
Vol. 20, No. 2 (2021) 975-988
Revista Mexicana de Ingeniería Química 

 
CONTENIDO 

 
Volumen 8, número 3, 2009 / Volume 8, number 3, 2009 
 

 

213 Derivation and application of the Stefan-Maxwell equations 

 (Desarrollo y aplicación de las ecuaciones de Stefan-Maxwell) 

 Stephen Whitaker 

 

Biotecnología / Biotechnology 

245 Modelado de la biodegradación en biorreactores de lodos de hidrocarburos totales del petróleo 

intemperizados en suelos y sedimentos 

 (Biodegradation modeling of sludge bioreactors of total petroleum hydrocarbons weathering in soil 

and sediments) 

S.A. Medina-Moreno, S. Huerta-Ochoa, C.A. Lucho-Constantino, L. Aguilera-Vázquez, A. Jiménez-

González y M. Gutiérrez-Rojas 

259 Crecimiento, sobrevivencia y adaptación de Bifidobacterium infantis a condiciones ácidas 

 (Growth, survival and adaptation of Bifidobacterium infantis to acidic conditions) 

L. Mayorga-Reyes, P. Bustamante-Camilo, A. Gutiérrez-Nava, E. Barranco-Florido y A. Azaola-

Espinosa 

265 Statistical approach to optimization of ethanol fermentation by Saccharomyces cerevisiae in the 

presence of Valfor® zeolite NaA 

 (Optimización estadística de la fermentación etanólica de Saccharomyces cerevisiae en presencia de 

zeolita Valfor® zeolite NaA) 

G. Inei-Shizukawa, H. A. Velasco-Bedrán, G. F. Gutiérrez-López and H. Hernández-Sánchez 

 

Ingeniería de procesos / Process engineering 

271 Localización de una planta industrial: Revisión crítica y adecuación de los criterios empleados en 

esta decisión 

 (Plant site selection: Critical review and adequation criteria used in this decision) 

J.R. Medina, R.L. Romero y G.A. Pérez 

 

 

 

 

Comparative study: Experimental and simulation data carried out through CFD for the
hydrodynamic and mass transfer parameters for pirate acid leaching using ozone as

oxidizing agent

Estudio comparativo: Datos experimentales y simulación realizados mediante CFD para
los parámetros hidrodinámicos y de transferencia de masa propios de la lixiviación ácida

de pirita utilizando ozono como agente oxidante

C. Rodrígurez-Rodrígurez1, P. Vizguerra-Morales1, M. Corona-Arroyo1, L. Alvarado-Montalvo1,
G. Vázquez-Rodrígurez2, J. Valtierra-Olivares1, J.C. Baltazar-Vera1*

1Departamento de Ingeniería en Minas, Metalurgia y Geología, División de Ingenierías, Campus Guanajuato, Universidad de Guanajuato, Sede San Matías,
Ex-Hacienda San Matías S/N C.P 36050, Guanajuato, Guanajuato, México.

2Departamento de Ingeniería Civil y Ambiental, División de Ingenierías, Campus Guanajuato, Universidad de Guanajuato, Sede Belen, Juarez 77 C.P 36000,
Guanajuato, Guanajuato, México.

Received: January 29, 2021; Accepted: March 25, 2021

Abstract
In this work is presented a hydrodynamic and mass transfer study using the computational fluid dynamic (CFD) for typical
experimental measurements and theoretical calculations for pyrite (FeS2) dissolution in acid media using ozone as an oxidizing
agent, which occurs in a laboratory glass reactor. The hydrodynamics for the reactor employed, was evaluated with the Navier-
Stokes equations (κ-ε) RNG turbulence model and the VOF multi-phase model. The results of the hydrodynamic simulation study
show that the reactor can operate at a speed range of 1.2 to 4.4 m/s at a total pressure of 12.5 Pa; the Reynolds numerical profile
indicates that the flow has a turbulent behavior inside the reactor. For the mass transfer simulation, the model of finite velocity-
Eddy dissipation was used for solving the kinetic of the reaction, and was performed for 3 different particle fractions: -106
+75 µm, -38 +25 µm and -25 µm. The simulation results present differences of 17%, 13% and 2% respectively, in comparison
with experimental data for pyrite dissolved.
Keywords: pyrite, refractory ores, cyanidation, CFD (computational fluid dynamics), Simulation.

