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ABSTRACT 
 

This study demonstrated a simulation based on fully coupling of electrochemical kinetics with 3-
dimensional transport of ionic species in a flowing molten-salt electrolyte through a simplified 
channel cell of uranium electrowinner. Dependences of ionic electro-transport on the velocity of 
stationary electrolyte flow were studied using a coupling approach of electrochemical reaction 
model. The present model was implemented in a commercially available computational fluid 
dynamics (CFD) platform, Ansys-CFX, using its customization ability via user defined functions. 
The main parameters characterizing the effect of the turbulent flow of an electrolyte between two 
planar electrodes were demonstrated by means of CFD-based multiphysics simulation approach. 
Simulation was carried out for the case of uranium electrowinning characteristics in a stream of 
molten salt electrolyte. This approach was taken into account the concentration profile at the 
electrode surface, to represent the variation of the diffusion limited current density as a function of 
the flow characteristics and of applied current density. It was able to predict conventional current-
voltage relation in addition to details of electrolyte fluid dynamics and electrochemical variable, 
such as flow field, species concentrations, potential, and current distributions throughout the 
current driven cell.  
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1. INTRODUCTION 
 
A uranium electrowinning process operated with high temperature molten salt electrolyte is cost 
intensive since the experiments are implemented under radioactive environment. In these 
complex pyrochemical systems using a high radioactive environment of molten-salt media, the 
simulation capabilities through multi-physics and multi-scale approaches could be crucial for 
understanding the behavior of complex electrochemical characteristics.  
 
Computational modeling and theoretical simulations have recently become more important tools 
for the development, characterization, and validation in the molten salt electrochemical study due 
to its expensive experimental works. The recent trend and proliferation of commercial user-
friendly software has allowed researchers take an interest in the simulation tools for the molten 
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salt electrochemical study. The development of physically representative model that allows 
reliable simulation of the processes under realistic conditions is essential to the development and 
optimization for an advanced electrochemical system [1-3]. 
 
Analysis of electrochemical systems can benefit from the use of user supplied subroutines and 
commercially available computational fluid dynamics (CFD) software when interacting 
phenomena and geometry of the system require a 3-dimensional description of behavior. 
In complex electrochemical behavior, multiphysics numerical simulation is unavoidable for 
design and operational guidance. The choice of CFD platform was motivated by its versatility in 
setting up models involving multi-physics and electrochemo-hydrodynamics approach in a 
uranium electrowinning reactor. 
 
In this study, we demonstrate an application of theoretical modeling to the uranium 
electrowinning processes in a molten-salt flow channel involving both convective and diffusive 
transport. The applications discussed herein involve the use of computational multiphysics 
modeling to aid in the development of these systems, and to provide a theoretical framework for 
predicting electrochemical behavior in innovative future process. 
 

2. MODEL AND ELECTROWINNING CELL 

2.1. Modeling Approach  
 
A commercial ANSYS®-CFX code [4] was employed to solve the electrochemo-fluid dynamics 
model in a given electrochemical cell geometry. The finite-volume Navier–Stokes and transport 
equations were solved to obtain the ionic species concentrations and electric field at each 
position in the cell. A scalar transport equation was used to describe the electro-transport of the 
reactive ion from the bulk to the electrode surface. The transport equation for the ionic 
concentration (C) with an external mass source (SC) term is given by: 
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where u is the velocity, Dc is the diffusion coefficient and ρ is the density. The choice of spatial 
coordinate and the boundary conditions depend on the cell geometry and electrode 
configurations. The transport of the ionic reactant ions can be tracked by solving an additional 
set of transport equations, which these equations are fully coupled with the CFD equations 
during the simulations.  
 
This scalar transport equation was solved for the concentration of the ionic species, with the 
source/sink (SC) at the appropriate anode and cathode boundary based on Faraday’s law. The 
electric boundary conditions include the specification of a current flux equivalent to an applied 
current (iapp) through the electrodes. The boundary conditions for the ionic species for the 
source/sink at the wall of electrodes were calculated as follows: 
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where n is the ionic valence and F is the faraday constant. On the anode side, a positive flux is 
applied, while a negative flux of a same size is applied on the cathode. At the wall of an 
electrolyte fluid field, no slip boundary (friction) conditions were enforced upon at any solid 
walls, while a free slip (no friction) boundary condition was applied at the top free surface. 

