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Abstract

A simulation code for the molten salt electrorefining of spent metallic nuclear fuel from the Integral Fast Reactor
has been developed. This code (named TRAIL) employs diffusion layer theory in the vicinity of the electrodes.
Model parameters such as the diffusion layer thickness were determined from polarization data measured with
uranium at different concentrations in the molten salt electrolyte and liquid cadmium anode of an electrorefining
cell. Calculations were made to verify the code with experimental data for various operational modes. Good
agreement with the data was obtained. It was also found that this code can provide useful information to aid
in understanding the electrotransport process within the electrorefiner.

1. Introduction

The application of a pyrometallurgical process to the
recycling of spent metallic nuclear fuel has been de-
veloped at Argonne National Laboratory (ANL) as part
of the Integral Fast Reactor (IFR) project [1]. In this
process, U-Pu-Zr alloyed metallic fuel irradiated in a
fast breeder reactor (FBR) is electrorefined in molten
salt (LiCl-KCl eutectic) to separate the fission products
(FPs) from heavy metals such as uranium and plutonium.
The recovered heavy metals are then injection cast to
make fuel slugs for the fabrication of new fuel assemblies.

This innovative metallic fuel cycle (MFC) has the
following advantages over the conventional PUREX-
based, multistage aqueous reprocessing used for oxide
fuels.

(1) The process simplicity could yield an economical
nuclear fuel cycle for FBRs.

(2) The use of salt as an electrolyte is more desirable
for handling highly radioactive FBR spent fuels than
is the use of organic solvents (such as tri-n-butyl phos-
phate), which disintegrate under heavy irradiation.

(3) The mass of fissile material to reach criticality
in the salt is less restrictive compared with that in
water, which is a good neutron moderator.

(4) Minor actinides such as neptunium, americium
and curium are expected to accompany plutonium and
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thus be transmuted into stable or short-lived FPs in
FBRs.

A schematic representation of a typical electrorefiner
(ER) for this process is shown in Fig. 1. The ER will
contain molten salt (LiCI-KCl eutectic) and liquid
cadmium at 773 K in a low carbon steel vessel. The
following dual-cathode operations [2, 3] will be utilized
for the recovery of heavy metals from the spent metallic
fuels.

Solid

Cathode Cd Cathode

Stirrer

Steel Vessel

Fig. 1. Schematic set-up for electrorefining of spent metallic fuel.
Uranium is first removed by the solid cathode, then plutonium
is deposited with uranium on the Cd cathode.
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(1) The spent fuels are anodically dissolved in the
salt. At equilibrium, alkaline, alkaline earth and lan-
thanide FPs tend to distribute in the salt as chlorides,
while noble metal FPs are expected to stay in the
cadmium as metals. Uranium and plutonium distribute
in both the salt and cadmium.

(2) Only uranium is reduced from the salt and
deposited on the solid cathode (low carbon steel),
because uranium chloride is the easiest to reduce on
the solid cathode among the heavy metal chlorides such
as plutonium chloride. As a result, plutonium chloride
builds up in the salt during several batch operations
of the solid cathode. In many prior experiments this
uranium has been deposited after the anodic dissolution.
However, in the actual process the deposition will be
done at the same time as the anodic dissolution to
improve the throughput.

(3) When the concentration of plutonium chloride
in the molten salt reaches the desired value, the solid
cathode is replaced with a liquid cadmium cathode
(hereafter referred to as the Cd cathode), which consists
of a ceramic crucible filled with liquid cadmium. In
this cathode, plutonium and other minor actinides
codeposit with uranium, because their reduction po-
tential approaches that of uranium, owing to their very
low activity coefficients in cadmium.

