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Abstract. The paper studies the possibility of assessing the separation of mineral raw materials, taking into account the 

rheology of the mineral slurry. The ores of the Mayskoye deposit were chosen as the object of the study, characterized 

by a thin impregnation of the valuable component – gold in the host minerals, which determines the use of  

fine and ultrafine milling. This fact is essential because the presence of a fine grade seriously affects the rheology of 

the mineral slurry used in subsequent mineral processing stages. This predetermines the necessity to take into account 

rheological parameters.  

The research performed provides the development of a methodology for assessing the separation of minerals in the 

hydrocyclone based on the interpretation of numerical and mathematical modeling data. Using the object-oriented pro-

gramming language Python, a program for calculating empirical coefficients of the rheological equation, theoretically 

describing the dynamics of internal transformations of the mineral slurry, was developed. Taking into account the 

process parameters of the laboratory unit with hydrocyclone and ore properties, three concentrations of solids in the 

mineral slurry were selected, conditionally corresponding to the minimum, average and maximum values.  
Rheological equations successively composed for three concentrations, i.e., 400, 500, and 700 g/l, made it possible to 

calculate the critical shear rates corresponding to the maximum dispersion of the mineral slurry in the hydrocyclone 

flow. Subsequent numerical simulation using Ansys Fluent software, as well as statistical evaluation of the shear rates 

at different levels of solids content showed that the shear rate profile in the cross-section of the hydrocyclone corre-

sponding to the maximum dispersion of the mineral slurry is obtained at the content of 400 g/l.  
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Introduction. The availability of easy-to-process ores is decreasing, which makes it necessary 

to process complex or low-grade ores, as well as, for example, ash and slag waste [16]. This poses 

new challenges for the mineral processing industry, since these types of raw materials often have to 

be milled to much finer grades than the conventional ores; or they contain organic carbon, which 

changes the refractory properties of the ores [4]. The presence of organic carbon significantly affects 

the rheological properties of the mineral slurry, as well as the content of clay minerals [29]. One of 

the decarbonization methods, along with flotation, is hydrocyclone classification, which is less ex-

pensive and more productive.  

When a continuous liquid and a discrete solid media are mixed, a new continuous medium, i.e. 

a slurry, is formed, which properties differ from the properties of its individual components [17]. 

The correlation between the shear stress and shear rate is reflected by the flow curve (Fig.1) [10, 

15]. Shear stress is the force that causes the fluid layers to move relative to each other. Shear rate is 

the ratio of incremental displacement of the layers to the time interval. Non-Newtonian slurries are 

classified into pseudoplastic, plastic (Bingham), dilatant, etc., with most mineral slurries exhibiting 
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pseudoplastic behavior. The bingham plastic fluids are 

characterized with a certain initial shear stress value 

(τ0) [23] due to the presence of fine particles interact-

ing with each other. This behavior creates a weak 

structure that must be destroyed by overcoming the 

critical shear stress in order to force the particles to 

move together with the fluid under the action of the 

viscous forces. 

A large number of rheological models exist to de-

scribe the behavior of such fluids, e.g. the Newtonian, 

Bingham, Herschel – Bulkley, Sisko, Carreau and 

other models [13, 21].  

The rheological parameters of mineral slurries 

have a significant impact on the concentration pro-

cesses, including the milling [31, 34], handling [18] 

and flotation [22, 30, 33] stages.  

The classification processes are no exception, in particular, the classification in hydrocyclones. 

Many works are dedicated to studying the impact of rheological properties of mineral slurries on 

the hydrocyclone separation process [8, 21, 27]. The difficulties in understanding the rheology of 

the slurry inside the hydrocyclone are explained by the complex character of the flows formed, and, 

therefore, many researchers have been working on this problem for many years [1, 7, 11, 32]. 

Viscosity of the medium affects formation of the air column along the hydrocyclone axis. The 

impact of viscosity on the hydrocyclone separation efficiency has been repeatedly confirmed by CFD 

modeling [20, 26, 28,]. The hydrocyclone performance is quite sensitive to changes in rheological 

properties of the mineral slurry, i.e. a relatively low viscosity is more preferable for optimum op-

eration. 

