall flotation performance. Rinne et al. (2011) argued that it is possible to 

affect flotation cell performance by making mechanical changes without increasing the 

specific power consumption. 

This chapter concentrates on the interactions between the gas dispersion parameters and 

on the effects of mixing mechanisms and operating conditions on gas dispersion 

properties. 

5.1  Effect of impeller speed 

Impeller speed significantly affects the power consumption and it can have an effect on 

the metallurgical performance of the flotation cell. (Rinne et al. 2011)  

According to several investigations (Gorain et al. 1999, Grau et al. 2014, Grau & 

Heiskanen 2005), an increase in impeller speed decreases the measured bubble size. 

Grau & Heiskanen (2005) observed that an increase in impeller speed increased the 

quantity of fine bubbles. However, Grano (2006) found no significant effect of impeller 

speed on the Sauter mean bubble diameter, but the range studied was rather small (137-

157 rpm). Furthermore, Finch et al. (2008) found no effect of impeller speed on the 

Sauter mean bubble size with a Metso pilot cell with various frother concentrations, two 

superficial gas velocities, and impeller tip speeds from 4.6 to 9.2 m/s. Nesset et al. 

(2012) concluded that the measurement point of bubble size affects the measured bubble 

size. Increasing the impeller speed increases fluid re-circulation, thereby entraining a 

larger population of finer bubbles. Thus bubble size measurement should be conducted 

from the quiescent zone. Furthermore, it was supposed that the disruptive forces acting 

on bubbles are less dependent on velocity and more on viscosity, which could explain 

why an increase in power density does not decrease bubble size.  However, the bubble 

size also depends on the air dispersion capability of the impeller, as mentioned by 

Gorain (1999).  
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In self-aerated flotation machines, the effect of impeller speed on bubble size is more 

complicated to investigate because an increase in impeller speed also increases the gas 

rate. Girgin et al. (2006) investigated the phenomena on laboratory scale and found that 

increasing the impeller speed increased the bubble size. They concluded that the added 

shear from raising the impeller speed is not enough to compensate the increased gas 

rate. 

In principle, increasing the impeller speed increases gas hold-up. (Gorain et al. 1995b, 

Kourunen et al. 2011) Gorain et al.(1995b) investigated the effect of impeller tip speed 

and air flow rate with different impellers and observed different responses on gas hold-

up with various impeller speeds and air rates, but generally the increased εg was most 

notable at higher air flow rates and at the measurement points away from the impeller 

region. This was attributed to the better air dispersion throughout the cell. Kourunen et 

al. (2011) observed remarkable increases in gas hold-up at the bottom of the cell when 

increasing the impeller speed. Furthermore, an increase in impeller speed changes the 

vertical profile of the gas hold-up: at the lower impeller speed the profile is quite even 

and the increasing impeller speed creates a region of higher gas hold-up in the impeller 

stream.  

Grano (2006) studied the effect of impeller rotational speed on the size-dependent 

flotation rate of galena in full-scale plant cells. The study revealed that altering the 

impeller rotational speed had little effect on the overall flotation rate constant, when 

flotation was considered on an un-sized basis. However, size-by-size analysis showed 

that the increase in impeller rotational speed increased the flotation rate of fine galena (-

9µm), but at the same time the flotation rate of coarse galena (+53µm) was decreased. 

Furthermore, the impeller speed did not affect recovery of the water. Deglon (2005) 

studied the effect of agitation on the flotation of platinum ores. Increasing the level of 

agitation resulted in a beneficial effect on the rate of flotation of platinum ores but it 

also resulted in decreases in the concentrate grade. It was assumed that these decreases 

might be due to the increases in entrainment or in the rate of flotation of poorly liberated 

particles or floatable gangue. Furthermore, Deglon (2005) found that bubble size and 

bubble surface area flux remained in a comparatively narrow range of 1.7-1.9 mm and 

30-39 1/s, respectively. Thus the effects of an increase in the impeller speed on flotation 
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rates was assumed to be due to the improved bubble-particle contact rather than a result 

of better gas dispersion. These findings are in line with the theory that higher impeller 

speeds produce a higher specific power input and thus have a positive effect on fine 

particle flotation. (Schubert 2008) 

5.2  Effect of aeration 

Numerous studies (Gorain et al. 1995a, Grau & Heiskanen 2005, Nesset et al. 2006, 

Vinnett et al. 2014) have illustrated that an increase in air flow rate has an increasing 

effect on bubble size. Gorain et al. (1995a) observed an increase in both the mean and 

spread of the bubble size distribution with an increased air flow rate on various 

locations in the cell with different impeller types. Grau and Laskowski (2005) had 

similar results. Nesset et al. (2006) proposed that the Sauter mean bubble diameter is 

proportional to the superficial gas velocity as follows: 

 d32 = d0 + CJg
n,        (10) 

where d32 = the Sauter mean bubble diameter, 

d0 = the bubble size at Jg=0, which represents the (mean) starting size of a 

bubble produced by a certain mechanism, and 

C, n = the parameters dependent on the bubble production mechanism, 

system chemistry, and possibly slurry properties (Nesset et al. 2006).  

Vinnett et al. (2014) measured the gas dispersion properties in industrial mechanical 

flotation cells in Chilean concentrators. They also found a connection between the 

Sauter mean bubble diameter and superficial gas velocity: 

 d32 = d0 ∗ eγJg,        (11) 

where  d32 = the Sauter mean bubble diameter, 

 d0 = 0.77 ± 0.11, and 

 γ = 0.77 ± 0.09. 
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The gas flow rate has been found to have an increasing effect on gas hold-up (Dahlke et 

al. 2005, Grau et al. 2014, Kourunen et al. 2011, Vinnett et al. 2014). Vinnett et al. 

(2014) measured gas dispersion in mechanical flotation cells in Chilean concentrators. 

They observed that for Jg<1.2 cm/s, gas hold-up increased as the superficial gas velocity 

increased, which indicated the dominant effect of superficial gas velocity on gas hold-

up. Increasing Jg over 1.2 cm/s resulted in a decrease in gas hold-up measurements. This 

was connected to the increase in d32, which indicated the predominant effect of bubble 

coalescence. They also assumed that the lack of correlation between Jg and D32 could be 

attributed to abnormal conditions. Kourunen et al. (2011) found that an increase in air 

flow rate has an increasing effect on gas hold-up. With higher superficial gas velocities, 

the vertical profiles of gas hold-up became uneven; higher gas hold-ups were recorded 

from the impeller stream. Dahlke et al. (2005) studied the relationship between gas 

hold-up and superficial gas velocity and found that it could be used to determine the 

operating range of a flotation cell. In general, the flotation machine has an operating 

range depending on superficial gas velocity: too low a Jg and no concentrate is produced 

and too high a Jg and “boiling” (breakthrough of large bubbles) or other disturbances 

occur. It was discovered that, in the normal operating range, gas velocity and gas hold-

up have almost a linear relationship. 

Yianatos & Henríquez (2007) defined the boundary conditions for superficial gas 

velocity and bubble size in order to maximize the bubble surface area flux. These 

boundary conditions are illustrated in Figure 6. The lower boundary of Sb was found to 

be at 35-45 1/s; if lower, the carrying capacity limitation at the pulp-froth interface level 

or the limited froth removal at a low gas rate is the limiting factor. With a mean bubble 

size smaller than 1.5mm, an upper limit of Sb=160 1/s is achieved when the maximum 

theoretical gas flow rate is delivered in order to build a distinctive interface before the 

pulp-froth interface is lost as “flooding.” With high superficial gas velocities, Jg>2.5 

cm/s, bubble size increases and the gas hold-up becomes unstable. This results in large 

bubbles rising rapidly and creating a significant disturbance at the pulp-froth interface. 

This boundary condition is called “boiling.” (Yianatos & Henríquez 2007) 
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Figure 6. Boundary conditions at the pulp-froth interface. (Yianatos & Henríquez 

2007) 

5.3  Effect of frother 

Frothers are generally heteropolar surface-active organic reagents, which are capable of 

being adsorbed on the air-water interface. Frothers are used mainly for three reasons: to 

stabilize bubble formation, to create a reasonably stable froth to allow selective drainage 

from the froth of entrained gangue, and to increase the flotation kinetics. The frothing 

action of frothers is due to absorption to the air-water interface and reducing the surface 

tension, thus stabilizing the air bubble.(Wills & Finch 2016) 

Frothers are known to have a significant impact on bubble size. The reductive effect of 

frothers on bubble size is widely known, however the bubble reduction mechanism is 

yet unclear. (Jávor et al. 2015) Harris (1976) claimed that the major factor determining 

bubble size was frother concentration. Cho & Laskowski (2002) studied the effect of 

flotation frothers on bubble size and foam stability using single- and multi-hole spargers 

and a flotation cell. They observed that frother concentration did not have an effect on 

bubble size in experiments with a single-hole sparger (i.e. when the bubbles could not 
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collide with each other). Thus they concluded that in the experiment with multi-hole 

spargers and in the flotation cell the ability of the frother to control the size of the 

bubbles derives from controlling bubble coalescence. Furthermore, they observed that 

by increasing the frother concentration to a certain level unique for every frother, the 

Critical Coalescence Concentration (CCC), the bubbles will no longer coalesce. 

Therefore, above the CCC, the bubble size is controlled by the sparger geometry and the 

hydrodynamic conditions in the flotation cell.  

Grau & Laskowski (2006) suggested that different frothers might affect bubble 

generation differently. They pointed out that different frothers have a different effect on 

bubble size with an increasing aeration rate. They also observed that the increasing 

chain length of the frother molecule increased the maximum stable bubble diameter. 

According to Nesset et al. (2006), frother concentration also affects bubble size 

distribution. At low frother concentrations, the bubble size distribution (BSD) seems to 

be bi-modal and increasing the frother concentration narrows the BSD and it becomes 

uni-modal.  

Each frother type has a different CCC value, after which the Sauter mean bubble 

diameter no longer decreases. (Cho & Laskowski 2002, Grau & Laskowski 2006) 

Typically, the CCC value is determined using the Sauter mean bubble diameter. 

However, Jávor et al. (2014) argued that the CCC concept is only applicable for static 

conditions or conditions where the hydrodynamic forces do not contribute to bubble 

coalescence or break-up. They observed that in dynamic conditions the size of rising 

bubbles was significantly larger than the size of freshly formed bubbles. The results 

suggested that bubble coalescence also occurs above the CCC and that frothers have a 

major effect on bubble size at the early stage of bubble formation. Thus, bubble size is 

also determined by the turbulent conditions of the mechanical flotation cell, not only by 

the frother type and concentration.  

Several studies have shown that the frother type has an effect on bubble size 

distribution. (Azgomi 2006, Grau & Heiskanen 2005, Jávor et al. 2015, Nesset et al. 

2006) Grau & Heiskanen (2005) observed differences in BSD for different frothers with 

a concentration over the CCC. The weakly surface-active frother, DF200, produced 
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finer bubbles than the highly surface-active frothers, DF200 and DF1012, in non-

coalescing conditions. This finding is in contradiction with the observations of Jávor et 

al. (2015). Their observations suggest that DF250 produces finer bubbles than DF200 at 

a concentration of 24 ppm, which can be considered to be above the CCC. The same 

phenomenon was also observed at frother concentrations below the CCC with equal d32; 

DF250 produced finer bubbles than DF200. The data supported the conclusion that a 

frother which achieved the Sauter mean diameter at the lowest concentration would 

produce a higher population of small bubbles. Furthermore, Jávor et al. (2015) observed 

that weakly and highly surface-active frothers have a different impact on BSD with 

increasing frother concentration. With weakly surface-active frothers, DF200 and 1-

Pentanol, the bi-modality of BSD disappeared at low frother concentrations and the 

increase in frother concentration moved the BSD towards finer bubbles. Highly surface-

active frothers, such as DF250, PPG425, and NF240, maintained bi-modality in BSD 

longer when increasing the frother concentration. At high frother concentrations, all 

frothers yielded uni-modal BSD.  

Azgomi (2006) concluded that increasing the frother concentration increases the amount 

of fine (-1mm) bubbles. This also led to an increase in gas hold-up with increasing 

frother concentration. The reduction in bubble size was observed as a constant decrease 

of d10 as d32 was relatively stable. Kourunen et al. (2011) observed that an addition of 

frother increased the overall gas hold-up in a flotation cell, but the effect of the frother 

was most notable at high rotor tip speeds. At low rotor tip speeds, the addition of frother 

had no noticeable effect on gas hold-up. 
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According to Nesset et al. (2012), the frother concentration is the most important 

variable affecting bubble size, as Harris (1976) also suggested. Furthermore, Nesset et 

al. (2012) developed a model for the prediction of Sauter mean bubble diameter. The 

model includes both frother type and concentration and also parameter CCC95. CCC95 

value is defined as frother concentration where bubble size is reduced 95% from the 

starting point without any added frother. Nesset et al. (2012) discovered that when 

plotting d32 values against normalized froth concentration, ppm/CCC95, all data is 

reduced to one curve. Thus they suggested that any frother can be uniquely 

characterized by its CCC95 value. The model for predicting Sauter mean bubble 

diameter by frother concentration is: 

 d32 = dlimiting + A ∗ e−B∗
ppm

CCC95,       (12) 

where dlimiting = d32 at over CCC values, 

 B = d32 at zero frother concentration and 

 A = B - dlimiting.   

5.4  Effect of bubble size distribution 

Bubble size distribution (BSD) is an important parameter alongside the Sauter mean 

bubble diameter (d32) when evaluating gas dispersion in a mechanical flotation cell. 

Vinnett et al. (2012) argued that the Sb value is not enough to evaluate gas dispersion in 

flotation systems, and therefore the BSD should also be considered, because the same Sb 

value can be derived from different BSDs. They observed a linear relationship between 

the bubble size distribution spread and Sauter mean bubble diameter in flotation cells 

from 10 to 300 m3. Furthermore, they suggested that a cumulative bubble volume 

distribution (CBVD) should be examined to evaluate the gas use efficiency. According 

to Nesset et al. (2006), a proportion of minus 1 mm bubbles can strongly influence the 

fine particle recovery and the concentrate grade. Thus the use of d10 alongside d32 

should be included to link bubble size to metallurgical performance.  
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6 EXPERIMENTAL PART 

The experimental part of the thesis was carried out in an Outotec TankCell® 1 (TC1) at 

Oulu Mining School at the University of Oulu. TC1 was operated as a batch process 

with no inlet or outlet streams. This study concentrated strictly on the gas dispersion 

properties of different mixing mechanisms, i.e., the bubble-particle contact, recovery, or 

grade were not the focus of this study.  

A frother was used in all experiments to avoid bubble coalescence. The frother used in 

the experiments was Flottec FX160-06 (Dowfroth 250), which is a polypropylene glycol 

ether. The frother concentration was set to 25 ppm, which is well above the Critical 

Coalescence Concentration (approximately 9 ppm depending on the measuring device) 

according to Grau et al. (2005).   

6.1 TankCell® 1 

The flotation cell used, TC1, is a pilot scale flotation cell of the Outotec TankCell 

family and it has an active volume of 1 cubic meter. The cell is cylindrical with a 

diameter of 1.2 m and lip height of 1.0 m. TC1 was equipped with a FloatForce® stator 

mechanism with an outer diameter of 0.55 m. Both rotors tested, A and B, had a 

diameter of 310 mm. 

A Vacon X series adjustable-frequency drive was used to control the rotor tip speed. 

The rotation speed of the rotor was confirmed with a tachometer prior to the 

experiments. The rotor tip speed was varied by changing the Hz reading from the 

adjustable-frequency drive. The Hz reading was transformed to a rotor tip speed.   

TC1 was equipped with an external blower, which was controlled using CellStation™. 

The air flow rate was controlled in Nm3/min, which was converted to actual m3/min at 

20 °C using the ideal gas law. The overall superficial gas velocities were calculated 

using actual air flow rates and the cross-sectional area of the cell. A picture of TC1 is 

presented in Figure 7. 
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Figure 7. TankCell® 1.  

6.2  Experimental design 

Two different mixing mechanisms, A and B, were tested. The experimental design 

consisted of experiments on a two-phase system (gas and liquid) and a three-phase 

system (solid, gas, and liquid). Rotor tip speed and air flow rates were varied according 

to Table 1. The total number of different combinations of rotor tip speeds and air flow 

rates was 20. These combinations of rotor tip speed and overall superficial gas velocities 

cover the typical operational parameters used in mechanical flotation cells in mineral 

processing.  

Table 1 Air flow rates and rotor tip speeds used in experiments 

 

Air flow rate [Nm^3/min] 0.35 0.69 1.04 1.39 1.73

Theoretical superficial gas velocity [cm/s] 0.5 1 1.5 2 2.5

Rotor tip speed [m/s] 4

5

6

7
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In the two-phase system, the level of the pulp was set at 80 cm from the bottom, which 

corresponds to a distance of 20 cm from the lip of the cell at zero aeration and mixing. 

At lower air flow rates, the froth layer was shallow and thickened as the air rate was 

increased. At a certain point the froth layer reached the lip of the cell and started to 

overflow. The frother concentration decreased in the cell as some of the froth 

overflowed but the frother concentration remained above the CCC throughout the 

measurement campaign. This was confirmed by means of bubble size measurements 

with excessive frother concentration. Thus, it had no effect on the measured Sauter 

mean bubble diameter.  The decrease in frother concentration was observed via the 

bubble size distribution; at higher air flow rates the amount of fine bubbles decreased 

significantly.  

In the three-phase system, the level of the pulp was lowered to 70 cm from the bottom 

to decrease the amount of overflowing material as it would have had an effect on pulp 

density. The measurements were conducted at 35 % solids by weight. The solid used in 

the three-phase experiments was quartz sand with a particle size of P80 = 133.7 µm 

which means that 80% of the quartz sand was smaller than 133.7µm. Quartz sand was 

considered to be non-floatable and was used to represent solid material in flotation 

processes. A more accurate analysis of the size distribution of the quartz sand is 

presented in Appendix 1.  

The exact pulp level was not measured during the experiments because the froth 

formation disrupted the pulp level measurement device. However, it was found to vary 

within a reasonably narrow range of approximately 10 cm, according to the steady-state 

pressure information from Jg measurements. In both two-phase and three-phase 

experiments, the overflowed froth was collected in a container, from which it was 

directed back to the flotation cell when operating conditions were changed in order to 

maintain as high a liquid / pulp level in the cell as possible. 

The superficial gas velocity measurement points are presented in Figure 8, where a 

cross-section of TC1 is illustrated. All dimensions in the picture are in millimeters. The 

superficial gas velocity measurements were conducted from 7 different locations of the 

cell. The aim was to observe both the radial and vertical profiles of gas velocity. The 
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two lowermost measurement points 1 and 7 were measured only at a rotor tip speed of 5 

m/s in the two-phase experiments. The reason for this was that the experimental part 

should not be too time-consuming. In the three-phase system, due to the lowered pulp 

level, the sample points were modified so that measurement point 4 was lowered to the 

level of measurement points 2 and 6, and measurement points 3 and 5 were omitted. 

Furthermore, data was collected in all operating conditions from measurement points 1 

and 7. 
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Figure 8. Superficial gas velocity measurement points in TankCell® 1 
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The sampling points were chosen to produce a comprehensive superficial gas velocity 

profile. Sampling point 4 is at a radial distance of 0.71R compared to the cell radius, a 

point which Araya et al. (2014) observed to yield a representative Jg measurement. 

Radially, sampling points 5, 6, and 7 were as near as possible to the impeller shaft with 

the measurement equipment available. Sampling points 1, 2, and 3 were at the cell wall. 

The lowest measurement points, 1 and 7, were at same level as the top of the stator and 

the uppermost measurement points, 3, 4, and 5, were 110 mm below liquid level for the 

two-phase measurements. Measurement points 2 and 6 were vertically halfway between 

the aforementioned measurement points.  

Gas hold-up was measured from one sampling point at the edge of TC 1. The size of the 

device did not allow the measurement of a height profile of the gas hold-up. The 

measurements of the two-phase system were collected at a height of 36 cm from the 

bottom, which is the top level of the stator. This is equivalent to measurement point 1 in 

Figure 8. In the three-phase system, the measurement device was lowered 10 cm in 

order to collect the readings. This was done due to the lowering of the pulp level.  

Bubble sizes were measured from one sampling point, the radial distance from the 

center of the cell being the same as measurement point 4 of superficial gas velocity. The 

depth of the sampling tube was 27 cm from the liquid level and 17 cm below the pulp 

level in the two-phase and three-phase experiments, respectively. The bubble size 

sampling point was on the opposite side of the cell than the Jg and gas hold-up 

measurements, but as the cell was operated as a batch process, a symmetrical flow field 

was assumed.   

