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ABSTRACT

Electrowinning is the process of depositing copper of the electrolyte solution inside the cell to the cathode. In
the present study, the hydrodynamic simulation of the electrowinning cell of Miduk Copper Complex is studied
using computational fluid dynamics. The Navier-Stokes and continuity equations are considered in the form of
two phases of fluid and gas, turbulent, incompressible and steady state, and the equation for copper
concentration in the electrolyte is solved with consideration of its specific boundary condition. The flow
turbulence is modeled using K — w relationships. Due to large variations in the properties near cathode and
anode, and also the large size of the electrowinning cell, to create a good grid, and increase the speed and
accuracy of the results, global and local simulations are used together. The results of this simulation are the
velocity vectors, the concentrations of acid and copper, turbulence Intensity, the amount of pressure, and the
volume ratio of the oxygen phase in the entire electrowinning cell domain. For model validation, the model is
compared with experiments conducted on actual cells in the industry. Results show high accuracy of this
modeling technique. Then, the mass transfer coefficient values for the different electrode intervals are obtained
by this modeling and the results are validated using the results of the experimental relations. In the next step,
the electrolyte mixture containing different mass fractions of oxygen is sprayed into the electrowinning cell
from the inlet of the simulated cell. Finally, effect of sparging different mass fraction of oxygen into
electrowinning cell electrolyte, changing inlet temperature and flow rate of the electrolyte on the mass transfer
coefficient is investigated by the obtained model.

Keywords: Computational Fluid Dynamics (CFD); Global and Local Simulations; Mass transfer coefficient;
Two phase flow.

NOMENCLATURE
c concentration of copper Ju coulburn factor for mass transfer
Cp drag coefficient kd mass transfer coefficient
Cref inlet and reference concentration L length of channel between two electrodes
Cta turbulent dispersion force coefficient My, molar mass of copper
D penetration coefficient Mo, molar mass of oxygen
de hydrodynamic diameter of electrode Ney copper mass transfer flux
spacing N number of electrolyte phase

Ep diffusion activation energy n number of sampling on each line inside
F faraday constant R gas Constant
Fyxk interphase force Ra corrected Rayleigh number
f friction factor Re Reynolds number
P_‘)lenc buoyancy force Sc Schmidt number
FN drag bubble drag force SCT turbulent SChmldt numbel'
= . . Sc mass transfer flux
F turbulence dispersion force u

N.turb P Sh Sherwood number
Gr Grashof number .
> - . Sn copper sink or oxygen source
g acceleration due to gravity

. ty transference number

I total electrical current locity diff
i electric current density w velocity difference vector
. - - - . S width of channel between two electrodes
Him limited electric current intensity Z number of electrons that copper ion takes
Jp coulburn factor for heat transfer cu PP

number of electrons released by oxygen
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ion
ap volume fraction formed by the bubble
aq phase volume fractions
B expansion coefficient
Yy intensity of the mass transfer to the phase
N
n cathode electric current efficiency
u viscosity of electrolyte
1. INTRODUCTION

Miduk copper mine is one of the largest copper
complexes in Kerman province near Sarcheshmeh
Copper Complex and adjacent to Shahr-e Babak. The
process of copper production is globally either
pyrometallurgy for copper sulfide minerals or
hydrometallurgy for copper oxide minerals. In the
process of hydrometallurgy, copper is extracted from
the mineral by dissolution in a dilute solution of
acidic electrolyte. The benefits of this method, such
as low pollution and energy consumption, have led
to the extensive use of this method in the industry.
Copper electrowinning is a process of copper
recovery from a solid electrolyte on a cathode plate,
which is carried out by passing an electric current
through an electrolyte to absorb copper ions on the
cathode. The copper electrowinning occurs in an
electrowinning cell, including electrode plates that
are facing each other (Fig. 1). In Fig. 1.3, 1.b, 1.c,
details of the electrowinning cell, such as inlet and
outlet, are demonstrated. As can be seen, the
electrolyte flow enters into the cell through holes at
an angle of 45 degrees from the horizon at the bottom
of the cell and releases its copper after flowing in the
cell, and then, with a low concentration of copper,
the flow exits the cell from its top. In the following,
the dimensions are shown in the form x x y x z, in
which x is the size in the direction of the cell length,
y is the size in the direction of the cell width, and z
is the size in the direction of the cell depth. The
internal dimensions of the electrowinning cell
exposed to the electrolyte are 4080mm X
1200mm X 1335mm, the dimensions of the anode
electrode exposed to the electrolyte are 6mm x
940mm X 1050mm, and the dimensions of the
cathode electrode exposed to the electrolyte are
3mm X 1018mm X 1090mm The electrode
spacing is 47.5mm, the number of anodes is 40, and
the number of cathodes is 39. It is shown in Fig. 1.d
that the flow moving between two electrodes
discharges copper ions onto the cathode. Oxygen
bubbles are also produced on the anode. The bubbles
pass through the electrolyte solution and burst over
the electrolyte free surface. It is obvious that the
oxygen bubbles cause a large rotational region and
this rotation, owing to its mixing nature, has a great
effect on the mass transfer of copper on the cathode
(AlShakarji, 2012).

The reactions (1) and (2) are
carried out in the electrowinning process. Cathode
reaction:

Cufiy +2e” = Cuy E=+034V

)
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Uy viscosity of oxygen gas

Uy electrolyte viscosity

Uo 0Xxygen viscosity

o)y, density of phase N

Pref reference density

01 electrolyte density

oy oxygen density

o stress tensor of the two-phase fluid field

Anode reaction:

— 1
HyOaq) = H* + OH™ > 20, +2H* +

2e” E=-123V )

Fig. 1. a) The total space of the copper
electrowinning cell, b) The inlet area of the cell,
¢) The outlet area of the cell, d) The space
between two anodes in the middle of which the
cathode is located and the copper ions sit on it.

The global electrowinning reaction is the sum of
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anode and cathode reactions plus sulfate ion.

