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Introduction

JSNU

e Zirconium uses in nuclear power industry

U

Cadding

Actinides and FPs
could be included
because of penetration.

Major radioisotopes

clear Fuel Cladding in Thermal React

Actinides, FPs, and activation

products of Zircaloy

hannel Box
(Zircaloy)

Actinides and FPs

might not be included.

* Major radioisotopes
* Co0-60, Sb-12 and other
activation products of

Zircaloy

_/
N

/

Seoul National University
(¢ ) Nuclear Materials Lab.

@-Z.SNb) (Zircaloy)

ressure Tube/Calandria Tube in CAND

Pressure tube Calandria tube

Actinides and FPs
are not included.

Major radioisotopes
Nb-94, C-14,

Co-60 and others
can be separated

actor-i

Metallic fuel

Metallic Fuel for Fast Reactor

QTRU-Zr) Fast Reactor

g/
N

Actinides and FPs
compose about 90%
in Fuel with 10% Zr.

Zr could interrupt U

recovery in

2014 International Pyroprocessing Research Conference

electrorefining.
3



Introduction

@ ISNUMAT

Seoul National University
) Nuclear Materials Lab.

« Radiological Characteristics of Irradiated Zircaloy-4 Cladding'L

Radioactive Waste Classification Volume Reduction of Geological Disposal

A
53.7%
Radioactivity volume
~108-10° reduction
~400 Bqg/g
(alpha)
~tens of kBg/g 85.3%
(LLFP) volume
- F-/o )
100 reduction
clearance %
levels er
Clearance of zirconium
level FP 93%
After 30~100 years cooling > a Zr 6%
Half-life After After After

irradiation  pyroprocessing Zr recovery

e If we could recover zirconium form

 Decontaminationan factor of U, TRU : _ : _
irradiated cladding, total volume of final

and Co-60 should be decontaminated.
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Introduction

. )SNU

Seoul National University
) Nuclear Materials Lab

» Electrorefining as a decontamination process for irradiated cIadelng

Pros Cons

Surface hydrofluoric acid process * Simple process * Uand TRU could not be
decontamination y P piep decontaminated.

* Zrl, is very hygroscopic
lodination process » Decomposition process requires long

+ High decontamination factor reaction time

Hydrochlorination process » ZrCl, reduction process

* One-step reduction of Zr(1V) into

Electrorefinin Zr metal » High operating temperature
. . g » Metal deposition with high purity gh op g emp
in fluoride salts * Fluoride corrosion
of 99.93%
Volume » Coarse metal recovery
decontamination Sy ; -
. ppressed disproportionate T .
LiCL-KCI reaction High _operatmg _temperature
o based Ld . ith high puri  Fluoride corrosion
Electrorefining ase * Metal deposition with high purity | Complicated salt purification
in fluoride-chloride 0f 99.9%
salts CsCl, * Fluoride corrosion
SrCl, » More coarse metal recovery » High operating temperature
based » Large amount of Cs and Sr waste
. . . e Complicated redox reactions
Electrorefining . * Low operating temperature . : .
. ; LiCI-KCI . » Disproportionate reaction
in chloride salts » Low corrosion problem "
» ZrCl codeposition
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Introduction

@ _ISNUMAT
Seoul National University

) Nuclear Materials Lab.

Computational model

Lab-Scale Expriment

1. Suggesting possibilities of 1. Investigating actinide deposition
electrorefining in LICI-KCI-ZrCl, behavior during irradiated Zircaloy-4
without ZrCl deposition and electrorefining

disproportionate reaction o _
2. Investigating local current density

2. Suggesting design requirements to distribution

\secure high decontamination factor ) \ /

Design criteria | | Design and performance
Material properties | | verification tool

B —
Design of irradiated Zircaloy-4 cladding electrorefining

In LiCI-KCI-ZrCl, molten salts
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Modeling strategy