Gold-bearing ores of the Mayskoye deposit are of the carbonaceous type and belong to a partic-

ularly refractory gold-bearing variety. Gold is of primary value [2, 5]. The following sulfide-group 

minerals prevail: pyrite, arsenopyrite, and stibnite. Quartz, hydromica, feldspar and other minerals 

make up the most part of the ore (about 90 %) [3, 14]. Gold extracted in processing is mainly associ-

ated with sulfides in the form of solid solutions, which requires application of fine and ultrafine mill-

ing to unlock the mineral aggregates. Presence of fine grades in the slurry significantly affects the 

subsequent processing stages. 

In this connection, the development of technology to process gold-sulfide carbonaceous ores 

with account of rheological properties is a major objective, which can be achieved by conducting 

experimental and theoretical studies using dedicated software. 

Evolution of the existing and new technologies to process raw materials is impossible without 

application of these tools, which explains a wide choice of computational tools, the effectiveness of 

which is confirmed by a significant number of papers dedicated to numerical and mathematical mod-

eling [6, 9, 33]. Combining these tools within a unified approach makes it possible to develop a 

methodology to assess the mineral separation process, taking into account the rheological properties 

of the slurry in order to select the process parameters that contribute to the efficiency of the concen-

tration processes. 

Methodology. The impact of the slurry rheology on the hydrocyclone classification process is 

addressed using an experimental and theoretical approach with application of object-oriented pro-

gramming and hydrodynamic simulation software. 

A unit shown in Fig.2 was used to perform experimental tests on slurry separation. 

 

 

Shear rate, s–1 

Fig.1. Flow curves for different fluids 

1 – pseudoplastic with initial shear stress;  

2 – plastic (Bingham); 3 – dilatant; 4 – pseudoplastic;  

5 – normal (Newtonian) 
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Testing on the laboratory unit was performed using the gold-sulfide ore (Fig.3) of the Mayskoye 

deposit, which had been milled for 20 min. 

The particle size distribution of the feed and end products was examined using the Malvern 

Mastersizer 2000 Hydro S laser diffraction particle size analyzer. 

Numerical simulation of the hydrocyclone operation was done using the Ansys Fluent software, 

which is based on the control volume method. The physical aspect of the classification process is 

complex because many forces act on the particle during its motion. Also the nature of the turbulent 

flow formed during the unit's operation is of great importance. 

The turbulence model was based on the Reynolds stress model (1), in which the transport equa-

tion is solved for individual Reynolds stresses [19, 25]. This model is characterized by the fact that, 

as opposed to the range of conventional k-ε models, it involves solution of six equations for each 

component of the Reynolds stress tensor rather than two, thus increasing the accuracy of the result. 

At the same time, in contrast to the LES model, which is considered as the most accurate [28], the 

RSM model is not as resource-intensive: 
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Fig.2. A schematic diagram of the hydrocyclone classification unit (a) 

and geometrical parameters of the hydrocyclone (b) 

1 – pump; 2 – pressure sensor; 3 – hydrocyclone; 4 – rheometer; 5 – sample splitter; 6 – settling sump 
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Fig.3. Particle size distribution of initial ore for plus 
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where φij is the stress-strain state; Pij are arising stresses; DT,ij is the mass, heat or momentum transfer 

within the system due to random and chaotic time-dependent motions; εij is energy dissipation. 

The gas-liquid phase interaction was described using the Volume of Fluid model, where the 

interface between the phases is traced by solving the continuity equation for the volume fraction of 

one (or several) phases [24]. For the q-phase, this equation takes the following form: 

     
1

1
α ρ α ρ

ρ q

n

q q q q q a pq qp

pq

V S m m
t 

 
    

 
 ,                                    (2) 

where i is the phase volume fraction; ρi is the phase density; V is the velocity; Sa is the user-defined 

phase mass index; mpq is the mass transfer from the p-phase to the q-phase; mqp is the mass transfer 

from the q-phase to the p-phase. 

The equation of the mineral slurry motion can be derived from the fluid dynamics equation in 

stresses: 

ρ ρ ,
dv

F divP
dt

                                                               (3) 

where ρ is liquid density; v  is vector of absolute flow velocity; t is time;  F  is vector of mass forces; 

P is stress tensor in liquid. 

