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March 17, 2010 

CHE 420/620 MIXING IN PROCESS INDUSTRIES 

MINERAL PROCESSING 

OVERVIEW  

Minerals are the inorganic substances that naturally occur in the earth. Combinations of 

minerals in different compositions make up ores in varying sizes and shapes. Mineral processing 

is the processing of ores by chemical or physical methods to obtain mineral products 
[1]

. The ores 

must go through a number of operations to obtain the final products. The major steps in the 

process are size reduction, size separation, concentration, dewatering and aqueous solution 
[2]

. 

Size reduction involves crushing and grinding processes. Size separation is done by classifiers, 

screens or water elutriators. Concentration includes 3 main processes: froth flotation, gravity 

concentration, and magnetic and electrostatic concentration. Dewatering involves thickeners and 

filters and aqueous dissolution. The aqueous solution refers to leaching which is done in 

autoclave reactors. These constitute the main units that are involved in mineral processing. 

In terms of the phase interactions, solid-liquid, solid-solid and liquid-liquid operations are 

involved. Solid-liquid operations occur mainly in flotation units, thickeners and vacuum filters 

[3]
. Solid-solid and liquid-liquid operations take place in gravitational and magnetic separation, 

and extraction, respectively.  

Figure 1 shows a flowsheet for a typical leaching process with a CCD (counter current 

decantation) and Merrill Crowe circuit 
[4]

. There are many steps involved in this process, some of 

which are mentioned above. Here, and in all mineral processes, mixing is an essential unit 

operation, occurring in almost every step, in the thickener, leaching tanks, crystallization, mixer-

settlers, in storage tanks at the end of the process, etc. The focus of this article is on solid-liquid 

mixing in mineral processing. 
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Figure 1. Flowsheet for a typical leaching, CCD and Merrill Crowe circuit 
[4]
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  In solid liquid mixing the aim is to bring the solids and liquid into contact. There are a 

number of criteria that should be taken into account to design the system correctly.   One of these 

is the solids loading. In mineral processing, the slurries have very high solids loadings and they 

are composed of a mixture of different minerals. This results in a complex system because the 

high solids loadings lead to high power consumption and having a mixture requires additional 

consideration in designing the equipment. Another criterion related to slurry properties is the 

rheology. The interactions between the solids and the liquid phase result in a range of rheological 

properties 
[5]

. From a mixing point of view two rheological properties stand out for design and 

operation of mineral processes: the apparent viscosity and time dependence. These show up in 

oxygen mass transfer, and leaching kinetics. Careful design is necessary to prevent any problems 

during the process. Some chemical additives can be used to modify the rheological properties of 

the slurry 
[5]

. The additives may change the degree of aggregation or dispersion by interacting 

with the particle surfaces.  

The most common mixing equipment that is used in industry is stirred tank. As can be 

seen in Figure 1, this trend is followed in mineral processing as well. Solids suspension in stirred 

tanks has two key operational requirements targeting maximum mass transfer: complete off 

bottom suspension and even distribution of solids 
[6]

. The complete off bottom suspension 

conditions requires complete motion of all particles in order to utilize the maximum surface area 

of the solids for mass transfer 
[7]

. At high solids loadings, solids are suspended up to a distinct 

interface which is called the cloud height. Mixing times in the liquid layer above the cloud height 

can be 20 times longer than the solids rich volume 
[8]

. This becomes an important issue in case of 

reactions. In Figure 1 stirred tanks are employed mainly for leaching. For this specific 

application and also for flotation the aim is not only to suspend the solids off the bottom of the 

tank, but also to provide sufficient gas dispersion. These are more complex systems with three 

phases involved.  

The schematic of a typical stirred tank for solids suspension is shown in Figure 2. The 

tank is fully baffled. If the ratio of liquid height to tank diameter, H/T, is less than 1.3, then 

single impeller is sufficient for solids suspension. The number of impellers may be increased for 

taller tanks 
[7]

. Axial impellers, such as Lightnin A310, A320, A340, Chemineer HE3 are 
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efficient for solids suspension; however, a different impeller or a dual impeller system may be 

required for gas-liquid-solid systems such as leaching operations. The size of an industrial stirred 

tank may be very large compared to a lab scale tank; therefore, scale up is important in these 

systems. Figure 3 shows the size of an industrial scale impeller in a stirred tank for mineral 

processing. This gives an idea of the large scales used in industry. If a PBT is used D/T < 0.25 is 

sufficient to provide solids suspension, where D/T is the ratio of impeller diameter to tank 

diameter.  

