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a b s t r a c t

This study presents three-dimensional simulation results of multispecies and multi-reaction electrore-
fining for spent nuclear waste treatment. Fluid-dynamic behavior of electrorefining is analyzed by
commercial computational fluid-dynamics code. The results of local fluid dynamics are coupled with
one-dimensional electrochemical reaction analysis code in order to predict local current density dis-
tribution. The new approach shows current distribution patterns over the cathode surface in LiCl–KCl
molten-salt electrolyte. The current density distribution patterns are analyzed for various electrode rota-
tional speeds and diverse applied currents and the results show a good agreement with general principle
of mass transfer observations. Spatially periodic and vertically striped pattern of current density is pre-
omputational modeling
pent nuclear fuel
urrent density

dicted at the cathode side due to mass transfer depression at separation points. These slow mass transfer
regions are vulnerable to be contaminated by transuranic elements. High rotational cathode speed and
slow rotational anode speed are favorable to achieve uniform current density distribution with high
applied current. The developed three-dimensional simulation will provide an improved understanding
of complex electrochemical and transport phenomena that cannot be experimentally investigated and
can be used to improve efficiency of electrorefiner design with high uranium throughput and small

ransu
effluence of radioactive t

. Introduction

The past 50 years operation of nuclear power plants has accumu-
ated huge amounts of spent nuclear fuel (SNF) which retains high
adioactivity and requires significantly long management periods.
NF is undeniable problem needed to be overcome for developing
ustainable nuclear energy mechanism. Considering the opposi-
ion of the public to SNF and long management periods creating
arge uncertainty, SNF should be removed through environmental-
riendly technical and institutional approaches. These approaches
hould have proliferation resistance that is critical to the future
iability of the nuclear energy [1].

The Argonne National Laboratory (ANL) has developed pyropro-

essing to solve SNF issue [2,3]. Pyroprocessing is proliferation-
esistant technology to recover uranium, transuranic elements
TRU), and long-lived fission products (LLFP) from SNF in order
o reutilize them for fast reactor fuels or transmutation targets.

∗ Corresponding author. Tel.: +82 2 880 7200; fax: +82 2 3285 9600.
E-mail address: choisys7@snu.ac.kr (S. Choi).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.04.228
ranic elements.
© 2010 Elsevier B.V. All rights reserved.

This technology can considerably reduce the volume and the tox-
icity of radioactive waste. Metallic SNF of EBR-II was investigated
and treated by pyroprocessing in the Idaho National Laboratory
(INL) and the ANL [4,5]. In pyroprocessing, electrorefining plays
an important role to recover uranium over 99% from metallic
spent fuel mixture. However, it is difficult to achieve a high ura-
nium throughput with high decontamination factor (>100) without
TRU contamination because of the nature of strong tendencies for
non-uniform mass transfer rate. In order to improve the unifor-
mity of mass transfer and optimize electrorefining performance,
computational analysis is necessary to predict three-dimensional
electro-fluid behavior.

In this paper, three-dimensional results of local current den-
sity distribution are calculated for various electrode rotational
speeds and applied currents based on the Mark-IV electrorefiner
developed and operated by the INL. The vessel of the Mark-IV is

composed of stainless steel with the inner diameter of 100 cm,
two anodes, and one cathode and it contains LiCl–KCl eutectic
molten electrolyte [6]. The set of equations for fluid dynamics
is solved through commercially available computational fluid-
dynamics (CFD) code whose solution methodology is schemed on

dx.doi.org/10.1016/j.jallcom.2010.04.228
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Nomenclature

A electrode area (cm2)
C concentration as a function of location and time

(mol/cm3)
C* bulk concentration of electro-active species

(mol/cm3)
Co surface concentration of electro-active species at

the electrode (mol/cm3)
d diameter of rotating cylindrical cathode (cm)
D diffusion coefficient of electro-active species