The deviator part of the tensor can be represented by a shear stress function, which can be de-

scribed by a rheological equation, that reflects the dynamics of internal structural transformations in 

the mineral slurries and makes it possible to determine the shear stresses depending on the velocity 

gradients. Then the equation can be redefined taking into account the decomposition into parts: 

˙1 ˙
γ

1

ρ ρ φ μ γ ,k ij

n
t
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dv
F gradp div e
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                                      (4) 

where p is average hydrostatic pressure in the flow; φ is coefficient of the rheological equation; μ is 

coefficient of dynamic viscosity; γij is shear rate. 

Equation (4) is a modified Navier – Stokes equation with member 
1

γ

1

φ k ij

n
t

k

k

e






  that takes properties 

of the mineral slurry into account. This equation can be taken as a vector equation of motion: 

1 2α γ α γ

1 2τ μ γ,TAe A e                                                          (5) 

where μТ is dynamic viscosity coefficient of the dispersed slurry.  

Equation (5) is the defining equation for the shear stress within the slurry as a function of the 

velocity gradient, which includes the shear stress, the stress characterizing the internal strength of the 

structure, and the viscosity stress of the dispersed slurry. 

The section of the curve between 0 and γcr reflects the anomalous viscosity, which is related to 

the presence of a structured flow. When the threshold value of the shear rate is exceeded, the slurry 

follows the laws of motion for a Newtonian fluid. This modification of the Navier – Stokes equation 

was applied in the Ansys Fluent software to the hydrocyclone classification task. 

The coefficients of the rheological equation were calculated using the software developed in 

Python 3.8 [12] (Fig.4). 

The data obtained with a rheometer, i.e. the shear rate and the shear stress, were used as the input 

for the calculations. A RHEOTEST RN 4.1 rotational rheometer, designed to determine the dynamic 

viscosity of Newtonian and non-Newtonian liquids was used for this purpose. 
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The software (Fig.5) operating principle is to successively approximate the theoretical curve to 

the experimental data. As the result, a set of curves is obtained, out of which the curve that best 

describes initial data is selected based on statistical conclusions. 

Discussion. Three concentrations of solids in the slurry were selected taking into account prop-

erties of the investigated ore type and process parameters of the laboratory equipment in order to 

assess the influence of the slurry rheology on the classification process. Since the aim of the 

research is to develop a methodology to assess the separation, the selected concentrations corre-

spond to the conventional minimum, average and maximum possible values for the given hydro-

cyclone type. 

Three equations of the form (5) were obtained for different values of solid content in the slurry, 

i.e. 400, 500, 700 g/l, using the developed software which is based on the algorithm shown in Fig.5. 

Equations describe interrelation between the rheological parameters of the mineral slurry, i.e. the 

share stress and the shear rate: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. GUI of the developed software 
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Fig.5. Calculation algorithm for the rheological equation coefficients 
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0.580γ 0.931γ

400τ 5.415 4.415 0.281γ;e e                       (6) 

0.411γ 0.881γ

500τ 3.120 2.190 0.602γ;e e                      (7) 

0.901γ 0.765γ

700τ 2.919 1.989 0.712γ.e e                      (8) 

These equations theoretically describe the dynamics of internal 

transformations in the slurry and were used as rheological equations 

in further modeling of the hydrocyclone classification process using 

the Ansys Fluent software. 

Two types of boundary conditions can be used in this software, 

depending on the type of problem solver, i.e. specification of either 

the input flow pressure or its initial rate.  

Since this model is based on the initial flow rate, the following 

boundary conditions were used as necessary and sufficient: the input 

flow rate of 2.28 m/s, the output pressure of 1 atm, the number of 

phases – 2 and the turbulence intensity of 5 %.  

Calculation of the hydrocyclone model in the Ansys Fluent soft-

ware was done in several stages. The first stage was calculation in 

the steady-state mode, which is time-independent. A stable represen-

tation of the pressure distribution across the unit's profile was ob-

tained using the Reynolds stress model (Fig.6, a). Stability refers to 

the invariability of a physical value regardless of the number of ad-

ditional calculation iterations, with the pressure being below the at-

mospheric pressure. 