'SNU

Seoul National University
_J Nuclear Materials Lab

* Flow chart of the simulation algorithm developed based on ANSYS-CFX

Input parameters
& Initial guesses

E..:: cathode potential
E..m: potential outside cathode double layer

Electrostatics

Fluid yiy v A
dynamics PRIYING Local overpotential
constant current source (M=E..-E. )
lave and sink ™ cat™=ohm

A

A

Calculating surface
concentration

Local current density
(Butler-Volmer equation)

A

A

New E_, estimation
(Ecat -ar (Iappl cal)/lappl)

Calculating diffusion
boundary layer thickness

Electric potential
distribution (Obtaining E,,,)

) 4

IappI: | cal

Yes

End simulation
(local multi element current
density distribution)
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Modeling strategy

r ﬁ] SN u -IJ:;:_::-L _; ‘_ T

b Seoul National University
) Nuclear Materials Lab.

Cathode reaction focused model

1. There are large uncertainties on anodic dissolution modeling.

2. A modeling objective is to identify modeling capability on Zr(1V) multi-step reduction.

3. Since actinide elements are more oxidative than Zr, actinide elements can be handled in
the model by assuming all actinide elements are immediately dissolved into molten salts
at the initial stage of electrorefining.

Electrorefining model Cathode reaction focused model
Anode : h Anode basket (ground) h
- Anodic | Cathode Cathode
/ overpotential
: E
I

ohma Qhmic drop

Ohmic drop

E

ohm,cI thm,cI

Cathodic—
overpotential

Cathodic—
overpotential!
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Modeling strategy

@ JSNU

Zircaloys <

Seoul National University
(S ) Nuclear Materials Lab.

Cathode reaction focused model

Equipotential lines

Equipotential lines :
auip outside anode basket

inside anode basket

Anode basket cathode

(conductor)

Potential distribution outside anode basket is determined not by geometry of Zircaloys loaded in
anode basket but by that of the anode basket. Therefore, potential distribution over the
cathode could be calculated regardless of whether the anode reaction is simulated.

2014 International Pyroprocessing Research Conference 9



Modeling on multi-step reduction of Zy(LY),..

- Seoul National University
(@ ) Nuclear Materials Lab.

* Objective of modeling

Anode basket

Electrorefining cell |

ﬁ' ”! (316SS) Chemical form of cathode deposits
i ! Concentration of Experiment Computc;;lt:onal
Thermocouple y ng'ao/ — mode
Owt. % r
(K-Type) 2.0 wt. % ZrCl
Cathdoe 1.0 wt. % Zr metal + ZrCl Can be simulated?
0.5 wt. % Zr metal
(W, d=3.175mm) 0.1 wt. % Zr metal
Reference Identifying computational model capability
electrode on chemical form changes according to ZrCl,
(1 wt% Ag/AgCl) concentration

2014 International Pyroprocessing Research Conference 10



Modeling on multi-step reduction of Z(L\),..

Seoul National University
) Nuclear Materials Lab.

» Geometry and mesh generation for modeling

———— Anode basket
Geometr
Electrelng cell | (316SS)

| |

Thermocouple
(K-Type)

Cathdoe
(W, d=3.175mm)

Reference
electrode
(1 wt% Ag/AgCl)

A
N___
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Modeling on multi-step reduction of Z[(LY)

Seoul National University
J Nuclear Materials Lab.

 Mathematical model on Zr electrochemical redox reactions on cathode
1) Zr** + 3e- + Cl'— ZrCl

. NzrclF NzrclF

izrct = NzrciFkozrct [_CZr‘H' (0, )exp(—azrci—=o— (E — E9rc)) + exp((1 — azrer) —om— (E — E9vc )]
2) ZrCl + e — Zr + CI

. nZT'F or

e = Mgy R 1 [~ exp (= "2 (B = E) + exp((1 — ) 2 (5 — 5|

If a molar production rate of Zr metal calculated by the above equatlon is higher than a molar
production rate of ZrCl, it is assumed that molar production rate of Zr metal is equivalent to that of