Cu?* + S0} + Hy0 > Cu+3 0, + 2H* + 503~
3)

With each mole of copper, one mole of sulfuric acid
is added to the electrolyte and 0.5 moles of oxygen is
released. In order to improve the quality and quantity
of the amount of copper produced in electrowinning,
there is a need for velocity and concentration fields
within the electrowinning cells to control the mass
transfer of copper to the cathode. One of the first
studies in this field was conducted by Filzwieser
(Filzwieser 2000; Filzwieser et al 2002). In the study
of Filzwieser, a special laboratory electrowinning
cell, including an anode and a cathode, was used to
investigate the velocity and boundary layer between
the two electrodes and precise laboratory data were
obtained for the velocity field between the electrodes
using the Laser Doppler Anemometer (LDA)
method. The velocity field was applied to calculate
the concentration boundary layer and the density of
the limited electric current. The cell consisted of an
anode and a cathode with inlet and outlet. Leahy and
Schwarz (2010), with a two-dimensional fluid
simulation of the velocity field, obtained a 20% error
for the Filzwieser’s experimental cell. Their article
was one of the first papers to simulate an
electrowinning cell. After that, Schwarz (2012) in a
paper (Leahy and Schwarz, 2014) have studied the
two-dimensional simulation of a zinc electrowinning
cell and obtained the velocity and concentration field
for a simple and specific cell in two-dimensional
form. Leahy and Schwarz (2014) have studied the
electrowinning cell more detailed. In their paper, to
simulate flow and mass transfer in the electrode
intervals of a pair of single sheets (an anode and a
cathode) with the geometry and operating parameters
of the electrowinning process of copper, two-
dimensional model, two-phase gas-liquid, Eulerian-
Eulerian and turbulence were employed. Their model
predicted a rotational domain. In their modeling, they
assumed the electrolyte fluid as the continuous phase
and the oxygen gas bubbles as the discontinuous
phase and the bubble diameter of about 150 microns.
The turbulence model used for solving in this paper
was the K — w turbulence model. Results such as
calculation of the wvelocity field, copper
concentration contours, volumetric oxygen fraction
contours, contours related to the turbulent viscosity
of the flow were obtained. In this paper, the flow
instability in the electrode boundary layer was also
modeled. In this model, considering the long width
of the anode and cathode, two-dimensional (2D)
space is modeled. The important results of this paper
were to prove the existence of a recirculatory flow
between anode and cathode and to obtain instability
in the boundary of electrodes, resulting in the mass
transfer of copper ions and the quality of this
transition.

In the study of industrial electrowinning cells, three-
dimensional (3D) modeling is required to model the
effects of the edges of the electrodes, the location and
geometry of the inlet and outlet, the forced flows due
to the entrance and exit of the fluid from the cell, the
real turbulence in the three dimensions and to assess
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the effects of different parameters on each other,
such as the effect of the concentration and flow rate
of the electrolyte entering the cell on the amount of
copper produced. The detailed and thorough 3-
dimensional modeling of electrowinning cell is of
utmost importance in the industry and should be
studied. A study was conducted on 3D modeling of
an industrial copper electrowinning cell by
Najminoori et al (2015), which has been designed to
simulate the space generated by 9 electrodes of the
electrowinning cell of Sarcheshmeh cooper. In this
study, a part of the Sarcheshmeh copper cell, with the
assumption of the repetition of the boundary
conditions of the other parts, was modeled in 3D, and
the turbulence model used was the K — w turbulence
model. Since only a fraction of space of the
Sarcheshmeh copper cell was modeled in this paper,
a precise investigation of the industrial cell along the
cell length could not be carried out, and also for the
modeling of the space between the anode and the
cathode, the numerical grid on the whole of a cell
alone would not yield exact answers. The reason that
a part of the cell was modeled was that for a precise
solution, there was a need for a very fine, to a smaller
extent than the concentration boundary layer,
numerical grid near the electrodes. This numerical
grid is extremely large owing to the great length and
width of the electrodes and the large number of them
in the cell volume for being precise. On the other
hand, solving the problem is very slow due to the
creation of effective floating forces and the
turbulence of the convergence speed. As a result, a
new solution methodology is needed to precisely
solve the 3D problem. In order to adopt an approach
that can be used to solve the problem of
electrowinning with high speed and precision, a
thorough literature review was conducted, but a
proper one was not found. Therefore, studies on
other problems similar to electrowinning, especially
copper refining, have been studied so that it can be
applied to the problem of electrowinning.

In Kemminger and Ludwig’s article (Kemminger
and Ludwig 2013), the simulation of a full-scale
copper electrorefining  tankhouse cell was
performed. The copper electrorefining tankhouse
cell is similar to the electrowinning cell, with the
difference that other process reactions occur that are
different from those of the electrowinning process. In
this paper, two types of simulations were used in
parallel to perform a modeling with high speed and
precision. The local simulation modeled the region
between the anode and cathode electrodes with high
precision and obtained its initial and boundary
conditions from a global simulation that modeled the
full-scale cell with moderate precision. With this
method, the Kemminger and Ludwig simulation
(Kemminger and Ludwig 2013) managed whole
copper electrorefining tankhouse cell modeling with
high speed and precision. In Lou et al. paper (Luo et
al 2018), flow fields were visualized by particle
image velocimetry in bench-scaled zinc electrolysis
cell. Flow patterns were dominated by bubble-
induced flow rather than electrolyte feeding. In this
paper it has been shown that rising bubbles are the
main cause of local turbulence near electrode
surfaces. In the next section of the studies, the mass
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transfer coefficient will be investigated. The factor
that summarizes the quantity and quality of copper
deposited on the cathode is the mass transfer
coefficient. By having a mass transfer coefficient in
an industrial electrowinning cell, it is possible to
obtain the amount of copper produced under
operating conditions. Furthermore, if this coefficient
is available for any point on the surface it can prevent
surface unevenness, nodule formation, and cathode
quality problems. In order to predict the mass
transfer coefficient in electrowinning cells, it is of
necessary to have the velocity and concentration
fields inside them. Many experiments have been
conducted on the mass transfer in the electrowinning
cell, some of which are discussed below.

Sigrist and Dossenbach (1979) studied the mass
transfer in a specific vertical electrowinning cell
inside which the air was sparged. They showed that
the mass transfer coefficient was related to volume
fraction of air in the electrolyte. In this paper, the
Sherwood number was linked to the corrected
Archimedes number by experiment. Studies
conducted by a number of researchers (Fisher and
Hughes 1971; Raju et al.1967; Raju et al. 1979) have
investigated the use of fluid flow mixers, fluid flow
pulsers, electric current recirculation, and flotation,
respectively, as some of the strategies to increase
mass transfer. In another study, Subbaiah et al.
(1995) investigated the mass transfer in a specific
electrowinning cell in which the fluid stream became
turbulent using a turbulence promoter. The presence
of the promoter caused a 100% increase in the mass
transfer coefficient in this cell and the relationship
between the mass transfer coefficient and the
promoter specifications was obtained.

Graydon and Kirk (2001) demonstrated that the rise
of oxygen in the electrode space caused recirculation
in the region, which had a large effect on the mass
transfer. Najim (2016) obtained the mass transfer
coefficient of a specific electrowinning cell for
different temperatures and concentrations at certain
laboratory intervals by using the limiting current
technique (LCT). In their paper, a relation for
Sherwood number that related to the root of the
product of the Grashof number and the Schmidt
number was presented. Beukes and Badenhorst
(2009) investigated the relationships, equations, and
mass transfer coefficients of various industrial cells
in a study. Cifuentes and Arriagada (2008)
investigated factors such as temperature, electric
current, concentration, and rotation speed of the bed
on the mass transfer of an electrowinning cell with a
moving bed and showed that increasing the
temperature and concentration of copper increased
the mass transfer.

