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Resumo

Hidrociclones sdo equipamentos utilizados para a separacdo de solido-liquido e liquido-liquido,
através do fluxo centrifugo. A rocha fosfatica € uma matéria-prima essencial para as industrias de
fertilizantes fosfatados, sendo que uma das etapas do beneficiamento desse minério é a concentracdo
desse material utilizando os hidrociclones, devido a sua robustez e baixo custo de operacdo. Este
trabalho utilizou da fluidodindmica computacional para estudar modelos multifasicos para
representar o escoamento multifasico do hidrociclone e possiveis modificacbes na geometria deste
equipamento para otimiza-lo. Trés modelos multifasicos foram estudados: Euleriano-Lagrangiano,
Euleriano-Euleriano, e Modelo Mixture. Para otimizar o processo de separacdo e reduzir custos
operacionais, foram propostas 11 modificagfes na geometria do HC11, denominadas B1, B2, B3,
C1, C2,C3,D1, D2, E1, E2 e E3, sendo as 8 primeiras mudancas no vortex finder e as 3 Gltimas a
adicdo de uma parede na regido de formacdo do air core. A geometria e a malha foram geradas no
software GAMBIT® e a simulacdo foi realizado no software FLUENT® 19.2. Para comparar a
eficiéncia dos modelos multifasicos foram utilizadas as eficiéncias individuais e globais de coleta e
valores experimentais da literatura. O modelo Mixture apresentou o menor erro relativo, e foi
utilizado nas simulagdes seguintes. Os parametros avaliados para medir a otimizacdo do HC11
foram a queda de presséo (AP), a razéo de liquido (RL) e a eficiéncia global (n). Os resultados foram
comparados com o valor encontrado nas simula¢gdes do HC11 para avaliar a otimizacédo. Verificou-
se que as modificacbes B2. B3 e D1 melhoraram todos os parametros avaliados, otimizando o
processo de separacdo e reduzindo os custos de energéticos envolvidos na operagao.
Palavras-chave: vortex finder, air core, eficiéncia global

Abstract

Hydrocyclones are equipment for the separation of solid-liquid and liquid-liquid mixtures through
the centrifugal flow. The phosphate rock is an essential raw material to the industry of phosphate
fertilizers. The mineral needs to be concentrated in its processing, and this can be done through
hydrocyclones, considering its robustness and low operation costs. This work aimed to use the
computational fluid dynamics to study different multiphase models to represent the hydrocyclones,
as well as modifications to its geometry to increase its efficiency. Three multiphase models were
studied in order to analyze their efficiency in simulating the separation through hydrocyclones:
Eulerian-Lagrangian, Eulerian-Eulerian, and Mixture Model. In order to optimize the separation
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process and reduce operating costs, 11 modifications were proposed in the geometry of HC11, called
B1,B2,B3,C1,C2,C3,D1, D2, E1, E2 and E3. The first 8 proposals involved changes in the vortex
finder and the last 3 proposals added a wall in the air core formation region. Geometry and mesh
were generated in the GAMBIT® software and the simulation was made in the FLUENT® 19.2
software. In order to compare the multiphase models, the individual and overall efficiency were
used along with the experimental results. The Mixture model had the smallest relative error and was
used for the subsequent simulations. The parameters evaluated to measure the optimization of HC11
were the pressure drop (AP), the liquid ratio (RL) and the overall efficiency (n). The results obtained
for each of the proposals were compared with the value found in the HC11 simulations to evaluate
the possible optimization. With that, it was possible to verify that modifications B2, B3, and D1
improved all the parameters evaluated, optimizing the separation process and reducing energy costs
involved in the operation.

Keywords: vortex finder, air core, overall efficiency

Nomenclature

RL — Liquid Ratio [-]
AP — Pressure drop [kgf/cm?]
n — Overall efficiency [-]

1. Introduction

Hydrocyclones belong to an important group of equipment intended for the separation of
solid-liquid and liquid-liquid mixtures through a centrifugal field. They were invented to solve the
problems that involve the separation of solid and/or immiscible fluids with different compositions
and densities (Chiné and Concha, 2000).

The phosphate rock is an essential raw material to the industry of phosphatic fertilizers. The
main composition of this mineral is the phosphorous pentoxide (P20s). The phosphate rock is rich
in apatite minerals, and, after its beneficiation, the material is denominated as phosphate
concentrate. In the ore beneficiation process, hydrocyclones are used to concentrate this material,
due to its robustness and low operating cost (Silva, 2014; Vieira, 2006).

