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1 | INTRODUCTION

World energy needs are largely met through nuclear
power, which includes the creation of compact reac-
tors."? Due to the fact that a huge amount of spent
nuclear fuel (SNF) is accumulated in countries receiving
and using nuclear energy, there is an urgent need for
profitable nuclear energy generation and safe SNF
reprocessing. In this regard, the electrochemical method
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The purpose of the work is to study the influence of the electrodes geometry and
the mutual arrangement of functional elements in the working space of a metalli-
zation electrolyzer on the distribution of the oxygen flux density in the electrolyte,
as well as on the distribution of electric and temperature fields. In a computer
model, the stationary operation mode of the electrolyzer for processing spent
nuclear fuel immersed into the LiCl molten salt with the addition of Li,O was
studied. The calculations were performed using the ANSYS software package. We
studied eight designs of the electrolyzer, which differ in the immersion depth of
the anodes into the melt as well in the types anode protective covers and the cath-
ode baskets. Verification based on the comparison of the computer modeling with
experimental data indicates the adequacy of the models used. The electrolyte
velocity field and the temperature field are calculated, as well as the steady-state
picture of the distribution of electric current density over the working space of the

electrolyzer. The efficiency of the electrochemical cell is determined.

current density, electrolyzer, model, spent nuclear fuel, uranium dioxide

of SNF reprocessing is an unparalleled option and it
brings hope of creation of the closed nuclear fuel cycle.

To date, significant laboratory studies have been per-
formed on the reduction of SNF by the pyrochemical
electrolytic method.*® The amount of reduced U in all
cases, as a rule, did not exceed 100 g. The method of elec-
trochemical reduction of UO, in the molten LiCl salt
with the addition of Li,O requires accurate adherence to
the process parameters. For example, the maximum
allowable current density at the anode should not exceed
0.55 A/cm?. The potential of the anode during shutdown
is another important characteristic. It should remain in
the range from 2.5 to 2.9 V relative to Li*/Li° which cor-
responds to the potential evolution of oxygen. The anode
potential exceeding 3.0-3.2 V signals the beginning of the
joint evolution of oxygen and chlorine. In this case, elec-
trolysis must be stopped.
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A complete understanding of the electrolytic process
that occurs during the reduction of UO, in the molten
LiCl salt with the addition of Li,O has not been achieved
yet. However, the main directions for the development of
the theory of this process have been identified. In particu-
lar, experimental and computer based diffusion models
demonstrate that oxygen diffusion in the solid phase
(UO,) is a limiting factor in the reduction process in the
case of a small mass (~ 3 g) of SNF.” When developing a
process theory, two circumstances must be taken into
account. First, the initial stage of reduction is associated
with the chemical reaction between Li and UO,. Second,
reduced SNF is gradually becoming electrically conduc-
tive, and at the final stage of reduction, the participation
of lithium in this process is not needed. A purely electro-
chemical reduction occurs by transferring electrons to U*
* jons and releasing O*” ions into the electrolyte.
Papers'®"! provide an assessment of the safety of SNF
under conditions of permanent disposal. The simulation
of the heat treatment of irradiated nuclear fuel and the
emission of fission products was performed.'? A theoreti-
cal study of changes in the structure and mechanical
properties of reduced UO, at oxygen removal from this
system was studied in Ref."®> But there is practically no
computational modeling aimed at upgrading the labora-
tory metallization electrolyzer used to recover UO,.

In view of the high radiation hazard when handling
SNF, it seems very important to imitate the process of
processing of this hazardous material using the computer
modeling. The advantage of this approach is not only its
safety, but also the possibility of working out through a
large number of modeling options to find the right way to
solve the problem. Time factor is not less important here.
Computer modeling can significantly (at times) speed up
the study. Modeling using the ANSYS software package
and using optimal design strategies can enrich both techno-
logical and electrochemical theories of a metallization elec-
trolyzer functioning and provide some guidelines for the
optimal design and operation of practical electrolysis sys-
tems designed to recover SNF. Using ANSYS, several
aspects of UO, handling have been investigated. Among
them were the following: thermal and mechanical proper-
ties of a fuel element of a thermal neutron reactor'*; joint
analysis of temperature distributions, oxygen diffusion, and
deformation to predict the exact behavior of a nuclear fuel
tablet (UO,) during cracking'®; accident analysis of heat
sink loss in a spent fuel tank'®; simulation of the thermal
behavior of shipping containers, in particular, a container
for SNF assembly."”