Najminoori et al. (2019) examined the effect of the
magnetic field with designing full-scale experiment
considering factors such as copper and iron
concentration, electric current density, presence, and
absence of magnetic field, and thickness and
morphology of structures formed on copper. Their
paper demonstrated that, in the presence of a
magnetic field, the mass transfer coefficient
decreased due to the presence of intrusive iron ions;
however, the material deposition was more uniform.
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Using an experimental procedure, Soliman et al.
(2011) obtained Sherwood number to calculate mass
transfer in an electrowinning cell with rotating
cylinder electrodes. Using analytical and
experimental studies, Coleman (Coleman and Roy
2014) exposed a specific test cell with a small
electrode interval to ultrasonic waves, obtained its
mass transfer relationships, and showed that the use
of ultrasonic waves would increase the mass transfer
in the cell. Considering studies on mass transfer
coefficient in the electrowinning cell, it can be
concluded that most studies have experimentally
investigated the mass transfer coefficient. However,
by modeling the cell, the mass transfer coefficient
can be obtained both on the average of the whole cell
and locally on each point of the cell.

In the present paper, modeling a 3D full-scale
electrowinning cell using the global and local
modeling method for solving the problems of
accuracy and time-consuming. The local simulation,
such as that of Kemminger and Ludwig, is a highly
precise modeling of the region between the cathode
and the anode, due to the very fine numerical grid in
this area. The global simulation is a moderate-
precision modeling for the region between the anode
and cathode and highly precise modeling for the rest
of the cell with respect to the physics of the problem
and its moderate numerical grid for these areas. It is
worth mentioning that this method was first used in
electrowinning cells. In order to evaluate the
accuracy of this method, the model is compared with
the overall modeling and for validation purposes, the
modeling results are compared and with the real cell
test results that have been conducted in the Miduk
Electrowinning Unit. Since the model is completely
performed with fewer assumptions, the model would
be more realistic and the boundary conditions of the
local regions would be more accurate.

In the following, it is attempted to investigate, for the
first time in the industrial scale, the mass transfer in
an electrowinning cell according to the industrial
modeling method. Due to the practical importance of
the mass transfer coefficient of the cell for the
quantity and quality of copper production in the cell,
this coefficient is obtained for different operating
conditions and has been compared with the
experimental relationships presented in other studies.
In the next important step, the mass transfer
coefficient is obtained locally on the cathode and
investigated.

2. MODELING

To begin the simulation, step-by-step measures have
been taken in the design software of Ansys CFX
(ANSYS CFX-Solver Theory Guide). The first step
in the simulation is modeling of the geometry of the
electrowinning cell of Miduk Copper Complex based
on existing executive maps. Fig. 2 shows the
geometry of the modeled electrowinning cell.

Because the electrowinning cell is both physically
and geometrically symmetric, in Fig. 2.a, a geometric
model of the half of the cell is demonstrated. The
global modeling has been performed on the geometry
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of Fig. 2.a. Fig. 2.b represents a part of the cell that
is modeled locally. This section shows the distance
between the two anodes, including the cathode, the
wall, the intracellular space, the tube, and the inlet
nozzle. Fig. 2.c is derived from the removal of the
local domain from the global domain.

Symmetric surface

S =l

Fig. 2. Geometric modeling of the electrowinning
cell of Miduk Copper Complex, a) Global
simulation, b) Local simulation of the gap

between the two anodes, ¢) Global geometry
minus electrodes spaces.

The next step in the simulation is the generation of a
mesh or numerical grid on the solution domain.
Meshing has important rules to follow:

e The mesh should become finer or coarser in
different domains proportional to the gradient of
concentration or velocity.

e The meshing is as close as possible to the
hexahedral in the structured meshes and to the
tetrahedral in the unstructured meshes.

The meshing in the geometry of the electrowinning
cell has been done with these considerations and, to
increase the solving speed, hybrid meshing of
structured and unstructured meshes has been
employed in different domains. The number of
meshes during the solution was considered variable
for the faster convergence and the mesh density
increased during the solution based on the
concentration gradient in four stages. The problem
was initially started with a mesh number of 10° and
reached to a maximum mesh number of 6.3 x 10° at
the end solution. Observing these factors makes it
possible to have the highest accuracy in solving and
solving convergence with the least number of
meshes. Fig. 3 shows the meshing at the gap between
the two cathodes. Fig. 3.a depicts the finest meshing
for global simulation while Fig. 3.b displays the
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finest meshing for local simulation in a plane
perpendicular to the electrodes in the middle of the
cell.

Fig. 3. Mesh between two cathode plates, anode
located in the middle, a) global modeling, b) local
modeling.

The first layer of the meshes on the electrodes in both
simulations has a width of 300um because the
concentration boundary layer is approximately
550um. The thickness of the concentration boundary
layer near the electrodes in this paper is based on the
results of the modeling and also experimentally
obtained in the paper by Konig et al. (2011). The
mesh layers are expanded with the appropriate
geometric coefficient on the electrodes. This
magnitude of expansion on both the anode and
cathode makes it possible to include most of the
domain with a high concentration and velocity
gradients, and also to create an appropriate layout of
2 layers of meshes in the concentration boundary
layer.

3. GOVERNING EQUATIONS

The technique used to simulate the two-phase flow
in this cell is the Eulerian-Eulerian model. This
model solves the momentum and continuity
equations for each phase. The description of
multiphase flow as a continuous and interpenetrating
medium utilizes the concept of phase volume
fractions, which is represented by a,. The volume
fraction represents the occupied space of each phase,
and the laws of conservation of mass and momentum
are separately satisfied for each phase. The relation
that exists with respect to the definition of volume

fractions for a two-phase flow is Eq. (4)
(Geankoplis 2003):
aq + a, = 1 (4)

If the problem is continuous, the momentum
equations are generally expressed using Eq. (5)
(Geankoplis 2003):
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Where N = 1 and 2 represent the electrolyte phase
and oxygen gas respectively. py is the phase density,
Sy is the term for the copper sink in the cathode or
the oxygen source in the anode, which is defined by
Faraday’s relations in their boundary conditions and
will be described in the Boundary Condition section.

The momentum relationship of each phase is found
by Eqg. (6) (Geankoplis 2003):

d op
™ (pvanuyiunk) = anpngi + Fyx — Oy {B_xk -
395k
e ©®)

Where o is the stress tensor of the two-phase fluid
308 _ . 9*(anunk)

field and it’s summarized with
dx; ox;?