The material transport during the above electrore-
fining is rather complicated. There are many kinds of
FPs with different electrochemical properties and the
heavy metals are collected by two types of cathode,
i.e. the solid cathode and the Cd cathode. Therefore
a computer simulation of the process would be useful
not only to better understand the experimental data
but also to control the operation of the electrorefiners.
In Japan, CRIEPI (Central Research Institute of Elec-
tric Power Industry) has been studying the feasibility
of the MFC through collaboration with the US De-
partment of Energy (DOE) and Japanese manufac-
turers. This paper describes the TRAIL (Transportation
of Actinides in Flectrorefiner) code developed at
CRIEPI The basic parameters for the code were de-
termined by Japanese experimental data [4, 5] obtained
with an electrorefiner using a simulated metallic fuel
of uranium and lanthanides. The TRAIL code has been
verified by data including plutonium obtained at ANL.

2. Calculation model

At the ER operation temperature of 773 K the
activation and reduction processes on the anode and
cathode surfaces are assumed to be so rapid that they
are always in equilibrium. For example, the following
Nernst equation holds at the cadmium-salt interface
of the Cd anode:

. RT ,y)s‘altX::n
E,=E%X+ Z—_,(F ln(—:;;dx—cd) §))

where E, (V) is the anode potential, E} (V) is the
standard potential of element X, R=8.314 J mol™!
K~ is the gas constant, T (K) is the temperature, Z,
is the number of equivalents per mole of X in the salt,
F=96485 C mol~? is the Faraday constant, y5™" is the
activity coefficient of X in the salt, y$® is the activity
coefficient of X in cadmium, X3" (mol cm™3) is the
concentration of X at the salt side of the Cd-salt
interface and X2 (mol cm™?) is the concentration of
X at the cadmium side of the Cd-salt interface.

The code assumes uniform concentrations of the
elements in the salt and cadmium, except in the vicinity
of the electrode interfaces. The mass transfer is modelled
by diffusion layer theory, in which the concentration
gradients in the vicinity of the electrode surface are
approximated as linear within the thin diffusion layer.
For example, the assumed concentration profile in the
vicinity of the Cd anode is shown in Fig. 2. In this
case the anodic current density carried by each element
X can be calculated as follows:

. Xy -Xg
i2=Z FD¥ b= e (2a)
X::lt — Xsalt
=ZXFD’s‘ah Ssalt > (2b)
a
Molten Salt
5s;nlt
Interface -»~ T T
Cd
3a
Lo N
5 [
i)
[a
©
Q2
=
[+}]
>
cd
Xy N
Concentration

Fig. 2. Diffusion layer model for the Cd anode. The concentration
gradients in the vicinity of both sides of the salt-Cd interface
are approximated as linear within the thickness of the diffusion
layer.
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where i (A cm™?) is the anodic current density carried
by X, D (cm? s71) is the diffusion coefficient of X
in cadmium, X§® (mol cm™?) is the concentration of
X in bulk cadmium, 85 (cm) is the diffusion layer
thickness in cadmium, D{** (cm® s™?) is the diffusion
coefficient of X in the salt, Xi** (mol cm™3) is the
concentration of X in bulk salt and 65" (cm) is the
diffusion layer thickness in the salt.

If the anode potential E, is given, the concentration
of element X on both sides of the anode surface
(X2, X32") can be determined by solving eqns. (1),
(2a) and (2b) under given bulk concentrations (Xi°,
X2y, Then the current density or each component
can be calculated by eqns. (2a) and (2b). This calculation
is iterated by testing different values of E, until the
sum of the calculated current components agrees with
the total anodic current applied. The same model was
used for the Cd cathode by reversing the direction of
the current in eqns. (2a) and (2b). For the solid cathode,
the activity of the element at the cathode surface in
eqn. (1) is assumed to be one because of the metallic
deposit and eqn. (2b) is used.