The specific goal of this study is to create an adequate
model of an electrochemical device used to recover SNF
(UOy). This study should not only improve the existing
laboratory facility, but also it should optimize the
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electrolytic process of metallic uranium separation. To
achieve this, we investigated the influence of the geome-
try of the electrodes and the working space, as well as the
mutual arrangement of the elements of the metallization
electrolyzer, on the distribution of the density of oxygen
flows as well as electric and temperature fields.

2 | EFFICIENCY CRITERION

To manufacture such complex electrochemical device as a
metallization electrolyzer is both the knowledge of the com-
position and characteristics of materials suitable for long-
term operation of the device and the possibility to choose
correctly individual elements of different chemical nature,
and chemical indifference during the operation are of great
importance. Relevant information should be obtained by
creating and optimizing the parameters of model prototypes
of electrochemical devices. The electrolyzer should ensure
high energy efficiency of the SNF recovery process, as well
as the environmental safety of this process. A quantitative
assessment of the choice of the optimal SNF recovery mode
and the balanced geometry of the electrolyzer working
space can be made by introducing such characteristics as
the process efficiency. The electrical and chemical energy
supporting the SNF reduction process does not completely
transform into useful work. Energy in the electrolyzer is
spent on the creation of fluid motion and chemical reac-
tions. The energy spent on the metallization of the SNF
loaded into the electrochemical device is considered to be
the useful one. The inefficient part of the energy will be dis-
sipated as heat. During the reprocessing ofSNF, several
types of work including pressure, viscous forces, gravity,
and kinetic energy creation are performed. In addition to
viscous scattering, the heat of chemical reactions is present.
If the total input power to control volume of the electrolyzer
is P = I X @, then its efficiency can be determined as

n= Ju-Fe/P,
Ve

where [ is the total current, @ is the potential difference
between the positive and negative electrodes, and u and
F, are the vectors of the corresponding velocity and force.

Since the actions of all ineffective forces in the elec-
trolyzer are extremely difficult to take into account, the
efficiency of this unit can be taken as

m = —Guo,(T)-Muy/(tuPe), (1)

where Gy, is the specific free energy of the formation of
uranium dioxide, My; is the mass of the obtained metallic
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uranium, and 7y is the time of formation of metallic ura-
nium during electrolysis.

The temperature dependence of the quantity Gyo, is
reproduced in Figure 1 according to the data calculated
by us using the HSC Chemistry (Outotec, Ver. 9.9) com-
puter program. These data are in good agreement with
the results reported in Ref'® in the field of their determi-
nation (298 <T<673K). The obtained value Guyo,

= —986.5 kJ/kg at the temperature T = 923K can be
used to evaluate the efficiency of the laboratory electro-
lyzer for the electrolytic reduction of SNF according to
the data given in Ref.” Substituting this value together
with the data (My =15.86g, ty =2.5:3600 s, I = 4.2 A,
@ =3.2V)gives; =0.13.

Using formula (1) with a value of #; = 0.13 and per-
forming the corresponding calculations, we determine
the time 7y = 11.6 h required for the formation of metal-
lic uranium with 100% yield at full UO, load of the cath-
ode basket in the studied electrolytic cell models. This
time is close to the corresponding time, observed in a real
experimental electrolysis (it is available in the labora-
tory), which is usually 11-12 hours. This means that
when loading 61 g of UO, into the basket (which is more
than three times larger than the similar loading described
in Ref.”), our laboratory electrolyzer has efficiency no
worse than that of the laboratory electrolyzer presented
in Ref.”

3 | GEOMETRIC MODEL OF THE
ELECTROCHEMICAL CELL

In these calculation models, two anodes, which are
shielded by high purity solid magnesium oxide covers,
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FIGURE 1 Calculated specific free energy of the formation of

uranium dioxide obtained by us using the computer program HSC
Chemistry. The UO, reduction temperature is T = 923 K [Colour
figure can be viewed at wileyonlinelibrary.com]

are used. The variable parameters are the immersion
depths of the anodes, protective covers and cathode bas-
kets in the melt. The basic geometry of the cell is shown
in Figure 2. A three-dimensional model of the cell (axo-
nometric projection) without melt and SNF is shown in
Figure 3.