The CFD (Computational Fluid Dynamics) can be succinctly described as a methodology
which uses numerical methods to solve conservation equations to represent a real system. The
application of a numerical method can also be divided into three main steps: pre-processing,
processing, and post-processing. In the pre-processing stage, the geometric domain is defined and
then divided, thus forming the mesh. In this step, the physical properties of the fluid and other
parameters necessary to solve the problem can be defined. In the processing phase, a solver based
on the numerical model is applied to obtain the quantities of interest. In the post-processing stage,
the results are analyzed to verify the validity of the numerical model by comparisons with the
experimental results (Lima, 2005).

For the use of CFD in the simulation of hydrocyclones there are two main numeric models:
Eulerian-Lagrangian and Eulerian-Eulerian. Inside the latter, there is the Mixture model. For
Eulerian-Lagrangian approach, the incompressible flow of the continuous phase is obtained through
the Navier-Stokes equations with a temporal average (Reynolds Averaged Navier—Stokes - RANS)
and the movement of the disperse phase (particles, bubbles, droplets) is obtained by integrating the
force balances for each particle in the simulation (Yadigaroglu and Hewitt, 2018).

The Eulerian-Eulerian multiphase model allows for the modelling of multiple phases that
interact with each other. These phases can be solids, liquids and gases in practically any
combination. The Mixture model is a simplified model with the Eulerian-Eulerian approach. Its
main advantage is its capability in modelling both fluid and particulate phases simultaneously,
solving the momentum, continuity, and energy equations for the mixture. The Mixture model is a
good substitute for the standard Eulerian-Eulerian model when the interface laws are unknown or
not clearly defined. The typical application for this model includes sedimentation, cyclonic
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separators, fluxes with particulates of low load and bubbling flows in which the volumetric fraction
of gases are low (Ansys, 2018).

Vieira et al. (2008) studied through CFD and experimental analysis the optimizations to the
geometry of hydrocyclones proposed by Vieira (2006), in which the optimizations of the geometric
relations allowed for a simultaneous lowering of the Euler number and cut size diameter. The work
of Silva (2012) also addressed alterations to the geometry of hydrocyclones aiming for the
optimization of the separation process. It also proposed alterations to the vortex finder thickness and
shape, the use of a feeding ramp and the use of rotational feeding. These alterations resulted in
performance gains compared to standard hydrocyclones. Furthermore, with the use of a response
surface technique combined with a differential evolution algorithm, three new geometries for the
hydrocyclone were found.

This work aims to study, through CFD, the efficiency of each multiphase model (Eulerian-
Lagrangian, Mixture model, Eulerian-Eulerian) in simulating an HC11 hydrocyclone operating with
phosphate rock and air. It also aims to analyze the optimization of the separation process and to
reduce the pressure loss through changes made in the HC11 hydrocyclones. 11 modifications were
proposed in the geometry of HC11, 8 proposals involving changes in the vortex finder and the last
3 proposals adding a wall in the region where the air core is formed. Ri and n are used to evaluate
the optimization of the separation process and the pressure drop is used to evaluate the reduction in
energy costs.

2. Material and Methods
2.1 Multiphase Models

The simulations were based on the experimental data from Vieira (2006) by comparing the
numeric results with the experimental results. The geometry and mesh construction were made in
the GAMBIT® 2.3.16 software, and the simulation was carried out in FLUENT® 19.2. For the proper
use of the mesh, the meshes and turbulence models were tested for all multiphase models, and the
optimized mesh and turbulence models were used.

The 3D computational meshes are presented in Figure 1.a and Figure 1.b, and the dimensions
of the hydrocyclone are described in Figure 1.c and Figure 1.d. The boundary and initial conditions

used are presented in Table 1.
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Figure 1 - (a) isometric view and (b) right side view of the computational mesh, (c) isometric
view of the geometry and radial dimensions, and (d) right side view of the geometry and
axial dimensions.




| The Journal of Engineering and Exact Sciences — JCEC

Table 1 — Boundary and initial conditions used in FLUENT® 19.2
» Transient 3D simulation — Atmospheric pressure in Uberlandia/MG (92800 Pa)

* Feed flow (Water): 0.3124 kg/s
» Feed flow (Phosphate rock): 0.0093 kg/s

« Discretization method for the momentum: First Order Upwind
* Discretization method for the pressure: PRESTO!