3. Model parameters

3.1. Diffusion layer thickness

The diffusion layer thickness is the most important
parameter of the model. These thicknesses were de-
termined on the basis of polarization data [4] measured
foruraniumin a 10 g scale ER using an Ag/0.1mol%AgCl
reference electrode, as shown in Fig. 3(a). The diffusion
layer thickness depends on the hydrodynamic condition
near the electrode, so the following values should be
considered as rough estimates and will need to be
refined for the configuration and mixing condition of
a specific ER. Moreover, the following estimates depend
upon the values used for the diffusion coefficients of
uranium in the salt, D*"=5%10"°% cm® s~! [6], and
in cadmium, D =1.5X10"° cm? s~! [7]. The use of
larger diffusion coefficients will result in thicker diffusion
layers.

The polarization data for the solid cathode depend
on the uranium concentration in the salt. At a uranium
concentration of 8.87 wt.% in the salt (in the following
text the concentrations in the salt do not include the
weight of chlorine in the chloride) there is no limiting
current up to 1.5 A, as shown by the experimental data
in Fig. 4. The IR drop is included in the potential
change, so the slope of the curve represents the ohmic
resistance between the cathode and reference electrode.
Calculated results for various diffusion layer thicknesses
(0.001, 0.002 and 0.010 cm) are also plotted in Fig. 4.
The results for 0.010 cm are not appropriate because
the increase in the current was limited to about 1 A,

Ref. Electrode(Ag/0.1molAgCl)
/ Stirrer
/ Solid Cathode(1.5¢ x 1.2H)

X 22 g
X

$5.7 cm

BBl |29om san: 173g
i 1
36cm Anode Cd :732g

(a) 10-gram scale ER

Stirrer
Solid cathode(2.5¢ x 3.0H)

3 g0cm Salt:3.2kg
30cm Anode Cd: 6.0 kg

(b) 200-gram scale ER
Stirrer
Solid cathode(3.2¢ x 7.5H)

103¢cm  Salt:4.4kg

11.3cm  Anode Cd : 16 kg

(c) ANL laboratory scale ER

Fig. 3. Schematic diagrams of electrorefiners used to obtain the
experimental data: (a) 10 g scale ER, (b) 200 g scale ER, (c)
ANL laboratory scale ER.
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Fig. 4. Cathodic polarization curve for a uranium concentration

of 8.87 wt.% in the salt measured in the 10 g scale ER (M)

compared with calculated curves for diffusion layer thicknesses

& (cm) of 0.001 (), 0.002 (A) and 0.010 (X) on the salt side.

which is inconsistent with the experimental data. Thus
the thickness should be less than 0.010 cm. At a
concentration of 0.75 wt.% uranium in the salt the
measured data started at —1.3 V and then polarized
to —2.5 V, where lithium in the salt began to dominate
the reduction current, as shown in Fig. 5. Calculations
with the three layer thicknesses are also compared with
the measured data in Fig. 5. This comparison suggests
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Fig. 5. Cathodic polarization curve for a uranium concentration
of 0.75 wt.% in the salt measured in the 10 g scale ER (W)
compared with calculated curves for diffusion layer thicknesses

8 (cm) of 0.001 (©), 0.002 (A) and 0.010 (X) on the salt side.