6.3  Measurement equipment  

6.3.1 Superficial gas velocity 

Gas velocity measurement is based on the principle introduced by Gomez & Finch 

(2002). The sensor is constructed of plastic tube with a valve and a pressure sensor at 

one end. The schematic of the Jg sensor is presented in Figure 10. The basic idea is to 

collect bubbles from the pulp zone into a vertical tube partially immersed in the cell 
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below the froth. When the valve is closed, bubbles start to accumulate in the tube and 

push the slurry down the tube. This can be monitored via a pressure sensor and the slope 

is related to the superficial gas velocity. Pressure readings are logged into the data 

logger from where they are transferred to the laptop. The Jg measurement equipment is 

presented in Figure 9. 

 

Figure 9. Jg measurement equipment. (Internal material 2016) 
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For calculating Jg, the following measurements are needed. HL is the total tube length, 

H0 is the tube length above the liquid/slurry level, and HBD is the length difference 

between the measurement points. In addition, the bulk density is required. In this case, 

bulk density was estimated using the pressure difference between the measurements 

from different depths of the pulp. When the valve is closed and the sensor tubes are full 

of air, with average pressures of p1 and p2 and the length difference of the sensor tubes, 

the bulk density can be calculated as follows:   

ρb = 
p1−p2

HBD
,         (13) 

where  ρb is the bulk density, 

 p1 is the steady-state pressure at height 1 [cmH2O], 

 p2 is the steady-state pressure at height 2 [cmH2O], and 

HBD is the length difference between heights 1 and 2 [cm] (Gomez & 

Finch 2007). 

The superficial gas velocity was calculated using the following equation. The froth 

depth was not measured during the experiments and therefore the calculated superficial 

gas velocity corresponds to the liquid / pulp level. (Gomez & Finch 2007):  

Jg =  
Patm+ρbHL

ρb[Patm+ρb(HL−H0)]

dp

dt
 (cm/s),       (14) 

where  Jg is the superficial gas velocity at the liquid/pulp level [cm/s], 

Patm is the atmospheric pressure [cmH2O], 

HL is the length of the Jg sensor tube [cm], 

HO is the length of the sensor tube above the liquid / pulp level [cm], and 

 dp/dt is the slope of the pressure curve.  
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Figure 10. Schematic of Jg sensor (Gomez & Finch 2007).   

6.3.2 Gas hold-up 

Gas hold-up was measured with a probe consisting of a cylindrical tube with pinch 

valves at both ends of the cylinder, operated simultaneously with compressed air. A 

photo of the sampling device is presented in Figure 11. The probe was lowered below 

the pulp level with the valves open so that the aerated slurry flowed through the 

cylinder. The probe was kept in place for 15 seconds to allow a steady flow and 

unbiased measurement. After that, the valves were closed simultaneously and a sample 

of liquid was captured inside the cylinder. In the two-phase experiments, the sample 

was weighed and compared to a non-aerated sample to calculate the gas hold-up. The 

volume of the probe was 227.9 ml and a total of 5 samples per measurement point were 
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taken. In the three-phase experiments, 5 samples of slurry were collected in a measuring 

jug and the total volume of the samples was compared to the volume of the probe. This 

was done to obtain more reliable results because the volume of the measurement device 

was quite small. 

 

Figure 11. Gas hold-up measurement device. (Internal material 2016) 

6.3.3 Bubble size 

The bubble size was measured with an Anglo Platinum Bubble Sizer MK4.  A photo of 

the device is presented in Figure 12. The operational principle of the bubble sizer is to 

collect bubbles via the collection pipe in the viewing pane where the images of the 

bubbles are captured. The bubble sizer device consists of a collection pipe, 

measurement box, valve V3 between the collection pipe and the measurement box, a 
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water reservoir, inlet valve (V1), and solids valve (V2). The measurement box consists 

of an angled viewing pane, a digital still camera, and a backlight to provide stable 

lightness. The pressure inside the viewing pane is below atmospheric pressure as the 

viewing pane is above the surface of the flotation cell. Thus the measured bubble size is 

larger than the bubble size in the flotation cell. This is compensated using a pressure 

compensation factor after the measurements. Furthermore, the liquid level in the water 

reservoir decreases as air bubbles accumulate into the reservoir. Therefore, the water 

reservoir was filled with water prior to every measurement. The water used to fill the 

water reservoir had a 25 ppm concentration of frother to avoid bubble coalescence. A 

schematic diagram of the Anglo Platinum bubble sizer and the bubble size measurement 

point is presented in Figure 13.  

For each measurement, approximately 100 pictures were collected in 10 series of 

approximately 10 pictures in continuous shooting mode with a 5-second interval 

between each series. This corresponded to 16,000 - 627,000 total bubbles counted per 

measurement depending on the operational parameters.  

After the image collection, the images were processed by the software provided with the 

bubble sizer. The software can automatically process a batch of images and the results 

are presented in a CSV file, which contains information such as the number of bubbles, 

maximum and minimum bubble diameter, mean and Sauter mean bubble diameter, and 

the frequency of bubbles of a certain size range.  

The measured bubble sizes were corrected to a temperature of 20 °C and atmospheric 

pressure.  
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Figure 12. Anglo Platinum Bubble Sizer MK4 (Anglo Platinum Bubble Sizer MK4 

Operation Guide, 2013, p. 3). 
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Figure 13. Schematic of Anglo Platinum Bubble Sizer and sampling location in 

TC1. 
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7 RESULTS AND DISCUSSION 

The experiments were conducted between February 22nd 2016, and March 31st 2016. 

The temperature of the liquid varied from 10°C to 23°C in the two-phase experiments 

and the temperature of the slurry varied between 16°C and 32°C in the three-phase 

experiments. The temperature of the liquid/slurry rose several degrees during the 

measurements due to the mixing and air feed into the cell. Due to the challenges with 

the timetable of the experimental part, the temperature variations were higher than 

desired. 

The examination of the reliability of the results is presented in Appendix 2. In most 

cases, the measurements are presented in respect to the overall Jg value although the 

adjusted parameter was the air flow rate in normal cubic meters per minute. However, 

especially in Jg measurements, it is illustrative to compare local Jg values to the overall 

Jg. Therefore, at some points the results are compared in respect to air flow rates. 

7.1  Gas hold-up 

Gas hold-up was measured from one point near the cell. The lower end of the 

measurement device was in the same position as measurement point 1 for local Jg 

measurement (see Figure 8). The size of the measurement device compared to the cell 

dimensions forced us to make some compromises prior to the measurements, which 

caused some reliability issues with the results. The height of the measuring device was 

42 cm, the top level of the stator at 36 cm from the bottom of the cell, and the pulp level 

at 80 cm from the bottom of the cell in the two-phase experiments. The impeller stream 

was not considered to be the optimal gas hold-up measurement point so the lower end of 

the measuring device was set at the top level of the stator, at 36 cm from the bottom. 

This resulted in the upper end of the measuring device being only a few centimeters 

below the pulp level at zero aeration. As it was later concluded, the pulp level actually 

lowered at the higher aeration rate and high rotor tip speeds. The gas hold-up 

measurements in the two-phase experiments are presented in Figure 14. The presented 
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values are averages from 5 separate measurements. The upper chart presents the gas 

hold-up measurements for rotor A and the lower chart for rotor B. 

 

Figure 14. Gas hold-up measurements in two-phase experiments. 

As can be seen from Figure 14, rotor A produced quite consistent gas hold-up values at 

overall Jg values of 0.5, 1.0, and 1.5 cm/s. The gas hold-up increased as the aeration rate 

increased. The increase in rotor tip speed also resulted in higher gas hold-up values in 

most cases. The increase in aeration rate to an overall Jg
 of 2.0 cm/s did not increase the 

measured gas hold-up values at lower tip speeds. The measured gas hold-up value at the 

overall Jg of 2.0 cm/s at a rotor tip speed of 7 m/s was abnormally low compared to 

other measurements. The measured gas hold-up values for rotor A varied from 6.7 to 

22.7 %, with the majority of the gas hold-up values being between 8 and 15 %. 
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The measured gas hold-up values for rotor B produced quite similar results as those for 

rotor A. An increase in aeration rate resulted in higher gas hold-up values. The effect of 

rotor tip speed on gas hold-up was not as clear as with rotor A. The measured gas hold-

up values for rotor B varied from 6 to 31 %, with the majority of the values being 

between 8 and 18 %.  

The measured gas hold-up values at an overall Jg of 2.5 cm/s were notably higher than 

the other measurements, for both rotors. However, as mentioned earlier, the liquid level 

was not constant during the measurements. Even though the liquid level of the cell was 

kept as high as possible with froth overflowing to the launders, reliable measurement at 

the highest aeration rate (overall Jg of 2.5 cm/s) and a rotor tip speed of 7 m/s was 

impossible. This was due to the fact that a part of the measurement device was above 

the liquid level and thus the gas hold-up measurement was partly taken from the froth 

layer. Therefore, the measurements yielded higher gas hold-up values than the actual 

conditions in the cell. This was most probably also the case with other measurements at 

the highest aeration rate, even though it could not be confirmed. Consequently, no 

conclusions should be made based on the measurements at the highest aeration rate. 

However, the measurements with lower air flow rates suggest that both rotors yield 

quite uniform gas hold-up profile at these operating parameters. 

Figure 15 presents the gas hold-up measurements for the three-phase experiments. The 

measurement device was lowered 10 cm compared to the two-phase experiments. This 

was done because the pulp level was set at a 10 cm lower level than in the two-phase 

measurements. However, this resulted in taking the measurement from the impeller 

stream in the cell wall. As in the previous Figure 14, the upper graph is for rotor A and 

the lower graph for rotor B. The measured values presented are the average from 5 

measurements. 
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Figure 15. Gas hold-up measurements in three-phase experiments. 

Rotor A produced a very similar type of curves at overall Jg values of 0.5 and 1.0 cm/s 

at different rotor tip speeds. These curves were also in line with the theory: the increase 

in aeration rate and in rotor tip speed resulted in an increase in the gas hold-up values 

measured. At higher aeration rates, the increase in rotor tip speed resulted in lower gas 

hold-up values. At tip speeds of 4 and 5 m/s, the aeration rate had a clear effect on gas 

hold-up values, except for the odd measurement result at a tip speed of 5 m/s and 

overall Jg of 1.5 cm/s. At tip speeds of 6 and 7 m/s, the measured gas hold-up values 

were within a range from 8 to 14 % and the effect of the aeration rate was no longer 

explicit. 

For rotor B, the measured gas hold-up values were mainly between 4 and 15 %. The 

increase in aeration rate increased the measured gas hold-up values, but the rotor tip 
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speed did not seem to have an effect on the measured values. Furthermore, at a tip speed 

of 7 m/s the measured gas hold-up values at an overall Jg of 0.5 and 1.0 cm/s were 

abnormally low, 1.3 and 3.5 % respectively. If the gas dispersion had been inefficient in 

these operating conditions, there should have been similar or even lower measurements 

at lower tip speeds too. Therefore, some other phenomenon might have affected the gas 

hold-up measurements. One explanation could be that the measurement point in the 

impeller stream and the direction of pulp flow might have an influence on the 

measurement results.  

In the two-phase experiments, the liquid level caused unreliability in the results. If this   

this had affected the gas hold-up measurements in the three-phase experiments, the 

measured values should have been higher than the real values. However, no 

exceptionally high values of gas hold-up were observed in the three-phase experiments. 

Thus some other factors must have affected the results. The measurement point near the 

cell wall in the impeller stream is the region where the flow from the impeller stream 

divides into two vortices circulating back to the impeller. Thus there is a chance that the 

measurement device was placed so that there was a strong downward flow at the lower 

end of the measurement device, where the pulp flow moves through the device. This 

downward flow might have a reductive effect on gas hold-up, as fine air bubbles follow 

the slurry flow. Furthermore, at higher air flow rates, Jg measurements from the cell 

wall were notably lower than the overall Jg values. Thus it may be that air distribution to 

the extremities of the cell was not ideal and so gas hold-up values were also lower than 

elsewhere in the cell. 

Due to the difficulties with the gas hold-up measurement device, a Jg measurement 

device was used to estimate gas hold-up in the two-phase experiments. As mentioned 

earlier, bulk density can be estimated from the pressure difference at different heights in 

the pulp. Thus in the two-phase experiments, gas hold-up is directly the part of the fluid 

that is not water.  A comparison between gas hold-up produced by different impellers at 

a constant tip speed of 5 m/s is presented in Figure 16. The gas hold-up is calculated 

from pressure differences between measurement points 1 and 3 at the cell wall. The 

immersed length difference between measurement points 1 and 3 was 33 cm. Gomez 

and Finch (2007) recommend having an immersed length difference of at least 50 cm 
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but this was not possible due to the dimensions of TC1. Therefore, the measured values 

should not be taken as absolute values but as approximates. Gas hold-up measurements 

via the pressure difference for other rotor tip speeds were not calculated as there was no 

collected data from the lowermost measurement points and the smaller vertical 

difference between other measurement points did not yield consistent values.  

 

Figure 16. Gas hold-up at constant rotor tip speed of 5 m/s in a two-phase system. 

Gas hold-up values were calculated from steady-state pressure difference between 

measurement points 1 and 3. 

Both rotors produced a similar result of consistently increasing gas hold-up as the 

aeration rate increased. This is in good agreement with the theory. Rotor A has a gas 

hold-up range from 9.1 to 16.5% and rotor B from 12.1 to 18.6%. Furthermore, rotor B 

consistently produced at least 1.2% higher gas hold-up values than rotor A. For rotor A, 

the values measured with the gas hold-up measurement device and values estimated 
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from the pressure difference are in relatively good agreement and the difference is only 

1.3% at the most. For rotor B, the calculated gas hold-up value from the pressure 

difference consistently produced values of at least 3 % higher than the gas hold-up 

values measured using the gas hold-up probe.  

7.2  Superficial gas velocity 

Superficial gas velocity was measured with two different (lengths 100 and 130 cm) 

measurement tubes, which were positioned next to each other. Preliminary tests 

indicated that there was a slight difference between the measured Jg values from the 

different tubes. Thus the experiments were conducted so that both tubes were at the 

same level during the measurements. For each tested operating condition, three pressure 

curves were performed, after which an average value of Jg was calculated for both tubes, 

separately. The final value was an average value from previous average values. 

Therefore, the slight difference between the tubes could be ignored. The numerical 

values of local Jg measurements are presented in Appendix 4. 

In theory, the rotor tip speed should not have an impact on local superficial gas velocity 

when assuming perfect gas dispersion. Thus the differences observed in local Jg 

measurements at different locations of the cell can be used to evaluate the gas dispersion 

ability of the mixing mechanism. An ideal gas dispersion would result in equal Jg values 

at all locations in the cell. This is not true in practical situations and therefore local Jg 

measurements from different locations of the cell can be used to evaluate the gas 

dispersion ability of the mixing mechanisms.  

Figures 17 and 18 present the superficial gas velocities calculated from measurement 

point 4 versus rotor tip speed. This measurement point was found to produce 

comparable results with different flotation cells, according to Araya et al. (2014). The 

blue lines in both figures are for rotor A and the red lines for rotor B. Different overall 

superficial gas velocities are identified by different specifiers. The reference lines 

present the overall Jg values of 0.5, 1.0, and 1.5 cm/s. Figure 17 does not include the 

results at higher air flow rates (computational Jgs of 2 and 2.5 cm/s) because the 
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collection of reliable results was not possible from the measurement points nearest to 

the pulp level. This was because the slope of the pressure curve was too steep, in other 

words, the change in pressure occurred within a few seconds.   

 

Figure 17. Superficial gas velocity in two-phase experiments. 

The local Jg values were observed to vary at different rotor tip speeds, as can be seen 

from Figure 17. Both rotors produced similar gas velocities at low tip speeds of 4 and 5 

m/s at the two lowest overall Jg values of 0.5 and 1.0 cm/s. A slight difference between 

the two rotors was observed at higher tip speeds at gas velocities of 0.5 and 1.0 cm/s; 

rotor A produced higher superficial gas velocities at higher tip speeds whereas rotor B 

produced a rather flat curve throughout the rotor tip speeds tested. The measured values 

with rotor A at an overall Jg of 1.5 cm/s and rotor tip speeds of 6 and 7m/s were lower 

than the other measurements would indicate. If the low measurements were due to poor 

air dispersion, measurements at rotor tip speeds of 4 and 5 m/s at the same air flow rate 
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should also produce low local Jg values. The measurement accuracy at tip speeds of 6 

and 7 m/s and an overall Jg of 1.5 cm/s was quite poor due to the conditions in the cell. 

Therefore, these measured values could be lower than the actual conditions in the cell.  

Rotor B was observed to produce superficial gas velocities very near to the overall 

values throughout the measured data whereas rotor A produced values higher than the 

overall Jg at the highest tip speed. Measurements suggest that rotor A benefitted from 

the higher rotor tip speeds as rotor B produced quite a flat Jg profile at different tip 

speeds. 

In the three-phase experiments, measurement point 4 was lowered to the level of 

measurement points 2 and 6. This allowed comparison of the superficial gas velocities 

from measurement point 4 in all operational conditions. The local Jg versus rotor tip 

speeds for both rotors is plotted in Figure 18. The reference lines present the overall Jg 

values of 0.5, 1.0, 1.5, 2.0, and 2.5 cm/s.  
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Figure 18. Superficial gas velocity in three-phase experiments.  

Both rotors produced a similar type of curve; for a given aeration rate, the local 

superficial gas velocity increased as the rotor tip speed increased. There is also a clearly 

visible gap between the measurements conducted with different overall superficial gas 

velocities for a given rotor. Furthermore, rotor A was observed to produce consistently 

higher local Jg values than rotor B. The most notable difference was for the highest air 

rate (overall Jg of 2.5 cm/s) and highest rotor tip speed of 7 m/s where rotor A produced 

a Jg of 2.88 cm/s, which was 0.8 cm/s higher than rotor B. At the highest air flow rate, 

rotor A produced significantly higher local Jg values at every rotor tip speed tested. 

 It was also observed that rotor B produced systematically substantially lower local Jg 

values than the overall Jg at higher air flow rates (overall Jg of 2.0 and 2.5 cm/s), except 

at the highest tip speed of 7 m/s at an overall Jg of 2.0 m/s. A significantly low value of 

local Jg = 1.36 cm/s was observed at the lowest tip speed and an overall Jg of 2.5 cm/s. 
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At overall Jg values of 0.5, 1.0, and 1.5 cm/s, rotor B was able to produce values near 

the overall Jg, but did not reach the overall Jg values at higher air flow rates. These 

findings could be an indication that rotor B did not disperse air as well as rotor A at 

higher air rates. A similar but not so significant gap between the local and overall Jg was 

observed for rotor A at lower tip speeds and higher air rates. However, at higher tip 

speeds, rotor A produced higher than overall values of Jg. At lower air rates, both rotors 

produced similar curves and rotor A consistently produced slightly higher local Jg 

values. These observations indicated that there was no significant difference between 

the two rotors at lower air flow rates. However, the higher local Jg values of rotor A at 

higher air flow rates suggested that rotor A dispersed air better than rotor B. 

Furthermore, both rotors benefitted from the higher rotor tip speeds at high air flow 

rates. At lower air flow rates, the difference between the local Jg values between 

different rotor tip speeds was not so substantial.  

Figures 19, 20, and 21 present the superficial gas velocity profiles in the cell. The 

curves are arranged in a similar way as the measurement points were in the cell. (See 

Figure 8) This makes it possible to see the differences in the Jg profile between the 

different locations in the cell instantly. A comparison between the two mixing 

mechanisms with a constant tip speed of 5 m/s in the water experiments is presented in 

Figure 19. Figure 20 presents the superficial gas velocity profile of rotor A and Figure 

21 presents the superficial gas velocity profile of rotor B, both measurements taken 

from the three-phase experiments. In each figure, the overall Jg is on the x-axis and the 

local Jg is on the y-axis.  
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Figure 19. Superficial gas velocity profile comparison at a constant rotor tip speed 

of 5 m/s in the two-phase experiments. 
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Both rotors produced a similar Jg profile at lower air flow rates (overall Jg of 0.5 and 1.0 

cm/s). For both rotors, higher Jg values were measured closer to the rotor compared to 

the measurement points at the cell wall. As to the increase in the air flow rate, rotor A 

produced quite a linear response at every measurement point. However, at higher air 

flow rates (overall Jg of 2.0 and 2.5 cm/s), rotor B produced lower Jg values at 

measurement point 2 and higher Jg values near the impeller (measurement points 6 and 

7). Slightly lower local Jg values for rotor B were also observed at measurement points 3 

and 4 at an overall Jg of 1.5 cm/s. These observations could indicate that with rotor B 

the air was not dispersed properly to the entire cell at the highest air rates investigated.  
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Figure 20. Superficial gas velocity profile of rotor A in three-phase experiments. 

Figure 20 presents the superficial gas velocity profile of rotor A in the three-phase 

experiments. A clear difference between the radial measurement points was observed, 

where the measurement points closer to the impeller shaft (6 and 7) revealed higher 
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local superficial gas velocities than the measurement points near the cell wall (1 and 2). 