 

            Figure 2. Typical stirred tank geometry for solids suspension 
[7]

 

 

Figure 3. The inside view of an industrial scale stirred tank 
[9]
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Mineral processing is one of the largest areas of application for solid-liquid mixing. The 

aim is the efficient interaction of the liquid and the solids. The rest of this article focuses on the 

solids suspension phenomenon, and the froth flotation, leaching and mixer-settler operations.   

 

SOLID-LIQUID MIXING 

The purpose of solid-liquid mixing is to improve the mass transfer between solid and 

liquid phases. This objective is accomplished by making the surface area of all the solids 

available for mass transfer. In a typical mineral extraction process where minerals in ore leach 

into a fluid medium, such as in uranium processing, mineral value is extracted from high solid 

concentration slurries. This process requires a high amount of uniformity to increase the leaching 

rate of the desirable mineral. 

Solid Suspension 

 

Figure 4. Solid suspension by turbulent burst 
[10]

 

 Solid suspension is accomplished by the addition of mechanical energy into the system 

through some form of agitation. The agitation acts on the solid particles by a combination of lift 

and drag forces created by turbulent bursts as seen in Figure 4. The hydrodynamics of the system 
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are affected by the properties of the liquid, the solid particles, vessel geometry, and agitation 

method 
[7]

. 

In an agitated solid suspension the particle settling velocity is a function of, and is always 

less than, the free settling velocity 
[11]

. 

States of Solid Suspension 

 

 

 

 

 

   A       B             C 

Figure 5. States of solid suspension. A. On-bottom, B. Off-bottom, C. Uniform Suspension 
[7]

. 

As shown in Figure 5 the three levels of solid suspension are: On-bottom motion, off-

bottom and uniform suspension. On-bottom motion is characterized by the complete motion of 

all the particles at the bottom of the vessel. In this state not all the particles are suspended. At 

off-bottom suspension all particles are in complete motion and no particles remain on the base of 

the vessel for more than 1 to 2 seconds. This is known as the Zwietering criterion 
[12]

 and the 

impeller speed that satisfies this criterion is called the just suspended speed, Njs. In a uniform 

suspension the solid particles are evenly distributed throughout the vessel and any increase in 

agitation does not significantly improve solid distribution 
[7]

.  

The power consumption (P) is an important concern in design of these systems. 

53DNNP psl  

ρsl: density of the slurry (kg/m
3
) 
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Np: power number 

N: impeller speed (rps) 

D: impeller diameter (m) 

Power consumption increases significantly with increasing N and D. If the process objective is 

mass transfer, it is better to operate at Njs to utilize all surface area of solids at the minimum 

impeller speed. Njs can be determined by correlations or by experiments. The following 

correlation was suggested by Zwietering (1958) 
[12]

. 
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 : kinematic viscosity (m
2
/sec) 

g: gravitational constant (m
2
/sec) 

ρs: solid density (kg/m
3
) 

ρl: liquid density (kg/m
3
) 

X: solids loading ((kg solids/kg liquid) x 100)  

dp: particle diameter (m)  

S is the Zwietering Njs constant which is a function of impeller and tank geometry. The S values 

for various configurations can be found in the literature 
[12, 13]

.  

Cloud Height 

In stirred tanks with greater than 10 weight percent solid loading, a clear interface may 

form between the solids rich volume in the lower portion of the tank and the clear liquid volume 

close to liquid surface. The height of this interface is called the cloud height
 [7]

. Solid particles 

only rarely penetrate into the clear liquid volume. This phenomenon is important to mineral 

processing because blend time can up to twenty times longer in the solid-free phase than the 
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solid rich volume 
[8]

. This is important in slurry catalyst reactor design because of the limited 

mixing between the two layers 
[6]

. 

