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1. INTRODUCTION 

As the cumulative amount of the spent fuel increases, the 
reliable and effective management of spent fuel becomes a 
wide mission for the world. At KAERI considerable R&D 
effort is being made to develop a management technology that 
will enhance environmental friendliness and proliferation 
resistance as well as maximize the use of available energy 
resources. 

 To this end KAERI is developing the Advanced Spent 
Fuel Conditioning Process (ACP) as a pre-disposal treatment 
process for spent fuel. This technology involves the process of 
reducing uranium oxide by lithium in a high temperature 
molten salt bath. Currently, lab-scale tests for the ACP are 
being performed. Equipment used for such a spent fuel 
recycling and management process must operate in intense 
radiation fields as well as in a high temperature. Therefore, 
without any remote maintenance provision, the process 
concepts verified by a lab-scale test cannot be implemented. 
Hence suitable maintenance technology needs to be developed 
along with the design of the process concepts.  

Remote maintenance has a played a significant role in this 
process because of combined chemical and radiological 
contamination. Furthermore, remote maintenance is expected 
to play a strong role in future work.[1] Conventional approach 
to the development of the process and remote maintenance 
technology is to fabricate the process equipment of the same 
scale and demonstrate the remote handling operation using 
simulated fuel called a mock-up test. But this mock-up test is 
expensive and time consuming, since the design may need to 
be modified and the equipment fabricated again to account for 
the problems found during testing.  

To deal with this problem, we developed the graphic 
simulator for the ACP. Digital manufacturing is becoming an 
indispensable tool in streamlining the design to 
implementation process. Engineers are creating “Virtual” 
factories, true 3-dimensional (3D) environments that allow 
visualization of the production process much earlier in the 
product’s life cycle. It provides the capacity of predicting and 
analyzing the potential problems in the real world as well as in 

the model world in a virtual working environment so that 
rapid prototyping can be achieved [2-3, 7]. 

 
2. ACP GRAPHIC MODELLING 

2.1 Overview of the ACP 
 

The objective of the ACP is to treat the spent fuel in a 
molten salt (LiCl) bath to remove volatile and high-heat load 
fission products and to convert the spent fuel into a metallic 
form more suitable for disposal in a repository. The process is 
to treat a high radioactive material including spent nuclear fuel. 
Therefore, this process is conducted in a sealed facility, called 
a hot cell. The process consists of several unit processes such 
as rod cut unloading, slitting, vol-oxidation, reduction and 
smelting [4]. 

The process and hot cell layout flow of the ACP are shown 
in Fig. 1. As shown in Fig. 1, the hot cell is divided into two 
areas, the process cell and the maintenance cell. The processes 
from slitting to smelting of U-metal are carried out in the 
process cell. In the maintenance, the crane and the components 
of the equipment are repaired. 

 

 
 

Fig. 1 Hot cell layout and process flow of ACP. 
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2.2 Process device of the ACP 

The process device of the ACP consists of a slitting device, 
vol-oxidizer and reduction reactor. The slitting device 
abstracts the pellet from the nuclear rod cut. Fig. 2 (a) shows 
the 3D graphic model of this device. The vol-oxidizer 
transforms the UO2 pellet into the U3O8 powder, by heating 
and supplying air into reactor. This equipment consists of a 
furnace, vibrator and air cylinder for moving up and down the 
vessel. Fig. 2 (b) shows the 3D graphic model of the 
vol-oxidizer. 

The reduction reactor converts U3O8 powder into the U 
metal. The reactor consists of a furnace for heating the U3O8 
powder and the lithium, air agitator for mixing the lithium and 
U3O8 powder, and a valve for exhausting the uranium and 
lithium solution. All the parts are graphically modeled and 
assembled for the simulation of the maintenance operation. 
Fig. 2 (c) shows the 3D graphic model of the reduction 
reactor. 
 

 
(a) Slitting device   (b) Vol-oxidizer  (c) Reduction reactor 
 

Fig. 2 3D model of process device for ACP. 
 