2.2. Electric Field Model  
 
The polarization equation is necessary to express the dependence of the local rate of the 
electrochemical reaction on the various concentrations and on the potential drop at the interface. 
It is common to use the Butler-Volmer equation [5-6] of electrode kinetics of the form for 
metal/ion systems. Local current density (i) distribution on the electrode surface is modelled by 
the following equation: 
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where F is the Faraday’s constant, R is the gas constant,  η is the overpotential, α is the charge 
transfer coefficient, superscripts s and bulk are the locations at the electrode surface and bulk 
electrolyte,  subscripts O and R are the oxidized and reduced species, and  i0 is the exchange 
current density. 
 
For electrolyte salt in the interior of an electrolytic cell, there are no free electrical charges. The 
potential drop across the electrolyte is governed by the Laplace equation: 
 

02 =∇ φ                                                                           (4) 
 
where, φ represents the local electrical potential. And the current density distribution is obtained 
by solving the following equation (k= electrical conductivity): 
 

        φ∇−= ki                                                                              (5) 
 
Assuming that we impose a specific voltage drop ( CellE ) across the electrodes, the overall 
voltage balance may be written as: 
 

caohmCellE ηηφ ++=                                                                  (6) 
 
where ohmφ  is the ohmic voltage drop, ηa and ηc are the voltage drops due to activation 
polarization (i.e., kinetic effects) and concentration polarization (due to concentration gradients 
between the electrode surface and the bulk electrolyte), respectively. 

2.3. Electrowinning Cell Geometry  
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In this demonstrating approach, a simple channel cell was selected. Its geometry is rectangular 
and the distance between the electrodes is a bit small compared to their width. Considering the 
order of magnitude of electrolyte velocities, the flows are generally turbulent. It may then be 
assumed that the flow is steady state, turbulent, incompressible and that is between two planar 
and parallel electrodes. 
 
 

 
 

Figure 1.  Schematic view of volume-discretized electrowinning cell geometry. 
 
 
The electrolyte volume was meshed with the tetrahedral elements. Fig. 1 shows a 3-D meshed 
segment for the computational domain for the simulation. In the simulation, the fluid domains of 
electrolyte were divided into a diffusion-dominant region near the cathode and a stationary 
region for the outside, which were connected together with a domain interface. In particular to 
the cathode surface, the fine meshes (∼10 μm) were applied to obtain the concentration velocity 
and concentration distribution behaviors. 
 

3. RESULTS AND DISCUSSION 
 
In this modeling approach, the electrolyte flow may be considered to be steady, also the fluid is 
supposed to have constant physical properties and chemical composition. It is assumed that the 
molten LiCl-KCl eutectic electrolyte containing approximately 455 mol/m3 of U3+ is fed through 
into the channel cell at various inlet velocities. Table I is the properties of the LiCl-KCl eutectic 
used in this simulation. The molten salt electrolyte solution generally flows between two planar 
and parallel electrodes. It is considered that the cathode is a sink of ion transport as the deposit 
parallel to the anode. Under these conditions, the modeling for the electrochemical and mass 
transport phenomena occurring in the cell can be coupled in the CFD platform. 
 
In this study, we studied the stationary flow-assisted mass transport in electrochemical system 
using CFD based electrochemical simulation approach. Hence, it is necessary to know the 
concentration distribution of electrolyte ion in the vicinity of the electrode surface at various 
flow velocities, which preludes using the coupled transport equation for convective diffusion. In 
order to develop a comprehensive modeling approach, we focused our attention on the deposition 
of uranium at the cathode in this simulation.  
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Table I. Properties of the molten eutectic salt (LiCl-KCl) and kinetic data (U3+) used in 
simulation [7] 

 
Properties values 

Molten salt composition (Li/K mole ratio) 59/41 

Molar mass (kg/mol) 0.068 

Density (kg/m) 1,551 

Electrical conductivity (S/m) 200 

Dynamic viscosity (N⋅s/m) 0.00223 

Diffusion coefficient of U3+ (m2/s) 1.45×10-9 

Exchange current density of U3+ (A/m2) 1 (Assumed) 
 