ZrCl.
3 0
1.5x10 : _ =
\ Zr meta formation 1 Zr metal /
= v based on B-V equation formation .
K, \ | 100+ —1  /
E Lods? . — limited by )/
E . \\ % 1ZrClI )/ ZrCl -
=N e 3 /
E | \\ > oo formation formation
g 1 Modified relation\, 2 / /
g .| for Zr meta ZrCl S ’ /
S 50x10°1 ¢ . S
8 ormation formation S 30 g
s limited by © 'B-\/ equation
S 1 zrCl formation 1 ' -
> \ /. for Zr metal formation
001, : : : \ : : -400 +— - - - - - -
16 <15 <14 <13 <12 -11  -10 09 16 A58 -14 =13 _ -lo-- S S
Potential [V vs Ag/AgCl] Potential [V vs Ag/AgCI]
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Modeling on multi-step reduction of Z%l_‘,\,/‘)

Seoul National University

J Nuclear Materials Lab

Mathematical model on Zr electrochemical redox reactions on cathode
1) Zr** + 3e- + Cl'— ZrCl

. NzrctF ' Nzrall’ p
izrct = NzrciFKozrct [—Czr4+ (0, )exp(—azrci —m— (E = Egye)) + exp((1 — azre) —mm— (E — Egy )]
2) ZrCl + e — Zr + CI
. nZT'F or 0r
izr = NzrFkozr | —€xp(—azy —= (E — Ez)) + exp((1 - “Zr) (E Ez,
RT
Unknowns Material properties
Property Value Property Value
E Nzrci 3 Nzr i

(Electrode potential)

-0.994 [V vs Ag/AgCl] -1.15 [V vs Ag/AgCl]

Ezrc (experimentally measured) Eir (experimentally measured)
Azrci 0> Az 2
Cy,4+(0, 1) (assumed) (assumed)
(Surface concentration of 1.69E-4 [m/s]
Zr+) Kozral (assumed as the value of ko zr 1E-6 ~ 1E-1 [m/s]

U(I11)/U rate constant)

2014 International Pyroprocessing Research Conference
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Modeling on multi-step reduction of Z[(LY)

Seoul National University
J Nuclear Materials Lab

o Comparison on chemical form of cathode deposits (kO,Zrzl.OE-3 m/s)

Computational modeling Experiment
Zsl;glooe | Zrogze'gc;iol - XRD for cathode deposits
0 . . e- . . e+
1.4 wt% I Tza
i _ | 0.0006+ 150+
5 m A 8.450e-006 0.000e+000 g _ ZrCl rCI
8 100
r 8.300e-006 - 0.000e+000 S | / ZrC| Z rCI CI Z[CI
5 50- \ [ g
r 8.150e-006 r 0.000e+000 =
0 MMN
I8.000e-006 IO.000le000 5 10 15 20 25 30 35 40 45 50 5 60 6 70 75 8
[kg m*-2 s7-1] [kg m*-2 7] 2 theta [degree]
ZrCl Zr metal
2' 2 Wt% 4.3006—0;5 0.000e+000 200
| | N 1 |zral
27 mA 7 @150_
r 4.075e-005 0.000e+000 = ]
é 100
L 3.850e-005 - 0.0006+000 g‘ . ZiCl - ziql zicl zZicl 7zl ZrCl ZrCl
2> N Y |
- 3.625e-005 - 0.000e+000 0 W
I I 5 10 15 20 25 30 35 40 45 50 5 60 65 70 75 8
3.400e-005 0.000e+000 2 theta [degree]
[kg m*-2 s*-1] [kg m*-2 s™-1]
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Modeling on multi-step reduction of

L\

Seoul National University
J Nuclear Materials Lab.

o Comparison on chemical form of cathode deposits (kO,Zrzl.OE-B m/s)

