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FOREWORD

The nuclear industry has always been using remote handling technology for
various operations. While in the 1980s the accepted opinion was that most active
handling operations could be best performed by men in protective clothing,
deploying tools or master-slave manipulators, in the 1990s many operators are
becoming aware that modern remote technology is actually a cost-effective option
for a wide range of operations. One of the reasons for the major change has been
the development of a new generation of remote handling products, e.g. robots,
manipulators, tools, sensors, and the associated software and hardware. This
means that these products are now available more or less off the shelf at low
cost. The adaptation of a proven industrial robot to meet nuclear application
requirements offers a significant cost advantage over designing a brand new
robot.

It was the objective of the Technical Committee Meeting on Remote
Technology Related to the Handling, Storage and/or Disposal of Spent Fuel to
bring together specialists working in this field and to collect information on new
developments. The meeting showed that such periodic exchange of information
is very useful.

The meeting was held from 5 to 8 December 1994 in Albuquerque, New
Mexico, USA, and hosted by Sandia National Laboratories on behalf of the US
Government. The participation of the experts and their contributions made at the
meeting is gratefully acknowledged. Special thanks go to P.C. Bennett, Intelligent
Systems & Robotics Center, Sandia National Laboratories, for the organization of
the meeting.

The IAEA staff member responsible for the meeting and the compilation of
this TECDOC was F. Takats, Division of Nuclear Fuel Cycle and Waste
Management.
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SUMMARY OF THE TECHNICAL COMMITTEE MEETING

INTRODUCTION

Reduced radiation exposure, greater reliability and cost savings are all
potential benefits of the application of remote technologies to the handling of
spent nuclear fuel. Remote equipment and technologies are used to some extent
in all facilities handling fuel and high-level wastes whether they are for interim
storage, processing/repacking, reprocessing or disposal. More stringent operator
dose limits and increasing pressure on the economics of the nuclear fuel cycle may
be addressed by recent advances in remote technology. These advances have
concentrated on more efficient and cost-effective systems that enable lower
operator dose limits to be achieved in both existing and future facilities while
reducing lifecycle costs.

In view of the use and benefits of remote technologies, as well as recent
technical and economic developments in the area, the IAEA organized the
Technical Committee Meeting (TCM) on Remote Technology Related to the
Handling, Storage and/or Disposal of Spent Fuel. Twenty-one papers were
presented at the TCM, divided into five general areas:

1. Choice of technologies;
2. Use of remote technologies in fuel handling;
3. Use of remote technologies for fuel inspection and characterization;
4. Remote maintenance of facilities; and
5. Current and future developments.

OVERVIEW

Applications

Applications of remote and robotic equipment were discussed for a wide
range of fuel handling activities, container loading and unloading operations,
effluent handling, facility maintenance, facility design and tool design. Applications
and technologies are indexed by topic and paper number in Table I. The status of
the technology in each application is indicated as either in production (P),
demonstration (D), experimental (E) or design (C) mode. The method or mode of
manipulation is indicated as manual (M), telemanipulation (T), robotic automation
(R) or hard automation (H). Distinctions between these methods are defined as
follows: manual is the direct hand manipulation of remote tools; telemanipulation
utilizes the intermediary of a manually operated mechanical or electromechanical
machine to manipulate tools (e.g. master-slave manipulator); robotic implies
flexible automation or the ability to program all or parts of the operation; hard
automation implies automatic machinery that is not programmable. In the case
where sensors are integrated into the applied systems, the type of sensors are
indicated in the third column. The numbers in the Table refer to the numbers of
papers, according to the List of Papers at the end of the Summary.

Fuel handling activities presented include fuel inspection, fuel movement,
production and disassembly of fuel and fuel assemblies, repair and reconstitution



of fuel assemblies, rod consolidation, size reduction, repacking and reprocessing.
Fuel movement examples included wet and dry environments both in structured
environments such as power plants, fuel storage facilities and reprocessing
facilities, as well as less structured environments in the case of fuel recovery
operations in bombed Iraqi facilities and temporary storage locations. Condition of
the fuel handled also ranged widely. Fuel in good structural condition is handled
remotely and routinely at reactor sites worldwide, as well as storage and
reprocessing facilities such as La Hague (France), RT-1 (Russia), and Sellafield
(UK). Handling of disassembled and disintegrating fuel and materials such as the
SNAP fuel in the USA as well as fuels contaminated by debris including SNAP and
Iraqi fuels was also discussed. Fuel inspection applications range from in-core
sipping for leak detection to identification, general condition and disposition of
fuel. Examples of remote and robotic fuel production from India included
inspecting, sorting, and machining 233U- and 239 Pu-containing fuels. Experience
with automated fuel assembly repair and reconstitution in German power reactors
was presented, as was rod consolidation and repackaging at Gorleben.

Available technologies

Remote technologies available for use include a wide range of hand tools,
remote telemanipulators, automated and robotic equipment. How these tools were
applied in various situations are summarized in Table I.

Where appropriate, sensors were used to enable tasks or augment
capabilities. Sensors presented in the papers include video (V), stereo video (S),
force (F), proximity (P), infrared (IR), ultrasonic (U), gamma (G), neutron (N), tactile
(T) and eddy-current sensors (E). Other sensors based on these and other physical
principles have been used around the world for similar purposes.

General considerations and selection

Selection of appropriate technologies for nuclear fuel handling is a function
of economics, physical constraints, process volume, flexibility needed,
maintenance, system reliability and consequences of failure.

Remote hand tools have been used more readily in unique, relatively low-
volume or one-time operations. They are relatively inexpensive and rapidly
fabricated, require little maintenance, and are generally highly specialized. Such
tools are generally reliable and as effective as the skills of the operator within the
constraints of a given environment. Examples of remote manual tooling
development and applications in the USA and Iraq were presented.

Remote hand tools are less desirable where high radiation dose potential is
present; necessary human presence requires extra shielding and/or extra-long
handles, making manual manipulation more difficult. Because of specialization, a
large number of hand tools may be required to complete a sequence of operations.
For these reasons, remote hand tools are used less frequently in production
facilities, where economies of scale permit cost-effective means of speeding
operations and reducing radiation exposure.

Telemanipulators have been used worldwide in production modes, fuel
movement and other handling activities in production, reprocessing and reactor
facilities, inspections and destructive evaluation of spent fuel. Telemanipulators are



Table I. APPLICATION AND TECHNOLOGY SOLUTION SUMMARY
(index by topic and paper number according to the list at the end of the Summary)

Fuel Handling
Dry
Wet
Field
Production/assembly
Disassembly
Repair/reconstitution
Disintegrating
Cleaning

Fuel Inspection
Automation
Submarine
Safeguards
verification

Fuel Dismantling

Fuel Rod
Consolidation

Fuel Size Reduction

Fuel Repacking

Fuel Reprocessing

Effluent Handling

Container
Loading/Unloading

Bolting/Unbolting
Pressurization/
Depressurization
Welding
Basket and Fuel
Transfer

Facility Maintenance

Facility and Tool
Design

STATUS
Production (P)
Demonstration (D)
Experimental (E)
Design (C)

1P,2D,3D,4P,5C,17C
1P
8P
1OP, 10D
10P
IIP,
12P
8P, 10P

1 1 P, 1 2P
2D, 10D
21P
13D

3D, 4P, 6E

3D

3D

3D, 12P

2P, 4P

2P, 4P

7P, 8P, 11P, 19P

1P, 4P, 9D, 17C
4P,

3D, 17C,
1 P, 7P, 8P, 1 7C

1P, 14D, 15P, 16P,
18P, 19P

1P, 8P, 15P, 16P, 17C,
20P

METHOD
Manual (M)
Telemanipulation (T)
Robotic (R)
Hard automation (H)

1T, 2T, 4T, 5H, 17R
1T, 2T
8M,
10R, 10H
10M, 10T
11H
12M
8M, 10H

11M, 11R, 12M
2T, 10R
21T
13M

3H, 3M, 4H, 6R

3H

3H

12M

2T, 4T

4H

5M, 11M, 19R

4T, 9R, 1 7R
4T

1T, 17R
1T, 4T, 7M, 17R

14R, 15R, 15T, 16R,
1ST, 18R, 19R, 19T

8M, 15T, 16R, 17R,
20M

SENSORS
Video (V),
Force (F),
Proximity (P),
Infrared (I),
Ultrasonic (U),
Gamma (G),
Neutron (N),
Tactile (T),
Eddy Current (AC)

2V, 4V
2V
8V
10T

1 1 F, 1 1 AC
12V
8V

8V, 11V, 11U, 11G
2IR, 10G, 10N
21V
13G

6F

12V

4V, 19F

9V

5F, 7V, 8V

14F, 14V, 14G,
18F, 18P, 19F



mechanical or electromechanical machines (e.g. master-slave manipulators) directly
controlled by human operators. Telemanipulators are generally more complex and
expensive than manual tooling, require periodic maintenance, and are potentially
less reliable than manual tools. However, over 50 years of continuous use and
improvement has proven telemanipulators generally reliable.

Hard automation includes all automatic machinery that is built for specific
purpose. Optimized for a specific task prior to installation, hard automation usually
performs its task reliably. Such machines are not programmable and can only be
reconfigured by physical re-arrangement and manual settings. Examples discussed
include automatic fuel handling and loading machines in Russia and the USA, and
cutting and grinding machines in India.

Robotic machinery has been used primarily in production modes and
structured environments, usually for material movement between processes.
Examples presented include fuel production and dismantlement in India and the
USA, and automated inspections and fuel reconstitution in Germany. Robotic
machinery has also been installed at reprocessing facilities in France and the UK.

Robotic systems can be significantly more complex than telemanipulators,
raising reliability issues and questions of radiation tolerance. In the past, robotic
systems were primarily programmed by laborious teach-and-repeat methods,
operating thereafter in autonomous mode. This has not been conducive to
application beyond the production facility. Further, capital expense of robotic
systems can be significantly higher than manual and teleoperated tools. However,
operational experience in France and systems analyses of future US facilities have
shown that robotic systems can have substantially lower operating costs than
manual operation or telemanipulation, while increasing speed and safety. This
operational cost reduction can offset capital costs, in some cases quickly.

More recently, advances in equipment and control capabilities have enabled
design of flexible robotic systems for unstructured environments and off-normal
event recovery. Specifically, the convergence upon telerobotics has put the human
into the robotic control loop. Telerobotics refers to computer-assisted manual
operations, or conversely, manually-assisted computer operations. This
combination allows a human operator to concentrate on the task without concern
for the operating details, resulting in potentially faster and safer execution of
operations in difficult environments. Telerobotic systems have been developed and
applied to fuel handling operations in for example, France, Germany, the UK, and
the USA.

OBSERVATIONS

Trends foreseen

While manual and telemanipulation techniques as well as hard automation
remain in widespread use, increased emphasis on flexible (robotic) automation can
be found in advanced nuclear facilities. The potential increases in speed, safety and
economic advantages are driving forces in such application. In France,
consideration is being given to a requirement for basic robotic infrastructure in all
new nuclear power plants. In the USA, the Monitored Retrievable Storage (MRS)
facility design was analyzed and lifecycle costs found to be substantially lower
when most of the operations are robotically automated, while dramatically
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decreasing radiation doses. US power plants have seen increased use of robotic
and telerobotic devices in recent years to decrease dose and reduce down-time.

A trend toward telerobotics also appears to be developing. As computing
capabilities improve and new robotic control environments are developed,
computer-assisted (telerobotic) operations are becoming more attractive.
Telerobotics combines operator knowledge and decisional capability with the
computer's ability to track details such as configuration, joint limits, collision
potential and other less intuitive factors that add stress to the operating
environment. Computer modeling and animated simulations of robotic fuel handling
environments are increasingly used for facility and process planning, operational
preview immediately prior to execution, and real-time monitoring of equipment
performance. Examples of such control can be found in Germany, the UK, and
USA. The validated simulations have been used as a basis for costs-benefit
analyses of facilities in the USA.

Ongoing work

Advancement and application of robotics and telerobotics to nuclear fuel
handling is extensive, and is augmented by efforts in the decontamination and
decommissioning arena. In the Republic of Korea, cask closure operations are being
demonstrated using a robotic machine to reduce radiation exposure during closing
and opening of transportation casks. In the European Community, the TELEMAN
project was advancing telerobotic capabilities with applications at nuclear facilities
such as Sellafield and Kernforschungszentrum Karlsruhe.

In the USA, work continues toward single-robot execution of welding,
inspection, and other closure operations for the spent fuel Multi-Purpose Canister.
Efforts at Sandia National Laboratories in the USA are leading toward a standard
framework upon which unique robotic systems can be rapidly and economically
assembled from diverse robotic hardware, tools, sensors, computing platforms and
software.

CONCLUSIONS AND RECOMMENDATIONS

During the meeting the participants reached the following conclusions and
made the following recommendations concerning the application of remote
technology in relation to the handling, storage and/or disposal of spent fuel:

1. Further development work is needed in the following areas:

Reliability,
Radiation tolerance,
Cost reduction.

2. It was suggested to make more information available on existing systems
and applications, research and development. To achieve this goal the
participants recommended to continue the exchange of information through
the IAEA, in co-operation with other organizations who organize similar
meetings (i.e. American Nuclear Society (ANS), British Nuclear Energy
Society (BNES)).
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HANDS ON VERSUS REMOTE TECHNIQUES IN
CASK UNLOADING FACILITIES

0. GAIN, H. HAGARD
Cogema

L BAILLIFF
NUSYS, Paris

France

Abstract
The operation of remote techniques is described in the reprocessing plant at La Hague. Two

cask unloading facilities — one using wet unloading, the other with a dry process — are described
together with the operator doses. Remote maintenance operations are also reported.

1. INTRODUCTION

Whatever the back-end policy considered, handling of fuel assemblies and
interim storage of irradiated fuel are key links of spent fuel management. In
France, more than 1 500 MTU are annually transported from French and foreign
Nuclear Power Plants to the reprocessing plant at La Hague. As of May 31st 1994,
it represents a total of 15 470 MTU of LWR spent fuel already received in the two
cask unloading facilities at La Hague - NPH and TO.

The main function of these facilities is to check the spent fuel integrity
before wet storage. Various and numerous operations have to be done on the
casks before and after unloading, and spent fuel handling operations have to be
realized to guarantee spent fuel integrity and operators' protection.

While the experience has demonstrated that the doses received by the
operators are mainly due to the operations performed at the contact of the cask,
the use of remote processes has been studied for the operations performed on
both casks and spent fuel.

2. LIMITED USE OF REMOTE OPERATIONS IN THE NPH FACILITY

The NPH facility is a part of the UP2 reprocessing plant in operation since
1970. Started in 1980, the NPH cask unloading facility, using a wet unloading
process, was initially designed and operated with a very limited number of remote
operations:

cask preparation operations were mainly performed locally, with direct
contact with the cask,
cask unloading operations were conducted by operators boarded on the
cask unloading crane. This mainly meant cask lid opening, spent fuel
transfer and basket transfer when filled with spent fuel.

The operating results showed that the personnel exposure was not only due
to a direct contact with the cask but also to the water activity of the unloading
pool, above which operators had to stay more than 5 hours for each cask
unloading cycle.
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3. UP2800 PLANT CONSTRUCTION AND IMPROVEMENTS IN THE NPH FACILITY

In 1989, the upgrading of the UP2 plant was undertaken to improve the
productivity and the safety standards of the installation. This program was carried
out in parallel with the construction of new facilities. The upgraded UP2 plant and
these new facilities now constitute the UP2800 reprocessing plant that combined
with the UP3 offers a nominal reprocessing capacity of 1600 MTU per year.

In this framework, an extensive program has been undertaken in the NPH
facility since 1991 to upgrade the safety level of the installation. Main objectives
concerned the functions important for safety (fire, seismic spectrum, ...), the
reliability of cask handling equipment, the improvement of the operating conditions
in the facility and the reduction of the doses received by the operators. The use
of remote equipment and technologies has been one of the tools utilized to achieve
this goal. In addition, the flexibility of the NPH installation, initially designed to
receive all type of casks, had to be maintained even with remote controlled
operations.

Since July 1994, the wet unloading process is remotely performed from a
control room:

After the preparation of casks in an appropriate cell where local operations
have been kept (mainly cask connection to the process unit), the cask is
transferred and immersed in the cask unloading pool. Cask-transfer crane
reliability has been improved and semi-automatic sequences have been
defined to reduce the time required for the cask transfer that was
responsible of operator exposure.
When immersed in the pool, cask lid and fuel are remotely transferred
respectively to a storage position and in a storage basket.

These operations previously conducted by two operators boarded on the
crane, are now performed by one operator installed in a control room.

Automatic sequences used for the fuel unloading process are similar to
those developed in 1 985 for the dry unloading process in the TO facility. Due to
the variety of fuels received in the NPH installation, a wide range of automatic
sequences have been developed. However, the initial flexibility of the installation
has been maintained.

While the NPH installation is operated on a remotely controlled basis since
last July, the experience gathered is not extensive enough to present operating
results.

However, expected trends are confirmed :

(1) time required to perform a complete cask unloading cycle has not been
reduced but remains the same,

(2) operator exposure is significantly reduced,
(3) the use of remote operation has not reduced the flexibility of the

installation.

All the operating team is satisfied with these new operating conditions.
After 5 months of active operations, 30 casks of 9 different types have been
received.
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4. EXPERIENCE GAINED WITH THE USE OF REMOTE OPERATIONS IN THE DRY
UNLOADING FACILITY TO

For the design and operation of the second cask unloading facility TO,
operated since 1986, a dry unloading process associated with remote operations
was selected at the design stage. The reasons behind this choice are linked to the
limitation of the doses received by the operators on one hand and to the necessity
of increased throughput for the facility with limited solid and liquid waste
production on the other hand.

One of the basic design requirements was to receive more than 200 casks
per year with one unloading line. While direct contact with the cask was prohibited
to decrease the dose to the operators, all operations were designed to be remotely
performed and controlled from a control room: cask connection below a dry
unloading cell, cask unloading operation, spent fuel handling with a remotely
controlled crane PMEC, control of the fuel integrity, ... The use of standardized
casks was required to achieve the reliability of the equipment. Currently, four
different casks of Mark II type can be received in the installation (TN12, TN13,
TN17 and LK100).

Presently, the operating performances gathered since more than 10 years
have demonstrated the benefit of remote techniques from both technical and
economical point of view: limitation of working team, limitation of dose received
by the operators as well as significant reduction of liquid and solid waste
production have been achieved.

5. IMPLEMENTATION OF REMOTE OPERATIONS TO OPERATE CASKS
UNLOADING FACILITIES IN NORMAL CONDITIONS

Whereas remote technologies were not mature enough in 1980 to be
selected for the first cask unloading unit (NPH), the implementation of a complete
remote process was undertaken in 1986 for an installation designed to receive a
limited number of casks type TO. Today and mainly based on the experience
gained, the automatization of the first cask unloading facility NPH has been
achieved while keeping the initial flexibility of the installation.

The example of these two cask unloading units is significant and
demonstrates the benefit of the use of remote operations for normal operating
conditions. Remote operations contribute to the optimization of both working team
and radiation exposure. In the future, a reduction of the doses received in the NPH
installation is expected.

The doses received in the installations from October 1993 to September
1994, that are much below the regulatory limits, are presented in the following
Table.

6. USE OF REMOTE OPERATIONS FOR MAINTENANCE

Radiation exposure limitation is a major concern for maintenance operations
that are responsible for the main part of doses received by operators. In the cask
unloading units, approximately 50 % of the doses are received during maintenance
operations.

17



Installation description

NPH

TO

1980- 1994 :
Cask unloading cycle
controlled from the pool
crane
Since July 1994 :
Operations conducted from a
control room

Process remotely controlled
from a control room since
1986

Regulatory limits
Basic operating requirement at La Hague

Operating results

The highest
radiation dose in
the facility

mSv/year

5,7

0,95

Operators average
dose

mSv/year/operator

1,85

0,33

50
5

In addition, the basic operating requirements considered on the La Hague
site impose a daily radiation exposure limited to 0,2 mSv maximum per operator.
This amount has been taken into account in the operating procedures to limit the
radiation exposure to 5 mSv received per year for each operator as a maximum
value.

In this framework, the use of remote operations is an efficient means to
achieve these objectives. However, a careful preparation of maintenance works
has to be done to achieve the required efficiency during the maintenance
operations. In addition, the experience is of vital advantage.

The example of the R7 vitrification facility is significant. Faced with
maintenance operations to be performed on in-cell container handling equipment,
two ways were investigated: local work or remote operations. After preliminary
studies, the option of remote operations was preferred. The reasons behind this
choice rely first on the number of operators to be involved and secondly on the
radiation exposure expected. In terms of cost comparison, the two options were
very similar.

Maintenance operations have been realized on two similar handling
equipment. While the remote equipment used for the two operations was the
same, the expected results were obtained for the second after intensive
preparatory work and training of the team. The second operation has been realized
with 21 person.mSv in 4 months, while the first one was realized with
100 person.mSv in 8 months.
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7. CONCLUSION

The experience gathered at La Hague has demonstrated the importance of
remote operations for the back-end of the fuel cycle in terms of dose reduction
and operations reliability.

Remote operations may also be a key factor that can efficiently contribute
to the implementation of the ALARA principle.
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THE INTEGRATION OF ADVANCED TECHNOLOGY:
ROBOTICS AND REMOTE HANDLING

G. HARROP
British Nuclear Fuels pic, Springfields Works,
Salwick, Preston, Lancashire,
United Kingdom

Abstract

Social, economic and environmental issues are placing increasing demands on the Nuclear
Industry. There is a consequent need to develop new and existing technologies to respond, in a
cost-effective manner, to these pressures. This paper deals with some of the specific, key,
capabilities required in modern plants, with focus upon: (1) the ability to perform a wider range of
operations in radioactive or toxic environments, automatically or remotely by intelligent robots, (2)
the application and integration of advanced technology, including computer simulation and
modelling, virtual reality, neural networks and expert systems.

1. INTRODUCTION

The design, engineering, construction and commissioning of plants such as
the Thermal Oxide Reprocessing Plant (THORP), and the New Oxide Fuel Complex
(NOFC) has provided BNFL with significant skills and experience in the development
and application of new and advanced technology. To sustain this lead, BNFL
actively pursues an intensive programme of generic, and application specific,
research and development.

These R&D programmes cover a wide range of science and technology,
including Advanced Engineering; a field that includes Robotics and Remote
Handling, Plant Information Technology, Control & Monitoring and Advanced
Manufacture.

2. ROBOTICS AND REMOTE HANDLING

Remote Handling & Robotics is one of the enabling technologies to improve
performance, and a long standing work programme has been increasing the
knowledge base on advanced robotics, for example in teleoperation and
telerobotics. Demonstrators are used to prove the generated technology, in a
variety of applications including Decommissioning.

These demonstrators include:

(a) remote vehicles,
(b) telerobotic systems,
(c) special purpose manipulators,
(d) advanced mobility units,
(e) teleoperation to telepresence,
(f) radiation imaging,
(g) simulation and modelling,
(h) manipulator deployment systems,
(i) heavy duty manipulators,
(j) robot controllers.
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Certain demonstrators are generic research oriented whilst others are more
technology driven. The focused application demonstration tasks are taken from,
or aligned with, plant requirements. This is typically the final testing ground before
the technology and equipment is used on plant. Robotic based programmes exist
within BNFL to cover such areas as direct and indirect viewing, posting and
transport systems and cranes and decommissioning work.

Projects currently being worked on include simulation and modelling, real
time world model data capture, sensor based collision avoidance, control of
kinernatically redundant devices, mobile vehicles and telerobotics (including
manipulators) Associated with this work is extensive computer and software
UTILIZATION.

Recent completion's include:

(a) An intervention manipulator that was developed to inspect and repair an
active dissolver vessel,

(b) A manipulator and associated equipment to move obstructions, including
active pipework,

(c) Raffinate equipment that was developed to divert a highly active line,
(d) An infra red controlled remote inspection vehicle,
(e) Equipment for manipulators being used in decommissioning,
(f) A prototype hydraulic underwater bottle opening machine suitable for remote

operation and maintenance,
(g) Development of an underwater inspection camera unit; with joy stick

control, pan & tilt, and variable intensity lighting: In support of pond
maintenance activities.

Work is also being carried out on automated manufacturing and inspection,
and the investigation of more natural man machine interfaces and means of
controlling robots, to provide them with a greater degree of autonomy (auto
alignment, soft collision system, force control). Extensive effort has been invested
in an Automated Engineering Modelling System (AEMS), and the development of
a new range of advanced function robotic controllers.

3. TECHNOLOGY INTEGRATION

It is a deliberate Advanced Engineering policy that a holistic and integrated
approach be adopted to the development and application of technology, covering
the complete life cycle and nuclear fuel cycle.

Consequently the BNFL groups that cover such topics as Advanced
Manufacturing, Plant Information Technology, Control & Monitoring, and Robotics
are constantly looking for ways to apply and integrate the advances achieved.

4. PLANT INFORMATION TECHNOLOGY

The Plant Information Technology programme is designed to assist in the
total management of plants, process and information, throughout the project life-
cycle; from concept to decommissioning. This unified programme includes a
number of activities that deal with individual stages of this life-cycle, such as work
on Expert Systems or Neural Networks.
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Common areas where advances in Plant Information Technology can assist
with the Robotics programme include Simulation and Computer Modelling.

5. COMPUTER SIMULATION AND MODELLING

The advances in computer graphics and ranging sensors are making it
possible to map and generate accurate models of a plant. It is then practical to
incorporate simulated devices within these models -- to simulate tasks, thereby
enabling the planning, refinement and validation of intended activities.

It is becoming a reality to connect a computer simulation environment to
actual hardware and control it to execute a task, with the capability to update the
environment on-line. Such computer simulation and modelling capability also
provides a cost effective environment for operator training.

6. VIRTUAL REALITY

With the advanced computational systems available, the simulation and
modelling environment work referenced above and the present developments in
vision systems, the prospect of trials and operation in 'virtual reality' is being
realized. Within BNFL an active research programme on virtual plants and virtual
reality (remote) operation has been underway for some considerable time.

One driving factor is the potential for totally remote operation of the devices
described, with the operator 'immersed' in a complete three dimensional replica of
the actual plant environment. Significant work has been invested in the
development and use of an appropriate 'head set', ergonomically optimal hand
tools and feedback.

Another area of involvement is the use of advanced, two and three
dimensional models and displays for the design of complex equipment, coupled
with the simulated ability to test various design options or maintenance operations
without the expensive requirement of hardware construction. Ensuring that glove
box design is fully suitable and effective, with all operations or features being
within acceptable reach, is one example of this type of application.

7. NEURAL NETWORKS

The benefits and limitations of neural network based systems are being
investigated, for applications such as process or plant control and monitoring, and
inspection and surveillance.

Neural nets have been tested or applied on operational plant in predictive
control or alpha numeric recognition types of applications.

8. EXPERT SYSTEMS

BNFL became involved in the development of knowledge based technology
in 1983; for the monitoring of process plants. Since that time the research and
development has culminated in the creation and commercial production of a proven
expert system.

This system (known as PROMASS) has been applied to two active BNFL
plants:
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(a) At the Fuel Division's Springfield's works, on the Integrated Dry Route
process for the conversion of Uranium Hexaflouride to Uranium Dioxide. The
PROMASS system has been operative since 1989 and continuously monitors
the process to identify the onset of transgressions that could affect product
quality.

(b) At Sellafield's Vitrification Plant, which converts highly active waste into a
stable glass product for long term storage. The expert system has been
running since 1990, operating in a data acquisition and monitoring manner
that provides specialist (knowledge based) information in the event of, or
approach to, certain abnormal conditions.

9. ADVANCED MANUFACTURING

It is a BNFL objective to enhance it's 'Product Portfolio', which includes
consideration of fuel types & range; capacity & delivery capability, advanced or
differentiated fuel and range of enrichment levels. This consideration must take into
account the business drivers, commercial considerations, the market place and
market share, the investment required, funding & time frames and the development
work needed.

A main theme is 'lean' manufacturing, i.e. manufacture with low manpower
levels, low work in progress, reduced waste and stocks, flexibility to quickly
change between products; yet at the same time to achieve high quality and high
safety standards with reduced dose uptake: To reduce the capital and/or life time
costs of equivalent plants that would otherwise be based on conventional or older
technology.

There is a need for expertise in optioneering methods, particularly when
responding to commercial enquiries. The purpose of this is to develop conceptual
designs for manufacturing facilities and to evaluate them quickly and cost
effectively - to select the most appropriate. This requires an understanding of the
properties and characteristics of these designs -- e.g. capacity, flexibility, capital
and operating cost etc. This can involve the application of such techniques as plant
simulation and 'Virtual Prototyping'.

As underpinning technology, expertise has been maintained and developed
in a number of important technical areas, including:

(a) automated identification technique,
(b) welding,
(c) material handling technologies,
(d) non destructive testing,
(e) automated inspection techniques,

There is therefore a clear connection between this work and that undertaken
as part of the Robotics and Remote Handling programme.

10. CONCLUSION

BNFL's global objective is "To assist in providing the world with the best
nuclear services, safely, efficiently and with care for the environment". This
objective can be significantly assisted by the application and integration of
advanced technology; to translate the mission statement into real goals and
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focused programmes, to provide deliverables that satisfy national and international
business demands.
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REMOTE HANDLING AND DISASSEMBLY OF LIGHT WATER REACTOR
FUEL ELEMENTS IN THE GORLEBEN PILOT CONDITIONING PLANT

R. JUNG
GNS Gesellschaft für Nuclear-Service mbH
Hannover, Germany

Abstract
A brief description of the general concept and the tasks of the Pilot Conditioning Plant are

given, together with the description of the functional process steps for fuel transport, handling,
conditioning, and the preparations for disposal.

Since 1979 investigations have been made in the Federal Republic of Germa-
ny on direct disposal of spent fuel elements from light water reactors. In 1985, the
Federal Government decided to develop this way of disposal technique. Using
suitable scale-up factors, step by step the required components and processes
techniques were developed until the end of 1989.

The Pilot Conditioning Plant has been designed as a multi-purpose facility,
in order to be able to demonstrate in a representative scale the performance of all
tasks concerning the conditioning of spent fuel elements and radioactive waste.
(Fig. 1.)

The scope of tasks to be performed by the Pilot Conditioning Plant includes:

Treatment and packaging of fuel elements and radioactive waste in a manner
suitable for direct disposal,
loading of transport and storage casks with fuel elements for interim storage,
conditioning of radioactive waste with low decay heat into packages suitable
for interim storage and final disposal,
repackaging of packages not appropriate for final disposal,
repair and maintenance work on transport and storage casks.

Operational capacity of the plant with regard to conditioning of fuel elements
is 35 tHM per year.

The Pilot Conditioning Plant is under construction and will be erected on the
site of Brennelementlager Gorleben GmbH in Gorleben, Federal State of Lower
Saxony. The plant consists of the conditioning building and several small auxiliary
facilities. The main building is 61 m long, 51 m wide and about 23 m high. (Figs
2 and 3)

The disassembly cell is connected to these cells via locks in the lower floor
level.

At their head-ends, every row of cells are provided with a maintenance room
and a thoroughfare, which is closed with a shielding door.

In the utility and personnel wing, rooms for conventional auxiliary equipment,
such as ventilation, utilities, the control-room and the entrance to the controlled
area are located. (Fig. 4.)

Above the hot cells are the intervention and maintenance rooms. Below the
dismantling cell, the waste treatment cell is located.

The loading and unloading cell, as well as the disassembly cell are equipped
with one crane and one power manipulator each, the waste treatment cell only with
a power manipulator. Visual inspection of the hot cells is possible through corre-
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spondingly arranged shielding windows. From here the handling equipment is
operated as well (Fig. 5.).

Depending on the type of final disposal packages required, LWR fuel rods
may be packaged as a whole or as chopped segments of nearly 1 m length. The
two resulting packages suitable for final disposal have a weight of approx. 65 t
self-shielded or 1 t unshielded.

The functional process steps for fuel conditioning can be summarized as
follows (Fig. 6.):

arrival of transport cask at the Pilot Conditioning Plant,
transportation of the cask through the cask handling area to the basement
under the unloading cell,
dry unloading of the spent fuel into the hot cell,
buffer storage of spent fuel,
rod consolidation and loading of fuel rods into canisters,
buffer storage of canisters,
loading of canisters into the POLLUX cask,
closing of the cask by a primary lid,
filling the POLLUX cask with helium and controlling for tightness,
transportation of the POLLUX cask out of the hot cell wing to welding gantry
at the cask hall,
closing the cask by welding on a secondary lid in direct operation mode,
closing the shielding overpack by screwing in the shielding lid,
transportation of the POLLUX cask to the interim storage facility.

In more details (Fig. 7.):

The fuel element taken out from the buffer storage is loaded in a
accommodating container of a transport device is moved into loading position
underneath the disassembly cell. In the disassembly cell above this position, there
is a lay-down device. The lay-down device grips the accommodating container and
lifts it into the disassembly cell. Upon this, the lay-down device tilts until the
accommodating container with the fuel element comes to rest on the disassembly
table. The lock of the accommodating container is opened through master-slave
manipulators. When the lay-down device is lifted again, the fuel element remains
on the disassembly table. The accommodating container is lowered back into the
transport device.

Handling of the different types of fuel element is a characteristic feature of
the disassembly table. The disassembly table consists of a stationary support stand
and a travelling upper part (Fig. 8.). The upper part is fitted with interchangeable
fuel element holders, suitable for fixing the different fuel elements according to
their individual geometry. Mounted to the disassembly table is a head removal
device and a fuel rod grip tool.

After positioning and clipping the fuel element, the travelling part of the
disassembly table moves towards the head removal device. Cutting of a PWR fuel
element head fitting is made by internally cutting the control rod guide tubes just
in front of the first spacer. By spreading the cutting edges and rotating them, the
side of the control rod guide tube is cut through.

In case of the BWR fuel elements, the head fitting is unscrewed with a
special screw driver. Therefore, the cutting tool for severing the control rod guide
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tubes are exchanged by remote handling against a tool for unscrewing the screw
nuts.

The fuel rods screwed into the fuel element bottom fitting are unscrewed
with a special tool upon a remote handled tool exchange. The process of removal,
the fuel element top and bottom fittings is operated automatically by the
programmed control system after pre-selection of the fuel element type.

Upon removal of the fuel element fittings, the upper part of the disassembly
table moves to the fuel rod griping device. The tongs of the griping device wedge
the upper fuel rod layer. The disassembly table with the fuel element is moved into
its rear final position. During this process, the first fuel rod layer is fixed by the
griping device ((Fig. 9.).

In the rear final position, the fuel rods fall into the trough (Fig. 10.). The tips
of the fuel elements also fall into the trough upon release of the griping device. The
pulling process is repeated until all fuel rods are removed from the fuel element
structure. The griping device is fitted to the disassembly table in such a manner
that it is interchangeable by remote handling. This exchange allows the application
of different types in correspondence with each fuel element type.

The trough is filled with the fuel rods of 2 PWR or 6 BWR fuel elements (type
KWU-Siemens 16x16-20 or 8x8-1). In order to reach the highest possible degree
of filling, the trough is jarred after charging by vibrating motors which are mounted
underneath the trough. The loaded trough is then closed with a lid and transported
to the outward pushing device. The trough has the same geometry as the POLLUX
canister into which the fuel rods can be inserted. Upon completion of the rod
removal process, the fuel element structure is passed on to the hydraulic
compactor.

The hydraulic compactor (Fig. 11.) performs the compaction of the parts
remaining after removal of the fuel rods, such as head and bottom fittings, spacers,
rod guide tubes and fuel channels to a minimum volume.

Through a feeding unit, the fuel element structure is inserted by axial
charging into the press channel. After inserting the counter-plunger, a first press
stroke of 900 mm length is exerted. Altogether, 6 strokes are made and therefore
5 extension plungers are inserted.

The mould (Fig. 12.) is pushed out into the transfer shaft. The compacting
force has a maximum of 5,000 kN, the compacting degree is 8:1.

The hydraulic compactor is designed to allow remote handled disassembly
and corresponding maintenance work at components either in situ remote handled
or upon decontamination in the repair and maintenance cell affiliated to the
disassembly cell.

In the disassembly cell, a loading caisson is installed. This caisson separates
the disassembly cell and loading cell with regard to ventilation, and at the same
time it also prevents contamination displacement from the disassembly cell. Into
the front wall of the loading caisson a rotating disk is integrated, provided with
suitable loading openings. These loading openings are designed as double-lid
systems and are arranged on the rotating disk in such a manner that they can be
turned into loading position according to the particular requirements.

By means of a docking carriage, a POLLUX-canister is docked to the corre-
sponding loading opening of the rotating disk into the loading caisson. Only upon
completion of this docking process, the double-lid system can be opened. The
trough is positioned on the outward pushing device and the fuel rods are pushed
from the trough into the POLLUX canister. For loading the baskets, the transfer
shaft with the pressed pieces is positioned on the outward pushing device and
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docked to the rotating disk, after the loading opening has been turned into the
corresponding position. The mould is pushed into the POLLUX basket by means of
a pusher rod. (Figs 13 and 14)

The self-shielded final disposal cask POLLUX is based on a double shell con-
cept, consisting of a leak-tight welded steel containment, which assures:

safe containment of spent fuel,
protection against mechanical loads and impacts,
protection against corrosion, and a
shielding overpack which also provides further mechanical protection.