N
In Eq. (6), 1= 1, 62 = 0, and Fy;, is the interphase
force acting on the N phase from other phases in the
k direction. In accordance with Newton's third law,
Eq. (7) is (Geankoplis 2003):

2nFnie=0 )

Using the continuity equation for one phase among
other phases, Eq. (6) for the single-phase N is
simplified to the Eq. (8) (Geankoplis 2003;
Najminoori et al. 2015):

ou,
PnaN {uNi ?le} = anpngr T Fyr — Ynuni —

5 {6_11_ aﬂgki}
N dxp dx;

®

Where Yy is the intensity of the mass transfer to the
phase N. Fyy is obtained from the resultant of the
four forces present in Eq.  (9) (Geankoplis 2003;
Najminoori et al. 2015) .

FNk= FN,d‘rag k + FN,turb k + FN,grav k + FN,conc k

©9)

For the bubble drag force in the control volume
where the volume fraction of aj, is formed by the
bubble, the simplified Schiller-Newman relation is
presented in Eq. (10) (Najminoori et al. 2015):
3C
Fydragr = _;fpc“D|Wk|Wk (10)
Where W is the velocity difference vector between
the other phase and the phase N and the drag

coefficient is calculated using Eqg. (11)
(Najminoori et al. 2015):
Cp = == (1+ 0.15Re%%7) (11)

The difference in the concentration created in a
continuous phase can cause a difference in density
and therefore the difference in the weight of different
fluid parts. As a result, the gravitational force that
affects this difference in weight enters the buoyancy
force to the continuous phase, which is expressed by
Eqg. (12) (Leahy and Schwarz 2014):

ﬁN,concz 5N,1aN [_pNgﬁ(C - C‘ref)]

Where g is the concentration expansion factor, C is
the concentration of copper, and C,..r is the

(12)
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concentration of copper at the inlet. In the
momentum transfer equation, the part of the force is
due to the difference in concentration, therefore, the
other relation which must be solved and is coupled
to the momentum equation is the relation for species
transfer, which is related to the concentration by Eqg.

(13) (Leahy and Schwarz 2014).
Bra) § (Ceu
) 7(22)) +

(13)

This equation shows how copper ions are displaced
by the presence of concentration differences in the
fluid field and, in fact, mass is transferred. D, Sc,
and Sc,, are respectively the copper ion penetration
coefficient, the turbulent Schmidt number, and the
term for the mass transfer flux sink in the cathode or
the mass transfer flux source in the anode.

V. (‘11CCul71) =V <a1 (plD1 +

SCu

For the term arising from the density variation
buoyancy force, the Eq. (14) holds (Najminoori et
al. 2015):

ﬁN,grav =ay (pN - .Dref)j (14)

Where py is the density of phase N, p,.f is the
reference density or the electrolyte inlet, and g is the
acceleration due to gravity. Finally, the result of the
turbulence dispersion force is obtained by Eq. (15)
(Leahy and Schwarz 2014; Najminoori et al. 2015)):

Fynourp = (=DNCrapyK V ay (15)

Where C.;q is the turbulent dispersion force
coefficient. In a two-phase flow, the flow of each
phase can be either laminar or turbulent. In the flow
of the electrowinning cell, since the Reynolds
number is small for gas and liquid (Najminoori et al.
2015), the flow seems to be laminar, but due to the
large natural flow stemming from the difference in
concentration and the drag of the bubble, it has a very
large Rayleigh number; hence, the flow of the
electrolyte phase is assumed to be turbulent while the
flow of the gas phase is assumed to be laminar owing
to its small bubbles (Najminoori et al. 2015).

There are different models for investigating
turbulence. One of the best of them for the
electrowinning cell is the two-equation K — w
model due to the presence of walls and the dominant
natural flows. The turbulence model equations for a
phase are Eq. (16) (Geankoplis, 2003):

d2(pw) N d(pujw) B
at ax;

d(w)
Ox;

wp 249

KP ‘Bpw +6x1-[(‘u+
94 9(K) 9(w)

w 0xj 0x;j

d(pK) N a(pqu) _

P)

, 3 1 K\9(K)
pP—ﬁpa)K‘Fa—x][(M‘Fap;)a—x] (16)
U = pg and constants are defined by Eq. (17)

(Geankoplis, 2003):



S. A. A. Pourahmadi and S. Talebi / JAFM, Vol. 14, No. 1, pp. 243-257, 2021.

B' =0.09
5
a==
9
B =0.075
ox =2
O, =2

(a7

In order to examine the mass transfer in an
electrowinning  cell, dimensionless  numbers
proposed for mass transfer should be studied.
Species are transferred from the bulk solution to the
electrode surface in three ways. First way
Convection, including forced and natural modes
induced by density differences. Second way
Diffusion induced by the concentration gradient of
copper. Third way, lonic migration induced by
electric field. Due to the large amount of neutral
electrolyte in the electrowinning process, the role of
ion migration is negligible, and copper only reaches
the electrode surface through two effective modes of
convection and diffusion. The mass transfer flux of
Cu, N¢y, is expressed by Eq. (18) (Beukes and

Badenhorst (2009):
= McydM _ IMcy _ Mcyl
Nev == G = % = e (18)

In the diffusion boundary layer, for a completely
stable problem assuming complete mixing, the mass
flux can be calculated by Eq. (19) (Beukes and

Badenhorst (2009):
d cu
Ney = —D = (19)

Using Egs. (18) and (19), Eq. (20) is obtained for
the layer close to the electrode (Beukes and
Badenhorst (2009)).

D

i=-—nXFXx—
Mcy

dCey
dx

(20)

The mass transfer coefficient is defined as Eq. (21)
(Beukes and Badenhorst 2009).

-D dCey

kd

21

(Ccu(bulk)_ccu(surface)) dx ly=g

The unit of mass transfer coefficient is =. In

electrowinning cells, this unit is very large and the
mass transfer coefficient is usually expressed in
micrometers per second. The fluid flow relationship
is simplified as Eq. (22) (Beukes and Badenhorst

(2009).
. Fxkd
i = % X (Ceutourr) = Ccu(surface)) (22)

When all the copper ions that reach the electrode
surface are absorbed by the cathode or the mass
transfer of copper ions to the electrode surface is
reduced, a limiting intensity occurs for copper
production. The limited electric current is the electric
current that does not change with increasing potential
in the reaction intensity. For this reason, the
determination of the limited electric current of the
diffusion is important for the design and optimization
of the reactor. When the electric current intensity is
limited, all the copper concentrations in the surface
are consumed, resulting in Eq. (23) (Beukes and
Badenhorst (2009):

llim = N X F X kd X Ceypur) (23)
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Two points can be deduced from this relationship.
First, increasing the bulk concentration can increase
the amount of the limiting electric current that is
obtained by optimizing the soluble extraction (SX).
Second, increasing the mass transfer coefficient of
the cell can increase its limiting electric current
which is a function of the cell's hydrodynamics, inlet
electrolyte characteristics, operating temperature,
and so on. Mass transfer coefficients are usually
obtained by empirical relationships based on
dimensionless numbers. In what follows, some of the
non-dimensionless numbers and parameters used in
this study are presented in Table 1.