Computational modeling

0
3.1wth 7l Zr metal
57 m A . 4.000e-005 . 2.450e-005
- 3.250e-005 ‘ - 2.400e-005
| 2.500e-005 [ r2.350e-005
- 1.750e-005 - 2.300e-005
I 1.000e-005 I 2.250e-005
[kg mA-2 s7-1] [kg m*-2 s*-1]
ZrCl Zr metal
4 0 5 Wt% . 0.000e+000 . 7.500e-005
90 m A - 0.000e+000 6.375e-005
I 0.000e+000 | 5.250e-005
t 0.000e+000 4.125e-005
I 0.000e+000 I 3.000e-005
[kg mA-2 sA-1] [kg m#-2 s7-1]

Experiment
- XRD for cathode deposits
Z/rCI
150+
§_>,100- ZrCl
2 ncl 2 7| f Zr ZrCl ZCl
& 50- / i i
OW.WMWMM L L SRR LR L G R Y U Y
5 10 15 20 25 30 35 40 45 50 5B55 60 65 70 75 80
2 theta [degree]
200
A150—
= Zr
8 100- 4007
g % d ¢r Zr

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 theta [degree]
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Modeling on multi-step reduction of ZE,L\JJ

~% Seoul National University
_J Nuclear Materials Lab

« Chemical form of cathode deposits according to K, 5,

Weight percent of Zr metal in cathode deposits
kO,ZT kO,ZTCl 0 0 0 0 o

(Zrclizr) Zr(IVy/zrCl) 0.1 wt% 0.5wt% 1 wt% 2 wt% 4 wt%
1.00E-06 100 100 0 0 0
1.00E-05 100 100 0 0
1.00E-04 100 100 0 0 0
1.00E-03 1 69E-4 100 100 45 0 0
1.50E-03 100 100 50.554 0 0
2.00E-03 100 100 57 10.037 0
1.00E-02 100 100 90 62.18 0
1.00E-01 100 100 100 72.01 0

S UMEEL 100 100 100> and >0 0 0

results

» Rate constant for the reaction between ZrCl and Zr metal would be much larger than
the rate constant for the reaction between Zr(1V) and ZrClI.
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Simulation on irradiated Zircaloy cladding electr,oreg"jlging

Seoul National University
et J Nuclear Materials Lab

* Objective of simulation
v" Design of simple geometry electrorefiner for irradiated Zircaloy-4 cladding

v’ Searching operating condition for the electrorefiner to recover Zr metal without
ZrCl and actinide deposition.

 Reactions used for simulation
@ Zr(IV) +3e+ ClI-— ZrCl, @ ZrCl + e — Zr + CI- and 3 U(lIl) + 3e- — U

ZrCl
RT

ZCl /
(E = BSpe) + exp((1 = azre)) "ot ( - By |

@ s lzral = NzraFkozrc [—Czr4+ (0, )exp(—azrci—5—
. _ nZ‘r'F 0r or
@ Vlzr = anFkO,Zr _exp(_aZrW(E —Ez)) +exp((1— aZr) (E Ezr

@ D iy =nyFkoy [—CU3+ 0, t)exp(—aun— (E—EY)) +exp((1— aU) —T (E EY )]

2014 International Pyroprocessing Research Conference 17



Simulation on irradiated Zircaloy cladding electrpregljlging

Seoul National University
et J Nuclear Materials Lab

» Assumptions for simulation on irradiated Zircaloy-4 cladding

1. Immediate dissolution of uranium in irradiated Zircaloy-4 cladding

» The initial concentration of UCI; in molten salts is determined as

Co = Amount of U in Zircaloy—4 cladding loaded in anode basket
Ujinitial — Volume of molten salts

[mol/m3]

« This could lead more conservative results because potential difference between Zr and U is
reduced.

2. Steady state

» Since surface area changes of anode and cathode would be hard to be handled in 3D
computational model, steady state is assumed.