2.3 Remote handling and maintenance device of the 
ACP 

For handling a spent fuel to deal with its high radioactivity, 
the ACP is conducted in the hot cell and operated remotely by 
a remote handling device. The crane and the master-slave 
manipulators (MSM) are widely used as a remote handling 
device in nuclear facilities such as the hot cell. The hot cell is 
a kind of shielding structure, and it protects the operators 
outside the hot cell from the high radiation of the radioactive 
materials located inside the cell. Because the ACP is a very 
complicated process, we developed the servo manipulator. 
This device is attached to the crane and has seven 
DOFs(degree of freedom). The position of X and Y is moved 
by the crane and the position of Z is moved by the telescopic 
tube. 

Table 1 shows the working range of the MSM that is a pair 
of the master and slave [5]. The slave manipulator is attached 
on the inner wall of the hot cell and is used to maintain and 
repair the process equipment, and also, to handle and transfer 
the materials. The master manipulator is attached on the outer 
wall of the hot cell and is operated by a human operator. Both 
manipulators are connected by the through-wall tube, which is 
embedded in the wall. Table 2 shows the working range of the 
servo manipulator(SM). It has seven DOFs. 

Typical devices for transportation of the U3O8 powder in a 
hot cell include a crane, a grapple and a vessel. The vessel 
contains U3O8 powder and has a shutter. The grapple is 
suspended by the crane and grasps the vessel for the 
transportation of the U3O8 powder. To feed the powder into 
the reduction reactor, the vessel should be rotated along the 

axis of the furnace by 180 degree. By turning the handle on 
the grapple, the vessel can be rotated. Using the master-slave 
manipulator the operator remotely turns this handle. 
 

Table 1 Working range of Slave manipulator. 

Joint Joint Type Joint Value 
Joint 1  Rotate ± 45 o 
Joint 2  Rotate +90o  ~ -30 o 
Joint 3  Translate 1122 mm 
Joint 4  Rotate ±164 o 
Joint 5  Rotate Up: 40 o  / Down: 116  o 
Joint 6  Rotate ±180 o 

 
Table 2 Working range of Servo manipulator 

Joint Joint Type Joint Value 
Joint 1  Body Twist Motion -180o  ~  +180 o 
Joint 2  Shoulder Motion -45 o  ~ +80 o 
Joint 3  Elbow Motion -45 o  ~ +80 o 
Joint 4  Forearm Tilt Motion -175o  ~  +175 o 
Joint 5  Wrist Tilt Motion -50 o  ~ +140o 
Joint 6  Wrist Twist Motion -175o  ~  +175 o 
Joint 7 Gripper Jaw Motion -175o  ~  +175 o 

 
For the graphic simulation, the handling and maintenance 

devices are drawn in 3D CAD models using a CAD software 
tool. Fig. 3 shows the 3D graphic model of the remote 
handling and maintenance device. The size and shape of the 
models for all the drawings coincide with the actual ones. The 
standard coordinates are given to the virtual devices, which 
are the graphic models of the moving parts. Each virtual 
device is assigned with various mobile attributes such as a 
relative position, kinematics constraints, and a range of 
mobility. 
 

 
(a) Master-slave manipulator   (b) Servo manipulator 

 
(c) Vessel handling device       (d) Handling tools  

 
Fig. 3 3D model of remote handling and maintenance 

device for ACP. 
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3. GRAPHIC SIMULATOR FOR THE ACP 
 

Equipment used for such a spent fuel recycling and 
management process must operate remotely in a hot cell. 
Therefore, without any remote maintenance provision, the 
process concepts verified by a lab-scale test cannot be 
implemented. Hence suitable remote handling and 
maintenance technology needs to be developed along with the 
design of the process concepts. 

For analyzing the remote handling and maintenance task, 
we developed the graphic simulator for the ACP as shown in 
fig 4. To construct the graphic simulator, a 3D model of the 
real device is required and each model should be provided 
with kinematics properties to build a virtual device. 

 

 
Fig. 4 Graphic Simulator for the ACP. 

