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Abstract:  Two-phase (water and air) flow in the forced-air mechanically-stirred Dorr-Oliver 

machine has been investigated using computational fluid dynamics (CFD). A 6 m
3
 model 

is considered. The flow is modeled by the Euler-Euler approach, and transport equations 

are solved using software ANSYS-CFX5. Unsteady simulations are conducted in a 180-degree 

sector with periodic boundary conditions. Air is injected into the rotor at the rate of  

2.63 m
3
/min, and a uniform bubble diameter is specified. The effects of bubble diameter on 

velocity field and air volume fraction are determined by conducting simulations for three 

diameters of 0.5, 1.0, and 2.0 mm. Air volume fraction contours, velocity profiles, and 

turbulent kinetic energy profiles in different parts of the machine are presented and 

discussed. Results have been compared to experimental data, and good agreement is 

obtained for the mean velocity and turbulent kinetic energy profiles in the rotor-stator gap 

and in the jet region outside stator blades. 
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Abbreviations: 

Cp Pressure coefficient 

D Rotor tip diameter, m 

Db Bubble diameter, mm 

Mi Interfacial Momentum source, N/m
3
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MFR Multiple reference frame 

N rev/s 

P Pressure, Pa 

Q Air volume flow rate, m
3
/min 

r Radius, m 

Re Reynolds number (
 

) 

RFR Rotating frame of refrence 

Si External Momentum source, N/m
3
 

TKE Turbulent kinetic energy per unit mass, m
2
/s

2
 

ὠᴆ  Air/water velocity vector, m/s (water, i = 1 and air i = 2) 

Vw Water superficial velocity magnitude, m/s 

Vwr Water relative velocity magnitude, m/s 

Va Air superficial velocity magnitude, m/s 

Vw,radial Water radial superficial velocity, m/s 

Va,radial Air radial superficial velocity, m/s 

Vw,tang Water tangential superficial velocity, m/s 

Va,tang Air tangential superficial velocity, m/s 

U Rotor tip speed, m/s 

Ŭ Air volume fraction 

Ů Turbulent kinetic energy dissipation rate, m
2
/s

3
 

æt Time step, s 

µi Air/water dynamic viscosity, Pa s, (water, i = 1 and air i = 2) 

ɟi Air/water density, kg/m
3
, (water, i = 1 and air i = 2) 

 

1. Introduction  

The hydrodynamics of froth flotation machines controls the grade and rate of recovery achievable 

in such machines. The complexity of three phase turbulent flow prevalent in those machines defies 

intuition, and a more scientific approach is needed to understand and control the multiplicity of 

physicochemical processes responsible for froth flotation. Computational fluid dynamics (CFD) is a 

powerful methodology that can provide detailed flow field properties such as mean velocity, 

turbulence intensity, dissipation rate, spatial distribution of air volume fraction (void fraction), bubble 

size distribution, and bubble-particle collision rate. All of these properties are needed to build 

simulation models that can be used to predict the grade and rate of recovery. They also help the 

designer to understand the flow patterns and their impact on flotation processes and to recommend 

design changes for performance optimization. Furthermore, CFD can provide unsteady forces and 

moments for structural components (rotor blades, driving shaft, and stator/disperser) needed for 

assessing structural integrity (stress analysis and vibration), longevity of the machine, and power 

consumption. Ultimately, CFD is a viable tool to assess the performance of existing flotation cells and 

to help design the new generation of machines. In the past three years, the authors have used CFD and 
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simulated single and two-phase flows in four well known flotation cells of scales varying from 

laboratory models to full scale machines [1ï4]. Two of the machines are forced-air machines, namely 

Dorr-Oliver and Xcell. The third machine is WEMCO cell, which is a self-aerated machine. 

Numerical simulation of single phase flow has been conducted to study flow field in ñMetso 

Mineralò and ñOutokumpuò 0.8 m
3
 cell [5]. A 3D grid of sizes 1.56 × 10

6
 for ñMetso Mineralò and 

1.46 × 10
6
 for ñOutokumpuò were used to run the simulations. It illustrates an expensive 

computational cost especially when the flow inside these flotation cells is unsteady. Single phase 

simulations may be useful in the initial design stages by providing overall flow characteristics, but in 

reality, the two phase flow is more relevant to be simulated to determine regions of high void fractions 

and turbulent dissipation rate. For two-phase simulation, another computational cost is now added to 

the simulations of the single phase, where another set of transport equations for the gas phase needs to 

be solved. Some approaches have been used to reduce computational cost [6], where sector-based 

simulations were used to reduce the number of grid nodes. These simulations provide spatial 

distribution of turbulent parameters such as turbulent kinetic energy and its rate of dissipation, which 

are important to identify regions where particles-bubbles attachment and detachment occur [7ï10]. 