Jet Mixers 

Jet mixers are not frequently used in industry for solids suspension; however, 

occasionally may be used as an alternative for an expensive retrofit. For example, if a process 

containing a liquid storage vessel experiences a process upset, then sludge or solids may 

accumulate. In this case it might be more difficult or expensive to install a mechanical agitator 

instead of using a jet mixer 
[7]

. The minimum jet velocity to reach the off-bottom suspension is 

known as the just suspended jet velocity, Vjs 
[7]

. 
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T: tank diameter (m) 

Dj: jet diameter (m) 

Cw:  percentage weight fraction of solids.  

Mass Transfer 

In mineral processing mass transfer is important in the final product quality; therefore, 

better mass transfer is desired. Solid-liquid mixing only has an effect on film diffusion.  The rate 

of diffusional mass transfer can be calculated with 
[7]

 

    A*AakM pSL   

 kSL; diffusional mass transfer coefficient (m/s) 

    A*A   : concentration driving force (mol/m
3
) 

ap: interfacial area for mass transfer per volume of fluid (m
2
/m

3
)  
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ps

p
d

6a





 

φ: solid loading (g/cm
3
 solid-free liquid) 

Mechanical agitation mainly affects the thickness of the diffusional boundary layer 

surrounding the solid 
[7]

. The relative mass transfer increases steeply until complete suspension is 

achieved. After this, the mass transfer rate increases more slowly. 

The following equation is useful for estimating kSL 
[14]

 

38.02

1
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Sh: Sherwood number 

A
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Rep: particle Reynolds number 
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Sc: Schmidt number  

A1

1

D
Sc






 

Where, 

DA: diffusivity   

Vt: terminal velocity of the particles 

µl: viscosity of the liquid.

 

For systems with a Vt << 0.0005m/s the correlation becomes 
[15, 16]
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In this equation, Rep is defined in terms of εp which is the power per unit mass: 
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FROTH FLOTATION 

Froth flotation is used in the mineral processing industry to separate hydrophobic value 

minerals from hydrophilic gangue.  The hydrophobicity of a particle is determined by the contact 

angle it forms when collision occurs with a rising bubble 
[17]

. Figure 6
 
shows the contact angle 

for a gas-liquid-solid system. 

 

 

Figure 6. Schematic representation of air bubble-water-solid particle system equilibrium 

force balance 
[17]

.    

The contact angle may be altered by the addition of reagents prior to the flotation process.  

There are many factors that determine the success of floating a hydrophobic particle within a 

flotation cell: bubble diameter, turbulence within the cell, velocity of rising air bubbles, contact 

angle, collision efficiency, attachment efficiency, and stability efficiency.  Several of these key 

parameters are influenced by the mixing that occurs within the flotation cell. 
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The schematic of a flotation cell is shown in Figure 7. Mechanically agitated flotation 

cells utilize an impeller to provide the agitation necessary for breaking air into bubbles and 

dispersing them throughout the cell while suspending solids long enough for bubble-particle 

agglomerates to form.  It also creates the micro-turbulence necessary to facilitate bubble-particle 

collision. Air enters the cell through a concentric pipe surrounding the impeller shaft.  The 

rotating impeller tips create a high-shear zone where air is broken up into a dispersion of 

bubbles. The bubble formation is shown in Figure 8.  The bubbles are flung outwards from the 

impeller tips and scattered throughout the solid-liquid mixture (slurry) within the cell.   

 

                                    

    Figure 7. Schematic of a mechanical flotation cell 
17]

.  
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The power dissipation per unit mass (mean energy dissipation, ε) influences the size of 

the bubbles 
[7]

. ε can be calculated with 
[7, 19]

 

23

SL

DkN
V

P



  

P: power (W) 

ρSL: density of the slurry (kg/m
3
) 

V: volume of the slurry (kg/m
3
) 

N: impeller rotational speed (rps) 

D: impeller diameter (m) 

k: geometric constant for a given impeller. Derived from the impeller swept volume.  

The energy dissipation at the tip of the impeller is ~20 times greater than the average for the 

entire flotation cell 
[7, 19]

.  