Numerous empirical relationships have been
presented in various articles on mass transfer in
relation formof Eq.  (24) (Beukes and Badenhorst
(2009); Gendron and Ettel 1975; Najim 2016; Raju
et al. 1979; Rao 1974):

Sh = C.Re" Sc™ (%)p (24)

Table 1 Important parameters used to obtain the
mass transfer coefficient and Sh humber

Parameter
Parameters of Relation with
Relationships characteristic
s of Table 2
pvL
Reynolds number Re =7 2500
Schmidt number Sc= % 1555
Gr
Grashof number g.B.(Cs—| 25x108
. Ra
Corrected Rayleigh B, 14
number _ g.f-m.H*| 56x%x10
v2.D
Hydrodynamic 2LS
diameter of de = L5 0.089 (m)
electrode spacing L+

In the study conducted by Gendron and Ettel (1975),
the type of fluid flow inside a cell is illustrated by the
diagram presented in Fig. 4. Therefore, the Reynolds
number is the indicator of the laminar or turbulent
fluid flow and the Reynolds number along with the
cathode mass transfer coefficient can determine
whether the turbulent fluid flow is the inlet area or
fully developed.

Gendron and Ettel used silver ions for tracing in their
paper (Gendron and Ettel 1975). Consequently, the
diagram is provided for the mass transfer coefficient
of silver ions. The copper mass transfer coefficient is
related to the silver mass transfer coefficient by Eq.
(25) (Gendron and Ettel 1975).

_ (_Dw“)z = (fa )Z = 1.406
Dyg+ Tou2+ ’

If there is a laminar fluid flow over the plane, the

k

cu?+t

: (25)

Agt
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dimensionless Sherwood number can be calculated
by Eq. (26).

Shy = 1.85 x (Re x Sc X %)

(26)
10 3 T T
e
'S Fully
~ Developed
*
& 2
g 107 ntrance
~— Region
*ap Laminar !
,Qt : Turbulent
101t 1
10! 102 103 10*
uD h
Re = —

v
Fig. 4 Diagram determines the type of fluid flow
between electrodes inside the cell based on the
Reynolds number and mass transfer coefficient
(Gendron and Ettel 1975).

If the fluid flow is turbulent, owing to the confined
flow between the two electrode plates, there are two
types of fully developed or undeveloped fluid flow.
For undeveloped turbulent fluid flow, empirical Eq.
(27) is provided for Sherwood number (Beukes and
Badenhorst (2009); Gendron and Ettel 1975).

Sh, = 0.0356 x Re®® x Scz (27)

And for the developed turbulent fluid flow, Eq.
(28) can be used (Beukes and Badenhorst (2009);
Gendron and Ettel 1975).

Sh; = 0.0789 X fz X Re X Sc+

fin Eq. (28) is the friction factor which can be
obtained from Eq. (29) (Beukes and
Badenhorst (2009); Gendron and Ettel 1975).

_ 0.079

(28)

T (29)
Re4
Eq. (30) is another well-known relation
obtained by the Chilton-Coulburn method and used
for mass transfer in laminar fluid flow (Beukes and
Badenhorst (2009); Gendron and Ettel 1975).

jb = ju = 0.023Re~02 (30)

Where jp and jy are the Coulburn factors for heat
and mass transfer, respectively. For the Coulburn
mass transfer factor, Eq. (31) exists (Beukes
and Badenhorst (2009); Gendron and Ettel 1975).

Sh

D= T (31)
Rex(Sc)3

Consequently, Sherwood number is in the form of

Eq. (32) (Beukes and Badenhorst (2009);

Gendron and Ettel 1975):

1
Sh, = 0.023Re®8Scs (32)

In the Miduk industrial electrowinning, given that
the Reynolds number ranges above 2300 and the

copper mass transfer coefficient is less than 6 ”m/ s
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as shown in Fig. 2, it can be concluded that the fluid
flow inside the cells and between the electrodes is in
the undeveloped turbulent region. The average mass
transfer coefficient to the electrodes in the
electrowinning cell is related to Sherwood number
by Eq. (33):
kdy, = Shy x — (33)
In Eq. (33), nrepresents the type of relationship
used for the Sherwood number, which actually
determines the type of flow. Equivalent diameter in
Eq. (33), de, is obtained for electrowinning
cells using Eq. (34) (Beukes and Badenhorst
(2009); Gendron and Ettel 1975).

_2LS
T L+S)

(34)

In Eq. (34), L and S are the length and width of
the channel between the two electrodes, respectively.

In order to consider the temperature variations of the
electrolyte inside the cell, relationships of the
density, viscosity, and the diffusion coefficient of
copper in the electrolyte are required. The electrolyte
density is obtained according to Price's relation, Eq.
(35) (Werner 2017).

p = 1018.56 + 0.151Cc,, + 0.54Cyy, 5, — 0.59T
(35)

The viscosity of oxygen gas as a function of
temperature can be calculated by Sutherland's
viscosity law, Eq.  (36) (Sutherland 1893).

3
T2
0.555T+120

U =0C (36)
For the viscosity of electrolyte as a function of
temperature, Eq. (37) exists (Moats et al. 2000).

1

K= To00

1
0.0014685C,50, + 1983.72¢7)

(—1989.46 +0.010353C¢,2+ +
@37

For the calculation of the diffusion coefficient of
copper inside the electrolyte as a function of
temperature, Eq. (38) can be used (Moats et al.
2000).

Ep

D = Dye wr (38)

Where E}, is the diffusion activation energy, R is the
gas Constant and the exponent.

4, PARAMETERS AND BOUNDARY
CONDITIONS OF THE CELL

Boundary condition can be divided into two types of
non-slip condition and free slip condition in terms of
limitations; the non-slip condition is defined by
Upwqu = 0 and the free-slip condition is defined by
Eq. (39) .

(39)
All cell, anode, and cathode walls have the non-slip
boundary condition for the electrolyte phase and the

free-slip condition for the gas oxygen phase. In
numerous papers with experimental validations, the

Tw =0, Un,Wall =0
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free-slip condition for gas bubbles is considered in a
two-phase flow (Pourtousi et al. 2015).

The free surface of the cell has a degassing boundary
condition. This condition for the electrolyte, that is,
continuous phase, plays the role of a wall with the
free-slip condition, and for gas bubbles, which is the
discrete phase, is acting similar to a co-speed outlet
with the gas released to the free surface. As a result,
the oxygen bubble leaves the domain as fast as it
reaches the surface.

The anode and cathode have the non-slip wall
boundary condition for the electrolyte phase and the
free-slip wall for the gas oxygen phase, and since the
0Xygen generation reaction occurs in the anode, it is
also the oxygen source.