The POLLUX cask is loaded with 4 canisters with fuel rods and with the
moulds of the compacted skeletons in the central basket. In this case, the content
of the casks may consist of the rods from 10 PWR- or 30 BWR fuel assemblies.

The shielding overpack (M), the final disposal cask (K), the 4 canisters with
fuel rod (I) and the central basket for compacted skeletons or fuel rods (E) can be
seen.

The POLLUX cask loaded with basket and canisters is transported to the
welding station after screwing the primary lid into place. In the welding station the
secondary lid with a thickness of approximately 50 mm is inserted and welded into
place, using WIG welding technique. For this, about 30 welding layers are required.
The completed weld is examined by ultrasonic. This weld ensures tight and
permanent retention of activity. The welding system is a conventional device as it
is used in construction of nuclear power plants. The shielding lid of the POLLUX
cask is screwed into place by a screwing device. Then, the POLLUX cask can be
transported to an interim store.

Alternatively to loading the POLLUX cask with full-length fuel rods, the un-
shielded POLLUX canister can as well be filled with chopped rod segments
(Fig. 1 5.). This process requires modification in the equipment of the disassembly
cell and in the loading caisson. The remote handled adjustments for this alternative
loading technique have been considered in design of the components.

First of all, the handling of the incoming casks and the disassembling of the
fuel elements takes place in the same way as the packaging of the whole rods into
the POLLUX cask.

Now, the fuel rods are transported to a device, located at the docking wall
of the loading caisson, in which they are chopped into segments of nearly 1 m
length and pushed into the canister docked to the loading caisson.

During the chopping and loading process, the canister and the chopping
device are attached to a vacuum unit. The air is sucked off via a sintered powder
metal filter located in the canister, which is retaining any dust arising during
chopping. Before the evacuated air is fed back into the cell, it is passing aerosol
and iodine filters built into the vacuum unit.

After filling, the primary plug is placed into the canister. Then, the canister
is undocked, transferred into the loading cell and positioned in a welding station
which welds the lid into place. For the transportation to an interim or final store,
the filled and closed POLLUX canisters are loaded to a transport and storage cask
like a POLLUX cask.

As mentioned in the beginning of this paper and as shown in the figures
extensive cold test up to 1:1 scale were conducted, particularly with regard to fuel
element disassembly, compaction and loading of POLLUX canister and unshielded
canisters. The results of these tests were the basis for the design of the
components to be used. All these components are designed to allow remote
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maintenance, the exchange of parts or the complete remote exchange of the whole
component.

At the end of this paper, some brief facts on the current status of the
project:

The construction of the Pilot Conditioning Plant was started in February
1990, the hot commissioning is scheduled for the second half of 1997. Up
to now, the construction of the main process building has been completed
and the engineering of services and technical equipment is being carried out.

Production of casks or canisters for final
disposal of spent
— LWR-fuel, in particular:

• reprocessed uranium elements
• Mix-oxide elements
• High burn-up elements

— fuel elements of the HTR
Reloading of waste canisters
Final conditioning of off-specifications
waste canisters
Servicing of casks

Pilot-conditioning plant Gorleben

FIG. 1
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Existing buildings of the
interim storage Gorleben

A. Transport cask storage
B. Waste storage
C. Administration

Pilot Conditioning Plant
and Interim Storage Gorleben

FIG. 2
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POLLUX-cask
Approx 150cm ............................ Diameter ........
Approx 550m ............................ Length ..........
Approx 651 ............................... Weight ..........
8 PWR - Fuel elements ..................... Content ..........
<0.2mSv^ ............................... Surface dose rate

POLLUX- Canister
........... Approx 43cm
.......... Approx 134cm
.............. Approx 1 t
. 05 PWR-Fuel elements
............. <10imSv/h

FIG. 5

PKA: Conditioning Systems
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A Cask-hall
B Hoteeil area
C Utlities and personnel area

AI lock
A2 TC-preparation and dispatching
A3 welding of POLLUX, leaktest

and screwing of shielding lid
A4 internal decontamination of TC

1 TC - unloading
2 FA - intermediate storage

(Bufferstorage lj
3 disassembly of FA
4 loading of canister and basket
5 intermediate storage of canister

and basket (Bufferstorage 2}
6 loading of POLLUX ananghtening lid

Transport cask fTC)
Fuel assembly (FA)
Fuel rod and components
Canister and basket

CZD POLLUX screwed tight
•• POLLUX welded and shielding lid

screwed tight
Passage in basement

FIG. 6

PKA: Packaging of Consolidated
LWR-Fuel into POLLUX Casks
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A Unloading cell
B Loading cell
C Disassembly cell
D Caisson

E Maintenance cell

FIG. 7

Cross section of hot cells



8 'D
U

8£



FIG. 9

39



-t».
O

FIG. 10



FIG. 11



FIG. 12

pilot-conditioning plant
Compacted fuel element skeleton
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FIG. 13



FIG. 14



Disassembly cell

Exhaust air (5

Caisson

Fuelrod (FR) Cutting

[T] Cutting of rods

Ejector rotates

Loading of canisters
Jettison FR-cuttings

1 FR-cutter
2 Rotating ejector
3 POLLUX-canister
4 Suspended particle filters (HEPA)
5 Iodine-fitter

to welding
station

Undocking of loaded canister

FIG. 15

Loading Principle of
Unshielded POUUXCanister
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REMOTE HANDLING OF SPENT FUEL AND HIGH-LEVEL
WASTES IN BANK-END OPERATIONS OF NUCLEAR FUEL CYCLE

T.F. MAKARCHUK, N.S. TIKHONOV, V.M. DUBROVSKY,
A.A. SHVEDOV, V.V. SPICHEV
All Russian Design and Scientific Research Institute of
Complex Power Technology (VNIPIET)
St. Petersburg, Russian Federation

Abstract
The report covers main requirements to the technological operations and equipment related

to the spent fuel (SF) and high-level wastes (HLW) handling at a reprocessing plant. The flow sheet
of SF preparation and reprocessing as well as some examples of arranging remotely controlled
operations are also presented.

1. INTRODUCTION

The Russian Program of nuclear energy development is oriented to the closed
fuel cycle which involves spent fuel reprocessing and recycling of recovered fissile
materials, uranium and plutonium as nuclear fuel, thus providing for most effective
utilization of natural uranium reserves. Another reason of closed cycle option is

Spent nuclearfuel
1

WER-440 BN-350
WER-IOOO BN-600

At-reactor cooling
for > 3 years

RBMK-IOOO

Intermediate sto-
rage for 40 years

Transportation to
a reprocessing
plant

Transportation to
a fuel conditio-
ning plant

Radlochemlcal
reprocessing

Production of
hexanydrate of
uranyl nitrate,
RBMK-fuel ele-
ments fabrica-
tion

Production or
Pu-dloxide,
MOX-fuel
fabrication

Fuel
conditioning

r1 ———— v ———— 1Radwastes
conditioning

Plnal geologi-
cal disposal

FIG. 1. Spent fuel management concept.
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better solution of safety problems connected with the management of most
dangerous radioactive wastes and the possibility of using some radionuclides
(contained in SF) in the production of ionizing radiation sources.

The safe management of SF and radioactive wastes is guaranteed by barriers
either engineered or natural (ex., shielding, ventilation of rooms, hermetic sealing
of equipment, etc.), which prevent radionuclides migration into the environment,
and relieve ionizing radiation impact.

The Russian nuclear power program necessitates the reprocessing of all
spent fuel from WWER- and BN-reactors. RBMK-1000 fuel will be stored at
intermediate facilities at the nuclear power plant sites and finally disposed of in
geological formation (Fig. 1.).

Spent fuel (SF) from WWER-440, BN-350, BN-600 reactors as well as
transport and research reactors has been reprocessed at the reprocessing plant
RT-1 since 1977. The plant capacity of 400 Mg U/yr is adequate to satisfy the
current as well as future demands for reprocessing all spent fuel from the above
reactors. Fuel from WWER-1000 reactors will be reprocessed at the plant -- RT-2,
which is under construction now. The plant will be put into operation by units of
1 500 Mg U/yr capacity each.

2. REPROCESSING

2.1. Technology
The technology for fuel reprocessing is based on an extraction process

known in the world practice as the Purex-process.

SF reception and storage

Preparing a fuel assembly for
shearing; SF dissolution

i i
| Clarifying SF solutions-, mixing |
| SF solutions with high enriched!
| uranium reextract, extractive |
| purification |

i Extractive Pu purification, [ | Deep evaporation of U-re-|
| Pu02 production | | extract, production of |
'—————————————————' | hexahydrate of uranyl I

I nitrate I

FIG. 2. SF reprocessing process.
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Basically this boils down to the following (Fig. 2.). Spent fuel to be
reprocessed is overloaded from transportation railway cars to an interim storage
facility and then remotely transferred to a fuel preparation cell. Here the end fittings
of fuel assemblies are chopped off, packed into a container and dispatched for
long-term storage. The fuel parts of the assemblies go to a shearing machine,
where they are flattened out and cut into pieces which are poured into a
batch-operated dissolver.

All operations with fuel assemblies and their end fittings are carried out with
remotely controlled manipulators of various types.

The pieces of hulls and other construction elements are washed and after
control dissolution transported to a hulls storage facility.

SF solution undergoes clarification and extractive reprocessing. Uranium and
Pu purification from fission products and their separation occurs in the 1-st
extraction cycle; further purification is carried out independently in uranium and
plutonium cycles.

A 30% solution of TBP in a light hydrocarbon diluent is used as an extractant
in the U-cycle while tri-isoamyl-phosphate in an inert diluent is used in the Pu-cycle.
The total purification coefficient is 1x10+7 and 1x10+8for U and Pu, respectively.
Exposure rate for end uranium and Pu-products is 1.7x10+3 //R/s kg and
0.1 //R/s kg, respectively.

End products of WWER-440 fuel reprocessing are as follows:

melt of hexahydrate of uranil nitrate, enriched to 2 - 2.4% in 235U, obtained
by mixing reextract with highly enriched uranium and used for RBMK fuel
elements fabrication,
plutonium dioxide, stored in a special interim storage facility. In the future
it will be used for fabricating MOX - fuel.

2.2 Equipment used

The major technological equipment at the RT-plant includes:

1 tone power manipulators,
mechanisms for cutting end fittings of fuel assemblies,
annular batch-operated dissolvers,
pulsed pneumatic conveyer for transporting pieces of hulls to the storage
facility,
equipment for purification of air exhaust (deflegmators, absorbing columns,
coarse and fine filters, etc),
equipment for clarifying SF solutions (precoat filters, tanks for receiving and
supplying filtrates, pulps and washing solutions, receivers for "shock"
regeneration of filter cartridges, measuring tanks for supplying coagulants,
etc.),
extractors with pulsed and mechanical agitation;
shielded cells for Pu - and Np - recovery,
evaporators for two-step U-reextract evaporation and melt production,
pumps for dosing solutions and reagents,
pumps for conveying liquid products,
standard and shielded tanks.

The process at the RT plant is 100 % automated and remotely controlled.
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All the operations which shall be performed with scrupulous attention to their
sequence and duration have programmable control.

The plant uses a three - zone layout of rooms with independent ventilation
of each zone. The air from each canyon follows through a tubular corridor towards
the filter plant ( a two - step air purification) and then through a 150 m tube is
vented to the atmosphere. The activity emissions from the RT-plant are as follows:

a-, ß-, and iodine activities amount to 0.7, 0.2 and 0.07 of activities
mandated by the standards.

The dose from the plant emissions does not exceed a level of 1 mrem/yr.
The first zone accommodates equipment with radioactive materials (behind

shielding), the second zone -- equipment for repairing works, and the third -- rooms
for operators and control panels.

Systems with short operating life are used with redundancy. Failed pumps,
valves control and measuring instruments are remotely replaced by special
mechanisms without stopping the technological process.

3. FUEL HANDLING OPERATIONS

The operations of the spent fuel reception and storage at the RT-site serve
as examples of remotely controlled fuel handling. The sequence of fuel unloading
operations is shown in Fig. 3.

Liquid radwastes

Radwastes collect Ion and sorting

HLW MLW LLW
high saline
solutions

and low salinesolutions

Storage In tanks Storage In tanks Storage In tanks

Evaporation
Vitrification
Dispensing Intotanks
Canisterscompleting

Evaporation
Bltumlnlzatlon1Dispensing intotanks

Precipitation
FiltrationjIon exchange

Storage In ferro-concrete blockswith forcedcooling
Storage In ferro-concrete blockswith naturalconvection

Cleaned waterTor re-use

FIG. 4. Liquid radwastes management.
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The railway car arrives to the transport corridor of the unloading area. The
doors on the car roof are opened, the TK-6 transportation cask is depressurized
(through special ventilation system), cask lid unbolted and lid bolts removed.

Further unloading operations are remotely controlled from the control board
with the cask staying in the railway car. The observation of the unloading process
is performed with TV cameras. A 15 t crane removes the cask lid, draws the filled
baskets from the cask and puts it on an elevator of 15 t capacity which transfers
the baskets to a storage facility. Here a 15 t crane removes the basket from the
elevator and places to a storage position.

Baskets with spent fuel are stored in water pools which have the capacity
no less than the annual RT-plant throughput.

4. RADIOACTIVE WASTE HANDLING

Other examples of remotely controlled processes relate to treatment of liquid
radwastes (see Fig. 4.).

This technological process involves:

datolite,sand
molasses
compressed air

HLW

water

gases for purification

gases for purification

FIG. 5. HLW virtitication
1- receiver, 2- tank molasses, 3- pump, 4- mixer, 5- direct arc furnace,
6- metal-ceramics alter, 7- container, 8- montejus for HLW.

52



9

rhr
n n
n n

T" ^ v "V \ / " " V / \/~

7 X x x X X

FIG. 6. Storage facility with forced convection
1- fans, 2- gates and filter plant, 3- crane, 4- sectional service ffoor,
5- ferroconcrete wells for cans, 6,7 - air chamnels, 8- air intake, 9- exaust shafi.



radwaste collection, sorting, accumulation and intermediate storage;
concentration;
concentrates solidification;
intermediate storage of solidified radwastes in special storage facilities;
purification of gaseous and aerosol emissions.

The liquid high-level wastes (HLW) resulting from spent fuel breakdown in
extraction cycles are transported for storage in stainless steel tanks, available at
the plant site. Several groups of storage tanks with a capacity of 300 m3 and
500 m3 have been in operation for a long time.

The major engineered barriers necessary for safe operation of the tanks are
the followings:

locating the tanks in stainless steel-lined canyons;
equipping the tanks with water-cooling systems, which maintain the solution
stored at a level < 50 °C;
air blowing for diluting radiolytic hydrogen to safe concentrations;
subsequent reducing of the hydrogen content to permissible standards by
use of gas purification systems.

The collection and storage of HLWs is a preliminary stage of waste
conditioning. Later on HLWs are transferred to an accumulator tank for
homogenization of the chemical composition and specific activity and then they are
vacuumed off to monte-juses. In these the solution is adjusted for chemical
composition and mixed with fluxing additives (73% orthophosphoric acid, NaN03,
AI(N03)3). The flushed solution, containing metal oxides in the following proportion:
-- monovalent oxides (0.25): multivalent oxides (0.25): phosphorous
pentoxide (0.5) -- is dosed to an evaporator for a twofold reduction of the solution
volume. The evaporator bottom is periodically drained to monte-juses and run off
for reprocessing along with middle-active solutions. The non-condensed gaseous
phase goes to the gas purification system. The bottoms from the
accumulator-monte-juses are continuously dosed to a direct arc furnace EP-500.
Molasses (150 g/l of solution) are needed to obtain a reducing medium of nitrogen
and ruthenium oxides and to decrease solid phase sweeping away to the gas
purification systems. In the furnace the fluxed bottom solution goes through salts
dehydration, oxides calcination and glass mass melting. Vitrification with phosphate
glass production occurs at 1100-1150 °C (see Fig. 5.). The glass mass is
periodically run off to a stainless steel 200 I flask. The glass mass capacity of the
furnace is 1.8 m3/d, or 165 m3/a. The total activity of the glass mass thus obtained
amounts to 2.8x108 Ci/a.

The steam-gas phase heated to 600-800 °C goes from the furnace to a
bubbler-cooler for condensing and cooling. The condensate is collected and
periodically fed for mixing with the initial solutions. The non-condensing gas phase
goes to the gas purification system.

Filled flasks are transferred from the glass mass dispensing cell (equipped
with local suction) to the cell of canister completing. Here the flasks are remotely
loaded into the canisters and the canister lids are welded.

Then the canister is drawn from the cell into the shielded container and
transported to a storage facility located in the same building. The facility consists
of ferro-concrete blocks with tubular wells to accommodate canisters with vitrified
HLWs (Fig. 6.). The construction of such facility is designed for receiving HLWs
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with an initial heat release of 5 kW/m3. Loading/unloading operations with canisters
are done using a three-item shielded container, which is transferred by a 120 t
crane in the assembly hall. The facility design provides both for forced and natural
cooling of filled canisters. The storage period may range up to several decades
when needed (Fig. 7.).

The equipment for HLW vitrification and storage is located in two buildings
linked with each other by a technological platform. The processes are 100%
automated and remotely controlled from the control panel.

In conclusion, the technology allows to obtain end products which meet the
requirements of the National Standards and provide for environmental and
personnel safety in compliance with the ALARA principle.
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DRY SPENT NUCLEAR FUEL TRANSFER
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Abstract

Newport News Shipbuilding, (NNS), has been transferring spent nuclear fuel in a dry
condition for over 25 years. It is because of this successful experience that NNS decided to venture
into the design, construction and operation of a commercial dry fuel transfer project. NNS is
developing a remote handling system for the dry transfer of spent nuclear fuel. The dry fuel transfer
system is applicable to spent fuel pool-to-cask or cask-to-cask or both operations. It is designed to
be compatible with existing storage cask technology as well as the developing multi-purpose
canister design.

The basis of NNS' design is simple. It must be capable of transferring all fuel designs, it
must be capable of servicing 100 percent of the commercial nuclear plants, it must protect the
public and nuclear operators, it must be operated cost efficiently and it must be transportable.
Considering the basic design parameters, the following are more specific requirements included in
the design:
(a) Total weight of transfer cask less than 24 tons,
(b) No requirement for permanent site modifications to support system utilization,
(c) Minimal radiation dose to operating personnel,
(e) Minimal generation of radioactive waste,
(f) Adaptability to any size and length fuel or cask,
(g) Portability of system allowing its efficient movement from site to site,
(h) Safe system; aN possible "off normal" situations are being considered, and resultant safety

systems are being engineered into NNS' design to mitigate problems.
The primary focus of this presentation is to provide an overview of NNS' Dry Spent Nuclear

Fuel Transfer System.

1.BACKGROUND

The Nuclear Waste Policy Act of 1982 (NWPA), as amended, assigns the
U.S. Department of Energy (DOE) the responsibility of providing for the permanent
disposal of spent nuclear fuel (SNF) and high-level waste (HLW). On April 18,
1983, the Standard Contract for Disposal of Spent Nuclear Fuel and/or High-Level
Waste, (10 CFR Part 961} was issued as a final rule. The Standard Contract
established the contractual mechanism for DOE's acceptance and disposal of SNF
and HLW. To meet this contractual requirement the DOE is developing a Multi-
purpose Canister (MPC) system to accept the SNF.

The MPC system is comprised of large metallic canisters that will maintain
the SNF in a dry, inert environment during storage, transportation, and disposal.
There are two MPC Assembly Subsystem Elements: a Large MPC with a 125-ton
crane hook weight limit and a Small MPC with a 75 ton-crane hook weight limit [1 ].
The crane hook weight limits include the MPC, SNF, and MPC Transportation Cask
[1]. The minimum capacity of the Large MPC is 21 pressure water reactor (PWR)
fuel assemblies or 40 boiling water reactor (BWR) fuel assemblies. [1]. The
minimum capacity of the Small MPC is 12 PWR fuel assemblies or 24 BWR fuel
assemblies [1].

Due to limited crane capacity and other restraints in their SNF storage pool
areas, 19 sites have been identified as unable to accommodate the MPCs [2]. This
prevents these 19 sites and the DOE from reaping the benefits of a standardized
SNF canister system. The 19 sites must load SNF into truck casks, which in turn,
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must be unloaded and the SNF transferred into MFCs. The truck casks are to be
licensed for transportation-only and for a maximum of four PWR fuel assemblies or
nine BWRfuel assemblies [3]. There are numerous benefits from utilizing the largest
SNF container possible. These are reduced fuel shipments, reduced fuel handling,
reduced MAN-REM, and monetary savings due to economies of scale.

Of the 19 sites unable to accommodate the MFCs, three of the sites are
storage-only sites with their plants shut down. These sites would like to take
advantage of the MFC system and place their SNF in dry storage, shut down their
storage pool, and await the acceptance of the SNF from the DOE. This would
provide for a considerable cost savings utilizing dry SNF storage in lieu of the more
costly wet pool SNF storage. Sacramento Municipal Utility District has estimated
an annual cost savings of $8.0 million by closing their storage pool and placing the
SNF in dry storage [4]. Additionally, Mr. Ivan Selin, Chairman of the U.S. Nuclear
Regulatory Commission, recently remarked before the Institute of Nuclear Materials
Management that "Both pool storage and dry storage are safe technologies. But
there are significant differences; pool storage requires a greater and more
consistent operational vigilance and the satisfactory performance of a large number
of active systems, while dry storage is almost passive" [5]. He summarized by
stating "... the NRC increasingly views dry storage as the preferred method of
interim storage of mature spent fuel for plants in permanent shutdown, as well as
for supplementary storage in many operating plants" [5]. With the uncertain SNF
acceptance dates by the DOE and the NRC's endorsement of dry SNF storage, we
believe many more sites will opt to place their SNF in dry storage.

2. DRY SPENT NUCLEAR FUEL TRANSFER DEVELOPMENT

Newport News Shipbuilding has been handling spent nuclear fuel in transfer
casks for over 25 years. It became apparent that a similar system may be of great
benefit to the commercial nuclear industry. The NNS Dry Spent Nuclear Fuel
Transfer System utilizes a remote handling system to transfer SNF from storage
pool-to-cask or from cask-to-cask or both.

NNS established design goals for the Dry Spent Nuclear Fuel Transfer (DFT)
System based on the needs of the commercial utilities unable to accommodate the
MFCs. These criteria were used to ensure that worst-case scenarios would drive
a universal design. The design goals are as follows:

(a) Light weight fuel transfer container to allow use at all U.S. commercial
nuclear power plants using existing crane capacities,

(b) No permanent site modifications required for system use,
(c) Radiation dose to personnel As Low As Reasonably Achievable (ALARA),
(d) Minimal generation of radioactive waste,
(e) Adaptable to any size fuel or cask,
(f) Completely portable system,
(g) Inherently safe system,
(h) Cost effective system.

To meet these design goals NNS has incorporated remote handling
operations and automated the processes. The result is increased safety and
decreased transfer container weight, the generation of radioactive waste, the
manning required, and the MAN-REM.
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3. THE DRY SPENT NUCLEAR FUEL TRANSFER SYSTEM

The Dry Spent Nuclear Fuel Transfer (DFT) system is comprised of three
main subassemblies. These are the Transfer Container, the Loading Stand, and the
Discharge Stack-up. The system discussed in this presentation is for the transfer
of SNF from the sites' storage pools to Large MFCs. The same system in a different
configuration can be utilized to transfer SNF from cask-to-cask.

The Transfer Container is the heart of the DFT system, providing shielding
and containment of the SNF for transfer to the MPC. The Transfer Container allows
for the transfer of up to four PWR or BWR fuel assemblies during each transfer
cycle. The Transfer Container is comprised of the following components:

(a) Integral Hoist

(b) Grapple Assembly

(c) Closure Head

(d) Transfer Container body
(e) Shielded Gate

(f) Control Panel

It is attached to the top of the Transfer Container
and lifts and lowers the SNF via a single-failure
proof design.
Comprised of four Grapples and a lifting
arrangement. Each Grapple may be operated
individually or concurrently to latch or unlatch the
SNF.
Seals the top of the Transfer Container and
provides penetrations for the lifting cable and
grapple controlling cable.
Provides shielding and confinement of the SNF.
Comprised of two doors which translate
horizontally to open or close the lower section of
the Transfer Container.
Controls all Transfer Container operations
remotely. Provides information on the hoist
operation, Grapple position, and Shielded Gate
operation.

The Loading Stand is the assembly of components which is placed into the
site's SNF storage pool and allows the SNF to be loaded into the Transfer
Container. The Loading Stand is comprised of the following components:

(a) Loading Stand Adapter Plate

(b) Loading Stand Support Columns

(c) SNF Basket

- Provides the mating and supporting
surface for the bottom of the Transfer
Container. Houses alignment pins to
align the Transfer Container on the
Loading Stand,

- Provides the physical structure for the
Loading Stand. Supports the weight of
the Transfer Container via the Loading
Stand Adapter Plate during loading
operations,

- Provides four locations for the SNF to be
placed to await removal by the Transfer
Container. Ensures subcriticality of the
SNF. Provides alignment of the SNF with
the Transfer Container,
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(d) Loading Stand Elevator

(e) Transition Shield

- Raises the SNF Basket out of the storage
pool water and lowers the SNF Basket
back into the storage pool water,

- Shields the SNF in the SNF Basket as it
is raised out of the water by the Loading
Stand Elevator.

The Discharge Stack-up is the assembly of components utilized to facilitate
the transfer of the SNF from the Transfer Container into the MPCs. The Discharge
Stack-up is comprised of the following components:

(a) Multi-Purpose Canister
(b) Shield Plug Installation Adapter

(c) Rotating Locator Plate

(d) Loading Stand

(e) Discharge Stack-up Enclosure

- A DOE provided SNF canister,
- Allows the remote installation of the

MPC shield plug. Provides shielding of
the SNF in the MPC. Provides a
penetration for the SNF to be passed
through,

- It is positioned atop the Shield Plug
Installation Adapter and provides the
mating and supporting surface for the
Transfer Container. Provides a shielded
penetration which provides passage for
the SNF to be lowered from the Transfer
Container into the MPC. It rotates to
allow access to all SNF locations in the
MPC basket. It houses alignment pins
which align the Transfer Container on
the Discharge Stack-up,

- It supports the weight of the Transfer
Container, Shield Plug Installation
Adapter, and Rotating Locator Plate on
an adjustable leveling work platform.
This ensures that the weight of the Dry
Spent Nuclear Fuel Transfer equipment is
not applied to the MPC Transportation
Cask or Transfer Cask. The adjustable
leveling work platform can be raised and
lowered to allow the MPC to be located
in the proper location and removed after
loading. The Loading Stand also provides
a base for the Discharge Stack-up
Enclosure,

- Provides a contained work area for the
transfer of the SNF from the Transfer
Container to the MPC.

4. DRY SPENT NUCLEAR FUEL TRANSFER OPERATIONS

Prior to the commencement of SNF transfer operations, the appropriate
equipment will be assembled in the wet cask loading area of the site's SNF storage
pool and an appropriate dry cask loading area. The Loading Stand will be
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assembled and lowered into the site's SNF storage pool. The Discharge Stack-up
will be assembled in the designated dry cask loading area.

To commence SNF transfer operations, the SNF will be transferred from
locations in the fuel storage racks to positions in the SNF basket of the Loading
Stand. This transfer is accomplished by the use of the storage pool's fuel handling
crane. Up to four PWR or BWR fuel assemblies may be transferred into the SNF
basket for each transfer cycle.

The appropriate access hatches or doors to the storage pool building would
be opened and the Transfer Container brought into the storage pool area. The
Transfer Container is landed on the Loading Stand while being properly located by
the alignment pins in the Loading Stand Adapter Plate. The movement of the
Transfer Container is accomplished by the use of the on-site crane.

Once the Transfer Container is seated on the Loading Stand, power and the
remote Control Panel are connected to the Transfer Container and the electronic
equipment is allowed to warm-up, while the rigging is removed. The remote Control
Panel is located in a low radiation area away from the transfer container to
minimize radiation exposure. Then, the Shielded Gate is opened, via the remote
Control Panel, providing an opening for the Grapple assembly and the Guide Sleeve
to pass through. Prior to lowering the Grapple assembly and Guide Sleeve, the
Loading Stand Elevator is activated and the SNF Basket with the SNF to be
transferred is raised to a height which ensures that the top of the SNF Basket is
above the surface of the storage pool water and within the Transition Shield.

With the SNF Basket in the up position, the Transfer Container Grapple
assembly and Guide Sleeve are lowered, via the remote Control Panel, to rest atop
the SNF Basket and SNF. The Grapples are actuated remotely and latched to the
SNF. Latching is confirmed by a series of electric sensors and the measurement of
the proper weight as displayed on the remote Control Panel. The Grapple is
designed to prevent the latching mechanism from releasing while the Grapple is
holding the weight of the SNF. This ensures that inadvertent operation of the
release button on the remote Control Panel, while raising or lowering the SNF, does
not cause the Grapple to release. Once latched, the Grapple assembly, Guide
Sleeve, and all the SNF are raised into the Transfer Container. The Guide Sleeve,
which travels with the Grapple assembly, ensures that the SNF remains in a
subcritical arrangement. In addition, the Guide Sleeve is designed to protect the
integrity of the SNF and minimize any possible interference by immediately guiding
the SNF as it is removed from the SNF basket.

Once the Grapple assembly, Guide Sleeve, and SNF are completely raised
into the Transfer Container, the Grapple assembly with the SNF attached is
automatically secured in the Transfer Container. The Loading Stand Elevator is
activated to lower the SNF Basket. The Transfer Container Shielded Gate is
activated, via the remote Control Panel, to close and seal the bottom of the
Transfer Container. Then, the power and remote Control Panel are disconnected
from the Transfer Container and the rigging is attached to the Transfer Container.
Once the SNF Basket is in its lower position, the Transfer Container is lifted off of
the Loading Stand and moved to the MPC loading area by the on-site crane.

The Transfer Container is brought through an access opening in the
Discharge Stand Enclosure and landed on the Rotating Locator Plate, while being
positioned by its alignment pins. Then, the rigging is removed and the remote
Control Panel and power are connected to the Transfer Container. Once the access
opening in the Discharge Stand Enclosure is sealed and the electrical equipment is
warmed-up, the MPC shield plug is retracted by the Shield Plug Installation
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Adapter. The MPC shield plug rests on a translating base within the Shield Plug
Installation Adapter. The translating base is remotely activated to position the
shield plug over the top of the MPC, or as during MPC loading operations, off to
the side of the MPC top and within the Shield Plug Installation Adapter.

Once the MPC shield plug is retracted within the Shield Plug Installation
Adapter, the Shielded Gate is activated to open the bottom of the Transfer
Container. With the MPC shield plug retracted and the Transfer Container Shielded
Gate opened, there is an unobstructed passage for the SNF to be transferred from
the Transfer Container to the MPC.

Using the remote Control Panel, the Transfer Container Integral Hoist is
activated to lower the SNF. The Grapple assembly, Guide Sleeve, and SNF are
lowered as an assembly from the Transfer Container. Once the Guide Sleeve comes
to rest atop the fuel basket in the MPC, the Grapple assembly and SNF continue
to lower through the Guide Sleeve until the SNF is seated in the MPC. Seating of
the SNF is verified by the loss of weight of the SNF and the correct SNF position
as indicated by the readout on the Transfer Container remote Control Panel. The
Grapple assembly is remotely unlatched from the SNF via the remote Control Panel.
Once unlatching is confirmed, the Grapple assembly and Guide Sleeve are raised
into the Transfer Container by activating the Integral Hoist via the Transfer
Container remote Control Panel. The Grapple assembly and Guide Sleeve are raised
to the top of the Transfer Container and automatically secured in position.

After the Grapple assembly and Guide Sleeve are raised, the Shield Plug
Installation Adapter is activated to transfer the MPC shield plug to a position over
the MPC top opening. Next, the Shielded Gate is activated to close and seal the
bottom of the Transfer Container. Then, the rigging is attached to the Transfer
Container and the Transfer Container remote Control Panel and power are
disconnected from the Transfer Container. Once rigged, the empty Transfer
Container is removed from the Discharge Stack-up and transferred to the Loading
Stand for reloading. This process is repeated until the MPC is completely loaded
with SNF.

Once the MPC is completely loaded, the MPC shield plug is lowered into
position in the MPC using remote handling tools. The Rotating Locator Plate is then
removed to allow the installation of the MPC lower lid. The Shield Plug Installation
Adapter is then removed to allow the MPC lower lid to be welded in place. Once
the lower lid is welded in place, the adjustable leveling work platform of the
Discharge Stand is raised to allow removal of the MPC. The MPC with the MPC
Transfer Cask or MPC Transportation Cask as an overpack is then removed from
the Discharge Stand.

To load SNF into another MPC, a new MPC in a Transfer Cask or
Transportation Cask is staged in the Discharge Stand and the loading process is
repeated. Once the desired amount of MPCs are loaded, the Loading Stand in the
SNF storage pool is removed and decontaminated. Then, the Discharge Stand and
Loading Stand are disassembled for transportation off-site. Additionally, the
Transfer Container internals, Rotating Locator Plate, and Shield Plug Installation
Adapter are decontaminated and packaged for transport. At the completion of Dry
Spent Nuclear Fuel Transfer operations the site is returned to its original condition.

5. DRY SPENT NUCLEAR FUEL TRANSFER ADVANTAGES

The use of remote technologies for SNF handling has many benefits over the
current technology. Furthermore, the Dry Spent Nuclear Fuel Transfer System
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provides a means for the 19 sites unable to accommodate the MFCs to take
advantage of the DOE's MPC system. The advantages of the Dry Spent Nuclear
Fuel Transfer System are:

(a) The cumulative dose incurred by loading MFCs with the Dry Spent Nuclear
Fuel Transfer System is minimal. The following design attributes contribute
to the low man-rem values:
(1) Remote operation of the Transfer Container via the remote Control

Panel allows the operating personnel to remain in a low radiation area,
(2) The Transfer Container is shielded to maintain the on contact dose to

below 20//Sv/h,
(3) The remote operation of the Transfer Container requires only one

operator,
(4) The process time required to perform the SNF transfer operations

using the Dry Spent Nuclear Fuel Transfer System to load an MPC
with 21 PWR fuel assemblies is less than 35 hours,

(5) Only the Loading Stand is placed in the SNF storage pool and it does
not need to be removed and decontaminated until all the desired
MPCs are loaded.

(b) This dry fuel transfer design is universal.
(1) By adding additional container body sections and using longer Guide

Sleeves, the same Transfer Container can be utilized to transfer longer
SNF,

(2) By changing the Guide Sleeve and Loading Stand SNF Basket, the
Transfer Container can handle different size SNF and encased bowed
and damaged SNF.

(c) The use and life cycle costs of the Dry Spent Nuclear Fuel Transfer System
are minimal due to the following design attributes:
(1) The Dry Spent Nuclear Fuel Transfer System is a portable system.

This allows the same system to be utilized at different sites
repeatedly,

(2) The Transfer Container weight has been maintained at a design
weight that is sufficiently low enough to allow use at every U.S. site,

(3) Due to the system's low weight and compactness, it can be utilized
at every U.S. site without any permanent and costly site
modifications.
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Abstract
A computer-automated fuel handling system has been engineered and assembled to

demonstrate mechanical separation of Fort Saint Vrain graphite fuel. Separation of the fuel is
performed by drilling into a fuel element at both ends to access the fuel channels and by applying
pressure to the fuel pins with a pneumatic ram, pushing them out of the fuel element. The
demonstration system comprises two principal components: fuel separation equipment and a
computerized central controller. The separation equipment is composed of several modules of
commercial equipment designed for remote operation, including a horizontal milling machine, a tool
wear monitoring system, a rotating table, a dust collection system, a pneumatic cylinder, and a
system to precisely position the pneumatic cylinder. The central control unit interfaces the control
of each module of the fuel disassembly system and manages a fuel identification database. This
paper describes the functions of the fuel separation system and central controller and presents
results of prototype testing of the system.

1. INTRODUCTION

The computer-automated fuel handling system is remotely operated, highly
automated, and adaptive to a variety of operations. A prototype of the system
demonstrated removal of surrogate irradiated fuel rods from the Fort Saint Vrain
graphite reactor. The Fort St. Vrain Reactor was developed as a research platform
for the development of a high-temperature gas-cooled reactor. The plant began
operation in 1979 and continued until 1989.

Three types of fuel elements were used in the reactor, all three of which
have a hexagonal cross section with an effective length of about 31.5 inches and
a width of about 14.0 inches across the flats. The elements were manufactured
from H-327 nuclear-grade graphite and fueled with 93% uranium 235 [1]. Fig. 1.
illustrates the first type of element, the standard fuel element. It has 108 coolant
holes drilled through the block from one end to the other. During reactor operation,
helium flowing through the holes removed heat from the fuel elements. The
standard fuel element also has 210 channels drilled from the top surface to within
approximately 0.5 in. of the bottom of the element for fuel. The highly enriched
uranium fuel was first conditioned into a carbon silicate particle, mixed with
graphite, and formed into short rods (pins) about 2 inches in length and slightly less
than 0.5 inch in diameter [2]. The fuel pins were stacked into the fuel channels and
a 0.25-inch graphite wafer was glued in the top of the fuel channel hole to seal the
channel [3].