Pressure = 0.3
* Relaxation factors (Petri et al, 2009) Density =1
Momentum = 0.1

« Convergence criterion = 10*
» Time Step Size (s) = 10°a 10°

The injected particles in the hydrocyclone were defined as phosphate rock, with a particle size
distribution modelled by the Rosin-Rammler-Bennet (RRB) model, with D’ = 12,88 um and n =
0,81 as defined by Vieira (2006). The particle injections are part only of the Eulerian-Lagrangian
model, and its use is only possible because of the low volumetric concentration of phosphate rock
in the flow, as shown in Table 1.

For a better comparison of the results obtained for the Lagrangian approach, for all three
models, five different diameters equally spaced in the range of 0.3 to 50 um were simulated. These
values are referring to the minimum and maximum diameter values for the phosphate rock.
Therefore, the simulated diameters were: 0.3, 12.7, 25.2, 37.6 and 50.0 um. For each diameter the
individual efficiency (77) and overall efficiency (n) were calculated.

For the use of the Eulerian-Eulerian and Mixture models the system is three-phased, composed
by water, air, and phosphate rock. For a proper representation of the system, it is necessary to
describe the behavior of the granular phase, and to model the interactions between the phases. Thus,
the proper models are selected to predict the behavior of the granular phase, which is described
through the granular viscosity, bulk granular viscosity, frictional viscosity, frictional pressure, solid
pressure and radial distribution. The modelling of the phase interactions, on the other hand, is
described through the drag, turbulent dispersion, turbulent interaction, superficial tension and
interfacial area. Tables 2 and 3 contain the utilized models to describe the granular phase and the
phase interaction, respectively.

Table 2 — Parameters and models used in the Eulerian-Eulerian and Mixture models for
Phosphate rock

Eulerian Model Mixture Model
Model Reference Model Reference
Granular Viscosity (kg/m.s) Syamlal-obrien O'Brler}fgg?)?yamlal Syamlal-obrien O'Brlerllagg?)?yamlal

Granular Bulk Viscosity (kg/m.s) Lun-et-al Lunetal., (1984) N/A N/A
Frictional Viscosity (kg/m.s) Schaeffer Schaeffer (1987) N/A N/A
Frictional Pressure (Pa) Syamlal-et-al ~ Syamlal et al., (1993) N/A N/A

Solids Pressure (Pa) Lun-et-al Lunetal., (1984) Lun-et-al Lunetal., (1984)

Radial Distribution Lun-et-al Lunetal., (1984) Lun-et-al Lunetal., (1984)
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Table 3 — Models for the phase interaction for Eulerian-Eulerian and Mixture models.

Eulerian Model

Air-water Particle-water Particle-air
Model Reference Model Reference  Model Reference
Dra S -naumann Schiller and Naumann Wen-vu Wen and Yu Wen-vu Wen and Yu
g ' (1935) y (1966) y (1966)
) . Diffusion-in- Sokolichen et al., Diffusion-in-  Sokolichen
T. Dispersion vof (2004) vof etal, (2004) VA N/A

Simonin and Viollet

T. Interaction Simonin-et-al (1990) none N/A N/A N/A
Surface Tension 0.073 N/m Aragdo et al., (2020) none N/A none N/A
Interfacial Area ia-gradient N/A ia-gradient N/A ia-gradient N/A

Mixture Model
Air-water Particle-water Particle-air
Model Reference Model Reference Model Reference
Drag S.-naumann  SChiler ar;%gaumann Wen-yu We(rlggg)Yu N/A N/A
Slip Manninen-et-al Carvalho et al., (1991) Manninen-et-al N/A N/A N/A
Surface Tension 0.073 N/m Aragéo et al., (2020) none N/A none N/A
Interfacial Area ia-gradient N/A ia-gradient N/A ia-gradient N/A

2.2 Geometry Modifications

The influence of the geometry changes in the pressure drop (AP) and in the liquid ratio (RL)
was evaluated using the LES turbulence model and the VOF multiphase model. The multiphase
model was used to predict the formation of air cores. To determine the overall efficiency (1) the
LES turbulence model and the Mixture multiphase model were used, while the multiphase model
was used to predict the flow of phosphatic rock, which is a particulate material according to Costa
and Petri Junior (2019).

The geometry and computational meshes were also generated using the commercial software
GAMBIT® version 2.3.16, and the simulations were carried out in the FLUENT® 19.2 software. Its
conditions were the same used for the multiphase models tests as shown in Table 1.

The phosphate rock particles injected into the hydrocyclone for the geometry modifications
tests had the same particle size distribution used for the modelling tests given by the RRB model,
with parameters D' = 12.88 um and n = 0.81 according to Vieira (2006).