 

Figure 8. Schematic diagram of formation of bubbles in mechanical cells (after Grainger Allen, 

1970; courtesy of Transactions of the Institute of Metallurgy, UK) 
[18]

.  
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The frequency of bubble-particle collisions, Z, determines the flotation rate for a system.  

An increase in dissipation rate leads to a greater frequency of collisions and therefore a higher 

flotation rate 
[19]

. 

Impeller Rotational Speed 

The effect of impeller speed is highly dependent on particle size; therefore, it is 

advantageous to separate fine and coarse material prior to the flotation step. 

For fine particles a high impeller rotational speed causes greater energy dissipation.  The 

collision frequency increases and this increase in collisions results in a higher flotation rate. 

The opposite is observed overall for coarse particles.  Higher rotational speeds increase 

the impeller tip speed and turbulence within the cell.  An increase in tip speed causes bubble 

velocity to rise which in turn lowers the contact time between bubbles and particles.  An increase 

in turbulence causes coarse particle-laden bubbles to readily burst and particle detachment to 

occur.  These two factors contribute to a reduced flotation rate for coarse particles. In Figure 9 

the bubble size is given as a function of Jg. 

The bubble size within the collection zone is not affected by impeller rotational speed 
[19]

.
 
 

 

Figure 9. Sauter mean bubble diameter in the first lead rougher cell as a function of Jg, 

for surveys on different days with different impeller rotational speeds 
[19]

.  

Power Input 



Inci Ayranci 
Glendon Tan 
Mikaela Dix-Cooper 
Mahmoud Hossein-pour 
 

14 
 

Power input may be used to increase flotation rate up to a certain point.  As power input 

to the impeller is increased, the attachment rate increases until a certain maximum flotation rate 

is reached.  At this point, any further increase in power input results in a large decrease in 

attachment rate and consequently an increase in overall detachment rate 
[19]

.  

Impeller Selection 

Most impellers are up-pumping and consist of a flat, circular disc with blades fitted 

concentrically to the disk’s lower section.  The shape of the blade varies from cylindrical to half-

spherical depending on the process.  The submergence of the impeller depends on cell 

type/geometry and method of air introduction to the cell 
[18]

. Typical flow patterns, impellers and 

rotators for a flotation cell are given in Figures 10 and 11, respectively.  
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 Figure 10. Typical flow patterns in a mechanical flotation cell (courtesy of Outokumpu Mintec 

Oy, Finland) 
[18]

. 
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Figure 11. Shapes of different impellers and stators. (A) Bateman; (B) Dorr-Oliver; (C) 

Outokumpu; (D) Wemco (courtesy of Bateman Process Equipment, Dorr-Oliver, Outokumpu 

Mintec Oy and Baker Process, respectively) 
[18]

.  
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LEACHING 

Leaching is a solvent extraction process that is used to extract metal from solubsalt in 

aqua media by using organic solvents 
[20]

. There are three phases present in a leaching process: 

gas, liquid and solid. The reaction takes place at the interface between the phases; hence, 

diffusion has initiation role in the start-up of the process and also in final step of the separation 

process which is the diffusion of the products. Mixing has an important role in increasing the 

diffusion by enhancing the contact between the phases 
[20, 21]

. 

Diffusion, adsorption, reaction, desorption and product diffusion are the different steps of 

the leaching process. Reactants diffuse through the diffusion layer and are adsorbed onto solid 

surfaces where they react. This step is slower than diffusion and the surface area is reduced with 

time; therefore, this step is the rate-limiting step which controls the leaching operation. The next 

step is desorption where the products are desorbed from the solid after reaction and diffuse 

through diffusion layer into the leaching solution. At the end of the process the viscosity may be 

significantly different than the beginning; therefore, this should be taken under consideration 

while designing these systems 
[21, 7]

.Figure 12 shows the change in concentration of the reactant 

along the diffusion layer. 
 
 

Types of leaching:
 
 

 Dump leaching: The leach material is placed in a large container sump which has a      

porbottom. Then the leaching solution is sprayed on to the leaching heap. As soon as the 

solution has penetrated the heap, it is collected in a channel from which it is circulated 

back after the extraction of the metal
 [22]

. 