Resumen
En este trabajo se presenta un estudio hidrodinámico y de transferencia de masa utilizando la dinámica de fluidos computacional
(CFD) para cálculos teóricos y mediciones datos experimentales correspondiente a la disolución de pirita (FeS2) en medios
ácidos utilizando ozono como agente oxidante, que ocurre en un reactor de vidrio de laboratorio. La hidrodinámica del reactor
empleado se evaluó con el modelo de turbulencia RNG propias de las ecuaciones de Navier-Stokes (κ-ε) y el modelo multifase
VOF. Los resultados del estudio de simulación hidrodinámica muestran que el reactor puede funcionar a un rango de velocidad
de 1,2 a 4,4 m/s a una presión total de 12,5 Pa; el perfil numérico de Reynolds indica que el flujo tiene un comportamiento
turbulento dentro del reactor. Para la simulación de transferencia de masa, se utilizó el modelo de velocidad finita-Disipación de
Eddy para resolver la cinética de la reacción, y se realizó para 3 fracciones de partículas diferentes: -106 +75 µm, -38 +25 µm
y -25 µm. Los resultados de la simulación presentan diferencias de 17%, 13% y 2% respectivamente, en comparación con los
datos experimentales de pirita disuelta.
Palabras clave: pirita, minerales refractarios, cianuración, CFD (dinámica de fluidos computacional), simulación.

1 Introduction

The need to study the dissolution of pyrite (FeS2)
is because it is the sulfide mineral most commonly
associated with gold., and this is found finely

disseminated and encapsulated in the pyritic matrix,
and this could not be effectively treated by simple
cyanidation. In fact, pyrite needs an oxidant
pretreatment such as roasting, pressure oxidation or
bacterial oxidation, in order to recover gold in a later
stage of cyanidation.
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Therefore, oxidation with ozone is presented as
an oxidative alternative for the dissolution of pyrite,
thus, the knowledge of pyrite behavior generated
on the effects of ozone and its by-products is of
great interest, for the development of improved
technology for the treatment for gold pyrite ores.
The application of the computational fluid dynamics
(CFD) makes it possible to describe and to support
some minerals process that involve complicated
physical processes and complex geometry, through
numerical solving equations of multiphase fluid
motion allows quantitative predictions. Thereby, this
prediction allows the optimization for the design of
a plant, and minimizes the time and the cost for
scaling up from laboratory to full scale. (Cisternas,
et al., 2019; Gao and Herbst, 2009). However, the
approach for the use of CFD in minerals processing,
has been focused on optimizing process, enhancing
physical parameters, and validating experimental lab
results for some specific systems such as flotation
cells (Koh and Schwarz, 2007; Schwarz et al., 2016;
Sarhan et al., 2018), hydrocyclones (Rama Murthy
and Udaya Bhaskar, 2012; Olson and Van Ommen,
2004; Safa et al., 2014), thickeners (Fawell et al.,
2019), electrowinning cells (Mahjabin Najminoori
et al., 2015; Leahy and Schwarz, 2010) and heap
leaching (Bennett et al., 2012). These works do not
present a general application, since the proposed
mathematical model depends on the physical and
chemical phenomena of the system involved. There
are studies that report aspects such as: The effect
of some design parameters on the flow fields and
energy consumption through CFD simulation (Youcefi
et al., 2013); the effect on hydrodynamic parameters
when using different eccentric impellers without
baffles in a cylindrical tank (Hameur, 2016); the
Effects of Baffles on a Vessel Stirred by a Rushton
Turbine (Kamla et al., 2017); the hydrodynamic
behavior of the agitation of a shear-thinning fluid
in a cylindrical vessel (Ameur, 2020); the transitory
behavior of CO2 in a gas cooler during variable start-
up conditions of a transcritical refrigeration system
(Ituna, 2019); the rotating reference frame size for
simulating amixing straight-blade impeller in a baffled
stirred tank using an MRF approach (De la Concha
et.al., 2019). These works show satisfactory evidence
that allows to elucidate the viability of the CFD
in the analysis of hydrodynamic parameters, which
allows proposing this tool to study more complex
phenomena such as mass transfer using the appropriate
models for this purpose. This study reports the results
for a comparative study between experimental and

simulated data of the phenomenon of mass transfer
for the reactor used for the acid leaching pyrite
using ozone presented in previous work (Rodríguez-
Rodríguez et. al, 2018), where the stoichiometry (Eq
1) and experimental kinetics parameters obtained were
employed at the hydrodynamic validation of a CFD
model.