2014 International Pyroprocessing Research Conference 18



Simulation on irradiated Zircaloy cladding electr,qxresf'jlging

~ . Seoul National University
(& _J Nuclear Materials Lab

@ Zr(IV) +3e+ Cl-— ZrCl, @ ZrCl + e — Zr + Cl- and 3® U(lll) + 3e- — U

* Major design parameters

0.10 : : :
: —2ZrCI f [
Production rate of Zr _ Zriorr?g{;?)trl]on
_ _is related to = 008 ™S\ U formation
1) Diffusion boundary N*E \
layer thickness = -
2) ZrCl, concentration =, 0.06 : \ ;:(;r;?glfr;nr ai'(éq_
8 Potentlal\ f
c
5 o range to
s recover \
= Zr meta :
: s ZrCl formation
Production r?t(: %IftU g 002 without Zr(IV) + 3¢ + CI-
isrelatedto > ] U ZrC
cer : rCl
1) Diffusion boundary _ U Jormation .
. - U.WJ T T f } T T
- 'atye; Th'cd‘fntesg 16 -5 l 14 -1.3“1 12 11 10 09
mount of irradiate :
cladding loaded in anode Potential [N vs AG/AQC]

Potential where U starts to
be deposited is related to
1) Amount of irradiated
cladding loaded in anode

2) Volume of molten salt

3) Volume of molten salt

Zr metal recovery
1. ZrCl, concentration
2. Diffusion boundary
layer thickness

U metal deposition
1. Amount of irradiated
cladding loaded in anode
2. Volume of molten salt
3. Diffusion boundary
layer thickness

Potential for that only Zr metal is

deposited is related to

1) Diffusion boundary layer thickness

2) ZrCl, concentration

2014 International Pyroprocessing Research Conference

19



Simulation on irradiated Zircaloy cladding electr,oreg"jlging

Seoul National University
et J Nuclear Materials Lab

» Design of irradiated Zircaloy-4 cladding
1. ZrCl, concentration in LiCI-KCI molten salts
0.5 wt% ZrCl, in initial molten salts

2. Amount of irradiated Zircaloy-4 cladding loaded in anode
Zircaloy-4 of 10 kg

3. Volume (Weight) of LiCI-KCI molten salts and diffusion boundary layer thickness

0.35 — . A N
To secure potential range of 0.15 V for § - :128m—2gum228wn_;8m
recovering Zr metal without ZrCland U, the 5 %307 —— 5/ e e e
weight of LiCI-KCI molten salt is g 025 L —————
determined as about 250 kg. g | =
2 onl — ——
. .- . . I!\hl J /
Under this condition, diffusion boundary layer 5 015”// \
thickness could not be thinner than 50 pm. 8 ~ |/ A I —
2 010 |
@ [I—
5 005 [
= |
Eo.oo./.."."".’.....
£ 0 100 200 300 400 500 600 700 800 900 1000

Weight of LiCI-KCI molten salts [kg]
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Simulation on irradiated Zircaloy cladding electr(orjes]‘.j.gi_ng

Seoul National University
(¢ ) Nuclear Materials Lab.

» Design of irradiated Zircaloy-4 cladding

Cathode Design feature

1. Reactor vessel

Height: 35 cm

Diameter: 80 cm

Volume (including anode basket): 175,929 cm?

Volume (except Zircaloy-4 cladding of 10 kg): 174,395 cm3

2. Anode basket

Height: 25 cm

Basket thickness: 5 cm

Angle of anode basket : 27.75~111°

Number of anode baskets: 1~4

Volume of anode baskets: 9081 cm3

Volume of Zircaloy-4 cladding: 1533 cm?

Volume of Zircaloy-4 cladding including hollow : 6799 cm?3
Zircaloy-4 cladding loading efficiency: 75%

Area of Zircaloy-4 cladding: 53,820 cm?

il

/

3. Cathode
e Height: 25 cm
Anode basket e Diameter: 15cm

Reactor vessel «  Area: 1,355 cm?

¢ To investigate electric field symmetry in circumferential direction, 4 anodes basket
arrangements are tested.