One of the most important parameters in these simulations is the bubble size, which affects directly 

local void fraction and overall gas hold up in the cell. In real situations, there is no single bubble size 

but there is a size distribution, which is affected by the local shear and turbulence parameters. In CFD 

simulation another set of equations that describe particle size distribution ñpopulation balance modelò 

can be implemented to predict the bubble size distribution [11]. Of course, it will increase the 

computational cost because each size group will have its own set of equations. Another approach can 

be applied to avoid that much computational cost, where a parametric study can be conducted for 

different bubble size to investigate the effect of the bubble size on the flotation rate. 

One of the main functions of mechanical flotation machines is to disperse air bubbles throughout 

the pulp volume. In order to assess the performance of flotation machines, it is important to know the 

spatial distribution of dispersed bubbles within the tank volume, which directly affects gas holdup. The 

current CFD simulations is a parametric study of two-phase flow to provide the hydrodynamic data 

and air volume fraction spatial distribution for a pre-determined bubble size in the pulp phase in a 

Dorr-Oliver 6 m
3
 flotation cell. The results are presented first for a bubble size of 0.5 mm simulation 

then another two bubble sizes 1.0 and 2.0 mm are used to investigate the effects of the bubble size on 

the mean flow, turbulent kinetic energy and air volume fraction. Comparisons with experimental data 

for single and two phase flow are also presented to show that the unsteady Reynolds-Averaged Navier 

Stokes (RANS) model used in these simulations gives reliable results. 

1.1. Euler-Euler Two-Fluid Model 

Computational approaches for two phase flow may be classified largely into direct numerical 

simulation (DNS), Euler-Lagrange, and Euler-Euler models. In the DNS approach [12,13], Navier-Stokes 

equations are solved for the local velocity and pressure for each phase. This approach is not practical 

for flotation machines simulations because of the large number of bubbles and high turbulent Reynolds 

number of the continuous phase. The Euler-Lagrange approach aims at modeling the carrier liquid 

phase by solving the Reynolds averaged Navier-Stokes equations and tracking bubbles by solving the 
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equations of motion of each bubble as a point mass. Again, this approach is not practical essentially 

because of the large number of bubbles. The more practical approach is the Euler-Euler approach in 

which both phases are modeled by volume averaged equations [12]. The motion of the two continuous 

phases is described by its own RANS equations as the following: 

Continuity equation: 

‬‌ ” 
‬ὸ

Ȣɳ‌ ” ὠᴆ    π (1) 

Momentum equation: 

‬‌ ” ὠᴆ 
‬ὸ

Ȣɳ‌ ” ὠᴆ ὠᴆ   ‌ ɳὖ Ȣɳ‌ ‘ȟ   ɳὠᴆ  ɳὠᴆ Ὓ ὓ  (2) 

where (i = 1) denotes water phase and (i = 2) denotes gas phase, ὖɳ is the modified pressure to include 

the gravity effects, Si describes any external momentum source (Si = 0) and Mi is the interfacial force 

on phase (i) due to the presence of other phases. Momentum exchange between the two phases due to 

drag and buoyancy on bubbles are the only mechanisms that couple the motion of the two phases. 

Bubbles are deformable fluid particles when moving in high shear rate regions such as in minerals 

flotation machines. Schiller-Naumann drag model [14] is used to predict the bubble drag coefficient. 

Schiller-Naumann drag model [14] neglects the effects of bubble deformation on drag coefficient. 

Turbulence transport is modeled by the shear stress transport (SST) turbulence model. A universal 

turbulence model for two-phase flow, particularly at high volume fraction, does not exist [13]. Perhaps 

the Reynolds stress model is the most adequate model for swirling flows, but it is computationally  

too demanding, and to the best of our knowledge, has never been applied to two-phase flow in  

flotation machines. 

2. Computational Mesh and Boundary Conditions 

The Dorr-Oliver machine is a mechanically agitated flotation cell. Two-phase (water and air) 

simulations are conducted for a 6 m
3
 model of the machine. The overall dimensions of the model are 

shown in Figure 1. The machine is equipped with a 6-blade rotor surrounded by a 16-blade stator. Air 

is injected continuously into the rotor through six slots on the hub of the six passages of the rotor. 