 

 Tank leaching: This method is applicable for fine-grained leach material in high grade 

bodies. Leaching material is suspended and kept in motion by mechanical stirring, 

compressed air or pumping. By producing turbulence, leaching time that is significantly 

shorter than dump leaching can be obtained. This process is mostly continuous 
[22]

. 

 Heap leaching:  Ores are spread on particular pad arrangement and the leaching solution 

is sprayed onto the leaching heap through sprinklers and allowed to saturate it. Eventually 
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the leaching solution is extracted and returned back to reuse. This process is slow and 

only applicable for very low grade ores 
[22]

.  

 In-situ leaching:  This is suitable for low grade copper and uranium ores. In this process 

the solution contacts the ore on the spot to fragment the ore. This is slow and the 

efficiency is low 
[22]

. 

 

 

 Figure 12. Reactant concentrations in the leaching process 
[21]

 

Autoclave leaching reactors and mixing roles 

Leaching autoclaves are vessels. They are built in different configurations such as 

horizontal, vertical or long horizontal tubes. They mostly contain four to six compartments to 

create similar conditions to a series of CSTR’S. This is done by transferring and passing the 

leaching solution from one chamber to the next, dispersing oxygen or air to improve solids 

suspension and distributing the solvent.
 
 This helps in preventing dead zones. Sometimes steam 
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and air are used to control the shear. Steam can be used for heat transfer purposes as well 
[23. 24, 

25]
.  Figures 13 and 14 are shown examples of autoclave reactors.  

The maximum extraction efficiency in an autoclave reactor must be obtained within the 

minimum number of stages. The inter-stage wall between different compartments in an autoclave 

has a considerable effect on residence time distribution. The solvent and slurry streams are 

conducted into the front head by using a mixer in such a way that short circuiting does not occur. 

In scale-up from pilot to full scale, the residence time distribution is more important than 

residence time just by itself in individual steps. Residence time distribution is affected by the 

design of baffles, the height and the number of inter stage walls and slurry and solvent inlet pipe 

specifications 
[23, 24, 25]

.   

Leaching autoclave reactors are equipped with an agitator to completely combine 

reagents, suspend fine solids and disperse phases as well as adjust the leaching rates between 

phases to improve the leaching process. In horizontal autoclaves the impellers are located close 

to the bottom of the tank in order to suspend the solids efficiently. Depending on the application 

and process limitations of kinetics or mass transfer, different impellers are designed to focus on 

blending, solids suspension or heat and mass transfer 
[23, 24]

. 

The leaching process can be improved by modifying the mixing equipment. For example 

a dual impeller system with a Rushton turbine close to the bottom combined with a pitched blade 

turbine close to the surface operate very efficiently for gas dispersion and primary solid 

suspensions. In addition to that, Lightnin A340 impellers show very good performance 
[20]

. 
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    Figure 13. Autoclave configuration using LIGHTNIN A340 mixing system showing flow 

under the separating walls 
[24]

.     
 

 

Figure 14. Titanium clad autoclave for nickel laterite pressure acid leaching. The autoclave is 

Titanium Grade 1 clad steel for the Murin Murin Nickel Cobalt Project. Photo provided by the 

autoclave fabricator, ASC Engineering, Adelaide, Australia 
[26]

. 

 



Inci Ayranci 
Glendon Tan 
Mikaela Dix-Cooper 
Mahmoud Hossein-pour 
 

21 
 

MIXER-SETTLERS 

Extraction processes are widely used in the hydrometallurgical industry. Mixing 

increases the mass transfer rate between phases and increasing mass transfer rate promotes 

extraction efficiency. Increasing the agitation rate also causes a decrease in drop size and the 

velocity between the continuous and dispersed phases which in return reduces throughput. Stage 

efficiency also decreases with increasing axial mixing. This is more significant at high agitation 

speeds; therefore, axial mixing must be reduced or eliminated to improve phase separation. The 

solution is to use a mixer-settler which transfers solute from one phase to another.  

The purpose of using a mixer settler is to extract the target metal from the solution. A 

mixer-settler has two main parts, a mixer to mix the phases and a settler to separate the phases. 