This is in good agreement with the other investigations where a radial parabolic Jg 

profile in mechanical flotation cells was observed. (Araya et al. 2014, Grau et al. 2014) 

There were no significant differences in local Jg values between different impeller 

speeds at measurement points 1 and 2. The measured superficial gas velocity increased 

as the air flow rate increased, but it did not reach the overall Jg at higher air rates. 

Clearer differences were observed from measurement points 4, 5, and 6. Rotor tip speed 

had a significant impact on the local Jg at a given aeration rate, especially at the highest 

air rates. At measurement point 7, which was nearest to the impeller discharge area, an 

increase in tip speed lowered the local Jg values at higher aeration rates. Furthermore, at 

higher aeration rates an increase in tip speed increased the local Jg values at 

measurement points 4 and 6, which were further away from the impeller shaft. High 

measured Jg values at measurement point 7 would indicate that air is not dispersed 

properly to the entire volume of the cell. Thus the data suggested that air was dispersed 

better to the entire volume of the cell at higher rotor tip speeds. At lower air rates 

(overall Jg of 0.5 and 1.0 cm/s), the rotor tip speed did not have a significant effect on 

the Jg profile, which would suggest that the amount of air fed into the cell was dispersed 

properly at all the rotor tip speeds tested. 
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Figure 21. Superficial gas velocity profile of rotor B in quartz experiments. 

Figure 21 presents the superficial gas velocity profile of rotor B. Similarly to rotor A, a 

radial difference in the local Jg values is observed. Furthermore, measurement points 1 

and 2 had quite a uniform shape and only a slight difference between different rotor tip 
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speeds at the local Jg values was observed at the highest air flow rate. Compared to rotor 

A, slightly lower local Jg values were observed at lower air flow rates and slightly 

higher values at higher air flow rates at measurement points 1 and 2.  

The most significant finding in the Jg profile of rotor B is the low values of local Jg at 

the highest aeration rate (overall Jg = 2.5 cm/s) and the lowest tip speed of 4 m/s at 

measurement points 4, 6, and 7. Furthermore, no increase was observed in the local Jg 

values from measurement points 1 and 2. Thus the air introduced into the cell was not 

observed in the Jg measurement points. These findings would suggest that the amount of 

air supplied to the cell was too much for the given rotor tip speed and the air was not 

dispersed uniformly throughout the cell, but it most probably rose to the surface near the 

impeller shaft where no measurements were taken. This condition can be described as 

boiling. Thus it can be concluded that these conditions were not in the operational range 

of rotor B.  

Similarly to rotor A, an increase in the local values of Jg at measurement points 4 was 

observed at higher rotor tip speeds and high aeration rates.  

The radial parabolic shape of the Jg profile was clearly observable in both the two-phase 

and three-phase experiments. In their two-phase (water and air) experiments, Grau et al. 

(2014) observed a maximum 15 % difference between the measured Jg values in three 

Outotec cells at various aeration rates. Quite similar results were obtained with both 

rotors in our two-phase experiments, when the differences between the measured Jg 

values from measurement points 3, 4, and 5 were studied at overall Jg values of 0.5, 1.0, 

and 1.5 cm/s. An average difference of 14 % for rotor A, and 8 % for rotor B, was 

observed between the minimum and maximum measured Jg values at a given rotor tip 

speed and overall Jg. The highest percentage differences were observed for rotor A at 

the lowest overall Jg of 0.5 cm/s, from 15 % to 31 % at different aeration rates. The 

average difference between measurement points 2 and 6 was 34 % for rotor A and 28 % 

for rotor B, and between measurement points 1 and 7, it was 34 % for rotor A and 35 % 

for rotor B. The average differences between measurement points 1 and 7 are only from 

measurements at a rotor tip speed of 5 m/s. The radial parabolic Jg profile is not uniform 

at different depths in the flotation cell. With both mixing mechanisms, the radial 
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parabolic Jg profile seems to flatten towards the pulp surface. Furthermore, no clear 

pattern was observed between different rotor tip speeds and percentage differences in 

the radial parabolic profile. 

Radial differences between the measured Jg values were larger in the three-phase 

experiments. An average difference between the minimum and maximum value of the 

measured Jg values from measurement points 2, 4, and 6, was 49 % for rotor A and 48% 

for rotor B for the entire data. The average difference between measurement points 1 

and 7 was 44 % for rotor A and 41 % for rotor B. Thus, adding solids clearly had an 

increasing effect on the radial parabolic Jg profile. This observation suggests that the 

added solids clearly affect the gas dispersion ability of the mixing mechanisms. Higher 

radial parabolic curves indicate that adding solids decreases the gas distribution to the 

extremities of the cell. Furthermore, no flattening of the Jg profile towards the surface of 

the pulp was observed, but it should be noted that the uppermost measurement points 

were not utilized in the three-phase experiments.  

7.3  Bubble size 

Bubble sizes were measured for every combination of rotor tip speed and air flow rate. 

The numerical values are presented in Appendix 5. The temperature varied in the two-

phase experiments from 12 to 17 °C with rotor A and from 10 to 14 °C with rotor B.  In 

the three-phase measurements, the temperature varied from 20 to 28 °C with rotor A 

and from 16 to 32 °C for rotor B. The bubble sizes are corrected to the temperature of 

20 °C and 1 bar by using the ideal gas law. Figures 22 and 23 present the Sauter mean 

bubble diameter versus the overall superficial gas velocity for both mixing mechanisms 

in the two-phase and three-phase experiments, respectively. Rotor A is represented by 

blue lines and rotor B by red lines and different specifiers separate the different aeration 

rates. 
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Figure 22. Sauter mean bubble diameter in two-phase experiments.  

Figure 22 presents the measured Sauter mean bubble diameters in the two-phase 

experiments. Overall, the measurements display clear consistency: an increase in rotor 

tip speed decreased the bubble size and an increase in aeration rate increased the bubble 

size. These findings are in agreement with the theory, although there have been some 

studies where bubble size was not found to decrease with increasing impeller tip speed. 

Furthermore, an increase in aeration rate had a greater impact on bubble size than rotor 

tip speed, which was also observed by Grau et al. (2014). The measured Sauter mean 

bubble sizes were found to be in the range of between 0.64 and 2.18 mm for rotor A and 

between 0.65 and 2.02 mm for rotor B. Rotor B was observed to produce consistently 

smaller bubbles than rotor A.  

The measured bubble size of rotor B at the highest aeration rate and lowest tip speed 

differs drastically from the other measurements. The observation is exceptional as it 
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happened in both the two-phase and three-phase experiments, and can also be seen in 

Figure 23. One explanation could be that the bubbles captured by the collection pipe did 

not represent the entire bubble population. As it was observed regarding the superficial 

gas velocity measurements, this combination of air flow rate and rotor tip speed 

produced poor gas dispersion results. Thus it may be that larger bubbles rose to the 

surface from near the impeller shaft and only smaller bubbles were captured in the 

collection tube.   

 

Figure 23. Sauter mean bubble diameter in three-phase experiments. 

A similar trend in the effect of aeration rate on bubble size continued in the three-phase 

experiments; increasing air flow rate increased bubble size, as illustrated in Figure 23. 

The effect of impeller speed on bubble size was no longer explicit for both rotors; at 

higher aeration rates there was no constant decrease in bubble size as the impeller tip 

speed was increased. Rotor B was found to produce smaller bubbles than rotor A almost 
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throughout the whole collected data. The bubble size of rotor A varied from 0.73 to 2.07 

mm and for rotor B from 0.65 to 1.96 mm.  

In general, rotor B produced smaller bubbles both in the two-phase and three-phase 

experiments. Smaller bubbles are linked to better flotation efficiency, as the probability 

of collision and attachment increase with decreasing bubble size. (Tao 2005) However, 

when considering the observed local Jg values and gas hold-up measurements at higher 

air flow rates and taking into account the opposite behavior of increasing bubble size as 

rotor tip speed is increased at the highest air flow rate, it is doubtful whether the bubble 

size measurements represent the true conditions in the cell. The increase in bubble size 

when increasing the rotor tip speed was also observed at overall Jg values of 1.0, 1.5, 

and 2.0 m/s. Therefore, it can be concluded that the measured bubble sizes of rotor B 

were distorted towards the fine bubble sizes as larger bubbles did not appear in the 

measurement at lower tip speeds. This also indicates that the gas dispersion ability of 

rotor B was not as good as that of rotor A at higher air flow rates and low rotor tip 

speeds. However, at low aeration rates (overall Jg
 of 0.5 and 1.0 cm/s), the measured 

bubble size curves were similar for both rotors and the measured bubble sizes were 

consistently lower for rotor B. This could indicate that at low aeration rates rotor B was 

actually producing smaller bubbles. 

This phenomenon can also be observed in Figure 24 where the measured d32 and d10 

bubble sizes are presented in both two-phase and three-phase experiments at a rotor tip 

speed of 6 m/s for both rotors. For rotor A, the measured d32 increased quite linearly in 

both experiments, d32 being larger in the three-phase experiments in all but the highest 

air flow rate measurement. For rotor B, the measured d32 in the three-phase 

measurements was clearly lower than in the two-phase measurements at overall Jg 

values of 2.0 and 2.5 cm/s. This observation supports the conclusion that the measured 

bubble sizes for rotor B did not entirely represent the conditions in the flotation cell at 

overall Jg values of 2.0 and 2.5 cm/s.  

Furthermore, a substantial increase in d10 bubble sizes was observed at overall Jg values 

higher than 1.0 cm/s. At overall Jg values of 0.5 and 1.0 cm/s, the measured d10 was 

almost the same for both rotors in both experiments. The measured d10 is higher in the 
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two-phase experiments than in the three-phase experiments for both rotors. This was 

most probably due to the higher level of the pulp at the start of the two-phase 

experiments, which resulted in the total amount of froth that overflowed to the launders 

being larger than in the three-phase experiments. The overflowing froth contained a 

higher concentration of frother and therefore the frother concentration in the cell 

decreased more in the two-phase experiments. Furthermore, the measured d10 for rotor 

B in the three-phase experiments was substantially lower than the d10 for rotor A. This 

further supports the conclusion that the bubble sizes measured for rotor B did not 

represent the actual bubble population in the cell at high overall Jg values (2.0 and 2.5 

cm/s). 

 

Figure 24. Measured bubble sizes at a rotor tip speed of 6 m/s in two-phase and 

three-phase measurements for both rotors.  



78 

 

Furthermore, the difference between the ability of the two rotors to disperse air at higher 

air flow rates was observed when the measured bubble sizes were compared against 

local Jg values from measurement point 4. This is illustrated in Figure 25 where both 

d32 and d10 bubble sizes are plotted versus the local Jg at a rotor tip speed of 6 m/s in 

the three-phase measurements. The specifiers indicate the overall Jg values of 0.5, 1.0, 

1.5, 2.0, and 2.5 cm/s. It was observed that both rotors produce quite similar results at 

low air flow rates for both d32 and d10 bubble sizes. Rotor B produced smaller bubbles 

and also slightly lower local Jg values. However, as the air flow rate was increased to an 

overall Jg
 of 2.5 cm/s, the measured d32 and d10 bubble sizes of rotor B were observed 

to be larger than the local Jg values. The same phenomenon was also observed at a rotor 

tip speed of 7 m/s, where the measured d32 increased significantly more than the local 

Jg at measurement point 4. This indicated that rotor B was not able to disperse the air 

fed into the cell properly at the highest air flow rates tested. 
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Figure 25. Bubble sizes versus local Jg from measurement point 4 at rotor tip speed 

of 6 m/s (three-phase experiments).  

The cumulative bubble size distribution for both rotors at a rotor tip speed of 6 m/s and 

overall Jg values of 0.5 and 1.0 cm/s in the three-phase experiments is presented in 

Figure 26. It can be observed that, at low air flow rates, both rotors produced almost 

identical BSDs. Furthermore, the effect of an increase in the air flow rate can be 

observed. The starting size or the amount of bubbles larger than 2 mm did not increase. 

The increase in air flow rate affected the BSD mainly between the bubble sizes of 0.25 

to 1.40 mm. The BSDs for higher air flow rates are not presented, because the main 

factor affecting the BSDs in these conditions was the decreased frother concentration 

and thus a comparison between the BSDs produced by different rotors is not feasible. At 
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overall Jg values of 0.5 and 1.0 cm/s, no froth reported to the launder and thus the 

frother concentration remained stable.  

 

Figure 26. Cumulative bubble size distribution at a rotor tip speed of 6 m/s in 

three-phase experiments. 
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7.4  Bubble surface area flux 

Bubble surface area flux was calculated using local Jg values from measurement point 4 

and the measured Sauter mean bubble diameters. The numerical values are presented in 

Appendix 6. Figures 27 and 28 present bubble surface area fluxes for the two-phase and 

three-phase experiments, respectively. Sb was not calculated for the highest air flow 

rates in the two-phase experiments due to the difficulties with Jg measurements. 

 

Figure 27. Bubble surface area flux in two-phase experiments.  

As can be seen in Figure 27, the bubble surface area flux generally increased as the 

rotor tip speed and aeration rate increased. In theory, Sb increases when Jg increases and 

d32 decreases. The observations are in good agreement with the theory: as more air is 

blown into the cell and intense mixing disperses the air completely, high Sb values are 
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observed. The bubble surface area flux was found to vary between 30 and 68 1/s. These 

values were in line with other studies. (Deglon et al. 2000, Grau et al. 2014) 

There was a significant drop in Sb values for rotor A at higher tip speeds at an overall Jg 

value of 1.5cm/s compared to other values. This was due to the low Jg values at said 

measurement conditions as illustrated in Figure 17. As mentioned above, the 

measurement accuracy of Jg in these conditions was quite poor, which could explain the 

divergent results. 

No clear difference between the two rotors can be observed. However, increasing the 

rotor tip speed seems to favor rotor A, as Sb increased strongly in respect to rotor tip 

speed at overall Jg values of 0.5 and 1.0 cm/s. On the other hand, for rotor B, the 

response to bubble surface area flux was quite linear in respect to rotor tip speed.   

 

Figure 28. Bubble surface area flux in three-phase experiments.  
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Figure 28 presents the calculated bubble surface area fluxes of both rotors in the three-

phase experiments. The values ranged from 33 to 87 1/s, which are in line with other 

studies. (Deglon et al. 2000) Values for rotor A were in the range of 36 to 87 1/s and for 

rotor B in the range of 33 to 72 1/s. The trend in the three-phase experiments was 

similar to that in the two-phase experiments: generally, Sb increased as the rotor tip 

speed or aeration rate increased. Furthermore, rotor A produced quite a linear response 

to bubble surface area flux with respect to impeller tip speed at a given aeration rate. 

For rotor B, the Sb values at the highest impeller speed were quite close to each other.  

Furthermore, at higher impeller tip speeds (6 and 7 m/s) and higher aeration rates 

(overall Jg of 2.0 and 2.5 cm/s), rotor A produced significantly higher bubble surface 

area fluxes than rotor B. The explanation can be found from the Jg values, which were 

significantly higher with rotor A, even though rotor B seemed to produce smaller 

bubbles. However, there were no significant differences between the two rotors at lower 

impeller tip speeds (4 and 5 m/s). 

A comparison of Sb versus local Jg for both rotors at a rotor tip speed of 6 m/s is 

presented in Figure 29. The shape of the Sb curve is similar for both rotors, but rotor A 

produced substantially higher Sb values at higher air flow rates (overall Jg values of 2.0 

and 2.5 cm/s). However, rotor B produced slightly higher Sb values at lower air flow 

rates. These observations could indicate that rotor B produced better conditions at low 

aeration rates whereas rotor A was also capable of dispersing air at high air flow rates. 

Furthermore, it should be noted that the markers on the line represent the overall Jg 

values of 0.5, 1.0, 1.5, 2.0, and 2.5 cm/s, respectively. Therefore, when considering the 

amount of air fed to the cell it is clear that rotor A was able to produce substantially 

better air dispersion and Sb at higher air flow rates.  



84 

 

 

Figure 29. Bubble surface area flux at a constant rotor tip speed of 6 m/s in three-

phase experiments.  

7.5  Power consumption 

The power consumption was recorded for all different variations of rotor tip speed and 

air flow rate for both rotors. The rotor output voltage and current were recorded from 

the variable-frequency drive and the nominal power draw was calculated. The numerical 

values are presented in Appendix 4. Figure 30 presents the calculated power draw for 

the two-phase experiments and Figure 31 for the three-phase experiments in respect to 

overall Jg values. Rotor A is presented by a blue line and rotor B by a red line and the 

different impeller tip speeds are identified by different specifiers.  
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Figure 30. Power consumption in two-phase experiments. 

Generally, power consumption decreased as the air flow rate was increased. 

Furthermore, a sharp increase in power consumption was observed as the impeller tip 

speed was increased. These observations were as expected and corresponded very well 

to the theory.  

Both rotors produced quite similar curves at lower impeller tip speeds. The air flow rate 

did not have a substantial effect on power consumption at rotor tip speeds of 4 and 5 

m/s.  

At impeller tip speeds of 6 and 7 m/s, the power consumption of rotor B clearly 

decreased as the air flow rate was increased. The amount of air fed to the cell clearly 

affected the power consumption of rotor B more than that of rotor A. The power 

consumption of rotor A also decreased as the air flow rate was increased from an overall 

Jg value of 0.5 cm/s, but rotor A maintained the same power consumption from overall 
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Jg values of 1.5 to 2.5 cm/s. Therefore, it could be concluded that rotor A was able to 

disperse all the air that was fed into the cell. The bubble size and local Jg measurements 

support this conclusion. 

 

Figure 31 Power consumption in three-phase experiments 

At lower tip speeds of 4 and 5 m/s, the power consumption in the three-phase 

experiments was quite similar to the two-phase system. In terms of power consumption, 

there was no significant difference between the two rotors. In addition, the absolute 

values of the power consumption were very close compared to the two-phase 

experiments. However, an interesting observation was the power consumption at the 

impeller tip speed of 4 m/s at the overall Jg value of 2.5 cm/s: the power consumption of 

the two rotors was identical, but rotor A provided substantially better conditions in the 

cell in terms of local Jg and bubble size measurements. This observation suggested that 

rotor A utilized the supplied power more efficiently to disperse the air into the cell. 
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At higher impeller tip speeds, there were clearly observable differences. The absolute 

power consumption for both rotors was higher in the three-phase experiments than in 

the two-phase experiments, as expected. However, the power consumption of rotor B 

dropped significantly at higher tip speeds, with an increasing air flow rate. The drop in 

power consumption with an increasing aeration rate is usually linked to a reduced 

pumping capacity for the rotor. With rotor A, there was no significant drop in power 

consumption at any point throughout the experimental data, and rotor A maintained a 

high power consumption at the highest aeration rates.  

7.6 Sanding 

The ability of the mixing mechanism to keep the solids in suspension can be observed 

from sanding. In the three-phase experiments, sanding was observed via the glass 

window in the cell wall. The lower level of the glass was at a height of 6.5 cm from the 

bottom of the cell, and therefore no observations of sanding could be made below that 

height. The measured values are presented in Appendix 4. Figure 32 illustrates the 

sanding of both rotors. 
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Figure 32 Sanding in the three-phase system. 

Sanding was observed with both rotors. However, there were differences in the 

occurrence of sanding in respect to the operational conditions. With rotor A, the sanding 

occurred only at the lowest tip speeds whereas sanding with rotor B was connected to 

higher air rates. The observations suggested that rotor A requires a certain rotor tip 

speed to provide a solids suspension and that the air flow rate does not have a 

significant effect. For rotor B, the sanding occurred at higher air flow rates at various tip 

speeds. However, no sanding was observed at the lowest tip speed at lower air rates. 

Thus it could be concluded that the mixing performance of rotor B was better at low air 

flow rates. According to Coleman & Rinne (2011), increased mixing increases bubble-

particle collisions, the suspension of coarse particles, pumps more slurry, and enables 

the use of higher density slurry. However, the air flow rate has a greater impact on the 
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flow characteristics generated by rotor B. The power draw of rotor B in various 

operational conditions supports this conclusion. The power draw of rotor B was found 

to decrease with an increasing air flow rate, which is usually connected to reduced 

pumping capacity.  

The data suggested that the optimum operational conditions were different for the two 

tested rotors. For rotor A, a sufficient rotor tip speed was the critical parameter and air 

flow rate was not observed to have a determining impact on solids suspension. For rotor 

B, sanding occurred with combinations of different rotor tip speeds and high air flow 

rates. Thus it should be ensured that with the higher air flow rates, sufficiently high 

rotor tip speeds are used to provide the solids suspension. It should also be noted that, 

lower tip speeds can be used with low air flow rates with rotor B than with rotor A. 
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8 CONCLUSIONS 

Two mixing mechanisms were studied in the pilot scale flotation cell, TankCell® 1. The 

experimental part was conducted at Oulu Mining School at the University of Oulu. The 

experiments were conducted for a two-phase system (liquid and air) and a three-phase 

system (solid, liquid, and air). 