that the diffusion thickness should be more than 0.001
cm, because the corresponding curve tends to over-
estimate the actual limiting current carried by the
uranium in the salt. Therefore 0.002 cm was chosen
for the diffusion layer thickness of the solid cathode.
For the Cd anode, two thicknesses have to be de-
termined: one at the salt side, the other at the cadmium
side of the salt—cadmium interface. The former thickness
was approximated to be the same as that of the solid
cathode (0.002 cm). This thickness is not so influential
on the calculated result. On the other hand, the thickness
at the cadmium side limits the mass transport across
the interface owing to the lower solubility of uranium
in cadmium compared with that of uranium chloride
in the salt. To determine this thickness, two polarization
measurements were compared with the calculated re-
sults for various thicknesses on the cadmium side.
Following the same argument as used for the solid
cathode, the thickness of 0.002 cm was chosen for the
cadmium side of the Cd anode. The anodic polarization
data (measured and calculated) for uranium concen-
trations of 0.26 and 0.02 wt.% in cadmium are shown
in Figs. 6 and 7 respectively. The standard potential
of uranium, —1.1 V vs. Ag/0.1mol%AgCl, was selected
to reproduce the polarization data shown in Fig. 6.
At first, the thicknesses for the Cd anode were also
applied to the Cd cathode because of their similarity.
One experiment [5] was undertaken to investigate the
deposition behaviour of the Cd cathode in the 200 g
scale ER shown in Fig. 3(b). The calculated deposition
history of uranium together with that for gadolinium
and neodymium is shown in Fig. 8. The current efficiency
(0.7) was used to adjust the amount of uranium deposited
in the Cd cathode. This calculation underestimated the
deposited amount of gadolinium. This discrepancy could
be due to the use of the same layer thickness as the
Cd anode, because the Cd cathode interface is more

25 |
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Anode Potential (V vs. Ag/AgCl)

Fig. 6. Anodic polarization curve for a uranium concentration
of 0.26 wt.% in cadmium measured in the 10 g scale ER (M)
compared with calculated curves for diffusion layer thicknesses
& (cm) of 0.001 (<), 0.002 (A) and 0.010 (X) on the cadmium
side and 0.002 on the salt side.
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Fig. 7. Anodic polarization curve for a uranium concentration
of 0.02 wt.% in cadmium measured in the 10 g scale ER (M)
compared with calculated curves for diffusion layer thicknesses
& (cm) of 0.001 (<), 0.002 (A) and 0.010 (X) on the cadmium
side and 0.002 on the salt side.

confined than that of the Cd anode. As a result, several
calculations were made with layer thicknesses between
0.001 and 0.004 cm. It was found that the amount of
gadolinium and neodymium was sensitive to the diffusion
layer thickness for the salt side of the Cd cathode, as
shown in Fig. 9. From this study, 0.003 cm was selected
for the diffusion layer thickness of the Cd cathode.

3.2. Other parameters _
The following activity coefficients in cadmium eval-
vated by Johnson and coworkers [8, 9] were used:

yu=288.7, P =2.32X1074,
YGd™ YNd = 1.13 X 10_8

where the activity coefficient of cerium [10] was sub-
stituted for those of neodymium and gadolinium.
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Amount of Cathode Potential

Deposition (g) (V vs. Ag/AgCl)
30.00 -1.00
27.00p~ _»1-1.20
24.00 {-1.40
21.00 1°]-160
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12.00 {-2.20
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Fig. 8. Deposition history of the Cd cathode in the 200 g scale
ER. The calculated depositions of uranium, gadolinium and
neodymium are plotted as lines 1, 3 and 4 respectively compared
with experimental values: (3, U; B, Gd; X, Nd. The amounts
of gadolinium and neodymium are multiplied by 50. The calculated
cathode potential is plotted as a thick wavy line.
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Fig. 9. Effect of diffusion layer thickness on calculated amounts
of depositions of gadolinium (M) and neodymium (A) on the
Cd cathode. The experimental values are shown by solid (Gd)
and broken lines (Nd).

The activity coefficients of these elements in the salt
were assumed to be the same, because little interaction
is expected between these elements and the salt.

The standard potentials were determined by the
following formulae relative to uranium:

RT
E=EY- 1n(ﬂ SFPU) ——140V
Yru

RT
ES*=EY- 1n(;’—U SFGd) =-173V
Gd

ENI=EY— ’;—; ln(;’—” SFNd)= ~1.69V
Nd

where

EY=—-1.10 V vs. Ag/0.1mol%AgCl

which was determined by the polarization data as
mentioned above.
In addition, the following separation factors

Xsalt Usall
SFX: Xcd / Ucd

for element X were determined from the equilibrium
concentration (wt.%) between the salt and cadmium
[11]:

SFp,=1.85,

SFgqa=269, SFrna=46.3

The values for uranium previously mentioned were used
for the diffusion coefficients in the salt and cadmium.