(cm2/s)
F Faraday constant (96,485 C/mol)
io exchange current density (A/cm2)
iC cathode current density (A/cm2)
iA anode current density (A/cm2)
iapp applied current density at the electrode (A/cm2)
I current (A)
M mass fraction of actinide in the LiCl-KCl electrolyte
ṁ mass flux at electrode surface (kg/cm2 s)
MU molar mass of uranium (kg/mol)
n normal direction to surface
N mass flux of electro-active species (kg/cm2 s)
P pressure (Pa)
R universal gas constant (J/mol K)
Re Reynolds number (Re = Ud/�)
Sc mass source and sink
Sc Schmidt number (Sc = �/D)
Su momentum source for forced convection such as

electrolyte stirring
t time (s)
T temperature (K)
u mobility of ion (cm2/V s)
U peripheral velocity of rotating cylinder electrode

(cm/s)
v velocity (cm/s)
z number of electrons in the electrode reaction

Greek letters
˚ electrical potential (V)
˛ symmetric constant
ı Nernst diffusion boundary layer thickness (cm)
� concentration overpotential (V)
� kinematic viscosity (cm2/s)
� density (kg/cm3)
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In this study, it is assumed that uranium species dominates over-
all fluid-dynamic behavior of electrorefining. Three-dimensional
steady state was simulated and its results are converted to local
he finite-volume discretization [7]. The electro-transport behav-
or is analyzed by coupling three-dimensional fluid dynamics with

ultispecies current density correlations generated from one-
imensional electrochemical reaction code.

Similar researches were studied in copper electroplating and
ow accelerated corrosion fields [8–10]. These studies show that

ocal mass transfer effect in turbulent condition is generally diffi-
ult to understand because turbulent flow has typical irregularities
nd extremely thin diffusion boundary layer at high Sc number con-
ition (Sc ≈ 720 in this study) [11]. Although modeling limitation for

arge commercial scale equipments and difficulties at high Sc num-
er condition, it is believed that three-dimensional simulation will
rovide an improved understanding of complex electrochemical

nd transport phenomena that cannot be experimentally investi-
ated.
mpounds 503 (2010) 177–185

2. Theory of electrorefiner modeling

2.1. Purpose of electrorefiner modeling

In pyroprocessing, electrorefining is a cardinal step to recover
depleted uranium from SNF [12]. Electrorefining is composed of
three steps from material dissolution at the anode to material depo-
sition at the cathode. The first step is the dissolution of uranium,
TRU and other elements as an ionic form into LiCl–KCl molten-salt
electrolyte. The second step is the transport of cations through the
electrolyte toward the cathode surface. The final step is that ura-
nium is reduced and deposited as a metallic form at the cathode
surface [13]. These processes are strongly coupled with complicate
electrochemical kinetics, electrochemical thermodynamic, and ion
transport phenomena [14].

Electrorefiner design goal is the maximization of uranium recov-
ery rate without undesired TRU yield. Uranium throughput is
determined by electrorefiner geometry, the chemical state of elec-
trolytic cell, and operating conditions such as mixing effect, applied
current, and cell voltage [15]. Uranium in final waste stream from
pyroprocessing should be decontaminated with TRU for reducing
radioactive hazard and management periods [16]. To increase pro-
cess throughput and prevent local TRU deposition at the cathode,
it is important to achieve high applied current with uniform distri-
bution. Non-uniform current density distribution can arise when
cathode deposition is controlled by mass transfer rate of one or
more electro-active species and this mass transfer is spatially non-
uniform over the electrode surface [10].

Numerous researches for one- or two-dimensional electrore-
finer modeling have been studied and these approaches show a
good agreement with experimental data [14,17–21]. However, geo-
metrical and compositional non-uniformity cannot be estimated
by one- or two-dimensional simulation code. Three-dimensional
electrorefiner modeling has to be adopted to design favorable
electrorefiner geometry and determine effective operational con-
ditions.

2.2. Difficulties of three-dimensional multispecies current density
modeling

Three-dimensional modeling of multispecies current density in
both steady state and transient conditions has the following diffi-
culties:

1. Extremely expensive computational resources are required for
both steady state and transient analysis.

2. Time interval has to be very small due to rapid changes of the
rate of deposition and dissolution in transient simulation.

3. In actual electrorefining, steady state does not exist because dis-
solved and deposited species are continuously changed.