The second type of element, the control rod element, is similar to the
standard fuel element except for three large holes drilled through the element. Two
4-inch holes are for insertion of control rods to moderate the nuclear reaction, and
one 3.75-inch hole is for reserve shut down operations. During an off-normal event,
borated balls are dumped into the reserve shut down hole. Fig. 2. illustrates a
control rod element.

The third type of element, called a bottom control rod element, is identical
to the control rod element except that the reserve shutdown hole does not pass
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through the entire element. This prevents borated balls from falling into the bottom
head of the reactor. At its end of life, a single element contains an average of less
than 1 kg of uranium. The fuel rods make up approximately 40% of the fuel
element volume [4]; therefore, if the highly radioactive fuel rods were removed
from the element, only they would need be stored as spent nuclear fuel. The
graphite carcass could be stored as low-level material, thus, resulting in a 60%
volume reduction of high-radiation level storage space. Given that, potentially,
2000 graphite fuel elements would be conditioned, and given that operation must
be remote because of the high radiation fields, it is very desirable to automate the
process of removing the fuel pins. The prototype equipment has been used to
separate surrogate fuel elements to test the mechanics of the system. Should the
program proceed, the system will be tested with a number of actual fuel elements.
Eventually, the system could be used to separate all 744 irradiated graphite fuel
elements currently in dry storage at the Idaho Chemical Processing Plant [5].

2. THE SEPARATION SEQUENCE

The mechanical separation sequence consists of five principal steps: (1)
weighing the fuel element, (2) identifying the element and sensing its position; (3)
exposing the fuel channel by drilling and collecting dust; (4) extracting the fuel pin;
and (5) collecting and weighing the fuel material.

2.1 Weighing the fuel element

At the outset of the process, the fuel element is placed on a scale, weighed,
and the weight recorded in a database. Verification that the fuel pin has been
removed is achieved by comparing the weight of the fuel element before and after
fuel extraction. The fuel element is next placed horizontally on a rotating table
where it is drilled and the pin is separated from the element. The process of
weighing the element is still under development and has not been demonstrated.

2.2 Identifying and sensing the element's position

Since each of the three different types of elements requires a specific drill
pattern to expose the fuel channels, it is necessary to identify the element type
before proceeding with drilling. The primary method of identification is visual. The
secondary method is to use a sensing probe to identify geometric features that
distinguish the element. This information is sent to the computerized controller,
which initiates and controls the proper drilling sequence.

During irradiation, the graphite elements tend to warp and become somewhat
deformed. The probe system adjusts the drilling to compensate for any deformation
of the element caused by irradiation or misalignment in the element holding fixture.

2.3 Exposing the fuel channel and collecting dust

Traditional drilling equipment can control drilling only by feed rate and
rotational speed. In this application, however, a typical tool wear monitoring
system is used to measure the axial force exerted on the cutter during the drilling
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operation, not to measure wear but to direct the drilling sequence1. Strain gauges,
mounted in the drilling head, monitor the axial drilling force. This force is fairly
constant as the graphite is drilled; however, as the drill breaks through into the fuel
channel the axial force of drilling is greatly reduced. The monitoring system detects
the force change and relays a signal to the central controller, which stops forward
motion of the cutter and issues instructions to continue the drilling sequence on the
next hole. The force detection system is vital to the performance of the fuel
disassembly equipment as it allows the milling machine to stop drilling at precisely
the instant at which the graphite sealing the fuel channel is removed, thus
preventing drilling into the fuel. All fuel channels are exposed on a single end of the
element, the element is then rotated 180 degrees, and the fuel hole exposure
method is repeated for the other end.

During graphite drilling, a very fine dust is produced that is ordinarily difficult
to cleanup and contain. A significant innovation implemented on the fuel
disassembly equipment is the dust evacuation system, which removes all dust
throughout the drilling process, collecting the debris in a bin for disposal. Fig. 3.
outlines the function of the dust evacuation system. A vacuum attached to the
hollow shank drill extricates all the graphite dust generated during drilling and
conveys it to a dust collection device. This process has direct commercial
application in machine and manufacturing companies where collection of such
byproduct can be difficult and messy. In this process, the necessity of collecting
all the dust is particularly important as the dust may contain some fuel residue and
would need to classified as high level nuclear material.

2.4 Fuel pin extraction

When drilling is complete, the block is rotated 90 degrees and the push out
mechanism is positioned over the exposed fuel channels. Air is supplied to a
pneumatic cylinder, and the fuel pins are pushed out of the fuel channels. The fuel

1 The tool wear monitoring system was obtained from Sandvik Coromant
Corporation, Bloomfield Hills, Michigan
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Fig. 5 Centralized computer controller



pins are collected in a catch bin and conveyed into the same collection receptacle
that received the graphite dust from the dust evacuation system.

2.5 Fuel material collection and end-of-cycle weight measurement

When all fuel channels have been cleared, the empty graphite carcass is
removed from the table, taken to a scale, and weighed. The weight is recorded in
the fuel element database, and the empty graphite element packaged and prepared
for storage in a low-level storage facility. The collection receptacle containing the
graphite dust and fuel pins is weighed, sealed, and sent to a storage facility for
Special Nuclear Material. This aspect of the system is not fully operational.

3. PROTOTYPE TESTING

Figs 4 and 5 show the prototype fuel disassembly equipment and the central
control system, respectively. Each module of the disassembly equipment is
controlled by the central control system, which interfaces, monitors, and controls
the functions of the milling machine, the tool monitoring system, the rotating table,
the push out mechanism, and the fuel and dust collection system. A video
monitoring system aids personnel operating the equipment. Prototype testing of the
fuel handling system has proven the equipment to be reliable in successfully
removing surrogate fuel from the graphite fuel elements. The graphite dust
evacuation system and drilling force monitoring system functioned well beyond
initial expectations.

During testing, it became obvious that the pneumatic ram is not adequate
for extracting the fuel pins. If a fuel pin became stuck in the fuel channel, pressure
built up in the cylinder, and when the pin was dislodged it shot as a projectile from
the fuel channel. A better method of extraction would be a mechanical drive such
as a rack and pinion device.

4. CONCLUDING REMARKS

The Computer Automated Fuel Handling System has been successfully
demonstrated on the mechanical separation of surrogate graphite fuel. The
Computer Automated Fuel Handling System will serve to reduce personnel
exposure during all stages of the separation cycle should this system be eventually
placed into a production environment. The demonstration has been a significant
step toward assuring complete automation so as to effectively minimize entry into
a hot cell environment for any reason other than what is absolutely necessary. The
functions of the centralized controller which have been demonstrated indicate that
further development is necessary in the dust collection system and fuel block
maneuverability. For the near future, additional work in areas related to the
centralized computer; including, tagging and logging of the collection receptacle,
weight measurements, element handling into and out of a hot cell environment, and
handling of the collection receptacle is planned. A demonstration using actual fuel
is not planned for the near future. The need for a full scale production facility has
not been identified at this time. These efforts have been performed for the purpose
of technology development and technology transfer.

72



REFERENCES

[1] FULLER, C.H. to Petrolic, A.A., Transmittal of Spent Fuel Shipping Data
(Letter 16805), Platteville, Colorado (February 11, 1991).

[2] U.S. DEPARTMENT OF ENERGY, OFFICE OF CIVILIAN RADIOACTIVE
WASTE MANAGEMENT, Washington, D.C. "Characteristics of Potential
Repository Wastes", DOE/RW-0184-R1 (Volume 4, Section 4C), (July,
1992).

[3] WADSWORTH, D.C., et al., "Conceptual Design Report for the Mechanical
Disassembly of Fort St. Vrain Fuel Elements", Westinghouse Idaho Nuclear
Company (WINCO Report 1170), Idaho Falls, Idaho (April, 1993).

[4] GAVALYA, R.A., "Conceptual Design Report for Handling Fort St. Vrain Fuel
Element Components", Westinghouse Idaho Nuclear Company (WINCO
Report 1178), Idaho Falls, Idaho (September, 1993).

[5] BERRY, S.M., "Fort St. Vrain Graphite Fuel Mechanical Separation Concept
Selection", Westinghouse Idaho Nuclear Company (WINCO Report 1159),
Idaho Falls, Idaho (September, 1993).

73



MODULAR VAULT DRY STORE FUEL HANDLING MACHINERY
TECHNOLOGY AND SAFETY CONSIDERATIONS

C.C. CARTER
CEC Alsthom Engineering Systems Ltd
Whetstone, Leicester,
United Kingdom

Abstract

The storage of irradiated nuclear fuel in dry store facilities is now a very well established
technical option within the nuclear fuel cycle. The Modular Vault Dry Store (MVDS) is a licensed
dry storage technology that has been applied internationally for the storage of a range of different
fuel types. A critical part of the fuel transfer operation from the reactor pool to the MVDS storage
position requires the use of a Fuel Handling Machine (FHM) at the MVDS facility. These machines
are designed to perform a number of specific operations and also to be able to withstand a variety
of fault or off-normal conditions. This paper briefly reviews the design and operation of the MVDS
technology, showing its relevance to the DOE spent nuclear fuel requirements. In particular the
paper considers the design, development and operation of the various types of Fuel Handling
Machines that have been produced for different fuel types. The Fuel Handling Machines designed
for the MVDS operations have evolved from the reactor refuelling machines that have been used
in the British gas-cooled reactor programmes. Because there is a wide range of spent fuel types,
each with their own special design and safety requirements for dry storage, there is a range of
designs and safety considerations for the Fuel Handling Machines needed to transfer that fuel into
(and ultimately out of) an MVDS.

1. DESIGN AND OPERATION OF THE MVDS

The Modular Vault Dry Store (MVDS) technology was developed directly
from the original Magnox fuel dry storage facilities at the Wylfa power station in
Wales (UK). The Wylfa dry stores were originally commissioned in 1969 and the
MVDS can, therefore, rightly claim to be the only dry storage technology that has
an operational and technological heritage of nearly a quarter of a century. The
MVDS technology has been further extensively developed over the last twenty
years so that it can be applied to the storage of a range of alternative fuel types.

The concrete vault type of dry store evolved in the United Kingdom because
the characteristics of this design were compatible with the needs of the UK gas
cooled reactor programme. Vault dry stores allow large numbers of fuel assemblies
to be stored at low temperatures, at a reasonable capital and operating cost and
with easy retrieval for eventual reprocessing or geologic disposal. The
characteristics of vault stores have been developed so as to make them suitable for
all types of reactor fuel and high level vitrified nuclear wastes. The MVDS design
is particularly relevant to the USDOE fuel storage needs with their very diverse
burn-up, enrichment, and decay heat characteristics.

The design and development of the Modular Vault Dry Store have been
carried out by GEC ALSTHOM Engineering Systems Ltd in the UK. The MVDS was
jointly developed for the USA market together with the US licensee Foster Wheeler
Energy Corporation of Perryville, NJ. The MVDS has had a USNRC Topical Report
approved status since 1988 and has been used for the storage of HTGR fuel at the
Fort St Vrain reactor site in Colorado since December 1991. The MVDS technology
is presently being applied to the storage of AGR fuel in the UK and to the storage
of WER fuel in Hungary.
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The MVDS facility may be located on the reactor site, or away from the
reactor site. The NRC recognised in their Topical Report licence approval that the
MVDS technology is a fully independent spent fuel storage facility that can be
utilized for stand-alone installations.

The MVDS as shown on Fig. 1. was designed and developed as a spent fuel
management system. There are two basic variations to the MVDS design and these
differ primarily in the fuel handling philosophy. Both systems are fully licensable
and adaptable for the storage of a wide range of fuel types and nuclear materials.

In one system the fuel is handled as a bare assembly within either the
transfer cask or Fuel Handling Machine through the fuel transfer route. These bare
fuel assemblies are subsequently placed into sealed storage tubes at the vault. In
the alternate system the fuel is placed into the transfer cask within sealed
containers at the reactor pool. The fuel assemblies remain inside the sealed
containers as they pass through the route in either the cask or Container Handling
Machine. The containers are placed into the vault to provide the storage location
for the fuel.

The MVDS storage facility, as shown on Fig. 1. consists of three main
systems:
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The Reception Bay, where spent fuel is received (and despatched at the end
of life),
The Storage Modules, where spent fuel is stored,
The Fuel Handling Machine, which raises and transfers irradiated fuel
assemblies, or containers, from the cask in the Reception Bay to the storage
position in the Storage Modules.

The loading of the fuel at the reactor pool before transfer to the MVDS,
either as separate assemblies in the cask, or as containerized assemblies in the

FIG.2 FUEL HANDLING MACHINE (FORT ST VRAIN)
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cask, follows the normal loading sequence. A particular advantage of the MVDS
system is that the existing pool operations do not have to be modified to allow the
MVDS system to be used.

Following the cross-site, or cross-country, transfer of the fuel to the MVDS,
the cask is placed in position in the Reception Bay. After venting the cask, the lid
bolts are released to allow the removal of the lid. The lid is removed remotely and
the cask is then moved to a position where it is seismically clamped to allow
access to the fuel assemblies (or containers) by the Fuel Handling Machine.

The Fuel Handling Machine is designed as a heavy shielded structure to allow
the safe transfer of the fuel assemblies or containers from the Reception Bay to the
storage location at the Vault. The Fuel Handling Machine design can be based on
either a bridge-mounted machine or a free-standing machine moved around by an
overhead travelling crane, as shown on Fig. 2. Machines of both types have been
used in the UK gas reactor programme for over 30 years; they are based on very
mature technology.
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A typical MVDS vault cross-section is illustrated in Fig. 3. The MVDS cooling
system is designed to give very low fuel storage temperatures. The fuel assemblies
are stored within the vault in either Fuel Storage Tubes (FST) or Fuel Storage
Containers (FSC). The difference between an FST and an FSC is that the FST has
a shielded closure plug that is sealed by elastomeric seals that can be removed by
the Fuel Handling Machine, while the FSC has a bolted closure lid that is sealed by
metallic seals. The two variants are shown on Fig. 4. The FST/FSC can hold either
a single fuel assembly or multiple assemblies. Burn-up credit is not necessary to
ensure criticality control in the MVDS design for all fuel types.

The primary containment for the stored fuel is the fuel cladding, with the
FST/FSC providing the secondary containment boundary. The fuel assemblies are
stored in an inert environment within the FST/FSC and the fuel will not degrade at
the storage temperatures achieved by the MVDS cooling system. The ability to
monitor the FST/FSC containment boundary, and/or the FST/FSC internal
environment, is a fundamental aspect of fuel storage management. Only by
monitoring the FST/FSC containment boundary is it possible to guarantee to the
required safety assurance levels that an oxidising atmosphere cannot come into
contact with the stored fuel during the life of the store.

The FST/FSC are located in the vault by the Charge Face Structure at their
upper end, and in a Support Stool at their lower end. The Charge Face Structure
provides the shielding from the fuel to allow access over the tube top. It is the
design of the Charge Face Structure that permits the monitoring and inspection of
the fuel during the store operations. The Charge Face Structure tube pitch matrix
has to be adapted to suit the size of tube as dictated by the type of fuel being
stored.
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The Charge Face Structure is covered by a layer of Steel Slabs that are
designed for two specific purposes, as well as providing a flat working surface for
the store operators. The first design function for the slabs is to provide a missile
protection barrier to the top of the FST/FSC and the second function is to provide
additional shielding in the Charge Hall from the vault contents.

The MVDS system is unique in having the facility to visually monitor the
condition of individual fuel assemblies at any time during storage. This is readily
achieved by raising the fuel assemblies into the Fuel Handling Machine and using
a TV system for exterior examinations. The ability to monitor the fuel condition is
an integral part of the fuel management function. Not only can the visual condition
of the fuel be checked, but also the containment boundary and storage
environment are monitored throughout the life of the store. Each fuel storage tube
is permanently connected to the inert cover gas supply system, as shown in Fig.
5. The system enables leakage to be detected from the fuel containment boundary
by monitoring gas movement (flow) or system pressure. In addition, by sampling
of individual FST's, evidence of fuel degradation (such as may be witnessed by
fission product gases within the cover gas) can also be detected.

At the end of the storage life when the MVDS has to be defuelled, the
operations are the reverse of the loading process. Because the future requirements
for road and rail transport cannot be accurately predicted today, it cannot be
guaranteed that the same transfer cask used for loading the MVDS will be suitable
for the unloading operations. The flexibility of the MVDS Cask Reception Bay
enables it to accept a wide range of cask options and in the event that another
type of cask has to be handled, then a design modification to the Reception Bay
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would be relatively simple. Fuel is discharged off-site directly from the MVDS; there
is no requirement for the reactor pool to be available for this operation.

FIG.6 WYLFA DRY STORE FHM

2. DESIGN AND DEVELOPMENT OF THE FUEL HANDLING MACHINES

In the MVDS the Fuel Handling Machine is designed to carry out a number
of relatively simple tasks:

a) At the start of the fuel storage period, the Fuel Handling Machine has to pick
up the irradiated fuel assembly (IFA) from out of the Transfer Cask at the
Transfer Cask Reception Bay and transfer it to its storage position in the
Vault Module,

b) The Fuel Handling Machine has to provide the required shielding,
containment and cooling features needed to ensure the safe transfer of the
IFA,

c) At the end of the fuel storage period, the Fuel Handling Machine has to pick
up the IFA from its storage position in the Vault Module and transfer it into
the off-site Transport Cask at the Transfer Cask Reception Bay.

The Fuel Handling Machine must ensure the safe transfer of the IFA from the
cask to its storage position and vice versa. The ability to transfer the IFA at the
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start, end and even during the storage regime is a prime requirement of a fuel
management system. The MVDS is not designed to be a "store and forget" system
but recognises the need to be able to recover the fuel at the end of its storage life
and also to be able to carry out routine recovery and inspection of the fuel during
its storage life. It is only in this way that confidence is generated that fuel in long
term storage (50 - 100 years) is being maintained in a safe and non deteriorating
manner.

The Fuel Handling Machine may also have to recover fuel during off-normal
events such as a leaking container. Although there is a large amount of data
available on the performance of conventional metallic and oxide fuel types in dry
store, there are fuel variants within the DOE inventory that will benefit from the
ability to be able to carry out routine inspection of their condition if they were to
be put into dry store. The MVDS system is readily adaptable to provide this routine
inspection capability, unlike the sealed cask designs that require a major operation
to access the internals.

The Fuel Handling Machines used in the MVDS have been developed from
the refuelling machines that have been used in the British gas-cooled reactor
program. The British gas-cooled reactors are routinely refuelled on load (ie while the
reactor is pressurised and operating at full power) and therefore the designs of the
refuelling machines have had to take account of very arduous safety requirements.
For the dry store Fuel Handling Machines the design requirements are far simpler,
as there are no high pressures, high temperatures or gas flows to contend with.
The design duty for shielding, containment and cooling is, however, still a
fundamental requirement that has to be implemented in a safe and cost-effective
manner.

The main features that have to be considered in the design and application
of a Fuel Handling Machine are tabulated and compared in Table I. The examples
are based on the Fuel Handling Machines for the following MVDS facilities:

• Wylfa Cells 4 and 5 - refer to Fig. 6.
• Fort St Vrain MVDS -- refer to Fig. 2.
• Torness (Scottish Nuclear) MVDS -- refer to Fig. 7.
• Paks MVDS -- refer to Fig. 8.

The table of comparisons shows how the differing types of fuel have each
led to differing types of Fuel Handling Machines being developed to ensure their
safe handling. Furthermore, the Fuel Handling Machines for the Torness and Paks
facilities provide an additional fuel inspection capability. For these two stores, the
operators have specified that the Fuel Handling Machine must be able to carry out
visual inspection of the fuel. This is achieved by the use of CCTV cameras mounted
within the body of the Fuel Handling Machine.

All the Fuel Handling Machines are designed to allow them to continue
operation through a number of off normal events and also to facilitate the recovery.
The most common fault event is the loss of electrical supplies. In this event there
will be no safety related equipment on the Fuel Handling Machine that will fail to
perform. For the event where the mechanical drives of the machine fail, then
manual hand wind facilities are provided to allow the Fuel Handling Machines to be
moved to a condition or position where the situation can be remedied.

The most onerous off-normal event that the Fuel Handling Machines are
designed to resist is the seismic event. The case that is considered for the Fuel
Handling Machine design basis is the situation where the IFA is being transferred
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TABLE I.
COMPARISON OF FUEL HANDLING MACHINE DESIGN AND OPERATIONAL PARAMETERS

Wyffa Cells 4 and 5 Fort St Vraln MVD& Temess Pafee WIVDS
Fuel type handled: Magnox HTGR AGR Stage 2 VVER-440

Design codes used: British Standards ANSI/ASME, NOG-1 BS2573 ANSI/ASME, NOG-1

Manufacturing codes
used:

British Standards ASME/NOG BS5882, BS5750,
IS09001

ANSI/ASME

Method used to move
the FHM:

Electric hydraulic
motors

Overhead crane, pick
and place

Electric motor-driven
gantry crane

Electric motor-driven
gantry crane

Weight of the FHM: 73 tonnes 40 tonnes 375 tonnes 220 tonnes

Gamma Shielding
material:

Cast Iron Lead rings Steel Cast Steel

Accuracy of
positioning over the
Vault Module:

± 2.5 mm Self-aligning on
dowels in the Charge
Face Structure

± 5 mm ± 5 mm

Navigation system: Manual alignment
with aid of CCTV

Manual alignment
using overhead crane
& charge face dowels

Encoders plus final
alignment with CCTV.

Encoders plus final
alignment with CCTV.
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from the Fuel Handling Machine into the vault and a seismic event occurs during
this transfer operation. The Fuel Handling Machine is designed such that even if the
IFA (either as bare fuel or in a Container) is part way into the vault when the
seismic event occurs, then there will be sufficient rigidity between the Fuel
Handling Machine and the vault to prevent the IFA being trapped and causing
damage to the fuel. With the heavy shielding associated with the Fuel Handling
Machine, this requires significant design analysis and structural design to ensure
that the condition is achieved.

3. CONCLUSION

The MVDS Fuel Handling Machine has evolved from reactor refuelling
machines that were designed for far more arduous duties. The Fuel Handling
Machine design has therefore taken advantage of the inherent safety and
operational margins in its predecessors to provide a high degree of design flexibility
and reliability that is used to ensure the safe transfer of the many varying type of
fuel materials being placed into dry store.

In the DOE fuel inventory there are fuels with high burn-up, high enrichment,
high decay heat and other radiological properties that are very different to
commercial LWR fuel. These differing radiological properties need to be considered
in the dry store Fuel Handling Machine design. The MVDS Fuel Handling Machine
design considers these aspects of the storage operation to ensure that even under
fault conditions the fuel is not subject to over-temperature faults, criticality faults,
radiation shielding faults or mechanical damage. The MVDS Fuel Handling Machine
is designed to give efficient transfer rates for moving the fuel to its storage
locations, and throughout the life of the fuel in store to provide a means of
inspection and recovery as and when needed.
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IRAQ SPENT FUEL REMOVAL PROGRAM

Ü.M. VIEBROCK
NAC International,
Norcross, Georgia,
USA

Abstract

The paper describes the preparation and operations associated with the removal of the 208
spent fuel assemblies from Iraq, with emphasis on the technical challenges that were overcome during
this removal process.

1. INTRODUCTION

As a result of the Persian Gulf War, The United Nations Security Council
decided, in paragraph 12 of resolution 687 of April 12, 1991, that Iraq, inter alia,
must "place all its nuclear-weapons-usable materials under exclusive control, for
custody and removal, of the International Atomic Energy Agency (IAEA) with the
assistance of the United Nations Special Commission." Pursuant to this resolution,
the IAEA on November 12, 1992, solicited proposals from various governments
for the removal, transportation, and disposal of the irradiated research reactor fuel
assemblies located in Iraq. On June 21, 1993, the Committee of International
Relations on behalf of the Ministry of the Russian Federation for Atomic Energy
(CIR Minatom) entered into a contract with the IAEA for the removal,
transportation, and reprocessing of the irradiated fuel assemblies and permanent
storage of the waste generated from processing the irradiated research reactor fuel
assemblies. This contract named Nuclear Assurance Corporation (NAC) as CIR
Minatom's principal subcontractor to provide the transportation casks and perform
the fuel preparation and transportation activities in Iraq.

The irradiated fuel (spent fuel) to be removed from Iraq was stored in two
different locations near Baghdad. The first site, IRT-5000 Reactor Facility, is
located in the Tuwaitha Nuclear Research Centre. The second site, Location B at
Garf al Naddaf, is located in a farming area about five kilometers north of the
Tuwaitha Nuclear Research Centre. Under this contract, 208 spent fuel assemblies
stored at these two facilities were removed.

The removal operation of these spent fuel assemblies was performed in two
separate campaigns: October 5, 1993 through December 4, 1993 and January 6,
1994 through February 12, 1994. Each culminated with the air shipment of four
loaded spent fuel casks from Iraq's Habbayinah airport to Russia.

2. SITE DESCRIPTION

2.1. The IRT-5000 Reactor Facility

This water-cooled, pool-type research reactor started operation in 1967.
Originally, the reactor power was rated at 2 megawatts-thermal (MWth) and then
was increased to 5 MWth in 1978. The reactor and other support facilities were
destroyed during the first days of the Persian Gulf War in 1991. Seventy-six (76)
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IRT-2M spent fuel assemblies located in the damaged 1RT-5000 reactor facility
were stored in two locations: the reactor pool and the spent fuel pond. Even
though the IRT-5000 reactor facility and all of its support systems were destroyed
during the bombings, very little damage occurred to the structure of the two
storage facilities and to the fuel contained in these facilities. Prior to the fuel
removal, the surrounding large pieces of concrete and structural debris had been
removed, allowing good access to this area. However, a significant amount of
debris remained in both of the pools and in a significant number of the fuel
assemblies stored in these pools. Based on initial visual examination and water
samples taken from the two pools, the fuel in these locations at the IRT-5000
reactor facility appeared to be intact. Since the water purification system for both
pools was destroyed over two years earlier, water samples were taken to
determine the gross status of the fuel in each pool. The Cs-137 activity of each
pool was low and did not increase over the period of time of the removal. This
was a good indication that the fuel integrity was maintained through the
destruction of the IRT-5000 reactor facility.

The fuel assemblies in the reactor pool were located in the reactor core and
five interim storage baskets. Prior to the removal operations, all of the fuel was
accessible and had been handled by the Iraqis. Due to the poor visibility in the
reactor pool, it was difficult to quantify the amount of debris in the individual fuel
assemblies.

The fuel assemblies in the spent fuel pond were located in a storage rack
that was partially covered with debris. A certain amount of debris was on top of
the fuel assemblies and on the rack. A few of the fuel assemblies were lifted after
the reactor was destroyed and were unable to be placed back in their specific
locations due to the amount of debris that fell into these rack locations. All of the
fuel assemblies were accessible, but it was unclear if these fuel assemblies could
be handled with the existing grapples.

To gain accessibility to the reactor pool and spent fuel pond, a ten-meter
pathway had been cleared through the destroyed building directly east of the
reactor. This pathway allowed direct access to the reactor pool and spent fuel
pond using a mobile crane. Due to the boom length requirements to access these
areas, an 80-ton mobile crane was required to handle the loads associated with
the spent fuel removal operations.

2.2. Location B

During the first days of the war, the Tammuz Reactor Facility was totally
destroyed, including the reactor and storage ponds. Since the Iraqis were
concerned about exposed spent fuel, a farm site in the Garf al Naddaf district
located about 5 kilometers north of the AI-Tuwaitha site (named as "Location B"
by the IAEA) was chosen to store the spent fuel from the Tammuz Facility. This
facility was built rather quickly to store the IRT-5000 and Tammuz-2 irradiated fuel
that was at the Tammuz Reactor Facility. During the war, the irradiated fuel stored
at the Tammuz Reactor Facility and located in the reactor was lifted unshielded
from the facility, placed in a water-filled concrete tank and slowly transported to
Location B. The storage baskets containing the fuel were remotely removed
unshielded and transferred to another water-filled concrete tank located
underground. One hundred and thirty-two (132) spent fuel assemblies and seven



Beryllium reflector blocks were transferred in this manner, and were located in 16
underground concrete tanks.

Due to brackish water in-leakage from the water table, it was mutually
decided by the IAEA and the Iraqis to move the concrete storage tanks above
ground in early 1992 and add dirt around the tanks for additional shielding. During
this operation, the number of concrete tanks used to store the fuel and the
Beryllium reflector block was reduced to 15.

The facility was rather primitive with no support facilities such as water and
electricity. There were no roads within the facility, however; the roads to the
facility were adequate and had been used to haul heavy equipment. The soil at the
facility was soft clay and would not support heavy equipment for a long period of
time, especially in heavy rains. No decontamination or waste collection facilities
were available.

There were seven different fuel assembly types in this location; two types
of IRT-2M fuel assemblies, three types of EK fuel assemblies, and two types of
Tammuz fuel assemblies. Up to six fuel assemblies were stored in a French-made
rectangular aluminum rack which had been placed in a galvanized, carbon basket.
Up to two of the baskets were in each of the 15 concrete tanks that contained
fuel. Before the fuel removal program, the concrete storage tanks were covered
by a reinforced concrete plate with a hole in the center of the plate. This concrete
plate rested on four I-beams. The hole was then covered with metal plate with four
holes and a second smaller concrete plate to allow refilling of the water in the tank
without removal of the main concrete shielding plate. Natural ventilation was
maintained through holes in the concrete structure and through holes in the
metallic plate above the concrete top and the space between top and cover.

The general radiation levels around the concrete storage tanks were low
(about 1 to 3 mR/hr). However, the radiation level above the tanks (2 to
1,000 mR/hr) was higher and dependent on the water level above the fuel in the
individual tank. Once the inside of the tanks was exposed by removal of the first
small concrete plate, the radiation levels significantly increased (1 to greater than
100 R/hr). The design of the basket and tank did not allow for greater than 30 cm
of water above the top of the fuel, which was the cause of the high radiation
fields. Even with the baskets and tank filled with water, the radiation levels were
only reduced by 25 to 50 percent.

3. PREPARATION ACTIVITIES

In order to become familiar with the sites and working conditions at the two
locations in Iraq, representatives from CIR Minatom and NAC participated as
members of various IAEA inspection teams from November 1992 through April
1993. This allowed both CIR Minatom and NAC to obtain the necessary
information and understanding to not only contract for the fuel removal, but to
determine the necessary equipment and manpower support that would be required
in Iraq to remove this spent fuel. Since this spent fuel removal operation was to
be a cooperative effort by the Iraqi Government, the IAEA and the IAEA
contractor, an agreement was made between all parties before the work was
started. The actual preparation activities were divided into four areas:
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obtaining the necessary spent fuel shipping cask licensing documents to
allow the spent fuel to shipped by air from Iraq to Russia and transported
within the two countries;
obtaining the specialized fuel-handling and cask-loading tools required in
Iraq;
preparing both sites to allow for the cleaning and removal of the spent fuel
from each site;
obtaining the necessary manpower and support equipment needed at each
site.

CIR Minatom was responsible for the first two preparation activities and the
Iraqis were responsible for the second two activities. These activities were
accomplished during the first three months of the program.

3.1. NAC-LWT Cask Licensing Preparation

The NAC-LWT spent fuel shipping cask was certified by the United States
Nuclear Regulatory Commission (USNRC) (Certificate of Compliance Number
USA/9225/B(U)F, Rev. 5) to permit shipment of PWR and BWR spent fuel
assemblies, and had competent authority certification for international shipments
from the United States Department of Transportation, the designated IAEA
Competent Authority for the U.S. The NAC-LWT cask has been designed to satisfy
the requirements the IAEA Safety Series No. 6, International Regulations for the
Transport of Radioactive Material (1985 Edition, as amended 1990), but was
certified under the 1973 IAEA requirements since the USNRC had not yet adopted
the 1985 IAEA requirements. At NAC's request, the USNRC conducted a review
and concluded that the NAC-LWT cask satisfied the current IAEA requirements.

Since the spent fuel was to be shipped from Iraq to Russia, it was necessary
to obtain certification from the Russian regulatory authorities to utilize the NAC-
LWT cask for these shipments. The existing Safety Analysis Report (SAR) used for
the USNRC certification and a license amendment addressing the Iraqi fuel under
1985 IAEA requirements was submitted to the Russian regulatory authorities for
their review and certification of the NAC-LWT cask. The license amendment to the
Russian regulatory authorities documented the subcriticality of the NAC-LWT cask
when the Iraqi fuel is transported in the specifically designed transport baskets.
The license amendment also showed that the dose rates resulting from shipping
of the Iraqi fuel assemblies did not exceed the current IAEA requirements. It also
documented that the NAC-LWT cask, with the Iraqi fuel in its specially designed
baskets, satisfies all of the structural requirements imposed by the IAEA
regulations and by the Russian authorities for temperatures as low as -50°C.

The Russian regulatory authorities reviewed the safety analyses
documentation, and concluded that the cask design satisfied the current IAEA
requirements, and authorized the use of the NAC-LWT cask for the transport of
Iraqi fuel from Iraq to Russia under Russian Certificate RU/062/B(U)F-85.

3.2. Specialized Handling Equipment Preparation

Equipment was designed and procured to handle and transfer the fuel from
the existing storage facilities into the NAC-LWT spent fuel casks. This equipment
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included the necessary grapples to pick up the seven different types of fuel
assemblies, a transfer cask to handle the individual fuel assemblies, and an
interface adapter between the transfer cask and the NAC-LWT spent fuel shipping
cask to allow the individual fuel assemblies to be transferred into the NAC-LWT
spent fuel shipping casks. Since there were seven different fuel types at these
facilities, five grapples were developed to handle the fuel: a universal grapple to
pick up any fuel assembly containing debris, and individual grapples for the four
different fuel types used during the transfer of the fuel assemblies.

A transfer cask was fabricated to move the fuel from one location to
another location. The transfer cask was large enough to handle any of the
individual fuel assemblies. It was fitted with a bottom ball valve to ensure fuel
assembly containment during the on-site transfer operations. A cask interface
adapter was designed and fabricated to permit the transfer of the individual fuel
assemblies in a dry environment from the transfer cask into the NAC-LWT spent
fuel shipping cask. This interface adapter was designed to provide adequate
shielding during this operation and after the transfer cask was removed from the
NAC-LWT shipping cask. The interface adapter also provided storage of the cask
lid during these loading operations.

Since the spent fuel contained a significant amount of debris, equipment
was designed and procured to remove this debris before the fuel was loaded into
the NAC-LWT spent fuel shipping cask. The equipment included remote handling
tools to manually remove the larger pieces of debris from the top of the fuel
assemblies. To remove the finer pieces of debris and the silt inside the fuel
assembly, a cleaning station was designed and procured. This cleaning station
used high pressure water flow from the bottom of the fuel assembly to remove the
debris and silt from the top of the assembly. To maximize the effectiveness of this
operation, the fuel assembly was first rotated 180 degrees. Also, due to the
amount of debris in the fuel assembly, the water used for the cleaning operation
was contained in a closed system to minimize water turbulence in the cleaning
tank.

To verify the debris had been removed from the fuel assembly, an
underwater television camera system was procured, along with sufficient
underwater lights for all pool areas. The television system was also used to
determine the integrity of the individual fuel assemblies prior to shipment.

Based on the initial water chemistry results, it was anticipated that very few
of the fuel assemblies were failed. However, in case failures would be identified
during the removal process, failed fuel canisters were provided. The failed fuel
canisters were compatible with Russian standards, with the handling equipment
at the Russian facility, and with the NAC-LWT cask baskets.

Two types of NAC-LWT spent fuel cask baskets were designed and
fabricated for this program. Due to the height restrictions at the destinated facility,
each NAC-LWT spent fuel shipping cask had to hold two baskets rather than one
full length basket. The seven-element basket held up to 14 IRT or EK type fuel
assemblies (two layers of seven fuel assemblies). The six-element basket was
designed to carry the larger Tammuz fuel types and held up to 12 fuel assemblies
(two layers of six fuel assemblies). The six-element basket was also designed to
carry up to two canistered IRT or EK type failed fuel assemblies. Twelve 7-
element, and four 6-element baskets were required to handle all of the 208
irradiated fuel assemblies at the two locations.
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3.3. Location B Preparation Activities

Prior to the arrival of the NAC-supplied equipment to Location B, two
concrete pads with level seating surfaces were prepared. The first reinforced
concrete pad was capable of supporting the NAC-LWT cask, the interface adapter
and the transfer cask (a total weight of about 50 metric tons). This structure was
used for loading the spent fuel from Location B into the NAC-LWT cask. The
second reinforced concrete pad, also capable of supporting the weight of a loaded
NAC-LWT cask, was used for cask decontamination and preparation of the cask
for shipment.