The evaluation and comparison of the mixing mechanisms were based on the gas 

dispersion parameters, the power draw of the rotors, and the observed sanding. The 

measured gas dispersion parameters were gas hold-up (εg), superficial gas velocity (Jg), 

bubble size (d32), and bubble surface area flux (Sb), derived from Jg and d32.  

A reliable measurement of gas hold-up was difficult to achieve due to the size of the 

probe. The measurement had to be taken from or near to the impeller stream, which is 

not an ideal place for taking measurements, rather than from the quiescent zone. 

However, the measurements at low air flow rates and low rotor tip speeds indicated that 

both rotors produced quite similar gas hold-ups at the given operational parameters. The 

gas hold-up measurement conducted with Jg tubes in the two-phase experiments 

suggested that rotor B produced consistently slightly higher gas hold-up values than 

rotor A. However, gas hold-up should be examined in more detail before further 

conclusions can be made. 

The superficial gas velocity values produced by the two mixing mechanisms were close 

to each other at lower air flow rates, with rotor A producing systematically slightly 

higher values. At higher air flow rates, rotor A produced significantly higher superficial 

gas velocities. These observations were more marked in the three-phase experiments. 

Rotor B did not maintain proper gas dispersion at the highest air flow rate (overall Jg of 

2.5 cm/s) and the lowest rotor tip speed of 4 m/s. Rotor A also produced higher 

superficial gas velocities at rotor tip speeds of 6 and 7 m/s. Both rotors were found to 

produce a clear radial parabolic Jg profile with increasing local Jg closer to the impeller 

shaft; the radial parabolic profile being substantially stronger in the three-phase 

measurements than in the two-phase measurements.  
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The bubble sizes produced by rotor B were systematically smaller than with rotor A. 

Smaller bubble size is linked to enhanced flotation efficiency. However, there was 

reason to doubt whether the measured bubble sizes represented the whole bubble 

population in the cell, especially at high aeration rates.  

The majority of bubble surface area fluxes were found to be between 40 to 70 1/s for 

both rotors in both types of systems. At lower air flow rates, the two rotors produced Sb 

values close to each other. At higher air flow rates, rotor A produced significantly 

higher Sb values. 

The power draw of rotor B was consistently lower in the two-phase experiments than 

that of rotor A. In the three-phase experiments, the power draw at low rotor tip speeds 

was very similar for both rotors. At higher tip speeds, rotor A maintained the power 

draw whereas the power draw of rotor B decreased clearly as the air flow rate increased.  

The sanding profile of the two rotors differed substantially. For rotor A, sanding 

occurred only at the lowest tip speed (4 m/s) tested whereas, for rotor B, sanding 

occurred at a higher air flow rate combined with various rotor tip speeds.  

Based on these experiments, the optimal operating conditions for rotor A comprise the 

whole range of operational parameters tested, except for the lowest rotor tip speed of 4 

m/s, where sanding occurred. At higher tip speeds, no sanding was observed. 

Furthermore, rotor A also maintained a high power draw with the highest air flow rates 

tested. These, combined with high bubble surface area fluxes at high aeration rates, 

favor rotor A in situations where high air flow rates are required.  

Rotor B struggled to maintain the solids suspension and good air dispersion at the 

highest air flow rates. The observed sanding, lower local Jg and Sb values, combined 

with a reduced power draw at higher air flow rates, indicated that rotor B was unable to 

properly disperse the air fed into the cell at overall Jg values of 2.0 and 2.5 cm/s. 

However, at lower air flow rates (overall Jg of 0.5, 1.0, and 1.5 cm/s), rotor B was able 

to produce equal or better air dispersion and smaller bubble size with equal or less 

power consumption. It should also be noted that the mixing performance and solids 
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suspension was better at low air flow rates. Therefore, with correctly chosen operational 

parameters, solids suspension, equal or better air dispersion and smaller power draw can 

be yielded with rotor B compared to rotor A. The result may lead to enhanced flotation 

efficiency at lower operational costs. However, as mentioned earlier, these conclusions 

are based only on the measured gas dispersion parameters and further investigations 

should be performed. 

8.1  Suggestions for future work 

The biggest challenge with the experimental design was the batch process arrangement. 

With no inlet or outlet flows, it was impossible to control the pulp height during the 

experiments. This, together with the wide research frame with great variations in the 

aeration rate and impeller tip speeds, meant that some of the froth overflowed and 

reported to the launder at higher air flow rates. Therefore, it had a decreasing effect on 

the frother concentration in the cell even though the frother concentration was over the 

CCC in all measurements. However, the frother concentration has a significant effect on 

the bubble size distribution. Therefore, the examination of the BSDs produced by 

different rotors could not be conducted with all the operating parameters. To ensure that 

the frother concentration remains stable for the whole measuring campaign at various 

impeller tip speeds and air flow rates, at least a recirculation of overflow back to the cell 

should be arranged. A good solution would consist of a tank where both the tailings 

pipe and the froth launder of the cell were connected. A re-circulation of the liquid/pulp 

from the tank back to the cell with an adjustable pump should be arranged. This way the 

liquid/pulp level could be controlled with the tailings pipe between the different 

operational parameters, and recirculation of liquid/pulp would keep the frother 

concentration stable. 

The dimensions of the gas hold-up measurement device were not ideal for taking 

measurements from the pilot scale flotation cell. The size of the measurement device 

forced us to try to keep the cell level as high as possible. The aforementioned issues 

with frother concentration are partially due to the attempt to obtain representative gas 

hold-up measurements from the cell. On the other hand, a smaller device might not be 
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as reliable in terms of measurement accuracy. Thus, a different way of measuring gas 

hold-up is recommended. Gas hold-up measurement based on a conductivity probe 

should work at least in two-phase experiments, and a further advantage would be the 

possibility to measure gas-hold up from various locations, as concluded by Sanwani et 

al. (2006). 

Measurement results from the two-phase and three-phase experiments differed 

substantially in certain operating conditions. Experiments only in a two-phase system 

would not have revealed the differences between the two mixing mechanisms as well as 

experiments with a three-phase system. Therefore, it is highly recommended to include 

three-phase experiments when measuring gas dispersion properties and hydrodynamic 

conditions in a mechanical flotation cell. 

After analyzing the results from bubble size measurements, there was reasonable doubt 

whether the measured bubble population represented the actual bubble population in the 

cell in some operating conditions. Therefore, to ensure a representative sample of the 

bubble population, bubble sizes should also be measured from near the impeller shaft 

and also from the cell wall. Furthermore, the ability to fine-tune the measurement height 

in the cell should be included. However, in a pilot scale flotation cell, the size of the cell 

compared to the size of the measurement devices may cause challenges in measuring. 
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Appendix 1. Particle size analysis of quartz sand.  
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Appendix 2. Reliability of results. 

The volume of the gas hold-up measurement device was determined by taking samples 

from stagnant tap water and weighing the amount of water. The measured volume of the 

device was 227.86 cm3 based on the samples. The repeatability of sample taking was 

considered to be very good; the variation between the different samples was within 1g.  

However, as was already illustrated in the results and discussion chapter, the gas hold-

up measurement results were not totally reliable in all operating conditions. For two-

phase measurements, the three-sigma rule was applied, which states that 99.7 % of the 

values lie within three standard deviations of the mean. In Figure 33, the three-sigma 

rule is applied as a red line illustrating the proportion of three standard deviations above 

the measured value. For rotor A, the average standard deviation of 5 measurements per 

operating condition was 4.21 g, which responds to 1.85 % in the gas hold-up value and 

for rotor B, 2.92 g and 1.28 %, respectively. Therefore, it can be concluded that the 

measurement device was functioning reliably and the observed anomalies in 

measurements were not due to the measurement device. For the three-phase 

experiments, the standard deviation between single measurements was not calculated as 

the gas hold-up was calculated from the total volume of 5 measurements.  

The pulp level was observed to decrease at the highest air flow rates. In the two-phase 

experiments, at the highest air flow rate and rotor tip speed the pulp level was confirmed 

to be at a level where measuring the gas hold-up was not possible from the desired 

measurement point, for both rotors. The high measured gas hold-up values at the highest 

air flow rates at all rotor tip speeds suggest that the pulp level was at too low a level for 

a reliable measurement, for both rotors.  Therefore, in the two-phase experiments, the 

measured gas hold-ups at the highest air flow rate should be rejected as unreliable 

measurements.  

Furthermore, the measurement for rotor A at an overall Jg of 2.0 m/s and rotor tip speed 

of 7 m/s resulted in a suspiciously low gas hold-up value compared to other 

measurements in different operating conditions. The measurement accuracy was 

relatively good with a standard deviation of 1.79 %. If the pulp level had been too low, 
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the measured gas hold-up values would have been abnormally high. The Jg and bubble 

size measurement as well as the power consumption at the same operational parameters 

were in line with other measurements. A decrease in frother concentration decreases gas 

hold-up but that should not be the situation in this case as the reduction in gas hold-up 

appeared in only one operating condition. The frother concentration should affect all 

operating conditions where overflowing occurred.  Thus, no clear explanation was 

found for the low measured gas hold-up value.  

The measurement point was lowered by 10 cm for the three-phase experiments. Thus 

the measurements were collected from the impeller stream. There was sufficient 

consistency in measurements under different operating conditions for rotor A at lower 

aeration rates and lower rotor tip speeds, separately. However, the measurements with 

the highest aeration rate resulted in the measured gas hold-up values decreasing as the 

rotor tip speed was increased. Similarly, at the highest rotor tip speed, the gas hold-up 

value decreased when the aeration rate was increased from an overall Jg of 1.0 cm/s. 

The decrease in gas hold-up value with increased aeration rate could be explained by 

insufficient gas dispersion to the extremities of the flotation cell, i.e., to the 

measurement point for gas hold-up. However, an increase in rotor tip speed should 

improve the gas dispersion to the cell wall. Furthermore, no evidence for poor gas 

dispersion was observed in the Jg measurements. Thus, there must have been some other 

reasons for the inconsistency in gas hold-up values.  

The gas hold-up values for rotor B seemed abnormally low in certain operating 

conditions at low aeration rates and rotor tip speeds in the three-phase experiments. 

Furthermore, the measured Jg values for rotor B were systematically slightly lower than 

for rotor A at the cell wall. However, the measured gas hold-up value of 1.26 %, at an 

overall Jg of 0.5 cm/s and rotor tip speed of 7 m/s, does not correspond to the conditions 

in the cell, especially when the measured gas hold-up was 6.1 % at the same aeration 

rate and rotor tip speed of 6 m/s. Therefore, the measured gas hold-up values do not 

seem to be reliable. As mentioned, the measurement point was lowered by 10 cm 

compared to the two-phase experiments. This change avoided the possibility of false 

measurements due to variations in pulp level. However, the highly turbulent impeller 

stream is not an ideal measurement point for such a device where pulp is required to 
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flow through the cylinder. The impeller stream is known to divide into two vortices in 

the cell wall. Therefore, it could be that the fine bubbles were following the stream and 

therefore not reporting to the measurement device. Thus there remains reasonable doubt 

of the reliability of the gas hold-up measurements in the three-phase experiments. 

Frother concentration in the cell decreased as froth overflowed from the cell at higher 

air flow rates. The frother concentration is known to have an impact on gas hold-up. 

Therefore, the measured gas hold-up values at higher air flow rates should be relatively 

lower than gas hold-up values at low air flow rates when no overflowing occurred. 

However, the behavior of the two rotors regarding overflowing froth was very similar 

and the amount of overflowed pulp was approximately the same with equal operational 

parameters. Therefore, the frother concentration is not assumed to have a significant 

effect on the comparison of the two mixing mechanisms. 

 

Figure 33. Gas hold-up measurements in two-phase experiments. The red line 

presents three standard deviations above the measured value. 

The standard deviations of Jg measurements are presented in Figure 34. The 

measurements conducted with Jg tube 1 are plotted with circles and those with Jg tube 2 
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with squares. Measurements for rotor A are plotted in blue and those for rotor B in red. 

It can be seen that the standard deviations (SD) of the measurements clearly increased 

as the air flow rate increased. It should also be noted that results from measurement 

points 3, 4, and 5 at overall Jg values of 2.0 and 2.5 cm/s in the two-phase experiments 

are not included in these graphs as they were excluded at an earlier stage. This is most 

probably the reason why the graphs from the two-phase and three-phase experiments 

differ at higher overall Jg values. However, rotor tip speed did not seem to have an 

effect on the SD of the measurements. The average SDs varied from 0.0763 to 0.1007 in 

two-phase measurements and from 0.0966 to 0.1312 in three-phase measurements with 

different rotors and Jg tubes.  

 

Figure 34. Standard deviations of measurements in respect to overall Jg and rotor 

tip speed. 

However, as overall Jg values range from 0.5 to 2.5 cm/s, it may be preferable to inspect 

the relative SDs of the measurements. The relative SDs in Jg measurements are 

presented in Figure 35. The uppermost graphs show the relative SDs in respect to the 

overall Jg values and the lowermost graphs present the relative SDs in respect to 

measurement points. There seems to be a slight correlation between the relative SD and 
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air flow rate in the two-phase experiments: the majority of relative SDs at overall Jg 

values of 0.5 and 1.0 cm/s is concentrated between 0 and 0.1 However, the correlation 

between relative SDs and overall Jg values is not clearly visible in the three-phase 

measurements. Thus it can be concluded that the air flow rate did not have a significant 

impact on the reliability of the results.  

The effect of the measurement point on the reliability of the Jg results can be observed 

in the lowermost graphs in Figure 35. The average relative standard deviations varied 

from 0.0571 to 0.0696 in the two-phase measurements and from 0.0623 to 0.0763 with 

different rotors and Jg tubes. 

In the two-phase experiments, only measurement point 1 seems to stand out from the 

other measurement points with lower relative SDs. This is somewhat to be expected as 

it was the lowermost measurement point together with measurement point 7 and furthest 

away from the impeller. Otherwise, there seems to be no correlation between the 

relative SD and the measurement point in the two-phase experiments, which is quite 

interesting because the depth of the measurement tube directly affects the measurement 

time. The distance from the measurement tube to the pulp level was between 110 to 440 

mm in all types of measurements. The difference in relative SDs between horizontal 

locations might be more visible in full scale flotation cells where the height of the cell is 

several meters compared to the pilot scale flotation cell with a cell height of 1 m. 

In the three-phase experiments, the measurement points at the cell wall (1 and 2) seem 

to have lower SDs than the other measurement points. The location of the measurement 

points and the phenomenon that the measured Jg values were clearly lower compared to 

other measurement points at the same overall Jg might explain this slight difference.  

For the results presented in the thesis, the time for the pressure to reach steady state was 

about 10 seconds at the shortest and 140 seconds at the longest. This was affected by the 

air flow rate and the location of the measurement tube. The Jg values were calculated 

from 6 measurements from the same point, so that there were 3 measurements per tube. 

This was considered to give sufficiently accurate results to compare the two mixing 

mechanisms and to gain an overall understanding of superficial gas velocities with 
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different operational parameters without being too time-consuming. The starting and 

ending point of the slope of the pressure curve was determined manually. In turbulent 

conditions, the curve was not linear and therefore this stage caused some inaccuracy in 

the results. However, this selection of the starting and ending points was made by one 

person and with the same principles in all cases. The selection of starting and ending 

points was more critical when the pressure curve was short, i.e., from measurement 

points near the pulp surface. However, the inspection of standard deviations gave no 

evidence that such measurement points were more inaccurate than any others. 

Therefore, this selection of starting and ending points of the pressure slope can be 

considered to be a systematic error, which occurs in every measurement.  

There was no clear indication that a certain measurement point or operating condition 

would have been more inaccurate than another. Thus, all measurements can be observed 

with the same confidence. However, the standard deviations of the measurements were 

quite high compared to the absolute values. This means that no single Jg value can be 

considered to be very accurate. Therefore, the aim is not to highlight single values from 

the data but to view the overall picture gained from the measurements. 

 

Figure 35. Relative standard deviations. 
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Regarding the selection of measurement point, Heiskanen (2000) pointed out that the 

selection of the Jg measurement point has a crucial effect on calculated bubble surface 

area fluxes. An averaged Jg value from different measurement points tends to 

overestimate the measurement points near the impeller. Therefore, in this experiment 

bubble surface area fluxes were derived from the Jg and the bubble size results from 

single measurement points. The Jg measurement point was chosen to be the one that 

Araya et al. (2014) concluded to yield representative Jg measurements between different 

types of cells. Bubble size was measured from the same radial and vertical point in the 

three-phase experiments. In the two-phase experiments, there was a 15 cm height 

difference between Jg and d32 measurement points.  

A comparison of the overall and local Jg values from measurement point 4 is presented 

in Figure 36. A very good correspondence between overall and local values at overall Jg 

values of 0.5, 1.0, and 1.5 was observed. At higher Jg values, the data is more scattered. 

Rotor A yields values both below and over the overall Jg, depending on the rotor tip 

speed. At higher tip speeds (6 and 7 m/s), rotor A yielded higher values and with lower 

tip speeds the observed values were lower than the overall Jg. For rotor B, all values 

were lower than the overall Jg at the highest air flow rate.  
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Figure 36. Comparison of overall and local Jg measurements from measurement 

point 4. 

Bubble size measurements were done with an Anglo Platinum Bubble Sizer MK4. The 

number of bubbles counted in the experiments varied from 16,000 to 627,000 bubbles, 

depending on the operational parameters. Thus the amount of bubbles was considered to 

be sufficient to represent the whole bubble population. The measurement point was 

chosen to be radially the same as Jg measurement point 4, so that the calculation of 

bubble surface area flux would be done with parameters taken from the same point in 

the cell. The depth of the collection tube below the pulp level was fixed to one point as 

there were no other possibilities with the available collection tube extensions.  

There were some anomalies in bubble size measurement with rotor B at the highest air 

flow rates. The measured values were exceptionally low compared to other 

measurements. It was assumed that the measured bubble sizes did not actually represent 

the bubble population in the cell but were distorted towards fine bubbles. Furthermore, 

based on the aforementioned anomalies connected to other measurements such as Jg 
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measurements and power consumption, it was hypothesized that the measured bubble 

sizes may not have represented the overall bubble population in the flotation cell in all 

operating conditions. This was assumed to be the situation for rotor B in the three-phase 

system at high air flow rates and low rotor tip speeds. Poor gas dispersion might have 

led to a situation where larger bubbles rose to the surface near the impeller shaft and 

only smaller bubbles reported to the bubble measurement. Bubble size measurements 

from different parts of the cell might resolve this issue but they were not executed due 

to the physical size of the apparatus and time constraints concerning the thesis.  

Decreased frother concentration at higher air flow rates due to the overflowing of froth 

was a major concern for bubble size measurement. The reduction in frother 

concentration was noticed in both the d10 value and bubble size distributions. Therefore, 

some of these measurements were not used to compare the two mixing mechanisms. If 

frother concentration dropped under the CCC value, it would have had an effect on the 

Sauter mean bubble diameter. However, this was not noticed in retakes with notably 

higher frother concentrations.  

 

 

  



110 

 

Appendix 3. Gas hold-up measurements. 