4. Geometrical changes with cathode deposition and anode disso-
lution are difficult to simulate in transient modeling.

5. Species concentration rapidly varies near the electrode surface,
which requires extremely fine mesh size within 10−4 m from the
electrode surface.

6. Complicated geometry of electrorefiner can cause convergence
problem.

7. Diffusion and migration of materials in solid are difficult to sim-
ulate.
multispecies current density distribution by coupling with one-
dimensional electrochemistry code.
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Fig. 1. Overall electrorefiner modeling a

.3. Analysis tool and procedure

Overall electrorefiner modeling approach for multispecies and
ulti-reactions is shown in Fig. 1. Analysis tool consists of one-

imensional electrochemical reaction simulation code, REFIN, and
hree-dimensional CFD code [12]. REFIN has been developed to
olve the time-dependent simulation of molten-salt electrolysis
ithin diffusion boundary layer for nuclear waste treatment. It is

erified by the experiment of Tomczuk and co-workers [17,22].
EFIN can calculate multispecies current density, potential varia-
ion for each species and electrode, surface concentration and the
mount of materials dissolution and deposition as a function of
ime [23]. CFD code solves three-dimensional flow velocity profile,
oncentration distribution of chemical species, and mass transfer
ehavior.

Detailed analysis procedure of electrorefiner modeling is as fol-
owing:

. Database of current density for uranium and TRU are constructed
by using the simulation results of one-dimensional electrochem-
ical code.

. Current density correlations are generated as a function of
applied current density, boundary layer thickness, and initial
concentration of actinide.

. For CFD simulation, constant current source and sink are respec-
tively applied to the anode and the cathode. This analysis only
considers uranium in molten salt as a representative element of
actinide group.

. Velocity profile is calculated from the solution of the
Navier–Stokes equation.

. Concentration distribution of electro-active species is solved

from the concentration transport equation.

. Local Nernst boundary layer thickness is calculated from con-
centration distribution results.

. The boundary layer thickness indicates mass transfer rate at the
local electrode surface and it is converted to local current.
ch for multispecies and multi-reaction.

8. The local actinide group currents are divided into uranium and
TRU current by using current density correlations generated
from REFIN.

2.4. Mathematical method

The ion transfer mechanism from anode source to cathode sink
through molten-salt electrolyte is significant to understand elec-
trorefining performance. Mass flux for each species is described by
the combination of electromigration, diffusion and convection as
shown in Eq. (1) [24].

N = −zuFC∇˚ − D
C∗ − C0

ı
+ Cv (1)

Mass transfer is dominated by convection in bulk electrolyte
and by diffusion in diffusion boundary layer. The mass transfer
effect near the electrode wall is treated by Nernst diffusion bound-
ary layer and its thickness is generally very small compared to the
electrode size [24,25].

For CFD analysis, steady, incompressible, isothermal and tur-
bulent flow are assumed. Multi-component single phase behavior
is calculated based on the continuity equation, the Navier–Stokes
equation, and the mass transport equation represented, respec-
tively, in Eqs. (2), (3), (4). Electromigration effect is assumed to be
negligible compared to convection and diffusion. This approxima-
tion is appropriate in most electrorefining process with sufficient
supporting electrolyte. Boundary condition is derived from con-
stant current operation which is converted to mass source and sink
based on Faraday’s law as shown in Eq. (5). No slip and insulat-
ing boundary condition are applied at the walls as represented in
Eq. (6), but top surface is treated as a free slip boundary condition
[25–27].
�(∇ · v) = 0 (2)

�
∂v
∂t

+ �v∇v = −∇P + �∇2v + Su (3)
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Table 1
Initial operating conditions for total current of 80 A.

Location Initial mass flux (kg/m2 s)

−4

properties of LiCl–KCl molten-salt electrolyte for fluid-dynamics
analysis [13,34]. The operating condition does not reach limiting
current condition with initial actinide mass fraction of 0.08.

Fig. 3 shows streamlines from two anodes and color indicates
flow speed. Two anodes and one cathode rotate in a counter clock-

Table 2
Material properties of LiCl–KCl molten-salt electrolyte.
80 S. Choi et al. / Journal of Alloys

∂C

∂t
+ �∇ · (vC) = �∇ · (D∇C) + Sc (4)

˙ = ± iAMU

nF
(5)

∂C

∂n
= ∂˚

∂n
= 0 (6)

The normal concentration gradient to the electrode surface is
ignificantly larger than that of the lateral direction. It means that
he normal concentration gradient to the electrode surface is con-
rolling motion of mass transfer at the near electrode surface [17].