Figure 15 shows a mixer-settler unit. If a mixer and settler are used side by side, rather than just 

using a settler better results are obtained. Using mixer-settlers in series may also give good 

results depending on process specifications 
[28, 29, 30, 31]

. 

 

Figure 15. Cutaway diagram of a pump-mix mixer-settler stage 
[32]

. 

Types of mixer-settlers 
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 Conventional mixer-settler: The inlet stream consists of different layers of effluents 

requiring separation. An agitated tank may be a mixer or mix box, depending on the 

retention time required. Large pump-mixer type agitators are used in a mixed box which 

works at low speed and low shear for pumping and mixing simultaneously. Variable 

speed drives and a special design make this device very successful at preventing fine 

droplet formation and air entrainment which retain coalescence in the settlers. A recycle 

stream is always used from a settler to a mix box in order to keep the phase ratio constant 

[30]
. Figures 16 and 17 are shown conventional mixer-settlers. 

 Krebs: This is smaller in size, lower in capacity and easier to maintain than the 

conventional type, but it is more difficult to monitor the operating conditions. The 

numbers of mix boxes per stage depends on the solution flow rates and the required 

retention time. If two mix boxes are used, the first is equipped with a pump-mix type 

agitator. The primary separation of the organic and aqueous phases is almost complete at 

the discharge of the upper launder. This enables the phases to be directed separately to 

the main settler below, entering via a baffle system
 [30]

.   

 Reverse flow mixer settler: Applicable in large copper, nickel, cobalt and zinc production 

plant, but not as efficient as conventional mixer-settler for same size application. It is 

used as an alternative to conventional mixer-settlers. The main difference from the 

conventional mixer-settler is the use of a side mounted launder to direct the dispersion 

from the mix boxes to the opposite end of the settler. The mix boxes and settler are 

essentially same a conventional units
 [30]

. 

 Vertical smooth flow (VSF) mixer-settler: This is for a large scale solvent extraction 

copper plant. In this process mixing and pumping are divided functionally between a 

couple of helix mixers and an impeller to agitate at low shear conditions. Low operating 

cost, uniform drop size, and high efficiency can be obtained, but still the conventional 

mixer-settlers are smaller in size and capital requirement 
[30]

. Figure 18 shows a VSF 

mixer-settler. 



Inci Ayranci 
Glendon Tan 
Mikaela Dix-Cooper 
Mahmoud Hossein-pour 
 

23 
 

 Combined mixer settler (McKee-CMS): This is for uranium processes. The mixing and 

phase separation take place in one vessel. It works in different organic and aqueous ratios 

at various heights. It is suitable for smaller scale production and lower capital cost 

requirement; however, due high organic effluent organic recovery units are required 

which increases the costs 
[30]

. 

 Lurgi mixer-settler: This is commonly used for commercial uranium plants. It employs 

multiple trays for separation. These units are less than half the size of conventional units. 

Capital investment may be lower than the conventional mixer-settlers depending on the 

ore
 [30]

. 

 IMI mixer-settler: This is used in uranium plants. The axial flow disperses the contents of 

collecting launder and sends it to cylindrical settler via a distributer system. IMI mixers 

have higher separation efficiency, lower capital cost and reduced capacity in compared to 

conventional mixer-settlers; however, the operating cost is higher 
[30]

. 

 In line mixer-settler: This is applicable for uranium plants as well. This unit has a baffled 

cylindrical vessel equipped with a Kenics mixer which is mounted in the dispersion zone 

downstream of the entrance. A turbulence regime exists here and back mixing dominated.  

Low capital and operating cost are the advantages, but limited accesses to inner parts are 

process disadvantages 
[30]

. 
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Figure 16: Schematic of a conventional mixer-settler 
[35]

. 
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Figure 17. Conventional mixer settler in an Electro wining solvent extraction plant 
[34
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Figure 18. OutoCompact™ mixer-settler technology unit for cobalt, nickel, zinc and manganese 
production is suitable for train PLS flows ranging from 1 m3/hr to 300 m3/hr [15].VSF (Vertical Smooth 
flow) Mixer Settler 
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