A steel-lined reinforced concrete tank was prepared at Location B for the
cleaning of the fuel. This tank was designed to provide enough space so the
individual spent fuel assemblies could be cleaned and stored on a temporary basis
under water. The inside dimensions of the tank were about 2.0 meters by 2.5
meters by 4 meters deep.

The radiation levels on the top of the individual concrete tanks containing
the spent fuel assemblies were too high for normal operations, and the transfer
cask could not go into the individual concrete storage baskets. Therefore, a series
of concrete shield rings and lids was prepared to provide the necessary shielding
needed for safe operation and to allow direct access of the spent fuel for the
transfer cask.

After the concrete structures were prepared, the remainder of the area was
graded to allow direct access to all areas in Location B. Since there were 1 5
concrete storage tanks that contained fuel in Location B, up to four mobile cranes
were needed to move the spent fuel from the individual tanks to the cleaning
station. Also, necessary support services such as electricity, water, office space
and facilities were installed at the Location B site.

3.4. IRT-5000 Reactor Facility Preparation Activities

The preparation activities need at this facility were similar to those activities
preformed at Location B. Two reinforced level concrete pads were prepared that
could handle the weight associated with the loading activities for the NAC-LWT
casks. Also, a steel lined concrete tank was prepared for the cleaning and storage
of the individual spent fuel assemblies.

The previously cleared pathway near the reactor had to be modified to allow
for the extra weight associated with an 80-ton mobile crane. Also, the road
between the reactor and the cleaning station was paved to minimize any problems
during the rainy season.

4. EQUIPMENT ARRIVAL AND SETUP IN IRAQ

During the preparation phase of the program, various trips were made to
Iraq to insure that the site preparation activities were on-schedule and ensure
interface compatibility of the equipment with that being procured by NAC. Since
the NAC supplied equipment had to be air-shipped into Iraq, the necessary permits
for overflight clearances and necessary permission to transport the supplied
equipment to Iraq and return of the empty aircraft to Russia were obtained.
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On October 5, 1993, the loaded Antonov-124 aircraft arrived at the
Habbaniyah airfield. The four NAC-LWT casks were unloaded from the Antonov
124 using four Iraqi-supplied tractors capable of interfacing directly with the NAC
supplied trailers. The other equipment was unloaded from the aircraft onto Iraqi-
supplied flat bed trailer/tractor combinations. The actual unloading operations was
done jointly by Iraqi personnel and CIR Minatom personnel under the supervision
of NAC. After the equipment was unloaded from the aircraft, the aircraft was
refueled and allowed to depart from the Habbaniyah airfield. The NAC-supplied
equipment including the casks was delivered to Location B the same day.

During the next three weeks, the equipment was installed in Location B and
the operation of the equipment checked out before any spent fuel was handled.
On October 26, 1993, the first spent fuel assembly was transferred from a
concrete storage tank to the cleaning station. A number of minor problems were
identified during this check out period and were corrected with the Iraqi
assistance.

5. FUEL HANDLING AND LOADING OPERATIONS

With the exception of some minor differences, the fuel handling and cask
loading operations were the same at both locations. The typical operations
sequence included the following steps:

Prior to removal of the individual fuel assemblies from their tanks at Location
B or pools at the IRT Reactor Facility, the large pieces of rubble from each fuel
assembly were first removed using remote hand tools to allow the fuel assembly
to be grappled and secured.

The fuel assembly was then transferred to the cleaning station. At Location
B, the fuel assembly was first lifted from its storage basket location in one of the
concrete tanks through the hole in the concrete top of the tank, through the
concrete shield plug and into the transfer cask using the grapple tool attached to
a cable. At IRT-5000, the fuel assembly was lifted from its storage location in the
pool, through the shield plug and into the transfer cask using the grapple tool
attached to a cable. After the fuel assembly had been inserted into the cask: the
bottom ball valve of the transfer cask was closed, the transfer cask was lifted, and
moved to the cleaning station. Depending on the fuel location, up to four cranes
were required to complete the movement of the transfer cask to the cleaning
station. After the transfer cask was seated on the cleaning station adapter plate
directly above the upender, the ball valve of the transfer cask was opened and the
fuel assembly lowered into the upender. Once the fuel assembly was correctly
seated, the pneumatic grapple was remotely disengaged from the fuel assembly
and withdrawn into the transfer cask. The ball valve of the transfer cask was
closed and the transfer cask removed.

Each fuel assembly was cleaned by high-pressure water to remove the
rubble and silt within the fuel assembly. The fuel assembly was first secured in the
upender and rotated 180 degrees to remove the large debris particles. Then a high-
pressure stream of water was applied through-the lower end fitting of the fuel
assembly discharging the water through a filter to remove the remainder of the
debris. Due to the large amount of debris within the fuel assembly, the cleaning
process was done in a closed system. After cleaning, the fuel assembly was
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rotated to its original vertical orientation and visually inspected. This was repeated
until complete cleaning of the fuel assembly was achieved.

The cleaned fuel assembly was then either moved from the upender to the
temporary storage rack within the cleaning station or transferred to the NAC-LWT
spent fuel shipping cask using the transfer cask. Prior to movement to either
location, the fuel assembly's serial number was verified. For movement into the
spent fuel cask, the fuel assembly was lifted from the upender through the bottom
of the transfer cask using a grapple attached to a cable. With the fuel assembly
fully inserted into the cask: the bottom ball valve of the transfer cask was closed,
lifted from the cleaning station, moved to the shipping cask area and lowered onto
the adapter plate directly above the shipping cask. After the transfer cask was
seated on the adapter plate in the correct location, the transfer cask ball valve and
the adapter plate shield valve were opened and the fuel assembly was lowered into
its correct basket location in the NAC-LWT shipping cask. After the fuel assembly
was correctly seated, the grapple was remotely disengaged and withdrawn into
the transfer cask. The ball valve of the transfer cask and the adapter plate shield
valve were closed and the transfer cask removed.

This fuel loading process was repeated until the first basket in the spent fuel
shipping cask was loaded with the correct number of fuel assemblies. At this
point, the cask cavity was partially flooded to allow a lifting bail to be remotely
attached to the loaded basket and secured. The adapter plate was then moved to
allow greater access to the cavity. The second basket (empty) was lowered into
the cask cavity and secured in its correct location. The adapter plate was then
moved back over the cask cavity and the loading process of the basket continued
until the individual NAC-LWT shipping cask was completely loaded. The cask lid
was then attached to the cask and removed from the adapter plate, the adapter
plate was unsecured from its stand and removed.

The NAC-LWT shipping cask was then prepared for shipment. The
necessary testing requirements, including leak tightness, were first completed and
then the cask was decontaminated to the required shipping levels. After the cask
was decontaminated, it was lifted from the stand and lowered onto the rotational
trunnions in the open ISO container on a trailer. The cask was then rotated to the
horizontal position and secured in the ISO container. The two shipping impact
limiters were attached to the cask, cask seals installed, and the ISO container
cover attached. A final radiation survey was then performed to verify that the
loaded cask met the IAEA requirements for shipment of spent fuel. The final
radiation and smearable contamination surveys for the loaded cask prior to
shipment were at least a factor of twenty lower than the minimum acceptable
IAEA requirements for shipment of radioactive material. This process was repeated
until the four NAC-LWT shipping casks were loaded and prepared for shipment.

After the four casks were loaded and prepared for shipment, each
cask/trailer was inspected by representatives from the IAEA, CIR Minatom,
International Civil Aviation Organization (ICAO), and NAC to ensure that the loaded
cargo meets all of requirements by the various organizations for air shipment to
Russia. Once this was completed, various security and safeguard seals were
installed on the casks and on the containers.

After all of the paperwork for the shipment"was completed, the four loaded
NAC-LWT spent fuel casks and trailers were transported in a convoy from the
Tuwaitha Nuclear Research Centre to the Habbaniyah airfield one day before the
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arrival of the Antonov 124 aircraft. During these two transports, all roads were
blocked to ensure that the convoy moved expeditiously to the airfield. These
loaded casks were stored at the airfield under guard until the Antonov 124 aircraft
arrived at Habbaniyah. After the aircraft cargo area was opened and prepared, the
four casks and trailers were loaded into the aircraft and secured. Once the four
cask/trailer units were secured in the Antonov 124 and the aircraft was refueled,
the aircraft departed Habbaniyah for Russia. Even though the Antonov 124 aircraft
is one of the largest aircraft in the world, only four loaded cask and trailer
combinations could be handled at one time by the aircraft. This was due to both
the weight and length limits of the aircraft. Each loaded cask and trailer
combination weighed about 29 metric tons for a total weight of 11 6 metric tons.
The Antonov 124 can handle up to 150 metric tons: however, the actual
maximum payload is dependent on the anticipated range that the loaded aircraft
is expected to travel. Also, the cargo length is limited to about 120 feet. Since the
length of the trailer was 41 feet, an additional cask/trailer unit could not be
included in a given air shipment.

6. SCHEDULE

The fuel removal operations program was completed one week ahead of
schedule, even though, the required specialized equipment arrived in Iraq two
weeks late and a number of minor problems developed during the site operations.
Thus, the lost time was made up by all of the site staff working efficiently and
longer hours, as needed, to complete the needed tasks. At no time were the
attention to safety or other details neglected. This was evident in the ability of the
transportation packages to meet all regulatory requirements both at the initiation
sites and the destination sites.
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Abstract

In preparation for long-term storage or permanent disposal of spent nuclear fuel, packaging
operation is considered to be a key step for protection against radioactivity release to the
environment. Appropriate technical considerations are required in the packaging system design to
ensure operability and reliability if the packaging operations are to be performed remotely. A
technical system that accomplishes bolting operation for spent fuel packaging is discussed in this
paper. The system employs remote automation concept with a view to enhancement of positioning
accuracy and bolt handling in hot cell. Deriving from remote maintenance, the technique is
applicable to such operations as opening/closing of spent fuel cask or canister, bolt removal from
spent fuel assemblies, and replacement of some hardwares in hot cell, etc.

1. INTRODUCTION

All operations and maintenance involved in the handling of spent nuclear fuel
require remote technologies due to its strong radiation field against which adequate
shielding must be provided. The spent fuel packaging operation is a typical case
requiring technical ingenuity for remote work.

In the past, most of hot cell work relied mainly on human worker due to the
technical difficulties inherent in hot cell operation and maintenance. A lot of efforts
have also been exercised to work out specific technical problems associated with
hot cell resulting in a specialized area of teleoperation. With tightening regulation
on control of radiation exposure to workers, further improvements in remote
systems are desired for whatever hot cell work to be carried out.
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Fig. 1. Spent Fuel Packaging and Bolt Operation
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The packaging of spent fuel was one of major functions considered by Korea
Atomic Energy Research Institute (KAERI) in the conceptual design of a pilot facility
for comprehensive demonstration of technologies associated with long-term storage
or disposal of spent fuel [1]. Although the design concept of the facility was
intended for full remote operation and maintenance, further technical details of
specific functions have remained to be determined.

2. BOLT OPERATIONS ASSOCIATED WITH SPENT FUEL PACKAGING

From receiving of spent fuel transportation cask to shipping out, there are
several steps that require bolting operation: (Fig.1)

(a) Opening of spent fuel transportation cask (to unload spent fuel assemblies)
or closing the cask (to ship out),

(b) Closure of spent fuel canister (in case of bolting, among other sealing
methods),

(c) Bolt removal from some fuel designs for disassembly (in case of rod
consolidation)

Bolt positions are generally in a circular array on the cask lid, circular or
square on the canister and round pattern on the top plate of spent fuel (Fig.2).
These bolt arrays are amenable to automatic operation for tightening and removal
of the bolts taking advantage of the symmetric and regular positions.

For this type of remote operation, one can easily think of the industrial-type
robot which is in fact the most flexible [2]. Use of multiple joints robot in highly
radioactive environments must be assessed, however, in terms of practical benefits
such as cost, reliability, provisions for maintenance, etc. The sophistication of
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Fig. 2. Bolt Arrays on Cask, Canister, and Fuel Assembly
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robotic system is more failure-prone than simple mechanisms usually employed for
radioactive operation. This problem is probably the main reason why robots are
rarely used yet in radioactive environments.

3. EQUIPMENT FOR BOLT OPERATION

The equipment design for bolt operation considered in this study is a simple
mechanism for bolt tightening and removal. This approach should allow more
robust operation than robots in radioactive environment maintaining, nevertheless,
enough operational flexibility for relevant bolt arrays.

The principle of the equipment system and its operational ranges are
schematically shown in Fig. 3. The system consists of the following elements:

3.1. Base Transporter and Mast

To cover the positioning range of bolt array, a transporter moving on X-Y
directions is required. It is a typical crane motion or slide table functioning as a
movable base to align the end devices on the desired position. The X-Y transporter
is to be equipped with an axial mast which transports and rotates the tool assembly
to desired position.

3.2. Tool Assembly

The tool assembly of the equipment system is attached to the mast tip and
equipped with two devices of end effectors, i.e., bolt position sensor and wrench.
The head assembly can be remotely detachable from the mast tip as a provision for
replacement or repair. The sensor and wrench are fixed on the assembly at
opposite sides so that they can be positioned on the bolt head alternately by the
rotational motion of the mast. The sensor must be attached at a suitable height, of
course, relative to the wrench.

the bolt position sensor can be a camera or other simpler sensing device to
confirm bolt position. Camera image processing is very flexible for position
calculation but the camera system must be radiation tolerant. Simple
measurement devices of rugged design may be satisfactory for the purpose
of positional detection,
the wrench can be of various types. The simplest option is the hand tool
type used for tire bolting. For reasons of cost and replacement, hand wrench
is used for most remote maintenance work by manipulator in hot cell and for
industrial robot applications on bolt operation. Some adaptive rigs are usually
required to attach the hand wrench to the end effector [3-4].

Although the hand tool has somehow been used in hot cell without major
problems, there are some minor points that need improvement. The first of these
is the method for holding bolt in the socket during the equipment movement.
Reliable device using magnetic control of on-off type may be the simplest method.
This method is being developed at KAERI [5]. Passive mechanism by simple
mechanical control may be an alternative. Another improvement is desired for
buffering of the wrench displacement during bolt tightening or disengagement. As
the bolt screw moves in or out the mate at a fixed position of the base frame, the
wrench assembly needs to adapt itself to such bolt motion. A spring mechanism
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may be the simplest solution. There are some other technical points that need
improvement depending on specific applications, such as wrench power adjustment
on bolt torques and automatic method of precise engagement of socket on the
hexagonal form of bolt head.

While there are some sophisticated bolt tighteners and nut runners for
factory automation, improvement on bolt operation for hot cell use is rarely found
in the literature. It has been perceived by KAERI that improved systems are
nonetheless possible without much sacrifice in simplicity.

Once the mast of transporter is moved by X-Y carriage to a suitable position
in alignment with the center of circular bolt array and the target bolt, and at a
distance equivalent to the sensor side turret of tools assembly, the sensor position
alignment on the bolt head can be checked from the sensor signal. This allows the
mast to rotate 1 80 degrees (clock or counter-clockwise) to exchange the positions
between sensor and wrench automatically as shown in Fig. 3. The wrench socket
can then be moved on to the bolt head in target. After tightening or disengagement
of the bolt to and from the mating hole (depending respectively on desired
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Fig. 3. Equipment System for Bolt Operation on Transportation Cask
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Move the X-Y transporter to a desired position
(to grip a bolt and/or align with target bolt)

Rotate the mast until the sensor aligns with bolt/hole
(wrench in opposite side of the mast center)

I
Check the alignment of sensor on bolt/hole

(N)

Rotate the mast by 180 degrees
(to exchange the position of sensor with that of wrench)

Move the wrench to the target bolt/hole
(until the wrench socket is mated with bolt/hole)

Apply torque on the wrench socket
(until the bolt is tightened to, or removed from, the mate)

Move the wrench from the target bolt/hole
(until the wrench socket is suitably off from bort/hole)

(bolt
tightening)

(bolt
removal)

Which work? >—————^ Move to a position
and release bolt

Fig. 4. Operational Sequence of the Equipment

operation), the wrench head is moved off the mating hole and the mast is moved
to a suitable position for next action of grasping a new bolt or releasing the
removed bolt. The sequence is repeated for subsequent bolt operation until the
whole work is completed. This sequence is summarized in Fig. 4.

4. APPLICATIONS

The equipment system for bolt operation in previous discussions requires
some more technical details depending on specific applications.

4.1. Cask Operation

Most cask receiving operations in the past have relied on manual work for
surface survey and decontamination upon reception, removal of impact limiter,
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plunging into pool, removal of cover lids, and even unloading of spent fuels by
using simple tools such as crane. A reverse procedure for shipping the cask out of
facility involves similar operations. With stricter regulations, the trend is toward
more automatic and remote system that would replace the manual work.

Bolt operations on the cask lids, among others, are tedious by manual access
work. Automation would reduce operational time as well as exposure to workers.
Furthermore, the regularity of bolt positions (circular pattern, in general) are
amenable to automatic operation.

The type of remote equipment for cask handling, and bolt operation in
particular, depends some technical factors to be considered, i.e., cask size,
reliability and performance of the equipment, cost, etc. The equipment previously
suggested has taken these factors into account with simple enough design. It is
simple enough to meet the reliability and cost criteria. One technical point of
particular concern in application may be the bulkness limit of the wrench assembly
which has to be fitted to the mast without structural unbalance and at the same
time powerful enough to apply required torque on bolt. This problem arises when
constantly driven motor-type wrench is considered instead of impact type.

4.2. Canister Operation

For the purpose of spent fuel disposal, most canister designs use welding,
rather than bolting, to seal the canister lid. For some canister designs for interim
storage, however, bolting is adequate with a future possibility of spent fuel
retrieval. Should the bolting revealed to be adequate for disposal, there is no reason
why it could not be used for such purpose.

The application of remote bolting technique to canister sealing bears similar
technical features to the cask case except that canister bolting operation is done
in highly radioactive hot cell environment and that bolt size and array are smaller.
In contrast to the cask bolting operation which is performed usually in vertical
position, the canister operations in hot cell are usually performed horizontally due
mainly to the height limitation of hot cell space.

For round canister, a similar technique to the cask operation is usable if the
equipment system design is adapted to horizontal operation. In this case, slide table
base is more suitable to move the tool assembly if adequate space is available on
the hot cell layout. Otherwise, the gantry type transporter may be maintained with
an adapter for horizontal motion of the tool assembly attached to the mast tip.
Some canister configuration being square, the operational approach applicable to
circular configuration cannot be used as such. In this case, the tool assembly
motion will have to be linear along a parallel lines of bolt array and rotate the mast
by 90° for perpendicular operation.

4.3. Spent Fuel Assembly Dismantling

Some spent fuel assemblies are to be dismantled for rod consolidation,
reconstitution, or fuel research purposes. Older LWR fuel designs have used
welding of the guide tubes tip to the top nozzle while newer design use bolting to
tie. The number and arrays of bolt fittings depend on various fuel designs. The bolt
fittings can be accessed by wrench socket through openings on the top plate. It is
possible, therefore, to use a wrench tool to remove the bolts remotely provided
that an adequate access motion to the tool is implemented. Some types of
equipment have been known to be developed and used for that purpose [6].
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The bolt arrays on spent fuel assembly are not directly amenable, however,
to the simple operational technique considered in this study. The simple rotation of
mast would not yield the turret symmetry for sensor and wrench positions between
two bolt alignment as discussed hitherto. More sophistication would be required
in the operational technique if the equipment system is to be used without
modification. It would nevertheless be possible to adjust the mast motion to detect
a reference position to align the sensor in such way as the wrench socket be in
alignment with the target bolt, if some more complex positional control is effected.
Optimal technique for such operation is being studied at KAERI.

5. CONCLUSION

Spent fuel packaging operations for subsequent storage or disposal involves
handling of cask, canister, and spent fuel assemblies of various types. The opening
and closure of these objects by bolt operation are amenable to simple and remote
automation with a view to improvement of efficiency and safety.

An equipment system that would contribute to the bolt operation is proposed
and its applications together with technical problems are discussed. Some test
work to make use of the technique considered in this study is underway to
demonstrate the feasibility of such technical approach.
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REMOTE TECHNIQUES AND ROBOTICS

M.S. RAMAKUMAR
Bhabha Atomic Research Centre
Bombay, India

Abstract
The Indian Nuclear Programme is comprehensive and includes fuel fabrication, reprocessing,

post irradiation examination and fuel and waste storage. The Division of Remote Handling &
Robotics has been involved in the development of various types of Manipulators, Robots and other
remote devices to cater to the needs of various installations. The paper describes Manipulators,
Robots, Handling devices, etc. developed by the Division. Some examples are automated inspection
devices, fuel pellet handling, stacking/inspection, etc. using robots, under water cutting devices and
Master Slave Servo Manipulator among others. The paper also describes the approach to
components, sub-system standardization to result in 'building blocks' to integrate different systems
needed for different applications indigenously.

1. INTRODUCTION

The Department of Atomic Energy operates a number of reactors and other
facilities, keeping in view its comprehensive programme. Production of nuclear
power, radioisotopes, fuel for reactors, reprocessing of fuel, fabrication of
239Plutonium and 233Uranium based fuels and management of waste are being done
based on technologies developed within India. Advanced techniques are used in the
area of inspection and Post Irradiation Examination. Many operations have been
remotised &sophisticated robotic and manipulation systems are being designed and
developed for handling irradiated fuel and plutonium from high burn up fuel from
power reactors. The paper describes some of the work done in these areas.

2. DESCRIPTION

The paper describes some systems developed and operated for handling
Metallic Uranium fuel from our research reactors, mixed carbide fuel from the Fast
Breeder Test Reactor (FBTR) and oxide fuel from the power reactors. While on the
subject of handling fuel from reactors, liberty has been taken to describe some
systems developed to handle fuel pellets (containing Plutonium from power
reactors) in a manufacturing train.

2.1. Tomography

Computer Aided Tomography offers certain aspects of defect detection and
visualization in 3-D which is not matched by any other technique. The beam used
could be ultrasonic, X-ray, Gamma-ray or a neutron beam. The sample being
inspected will be positioned between the beam source and a digitized image
acquisition system. The position and orientation of the object has to be controlled
and acquired to very close dimensional limits. Examination of irradiated fuel with
this system will use a neutron beam. With this purpose in mind, a reactor producing
a fast neutron beam "KAMINI" is being set up at Indira Gandhi Centre for Atomic
Research, (IGCAR) Kalpakkam near Madras. A 5-axis robot which can carry up to
10 Kg has been developed for handling fuel or other components that are subject
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to tomography. The robot has three linear (X, Y, Z) motions, angular and tilt
motions. The resolutions of linear and angular motions are as follows:

X, Y, Z linear motions 0.010 mm;
Angular 0.5 degree;
tilt 0.07 degree.

The robot is driven by stepping motors and is controlled by a Personal
Computer. Initial trials were carried out on bundles of metallic research reactor fuel
(before irradiation) using a Gamma-source. The image was acquired by a
scintillation detector and the robot moved the component under inspection in a
pixel by pixel mode. The system is currently being installed at IGCAR. It is planned
to start trials with the neutron beam and image acquisition system in the very near
future.

2.2. Spent Fuel Handling & Cutting System Installed in the Water Filled Bays of the
Reactor DHRUVA

The fuel assembly of the research reactor "DHRUVA" is 9256 mm long and
weighs around 100 kg. The irradiated fuel assembly is brought vertically from the
reactor building to the Spent Fuel Storage Bay and it is bisected into two pieces to
get the fuel part separated from the main assembly. The fuel part is canned and
loaded into the shipping cask which carries the fuel for reprocessing. A number of
operations such as cutting, canning and loading into the shipping cask are carried
out remotely in the bays under water 10 metre deep, with the help of a spent fuel
handling and cutting system designed and built for the purpose. A brief description
of the operations and the machines used is given below.

Operation of removal of fuel bundle from fuel buggy and placing it in the
cutting machine is done, using a manually operated grappler and an electrically
operated crane. Bisection of fuel assembly is done with the help of a cutting
machine. The machine consists of a main frame to support the fuel assembly
vertically, a pair of V-clamps, a swinging bracket and a Titanium Carbide coated
high speed steel circular saw, mounted on a shielded/canned submersible motor.
Screw drives are provided for actuating the clamps and for feeding the saw
forward. The drives are operated manually from the top of the pool through long
shafts.

The upper part of the bisected fuel assembly containing the seal and shield
plug is kept aside by swinging the bracket supporting the cut part. The lower part
containing the irradiated fuel is held and transported to the canning station with the
help of an under water manipulator. The canned fuel assembly is made horizontal
or set into any angle with the help of a tilting machine and is loaded into the cask
with the help of a grappler having 2 pairs of jaws.

2.3. Pile Top Cutting Machine for DHRUVA Reactor

A cutting machine has been designed and assembled for use in the Reactor
DHRUVA to meet emergency situations needing cutting the fuel rod assembly. This
could happen if the fuel assembly gets stuck mid-way during refuelling operations.

The cutting machine has been designed to remotely cut the assembly from
outside the fuelling machine which holds the stuck assembly vertically at the centre
of its 3450 mm dia. shielding skirt. Cutting is done at the top of the pile in a
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narrow gap of 31 mm The material to be cut is either stainless steel or aluminium
rod of maximum diameter of 86.5 mm.

The main features of the machine are a cantilever which is pivoted at one
end to a base structure and carries at the other end a high speed steel (HSS)
segmental circular saw. Power is transmitted to the saw from the motor mounted
at pivoted end of the cantilever through a roller chain drive. The base with the
cantilever rests on 4 castor wheels and also carries two electromagnets. These
electromagnets are used for clamping/unclamping the base structure to the pile top
surface. A linear actuator is used for rotating the cantilever for feeding the saw.
Heavy water spray is used to cool and lubricate the cut and debris is sucked out
with the help of a vacuum pump.

2.4. Fuel Dismantling Machine for the FBTR

Irradiated fuel bundles FBTR at IGCAR, Kalpakkam are brought to a Hot Cell
for dismantling, post irradiation examination and reprocessing. Machining
operations are required during dismantling and are carried out with the help of a
special purpose machine built and installed in the hot cell. Handling of fuel
assembly or its components and operating the special purpose machine are done
remotely with the help of various types of remote handling equipment installed in
the cell. These are, a pair of Master Slave manipulators, a power manipulator and
an incell crane. Viewing is done through the lead glass shielding window. The
special purpose machine has been designed to perform linear motions in X,Y,Z
direction and a rotation motion of the spindle. These motions are essential for
positioning and feeding the cutting tool. Provision is made to hold the fuel assembly
in chucks and rotate it around a vertical axis. The fuel bundle can be swung to
enable loading and unloading from the machine. The fuel bundle to be dismantled
is loaded vertically from top to go through the bores of the spindles carrying the
pair of chucks. The X,Y & Z motions of the machine are 350 mm; 1220 mm; and
260 mm respectively. Though all motions are screw driven and are operated by
geared electric motors, with push button control. Provision has been made with
additional design features to delink all the motions from push button controls and
perform motions including the tool changing operation manually but remotely with
the help of manipulators.

2.5. Handling Fuel Pellets

Fabrication of Mixed Oxide or Carbide fuels containing Plutonium from power
reactors involves handling a large number of fuel pellets & exposure of operators
to radiation. Robotic and automation systems have been designed, developed &
commissioned to operate within constraints of a glove box.

Inspection of the FBTR fuel pellets (Mixed Carbides of Plutonium & Uranium)
for dimensions and density is done by a specially designed machine. This system
measures diameters, length and linear density of fuel pellets (4 mm dia & 8 mm
long), accepts or rejects pellets based on tolerance parameters. Accepted pellets
are formed into columns of required lengths. The machine is controlled by a
microprocessor and accepts parameters like acceptance limits for dimensions and
linear mass & length of columns to be formed. The system also records and stores
all the inspection data. Two versions of the machine have been operated for over
10 years and have yielded excellent results and saved operator exposure. It may
be mentioned that the machine operates in a glove box under inert atmosphere.
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A two axis robot, driven by stepping motors has been developed for the
purpose of unloading green compacted pellets from the compaction press and
stacking them in Molybdenum trays for sintering. A Personal Computer is used to
control the robot and will record data pertaining to the number of pellets handled,
total amount of Plutonium processed and will form part of the Local Area Network
(LAN) in the fuel fabricating facility. The system is under trial prior to installation
in a glove box in which Plutonium has been handled.

Noting the dose received by operating personnel engaged in decontaminating
fabricated fuel pencils, a hybrid system driven by stepping motors and pneumatic
cylinders is being developed, which will be used to decontaminate fuel pins by
wiping them repeatedly with tissue paper dipped in a solution.

Fabrication of Mixed Oxide of Plutonium & Uranium fuel for use in power
reactors entail handling Plutonium from high burnup fuel.

Extensive automation of an operating plant, originally designed for limited
automation is a challenge. A fuel fabricating plant producing Mixed Oxide of
Plutonium & Uranium fuel is being progressively automated by introducing robotics.
Robots have been developed which can be dismantled, posted into the glove boxes
housing the fabrication train, reassembled and commissioned. Obviously,
commercially available systems will not be suitable. A brief description of these
systems follows.

Mixed Oxide of Plutonium & Uranium fuel pellets produced in a compacting
press have to be stacked in Molybdenum trays for sintering. After the process of
sintering at appropriate temperatures, the pellets have to be removed from the tray
and stacked in wire trays for centreless grinding after which they are examined,
measured for diameter and length. Accepted pellets are stacked into columns on
lengths with known tolerance limits. The 4-Axis robot driven by stepping motors,
developed in the Division of Remote Handling & Robotics has the potential of being
a work horse and satisfy all requirements for installation, operation and
maintenance in a glove box. Being an articulated configuration, it is
anthropomorphic and can operate in constrained environments. Additional degrees
of freedom can be added and necessary task oriented sensors can be incorporated.
In the first instance, a pneumatic pick and place arm lifts the compacted green
pellets from the automatic mechanical press and places them on a special
conveyor. This conveyor has been specially designed to carry the pellets from the
level of the press plate to a level about 1 m lower without toppling or damaging the
pellets. The 4-Axis Robot is located at the bottom of the conveyor where sensors
see four pellets in a row, after which the robot picks them up. The pellets are then
placed in the Molybdenum tray. The number of rows, arrays and layers in which
they are placed can be programmed as needed. The personal computer controlling
the robot maintains data pertaining to the number handled, etc. and communicates
it to the LAN, greatly helping fissile material accounting.

While locations of pellets placed in the tray may be known, they will not be
valid after the process of sintering owing to several reasons. Another 4-Axis robot
fitted with tactile sensors will be used for lifting pellets from the tray. The vacuum
suction end effector of the robot is surrounded by four tactile sensors. The robot
reaches into the tray, "searches and feels" the pellets and lifts them out. The pellet
will then be stacked on wire trays for centreless grinding. Here again, number of
pellets handled is remembered by the system, helping material balance and data
acquisition.

Both the systems mentioned above have undergone trials extensively, prior
to dismantling and installation in the operating plant in the very near future. These
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systems will greatly improve automatic performance of the plant, reduce operator
exposure and help maintenance of records and fissile material accounting.

Centreless grinding controls the diameter of fuel pellets but not their lengths
which will vary slightly. Stacking pellets into columns prior to loading them into
clad tubes of pressurized heavy water reactor or BWR fuel. Some experiments have
been done with the intention of using the 4-Axis robot to handle the pellets,
measure their length and place them in columns. Statistical size distribution data
of lengths of pellets will be used to aid formation of columns. Several parallel
columns will be formed and the potential allocation to a column of every pellet
(after its length is measured) will be determined knowing the length of the columns
under formation and the possibility of swapping pellets. An element of AI is used
in this. More experiments have been planned before the system is actually ready
for installation.

2.6. Telemanipulation

We have also developed Master Slave Servo Manipulators to be used in Hot
Cells handling irradiated fuel, nuclear waste and operate reprocessing facilities.
Manufacture of these systems for actual use is under way. Computer Aided
Telemanipulations providing high orders of transparency, telepresence, sensory
capabilities and control is the objective. Experiment with robots and
telemanipulators on mobile vehicles are also being performed. Safe operation,
maintenance, decontamination and decommissioning of nuclear facilities have been
the driving motives.

3. CONCLUSION

The foregoing is a brief description of some of the work done in our nuclear
installation to aid handling of irradiated nuclear fuel. Only the more challenging and
interesting aspects have been highlighted. Robotic handling of fuel containing
Plutonium has been included as use of robotics in these applications can result in
a great reduction of operator exposure to radiation and aid in fissile material
accounting. Our aim has been to design and develop systems utilizing strong
indigenous capabilities in various areas. Control hardware and Robot control
software have been given keen attention. Standardization at components and
sub-systems level has helped us to integrate different configurations or systems.
It needs to be emphasized that while requirements of different installations differ
widely, there are still features common to them where standardization can help.
The fact that a specialized remote system could be used occasionally and separate
system needed for individual installations spurs on efforts to establish in house
capabilities to cater to different requirements, ensure effective rapid maintenance
and replacement.
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REMOTE LWR FUEL HANDLING DURING INSPECTION,
REPAIR AND TRANSPORT CASK LOADING

M. PEEHS, K. KNECHT
SIEMENS AG KWU Group, Nuclear Fuel Cycle
Erlangen

J. BANCK
SIEMENS AG KWU GROUP, Nuclear Power Generation
Offenbach

Germany

Abstract
Siemens is providing extensive fuel support services as well as service equipment to the

customers since the early seventies. Those support services - including remote handling of
irradiated fuel have also been provided increasingly for NPPs not built by Siemens. The scope of
experience is summarized as follows:

Services have been completed by the end of 1993 all in total for 11 5 NPPs thereof 71 PWRs
and 44 BWRs. Those services contain the following service projects and campaigns:

inspections 377
reconstitutions 279
FA examinations 406
others 118

A new in-core sipping is available that allows automatic operation of BWR sipping. The
SIEMENS ULTRATEST system uses ultrasonic fuel inspection techniques to identify individual failed
fuel rods. Fuel assembly reconstitution services have been provided to Siemens as well as to non-
Siemens fuel in Europe and in the US. Siemens has delivered fuel handling and cask handling
equipment for loading and handling of spent fuel transport and storage casks. About 5000 tHM of
spent fuel has been transported from German NPPs to the reprocessing or interim storage facilities.
Siemens also performs loading services of casks in the NPP.

1. INTRODUCTION

Siemens is playing a major role in the development of nuclear power for more
than a quarter of a century. During this time Siemens has contributed substantially
to the construction and/or operation of commercial nuclear power plants as well as
in the back end of the nuclear fuel cycle activities in Europe, the American
continents and Asia. Since our earliest involvement in the nuclear energy programs,
Siemens has devoted a great deal of attention to the supply of fuel assemblies as
well as fuel-related equipment and services.

It is pointed out that Siemens is actively working in the complete fuel cycle
as well us in the design and construction of turn-key ready NPP. Therefore all
aspects from the technology as a whole is considered, e.g.: when designing a new
FA the related aspects of the back end of the fuel cycle is always reflected.

Qualified personnel with many years of experience in design, engineering,
nuclear fuel cycle services and fabrication supported by extensive research and
development, have provided continuous innovations which contributed to the
technological advancement and economic enhancement of our nuclear fuel supply
system.

Siemens has provided extensive nuclear fuel service as well as service
equipment to its customers since the early seventies. These nuclear fuel service
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have also been provided increasingly for plants not built by Siemens {see Table I).
They provide important data for both the owner-operator and the supplier of fuel
assemblies.

TABLE I. Fuel service work performed by Siemens (Status: December 1993}

Type
of plant

PWR (Siemens)
PWR (non-Siemens)

BWR (Siemens)

BWR (non-Siemens)
Total

Number
of plants

22

49

13

31

115

Service projects/campaigns

Inspections
(including

sipping, UT)

207

60

81

29

377

Re-
constitution

119

62

65

33

279

Fuel
examination and
measurement

146
96

68

96

406

Other
service
work*

54

34

27

3

118

* for example: removal of debris, fuel rod extraction for hot cell examinations and
maintenance work on service equipment

2. REMOTE LWR FUEL HANDLING DURING INSPECTION AND REPAIR

2.1. Sipping Test

As a rule, sipping tests are not performed regularly in all plants, but only
when an increase in the radiation level of the coolant, measured continuously
during the reactor cycle, indicates a leak in one or more fuel rods. In this case, the
objective is always to prevent increased radiation exposure for the plant personnel
during outage periods through early detection and removal of leaking fuel rods.

Siemens standard sipping station for PWR plants (Fig. 1.) consists of two
cans accommodating one fuel assembly each. It has remotely activated lids and is
equipped with additional heaters for optimizing the sipping sequence. These
additional heaters also permit the testing of fuel assemblies that have already
decayed for several years and therefore generate only minimal internal heat.

Instead of cans and lids, the corresponding sipping stations for BWR plants
(Fig. 2.) have a hood which is placed over the open reactor by the refueling
platform, covering up to eight fuel assemblies during the test. The fuel assemblies
remain in the reactor core during the tests. Fuel assembly movement is largely
avoided to rule out any risk of damage.

The manual controls commonly used in earlier designs have been replaced
in the new, more advanced sipping stations by a largely automated control system
with integrated industrial PC and printer.