’i il | | | | | | - - .| |

2014 International Pyroprocessing Research Conference 21



Simulation on irradiated Zircaloy cladding electrpref'jlging

P Seoul National University
et J Nuclear Materials Lab

Simulation results on irradiated Zircaloy-4 cladding

Effect of number of anode basket

Cathode potential used for redox reactions [V]

-0.26

-0.28 -
-0.30 -
0.32 -
-0.34 -

-0.36

-0.38

Applied current: 50 A

Rotating speed of cathode: 100 rpm

\

ah
] ~J L
~—— N~ —
—— 1 anode basket
—— 2 anode baskets| |
\ —— 3 anode baskets
1 —‘ 4 ar\10de t?asket?
0 30 60 90 120 150 180 210 240 270 300 330 360
Angle (degree)
// e

‘ 3 anode basket/s/

e Zr metal formation

E:\m%lg{&_formatlon 1 anOde bas ket é}r{\me&glgormat\on 3 anOde baS kets
9.145¢-005 = ¥ 8950005
Close to
- 8.8192-005 anode - 8.846e-005
basket

£.493e-005 r 8.733e-005

8.167e-005 r 8.620e-005

I 8.507e-005
[kg m*-2 s*-1]

e U metal formation
U metal formaion 1 anode basket Y metal formation 3 anode baskets
. 1.340e-006 B o 0.000e+000

Close to H
r 1.005e-006 anOde 0.000e+000
basket

7.841e-005
[kg m*-2 s*-1]

r 6.699e-007 0.000e+000

r 3.350e-007 0.000e+000

0.000e+000
l [kg m*-2 sh-1]

0.000e+000
[kg m*-2 s*-1]

If there are more than three anode baskets,
variation in circumferential direction could be
diminished enough.
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Simulation on irradiated Zircaloy cladding electr,q___resf'jlging

/,/' Seoul National Um-..r{.\rsr.’y
(& _J Nuclear Materials Lab

« Simulation results on irradiated Zircaloy-4 cladding

Effect of applied current 30A 40A 52A
« 3anode baskets ZrCl formation

« Cathode rotating speed: 100 rpm
14

ZrCl formation
CATHODE

0.000e+000 0.000e+000

- 0.000e+000 - 0.000e+000

T T T
|| —=— ZrCl [kg/sec] r
Zr rTEtaI k sec r 1.424¢-006 | 0.0006+000 | 0.0008+000
124 —*— [kg/sec]
| A U rmtal [kg/SGC] ' || - 8.1078-007 0.0008+000 0.0008+000
—
g.’ 10 N / | . 1.670e-007 0.0006+000 0.0008+000
E /'I‘;,ﬂ/ l 1 [kg m"-2 1] [kg m"-2 s*-1] [kg mA-2 s71]
—_— g l -
s g ) L Zr metal formation
v
= I | I Zr metal formation Zr metal formation Zr metal formation
C 4 I I CATHODE CATHODE CATHODE
C_) \ I | I 6.004e-005 7.695e-005 9.143e-005
+ |
[ ]
=) 6 I 1 I 1 ) 5.647e-005 + 7.380e-005 - 9.106€-005
S | | | ; :
o Iy P! |
o 4 i I I | 5.2908-005 - 7.0648-005 ’- 9.069e-005
% L~ I 1 |
1 | | 1 49326008 - 6.748¢-005 9.0326-005
E 2 l I [ ] 1 I
| 1 1 | 1
I 4.5758-005 6.4336-005 8.995¢-005
i , ‘ [kg mA-2 sh.1] [kg m*-2 s*-1] [kg m*-2 s*-1]
— 1 \

0 . ﬂ*' — z .n.n'.n.#' . .‘A_ -
0 15 20 25 3 35 % 45 57 55 | U formation

Applied current [A]

U metal formation U metal formation
CATHODE CATHODE

0.000e+000 1.304e-008

0.000e+000 0.000e+000 9.783e-007

If applied current is between 38 A and 51 A,
Zr metal could be obtained without ZrCl and

[kg m*-2 s#-1]

0.000e+000 0.000e+000 6.522e-007

0.000e+000 3.261e-007

0.000e+000
[kg m~-2 s7-1]

0.000e+000
(kg m*-2 s*-1]
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Simulation on irradiated Zircaloy cladding electr,oreg"jlging

Effect of rotating speed of cathode

1. 100 rpm
0=47.25 um

3. 50 rpm
0 =76.75 um

Mass production rate [mg/s]

Mass production rate [mg/s]

14 : : :
|| —=— 2ZrCl [kg/sec]

12 4| —o— Zr metal [kg/sec] pY_od
|| —— U metal [kg/sec]

10_ / v

8 /)'

6 | / ||
| P 38~51A

4 N

2.