The electrolyte container considered in the models is
made of ceramic (MgO), wall thickness is 3 mm, height is
80 mm, diameter is 69 mm; the cathode basket is made
of X18H10T stainless steel in the shape of a rectangular
parallelepiped with dimensions of 40 X 30 X 7 mm; a is
the distance between the end face of the cathode basket
and the bottom of the container (Figure 2). Dense
ceramic nonconsumable anodes (composition of the NiO-
Li,O material) have the shape of a parallelepiped with
dimensions of 6 x 14 x 45 mm, the bevels along the
edges of the faces are removed, and c is the distance from
the end of the anode to the bottom of the container.
Technological slots are made in the upper part of the
anode, which is not immersed into the molten salt. A
platinum wire with a diameter of 1 mm, which serves as
the anode current lead, is wound through these slots. The
cathode current lead, which has a rectangle form of
30 X 6 mm at the bottom, is made of molybdenum wire
with a diameter of 1 mm. Ceramic covers for shielding
anodes (100 mm long, 20 mm in diameter, with a wall
thickness of 1.5 mm) are made of magnesium oxide; b is
the distance from the end of the cover to the bottom of
the container. A top view of the unloaded model of the
electrolyzer is shown in Figure 3.

To calculate the effect of the immersion depth of the
anodes, shielding covers, and the cathode basket on the
temperature field and the distribution of electric current
density in the cell volume, a, b, and ¢ values were varied
(Table 1).

ANSYS uses the finite element method (FEM) to sim-
ulate physical processes. The use of FEM suggests that
the problem to be solved is formulated in the form of dif-
ferential equations or in a variational formulation. The
simulated object is divided into finite elements. As a
result of such breakdown, a grid is created from the
boundaries of the elements. Grid nodes can be sup-
plemented by nodal points on the border and inside the
elements. Using constants and options, finite elements
are endowed with certain properties. In particular, this
defines the material of the elements. At grid nodes, inde-
pendent parameters or degrees of freedom are calculated.
The system of equilibrium equations for the finite ele-
ment model is compiled. Grid generation is the basis for
representing and solving equations in matrix form.

Using several test calculations, the optimal grid reso-
lution (870 000 nodes) was achieved. At the same time, it
was taken into account that despite the fact that a larger
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FIGURE 2 Vertical section of the cell: 1—container for electrolyte; 2—SNF location; 3—cathode basket; 4—ceramic nonconsumable
anodes; 5—LiCl-Li,O melt; 6—protective covers of anodes made of dense high purity MgO ceramics; 7—anode current leads; 8—ceramic

straw made of MgO; 9—cathode current supply

number of nodes give a more accurate solution, excessive
mesh refinement does not compensate the assumptions
made in the model. With an accuracy of 1%-2%, indepen-
dence of the results from the choice of mesh was

achieved. The mesh smoothing procedure, which allows
one to move nodes and control the number of iterations
of the smoothing process, was used. Along with standard
mechanical verification, a nonlinear verification of the
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FIGURE 3 Three-dimensional model of a metallization
electrolyzer without melt and SNF [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 Variation parameters of the immersion of the parts
of the cell into the melt

Design number a (mm) b (mm) ¢ (mm)
1 10 30 15
2 10 15 15
3 10 25 10
4 10 10 10
5 5 30 15
6 5 15 15
7 5 25 10
8 5 10 10

shape of the elements was used to calculate the tempera-
ture fields in the case of hydrodynamic analysis. For
objects of the same type, the element translation method
was used, which allows one to create regular grids and to
achieve better convergence of calculations. In energeti-
cally stressed sections of the system, the number of divi-
sions forming a grid was increased. A mesh with the
same density was generated on the contacting surfaces.
To solve nonlinear problems, the control over conver-
gence in forces, moments, displacements, and rotation is
required. The parameters governing convergence were
selected empirically. The results were verified by compar-
ing them with experimental data observed in a laboratory
electrochemical cell. In particular, good agreement was

reached in the values of temperature and current density
in the areas of electrolyzer of the greatest interest.

4 | PHYSICAL MODEL

We will consider the processes of convective flow of a
heterogeneous mixture in the electrolyzer (near the
anode in the presence of an electric field) in the approxi-
mation of a monodisperse mixture.'*?® When describing
hydrodynamic processes, the following equations and
relationships were used.

