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Abstract—The influence of the molten electrolyte composition and geometric configuration of the electro-
lyzer with liquid-metal lead electrodes on the spatial distribution of dc and temperature in an apparatus of the
“crucible-in-crucible” type, which is considered a prototype of the device to process spent nuclear fuel, is
studied by mathematical modeling. It is shown that the calculated model parameters are in good agreement

with the experimental data.
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INTRODUCTION

A promising pyroelectrochemical regeneration
technology of nuclear fuel after its extraction from the
reactor, which is performed in electrolyzers with mol-
ten salt electrodes and liquid-metal electrodes, is con-
sidered to solve the problems on the development of a
closed fuel cycle for the innovative fast neutron
nuclear reactors [1—6]. Heat-resistant and radiation-
stable halogenide melts are recommended as electro-
lytes, while such metals as zinc, cadmium, lead, bis-
muth, tin, gallium, and their alloy can be used to fab-
ricate electrodes [5—8]. These metals have relatively
low melting points and will be in a liquid state under
the salt melt layer during the electrolysis. Herewith,
actinides (uranium, plutonium, etc.) are dissolved on
the anode and deposited on the cathode; other impu-
rities remain in the anodic alloy.

If the modes of the electrolytic process are selected
correctly and thermodynamics of formation of metal
alloys (which are deposited on the cathode) with the
electrode material is known, high separation factors of
metals with close electrode potentials, for example,
actinides and lanthanides, can be attained. It is known
from scientific and technical publications that con-
structions of the crucible-in-crucible type are prefer-
entially considered for electrochemical processing of
such materials [9—12]. However, even when using liq-
uid-metal electrodes, it is impossible to exclude the
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nonuniform current distribution over their surface
similarly to the case with solid metallic electrodes.

The authors of [13] showed that the actual (experi-
mentally measured) current density on various seg-
ments of a lead anode could differ from the average
one calculated over its total surface area more than
twofold. This circumstance affects the heat and mass
transfer both in molten salt electrodes and in liquid-
metal electrodes. The nonuniform current distribu-
tion over the surface of liquid-metal electrodes should
be also taken into account when selecting optimal pro-
cess parameters of the electrolytic process, as well as
when developing new designs of electrolyzers in order
to attain high separation factors of metals with similar
properties.

The experimental investigation into the processes
of heat, mass, and charge transfer in above-described
facilities is not a simple problem, especially when
operating with aggressive molten salts and radioactive
substances. This circumstance complicates detailed
investigation and determination of parameters of these
processes for the search for optimal electrochemical
modes, since it requires numerous laborious experi-
ments, which substantially prolongs the time of the
development and creation of new technologies [14].
Apparent advantages when selecting optimal process
parameters of a multifactor electrolytic process are
inherent to the methods of mathematical modeling of
electrical and thermal fields with the help of applied
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software packages with the subsequent experimental
verification of the performed calculations.

In this article we present the results of mathemati-
cal modeling of electrical and thermal fields as the
functions of the electrolyte composition and geometry
of the electrochemical cell of the crucible-in-crucible
type with the KCI—PbCl, melt and lead electrodes,
which is considered a prototype of the facility for pyro-
electrochemical processing of anthropogenic feed-
stock. The results of modeling are compared with the
experimental data [13].

EXPERIMENTAL

Main Equations of Electrical
and Thermal Conductivity

To create a mathematical model describing the
electrical and thermal fields in an electrolyzer with lig-
uid-metal electrodes, we used the differential equa-
tions of electrical and thermal conductivity [14—16].

Electric field. The electric field in the conducting
medium under the dc current passage is described
according to the first Kirchhofflaw and Ohm law with
the help of the following equation [15]:

div(AVe) = 0, (1)

where @ is the potential, V, and A is the symmetric
electrical conductivity tensor, which can be written for
the isotropic conductor in the form

A 00
0AO], (2)
00X

A=

where A = f{T) is the temperature-dependent electrical
conductivity, Q~' m~L

For the isotropic nonuniform conductor or con-
ductor with a variable temperature field 7(x, y, 7) #
const, Eq. (1) takes the following form:

i(xa—“’) + i(xa—“’j +i(xa—“’) 0. (3
ox\ ox/ ody\ dy) 9z\ 09z

To find the unambiguous solution of Eq. (3), we
specified the following boundary conditions:

(i) potential @ = 0 is specified on the outer end sur-
face of the cathodic current led;

(ii) current / = 23.2 A is specified in the outer sur-
face of the anodic current led allowing for the geomet-
ric cell sizes;

(iii) there is no current along the normal to the sur-
face on the boundary with dielectric:

2,297, +2,99; 12,29 . 4)
Y ox ay ’ oz’
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Temperature field. The thermal conductivity equa-
tion for the time-dependent problem has the form [16]

div(kVT) +Q = pcaa{ (5)
or
21, 27)., 21, 21)
ox\ “ox/ oyl T oy ©6)
+ @( BT) 0 =pe BT
dz\ “ 9 ot
where T'is the temperature, K; k,, k,, and k_ are tem-

perature-dependent thermal conductmty coefflclents
in the direction of axes X, ¥, and Z, W/(m K); p is the
material density, kg/m?; c is the specific heat capacity,
J/(kg K); tis time, s; and Q is heat, W/m?, which is
released during the electric current passage and is
expressed as follows:

2 2 2
Q=AH,+AH, +\H;

2 2 2 7
(29 My(a_wj () @)
0x dy 0z

When determining the temperature field in a labo-
ratory cell, the stationary problem was solved; there-
fore, the right side of Egs. (5)—(6) equals zero. To
evaluate the stationary temperature field according to
formula (6), boundary conditions should be specified:

(i) the temperature on the surface of the anodic

cup corresponds to the temperature of the calcula-
tion variant

T = f(x,y,z) = const; (8)

(ii) the convective and radiative heat exchange are
specified on the surface contacting with the atmo-

sphere, i.e.,

(k OT 4, 0L 4 &, 0T )
ox ) 9z

=h(T -T.)+ ¢ec, (T* -T2),
where /4 is the convective heat exchange coefficient,
W/(m? K); T, is the ambient temperature; @ is the
angular coefficient of radlatlon € is the emissivity fac-
tor; ¢, = 5.6687 x 1078 W/(m2 K%) is the black body

emissivity; and /, m, and n are the areas of the contact-
ing surface, m?.

)

Statement of the Problem
and Initial Data for Modeling

We investigated the influence of the additive of lead
(IT) oxide into the KCI-PbCl, electrolyte, levels of the
cathodic and anodic metals, and arrangement of the
cathodic crucible on the spatial distribution of the dc
current and temperature in a crucible-in-crucible type
electrolyzer with liquid-metal electrodes, which was
considered a typical facility for pyroelectrochemical
processing of spent nuclear fuel.

No.1 2017
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Fig. 1. Laboratory cell with liquid-metal lead electrodes.
(1) Anodic fused alumina cup, (2) cathodic lead CI,
(3) anodic lead CI1, (4) cathodic fused alumina cup,
(5) cathodic current led, (6) lead probe -electrode,
(7) molybdenum wire, (&) anodic current led, and (9) elec-
trolyte.

4 3

The electrolyzer design is presented in Fig. 1. Phys-
icochemical data for the electrolyte, electrodes, and
construction materials necessary for calculations are
described in [17—23].

Solution Method of Differential Equations

Differential equations in partial derivatives of the
electric and temperature fields were solved by the
finite element method with the help of the ANSYS
commercial software package.

RESULTS OF MODELING

Abundant data on the distribution of the current
density and temperature in the electrolyzer on the sur-
face of liquid-metal electrodes and in the electrolyte
volume are found in the course of mathematical mod-
eling. Figures 2 and 3 show some of them in a graphi-
cal form. An equimolar mixture of lead and potassium
chlorides (50 : 50 mol %) is used as the electrolyte.
Electrodes are liquid-metal lead C1; the electrolyte
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Fig. 2. Electrolyte temperature field (°C).

0
TP
] 0.3
] 0.45
— 0.6
] 0.75

0.9
L1105
L,
= B ES

Fig. 3. Current density distribution (A/cm2) along the
metal—electrolyte surface.

level is 30 mm; and levels of cathodic and anodic met-
als are 30 and 10 mm, respectively.

The results of calculations showed that the electro-
lyte is overheated due to the evolution of the Joule heat
by 13.6 K over the surface of the cathodic lead owing
to the very high current density (Fig. 2). Recalculation
of the electric field allowing for the results of calcula-
tions of the temperature field showed that the cell volt-
age decreased by 331 mV because of an increase in the
electrolyte temperature and electrical conductivity.

Influence of the Electrolyte Composition

When studying the influence of the electrolyte
composition, we revealed the following peculiarities in
the variation in the temperature and current density.

(i) When introducing the lead(II) oxide additive into
the electrolyte, the region of an increased current den-
sity on the surface of the liquid-metal electrode narrows
and the maximal current density (0.94 A/cm?) is imple-
mented at a distance of 0—2 cm from the cathodic cru-
cible wall. It is revealed when calculating the tempera-
Vol. 58
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Fig. 4. Temperature field (°C) of the laboratory cell and
electrolyte for the centered cathodic crucible arrangement.

ture field that the maximal temperature gradient is
observed at a height of 0.5—1.0 cm over the cathodic
crucible edge and being 45 K.

(ii) When introducing the additive of 0.5 wt % LiCl
into the KCI-PbCl, electrolyte, the maximum of the
anodic current density, which is implemented near the
cathodic crucible wall, decreased from 0.9 to
0.75 A/cm?, while the current lines are determined
more uniformly. This circumstance had led to a
decrease in the temperature gradient over the electro-
lyte height above the crucible edge. The maximal tem-
perature was 833 K above the cathodic crucible edge.