Simulations are conducted for rotor speed of 250 rpm (N = 4.167 rev/s), maximum rotor diameter of 

0.49 m, Reynolds number (ND
2
/ɜ) of 1.0 × 10

6
, and air volume rate (Q) 2.633 m

3
/min. These 

conditions give rotor tip speed (U) of 6.414 m/s and average inlet air speed of 7.0 m/s. To investigate 

the effects of bubble diameter on gas hold up and other flow properties, separate simulations are 

performed for bubble diameters (Db) of 0.5, 1.0, and 2.0 mm. The flow in a 180-degree sector is 

simulated by applying periodic boundary conditions. This choice of computational domain is dictated 

by the number of rotor blades of which there are six, and the number of stator blades of which there 

are 16. Therefore, the smallest circumferential sector that allows periodic boundary conditions must 

include three rotor blades and eight stator blades; that is half the machine. 

A block-structured mesh is generated on half the machine using 1.2 million nodes. The mesh in a 

vertical plane through the central axis is shown in Figure 2a, and a close-up of the surface mesh on the 

rotor and stator blades is shown in Figure 2b. Geometric details of the rotor and stator are very precisely 
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represented by the geometric model. Fine grids are used near solid walls, particularly the leading edges 

of rotor blades in order to resolve tip vortices and high suction regions. The rotor is embedded in a 

rotating volume whose surface is a body of revolution. The impeller rotation is modeled by the Rotating 

Frame of Reference (RFR) approach because it correctly represents the unsteady interaction between 

the rotor and stator blades. The commonly used Multiple Frames of Reference (MFR) approach is 

inaccurate because the stator-rotor interaction is treated by the Frozen Rotor frame change model. All 

equations are advanced in time by using first-order implicit Euler method. The unsteady calculations 

have been performed on 8 parallel processors. The time step (æt) is equal to 0.002 s, and at 250 rpm, 

the impeller volume rotates (æɗ) equal to 3.0 degrees per time step. Five sub-iterations are used per 

time step, and the residual RMS of each equation was less than 5 × 10
ī4

 at the end of each time step. 

Figure 1. Overall dimensions of a 6 m
3
 model of Dorr-Oliver flotation cell. 

 

Figure 2. (a) Block structured mesh and (b) surface grids on rotor and stator blades. 

  
(a) (b) 

No-slip boundary condition is imposed on all solid walls. The flow in a small duct leading to the air 

injection opening is modeled, and inlet boundary condition with specified air normal-velocity is 

specified on the inlet to the duct. The top surface of the actual tank is extended into an overflow tank 
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(not shown in figures). Outflow boundary condition with prescribed air velocity that satisfies global 

conservation of air volume flow rate through the machine is imposed at the top of the overflow tank. 

This treatment of the tank top boundary condition is more suitable for unsteady flow than the 

degassing boundary condition. This is because air holdup and pulp interface are not known a priori. 

The actual tank is initialized with 100% water, and the overflow tank is initialized with 100% air. The 

overflow tank is used to permit the water level to rise due to the accumulation of air in the pulp, and at 

the same time, it does not allow water to exit the computational domain. No boundary conditions are 

needed at the interface between the actual tank and the overflow tank. The governing equations of the 

two-phase flow are solved in both tanks allowing air and water to flow between the tanks as required 

by the transport equations. 

3. Results and Discussion 

3.1. Flow Details for Db = 0.5 mm 

The results for the case of bubble diameter of 0.5 mm will be presented in more details here. The 

effects of bubble diameter will be briefly discussed. Contours of air volume fraction (Ŭ) on the rotor 

surface are depicted in Figure 3a. Upon exiting the injection slots, air adheres to the rotor top plate and 

drifts towards the suction sides (these are the receding faces) of the rotor blades. Air exits the rotor 

mainly from corners at the intersections of the suction sides of the blade with the ceiling of rotor. The 

major part of pressure sides (advancing surfaces) is wetted with water. Shown in Figure 3b are 

pressure (P) contours (flooded contours) and friction lines (black lines) that give the direction of water 

velocity (relative to the rotor) very close to the rotor surface. Friction lines show attachment line in the 

region of high pressure near the leading edges of the blades. 