This system:
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FIG 1 Sipping Station with 2 TestCans and Hydraulic Operated Lids for Testing
PWR Fuel Assemblies

• reduces the time required for the sipping test to:
less than 34 hours for BWR plants and
less than 50 hours for PWR plants,

• simplifies operation and manipulation, and
• meets current requirements in terms of the reliability of the test

results and their documentation.

2.2. Visual Inspection

To meet our customer requirements, Siemens supplied innovative inspection
systems as consistent supplements to available techniques.

The new inspection systems MULTIINSPECTION and ULTRAVISION provide
features which help to reduce inspection time and personnel radiation exposure.
These inspection systems can be installed before reactor unloading and can be
used throughout the refueling period. Only one person is needed for performance
of the inspection. In comparison to former methods of inspection, the inspector is
subjected to considerably less radiation exposure from the spent fuel storage pool
because he is kept away from the radiation source. In addition, the new inspection
system retains the advantage of being capable of performing numerous tasks
simply by attaching various service modules. For example: Measurements of oxide
layers on fuel rod cladding, dimensional measurements, sampling and examination
of CRUD (Chalk River Undefined Deposits), tools to remove debris from fuel
assemblies, profilometry and measurements of the diameter of control rods.

2.2.1. MULTIINSPECTION - a system largely independent of the fuel handling
bridge

In many plants MULTIINSPECTION (Fig. 3.) can be combined with the "new
fuel"-elevator in the spent fuel storage area. The available closed basket will be

113



FIG 2 Sipping Hood for Testing BWR Fuel Assemblies

replaced with a new basket which is opened from one side. This enables access
to a fuel assembly inserted into the basket from the MULTIINSPECTION manipulator
installed in the vicinity of the basket's open side. Inspection work can be performed
in parallel with other work in the spent fuel pool because the refueling bridge is free
after a fuel assembly has been placed in the inspection position. The following
parallel work can then be performed: fuel assembly manipulation for unloading and
reloading, sipping test, RCCA change. The new basket retains its old tasks and is
equipped with a fuel assembly rotation system which enables inspection of all
surfaces.

The inspection manipulator consists of a long mast which extends from the
spent fuel pool rim to the bottom of the pool. A carriage, which travels along the

4 -J

1 Fuel Assembly

2 New Fuel Assembly Elevator Basket

3 , Inspection Manipulator with Underwater TV Camera

4 Control Cabinet

FIG 3 Core Component Inspection with" MULTI INSPECTION"
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mast is equipped with an x-y table with pivot-mounted underwater TV cameras.
Control is performed by a movable control cabinet which is placed in the pool area.
Instead of a modified basket, the storage rack can also.be used to take up the fuel
assembly to be inspected. It is possible to attach up to two fuel assembly
inspection positions to the available storage racks. Using MULTIINSPECTION time
savings of up to three days can be achieved.

2.2.2. U L TRA VISION - a system making permanent use of the fuel hand/ing bridge
The inspection system ULTRAVISION (see Fig. 4.) can be placed either onto

the "new fuel"-elevator or onto the fuel storage racks. This system is equipped in
a similar way to MULTIINSPECTION with an x-y table to control the pivot-mounted
underwater TV cameras and a control cabinet. During inspection of the fuel
assembly or RCCAs the fuel handling bridge is permanently required for
manipulation all the time. Therefore, time savings are less compared to
MULTIINSPECTION.

FIG4 ULTRAVISION Inspection Device on a Mock up of a FOCUS 16x16 PWR FA

2.3. Ultrasonic Testing of Fuel Assemblies

The location of any defective fuel rods can be detected using ULTRATEST".
This can be performed on fuel assemblies pretested either by means of a sipping
test or, if sipping test equipment is not available, by ULTRATEST* alone,

For this Siemens has available the computer-controlled ULTRATEST* defect
locating system with four simultaneously and independently operating ultrasonic
probes (Fig. 5.). ULTRATEST9 is normally set down on the storage rack in the spent
fuel pool using the auxiliary hoist of the refueling machine or the reactor building
crane, and is installed there by remote control. This system, which is equally well-
suited to PWR and BWR fuel assemblies, requires only a few minutes per fuel
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FIG5 ULTRATEST Defect Locating System with 4 Ultrasonic Probes

F1G6 Set-up of FA Reconstruction Equipment
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assembly to test all fuel rods, evaluate the results and display the results on-screen
and generate a printout. More than 3500 fuel assemblies have already been
successfully tested since 1988.

2.4. Fuel Assembly Reconstitution

Siemens has been reconstituting Siemens as well as non-Siemens fuel
assemblies in Europe and the US for more than 20 years to upgrade them for
reinsertion into the reactor or to prepare them for shipment to reprocessing plants.

In addition to simply replacing failed fuel rods, we have developed methods
for repairing or replacing the fuel assembly structural components. Damaged spacer
grids, for example, have been smoothly cut by electric-discharge machining and
special sleeves installed to hold the fuel rod in place in the damaged spacer
position. Reconstitution work on fuel assembly structures is aimed at increasing the
usefulness of damaged fuel assemblies and keeping the amount of radioactive
waste and associated costs to a minimum.

In cases where the fuel assembly structure has become irreparably damaged,
we have supplied the procedures and equipment to transfer the fuel rods to an
intact fuel assembly skeleton (Fig. 6.).

In order to exchange the skeleton quickly and cost-effectively, Siemens has
speeded up the process by automating the fuel rod handling operations. This
automation includes equipping the fuel rod exchange device with an electronic
speed control for axial rod movement and enabling precise monitoring of the forces
during the movement of fuel rods within the fuel assembly skeleton. An x-y
positioning system ensures precise positioning of the fuel rod exchange device
above the fuel rods to be moved. All process sequences are controlled by a master
computer which records the order of all movements, the results of eddy current
examination, and the friction forces during rod removal and reinsertion.

TABLE II. Experience with fuel assemblies reconstituted for reuse
(Status: December 1993)

Fuel assembly
type

PWR (Siemens)

PWR (non-Siemens)

BWR (Siemens)

BWR (non-Siemens)

Type of
reconstitution work

Replacement of failed fuel rods
Installation of dummy rods*
Upgrading of fuel assembly
structure
Transfering fuel rod into new
skeletons
Replacement of failed fuel rods
Replacement of failed fuel rods
Upgrading of fuel assembly
structure

Replacement of failed fuel rods

Irradiation cycles (cumulative)

Following
reconstitution

306
109
153

25

143

183
244

55

Total

532
261
310

48

298

327
446

101

* Preventive measure against crossf low fretting damage at the core shroud
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Table II shows an overview of the reconstitution methods applied and the
additional operating cycles operated using reconstituted fuel assemblies. This table
indicates the benefit of fuel assembly reconstitution. Reconstitution of the damaged
fuel assembly allows the design burnup to be attained or exceeded as long as the
licensed burnup limit is not violated.

3. REMOTE LWR FUEL HANDLING DURING TRANSPORT CASK LOADING

3.1. General

For Siemens' Nuclear Power Plants the fuel pool is adjacent to the reactor
and serves for storage of about 10 reload batches and for storage of the full core
reserve.

The handling of the irradiated fuel remotely underwater is performed by the
loading machine. Because unloading of the core for PWR during the outage period
is on the critical path, the unloading process is accelerated by the loading machine,
which can travel with high accuracy between the reactor core and the different
storage positions in the storage racks. Low tolerances (~ 7 mm) of the loading
machine and the individual storage positions allow remote handling of the fuel
without manual adjustment and thus reducing the handling time.

For off-site transportation of the spent fuel there is a loading pit for the spent
fuel transport cask which is connected with the storage pool by a sluice gate. This
loading pit is also inside the containment.

Normally the off-site transportation of spent fuel is done during operation of
the power plant.

The transport cask with an overall weight of about 120 t is uplifted outside
the reactor building (PWR) horizontally, and travels on a carriage through the
containment lock. Inside it is upended and set down on the handling floor for
preparation for loading. The cask body is protected by a protection shroud against
contamination and the outer lids are removed. After placing the transport cask into
the loading pit, the fuel assemblies will be transferred from the storage racks into
the transport cask with the help of a special hoist of the loading machine. After
loading of the cask it has to be vacuum dried and closed by lids according the
licensed handling procedure. All movements for loading of spent fuel assemblies
are performed underwater with remote handling equipment.

3.2. Siemens services in routine operations

For transportation and handling of spent fuel casks, Siemens delivers the
necessary equipment like lifting beams, contamination protection shroud, vacuum
drying units, special tools etc. Off-site transportation of spent fuel assemblies
preferably to the reprocessing plants is a routine procedure for the German nuclear
power plants.

About 5,000 tHM of spent fuel has been transported up to this day i.e.
about 80 - 100 transport movements of spent fuel assemblies to the reprocessing
plants or the interim storage facilities are performed every year. Siemens also offers
services for loading transport casks in the nuclear power plants with its personnel.

Siemens has contracts with the reactor stations in Brunsbüttel and Krümmel
for complete cask loading services since 6 respectively 7 years. The scope of work
in Brunsbüttel is 4 - 6 casks per year whereas Krümmel needs the loading of 7 - 10
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casks per year. The services contains personnel, tooling and licensing. Support for
cask loading is provided for the reactor stations in Emsland, Grafenrheinfeld and
Gundremmingen Unit B and C.

3.3. Siemens services in experimental and demonstration

Beginning with 1982 a program was performed to demonstrate dry storage
and transport canister technology. Siemens provided the instrumentation and
developed the cask loading and unloading procedures with instrumented spent fuel
assembly into the instrumented casks. Table III describes the scope of activity.

TABLE 111. Spent Fuel Storage Experiments

Type
of cask

CASTOR la

CASTOR Ib

CASTOR Ic

TN 1300

Cask
from

GNSD

GNS

GNS

TN2)

FA type and
number

4Biblis

4 Stade

16 Würgassen

12Biblis

Location of
storage

Jülich

Karlsruhe

Würgassen

Biblis

Storage period

9/83-9/85

2/83-5/85

3/82 - 1/84

6/84-7/84

t) Gesellschaft für Nuclear-Service mbH 2) Transnuklear GmbH

3.3.1. Instrumentation
Within the demonstration storage programs it was requested to measure the

temperature distribution in the FA and in the cask during characteristic cask loading
steps, during cask storage and unloading. Fig. 7. exhibits the instrumentation. The
instrumentation needs to be fed through 3 lids. In the case of intermediate
transport the instrumentation lines had to be disconnected and connected several
times. In order to secure the cask loading process with all the instrumentation a
pre-running "cold loading" training program was performed to minimize later the
radiation dose to the staff and to ensure the performance of all handling
procedures.

The thermocouples in BWR-FA were fixed mechanically with a clip to the
surface of the fuel rods out of an inner row. The corresponding outer fuel rods
were lifted during instrumenting. For PWR-FA instrumented thermocouple lances
were inserted into control rod guide tube position.

3.3.2. Characteristic temperature records
Fig. 8. gives on overview of characteristic temperature records in the start-

up phase and during cask unloading process.
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4. CONCLUSIONS

SIEMENS provides the full scope of services for irradiated fuel assembly
handling, inspection and repair. The improvements of more traditional methods like
sipping testing and visual inspection are governed by the request to decrease
inspection time and radiation dose application to the staff. Fast and reliable defect
fuel rod detection without fuel rod removal from the bundle is demonstrated on the
basis of ultrasonic testing technology. Fuel assembly reconstitution is based upon
20 years experienced. Transport and storage cask loading services is performed
routinely. Successful and reliable instrumentation of transport and storage casks
in different demonstration programs show the broad experience together with the
ability of innovative creation of solutions for difficult technical challenges.
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CPP-603 MIDDLE BASIN SNAP FUEL RECOVERY OPERATION

P. HOLMES, J.D. TOLMAN
Idaho Chemical Processing Plant,
Idaho National Engineering Laboratory,
Lockheed Idaho Technologies Company/
Idaho Falls, Idaho,
USA

Abstract

During underwater video inspection of spent nuclear fuel at the United States Department
of Energy's Idaho National Engineering Laboratory (INEL), severe corrosion of fuel storage fixtures
was noted. The storage fixtures consist of carbon steel hangers which suspend stainless steel
buckets containing various types of spent nuclear fuel. The hangers suspend the buckets 5.5 m
under water. During the summer of 1992, the corrosion caused a fuel storage fixture to fail,
allowing a bucket to drop approximately 0.6 m to the floor of the storage basin. To restore the
integrity of the fuel storage fixtures, additional rigging (or "preventive" rigging) was added to each
corroding fuel storage fixture. Additional video inspections of the fuel fixtures revealed severe
corrosion of the thin wall aluminum cans that were in the buckets. The cans contained SNAP
(System for Nuclear Auxiliary Power) fuel. Subsequent criticality evaluations of the SNAP fuel
showed that a KeH higher than that allowed for safe storage could be reached if the cans failed and
the fuel aligned into an optimum configuration. Repackaging of the fuel contained in the aluminum
cans was required to ensure continuing safe storage within the fuel storage basin.

1. INTRODUCTION

This report discusses the SNAP fuel repackaging operation in the INEL. The
SNAP was repackaged at the Idaho Chemical Processing Plant building CPP-603
middle basin. In addition to the actual repackaging operation, the following items
are discussed: history of the facility and fuel, corrosion concerns including
condition of the fuel storage hanger fixture and can condition, preventive rigging,
criticality concerns and lessons learned.

1.1. History

The Chemical Processing Plant building CPP-603, is located on the Idaho
National Engineering Laboratory site. Constructed in the early 1950's, the North
and Middle basins of CPP 603 are interim wet storage areas which utilize hangers
for storing spent fuel. A third storage pool (South basin) which utilizes rack storage
was added in the 1960's; a dry storage facility was later added. The CPP-603
facility currently contains 43 different types of spent nuclear fuel from the research
reactors and defense program operations.

Fuel in the North and Middle basins is stored in cans within buckets; the
buckets are suspended from hangers which are connected to an overhead trolley
and monorail system (Fig. 1.). The hanger extends through a 38 mm opening in the
floor grating and keeps the fuel approximately 5.5 m below the surface of the
water. The fuels on the monorail system are stored in rows which are spaced 0.61
m apart with a 0.3 m wide, 1 m high concrete divider separating the rows. The
fuels in each row are spaced 0.61 m apart by means of bumpers on the monorail
hangers. This spacing provides the proper criticality safety storage requirements.
The trolley and monorail system allows easy manual storage and movement of the
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TROLLEY

MONORAIL

FIG. 1. North and middle fuel storage fixture.

fuel. Because of corrosion problems, additional (preventive) rigging was added to
the hangers (Fig. 2.).

The SNAP fuel originated from a program begun in 1955 and was intended
to provide electrical power for satellites. The SNAP fuel is made of highly enriched
uranium dispersed in zirconium hydride. These cylindrical fuel rods, ranging from
13.6 mm to 30.8 mm in diameter, were shipped to the INEL during the mid 1960's.
Once at the INEL, the fuel was declad and placed in 102 mm diameter by 2.1 mm
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thick wall by 1 m long aluminum cans. During the decladding process, many of the
fuel rods were fragmented. Fuel sizes ranged from small pieces to full length rods
of up to 356 mm. The fuel cans that held the fuel pieces were then welded shut
and stored in stainless steel buckets suspended by hangers attached to the trolley
and monorail system in CPP-603 Middle basin.

By the early 1970's, only five of these aluminum cans containing SNAP fuel
were stored in the North and Middle basins of CPP 603; the rest of the SNAP fuel
had been transferred to aluminum racks located in the CPP-603 South basin. This
report discusses the five SNAP fuel cans suspended from hangers in the North and
Middle basins of CPP 603.

2. CORROSION CONCERNS

The hangers supporting the buckets were fabricated of galvanized carbon
steel. Over the years the protective galvanized coating corroded away allowing the

ALUMINUM FUEL STORAGE

FUEL STORAGE FIXTURE

38 mm

PREVENTIVE RIGGING

HANGER FAILURE AREA

BUCKET

FIG. 2. Fuel storage fixture with preventive rigging.
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carbon steel to be vulnerable to accelerated corrosion. To make matters worse, a
galvanic couple between the stainless steel bucket and carbon steel hanger
provided a local corrosion problem far worse than the general corrosion.
Additionally, chlorides had been added to the basins in previous years to control
bacteria; this contributed to the corrosion problems. Inside the bucket, the years
of galvanic corrosion between the stainless steel bucket and aluminum can caused
the can to deteriorate to the point where fuel containment could not be assured.
Additionally, once the can was breached (due to pitting) and water was allowed to
enter the can, a galvanic corrosion couple was set up between the zirconium fuel
and the aluminum can. Subsequently, corrosion attacked the can from the inside
and the outside. Video inspection of these five cans indicated that at least one
bucket had completely fallen apart and corrosion had consumed large portions of
the remaining four cans.

3. PREVENTIVE RIGGING

Because of the galvanic corrosion problem, all of the carbon steel hangers
were preventively rigged. One type of hanger and bucket configuration required
preventive rigging which involved installing a collapsible bucket assembly around
the existing bucket (Fig. 2.). This collapsible bucket assembly was designed to
allow the assembly to fit under the fuel bucket. By releasing a disengaging
mechanism and pulling upward on new stainless steel cables, the assembly
surrounds the fuel bucket and provides support if the hanger were to fail.
Installation of the preventive rigging was performed in the North and Middle basins
while working through the 38 mm floor grating opening and under approximately
5.5 m of water .

4. CRITICALITY CONCERNS

The original criticality analysis for storage of the SNAP fuel assumed the fuel
would stay within the confines of the can. Since this was no longer considered a
valid assumption, further safety evaluations were performed. These new analyses
demonstrated that an effective multiplication factor (keff) of 0.95 could be exceeded
if the fuel were to form an optimum array within the confines of the bucket. This
keff exceeded the safety limit set for the facility. Due to this possibility, special
precautions were needed to repackage the fuel and return it to proper storage
configuration. This repackaging took place using the repackaging system described
below.

5. REPACKAGING SYSTEM DESCRIPTION

The repackaging operation took place in the north transfer bay of the CPP-
603 Building (Fig. 3). This part of the building was designed as a receiving area for
fuel that was being transferred from fuel casks (which originated outside the
facility) to storage positions inside the basins. This section of the report gives a
brief description of the repackaging station and hoisting system, repackaging can
and tools, and the actual repackaging operation.
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HAND OPERATED WINCHES

FUEL STORAGE FIXTURE-)
(MONORAIL NOT SHOWN)

PREVENTIVE RIGGING

SHEAVES

SS CABLES

NEW REPACKAGING CAN

FIG. 3. Section view north transfer station CPP- 603.

5.1 Repackaging Station and Hoisting Mechanism (Figs 3 and 4).

The repackaging station (hereafter referred to as the "station") is 2 m long
by 0.6 m wide by 1.5 m high and consists of a stainless steel framework with a
47.6 mm thick stainless steel floor (covered with corrugated high density
polyethylene, HDPE) and 47.6 mm thick HDPE sides. Note that the corrugated floor
was constructed to help prevent fuel from stacking in an optimum array on the
station floor, providing a critically safe configuration. One end of the station
contains a guillotine style door to allow a hanger and bucket to be moved into the
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POLY COATED CABLES

CAN SUPPORT
PLATE

FIG. 4. Repackaging station.

station. The other end of the station contains an area where new repackaging cans
are inserted. The can support plate was designed to be removable to allow for
different can designs. The funnel plate is placed over the new can after the can is
inserted into the support plate. The can is supported on its' flange by resting on the
support plate.

The hoisting system consists of 47.4mm polyethylene coated stainless steel
cables, hand powered worm gear type industrial winches and sheaves which are
designed to raise and lower the station to the desired working elevations. The
winches and sheaves are anchored to the walls of the transfer area with undercut
type anchors. For personnel radiation shielding purposes, cable stops were added
to the system to prevent the floor of the station from being raised any closer than
3.7 m from the water surface.

The design mass used for the fuel can was approximately 23 kg. The
hoisting system and station were designed to accommodate a 136 kg static or
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concentrated load with large factors of safety. Impact loads from dropping a loaded
fuel can (and other objects) on the floor of the station and support plate were
analyzed and found acceptable. Seismic loads on the station were also considered
and found acceptable.

5.2 New Repackaging Can and Tools

The new repackaging can consists of a section of 127 mm diameter 6.6 mm
thick wall stainless steel pipe with a 19 mm flange, and a 12.7 mm thick bottom
(Fig. 5.). The overall new repackaging can length is 1.3 m. The can cover consists
of a flat 19 mm plate with alignment holes (to match up to the flange alignment
pins) and two captive bolts. The can cover is not sealed to the can. This allows
venting if there are gasses generated as a result of corrosion. The can was
designed considering loads being dropped into the can while supported on its'
flange inside the station.

LIFTING BAIL

127 mm DIA.-
6.6 mm WALL

1.3 m

FIG. 5. New repackaging can.
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FIG. 6. Typical assistance tools.

Several tools were designed to be used to assist with removing the fuel from
the buckets once they were brought into the station. One tool consisted of a long-
handled pole with various attachments to help reach inside the buckets (Fig. 6.).
Another tool used was a commercially available gripper tool designed to pick up
relatively light material and was found to be extremely useful (Fig. 7.). Another
tool, the socket tool, was used to screw the captive bolts into the flange of the
new repackaging can. Lastly, a long handled tool with a wire rope snare at the end
was very useful for picking the deteriorated fuel cans out of the buckets.

6. REPACKAGING OPERATION

Once the repackaging station and hoisting system were designed, analyzed,
and installed, the actual repackaging operation began after mock-ups and extensive
operator training was completed. In general, the repackaging operation consisted
of the following steps.
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(a) Using the winch gear assembly, the station was lowered to the
bottom of the transfer pit area;

(b) The station door is opened and a new repackaging can is introduced
and placed in the can support plate;

(c) The fuel storage fixture is brought in and the door is closed;
(d) The fuel storage fixture hanger is removed;
(e) The station is raised to working position, 3.7 m below basin water line;
(f) The preventive rigging is removed;
(g) Using the appropriate tools, the deteriorated can and fuel pieces are

removed from the bucket and placed in new repackaging can within
the station. It is verified that all fuel pieces have been removed and
placed in the new can;

(h) The new repackaging can lid is secured;
(i) The door is opened, and the old fuel storage bucket is removed from station;
(j) A new stainless steel storage hanger is brought in; hook is engaged

into bail of new can;
(k) The station is lowered, freeing new repackaging can from the station;

the new can is now suspended from the new hanger;
(I) The new repackaging can is removed from station and re-stored in basin;
(m) A new empty repackaging can is brought into station;
(n) The station is raised and the new empty repackaging can is secured in the

pan;
(o) The station is lowered and is ready for another repackaging operation.

FIG. 7. Gripping tool.
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7. LESSONS LEARNED

At the completion of the job a review of the process and equipment was
performed. This evaluation determined several points which should be strongly
considered if another similar activity was performed. Below are some of the
significant items which were noted.

(a) Make use of dry mockup testing. Several simulated runs were made
using a dry mock up facility. These runs were valuable in identifying
last minute modifications desired by the nuclear fuel operators;

(b) Make lengths of remote tools adjustable whenever possible. Most of
the repackaging tools were designed so the working length could be
adjusted by adding or removing threaded sections. Operators
preferred the adjustable length tools over older fixed length designs;

(c) Use high density polyethylene (HOPE) for lining the repackaging
station. The natural white color of this material provides excellent
viewing contrast for both direct and underwater camera observations.
The HOPE does not have the glare problems of a bare metal surface
and does not wear off like a painted surface;

(d) The repackaging station was designed with a "Guillotine-style" sliding
door. The nuclear fuel operators preferred this style of door rather
than a conventional door arrangement because it was simple to
operate, and easy to verify proper closure.

8. CONCLUSION

The actual repackaging operation was a success because of all the
preparatory work that went into the design, analysis, procurement, fabrication,
installation, training, and conduct of recovery. The end users of the equipment
(nuclear fuel operators) were actively involved in the developmental activities. The
actual repackaging took about five -16 hr days; the preparatory work about 9
months.
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DEVELOPMENT OF VERIFICATION TECHNIQUES FOR THE
RODS IN A DISMANTLED PWR SPENT FUEL ASSEMBLY

YOUNG-GIL LEE, YONG-BUM CHUN, EUN-KA KIM, SEUNG-GY RO
Korea Atomic Energy Research Institute
Yuseong, Taejon, Republic of Korea

Abstract

A new fuel rod verification method and equipment to be used in the safeguards of spent
nuclear fuels has been developed and demonstrated at the post irradiation examination (PIE) facility
of Korea Atomic Energy Research Institute (KAERI). The verification is based on the measured
intensity difference of gamma-ray from the rods(spent fuel rod and dummy rod) in assembly. An air
channel tube of 5 m in length was immersed vertically in the storage pool and aligned with a rod
of interest to guide the gamma-rays from the rod to a HPGe detector located outside water. Three
14 X 14 PWR fuel assemblies, of which top nozzles were removed and several rods in each
assembly were extracted for PIE, were examined for the demonstration of the setup. The results
showed that the distinction of the spent fuel rod from the hole (it was assumed to be equivalent to
dummy rod) was possible because the measured intensities of gamma-rays from spent fuel rods
were much higher than those of empty holes and instrumentation hole in assembly. Also the spectra
from those holes did not seem to be interfered by the gamma-rays emitted from the adjacent spent
fuel rods. As verification indicators, the gamma-ray intensities of 137Cs and 60Co were useful for the
fuels with plenum spring. It was revealed that the gamma-ray intensity ratio of a secondary fission
product to direct one can be used as a good indicator for verification even if the intensity fluctuation
caused by the offset alignment between collimator and rod is severe. Thus, the spent fuel rods in
a dismantled assembly seems to be verified without pulling them out. Another advantage of this
technique is that the time required to verify the individual spent fuel rod with this technique is short
compared to others currently available.

1. INTRODUCTION

From the Safeguards point of view, the un-dismantled spent fuel assembly
is controlled as one assembly-item and the measurement techniques for the
evaluation of the assembly are well developed [1-4]. But, the assembly-item
changes to the individual rod-item after dismantling the assembly. The currently
available verification method for the rod-item in a spent fuel assembly without top
nozzle is pulling out the suspected rods (which are usually decided by means of the
information from a visual inspection) and measuring their gamma-ray activities or
dose rates. The main advantage of this method is that the whole length of the
extracted rod can be scanned. However, this method needs a considerable
operation time and the number of sampling rods should be controlled strictly
according to the storage capacity for the extracted rods.

For these reasons, though the obtainable information are restricted to the top
portion of rods in assembly, a new verification technique without extracting rods
from assembly was developed and three 14X14 PWR assemblies with different
irradiation and cooling history were examined for the demonstration of this
technique.

2. EXPERIMENTAL SYSTEM

Fig. 1 shows the arrangement of the verification system installed in the spent
fuel storage pool. The system consists of the following components:
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Fig. 1. General Arrangement of the Gamma-Ray Spectrometry System for
the Verification of the Spent Fuel Rod in a Dismantled assembly.

1) An air channel tube with adjustable length according to the depth of pool
water above the assembly. To allow only the gamma-ray from the rod of
interest can pass through the pool water to detector, it has a long cylindrical
Pb-collimator (1000 mm in length, 6 mm in inner hole diameter) inside the
bottom part of the tube. In this study, the total length of the air channel tube
was fixed to 5 m;

2) The indexing plate for the rod selection and collimator guide with which
every position of fuel rods and instrumentation hole in PWR fuel assembly
can be aligned;

3) A HPGe detector system encapsulated by the lead plate is incorporated with
a multi-channel analyzer; and

4) A working bridge is installed over the storage pool on the guide rails to move
the collimator and detecting part.

Three PWR assemblies -- G23, A39, and A17 -- with different burnup and
cooling time were selected and the following experiments were performed on each
assembly to get gamma-ray spectra for the demonstration of the techniques. First,
the background spectra of the measuring system were obtained in the condition
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that the collimator was mounted on the position of empty hole and a cylindrical
Pb-shield was plugged in the top of the air channel tube. Second, the spectra from
the hole were collected by aligning the collimator on the positions of the empty
hole (the rod which was extracted for PIE) and the instrumentation hole,
respectively. Finally, the spectra of spent fuel rods selected at random in an
assembly were obtained.

Fig. 2. shows the typical trend of spectra collected during the measurement
on assembly G23 which was irradiated for four-reactor cycles with the average
burnup of about 36 GWD/MTU and was cooled about 7 years. The background
spectrum (Fig. 2-{a)) and the spectrum of hole denoted by HOLE G23N02
(Fig. 2-(b)) show that both of them are very similar not only to the intensity
distribution along channel number but also to the height of full energy peaks. By
comparing the ROD G23H03 spectrum (Fig. 2-{c)) taken from spent fuel rod with
the spectra of Figs. 2-{a) and (b), it could be noticed that the 662 keV peak of
137Cs located between 605 keV and 796 keV of 134Cs is prominent and the 1173
keV and 1333 keV peaks of 6°'Co are higher than the 1461 keV peak of K-40. In
this figure, the gamma-rays of 134Cs, 137Cs and 154Eu are from the fission products
in the spent fuel, while those of 60Co originate from the structural material of
assembly or the plenum spring of the rod. And that of 40K comes from the ordinary
construction material such as concrete or iron.

It should be noticed here that just a few pellets located at the top in a fuel
rod can actually contribute to the spectrum, i.e., the other pellets in a fuel rod have
nothing to do with the spectrum due to the strong self-shielding effect. Therefore,
strictly speaking, the application of this technique is limited to the verification of
the top portion of rods in assembly.

The live time of the spectral data collection was set for 10 minutes in order
to confirm the feasibility for the quick verification under a worse condition with the
relatively high statistical error in peak net area estimation. The only detectable
gamma-ray from the spent fuel of the assemblies A39 and A17 in this study was
at 662 keV for 137Cs.

3. RESULTS AND DISCUSSION

The intensities of the peaks at 796 keV, 662 keV, and 1333 keV, of 134Cs,
137Cs, and 60Co respectively in terms of counting rate were obtained by subtracting
a straight-line Compton continuum between both sides of the full energy peak in
the spectrum. The counting rate of the gamma-ray of the hole and that of the spent
fuel rod were subtracted by that of the background to get the net value.

Fig. 3. shows the distribution of the measured net intensity at 1 333 keV for
60Co against that of 662 keV for 137Cs. In this figure, the solid circle stands for the
counting rate of the spent fuel rod and the solid triangle means that of the rod
extracted-empty hole or the instrumentation hole (actually, the data of these holes
are to be equivalent to those of dummy rods). The number in the parentheses of
the legend denotes the number of the experimentally obtained data. Several of
these data are resulted from the second measurement at certain positions to
confirm the reproducibility of the detection system.

As shown in Fig. 3., the data of holes are distributed nearly at the origin of
the coordinates. Thus, it is believed that the spent fuel rods adjacent to the hole
of interest did not affect (that is to say, did not increase the intensity of gamma-
ray) to the spectrum of the hole. The data of spent fuel rods are located far from
the origin despite the wide spread in the figure and thus are easily distinguishable
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with those of holes. The reason of the large data scattering for the spent fuel rod
could be explained as follows:

1 ) The offset alignment of the collimator center to the cross-sectional center of
the spent fuel rod, which causes the major fluctuation;

2) The irregular burnup distribution among spent fuel rods in assembly; and
3) The statistical error from the gamma-ray detection and the peak area

analysis.

Fig. 4. was given by using the measured net intensity at 796 keV and
662 keV of 134Cs and 137Cs for assembly G23. Here, 134Cs is a secondary fission
product and 137Cs is a direct one. As mentioned in the previous section, the
acquisition of net intensity of 134Cs was not available for the assemblies A39 and
A17 since the detectable peak of 134Cs from spent fuel was not present due to the
relatively short half-life (2.06 years) in comparison with the long cooling time (for
A39: 13 years, for A17: 13 years) and the low burnup of the assemblies (A39:
25 GWD/MTU, A17: 17 GWD/MTU).

Fig. 4-{a) shows the distribution of intensity at 796 keV for 134Cs against
662 keV for 137Cs. The data of 796 keV and 662 keV of 134Cs, and of 137Cs for
holes are distributed around 80 cpm (count per minute) and 100 cpm, respectively.
And those for rods are distributed above around 150 cpm and 1000 cpm,
respectively. Thus, the minimum intensity differences between rods and holes at
796 keV for 134Cs are much smaller than those at 662 keV for 137Cs.

The fission product isotopic correlation technique [5-6] was applied to
eliminate the intensity variation of the 796 keV peak of 134Cs caused by the offset
alignment during the measurement on spent fuel rods. Fig. 4-(b) shows the
correlation between 134Cs (796 keV)/137Cs (662 keV) intensity ratio and 137Cs (662
keV) intensity. Now, the irregular burnup distribution and statistical counting error
become the major factors of vertical scattering in the data of spent fuel rods.

By comparing Fig. 4-(b) with Fig. 4-(a), it could be noticed that the vertical
scattering of the data for spent fuel rods was reduced remarkably, and thus the
minimum differences of 134Cs (796 keV)/137Cs (662 keV) intensity ratio between
holes and rods in Fig.4-(b) are larger than the 796 keV intensity of 134Cs between
rods and holes in Fig.4-(a). Therefore, it is possible to distinguish the hole from the
spent fuel rod more easily. Consequently, applying the isotopic correlation
technique is strongly recommended for the spent fuel verification when the
measurement is performed under the circumstances of unstable geometrical
arrangement.

In addition to the verification of the spent fuel rod and the non-spent fuel
rod, the identification of the spent fuel rod will be possible by estimating the
cooling time [7-8] after discharge from reactor if the gamma-ray of fission product
with a relatively short half-life, such as 144Ce (half life = 285 days) or 95Zr (half life =
64 days), is also detectable in the spectrum.

4. CONCLUSIONS

The demonstration of the spent fuel rod verification method in a dismantled
fuel assembly was successfully carried out even if there are the long distance
between gamma-ray source (PWR rod) and detector and the short counting time
for spectrum acquisition. It was possible to distinguish the signal of the spent fuel
rod from that of hole (equivalent to dummy rod) easily in spite of the large
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fluctuation in the signal intensity of the spent fuel rod which might be mainly due
to the offset of the collimator and the spent fuel rod.

The gamma-ray intensity of 60Co against that of 137Cs is one of direct
methods for verification. Also, the gamma-ray intensity ratio of 134Cs/137Cs against
the intensity of 137Cs is an alternative method when the gamma-ray of the
secondary fission product is intensively detectable.

Finally, it is concluded that the spent fuel rods in a dismantled assembly are
verified without taking them out, and thus this technique could reduce the time
required for the verification of the spent fuel rods in comparison with the currently
available conventional methods. And the disadvantage of that the application of
this techniques is limited to the verification of the top portion of rods in assembly
can be overcome if any verification system for the remaining part in assembly is co-
operatively available.
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Abstract
Nuclear utilities, waste storage and fuel reprocessing plants are large facilities with intricate

piping networks. Due to radiological constraints, many of the areas allow only limited or no human
access. Others are completely inaccessible due to safety or structural design. However, contaminated
equipment in the plant may require modification, replacement or dismantling. A malfunction in some
transfer line or process equipment could also necessitate a repair operation. Special purpose robots can
be designed and implemented, but this approach is expensive and the capability of the system is
limited. Mobile robots can increase the versatility of the remote operation, but their range is limited by
the complexity of the access areas. The nuclear industry has a need for a versatile robotics system that
could reach previously inaccessible areas of the plant. At the completion of its mission, that robot
system has to be disassembled and available for re-deployment in a different area of the plant. In
response to this need, AT-NUTECH developed an innovative robot carrier that can remotely construct
a truss from a Series of rigid beam segments. The truss is built by a shuttle which is equipped for
interconnecting beam elements. The shuttle transports the beam segments, places them in the
predetermined lateral or longitudinal position, and performs the installation and locking of each
segment. The shuttle then returns to the loading port and continues the assembly with the next beam
segment. The design of the segments varies to allow for truss extension along a precisely defined path.
T-shaped elements allow the network to have alternate branches and intermediate support positions.
The manipulator robot can then traverse the beam network to reach previously inaccessible areas and
perform inspection, maintenance or repair operations. This paper describes the remotely constructed
truss project which is a demonstration mission of the above described robot system. The system can
be deployed and provide remote inspection, carry special sensors and perform object manipulation.

1. INTRODUCTION

Nuclear plants consist of darkened cells and vaults of large dimensions that
contain installations of complex physical mechanical, or chemical processes. Many
of the pieces of mechanical equipment, vessels and intricate networks of pipes are
placed in these cells during construction.

This equipment, normally designed and built for the same life duration as the
plant, may however, need some repair or modification. Due to radiological con-
straints many of these areas allow only limited or no human access.

Special purpose equipment can be implemented, which is developed
specifically for needs of an application. They are often expensive and their lack of
flexibility limits their field of application. Usual telemanipulators are more general
purpose but their working range is limited. Mobile robots increase the working
range but access to certain areas of the installations is still restricted. (Fig. 1.)