The amount of mass that is absorbed from or emitted
to the fluid adjacent to the electrode during
oxidation due to the electric field is related to the
electric current of the cell according to Faraday's law.
The total volume of oxygen produced in the anode is
linearly related to its electrical current. According to
Faraday's law, the apparent flow rate of the overall

gas produced is obtained by Eq. (40) (AlShakarji
2012; Najminoori et al. 2015).

IM,
FluxOX = Zo:; (40)

where I is the total electrical current on the anode
and cathode surfaces, F is Faraday constant, M, is
molar mass of oxygen, and zo, is the number of
electrons released by oxygen ion. For the boundary
condition of the cathode, there is also the Eg.
(41) (AlShakarji, 2012; Najminoori et al. 2015):

IMcy,
ZcuF

Ney =

(41)

Where M, is the molar mass of copper, and z,, is
the number of the electrons that the copper ion takes
and n is the cathode electric current efficiency,
which is usually 88-92%, and is related to the
working conditions of the cells. It is worth
mentioning that electrolyte has been considered as a
variable composition mixture comprising two
combinations of copper ions and dilute sulfuric acid
to indicate a change in the mass fraction of copper.

For the inlet boundary condition, a steady constant
flow rate with real industry conditions is considered,
which only contains electrolyte with a real copper
concentration. This inlet is removed by diagonal
tubular holes in the bottom corner of the tube. The
phase condition of the outlet material is considered
the only electrolyte with a real copper concentration.
There is a vertical longitudinal surface in the middle
of the electrowinning cell, in which both physical
and geometric symmetries are present. The boundary
condition of symmetry is established according to the

relations Eqg. (42) (Najminoori et al. 2015):
]
2 =0and U, =0; (42)

Where ¢ includes all scalar parameters such as
pressure, concentration, and volume fraction. In
Table 2, the real industrial parameters required for
the Miduk electrowinning cell model are presented.
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Table 2 Industrial parameters of Miduk

Parameter Value
. L A
Electric current density (i) 196 —
mZ
Inlet flow rate 1.5 h—t
S
. kg
Electrolyte density (p;) 1200 —
m
Oxygen density (p) 1.2 k—g3
m
o _3 kg
Electrolyte viscosity (1) 118 x 1073 —=
m.s
o _s kg
Oxygen viscosity (u;) 2.18 x 1075 s
_ — m?
Penetration Coefficient (D) | 8.62 x 1010 —
s
transference number (t,) 0.0849
3
Expansion coefficient (8) 0.0019 T
Inlet and reference kg
concentration (Cyf) 36%
Acid concentration 180k—g3
m

The numerical solution method used in the Ansys
CFX software is based on the fully coupled solver
algorithm (ANSYS CFX-Solver Theory Guide).
Because in this algorithm all the equations are solved
coupled together in an implicit manner, more
memory is occupied, but it has faster convergence
than Simplec algorithm. The first-order upwind
discretization scheme has been employed for
turbulence, momentum, continuity and concentration
equations, which creates a higher convergence. In
order to increase the speed, the 8-part parallel
processing on an 8-core processor at the speed of 2.6
GHz and RAM memory of 16GB has been used.

5. VALIDATION

For validation of the model, the mass concentration
of copper ions in the Miduk electrowinning cell is
measured in two lines. This measurement was done
by removing small specimens by micropipette and
using the titration method. In the titration, potassium
iodide was added to the specimen and then titrated
with sodium thiosulfate. In this way, copper ions are
reduced and deposited. The reaction is carried out
according to the following reaction (43):

(43)

The iodine produced by sodium thiosulfate was
measured and then the amount of copper ions was
measured by stoichiometry. The reaction is carried
out according to the following reaction (44):

(44)

The starch glue has been used to accurately
determine the endpoint of the titration. The amount
of uncertainty in the results of testing the

2Cu?t + 417 > 2Cul(s) + I,

2Na,S,05 + I, - Na,S,0¢ + 2Nal
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concentration of copper by titration was reduced as a
result of twice repetition for each point, the use of
starch glue, the use of the micropipette for small
sample sampling, testing with precision instruments,
and conducting the tests at temperatures of about 25
degrees and the relative standard uncertainty for
titration is about 0.1% (Reining 2018).

The experimental work was carried out in two stages.
The difference between the stages is that each one
was conducted in two different times with a multi-
day interval, in two different cells, between two
electrodes with different locations, and different inlet
and outlet conditions and electrical current in terms
of production. Each of these steps, shown below with
A and B, was conducted in two different days, and
thus with different cell conditions. At each stage, 2
different lines in the cell and between the same two
electrodes were considered. The first line is a
horizontal line between the cathode and the anode at
a certain distance from the electrolyte surface and the
second line is a vertical line from the electrolyte
surface to the cell floor and in the middle of the
cathode and anode electrodes. For each of these
stages and lines, samples were taken at several points
by a device made for sampling (including a
micropipette and two special millimeter rulers and a
base) and testing the copper concentration was
carried out with precision on them. The flow rate
conditions, the inlet and outlet concentrations, the
electric current density, and distance of the
horizontal line from of the electrolyte level are
presented in Table 3 for both stages A and B.

Table 3 Different parameters in steps A and B

Parameters Stage A | Stage B
Electrolyte flow rate m3 m3
entering all cells 330, 300;-
Cooper concentration of kg kg
inlet electrolyte 346@ 34%
Electric current density of A A
electrode 289 m2 2955
Distance from the surface of
electrolyte 70mm | 510mm
Copper concentration of the 3055 | 301k
outlet electrolyte m3 m3

In Fig. 5, the concentration of copper obtained from
the test is shown in comparison with the copper
concentration obtained from the simulation at the
two stages A and B for the horizontal line between
the cathode and the anode. As seen in this figure, the
horizontal axis is the distance between the two
electrodes from the cathode to the anode and the
vertical axis is the copper concentration. At two
points close to the electrodes, the deviation of the
experimental results from the values obtained from
the modeling is greater, which can be due to the
difficulty of obtaining a favorable sample near the
electrodes at a short distance from them and the

turbulence caused by the effect of the micropipette
near the wall of the electrodes. Because variations in
the concentration close to the cathode are very high,
small disturbances caused by the test device can
drastically affect the concentration.

=== simulation case a

— simulation case b
O experimental data case b
X experimental data case a

Copper Concentration(gr/litr)
T

2 I I I I I I
0 5 10 15 20 2 30 35 0 45

Cathode distance(mm)

Fig. 5. Copper concentration on the horizontal
line in the middle of the electrodes.

Fig. 6 presents the concentrations obtained from the
experiments in comparison with the concentration
obtained from the simulation at the two stages A and
B for the vertical line from the electrolyte to the cell
floor. As shown in this figure, there is very little
deviation between modeling and testing, even in cell
conditions characterized by severe recirculation and
turbulence.

————— simulation case a
—— simulation case b
O experimental data case a
X experimental data case b

Copper concentration(gr/lit)

Distance from electrolyte free surface(cm)

Fig. 6. Copper concentration on the vertical line
between the two electrodes, the lines
representing the copper concentration obtained
from the simulation, and the points representing
the experimental data for samples A and B.