3.3. General validity of the model

The general validity of the model depends on the
assumptions of eqns. (1), (2a) and (2b), which seem
to hold in many electrorefining processes using molten
salt as an electrolyte. However, the actual calculation
requires the evaluation of the parameters in the given
process. For the electrorefining process for an MFC
which will operate at 773 K, the parameters evaluated
in this section will be good enough for rough estimates.
The accuracy of the prediction can be improved by
refining the diffusion layer thicknesses using polarization
curves measured for the specific ER. Calculations for
other conditions (e.g. different temperatures and ma-
terials) require the evaluation of the thermodynamic
parameters described in this section.

4. Verification

Three ANL experiments were used to verify the
TRAIL code with regard to electrodeposition on the
solid cathode, electrodeposition on the Cd cathode and
dual-cathode operation. The calculation conditions for
these runs are summarized in Table 1.

In the ANL laboratory scale ER shown in Fig. 3(c),
series of runs (ANL Eng. Runs 27-30) were made [12]
to investigate the behaviour of plutonium after suc-
cessively removing uranium using the solid cathode. In
the dual-cathode procedure mentioned previously, the
solid cathode will be used only to remove uranium and
concentrate plutonium in the salt. However, in this
experiment the deposition with the solid cathode was
continued further to study the extreme situation where
plutonium starts to deposit on this cathode. Both the
experiment and calculation indicated plutonium de-
position in the final run, as shown in Fig. 10. In addition,
a stepwise increase in the cell voltage predicted by the
calculation was observed in the experiment, as shown
in Fig. 11. The potentials of the electrodes were not
measured, but the calculation predicted that this cell
voltage increase was caused by the change in the cathode
potential when plutonium started to deposit. The cal-
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TABLE 1. Calculation conditions

Eng. Run 27-30
(ANL lab. scale)

Eng. Run 20
(ANL lab. scale)

F16*
(200 g scale)

Current (A) 1.0-2.0 20 3.6
Time (h) 56.7 26.1 8.3
Efficiency (%) 96 50 30
Deposit (g) 314.7 834 20.2

U 95% U 42% U 18%

Pu 4.5% Pu 57% Gd 72%

Nd <0.01% Nd 0.6% Nd 10%
Initial U 1.61 U 13 U 0.37
concentration Pu 1.82 Pu 2.1 Gd 129
in salt (wt.%) Nd 1.17 Nd 0.9 Nd 1.16
Initial U 1.01 U 0.47 U 1.91
concentration Pu 0.59 Pu 0.60 Gd 0.38
in Cd (wt.%) Nd <0.01 Nd 0.02 Nd 0.04
Final U 0.08 U 1.17 U022
concentration Pu 3.1 Pu 2.7 Gd 121
in salt (wt.%) Nd 1.08 Nd 0.8 Nd 1.05
Final U 0.01 U 0.12 U 1.90
concentration Pu 0.27 Pu 0.20 Gd 0.22
in Cd (wt.%) Nd<0.01 Nd 0.03
*Condition for Cd cathode in dual-cathode operation.

i Cathode Potential Il Voltage (V Potential
Deposition (g) (V vs. AgiAgC) Cell Voltage (V) (V vs. Ag/AgCl)
500.0 . . . -1.00 0.60 - . . -1.00
450.00 {-1.10 0.54 L 1 1> 1 7H0
400.00 J-1.20 048 1-1.20
350.00 1-1.30 0.42 1-1.30
300.00 T 1-1.40 0.36 1140
250.00 1-150 0.30 1-1.50
200.00 1-1.60 0.24 1160
150.00 1-1.70 0.18 1170
100.00) 1-1.80 012 1-1.80
50.00 1-1.90 0.06 1-1.90