2FeS2(solid) + 15O3(aqueous) −−−→ 4HSO−4 + 2Fe+3

+H2O + 2H+ + 15O2
(1)

The stoichiometry suggested is the heterogeneous
type, which occurs in the solid-liquid interface, where
in this system there is no control by diffusion through
the layer of solid products on the pyrite particles. In
addition, is the first time that a CFD model of pyrite
dissolution was addressed in order to validate kinetics
parameters obtained in lab tests with ozone and
subsequently to propose scalling up from laboratory
to full scale dimensions.

2 Materials and methods

With the aim to study the hydrodynamic and the mass
transfer for pyrite oxidative dissolution with ozone in
acid media is necessary to determine the description of
the experimental process (i.e. physical and chemistry
parameters), the approach of the mathematical model
used and the solution of the case study using CFD
simulation.

2.1 Description of the experimental process

2.1.1 Hydrodynamic parameters

Pyrite dissolution was performed in a one-liter
cylindrical glass reactor mechanically stirred
(Lightnin L1U08) with a radial impeller (radial disk)
and hermetically closed with an acrylic cover where 3
electrodes (e.g. pH, ORP and O3 dissolved electrodes)
and 3 components inside (e.g. ozone inlet, sample
device and the radial impeller) were coupled (Table 1
and Figure 1). Ozone was generated from dry oxygen
with a Pacific Ozone Technology generator (L22) and
was fed into to the reactor through a stainless steel
cylindrical sparger with a pore opening 5µm.
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Table 1. Characteristics and dimensions of the reactor.
Parameter Reactor

Internal diameter (m) 0.105
Height (m) 0.17

Volume (m3) 0.00147
Deflectors 4.0

Shaft diameter (m) 0.01
Shaft height (m) 0.14
Velocity (rpm) 800

Type of impeller High-shear radial impeller (o Rushton)
Number of blades 6

Impeller diameter (m) 0.0508
Number of components inside 6

Fig. 1. Reactor for the pyrite-ozone reaction a) graphic scheme, b) photograph of the reactor and c) geometry of the
stirred experimental reactor.

2.1.2 Mass transfer parameters

For this work, the results obtained in pyrite dissolution
(Rodriguez-Rodriguez et al., 2018) for 3 different
particle sizes -106 +75µm, -38 +25µm and -25µm
were used (e.g. iron dissolved and kinetic constant
(ks)). The experimental conditions for these tests were:
1 g of pyrite, 800 mL of H2SO4 0.18 M, 1.2 L/min of
gas flow rate, 0.079 g O3/L, 800 rpm and 25° C. Table
2 resume the data obtained from pyrite dissolution.

2.2 Approach of the mathematical model
for the simulation corresponding to the
acid leaching process of pyrite using
ozone as an oxidizing agent

The simulation of hydrodynamics and mass transfer
was performed with Computational Flow Dynamics
tools (CFD) FluentTM of ANSYS, which allows

to simulate parameters of the process such as: the
distribution of speed, flow and transfer of mass in the
reactor (Gelves et al., 2013). A computer with 8 GB
RAM and an AMD A 8 processor was used.

2.2.1 Hydrodynamic study

For the part of hydrodynamics, the equations that are
involved in solving the problem to be modeled are
the Navier - Stokes equations, (κ-ε) RNG turbulence
model wich renormalizes the Navier-Stokes equations,
considering the effects of smaller scales of movement
that will allow to have more precise results for our
equipment, which is laboratory scale (Yakhot et.
al, 1992). And the VOF multi-phase model which
presents an adequate detail of the bubbles in the two
phases, solves the interface by means of the continuity
of the equation as a function of the volume fraction
and predicts the flow pattern. (Gelves et al., 2013,
Guerrero et al., 2017).

www.rmiq.org 977
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Table 2. Experimental data obtained from pyrite dissolution.

Fe dissolved, mol
Particle size fraction

Time, min -106 +75µm -38 +25µm -25µm

5 0.00010 0.00032 0.00052
15 0.00015 0.00081 0.00158
30 0.00039 0.00165 0.00266
45 0.00057 0.00190 0.00349
60 0.00112 0.00268 0.00435

Kinetic constant, cm/min 0.4 0.4 0.55

Continuity equation

∂ρ

∂t
+
∂ρux

∂x
+
∂ρuy

∂y
+
∂ρuz

∂z
= 0 (2)