The deviation of experimental results from the
modeling results is defined by Eq. (45):
experimental _Cisimulationl

Err = ?:1| !

Cmax—Cmin (45)
Where n is the number of sampling on each line
inside the cell and the highest concentration is related
to the inlet concentration and the lowest is calculated
at the cathode boundary layer. The calculations show
a deviation of 2.6% for the test of stage A and 1.9%
for the test of stage B on the horizontal line and
0.84% for the test of stage A and 2.85% for the test
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of stage B on the vertical line.

6. MODELING RESULTS

In this section, the results of cell modeling have been
investigated. The copper concentration at the

entrance is Cy, = 36% and it is exited from the

outlet by discharging its copper on the cathode
plates. In Fig. 7, different regions are observed in
terms of copper concentration. This figure shows that
the black layer with a concentration of more than

35 k—g, and then the white layer with a concentration

m3
of 34 % to 35 % have the highest concentrations of
copper and these layers form the volume of the lower
area of the cell and under the cathodes and anodes
and transfer the copper to the higher parts by natural
convection mass transfer. Fig. 8 demonstrates the
total fluid velocities by color processing. Inlets and
outlets have the highest speed in the cell with black
color and velocity of about 0.2 % and after that,

spaces near the anodes and the cathodes and between
them have the highest speed in the cell at a speed of

about o.os%m 0.2 ? In most of the sub-electrode

volumes that have the highest copper concentration,
the speed is very low. As a result, the transfer of
copper from the cell floor to higher layers is
performed by mass transfer caused by the molecular
penetration.

Fig. 7. Color volume processing of the
electrowinning cell volume based on copper

concentration. Red: more than 35 %, Green:
less than 34"—"’3 Yellow: between 34"—"’3 and
m m

kg
35-%.

Fig. 9 shows the contour of the concentration of
oxygen on the free surface from the top view of the
electrowinning. The white color indicates an
electrolyte with a lower oxygen concentration. As
seen in this figure, at the free surface, the release of
oxygen bubbles that are accumulated around the
anodes causes the electrolyte to flow into and
between the electrodes.

In Fig. 10, several streams of flow are shown in the
cell inlet. Owing to the laminar flow in the cell floor
due to the low velocity (about 0.05%) and the

consequent small Reynolds number, these streams
lead to a laminar flow to the outlet. But the flow
streams that permeate the space between electrodes,
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due to the small space between the electrode (45 mm)
and the presence of natural convection flows at high

speeds (about 0.2%), are turbulent with great
complexity (due to the presence of various forces).

Fuid velocity:
Fig. 8. Color volume processing based on fluid
velocity. Red: more than 0.2 ? Green: between

0.05 ? and 0.1 ? Yellow: between 0. 1? and
m
0.2 g

A AAA R
\ 4’\ ‘1 M ‘

i

Fig. 9. A view of the free surface of the
electrowinning cell, where a darker color
indicates more oxygen.

Fig. 10. Flow streams entering the cell from the
inlet follow a laminar flow in the path of the cell
floor to the outlet, and if permeated into the
space between the electrodes, it flows in a very
complex and turbulent stream.

Fig. 11 depicts the contour of copper concentration
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on the plane in the middle of the two electrodes
According to Fig. 12, the energy of Kkinetic
turbulence is higher in regions having higher speeds,
especially near the anodes. Fig. 13 represents the
vertical velocity in the space between the two
electrodes in both global simulation (A) and local
simulation (B). The velocity of the left side (anode)
is high because of the drag caused by the movement
of bubbles. In the middle, owing to the rotation of the
flow, the velocity decreases and the flow direction
goes down. On the right side, due to the floating force
caused by the copper discharge, the velocity goes
upside slightly near the cathode. As shown in this
figure, details are accurately observed in the local
simulation. The average relative error is defined by

Eq. (46):
Caselocal
err = ZnAVlCaseglabal (46)
N.Vmax

o 0.300

Fig. 11. Contour of copper concentration on a
plane in the middle of the anode and cathode
plates. A lighter color indicates a higher copper
concentration.

Where n is the number of points calculated between
two anodes and cathodes in both models, equal to
100. The calculations showed an average relative
error of 7% for the global simulation relative to the
local simulation. However, the relative error between
the two simulations in some places reached up to
30% locally.

In Fig. 14, different values of kd,, are shown. kd,,
Represents the mass transfer coefficient of copper in
the various fluid flows presented in Eq. (33)
to the cathode as the cathode thickness increases or,
equivalently, the cathode distance decreases. As can
be seen, changing the cathode thickness has very
little positive effect on the mass transfer coefficient.
The second observable point is the agreement of the
results with the empirical relation of the mass
transfer coefficient in the undeveloped turbulent
region. The deviation of the simulation results from
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the empirical relation is 0.5%. The mass transfer
coefficient of industrial electrowinning cells can be
estimated from the average of annual output due to
many instabilities and changes in conditions such as
electric current, concentration, temperature, inlet,
and outlet flow rates, and intrusive ions during
copper production. Average daily production amount
according to the annual report was 18.7 tons. Using

Egs. (19) and (21), the one year average mass
transfer coefficient according to Eq. 43) is
obtained.

9 _ Nao — -6m

kd = (Ceutputrr=Ceutsursace)) 4 21x10755 (47)

Color processing of the volume based on
turbulent Kinetic energy.

Fig. 12.

0.18

018 I Local modeling

\ Glabal modeling
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0.06
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0.04 1
0.02

ot — N i

0 0005 001 0015 002 0025 003 0035 004 0.04

Anode distance[m]
Fig. 13. Vertical velocity in the vertical line
between the anode and cathode plates. Red Line)
Global simulation, Blue Line) Local simulation.

Where X, is the corrected average of 20% of the
parameter x. The reason for using this average is the
removal of abnormal data such as production
problems, stoppages, and power outages. The
average annual mass transfer coefficient was
accordingly obtained for several copper production
plants worldwide in Beukes and Badenhorst (2009).
Table 3 comparison the data of (Beukes and
Badenhorst, 2009) with the mass transfer coefficient
obtained for the Miduk Copper Complex
demonstrates that the mass transfer coefficient of the
Miduk plant is close to that of different factories
worldwide.

One way to prevent acid mist is sparging air bubbles
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into the cell. Causing the electrode interval to be
more turbulent and rotational, air spray into the cell
can also increase the mass transfer coefficient and,
thereby, the limited electric current density and,
consequently, reduce the formation of nodules on the
cathode surface and may increase surface quality.

average of copper mass transfer coefficient on cell

2/4 | o kdl
22 [ Y

e e e e e S ey o kd2
1/8

kd4

(<]
o
[
«
«

|
|
| ®  kd3
|
|
|

es===simulation

average mass transfer coefficient kd
[no/s]

46 48 50

electrodes distances [mmy]

Fig. 14. Modeled average mass transfer
coefficient of the copper cell in change of
electrode distance versus empirical relationships
of different flow regime.

copper mass transfer coefficient vs
mass fraction of inlet oxygen

[pm/ SL
R
= hJ I
co o =]

copper mass transfer
X
=
(=)

coefficient

2/14 .