Eleven modifications were proposed in the hydrocyclone geometry, each called B1, B2, B3,
C1, C2,C3, D1, D2, E1, E2 and E3. Eight of them involved changes to the vortex finder and 3 of
them added a wall in the air core formation region. The representation of all the proposals are
contained in Figure 2. The dimensions were based on the work of Hwang and Chou (2017).
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Figure 2 — Geometry of the modifications made to (a) package B, (b) package C, (c) package
D and (d) package E.

3. Results and Discussion

3.1 Multiphase Models

Table 4 presents the values of individual efficiency for all three models in 5 different
diameters. It was also possible to calculate the relative error for the models by comparing the
efficiencies with the overall efficiency of 70% obtained by Vieira (2006). Table 4 contains the mass
fractions and overall efficiency for the models.

As shown in Table 4, the collected mass fractions are bigger in intermediate values of the
diameter. For the Lagrangian model, with higher diameter values, the values of 7 decreased, which
is not an appropriate behavior for a hydrocyclone, as with bigger diameters, the terminal velocity of
the particle is also increased, implying the increase of the individual efficiency. This can be affirmed
only since the density for all diameters are the same.

For the Eulerian-Eulerian and Mixture models, the increase of the diameter resulted in an
increase of the 7 values as expected for the operation. Table 5 contains the values of n for each
model and its respective relative errors.

Through Table 5 it is possible to conclude that the Lagrangian approach is not enough to
adequately simulate the particulate collection in the hydrocyclone considering the relative error
values. This was expected due to the inconsistencies previously observed in the values of 1.

Table 4 — Mass fractions and individual efficiencies for the utilized models.
Lagrangian Eulerian Mixture

Model Model Model

Diameter (um) Fraction 17 (%) 17 (%) 17 (%)
0.3 0.049 95.18 44.46 44.68

12.7 0.613 100.00 51.65 54.64

25.2 0.202 98.19 69.11 77.35

37.6 0.091 82.53 86.30 94.58

50.0 0.045 80.10 95.52 99.63

Table 5 — Overall efficiency and its respective relative error for the utilized models.
Model 1 (%) Relative Error (%)

Lagrangian 96.91 38.44
Eulerian  59.96 14.34
Mixture  64.41 7.98
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For the Eulerian-Eulerian model the results were coherent with an n relatively close to the
experimental value of 70% as an intermediate relative error. The lack of performance for this model
in comparison to the Mixture model is due to the lack of explicit information for the interface laws
involving the drag and superficial tension between the phases. Additionally, some of the utilized
sub-models for phase interactions are ones that were not fully explored in the literature.

The Mixture model had the best results with the lowest relative error, with reasonably good
convergence of the simulated and experimental value. As a comparison, the error between numeric
and experimental results for the work of Silva (2012) simulating a solid-liquid separation with
hydrocyclones were approximately 10%. Thus, the error obtained for the Mixture Model in this
work can be considered to be relatively low. However, for both Mixture and Eulerian-Eulerian
modelling, the relative error could still be minimized by simulating more diameter values between
the minimum and maximum range, since it would better represent the real system. Another
possibility for reducing the relative error is the attainment of certain parameters that are still not
found in the literature, such as the superficial tension between the air and the phosphatic rock and
between the water and the phosphatic rock.

3.2 Geometry Modifications

The values obtained in the HC11 simulation are used as reference. The mesh partition method
used was Spherical Axes, since it minimizes the simulation time according to Costa et al. (2020).

The mesh independence test for the hydrocyclone was carried out, and a value of
approximately 222000 elements was obtained. The analysis of the turbulence models was carried
out as well, and with it, it was observed that the LES model is the one that best models the turbulence
in the interior of the equipment. As stated previously, the Mixture model is the best for the
multiphase modelling of the hydrocyclone. Consequently, the LES and Mixture models were used
to obtain AP, Ry, and 1 for the modifications in the geometry. Table 6 contains the average values
of AP, Ry and n for all different geometries, and the experimental and simulated results for the HC11
in order to evaluate the optimization of the parameters.