The Navier-Stokes equations for the case of tempera-
ture dependence of the density of the medium?

y Vs aV Vs IV v,V av _@Jr *Vy +&2Vx +82Vx
Po Yoy ax T\ o ay? 7>

v, vy V. oP v, Fv, PV
pO(V +V—+V—y)=——+n< L2t y)

ox Y Jy t oz ay ox2  dyr  Iz?

ox Vya Vo )T 5

rv, &*v, IV
(axZZ + ayzz + a;) +p(1-pT),

( v, v, v, > JP
Vy—— -

where V, is the component of the fluid velocity at the
point (x, y, z); po and p are the densities of the medium at
temperatures T, and T, respectively; # is the viscosity
coefficient; and f is the coefficient of thermal expansion.
Incompressibility equation is as follows:

Wy IV, IV,
x Ty T

The heat equation, which takes into account the volu-
metric heat source associated with the decay of SNF and

Joule heat,'” is as follows:

Va_T_{_Va_T_i_Va_T— (92_T+32_T+82_T
Yox  Yay  toz T f\ox2 T oy 9z?
2

+QSNF+]_’

pc  opc

where y is the thermal diffusivity, Qsnr is the power of
the volumetric heat source associated with the decay of
SNF, c is the specific heat, p is the density, J is the current
density, and ¢ is the specific conductivity.

Stefan-Boltzmann law for a real body is presented
below:
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S= €C0T4,

where S is the energy luminosity, ¢, = 5.67032-1078
W/m?/K* is the Stefan - Boltzmann constant. The values
of the coefficient € are determined by the nature of the
body, the state of its surface, and temperature.

The first law of Kirchhoff (the law of conservation of
electric charge)®* is as follows:

oI, a1, oI, _
§+E+9_z_0’ (2)

where J, is the corresponding component of the current
density.

Maxwell's equation (rot E = 0) and Ohm's law are
provided below:

OE, O, OE. OE, JE. JE,
x O dy ox =0 G

dy dz oz

Jx=0Ex,Jy=0E),,J; = 0Ey, (4)

where E, is the o-component of the electric field
strength.

The mass of the substance formed on the electrode
can be calculated using the first Faraday law of

electrolysis:
It\ (M
== — 1, 5
=) ) ©

where m is the mass of the substance formed on the elec-
trode, F = 403.965 kJ/mol is the Faraday constant, M is
the molar mass of the substance, z is the number of elec-
trons in the reaction, ¢ is the electrolysis time, and I is the
electrolysis current.

The reaction of oxygen formation at the anode has
the form:

20%" —4e” =0,.

The specific mass flux of the formed oxygen per unit
time can be calculated according to Equation (5). The
molar mass of oxygen is M = 32-10-3 kg/mol, z =4.
Therefore, it is equal to

kg A
= . _8 _— —_—
Gy, =8.2914-10 [ } J{ 2}.

The ANSYS software package assumes the function of
defining and implementing boundary conditions. To do

NERGY RESEARCH IAWARE S A i

this, it is sufficient to create a geometric model of the prob-
lem and introduce the minimum number of parameters
associated with the boundary and initial conditions. In this
package, many solution details are hidden from the user.
Hiding routine operations greatly facilitates the study. The
following boundary conditions are most often used.

Since the walls of the electrolyzer and its structural
elements are impermeable, and the LiCIl-Li,O melt has a
viscosity 7(T), the usual boundary condition for the veloc-
ity is as follows:

Vv, =0,v,=0,

where v,, and v, are the normal and tangent velocity com-
ponents, respectively.

Modeling of flow in a porous medium, which repre-
sents SNF (UO,) in the model, is a special case. It was
assumed that on the permeable walls of the basket the
condition is true

vn = vb’

where v, is the average flow rate of the electrolyte in
the cell.

If the walls of the electrolyzer consist of sections of
ideal conductors (¢ = o) and insulators (¢ = 0), then the
boundary conditions for the flow region are

Et=0,forc =

where Et is the tangential component of the electric field
strength

J,=0,npuc =0,

where J,, is the normal component of the current density.

Using the experimentally established fact that the
porous SNF medium is completely saturated with electro-
lyte, we made simplifications, assuming that the electri-
cal conductivity of this medium is fully consistent with
the electrical conductivity of the electrolyte.

The following parameters were used for calculations:
external heating temperature from the furnace side
T; = 650°C; ambient temperature T, = 20°C; heat genera-
tion associated with radioactive decay of SNF Qsnr
= 9860 W/m?>; coefficient of convective heat transfer of the
parts of the cell with the environment @ = 1.0 W/m*K.

