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Abstract  [Background] Reprocessing technology is recognized internationally as one of the most promising
technologies to realize the closed cycle of nuclear fuel. Shanghai Institute of Applied Physics (SINAP) of Chinese
Academy of Sciences (CAS) has been focusing on the development of this technology, as well as the corresponding

support systems engineering in the past decade. The hot cell is an important guarantee for the practical application of
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nuclear fuel reprocessing technology, therefore, a remote operation system suitable for reprocessing post-treatment
process equipment is developed so that the pyroprocessing experiments of molten salt can be conducted in hot cell.
[Purpose] This study aims to evaluate equipment remote operation and pyroprocessing verification in hot cell.
[Methods] Main focus of this study was the fluoride volatility and vacuum distillation process of molten salt reactor
fuel salts, and the remote operation evaluation of hot cell equipments and pyroprocessing verification experiments
were carried out using multi-view coordination. The workload of the operation of the fluoride volatility and vacuum
distillation process units was analyzed and evaluated, and the operation efficiency was obtained based on the
frequency and time spent on the basic movements of the manipulator in pyroprocessing verification experiments. On
this basis, experiments were conducted on the uranium fluoride volatility in the LiF-BeF,-ZrF,-UF, salt, and vacuum
distillation process in LiCI-KCl, LiF-NaF-KF molten salts. Then, before and after the fluoride volatility experiments,
inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the uranium content in molten salt,
and the conversion rate and reaction rate of uranium were calculated. The uranium content in the base solution
downstream of adsorption column was analyzed to obtain the recovery rate of uranium product. Finally, the molten
salts evaporation was calculated by the residual mass after the vacuum distillation experiments. The evaporated salts
were collected through the condensing cover, and the collection rate was calculated. [Results] The results of
reprocessing validation experiments in hot cell show that the workload of feed and discharge in the operation unit is
large than 2.0 on the basis of reasonable arrangement of process equipments in hot cell. The load values for the on/off
operation are relatively small, with values of 0.07 and 0.14, respectively. In the operations of processes, due to the
various types and frequency of the manipulator operation, the feed and discharge units take a long time with a time-
consuming of 20 min and 19 min respectively. The operational efficiency of the pyroprocessing in the hot cell can be
improved by optimizing processes and reducing unnecessary operations. A uranium conversion rate of 99.8% and
recovery rate of over 99% in molten salt are achieved in he uranium fluoride separation experiment. By improving
distillation temperature and sealing of components, a higher evaporation rate and a 100% recovery rate of molten salt
distillation are achieved in the vacuum distillation experiments. [Conclusions] The designed small-scale fluoride
volatility and vacuum distillation devices can be used for remote operation and process experimental research in the
hot cell, and the experimental results meet the key process targets. The research work can provide a reference basis
for the pyroprocessing of real spent fuel in hot cell.

Key words Hot cell, Pyroprocessing, Remote operation, Fluoride volatility, Vacuum distillation
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Fig.4 Actual equipment layout (a) and plane layout (b) of reprocessing devices in hot cell
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Table 1 Six basic operation actions of manipulator

s BB UL ey FEIS
Number  Operation action Action description Time-consuming /s Operation example
1 WA T B/ e 1 BB K B AR R AR ] E (R T 90 '
BT, Bolt Use an electric wrench to fix the bolts on
tighten / loosen the equipment (or loosen)
2 FEP/A TREHUBCT R8T HE B G 2D HAR BRI MR 30
HK, Hang (or remove) the hook to the lifting ring of
Hook /unhook the target equipment through the manipulator
3 W22 ¥ B sk AR a6 6 B A% 5 2 HAh A B 15
FM, Move the target object from its original position
Fittings move to another position
4 HUb T Jieks TREAURCT T R e, A R 1 TOT (B 20
MR, To open or close a valve by means of a rotating
Manipulator rotate  hand of manipulator
5 FNAR L TE 3 720 AR SR B 9 S N (RO TR ) 40
IS/DI, Insert (or disengage) both ends of the connector
Insert/disengage within the tolerance
6 GIRES AU T 3 254 5 37T (BRI D FRLIE T 5% 10
OP/CO, Press the front end of the manipulator to
Open/close open(or close) the power switch
BT o 2, RSB R L BFEIN Y . AR T E
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Table 2 Typical load scores of remote operation actions

BAEshiE 1 [K] 3 Workload factors A 73 41 H— A f AT ZR

Operation action WP A7 fif Physical load & 1 47 15 Mental load Workload Normalized workload ratio*
H TR Frh iz S
DOF motion Strength Concentration

BT 3 3 3 9 0.31

HK 2 1 3 6 0.21

FM 3 1 1 5 0.17

MR 1 0 1 3 0.10

IS/DI 1 1 2 4 0.15

OP/CO 1 1 0 2 0.07

e RS 0 DT 20 0 A R SR S Ay 20 BRI T, BRIV A U — Al 97 R 5K

Note: * The quotient of the load score of a operation action and the sum is the normalized load coefficient

%3 FRETZETANTERIERE

Table 3 Operation frequency of manipulator in different process units

LRI £{E B 1E Operation action
Process unit BT HK FM MR IS/DI  OP/CO
AE R $k} Feed, FD 6 8 14 4 4 —
Fluoride volatility S {4 B ¥ Gas replacement, GR — — — 12 — 2
;i(/);ess, %4k < M. Fluorination reaction, FR — — — 6 — —
SARIRF Gas purge, GP — — — 15 — 2
HUKl Discharge, DC 6 8 10 2 4 —
5k L 5 1 3k} Feed, FD 6 8 16 4 2 1
Vacuum distillation  J & %% Vacuum, VC — — _ 2 _ 2
process, VDP 1} Discharge, DC 6 8 12 4 2 —
T RN HEAIEAE A TR T
Note: "—" Indicates that the basic action is not applicable to a certain process
1400
1230
1200 130 10 1120
1000 |
> 800 F
-E 600 |
400 |
260 320
200 |
120 60
’ B E
FD GR FR GP DC | FD VC DC
FVP VDP
E8  AF L AR ER
Fig.8 Illustration of different process operation time
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Fig.7 Workload of manipulator remote operation of fluoride
volatility and vacuum distillation process
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100%; 2) FLiNaK %% £k W 75 2 5 & 1Y 75 19 1 &
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Table 4 Distillation experiments of LiCl-KCl and FLiNaK molten salt

i ARG B B AT RN ES
Molten salt Evaporation mass (evaporation ratio) Distribution of condensate Recovery ratio / %
LiCI-KCI1, 700 °C 11 g (22%) HAFANEL 2 g P, 435D 82

Outside the component-2 g (burner and cover)
AR g

Condensing cover collect salt-9 g

LiCI-KCL, 770 °C 50 g (100%)

AN R R 2150 g 100

Condensing cover collect salt-50 g

FLiNaK, 800 °C 54 g (84%)

BRI EER 254 ¢ 100

Condensing cover collect salt-54 g
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PEAl e, R BRI S T2 e, B TR EH T2 R
B A4 78 454 L 38 B AR A (K, 2979 2.0 2 A
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