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This work presents the numerical modeling of the effect of hydrodynamics on mass trans-
port and tertiary current and potential distribution in a filter press type electrochemical
reactor used to study the copper recovery process. The operating conditions of the reactor
were in turbulent regime and under charge and mass transfer mixed control.

For hydrodynamics, the Reynolds averaged Navier-Stokes equations and the stan-
dard k-e turbulence model were used. The mass transfer model was a combination of
the convection—diffusion equation and a wall function adapted for mass transfer. The
Butler-Volmer kinetics for copper reduction, simplified Tafel equations for water oxidation
and ohmic potential drop through the electrolyte were also incorporated into the model.
The strategic part of the proposed numerical modeling is the concentration wall function
that allows linking the transport equations with Cu?* concentration at the interface in order
to obtain, along with interfacial potential, the electrode kinetics. Using this approach it was
possible to model a very complex interrelation between physical phenomena and the elec-
trochemical reaction taking place in a reactor under a turbulent flow regime using moderate
computer resources. The numerical results obtained are in agreement with experimental
data of mass transfer coefficient and current-potential behavior.
© 2015 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction FMO1-LC, like other kinds of flat plate electrochemical reactor,
exhibits a non-homogeneous flow pattern inside the reactor
The filter press type FMO01-LC electrochemical reactor is a channel caused by the reactor design, especially the inlet and

common example of flat plate laboratory scale reactor used
to study electrochemical processes, such as synthesis, metal
recovery, recycling of industrial effluents, and water treat-
ment. To analyse experimental data from this kind of study
it is important to understand the effect of flow pattern on
the mass transfer from or toward the electrodes and then
on the electrode reaction kinetics and electric potential. The
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outlet liquid distributors (Frias-Ferrer et al., 2008; Wragg and
Leontaritis, 1997). Stagnant zones, channelling, bypass, recir-
culation and other observed flow phenomena (Bengoa et al.,
2000) give rise to variations in the mass transfer coefficient
along the electrodes.

In the FMO1-LC reactor for Cu recovery, as in other types
of electrochemical reactor, these mass transfer coefficient
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Nomenclature

A empirical constant

a,b kinetic constants for water oxidation

B reactor channel width

Cu constant of the turbulence model

Ce1 constant of the k-¢ model

Ce2 constant of the k- model

c* dimensionless concentration

G concentration of the electroactive species

Cio inlet concentration of the electroactive species

Ciw wall concentration of the electroactive species

de equivalent diameter=2BS/(B +S)

D; diffusion coefficient

Dir turbulent diffusion coefficient

E potential

Ea anodic potential

Ec cathodic potential

Eeq equilibrium potential of copper reduction

Eeqox  equilibrium potential of water oxidation

Eo equilibrium cell potential difference

AEo ohmic drop

F Faraday constant

F external force

J) current density

JL limiting current density

Ja current density at the anode

Je current density at the cathode

J current density vector

Jo exchange current density

k turbulence kinetic energy

km mass transfer coefficient

L length of the reactor channel

n vector normal to the wall

N; mass transfer flux

Nj mass transfer flux at the wall

P pressure

Pc factor of integration of resistances in near-wall
layers

R gas constant

Re Reynolds number=d,vp/p

S electrode spacing

Sc Schmidt number = u/(oD;)

Scr turbulent Schmidt number = uu1/(0D; 1)

SCToo constant of the Kays-Crawford model

Sh Sherwood number = deky/D;

t time

T temperature

u velocity vector

u velocity

0] cell potential=E, — E.

ut dimensionless velocity = u/(ry/p) 2

Vin inlet velocity

X,y,Z Cartesian coordinates

y* dimensionless distance to the
wall = yp(rw/p) %/

Z; number of electrons exchanged in electro-

chemical reaction

Greek letters

o
5+

transfer coefficient
dimensionless thickness selected for wall
function =8p(tw/p) Y2/ 1

e turbulent energy dissipation rate
da electrolyte potential at the anode interface
¢ electrolyte potential
Pc electrolyte potential at the cathode interface
K Karman constant
i viscosity
T turbulent viscosity
p density
electrolyte conductivity
o% constant of k-¢ model
o constant of k- model
T shear stress
Tw wall shear stress

variations are very important, not only because of the amount
of electroactive species which can reach the electrode sur-
face, but also because of their effect on the overpotential in
each zone of the reactor. Mass transfer rate and overpoten-
tial are factors involved in the type of metallic copper deposit
formed (compactness, grain size, dendrite and powder pro-
duction) as well as the flow characteristics are involved in
the shear stress over the electrode surface for carrying the
metallic copper out in the liquid stream. Rough deposit is
formed at local laminar hydrodynamic conditions (current
electrodeposition lower than the limiting current density con-
ditions), whereas a turbulent local regime provokes dendritric
deposits (Bazan and Bisang, 2004; Robinson and Walsh, 1991a,
1991b). In addition, high overpotentials may lead to unde-
sired side reactions that may diminish the charge efficiency of
the reactor and lead to uncontrollable changes (pH, conduc-
tivity, excessive gas formation, mass transfer rate, formation
of solid byproducts, etc.). Therefore, coupling hydrodynam-
ics, mass transport, electrochemical kinetics and potential
and current distribution is necessary to obtain a comprehen-
sive understanding of the electrochemical reactor behavior.
The importance of the fluid dynamics on mass transport and
electrochemical kinetics has been shown by modeling elec-
trodeposition process on rotating electrodes (Mandin et al.,
2007a, 2007b, 2006a, 2006b). Also, in processes with inten-
sive gas evolution reactions, as in water electrolysis, there is
a strong coupling of these phenomena since the bubble for-
mation diminishes the electrolyte conductivity and modifies
the hydrodynamic behavior affecting the current distribution
over the electrode (Mandin et al., 2014, 2005). However, model-
ing tertiary current distribution in an electrochemical process
may be very complex, especially for reactors operating under
turbulent flow. Thus, several authors have studied the prob-
lem using some simplifications: the 2D current distribution
over flat plate electrodes and other simple geometries where
electrolyte flows in the laminar regimen have been reported
(Georgiadou, 2003; Boovaragavan and Basha, 2006). Also, the
relationships among mass transfer, ohmic drop and overpo-
tential have been studied for copper electrodeposition in a cell
without any type of convection (Pohjoranta et al., 2010). How-
ever, very few works have studied electrochemical reactions in
reactors under turbulent flow, which is a very important case
from a practical point of view. Even though the characteristic
lengths of the laboratory scale FM01-LC electrochemical reac-
tor are small, the design of the inlet distributor produces high
velocity streams or jets not parallel to reactor walls, which
are discharged inside the reactor channel causing 3D flow
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