REFIN considers diffusion and electromigration within given dif-
usion boundary layer. Local reaction rate is expressed by modified
utler–Volmer equation with concentration depending terms as
hown in Eq. (7) [17,28]. This means that for a lower surface con-
entration (CS < Cb) at the electrode surface, a higher overpotential
s necessary for satisfying the same current density.

= io[
CS

O

Cb
O

exp(−˛F

RT
�) − CS

R

Cb
R

exp(
(1 − ˛)F

RT
�)] (7)

.5. Turbulent model

There are eddy-viscosity model including the k–ε model and the
–ω model, and Reynolds stress model in order to simulate turbu-
ent flow and resolve the near wall velocity profile [9]. Reynolds
tress model solves velocity profile in viscosity sub-layer by fully
umerical method without any assumption or experimental corre-

ation. However, it reduces numerical robustness and needs much
maller mesh resolution and longer simulation time than those of
ddy-viscosity model. It is only appropriate to apply simple geo-
etrical configuration such as straight pipe and smooth cylinder

n low Sc and Reynolds number conditions [29]. Higher Sc numbers
reates more contribution of turbulent transport to velocity profile
nd mass transfer near the electrode, which significantly requires
xtremely high resolution of mesh near wall region [25,30].

Eddy-viscosity model employs a wall function approach com-
ined with empirical formulas to simulate near wall behavior. The
–ε model uses a convectional wall function approach but is not
ufficient to recognize rapid variations of species velocity and con-
entration profile at the relatively high Sc number condition. The
eason is that diffusion layer at high Sc number is much thinner than
elocity layer. According to several literatures, the k–ω model was
ound to have better capability of close to wall behavior simulation
han that of the k–ε model [26]. As an improvement version of the
–ω model, shear stress transport (SST) model, developed for accu-
ate boundary layer simulation, is used to predict turbulent flow
n this simulation. SST model adopts the low-Reynolds-number

ethod (i.e., low turbulent Reynolds number in viscous sub-layer)
o solve rapid variation near wall region [31,32].

. Results and discussion

.1. Generation for multispecies current density correlations

Multispecies current density distributions are influenced by
pplied current, diffusion boundary layer thickness, and initial
uclide concentration in molten-salt electrolyte. Based on these

nfluencing parameters, correlations for uranium and neptunium

urrent density are produced at both the anode and the cathode as
hown from Eq. (8) to Eq. (11). Neptunium is suddenly deposited at
he cathode, when cathode potential becomes more negative than
eptunium equilibrium potential under the given conditions. For
odeling this sudden arise of neptunium current, unit step function
Anode 1 1.20 × 10
Anode 2 1.20 × 10−4

Cathode side 3.47 × 10−4

Cathode bottom 3.47 × 10−4

is adopted in neptunium cathode current density correlation.

iCU = (0.999 + (−65M + 0.2) × U(ı − 0.25M + 0.005)

× (ı − 0.25M + 0.005))iapp (8)

iCNp = 1.2655M + 0.11954
200(ı − 0.25M) × U(ı − 0.23075M + 0.00056) + 1

× U(ı − 0.23075M + 0.00056) × U(iapp − 0.2644 + 14.7212ı

− 3.6903M) × (iapp − 0.2644 + 14.7212ı − 3.6903M) (9)

iAU = (0.000054 − 0.000185ı − 0.00277M + 0.019481ıM)

× iapp
−1.24229−3.84338ı+3.47382M+20.5332ıM (10)

iANp = (0.03679 + 0.0091885M + 0.01123ı + 0.061403ıM) × iapp

(11)