‘ ool . . ... .. -2.00
0.00 : = -2.00 0 6 12 18 24 30 36 42 48 54 60

0 6 12 18 24 30 36 42 48 54 60
Deposition time(hour)

Fig. 10. Calculated deposition histories of uranium (line 1) and
plutonium (line 2) on the solid cathode in ANL Eng. Runs 27-30
compared with corresponding experimental values (1, U; B, Pu).
The calculated cathode potential is plotted as a thick wavy line.

culated concentration changes of uranium, plutonium
and neodymium in the salt agree well with the ex-
periment, as shown in Fig. 12. During this experiment
the uranium removed from the salt was compensated
by the increase in plutonium, while the concentration
of neodymium did not change. The deposition of plu-
tonium coincided with the depletion of uranium from
the salt. The concentration changes in the Cd anode

Deposition time(hour)

Fig. 11. Calculated cell voltage (thick wavy line) and anode (line
1) and cathode (line 2) potential changes during ANL Eng. Runs
27-30. The measured cell voltage is plotted as open squares.

are plotted in Fig. 13. These results indicate that uranium
was also depleted from the Cd anode and plutonium
was gradually oxidized into the salt, while the zirconium
concentration remained constant.

The codeposition of plutonium with uranium on the
Cd cathode was studied in a run with the ANL laboratory
scale ER (ANL Eng. Run 20) [13]. Because the activity
coefficient of plutonium in cadmium is very low, as
mentioned previously, plutonium can be codeposited
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Concentration Cathode Potential

in salt (wt%) (V vs. Ag/AgCl)
4.00 -1.00
3.60 1-1.10
3.20 . 2 {120
2.80 r {-1.30
240 {-1.40
2.00 {-1.50

1.60 {-1.60
4 4
1.20 x " < 4-1.70
1

0.80 ]-1.80
ot \\ {-1.90
0.00 I 1-200

18 24 30 36 42 48 54 60
Deposition time(hour)

0 6 12

Fig. 12. Calculated concentration changes of uranium (line 1),
plutonium (line 2) and neodymium (line 4) in the salt during
ANL Eng. Runs 27-30 compared with corresponding experimental
values (O, U; M, Pu; X, Nd). The calculated cathode potential
is plotted as a thick wavy line.

Concentration Anode Potential

in Anode Cd (wt%) (V vs. Ag/AgCl)
2.00 -1.00
1.80 J-1.10
160 ¢ e 1120
1.40 1-1.30
1.20 1-1.40
1.00 1-1.50
U.SUL\ 1-1.60
0.60 J-1.70
0.40 1-1.80
0.20 1-1.90
0.00 b4 MRS P
G 6 12 18 24 30 36 42 48 54 60

Deposition time (hour)
Fig. 13. Calculated concentration changes of uranium (line 1),
plutonium (line 2), neodymium (line 4) and zirconium (line 5)
in the Cd anode during ANL Eng. Runs 27-30 compared with
corresponding experimental vatues (CJ, U; B, Pu). The calculated
cathode potential is plotted as a thick wavy line.

with uranium on the Cd cathode. The calculated de-
position history of uranium, plutonium and neodymium
is shown in Fig. 14 together with the corresponding
experimental data (where the amount of neodymium
is multiplied by 20). In this experiment the initial
concentration of plutonium in the salt was too high
relative to uranium, so the amount of plutonium was
larger than that of uranium. Also, because of the high
plutonium concentration, some neodymium was de-
posited, but the rate of deposition was not constant.
The deposition of neodymium was predicted to stop
after 6 h, when the Cd cathode was saturated with

Cathode Potential

Deposition (g) (V vs. Ag/AGC)
-1.00

100.00

90.00 {-1.05
80.00 J-1.10
70.00 {-1.15
60.00 L 1-1.20

—
50.00 2 1125
4000 {-1.30
30.00 T 1135
20.00 {-1.40
10.00 x {-1.45
4 4 4

0.00 -1.50

g 3 6 9 12 15 18 21
Deposition time(hour)

