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This article considers the possibility of developing a methodology for assessing the sep
raw materials, taking into account the rheological characteristics of the mineral sus
is the ore of the Mayskoye deposit, which is subjected to fine crushing followed b
of rheological properties is the most important aspect of achieving the neces.

has been used to calculate coefficients of rheological equations for thri
correspond to the minimum, average and maximum for hydrocycl

cyclone was solved, resulting in shear rate profiles in the cr
necessary for the suspension to reach a fully dispersed sta
tration 400 g/l is the optimum value that ensures maximum

Key words: rheology, hydrocyclone, ansys fluent,

INTRODUCTION

This results in new challen
try, because often these

are subdivided into pseudoplastic, Bingham,
;@hd others, but most mineral suspensions ex-
hibit pseudoplastic behavior. Speaking about Bingham
suspensions it should be noted that there is a certain
critical shear stress (10) due to the presence of small par-
ticles or large molecules interacting with each other. This
behaviour creates a weak solid structure that must be
broken by overcoming the critical shear stress to make
particles move with the liquid under viscous forces.

There are a large number of rheological models to describe
the performance of such fluids, including Newtonian, Bing-
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Figure 1: Flow curves for various fluids

ham, Herschel-Balkley, Cisco, Caro, and others [5].

It is generally accepted that the rheological parameters
of mineral suspensions have a significant influence on
enrichment processes, including grinding [5,6], transport
[7] and flotation [8—10].

Classification processes are no exception, in particular,
classification using the hydrocyclone. Many works [5,11,12]
are devoted to studying the influence of the rheology of
mineral slurry on the separation process in the hydrocy-
clone. The complexity of understanding the rheology of the
slurry in the hydrocyclone is due to the complexity of the
flows being formed, and, therefore, many scientists have
been working on this problem for many years [13—16].
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The viscosity of the medium affects the formation of the
air column along the hydrocyclone axis. The effect of
viscosity on separation in the hydrocyclone has been
repeatedly confirmed by CFD modelling [17,18]. The ef-
ficiency of the hydrocyclone is quite sensitive to changes
in the rheology of the mineral slurry: a relatively low vis-
cosity value is preferable for optimum operation.

Gold-sulphide ores of Mayskoye deposit contain finely
dispersed gold which signifies that there is a need for
an ultrafine grinding process for sufficient intergrowth
liberation. Further stages of mineral processing opera-
tions are highly influenced by the rheological properties
of the slurry. In this regard, the development of gold-sul-
fide carbonaceous ore enrichment technology taking into
account the rheological properties of mineral slurry is an
important task, which can be solved through experimen-
tal and theoretical research, development of methods for
assessing the separation process and the use of special-
ized software.

The development of existing and innovative technolo-
gies of enrichment of raw materials is impossible without
the use of these tools, which leads to a wide range of
computational instruments, the effectiveness of which is
confirmed by the mass of works devoted to numerical
and mathematical modelling [19-21]. Combining these
tools in a unified approach makes it possible to ~
op a methodology for evaluating the separation pré
allowing the selection of optimum process parame
which is described in this article.

MATERIALS AND METHODS

onsidered US-
object-orient-

sification process in the hy
ing an experimental-theo

Hydrocyclone
experiments

Evaluation of Particle
size distribution

equation

is equipped with Rheotest RN 4.1 rotational viscometer
to measure shear stress and shear rate of mineral slurry.

The experiment on the laboratory unit was conducted
using gold-sulfide ore (particle size distribution shown in
Fig. 4) of the Mayskoye deposit, which passed the grind-
ing stage for 20 minutes.

The particle size distribution of the separation products
and feed material was investigated using Malvern Master-
sizer 2000 Hydro S laser diffraction particle size analyzer.
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Figure 4: Feed particle size distribution

Numerical Simulation

Numerical modelling of the hydrocyclone was performed
using Ansys Fluent software, which is based on the finite
element method (FEM).

The Reynolds stress model was chosen as the turbu-
lence model in this paper, in which the transport equa-
tions (1) are solved for individual Reynolds stresses u!'
u” [22].

]

"Ey‘ +Fij ( 1 )

%(pu,/uj)+&(ukpu,/uj )=<pU,+F3], +D,,;+D, ;
To describe the gas-liquid interaction, the Volume of Flu-
id model was used, in which the interface between the
phases is traced by solving the continuity equation for
the volume fraction of one (or more) phases. For the g-th
phase, this equation has the following form (equation (2)):

1]0 - L

_{_( qpq)+v'(aqpqvq)=saq +Z(mpq'mqp)} ()
pq at p=1

where m .~ mass transfer from phase p to phase q, a
m,,— mass transfer from phase q to phase p.

Also important is the description of fluid motion in the hy-
drocyclone. The general equation of motion of the miner-
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al slurry can be derived from the well-known equation of
fluid dynamics in stresses:

av_ = .
pE=pF+d/vP (3)

where p — fluid density; V — absolute flow velocity vector; t —
time; F — vector of mass forces; P — stress tensor in the liquid.

The deviatoric part of the tensor can be represented by
the shear stress function, which in turn can be described
by the rheological equation reflecting the dynamics of in-
ternal structural transformations in mineral suspensions
and making it possible to determine the shear stress
depending on velocity gradients. Then the equation can
be rewritten, taking into account the decomposition into
parts in the form:

\, _ n+1 X
P%=pF—grad p+div (Z @™ +py; ] (4)
k=1

where p — average hydrostatic pressure in the stream;
¢ — coefficient of the rheological equation; p — dynamic
viscosity coefficient; Y, — shear rate.