Two-phase experiments 
 

Measurement 
  

  
  

Rotor Hz Tip speed Q Jg 1 2 3 4 5 Gas Hold-up StDev T [°C] 

A 26.1 4 0.35 0.5 472.2 469.6 467.5 471.8 468.2 6.71 2.10 18 

A 33.4 5 0.35 0.5 468.1 466.1 466.3 469.6 466.6 7.82 1.49 18.0 

A 40.6 6 0.35 0.5 460.3 464.5 460.5 465.2 462.0 9.94 2.26 19.0 

A 47.9 7 0.35 0.5 458.8 459.5 461.1 457.9 457.2 11.52 1.51 19.0 

A 26.1 4 0.69 1.0 459.5 460.4 465.2 465.8 466.3 9.53 3.23 20.0 

A 33.4 5 0.69 1.0 457.6 459.1 463.5 459.8 462.3 10.84 2.40 20.0 

A 40.6 6 0.69 1.0 458.8 453.4 463.8 459.8 460.2 11.39 3.75 20.0 

A 47.9 7 0.69 1.0 454.9 454.9 461.2 456.3 453.4 12.74 3.01 20.0 

A 26.1 4 1.04 1.5 450.1 456.9 457.6 458.2 455.9 12.91 3.27 20.0 

A 33.4 5 1.04 1.5 453.3 448.9 459.8 452.7 452.4 13.93 3.96 20.0 

A 40.6 6 1.04 1.5 456.6 450.0 451.6 460.8 461.8 12.73 5.30 22.0 

A 47.9 7 1.04 1.5 456.7 452.1 456.6 455.7 448.8 13.68 3.45 23.0 

A 26.1 4 1.39 2.0 328.7 338.9 335.0 332.9 331.1 15.90 3.89 22.0 

A 33.4 5 1.39 2.0 338.5 336.7 335.4 343.6 331.1 14.26 4.56 19.0 

A 40.6 6 1.39 2.0 329.7 326.1 339.7 340.6 336.9 15.34 6.39 20.0 

A 47.9 7 1.39 2.0 345.7 344.3 352.4 353.6 347.9 9.12 4.08 21.0 

A 26.1 4 1.73 2.5 312.6 319.8 318.9 318.7 318.9 22.72 2.93 21.0 

A 33.4 5 1.73 2.5 334.7 328.3 319.2 314.9 327.0 19.63 7.82 21.0 

A 40.6 6 1.73 2.5 339.9 337.0 309.0 311.1 330.4 19.35 14.52 22.0 

A 47.9 7 1.73 2.5 pulp level low           

B 26.1 4 0.35 0.5 470.5 471.1 473.4 472.5 470.2 5.98 1.36 10 

B 33.4 5 0.35 0.5 466.9 467.6 467.1 466.2 468.4 7.86 0.82 11 

B 40.6 6 0.35 0.5 466.8 467.8 463.6 461.6 463.7 8.98 2.54 12 

B 47.9 7 0.35 0.5 462.4 462.2 459.8 460.9 459.5 10.62 1.33 15 

B 26.1 4 0.69 1.0 461.3 462.4 459.4 466.7 464.0 9.83 2.77 18 

B 33.4 5 0.69 1.0 464.5 466.4 464.2 462.3 470.1 8.63 2.95 18 

B 40.6 6 0.69 1.0 457.0 463.9 461.9 463.4 463.7 10.17 2.89 17 

B 47.9 7 0.69 1.0 454.0 452.4 451.8 454.0 457.6 13.69 2.26 18 

B 26.1 4 1.04 1.5 456.0 458.0 456.9 452.2 456.2 12.86 2.19 20 

B 33.4 5 1.04 1.5 459.3 460.4 454.2 464.4 461.0 11.10 3.69 20 

B 40.6 6 1.04 1.5 459.8 461.3 462.5 464.2 463.0 10.09 1.68 20 

B 47.9 7 1.04 1.5 461.0 454.0 459.6 459.7 461.6 11.40 3.02 22 

B 26.1 4 1.39 2.0 442.4 447.3 440.6 447.1 449.2 17.48 3.64 18 

B 33.4 5 1.39 2.0 456.1 449.2 451.1 445.9 457.5 14.57 4.82 18 

B 40.6 6 1.39 2.0 447.9 444.6 445.6 447.9 439.8 17.55 3.33 19 

B 47.9 7 1.39 2.0 445.0 445.8 447.3 444.8 443.3 17.52 1.46 20 

B 26.1 4 1.73 2.5 422.9 421.7 429.6 418.2 418.1 27.67 4.70 17 

B 33.4 5 1.73 2.5 405.0 417.8 418.8 421.5 420.0 30.08 6.64 18 
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B 40.6 6 1.73 2.5 414.5 412.4 421.3 415.3 414.2 30.55 3.39 18 

B 47.9 7 1.73 2.5 pulp level low           

 

Three-phase experiments: 
   

Rotor Hz Tip speed Q Jg Measurement Gas Hold-up 

A 26.1 4 0.35 0.5 1075.0 5.64 

A 26.1 4 0.69 1.0 1040.0 8.72 

A 26.1 4 1.04 1.5 1000.0 12.23 

A 26.1 4 1.39 2.0 950.0 16.62 

A 26.1 4 1.73 2.5 920.0 19.25 

A 33.4 5 0.35 0.5 1045.0 8.28 

A 33.4 5 0.69 1.0 1010.0 11.35 

A 33.4 5 1.04 1.5 1115.0 2.13 

A 33.4 5 1.39 2.0 1000.0 12.23 

A 33.4 5 1.73 2.5 965.0 15.30 

A 40.6 6 0.35 0.5 1045.0 8.28 

A 40.6 6 0.69 1.0 1010.0 11.35 

A 40.6 6 1.04 1.5 1010.0 11.35 

A 40.6 6 1.39 2.0 1010.0 11.35 

A 40.6 6 1.73 2.5 1000.0 12.23 

A 47.9 7 0.35 0.5 1030.0 9.59 

A 47.9 7 0.69 1.0 980.0 13.98 

A 47.9 7 1.04 1.5 990.0 13.10 

A 47.9 7 1.39 2.0 1020.0 10.47 

A 47.9 7 1.73 2.5 1040.0 8.72 

B 26.1 4 0.35 0.5 1090.0 4.33 

B 26.1 4 0.69 1.0 1040.0 8.72 

B 26.1 4 1.04 1.5 1000.0 12.23 

B 26.1 4 1.39 2.0 995.0 12.67 

B 26.1 4 1.73 2.5 980.0 13.98 

B 33.4 5 0.35 0.5 1100.0 3.45 

B 33.4 5 0.69 1.0 1075.0 5.64 

B 33.4 5 1.04 1.5 1040.0 8.72 

B 33.4 5 1.39 2.0 990.0 13.10 

B 33.4 5 1.73 2.5 1000.0 12.23 

B 40.6 6 0.35 0.5 1070.0 6.08 

B 40.6 6 0.69 1.0 1070.0 6.08 

B 40.6 6 1.04 1.5 1040.0 8.72 

B 40.6 6 1.39 2.0 980.0 13.98 

B 40.6 6 1.73 2.5 975.0 14.42 

B 47.9 7 0.35 0.5 1125.0 1.26 
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B 47.9 7 0.69 1.0 1100.0 3.45 

B 47.9 7 1.04 1.5 1025.0 10.03 

B 47.9 7 1.39 2.0 990.0 13.10 

B 47.9 7 1.73 2.5 980.0 13.98 
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Appendix 4. Superficial gas velocity, power draw and sanding measurements.   

 

Two-phase measurement (water + air) 
 

Corrected 
 

  
      Rot

or Mp Hz Tip Q Q Jg  Jg Jg 1  Jg 2  Jg av.  
StD
ev1 

StD
ev2 

Te
mp. [V] [A] [kW] 

   

speed 
Nm3/
min 

Am3/
min theor. overall 

 
  

  

[°C] 
  

  

A 1   4     0.5                   0.00 

A 2 26.1 4 0.35 0.35 0.5 0.51 0.37 0.35 0.36 
0.0
03 

0.0
04 17 210 8 1.68 

A 3 26.1 4 0.35 0.35 0.5 0.51 0.46 0.40 0.43 
0.0
41 

0.0
06 17 

  

0.00 

A 4 26.1 4 0.35 0.35 0.5 0.51 0.48 0.44 0.46 
0.0
33 

0.0
25 17 

  

0.00 

A 5 26.1 4 0.35 0.35 0.5 0.51 0.54 0.49 0.51 
0.0
16 

0.0
06 17 

  

0.00 

A 6 26.1 4 0.35 0.35 0.5 0.51 0.57 0.50 0.53 
0.0
22 

0.0
05 17 

  

0.00 

A 7   4   0.00 0.5 0.00                 0.00 

A 1 33.4 5 0.35 0.35 0.5 0.51 0.38 0.35 0.36 
0.0
04 

0.0
09 18 268 9 2.41 

A 2 33.4 5 0.35 0.35 0.5 0.51 0.35 0.35 0.35 
0.0
15 

0.0
09 19 

  

0.00 

A 3 33.4 5 0.35 0.35 0.5 0.51 0.45 0.39 0.42 
0.0
08 

0.0
10 19 

  

0.00 

A 4 33.4 5 0.35 0.35 0.5 0.51 0.47 0.45 0.46 
0.0
12 

0.0
22 19 

  

0.00 

A 5 33.4 5 0.35 0.35 0.5 0.51 0.56 0.52 0.54 
0.0
17 

0.0
40 19 

  

0.00 

A 6 33.4 5 0.35 0.35 0.5 0.51 0.61 0.51 0.56 
0.0
17 

0.0
19 19 

  

0.00 

A 7 33.4 5 0.35 0.35 0.5 0.51 0.54 0.49 0.52 
0.0
32 

0.0
26 19     0.00 

A 1   6   0.00 0.5 0.00                 0.00 

A 2 40.6 6 0.35 0.35 0.5 0.51 0.39 0.38 0.39 
0.0
11 

0.0
16 19 325 10.5 3.41 

A 3 40.6 6 0.35 0.35 0.5 0.51 0.51 0.43 0.47 
0.0
22 

0.0
05 19 

  

0.00 

A 4 40.6 6 0.35 0.35 0.5 0.50 0.55 0.51 0.53 
0.0
43 

0.0
16 20 

  

0.00 

A 5 40.6 6 0.35 0.35 0.5 0.50 0.66 0.59 0.62 
0.0
65 

0.0
16 20 

  

0.00 

  6 40.6 6 0.35 0.35 0.5 0.50 0.65 0.53 0.59 
0.0
13 

0.0
17 20 

  

0.00 

A 7   6   0.00 0.5 0.00                 0.00 

A 1   7   0.00 0.5 0.00                 0.00 

A 2 47.9 7 0.35 0.35 0.5 0.50 0.47 0.45 0.46 
0.0
23 

0.0
35 22 383 10.7 4.10 

A 3 47.9 7 0.35 0.35 0.5 0.50 0.53 0.48 0.50 
0.0
41 

0.0
10 22 

  

0.00 

A 4 47.9 7 0.35 0.35 0.5 0.50 0.67 0.59 0.63 
0.0
55 

0.0
35 22 

  

0.00 

A 5 47.9 7 0.35 0.35 0.5 0.50 0.80 0.67 0.73 
0.0
46 

0.0
11 23 

  

0.00 

A 6 47.9 7 0.35 0.35 0.5 0.50 0.77 0.63 0.70 
0.0
29 

0.0
05 23 

  

0.00 

A 7   7   0.00 0.5 0.00                 0.00 

A 1   4   0.00 1.0 0.00                 0.00 

A 2 26.1 4 0.69 0.69 1.0 1.00 0.81 0.72 0.77 
0.0
39 

0.0
20 19 210 7.9 1.66 

A 3 26.1 4 0.69 0.69 1.0 1.00 1.00 0.89 0.95 
0.0
21 

0.0
28 19 

  

0.00 

A 4 26.1 4 0.69 0.69 1.0 1.00 1.04 0.94 0.99 
0.0
72 

0.0
33 20 

  

0.00 

A 5 26.1 4 0.69 0.69 1.0 1.00 1.06 1.00 1.03 
0.0
71 

0.0
37 20 

  

0.00 

A 6 26.1 4 0.69 0.69 1.0 1.00 1.09 1.07 1.08 
0.0
33 

0.0
40 20 

  

0.00 

A 7   4   0.00 1.0 0.00                 0.00 

A 1 33.4 5 0.69 0.69 1.0 1.00 0.69 0.67 0.68 
0.0
21 

0.0
05 20 268 8.5 2.28 
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A 2 33.4 5 0.69 0.69 1.0 1.00 0.77 0.63 0.77 
0.0
30 

0.0
33 20 

  

0.00 

A 3 33.4 5 0.69 0.69 1.0 1.00 1.04 0.90 0.97 
0.0
64 

0.0
50 20 

  

0.00 

A 4 33.4 5 0.69 0.69 1.0 1.00 0.99 0.90 0.95 
0.1
40 

0.0
76 20 

  

0.00 

A 5 33.4 5 0.69 0.69 1.0 1.00 1.11 1.02 1.07 
0.0
53 

0.0
94 20 

  

0.00 

A 6 33.4 5 0.69 0.69 1.0 1.00 1.09 1.01 1.05 
0.0
03 

0.0
11 20 

  

0.00 

A 7 33.4 5 0.69 0.74 1.0 1.07 1.14 1.00 1.07 
0.0
21 

0.0
59       0.00 

A 1   6   0.00 1.0 0.00                 0.00 

A 2 40.6 6 0.69 0.69 1.0 0.99 0.72 0.62 0.67 
0.0
25 

0.0
23 21 325 9.3 3.02 

A 3 40.6 6 0.69 0.69 1.0 0.99 1.01 0.87 0.94 
0.1
07 

0.0
33 21 

  

0.00 

A 4 40.6 6 0.69 0.69 1.0 0.99 1.03 0.91 0.97 
0.0
58 

0.0
43 21 

  

0.00 

A 5 40.6 6 0.69 0.69 1.0 0.99 1.03 0.98 1.01 
0.0
15 

0.0
89 21 

  

0.00 

A 6 40.6 6 0.69 0.69 1.0 0.99 1.23 1.01 1.12 
0.0
47 

0.0
20 21 

  

0.00 

A 7   6   0.00 1.0 0.00                 0.00 

A 1   7   0.00 1.0 0.00                 0.00 

A 2 47.9 7 0.69 0.69 1.0 0.99 0.63 0.63 0.63 
0.0
41 

0.0
52 22 383 10.4 3.98 

A 3 47.9 7 0.69 0.69 1.0 0.99 1.08 0.94 1.01 
0.0
37 

0.0
16 22 

  

0.00 

A 4 47.9 7 0.69 0.69 1.0 0.99 1.38 1.03 1.20 
0.4
03 

0.2
48 22 

  

0.00 

A 5 47.9 7 0.69 0.69 1.0 0.99 1.25 1.02 1.13 
0.2
58 

0.1
36 22 

  

0.00 

A 6 47.9 7 0.69 0.68 1.0 0.99 1.30 1.13 1.22 
0.1
17 

0.0
23 23 

  

0.00 

A 7   7   0.00 1.0 0.00                 0.00 

A 1   4   0.00 1.5 0.00                 0.00 

A 2 26.1 4 1.04 1.04 1.5 1.50 1.12 0.98 1.05 
0.0
56 

0.0
17 20 210 7.8 1.64 

A 3 26.1 4 1.04 1.04 1.5 1.50 1.49 1.39 1.44 
0.0
04 

0.0
56 20 

  

0.00 

A 4 26.1 4 1.04 1.04 1.5 1.50 1.53 1.40 1.46 
0.0
71 

0.0
94 20 

  

0.00 

A 5 26.1 4 1.04 1.04 1.5 1.50 1.57 1.50 1.53 
0.0
05 

0.0
29 20 

  

0.00 

A 6 26.1 4 1.04 1.04 1.5 1.50 1.77 1.57 1.67 
0.0
58 

0.0
64 20 

  

0.00 

A 7   4   0.00 1.5 0.00                 0.00 

A 1 33.4 5 1.04 1.04 1.5 1.50 1.00 1.01 1.01 
0.0
39 

0.0
31 20 268 8.4 2.25 

A 2 33.4 5 1.04 1.04 1.5 1.50 1.18 1.08 1.13 
0.0
47 

0.0
69 20 

  

0.00 

A 3 33.4 5 1.04 1.04 1.5 1.50 1.54 1.40 1.47 
0.1
01 

0.0
84 20 

  

0.00 

A 4 33.4 5 1.04 1.04 1.5 1.50 1.50 1.67 1.59 
0.1
59 

0.0
77 20 

  

0.00 

A 5 33.4 5 1.04 1.04 1.5 1.50 1.55 1.47 1.51 
0.1
37 

0.1
04 20 

  

0.00 

A 6 33.4 5 1.04 1.04 1.5 1.50 1.74 1.56 1.65 
0.0
52 

0.0
80 20 

  

0.00 

A 7 33.4 5 1.04 1.04 1.5 1.50 1.55 1.50 1.52 
0.1
38 

0.0
50 20     0.00 

A 1   6   0.00 1.5 0.00                 0.00 

A 2 40.6 6 1.04 1.03 1.5 1.49 1.08 1.02 1.05 
0.0
35 

0.0
83 22 325 9 2.93 

A 3 40.6 6 1.04 1.04 1.5 1.50 1.40 1.30 1.35 
0.0
83 

0.0
85 21 

  

0.00 

A 4 40.6 6 1.04 1.04 1.5 1.50 1.38 1.33 1.36 
0.2
04 

0.1
72 21 

  

0.00 

A 5 40.6 6 1.04 1.04 1.5 1.50 1.30 1.35 1.33 
0.1
48 

0.0
93 21 

  

0.00 

A 6 40.6 6 1.04 1.04 1.5 1.50 1.58 1.43 1.51 
0.1
18 

0.0
46 21 

  

0.00 

A 7   6   0.00 1.5 0.00                 0.00 

A 1   7   0.00 1.5 0.00                 0.00 

A 2 47.9 7 1.04 1.03 1.5 1.49 1.16 1.02 1.09 
0.0
50 

0.0
66 22 383 9.7 3.72 
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A 3 47.9 7 1.04 1.04 1.5 1.50 1.25 1.28 1.27 
0.2
59 

0.1
18 21 

  

0.00 

A 4 47.9 7 1.04 1.04 1.5 1.50 1.51 1.19 1.35 
0.2
82 

0.2
46 21 

  

0.00 

A 5 47.9 7 1.04 1.03 1.5 1.48 1.53 1.36 1.45 
0.2
63 

0.0
34 23 

  

0.00 

A 6 47.9 7 1.04 1.03 1.5 1.48 1.54 1.54 1.54 
0.0
86 

0.0
54 23 

  

0.00 

A 7   7   0.00 1.5 0.00                 0.00 

A 1   4   0.00 2.0 0.00                 0.00 

A 2 26.1 4 1.39 1.38 2.0 1.99 1.39 1.21 1.30 
0.0
24 

0.2
74 22 210 7.6 1.60 

A 3 26.1 4 1.39 1.38 2.0 1.99 1.77 1.63 1.70 
0.2
13 

0.0
58 22 

  

0.00 

A 4 26.1 4 1.39 1.38 2.0 1.99 2.14 1.94 2.04 
0.1
08 

0.0
54 22 

  

0.00 

A 5 26.1 4 1.39 1.38 2.0 1.99 2.11 2.13 2.12 
0.1
63 

0.2
38 22 

  

0.00 

A 6 26.1 4 1.39 1.38 2.0 1.99 2.39 2.18 2.29 
0.1
78 

0.1
49 22 

  

0.00 

A 7   4   0.00 2.0 0.00                 0.00 

A 1 33.4 5 1.39 1.38 2.0 1.99 1.36 1.33 1.35 
0.0
94 

0.0
48 22 268 8.3 2.22 

A 2 33.4 5 1.39 1.38 2.0 1.99 1.64 1.48 1.56 
0.0
54 

0.0
77 22 

  

0.00 

A 3 33.4 5 1.39 1.38 2.0 1.99 2.11 2.01 2.06 
0.0
22 

0.2
24 22 

  

0.00 

A 4 33.4 5 1.39 1.38 2.0 1.99 2.14 1.86 2.00 
0.1
34 

0.2
31 22 

  

0.00 

A 5 33.4 5 1.39 1.38 2.0 1.99 2.32 2.09 2.21 
0.1
44 

0.2
34 22 

  

0.00 

A 6 33.4 5 1.39 1.38 2.0 1.99 2.16 1.97 2.06 
0.0
67 

0.0
99 22 

  

0.00 

A 7 33.4 5 1.39 1.38 2.0 1.99 1.94 1.88 1.91 
0.0
83 

0.1
26 22     0.00 

A 1   6   0.00 2.0 0.00                 0.00 

A 2 40.6 6 1.39 1.39 2.0 2.00 1.45 1.33 1.39 
0.0
76 

0.0
54 20 325 9.2 2.99 

A 3 40.6 6 1.39 1.39 2.0 2.00 
  

  
  

20 
  

0.00 

A 4 40.6 6 1.39 1.39 2.0 2.00 
  

  
  

20 
  

0.00 

A 5 40.6 6 1.39 1.39 2.0 2.00 
  

  
  

20 
  

0.00 

A 6 40.6 6 1.39 1.39 2.0 2.00 2.36 2.10 2.23 
0.4
10 

0.0
61 20 

  

0.00 

A 7   6   0.00 2.0 0.00                 0.00 

A 1   7   0.00 2.0 0.00                 0.00 

A 2 47.9 7 1.39 1.39 2.0 2.00 1.46 1.29 1.37 
0.2
02 

0.0
72 20 383 9.8 3.75 

A 3 47.9 7 1.39 1.39 2.0 2.00 
  

  
  

20 
  

0.00 

A 4 47.9 7 1.39 1.39 2.0 2.00 
  

  
  

20 
  

0.00 

A 5 47.9 7 1.39 1.39 2.0 2.00 
  

  
  

21 
  

0.00 

A 6 47.9 7 1.39 1.39 2.0 2.00 2.37 1.91 2.14 
0.5
28 

0.0
69 21 

  