24 27 30

Fig. 14. Calculated deposition histories of uranium (line 1),
plutonium (line 2) and neodymium (line 4) on the Cd cathode
in ANL Eng. Run 20 compared with corresponding experimental
values (O, U; B, Pu; X, Nd). The amount of neodymium is
multiplied by 20. The calculated cathode potential is plotted as
a thick wavy line.

plutonium and uranium. This can be explained by the
following argument.
The cathode potential can be described by the Nernst

equations

DR i o) &
~EY+ % 1n(‘ﬁ) (3b)
- i) 9

where a, ,, o and a, i, cqa are the activities of the
element X at the salt and cadmium sides of the Cd
cathode interface respectively.

If the concentrations of all three elements at the
salt side of the interface become constant, as shown
in Fig. 15 after 6-9 h, and the cadmium in the cathode
has already been saturated with uranium and plutonium,
the cathode potential should be kept constant from
eqns. (3b) and (3c). Then the activity of neodymium
in the cadmium should be fixed from eqn. (3a). Thus
the deposition of neodymium stops, while uranium and
plutonium can keep depositing without changing the
activity because they have already saturated the cad-
mium.

The other important observation is that the bulk
concentrations of uranium and plutonium in the salt
could differ significantly from the local concentrations
at the interface, as shown in Fig. 15, which cannot be
handled by an equilibrium model. The calculated bulk
concentrations of uranium and plutonium in the Cd
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Concentration Cathode Potential
(Wt%) (V vs. Ag/AgCl)
500 -1.00
450 {-1.05
4.00 1-1.10
350 1-1.15
3.00 M 3 1-1.20
250 | . . J-1.25
7 7
200 Vo 2 | -1.30
150 S 4 1 171.35
1.00 [4 4 4 4 4 17140
050 [~~~ __ 4?‘2@”_&‘9"‘_. . _Pu {145
U'UU ...................................... U _1 50
0 3 6 g 12 15 18 21 24 27 30

Deposition time(hour)

Fig. 15. Calculated concentration changes of uranium and plu-
tonium at the salt side of the cathode interface (----- s
------- ) as well as calculated bulk concentrations of uranium
(line 1), plutonium (line 2) and neodymium (line 4) in the salt
during ANL Eng. Run 20 compared with corresponding measured
bulk concentrations (O, U; B, Pu; X, Nd). The calculated cathode
potential is plotted as a thick wavy line.

Concentration Anode Potential

in Cd (wt%) (V vs. Ag/AgCl)
200 -1.00
180 } {-1.05
160 | {-1.10
140 L {-1.15
1.20 | e n {-1.20
100 } {-1.25
0.80 t 1-1.30
0.60 w 1-1.35
040 | 1-1.40
0.20 :12 1-1.45
6.00 0 3 6 9 12 15 18 21 24 27 3[]-1'50

Deposition time(hour)

Fig. 16. Calculated concentration changes of uranium (line 1)
and plutonium (line 2) in the Cd anode during ANL Eng. Run
20 compared with corresponding measured values ((J, U; M, Pu).
The calculated anode potential is plotted as a thick wavy line.

anode also agree well with the experimental data, as
shown in Fig. 16.

The dual-cathode operation was simulated in the 200
gscale ER using gadolinium as a substitute for plutonium
[5]. The amount of deposition is plotted in Fig. 17,
where the solid cathode was switched to the Cd cathode
after 28 h. When the uranium was removed with the
solid cathode, the concentration of uranium in the salt
continuously decreased while that of gadolinium con-
tinuously increased, as shown in Fig. 18. Then gado-
linium codeposited with uranium on the Cd cathode.