The properties of the materials used in the calculation
(density, electrical conductivity, thermal conductivity,
heat capacity, body emissivity, etc.) were set depending
on the temperature.?*2°

The conductivity of the LiCl-Li,O melt in the model
was calculated taking into account the influence of the
presence of oxygen using the expression'®*’:
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FIGURE 4 Field of melt
velocities; main vertical slice for
design No. 1 [Colour figure can be
viewed at wileyonlinelibrary.com]

oLicl-Li,0(T) =

ovici(T)
0.22-exp(4.22-05F) +3.53-10~°-exp(17.06-03F) +0.78’

where o1;ci(T) is the electrical conductivity of the pure
LiCl melt depending on temperature and OyF is the vol-
ume fraction of oxygen in the melt.

5 | RESULTS

In general, the melt velocities are low near the cathode
basket of design No. 1 (as well as near the baskets of

FIGURE 5 Field of melt
velocities; horizontal section near
the surface of the melt for design
No. 1 [Colour figure can be viewed
at wileyonlinelibrary.com|

other designs) due to the deceleration of the melt meeting
this obstacle (Figure 4). Melt velocities are maximum
near the surfaces of the anodes, especially those facing
the cathode. However, on the opposite side in the lower
part of the anodes, the melt velocities near the surfaces of
these electrodes are high too. Such speeds appear due to
the surface turbulence associated with the intensive verti-
cal movement of oxygen bubbles formed on the anode.
Figure 5 shows the distribution of electrolyte veloci-
ties near the surface of the melt for design No. 1. It can
be seen that the maximum surface velocities of the melt
are achieved in areas directly adjacent to the anodes and
from two sides of the outer shells surrounding them. In
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FIGURE 6 Distribution of
current densities in the melt;
main vertical slice for design

No. 1 [Colour figure can be

viewed at
wileyonlinelibrary.com]

| 1.375e+003

0.000e+000
[A m*-2]
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FIGURE 7 Distribution of
current densities in the melt;
horizontal section at the ends of the
anodes for design No. 1 [Colour
figure can be viewed at
wileyonlinelibrary.com]

[ 1.292e+003

5.157e+001
[A m~-2]

both cases, the high velocity of the electrolyte is associ-
ated with the rise and release of oxygen. The oxygen
velocity field in the system is much similar to the electro-
lyte velocity distributions shown in Figures 4 and 5 (See
Data S1). This means that the flow of oxygen in the elec-
trolyte is crucial to the hydrodynamics of the entire
electrolyte.

When constructing the distribution of the current
density in the melt, the maximum permissible value of
0.55 A/cm® was taken for the upper boundary J
(Figure 6). On the main vertical slice of structure
No. 1, the critical value of the current density is not

0 0015 003 (m)
]

0.0075 0.0225

~N

exceeded. An increased current density is observed in the
lower parts of the electrodes and casings, as well as in the
space between the bottoms of the anodes and casings
corresponding to each other.

A horizontal slice made at the ends of the anodes also
indicates the absence of a critical current density in this
area of construction No. 1 (Figure 7). An even lower cur-
rent density is observed near the bottom of the cathode
basket.

The viscosity of the melt helps to reduce the veloc-
ity of the melt near the walls of the electrochemical
cell. Figure 8 shows that this in turn creates a higher
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FIGURE 8 Temperature
distribution in the melt in the main
vertical section for model No. 1
[Colour figure can be viewed at
wileyonlinelibrary.com]
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temperature near the walls of the container. In addi-
tion, the region of low melt velocities that does not
contribute to the temperature equalization falls on the
lower part of the container space (below the bottom of
the cathode basket). It is the region, where the tem-
peratures exceeding the temperature on the melt sur-
face by 10°C-20°C, are observed. Due to the presence
of a certain cooling of the melt from the side of solid
structural elements (current leads, anodes, and
covers) directly or through other elements communi-
cating with the atmosphere, the temperature of the
electrolyte in the wupper part of the container
decreases.

FIGURE 9 Temperature
distribution in the melt in the
horizontal section at the ends of the
anodes for model No. 1 [Colour
figure can be viewed at
wileyonlinelibrary.com]|

Figure 9 shows that in the melt a slight temperature
change in the horizontal section of the electrochemical
cell at the level of the ends of the anodes is observed. The
temperature differences in different parts of the electro-
lyte at this level can reach 3 K. The regions with lower
temperature are located in the central region of the cath-
ode basket as well as in the regions opposite the wide side
of the anodes situated not far from the walls of the elec-
trochemical cell. Higher temperatures are held in the
areas between the narrow faces of the cathode basket and
the container walls opposite them. The highest tempera-
ture (923 K) belongs to a very thin layer directly adjacent
to the walls of the container.
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The configurations of the anodes No. 1, 3, 5, and
7 (partially open anodes) are more suitable for experi-
ments with a ceramic crucible for melt, due to the lack
of interaction between oxygen and ceramics. The maxi-
mum values of current density and temperature
obtained in all eight designs of the electrolyzer are
shown in Table 2.