The PML system, whose basic idea was developed by the French CEA,
Atomic Energy commission, brings an innovative~and promising response to this
type of problem. This concept was selected by the European Community which
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supports the LACWAP project and by COGEMA, the French fuel nuclear
reprocessing operator. The aim of the PML system development is to provide an
operational tool in case it is needed.

2. THE LACWAP PROJECT, AN EXAMPLE OF INTERVENTION SCENARIO:

The LACWAP project, Long Arm Carrier With Advanced Prehensor, is one
of the projects sponsored by the Commission of European Community in the
framework of the TELEMAN programs. It associates COGEMA as user, AT-
NUTECH as the robotics manufacturer and CEA as the research organization. The
project aims to develop necessary technologies for the realization of complex
operations using the PML system.

The aim for the second phase of the TELEMAN project is to demonstrate the
successful integration of several complex subsystems working together during real
operations. That's why LACWAP is based on complementary equipment which
allows the performance of difficult operations in nuclear fuel reprocessing cells.

The LACWAP project will culminate with a demonstration that will clearly
illustrate the potential of the system by having several subsystems working
together.

fleure 1: example of reprocessing cells.
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fleure 2: overview of the LACWAP demonstration in phase of smear test with the manipulator and the
dextrous prehensor.

The chosen mission that will support this demonstration is inspection mission
or welding pipes.

This mission is a realistic intervention example but the interest overall of this
choice resides in the generic character of such operations.

The unfolding of the PML access path allows the robot to set on the workplace
a dexterous manipulation system constituted of an advanced gripper attached to a
manipulating arm. Manipulations under force control such as smear tests or
applications of measurement probes are undertaken on the periphery of pipes. The
system also allows the introduction of an original gamma radiation sensor whose data
are superimposed in the CAD database of the cell to constitute a 3D gamma map.

The demonstration will be set in the passive mockup of a nuclear fuel
reprocessing cell reconstituted in the HEF test workshop of COG EM A La Hague plant.

2.1. LACWAP intervention scenario

AT-NUTECH, coordinator of the project, provided the analysis of missions, the
general specification of the operation, specifications of sub-systems for overall
compatibility, energy distribution and transmission that will insure the final integration
of the entire project.The theoretical tasks for the LACWAP demonstration is checking
that there's no leak on pipes, after installation modification in a large area. An
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inspection is therefore undertaken to confirm the non existence of leaks or to
determine accurately the location and the nature of a possible leakage.

The PML system is chosen for this inspection mission because it can reach
inaccessible points. Complementary equipment is necessary for the inspection: a
mission preparation system, vision, a gamma camera and a light weight manipulator,
boarded on a PML shuttle, equipped with a dexterous gripper. (See Fig. 2.: overview
of the LACWAP demonstration in phase of smear test with the manipulator and the
dexterous prehensor).

The inspection unfolds in progressive phases:

first of all the vision system is used for a global area visualization. The
suspected area is then localized by detecting some leakage. However. It is not
possible to identify the concerned pipe with the vision system.
the gamma camera is therefore used, in a second step, to find hot points.
Collected information is incorporated in the cell CAD database what allows to
localized hot points in the installation.
finally, to confirm the nature of the leak, a smear sample is picked using the
manipulator and the dexterous gripper.

Figure 3 PML shuttle transportine a straight segment
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Fleure 4: installation sequences of a twist segment.

2.2. Mission préparation

The introduction of such a system in an active cell requires rigorous
preparation, and the first phase is a mission analysis.

This phase, contains two steps, it aims to define and to prepare operations on
site and notably to define the PML pathway.

A simulation of the introduction of the device into the cell is undertaken on a
3D geometrical model. The as-built CAD data base of the cell is used as the input.

The mission preparation consists of the study, according to the existing cell
environment and to the tasks to perform, of the necessary configuration of PML and
building trajectories.

It consists in defining necessary PML segments as well as their parameters
(length, angle...), to ensure safe forwarding of the shuttle and its equipment
(manipulator, prehensor, gamma sensor...), to intervention points.

The simulation validates the configuration of the path to be put on site by
checking that no interference exists between the cell equipment and the envelop of
the device to be introduced.

A problem exists in deformations of the boom. Thus, it has been necessary to
create a model of the PML elements that integrates deflection of the system both in
static and in dynamic modes.

2.3. The PML system

The principle of PML has been enhanced by CEA from needs of COGEMA.
The feasibility of the concept has been enhanced by the realization of a first

prototype. AT-NUTECH is developing an industrial version of the system in
anticipation of its future utilization in active cells.

The basic idea consists of building a boom by assembling rigid modular
segments. This boom insures the function of roll path and allows a shuttle that carries
equipment to the cell and to reach areas where modifications are needed. (Fig. 3.)

An installation base situated in a passive zone outside of the cell allows the
embedding of the boom starting segment, ensuring the confinement and loading of
elements to be introduced.
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The .boom is built by a shuttle equipped with a constructing module. This
constructor ensures the transportation, the lateral and longitudinal adjustment and the
installation and the bolting of the segment to fit.

It travels on the installation base and then on previously built parts of the boom.
Fig. 4. shows how the constructing shuttle transports a straight element. In the

background, you can see the starting element embedded on a pillar. The shuttle is
going to turn along a bend element that will allows it to vertically climb along the next
straight element.

Step by step the boom is going to be build by itself and the diversity of
available segments will allow the operator to construct pathways of complex shape
like networks and long reach supports.

The boom extends and the diversity of segments will allow the PML robot to
reach any required area within the cell. Thus elements such as simple straight
segments, straight rotary segments that allow the operator to modify the orientation
of the circulating plan of the boom, twist elements whose angles can be normalized
or prescribed, and "T" shaped segments allow branching.

T-shaped elements offer interesting possibilities because they allow a network
to be created or accessories to be accommodated in racks set off the mam path.

To increase the range of the boom, clamping modules obtain support from the
surrounding environment and can be put on site to give more rigidity to the complex
path or network. They are set by intermediary "T" segment when it is necessary.

An example of configuration is given with the photo in Fig. 5. This view shows
a boom constituted of six elements :

Figure 5: example of PML confieuratiotL
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Fïsure 6: the dextrous prehensor

the straight starting element,
a straight segment,
a bend,
a straight element,
a T shaped segment that allows a derivation,
a clamping element to compensate the deflection.

The straight segment in the constructing shuttle is going to take place on the
second branch of the T element to continue the construction of the boom.

The shuttle performs the loading, the transportation along the boom and the
unloading of equipment destined for the area of operation. This equipment can be
extremely diverse while remaining compatible with the capacities of the PML and with
the path selected. A specific shuttle is dedicated to the dexterous manipulator system.

2.4. The dexterous manipulator system

VERMAAT Technics, TUD Technical University of Delft and ULB-PRAGMA --
Université Libre de Bruxelles, are associated with the development of an advanced
manipulation system composed of a light weight manipulator with a dexterous
prehensor at the end.

The light manipulator can be withdrawn in a position allowing its passage and
transported by the shuttle through an aperture arranged for the entry into the cell.
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Usure 7:the manipulator with the prehensor

This 4 axis manipulator is characterized by its very low weight and its small
access dimensions in regard of its long reaching and carrying capacities. Folded in
transport position, it stays in a volume of 15x15x22 inches (380x380x550mm),
deployed it reaches a length of 26 inches (650 mm) with a payload of 33 Ibs (15 kg).
(Fig. 6.)

The dexterous prehensor is equipped with three fingers, each composed of two
phalanxes, that are able to turn on their base without limitation. A central palm with
pneumatic rotation and hydraulic translation completes the hand. It is therefore a 11
degrees of freedom system whose movements are accurately controlled .

The prehensor is able to accomplish tasks under bilateral force control, thus it's
equipped in the fingers' extremities with force sensors.

The man machine interface constitutes a particularly delicate point that is solved
by a master slave system.lt is not possible to base the interface on the human hand
morphology because of specifics characteristic of the prehensor. It has therefore been
necessary to develop a device that notably integrates a special glove to get the force
feedback to the operator. (Fig. 7.)

2.5. The gamma sensor system

The identification of hot points' location in a cell is required before any kind of
operation. A three-dimensional gamma mapping system has been developed that could
be used for the characterization and preparation of the mission.

The gamma sensor selected has a set of semi-conductor sensors of Hg I2
arranged like a CCD matrix of video camera. A collimator mask as a diaphragm
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focuses the gamma photons on the sensor to produce a shade. The interaction of the
gamma photons with the sensor generates an electrical pulse proportional to the
energy of the photon. A correlation between the matrix of the mask and the obtained
shade gives an image of the observed source to be characterized.

The gamma sensor also has a video camera that allows the sources to be
located in the third dimension. The positioning of hot points is then put into the CAD
database of the cell.

3. COGEMA APPLICATION:

COGEMA retains the PML system for its own application in the fuel
reprocessing cells. An industrial version of the system has been developed by AT-
NUTECH. The aim of this application is to get a robotized tool box to perform, for
example, modifications in pipes networks or interventions in radiological environment.

The mission is performed by a remote handling system using the self
constructing boom of the PML that ensures the pathway necessary to carry a remote
handling arm and tools to the point of the reprocessing cell where the pipe replacing
operation has to be made.

For this application, the PML spread is automatically made. Power is supplied
through wiper contacts on conductor rails incorporated in the segment of the beam.
In view of the complexity of the environment, the shuttles have their own embedded
electronics receiving all operators orders via radio transmission system.

The operations consist of :

Fleure 8: clampis tool being set up
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Cutting the pipe with an orbital cutting tool,
Taking off the cut pipe with the manipulator,
Placing a new piece of pipe,
Welding the new pipe.

The different tools are set by a 5 axis remote handling arm embedded on a
dedicated shuttle of the PML. A standard interface is fitted on each tool to allow
operating all the tools with the same manipulator interface.

The cutting tool consists of an orbital head that performs cutting with a
machining tool. Two clamping devices are used to maintain the pipe when each cut
is completed.

The manipulator take off the cut pipe element and set the new pipe element to
be weld. The supporting device maintains and adjusts the part of pipe to be change.
(Figs 8 and 9)

The welding orbital tool performs a TIG solding with metal applied under inert
gas protection.

Video cameras allow the operator to control the welding operation.

4. UNITED STATES DEPARTMENT OF ENERGY POSSIBLE APPLICATION

For over 40 years, the mission of the department of energy (DOE) nuclear
weapons complex has been the manufacturing and stock piling of bombs.

This storehouse of nuclear weapons has acted as a deterrent to futures global
conflicts, with the end of the cold war, the DOE has taken on a new mission whose
focus is in the environmental restoration.

The DOE has several activation, under the environmental management program
not the least of which is the decontamination, decommissioning and dismantlement
of obsolete facilities which had been used for nuclear processing. Many of these

figure 9: cutting tool
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facilities include cells or vaults containing high level of radiation which make them
inaccessible for manual operation. In the decommissioning process, it is necessary to
perform characterization studies which includes an assay of the cell with visual and
radiological sensors.

One of the outcomes of the characterization effort in a course of action which
may include some operation to confirm or remove the contamination, a decision to
decommission in place or some level of facility dismantlement. The PML system could
be an important tool in the entire decommissioning and dismantlement process. The
PML system has some unique feature which need to be considered for use in the
continuity of the activities from characterization through dismantlement.

In the characterization of cell or vaults, the PML network could be installed to
perform the sensors surveys. At this point, the network can be left in place. Future
operation may include monitoring, decontamination, removal of element or dismantling
of all the equipment in the cell. The PML installed network can act as the highway for
all future equipment needed to enter the cell and be positioned at discrete locations.

The PML system may not be economical for one of there operation. However,
when considering all of the activities that might be required in the cell, the PML
network becomes a very economical "highway" for future robotics tools.

5. CONCLUSION

LACWAP project and the COGEMA application are complementary and illustrate
the large capability of the PML system.

The LACWAP project will be finalized in mid 1995 by a demonstration in the
real scale in a passive cell mock-up. The current status allows us to conclude that all
of the subsystems operating in the retained scenario described in this paper are
compatible.

The mission preparation, directly achievable from the as built drawings of
installations in 3D CAD, is an indispensable key step for the optimization of the device
to spread and to respect safety conditions of intervention.

The PML constitutes an access path and a basis that allows an operator to
efficiently perform operations with the light weight manipulator system and the
dexterous prehensor.

COGEMA application is now ready to demonstrate complex operations such as
cutting and pipes welding.

By now the feasibility of the system is already completed and AT-NUTECH is
industrializing the PML and it's complementary tools to have a large operational
robotized tool box for other application.

Operation in hazardous waste is a field where PML system and it's associated
tool box could be very useful.

Other applications are possible in space, under water and in the chemical
industry.
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Abstract

The effective implementation of the safety objectives of the La Hague reprocessing plants
called for several plant design criteria such as containment of radioactive materials and radiation
shielding (both in normal operating conditions and off-normal conditions), equipment designs which
minimize exposure from maintenance operations, and remote automated operations which can be
completely controlled from the central control room. The design of the La Hague reprocessing plants
incorporates innovative maintenance concepts to reduce integrated doses of maintenance personnel
to ALARA levels. For instance, shearing-dissolution or vitrification cells have overhead remote
maintenance cells designed for any type of preventive maintenance or repair of equipment, including
replacement of certain items. Equipment and components are handled with remote wall-mounted
master-slave manipulators as well as in-cell cranes. When the crane itself requires maintenance, it
is brought in a "garage" at the extremity of the maintenance cell it services and separated from it
by doors. These cranes have demonstrated good operating performance. Equipment such as pumps,
valves, ejectors, vacuum filters, pH meter probes, mixer impellers require periodic maintenance
during the reprocessing plants operations. This type of equipment is standardized, at La Hague, for
a fast turn-around remote replacement without disconnecting process piping. Maintenance is
performed with a Mobile Equipment Replacement Cask (MERC) in a contained area, with temporary
barrier modification but without breaching the containment barrier. A fleet of 19 MERCs services
the plant and the MERC system has proved its reliability over the past five years in over 600
equipment replacement operations. Occupational dose linked to the operation of the remote
maintenance MERC system is very low, close to the detection threshold and no contamination has
resulted from its use.

1. INTRODUCTION

The outstanding performance of the La Hague plants is the result of an
approach to safety in which safety features are incorporated early in the design
phase, particularly those relating to containment not only for normal operations, but
for maintenance and repair operations as well; operating experience, particularly in
the area of waste minimization, is factored into design and operations; and plant
modifications are prepared and implemented in accordance with safety
requirements.

the La Hague reprocessing plants design concept is based on the existence
of two radioactive containment systems. These systems determine the layout of
the cells and work stations in the plant. During normal operations, radioactive
materials are contained by the process equipment and related ventilation systems,
which together make up the primary barrier. Process off-gases are washed and
related by exhaust fans through a 100-meter stack. In addition to the natural draft
of the stack, an electric propeller at the bottom of the stack with an independent
power supply ensures that a continual draft is created even if the exhaust fans
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should fail, and prevents pressure inversions between process equipment and work
stations.

The secondary barrier of the containment system is formed by the hot cell,
with its separate ventilation system, in which process equipment is installed. The
areas surrounding the hot cell are not accessible to personnel during normal
operations; ventilation is supplied to these controlled areas from adjacent non-
nuclear areas and flows towards the hot cells by negative air pressure. Cell air is
filtered before release.

2. MAINTENANCE PRINCIPLES

The La Hague reprocessing plants maintenance design makes a clear
distinction between routine or preventive maintenance to keep the facilities in
operations and remedial maintenance to restore normal operating conditions. A
fundamental requirement is that all standard and non-exceptional maintenance
operations on radioactive equipment are remotely performed. The equipment has
therefore been divided into three categories :

a) Fabricated Components
These components (e.g., tanks) have no mobile parts subject to wear.
Installed in separate cells, classified according to the radioactivity
levels, they are mostly designed and manufactured for maintenance-
free operations throughout the service life of the reprocessing plant.
Nonetheless, any necessary intervention for repair or replacement is
facilitated by design arrangements concerning, for example,
decontamination, access to equipment and use of robotic
maintenance tools.

b) Standard Process Equipment
This equipment consists of pumps, valves, ejectors, mixers, heaters,
filters, etc... and requires periodic maintenance. Every piece of
equipment is therefore designed as a module that can be replaced
under shielded conditions and without loss of confinement, by means
of a mobile equipment replacement cask (MERC) connected up to the
cell in which the component is installed.

c) Specific Mechanical Components
This category consists of process-specific mechanical components,
such as fuel shears, calciners and ovens plus all fuel assembly
handling and transfer facilities. The components are designed as
modules and installed in specially equipped cells with viewing
windows for maintenance using remotely-controlled handling
equipment assisted by master/slave manipulators and, in some cases,
heavy-duty remote manipulators.

The technological wastes (process equipment, pumps, valves, ejectors,
laboratory equipment, clothing, (etc)) are sorted and collected, at each of the
facilities of the reprocessing plant, in MERC's or Padiracs. The confined
technological wastes are then sent to the Waste Processing Facility where they are
packaged (without breaching the containment) for shipment to disposal.
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Sorting at the source allows for the determination of the condition of the
waste, the alpha contamination level, and the beta-gamma activity level.

3. MODULAR CRANES

Their design results from the consideration of the following basic data :

avoidance of direct manual operations on the crane subassemblies during
maintenance operations,
avoidance or limitation of operator time in the parks during crane
maintenance operations,
standardization of the subassemblies of the modules,
packageable modules, without exceptional operations, in the technological
waste bins of the facilities,
improved crane characteristics by reducing the approach dimensions and by
enhancing their service accuracy.

The modular cranes are of the twin-beam type. They consist of distinct
modules, each assigned to a function: lifting, travel, chain storage, electric power
supply (for trolley, swivel hook), control (limit switches), viewing (camera).

Since the crane is mainly used not for handling but for the maintenance of
process units, it is necessary to achieve high accuracy in its movements.
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Accordingly, the drive systems feature DC motors providing a wide range of speed
variation.

The drive systems of all the movements are duplicated and independent, to
allow to terminate an operation under way and to return the crane to the park. The
choice of duplicate independent drive systems for lifting gains space in terms of
height and allows for lower heights under the hook.

Lifting is carried out by a chain, which retains less contamination than a wire
rope, and which, when stored in a magazine, enhances the non-dissemination of
contamination and its containment.

The modules are fixed to the crane by automated lock systems actuated by
the lifting beams, and the electric connections for the modules are provided by
automatic built-in connectors (Fig. 1.).

Curative and preventive maintenance operations are carried out in the crane
park. In general, the modules are removed and repositioned using lifting means that
are specific to the different facilities. These lifting means may be equipped with
special lifting beams to unlock and grab the modules. Since the contractors and
power supply connector feature automatic connection, the modules can be
replaced without direct contact of the operators.

The drive modules to be replaced and the reels mounted on the trolley can,
after removal, be placed directly in a waste bin discharged with the MERC system.

The following operations are required for the removal of the chain module :

using special lifting beam, the lifting and reel drive modules are placed on a
waiting support, to provide access to the chain module,
the lifting chain module is removed using a special lifting beam on a special
support, in front of a master/slave manipulator work station, in the
maintenance cell, allowing, the unlocking of the chain cogwheel plates and
magazines, the shearing or rapid disassembly of a chain strand, the winding
of the chains and their storage in the magazines.

Each subassembly can hence be placed in a bin for disposal with the MERC
system.

To keep the maintenance cranes at maximum availability, it is planned to
replace the modules preventively at two-year intervals for cranes subject to high
irradiation, and at five-year intervals for cranes subject to low irradiation.

4. MECHANICAL CELLS WITH HANDLING CRANES

Crane cells have an interesting layout. Cells for high-activity mechanical
equipment, such as the shearing-dissolution cell of the T1 head-end facility or the
vitrification cells of the T7 facility, have overhead remote maintenance cells
designed for any type of preventive maintenance or repair of cell equipment,
including replacement of certain types of equipment. The equipment and
components are handled with remote wall-mounted master-slave manipulators and
with in-cell cranes.

When the crane itself requires maintenance, it is brought into a "garage" at
one end of the maintenance cell it services and separated from it by doors. The
crane cell is ventilated so that:
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during normal operations, ventilation air circulates from areas with very low
contamination to areas with high contamination, a principle which is applied
throughout the plant; and
when the doors are open, the same principle can be upheld.

Opening and closing of ventilation system flaps is therefore synchronized
with openings and closings of the crane cell doors and doors to auxiliary areas.

Several large equipment components have been remotely disconnected
without incident. For example, operating difficulties were experienced with a few
electrical connectors for remotely-replaceable modules, and some cable insulation
did not withstand the radiation field; these components were replaced in the crane
cell and the systems are back in operation.

The crane cells have demonstrated good operating performance. Ventilation
systems have performed well, ensuring the correct air flow direction, with the
result that no contamination has ever been detected in personnel work areas.
Personnel traffic in these areas has no radiological impact; in fact, integrated dose
for operating personnel is practically non-existent.

Proof of the integrity of radioactive containment systems is provided by an
interesting statistic: only a handful of units from the entire site experienced events
triggering committed dose evaluations in the 1980s, and none in 1993, whether
for Cogema personnel or for subcontractor personnel.

5. REMOTE REPLACEMENT SYSTEMS

Substantial occupational exposure from radioactive maintenance operations
was once considered unavoidable. Maintenance can be performed in a contained
area without modifying barriers using remote operating methods which are well-
known and won't be discussed here. The design of the reprocessing plants
incorporates innovative maintenance concepts to reduce integrated dose of
maintenance personnel to ALARA levels; at UP3, maintenance is performed in a

Body Cartridge

FIG. 2. Punp basic design.
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contained area with temporary barrier modification but without breaching the
containment barrier.

Equipment such as pumps, valves, ejectors, vacuum filters, pH meter probes,
mixer impellers, and heaters require periodic maintenance during operations. This
type of equipment is standardized in the UP3 plant for fast-turnaround remote
replacement without disconnecting process piping. The outer shell of the equipment
is "hard-piped", i.e. permanently welded to the rest of the process equipment in the
cell and installed close to the cell wall near a plug. The internal components of the
equipment are connected to the plug and can be remotely removed as a cartridge
using the MERC. To limit operations in radioactive areas, most of the components,
such as motors and sensors, were installed in the work area (Figs 2 and 3). Except
for ejectors, the equipment is vertical to simplify maintenance operations.

The MERC is connected to the other side of the plug with a self-sealing
double-door system. The process equipment cartridge is removed and replaced with
a special gripper inside the MERC and without breaching containment. Two types
of MERCs were developed:

the barrel-type MERC can contain both the old and the new equipment in the
same cask, but is reserved for small equipment with diameters of less than
135 mm ;
the hatch-type MERC was developed for equipment up to 650 mm in
diameter and 2 meters high which needs an interface hatch and two double-
door systems.

Both the removal of a worn or failed equipment and the insertion of new
equipment are performed by the MERC under shielded conditions and without loss
of confinement. The principal functions of a MERC are: (Fig. 4.)
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REPLACEMENT
PARTS STORE

MERC
MAIN-

TENANCE

SOLID WASTE PROCESSING
UNIT

MERC
GARAGE !

_ _ _ _ _ _ J

REPROCESSING
CELLS

FIG. 4. MERC travel paths.
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removal of worn/failed equipment from the process cell (or removal of a
basket containing solid technological wastes from a hot mechanical cell),
transfer to the solid Waste Processing Facility
unloading into an overpack (to avoid loss of confinement), ready for
immediate packaging,
loading of replacement equipment,
transfer to process cell,
positioning of the new equipment.

Because the MERC's transport radioactive and contaminated equipment, they
are provided with biological shielding to limit the dose rate to 200 mrem/h in
contact and 2.5 mrem/h at 1 meter. Contamination is confined at loading on
unloading stations by a triple-seal system and also by placing the inner part of each
MERC under slight negative pressure throughout loading, transfer and unloading.
In addition, to minimize internal contamination of the MERC, the process equipment
is designed so that it retains a minimal amount of liquid and can be rinsed and
allowed to dry as part of replacement operations.

The MERC system saves times during the replacement of components which
require periodic maintenance during operations, such as valves and pumps,
transferring discarded components directly to a waste processing facility and
reducing dose. About 3,000 pieces of equipment of standardized design are
installed throughout the UP3 plant. A fleet of 19 MERCs (5 barrel type and 14
hatch type) is required to service the plant at full capacity. The MERC system has
proven its reliability over the past 4 years in approximately 600 equipment
replacement operations. Operating experience with the MERC to date shows that
occupational dose related to its use is very low, indeed close to the detection
threshold, and no contamination has resulted from its use. In addition, operating
personnel appreciate the clean, radiation-free work conditions that the MERC
provides.

6. OTHER REMOTELY MAINTAINABLE EQUIPMENT

All equipment other than pumps, ejector valves and impellers requiring
remote maintenance (chemical process equipment) and more generally all
mechanical equipment such as the shearing machines, the calciners, the melters,
the spent fuel handling systems, the solid waste handling systems, etc. were
specially designed to facilitate remote maintenance through replacement of
complete sub-assemblies. Particular attention was given to facilitating access to
sub-assemblies considered to be the least reliable, such as motors and monitoring
devices. Most of these sub-assemblies were designed to be removed using MERC
in order to prevent the spread of contamination outside the cell, with the exception
of certain large components such as the shear magazine, which will be removed
and replaced using an air-lock equipped with decontamination and packaging
capabilities.

Remote maintenance is performed in-cell with cranes and remotely operated
tooling, using master/slave type manipulators. Heavy manipulators can also be used
for special cases. Cranes and manipulators are reserved for maintenance only. To
limit contamination during normal operations, the cranes and heavy manipulators
are stored in special cranes maintenance cells.

The design of in-cell cranes with remotely maintainable sub-units further
contributes to ease of crane maintenance. Sub-units are redundant to permit
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completion of a lifting operation in the even of an component failure. In general,
maintenance cells are associated with on or more process cells where failed
process sub-assemblies can be removed, cleaned, repaired and temporarily stored.

7. CONCLUSION

With regard to nuclear safety, the principal objective is to protect members
of the public, operating personnel and the environment. Achieving this objective
called for several plant design criteria :

containment of radioactive materials and radiation shielding, both in normal
operating conditions and in off-normal conditions, to keep plant releases and
occupational exposure well below allowable thresholds ;
safe, in-line solidification of liquid, gaseous and solid wastes ;
equipment designs which minimize exposure from maintenance to levels that
are as low as reasonably achievable (ALARA); and
remote, automated operations which can be completely controlled from the
central control room.

The La Hague reprocessing plants operating experience in terms of nuclear
safety and remote maintenance is outstanding and in full compliance with the
radioactivecontainmentsystem effectiveness and equipmentreplacement systems,
requirements stated in the final safety analysis report.
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PROSPECTS FOR THE USE OF ROBOTICS OR REMOTE
TECHNOLOGY FOR MAINTENANCE PURPOSES IN FUTURE
NUCLEAR POWER PLANTS

B. THIEBAUT
Electricité de France
Villeurbanne Cedex,
France

Abstract

The purpose of the presentation is to outline various possibilities concerning the use of
robotics in the future nuclear power plants of Electricité De France (EOF) for maintenance and
operations. The use of robotics must be built into the design from the inception in order to avoid
problems and to maximize their benefits. EOF uses robotics or remote control technology for
maintenance purposes in its nuclear power plants. It has developed specific technology to maintain
its equipments and for handling nuclear fuel. EOF believes that future nuclear power plants must
integrate robotic maintenance operations and functions from the beginning stages. This will avoid
costly structural adaptations at a later date and allow for a higher level of safety. The design of
future nuclear power plants must integrate robotics with the plant layout and the equipment itself.
Robots or remote control technology need a proper structure to operate in and around sensitive
equipment. Robotic functions in future nuclear power plants must be part of the overall concept
from the beginning, in order to gain their benefits in maintenance, dosimetry, cost, quality and
safety.

1. PRESENT VALUE FOR MAINTENANCE ON FRENCH NUCLEAR POWER PLANT
SERIES

a) Total cost of maintenance for refueling and non destructive testing:
4,200 MFF (« 800 M$) per year. This represents in 1993, 24 per cent of
the total operating cost of the Nuclear Power Plant Operation, not including
replacement of steam generators.

b) Global dosimetry for these activities:
110 Sv « 2,04 ManSv/Nuclear power plant unit,

c) Total number of workers:
17,000 Persons,

d) Present maximum radiation value:
50 mSv/person/year.

2. COMMENT

French nuclear power plants were designed without serious considerations
for maintenance. This was, in fact normal, because we did not imagine where the
future difficulties would arise. Now, we have better analyses about specific
difficulties. Economic analyses are done considering about the investment costs
for: decommissioning and maintenance.

Apart from the equivalent safety level, the most important considerations for
the maintenance now, are:
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to have a low price per electricity unit during all the life duration of
equipment,
to reduce the global dosimetry (the objective in the years to come is to reach
1.6 ManSv/Nuclear Power Unit),
to increase the overall availability of the 54 PWR units (an important part of
the availability comes from the control of the length of refueling and non
destructive test during the refueling).

Also we study concurring engineering developments to improve the present
solutions.

One possible solution is robotics.
For example: in 1993, concerning the vessel head penetrations,
35 vessels were inspected. Doses were reduced by a factor of about
10 through the use of robots.

3. FRENCH COMMENT ABOUT PRESENT ROBOTICS

The feed-back from the French experience shows that interventions on
contaminated equipment of nuclear power plant are not easy. The main difficulties
are :
1) The equipment is not designed to receive robots :

For example:
- no reference for robot path,
- no technical plate for clamped robot.

2) Significant logistical support is necessary :
For example :
- no utilities available (power, network...),
- a long time is required for assembling and testing robots and their
controls.

3) The hazardous layout and complex tasks require sophisticated robotic
design:

- advanced kinematics,
- advanced mechanical joint,
- recognized form,
- simulation,
- dexterity,
- many liberty axes,
- advanced programming,
- calibration.

Furthermore a lot of different robots or tools are now used to adapt, maintain
and control the equipments, as shown in Table I.

4. PROPOSAL FOR RESEARCH OF FUTURE PLANTS

In order to solve the difficulties mentioned above in paragraph 3, we
consider it to be critical that robotics must be studied in future project
simultaneously, with equipment definition and the surrounding layout.

In this process, we try to replicate car manufacture. In the past, car
manufactures tried to develop specific tools to mimic worker movements. But, the
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TABLE I.
THE LIST OF ROBOTS USED IN THE FRENCH NUCLEAR POWER PLANTS

MATERIALS

Steam generator

Reactor coolant pipe
Pressurizer
Pool
Reactor coolant
pumps
Reactor vessel,
Internal equipment,
Fuel
Valves

FUNCTION

Carrier
Control
Maintenance
Inspection
Carrier
Decontamination
Carrier

Carrier
Inspection
control
Inspection
Maintenance

NUMBER OF
ROBOTS

13
2
1
4
1
2
2

4
7
2
0
0

APPROXIMATIVE
NUMBER OF

TOOLS

75

12
8

30
15

74

Many

increases of technical difficulties and costs can be seen in presently designed cars
being manufactured by "conventional" robots, with better results.

4.1. Basic design

EOF has now decided to introduce specifications for design. Some main and
fine features about considerations were written by French and German engineers
for the EPR (European Pressurized Reactor). These features are required for the
basic design.

EOF considers that the refueling duration is a normal situation of a nuclear
power plant. In this case, it is necessary to study equipment and layout facilities
with robotic considerations. The introduction of a robot control-room, technical
plates for positioning and informatic networks are the structural consequences of
the use robots to facilitate maintenance periods of nuclear power plants.

However these features are not sufficient in themselves. It is also necessary
to look at logistics.

4.2. Logistic approach

The preparation of the surroundings is necessary. For example, during the
design, deciding on locating the technical plates near candidate activities for robotic
equipment are essential. These clamps must be near utilities (power, network).
Mechanical specific connects between tools and robots are also necessary to
obtain the best results with robots.

We consider that robots should be installed in containment areas only during
refueling. Because of this, it is necessary to prepare connecting clamps and robots.
To reduce and facilitate these operations, we imagine having a specific control-
room for the robots, the tools, and the non destructive test, outside the
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containment. The robot controller would be placed in this specific room. The
communications between controller and robot must use specific networks.

With this architecture, the robot's motors and sensors are connected to the
previous networks via a robot location fieldbus.

4.3. Economic perspectives

An economic approach shows that robotics will be beneficial. The use of
robots can reduce costs by about (50 %). This profit is obtained by the reduction
of the number of workers required.

The dosimetry can be reduced for the same reasons.
The investment costs increase by the introduction of robotic adaptations on

layout and/or equipment. The maintenance cost which is valued by the number of
workers in the plants decreases. The aggregate from these two costs further
decrease if you introduce robotics as early as possible in a new project.

4.4. Main features requirement about robotic in a new project:

Respect future European requirements,
Reduce global dosimetry of maintenance activities,
Reduce refueling duration,
Increase quality interventions,
Reduce difficult tasks,
Reduce waste,
Reduce maintenance cost.

4.5. List of French candidate activities for robotic equipment:

Fuel handling,
Steam generators (non destructive test and cleaning),
Reactor vessel (non destructive test and fuel handling),
Internal equipment (non destructive test),
Pressurizer,
Reactor coolant pump,
Reactor coolant pipe,
Valves.

The robotisation decision will be accepted after economic studies and if
robotic specific technologies are affordable (sensors, motors, fieldbus, network,
tool,...).

5. CONCLUSION

1) For best results, robotic use in nuclear plants, requires a global conception
between equipment, layout and robots;

2) This global concept allows us to consider the benefits of robotics for
maintenance, dosimetry, cost, quality and safety;

3) The present affordable technology available in arm manufacture is not
sufficient. However the market and present development could give us this
necessary technology in the near future;

4) We imagine that these developments will be accessible with international
research and assistance.
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MONITORED RETRIEVABLE STORAGE AND MULTI-PURPOSE
CANISTER ROBOTIC APPLICATIONS: FEASIBILITY, DOSE SAVINGS
AND COST ANALYSIS*

P.C. BENNETT
Intelligent Systems and Robotics Center,
Sandia National Laboratories**
Albuquerque, New Mexico

J.B. STRINGER, R. EBLE
TRW Environmental Safety Systems
Vienna, Virginia

USA

Abstract

Robotic automation is examined as a possible alternative to manual spent nuclear fuel,
transport cask and Multi-Purpose Canister (MPC) handling at a Monitored Retrievable Storage (MRS)
facility, and as an alternative to current MPC closure and welding methods at commercial nuclear
reactor sites. Automation of key operational aspects is analyzed to determine equipment
requirements, through-put times and equipment costs. The economic analysis approach is described,
and economic and radiation dose impacts resulting from this automation are compared to manual
handling methods.

1. INTRODUCTION

The United States Department of Energy has the responsibility to develop
and operate a Civilian Radioactive Waste Management System (CRWMS) that will
remove spent nuclear fuel (SNF) from commercial reactors in the United States and
dispose of the fuel in a permanent geologic repository. Elements of the CRWMS
may include temporary storage facilities, transport capabilities, and the repository
facilities. TRW Environmental Safety Systems, Inc. (TESS), the CRWMS
Management and Operating Contractor, has developed conceptual designs for a
Multi-Purpose Canister (MPC) system to simplify SNF handling through these
elements, and a Monitored Retrievable Storage (MRS) facility for the interim storage
of SNF.

The MPC is a sealed metallic canister conceived for storage, transportation
and disposal of SNF assemblies throughout the CRWMS. MFCs are intended to be
loaded and sealed at commercial reactor sites to provide a dry, inert environment
for SNF, and are over-packed separately and uniquely for the various system
elements of storage, transportation, and geologic disposal.

The high volume of SNF to be handled results in undesirably high cumulative
occupational radiation doses at the commercial and federal facilities. For example,
closure operations of a single 125 ton MPC may result in exposures of over
10 milli-Sievert (mSv) using available manual techniques (including an existing

* This work performed at Sandia National Laboratories, Albuquerque, New Mexico, supported by the United States Department of
Energy under Contract OE-AC04-76DP000789.
"A United States Department of Energy Facility
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remote welding process), with about 60% of this exposure taken by welding
personnel. With anticipated MPC loading rates of up to nearly 400 per year,
radiation doses up to 4 Sv may be imparted at the reactor facilities. Reduction of
exposure within the CRWMS is currently valued at $1 Million per Sv. This yields
between $3 Million and $4 Million per year during the 33-year disposal campaign
for activities resulting in the elimination of the related radiation doses. Such
activities falling within this dollar range would be considered "reasonable" from the
economic perspective when keeping radiation doses "As Low As Reasonably
Achievable" (ALARA).

Robotic automation has been proposed as a means of substantially reducing
occupational dose at both reactor facilities and the MRS. Remote automation
removes operators from the radiation field. Use of remote robotic machinery offers
sufficient flexibility for a single system to perform many normal operations such as
welding, bolting, weld and radiological inspections, and drain and gas port
connecting while adjusting quickly to changes in the task or environment. This
flexibility also enables off-normal operations such as removal of poor-quality welds
and part recovery. Further, these operations can be carried out in fully automated,
fully manual or shared control modes. The advantages of such robotic systems
make them attractive for CRWMS application.