Deposition Cathode Potential
(@ (V vs. Ag/AgC!)
100.0Q ———-1.00
90.00 ]-1.20
-~ e e
80.00 a 1-1.40
70.00 » ]-1.60
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40.00 . J-2.20
30.00 3 {-240
20.00 {-260 |
10.00 "D
0.00 00
0 4 7 11 15 18 22 26 30 33 37
lTime(hour) | -
 Solid Cathode | Cd Cathode

Fig. 17. Calculated deposition histories of uranium (line 1,
gadolinium (line 3) and neodymium (line 4) during dual-cathode
operation compared with the measured values (0, U; B, Gd;
X, Nd). The calculated cathode potential is plotted as a thick
wavy line.

Concentration Cathode Potential

in salt (wt%) (V vs. Ag/AgCl)
15.00 -1.00
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10.50 17100
9.00 171.80
750 17200
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150 | 3280
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. 2/-3.00
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Deposition time(hour) |
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Fig. 18. Calculated concentration changes of uranium (line 1),
gadolinium (line 3) and neodymium (line 4) during dual-cathode
operation compared with measured values (O, U; B, Gd; X,
Nd). The calculated cathode potential is plotted as a thick wavy
line.

0 4

Since the electrochemical characteristics of gadolinium
are much closer to those of neodymium than to those
of plutonium, the deposition of neodymium was sig-
nificant.

To compare these results with an equilibrium cal-
culation, the TRAIL code was used with artificially small
diffusion thicknesses on the electrodes (one-tenth of
the above optimized thicknesses) so that the local
concentrations approached the equilibrium values. The
depositions predicted by these two calculations are
plotted in Fig. 19 together with the experimental values.
This comparison indicates the significant deviation of
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Fig. 19. Comparison of deposition of uranium (A) and gadolinium
() on the Cd cathode by TRAIL (solid lines) and equilibrium
analysis (broken lines). The filled triangle and square are ex-
perimental values for U and Gd respectively.
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Fig. 20. Calculated deposition histories of uranium (line 1),
gadolinium (line 3) and neodymium (line 4) during improved
dual-cathode operation. The calculated cathode potential is plot-
ted as a thick wavy line.

the system from equilibrium, because the result with
thinner layer thicknesses (equilibrium calculation) pre-
dicted the predominant deposition of uranium, while
gadolinium deposited more in the experiment. Thus
the calculation with optimized thicknesses was much
closer to the experiment.

Another calculation was made to investigate the
possibility of controlling the composition of the deposit
on the Cd cathode. To decrease the ratio of gadolinium
in the deposit, the solid cathode was switched to the
Cd cathode after 12 h. The amount of gadolinium on
the Cd cathode became less than that of uranium, as
shown in Fig. 20. Thus this calculation demonstrated
the possibility of controlling the composition of the
deposit by changing the timing of the switch to the Cd
cathode.

5. Summary

A simulation code (TRAIL) for the molten salt elec-
trorefining of spent metallic nuclear fuel has been
developed. This code employs diffusion layer theory in
the vicinity of the electrodes. Model parameters such
as the diffusion layer thickness were determined from
polarization data measured with uranium at different
concentrations in the molten salt electrolyte and liquid
cadmium anode. The optimized diffusion layer thickness
was determined to be 0.002 cm for the solid cathode
and Cd anode. For the Cd cathode, 0.003 cm was
chosen after studying the composition of the deposit
on the Cd cathode.

Then TRAIL calculations were made to verify the
code with experimental data for various operational
modes. Good agreement with the data was obtained.
This analysis also predicted the deviation of local con-
centration in the vicinity of the electrodes from the
bulk concentration in the salt.

In the dual-cathode operation, when the uranium
concentration in the salt is very low, this code can
provide better results than calculations assuming equi-
librium, which cannot reproduce the experimental data.
Calculations using the TRAIL code also revealed that
the composition of the deposit on the Cd cathode can
be controlled by adjusting the time of switching of the
cathode in the dual-cathode operation.
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