Momentum equation in X

∂u
∂t

+ ux
∂ρux

∂x
+ uy

∂ρux

∂y
+ uz

∂ρux

∂z
=
∂p
∂x

+ v
(
∂2ux

∂x2 +
∂2ux

∂y2 +
∂2ux

∂z2

)
(3)

Momentum equation in Y

∂u
∂t

+ ux
∂ρuy

∂x
+ uy

∂ρuy

∂y
+ uz

∂ρuy

∂z
=
∂p
∂y

+ v
∂2uy

∂x2 +
∂2uy

∂y2 +
∂2uy

∂z2

 (4)

Momentum equation in Z

∂u
∂t

+ ux
∂ρuz

∂x
+ uy

∂ρuz

∂y
+ uz

∂ρuz

∂z
=
∂p
∂z

+ v
(
∂2uz

∂x2 +
∂2uz

∂y2 +
∂2uz

∂z2

)
(5)

Turbulent kinetic energy generation equation of the Standard turbulence model (κ-ε) RNG

∂

∂t
(ρκ) +

∂

∂xi
(ρκui) =

∂

∂xi

[
ακue f f

∂κ

∂x j

]
+ Gκ + Gb −YM + S κ (6)

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xi

[
αεue f f

∂ε

∂x j

]
+ C1ε

ε

k
+ (Gk + C3εGb)−C2ερ

ε2

k
+ S ε (7)

Turbulent kinetic energy dissipation equation of the
standard turbulence model (κ-ε) RNG

µt = µt0 f
(
αs,Ω,

k
ε

)
(8)

The model’s constants, C1ε, C2ε obtained by
the analytical derivation of the RNG theory, yield
the values 1.42 and 1.68 respectively. The previous

equations were solved by the VOF model for multi-
phase mixtures (Jiang et al., 2002), this because there
is a stirring of three phases in the reactor, the liquid,
solid and gaseous ozone phase. This model solves the
equations of continuity, momentum and energy for
the mixture and the volume fraction equation for the
secondary phases, as well as the algebraic expressions
for the relative velocities (Medvitz et al., 2001).

978 www.rmiq.org



Rodrígurez et al./ Revista Mexicana de Ingeniería Química Vol. 20, No. 2 (2021) 975-988

Fig. 2. a) Schematic of the reactor and b) reactor mesh (185568 tetrahedral cells).

For this study the VOF model uses an additional
equation as a function of volume fractions for solve
the interfaces.

∂ai

∂t
ui 5 (ai) = 0 (9)

And consider energy field equation (Samkhaniani
and Ansari, 2012) wich defined as:

∂

∂t
(ρCpT ) +5 · (ρCpUT ) = 5 · (k5T )−m∗hLG (10)

m∗ =
T −T sat

RhLG
× aL 5 aL (11)

2.2.2 Mass transfer study

In the case of mass transfer, the equations were solved
by the model transfer of species solving the kinetics of
the chemical reaction by the model of finite velocity
- Eddy dissipation; considering 4 species as reactants
and 3 species as products, likewise, the coefficients
stochymetrics described in the chemical reaction in
eq. 1 were used. Experimental data obtained such as
the estimated activation energy with a value of 14920
J/mol, a temperature exponent of order 1 and a pre-
exponential factor equal to 0.00401 s−1 were used
(Rodríguez et al., 2018). For the above, the software
was used FLUENT 14TM using the finite volume
method (LeVeque, 2004). The equation for the mass
flux is shown below:

~J = −

(
ρDi,m +

µt

S ct

)
5Yi (12)

The source of chemical species i in the reaction
are resolved as the sum of the Arrhenius energy
generations on the NR reactions of the participating
species;

Ri = Mw,i

NR∑
r=1

R̂i,R (13)

The velocity constant is calculated by Fluent using
the expression of Arrhenius;

k f J = AT T βr eEr/RT (14)

For this case study, the reaction speed was
solved by coupling the Arrhenius expressions to the
calculations of the turbulent flows calculated in the
hydrodynamics simulation. (Camaño, 2016).

Fig. 3. Sensitivity analysis of the time step.
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Table 3. Boundary conditions for the generation of the mesh.

Border condition name Border condition type

Default - inside Inside
Default - inside:012 Inside

Ozono inlet Velocity inlet
Flat baffles 4 wall Wall

Flat baffles 4 wall shadow Wall
Radial disk 7 top sh interior Inside

Radial disk 7 top sh wall Wall
tank liq top Wall
tank Wall Wall

top shaft t outershaft Wall
Wall Wall

2.3 Generation of the geometric element
and mesh for the simulation process

For the elaboration of the mesh of the reactor and its
components a method of construction of Superior -
Down geometry was used in GAMBIT, using meshing
units of the tetrahedral type (Figure 2a). In order to
generate the mesh, the boundary conditions shown in
Table 3 were used.