0- . : ; - i . —
100 15 20 25 30 3B 40 45 50 55

Applied current [A]

8 : :
1| —=— ZrCl [kg/sec]

7| —e— Zr metal [kg/sec]

6 1| —— U metal [kg/sec]

5 _ / -

4

T 11~32 A

2 e

1 -L

0l . “
5 10 15 20 25 30 35

Applied current [A]

Simulation results on irradiated Zircaloy-4 cladding

2. 75 rpm
0=157.79 um

4,25 rpm
0 =124.7 um

Mass production rate [mg/s]

Mass production rate [mg/s]

Seoul National University

et J Nuclear Materials Lab
12 : ‘
0] —e— Zr metal [kg/sec] 4
19 | —— U metal [kg/se] e
8] yad
iy
&
5 > g
o 17~42 A
3
5]
W
0= - . . . . ach
10 15 20 25 30 35 40 45
Applied current [A]
5 : ‘
—a— 7rCl [kg/sec] 3
1| —e— zr metal [kg/sec] /
44| —— U metal [kg/sec] /
! / /
2 /
_ /’ 7.5~19.5A
1
0 : = : : : = ;
5.0 75 10.0 125 150 175 200 225

Applied current [A]
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Summary

B Three-dimensional electrochemo-hydrodynamic model for electrorefining of
irradiated Zircaloy cladding has been developed.

B Chemical forms of cathode deposits according to concentration of ZrCl, were
simulated with multi-step reduction model of Zr(1V) and the modeling results
agreed well with experimental results.

B Based on computational model, electrorefiner for irradiated Zircaloy-4 cladding
was preliminarily designed and operating conditions to recover Zr metal without
ZrCl and U metal deposition were derived.

B The developed computational model can be utilized for designing and improving
an electrorefiner.

B In addition, it can be also used for evaluating proliferation-resistance of
electrorefining or electrowinning by simulating U-Pu-MA deposition on the
cathode.
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Future work

Quantitative comparison on the ratio of Zr metal and ZrCl in
cathode deposits

Consideration of more redox and chemical reactions

o Zr(1V) + 2e- « Zr(ll)

o Zr(IV) + Zr < 2 Zr(ll)

e More actinide elements

Material property acquisition
* Rate constant (k)

e Transference number (o)
 Diffusion coefficient (D)
 Standard potential (EY)
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Appendix

@ JSNU

Seoul National University
(S ) Nuclear Materials Lab.

Irradiated Zircaloy-4 cladding ER operating condition

Cathode Condition 1 Condition 2
Throughput [ton/year] 0.1~0.15 0.15~0.2
Operating hours [hours/day] 24 24
Operating days [days/year] 250 250
Applied current [A] 20~30 30~40
Number of anode baskets 3 3
Zircaloy-4 cladding loaded into 10 10
anode baskets [kg]
e 0 .
Cathode diameter [cm] 15 15
Cathode height [cm] 25 25
Cell diameter [cm] 80 80
Cell height [cm] 35 35
Reactor vessel Anode basket DF for U and TRU Might not be deposited by managing
DF for penetrating elements applied current

Might not be dissolved by monitoring

DF for activation products anode potential
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5. Computational ER Model Development,

&

5.4 Zircaloy-4 Electrorefining system benchmark

® Electrorefining in LiCI-KCI-4.0wt% ZrCl,

Applied current: 5 mA

ZrCl formation
CATHODE
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I 8.000e-006
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I 0.000e+000

[kg m”-2 s*-1]

20
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Current change during anode
potential control ER experiment
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Current [mA]

Seoul National University
J Nuclear Materials Lab
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5 .