Current density correlations are first derived as a function of
applied current density which is evaluated to the most sensi-
tive parameter. Second, its coefficients are modified to accept the
effects of diffusion boundary layer thickness and initial mass frac-
tion. These correlations cover applied current density ranged from
0.02 to 0.3 A/cm2 and boundary layer thickness varied from 0.001
to 0.02 cm. Initial concentration of actinide is validated in mass
fraction ranged from 0.04 to 0.08 in molten-salt electrolyte. The
correlations show a good agreement with REFIN calculation results
as shown in Fig. 2. In extreme condition with high applied current
density and large diffusion boundary layer thickness, the correla-
tion of cathode neptunium current density does not correspond
with REFIN calculation results due to the increase of lanthanide
current. However, its threshold points for cathode deposition are
well matched with REFIN results, which is sufficient to decide
whether TRU deposition occurs or not because neptunium is the
first reduced element in TRU.

3.2. Three-dimensional electrolyte fluid analysis

Table 1 shows initial operating conditions and geometrical
information of the Mark-IV electrorefiner [15,33]. Cd pool at the
bottom is ignored with the assumption of small mass transfer
contribution in electrorefining for simplicity in fluid-dynamics
modeling. This assumption is acceptable for the process with elec-
trically disconnected liquid Cd pool. Table 2 contains material
Data Value

Molar mass (g/mol) 68.121
Density (g/cm3) 1.551
Dynamic viscosity (N s/m2) 0.00123
Operating temperature (K) 773
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For interpretation of the references to color in this figure legend, the reader is refe

ise direction with various electrode rotating speeds. Shaft at
he center of electrorefiner rotates in a clockwise direction with
otational speed of 20 rpm. The high resolution mesh with the min-
mum size of 10−7 m at the electrode wall is used to simulate rapid
ariation of species concentration and turbulent behavior near the
lectrode wall.

Average concentration profile from the electrode surface is

epresented in Figs. 4 and 5. Both the cathode side and bottom
how well developed concentration profile. In the high rotational
peed case, bulk concentration reaches close to the electrode and
nconsiderable uranium concentration drop is estimated. In addi-
ion, diffusion boundary layer thickness becomes smaller with the

ig. 3. Streamline for Mark-IV electrorefiner (80 A, 5 rpm of electrode rotating
peed).
REFIN calculation (ı = 0.001, 0.02 cm and bulk mass fraction of actinide = 0.04, 0.08).
the web version of the article.).

increase of electrode rotational speed, which enhances mass trans-
fer rate of ion species to the cathode.

Velocity prolife is shown in Fig. 6 for various electrode rota-
tional speeds. All cases show that downward flow is formed near
the cathode side and flow velocity decreases at location in the
lower height. The fluid is axially sucked towards the cathode bot-
tom and thrown radial outwards. Special cross-shape of anodes
and rotational cathode motion form complicated local vortex flow
and global circulation loop. These fluctuation velocity components
result in a significant variation of surface mass transfer [31,35].

Local diffusion boundary layer thickness is directly related to
local current distribution which is shown in Figs. 7 and 8. These
two figures represent actinide group current density calculated by
three-dimensional electro-fluid-dynamic simulation of uranium.
Spatially periodic and vertically striped pattern of current den-
sity is predicted at the cathode side. Striped pattern becomes more
noticeable with increasing rotational speed as shown in Fig. 7.

There are two competing effects of current density distribu-
tion with the increase of rotational speed. One effect is the rise
of cross-flow intensity across the cathode with the intensity of
rotational anode motion. Faster rotational anode motion generates
larger cross-flow intensity across the cathode from several different
directions as shown in Fig. 9, which increases the irregularity of flow
behavior and decreases current density uniformity around the cath-
ode side. Velocity profile near the cathode is getting more irregular
as rotational speed increases. According to previous experimental
results, a rotating cylindrical electrode without cross-flow gener-
ally shows fairly uniform mass transfer rate. However, rotating
cylindrical electrode with higher cross-flow intensity shows more

prominent non-uniformity of mass transfer rate because of mass
transfer depression at separation points [36].

Another effect is the increase of uniformity of mass transfer
by rotational cathode motion. Increasing cathode rotation speed
makes current density distribution more uniform which well cor-
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Fig. 4. Molar concentration distribution with rotating speed (normal direction from the cathode side).

Fig. 5. Molar concentration distribution with rotating speed (normal direction from
the cathode bottom).