Water flows inward on the pressure sides and outward on the suction sides, which implies the 

presence of passage vortices. Relative superficial air velocity vectors at the rotor exit are concentrated 

near the rotor top and mainly near the suction sides. These vectors are colored by the local air volume 

fraction. Also shown in the figure is an iso-surface of air volume fraction equal to (Ŭ = 0.6). Iso-surface 

of water relative velocity magnitude (Vwr) of 5.0 m/s is shown in Figure 3c. The iso-surface is colored 

by the water radial velocity component. The negative radial velocity (blue color) indicates that water 

enters rotor passages through the lower two thirds of rotor and exits through the upper one third with 

maximum outward radial velocity near the end plate. Also shown in the figure are air relative velocity 

vectors, which are colored by the air volume fraction. An air jet exits the rotor passage near the upper 

corner, above and somewhat segregated from the water jet. An iso-surface of air volume fraction of  

(Ŭ = 0.1) is used to show the passage vortices, which are shown in Figure 3d. The iso-surface is 

colored by air radial velocity. The blue color on bottom (negative radial velocity) and the red color on 

top (positive radial velocity) clearly indicate the presence of a vortex. 

The vortex is anchored on the suction side of the blade and exits the rotor near the upper corner of 

the pressure side. The vortex is made visible by air bubbles trapped in the vortex core. In addition, as 

air is injected into the rotor it is squeezed by the water flow towards the rotor end wall. 

  



Minerals 2013, 3 290 

 

 

Figure 3. (a) Air volume fraction (Ŭ) on rotor surface; (b) pressure (P) contours on rotor 

surface; (c) iso-surface of water superficial relative velocity (Vwr = 5.0 m/s); and  

(d) iso-surface of air volume fraction (Ŭ = 0.1) showing rotor passage vortices. 

 

(a) 

 

(b) 

 

(c) 
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Figure 3. Cont. 

 

(d) 

Next, we discuss the flow characteristics downstream of the stator blades. The flow exits the upper 

third of the rotor as six pulsating jets with strong radial and circumferential velocity components. The 

six jets impinge on the sixteen-blade stator and emerge from the stator as sixteen radial jets. The jet 

locations relative to stator are shown in Figure 4a by water superficial velocity (Vw) iso-surface of  

0.92 m/s, which is colored by air volume fraction. As the flow exits the rotor and impinges on stator 

blades leading edges, a small fraction of it splashes over the ring carrying some of the high air volume 

fraction above the ring as indicated by the color of the small eight tongs between rotor and stator. The 

major part of flow, however, goes below the stator ring. 

Figure 4b shows an iso-surface of air volume fraction of (Ŭ = 0.15) and the contours of air volume 

fraction on the rotor surface. Air bubbles are mainly convected by the jets towards the tank walls. 

Some of the air-rich flow splashes on the stator blades and escapes through the gap between rotor and 

stator. Air volume fraction, air superficial radial velocity, and water superficial radial velocity profiles 

on two vertical lines at radial distances (r = 0.52 and 0.92 m) are shown Figure 5aïc, respectively. Air 

volume fraction profiles very close to the stator at r = 0.52 m shows a double peak, but only the lower 

peak is convected as can be deduced from the air superficial radial velocity profile shown in Figure 5b. 

The air volume fraction profile at r = 0.92 m shows a maximum in the jet region but also an increase in 

air concentration above and below the jets. As the jets impinge nearly normally on the tank walls, they 

recirculate part of the air into the lower and upper portions of the tank. The velocity profiles diffuse 

due to turbulent momentum transport and also because of the increase of flow area in the radial 

direction. Negative radial velocity indicates the return flow into the rotor region. The jets are directed 

slightly upward, and the two profiles for air and water are somewhat similar in the jet regions. 
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Figure 4. (a) Iso-surface of water superficial velocity (Vw = 0.92 m/s) showing jets 

downstream of stator and (b) iso-surface of air volume fraction of (Ŭ = 0.15), lines at radii  

r = 0.52 and 0.92 m. 

 

(a) 

 

(b) 

Figure 5. (a) Air volume fraction (Ŭ) at r = 0.52 (red) and 0.92 m (green); (b) Air 

superficial radial velocity (Va,radial) at r = 0.52 (red) and 0.92 m (green); and (c) Water 

superficial radial velocity (Vw,radial) at r = 0.52 (red) and 0.92 m (green). 

  

(a) (b) 