0.00 

A 7   7   0.00 2.0 0.00                 0.00 

A 1   4   0.00 2.5 0.00                 0.00 

A 2 26.1 4 1.73 1.72 2.5 2.49 1.76 1.59 1.68 
0.2
27 

0.0
91 21 210 7.5 1.58 

A 3 26.1 4 1.73 1.72 2.5 2.49 
  

  
  

21 
  

0.00 

A 4 26.1 4 1.73 1.72 2.5 2.49 
  

  
  

21 
  

0.00 

A 5 26.1 4 1.73 1.72 2.5 2.49 
  

  
  

21 
  

0.00 

A 6 26.1 4 1.73 1.72 2.5 2.49 3.00 2.76 2.88 
0.2
98 

0.4
05 21 

  

0.00 

A 7   4   0.00 2.5 0.00                 0.00 

A 1 33.4 5 1.73 1.72 2.5 2.49 1.74 1.63 1.69 
0.0
89 

0.0
32 21 268 8.2 2.20 

A 2 33.4 5 1.73 1.72 2.5 2.49 2.01 1.72 1.86 
0.1
41 

0.0
70 21 

  

0.00 

A 3 33.4 5 1.73 1.72 2.5 2.49 
  

  
  

21 
  

0.00 
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A 4 33.4 5 1.73 1.72 2.5 2.49 
  

  
  

21 
  

0.00 

A 5 33.4 5 1.73 1.72 2.5 2.49 
  

  
  

21 
  

0.00 

A 6 33.4 5 1.73 1.72 2.5 2.49 2.83 2.59 2.71 
0.1
30 

0.0
28 21 

  

0.00 

A 7 33.4 5 1.73 1.72 2.5 2.49 2.74 2.77 2.75 
0.4
12 

0.2
17 21     0.00 

A 1   6   0.00 2.5 0.00                 0.00 

A 2 40.6 6 1.73 1.72 2.5 2.49 1.75 1.75 1.75 
0.1
21 

0.1
11 21 325 9 2.93 

A 3 40.6 6 1.73 1.72 2.5 2.49 
  

  
  

21 
  

0.00 

A 4 40.6 6 1.73 1.72 2.5 2.49 
  

  
  

21 
  

0.00 

A 5 40.6 6 1.73 1.72 2.5 2.49 
  

  
  

21 
  

0.00 

A 6 40.6 6 1.73 1.72 2.5 2.48 2.47 2.60 2.54 
0.2
05 

0.3
95 22 

  

0.00 

A 7   6   0.00 2.5 0.00                 0.00 

A 1   7   0.00 2.5 0.00                 0.00 

A 2 47.9 7 1.73 1.72 2.5 2.48 1.85 1.43 1.64 
0.3
33 

0.1
44 22 383 9.8 3.75 

A 3 47.9 7 1.73 1.72 2.5 2.48 
  

  
  

22 
  

0.00 

A 4 47.9 7 1.73 1.72 2.5 2.48 
  

  
  

22 
  

0.00 

A 5 47.9 7 1.73 1.72 2.5 2.48 
  

  
  

22 
  

0.00 

A 6 47.9 7 1.73 1.72 2.5 2.48 2.47 2.34 2.41 
0.1
66 

0.1
88 22 

  

0.00 

A 7   7   0.00 2.5 0.00                 0.00 

B 1   4   0.00 0.5 0.00                 0.00 

B 2 26.1 4 0.35 0.36 0.5 0.52 0.38 0.35 0.36 
0.0
03 

0.0
07 10 210 7.8 1.64 

B 3 26.1 4 0.35 0.36 0.5 0.52 0.46 0.41 0.44 
0.0
33 

0.0
12 10 

  

0.00 

B 4 26.1 4 0.35 0.36 0.5 0.52 0.48 0.42 0.45 
0.0
12 

0.0
03 10 

  

0.00 

B 5 26.1 4 0.35 0.36 0.5 0.52 0.50 0.45 0.47 
0.0
05 

0.0
07 10 

  

0.00 

B 6 26.1 4 0.35 0.36 0.5 0.52 0.48 0.44 0.46 
0.0
02 

0.0
06 10 

  

0.00 

B 7   4   0.00 0.5 0.00                 0.00 

B 1 33.4 5 0.35 0.36 0.5 0.52 0.35 0.33 0.34 
0.0
02 

0.0
04 11 268 8.5 2.28 

B 2 33.4 5 0.35 0.36 0.5 0.52 0.38 0.36 0.37 
0.0
09 

0.0
09 12 

  

0.00 

B 3 33.4 5 0.35 0.36 0.5 0.52 0.50 0.43 0.47 
0.0
09 

0.0
14 12 

  

0.00 

B 4 33.4 5 0.35 0.36 0.5 0.52 0.48 0.42 0.45 
0.0
09 

0.0
07 12 

  

0.00 

B 5 33.4 5 0.35 0.36 0.5 0.52 0.53 0.47 0.50 
0.0
13 

0.0
10 12 

  

0.00 

B 6 33.4 5 0.35 0.36 0.5 0.52 0.50 0.45 0.47 
0.0
16 

0.0
16 12 

  

0.00 

B 7 33.4 5 0.35 0.36 0.5 0.52 0.49 0.45 0.47 
0.0
14 

0.0
19 12     0.00 

B 1   6   0.00 0.5 0.00                 0.00 

B 2 40.6 6 0.35 0.36 0.5 0.52 0.40 0.38 0.39 
0.0
07 

0.0
05 12 325 9.7 3.15 

B 3 40.6 6 0.35 0.36 0.5 0.52 0.52 0.44 0.48 
0.0
26 

0.0
27 13 

  

0.00 

B 4 40.6 6 0.35 0.36 0.5 0.52 0.49 0.44 0.46 
0.0
30 

0.0
35 13 

  

0.00 

B 5 40.6 6 0.35 0.36 0.5 0.52 0.54 0.48 0.51 
0.0
06 

0.0
07 13 

  

0.00 

B 6 40.6 6 0.35 0.36 0.5 0.52 0.54 0.48 0.51 
0.0
07 

0.0
13 14 

  

0.00 

B 7   6   0.00 0.5 0.00                 0.00 

B 1   7   0.00 0.5 0.00                 0.00 

B 2 47.9 7 0.35 0.36 0.5 0.51 0.41 0.42 0.41 
0.0
13 

0.0
18 15 383 10.9 4.17 

B 3 47.9 7 0.35 0.35 0.5 0.51 0.51 0.47 0.49 
0.0
08 

0.0
09 16 

  

0.00 

B 4 47.9 7 0.35 0.35 0.5 0.51 0.55 0.47 0.51 
0.0
36 

0.0
54 16 

  

0.00 
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B 5 47.9 7 0.35 0.35 0.5 0.51 0.59 0.47 0.53 
0.0
33 

0.0
16 16 

  

0.00 

B 6 47.9 7 0.35 0.35 0.5 0.51 0.61 0.53 0.57 
0.0
19 

0.0
24 17 

  

0.00 

B 7   7   0.00 0.5 0.00                 0.00 

B 1   4   0.00 1.0 0.00                 0.00 

B 2 26.1 4 0.69 0.69 1.0 1.00 0.84 0.75 0.79 
0.0
31 

0.0
34 18 210 7.5 1.58 

B 3 26.1 4 0.69 0.69 1.0 1.00 1.09 0.94 1.02 
0.0
33 

0.0
25 18 

  

0.00 

B 4 26.1 4 0.69 0.69 1.0 1.00 1.09 0.96 1.02 
0.0
34 

0.0
34 18 

  

0.00 

B 5 26.1 4 0.69 0.69 1.0 1.00 1.11 0.99 1.05 
0.0
51 

0.0
67 18 

  

0.00 

B 6 26.1 4 0.69 0.69 1.0 1.00 1.04 0.98 1.01 
0.0
15 

0.0
31 18 

  

0.00 

B 7   4   0.00 1.0 0.00                 0.00 

B 1 33.4 5 0.69 0.69 1.0 1.00 0.67 0.66 0.67 
0.0
15 

0.0
04 18 268 8.3 2.22 

B 2 33.4 5 0.69 0.69 1.0 1.00 0.77 0.71 0.74 
0.0
30 

0.0
28 18 

  

0.00 

B 3 33.4 5 0.69 0.69 1.0 1.00 0.99 0.86 0.93 
0.0
25 

0.0
49 18 

  

0.00 

B 4 33.4 5 0.69 0.69 1.0 1.00 0.96 0.92 0.94 
0.0
36 

0.0
54 18 

  

0.00 

B 5 33.4 5 0.69 0.69 1.0 1.00 1.04 0.94 0.99 
0.0
24 

0.0
43 18 

  

0.00 

B 6 33.4 5 0.69 0.69 1.0 1.00 0.99 0.92 0.96 
0.0
39 

0.0
20 18 

  

0.00 

B 7 33.4 5 0.69 0.69 1.0 1.00 1.00 0.83 0.92 
0.0
64 

0.0
29 18     0.00 

B 1   6   0.00 1.0 0.00                 0.00 

B 2 40.6 6 0.69 0.70 1.0 1.01 0.71 0.65 0.68 
0.0
39 

0.0
42 17 325 9.2 2.99 

B 3 40.6 6 0.69 0.69 1.0 1.00 0.84 0.82 0.83 
0.0
44 

0.0
11 18 

  

0.00 

B 4 40.6 6 0.69 0.69 1.0 1.00 0.97 0.90 0.94 
0.0
54 

0.0
69 18 

  

0.00 

B 5 40.6 6 0.69 0.69 1.0 1.00 1.02 0.85 0.94 
0.1
01 

0.0
35 18 

  

0.00 

B 6 40.6 6 0.69 0.69 1.0 1.00 1.07 0.93 1.00 
0.0
33 

0.0
35 18 

  

0.00 

B 7   6   0.00 1.0 0.00                 0.00 

B 1   7   0.00 1.0 0.00                 0.00 

B 2 47.9 7 0.69 0.69 1.0 1.00 0.74 0.72 0.73 
0.0
31 

0.0
22 18 383 9.6 3.68 

B 3 47.9 7 0.69 0.69 1.0 1.00 1.08 0.93 1.00 
0.1
90 

0.0
54 18 

  

0.00 

B 4 47.9 7 0.69 0.69 1.0 1.00 0.99 0.94 0.97 
0.1
25 

0.0
58 19 

  

0.00 

B 5 47.9 7 0.69 0.69 1.0 1.00 1.02 0.98 1.00 
0.0
62 

0.0
83 19 

  

0.00 

B 6 47.9 7 0.69 0.69 1.0 1.00 1.17 1.02 1.10 
0.1
00 

0.0
26 20 

  

0.00 

B 7   7   0.00 1.0 0.00                 0.00 

B 1   4   0.00 1.5 0.00                 0.00 

B 2 26.1 4 1.04 1.04 1.5 1.50 1.08 0.99 1.04 
0.0
54 

0.0
61 20 210 7.5 1.58 

B 3 26.1 4 1.04 1.04 1.5 1.50 1.38 1.25 1.31 
0.0
95 

0.0
39 20 

  

0.00 

B 4 26.1 4 1.04 1.04 1.5 1.50 1.45 1.43 1.44 
0.1
50 

0.0
91 20 

  

0.00 

B 5 26.1 4 1.04 1.04 1.5 1.50 1.58 1.56 1.57 
0.1
36 

0.1
76 20 

  

0.00 

B 6 26.1 4 1.04 1.04 1.5 1.50 1.62 1.48 1.55 
0.0
79 

0.0
25 20 

  

0.00 

B 7   4   0.00 1.5 0.00                 0.00 

B 1 33.4 5 1.04 1.04 1.5 1.50 0.99 0.95 0.97 
0.0
58 

0.0
22 20 268 8.2 2.20 

B 2 33.4 5 1.04 1.04 1.5 1.50 1.18 1.02 1.10 
0.0
79 

0.0
64 20 

  

0.00 

B 3 33.4 5 1.04 1.04 1.5 1.50 1.31 1.26 1.28 
0.2
68 

0.1
21 20 

  

0.00 

B 4 33.4 5 1.04 1.04 1.5 1.50 1.44 1.34 1.39 
0.0
74 

0.1
28 20 

  

0.00 

B 5 33.4 5 1.04 1.04 1.5 1.50 1.41 1.44 1.42 
0.0
53 

0.0
95 20 

  

0.00 
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B 6 33.4 5 1.04 1.04 1.5 1.50 1.45 1.35 1.40 
0.0
91 

0.0
36 20 

  

0.00 

B 7 33.4 5 1.04 1.04 1.5 1.50 1.57 1.32 1.45 
0.1
54 

0.1
07 20     0.00 

B 1   6   0.00 1.5 0.00                 0.00 

B 2 40.6 6 1.04 1.04 1.5 1.50 1.10 0.98 1.04 
0.0
42 

0.0
46 20 325 8.9 2.89 

B 3 40.6 6 1.04 1.04 1.5 1.50 1.56 1.38 1.47 
0.1
17 

0.1
03 21 

  

0.00 

B 4 40.6 6 1.04 1.04 1.5 1.50 1.52 1.38 1.45 
0.2
03 

0.0
74 21 

  

0.00 

B 5 40.6 6 1.04 1.04 1.5 1.50 1.57 1.41 1.49 
0.3
46 

0.2
86 21 

  

0.00 

B 6 40.6 6 1.04 1.04 1.5 1.50 1.45 1.36 1.40 
0.0
89 

0.0
41 21 

  

0.00 

B 7   6   0.00 1.5 0.00                 0.00 

B 1   7   0.00 1.5 0.00                 0.00 

B 2 47.9 7 1.04 1.03 1.5 1.49 1.10 0.88 0.99 
0.0
86 

0.0
14 22 383 9.1 3.49 

B 3 47.9 7 1.04 1.03 1.5 1.49 1.26 1.31 1.29 
0.1
11 

0.0
91 22 

  

0.00 

B 4 47.9 7 1.04 1.03 1.5 1.49 1.49 1.43 1.46 
0.2
30 

0.2
37 22 

  

0.00 

B 5 47.9 7 1.04 1.03 1.5 1.49 1.53 1.36 1.45 
0.2
40 

0.1
13 22 

  

0.00 

B 6 47.9 7 1.04 1.03 1.5 1.49 1.63 1.46 1.54 
0.1
04 

0.0
21 22 

  

0.00 

B 7   7   0.00 1.5 0.00                 0.00 

B 1   4   0.00 2.0 0.00                 0.00 

B 2 26.1 4 1.39 1.40 2.0 2.02 1.30 1.16 1.23 
0.0
25 

0.0
19 18 210 7.6 1.60 

B 3 26.1 4 1.39 1.40 2.0 2.02 
  

  
  

18 
  

0.00 

B 4 26.1 4 1.39 1.40 2.0 2.02 
  

  
  

18 
  

0.00 

B 5 26.1 4 1.39 1.40 2.0 2.02 
  

  
  

18 
  

0.00 

B 6 26.1 4 1.39 1.40 2.0 2.02 2.01 2.01 2.01 
0.1
62 

0.1
81 18 

  

0.00 

B 7   4   0.00 2.0 0.00                 0.00 

B 1 33.4 5 1.39 1.40 2.0 2.02 1.27 1.29 1.28 
0.0
51 

0.0
55 18 268 8.1 2.17 

B 2 33.4 5 1.39 1.40 2.0 2.02 1.48 1.38 1.43 
0.0
61 

0.0
33 18 

  

0.00 

B 3 33.4 5 1.39 1.40 2.0 2.02 
  

  
  

18 
  

0.00 

B 4 33.4 5 1.39 1.40 2.0 2.02 
  

  
  

18 
  

0.00 

B 5 33.4 5 1.39 1.40 2.0 2.02 
  

  
  

18 
  

0.00 

B 6 33.4 5 1.39 1.39 2.0 2.01 2.26 2.07 2.16 
0.2
08 

0.1
38 19 

  

0.00 

B 7 33.4 5 1.39 1.39 2.0 2.01 2.17 2.20 2.18 
0.1
39 

0.2
40 19     0.00 

B 1   6   0.00 2.0 0.00                 0.00 

B 2 40.6 6 1.39 1.39 2.0 2.01 1.40 1.20 1.30 
0.2
27 

0.1
09 19 325 8.7 2.83 

B 3 40.6 6 1.39 1.39 2.0 2.01 
  

  
  

19 
  

0.00 

B 4 40.6 6 1.39 1.39 2.0 2.01 
  

  
  

19 
  

0.00 

B 5 40.6 6 1.39 1.39 2.0 2.01 
  

  
  

19 
  

0.00 

B 6 40.6 6 1.39 1.39 2.0 2.00 2.07 1.97 2.02 
0.3
17 

0.1
65 20 

  

0.00 

B 7   6   0.00 2.0 0.00                 0.00 

B 1   7   0.00 2.0 0.00                 0.00 

B 2 47.9 7 1.39 1.39 2.0 2.00 1.49 1.37 1.43 
0.3
07 

0.0
41 20 383 8.9 3.41 

B 3 47.9 7 1.39 1.39 2.0 2.00 
  

  
  

20 
  

0.00 

B 4 47.9 7 1.39 1.39 2.0 2.00 
  

  
  

20 
  

0.00 

B 5 47.9 7 1.39 1.39 2.0 2.00 
  

  
  

20 
  

0.00 

B 6 47.9 7 1.39 1.39 2.0 2.00 2.11 2.12 2.12 
0.2
65 

0.0
82 20 

  

0.00 
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B 7   7   0.00 2.0 0.00                 0.00 

B 1   4   0.00 2.5 0.00                 0.00 

B 2 26.1 4 1.73 1.75 2.5 2.52 1.64 1.47 1.56 
0.0
95 

0.0
68 17 210 7.5 1.58 

B 3 26.1 4 1.73 1.75 2.5 2.52 
  

  
  

17 
  

0.00 

B 4 26.1 4 1.73 1.75 2.5 2.52 
  

  
  

17 
  

0.00 

B 5 26.1 4 1.73 1.75 2.5 2.52 
  

  
  

17 
  

0.00 

B 6 26.1 4 1.73 1.75 2.5 2.52 2.00 1.78 1.89 
0.2
21 

0.4
06 17 

  

0.00 

B 7   4   0.00 2.5 0.00                 0.00 

B 1 33.4 5 1.73 1.74 2.5 2.51 1.74 1.61 1.68 
0.0
62 

0.0
42 18 268 7.8 2.09 

B 2 33.4 5 1.73 1.74 2.5 2.51 1.77 1.57 1.67 
0.1
40 

0.0
89 18 

  

0.00 

B 3 33.4 5 1.73 1.74 2.5 2.51 
  

  
  

18 
  

0.00 

B 4 33.4 5 1.73 1.74 2.5 2.51 
  

  
  

18 
  

0.00 

B 5 33.4 5 1.73 1.74 2.5 2.51 
  

  
  

18 
  

0.00 

B 6 33.4 5 1.73 1.74 2.5 2.51 2.82 2.91 2.86 
0.2
45 

0.4
07 18 

  

0.00 

B 7 33.4 5 1.73 1.74 2.5 2.51 2.73 3.27 3.00 
0.3
90 

0.3
77 18     0.00 

B 1   6   0.00 2.5 0.00                 0.00 

B 2 40.6 6 1.73 1.74 2.5 2.51 1.87 1.71 1.79 
0.3
20 

0.3
63 18 325 8.4 2.73 

B 3 40.6 6 1.73 1.74 2.5 2.51 
  

  
  

18 
  

0.00 

B 4 40.6 6 1.73 1.74 2.5 2.51 
  

  
  

18 
  

0.00 

B 5 40.6 6 1.73 1.74 2.5 2.51 
  

  
  

18 
  

0.00 

B 6 40.6 6 1.73 1.74 2.5 2.51 2.36 2.43 2.40 
0.3
49 

0.2
87 18 

  

0.00 

B 7   6   0.00 2.5 0.00                 0.00 

B 1   7   0.00 2.5 0.00                 0.00 

B 2 47.9 7 1.73 1.74 2.5 2.51 2.15 2.15 2.15 
0.2
81 

0.3
92 18 383 8.9 3.41 

B 3 47.9 7 1.73 1.74 2.5 2.51 
  

  
  

18 
  

0.00 

B 4 47.9 7 1.73 1.74 2.5 2.51 
  

  
  

18 
  

0.00 

B 5 47.9 7 1.73 1.74 2.5 2.51 
  

  
  

18 
  

0.00 

B 6 47.9 7 1.73 1.74 2.5 2.50 2.26 2.36 2.31 
0.1
63 

0.0
95 19 

  

0.00 

B 7   7   0.00 2.5 0.00                 0.00 

 

Three-phase measurement (solid + water + air) 
          Roto

r 
M
p Hz Q Tip Jg Jg Jg1 Jg2 

Jg 
av. 