The next calculation stage was directly time-dependent. An in-

ternal air column (Fig.6, b) is formed as the result of reduced pressure 

along the axis during 104 iterations with the time step of 10–4 s. The 

model describes this as the “Backflow Volume Fraction” boundary 

condition on both the apex and the vortex finder. This boundary con-

dition ensures penetration of air inside the hydrocyclone due to re-

duced pressure along the axis.  

The third stage was to calculate the particle motion trajectories. 

The particle size distribution of the hydrocyclone feed is defined by 

the Rosin – Rammler distribution when setting the problem in the 

Ansys Fluent software: 

 
0.853

49 ,
d

dY e


                                                                 (9) 

where Yd is the cumulative yield; d is the particle size. 

Calculations of the hydrocyclone model for different viscosity values produced distributions of 

the tangential flow rates, pressures and shear rates within the cross section of the unit. The greatest 

interest within the research is the value of the shear rate, since the critical value of this parameter, 

defined through the rheological equation, is the indicator of the slurry dispersion. Approximating 

curves of these dependences are shown in Fig.7: 

12 6 9 5 9 4 6 3 6 28.451 10 10.235 10 9.714 10 5.763 10 2.737 10 1204.42 274.61;y x x x x x x              (10) 

12 6 9 5 9 4 6 3 6 27.387 10 28.502 10 8.698 10 23.045 10 2.521 10 1689.66 394;y x x x x x x              (11) 

12 6 9 5 9 4 6 3 6 210.109 10 11.009 10 12.072 10 4.941 10 3.573 10 2285.56 194.91.y x x x x x x            (12) 

 a 

b 

Fig.6. Calculation of a multiphase 

problem in Ansys Fluent: 

 a – pressure distribution;  

b – formation of the air column 
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Based on the statistical data presented in the table, it is possible to make a conclusion regarding 

the viscosity value at which the required velocity profile is formed. 
 

Statistical parameters of shear rate distributions 

Parameter 400 g/l 500 g/l 700 g/l 

Mean value, s–1 523.791 380.557 419.911 

Standard deviation 134.699 173.211 158.942 

Minimum value, s–1 339.266 97.994 165.287 

Maximum value, s–1 885.536 757.120 796.984 

Critical shear rate, s–1 281 602 712 

 

At the minimum standard deviation the solid content of 400 g/l in the feed enables achievement 

of the shear rate value in the flow that is greater than the critical one, which is defined by the three-

component rheological equation. These conditions provide maximum dispersion of the mineral 

slurry, and thus higher grading accuracy, which has a positive impact on further concentration pro-

cesses such as cyanidation and flotation. 

For the curves shown in Fig.7 the recurring pattern is evident, so we can combine the three 

equations obtained earlier for different concentrations of solids in the slurry into one and apply the 

weighted average coefficients to it. As the result, we get a regression equation, which is a generic 

case: 

12 6 9 5 10 4 6 3 6 28.65 10 2.42 10 1.02 10 7.41 10 2.94 10 202.84 288.y x x x x x x                  (13) 

Conclusion. The performed experimental and theoretical studies helped to refine the rheological 

equation of the mineral slurry that describes the relationship between the shear rate and the shear 

stress. A software application was developed using the Python 3.8 language to calculate the optimal 

empirical coefficients of the rheological equation.  

Then, the problem of hydrocyclone classification of gold-sulfide feed was formulated and solved 

using the Ansys Fluent software based on a series of full-scale experiments and modification of the 

Navier – Stokes equation in accordance with the derived rheological equation.  

Statistical analysis of the slurry flow inside the hydrocyclone in terms of the shear rate showed 

that the optimal solid content is 400 g/l, which provides the maximum dispersion of the mineral slurry. 

Thereby, a method to assess separation of the mineral slurry with account of its rheological properties 

has been developed and tested, which makes it possible to select optimal technological parameters of 

the classification process.  
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Fig.7. Distribution of shear rates at different solids content in the slurry  

(approximated by a sixth degree polynomial) 
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