2.4 Resolution by simulation by CFD of the
mathematical models corresponding to
the hydrodynamics and mass transfer

For the simulation a transient state is considered using
decoupled equations in relation to the pressure in
a three-dimensional geometry. The model (κ-ε) of
two RNG equations was used, using the standard
wall functions. The model of transport equations for
turbulent kinetic energy (k) and dissipation ratio (ε)

was used, using a time of 3600 seconds of simulation.
The time step independence of the results (Figure 3)
is verified by analyzing 4 different time steps (Ituna et
al., 2017), for this study the values 5×10−3 s, 1×10−3

s, 5 × 10−4 s, 1 × 10−3 s were used. The analysis is
based on the case corresponding to the fraction of -
25 µm since it was the case that reported the least
difference with respect to the experimental data. It can
be seen that the Fe dissolution (mol) values are no
longer influenced by the magnitude of the time step
when the time step is equal to or less than 1× 10−3 s.
Therefore, the time interval of 1× 10−3 s is chosen for
this study in order to reduce calculation time.

To simulate the rotating motion of the impeller, the
sliding mesh approach model was used. This is due
to the fact that the impeller is very close to the wall
and bottom of the tank, which affects the movement
of the fluid and is suitable to carry out the numerical
simulation in a transitory state (Tabor et al., 1996).

Fig. 4. Mesh independence analysis a) total pressure and b) speed magnitude of the mixture in the reactor.

980 www.rmiq.org



Rodrígurez et al./ Revista Mexicana de Ingeniería Química Vol. 20, No. 2 (2021) 975-988

Table 4. Mesh characteristics of the geometric model.

Item Size

Nodes 167011
Elements 185568

Orthogonality
Minimum 0.3542
Maximum 0.9982
Skewness
Minimum 0.0013
Maximum 0.8314

The calculation starts from values experimentally
in the fluid input, carrying the simulation process
iteratively until it meets the established convergence
criteria (difference less than or equal to 0.001). The
discretization of the equations is of second order for
the moment equation and the turbulence equations.
According to what is recommended by some authors;
the mesh tests were performed by increasing the
number of cells by a factor of 2 testing a total of 6 cases
(Buwa et al., 2006; Ameur, 2016; Ituna et al., 2019).
Initially, when going from a mesh of 46392 to 92784
cells, the total pressure (Figure 4a) and speed of the
mixture in the reactor (Figure 4b) presented a variation
of approximately 15%. Later, when increasing the
number of cells from 92784 to 185568, the variation
was 4.5%; Likewise, when increasing the number of
cells to 371136 the variation was approximately 4.2%;
consequently, when increasing the number of cells to
742272 a difference of around 4.18% was registered;
Finally, for the case where the number of cells was
increased to 1484544, a difference of 4.17% was
obtained. These results indicate that for cases from
185568 cells onwards, the difference between them is
minimal, which makes it possible to make the decision
to use the mesh with 185568 cells in order to reduce
the computation time required. Table 4 shows the mesh
characteristics of the geometric model.

3 Results and discussion

3.1 Hydrodynamic simulation

Next, results of the simulation corresponding to the
hydrodynamics of the leach reactor are presented
considering a multiphase model of mixing for
3 phases, gaseous (O3), solid (FeS2) and liquid
(H2O, H+). The results for the simulation of the
hydrodynamics include averages of pressure, density

and magnitudes of speed with their corresponding
vectors, the following process conditions were used:
880 rpm as agitation speed and ozone injection flow of
1.2 L/min. Figure 5a shows the static pressure contour
of the mixture in the reactor, in this figure it can be
seen that the pressure varies from 6.3 Pa to 7.5 Pa with
an average value of 6.73 Pa.

Figure 5b shows the static pressure profile of the
mixture in the reactor, which indicates that there are
pressure variations during the process. For the interval
of 0 ≤ 0.02 m, there is a decrease in static pressure
from 7.5 to 6.3 Pa, which corresponds to the bottom
of the reactor, for the interval 0.02 ≤ 0.07 m, the
pressure range is located at a constant value of 6.3 Pa,
corresponding to the impeller, for the range of 0.07 ≤
0.08 m own of the section of fluid contact with the
shaft of the propeller and the electrodes the pressure
increases until reaching a value of 7.0 Pa. With regard
to the interval 0.08 ≤ 0.11 m which corresponds to
the upper part of the reactor, the pressure increases
linearly until a value of 7.5 Pa is registered.