2/12 ¢

2/10 - T T —
0 0/02 _ 0/04 0/06
mass fraction of inlet oxygen f]
Fig. 15. Average mass transfer coefficient
variation for different the mass fractions of
oxygen at the inlet.

Since the fluid conditions of the oxygen bubble vs air
in the fluid are same approximately. Therefore, it is
further investigated to increase the copper mass
transfer coefficient by adding oxygen bubble through
inlet instead of air. The reason for this simplification
assumption is to increase the dissolution rate due to
the non-fuzzy modeling. Hence, in the following, the
increase in copper mass transfer coefficient by
adding oxygen bubbles through the inlet is
investigated.

According to the study (Najminoori et al. 2015), in
air spray from the inlet, a manifold can be
manufactured which can optimally feed the cell with
a controllable mass fraction of air relative to the
electrolyte and the specific bubble size. The present
paper deals with the simulation of oxygen sparging
from the inlet into the cell. In adding oxygen bubbles
from the inlet, the assumptions were considered is
first the size of the bubbles is equal to the bubbles
created in the electrowinning process and they are
the same size. Second assumption is oxygen enters
the cell directly from the inlet with physical
conditions of oxygen and velocity of the fluid. Given
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the assumptions, the only change needed to be made
to the model is to change the input boundary
condition from one-phase to two-phase fluid. This
change will vary the Sn value in Eq. 5 for the input
boundary condition. In this paper, some changes are
made to the modeling and the obtained modeled is
solved for different mass fraction values, whose
results will be discussed in the following. As shown
in Fig. 15, the mass transfer increases by up to 5% as
the bubble is sprayed through the inlet into the
electrowinning cells, but then the mass transfer will
be almost constant. Another case investigated by the
simulation is the effect of increasing the inlet flow
rate to the cell as shown in Fig. 16. Increasing the
inlet flow rate speeds up the flow of fluid inside the
cell around the electrodes but has little effect on the
electrode interval, mainly due to the large effect of
natural flow induced by the difference in
concentration near the cathode and rotational fluid
flow induced by the drag force of the bubbles. As a
result, there is no expectation of an increase in the
mass transfer coefficient. As can be seen in Fig. 16,
the mass transfer coefficient has a very negligible
positive change in the 10% increase applied to the
electrowinning cells. The effect of the temperature of
the electrolyte entering the cell on the average mass
transfer of the cell is also studied in the simulation,
as shown in Fig. 17 . Given that the gas density,
electrolyte density, the mass diffusion coefficient of
copper in the electrolyte, electrolyte, and gas
viscosity are a function of temperature when the inlet
electrolyte temperature is raised, these are
considered by the relevant equations. Figure 17
compares the temperature variation of the electrolyte
obtained from the modeling and the experimental
relationships. The blue line indicates the simulation
results and the red line represents the Sherwood
relation for turbulent and undeveloped fluid flow.
The average deviation is 7.4%.

Inlet electrolyte of cell Vs copper mass
transfer coefficient

o 2/2
S|
g
5 2/15
ek
o-—=0—0—0
82 o
§ 2/05
7] 3/4 3/6 3/8 4
g Inlet elecirolyte Flowrate of cell[lit/s]

Fig. 16. The effect of increasing electrolyte inlet
flow rate on the average cell mass transfer
coefficient.

Figure 18 depicts the mass transfer coefficient
variation on the middle line of the cathode. In this
figure, from the bottom of the cathode upward, the
mass transfer coefficient decreases at the bottom 10
% of the cathode, then is almost constant and
increases at approximately top 30 % of the cathode.
In a narrow region about 10 cm top of the cathode,
there is a small area where the mass transfer
coefficient declines sharply and then increases, due
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to the return rotational fluid flow from the cell
surface and a temporary decrease in the fluid velocity
of the cathode surface. This change in the level of the
produced cathode creates a qualitative problem for
the surface, called the ridge. This is illustrated in
Werner's study (Werner 2017) by examining a
diagram similar to Fig. 18.

Inlet Electrolyte temperature vs copper
mass transfer coefficient

w = 3/00
S8
% = =@=simul
B g 2/50 ation
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310 320 330 340

Inlet electrolyte temperature [K]

Fig. 17. Effect of temperature of the electrolyte
entering the cell on the average mass transfer
coefficient of the cell.

local mass transfer coefficient of points on
vertical center line
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mass transfer coefficient

Fig. 18. Local mass transfer coefficient of the
middle line of the cathode from the bottom.

7. CONCLUSION

In this paper, first, the Miduk electrowinning cell
was thoroughly modeled. In order to increase the
accuracy of this modeling, for the first time, the local
simulation was employed in parallel to the global
simulation. By combining these two types of global
and local simulations, in addition to the speed, a great
deal of ability to increase accuracy was achieved.
The main real consequence of this study is that for
the global modeling of an electrowinning cell,
performing a local simulation in parallel is required
to increase the accuracy and speed of the solution. In
this modeling, velocity fields, copper and acid
concentrations, turbulence energy, the volume
fraction of oxygen bubbles, and pressure in general
and high accuracy are obtained. The maximum
deviation of the modeling results from the
experiment is less than 3%. Then, using the
simulation of the Miduk electrowinning cell, the
mass transfer in the electrowinning cell was
investigated. Obtaining mass transfer coefficients is
of absolute necessity for optimizing electrowinning
cells in terms of quantity and quality of copper
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production. In order to validate the obtained mass
transfer coefficient, a cell was compared with
empirical relationships presented in different papers.
The results demonstrated a maximum error of 5%.
The next step was to study the effect of reducing the
electrode interval in the cell, the effect of applying
oxygen spray through the electrolyte inlet into the
cell on the mass transfer coefficient, the effect of
increasing the electrowinning cell inlet flow rate, and
the effect of changing the temperature of the
electrolyte entering the electrowinning cells. The
results indicated that spraying oxygen at 16 liters per
second through the electrolyte inlet increased the
mass transfer coefficient by 7%. Increasing the
electrolyte inlet flow rate had no effect on the mass
transfer of copper to the cathode and increasing the
inlet electrolyte temperature increased its mass
transfer coefficient such that with a 15°C increase in
temperature the mass transfer coefficient rose by
about 10%. Finally, the local mass transfer
coefficient on the middle line of the cathode from
bottom to top was obtained using the model. The
results showed that the mass transfer coefficient
changed about the top 10 cm of the cathode, which
could affect the surface quality of this region.
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