During the electrolysis process, special attention
should be paid to the value of current density at the
anodes, since at the values of 0.55 A/cm” and higher, the
process of chlorine evolution together with oxygen can
begin on the anode. This reaction leads to the chlorina-
tion of the components of the electrode, change in its
composition and loss of electrical conductivity. The
obtained results and the above-described conditions for
the current density measurements made it possible to
compare all models and to choose the most optimal
design of the metallization electrolyzer. As a result, under

TABLE 2  Maximum current densities near the anode and
maximum temperatures of the molten salt at different anode
immersion depths, anode covers and cathode baskets

Design number Jmax A/sm? Moy °C
0.5014 651.039
2 1.5300 653.690
3 0.4977 652.888
4 1.3070 652.945
5 0.5562 652.562
6 1.6750 654.847
7 0.8479 652.508
8 2.2080 654.897

6.888e+002

5.716e+002

FIGURE 10 Temperature
distribution in the main vertical
section of the solid components of
the electrochemical cell for design
No. 1 [Colour figure can be viewed
at wileyonlinelibrary.com]
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the same boundary conditions, only models No. 1, and
three fully comply with the requirements for the cell. It is
also possible to use model No. 5, however, there is a dan-
ger of local excess of current density limit values. The
maximum values of the temperature in the electrolyte are
quite close in all considered designs of the electrolyzer.

Figure 10 illustrates that, the temperature distribution
in the solid components of the electrochemical cell is
characterized by a sharp contrast between the tempera-
ture of the elements outside the cell body and the temper-
ature of the solid components present inside the cell,
including the steel container of the cell. These tempera-
tures may differ more than two times. However, the cath-
ode basket with UO, placed in the electrolyte is fully
supported at the given temperature (923 K).

6 | DISCUSSION

Under the same boundary conditions, eight different
models of the electrolyzer were tested. It turned out that
only models No. 1, and 3 completely satisfy the condi-
tions for successful electrolysis. It is risky to use anodes
with geometry No. 5 due to the local excess of current
density values at their ends. For all other options, a sig-
nificant excess of permissible current density values was
recorded. First of all, this applies to the models, in which
the anodes are completely covered by casings. In these
cases, the anodes have very small working areas.
Laboratory tests of cathode baskets showed that the
completeness of SNF reduction depends on their shape
and size, as well as on the location of the anodes relative
to the basket. The geometric dimensions are dictated by

0.0175 0.053
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the parameters of the electrolytic reduction process. It
was shown that an increase in the thickness of the porous
medium encountered by the electrolyte on the way from
the anode to the cathode by over 12-15 mm, as a rule,
leads to the incomplete reduction of UO, even when the
amount of transmitted electric charge is twice as large as
the theoretical value which is necessary for a complete
recovery. In the present work, the test with the loaded
UO, cathode basket was performed taking into account
this fact. We varied only by the location of the electrodes
relative to the container, as well as their relative position.
It turned out that such manipulations allow identifying
the optimal configuration of the electrolyzer, in which
chlorine cannot be released on the anode together with
oxygen. The calculated distributions of current density
and temperature in the electrolyte indicate the absence of
any obstacles for 100% recovery of SNF.

The passage of ions through a porous medium was
studied in Ref.?” We first consider the delay in ionic con-
ductivity during the current passage of the loaded UO,
cathode basket. The electrical conductivity of a porous
medium impregnated with an electrolyte depends on the
ratio of the mass of the solid to the mass of the electrolyte
contained in it and, especially, on the conditions of
impregnation. As a rule, a very low electrical conductivity
of a porous medium immersed into the electrolyte is
observed until the porosity of the medium reaches
~18%.”” This result can be interpreted in the following
form: the impregnation of the porous medium with elec-
trolyte begins when the porosity reaches ~18%. Exceeding
the threshold value of conductivity leads to an exponen-
tial growth of the latter.