Figure 6b shows the total pressure profile of the
mixture in the reactor, showing an increase in pressure
in the reactor for the interval 0 ≤ 0.02 m, reaching a
value of 12.5 Pa corresponding to the bottom of the
reactor, with respect to the impeller section for the
position 0.02 ≤ 0.07 m the pressure decreases until
reaching a value of 8.15 Pa. For the proper section of
the impeller shaft and the electrodes specifically for
the position 0.07 ≤ 0.08 m. There is an increase in light
pressure until it reaches a value of 9.14 Pa.

In what corresponds to the section of the upper
part of the reactor for the position 0.08 ≤ 0.11 m
the pressure reaches up to 10.5 Pa. The total pressure
contour of the mixture in the reactor indicates that the
pressure varies from 2.5 Pa to 12.5 Pa with an average
value of 8.83 Pa (Figure 6a). The simulation study
indicates that the static and total pressure are in a range
of 0 to 12.5 Pa, which is indicative of homogeneity of
this parameter, which allows to deduce that the process
can be carried to various levels of scaling without
changes drastic pressure.

Figure 7a shows the speed magnitude contour of
the mixture in the reactor, which indicates that the
speed varies in the range of 1.2 to 4.4 m/s, with an
average of 3.4 m/s. Figure 7b shows the velocity
profile inside the reactor which indicates that there is a
decrease in speed for the interval 0 ≤ 0.02 m, reaching
a value of 3.59 m/s, which corresponds to the bottom
of the reactor, for the impeller section 0.02 ≤ 0.07m
the speed registers a heterogeneous decrease in the
reactor until reaching a value of 1.8 m/s.
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Fig. 5. a) Contour of static pressure of the mixture in the reactor and b) static pressure profile of the mixture in the
reactor.

Fig. 6. a) Total pressure contour of the mixture in the reactor and b) profile of total pressure of the mixture in the
reactor.

Fig. 7. a) Contour of the speed and b) speed magnitude profile of the mixture in the reactor for 3600 seconds.
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Fig. 8. Reynolds number profile in the reactor for 3600
seconds.

For the interval corresponding to the axis of the
impeller that corresponds to 0.07 ≤ 0.08m the speed
increases linearly until reaching 3.2 m/s. Finally, for
the upper area of the reactor corresponding to 0.08 ≤
0.11m, there is a tendency of a slight rise in speed until
it reaches a value of 4.39 m/s.

Figure 8 shows the Reynolds number profile inside
the reactor, this profile indicates that there is a decrease
in turbulence for the interval 0 ≤ 0.02 m, reaching
a value of 26737.15, corresponding to the bottom of
the reactor, with respect to the impeller section 0.02
≤ 0.07m the turbulence decreases in the first four
positions and increases slightly in the position closest
to the axis to a value of 13401.85.

For the proper interval of the impeller shaft that
corresponds to 0.07 ≤ 0.08m the Reynolds number
grows linearly until it reaches 23832.55. Finally, for
the upper area of the reactor 0.08 ≤ 0.11m, there is
a tendency of slight rise in turbulence until reaching
a value of 32695.29. The results of the moment
transfer show that although the reactor works in a
turbulence regime, the movement of fluid remains
constant without sudden changes in speed, which is
indicative that the process reaches a hydrodynamic
stability and therefore exists viability of scaling it.

3.2 Comparative study of experimental
data vs simulation for the mass transfer
process for the acid leaching of pyrite
using ozone as an oxidizing agent

In this section we present the experimental vs
simulation comparison for the process of mass transfer
to different particle sizes for the acid leaching of
pyrite using ozone as an oxidizing agent, the particle

fractions for this study were: -106 +75 µm, -38
+25 µm y -25 µm.