 
The virtual device simulates the real device and should be 

tested before laying out the virtual work cell. As the tool for 
development, we are using the IGRIP(Interactive Graphics 
Robot Instruction Program) which was supplied by the 
Dassault System Co. In a graphic simulator, the MSM virtual 
device is mounted on to the hot cell wall and several virtual 
devices such as a crane, SM, vol-oxidizer, reduction reactor, 
uranium melting furnace, non-destructive assay (NDA) system, 
etc., are arranged in the hot cell. 

The virtual devices assigned with various mobile attributes 
such as a relative position, kinematics constraints, and a range 
of mobility. A jogging motion of each joint of them is tested 
on the graphic simulator. Also the continuous motion of 
several devices are activated by a simulation program of the 
GSL(Graphic Simulation Language) and CLI(Command Line 
Interface). GSL is a procedural language that can be used to 
control the behavior of a virtual device and incorporates 
conventions commonly used in a high-level computer 
language with specific enhancements for device motion and 
simulation environment inquiries. The CLI is a powerful 
communication, command and control system for accessing 
and operation of the IGRIP [6]. 
 

4. REMOTE OPERATION ANALYSIS AND 
SIMULATION ON GRAPHIC SIMULATOR 

For the hot cell arrangement of the process equipment, the 
workspace of the remote handling and maintenance device is 
analyzed. Hence we analyze the remote handling task with 
MSM and SM in the graphic simulator. Fig. 5 shows the 
workspace of the MSM  mounted to the hot cell wall. As 
shown in the figure, some areas are inaccessible by the MSM. 
These areas are required to be accessed by SM. 

Although some areas are accessible by MSM and SM, the 
remote tasks are closely analyzed by considering the 

orientation of the remote handling device and the tool. For this 
purpose, the graphic simulator can be used to check the remote 
operability. Fig. 6 shows the remote task analysis of the 
reduction reactor. As shown in fig. 6 (a) and (b), three volts 
situated on the top of the reduction reactor are available by the 
MSM or tool attached to the MSM. But as shown in fig 6 (c), 
the volt located at the rear of the reduction reactor is 
impossible to access by the MSM because the lower arm of 
the MSM comes into contact with the part of device. In this 
case, this task is required to be carried out by the SM and fig. 
6 (d) shows the remote operation of the SM. 

 

 
 

Fig. 5 The workspace of MSM. 
 
 

 
(a) Task analysis by MSM    (b) Task analysis by attached 

: Accessible           tool with MSM :Accessible 

 
(c) Task analysis by MSM     (d) Task analysis by SM 

: Inaccessible               : Accessible 

Fig. 6 Remote operation analysis of MSM and SM. 
 
The graphic simulator provides the capability of simulating 

the remote operability of the process without fabrication of the 
process equipment. In other words, by applying virtual reality 
to the remote maintenance operation, the remote operation 
task can be simulated in the graphic simulator, not in a real 
environment. Fig. 7 shows the 3D graphic simulation of the 
maintenance process of agitator motor for ACP in the graphic 
simulator. To establish the safe and reliable operation 
procedure and effectively utilize the hot cell space, the 
handling and transport systems need to be analyzed. To do this, 
the operation procedure is graphically simulated according to 
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the scenario of the maintenance process. 
Through this graphic simulation, general guidelines can be 

established for designing equipment intended for remote 
handling and maintenance. Also, the designer of equipment 
that must be remotely maintained should ensure that there is 
adequate access to the process equipment. 
 

5. CONCLUSION 
 
The ACP is to treat the high radioactive material including 

the spent nuclear fuel and conducted in a sealed facility, called 
a hot cell. Therefore, in this research, the graphic simulator for 
ACP has been developed to analyze the remote task by a 
remote handling and maintenance device such as a MSM, SM, 
and tools. Also, the remote operation can be simulated in the 
graphic simulator. 

The graphic simulator will substantially reduce the cost of 
the development of the remote maintenance procedure as well 
as the process equipment, while at the same time producing a 
process and a remote maintenance concept that is more 
reliable, easier to implement, and easier to understand. This 
graphic simulator can be utilized for all kinds of purposes. 
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Fig. 7 Maintenance simulation of the agitator motor on the graphic simulator. 
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