Equation (4) is a modified Navier-Stokes equation with a
term- 3'p,e™" taking into account properties of min-
eral suspension and can be taken as an equation of mo-
tion in vector form. In general, this term is descri
equation (5):

T=A16'G1VA26'“2V +NTV

where p. — coefficient of dynamic visg
persed suspension. This equation i
the shear stress within the suspg
the velocity gradient. It inclu
stress characterizing the int
and the viscosity stress o
graphical interpretatio

N
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Figure 5: Graphical interpretation of the mineral
suspension rheological equation

The part of the curve between 0 and ykp reflects the
anomalous viscosity, which is caused by the presence
of structured flow. Above the shear rate threshold, the
suspension obeys the laws of motion of a Newtonian flu-
id. This modification of the Navier-Stokes equation was
applied to the classification problem in the hydrocyclone
in the Ansys Fluent software.
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Calculation of the coefficients of the rheological equation
was carried out using the developed program in Python
3.8 [23] (Fig. 6).
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Figure 7: Calculation algorithm of the coefficients of the
rheological equation

RESULTS AND DISCUSSION

Taking into account the technological properties of lab-
oratory hydrocyclone unit and Mayskoye deposit ore,
three variants of solid concentration have been chosen
to investigate the influence of rheological parameters of
mineral suspension on the classification process. Since
the purpose of the paper is the development of a separa-
tion process assessment technique, the chosen concen-
trations correspond to the minimum, average and maxi-
mum value of solid content in the feed for hydrocyclones.

In the particular case, for different values of solids con-
tent in the slurry (400 g/I; 500 g/I; 700 g/l), three equa-
tions ((6), (7) and (8) respectively) of the form (5) were
obtained using the developed program that utilizes the
algorithm presented on Figure 7. These equations de-
scribe the relationship between shear stress and shear
rate in suspension.

1=5,415¢%%% -4 415¢°%" 0,281y (6)
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7=3,1206%4" -2,1906%%" 0,602y (7)

(8)

These equations theoretically describe the dynamics of
internal transformations in the pulp and were used as
rheological equations in further modelling of the classifi-
cation process in the hydrocyclone using the Ansys Flu-
ent software.

The following boundary conditions were set in Ansys Fluent:

1=2,919e"%" -1,989¢*"%" 0,712y

Table 1: Boundary conditions

Parameter Value
Inlet velocity 2,28 m/s
Outlet pressure 101325 Pa
Number of phases 2
Turbulence intensity 5%

The calculation of the hydrocyclone model in the Ansys
Fluent software was performed in several stages. The
first stage was the calculation in Steady State mode, i.e.,
independent of time. Using the Reynolds stress model at
this stage, a stable pattern of pressure in the apparatus
profile was obtained (Fig. 8 (a)).

Then followed the Transient calculation step, whi

Static pressure (Pa)

3.98e+04
3.49e+04
3.00e+04

251e+04
202e+04

500e-01

1.03e+04 4.00e-01

3.00e-01

2.00e-01

1.00e-01

0.00e+00

(b)

alculation of the multiphase flow problem in
Ansys Fluent:

a) pressure distribution; b) air core formation

At the third stage of calculation, the particle trajectories
were calculated. The particle size distribution of the hy-
drocyclone feed is specified by the Rosin-Rammler dis-
tribution (equation (9)) in the Ansys Fluent software.

Yd =e-(%9)0.553 (9)
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where Y — mass fraction of particles, d — particle size.

The calculation results of the hydrocyclone model for
various viscosity values are shown in Fig. 9-11.
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Figure 10: Pressure distribution in the upper part of the
hydrocyclone at different viscosity values

—400 g1l —500g1 —700 g/l

1000
900
800
700
600
500
400
300
200
100

0
-0.03

Shear rate, 1/s

-0.02 -0.01 0 0.01 0.02 0.03

Radial position, m
Figure 11: Distribution of shear rates

Based on the statistical data presented in Table 2, we
can conclude about the optimal viscosity value at which
the necessary velocity profile is formed.

With a minimum standard deviation, the solid content of
400 g/l in feed is optimum because it ensures that the
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Table 2: Statistical parameters of shear rate distributions

Parameter 400 g/l
523,791
134,699
339,266
885,536

281

500 g/l
380,557
173,211
97,994
757,120
602

700 g/l
419,911
158,942
165,287
796,984
712

Mean value, s

Standard deviation

Minimum value, s

Maximum value, s

Critical shear rate, s

shear rate in the flow reaches a value greater than the
critical one, which is determined by the three-component
rheological equation. Under such conditions, the max-
imum dispersion of the mineral slurry is achieved, and
thus a more accurate separation into size classes, which
in turn has a positive effect on further beneficiation pro-
cesses such as cyanidation and flotation.

CONCLUSIONS

As a result of experimental-theoretical research, the rhe-
ological equation of mineral suspension depending on
the content of solids in the slurry was clarified. For this
purpose, a program in Python 3.8 language was devel-
oped, which allows calculating the empirical coefficients
of the rheological equation. Then, using the Ansys Fluent
software, the problem of gold-sulfide raw materié
S|f|cat|on in the hydrocyclone was set and solved (
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