Fig. 6. Vertical velocity profile between anode and cathode in total applied current
of 80 A (a) 3 rpm, (b) 5 rpm, (c) 20 rpm.

Fig. 7. Current density distribution at the cathode side for the various rotating speed with mass fraction of 0.08 (a) 3 rpm, (b) 5 rpm, (c) 10 rpm, (d) 15 rpm, (e) 20 rpm.
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esponds with previous experiment results [36]. The reason is
hat cross-flow near the cathode is dispersed as rotational cath-
de speed increases. In this simulation, the non-uniform effect of
he anode motion overwhelms the uniform effect by the cathode

otion. High rotational cathode speed and slow rotational anode
peed are favorable to achieve uniform current density distribu-
ion with high applied current within acceptable economic criteria
f cooling equipments.

.3. Multispecies current density analysis

Actinide local current density, local diffusion boundary layer
hickness, and initial mass fraction of actinide elements are applied

o generated multispecies correlations as input parameters. Fig. 10
espectively represents neptunium current density at both the
athode side and bottom for various electrode rotational speeds.
s uranium in molten salt is exhausted or cannot satisfy applied
urrent, overpotential rises to find second reduction reaction and

Fig. 9. Horizontal velocity profile between the anode and the cat
with mass fraction of 0.08 (a) 3 rpm, (b) 5 rpm, (c) 10 rpm, (d) 15 rpm, (e) 20 rpm.

other species begin to deposit at the cathode surface [12]. At the low
rotational speed, local neptunium deposition occurs at the edge of
cathode side and bottom where materials are separated from the
electrode surface. Increasing rotational speed produces effective
mass transfer behavior at the whole cathode surface and bulk con-
centration reaches to the close wall that is thin diffusion boundary
layer thickness and increased tolerance of limiting current. Hence,
local deposition of neptunium disappears at the high rotational
speed of the electrode as represented in Fig. 10.

Fig. 11 shows neptunium current distribution at the cathode
side and bottom for the various applied currents at rotational speed
of 3 rpm and the initial mass fraction of 0.04. As applied cur-
rent increases, neptunium current proportionally rises and widely

spreads over the cathode surface. Small initial mass concentration
in molten salt is vulnerable to be contaminated neptunium or other
TRU because uranium cannot satisfy high current density. It means
that it is important to effectively determine optimized termination
condition of electrorefining. Excessive recovery yield of uranium

hode in total applied current of 80 A (a) 3 rpm, (b) 20 rpm.
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Fig. 10. Neptunium current density distribution at the cathode side and bottom for the various rotating speed with mass fraction of 0.08 (a) 0 rpm, (b) 10 rpm at cathode
side and (c) 0 rpm, (d) 15 rpm at cathode bottom.
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ig. 11. Neptunium current density distribution at the cathode bottom for the vari

ay result in unsuitable TRU deposition and sufficient amount of
ranium ion in molten salt should be maintained during electrore-
ning of spent nuclear fuel.

. Conclusions

A three-dimensional multispecies and multi-reaction modeling
pproach is developed for electrorefining to treat spent nuclear
uel. Electro-fluid-dynamic behavior is analyzed by the coupling of
ne-dimensional electrochemical reaction analysis code and three-
imensional CFD code. The approach provides the information of

ocal concentration distribution and local multispecies current den-
ity distribution. This result shows design strategies of effective
lectrorefiner which satisfies high uranium throughput without
RU yield. The current density distribution patterns are analyzed
or various electrode rotational speeds and diverse applied currents

nd the results show a good agreement with general principle of
ass transfer observations. Future work will focus on the develop-
ent of correlations for other TRU and conduct a benchmark testing

or developed approach with available aqueous experiments such
s rational cylindrical hull cell [37].
plied current at 3 rpm with mass fraction of 0.04 (a) 80 A (b) 120 A (c) 160 A.
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Glossary

ANL: Argonne National Laboratory
CFD: computational fluid dynamics
INL: Idaho National Laboratory
KAERI: Korea Atomic Energy Research Institute

LLFP: long-lived fission products
SNF: spent nuclear fuel
SST: shear stress transport
TRU: transuranic elements
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