Figure 9 shows an experimental vs. simulation
comparison for the mass transfer process for the acid
leaching of pyrite using ozone as an oxidizing agent,
using a particle fraction of -106 +75 µm. The value
of the kinetic constant (ks) of 0.4 cm/min was used,
which was the one that best fitted the experimental
data. In this figure it is observed that for 0 ≤ t ≤ 5
min the generation of the Fe ion increases linearly
until reaching a value of 0.0001 mol of Fe for the
experimental process and 0.0001267 mol of Fe for the
simulation, for 5 ≤ t ≤ 15 min, product generation
increased slightly linearly, reporting maximum values
of 0.00015 mol Fe for the experimental phase and
0.000129 mol Fe for the simulated process. With
regard to the interval 15 ≤ t ≤ 30 min, the generation of
the Fe ion increases considerably until reaching values
of 0.00039 and 0.00045 mol for the experimental
process and the simulation respectively, for 30 ≤ t ≤ 45
the product generation rate remains constant, reporting
maximum values of 0.00058 mol of Fe according to
the experimental data and 0.00072 mol of Fe for the
simulated mechanism. Finally, for the interval 45 ≤
t ≤ 60 min, the generation of the Fe ion reached
values of 0.00112 mol and 0.00135 mol for the
experimental process and the simulation respectively.
The simulation reported values above the experimental
ones for the intervals 0 ≤ t ≤ 15 min and 30 ≤ t
≤ 60 min and for the interval 15 ≤ t ≤ 30 min, the
experimental data are superior to the simulated ones.
The comparison for the particle fraction of -106 +75
µm, indicates that the difference between both ranges
between 13% and 21%.

Fig. 9. Experimental and simulation comparison for
the mass transfer process for the acid leaching of
pyrite using ozone as an oxidizing agent, employing
a particle fraction of -106 +75 µm.
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Fig. 10. Experimental and simulation comparison for
the mass transfer process for the acid leaching of pyrite
using ozone as an oxidizing agent, using a particle
fraction of -38 +25 µm.

Figure 10 shows the data corresponding to the
fraction -38 +25µm. The value of the kinetic constant
(ks) of 0.4 cm/min was used. This figure shows that for
0 ≤ t ≤ 5 min, the generation of the Fe ion increases
linearly until reaching a value of 0.00032 mol of Fe
for the experimental process and 0.000126 mol of Fe
for the simulation, for 5 ≤ t ≤ 15 min, the generation
of product increased linearly, reporting a maximum
value of 0.00081 mol of Fe for the experimental phase
and a considerable increase until reaching a value
of 0.000986 mol of Fe for the simulated process.
With regard to the interval 15 ≤ t ≤ 30 min, the
generation of the Fe ion increases until reaching values
of 0.00165 and 0.00176 mol for the experimental
process and the simulation respectively, for 30 ≤
t ≤ 45 the rate of product generation continues to
increase, reporting maximum values of 0.0019 mol of
Fe according to the experimental data and 0.0025 mol
of Fe for the simulated mechanism. Finally, for the
interval 45 ≤ t ≤ 60 min, the generation of the Fe ion
reached values of 0.0027 mol and 0.0031 mol for the
experimental process and the simulation respectively.
The simulation reported values above the experimental
ones for the interval 15 ≤ t ≤ 60 min and for the
interval 0 ≤ t ≤ 15 min, the experimental data are
superior to the simulated ones. These results, indicates
that the difference between the two ranges between
13% and 24%.

Figure 11 shows the data corresponding to the
fraction -25 µm. The value of the kinetic constant
(ks) of 0.55 cm / min was used. In Figure 9 it is
indicated that for 0 ≤ t ≤ 5 min the generation of
the Fe ion increases linearly until reaching a value of
0.00052 mol of Fe for the experimental process and
0.0010 mol of Fe for the simulation.

Fig. 11. Experimental and simulation comparison for
the mass transfer process for the acid leaching of pyrite
using ozone as an oxidizing agent, using a particle
fraction of -25 µm.

Regarding the interval 5 ≤ t ≤ 15 min, product
generation increased considerably linearly, reporting a
maximum value of 0.0015 mol Fe for the experimental
phase and 0.0025 mol Fe for the simulated process.
With regard to the interval 15 ≤ t ≤ 30 min, the
generation of the Fe ion increases until reaching values
of 0.0026 and 0.0032 mol for the experimental process
and the simulation respectively, for 30 ≤ t ≤ 45 the rate
of product generation continues to increase, reporting
maximum values of 0.0035 mol of Fe according to
the experimental data and 0.0036 mol of Fe for the
simulated mechanism.

Finally, for the interval 45 ≤ t ≤ 60 min, the
generation of the Fe ion reached values of 0.0043 mol
and 0.0042 mol for the experimental process and the
simulation respectively. The results show that the
values reported by the simulation and the experimental
data are better approximated as the process described
in this case study progresses. The comparison using
the particle fraction de -25µm, indicates that the
difference between the two oscillates between 2% and
48%, the foregoing is indicative that the dispersion
range between the experimental data and the simulated
data increases in the interval 5 ≤ t 45 min, which
suggests that the adjustment is more successful in the
initial and final stage of the process giving a reliable
simulation model for these stages.