First of all, the electrolyte penetrates into the pores
due to capillary forces. The electrolyte occupying the
external pores makes the main contribution to the electri-
cal conductivity of the porous material. At the same time,
internal nanopores retain the electrolyte inside,
preventing it from escaping from the porous material.
Moreover, the fraction of delayed electrolyte due to loss
of a continuous path for ions in a porous medium can
reach 50%. In fact, the effect of reducing the electrical
conductivity of the fuel basket is significantly enhanced
by chemical reactions leading to the formation of Li,O,
as well as the release of this unstable compound from the
porous medium into the electrolyte.

Thus, the SNF basket is a serious obstacle to the pas-
sage of ions. Hydraulic resistance inhibits the penetration
of electrolyte into the porous UO, medium, as a result of
which the inequality C* > C° can be achieved, where C *
and C° are the current and initial ion concentrations near
the walls of the porous material, respectively. In this case,
a reverse current may occur, which reduces the concen-
tration of C**®

D
J=—-C"F. Tﬂ (6)

where J, D, and F are the current density, ion diffu-
sion coefficient, and the Faraday number, respec-
tively. This current decreases in time as 1/4. Together
with the ions coming from the volume of the electrolytic
cell, it helps to collect ions near the side walls of the cath-
ode basket where a very high current density appears.
This leads to a significant local heating of the above
region.

The ions present in the electrolyte are carriers of an
electric charge, and the movement of these ions creates
an electric current. For model No. 1, the current den-
sity in the electrolyte near the open parts of the anodes
is higher than near the cathode basket. This is due to
the more intense movement of the electrolyte in the
vicinity of the anodes due to the formation and rise of
oxygen bubbles in this region. Therefore, if there is a
process of electrolytic reduction of SNF, then the
cathodic and anodic regions are the most problematic
places to maintain this process. It must be ensured that
clogging does not occur in the cathode region when
ions move through a porous medium (SNF). It is also
necessary that in the anode region the current density
does not exceed the critical value of 0.55 A/cm?.

7 | CONCLUSION

This paper presents the results of computer simulations
of various operating electrolytic cells used in the reduc-
tion of UO, to uranium metal. The calculations were
performed using the ANSYS CFX program. The results
were verified by comparison with experimental data
observed in a laboratory electrochemical cell. The
influence of the geometric features of the design of the
electrolyzer (eight different variations in the immer-
sion depth of the anodes, baskets and protective covers
in the molten electrolyte) on the processes occurring in
it was studied. Among the various options, a modified
(improved) electrochemical cell, that is, an electrolyzer
with anodes protected by shells, was considered. The
use of anodes completely covered by covers is advisable
in cases, when the crucible is made of nickel, because
it allows one to remove almost all the gas released
through the space between the anode and the cover,
thereby eliminating the interaction of oxygen with the
material of the container, resulting in an undesirable
nickel oxide formation. Electrolysis with partially open
anodes is recommended to be carried out in a ceramic
container, since the generated oxygen is distributed
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throughout the entire volume of the electrolyte. Near
the side surface of the cathode basket, a high current
density may appear. This occurs when the thickness of
the porous SNF layer, which separates the cathode and
electrolyte, begins to exceed the value determined for
the given design of the electrolyzer. The reason for this
lies in the increase in the electrical resistance of the
layer associated with an increase in the layer thickness
due to the appearance of tortuosity, and, possibly,
blockage of the channels along which ions move.
The main findings of the work are as follows:

1 A computer model of the electrolyzer was created, the
main operating characteristics of which (melt velocity
field, temperature field in the melt and in solid ele-
ments of the electrochemical device, and current den-
sity distribution) correspond to the characteristics of a
laboratory electrolyzer used to recover SNF.

2 The structural elements of the anode, which have a
strong influence on the field of melt velocities as well
as on the distribution of temperature and current den-
sity over the volume of the electrolytic cell, are
revealed.

3 The use of anode shielding covers were found to
increase the current density in the lower part of the
cathode basket and to decrease the average melt veloc-
ity near the surface of the anodes. It was possible to
ensure that the bulk of oxygen (up to 90%) goes into
the space bounded by the walls of the anode covers.

4 The calculated characteristics of the main parame-
ters of a functioning electrolyzer allow a deeper
understanding of the process of UO, reduction in
the model and, on this basis, allow improving the
design of the corresponding laboratory unit as well
as allow optimizing the process of electrolytic reduc-
tion of SNF.
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