As a part of the CRWMS design process, graphical simulation tools have
been used at Sandia National Laboratories (SNL) to help analyze MRS and MPC
design. Potential robotic handling processes for MPCs, transport casks, SNF, and
storage containers were simulated using primarily commercially-available robotic
equipment, augmented by a suite of sensors and an SNL-developed control
structure to enable the automated, manual and shared control modes. Operational
speed, equipment requirements, radiation dose savings and layout were determined
from the simulations. Capital and operating costs were also derived from the
simulation. This provided cost/benefit information to determine advisability of
robotic application.

This paper describes the simulation and analysis approaches taken to address
key operational aspects of the MPC system, and the results of the MRS and MPC
simulations performed by SNL in conjunction with their respective conceptual
design activities. Economic and radiation dose impacts of automated handling
methods are compared to existing manual handling methods for MPC closure and
welding operations at commercial reactor sites, and for receiving and
storing/transporting SNF at a MRS facility. Total lifetime costs and cost per person-
Sv are calculated and compared for each method.

2. SIMULATION

MRS facility layout and process flow models are based on the MRS
conceptual design report (CDR) and amendments. [1] MRS automation is broken
into four areas (workcells) relative to the MPC for evaluation: Shipping/Receiving,
Cask preparation, MPC transfer, and MPC welding. MPC closure and welding
models at commercial reactor sites are based on process flow and radiation dose
assessments done by TESS. [2]

Modeling and simulation are executed using IGRIP software from Deneb
Robotics, Inc., on SiliconGraphics workstations. Validation of these models is
imperative to producing accurate results. To accomplish this, SNL has taken
parameters directly from the commercial equipment, not only geometric information
such as the dimensional and kinematic characteristics of a robot, but also
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FIG. l

performance parameters such as motor torque rates and travel speeds. The same
types of information for the facility casks and equipment are also included in the
models as applicable to the simulation.

Accurate simulations such as these have been integrated into high-level
robot control systems operating industrial robots at SNL and other DOE sites.
Excellent performance of the robotic systems thus programmed has provided
validation of the simulation method, and high-confidence estimates of the
operational speed of each robotic workcell described below.

2.1. MRS Shipping/Receiving Bay

The Shipping/Receiving (S/R) bay, shown in Fig. 1., is the venue for
receiving and shipping operations for the transport casks. Transport casks are
moved into the S/R bay and their positions located by robotic machines. Personnel
barriers are removed and the cask is identified and surveyed for radiation and
surface contamination levels. Operations required to release the cask from the
transport platform are carried out in the S/R bay as well, including impact limiter
removal, tie-down release, cask uprighting and lifting. When unloading of the casks
is complete, the S/R bay can reverse these operations to prepare the casks for
return shipment.

The model of the S/R bay is based on the MRS CDR. The equipment
specified is commercially available and proven in industrial use. This includes two
200-ton programmable cranes for lifting the casks, each with a 25-ton auxiliary
hook for lifting impact limiters and other equipment, and two gantry-type robots for
executing dexterous operations such as cask surveys, tiedown and impact limiter
release operations. The two cranes reside on one set of rails, providing mutual
support both in normal operations and in the case of failure of one of the cranes.
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2.2. MRS Cask Preparation Station

The purpose of the cask preparation station (Fig. 2.) is to prepare the
transportation cask for opening. Operations include cask washdown, location,
cavity gas sampling and venting, mating adapter installation, cask lid lifting device
(pintle) installation, and bolt removal. These operations are simulated using a PAR
XR6100 gantry robot, a monorail crane, and a wash ring. After bolt removal, the
cask is moved under the transfer cell where it is mated to the transfer port. A
telescoping collar connects to the mating adapter, completing the unloading
preparation operations.

2.3. MPC Transfer Room at the MRS Facility

The bulk of the MPC operations are executed in the MPC transfer room,
illustrated in Fig. 3. The transport cask is moved into the room by automated
guided vehicle (AGV), and located by machine vision. Once the location is verified,
the cask is opened by removing cask closure bolts using a 40-ton capacity stewart
platform crane, its dexterous (removable) wrist and modified tooling. After
attaching lifting adapters, the MPC is removed from the transport cask by the
stewart platform crane and transferred to a waiting storage cask. The storage cask
is closed and an automated radiation survey conducted. Finally, both casks are
removed from the room by AGVs.

FIG. 2
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FIG. 3

2.4. MPC Welding at the MRS Facility

Individual SNF assemblies transported to the MRS are transferred to an MPC
through a transfer cell. The MPC is then welded closed in the storage cask
preparation room (Fig. 4.). The layout consists of a loading station and two cask
preparation stations. In the preparation stations, the casks are prepared for loading
in much the same way as in the transport cask preparation station, including
opening and cavity preparation. The loading station is located below the bare-fuel
transfer cell, connecting the cell with the cask. After loading of SNF is complete,
the MPC shield plug is installed in the transfer cell, then sealed at the preparation
station by welding an inner lid onto the MPC, placing a layer of honeycomb over
the inner lid, then welding an outer lid onto the MPC. A cask lid is then installed
and the cask containing the MPC is moved out of the room for transfer to the cask
transporter, which takes the cask to its storage or transport destination.

2.5. MPC Welding at Commercial Reactor Facilities

The reactor site MPC closure and welding workcell is a generic fuel handling
building at a commercial nuclear reactor with a decontamination pit near the fuel
storage pool. Robotic equipment and tooling are mounted on a movable plate near
the floor, and rotated on the plate into position above the MPC which has been
placed in the pit by the facility crane (Fig. 5.). The robot chosen for this simulation
is a Staubli Unimation NEATER 762 robot. Based upon the Unimation PUMA 762
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FIG. 4

industrial robot, the NEATER robot has been engineered for radiation tolerance up
to 106 Gray (Gy).

Operations include welding inner and outer lids in place, emplacement and
removal of drain/dry/backfill port connectors, welding covers over these ports, a
three-step dye penetrant weld inspection for all welds, and a leak check using a
helium mass spectrometer.

3. ECONOMIC ANALYSIS

The economic analysis method used to compare the robotic and manual
handling methods is a Cost-Benefit Analysis using net present value and related

Table 1. Common Assumptions For MRS Workcells

Assumption
Project Life (Years)
Annual Labor Cost (Operator)
Annual Dose Limit (mSv)
Dose Cost per Sv
Discount Rate
Annual Maintenance Cost
Down Time (%)
Minimum Operators / Cell
Energy Cost per kWh
Energy Requirement (kW)

Worst Case
Manual Method

34
$50,000

10
$100,000

3.00%
$0

0.00%
6

$0.08
0

Robotic Method
34

$75,000
10

$100,000
3.00%

$18,000
20.00%

6
$0.08

20

Best Case
Manual Method

34
$50,000

10
$1,000,000

3.00%
$0

0.00%
6

$0.08
0

Robotic Method
34

$75.000
10

$1,000,000
3.00%

$18.000
5.00%

6
$0.08

20
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outcome measures as defined by the United States Government Office of
Management and Budget. [3] Cost drivers, such as capital and operating costs for
the life of the project, were derived from the simulations and operational experience
and are the basis for the analysis.

Worst and best case scenarios from the robotic application point of view are
generated using the range of estimates for each of the drivers. "Worst Case"
assumes those values that place robotic handling in the least desirable perspective.
"Best Case" assumes those values placing robotic handling in its most desirable
perspective, thus bounding the results of robotic application.

Table I lists the factors common to four workcells in the MRS facility.
Receipt rates (not shown) are based on a 34-year cycle and are given in
Reference 2. Table II lists the investment cost, dose rate and process time
estimates compiled for each workcell. Dose rates for the GA-4/9 spent fuel casks
are based on TESS and SNL studies. [4] Dose rates for the 125 ton MPC were
determined by TESS [5] and were assumed the same for the 75 ton MPC.

In the case of MPC handling at the reactor facilities, ranges are not
considered. Labor costs are assumed to be $75,000 for each labor category, cost
per Sv are $1M, and a minimum crew size of 3 is assumed.

FIG. 5
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Table 2. Workcell-Specific Investment Costs, Dose Rates and Process Time Estimates

Assumption
MRS S/R Bay
Investment Cost
GA Casks:
Dose Rate (mSv/Cask)
Process Time (Hrs.)

Worst Case
Manual Method

$1,750,000

0.88
2.00

Robotic Method
$4,245,588

0.000
4.50

Best Case
Manual Method

$1,750,000

2.70
3.67

Robotic Method
$4,245,588

0.000
2.28

MRS Cask Prep
Investment Cost
GA Casks:
Dose Rate (mSv/Cask)
Process Time (Hrs.)

$1,500,000

0.36
1.67

$6,259,224

0.000
1.08

$1,500,000

4.38
2.87

$6,259,224

0.000
0.72

MRS MPC Transfer
Investment Cost
Transfer MPC-125
Casks:
Dose Rate (mSv/Cask)
Process Time (Hrs.)

$900,000

4.03
4.18

Transfer MPC-75
Casks:
Dose Rate (mSv/Cask)
Process Time (Hrs.)

4.03
4.18

$6,052,812

0.000
7.77

0.000
7.77

$900,000

4.03
4.18

4.03
4.18

$6,052,812

0.000
4.85

0.000
4.85

MRS MPC Weld
Investment Cost
MPC-125 Casks:
Dose Rate (mSv/Cask)
Process Time (Hrs.)

$900,000

7.5
41.17

$1,036,812

0.000
41.82

$900,000

7.5
41.17

$1,036,812

0.000
38.40

Reactor MPC
Closure/Weld
Investment Cost
MPC- 125 :
Dose Rate
(mSv/MPC)
Process Time (Hrs.)

$350,000

10.37

38

$648,000

0.73

14.75

$350,000

10.37

38

$648,000

0.37

14.45

4. RESULTS

Results of the combined simulation and analysis are clearly favorable for
automation in most cases examined. Table III shows the results of the MRS benefit-
cost analysis. For each of the workcells, a best case and worst case bracket the
expected cost (savings) by using robotic automation over manual handling
methods. Variance for MRS workcells is due to factors such as uncertainty in
radiation dose rates, manual process times and allowable machine speed settings.
Variance in the reactor facility MPC closure and welding depends upon treatment
of labor, including employee or contractor retention upon reaching dose limits.

For example, the MRS Shipping/Receiving bay could save $5.6 to
$36.3 Million over the facility lifetime, with a savings of 3.5 to 12 person-Sv. This
amounts to a savings of between $1.6 Million and $2.8 Million per person-Sv,
accounting for an accepted cost of $1 Million to eliminate each Sv. The majority
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of this cost savings is due to reduction in labor requirements. Of the four MRS
workcells examined, all showed the potential to save from $18 Million to
$36 Million each over the 34 year life of the facility while saving a combined
radiation exposure of over 42 person-Sv.

Under worst-case conditions, automation costs per Sv for the MRS Cask
Preparation Station range from a savings of nearly $3 Million to a cost of over
$3.2 Million, roughly three times the design assumption of $1 Million per person-
Sv. This range is due to a wide range in estimates of actual exposure and time
required to execute the preparation operations manually.

5. CONCLUSION

Graphical simulations of MPC handling operations at MRS and commercial
reactor sites have been created and executed to identify operations that can be
automated with robotic machinery. The results of these simulations show how
those operations can be executed automatically, identify equipment requirements
and operational characteristics for the automation, and determine potential process
times for each automated operation. Cost estimates for the identified equipment are
used in the economic assessment.

Benefit-cost analyses were performed for each of the workcells based on
simulation results. Drastic reductions in doses can be obtained for the MPC
handling operations. At the same time, most scenarios indicate a substantial cost
savings potential over facility lifetime when the processes are executed robotically.

The economic justification is a powerful argument for robotic automation in
facilities subscribing to the "As Low As Reasonably Achievable" (ALARA) radiation
reduction philosophy. This, combined with substantial dose reduction potential and
demonstrated feasibility make a compelling case for robotic MPC welding and

Table 3. Economic Analysis Results By Workcell

MRS Shipping/
Receivina Bay

Best
Worst

MRS Bare Fuel
Prep

Best
Worst

MRS MPC
Transfer

Best
Worst

MRS MPC Weld
Best

Worst
Reactor MPC
Closure / Welding

Best
Worst

Discounted Total
Cost (Savings), Robotic Use

($36,000,000)
($5,600,000)

($62,000,000)
$4,600,000

($31,000,000)
($26,400,000)

($19,000,000)
($18,000,000)

-
($274,000,000)
($28,000,000)

Amortization
(Years)

1.17
9.01

1.23
-

2.25
3.06

0.16
0.17

1.97
9

Dose Savings
(Sv, Project Life)

12.82
3.51

20.77
1.44

1.33
11.20

7.27
6.18

61.4
61.4

Cost(Savings)
per Sv

($2,828,000)
($1,600,000)

($2,987,000)
$3,217,000

($23,295,000)
($2,361,000)

($2,595,000)
($2,907,000)

($4,500,000)
($460,000)
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closure operations at an MRS, commercial reactor sites, and other high-volume
nuclear waste handling facilities.

Recommendations for near-future work include assembling the MPC closure
and welding workcell, programming the equipment using the simulation described
here. DOE-developed and -demonstrated sensor technologies could then be
integrated to provide real-time response to changing weld and other process
parameters. A demonstrated prototype system would then be delivered to the field
for use in both MPC operations and other existing spent fuel storage systems. The
MRS workcells, particularly the cask preparation and MPC transfer operations,
should be similarly demonstrated, in the event that the MRS is returned to
mainstream DOE efforts.
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Abstract

There are two major distinct activities involved with reprocessing of nuclear fuel. They are: a)
Mechanical handling of the fuel in the head end plants, and b) chemical dissolution and separation
of unused fuel, useful by-products and waste products. Plants and facilities associated with the
former include significant remote handling equipment that is designed for handling of fuel for normal
production processes. These equipment are selected and designed to meet the design throughput
of the plant taking into consideration ease of their operation and maintenance in conjunction with
statutory regulations on safety and operator dose uptake. Nevertheless, during the life of the plant,
there are instances when special equipment is called for to access part of plant and undertake tasks
such as inspection, maintenance and modification to improve the existing process. BNFL has much
experience in the design and application of remote handling equipment for normal production
operations and for the intervention tasks as mentioned above. The Company has also supported
these activities with a large commitment to research and development. This paper will cover these
experiences and the remote handling and robotics technologies being developed to support nuclear
fuel reprocessing business in the future.

1. INTRODUCTION

The Sellafield site of British Nuclear Fuels pic (BNFL) has been in existence
for over forty years and has successfully provided reprocessing services for the
nuclear fuel used in nuclear power generation world-wide. During this period a
variety of plants were built to provide these services. Use of a variety of remote
handling equipment for inspection and maintenance has contributed significantly
to successful and safe operation of these plants. Also, over this period, a number
of plants were taken out of service which requires a commitment to keep them
safe. The Company has decided to eliminate this ongoing commitment bringing
these plants to a state so that they do not have any radiological significance.
Hence decommissioning has become a major activity of the Company.

In the process, the Company has acquired a vast experience in design and
application of systems for inspection, maintenance, repair and decommissioning.
This experience has also highlighted gaps in the remote handling and robotics
technologies required for efficient and cost effective solution of problems. Hence
the Company initiated a major robotics technologies development programme to
address the gaps in the technologies for the current and long term business needs.

This paper describes some of the systems that are under development for
decommissioning applications, the robotics technologies being addressed and the
progress made to-date in the Remote Handling and Robotics Programme.
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2. REMOTE HANDLING SYSTEMS AND TOOLING FOR DECOMMISSIONING

2.1. Remote Handling Systems

A manipulator on it's own has only a limited coverage, typically a full reach
of 2 to 3 metres, and so to do useful work in a large plant, some means of moving
the manipulator to the work site is required. In a new plant, this will often be most
conveniently provided by a conventional gantry-mounted mast, giving x,y,z
coverage of a cell. Unfortunately, in many older plants now coming up to
decommissioning, no provision was made for access by Remote Handling
equipment. One typical plant, the first magnox fuel Primary Separation Plant [7] at
Sellafield which operated from the early 50's until the late 60's, has cells 130 ft
high, 75 feet long and 27 feet wide, with no installed crane rails, and no access
holes apart from very small man access doors. Unlike new plant, decommissioning
is rarely a "value adding" activity, and required equipment life is likely to be shorter
than for other applications in the nuclear industry. Control of equipment capital cost
is therefore vital. The manipulator deployment machine shown in Fig. 1. has been
designed for this job. It has a reach of 5 m and can lift 3 te at full stretch. It is
based on a proprietary telescopic jib crane normally intended to be mounted on the
back of a wagon. The major physical modifications have been to the shoulder to
improve it's stiffness and to mount it on a boogie which will be deployed on the
existing man access platforms within the building. A tilting platform has been
provided at the end of the jib so that the manipulator's azimuth can be kept vertical
as the jib lifts up and down. All power and signal supplies to the jib end are

Fig. 1: Remote Handling Machine 1
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Fig. 2: Remote Handling Machine 2

managed in the drag chain system mounted alongside the jib so that snagging
hazards from trailing cables are minimised. All joints are fitted with position
sensors, typically gravity-referenced inclinometers on the revolute joints and a taut
wire extensometer on the telescopic function. The control system provides a limited
teach and repeat capability, but it is intended that the machine be controlled joint
by joint with a man in the loop most of the time. Repeatability of tip position of the
order of 300 mm will be more than adequate for the task, any fine movement will
be performed by the manipulator. The machine has been made and is presently
undergoing inactive commissioning.

For plants where alpha contamination is a problem the deployment machine
shown in Fig. 2. has been designed. It is similar in concept to the first Primary
Separation Plant machine mentioned above, but the telescopic member is now an
internally splined hydraulic cylinder. The first development machine will be used to
decommission a large glovebox facility. It employs an almost standard proprietary
cylinder, but this had limited dynamic torque capacity. A second machine with
redesigned cylinder, so that the telescopic motion can be performed with the
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Schilling manipulator in any orientation, will be used in another application, namely
decommissioning a Caesium plant.

2.2. Remote Tooling

When an acceptably dextrous manipulator has been positioned at the work
site, it needs cutting tools to do it's job. Very few manipulator-friendly heavy duty
tools were available, therefore BNFL designed and developed a range of tools. In
the first Primary Separation Plant there is over 7 km of pipework, 95% of which is

Fig. 3: Shear with Clamp
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Fig. 4: Heavy Duty Drill

50 mm diameter or smaller. Trials on a proprietary rotary cutter resulted in a
redesign to improve various features, mainly to increase blade life and to mount the
control valve integral with the tool to ease hydraulic feed requirements. This shear
includes a clamp which holds on to the cut section of pipe so that it can be
transferred to the waste box. This tool is shown in Fig. 3. For pipework and
structural sections larger than 50 mm, a shear would become unreasonably heavy,
e.g. some vessel supports are 300 mm x 200 mm x 200 mm I-beam. For this duty
a proprietary reciprocating saw has been fitted to a purpose designed clamp which
exerts a 1 te force. Attempts to saw without the clamp were unsuccessful; even
with the saw body pre-loaded against the job unacceptable oscillations resulted.
This tool has been demonstrated cutting mild steel sections and stainless pipework
up to 200 mm section.

Very few of the vessels in older plants have lifting features. It is also
necessary at times to drill into vessels to ensure they are empty, or to empty them
if not. A proprietary heavy duty drill has been fitted with a spring compliance
system as shown in Fig. 4. This is capable of drilling holes up to 50 mm diameter
into which the purpose designed vessel lifting device can be fitted. Attempts to
deploy the drill without the spring compliance from a non-force-feedback
manipulator were spectacularly unsuccessful. Even with the springs, the Resolved
Motion controller is almost essential.

For cutting flat plates and for cutting, pipework where end closure is not
acceptable, the rotary saw has been developed. This is clamped to the job using
either mechanical clamp, electromagnet or suction feet, and has been shown
capable of cutting 80 mm stainless tube and 6 mm mild steel plate.

Where thermal cutting is acceptable, plasma arc is a very attractive
technique since the equipment is light, has nominal reaction force, and apart from
the easily changed nozzle, does not have blades etc. with a finite life. Three ways
of deploying a plasma torch from a manipulator have been demonstrated. Firstly,
a wheeled trolley was designed to keep the torch the required distance from the
workpiece. This had spring compliance to take up any error in the workpiece or
non-linearity of manipulator movement. Although a little crude, this was very
successful, an improved version is being designed. The second method was to
drive the manipulator parallel to the workpiece using the resolved motion controller,
and to take up non linearity using a proprietary arc stand-off controller held in the
manipulator jaw. This too was successful. The third method was to mount the arc
stand-off controller on a small self-moving trolley which moved along a track held
by the manipulator. Again this was successful, and apart from initial positioning did

181



not require manipulator movement and so could be deployed from a less
sophisticated arm. It is however more cumbersome and less elegant than the first
two solutions. Other manipulator tools developed but not shown include nut
spliters, nut runners, vacuum cleaners and a magnetic plate lifter.

Where even heavier duty tools are required, it is often the case that less
dexterity is acceptable. For the demolition of brick and concrete walls, a heavy
duty core drill, (Fig. 5.), and an electro-pneumatic hammer have been adapted to
fit directly on the end of the deployment machine. The core drill has it's own axial
feed system, and the hammer has been fitted with a spring vibration absorber so
that very little vibration is fed back into the deployment machine.

Fig. 5: Heavy Duty Core Drill

3. ROBOTICS RESEARCH AND DEVELOPMENT

A variety of Remote Handling and Robotics Systems (RHRS) were provided
on a project by project basis during the 1980s for chemical plant and reactor
inspection, repair, modification and decommissioning projects. These include
DIMAIM, RODMAN, REDIMAN, REPMAN, RAFFMAN and manipulators for Pile
Chimney Decommissioning which are reported elsewhere [1-6]. Existing technology
was mainly used to satisfy the needs of these projects with only small elements of
new technology to service special requirements. At the same time the tasks which
robotics systems have to perform have become more sophisticated as evident in
the section above describing systems and tooling being developed for
decommissioning. These tasks are very demanding of the operator skill and hence
it is recognised that there is a need to provide appropriate robotics technologies to
improve the operator efficiency and to reduce the task execution times.
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Some of the common features of the remote handling and robotics systems
referred to above and in the last section are:

they all operate in a radioactive environment which dictates remote
operation,
remote Handling equipment is linked to the control station through trailing
umbilicals,
the operating environment is usually constrained and has obstacles,
manipulators are on a fixed base or on a deployment platform with a fixed
base,
manipulators are of no more than 6 degrees of freedom (dof) which allows
only one spatial position and orientation corresponding to a given set of joint
angles,
geometric data of the operating environment is very often not known. Thus
the environment cannot be modelled and pre-programming of the
manipulator motions is not possible,
the operator feedback is either direct view or through CCTV systems,
the operator interface is primarily in the form of joysticks without any tactile
feedback,
joint control of the manipulator is the common mode of operation. Teach and
repeat has been used in some instances. Resolved motion rate control of the
manipulator tip is emerging but in some cases raises safety issues relating
to possible collisions with plant items.

3.1. Technology Gaps

Though much research has been carried out to address many of the above
mentioned issues at academic institutions and elsewhere, there are still significant
gaps in robotics technologies for the nuclear industry. Specifically we would
highlight the following areas:

a) the operator feedback and device control modes that will ease the mental
load and speed up task execution,

b) redundant (or dextrous) manipulators -- manipulators with more than 6 dof -
that can be controlled in a cluttered environment with sensor based collision

avoidance, manipulator motion and task planning, sensor based dynamic
environment mapping, force feedback and manipulator active compliance.
These will enable tasks which cannot be carried out with existing systems
for the reasons mentioned earlier,

c) telerobotic mobile devices that can be used as manipulator deployment
platform for routine inspection and also for emergency use. Off-the-shelf
equipment is not yet in the form suitable for nuclear applications,

d) computer simulation and world modelling interacting dynamically with real
environment. This will assist in operator training, telerobotic system design
and task and motion planning and execution,

e) man-machine interface (MMI) technology. This will enable the operator to
carry out a task in an intuitive/natural way.
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3.2. Company Initiatives/Programme

From experience of the application of remote handling systems mentioned
above, it is clear that equipment for such tasks will need increasing levels of
autonomy and user-friendly operator/equipment interfaces. Also, BNFL have
identified that the future remote handling challenges associated with operating and
upgrading existing plants and decommissioning redundant facilities will be in less
well-structured, cluttered and dynamically changing environments.

In 1985/86, an initiative to bring a Company-wide approach to Research and
Development (R&D) and to undertake more generic science and technology based
research was started. BNFL's Corporate R&D Group, as part of its strategy to
satisfy the Company's future business needs, formalised the structure of robotics
work to address the technology gaps such as those listed above. A co-ordinated
Remote Handling and Robotics Programme (RHRP) was formulated and started
work in 1990 [8].

3.3. Remote Handling And Robotics Programme

Aims of this programme are:

a) to generate robotics technology to improve safety and efficiency and
b) to promote and increase the robotics expertise within the Company.

These are to be achieved through research and development within BIMFL
Divisions, use of the expertise at UK Centres for robotics research and participation
in international programmes such as the Commission of European Communities
(CEC) funded TELEMAN project.

3.4. Generic Techniques And Equipment Developments:

Technologies emerging from the RHRP are briefly described below and
grouped to address the technology gaps identified earlier in the paper.

a) Generic Controllers:
The main focus of developments in this area is in the investigation of tools

and techniques for remote size reduction by teleoperation and controllers for
robotics devices with operator in the loop aided by various feedback systems such
as the CCTV and bilateral force reflection. This programme of work is closely
associated with the remote tooling and is applying the tools to a set of tasks based
around the decommissioning of gloveboxes described above. This task was chosen
because a number of facilities have gloveboxes which need to be decommissioned.
These tests will form the yardstick against which different control methods can be
measured, for example, can a simple force control and a fully force reflecting
system provide any technical or commercial advantage over standard techniques
for these fairly generic tasks? Also, one other aim of this programme is to develop
generic controllers for a portfolio of standard six dof manipulators, identified as the
most likely devices to be called upon for decommissioning applications. To this
end, significant developments have taken place and emerging controllers are
included in current decommissioning projects, together with the proprietary
controllers as mentioned in the section above on remote handling systems and
tooling for decommissioning.

184



Fig. 6. Dextrous Robot Arm Controller

b) Semi-Autonomy and Dextrous Robot Arm Controller:
Kinematically-redundant manipulators have more than 6 joints, 6 being

minimum required for full 6 dof spatial (3 each for cartesian position and
orientation) motion at the end-effector, and have several advantages [6] over the
conventional manipulators. For example, a redundant manipulator can access
constrained space maintaining full 6 dof motion at the end-effector. Also, additional
degree/s of freedom can be exploited to carry out additional tasks such as collision
avoidance maintaining desired end-effector motions.

Despite these advantages, there are few redundant manipulators
commercially available. This can be attributed to the complex control issues
associated with the lack of constraints (redundant degrees of freedom) which, of
course, gives the kinematically redundant manipulators their desirable properties.
Modern control techniques can now provide solutions to this general problem.

The aim of this programme of work is to develop technologies towards the
provision of autonomous, self-protecting, real-time decentralised decision making
capabilities (together with force feedback and master slave options) for special
purpose manipulators used for plant inspection, maintenance, repair,
decommissioning and waste handling.

The current phase of this programme is engaged in developing an advanced
controller for dextrous robot arms (Fig. 6.). Its main features are:
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a) singularity robust control for redundant manipulators with a choice of
programmed and teleoperation modes,

b) teleoperation control with a hand "grip" and traditional joystick input
devices,

c) sensor-based reactive obstacle avoidance, and
d) options for manipulator control in world, tool, camera and joint frames of

reference.

It will enable the operator to concentrate on the task and not be concerned
with the position of the rest of the manipulator in the working environment.

The Dextrous Robot Arm Controller with programmed and teleoperation
capability with whole-arm sensor-based reflexive collision avoidance functionality
has been developed for a seven dof manipulator. It is currently undergoing inactive
trials in a mock facility representing a typical nuclear plant cell.

c) Mobile Systems:
There is a growing interest in the use of remote, unmanned vehicles for

surveillance, inspection and handling for applications in long term waste and
waste/product drum stores. Also there is a need for such vehicles with an
intervention capability for incident/emergency situations. Key concerns for these
applications will usually be a) the need to reduce operator dose uptake and b)
effect of radiation environments on the life expectancy of electronics and materials
used on the vehicles and their control and communications systems.

Fig 7 MF3 Flexible Geometry Tracked Vehicle
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Fig. 8: Modified Fork Lift Truck

Additionally, there are special problems that relate to the use and control of
mobile systems. This has recently become the focus of this programme with work
being undertaken in the following four areas:

i) how to monitor and control the stability of the device so that it does not fall
over whilst it is operating,

ii) how to control a multiply-redundant system with two distinct parts, each
with different static and dynamic performance,

iii) what information does the operator need to be given to operate efficiently,
both about vehicle parameters and general views etc.

iv) what assistance can be provided by computers or mechanisms to reduce the
load on the operator or to provide additional security against undesirable
occurrences.
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Some of the developments being undertaken and equipment acquired under
this project are:

i) "flexible geometry" tracked platform (Fig. 7.) fitted with a manipulator. It is
intended to identify and develop techniques for remote operation of
vehicle/manipulator systems for incident/accident intervention tasks,

ii) a remotely-controlled fork lift truck (Fig. 8.) has been acquired for
applications involving positioning heavy equipment (e.g. radiation imaging
with Gamma-camera) and aggressive contact tooling. This is targeted for
decommissioning applications.

d) Simulation and Automated Engineering Modelling Systems:
Computer systems are now capable of handling and manipulating large

volumes of data in real time. This has resulted in advanced applications of
computer simulation and modelling techniques in conjunction with real-life data
from sensors such as laser scanners and radiation imagers. Some examples of
applications of such techniques are:

i) robotic simulation and modelling systems with plant walk-through and other
interactive capabilities,

ii) automated engineering modelling (map plants and equipment and generate
geometric models) and gamma radiation imaging (dose visualisation),

iii) software tools for task planning, estimating scheduling, validation, monitoring
and accounting,

Fig. 9: Simulation for Operator Assistance
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iv)

Fig. 10: Simulation and Off-Line Programming

mixed mode capability for the driving, viewing and sensing of RT models and
manipulators in parallel.

This demonstrator was initiated to develop and provide three dimensional
worksite simulation and modelling systems for the design, build, repair,
maintenance and decommissioning of plants.

A facility has been set up equipped with computer graphics workstations and
a suite of proprietary and in-house developed simulation software. In the first year
of the project three applications were successfully demonstrated:

a) Operator Assistance - use of a 3-D model of the REPMAN manipulator and
its work environment being driven in parallel with the equipment to assist the
operator during a task execution (Fig. 9.),

b) operator Training -- this was demonstrated for the inspection manipulator
DIMAN 2 where the trainee operator drove the simulation using a replica
control pendant and he received the same feedback information as he would
have in practice, and

c) off-line Programming (Fig. 10.) to demonstrate event-driven co-operative
working between two robots.
More recently, development work has been initiated in the area of automated

modelling. For this a scanning laser ranger has been purchased and software has
been developed. Generation of inactive facilities and equipment models from laser
range data has been demonstrated.

e) Man Machine Interface (MM/)
Teleoperation is one of many ways in which an operator can control a piece

of remote handling equipment in a radioactive environment. This demonstrator
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Fig. 11 a: Six DOF Hand 'Grip' Input Device

Fig. 1 ib: Six DOF Spaceball Input Device
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addresses generic teleoperation technologies and techniques in order to create the
"feeling" the operator is located at, and interacting directly with, the worksite. This
is often called "telepresence" and stems from developmerits in Virtual Reality (VR).
The aim of the demonstrator is to provide the operator with a natural and intuitive
feel for the job. It is anticipated that this could create a step change in operator
performance by making inspection, decommissioning and maintenance tasks less
tiring and demanding, whilst requiring less training.

The technologies covered to date are: displaying real time images to a head
slaved VR display and intuitive Windows-based interface to make it easy to swap
between different input devices, manipulator control with respect to in-cell
monochrome cameras frame of reference and modes of operation. Examples of the
last are: force control (to allow auto-alignment, force limitation, comprehensive
protection of the end effector, cutting in a user-defined plane and drilling along the
tool Z direction), co-ordinated movements of a gantry and arm, linear moves only
and orientation moves only. Input devices include a selection from conventional
joysticks, hand "grip" (an unrestrained six degree of freedom device - Fig. 11a.)
and a six degree of freedom force sensing spaceball (Fig. 11 b.).

4. CONCLUSIONS

A variety of demanding inspection, maintenance and repair tasks have been
undertaken to-date, successfully utilising systems developed from either off-the-
shelf or purpose-developed manipulators and tooling. Also, some decommissioning
work has already been carried out. This experience has resulted in initiation of a
major remote handling and robotics research programme to address technology
gaps identified from experience to-date.

Significant developments have taken place in these projects and results are
encouraging with a keen interest shown by the plant operators, designers and
decommissioning managers. The gradual introduction of these developments is
illustrated by take-up of technologies in the projects described for the
decommissioning applications.

The developments to-date within the RHRP programme is proving that the
in-house technology developments in parallel with participation at other Research
Centres and in collaborative projects is a cost-effective and quick way of
developing technology suitable for the Company's specific needs.
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TELEROBOTS
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Abstract

AEA Technology has developed a range of 'nuclear engineered' robots which are suitable
for high radiation applications, such as spent fuel handling. The design philosophy adopted by AEA
for its NEATER™ robot range is discussed. The latest developments within this range of robots are
reported with particular reference to the NEATER™ 600 series. An extensive radiation qualification
programme has been undertaken by AEA during the development of the NEATER™ range. A large
number of test irradiations were required to supplement the available data to assure radiation
tolerance in excess of 1 MGy (108 Rads). In addition to radiation tolerance, safety, reliability,
maintainability and ease of decontamination are major design considerations which have been
addressed. The development of the Bilateral Stewart Platform force reflecting joystick provides the
capability to greatly enhance the dexterity of telerobots. This bilateral control device provides a high
level of telerobot control enabling complex contact handling tasks to be easily completed. A number
of highly radioactive process and decommissioning projects have successfully established the
effectiveness and functionality of NEATER™ robots in demanding nuclear applications. Operational
experience relevant to spent fuel applications is outlined.

1. INTRODUCTION

The nuclear industry has been a front runner in the use of remote handling
technology for several decades. Functionality, maintainability, ease of
decontamination and radiation tolerance are some of the key issues to be addressed
when robotic arms are proposed for remote handling applications in radioactive
facilities. AEA Technology has pioneered the approach of utilizing proven industrial
robot technology to meet these demanding requirements of nuclear applications.

2. DEVELOPMENT OF THE NEATER™ 760
The adaptation of a proven industrial robot to meet nuclear application

requirements offers a significant cost advantage over designing a robot from
scratch. Additionally, the reliability demonstrated in industrial applications can be
transferred to the nuclear variant. An extensive survey of potentially suitable
industrial robots conducted in the late 1980s established that the Stäubli Unimation
PUMA 760 robot was the most appropriate for adaptation to a nuclear role. An
appraisal of the of the PUMA design identified that the following areas required
modification:

replacement of components susceptible to radiation damage with radiation
tolerant alternatives,
modularization so that the arm and component parts could be easily
disassembled and reconnected, allowing posting into cells and easy
replacement of modules,
Additional sealing and surface treatment to prevent contamination ingress,
Adaptation of fasteners and fixings to improve active maintainability
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Every component of the robot arm was assessed for radiation and
temperature tolerance. Practical tests were conducted where insufficient published
data was available. Over 250 separate test irradiations were conducted within
AEA's Cobalt-60 cells and a spent fuel pond. This exhaustive radiation and
temperature qualification exercise has assured full functionality to 1 MGy
(10s Rads) total integrated dose at up to 25 kGy.h-1 dose rate combined with
operating temperatures of 50°C. The resulting test database is a unique resource
which has proved invaluable for subsequent robot design initiatives undertaken by
AEA.

The following components warranted irradiation tests as insufficient data
was available from suppliers:

motors and brakes,
encoders,
seals,
bearings,
limit switches,
grease,
adhesives,
sealants,
paint,
cable markers,
electronic components.

Arm modularity is provided through a design option which enables the robot
forearm to be easily removed for maintenance or repair. A series of dowels and
fastenings provide mechanical location. The electrical connections are made
through mating male and female fittings. The existing PUMA seals at the rotating
joints did not provide adequate protection against contamination and did not permit
washdown decontamination techniques to be used. Labyrinth seals were
consequently incorporated in the rotating joints throughout the arm and the arm
casing seals upgraded.

AEA undertook a practical evaluation to optimize maintenance procedures
in a radioactive environment. Operators wearing protective clothing repeatedly
stripped and reassembled the arm. A number of modifications were incorporated
as a result of these reviews, such as the inclusion of larger motor fastenings and
the repositioning of electrical connectors.

The Nuclear Engineered Advanced Telerobot, NEATER™ 760, which resulted
from this development initiative has been successfully used in a range of nuclear
applications ranging from high level waste processing to D&D. An extensive variety
of end effectors have been developed to compliment the NEATER™ range including
handling and cutting tools.