Conclusions

This CFD model calculation seem to be an
appropriated prediction for pyrite leaching using
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ozone as an oxidizing agent, when the fundamental
underlaying equations used, such as Navier-Stokes
equations (κ-ε) and Finite Speed-Eddy Dissipation
were fitted for the hydrodynamic and the mass transfer
study respectively. The hydrodynamic estimation
indicates that a uniform turbulent flow through the
leach reactor exists. It can be inferred that the reactor
design presents adequate hydrodynamics conditions
of pressure and speed in order to operate in a speed
range of 1.2 m/s to 4.4 m/s and 12.5 Pa of total
pressure, which indicates the feasibility to address
the challenges for the modeling a full scale industrial
reactor. Three particle size fractions and their kinetics
constant were evaluated for the mass transfer process
of pyrite dissolution using ozone as the oxidizing
agent. For -106 +75 µm fraction, the Fe ion estimated
in the simulation was 0.00135 mol, which represents
a difference of 17% with respect to the experimental
data. The fraction -38 +25 µm, shows that the Fe
ion estimated was 0.0031mol, representing a 13% in
comparison with the experimental data. Regarding the
fraction of -25 µm, presents an estimate of 0.0042 mol
of Fe ion that represents 2% difference. These results
suggest that the difference between the experimental
and simulated data is acceptable for the fraction
of particles of -25 µm, while for the cases -106
+75 µm and -38 +25 µm the dispersion increases,
which allows to elucidate that at as the particle size
increases, the dispersion increases. In the same way,
it can be observed that for these same cases as the
simulation time of the process increases the dispersion
increases, which indicates that the model decreases
in precision as the process advances; this allows
proposing the convenience of making modifications in
terms of simulation parameters that allow obtaining
an adequate approximation between experimental and
simulated data for this type of case. This contribution
reduces experimental times, and so enables rapid
analysis by researchers in a possible operating
environment for evaluating different scenarios for
the use of ozone as an industrial alternative for the
treatment of refractory ores that containing a pyritic
matrix.

Nomenclature

AT Frequency of collisions between the
molecules of the reagents

ai Volume fraction for species i
aL Mass fraction of the liquid
βr Exponent of reaction

temperature

C1ε, C2ε, C3ε Constants
Cp Heat capacity of the mixture

(J/mol-K)
Di,m Coefficient of diffusion for species

i (m2/s).
Er Activation energy for the reaction

( J/mol ).
Gk Turbulent kinetic energy generation

due to speed changes (J).
Gb Turbulent kinetic energy generation

due to vortices (J)
hLG Latent heat of vaporization of the fluid

(J/mol).
k Thermal conductivity (W/m-K).
vecJi Flow of species diffusion i (mol/m2s).
k f J Constant of non-reversible speed for

reaction.
Mw,i Molecular weight of species i

(g/mol).
NR Number of reactions
p Average pressure (N/m2).
R Universal gas constant (J/mol-K).
R̂i,R Arrhenius molar velocity of creation

/ destruction (mol/s).
Ri Rate of creation of species (m/s).
S ct Schmidt number.
S k Generation of external turbulence (J).
S ε Increased turbulent dissipation

(J).
T Mixing temperature
Tsat Saturation temperature
t Time (s)
u Total fluid velocity
ui Total fluid velocity for species i (m/s).
ux Fluid velocity in the direction x (m/s).
uy Fluid velocity in the direction y (m/s).
uz Fluid velocity in the direction z (m/s).
ue f f Effective fluid viscosity (Kg/ms)
YM Turbulent speed contributions

due to dissipation.
Yi Concentration of species i

(mol/m3).

Greek symbols
αs Constant of the turn.
αk Lock coefficient of turbulent kinetic energy

generation.
αε Lock coefficient of turbulent kinetic energy

dissipation.
ε Dissipation per unit of mass (m2/s2).
ρ Density of the fluid in the reactor (kg/m3).
ν Kinematic viscosity of the fluid in the reactor

(m2/s).
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µt Viscosity of fluid turbulence in the reactor
(kg/ms).

k Turbulent kinetic energy (J).
µto Turbulent viscosity (Kgm/s2)
Ω Characteristic number of the turn.
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