 
Both the velocity and the concentration profiles were simulated near the cathode surface at two 
inlet velocity conditions (Fig. 2). Higher inlet velocity condition gives steeper concentration and 
velocity gradient results. Close to the electrode surface, it is found that the velocity approaches 
zero and a transport by a convection becomes negligible. In the outer parts of the mass transfer 
boundary layer the concentration gradient and diffusion flux are small and a mass transport by a 
convection predominates. Thus, the situation is such that both a convection and diffusional mass 
transport are occurring gradually across the mass transfer boundary layer. In terms of the 
concentration gradient across the mass transfer boundary layer, this manifests itself as a much 
steeper gradient near the electrode surface. It is the magnitude of the gradient at the electrode-
electrolyte interface that finally controls the mass transfer rate to the electrode. 
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Figure 2.  Concentration (red lines) and velocity profile (blue lines) at the center of the 

cathode with two electrolyte flow conditions. 
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Although the current distribution at the anode as a counter electrode will be non-uniform in real 
situation, this is found to have a negligible effect on the rate of the cathode. Accordingly, the 
simulation approach using a fixed anode potential show that (for the same current) the cathodic 
current distribution is negligibly affected. This approach allowed the average current density to 
be fixed. Based on the conservation of charge, the numerically simulated average current on the 
cathode should be equal to the total current on the anode. 
 
If the deposition rates at the cathode side are focused on the modeling approach, the rate of the 
anodic reaction can be assumed reversible under a constant applied current condition. This 
assumption is the ideal case of no surface overpotential at the anode. Fig. 3 shows that electric 
potential distribution patterns (cross section view) coupled with cathode overpotential through 
the electrolyte region between anode and cathode. Since the assumption that anode is grounded 
as 0 V here, the potential at the cathode could be calculated from the given flux-out (current 
density from Butler-Volmer kinetics) by using a scheme of mixed boundary condition. Due to 
the electric conductivity of electrolyte, there is a potential increase towards the anode that is 
grounded. This is the ohmic potential drop that is the loss associated with resistance to electron 
transport in the electrolyte region. These results show those are in case of coupled computation 
with the concentration gradient and surface concentration (Fig. 4).  
 
 

 

Figure 3.  Electric potential distribution 
between the anode and cathode 

( Iavg=100 A/m2 ). 

 Figure 4.  Surface concentration 
distribution at the cathode ( Iavg=100 

A/m2 ). 
 
 
Fig. 5 and 6 illustrate the local current density and overpotential distribution patterns at the 
cathode surface. The effects of electrolyte concentration are taken into account in this simulation. 
It is found that a higher local overpotential is arisen from a lower ionic concentration at the 
electrode surface. 
 
A distribution of the diffusion boundary layer thickness was simulated at the cathode surface as 
depicted in Fig.7. A higher thickness value of the diffusion boundary layer gives rise to a 
decreased surface concentration and, thus leads to higher overpotential in this region of the 
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electrode. Accordingly, an increased inlet velocity condition results the decreased overpotential 
due to a smaller diffusion boundary layer thickness as shown in Fig.8. 
 
 

 

 
Figure 5.  Local current density 

distribution at the cathode surface 
( Iavg=100 A/m2 ). 

 Figure 6.  Local overpotential 
distribution at the cathode surface 

( Iavg=100 A/m2 ). 
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Figure 7.  Diffusion boundary layer 
thickness distribution at the cathode 

surface ( Iavg=100 A/m2 ). 

 Figure 8.  Overpotential variations as a 
function of inlet velocity ( Iavg=100 A/m2 ). 

 
 
The above simulations provide a good illustration of the capabilities of the present modeling 
approach. The proposed CFD model was shown to be able to predict not only the convective 
diffusion behavior of the ionic reactants but also the mass-transport limited electrochemical 
polarizations. It was found that the flow characteristics of the electrolyte influenced the 
diffusion-limited current density and electrowinning deposit. To evaluate these influences, a 
coupled approach of the multiphysics simulation for the flow and ion transport is necessary. In 
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addition, more detailed analyses and benchmarking tests are desirable to fully investigate 
validation study.   
 

4. CONCLUSIONS  
 
This study demonstrated a modeling approach based on fully coupling of electrochemical 
reactions with mass transport of ionic species using a commercially available CFD platform. An 
analysis was carried out for the case of uranium deposition from a flowing molten-salt electrolyte 
through the simplified channel cell with planar and parallel electrodes. The demonstrations 
presented here have focused only on uranium deposition at steady-state operation. A finite 
volume numerical scheme based CFD technique was successfully adapted to simulate 3-
dimensional behaviors of the electrochemical cell. The CFD model was shown to be able to 
predict not only the convective diffusion behavior of the ionic reactants but also the mass-
transport limited electrochemical polarizations. This comprehensive model provides valuable 
information about the transport phenomena inside an electrolytic cell such as ion concentration, 
electric potential and local current density distribution at a given current driven condition. Future 
work will focus on the benchmarking of this model to validate with a proven electroplating 
system which controls the fluid dynamics and mass transport conditions. 
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