StDev 
1 

StDev
2 

Tem
p. [V] [A] [kW] 

Sandi
ng 

  
  

Am3
/min speed 

the
or. 

overa
ll 

  

  
  

[°C] 
   

[cm] 

A 1   0.00 4 0.5   0.38 0.38 0.38 0.004 0.008 28 
21

0 7.9 1.66   

A 2 26.1 0.34 4 0.5 0.49 0.38 0.35 0.37 0.011 0.011 28 
  

0.00   

A 3 26.1 0.34 4 0.5 0.49 
  

  
  

28 
  

0.00   

A 4 26.1 0.34 4 0.5 0.49 0.61 0.52 0.57 0.053 0.044 28 
  

0.00   

A 5 26.1 0.34 4 0.5 0.49 
  

  
  

28 
  

0.00   

A 6 26.1 0.34 4 0.5 0.49 0.67 0.59 0.63 0.016 0.016 28 
  

0.00   

A 7   0.00 4 0.5 0.00 0.60 0.56 0.58 0.013 0.021 28     0.00   

A 1 33.4 0.34 5 0.5 0.49 0.45 0.44 0.45 0.001 0.012 28 
26

8 9.1 2.44   

A 2 33.4 0.34 5 0.5 0.49 0.43 0.46 0.45 0.024 0.014 28 
  

0.00   
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A 3 33.4 0.34 5 0.5 0.49 
  

  
  

28 
  

0.00   

A 4 33.4 0.34 5 0.5 0.49 0.62 0.59 0.60 0.022 0.011 28 
  

0.00   

A 5 33.4 0.34 5 0.5 0.49 
  

  
  

28 
  

0.00   

A 6 33.4 0.34 5 0.5 0.49 0.69 0.61 0.65 0.040 0.004 28 
  

0.00   

A 7 33.4 0.34 5 0.5 0.49 0.68 0.60 0.64 0.027 0.005 28     0.00   

A 1   0.00 6 0.5 0.00 0.53 0.52 0.53 0.029 0.014       0.00   

A 2 40.6 0.34 6 0.5 0.50 0.50 0.46 0.48 0.014 0.036 25 
32

5 
10.

7 3.48   

A 3 40.6 0.34 6 0.5 0.50 
  

  
  

25 
  

0.00   

A 4 40.6 0.34 6 0.5 0.50 0.65 0.66 0.65 0.036 0.064 25 
  

0.00   

A 5 40.6 0.34 6 0.5 0.50 
  

  
  

25 
  

0.00   

A 6 40.6 0.34 6 0.5 0.50 0.74 0.69 0.72 0.005 0.021 25 
  

0.00   

A 7   0.00 6 0.5 0.00 0.68 0.70 0.69 0.070 0.061       0.00   

A 1   0.00 7 0.5 0.00 0.62 0.61 0.62 0.034 0.015       0.00   

A 2 47.9 0.34 7 0.5 0.49 0.57 0.52 0.55 0.049 0.012 28 
38

3 
12.

9 4.94   

A 3 47.9 0.34 7 0.5 0.49 
  

  
  

28 
  

0.00   

A 4 47.9 0.34 7 0.5 0.49 0.81 0.85 0.83 0.024 0.065 28 
  

0.00   

A 5 47.9 0.34 7 0.5 0.49 
  

  
  

28 
  

0.00   

A 6 47.9 0.34 7 0.5 0.49 0.84 0.87 0.86 0.045 0.052 28 
  

0.00   

A 7   0.00 7 0.5 0.00 0.88 0.83 0.86 0.072 0.116       0.00   

A 1   0.00 4 1.0 0.00 0.74 0.70 0.72 0.017 0.020       0.00   

A 2 26.1 0.68 4 1.0 0.98 0.73 0.63 0.68 0.048 0.014 26 
21

0 7.8 1.64 7 

A 3 26.1 0.68 4 1.0 0.98 
  

  
  

26 
  

0.00   

A 4 26.1 0.68 4 1.0 0.98 1.03 0.96 0.99 0.019 0.005 26 
  

0.00   

A 5 26.1 0.68 4 1.0 0.98 
  

  
  

26 
  

0.00   

A 6 26.1 0.68 4 1.0 0.98 1.29 1.20 1.24 0.046 0.088 26 
  

0.00   

A 7   0.00 4 1.0 0.00 1.27 1.34 1.31 0.139 0.098       0.00   

A 1 33.4 0.68 5 1.0 0.98 0.83 0.84 0.84 0.063 0.036 26 
26

8 8.8 2.36   

A 2 33.4 0.68 5 1.0 0.98 0.73 0.72 0.72 0.021 0.021 26 
  

0.00   

A 3 33.4 0.68 5 1.0 0.98 
  

  
  

26 
  

0.00   

A 4 33.4 0.68 5 1.0 0.98 1.06 1.04 1.05 0.085 0.042 26 
  

0.00   

A 5 33.4 0.68 5 1.0 0.98 
  

  
  

26 
  

0.00   

A 6 33.4 0.68 5 1.0 0.98 1.23 1.18 1.21 0.078 0.076 26 
  

0.00   

A 7 33.4 0.68 5 1.0 0.98 1.19 1.29 1.24 0.073 0.044 26     0.00   

A 1   0.00 6 1.0 0.00 0.86 0.84 0.85 0.016 0.028       0.00   

A 2 40.6 0.67 6 1.0 0.97 0.77 0.68 0.73 0.020 0.053 27 
32

5 9.8 3.19   

A 3 40.6 0.67 6 1.0 0.97 
  

  
  

27 
  

0.00   

A 4 40.6 0.67 6 1.0 0.97 1.11 1.00 1.06 0.062 0.067 27 
  

0.00   

A 5 40.6 0.67 6 1.0 0.97 
  

  
  

27 
  

0.00   

A 6 40.6 0.67 6 1.0 0.97 1.38 1.29 1.33 0.042 0.076 27 
  

0.00   

A 7   0.00 6 1.0 0.00 1.24 1.25 1.25 0.130 0.081       0.00   

A 1   0.00 7 1.0 0.00 0.95 0.88 0.92 0.037 0.007 28 
38

3 
12.

2 4.67   

A 2 47.9 0.67 7 1.0 0.97 0.83 0.68 0.76 0.051 0.080 28 
  

0.00   
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A 3 47.9 0.67 7 1.0 0.97 
  

  
  

28 
  

0.00   

A 4 47.9 0.67 7 1.0 0.97 1.28 1.15 1.22 0.139 0.031 28 
  

0.00   

A 5 47.9 0.67 7 1.0 0.97 
  

  
  

28 
  

0.00   

A 6 47.9 0.67 7 1.0 0.97 1.20 1.32 1.26 0.107 0.086 28 
  

0.00   

A 7   0.00 7 1.0 0.00 1.50 1.47 1.48 0.175 0.200       0.00   

A 1   0.00 4 1.5 0.00 1.04 0.94 0.99 0.033 0.030 26 
21

0 7.8 1.64 9.5 

A 2 26.1 1.02 4 1.5 1.47 0.99 0.86 0.92 0.042 0.011 26 
  

0.00   

A 3 26.1 1.02 4 1.5 1.47 
  

  
  

26 
  

0.00   

A 4 26.1 1.02 4 1.5 1.47 1.49 1.24 1.37 0.088 0.029 26 
  

0.00   

A 5 26.1 1.02 4 1.5 1.47 
  

  
  

26 
  

0.00   

A 6 26.1 1.02 4 1.5 1.47 2.00 1.66 1.83 0.129 0.076 26 
  

0.00   

A 7   0.00 4 1.5 0.00 2.31 2.15 2.23 0.089 0.168       0.00   

A 1 33.4 1.02 5 1.5 1.47 1.06 0.99 1.03 0.060 0.038 26 
26

8 8.6 2.30   

A 2 33.4 1.02 5 1.5 1.47 0.93 0.92 0.92 0.063 0.025 26 
  

0.00   

A 3 33.4 1.02 5 1.5 1.47 
  

  
  

26 
  

0.00   

A 4 33.4 1.02 5 1.5 1.47 1.59 1.47 1.53 0.086 0.019 26 
  

0.00   

A 5 33.4 1.02 5 1.5 1.47 
  

  
  

26 
  

0.00   

A 6 33.4 1.02 5 1.5 1.47 2.00 1.77 1.89 0.248 0.134 26 
  

0.00   

A 7 33.4 1.02 5 1.5 1.47 1.81 2.06 1.93 0.148 0.097 26     0.00   

A 1   0.00 6 1.5 0.00 1.04 1.03 1.03 0.034 0.050       0.00   

A 2 40.6 1.02 6 1.5 1.47 0.91 0.86 0.89 0.022 0.027 25 
32

5 9.9 3.22   

A 3 40.6 1.02 6 1.5 1.47 
  

  
  

25 
  

0.00   

A 4 40.6 1.02 6 1.5 1.47 1.67 1.64 1.65 0.175 0.049 25 
  

0.00   

A 5 40.6 1.02 6 1.5 1.47 
  

  
  

25 
  

0.00   

A 6 40.6 1.02 6 1.5 1.47 2.16 1.86 2.01 0.179 0.053 25 
  

0.00   

A 7   0.00 6 1.5 0.00 1.82 1.95 1.88 0.188 0.297       0.00   

A 1   0.00 7 1.5 0.00 1.23 1.14 1.18 0.043 0.095 23 
38

3 12 4.60   

A 2 47.9 1.03 7 1.5 1.48 1.02 0.98 1.00 0.013 0.087 23 
  

0.00   

A 3 47.9 1.03 7 1.5 1.48 
  

  
  

23 
  

0.00   

A 4 47.9 1.03 7 1.5 1.48 1.50 1.55 1.52 0.188 0.122 23 
  

0.00   

A 5 47.9 1.03 7 1.5 1.48 
  

  
  

23 
  

0.00   

A 6 47.9 1.03 7 1.5 1.48 2.27 2.11 2.19 0.202 0.226 23 
  

0.00   

A 7   0.00 7 1.5 0.00 2.20 2.59 2.39 0.400 0.240       0.00   

A 1   0.00 4 2.0 0.00 1.33 1.22 1.28 0.017 0.045       0.00   

A 2 26.1 1.38 4 2.0 1.98 1.16 1.06 1.11 0.041 0.092 23 
21

0 7.7 1.62 10 

A 3 26.1 1.38 4 2.0 1.98 
  

  
  

23 
  

0.00   

A 4 26.1 1.38 4 2.0 1.98 1.79 1.69 1.74 0.142 0.120 23 
  

0.00   

A 5 26.1 1.38 4 2.0 1.98 
  

  
  

23 
  

0.00   

A 6 26.1 1.38 4 2.0 1.98 2.63 2.49 2.56 0.149 0.572 23 
  

0.00   

A 7   0.00 4 2.0 0.00 2.72 3.22 2.97 0.387 0.074       0.00   

A 1 33.4 1.38 5 2.0 1.98 1.22 1.15 1.19 0.020 0.048 23 
26

8 8.7 2.33   

A 2 33.4 1.38 5 2.0 1.98 1.17 1.15 1.16 0.104 0.011 23 
  

0.00   
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A 3 33.4 1.38 5 2.0 1.98 
  

  
  

23 
  

0.00   

A 4 33.4 1.38 5 2.0 1.98 1.67 1.69 1.68 0.173 0.058 23 
  

0.00   

A 5 33.4 1.38 5 2.0 1.98 
  

  
  

23 
  

0.00   

A 6 33.4 1.38 5 2.0 1.98 2.53 2.43 2.48 0.567 0.396 23 
  

0.00   

A 7 33.4 1.38 5 2.0 1.98 2.74 2.99 2.87 0.418 0.125 23     0.00   

A 1   0.00 6 2.0 0.00 1.28 1.24 1.26 0.081 0.141       0.00   

A 2 40.6 1.37 6 2.0 1.98 1.16 1.10 1.13 0.065 0.103 24 
32

5 9.9 3.22   

A 3 40.6 1.37 6 2.0 1.98 
  

  
  

24 
  

0.00   

A 4 40.6 1.37 6 2.0 1.98 2.43 2.30 2.36 0.096 0.323 24 
  

0.00   

A 5 40.6 1.37 6 2.0 1.98 
  

  
  

24 
  

0.00   

A 6 40.6 1.37 6 2.0 1.98 2.63 2.77 2.70 0.183 0.419 24 
  

0.00   

A 7   0.00 6 2.0 0.00 2.19 2.80 2.50 0.212 0.364       0.00   

A 1   0.00 7 2.0 0.00 1.52 1.37 1.44 0.231 0.273 25 
38

3 
11.

8 4.52   

A 2 47.9 1.37 7 2.0 1.97 1.17 1.09 1.13 0.032 0.109 25 
  

0.00   

A 3 47.9 1.37 7 2.0 1.97 
  

  
  

25 
  

0.00   

A 4 47.9 1.37 7 2.0 1.97 2.72 2.24 2.48 0.437 0.299 25 
  

0.00   

A 5 47.9 1.37 7 2.0 1.97 
  

  
  

25 
  

0.00   

A 6 47.9 1.37 7 2.0 1.97 2.78 2.61 2.69 0.153 0.458 25 
  

0.00   

A 7   0.00 7 2.0 0.00 2.33 2.56 2.45 0.391 0.195       0.00   

A 1   0.00 4 2.5 0.00 1.55 1.44 1.50 0.123 0.062       0.00   

A 2 26.1 1.71 4 2.5 2.46 1.44 1.28 1.36 0.068 0.015 24 
21

0 7.7 1.62 11 

A 3 26.1 1.71 4 2.5 2.46 
  

  
  

24 
  

0.00   

A 4 26.1 1.71 4 2.5 2.46 1.98 1.91 1.95 0.155 0.123 24 
  

0.00   

A 5 26.1 1.71 4 2.5 2.46 
  

  
  

24 
  

0.00   

A 6 26.1 1.71 4 2.5 2.46 3.39 3.21 3.30 0.489 0.321 24 
  

0.00   

A 7   0.00 4 2.5 0.00 3.79 3.83 3.81 0.301 0.545       0.00   

A 1 33.4 1.86 5 2.5 2.68 1.61 1.35 1.48 0.098 0.034 
   

0.00   

A 2 33.4 1.71 5 2.5 2.46 1.50 1.22 1.36 0.149 0.088 24 
26

8 8.6 2.30   

A 3 33.4 1.71 5 2.5 2.46 
  

  
  

24 
  

0.00   

A 4 33.4 1.71 5 2.5 2.46 2.19 2.18 2.18 0.144 0.085 24 
  

0.00   

A 5 33.4 1.71 5 2.5 2.46 
  

  
  

24 
  

0.00   

A 6 33.4 1.71 5 2.5 2.46 2.54 2.90 2.72 0.109 0.113 24 
  

0.00   

A 7 33.4 1.71 5 2.5 2.46 3.16 3.74 3.45 0.612 0.206 24     0.00   

A 1   0.00 6 2.5 0.00 1.47 1.41 1.44 0.038 0.136       0.00   

A 2 40.6 1.72 6 2.5 2.48 1.26 1.40 1.33 0.116 0.093 22 
32

5 10 3.25   

A 3 40.6 1.72 6 2.5 2.48 
  

  
  

22 
  

0.00   

A 4 40.6 1.72 6 2.5 2.48 2.72 2.65 2.69 0.248 0.347 22 
  

0.00   

A 5 40.6 1.72 6 2.5 2.48 
  

  
  

22 
  

0.00   

A 6 40.6 1.72 6 2.5 2.48 3.07 2.94 3.01 0.148 0.480 22 
  

0.00   

A 7   0.00 6 2.5 0.00 2.85 3.31 3.08 0.239 0.369       0.00   

A 1   0.00 7 2.5 0.00 1.51 1.60 1.56 0.149 0.113       0.00   

A 2 47.9 1.73 7 2.5 2.50 1.21 1.35 1.28 0.180 0.082 20 
38

3 
11.

6 4.44   
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A 3 47.9 1.73 7 2.5 2.50 
  

  
  

20 
  

0.00   

A 4 47.9 1.73 7 2.5 2.50 2.80 2.95 2.88 0.647 0.574 20 
  

0.00   

A 5 47.9 1.73 7 2.5 2.50 
  

  
  

20 
  

0.00   

A 6 47.9 1.73 7 2.5 2.50 3.62 3.62 3.62 0.376 0.400 20 
  

0.00   

A 7   0.00 7 2.5 0.00 2.72 3.26 2.99 0.437 0.101       0.00   

B 1   0.00 4 0.5 0.00 0.34 0.34 0.34 0.001 0.004       0.00   

B 2 26.1 0.35 4 0.5 0.51 0.37 0.34 0.36 0.011 0.015 16 
21

0 8.1 1.70   

B 3 26.1 0.35 4 0.5 0.51 
  

  
  

16 
  

0.00   

B 4 26.1 0.35 4 0.5 0.51 0.48 0.44 0.46 0.007 0.012 16 
  

0.00   

B 5 26.1 0.35 4 0.5 0.51 
  

  
  

16 
  

0.00   

B 6 26.1 0.35 4 0.5 0.51 0.58 0.52 0.55 0.046 0.052 16 
  

0.00   

B 7   0.00 4 0.5 0.00 0.56 0.53 0.54 0.010 0.041       0.00   

B 1 33.4 0.35 5 0.5 0.51 0.41 0.40 0.40 0.039 0.021 18 
26

8 9.1 2.44   

B 2 33.4 0.35 5 0.5 0.51 0.38 0.37 0.37 0.049 0.026 18 
  

0.00   

B 3 33.4 0.35 5 0.5 0.51 
  

  
  

18 
  

0.00   

B 4 33.4 0.35 5 0.5 0.51 0.52 0.50 0.51 0.030 0.023 18 
  

0.00   

B 5 33.4 0.35 5 0.5 0.51 
  

  
  

18 
  

0.00   

B 6 33.4 0.35 5 0.5 0.51 0.64 0.58 0.61 0.020 0.006 18 
  

0.00   

B 7 33.4 0.35 5 0.5 0.51 0.56 0.55 0.55 0.034 0.016 18     0.00   

B 1   0.00 6 0.5 0.00 0.51 0.47 0.49 0.012 0.002       0.00   

B 2 40.6 0.35 6 0.5 0.50 0.44 0.39 0.41 0.045 0.026 20 
32

5 
10.

5 3.41   

B 3 40.6 0.35 6 0.5 0.50 
  

  
  

20 
  

0.00   

B 4 40.6 0.35 6 0.5 0.50 0.62 0.58 0.60 0.014 0.040 20 
  

0.00   

B 5 40.6 0.35 6 0.5 0.50 
  

  
  

20 
  

0.00   

B 6 40.6 0.35 6 0.5 0.50 0.70 0.66 0.68 0.058 0.033 21 
  

0.00   

B 7   0.00 6 0.5 0.00 0.71 0.62 0.67 0.029 0.028       0.00   

B 1   0.00 7 0.5 0.00 0.38 0.36 0.37 0.052 0.048 26 
38

3 
12.

4 4.75   

B 2 47.9 0.34 7 0.5 0.49 0.34 0.32 0.33 0.032 0.027 26 
  

0.00   

B 3 47.9 0.34 7 0.5 0.49 
  

  
  

26 
  

0.00   

B 4 47.9 0.34 7 0.5 0.49 0.69 0.58 0.63 0.036 0.033 26 
  

0.00   

B 5 47.9 0.34 7 0.5 0.49 
  

  
  

26 
  

0.00   

B 6 47.9 0.34 7 0.5 0.49 0.77 0.64 0.70 0.032 0.017 26 
  

0.00   

B 7   0.00 7 0.5 0.00 0.73 0.74 0.74 0.097 0.029       0.00   

B 1   0.00 4 1.0 0.00 0.63 0.58 0.61 0.021 0.004       0.00   

B 2 26.1 0.70 4 1.0 1.01 0.67 0.59 0.63 0.044 0.016 17 
21

0 7.8 1.64   

B 3 26.1 0.70 4 1.0 1.01 
  

  
  

17 
  

0.00   

B 4 26.1 0.70 4 1.0 1.01 0.90 0.81 0.85 0.027 0.021 17 
  

0.00   

B 5 26.1 0.70 4 1.0 1.01 
  

  
  

17 
  

0.00   

B 6 26.1 0.70 4 1.0 1.01 1.19 1.07 1.13 0.080 0.018 17 
  

0.00   

B 7   0.00 4 1.0 0.00 1.31 1.33 1.32 0.201 0.124       0.00   

B 1 33.4 0.74 5 1.0 1.07 0.71 0.68 0.69 0.030 0.031 
   

0.00   

B 2 33.4 0.69 5 1.0 1.00 0.66 0.63 0.65 0.020 0.023 20 
26

8 8.9 2.39   
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B 3 33.4 0.69 5 1.0 1.00 
  

  
  

20 
  

0.00   

B 4 33.4 0.69 5 1.0 1.00 0.97 0.87 0.92 0.069 0.073 20 
  

0.00   

B 5 33.4 0.69 5 1.0 1.00 
  

  
  

20 
  

0.00   

B 6 33.4 0.69 5 1.0 1.00 1.16 1.06 1.11 0.028 0.070 20 
  

0.00   

B 7 33.4 0.69 5 1.0 1.00 1.15 1.18 1.16 0.048 0.023 20     0.00   

B 1   0.00 6 1.0 0.00 0.70 0.71 0.71 0.024 0.062       0.00   

B 2 40.6 0.69 6 1.0 0.99 0.63 0.66 0.64 0.026 0.047 22 
32

5 
10.