Table 6 - Average values of AP, RL, and y for all modifications in the geometry.
Simulations  AP(kgf/cm?) R (%) 1 (%)

Experimental 1.50 32.07 70.00
HC11 1.53 36.90 64.41
B1 2.31 40.60 72.22
B2 1.47 35.10 70.53
B3 1.30 3420 68.54
C1 2.68 84.70 87.35
C2 2.42 8260 87.6
C3 2.84 83.80 86.06
D1 1.23 33.80 69.57
D2 2.17 85.10 86.33
El 1.48 38.20 59.08
E2 1.31 36.80 62.36
E3 1.08 3480 61.26

In order to validate the models used to predict the hydrocyclone parameters it is necessary to
compare the AP, Ry, and 1 for the experimental HC11 [values obtained in Vieira, (2006)] and the
simulated HC11. With that, it was obtained a relative error of 2.01% for the AP, 15.10% for the RL
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and 7.98% for the 1. These results are not yet optimal according to previous results in the literature,
but still represent relatively low errors for numeric simulations. With this statement, the HC11
hydrocyclone model can be used to analyze the modifications in the geometry using only CFD.The
optimization of the HC11 separation process occurs when there is a reduction in the R and an
increase in the n. To minimize energy costs, it is necessary to have a reduction in the AP. Thus,
analyzing the results contained in Table 6, it can be noted that the B2, B3 and D1 modifications
improved all the parameters evaluated in the optimization. With that it is possible to conclude that
changing the geometric shape of the vortex finder of a cylinder for one cone trunk with positive
angulation or a cylinder coupled to a cone trunk with positive angulation benefits the HC11.
However, the angulation must be smoother. This can be concluded by observing the results for the
B1 modification, in which there is a vortex finder consisting of a cylinder coupled to a cone trunk
with positive angulation, but that cone trunk has a high angle, and with that the R was damaged.

For the modification package C, where the vortex finder is constituted of a cone trunk with
negative angulation or a cylinder coupled to a cone trunk with negative angulation, the separation
process and the operation cost of the equipment were impaired. Thereby it is possible to conclude
that a cone trunk with negative angulation results in lower efficiency in the equipment from the
energy and separation point of view. That happens because the lower diameter of the vortex finder
is very low, and with that, the flow in the overflow decreases. Thus, there is a reduction in speed,
so by Bernoulli's principle there is an increase in pressure, increasing energy costs. Also, due to the
low lower diameter of the vortex finder, it becomes more difficult for fluid and particles to flow
through the overflow, so there is an increase in ) simultaneous to an increase in R. which impairs
the separation process.

For package D, the length of the vortex finder is equal to the length of the cylindrical region
of the HC11. In that package it is seen that when the same geometric shape is maintained there is an
optimization for the equipment, but changing the shape for a trunk of cone with negative angulation
damages the efficiency of the equipment due to the same reasons specified for the C package.

For the modification package E a wall was inserted in the air core formation region with the
aim of avoiding the mixing of particles that are in the air stream, leaving the overflow with the water
inside the hydrocyclone. Analyzing the AP, the energy costs were minimized. However, it damaged
the separation process. The main objective was the optimization of the separation, since, considering
an industry, the energy consumption of a hydrocyclone is always lower than the total energy cost of
the industry. However, it is worth noting that for the E1 and E2 modifications the pipe in the air
core formation region has prevented the mixing of air with water, but that did not optimize the
separation process. Figure 3 contains the volume fraction of air to show that the mixture between
air and water was prevented. In modification E3 that did not occur due to a decrease in the R when
compared to others in that package, therefore, there is an increase in the volumetric flow in the
overflow, preventing the passage of air in this region.
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Figure 3 - Volume fraction for the air of modifications (a) E1, (b) E2 and (c) E3.
4. Conclusions

Thus, this work was able to determine that the Eulerian-Lagrangian model does not properly
represent the flow in the HC11 hydrocyclone. The Mixture model was found to be the best model
for the flow with the lowest relative error of 7.98%, since its simplifications overcome some
problems related to the lack of information of interface laws, such as drag and superficial tensions
between the phases.

Therefore, the model used for the hydrocyclone was first validated through comparison
between experimental data of the HC11 and the simulation data, and small values of relative errors
were obtained, thus validating the turbulence and multiphase models used for hydrocyclone as well.
This way, it was possible to evaluate the modifications in the geometry of the HC11 using CFD.

For the modifications in the geometry, it can be concluded that the modifications B2, B3, and
D1 optimized the separation process and minimized the energy cost involved in the process.
Changing the geometric shape of the vortex finder for a cone trunk with positive angulation and
increasing the length of the vortex finder benefited the HC11, but the insertion of a wall in the air
core region and the change of geometric shape of the vortex finder into a cone trunk with negative
angulation damaged the results for the HC11.

For the validation of these results, the ideal is the assembly of an experimental line, so that it
can be proved that these new configurations of HC11 have improved their operation.
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