In addition to the adaptation of the robot arm, it was essential to equip the
NEATER™ 760 control system with the capability for direct human control
(teleoperation). The aim was to use standard components wherever possible in
order to keep down costs and to assure reliability. It was consequently decided to
use the existing standard industrial robot controller but also to provide a front-end
telerobotic controller to enable the robot to be controlled in real time via twin three
degree-of-freedom joysticks. AEA developed the Harwell Telerobotic Controller
(HTC) to provide this teleoperation capability with the option of either unilateral or
bilateral operation.
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Figure 1 NEATER1M 660 Telerobot and Controller

3. EVOLUTION OF NEATER™ RANGE

The success of the NEATER™ 760 has led to an expansion of the NEATER™
range. The development of this range has incorporated many proven features from
the original NEATER™ 760 design. The second generation of NEATER™ robots are
designed around the same philosophy of proven robot technology as the NEATER™
760. The latest NEATERs™, however, are not constrained by the geometry of
existing industrial robot arm designs. AEA are utilizing proven industrial robot
component technology within arm configurations designed specifically for nuclear
applications. The first of this new generation of robots, the NEATER™ 600 series
(Fig. 1.), illustrates the successful application of these developments.

Each nuclear robotic application tends to have its own unique functional
requirements, along with size and cost constraints. System modularity provides a
method of addressing these wide ranging requirements. This translates to a set of
robot joint modules with a modular arm harness that can be configured into
different arm variants, each optimized for a specific application. In addition to
lowering the cost of customizing an arm structure, it also facilitates fast on-site
replacements and repairs. This approach has been successfully adopted for AEA's
ARTISAN™ range of hydraulic manipulators which have been deployed extensively
for heavy duty nuclear applications. AEA has also adopted this modular design
approach to develop the new NEATER™ 600 series of robots.
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The concept of scaleability has been adopted as another design philosophy
in the development of this new range of robots. The NEATER™ 600 series modules
are scaleable so that different sizes of modules using the same family of radiation
hardened components can be easily made. The design of the NEATER™ 600 series
has been used as a basis for the design of smaller and larger variants such as the
NEATER™ 400, 800 & 900 series (Fig. 2.).

The robot controller for the new NEATER™ 600 series is based on a
proprietary industrial robot controller from ADEPT Technology, Inc. It provides a
VME-Bus based open system architecture for easy upgrading or even total
reconfiguration of the system. This level of flexibility is needed for the control of
different arm variants within the NEATER™ 600 series. The robot arm modularity
has therefore been matched by a modular control system architecture. A series of
arm-kinematics software modules are available. New modules can be easily
developed and added as application requirements develop. The controller also
provides a multi-robot arm programming environment, to allow control of dual arm
telerobotic systems. The robot controller can be interfaced to AEA's HTC over an
Ethernet data communication link, so as to provide an integrated telerobotic control
option.

4. NEATER™ 600: DESIGN OBJECTIVES

In designing the NEATER™ 600 series, the basic design features of
NEATER™ 760 were first reviewed against its use in a series of nuclear
applications. This served as a guideline to draft an initial specification for the
development of the new 600 series robot. The weight and size were the key
parameters chosen for design optimization. Whilst the robot must be light and
slender, it must also maintain stiffness for smooth control with no residual
vibrations due to flexibility in the structure and the joints. The choice of materials
(aluminium, titanium, magnesium, SQ iron, and composites) was used as a design
variable to achieve an optimum design against the size, weight and cost
constraints.

The design review concluded that the 6-axis robot must have a reach of at
least 1.25 m and be capable of continuously handling payloads of up to 25 kg. The
arm had to achieve straight line speeds of 1 m.s-1 with 1 5 kg under robotic mode
and 0.5 m.s-1 with 25 kg under telerobotic control mode. The arm had to be
retrievable from the active facility under all possible modes of failure. This requires
that the robot joints should be directly or indirectly back-driveable. The arm had to
be easily portable, and postable through a typical MSM port, most of which are 11
inches (280 mm) in diameter. Scaleability of the robot design was also required so
that either a smaller or larger arm variant could be produced using the same family
of radiation hardened components - gearboxes, bearings, motors, sensors etc.

A major design objective for the NEATER™ robots was to maximize system
availability through a high level of reliability and ease of maintenance. Planned
maintenance of the NEATER™ 600 series requires only visual inspection after
1,000 hours operation. This involves the removal of the robot arm covers and a
review of the internal components. The control system will also be checked at this
time. After 2,000 hours operation it is recommended that the gearset backlash is
checked and adjusted if necessary.

The arm is designed for ease of maintenance through the modularity of the
major arm joints and at the internal arm component level. Arm modules can be
easily removed and replaced as can components such as motors and gearboxes

197



within the arm. For example the motor and resolver module can be replaced by
removing the arm cover, the four retaining bolts and disconnecting the electrical
connectors. Accurate alignment or setting up is not required during removal or
installation.

6. NEATER™ 600: ARM KINEMATICS

There are numerous issues involved in the kinematic structure of a robot
arm, the main ones being: joint limits, joint offsets, number of joints, redundant
joints, type of joints (rectilinear or revolute) and cross-coupling among joints. The
PUMA arm kinematics were retained as the system basis, with an ability to change
link lengths and add additional joints in order to accommodate different arm
variants.

Provisions made in the Inner Link and Outer Link (forearm) to extend the link
lengths by using spacers also enable additional joint modules to be used at these
locations. For example, the use of a roll joint module in the Inner Link provides a
seven degree-of-freedom arm structure with human arm-like kinematic dexterity.
The modular design of the NEATER™ 600 series also facilitates the configuration
of a different 6-axis arm structure with shoulder rotate joint after the shoulder bend
joint. This offers a potential solution for applications that may have limitations due
to the long base of a conventional arm layout. The slim arm structure of the
NEATER™ range also offers the potential for dual arm configurations.

7. NEATER™ 600: CONTROL SYSTEM

The control system for the NEATER™ 600 series of robots uses a
field-proven proprietary industrial robot controller which provides a multiple robot
arm programming environment. This system has multi-tasking capability and an
open system VME Bus hardware architecture. This extends performance options
using third party VME boards. It can deal with the inverse kinematics of different
arm variants of PUMA robot type arm kinematics. The controller is therefore
re-configurable to accommodate changes in link lengths and joint travel limits of a
given arm variant. The control system design also adopts the concept of modularity
to offer flexibility in the control of the NEATER™ 600 series robots.

At the lowest level, system control is provided through a manual control
pendant. This gives joint-by-joint control with proportional rate control mode which
is adequate for operation as a power manipulator and also useful for maintenance
purposes. The Teach Pendant provides access to a higher level of control in a
cartesian co-ordinate frame, world, tool or a tilted work frame enabling straight-line
motion of the end effector. The programmer's graphics terminal and the keyboard
provide access at an even higher level for task programming involving vision and
force sensing. The robot control system can be interfaced to AEA's telerobotic
controller, the HTC, to provide a unilateral or bilateral teleoperation capability.

The control system incorporates a series of safety measures to protect both
the operator and the robot from error conditions and hardware failures. The
controller stops the robot motion if it detects any error conditions, such as excess
acceleration or positional disparity, and displays an error message to inform the
operator. Further diagnostics are provided in the digital servo drive to locate the
fault and hence minimize downtime.
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Figure 3 BSP Force Reflecting Joystick

8. BILATERAL TELEROBOTIC CONTROL

The Bilateral Stewart Platform (BSP) is a six-axis force reflecting joystick that
provides bilateral teleoperation of the NEATER™ range of nuclear engineered robots
and Stäubli Unimation's PUMA 260, 560 and 760 robots. Interfaces are also
planned for AEA's ARTISAN™ manipulator and Schilling/GEC's Titan-2.

A force/torque sensor mounted on the slave arm provides information on the
forces being experienced by the slave arm. Six motors which sit within the BSP
(Fig. 3.) body then translate a proportion of these forces through the Stewart
Platform framework to the joystick. The operator, holding the joystick, then 'feels'
a relative proportion of the forces being experienced by the slave arm.

The high degree of slave arm control facilitated by the BSP enables a range
of tasks to be completed easily which were previously very difficult or impossible
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with conventional unilateral teleoperation. This high level control can be used for
undertaking demanding positional tasks such as the insertion and removal of
electrical & pneumatic/hydraulic connectors. Recovery from unplanned 'off normal'
events, such as the misalignment or interference of support equipment could be
facilitated by the use of the BSP which would otherwise require manual
intervention.

9. APPLICATIONS EXPERIENCE

NEATER™ robots have been installed in a wide range of demanding nuclear
applications which have called for both teleoperation and repetitive robotic
operation. The following projects are illustrative examples of the applications to
which NEATER™ robots have been deployed.

9. 1. Contamination Monitoring

A NEATER™ robot (Fig. 4.) is being successfully used to swab vitrified waste
containers, to ensure they are free of surface contamination before they are put
into store in a High Level Waste Plant in the UK.

High-level radioactive liquid wastes arising from spent nuclear fuel
reprocessing operations are vitrified and poured into stainless steel containers
1300 mm high by 430 mm diameter. Following remote welding of the container lids
the external surfaces are decontaminated using high pressure water jets. Before the

Figure 4 NEATER™ 760 Swabbing a High Level Waste Container
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containers can be taken out of the vitrification plant and placed in a shielded store
they must be checked to ensure they are free from surface contamination. With
very high radiation levels (approx. 103Gy.hr-1 at the container surf ace) and surface
temperatures of up to 300°C this contamination checking must be carried out
remotely. To ensure consistent coverage of each container surface the process of
manipulating a swab over the entire container surface is automated.0

The swabbing facility is a key element in the operation of this Vitrification
Plant. Any breakdown which could not be rectified quickly may lead to a temporary
shutdown of the Vitrification Plant with serious production and cost implications.
This system was installed in May 1991 and has been operational for over 7,000
hours. Over 500 containers have been processed by the facility. During these
operations approximately 10 man.days per year have been required to maintain the
robot. Current estimates of the total integrated dose significantly exceed the
original specification of 1 MGy.

9.2. D&D of Gloveboxes

Over two hundred plutonium-contaminated gloveboxes have been taken out
of service by UKAEA, and require long-term disposal. Because waste disposal costs
scale with waste volume, and disposal sites set restrictive conditions on the size
of packages for disposal, there is a requirement to cut up these boxes and pack
them into standard 200 liter disposal containers. Traditionally, this task has been
undertaken manually by pressurized suit workers deploying hand tools. This
approach is highly labor-intensive and is not without risk. The packing density
achieved by this technique is typically not very high. A cost/benefit analysis
revealed that it was more cost effective to decommission these gloveboxes
employing telerobotics.

A NEATER™ 760 forms the basis of the system designed to complete the
decommissioning of the gloveboxes. Operators control the telerobot in real-time
using twin joysticks. A range of cutting and handling tools are deployed to size
reduce the gloveboxes. A stereoscopic TV system has been installed to compliment
the limited direct viewing available. The equipment was retro-fitted to a heavily
contaminated pressurized suit area.

This system was installed in September 1992 and is nearing the completion
of the glovebox decommissioning programme. The system has been operational for
over 1,200 hours. During this time two entries into the pressurized suit area have
been required for maintenance and repair operations.

10. CONCLUDING REMARKS

The demanding requirements of nuclear applications dictate that specific
design criteria need to be addressed which are not appropriate in normal industrial
settings. These include an emphasis on ease of maintenance in contaminated areas,
an ability to readily decontaminate equipment and radiation tolerance. These criteria
are, of course, in addition to the requirements of reliability and functionality which
cut across industries. AEA has capitalised on proven robot technology, as far as
possible, which is available from industry and effectively adapted it for use within
nuclear environments.
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Abstract

During an underwater video inspection of nuclear fuel at the Idaho Chemical Processing
Plant (ICPP) several corroded aluminum cans containing nuclear fuel were observed. Special remote
equipment was needed to recover and repackage the fuel. The use of three dimensional computer
solid modeling at the ICPP has improved the ability to verify operational processes concurrent with
the design. The workstation based software supports a concurrent engineering approach for design,
analysis, and drafting. The system allows building of all interfacing components, performing
tolerance stackups, and animating through the planned operation. Use of the computer built models
has resulted in rapid resolution of concepts relative to fabrication, function, operation, safety, and
training. Physical mockups are used for final verification and operator training. The mockups were
fabricated from sketches derived directly from the solid models. This fuel recovery overview
provides a graphic example of the advantages of designing, building, and testing the remote
handling equipment at the workstation prior to fabricating and using actual mockups in the field.
The entire recovery was completed in six months, largely due to the improved engineering and
teamwork approaches. The ICPP engineering staff has completed several major design efforts which
have used solid modeling. The system has been used for over 90 designs.

1. COMPANY BACKGROUND

The Idaho Chemical Processing Plant (ICPP) is a part of the Idaho National
Engineering Laboratory (INEL). The plant's mission is to receive, store, and prepare
spent nuclear fuels and radioactive wastes for disposition for the Department of
Energy (DOE).

2. NUCLEAR FUEL PROBLEM

At the end of October of 1993, during an underwater video inspection of
spent nuclear fuel at the ICPP, several severely corroded aluminum cans containing
nuclear fuel were observed. After exhaustive review of the inspection videos, it
became apparent that the nuclear fuel needed to be removed from its present
corrosive condition and put into a stable storage environment.

The nuclear fuel in question was from the Systems for Nuclear Auxiliary
Power (SNAP) program, which began in 1955. The Air Force wanted to develop
lightweight power plants that could operate in space by using small nuclear
reactors to generate heat for electricity. Early in the program the project was
cancelled. The rest of the SNAP fuel was sent to the ICPP for reprocessing -- not
for long term storage. The fuel, however, remained in underwater storage at two
of ICPP water basin facilities for over 25 years. The SNAP fuel was stored on
hangers and in racks. This paper addresses the fuel that was stored in racks.

In mid-November, 1993, several employees from a broad spectrum of ICPP
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FIG. 1. Cut-away view of SNAP Fuel Storage Rack.

organizations participated in a four-day Value Engineering (VE) session to
thoroughly study the problem and identify the best method for safe recovery of the
SNAP fuel.

The noncorrosive SNAP type fuel was in the form of various length rods that
ranged from approximately 1.37 cm to 3.18 cm in diameter. The SNAP fuel rods
were stored in two types of highly corrosive aluminum cans, but the configuration
of most concern was that of a 10.16 cm Outside Diameter (OD) and 9.55 cm
Inside Diameter (ID) can (0.305 cm wall thickness pipe) which exhibited the most
corrosion damage. The SNAP fuel and can, weighing up to 13 kg (dry weight),
resided in several ports of two 160 cm high aluminum fuel storage racks located
on the bottom of a 6.1 m water basin. The rack contained several ports (16.83 cm
OD, 15.41 cm ID, 0.71 cm wall thickness pipe) that were aligned in rows, as
shown in Fig. 1. Each rack port row was centered on top of a 10.16 cm I-beam
and secured together with plate material. With the rack ports on the I-beams in this
configuration, there were two "crescent" shaped openings of approximately 2.54
cm at the widest point at the bottom of each rack port.

If the 10.16 cm SNAP fuel can was centered within its 15.41 cm ID rack
port, there would be only 2.63 cm of clearance between each structure wall. Even
if the 10.16 cm SNAP fuel can was positioned against the rack port wall, only 5.25
cm of clearance was left to perform recovery functions. There was a concern that
if any "retrieval tool" were lowered over and bumped into the SNAP fuel can
prematurely, the can could possibly disintegrate and spill the SNAP fuel rods from
its container. Those fuel pins with diameters equal to or less than 2.54 cm could
then slip through the port bottom openings and onto the basin floor. Once the fuel
rods were under the rack and on the basin floor, it would be very difficult (if not
impossible) to retrieve them without moving the rack itself.
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2.1. SNAP Fuel Retrieval Plan-of-Action

Results of the VE session included a two-phase plan to retrieve the SNAP
fuel and an aggressive schedule to achieve each aspect of the recovery operation.
The first phase installed a minimum number of "Decoupling Sheaths" in carefully
selected rack ports. The Sheaths were placed between the SNAP fuel can and its
rack port and minimized the risk of criticality before and during the SNAP Recovery
phase.

The second phase involved retrieving the SNAP fuel and repackaging it into
new storage cans. The retrieval and repackaging process of a single SNAP fuel can
was completed in a few steps. First a "Containment Pan" was placed on top of the
fuel storage rack over a designated fuel port, as shown in Fig. 2. The purpose of
the Pan was to contain anything which might spill into other ports or onto the basin
floor when the SNAP fuel was retrieved. It served as a small repackaging station.
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Next "Port Plugs" were installed, through adjacent empty rack ports, to block the
crescent shaped openings at the bottom of SNAP fuel ports, as shown in Fig. 3.
The Port Plugs prevented SNAP fuel rods from falling onto the basin floor if a SNAP
fuel can ruptured during recovery efforts. Once the Port Plugs were in place, a
"Retrieval Sleeve" was lowered into the port position and the SNAP fuel can was
retrieved to the Containment Pan, as shown in Fig. 2. Last, the SNAP fuel can was
secured in a new stainless steel can and moved to another fuel storage rack within
the water basin area. The SNAP fuel can retrieval process was repeated until all 26
corroded cans were repackaged and were secured in safe storage.

3. SNAP RETRIEVAL & SUPPORT TOOL DESIGN

The task of designing and engineering the new equipment and tools to
support the SNAP fuel recovery effort was aggressively pursued by the ICPP Fuel
Storage Design (FSD) organization. Thirteen new tool and storage equipment design
configurations (repackaging pan, fuel handing tools, hooks, storage cans, and
more) were completed by fewer than 10 engineers during a three-month time
period. The majority of the design work was completed using FSD's Solid-Modeling
and Finite Element Analysis (FEA) engineering workstation system. Two of the
more difficult tool designs, the Port Plugs and Retrieval Sleeve, would have been
near impossible to complete on schedule without the aid of solid modeling.

Rack Ports

FIG. 3. Port Plug design at bottom of Rack Ports.
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3.1 Port Plug Design

The Port Plug design was used to block the crescent shaped openings at the
bottom of the SNAP fuel ports. In the event a SNAP fuel can collapsed during the
recovery process, the Port Plugs would prevent any fuel rods from falling onto the
basin floor. The Port Plug design faced several challenges. The design criteria for
the Port Plug called for a device that would cover the port openings such that the
smallest 1.37 cm diameter SNAP fuel rod could not fall past it, while providing
enough elastic strength to support a free-fall impact of the largest 3.18 cm
diameter rod without compromising the 1.37 cm opening. This device had to be
installed through an empty port adjacent to a SNAP fuel port, approximately 10.16
cm away. The device had to be self-aligning from 7.6 meters away, since the
viewing of the crescent shape opening stoppage could not be seen because the
covering plug portion of the design would be under the SNAP fuel port. Once the
SNAP fuel can was retrieved, the device had to be removed and reused for the next
SNAP fuel setting.

Perhaps the biggest challenge of the Port Plug design was to determine how
to begin. This was accomplished by using solid modeling to capture the geometrical
boundaries of the working environment for the design. As shown in Fig. 4, a small
portion of the fuel storage rack area was modeled to include a "fuel" rack port and
an adjacent "empty" rack port. The two rack ports were modeled so that they were
geometrically related with minimum and maximum tolerances applied from rack
drawings. The positions of the rack ports, relative to the I-beams, determined the
size of the crescent shaped openings. The empty rack port position determined the
size of opening the Port Plug had to get through and the fuel rack port position
determined the size of opening that needed covering. Dimensional variations of rack
port positions created crescent shaped opening widths that ranged from 1.91 cm
to 3.18 cm.

The rack ports and I-beams configuration was governed by six independent
variables and any configuration could conceivably be encountered when installing
the Port Plug design. By adjusting the geometrical-related solid model of the rack
ports, the worst-case tolerance stackups were defined which then captured the
design envelope of the Port Plug and identified unique functional requirements. The
circle, shown in Fig. 4., represented the smallest SNAP fuel rod that cannot escape
the Port Plug coverage. By iterating through the worst-case rack port and I-beam
assembly tolerance conditions and determining compliance with all other design
criteria, the covering plug optimum shape was defined. Once the covering plug
geometry was determined, the remaining components of the Port Plug design and
other supporting equipment (ie. Locking Device, Installation Tool, etc.) were
designed based on other dimensional tolerance conditions using solid modeling.

3.2 Retrieval Sleeve Design

The Retrieval Sleeve function was to retrieve the SNAP fuel can from its
present corrosive storage environment after installation of the Port Plugs. This
design was developed with the use of solid modeling as well. The design criteria
for the Retrieval Sleeve was also challenging. The device was to fit inside the rack
port ID and contain the 10.16 cm diameter fuel can, without touching the can
during installation. If the SNAP fuel can was positioned over one of the rack port
crescent shaped openings, the device was required to move the fuel can so that
the can would be centered on the I-beam and provide assistance to the Port Plugs
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in blocking the rack port openings. The retrieval device had to provide a rigging
point to pick up the fuel can and ensure containment of the fuel rods should the
aluminum can rupture. The device needed to interface with the containment pan,
the new storage can, and be as light as possible to minimize the overall weight
(Retrieval Sleeve and SNAP fuel can) which the Operators would have to manually
lift.

With the aid of solid modeling, the Retrieval Sleeve design met all criteria.
The Retrieval Sleeve interfaces (ie. rack port, 10.16 cm fuel can, containment pan,
new stainless steel storage can) were geometrically modeled with worst-case
clearance tolerances, and the design volume of the new design was defined. The
Retrieval Sleeve design approach used solid modeling to iterate quickly and
accurately through complex strength and mass property computations until the
optimal design was attained. The recovery process using the Retrieval Sleeve
design was animated with solid modeling and potential collisions, interferences, and
problem areas were identified and resolved. The final Retrieval Sleeve design, as
shown in Fig. 5, was light in weight and easily manipulated, but also delivered the
necessary strength to withstand its design load.

3.3 Solid Modeling Designs

All of the designs completed with solid modeling functioned well with only
minor enhancements during fabrication and testing. Because solid modeling was

Bottom Door
Release

Sleeve
Side Door

fig. 5 Retrieval
Sleeve Design

Bottom Door

FIG. 5. Retrieval Sleeve Design.
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used, tolerance stackups and interference studies were performed and the
operation of the designs was animated through the planned operations. The
fabrication of all new tool and storage designs occurred without any significant
problems or stops. All the parts fit as they were designed to fit. All mockup
construction was fabricated from sketches derived directly from the solid models.
After testing, no significant changes to the mockup designs were required.

4. TEAMWORK

Design, fabrication, testing, training, and the nuclear fuel recovery was
completed in May 1994, six months from the time the corrosion problem was
discovered. Fuel handling operators, design and system engineers, safety analysts,
procedure writers, and ICPP and DOE management personnel worked together to
make the operation a success. John T. Conway, Chairman for Defense Nuclear
Facilities Safety Board (DNFSB) wrote a letter to Thomas P. Grumbly, Assistant
Secretary for Environmental Management, DOE, where he gave the teamwork effort
high recognition by applauding the ICPP and DOE-ldaho staff and commended them
for "overseeing this effort on their safe operation."

4.1 Team Member — Solid Modeling

Solid modeling served as a major "player" and important tool in the SNAP
fuel recovery operation. Throughout the design and during the follow-up efforts,
the solid models not only were used for design, but also were used to define
operation processes and operator training, perform safety analyses, and provide
accurate illustrations for intermediate and final reports.

A significant contribution the solid modeling tool provided was to help the
SNAP Recovery Team eliminate problems associated with communication. The
sharing of technical ideas between disciplines and people was enhanced. The solid
models were used in design reviews, meetings with craftsmen, quality assurance,
procurement, operations, and served to keep upper management and DOE informed
of progress and problems. The solid models became the base-line of almost every
function. By increasing the involvement and stream-lining the effort of other
disciplines, traditional conventions of the design process were shaken. Instead of
performing distinct disciplines in a sequential manner (ie. design, drafting, analysis,
fabrication planning, procedure preparation, training, etc.) the new fuel handling
designs and operation processes were performed in parallel. At the conceptual
design phase, fabrication, operation processes, material procurement, etc., dictated
the design. Therefore, when the designs were fabricated and put into use, there
were no surprises in construction or in function. Solid modeling served as a catalyst
to a very dedicated and committed team and became the very heart of the SNAP
fuel recovery "concurrent engineering" effort.

5. SOLID MODELING AT ICPP

The SNAP fuel recovery effort was an important milestone for using solid
modeling at the ICPP. ICPP engineering has used solid modeling in over 90 designs,
starting in 1992. The SNAP fuel recovery operation provided the visibility to gain
acceptance of the approach. Since the SNAP fuel recovery effort, solid modeling
has become a standard design practice at the ICPP and continues to provide the
central theme of "team work" and promote "concurrent engineering" practices.
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VISUAL INSPECTION OF UNDERWATER SPENT NUCLEAR FUEL

D.C. WELLS
Lockheed Idaho Technologies Company,
Idaho Falls, USA

Abstract
There are many challenges associated with visual inspection of spent nuclear fuel stored in

water. Two of the biggest challenges are high radiation fields and the old adage "water and
electricity don't mix." Two and one half years ago underwater inspections in nuclear fuel storage
facilities were started at the Idaho National Engineering Laboratory. Systems have been operated
around the clock for several months at a time. Camera systems have been exposed to radiation
fields in excess of 10,000 grey per hour and have cumulative doses of several thousand grey. The
video systems are crucial for fuel identification, repackaging, mechanical fastener verification,
nondestructive examination probe placement and to examine the amount of corrosion to fuel cans
and storage racks. Several camera systems fabricated from commercially available components are
utilized in the underwater storage facilities. These include: the Rod camera, for steady pictures 7
meters deep in the water through a 1 centimeter crack in the floor; the Puppet camera, for close
shots in buckets or rack ports; the Video Probe, for inspecting fuel cans in their storage position;
and the Phantom II, submersible vehicle for visual information and parts retrieval. Waterproofing
systems for field deployment provides many learning opportunities. 0-ring placement, pressurized
housings, hermetically sealed connectors and silica gel contribute to successful visual inspections
in water. Radiation effects were as expected, browning of the camera lens and fiber optics as well
as the noise seen in the picture due to radiation bombarding the electronics inside the solid state
camera. The waterproof housing provided excellent shielding for the camera system. The camera's
orientation to the fuel and the amount of lighting also play an important part in reducing radiological
degradation of the video picture.

1. IDAHO CHEMICAL PROCESSING PLANT

The Chemical Processing Plant (CPP) is operated by Lockheed Idaho
Technologies Company for the United States Department of Energy. Located in
southeast Idaho the CPP began constructing facilities to store and reprocess spent
nuclear fuel during the 1950's. Since this time many modern facilities have been
constructed to replace old, crowded structures.

2.1. Fuel Storage

Many different types of spent nuclear fuel are stored at the CPP including:
private power reactor fuel, Department of Energy experimental fuel, and military
fuel. Some of the fuel is stored in a dry air environment, but the majority is stored
underwater. Regardless of the storage location, the fuel is placed in a can or basket
to aid in remote handling.

2. 7.7. Old Storage Basins
The old fuel storage facility (CPP-603) contains three basins for underwater

storage of spent fuel as well as a loading pool and a transfer channel with a
cumulative water volume of 5.68 Megaliters.

Both the north and middle basins are 20 meters long, 10 meters wide and
7 meters deep. These basins use an overhead monorail system to hold yokes
(hangers) which suspend baskets of fuel in the water (Fig. 1.) A fiberglass floor
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Figure 1
CPP-603 Middle Basin Fuel Basket/Yoke Assembly

grating covered with aluminum clad lead plates is supported above the water.
Nearly 1000 fuel units can be stored in each basin.

In contrast, the south basin is an open pool with access to all areas provided
by a motorized bridge crane spanning the pools width. This pool uses submersed
racks, such as those in Fig. 2., to contain canned fuel. Nearly 8000 fuel units can
be stored in this massive 30 meter long, 15 meter wide, 7 meter deep pool.

2.1.2. New Storage Basins
Building CPP-666 houses a new fuel storage basin containing six fuel storage

pools, a transfer channel, two isolation pools, and two unloading pools. An
overview of the pool area is shown in Fig. 3. Freestanding stainless steel racks are
used to store the fuel. Each fuel storage pool is 20 meters long, 10 meters wide,
and 10 to 13 meters deep. The facility holds over 13.25 Megaliters of water.

2.2. Challenges

The major challenges for performing inspections in the fuel storage pools are
high radiation levels and limited space for maneuvering the camera systems.

Radiation levels of the fuel vary from 3 Gy to 10 kGy per hour depending on
the age and type. In areas requiring detailed examination of materials, the camera
must be placed within millimeters of the fuel.
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Figure 2
CPP-603 South Basin Fuel Rack



Figure 3
CPP-666 Fuel Storage Pools

While performing inspections in the north and middle basins of CPP-603 the
inspection system must be deployed through small slits 4 centimeters wide in the
supported floor which were designed for moving the fuel hangers throughout the
basin. When maneuvering auxiliary equipment around hangers, the clearance is
reduced to less than 1 centimeter.

In the CPP-603 south basin fuel racks, storage ports are 15.25 cm in
diameter. Cans stored in the ports have a diameter of 12.7 cm. The resultant
access to the cans side is an annulus void 1.275 cm wide. Annulus size varies
slightly based on the amount of corrosion and placement of the fuel can within the
port. To compound the challenge personnel are 6 meters above the annulus while
operating equipment from the bridge crane.

An additional challenge is provided by the water itself. Because of water's
corrosive and electrically conductive properties it can be difficult to operate
submersed electronic equipment.
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3. CAMERA SYSTEMS

Four basic types of camera systems fabricated from commercially available
parts have been installed throughout the basin areas. Each system has a unique
feature which was exploited to ensure quality pictures were obtained in every
circumstance.

3.1. Puppet Camera

Examination of fuel hangers, buckets, and cans in the CPP-603 middle basin
required fabrication of a camera inspection system. The original intent was to
fashion a system quickly from available equipment. A remote head, color CCD
camera with a fixed focus lens was encased in a small plastic flashlight housing.
This "water-proof housing" was supplied by a camera system vendor. Silicon
rubber was used to seal the rear of the housing around the camera cable. This
assembly was inserted in a small piece of stainless steel pipe to increase the
weight. Tactile feedback to the operator and assurance the system would sink were
gained from the extra weight. A cross section view of this system is shown in
Fig. 4. This system was used successfully for several days but was eventually
destroyed when a small amount of water entered the housing.

Position control of the puppet camera comes from hand manipulation of a
wire rope attached to the front of the housing and the electrical cable connected
to the rear of the housing. This is roughly the same as animating a marionette
puppet.

Concerned that a system more robust than a plastic flashlight housing was
needed we decided to construct our own housing. The second camera system
utilized an aluminum housing in place of the plastic flashlight body and a wedge-
shaped donut to seal around the camera cable. Obtaining a waterproof seal around

Viewing Window Electrical Connector-
Camera and Lens

Plastic "Flashlight" Housing

Figure 4
Original Puppet Camera Cross Section
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the electrical cable proved to be very difficult. Inconsistent cable diameter and
uneven compression of the interior wires make the seal unpredictable.

One of the most difficult leaks to diagnose involved the cable. As the
operators moved from storage position to storage position the cable would rub
against the floor grating cutting through the outer insulation. When the cut section
was lowered back in the water, water would flow in the cut and run down the
cable jackets interior to the housing, damaging the camera electronics. These
circumstances dictate the preferred sealing method is to use a waterproof
(hermetically sealed) connector mounted directly to the camera housing and a cable
assembly with a stronger outer jacket. If a connector is not used to isolate the
camera from the housing you are forced to maintain a sealed system that is several
meters long rather than maintaining a seal on a small housing only a few
centimeters in length.

Sealing the viewing window was accomplished with an 'O'-ring placed on
the shoulder of the aluminum housing. A better and more reliable seal can be
obtained by placing the 'O'-ring around the body of the housing. With this
configuration the housing face does not have to be physically tight to create a seal.

wire Rope
Power and Video Cable

Electrical Connector

-----Stainless Steel
Housing

Camera Lens

Miniature Lights

Figure 5
Final Puppet Camera
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Many small problems culminated in an unreliable system. Although concern
for the fuel's condition dictated demanding time constraints, the original systems
were built upon a poor concept. While the system allowed us to quickly and
cheaply meet the immediate concerns, it was clear that a more robust and reliable
system was needed if underwater video inspection were to continue.

The final version of the puppet camera, shown in Fig. 5. is a vendor supplied
30 millimeter diameter stainless steel housing 20 centimeters long, containing a
miniature color CCD camera with a fixed lens surrounded by a ring of eight
miniature lights. A non-browning quartz viewing window is glued to the front of the
housing and the back end contains a hermetically sealed connector for the electrical
connections.

When placed near spent fuel, some picture degradation occurs in the form
of snow (random noise) in the picture. When the camera is facing the fuel the
effect is less noticeable than if the camera is perpendicular to the fuel.

3.2. Overview Camera

Standard manufacturer components were assembled and placed on the end
of a long reach rod to create the overview camera system. It is a color solid state
camera with a remotely controllable 6:1 zoom lens encased in a waterproof housing
which is mounted to a pan and tilt. Two 250 watt quartz halogen lights in
waterproof housings provide illumination for the camera. Multiple lights are used
for redundancy; not increased illumination.

If the housing has any free air space it is filled with silica gel. The gel will
adsorb moisture caused by condensation or from very small leaks in the camera
housing.

A color camera was chosen again because of the additional corrosion
information gained from the color picture.

3.3. Video Probe

Condition assessment of the fuel cans in the south basin fuel racks requires
physical access in to the 1.275 cm annulus between the can and rack. For this task
a commercially available fiber optic video probe with a pneumatically articulated tip
was chosen.

Because operators are 7 meters above the rack while trying to insert the
video probe in the small crack, this inspection process is very tedious and difficult.
To assist the operators inserting the probe in to the annulus, the video probe was
incased in stainless steel tubing. Additional physical protection for the probe was
also realized by using the tubing. These engineered changes to the probe caused
a dramatic increase in the weight and made deployment of the tool in to the water
very difficult. The second generation system, currently being designed, will utilize
an X-Y-Z table set directly on the rack to position the probe tip.

The video probe is the system most susceptible to physical damage as well
as radiation effects. Illumination for the video imaging chip is provided through a
bundle of optical fibers. Because the probe is oriented parallel to the fuel elements
a large length of the optical fiber is exposed to the radiation field. While any one
portion of the fiber may receive a small dose and brown slightly, the cumulative
effect to the fiber is significant. Each portion of the fiber that has browned
attenuate the light. Attenuation of the light as it travels through the fiber increases
at a logarithmic rate.
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Figure 6
Submersible Remotely Operated Vehicle

Radiation noise, or snow, in the video picture is most prevalent when using
the video probe. Ambient light levels have a dramatic affect on the amount of snow
in the picture. When a slightly damaged video probe is placed in a 3 Gy per hour
field the resultant video picture is undistinguishable. If an external light source is
used to provide additional illumination the picture becomes acceptable. This
additional illumination increases the electrical potential within the video imaging
chip causing the energy added from the radiation source to have less effect.

3.4. Submersible Remotely Operated Vehicle

The largest system used to examine spent nuclear fuel in water is the
Submersible Remotely Operated Vehicle (SROV). Fig. 6 shows the SROV and
control console. Procured from a commercial vendor as a semi-custom system the
SROV is narrow enough to fit between the fuel hangers in the north and middle
basin. Although the system is physically capable of operating m the CPP-603
basins it has never been used in this facility. Operation of the SROV has been
restricted to the new fuel storage facility (CPP-666). Safety concerns related to the
tether cable disturbing spent fuel or breaking fuel hangers is the most important
reason the SROV is not used in the old facility. Sediment in the bottom of the
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basins would be disturbed by the turbulence from the SROV's impellers making the
water cloudy enough to blind the camera system.

A rotate and pinch gripper arm was installed on the SROV to aid in retrieving
foreign material from the pool. In addition to the up/down, and forward/reverse
thrusters, there is a pair of thrusters for turning the vehicle left and right or when
run in unison the thruster will propel the vehicle laterally left or right. This is useful
for following long weld beads along the wall or floor.

Some minor problems occurred as a result of operating a vehicle designed
for use in salt water in a nuclear environment. Although the vehicle was designed
to be zero buoyant it slowly sinks in the pool, this can be overcome by the vertical
thruster. Stainless steel lining in the pool disorients the magnetic compass.

4. SUMMARY

Although one of the systems discussed was constructed in-house to fulfill
a critical time commitment, the remainder of the systems used are commercially
available from reliable vendors. The reliability of these systems is very reasonable.
Cost of the systems versus in-house fabrication falls in favor of commercial
vendors. Our most cost effective approach to inspection systems is to mate non-
related technologies together to form an application specific solution. Only those
parts required to interface components or parts not commercially available are
fabricated on site.

Radiation hardened camera systems definitely withstand a higher cumulative
exposure and are less susceptible to radiation interference than solid state camera
systems. However, if the application involves repeated movement of the camera
system, especially by multiple personnel, then the system will become physically
worn out or damaged before radiation exposure has ruined the camera. This makes
the higher cost of the radiation hardened camera difficult to justify.
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