2 3.32   

B 3 40.6 0.69 6 1.0 0.99 
  

  
  

22 
  

0.00   

B 4 40.6 0.69 6 1.0 0.99 1.00 0.96 0.98 0.063 0.024 22 
  

0.00   

B 5 40.6 0.69 6 1.0 0.99 
  

  
  

22 
  

0.00   

B 6 40.6 0.69 6 1.0 0.99 1.24 1.12 1.18 0.092 0.162 22 
  

0.00   

B 7   0.00 6 1.0 0.00 1.07 1.13 1.10 0.057 0.016 22     0.00   

B 1   0.00 7 1.0 0.00 0.66 0.69 0.67 0.038 0.017 28 
38

3 
11.

7 4.48   

B 2 47.9 0.67 7 1.0 0.97 0.60 0.65 0.63 0.083 0.061 28 
  

0.00   

B 3 47.9 0.67 7 1.0 0.97 
  

  
  

28 
  

0.00   

B 4 47.9 0.67 7 1.0 0.97 1.07 1.17 1.12 0.133 0.083 28 
  

0.00   

B 5 47.9 0.67 7 1.0 0.97 
  

  
  

28 
  

0.00   

B 6 47.9 0.67 7 1.0 0.97 1.18 1.19 1.18 0.148 0.008 28 
  

0.00   

B 7   0.00 7 1.0 0.00 1.11 1.33 1.22 0.056 0.229 28     0.00   

B 1   0.00 4 1.5 0.00 0.93 0.87 0.90 0.060 0.010       0.00   

B 2 26.1 1.05 4 1.5 1.52 0.86 0.82 0.84 0.023 0.028 17 
21

0 7.7 1.62   

B 3 26.1 1.05 4 1.5 1.52 
  

  
  

17 
  

0.00   

B 4 26.1 1.05 4 1.5 1.52 1.25 1.13 1.19 0.093 0.034 17 
  

0.00   

B 5 26.1 1.05 4 1.5 1.52 
  

  
  

17 
  

0.00   

B 6 26.1 1.05 4 1.5 1.51 1.93 1.63 1.78 0.152 0.081 18 
  

0.00   

B 7   0.00 4 1.5 0.00 2.20 2.36 2.28 0.337 0.145       0.00   

B 1 33.4 1.04 5 1.5 1.50 1.00 0.93 0.96 0.014 0.011 21 
26

8 8.6 2.30   

B 2 33.4 1.04 5 1.5 1.50 0.91 0.89 0.90 0.060 0.057 21 
  

0.00   

B 3 33.4 1.04 5 1.5 1.50 
  

  
  

21 
  

0.00   

B 4 33.4 1.04 5 1.5 1.50 1.45 1.50 1.48 0.051 0.112 21 
  

0.00   

B 5 33.4 1.04 5 1.5 1.50 
  

  
  

21 
  

0.00   

B 6 33.4 1.04 5 1.5 1.50 2.16 2.08 2.12 0.044 0.093 21 
  

0.00   

B 7 33.4 1.03 5 1.5 1.49 2.10 2.34 2.22 0.388 0.442 22     0.00   

B 1   0.00 6 1.5 0.00 0.98 0.93 0.96 0.062 0.028       0.00   

B 2 40.6 1.03 6 1.5 1.48 0.82 0.82 0.82 0.036 0.024 24 
32

5 9.7 3.15   

B 3 40.6 1.03 6 1.5 1.48 
  

  
  

24 
  

0.00   

B 4 40.6 1.03 6 1.5 1.48 1.44 1.36 1.40 0.078 0.083 24 
  

0.00   

B 5 40.6 1.03 6 1.5 1.48 
  

  
  

24 
  

0.00   

B 6 40.6 1.03 6 1.5 1.48 1.73 1.62 1.67 0.106 0.038 24 
  

0.00   

B 7   0.00 6 1.5 0.00 1.69 2.09 1.89 0.058 0.015 24     0.00   

B 1   0.00 7 1.5 0.00 0.97 0.86 0.92 0.150 0.085       0.00   

B 2 47.9 1.01 7 1.5 1.45 0.76 0.71 0.73 0.058 0.103 30 
38

3 
10.

5 4.02   
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B 3 47.9 1.01 7 1.5 1.45 
  

  
  

30 
  

0.00   

B 4 47.9 1.01 7 1.5 1.45 1.40 1.36 1.38 0.213 0.245 30 
  

0.00   

B 5 47.9 1.01 7 1.5 1.45 
  

  
  

30 
  

0.00   

B 6 47.9 1.01 7 1.5 1.45 1.99 1.72 1.86 0.256 0.042 30 
  

0.00   

B 7   0.00 7 1.5 0.00 1.70 1.77 1.73 0.050 0.122 30     0.00   

B 1   0.00 4 2.0 0.00 1.29 1.20 1.25 0.036 0.042       0.00   

B 2 26.1 1.40 4 2.0 2.02 1.14 1.07 1.11 0.111 0.068 18 
21

0 7.6 1.60 11.3 

B 3 26.1 1.40 4 2.0 2.02 
  

  
  

18 
  

0.00   

B 4 26.1 1.40 4 2.0 2.02 1.64 1.53 1.58 0.061 0.048 18 
  

0.00   

B 5 26.1 1.40 4 2.0 2.02 
  

  
  

18 
  

0.00   

B 6 26.1 1.40 4 2.0 2.02 2.53 2.31 2.42 0.291 0.235 18 
  

0.00   

B 7   0.00 4 2.0 0.00 2.95 3.01 2.98 0.462 0.242 18     0.00   

B 1 33.4 1.38 5 2.0 1.99 1.34 1.09 1.22 0.109 0.042 22 
26

8 8.4 2.25 9 

B 2 33.4 1.38 5 2.0 1.99 1.17 1.16 1.17 0.057 0.110 22 
  

0.00   

B 3 33.4 1.38 5 2.0 1.99 
  

  
  

22 
  

0.00   

B 4 33.4 1.38 5 2.0 1.99 1.57 1.53 1.55 0.150 0.079 22 
  

0.00   

B 5 33.4 1.38 5 2.0 1.99 
  

  
  

22 
  

0.00   

B 6 33.4 1.38 5 2.0 1.99 2.78 2.61 2.69 0.320 0.132 22 
  

0.00   

B 7 33.4 1.38 5 2.0 1.99 2.42 2.36 2.39 0.370 0.348 22     0.00   

B 1   0.00 6 2.0 0.00 1.45 1.32 1.38 0.089 0.085       0.00   

B 2 40.6 1.37 6 2.0 1.98 1.23 1.16 1.19 0.119 0.044 24 
32

5 8.9 2.89   

B 3 40.6 1.37 6 2.0 1.98 
  

  
  

24 
  

0.00   

B 4 40.6 1.37 6 2.0 1.98 1.78 1.73 1.76 0.132 0.062 24 
  

0.00   

B 5 40.6 1.37 6 2.0 1.98 
  

  
  

24 
  

0.00   

B 6 40.6 1.37 6 2.0 1.98 2.69 2.73 2.71 0.036 0.250 24 
  

0.00   

B 7   0.00 6 2.0 0.00 3.29 2.81 3.05 0.488 0.135 24     0.00   

B 1   0.00 7 2.0 0.00 1.39 1.47 1.43 0.100 0.054       0.00   

B 2 47.9 1.34 7 2.0 1.93 1.27 1.13 1.20 0.189 0.044 32 
38

3 10 3.83   

B 3 47.9 1.34 7 2.0 1.93 
  

  
  

32 
  

0.00   

B 4 47.9 1.34 7 2.0 1.93 2.14 1.85 1.99 0.142 0.103 32 
  

0.00   

B 5 47.9 1.34 7 2.0 1.93 
  

  
  

32 
  

0.00   

B 6 47.9 1.34 7 2.0 1.93 2.68 2.49 2.59 0.171 0.335 32 
  

0.00   

B 7   0.00 7 2.0 0.00 2.48 2.63 2.55 0.395 0.467 32     0.00   

B 1   0.00 4 2.5 0.00 1.48 1.29 1.38 0.022 0.017       0.00   

B 2 26.1 1.74 4 2.5 2.51 1.60 1.40 1.50 0.032 0.023 18 
21

0 7.5 1.58 15 

B 3 26.1 1.74 4 2.5 2.51 
  

  
  

18 
  

0.00   

B 4 26.1 1.74 4 2.5 2.51 1.43 1.28 1.36 0.048 0.047 18 
  

0.00   

B 5 26.1 1.74 4 2.5 2.51 
  

  
  

18 
  

0.00   

B 6 26.1 1.74 4 2.5 2.51 1.31 1.28 1.30 0.097 0.115 18 
  

0.00   

B 7   0.00 4 2.5 0.00 0.87 0.92 0.90 0.051 0.028 18     0.00   

B 1 33.4 1.72 5 2.5 2.48 1.58 1.42 1.50 0.067 0.075 22 
26

8 8.2 2.20 11 

B 2 33.4 1.72 5 2.5 2.48 1.41 1.32 1.37 0.014 0.046 22 
  

0.00   



126 

 

B 3 33.4 1.72 5 2.5 2.48 
  

  
  

22 
  

0.00   

B 4 33.4 1.72 5 2.5 2.48 1.84 1.71 1.78 0.099 0.044 22 
  

0.00   

B 5 33.4 1.72 5 2.5 2.48 
  

  
  

22 
  

0.00   

B 6 33.4 1.72 5 2.5 2.48 3.23 2.95 3.09 0.357 0.274 22 
  

0.00   

B 7 33.4 1.72 5 2.5 2.48 3.15 3.31 3.23 0.529 0.749 22     0.00   

B 1   0.00 6 2.5 0.00 1.77 1.53 1.65 0.121 0.069 25 
32

5 8.8 2.86 8 

B 2 40.6 1.70 6 2.5 2.45 1.54 1.57 1.56 0.192 0.040 25 
  

0.00   

B 3 40.6 1.70 6 2.5 2.45 
  

  
  

25 
  

0.00   

B 4 40.6 1.70 6 2.5 2.45 2.19 2.09 2.14 0.287 0.030 25 
  

0.00   

B 5 40.6 1.70 6 2.5 2.45 
  

  
  

25 
  

0.00   

B 6 40.6 1.70 6 2.5 2.45 4.08 3.10 3.59 0.177 0.473 25 
  

0.00   

B 7   0.00 6 2.5 0.00 2.88 2.98 2.93 0.404 0.322 25     0.00   

B 1   0.00 7 2.5 0.00 1.76 1.65 1.71 0.127 0.128 32 
38

3 9.9 3.79   

B 2 47.9 1.66 7 2.5 2.40 1.50 1.48 1.49 0.067 0.194 32 
  

0.00   

B 3 47.9 1.66 7 2.5 2.40 
  

  
  

32 
  

0.00   

B 4 47.9 1.66 7 2.5 2.40 2.15 2.12 2.13 0.259 0.134 32 
  

0.00   

B 5 47.9 1.66 7 2.5 2.40 
  

  
  

32 
  

0.00   

B 6 47.9 1.66 7 2.5 2.40 2.92 3.64 3.28 0.557 0.276 32 
  

0.00   

B 7   0.00 7 2.5 0.00 2.89 3.02 2.96 0.552 0.239 32     0.00   
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Appendix 5. Bubble size measurements. 

Two-phase experiments 
     

Rotor Tip speed Jg D10 D10 Std Dev D32 Frames Bubbles T [°C] 

A 4 0.5 0.45 0.264 0.93 99 172848 12 

A 4 1.0 0.52 0.391 1.42 97 93908 13 

A 4 1.5 0.60 0.452 1.62 94 67040 15 

A 4 2.0 0.83 0.545 1.88 96 36987 16 

A 4 2.5 1.12 0.682 2.16 97 20650 16 

A 5 0.5 0.41 0.213 0.75 99 276091 12 

A 5 1.0 0.47 0.325 1.20 98 136256 14 

A 5 1.5 0.62 0.415 1.51 97 74576 15 

A 5 2.0 0.90 0.539 1.83 98 36333 16 

A 5 2.5 1.31 0.695 2.18 100 17719 17 

A 6 0.5 0.40 0.197 0.68 100 326208 12 

A 6 1.0 0.45 0.299 1.11 96 153177 14 

A 6 1.5 0.69 0.409 1.45 94 64373 16 

A 6 2.0 0.98 0.528 1.77 109 35526 16 

A 6 2.5 1.31 0.691 2.13 97 17272 17 

A 7 0.5 0.40 0.187 0.64 97 338029 13 

A 7 1.0 0.48 0.294 1.10 93 138331 15 

A 7 1.5 0.74 0.403 1.41 98 61438 16 

A 7 2.0 1.06 0.561 1.83 96 27270 16 

A 7 2.5 1.33 0.676 2.05 98 16758 17 

B 4 0.5 0.42 0.240 0.86 101 225405 10 

B 4 1.0 0.49 0.339 1.26 97 122891 10 

B 4 1.5 0.61 0.446 1.59 91 66459 11 

B 4 2.0 0.91 0.540 1.80 99 34642 12 

B 4 2.5 0.79 0.454 1.50 93 49007 13 

B 5 0.5 0.41 0.201 0.70 107 330322 10 

B 5 1.0 0.45 0.278 1.02 91 169462 10 

B 5 1.5 0.64 0.372 1.35 96 81159 12 

B 5 2.0 0.97 0.514 1.73 98 33765 12 

B 5 2.5 1.12 0.620 2.02 93 23489 14 

B 6 0.5 0.41 0.189 0.65 96 350773 10 

B 6 1.0 0.47 0.269 0.99 97 181642 10 

B 6 1.5 0.74 0.362 1.29 98 69129 12 

B 6 2.0 1.06 0.494 1.67 97 29629 13 

B 6 2.5 1.23 0.619 2.00 91 19479 14 

B 7 0.5 0.42 0.192 0.65 98 327783 10 

B 7 1.0 0.51 0.256 0.91 93 156781 11 

B 7 1.5 0.80 0.367 1.29 94 57396 12 
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B 7 2.0 1.10 0.494 1.67 92 27082 13 

B 7 2.5 1.22 0.575 1.84 74 16728 14 

 
 
 
 
 
Three-phase experiments 

 
  

   
Rotor Tip speed Jg D10 D10 Std Dev D32 Frames Bubbles  T[°C] 

A 4 0.5 0.44 0.267 0.94 96 155944 28 

A 4 1.0 0.51 0.377 1.40 97 99454 26 

A 4 1.5 0.58 0.463 1.64 97 72045 26 

A 4 2.0 0.81 0.544 1.87 97 39937 23 

A 4 2.5 0.94 0.614 2.04 99 30364 24 

A 5 0.5 0.42 0.225 0.79 98 229788 28 

A 5 1.0 0.47 0.334 1.23 103 137376 26 

A 5 1.5 0.56 0.418 1.52 96 82758 26 

A 5 2.0 0.80 0.519 1.78 101 45610 23 

A 5 2.5 1.05 0.629 2.03 95 25775 24 

A 6 0.5 0.41 0.208 0.73 98 261758 25 

A 6 1.0 0.46 0.318 1.19 102 149612 27 

A 6 1.5 0.58 0.413 1.53 99 84375 25 

A 6 2.0 0.82 0.527 1.81 98 43219 24 

A 6 2.5 1.12 0.654 2.07 95 22013 22 

A 7 0.5 0.41 0.213 0.75 99 270097 28 

A 7 1.0 0.45 0.312 1.15 97 141997 28 

A 7 1.5 0.56 0.413 1.59 97 87093 23 

A 7 2.0 0.90 0.550 1.85 96 34790 25 

A 7 2.5 1.02 0.597 1.98 102 28062 20 

B 4 0.5 0.41 0.235 0.84 100 232009 16 

B 4 1.0 0.49 0.336 1.22 97 122579 17 

B 4 1.5 0.55 0.422 1.49 100 87892 17 

B 4 2.0 0.59 0.473 1.78 97 69490 18 

B 4 2.5 0.62 0.429 1.46 94 74929 18 

B 5 0.5 0.40 0.208 0.73 93 272556 18 

B 5 1.0 0.45 0.281 1.01 95 166906 20 

B 5 1.5 0.50 0.360 1.33 93 112261 21 

B 5 2.0 0.58 0.424 1.57 93 79231 22 

B 5 2.5 0.66 0.443 1.63 95 65825 22 

B 6 0.5 0.40 0.191 0.65 95 334860 20 

B 6 1.0 0.45 0.289 1.06 98 174975 22 

B 6 1.5 0.49 0.355 1.35 93 118916 24 

B 6 2.0 0.59 0.411 1.51 98 85299 24 

B 6 2.5 0.86 0.531 1.79 98 40747 25 

B 7 0.5 0.40 0.192 0.66 92 627040 26 
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B 7 1.0 0.44 0.280 1.07 94 176685 28 

B 7 1.5 0.60 0.389 1.42 94 82576 30 

B 7 2.0 0.81 0.484 1.65 93 45609 32 

B 7 2.5 0.99 0.586 1.96 95 29538 32 
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Appendix 6. Bubble surface area flux calculations. 

Bubble surface area flux Two-phase Sb=60*Jg/D32 

Rotor Tip speed Jg theor. Jg (meas.) D32 Sb 

A 4 0.5 0.46 0.93 30.0 

A 5 0.5 0.46 0.75 37.2 

A 6 0.5 0.53 0.68 47.2 

A 7 0.5 0.63 0.64 59.0 

A 4 1.0 0.99 1.42 41.7 

A 5 1.0 0.95 1.20 47.3 

A 6 1.0 0.97 1.11 52.6 

A 7 1.0 1.20 1.10 65.5 

A 4 1.5 1.46 1.62 54.3 

A 5 1.5 1.59 1.51 63.1 

A 6 1.5 1.36 1.45 56.0 

A 7 1.5 1.35 1.41 57.4 

B  4 0.5 0.45 0.86 31.6 

B  5 0.5 0.45 0.70 38.7 

B  6 0.5 0.46 0.65 42.8 

B  7 0.5 0.51 0.65 47.2 

B  4 1.0 1.02 1.26 48.7 

B  5 1.0 0.94 1.02 55.5 

B  6 1.0 0.94 0.99 57.0 

B  7 1.0 0.97 0.91 63.4 

B  4 1.5 1.44 1.59 54.2 

B  5 1.5 1.39 1.35 61.9 

B  6 1.5 1.45 1.29 67.5 

B  7 1.5 1.46 1.29 67.8 
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Bubble surface area flux 
Three-
phase Sb=60*Jg/D32 

Rotor Tip speed Jg theor. Jg (meas.) D32 Sb 

A 4 0.5 0.57 0.94 36.2 

  5 0.5 0.60 0.79 45.9 

  6 0.5 0.65 0.73 53.7 

  7 0.5 0.83 0.75 66.6 

  4 1.0 0.99 1.40 42.7 

  5 1.0 1.05 1.23 51.1 

  6 1.0 1.06 1.19 53.2 

  7 1.0 1.22 1.15 63.4 

  4 1.5 1.37 1.64 50.1 

  5 1.5 1.53 1.52 60.3 

  6 1.5 1.65 1.53 64.9 

  7 1.5 1.52 1.59 57.6 

  4 2.0 1.74 1.87 56.0 

  5 2.0 1.68 1.78 56.7 

  6 2.0 2.36 1.81 78.2 

  7 2.0 2.48 1.85 80.5 

  4 2.5 1.95 2.04 57.1 

  5 2.5 2.18 2.03 64.7 

  6 2.5 2.69 2.07 77.9 

  7 2.5 2.88 1.98 87.2 

B 4 0.5 0.46 0.84 33.0 

  5 0.5 0.51 0.73 42.1 

  6 0.5 0.60 0.65 55.2 

  7 0.5 0.63 0.66 57.2 

  4 1.0 0.85 1.22 41.9 

  5 1.0 0.92 1.01 54.8 

  6 1.0 0.98 1.06 55.5 

  7 1.0 1.12 1.07 62.7 

  4 1.5 1.19 1.49 47.9 

  5 1.5 1.48 1.33 66.8 

  6 1.5 1.40 1.35 62.2 

  7 1.5 1.38 1.42 58.4 

  4 2.0 1.58 1.78 53.3 

  5 2.0 1.55 1.57 59.4 

  6 2.0 1.76 1.51 69.6 

  7 2.0 1.99 1.65 72.5 

  4 2.5 1.36 1.46 55.6 

  5 2.5 1.78 1.63 65.5 

  6 2.5 2.14 1.79 71.8 

  7 2.5 2.13 1.96 65.4 

 