Current used for
computational
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3 4 T5 6. 7T™.8
Time [f]

XRD for cathode deposits (Experimental data)

5 N
g 8

s

Intensity (counts)

81
o o
_él

ZrCl

(83
[any
o

20 2 30 35 40 45 50 55

2 theta [degree]




5. Computational ER Model Development,

5.4 Zircaloy-4 Electrorefining system benchmark
® Electrorefining in LiCI-KCI-2.0wt% ZrCl,

Applied current: 27 mA

ZrCl formation Zr metal formation
CATHODE CATHODE
. 4.300e-005 . 0.000e+000
Far from
the anode
r4.075e-005 r 0.000e+000
[ r 3.850e-005 [ 0.000e+000
- 3.625e-005 b - 0.000e+000
I | I
3.400e-005 0.000e+000
[kg m*-2 s*-1] [kg m~-2 s7-1]

{ Zr metal in cathode deposits: 0.00 wt%

38

(S

3744
36
354

34.

Current change during anode
potential control ER experiment
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£ 30-
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Seoul National University
J Nuclear Materials Lab.
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200
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Tire [H]
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Current used for
computational
modeling: 27 mA

XRD for cathode deposits (Experimental data)
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5. Computational ER Model Developtgem,

5.4 Zircaloy-4 Electrorefining system benchmark

® Electrorefining in LiCI-KCI-1.0wt% ZrCl,

Applied current: 57 mA

ZrCl formation
CATHODE

. 4.000e-005
- 3.250e-005

[ [ 2.500e-005

- 1.750e-005

I 1.000e-005

[kg m"-2 s*-1]

{Zr metal in cathode deposits: 50.554 wt%

Zr metal formation
CATHODE

. 2.450e-005
r 2.400e-005

[ 2.350e-005

- 2.300e-005

I 2.250e-005

[kg m*-2 s™-1]

250

200

Current [mA]
(=Y
al

]
3y

Intensity (counts)

25 | Current change during anode

potential control ER experiment

1 Q 1

Seoul National University
(S ) Nuclear Materials Lab.

Current used for
computational
modeling: 27 mA
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5. Computational ER Model Developtgem,

Seoul National University
J Nuclear Materials Lab.

5.4 Zircaloy-4 Electrorefining system benchmark

® Electrorefining in LiCI-KCI-0.5wt% ZrCl,

Applied current: 90 mA

ZrCl formation
CATHODE

. 0.000e+000
- 0.000e+000

[ 0.000e+000

- 0.000e+000

I 0.000e+000

[kg m"-2 s7-1]

{Zr metal in cathode deposits: 100 wt%

—
Far from
the anode

Zr metal formation
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. 7.500e-005
- 6.375e-005

| 5.250e-005

- 4.125e-005

I 3.000e-005
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Current change during anode
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Seoul National University
J Nuclear Materials Lab.

5. Computational ER Model Developtgem,

5.4 Zircaloy-4 Electrorefining system benchmark

® Electrorefining in LiCI-KCI-0.1wt% ZrCl,
Applied current: 30 mA

o m
42 IRl
AN
40 ' WM e
i Zr metal formation = % MM\M
Zrc! formation CATHODE £ 36 Wﬂw
. 0.000e+000 \ . 1.100e-005 g ¥ ¢
Far from 3 324
the anode i 30 <«—| Current used for
 0.000e+000 9.500e-008 28] /| Current change during anode computational
2. | potential control ER experiment modeling: 30 mA
| 0.000e+000 | 8.000e-006 o 1 éT_ '[h] 3 4 5
| - .
XRD for cathode deposits (Experimental data)
200
- 0.000e+000 - 6.500e-006 _ ]
1504
% ]
0.000e+000 5.000e-006 - B 1004 Zr
[kg m"-2 s-1] [kg mA-2 sA-1] > Zr
. 5 504 f Zr
[ Zr metal in cathode deposits: 100 wt% = | | 4
- 0

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 theta [deqgree]
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