(iii) The maximum in the anodic current density
decreased from 0.9 to 0.65 A/cm? with an increase in
the lithium chloride concentration to 10.0 wt % com-
pared with the electrolyte without the additive, i.e.,
approximately by 35%. The temperature field was
identical to the previous variant with the additive of
Swt % LiCl.

Influence of the Levels of the Cathodic
and Anodic Metals

‘When studying the influence of the cathodic metal
level, we considered three variants, notably, 10, 20,
and 30 mm at a constant level of anodic metal of
10 mm.

Lowering the level of cathodic metal from 30 to
10 mm led to an increase in the distribution nonuni-
formity of the current density along the anode surface.
In the construction under consideration, the maximal
current density in the anodic part increased by 3.9—
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Fig. 5. Current density distribution (A/cmz) in the electro-
Iyte volume in the section at the metal—electrolyte inter-
face for the centered cathodic crucible arrangement.

5.7%, while the maximal temperature in the electro-
lyte increased by 47.6 K. On the contrary, the maximal
current density in the horizontal section above the
cathodic cup decreased by 5.2%.

The investigation into the influence of the anodic
metal level on the distribution of the electric and ther-
mal fields is performed at a cathodic lead height of
30 mm. It is established that an increase in the anodic
metal level from 10 to 30 mm led to a substantial
increase in the distribution nonuniformity of the cur-
rent density on the anode surface.

Influence of the Arrangement
of the Cathodic Crucible

In one of the variants, the cathodic crucible was
established in the center of the anodic cup, as opposed
to the previous experiments, where it was arranged
near the anodic cup wall.

The results of calculations showed that such a geo-
metric configuration of the electrolyzer made it possi-
ble to substantially decrease the nonuniformity in the
current distribution. A decrease in maximal current
densities on the anode surface by 14—16% and a
decrease in the cell voltage by 10.0% were also
observed.

Figures 4 and 5 show the results of calculations of
the temperature field and current density distribution
in the electrolyte volume for this sample.

RESULTS AND DISCUSSION

The authors of [13, 24] described the experiments
on the influence of temperature, electrolyte composi-
tion, and levels of cathodic and anodic metals on the
current density distribution over the surface of the lig-
uid-metal anode in the electrolyzer of the crucible-in-
crucible type for lead refinement.

The calculated and experimental distribution
curves of the current density over the surface of the lig-
uid-metal anode for all cases under consideration are
similar. The comparison of the calculated and experi-
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Fig. 6. Current density distribution along the surface of the
liquid-metal anode for the variant with the additive of
5wt % LiCl into the electrolyte.

mental data [13] for the variant with the additive of
5wt % LiCl into the electrolyte are presented in Fig. 6
as an example. It is seen that the results of modeling
and experimental data agree well between each other
in a range from peak values of the anodic current den-
sity to its magnitude near the far wall of the anodic
crucible. The model does not describe only the region
near the cathodic crucible wall, where the so-called
dead zone appears. This phenomenon can be
explained from the viewpoint of physicochemical
hydrodynamics [25].

Our results showed that, in order to attain more
uniform current distribution and a lower consumption
of electric power, the coaxial arrangement of crucibles
with liquid-metal electrodes should be foreseen in the
electrolyzer design.

In all considered variants, the results obtained in
the course of mathematical modeling are in good
agreement with the experimental data [13, 24]. This
fact gives us grounds to believe that the developed
model can be applied to other electrolytic systems with
liquid-metal electrodes, in particular, to those recom-
mended to regenerate spent nuclear fuel.

CONCLUSIONS

We performed mathematical modeling of electrical
and thermal fields in the electrolyzer with liquid-metal
electrodes, according to the results of which the fol-
lowing is established:

(i) when introducing the lead (II) oxide additive,
the region of an increased current density on the sur-
face of the liquid-metal electrode narrows, while the
maximal current density increases;

(ii) the maximum in the anodic current density
drops compared with the electrolyte with no additive
with an increase in the lithium chloride concentration;

(iii) an insignificant increase in the distribution
nonuniformity of the current density along the anode
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surface and an increase in the maximal temperature in
the electrolyte by 47.6 K are observed with lowering of
the cathodic metal level;

(iv) an increase in the level of the anodic metal
leads to a substantial increase in the distribution non-
uniformity of the current density on the anode surface
and to an increase in the anode surface with a current
density lower than the geometric average.

The results of mathematical modeling agree well
with the experimental data in the region from peak
values of the current density to the edge point of the
anodic surface in all cases. Their divergences with the
experimental data do not exceed 3%. However, they
do not describe the phenomenon of the appearance of
the dead zone near the cathodic crucible edge, which
can be explained from the viewpoint of the physico-
chemical hydrodynamics.
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